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Abstract

Anthropogenic emissions from industrial activity, fossil fuel combustion, and
biomass burning are now known to be large enough (relative to natural sources) to perturb
the chemistry of vast regions of the troposphere. A goal of the IGAC Global Emissions
Inventory Activity (GEIA) is to provide authoritative and reliable emissions inventories on a
l°x 1° grid. When combined with atmospheric photochemical models, these high quality
emissions inventories may be used to predict the concentrations of major photochemical
products. Comparison of model results with measurements of pertinent species allows us to
understand whether there are major shortcomings in our understanding of tropospheric
photochemistry, the budgets and transport of trace species, and their effects in the
atmosphere. Through this activity, we are building the capability to make confident
predictions of the future consequences of anthropogenic emissions. This paper compares
IGAC recommended emissions inventories for reactive nitrogen and sulfur dioxide to those
that have been in use previeusly. We also present results from the three-dimensional LLNL
atmospheric chemistry model that show how emissions of anthropogenic nitrogen oxides
might potentially affect tropospheric ozone and OH concentrations and how emissions of
anthropogenic sulfur increase sulfate aerosol loadings.

I. Introduction.

Anthropogenic emissions of nitrogen oxides (NOx) and sulfur dioxide (SO2) from
fossil combustion, industrial activity, and from biomass burning are now known to be large
enough (relative to natural sources) to perturb the chemistry of vast regions of the
troposphere. A goal of the IGAC Global Emissions Inventory Activity (GEIA) is to provide
authoritative and reliable emissions inventories on a l°x 1° grid. When combined with
atmospheric photochemical models, these high quality emissions inventories may be used to
predict the concentrations of major photochemical products. Then, comparison of model
results with measurements allows us to understand whether there are major shortcomings in
our understanding Of tropospheric photochemistry, the budgets and transport of trace
species, and their effects in the atmosphere. Through this activity, we are building the
capabihty to make confident predictions of the future consequences of anthropogenic
emissions.

• Two issues have received considerable attention with regard to the potential role of
changing anthropogenic emissions to global tropospheric photochemistry. The first issue
concerns the oxidizing capacity of the atmosphere and our potential to change this capacity

• through emissions of methane (CH4), nitrogen oxides (NOx), carbon monoxide (CO), and
non-methane hydrocarbons (NMHCs). The oxidizing capacity of the atmosphere is
determined mainly by the concentration of hydroxyl (OH), although ozone (O3) and peroxide
(H202) also play important roles. The hydroxyl radical reacts with a suite of species (see
Table 1), initiating photochemical reaction sequences that eventually lead to non-reactive
products (e.g. CO2) or to products that are removed by precipitation and dry deposition. If
the OH concentration is globally decreased, the concentrations of gases removed by reaction
with OH may increase even with no change in their sources. Hydroxyl radical formation is



initiated by photolysis of 03 which produces O(1D) (at wavelengths shorter than about 310
nm). O(1D) reacts with H20 to form two hydroxyl radicals. Since the concentration of OH
in the background atmosphere is mainly determined by the concentrations of CO, CH4, NOx,
03 and H20, it is important to quantify the anthropogenic (and natural) emissions of these
species to determine their effects on 03 and OH. Anthropogenic emissions of each are tied to
industrialization. Increases in NOx emissions are particularly important in changing oxidant
concentrations because the local concentration of NOx determines whether photochemical
sequences lead to net 03 / OH increases or decreases in these species (Penner, 1989; Crutzen
and Zimmerman, 1991). Besides its role as an oxidant, changes to tropospheric ozone are of
interest because of its role in OH chemistry and because it acts as a greenhouse gas and has
deleterious health and ecosystem effects (e.g. Fishman et al., 1979; Tilton, 1989).

Table 1. Species which are removed or oxidized by reaction with OH.

. Species Importance

CH4 Greenhouse gas; Affects tropospheric O3 and OH" Affects stratospheric
03

CO Urban pollutant; Affects tropospheric O3 and OH cycles

CH3CC13
CH3Br Greenhouse gases; Release chlorine or bromine in stratosphere which
CH3C1 destroys 03

HCFC's Greenhouse gases (Hydrochlorofluorocarbons); Replacements for
CFC's which release chlorine in the stratosphere and destroy 03

NMHCs Urban pollutants; Enhance tropospheric O3 in high NO, areas; Sink for
tropospheric OH

DMS Form sulfate aerosols which contribute to acid rain and reflect solar
H2S radiation; Form CCN which alter cloud properties and cool the climate
SO2

