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and individual source contributions

H. Levy I and W. J. Moxim

NOAA Geophysical Fluid Dynamics Laboratory, Princeton, New Jersey

A. A. Klonecki

Advanced Studies Program, National Center for Atmospheric Research, Boulder, Colorado

P. S.Kasibhatla

Nicholas School of the Environment, Duke University, Durham, North Carolina

Abstract. Using the 11-level Geophysical Fluid Dynamics Laboratory global chemical
transport model, we simulate global tropospheric fields of NO,, peroxyacetyl nitrate (PAN),
HNOg;, and NO,, as well as the deposition of nitrate, extensively evaluate them against
available observations from surface stations and aircraft missions, and quantify the
contributions of individual natural and anthropogenic sources. The patterns and magnitudes of
simulated and observed HNO; wet deposition are generally in good agreement around the
globe. Scatterplots of model simulations versus aircraft observations for NO, and NO,, find
~50% of the points within +25%, find ~75% within £50%, and show no systematic global

biases. Both simulated and observed vertical profiles have similar shapes with high levels (~1
ppbv or greater) in the polluted boundary layer (BL), very low values in the remote BL, and
values increasing from the middle to the upper troposphere. Simulated NO,, HNO3, and NO, +
PAN are also in good agreement with extensive lower free tropospheric (FT) observations
made at Mauna Loa Observatory. In general, the level of agreement between simulation and
observation is as good as the agreement between separate, but simultaneous, observations of
NO, NO, or NO,. As previous studies have shown, fossil fuel combustion and biomass burning
control NO, levels in most of the lower half of the troposphere with a significant contribution
from biogenic emissions. The exceptions are the remote low-NO, regions where BL and FT
sources make comparable contributions. Unlike most previous studies, we find that the much
smaller in situ FT sources generally dominate in the upper half of the troposphere. Lightning
dominates in the tropics and summertime midlatitudes, and stratospheric injection is the major

source in the summer high latitudes. The exception is transported emissions from fossil fuel
combustion, which dominate in winter high latitudes. Though seldom dominant, aircraft
emissions do have a significant impact on the upper troposphere and lower stratosphere of the

northern hemisphere extratropics.

1. Introduction

The oxides of nitrogen are key to our understanding the
chemical state of the atmosphere in which we live. NO,
(NO+NO,) is directly, through its role in ozone production
[Chameides and Walker, 1973; Crutzen, 1974], and indirectly,
through its impact on OH [Levy, 1971], linked to the oxidizing
efficiency of the troposphere. A particularly critical NO, range
is 10 - 150 pptv, which depending on the time of year, location
in the troposphere, and levels of O3 and H,O, determines
whether ozone is chemically produced or destroyed in the
background troposphere. (See Fishman et al. [1979]; Lin et al.
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[1988]; and Sillman et al. [1990] for discussions of the depen-
dence of ozone chemistry on NO, concentration. See Liu et al.
[1983]; Chameides et al. [1987]; Ridley et al. [1992]; Liu et al.
[1992]; and Jacob et al. [1996] for discussions of ozone bud-
gets over the remote oceans. See Klonecki and Levy [1997] for
a discussion of ozone chemical tendencies worldwide.)
Accurate global NO, fields are a critical component for any
realistic simulation of global tropospheric chemistry in gener-
al, and tropospheric ozone in particular. With their short tro-
pospheric lifetimes (1-10 days) and numerous diverse and
dispersed sources, NO, mixing ratios range widely from 5
ppbv or more in regions of surface pollution to a few pptv in
the marine boundary layer of the remote central Pacific. Cur-
rently, NO, is only sparsely measured throughout the tropo-
sphere [e.g., Emmons et al., 1997; Carroll and Thompson,
1995]; in the foreseeable future, proposed measurement cam-
paigns will not provide the detailed global time-dependent
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NO, fields needed to answer a wide range of questions in glo-
bal tropospheric chemistry. Rather, we will have to rely on
simulations by global chemical transport models (GCTM). A
minimum requirement for such simulations should be an ac-
curate treatment of the NO,, sources, a realistic representation
of the key transport and chemical processes controlling the
global distribution of NO,, and most important, a thorough
and critical evaluation of the resulting fields with available ob-
servations.

The first comprehensive global nitrogen budget with realis-
tic estimates of the NO, sources was developed by Logan
[1983]. Penner et al. [1991] published the first simulation of
three-dimensional (3-D) global NO, distributions that at-
tempted to fully capture the complex interactions among
transport, chemistry, and geographically inhomogeneous
source-sink distributions. However, they did not include the
chemistry and transport of peroxyacetyl nitrate (PAN), which
has long been thought [Crutzen, 1979; Singh and Hanst,
1981] and recently has been shown [Moxim et al., 1996] to
control NO, levels in the remote lower troposphere. In this re-
gion, O3 chemistry, which frequently balances between de-
struction and production, is particularly sensitive to NO,.
Furthermore, their GCTM employed perpetual January and
July GCM wind fields and used approximate lightning and
biogenic sources that were decoupled from their model’s me-
teorology. They compared their simulated fields with the lim-
ited number of NO, and NO, measurements then available
and concluded that 3-10 TgN/yr was the most likely range for
the global lightning source, in harmony with our estimate of
2-6 TgN/yr [Levy et al., 1996].

Dentener and Crutzen [1993] published another simulation
which, while the first to include nighttime heterogeneous
chemistry, still lacked PAN chemistry and transport and used
approximate sources for lightning and soil-biogenic emis-
sions. Moreover, their 10° latitude x 10° longitude GCTM,
was driven by monthly mean meteorological fields and did not
simulate any synoptic-scale meteorological features, which
are fundamentally important elements of tracer transport (see
Levy and Moxim [1989a,b]l, Moxim [1990], Moxim et al.
[1996] for some recent examples). While their monthly mean
global simulations appear to be qualitatively similar to ours,
they present only a limited comparison with actual observa-
tions, and we are not able to make a quantitative comparison.
In another simulation with monthly mean winds and generic
NO, sources, Lamarque et al. [1996] employed a detailed
chemistry transported on a 5°x5° grid and reported a global
analysis of the NO, sources. They showed reasonable agree-
ment with observations from Mauna Loa and Niwot, Colo-
rado, and found that lightning plays a dominant role
throughout much of the upper troposphere, in agreement with
our own study [Levy et al., 1996].

Recently, a number of GCTM simulations employing fully
time-varying GCM winds of differing complexity and resolu-
tion have been published. Roelofs and Lelieveld [1995] re-
ported a global simulation of NO, but showed no simulated
fields and only discussed HNOj3 deposition. Their model had
a 5.6°x5.6° horizontal resolution, their lightning and soil-bio-
genic sources were approximate and decoupled from the mod-
el’s meteorology, and most important, PAN chemistry and
transport were not included. Kraus et al. [1996] reported a
global NO, simulation using the 8°x10° version of the God-
dard Institute for Space Studies (GISS) GCTM, which as-
sumed a global lightning source of 5 TgN/yr and neglected
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PAN chemistry. They compared simulated and observed dep-
osition fields over North America, and their simulated month-
ly mean NO, values were in qualitative agreement with single
flight measurements from the Stratospheric Ozone Experi-
ment (STRATOZ III). Jaffe et al. [1997] used the same basic
8°x10° GISS GCTM and similar NO, sources but carried a
very detailed chemistry with 49 reactive species. They per-
formed a more extensive evaluation and found good agree-
ment with surface NO,, observations in source regions, but the
model simulations were low in remote regions. A GCTM sim-
ulation of reactive nitrogen levels over the North Pacific using
NCAR Community Climate Model, version 2 (CCM2) winds
(approximately 2.8°x2.8° resolution) and a full chemistry,
when compared with measurements from Mauna Loa Obser-
vatory (MLO), had reasonable agreement with observed NO,
but 3-8 times the observed levels of HNO3 and NO, at Mauna
Loa [Brasseur et al., 1996]. Wang et al. [1998b] employed the
4°x5° Harvard-GISS GCTM with a comprehensive O3-NO,-
hydrocarbon chemistry to simulate a wide variety of reactive
species. They reproduced NO and PAN within a factor of 2
for a wide range of tropospheric regions but also tended to
overestimate HNOj in the remote troposphere.

In this study, one of whose primary goals is the production
of realistic NO, fields for the simulation of tropospheric
ozone, we employ a GCTM with an effective 2.4°x2.4° reso-
lution in the tropics and 3°-3.5°x2.4° resolution in midlati-
tudes that is driven by 1 year of time-varying meteorological
fields. Three families of tracers (nitrogen oxides, PAN,
HNO3) are transported in the GCTM, and the effective first-
order rate coefficients for gas phase and heterogeneous chem-
ical conversions among the families are calculated off-line.
The biogenic and lightning emissions are both coupled to the
GCTM'’s meteorology. Without this coupling, the strong epi-
sodic emissions of biogenic NO, are neglected [see Yienger
and Levy, 1995, Figure 4], and the effective lightning emis-
sions are both underestimated by at least 30% and incorrectly
distributed in the vertical [Levy et al., 1996]. After discussing
the components of the GCTM in section 2 and the appendix,
we evaluate the GCTM’s simulations in section 3 by compar-
ing simulated wet deposition and simulated NO, and NO,
with a wide range of published or released measurements
from surface sites, aircraft campaigns, and ship cruises. In
section 4 we discuss the 3-D structure of the simulated NO,
distributions and the contributions from individual sources,
and in section 5 we discuss potential sources of error in the
simulations and their possible impacts on our conclusions.

2. GCTM Description

With a horizontal grid size of ~265 km, our GCTM has an
effective horizontal resolution of 2.4°x2.4° in the tropics and
3°-3.5°x2.4° in midlatitudes and captures large-scale transport
due to extratropical cyclones and synoptic meteorology in
general [e.g., Moxim, 1990; Moxim et al., 1996]. Its 11 verti-
cal levels with standard pressures and (thicknesses) of 990
mbar (1000 - 981), 940 mbar (981 - 902), 835 mbar (902 -
773), 685 mbar (773 - 607), 500 mbar (607 - 412), 315 mbar
(412 - 241), 190 mbar (241 - 150), 110 mbar (150 - 81), 65
mbar (81 - 52), 38 mbar (52 - 27), and 10 mbar (27 - 0) pro-
vide three levels for the boundary layer (BL) (990, 940, 835
mbar), three to four levels (685, 500, 315, 190 mbar) for the
free troposphere (FT), and coarser resolution of the tropo-
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pause region and the stratosphere. The GCTM is driven by 12
months of 6-hour time-averaged wind, temperature, and pre-
cipitation fields from an earlier Geophysical Fluid Dynamics
Laboratory (GFDL) general circulation model (GCM) with no
diurnal insolation (see Mahlman and Moxim [1978] for details
of the GCTM’s transport module, and Manabe et al. [1974]
and Manabe and Holloway [1975] for details of the parent
GCM).