The second major issue for tropospheric chemistry which has emerged from a
consideration of changing anthropogenic emissions concerns the formation of anthropogenic
aerosols and their potential to mask part of the warming expected from greenhouse gas
emissions. Anthropogenic aerosols are composed of a variety of aerosol types (e.g. water-
soluble inorganic species, organic condensed species, elemental or black carbon, and mineral
dust), but the best-quantified and probably the largest component of the anthropogenic
aerosol is that derived through photochemical interactions of anthropogenic SO2 emissions
(Charlson et al., 1992). Global average climate forcing through direct reflection of solar
radiation by anthropogenic sulfate aerosols may range from -0.3 to -1.I Wm "2(Penner, et
al., 1993). This forcing varies regionally and acts to locally mask anthropogenic greenhouse
gas forcing. Because the magnitude of the calculated forcing varies depending on the
underlying surface albedo, it is important to correctly estimate the rate of the photochemical
processes which convert 502 to 504= as the emissions of 502 are carried from source
regions over areas with high albedo to ocean areas with low albedo. Because these processes
are tied to the oxidizing capacity of the atmosphere (through the gas phase reaction of OH
with SO2 and through the aqueous phase reactions of H202 and 03 with sulfur in solution),
anthropogenic emissions of both NOx and SO2 (as well as emissions of CH4 and CO) are
needed to accurately calculate the climate forcing from sulfate aerosols.

In this paper, we first describe the emissions inventories under development through
the IGAC/GEIA for anthropogenic NOx and for anthropogenic SO2, comparing these to
previously developed inventories. Then, the effects of anthropogenic NOx and SO2
emissions are estimated using the LLNL three-dimensional tropospheric photochemical



model. While we have much more to learn in order to quantify the natural sources of sulfur
and the nitrogen oxides, model studies in combination with comparison to measurements can
be used diagnose whether our understanding of the sources of these trace gases together with
their transport, removal and photochemical processing m the atmosphere is adequate.

II. IGAC/GEIA Inventories for NOx and SO2.
e

The developing GEIA global inventories for anthropogenic SO2 and NOx have as a
default a 1985 country-level inventory of fuel combustion emissions compiled by J. Dignon

, following techniques described in Dignon (1992). These emissions were allocated to a
1°x I ° grid on the basis of population distributions and statistical relationships between fossil
fuel use and emissions (Dignon and Hameed, 1985). Where available the Dignon inventories
have been replaced by 1985 regional and national inventories. In some cases the regional and
national inventories also supply information on area and point sources such as motor vehicle
miles travelled or smelter location and activity. The inventories from which information is
being incorporated are as follows: Europe, inventory of the European Monitoring and
Evaluation Programme (Sandnes and Styve, 1992); North America, inventory of the National
Acid Precipitation Assessment Program (Saeger et al., 1989; Wagner et al., 1986); Southeast
Asia, inventory of M. Kato and H. Akimoto (Kato and Akimoto, 1992; Kato, N. and H.
Akimoto; 1993); Former Soviet Union, inventory of J. Pacyna in consultation with FSU
scientists (Pacyna, 1992); Australia, inventory of F. Carnovale (Camovale, 1992). The
GEIA team for the integrated inventories consisted of C. Benkovitz, J. Dignon, T. Graedel,
J. Pacyna, T. Scholtz, L. Tarrason, and E. Voldner. While compilation of these new
inventories is not yet complete, here we compare the updated GEIA inventories for North
America, Europe, Asia, and Australia with those published by Dignon (1992) for 1980 for
NOx and with those published by Spirt et al. (1992) and Benkovitz (1982) for =1980 for
SO2. These latter inventories have served as the basis for previous LLNL model runs to
assess the importance of anthropogenic emissions of NOx and SO2 to tropospheric oxidant
concentrations and to anthropogenic sulfate aerosol forcing of climate, respectively, and are
used in the present study for those areas where IGAC inventories are not yet complete.

Figure la presents the 1985 IGAC inventory for NOx for North America and Figure
lb shows differences from the 1980 inventory by Dignon (1992). North American
emissions are smaller by at least a factor of 0.3 over much of the area, but larger by more
than a factor of 1.5 in others. Summed over the entire area, the emissions from the two

inventories are similar, however (6.2 and 6.7 Tg N yr -1 for IGAC and Dignon,
respectively). Figure 2a presents the 1985 IGAC inventory for Europe while Figure 2b
shows differences between the IGAC inventory and that of Dignon. As was the case in
North America, this comparison demonstrates a redistribution of emissions, but overall
emissions are again similar between the two inventories (5.5 Tg N yr"I and 5.4 Tg N yr-1,
respectively). The differences noted in these figures may not cause large differences in
photochemical response of the global LLNL model, because the resolution of the emissions
used in the current version is prescribed by the resolution of the meteorological fields
(which is currently -4.5 °X7.5°). These emissions updates should be important to
developing models that have significantly higher resolution, however. We note that in the
new inventory, Asian emissions (not shown) are significantly larger than those from
Dignon (I992), except in Japan, where they have decreased by between 10 and 30%.
Overall emissions in Asia increased from 3.6 to 4.1 Tg N yr-1. Total emissions from

• Australia are ",alsolarger in the new inventory, having increased from 0.16 Tg N yr-1 to
0.24 Tg N yr-1. As in other cases, however, the redistribution of emissions in the new
inventory means that emissions actually decrease in some regions while increasing in

• others.
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Figure la. The IGAC GEIA NOx inventory for North America. The lightest shade
shows areas with less than 0.3 tons N km -2 yr2 and increasing darkness of shade
delineates areas where emissions range from 0.3 to 1.0 tons N km -2 yr-2, from 1.0 to
3.0 tons N km 2 yr2, and are greater that 3.0 tons N km 2 yr-2, respectively.

IOAC NOx 85 - Dignon NOx 80 _metric tons N/sq km/yr)
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Figure lb. Areas in North America where the difference between the IGAC GEIA
inventory for NOx and that developed by Dignon (1992) is greater than 1 ton N krn-2yr
(black shade)or less than -1 ton N km-2yr -1 (lighter shade).
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Fi_zure2a. The IGAC GEIA NOx inventory for Europe. The lightest shade shows
areas with less than 0.3 tons N km 2 yr _zand increasing darkness of shade delineates
areas where emissions range from 0.3 to 1.0 tons N km -2 yr-2, from 1.0 to 3.0 tons N
km -2 yr-2, and are greater that 3.0 tons N km 2 yr"2, respectively.
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b
.. as

4

........:.,,.

,................. !:!:i:! ::!:!:

:: :am iii!i::!'i'::':r":iiiii!!_ :i: ::5:

' ' :;;::::;::;:; :::5.:
::::::::::::::::::::::.:!!.ii:?iii:

,, ....... :,: .: :::.....,......

-

_."

< -1.0 > +1.0

" Figure 2b. Areas in Europe where the difference between the IGAC GEIA inventory
for NOx and that developed by Dignon (1992) is greater than 1 ton N km-2yr -1 (black
shade) or less than -1 ton N km2yr 1 (lighter shade).



Figures :ia and 4a present the IGAC S.c'r2inventories for North America and Europe,
while Figures 3b and 4b show areas of important differences between the IGAC inventories
and those developed by Benkovitz (1982) for North America and by Spiro et al. (1992) for
Europe. In Figure 3b, for SO2, North American emissions in the Benkovitz (1982)
inventory refer to calendar year 1975 for area sources and to 1977-1978 for point sources,
whereas the IGAC inventory was derived from inventories developed by NAPAP for t

calendar year 1985 (Saeger et al., 1989). The total SO2 emissions in the Benkovitz (1982)
inventory for =1975 is similar to that developed by NAPAP for North America for 1980
(Spiro et al., 1992). According to these inventory estimates, emissions of SO2 may have
decreased by 25%, from 16 Tg S/yr to 12 Tg S/yr, over this =10 year time period. European
emissions in the Spiro et al. (1992) inventory were derived from an OECD inventory
(Lubkert and De Tilly, 1989) for 1980, while those in the IGAC inventory were developed
by the Cooperative Program for Monitoring and Evaluation of the Long Range Transmission
of Air Pollutants in Europe (EMEP) for calendar year 1985 (Sandnes and Styve, 1992).
According to these estimates European SO2 emissions may have decreased by 14%, from 21
Tg S/yr to 18 Tg S/yr, over this 5 year time period. The IGAC inventories for Asia and
Australian have also decreased in the new inventory. The new emissions are 13 Tg S yr "1and
1.0 Tg S yr -1 for Asia and Australia, respectively, smaller than those developed by Spiro et
al. (1992) by 13% and 23%, respectively. The decreases for these regions may reflect
differences in methodology rather than real decreases in emissions. Overall, the new
inventories imply reduced emissions of approximately 9 Tg S/yr (or slightly more thaj_ 15%)
from these four regions. It is not known whether decreased emissions should apply for other
areas. Spiro et al. (1992) argue that emissions in the fom_er Soviet Union decreased by
almost 33% or 4.1 Tg S/yr between 1980 and 1989 (the latter year is represented in their
inventory). We note that fossil fuel use in the former Soviet Union increased by more than
27% from 1980 to 1987 according to the statistics available through the United Nations.
Total world wide fossil fuel use increased by almost 13% over this time period.