We explicitly separate reactive nitrogen (NO,) into three
classes of transported species: nitrogen oxides
(NO+NO,+NO3+N;05), HNO3; and PAN. HNO;j is a surro-
gate for all soluble inorganic nitrogen, and PAN is a surrogate
for all organic nitrates. Although the HNO, reservoir species
is implicitly included in our simulation of upper tropospheric
HNO;, it does not explicitly interact with NO,.The physical
sinks for the chemical tracers are dry deposition of NO, and
PAN over land; dry deposition of HNOj over land, oceans,
ice, and snow; and deposition of HNOj in precipitation.

Effective first-order rate coefficients for the daytime chemi-
cal interconversions among NO,, HNO3, and PAN are inter-
polated from monthly mean, zonally averaged tables carried
in the GCTM. These are precalculated for specified monthly
mean fields of NO,, CO, CH,, nonmethane hydrocarbon
(NMHC), O3, H,O, temperature, and pressure using a stan-
dard 03-CO-CH4-NO,-H,O, chemical scheme [e.g.,
Chameides and Tan, 1981]. These interpolation tables, which
represent a significant simplification of the full in situ chemis-
try, were initially developed for individual NO,, source studies
by Kasibhatla et al. [1991, 1993] and focus on predicting re-
alistic OH levels and NO:NO, ratios. The nighttime first-or-
der rate coefficients for heterogeneous conversion of NO, to
HNO; on sulfate aerosol via NO3 and N,Os are calculated
off-line and carried as monthly average 3-D fields.

Our present global NO, sources include fossil fuel combus-
tion (22.4 TgN/yr), biomass burning (7.8 TgN/yr), and soil-
biogenic emissions (5.0 TgN/yr) in the BL [Levy and Moxim,
1989a,b; Benkovitz et al., 1996; van Aardenne et al., 1999;
Levy et al., 1991; M.K. Galanter et al., Impacts of biomass
burning on tropospheric CO, NO,, and O3, submitted to
Journal of Geophysical Research, 1999 (hereinafter referred
to as submitted paper); Yienger and Levy, 1995] and lightning
discharge (4.0 TgN/yr), aircraft emissions ([0.45TgN/yr), and
stratospheric injection (0.64TgN/yr) in the FT [Levy et al.,
1996; Kasibhatla et al., 1991; Kasibhatla, 1993]. The annual
zonally integrated sum of all sources of NO, is plotted as a
function of latitude and shown as the shaded area in Figure 1.
The total NO, source is dominated by BL emissions whose
contribution is represented by the dashed line. Both the total
source and the BL contribution are concentrated in the north-
ern midlatitudes and are primarily from fossil fuel emissions
in the continental-scale metro-agro-plexes [Chameides et al.,
1994], while biomass burning and soil-biogenic emissions
contribute in the tropical BL. NO, emissions in the FT, ~12%
of the total (solid line in Figure 1), are primarily from light-
ning and found over the tropics and over midlatitude conti-
nents in summer. Small contributions are provided by
stratospheric injection in the high latitudes of both hemi-
spheres and by aircraft in the midlatitudes and high latitudes
of the northern hemisphere (NH).

Detailed discussions of the GCTM’s treatment of resolved
advection, its subgrid-scale parameterizations of horizontal
and vertical transport by turbulence and convection, its pa-
rameterizations of wet and dry deposition, its daytime gas
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Figure 1. The zonal integral of the total column NO, source
(mmol/m?/yr) is given by the shaded areg, while the zonal in-
tegral of the BL NO, sources (mmol/m /yr) is given by the
dashed hne and the zonal integral of the FT NO, sources
(mmol/m? /yr) is given by the solid line.

phase and nighttime heterogeneous chemistry, and its six NO,,
sources are provided in the appendix.

3. GCTM Evaluation

Before examining the simulated NO, global distributions
and the relative roles of individual sources, we evaluate the
GCTM'’s performance by comparing its NO,, NO,, and HNO;
simulations with a variety of observations that test different
aspects of the complex interactions among transport, chemis-
try, deposition, and sources in the GCTM. We have already
evaluated the PAN portion of this study in an earlier paper
[Moxim et al., 1996]. Since the GCTM is driven by a single
year of simulated meteorology, rather than the weather for a
particular observation period in a given year, it would be best
to compare the simulated fields with multiyear observations
when possible. Failing that, we focus on measurement cam-
paigns (e.g., MLO Photochemistry Experiment (MLOPEX),
Atmospheric Boundary Layer Experiment (ABLE), Pacific
Exploratory Mission (PEM-West A and B, and PEM-Tropics
A) and Transport and Atmospheric Chemistry Near the Equa-
tor-Atlantic (TRACE-A)) that give multiflight coverage of a
region for a season and compare the observations with model
data that have been completely sampled for the same season
rand region. When comparing a 1 year simulation with an ob-
served climatology, there is always the possibility that the
1 year of simulated weather is not representative of a particu-
lar region’s climatology. This problem becomes even worse
when there is only a single season of observations, since nei-
ther observations nor simulations may be representative of the
region’s climatology. While some ship cruise and single flight
track observations (e.g., STRATOZ) are also included in this
evaluation, their comparison with a GCTM simulation may be
problematic.

There are also a number of measurement issues. The possi-
bility of significant measurement error in observed gas phase
concentrations, particularly the NO, and NO, observations
from aircraft [e.g., Crawford et al., 1996; Crosley, 1996;
Bradshaw et al., 1998], is of primary concern. The regional
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Figure 2. (a) Global map of the simulated annual column integral of nitrate wet deposition (mmol/m?/yr) for
the present level of emissions and (b) a global map of the annual column integral of present NO, emissions

(mmol/mzlyr).

and temporal representativeness of the sparse data sets from
aircraft and the regional representativeness of some of the wet
deposition samplers and other surface measurements, which
may be significantly skewed by local emissions, meteorology,
and topography, also introduce uncertainty. Therefore, while
we would certainly prefer that the simulations and observa-
tions agree quantitatively, it is critical that they display similar
patterns regarding the expected large variations with season,
height, and region.

3.1. HNOj; Deposition

In the BL source regions, wet and dry deposition are com-
parable, and the patterns of deposition and emission should be
highly correlated. This is demonstrated by Figures 2a and 2b,
annual global maps of simulated wet deposition of nitrate and
the GCTM’s column integrated NO, source. Note that the
white inside black areas represents emissions greater than 100
mmol/m?/s. Therefore a comparison of observed and simulat-
ed deposition patterns and magnitudes in source regions will
provide an evaluation of both the spatial distribution and the
absolute magnitude of the surface NO, sources used in the
GCTM. While some local comparisons of HNO3 wet deposi-
tion may be affected by local precipitation differences be-
tween the model’s 1 year of weather and the actual

climatology at a particular observation site as well as any lo-
cal anomalies in observed precipitation, the overall patterns of
the observed and simulated wet deposition in the source re-
gion should correlate strongly if the GCTM’s BL sources are
realistic. In more remote regions, comparisons of simulated
and observed wet deposition will evaluate a combination of
the model’s wet deposition, its HNO3 formation rate, and its
simulated long-range transport.

In Figure 3a we have binned multiyear annual wet deposi-
tion observations from 236 National Acid Deposition Pro-
gram (NADP) collection sites around the United States
[NADP/NTN, 1998; J. Sulzman, private communication,
1998] into 121 model grid boxes and plotted them against
simulated wet deposition. While simulation and observation
are highly correlated, the simulated wet deposition is system-
atically high by 20-25%. This is confirmed by a least squares
linear regression of all 121 points that gives a correlation co-
efficient of 0.87 with a slope of 1.28 for a 0.0 offset and a
slope of 1.18 fora 1.7 mmol/m2/yr offset. The missing of very
small precipitation events by the NADP automatic lid system
may support a small offset but should not be large enough to
support a 20-25% systematic error. Centered about the +25%
line, 40% of the points fall between +50% and 0.0, 75% fall
within +75% and -25%, and only ~12% are significant outli-
ers.
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Figure 3. Comparisons of simulated annual wet deposition of nitrate (mmol/m2/yr) with (a) multiyear annual
wet deposition observations from 236 NADP collection sites around the United States binned into 121 GCTM
grid boxes; (b) multiyear annual wet deposition observations from 108 EMEP sites throughout Europe binned
into 67 GCTM grid boxes; (c) annual wet deposition observations from 48 sites around the world: 1, Harvard
Forest; 2, Faroe Island; 3, Norway; 4, Sweden; 5, Baltic Sea; 6, N. Atlantic; 7, Ireland; 8, Portugal;
9, Amsterdam Is.; 10, Samoa; 11, Hawaii; 12, Amazon Basin; 13, San Carlos Vez.; 14, Torres de Paine;
15, Lake Calado, Brazil; 16, Puerto Rico; 17, Costa Rica; 18, central Amazonia; 19, Bermuda; 20, Barbados;
21, south Florida; 22, Nova Scotia; 23, New Brunswick; 24, Newfoundland; 25, Quebec; 26, Poker Flats,
Alaska; 27, Beijing, China; 28, Guizhou China; 29, Hong Kong; 30, Linan China; 31, Allabahad, India;
32, Jodphur, India; 33, Minicoy Island; 34, Nagpur, India; 35, Pune, India; 36, Port Blair, India; 37, Ryori,
Japan; 38, Katherine, Australia; 39, Cape Grim, Tazmania; 40, N. Australia; 41, Wagga Wagga, Australia;
42, New Plymouth, New Zealand; 43, S. Congo; 44, N. Congo; 45, Nigeria; 46, Cape Point, South Africa;
47, Dye 3, Greenland; 48, South Pole. Figure 3d is the same as Figure 3c except it is only for those observa-
tions in the range 0.0-10.0 mmol/m2/yr. The solid line represents 1:1, the large dashes represent 1.25:1 and

1:1.25, and the short dashes represent 1.5:1 and 1:1.5.