III. LLNL model

The Lawrence Livermore National Laboratory tropospheric chemistry model (called
GRANTOUR, c. f. Walton et al., 1988) was used in conjunction with the Dignon (1992)
inventory for anthropogenic NOx emissions and the Spiro et al. (1992) inventory for
anthropogenic SO2 emissions, but updated in the four regions where quality data for 1985
were made available through Carmen Benkovitz of the GEIA committee. GRANTOUR is a
Lagrangian parcel model which may be run either off-line, usihg the wind and precipitation
fields from a general circulation model, or interactively, in a mode that allows alterations of
the wind and t;:ecipitation fields consistent with currently calculated species or aerosol
concentrations. The model is typically run with 50,000 constant-mass air parcels whose
dimensions average 1130mbx330 km x330 km. The model has been used to study the
effects of smoke from a nuclear war on climate (Ghan et al., 1988), the effects of an asteroid
impact on climate (Covey et al., 1988), the cycle of reactive nitrogen in the troposphere
(Penner et al., 1991), the sulfur cycle in the troposphere (Erickson et al., 1991; Galloway et
al., 1992), climate forcing by smoke aerosols produced in biomass burning (Penner, et al.,
1991), black carbon aerosol distributions (Penner et al., 1993), and 222Rn and 210pb
distributions (Dignon et al., 1993).

A
t the present time, the model is normally run in an annual-cycle mode using the winds and
precipitation fields from the R15 version of the Livermore/NCAR CCM1 model. The winds
from the CCM1 model are averaged over a 12-hour time period for use by the LLNL
GRANTOUR model. For surface-based sources, trace species are input into the model with a ,
vertical profile that is normally assumed to be constant in mixing ratio in the lowest 100 mb.
The gas phase reactions of DMS and SO2 with OH for the model of the sulfur cycle presented
below, assumed a background concentration of OH that was specified according to the
latitudenaUy- and seasonaUy-varying calculated concentrations from the LLNL 2-dimensional
model (see Penner et al., 1991) while in the oxidant model these were calculated based on the
reactions given in Tables 2 and 3 below. Additionally, in the oxidant model, CO
concentrations were fixed but varied monthly, with surface concentrations in remote areas
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Figure 3a. The IGAC GEIA SO2 inventor)' for North America. The lightest shade
shows areas with less than 0.3 tons S km -2 yr 2 and increasing darkness of shade

delineates areas where emissions range from 0.3 to 1.0 tons S km 2 yr -2, from 1.0 to

3.0 tons S km 2 yr -2, and are greater that 3.0 tons S km 2 yr-2, respectively.
ICAC S02 85 - Benkovitz S02 (metric tons S/sq km/yr)
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Figure 3b. Areas in North America where the difference between the IGAC GEIA

inventory for SO2 and that developed by Benkovitz(1982) is greater than 1 ton S km 2

yr -1 (black shade) or less than - 1 ton S km2yr "1 (fighter shade).
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Figure 4a. The IGAC GEIA SO2 inventory for Europe. The lightest shade shows
areas with less than 0.3 tons S km -2 yr-2 and increasing darkness of shade delineates
areas where emissions range from 0.3 to 1.0 tons S km "2 yr 2, from 1.0 to 3.0 tons S
km-2 yr-2, and are greater that 3.0 tons S km "2 yr 2, respectively.
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Figure 4b. Areas in Europe where the difference between the IGAC GEIA inventory
for S02 and that developed by Spiro et al. (1992) is greater than 1 ton S km-2yr -1
(black shade)or less than -1 ton S krn2yr 1 (lighter shade).



taken from xxx and with values increased in grid squares where fossil fuel emissions and
biomass burning take place. The increase was proportional to the intensity of these activities
in each grid square, with a specified maximum concentration of xxx ppb. Surface CH4
concentrations were fixed according to the observations of Steele et al. (I987) and for both
CO and CH4 the variation in concentration with altitude followed the predictions of the LLNL

0 2-D model. In addition, the concentration of 0 3 above 200 mb was specified on a monthly
basis according to results from the LLNL 2-dimensional model scaled to more properly
simulate ozone sonde data (Komyhr et al., 1989). The H20 concentration varied monthly

, according to the predicted monthly-averaged concentrations from the climate model. These
latter concentrations have been compared to observations by xxx and are, in general,
somewhat low (due to a cold bias in the model), but are not unreasonable. (How low??)

The reaction rate coefficients are given in Table 2 and are consistent with recent
recommendations by DeMore et al. (1992) and Atkinson et al. (1992). They were varied
monthly according to the average temperature and pressure at each location in the model.
Factors which account for the diurnal averaging of reaction rates were taken from the LLNL
two-dimensional model as were the photolysis rate coefficients for the reactions in Table 3 (a
description of the LLNL two-dimensional model appears in Johnston et al., 1989; Wuebbles
and Kinnison, 1989; and Wuebbles et al., 1993). Aqueous reaction of SO2 to form SO4= in
clouds was treated in a simplified manner. This process was assumed to have an average e-
folding lifetime of 30 hours at ,I0° N at the surface in summer and was scaled, proportional to
the squ_re of the locally specified concentration of OH at other locations. This formulation is
a simplified attempt to account for the observed seasonal variations in sulfate concentrations
and wet deposition in North America, by assuming that the rate of formation of SO4= in
clouds depends both on the frequency of interception of a cloud by an air parcel (average
cloud-free periods vary from 10 to 80 hours (Lelieveld and Crutzen, 1990; 1991) and on t._,e
local concentration of H202 (which was assumed to be proportional to square of the specified
concentration of OH).

In addition to the photochemical reactions in the model, each species may experience
deposition if air parcels are in the lowest 100 mb. The deposition velocities are set by
average observed values but may vary from ocean to land surfaces. In addition, trace species
may be scavenged by precipitation with scavenging rates proportional to the amount of
precipitation in the model (expressed as cm hr-1) and scavenging coefficients set to reproduce
measured washout ratios. The values used in the present simulations are shown in Table 4.
Other details regarding the model formulation can be found in Walton et al. (1988), Penner et
al. (1991), and Atherton (1993).



Table 2. Reactions and rate coefficients used in the model calculations (cm3s'l).
Rate coefficient

at ground level

Reaction and 298 °

O+ 0 2 --_ 03 4.4 x 10-_ 0

03 + NO --) NO2 + 02 1.8 xi0 -1'

O + NO2 "") NO + 02 6.5 x 10-.2

O(1D)+ H20 -'+ OH + OH 2.2 x10 -1° "

03 + OH --_ HO2 + 02 1.6 x 10-r2

03 +HO2 _ OH +O2 +O2 1.1 x 10-_'

HO2 +HO2 _ H202 +O2

HO 2 + OH --_ H20 + 02 4.8 x 10-11

OH + NO2 _ HNO3

OH + HNO3 -7 H20+ NO+ 02

H202 + OH --) H20 + HO2 2.9 x 10-.2

NO+ HO2 _ NO2 +OH 3.7 x 10-12

NO 2 + 03 _.+ NO 3 + 02 1.2 x IG-13

CO + OH --) HO 2

O(1D)+ XM --o O+ XM 2.1 x 10-11

NO 2 + NO 3 ---) N205

N205 + NO 2 ---) NO 3

N205 + HO 2 _._) HNO3 + HNO 3 5.0 x 10 -22

HO 2 + HO 2 + H20 --+ H202 + 02 + H20

HO 2 + NO 2 --) HNO4

HNO4 + HO2 --) NO2

OH + HNO4 -_ H20 + NO2 + O2 1.3 x 10 -12

OH + CH4 "-) CH302 + H20 2.9 x 10 -12

CH30 2 + NO --) CH20 + NO2 + HO2 4.2 x 10-12

CH302 + HO E -+ CH3OOH + 02 3.8 x 10 -_3

OH + CH20 --) CO + HOE + H20 1.0 x 10-11

OH + CHaOOH ---) CH302 + H20 2.7 x 10 -12

OH + CH3OOH --) CH20 + H20 + OH 1.1 X 10 -12

HONO + OH --+ H20 + NO2 1.8 X 10 -11

OH+ NO-, HONO

OH + HNO3 ---) H20 + NO2 + O

O + 03 -") 02 -4- 02 8.0 x 10 -t2
DMS + OH ---) SO2

SO2 + OH --> SO4=



Table 3. Photolysis reactions in the model

0 3 --_ 0+0 2

' NO 2 -_ NO + O

HNO3 --+ OH + NO2

" H202 --_ OH + OH

HO 2 _ OH + O

N205 _ NO 2 + NO 2 +O

NO 3 --_ NO + 0 2

NO 3 --_ NO 2 + O

HNO4 --_ OH + NO + 02

CH3OOH --_ CH20 + HO 2 + OH

CH20 ---_CO+ HO 2 + HO2

CH20 _ CO

N205 _ NO2 + NO + 0 2

HNO4 _ OH + NO 2 + O

HONO--_ OH + NO

0 2 --_ O+O



Table 4. Deposition velocities and precipitation scavenging coefficients used in the model a
Large-scale Convective
precipitation precipitation

Deposition scavenging scavenging

Species veloci_ (cm s-1) coefficient (cm htl), coefficient (cm hr -1)

03 0.6 (land)
0.06 (ocean) 0.0 0.0

&

NO 0.1 0.0 0.0

NO2 0.5 (land)
0.1 (ocean) 0.0 0.0

H202 1.0 2.4 4.7

HNO3 1.0 2.4 4.7

NO3 0.4 0.0 0.0

N205 0.4 1.0 2.0

CH20 t3.2 2.0 4.0

CH3OOH 1.0 2.0 4.0

HONO 0.0 1.5 3.0

SO2 0.8 0.8 1.5

SO4= 0.1 5.0 1.5J,H ,,

aThese parameters were set to 0.0 for O, O(1D), OH, HO2, HNO4, CH302, and DMS.