In Figure 3b we have binned multiyear annual wet deposi-
tion observations from 108 European Monitoring and Evalua-
tion Programme (EMEP) sites throughout Europe
[Hjellbrekke et al., 1996] into 67 model grid boxes and plotted
them against simulated values. Although there is more scatter
than in Figure 6a, they are well correlated and show no sys-
tematic bias. Centering about the 1:1 line, we find 50% of the
points within +25%, 75% within £50%, and ~10% remaining
as significant outliers. Particularly anomalous examples are
the Faroe Island site in the remote North Atlantic (labeled “F”

in Figure 3b) which reports 20 mmol/mZ/yr; an English mid-
lands industrial site (labeled E) with only 13 mmol/m?/yr, and
another site from the Russian/Finnish border (labeled R) with
only 3 mmol/mzlyr; and a southern coastal site in Norway (la-
beled N) with over 200 cm/yr of precipitation which reports
one of the highest depositions in our EMEP data set (57.5
mmol/mzlyr). After trimming the most extreme outliers (5%),
a least squares regression gives a slope of 0.95 with a correla-
tion coefficient of 0.75.

In Figure 3c, annual wet deposition observations from 48
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sites around the world employing a wide range of collection
techniques are plotted against the GCTM simulation. The
sites provide observations from African, Asian, and South
American BL source regions, regional and coastal sites down-
wind of major source regions, and remote maritime sites (see
Levy and Moxim [1989a,b], Kasibhatla et al. [1993], and
Dentener and Crutzen [1994] for specific references). A least
squares fit of the 48 points gives a slope of 0.95 with a corre-
lation coefficient of 0.83. Centered about the 1:1 line, we find
40% of the points falling within +25% and 70% within +50%
with 10 significant outliers. The agreement between simula-
tion and observation for the regional and coastal sites down-
wind of major source regions is generally quite good, as a
correlation coefficient of 0.83 would suggest. While the North
Congo site (44) is an extreme outlier with very high observed
wet deposition (30 mmol/mzlyr) that exceeds most NADP and
EMEP observations, the South Congo site (43) is reasonable,
and recent rainy season measurements from the Sahelian sa-
vanna of Niger (~6 mmol/mzlyr [Lacaux and Modi, 1998])
are in agreement with the GCTM. Figures 3a - 3c, along with
the associated correlation coefficients, demonstrate that the
GCTM’s HNO;3; wet deposition, with the exception of outliers
that may be due to either anomalous local observations or lo-
cal errors in the GCTM’s NO, source and simulated precipita-
tion, captures the observed spatial patterns and magnitudes of
wet deposition in the BL source regions. Therefore we argue
that both the magnitude and spatial distribution of the
GCTM’s NO, BL sources are generally realistic.

In Figure 3d, we examine the low deposition sites (< 10
mmol/m?/yr) from Figure 3c. The simulated deposition at
many of the most remote sites is systematically low, as it is for
Puerto Rico, the three Australian sites, Cape Grim, and New
Zealand. While precipitation discrepancies are part of the
problem, we currently do not have an explanation for the
GCTM'’s apparent systematic underestimate of observed wet
deposition in the Australia-New Zealand region. Modeled dry
deposition cannot explain the discrepancies, since it is a small
fraction of total deposition at remote sites. In a further evalua-
tion of the long-range transport of HNO5, which is not pre-
sented in a table or figure, simulated surface levels of HNO;
are compared with measured soluble nitrogen at a number of
remote island sites. While there is reasonable agreement at
Shemya, Midway, New Caledonia, and Norfolk in the Pacific,
we simulate approximately 1/2 the levels measured at Bermu-
da and Barbados in the Atlantic and at Enewetak, Fanning,
Nauru, Funafutti, Samoa, and Rarotonga in the remote tropi-
cal Pacific [Savoie et al., 1989; D. L. Savoie, private commu-
nication, 1995]. This suggests a number of possibilities: local
sources of soluble nitrogen in the remote oceans, deficiencies
in the wet deposition parameterizations, and deficiencies in
the simulated long-range transport of HNO; and/or NO, and
PAN.

To assess the impact of possible deficiencies in the
GCTM'’s treatment of wet deposition, we impose a 50% glo-
bal reduction in the model’s effective first-order precipitation
removal coefficient. This does remove the 20-25% positive
bias in the U.S. nitrate deposition, bring Bermuda and Barba-
dos into agreement for surface levels of soluble nitrogen, and
significantly improve the comparison in the remote tropical
Pacific. However, it also introduces a negative bias of 15-20%
for nitrate deposition in Europe, elevates free tropospheric
HNO; and NO, levels significantly above those observed, and
simulates nearly double the level of HNO; observed at Mauna
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Loa Observatory during the MLOPEX campaign. Fortunately,
as Kasibhatla et al. [1993] already found for fossil fuel sourc-
es, we also find that NO, levels in both source regions and the
free troposphere are relatively insensitive to uncertainties in
the rate coefficient for precipitation removal when all NO,
sources are considered.

3.2. Gas Phase Measurements

A number of campaigns, primarily aircraft, have measured
reactive trace gases around the world. This reasonably exten-
sive set of observations in the free troposphere and remote
boundary layer, as well a small data set from the continental
source region, will be used to evaluate the GCTM’s simula-
tion of the complex interactions among NO, sources, resolved
and subgrid-scale transport, chemical interconversion and
physical removal that all combine to produce the global NO,
fields. Most of the available data have recently been collected,
organized, and summarized by Emmons et al. [1997]. We
have gathered the aircraft-based data from the compilation of
Emmons et al. [1997], the Georgia Tech merged data sets, and
the NCAR New Mexico campaign and subdivided the 12
measurement campaigns into 29 regions based on common
meteorological and source characteristics. These 29 regions
are listed in Table 1 and shown in Figure 4. While not identi-
cal to those selected by Emmons et al. [1997], the basic rea-
soning is similar. We then determine means, medians, and
related statistics for all the observations from the equivalent
model layers in a given region and calculate the means, medi-
ans, and related statistics for all the simulated data in each
model level of the same region over the full period of each
measurement campaign. For each model level in each mea-
surement region, we analyze a complete sample from the
GCTM fields and compare it with a spatially and temporally
sparse sample of observations.

3.2.1. Aircraft NO, comparisons. NO,, the sum of reac-
tive oxidized nitrogen compounds, has a multiday lifetime
controlled by wet and dry deposition. It acts as a relatively
conserved transport tracer, particularly in the upper tropo-
sphere, where precipitation removal is much less active. Di-
rect tropospheric measurements of NO, from aircraft, which
comprise the bulk of the available data in the free troposphere,
have serious problems [Crosley, 1996], and most measure-
ments have now been withdrawn for further analysis
(J. Bradshaw, private communication, 1997; S. T. Sandholm,
private communication, 1998). Therefore, in Figure 5 we
compare our simulated NO, with the sum of the individual
measurements of NO,, HNO3, and PAN. Both observations
and simulations are assembled, as described above, for the
model’s tropospheric layers (190 (30°N - 30°S), 315, 500,
685, 835, 940, 990 mbar).

Half of the total comparisons fall within £25% of each oth-
er, and 70-80% fall within £50%, with most of the significant
outliers occurring in regions 16, 17, 23, and 25, where simula-
tions significantly exceed observations. In general, the model
simulates a realistic global distribution of NO,, though FT
NO,, particularly HNOj3, over the western North Pacific in
spring and fall is frequently higher than observed. This high
bias is most noticeable in the middle and upper troposphere,
where the GCTM’s implicit inclusion of HNO,4, which was
not measured, is only part of the explanation. It cannot ac-
count for the late winter and early spring measurements over
the Sea of Japan and in the vicinity of Japan (315 - 685 mbar
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Table 1. Aircraft Measurement Regions

26,285

Region Campaign Longitude, Latitude, Month Reference
deg deg
1 AASE 0-10E S58N-63N Jan.-Feb. 1
2 ABLE 2A TOW-45W 8S-2N July-Aug. 2
3 ABLE 2B 65W-45W 6S-EQ April-May 3
4 ABLE 3A 175W-105W SON-80N July-Aug. 4
5 ABLE 3B T2W-52W 45N-65N July-Aug. 5
6 ABLE 3B ISW-TTW 45N-65N July-Aug. S
7 CITE 2 125W-110W 35N-40N Aug.-Sept. 6
8 CITE 2 130W-125W 30N-45N Aug.-Sept. 6
9 CITE 3 35W-26W 11S-3N Aug.-Sept. 7
10 CITE 3 TTW-69W 3IN-41IN Aug.-Sept. 7
11 New Mexico 108W 33N Aug.-Aug. 8
12 PEM-Tropics A 170E-160W 50S-EQ Aug. 9
13 PEM-Tropics A 171E-173E 73S-45S Aug. 9
14 PEM-Tropics A 111W-109W 50S8-28S Aug. 9
15 PEM-Tropics A 160W-120W 25S-EQ Aug. 9
16 PEM-West A 110E-140E EQ-30N Sept.-Oct. 10
17 PEM-West A 110E-155E 30N-40N Sept.-Oct. 10
18 PEM-West A 140E-180E EQ-20N Sept.-Oct. 10
19 PEM-West A 160E-130W 45N-55N Sept.-Oct. 10
20 PEM-West A 180W-140W 10N-30N Sept.-Oct. 10
21 PEM-West A 140W-120W 25N-35N Sept.-Oct. 10
22 PEM-West B 110E-140E EQ-30N Feb.-March 11
23 PEM-West B 110E-155E 30N-40N Feb.-March 11
24 PEM-West B 140E-180E EQ-20N Feb.-March 11
25 PEM-West B 160E-130W 45N-55N Feb.-March 11
26 PEM-West B 180W-140W 10N-30N Feb.-March 11
27 TRACE-A 12E-40E 35S-10S Sept.-Oct. 12
28 TRACE-A 20W-10E 20S-EQ Sept.-Oct. 12
29 TRACE-A S5W-35W 30S-5S Sept.-Oct. 12