III. Model prediction of tropospheric sulfate aerosol

Model calculations of the tropospheric sulfate aerosol abundance require reactive
sulfur emissions from five main sources: production of (mainly) dimethyl sulfide (DMS)
in the oceans by phytoplankton, volcanic emissions of sulfur dioxide (SO2), terrestrial
emissions of DMS and hydrogen sulfide (H2S) from soils, forests and crops, biomass
burning emissions of SO2, and fossil fuel and industrial emissions of SO2. Table 5 gives
a summary of the magnitude of the reactive sulfur sources that were used in the
calculations reported here and the range in possible emissions magnitudes as reported by
a number of authors (see Penner, 1993). In ali cases, the inventories derived by Spiro et
al. (1992) were used, except for the anthropogenic emissions which have been updated
as noted above and except for the ocean emissions of DMS. For ocean emissions the
inventory from Spiro et al. (1992) was doubled.

As noted above, we expect that as emission inventories evolve and become more
accurate, model comparison with data will provide a stringent test of whether the model
correctly summarizes the effects of transport, photochemical transformation, and ,
deposition. The adequacy of the current model may be seen by the comparisons presented
below.

Figure 5 shows a comparison of the predicted monthly averaged concentrations of
SO4-at selected locations with data summarized by Langner and Rodhe (1991). Note
that some of the data appear to be quite reasonably represented (e.g. SO4 = over the Ohio
River Valley), while other data are poorly reproduced (SO4-- over southern Sweden). T'ne



Table 5. Global sources of reactive sulfur used in the model and an estimate of their possible
range (Tg S/yr).

Source Total Range
I I I III II I

Fossil fuel and industry 67 60-100

Biomass burning 2.2 I-4

• Terrestrial soils, forests, crops 0.9 0.1-10

Volcanoes 3-20

Degassing 3.2
Eruptive 6.4

Oceans 23.7 12-40
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Figure 5. Model calculated (smooth line) and observed (squares) annual cycle of non-sea salt
sulfate (in pptv) at selected locations throughout the year. The left scale is in pptv.
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seasonal changes seen for SO4 = are mainly a result of the seasonality of the SO4= source.
Both the source derived from reaction of SO2 with OH and the source derived from the
aqueous transformation rate of SO2 to SO4 = vary strongly with season.

Table 6 compares predicted and observed concentrations of SO4 = at the set of remote
locations compiled by Langner and Rodhe (1991) (Table 5 in Langer and Rodhe, 1991). The
predicted concentrations appear to be somewhat small in most remote locations except for
three regions in the Southern Hemisphere, where concentrations are high due to poor
resolution in the model near coastal areas. Table 7 compares predicted and observed
deposition of sulfate at remote locations while Figures 6 and 7 compare predicted and
observed deposition in the important source areas of North America and Europe. In July, the
model slightly overpredicts wet deposition in both source areas, while in January, wet
deposition is overpredicted in North America by about a factor of two and underpredicted in
Europe by about the same factor. Remote area deposition (shown in Table 7) appears
reasonable.

Table 6. Observations and calculated concentrations of nss SO4= (ppt).

Location Observation Model

Northern Hemisphere
Canadian Arctic 210 24
Spetsbergen 168 100
Bermuda 455 367
Midway 133 86
Oahu 119 112
Barbados 175 141
Guam 119 87
Bela u 147 101
Fanning 154 123

Southern Hemisphere
Am. Samoa 84 76
New Caledonia 98 132
Norfolk Island 56 144
Cape Grim 21 142
Mawson 21 25

South Pole 20 6



Table 7. Observed and calculated nss sulfur wet deposition at regional and remote sites

(kg S krn -2 yr"1).

Location Observation Model

-Northern Hemisphere
Poker Flat, Alaska 32 49
Weathership Lima 152 160
Bermuda 450 326

" San Carlos, Venezuela 170 142
East Africa 150 82

Southern Hemisphere
Lake Calado, Brazil 120 124
Am. Samoa 66 63
Katherine, N. Australia 64 33
Amsterdam Island I00 49
New Ze2dand 67 109
Macquarie Island 37 35
South Pole 1 2
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Figure 6. Observed and calculated wet deposition of sulfate over North America. The
observations shown are an average from several years of the NADP monthly observations
for January and for July for the United States and Canada (Watson and Olsen, 1984). These
were averaged and interpolated to the model grid. Panels (a) and (b) show observations (a)
and model calculations (b) for January. Contour intervals are 5, 10, 15, 20, 30, 40, 60, and

80 kg S km -2. Panels (c) and (d) show observations (c) and model calculations (d) for July.
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Figure 7. Observed and calculated wet deposition of sulfate over Europe. The observations
shown are an average from several years of EMEP monthly observations for January and for
July (Jan Schaug, Norwegan Institute, of Meteorological Studies, private communication,
1991). These were averaged and interpolated to the model grid. Panels (a) and (b) show
observations (a) and model calculations (b) for January. Contour intervals are 10, 20, 30,
40, 60, 80, and 100 kg S km "2. Panels (c) and (d) show observations (c) and model
calculations (d) for July. Contour intervals are 40, 60, 80, 100, 120, 140. and 160 kg S km-
2

The model may be used to assess the relative importance of anthropogenic emissions
in determining the concentrations of sulfate aerosol. Figure 8 shows the calculated annual
average total sulfate aerosol column abundance, while Figure 9 shows the ratio of the
predicted sulfate aerosol column abundance for ali sources and for natural sources only.
Areas of strong anthropogenic (mainly fossil fuel) emissions in North America, Europe, and
Asia clearly stand out while the effects of biomass burning emissions of SO2 are discemable
in South America and Africa, even on an annual average basis. We note that the source of
(mostly organic) biomass smoke aerosols have not been included in this simulation, but may
almost double the anthropogenic aerosol abundance expected in the model (Penner et al.,
1991; 1992). This version of the model is being coupled to a climate model to evaluate the
radiative forcing by anthropogenic sulfur emissions (Penner and Taylor, 1993). The climate
model predicts a climate forcing from anthropogenic sulfate aerosols (using the 1980
inventories) of approximately -0.9 Wm "2on an annual average basis.
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volcanoes and oceans). Contour intervals are 2, 3, 4, 5, 6, 7, 8, 9, 10, and 15.



III. Model predictions of the effects of anthropogenic NOx emissions on 03
and OH

The formation of O3 in the troposphere results from oxidation of CO, CH4, and
nonmethane hydrocarbons (NMHC's) in the presence of NOx and sunlight. As noted above,
we have fixed the concentrations of CO and CH4 in the present model while NMHCs are not
yet included. Model calculations of the tropospheric 03 and OH abundance require reactive
nitrogen emissions from five main sources: fossil fuel combustion, biomass burning
(including wood fuel burning), soil microbial activity, lightning discharges, and production
of reactive nitrogen in the stratosphere by reaction of O(1D) with N20. A separate category
of fossil fuel emissions from aircraft is considered because of its injection at high altitude.
Table 10 gives a summary of the magnitude of the reactive nitrogen sources that were used in
the ,calculations reported here. ALsoshown are the range in possible emissions magnitudes as
reported by a number of authors (see Penner, 1993).

Table 10. Sources of reactive nitrogen frg l/yr).

Source Total Range,,,

Anthropogenic
Fossil fuel burning 22.4 15-25
Biomass burning (land clearing) 13 2-20
Aircraft emissions 0.23 0.1-0.7
Wood burning 0.2 0.1-0.8

Natural
Soil microbial emissions 5 1-20
Lightning discharge 10 2- 100
Production in the stratosphere 1.0 0.5-1.5

Total source strength 51.8 20-168

The emissions from fossil fuel combustion used the inventory developed by Dignon
(1992) except where updated according to the GEIA inventories noted above. The emissions
from biomass burning used the amount of biomass burned on monthly biomass compiled by
Hao et al. (1989) for Central and South America, Tropical Africa and Tropical Asia.
Additional information on Australian biomass burning was compiled by Dignon (personal
communication, 1992). We assumed emission factors of 2.5 gN/kg dry matter) for forest
burning and 1.9 gN/kg dry matter) for Savanna burning based on the analysis of fuel
nitrogen published by Dignon and Penner (1991). The aircraft source was injected on an
annual average basis and used a 1989 inventory compiled by the Warren Spring Laboratory
(1989). This source was distributed between XX and xx mb according to prevailing flight
corridors and altitudes.

The natural sources of reactive nitrogen were each varied on a monthly basis. The
total annual NOx emission for cloud to cloud and cloud to ground lightning discharges was
adjusted to 10 Tg/yr based on previous analysis and fitting to observed nitrate deposition and
nitric acid concentrations (Atherton et al., 1991). The distribution of source intensity was
based on observed thunderdays (Handbook of Geophysics, 1960) and used the methodology
of Hameed et al. (1981). NOx emissions from soil activity used an inventory compiled by
Dignon et al. (1991) and were based on relationships which accounted for vegetation type,
soil moisture and soil temperature.

The adequacy of the current model may be judged by comparison of model
predictions with measurements of air concentration and wet deposition. Comparisons for
nitrogen are similar to those made previously (Penner et al., 1991). Recent observations of
nitrogen compounds, however, provide support for a substantial fractional abundance of
PAN (summarize!:) which is not calculated in the current simulation. Future simulations



which include nonmethane hydrocarbon sources will allow a more robust calculation of the
nitrogen cycle.