1, Carroll et al. [1990]; 2, Harriss et al. [1988]; 3, Harriss et al. [1990]; 4, Harriss et al. [1992]; 5, Harriss et al. [1994];
6, Hoell et al. [1990]; 7, Hoell et al. [1993]; 8, Ridley et al. [1994]; 9, Hoell et al. [1999]; 10, Hoell et al. [1996]; 11, Hoel et al.
[1997]); 12, Fishman et al. [1996]. AASE, Airborne Arctic Stratospheric Experiment; ABLE, Arctic Boundary Layer
Expedition; CITE, Chemical Instrumentation Test and Evaluation; PEM, Pacific Exploratory Mission; TRACE-A, Transport

and Atmospheric Chemistry Near the Equator-Atlantic.

in region 23) being so much lower than those simulated by the
GCTM, where both fossil fuel emissions from the Asian BL
and in situ aircraft emissions appear to dominate (see Figure
9a and Plate 1). Although it is possible that individual flights
sampled air in which HNOj3 had recently been removed, it is
unlikely that this would have happened for all flights, and we
have the same bias in the NO, data (see Figure 6). The mod-
el’s seasonal circulation in that region is in excellent agree-
ment with observed climatology. It is possible that either the
GCTM mixed too large a fraction of the surface emissions
into the free troposphere during early March around Japan or
the actual BL mixing was greatly suppressed in early March.
It does not appear from the PEM-West B meteorological anal-
ysis [Merrill et al., 1997] that there was more northwest trans-
port of relatively clean air from the Arctic during the early
March measurement period than would be expected from the
mean circulation of either the observed climatology or the
GCTM. The simulated time series in region 23 do have some
low background values, which are in reasonable agreement
with the observations, but they also have a number of pollu-
tion events which greatly elevate both the simulated mean and
median values. At this time, we do not have a full explanation
for the GCTM’s apparent systematic high bias in region 23.
3.2.2. Tropospheric NO, comparisons. The highly vari-
able tropospheric NO, fields, which are the key to the produc-
tion of O3 throughout most of the troposphere, are the primary
focus of this study. Current analyses finds that measurements
of NO from aircraft are relatively reliable, though it is worth

noting that a side-by-side intercomparison of two NO mea-
surement devices during PEM-West A found only ~50% of
the comparisons falling within £25% for NO < 50 pptv [see
Crosley, 1996]. While upper tropospheric measurements of
NO, frequently exceeded in situ steady state calculations by a
factor of 2 or more during PEM-West A and B and TRACE-A
[e.g., Crawford et al., 1996], PEM-Tropics A measurements
and in situ steady state calculations were in reasonable agree-
ment [Bradshaw et al., 1999]. Although NO measurements
are more reliable, NO’s very short chemical lifetime leads to
rapid fluctuations driven by local changes in the environment.
Between the extremely high observed standard deviations and
simulated NO values only being available as daytime averag-
es, useful NO comparisons are not possible. Therefore we
compare simulated NO, with observed NO + calculated NO,
for PEM-West B and observed NO + observed NO, for the
rest. A single NO, observation for a particular level and re-
gion is the mean of 1-3 minute measurements from any flight
that was contained in that level and region. It is not likely that
all the observations are meteorologically independent, nor is it
likely that they represent an unbiased sample and a true clima-
tology. However, the evaluation regions were selected to min-
imize meteorological inhomogeneity, and they do represent
the most complete global set of NO, observations available.
Comparisons of simulated and observed median values of
NO, for the free troposphere and the relatively unpolluted
boundary layer are presented as scatterplots in Figure 6. At
each level, we include an observed median from every region
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Figure 4. Locations of the 29 regions (see Table 1 for a detailed description) selected from the 12 aircraft-
based measurement campaigns.
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Figure 5. Comparisons of simulated NO, medians with the medians of the sums of observed NO,. + observed
HNOj; + observed PAN for the GCTM’s seven tropospheric levels in the 29 regions listed in Table 1. A com-
parison is only made if there are at least six observations from a given level of a particular region. The num-
bers represent individual regions that are pictured in Figure 4. Note that panels with expanded scales have been
provided for 940 and 990 mbar. The solid line represents 1:1, the large dashes represent 1.25:1 and 1:1.25, and
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LEVY ET AL.: SIMULATED TROPOSPHERIC NO, 26,287

Largest Contributor to NO

90W 0 90E 90W 0  90E

Plate 1. Six-color tropospheric maps of the NO, source making the largest contribution to December through
February (D-J-F) and June through August (J-J-A) NO, levels in the GCTM upper troposphere (315 mbar),
midtroposphere (500 mbar), lower troposphere (685 mbar), and surface level (990 mbar). The color code is
blue (S = stratospheric injection), green (BG = soil biogenic emission), yellow (L = lightning emission), or-
ange (A = aircraft emission), red (BM = biomass burning), and brown (C = surface fossil fuel combustion).
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Figure 6. Comparisons of simulated NO, medians with either observed NO, medians or observed NO medi-
ans + calculated NO, medians for the GCTM’s seven tropospheric levels in the 29 regions. A comparison is
only made if there are at least six observations from a given level of a particular region. The numbers represent
individual regions that are described in Table 1 and pictured in Figure 4. Note that panels with expanded scales
have been provided for 940 and 990 mbar. The solid line represents 1:1, the large dashes represent 1.25:1 and

1:1.25, and the short dashes represents 1.5:1 and 1:1.

(see Figure 4) with at least six observations. With the excep-
tion of regions 10 and 23, there are no apparent systematic bi-
ases in the simulated NO,. Of the 102 comparisons, 75% fall
within £50% of the 1:1 line and 44% within +25% of the line.
There are 15 significant outliers, 11 of which are from regions
23 and 10. The low observations from region 23 were already
noted in section 3.2.1. Region 10, with relatively high obser-
vations, is a summertime Chemical Instrumentation Test and
Evaluation-3 (CITE-3) campaign off the East Coast of the
United States. The GCTM summertime circulation establishes
a strong Bermuda High, which prevents the transport of simu-
lated U.S. pollution during late July and August, while the ac-
tual circulation, which does establish a strong Bermuda High
during some summers, did not do so during the CITE-3 mea-
surement period.

In Figure 7 we show plots of vertical profiles from the 14
regions with complete vertical soundings. The GCTM cap-
tures the basic tropospheric vertical profiles for a wide range
of regions, and there is a strong overlap between the middle
50% or interquartile ranges (IQR) of the observations and the

5.

simulations. Even in region 23, both profiles have the same
shape. Over or near source regions (e.g., 11, 16, 27, or 29),
there is a clear midtropospheric minimum, while over remote
regions (e.g., 12, 15, 18, 24, or 28), both observed and simu-
lated have a minimum in the BL and increase with height.

In Table 2 we compare simulated and observed NO, medi-
an values, as well as IQRs, from a variety of surface locations,
primarily in North America. With surface NO, values having
a large diurnal variation in source regions, daytime measure-
ments are most representative of a well-mixed boundary layer
value. Therefore we compare these daytime observations with
daily average simulations from the GCTM boundary layer
(990, 940, and 835 mbar), which has no diurnal variability.
These BL values are mass-weighted averages from the three
lowest model levels, with each level weighted by the fraction
of BL mass that it contains. At remote and nonsource sites
where the observed diurnal variation is much less, we com-
pare daily-averaged surface observations of NO, with'daily
averages from the GCTM lowest level (990 mbar). While the
GCTM summertime medians in the source region are system-
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Figure 7. Vertical profiles of simulated and observed NO, median values, with their interquartile ranges (IQR)
represented by brackets, are displayed for those 14 regions with sufficient data. The observed medians are rep-
resented by solid circles, and the GCTM medians by solid diamonds. The horizontal brackets represent the re-

spective IQRs.

atically higher than observed, it seems reasonable that a 265
km x 265 km grid box with well-mixed local sources would
have a higher background than rural observations, and the re-
spective IQRs do have a large overlap. The simulated surface
values at Sable Island are in excellent agreement with obser-
vations, and both observations and simulations are very low
over the remote ocean. The NO,, levels observed on the Atlan-
tic Stratocumulus Transition Experiment (ASTEX) cruise are
higher than those simulated. However, the NO, instrument
was operating near or at its detection limit (T. P. Carsey and
R. Dickerson, private communications, 1998), and the report-
ed measurements may not be significantly different from 0.0.
Summertime 1990 aircraft measurements of lower tropo-
spheric NO, over southern Alabama [Ridley et al., 1998] are
at least a factor of 2 lower than the simulation. We believe this
is due to a GCTM transport deficiency, which results in insuf-
ficient ventilation by relatively clean/moist air from the Gulf
of Mexico, and is apparently related to the parent GCM’s pre-
cipitation deficiency along the Gulf Coast.

3.2.3. Mauna Loa Observatory data. The bulk of reactive
nitrogen observations were either taken from aircraft, thereby

providing a very sparse sample of the free troposphere, or
were taken from the highly variable and complex surface lay-
er and were quite difficult to interpret. However, the
MLOPEX data set, when filtered to exclude surface air, pro-
vides 6 week samples of the lower free troposphere from the
MLO for all four seasons. While even this relatively simple
system shows some inconsistencies between observed and
calculated species, suggesting some combination of measure-
ment error and missing chemistry [e.g., Hauglustaine et al.,
19964}, it remains a relatively complete and consistent data
set from the remote lower free troposphere. It should provide
a useful check on the model’s treatment of transport and reac-
tive nitrogen chemistry in that region.

In Table 3 we compare NO), HNO3, PAN, and NO, medi-
ans and IQRs from the GCTM 685 mbar layer with observa-
tions that have been filtered to only include downslope
conditions [Atlas and Ridley, 1996; NCAR/MLOPEX Data
Archive]. It is apparent that measured NO, greatly exceeds
the sum of the three major measured species. Either there was
an important reactive nitrogen species not measured at MLO,
or the NO, measurement includes a major artifact. On the oth-
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Figure 7. (continued)

er hand, the simulated and measured sums (NO, + HNO5 +
PAN) are in reasonable agreement, as are simulated and mea-
sured HNOj3. Simulated NO,, while only moderately lower
than measurements during winter and spring, is much lower in
summer and fall, with almost no overlap between the simulat-
ed and observed IQRs. However, simulated PAN is systemati-
cally higher than observed, and the simulated and the
measured sums (NOy nedian + PANpedian) are in good agree-
ment. Since this pair should be in thermal balance at moderate
temperatures (e.g., PAN has a 12 hour thermal decomposition
lifetime at 8°C), it is possible that the GCTM’s systematically

lower NO, and higher PAN are due to the GCTM’s 685 mbar

summertime temperatures in the FT (~3°C) being significant-
ly lower than those at MLO (7°-8°C). The extremely low PAN
levels observed during the summer suggest either contamina-
tion by maritime BL air or local heating. Heterogeneous con-
version of HNO3 to NO, has also been suggested by
Hauglustaine et al. [1996b], but with no systematically low
NO, bias for the rest of the world (see section 3.2.2), the pos-
tulated heterogeneous conversion would have to be local to
MLO. While an additional heterogeneous loss of HNOj3 on
dust may be supported by some recent observations
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Table 2. Surface NO, Medians and Interquartile Ranges (IQR)

Station Latitude, Longitude, Season GCT™M Observed Reference
deg deg Median, IQR Median, IQR
Range, Range,
ppbv  ppbv ppbv  ppbv
Scotia, PA 41N T8W July-Aug. 1.84 2.74-1.28 1.38  3.12-0.87 1
Bondville, IL 40N 88W Aug. 237 3.24-1.70 1.53  2.79-0.97 1
Candor, NC 35N 30W Aug. 148 2.07-097 0.86 1.09-0.72 1
Egbert, Ont. 44N 30W July-Aug. 1.81  2.58-1.03 0.92 3.26-0.45 1
Harvard Forest 42N 72W Dec.-Feb. 1.82  3.03-0.77 348 10.59-1.61 1
March-May 1.00 2.00-0.54 1.63 4.31-0.70 1
June-Aug. 1.30 1.83-0.67 0.67 1.24-0.50 1
Sept.-Nov. 135 2.11-0.62 2.08 5.54-0.82 1
Sable Island 44N 60W Aug.-Sept. 0.079 0.129-0.012 0.079 0.138-0.044 1
1992 ASTEX, June (range/mean) 0.004 - 0.010 0.032 £0.020 2
eastern N. Atlantic
SAGA 3 Cruise, Feb.-March (range) 0.003 - 0.012 0.005 - 0.010 3
Equatorial Pacific

1, Emmons et al. [1997]; 2, Carsey et al. [1997]; 3, Torres and Thompson [1993]. ASTEX, Atlantic Stratocumulus Transition
Experiment; SAGA, Soviet-American Gas and Aerosol Experiment.

[Tabazadeh et al., 1998], recent modeling studies do not sup-
port the heterogeneous conversion of HNOj to NO, [Singh et
al., 1998; Wang et al., 1998a,b].

4. Simulated Tropospheric NO,

Having examined the GCTM simulations of NO, to the ex-
tent that available measurements allow and finding that they
appear to be realistic, we will now explore their global behav-
ior and quantify the contributions from individual sources. All
simulations have been run for 18 months, and the last 12
months are used for analysis. Both the annual NO, sources
and sinks are in balance to within 1% or better, and the
monthly mean NO, fields are changing by less than 1% from
one year to the next. In order to minimize any nonlinear ef-
fects, the NO, fields for an individual source are determined
by subtracting the NO, fields generated by a simulation ex-
cluding that particular source from fields simulated with all
six sources.

4.1. Global NO, Distributions

The key features of our simulated NO, fields can be seen in
Figure 8, where June - August (JJA) and December - February
(DJF) seasonal means are presented for the surface (990

mbar), lower (685 mbar), middle (500 mbar), and upper (315
mbar) troposphere.

The maxima in the surface NO, fields are quite similar to
those in the source (see Figure 2b) and are repeated through-
out the BL (990, 940, 835 mbar). The main spatial features
are the high levels over the midlatitude continents (>0.5 ppbv)
and very low levels (0.01 ppbv) over the southern oceans. The
primary seasonal features are the seasonal tropical maxima
(> 0.5 ppbv) that follow the tropical biomass burning season
and the extensive spread of moderate levels of NO, (0.05
ppbv) over the oceans north of 30°N during the NH winter.
This spread is a result of both increased wintertime transport
in the midlatitude troposphere and increased NO, chemical
lifetime (see Figure A3 in the appendix). The seasonal and
spatial patterns in the lower troposphere (685 mbar) are simi-
lar to those in the BL, although the gradients are weaker.

Moving up to 500 mbar, we find fields that are more zonally
uniform for both DJF and JJA, with NO, less than 20 pptv
south of 30°S and 20 - 50 pptv to the north of 30°S. The ex-
ceptions are regional maxima associated with areas of intense

local convection and areas of strong lifting along wintertime

storm tracks. With lightning absent in the wintertime midlati-
tudes, those maxima would appear to result from transported
BL NO,, while the tropical and the summertime midlatitude
maxima would appear to be a mixture of convective pumping

Table 3. MLOPEX Observed and Simulated Medians and Interquartile Ranges (IQR)

Winter 1992 Spring 1992 Summer 1992 Fall 1992
Median IQR Median IQR Median IQR Median IQR
NO,, pptv
GCTM 147  288-74 170  254-106 129  197-95 105  146-63
Observed [NO,] 187  258-138 374  431-305 188  258-132 168  207-131
Observed [NO,+PAN+HNO;] 119 196 98 106
HNO;, pptv
GCTM 87 122-41 87 128-52 95 153-69 66 91-40
Observed 64 100-30 132 203-71 67 102-44 75 95-49
NO,, pptv
GCTM 24 42-15 22 34-13 12 18-9 13 21-8
Observed 30 40-23 35 52-28 27 39-19 23 32-20
PAN, pptv
GCTM 39 118-14 60 103-29 21 30-15 20 40-11
Observed 25 39-10 28 57-10 4 11-1 8 17-4
NO; megian + PANmedians PPtV
GCTM 63 82 33 33
Observed 55 63 31 31
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Figure 8. December through February (D-J-F) and June through August (J-J-A) simulated seasonal-average
NO, mixing ratios (ppbv) presented for the GCTM upper troposphere (315 mbar), midtroposphere (500 mbar),
lower troposphere (685 mbar), and surface level (990 mbar).
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of BL NO, and 500 mbar lightning. These source apportion-
ment questions will be examined in detail in the next section.

The upper troposphere (315 mbar) has seasonal patterns
similar to 500 mbar with generally higher values. For both
seasons there is a basic zonal distribution of NO, upon which
two major features are superimposed: (1) There are maxima
in the tropics and summertime continental midlatitudes,
which are regions strongly influenced by deep convection and
where an earlier paper [Levy et al., 1996, Figures 5 and 6]
found lightning emissions of NO, to play a major role,
(2) There are wintertime minima and summertime maxima at
high latitudes, which run counter to the model’s seasonality of
cross-tropopause transport of NO, [Mahlman and Moxim,
1978; Levy et al., 1979]. This second feature results from the
much higher fraction of NO,, found as NO, in the summertime
lower stratosphere and upper troposphere, due primarily, to
the much stronger photodissociation of HNO3 in summer. The
190 mbar levels (not shown in Figure 8) have the same sea-
sonal NO, patterns as 315 mbar with higher overall levels, but
only the tropical region (30°N-30°S) normally remains in the
troposphere.

4.2. Boundary Layer Versus Free Troposphere

We now focus on a key issue in GCTM simulations of
NO,: the relative contributions of the large BL sources and the
much smaller FT sources to NO, levels throughout the tropo-
sphere. The surface sources control the levels in the polluted
BL. In the remote maritime BL, both BL and FT sources con-
tribute, with transport by PAN playing a major role [Moxim et
al., 1996], but NO, levels are generally so low (see Figure 8)
that ozone destruction dominates and none of the sources has
a significant impact on tropospheric chemistry. However, the
relative impact of BL and FT sources on the moderate levels
of NO, in the FT, where net ozone production or destruction
is in the balance, is a complex issue. A key factor is subgrid-
scale vertical transport from the continental BL source regions
by convection. We parameterize this by a stability-dependent
diffusion and find that the resulting vertical profiles of Rn and
CO in the GCTM are quite realistic. See the appendix and
Figures A1 and A2 for a detailed discussion.

In Figure 9 we examine the extent to which the three BL
sources, which exceed the in situ FT sources by almost a fac-
tor of 8, influence NO, levels in the FT during DJF and JJA.
Starting in the lower FT (685 mbar), we see that in DJF, the
BL NO, sources completely dominate in the NH, while dur-
ing JJA, they dominate over broad extratropical belts in both
hemispheres. FT sources dominate in much of the tropics
throughout the year, while the broad white areas in the south-
ern hemisphere (SH) and over the remote oceans represent re-
gions with NO, < 10 pptv.

At 500 mbar, BL sources still provide more than 40% of the
NO, throughout the NH extratropics and more than 60% of
the NO, in NH high latitudes during DJF. There is also a
small westerly plume of more than 40% BL NO, at 500 mbar
over the extratropical South Atlantic during DJE. In JJA there
is a much larger tropical and extratropical westerly plume of
BL NO, off South America and Africa showing up during the
SH burning season at both 315 and 500 mbar. In most of the
tropics (30°N-30°S), FT sources strongly dominate all year,
with the exception of intensely convective areas over land,
where BL sources are still providing more than 40% of the
NO,. The broad white areas in the SH extratropics represent
regions with NO, < 10 pptv.
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In the upper troposphere, FT sources increase their control
over most of the 315 mbar level, though BL sources continue
to provide more than 60% of the relatively low NO, levels in
the wintertime high latitudes. In the NH, this results from
poleward transport of NO, by winter and spring storms from
midlatitude source regions into a region with long NO, life-
times (see Moxim et al. [1996, section 3.4] for a detailed dis-
cussion). There is still a broad white belt of NO, < 10 pptv
near the SH pole during JJA. At 190 mbar, BL sources play al-
most no role, with the exception of the intensely convective
regions over the tropical continents where a small westerly
plume extends over the Indian Ocean during DJF and over the
western Pacific during JJA.