Calculations for 03 may be compared to monthly mean surface concentrations and to
03 profiles compiled by the NOAA Climate Monitoring and Diagnostics Laboratory
(Oltmans, personal communication, 1993; Oltmans and Levy, 1993; Komhyr et al., 1989).
Figure 10 compares the predicted monthly mean surface O3 concentration to data from Mauna

• Loa (20N, 156W), Izania (28N, 17W), Mace Head (53N. 10W), Niwot Ridge (40N,
157W), Barbados (13N, 60W), Bermuda (32N, 65W), Reykjavik (64N, 22W), Barrow
(71N, 157W), Samoa (14S, 171W) and the South Pole (90S, 102E). At four of the sites

" (Barbados, Bermuda, Reykjavik and Mace Head) the agreement for both total abundance and
seasonal cycle is quite good. However, at five sites (Mauna Loa, Izania, Niwot Ridge,
Samoa, and the South Pole), model values are lower than observations by 5 - 20 ppbv. The
lack of agreement may be partly due to dynamics (model predictions at Barrow, for example,
are poor in spring--even for species which do not undergo photochemical processing--see,
for example, Penner et al., 1993). Part of the underprediction, however, may be caused by
the fact that the current model does not treat NMHCs and the resulting production of PAN.
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Figure 10. Observed (solid line) and calculated (dashed line) monthly mean ozone
concentrations at the surface at Mauna Loa, Izania, Mace Head, Niwot Ridge, Barbados,

Bermuda, Reykjavik, and Barrow. Observations are from the NOAA Climate Monitoring
and Diagnostics Laboratory (S. Oltmans, private communication. 1993).
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Figure 10. (continued). Observed (solid line) and calculated (dashed line) monthly mean
ozone concentrations at the surface at Samoa, and the South Pole. Observations are from the
NOAA Climate Monitoring and Diagnostics Laboratory (S. Oltmans, private communication.
1993).

: Model predicted profiles of 03 partial pressures are compared to ozonesonde
observations in Figures l la and llb. Figures l la and lib show the annual average
observed and model predicted profiles between the surface and 100 mbars at five Northern
Hemisphere sites (Hilo (9N, 155W), Boulder (40N, 105W), Edmonton (53N, 114W),
Barrow (71N, 157W) and Resolute (74N, 95W)) and at four Southern Hemisphere sites "
(Samoa (14S, 170W), Lauder (45S, 170E), Syowa (69S, 39E) and South Pole (90S,
25W)). Values in the top 100 mbars are f_ed equal to the measured concentrations. The
increase in 03 with latitude is captured by the model, but overall, predicted concentrations are
low. In the Southern Hemisphere, NMHCs will not play as great a role as they do in the
Northern Hemisphere. Here, the predicted abundances agree reasonably well with measured
partial pressures.
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Figure 1I. Observed (a) and calculated (b) tropospheric ozone partial pressures as a function
of altitude at Hilt (9N, 155W), Boulder (40N, 105W), Edmonton (53N, 114W), Barrow
(71N, 157W) and Resolute (74N, 95W) for the Northern Hemisphere and at Samoa (14S,
170W), Lauder (45S, 170E), Syowa (69S, 39E) and South Pole (90S, 25W) for the
Southern Hemisphere. The observations are from Komyhr et al. (1989).

The relative importance of anthropogenic NOx emissions to surface 03 and OH
concentrations is shown in Figures 12 and 13. Figure 12a and 13a, respectively, show 03
and OH concentrations for July with ali sources of reactive nitrogen included in the
simulation while Figures 12b and 13b show the results when only natural sources are
included. As indicated there, concentrations of 03 increase by between 20 to 40 ppb over
Europe ppb and by similar amounts over the United States. Concentrations of tropospheric
OH increase as weil, from average concentrations near 1.7x 106 cm -3 and 8.0 x 105 cm 3 for
the Northern Hemisphere and Southern Hemisphere, respectively, in July for natural sources
only to concentrations of 1.9x 106 cm 3 and 8.7 x 105 cm -3, respectively, for July when ali
sources of reactive nitrogen are included. Figure 14 indicates that larger changes occur near

: the source regions.

V. Conclusions

Accurate emissions inventories are a crucial element in the further advancement of
three-dimensional photochemical models. These emissions, when combined with models
may be used to check the accuracy of our understanding of photochemical processes,
transport, transformation, and removal. Comparison of the models with data show a number
of similar features, but differences point to the need for improved models. It is important to
further develop our understanding of emissions inventories (both natural and anthropogenic)



because the models have demonstrated important changes to both sulfate aerosol and to 03
and OH fields as a result of anthropogenic emissions.
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