4.3. Individual Source Contributions

While we discussed the global impact of 3 TgN/yr of light-
ning emission on troposphere NO, in an earlier paper [Levy et
al., 1996, Figures 5 and 6], this is our first complete and uni-
fied discussion of individual source contributions to tropo-
spheric NO,. In Plate 1, we examine color-coded maps
displaying the source which supplies the most NO, to a par-
ticular grid box. While a displayed source need only supply a
plurality of NO, to be displayed, it generally is the majority
supplier of NO, away from a color border. Near the borders
the two or three neighboring colors supply comparable levels
of NO,. The white areas represent regions with NO, < 10
pptv, where it plays no significant role in tropospheric chemis-
try [see Klonecki and Levy, 1997]. We only include DJF and
JIA, since these two seasons capture the important features of
regional source dominance.

At the surface, fossil fuel combustion supplies the majority
of the NO, over most of the NH throughout the year. In the
tropics, biomass burning supplies the majority during the dry
seasons, and soil-biogenic emission supplies the majority dur-
ing the wet seasons. In JJA, either biomass burning or soil-
biogenic emissions are dominant over remote continental re-
gions in the NH extratropics. Note the dominant role for soil-
biogenic emission (green) over the agricultural regions of the
great plains in western United States and Canada and in cen-
tral Russia and the biomass burning dominance (red) over the
northern forests of Alaska, Canada, and Russia.

Moving up to the lower FT, we find that fossil fuel combus-
tion still supplies the majority of the NO, over much of the
NH at 685 mbar during both seasons, and biomass burning
dominates in the tropics during their burning seasons with a
large plume over the Southern Ocean during summer. Biogen-
ic emissions, while still important in the tropics during their
wet seasons and over extratropical agricultural lands in the
summer, are no longer the largest contributor except for a few
locations. Lightning now supplies the majority of NO,, at 685
mbar in much of the tropics.

In the midtroposphere (500 mbar) the role of individual
NO, sources simplifies, with fossil fuel combustion suppling
the majority of NO, in the NH extratropics throughout the
year and lightning doing the same in the tropics and SH sub-
tropics. There is still a plume of dominance by biomass burn-
ing over the Southern Ocean in JJA.

It becomes more complicated in the upper troposphere (315
mbar), where five of the six sources control different regions
in different seasons. The dominant sources during DJF are BL
fossil fuel combustion and in situ emissions from aircraft in
the NH extratropics, lightning emissions from 30°N to ~45°S,
and stratospheric injection in the SH high latitudes. In JJA,
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Figure 9. Simulated December through February (D-J-F) and June through August (J-J-A) fractional contribu-
tions of the BL sources (fossil fuel combustion, biomass burning, soil biogenic emission) to the NO, levels in
the free troposphere (685, 500, 315, and 190 mbar between 30°N and 30°S). Note that the white area in the SH
at 685 and 500 mbar and during summer at 315 mbar represents regions where NO, is less than 10 pptv and
plays no significant role in atmospheric chemistry.
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Figure 10. Fractional contributions of the aircraft emission source to simulated NO, levels in the 190, 315,
and 500 mbar levels during December through February (D-J-F) and June through August (J-J-A).

stratospheric injection dominates the NH high latitudes, and
lightning dominates in a broad belt from ~45°N to ~40°S,
while stratospheric injection, biomass burning, and BL fossil
fuel combustion all play a role in the SH high latitudes. In the
tropical upper troposphere (190 mbar, which is not shown in
Plate 1), lightning dominates throughout the year. Note that
stratospheric injection, while generally strongest in the winter
of each hemisphere, only supplies a majority of the NO, in the
summer, when NO, is a significant fraction of the incoming
stratospheric NO,, This point was discussed previously in sec-
tion 4.1.

4.4. Aircraft Emissions

The impact of aircraft emissions on tropospheric NO,,
which has been the subject of considerable research interest in
the last few years [e.g., Thompson et al., 1996; Friedl, 1997],
is presented in Figure 10 for DJF and JJA. These in situ NO,
emissions make their largest contribution in the NH extratrop-
ical lower stratosphere (190 mbar), where they contribute over
50% of the wintertime NO,, and 20 - 50% in the summer, with
the largest summertime impact over the North Atlantic and
Europe. Dropping down to the NH extratropical upper tropo-
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Table 4. Source Contributions to NO, Levels in the TRACE-A Area

Region Fossil Fuel Biomass Biogenic Lightning Aircraft Stratosphere
E. South America

FT 6 31 12 46 1 4

BL 12 65 20 3 <1 <1
S. Atlantic

FT 5 20 11 59 2 3

BL 5 69 17 8 <1 1
South Africa

FT 5 31 11 46 2 5

BL 10 70 17 3 <1 <1

Values are in units of percent. FT, free troposphere; BL, boundary layer.

sphere (315 mbar), in situ aircraft emissions contribute 20-
50% of the wintertime NO, in a NH midlatitude belt and
~20% of the NO, over Europe in the summer. Aircraft supply
no more than 5-10% of the summertime NO, in the NH at 500
mbar and have almost no impact (< 5%) throughout the SH
and below 500 mbar in the NH.

4.5. Regional Studies of Individual Source Contributions

The previous sections provided a global picture of source
contributions to our simulated NO, fields. We now examine
two areas that have been the subject of major observational
campaigns and compare their analysis of individual source
contributions with our GCTM results.

The first area is based on the TRACE-A campaign, which
occurred during September and October of 1992. The area is
composed of regions 27 (South Africa), 28 (South Atlantic
Ocean), and 29 (eastern South America), which are described
in Figure 4 and Table 1. In this area we sample both the direct
impact of tropical BL sources as well as a more remote ocean
region with few local sources. The South Atlantic FT (region
28) is of special interest due to its well-known ozone maxi-
mum which occurs during the area’s biomass burning season
[Fishman et al., 1990]. We first examine the NO, distributions
in the TRACE-A area via the summer panels of Figure 8,
which have similar patterns to those simulated for September
and October though the maxima are smaller. In the BL, NO,
is concentrated over land, with very low mixing ratios over
the South Atlantic. As we move up in the troposphere, NO,
begins to spread over the South Atlantic in subtropical wester-
ly flow from the source regions of South America and in trop-
ical easterly flow from the source regions of southern Africa.
By 315 mbar, a band exceeding 100 pptv has spread across
the tropical South Atlantic. The percentage contributions of
each source to the volume integral of NO, for both the FT and
BL are given in Table 4. Throughout the FT, lightning plays
the dominant role, contributing ~50%, while biomass burning
and soil biogenic emissions, both of which have been lifted
from the BL, contribute 20-30% and 10%, respectively. Biom-
ass burning dominates in the BL with 65-70%, while biogenic
emissions and fossil fuel combustion supply ~20% and ~10%,
respectively. Our source apportionment, particularly in the FT
over the South Atlantic region, is consistent with the analyses
of TRACE-A observations by Smyth et al. [1996], Singh et al.
[1996a], Talbot et al. [1996], and Pickering et al. [1996].

The second area to be examined is based on the PEM-West
A and B campaigns, which occurred in September-October of
1991 and February-March of 1994, respectively. Our selected

area includes regions 17, 23 (Japan); 16, 22 (oceanic SE
Asia); and 18, 24 (tropical North Pacific), which are described
in Figure 3 and Table 1. While this area, with the exception of
Japan, has few local sources, it is just downwind of and
strongly influenced by the Asian BL sources. It has been ar-
gued that, relative to PEM-West A, PEM-West B experienced
enhanced outflow from the polluted Asian BL [e.g., Hoell et
al., 1997], and their meteorological analysis as well as both
their observed and our simulated sums of NO,, HNOj3, and
PAN (see Figure 5) support this view. However, throughout
most of the area, neither simulated nor measured NO, shows
any significant increases during PEM-West B. In fact, the
PEM-West A NO, values are frequently larger. This would
suggest that, while there may be enhanced Asian outflow dur-
ing PEM-West B, it does not lead to enhanced NO, levels and
the resulting enhancement of chemical reactivity.

In Table 5 we see that, during both measurement periods,
fossil fuel NO, totally dominates the BL in the Japan region
and also dominates in oceanic SE Asia, though biomass burn-
ing does supply ~20% during PEM-West B. The BL NO,
mixing ratios of the tropical North Pacific region are quite
small (see Figure 8), with lightning and fossil fuel as the dom-
inant sources during both PEM-West campaign periods,
though biomass burning again supplies~20% during PEM-
West B. In the FT, simulated NO, levels in the Japan region
are controlled throughout both campaigns by the fossil fuel
source, both in situ and transported from Asia, while lightning
dominates FT NO, in the other two regions. This dominant
role for lightning is consistent with the conclusions and infer-
ences of Singh et al. [1996b] in PEM-West A and Kawakami
et al. [1997] in their analyses of the PEM-West B data.

Unlike the TRACE-A regions, eastern and southeastern
Asia are subject to transient synoptic-scale weather distur-
bances during winter and spring, similar to the U.S. East
Coast. These storms transport air northeastward and upward
ahead of them, and their attendant cold fronts advect surface
air offshore south and east behind them [see Moxim et al.,
1996, section 3.4]. These transport effects can be inferred
from Table 5, when we examine the influence of winter biom-
ass burning from southeast Asia on all three PEM-West B re-
gions. Biomass NO, affects the Japan region almost
exclusively in the FT, both in percentage and actual mixing ra-
tio, which implies lifting during its northeastward transport.
Farther south in oceanic SE Asia, the largest biomass impact
occurs in the BL, indicating direct BL transport from the con-
tinent. Remnants of these winter-spring transport events even
reach the tropical North Pacific BL.
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Table 5. Source Contributions to NO, Levels in the PEM-West A and B Areas

Regions Fossil Fuel Biomass Biogenic Lightning Aircraft Stratosphere
A B A B A B A B A B A B

Japan region

FT 62 56 5 12 16 10 8 9 5 10

BL 96 96 2 2 1 1 1 - - 1 - -

Oceanic SE Asia

FT 20 12 2 8 5 4 66 70 4 4 3 2

BL 79 65 2 17 9 8 9 10 1 - - -

Tropical N. Pacific

FT 10 8 3 8 4 5 75 73 5 4 3 3

BL 32 43 3 19 9 6 54 30 1 1 1 1

A and B represent PEM-West A and PEM-West B, respectively. Values are in units of percent.

5. Analysis of Uncertainty

The major sources of uncertainties in both the simulated
NO, fields and their resulting source apportionment are errors
in the GCTM simulated transport that controls the long-range
export of NO,, errors in the magnitude and timing of NO,
emissions, incomplete and/or inaccurate simulation of dry and
wet deposition, errors or incompleteness in the chemical pro-
cesses that control NO,. chemical production and destruction.

The key grid-scale and subgrid-scale transport issues are
discussed in the appendix and section 3. While no GCTM
model, including our own, is without regional flaws, there ap-
pear to be no major problems. The next two possible sources
of error, BL NO, emissions and depositions, are highly corre-
lated in the BL source regions, with the difference between
emission and local deposition representing the reactive nitro-
gen available for export to the remote troposphere. The sourc-
es are discussed in the appendix and in detail in previous
papers. As discussed in section 3, NO, levels in BL source re-
gions and in the FT are not sensitive to uncertainties in precip-
itation removal, and there are no biases downwind of the BL
sources. This leaves FT production of NO, by lightning,
whose global magnitude is still a matter of some debate [Levy
et al., 1996 and references therein; Price et al., 1997]. Our
analysis found that the global source strength was relatively
tightly bounded. This bound was not sensitive to uncertainties
in either BL sources or wet and dry removal, but was depen-
dent on simulated OH levels in the lightning production re-
gions.

The major sources of uncertainty rest with the chemistry
simulation. The inclusion of a realistic PAN simulation en-
sures the major source of NO, in the remote lower tropo-
sphere [Moxim et al., 1996]. This leaves our simulation of
OH, which controls NO, chemical lifetime, strongly affects
local NO, levels, and may affect its export around the globe,
as the key area of concern. The three major OH issues are
zonal OH fields; no non-H,O HO, sources and low FT humid-
ities; and a CH3CCl; lifetime of 6.3 years, rather than the re-
cently revised 4.8 years.

Since NO,, O, and surface albedos are all generally elevat-
ed over land and depressed over the ocean, our zonal-average
OH fields understate NO, destruction over the continental
source regions and overstate it over the remote oceans. As a
result, our simulated BL NO, levels are too high over source
regions, which Table 2 confirms. The impact of nonzonal OH
on NO, levels over the ocean is not clear. While the amount
available for transport from BL sources would be reduced, so
is NO, destruction over the ocean. With no particular bias be-

tween observations and the simulation downwind of BL
sources or in the FT, it would appear that the nonzonal OH
features tend to cancel when it comes to the export of BL
NO,. Possibly more serious issues lie in the details of the OH
chemistry itself.

In the upper troposphere, our OH chemistry does not in-
clude the contribution of acetone oxidation to upper tropo-
spheric HO,. [Singh et al., 1995], the upper troposphere water
vapor concentrations in the OH calculation are significantly
dryer than those inferred from satellite observations
(B. Soden, private communication, 1997), and recent upper
tropospheric observations find that OH levels should be 50 -
100% higher than those calculated with a chemical model
similar to the one used for this GCTM upper troposphere
[e.g., Jaegle et al., 1997]. In a recent preliminary simulation
incorporating these corrections, OH levels in the upper tropo-
sphere increased by as much as a factor of 2-3, with an aver-
age of ~50% [Klonecki, 1998]. While this would require our
increasing the global lightning source to 8-10 TgN/yr, it
would not significantly alter the upper tropospheric distribu-
tion of NO, and would only strengthen the major role of FT
sources, lightning in particular, in the free troposphere.

The recent reduction in the estimated CH3;CClj lifetime
from ~6.2 years [Prinn et al., 1987], with which our OH fields
agreed, to ~4.8 years [Prinn et al., 1995] implies an ~30% in-
crease in the globally averaged tropospheric OH. Recent
GCTM sensitivity studies found this produced a 10-17% de-
crease in simulated NO, levels around the globe [Klonecki,
1998, chap. 5.2.2]. This level of uncertainty in overall OH lev-
els will not significantly affect the global NO, fields, and the
decreased NO, chemical lifetime would only further decrease
the impact of BL sources on the FT.

6. Conclusions

The GCTM’s HNO3; wet deposition, with the exception of
outliers due to either anomalous local observations or local er-
rors in the GCTM’s NO, source and simulated precipitation,
is highly correlated to the observations and clearly captures
the observed spatial patterns of wet deposition. However,
there appears to be a significant positive bias (~20%) in the
simulated U.S. deposition, though not for the rest of the
world. The GCTM’s NO, fields are in reasonable agreement
with the large majority of the available observations (~50% of
the comparisons within £25% of the 1:1 line and ~75% within
+50%), show no systematic global biases, display the ob-
served vertical profiles, have high levels (~1 ppbv or greater)
in the polluted BL, and have very low values in the remote
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BL. At Mauna Loa Observatory, while summer and fall simu-
lated NO, is clearly in deficit, the PAN is in surplus, and the
sum of the two agrees well with observations. In general, the
level of agreement between simulation and observation is as
good as the agreement between separate, but simultaneous,
observations of NO, NO,, or NO,. We conclude that the simu-
lation of global tropospheric NO, is generally realistic.

The BL sources of NO,, which are primarily anthropogen-
ic, exceed FT emissions, which are primarily natural, by more
than 8:1 and completely dominate BL tropospheric NO, lev-
els, excepting very remote regions, where BL and FT sources
have a comparable impact. In the FT, the smaller FT sources
play a larger role and generally dominate in the upper tropo-
sphere. Considering individual sources, anthropogenic emis-
sions from surface fossil fuel combustion and biomass
burning dominate in the BL, with a significant contribution
from biogenic emissions in remote regions that do not have
biomass burning. In the lower troposphere, surface fossil fuel
combustion dominates in the NH extratropics, lightning is the
primary source in the tropics, and biomass burning plays a
major role in much of the SH. In the middle troposphere,
lightning dominates in the tropics and the summertime mid-
latitudes, while transported surface fossil fuel combustion
supplies the NH high latitudes, and transported emissions
from biomass burning do the same in much of the SH. In the
upper troposphere, lightning’s dominance spreads even far-
ther poleward, while surface fossil fuel combustion and strato-
spheric injection are the major sources in the respective winter
and summer NH high latitudes. Remnants of biomass burn-
ing, along with stratospheric injection, dominate in the SH
high latitudes. Although seldom dominant, aircraft emissions
do play a significant role in the upper troposphere and lower
stratosphere of the NH extratropics.

Our simulated NO, distribution’s agreement with available
observations and individual source contributions appear to be
insensitive to uncertainties and errors in transport, sources,
deposition, and chemistry. Our conclusions regarding the
dominant role of relatively small in situ FT sources, primarily
lightning, throughout much of the FT was also robust. Low-
ered estimates of the CH3CCly lifetime and the nonwater
sources of HO, in the upper troposphere would increase the

- simulated level of OH and increase the global scaling of the
lightning source of NO,. Both would only decrease the trans-
port of NO, from the BL and enhance the role of lightning.

Appendix: Detailed Description of NO,, GCTM

Our GCTM was developed at the Geophysical Fluid Dy-
namics Laboratory (GFDL) [Mahlman and Moxim, 1978;
Levy et al., 1982, 1985; Levy and Moxim, 1989a,b]. In a joint
effort between GFDL and the Georgia Institute of Technology
to simulate the tropospheric chemistry of reactive nitrogen, it
has been used to study the individual NO, sources
[Kasibhatla et al., 1991; Levy et al., 1991; Kasibhatla, 1993;
Kasibhatla et al., 1993; Levy et al., 1996], the behavior of re-
active nitrogen compounds in the northern high latitudes
[Levy et al., 1993], the present and future global deposition of
oxidized nitrogen [Galloway et al., 1994], the impact of NO,,
emissions on the present and future global biogeochemical
cycle of nitrogen [Galloway et al., 1995], the impact of PAN
transport and chemistry on NO, levels away from continental
sources [Moxim et al., 1996], and the impact of anthropogenic
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NO, emissions on the summertime levels of tropospheric
ozone over the North Atlantic [Kasibhatla et al., 1996] and
global tropospheric ozone budgets [Levy et al., 1997].

Al. Grid-Scale Transport

The large-scale transport is driven by the parent GCM’s re-
solved winds [Manabe et al., 1974; Manabe and Holloway,
1975], which are given in sigma (terrain following) coordi-
nates, and is integrated in flux form, using a centered leap-
frog numerical scheme which is second order in the horizontal
and fourth order in the vertical. The global integrals of both
the tracer mixing ratio (R) and its square (R2) are conserved
during advection. A detailed discussion of the scheme is given
by Mahlman and Moxim [1978, section 3]. The GCTM cannot
realistically simulate atmospheric fluctuations with periods
shorter than 6 hours, nor can it generate diurnal or interannual
variability. However, most large-scale resolved processes,
such as interhemispheric exchange, monsoonal flows, and
north-south transport by midlatitude storms, are both present
and well represented without any explicit tuning [e.g., Moxim
et al., 1996, appendix section 3.4]. However, having only
1 year of simulated weather results in a number of regional
differences between the GCTM’s transport and that which is
observed for a particular year. While these differences have an
impact on the GCTM’s simulation of summertime transport
over the U.S. Gulf Coast and the near western North Atlantic
Ocean, they do not significantly affect transport to the remote
troposphere.

A number of relatively simple chemical tracers have been
employed to evaluate the GCTM’s large-scale tropospheric
transport (S.-M. Fan, private communication, 1997). Seasonal
cycles of CO,, which were simulated with terrestrial net pri-
mary productivity based on the Carnegie, Ames, and Stanford
Approach (CASA) biospheric model [Porter et al, 1993],
compared well with observed seasonal cycles at Barrow, Alas-
ka; Shemya, Alaska; Azores; Niwot Ridge, Colorado; Mauna
Loa, Hawaii; and Ascension Island [GLOBALVIEW-CO,,
1996]. The GCTM’s simulation of Kr® in the surface layer
over the Atlantic, which employed 1978-1981 emission rates
from Jacob et al. [1987], agreed quite well with observations
from the R/V Meteor 1980/1981 Atlantic Ocean cruise be-
tween 35°S and 48°N [Weiss et al., 1983]. The GCTM’s simu-
lation of SFg (see Denning et al. [1999] for details of the
source and observations) realistically reproduced the observed
interhemispheric gradient, growth rates, and transport-in-
duced levels of variability in SF¢ time series from remote lo-
cations (S.-M. Fan, private communication, 1997; Denning et
al. [1999)). In all these studies, we find that the GCTM, with-
out benefit of any explicit tuning of subgrid-scale parameter-
izations, realistically reproduces the observed inter-
hemispheric gradients for all the tracers, the transport-domi-
nated seasonal behavior of CO, and SFg at remote sites and
the growth rates and transport-induced levels of variability in
SF¢ time series from remote locations.

A2. Subgrid-Scale Transport

A universal difficulty for all simulations of global atmo-
spheric transport is the numerical treatment of a wide range of
subgrid-scale atmospheric processes. While our medium reso-
lution GCTM is able to simulate the large-scale synoptic fea-
tures of weather, it is not able to resolve the finer details, nor
does it realistically represent squall lines or capture moist
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Figure A1. Simulated frequency distributions of CO mixing ratios for a convectively influenced region. (a)
Frequency distributions of 331 upper tropospheric (7.5-11.5 km) measurements from TRACE-A over and off
the coast of Brazil (flights 5-7) and from the GCTM level 315 mbar at the same time and location. (b) Frequen-
cy distributions of 331 upper tropospheric (7.5-11.5 km) measurements from TRACE-A over and off the coast
of Brazil (flights 5-7) and from a GCTM 315 mbar grid box over Brazil.

convection and turbulence on their observed scales. These
processes are subgrid-scale and must be represented by pa-
rameterizations that are based on resolved grid-scale vari-
ables. In all cases, including this study, the parameterizations
are approximate physical representations of the actual pro-
cesses.

Particularly challenging has been the grid-scale representa-
tion of vertical transport by convective clouds, which are very
important in the tropics and the summertime continental mid-
latitudes. While a number of nondiffusive parameterizations
have been developed [e.g., Chatfield and Crutzen, 1984;
Tiedtke, 1989; Jacob and Prather, 1990; Allen et al., 1997]
which instantaneously transport significant fractions of BL air
into the upper troposphere, we prefer to employ a stability-de-
pendent diffusive parameterization that attempts to capture
the ensemble average of convective events in a given grid box.
Our parameterization keys on the parent GCM’s grid-scale di-
agnosis of dry and moist instability and is discussed in detail
by Levy et al. [1982, Appendix A] and Kasibhatla et al.
[1993, section 2]. Being diffusive, it cannot produce inverted

vertical profiles of tracers by itself, though the full GCTM has
no difficulty doing so (e.g., Figure 7).

In Figures Al and A2 we evaluate the GCTM’s perfor-
mance in convective situations by comparing with upper tro-
pospheric CO and tropospheric 22Rn data. Figures Ala and
A1b compare observed and simulated frequency distributions
of CO mixing ratios in the upper troposphere (7.0-11.5 km)
over tropical South America during the biomass burning sea-
son. The observations were taken over and off the coast of
northeastern Brazil during flights 5-7 in TRACE-A [Fishman
et al., 1996] and were compared in Figure Ala with simulated
CO from the 315 mbar layer in region 29 (see Figure 4) dur-
ing September and October and in Figure Alb with a single
grid box over tropical Brazil during October. The GCTM’s
CO simulation (see Kasibhatla et al. [1996, section 3.2] and
T. Holloway et al. (The global distribution of CO, submitted
to Journal of Geophysical Research, 1999 (hereinafter re-
ferred to as submitted paper) for details) employed sources
from fossil fuel (300 Tg CO/yr), biomass burning (748 Tg
COlyr), biogenic hydrocarbons (683 Tg CO/yr), and methane
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Figure A2. Radon 222 (pCi/scm) in the atmosphere over the
central United States. The solid squares are averages of multi-
ple observations, and the brackets represent one standard de-
viation. The solid line is the area-averaged July mean (35°N-
47°N; 80°W-100°W) values from the GCTM, and the hori-
zontal bars indicate one standard deviation of monthly mean
model data within the above region.

oxidation (659 Tg CO/yr), had CO destruction driven by the
OH fields of Spivakovsky et al. [1990], and agreed well (91%
of 132 seasonal comparisons with the CMDL flask network
within +25%) with available observations (T. Holloway et al.,
submitted paper, 1999).

Both the observed and simulated upper tropospheric CO
distributions are dominated by the tropical upper tropospheric
background with a smaller contribution (~20%) from the con-
tinental tropical BL. The simulated background distribution is
significantly broader than observed, most likely due to the
model’s subgrid-scale diffusion, and only the individual grid
box over the convective region produces a secondary frequen-
cy maximum representative of the BL values. However, the
observed secondary maximum is itself the result of nonran-
dom flights in the vicinity of convective towers over Brazil.
While our instability-driven diffusion may not capture the
correct physical behavior of an individual convective element,
it does appear to capture the basic ensemble behavior over
both a single grid box and the larger region of northeastern
Brazil. We believe that the upper tropospheric frequency dis-
tributions of trace gases such as CO are an excellent tool for
evaluating any parameterization of convective transport, in-
cluding more detailed and explicit parameterizations such as
the mass flux approach described by Allen et al. [1997].

In Figure A2 we compare simulated 222Rn (surface emis-
sions specified according to Jacob and Prather [1990]) with
the observed [Liu et al., 1984] summertime 222Rn profile over
the central United States (S.-M. Fan, private communication,
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1997). The GCTM quantitatively reproduces the observed
vertical distribution of *?Rn in a region that is strongly influ-
enced by deep convection. A more detailed discussion of
GCTM intercomparisons using 222Rn over continents can be
found in the work by Jacob et al. [1997, section 3]. Based on
Figures Ala, Alb, and A2, we argue that stability-dependent
vertical diffusion is quite capable of realistically representing
the contribution of convective clouds to vertical transport in a
GCTM grid box that is 265 km on a side.

The daily turbulent and convective mixing in the BL is an-
other major challenge for GCTM’s. While our convective pa-
rameterization will produce episodic BL. mixing on a synoptic
timescale, it neglects the daily BL mixing observed even dur-
ing midlatitude winter. Therefore our model’s boundary layer
is mixed by an additional vertical diffusion that is proportion-
al to the resolved vertical wind shear and that has the same
height-dependent mixing lengths as the parent GCM [see
Levy and Moxim, 1989, section 2.1]. Based on observed tracer
profiles in the wintertime continental BL, when instability
based mixing is minimal, the GCM’s BL mixing lengths have
been scaled by 0.5 in the GCTM [Kasibhatla et al., 1993].

Our scale-selective horizontal diffusion, which allows us to
retain continental-scale variability while mixing on the small
scales, is discussed in detail by Mahlman and Moxim [1978,
section 3] and Levy et al. [1982a,b, Appendix A.2]. The ex-
plicit correction of negative mixing ratios, which are generally
produced upstream of sharp gradients by numerical advection
error, employs mass-conserving downstream borrowing and is
essentially diffusive (see Mahlman and Moxim [1978] for de-
tails).

A3. Deposition

Dry deposition of NO, and PAN over land, and of HNO;
over land, oceans, ice, and snow is calculated on the assump-
tion of a balance between surface deposition and the turbulent
flux in the bottom half of the lowest model level (for details,
see Levy et al. [1985, section 2.3], Levy and Moxim [1989,
section 2.4], and Kasibhatla et al. [1993, equation (2.2)]).
The individual deposition velocities (w,) are given in Table
Al. We assume that particulate NO3™ is the major component
of soluble nitrogen over the ocean (see Kasibhatla et al.
[1993, section 3, and references therein] for details).

Our wet removal scheme (see Kasibhatla et al. [1991, sec-
tion 2 and equations (1)-(3)] for details) distinguishes be-
tween stable or shallow-convective preci6pitatin% clouds
(liquid water content assumed to be 0.5x10™ g cm™ [Giorgi
and Chameides, 1986]) and deep convective precipitatin
clouds (liquid water content assumed to be 2.0x10°® g cm”
[Giorgi and Chameides, 1986]) and only removes the highly
soluble tracer, HNOj3. The fraction of HNO;z removed from
the grid box each time step is equal to the fraction of the pre-
cipitating grid volume filled by cloud liquid water. The nu-
merator of this fraction is the grid box’s portion of the total
column precipitation divided by the appropriate liquid water
content and the denominator is the volume of the grid box. As
in the parent GCM, we assume a precipitation efficiency of
100% for cloud water. In a sensitivity test, Kasibhatla et al.
[1993] found that a 50% reduction in this effective first-order
removal coefficient (1) reduced HNO5; wet deposition by 20-
30% in source regions with less impact downwind and at re-
mote locations; (2) did not affect NO, levels in source re-
gions, though NO, levels did increase slightly in remote
regions.
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Table Al. Dry Deposition Velocities for HNO5, NO,, and PAN

Tracer Snow or Ice Water Land With Land With Land for
T} >10°C T|1<-10°C -10°C<T<10°C
HNO; 0.5 03 1.5 same as snow linear interpolation
and ice between 10°C and -10°C
NO, 0 0 0.25 0 same as above
PAN 0 0 0.25 0 same as above

Values are in units of cm/s.

A4.NO,. Emissions

The emissions from fossil fuel combustion (22.4 TgN/yr)
are constructed from the Global Emissions Inventory Activity
(GEIA) 1990 seasonally varying source function. This source,
which corresponds to 1985 fossil fuel emission levels, was ex-
trapolated to 1990 levels using energy data from the U.S. En-
ergy Information Administration (EIA) [1997; J. Yienger,
personal commiunication, 1998], and the Asian emissions
were replaced by the RAINS-Asia 1990 emissions inventory
of van Aardenne et al. [1999]. The global distribution is simi-
lar to that shown in Figures 1 of Levy and Moxim [1989a,b]
and Kasibhatla et al. [1993], though the source magnitude has
increased in Asia, decreased slightly in North America, and
increased slightly in Europe. These emissions are partitioned
into a surface flux, representing emissions from transporta-
tion, and volume sources in the lowest two levels, represent-
ing emissions from short and tall (> 100 m) stacks,
respectively (see Levy and Moxim [1989a, section 2.2] for a
detailed discussion of the source partitioning among the three
categories).

The annual biomass buining source of 7.8 TgN/yr (see Levy
et al. [1991, Figure 43.1] for the spatial pattern of the source
and M.K. Galanter et al., submitted paper, 1999 for details) is
emitted as a surface flux. The previous estimate of 8.5 Tg N/
yr [Levy et al., 1991] has been reduced by 0.7 Tg N/yr be-
cause of a 30% reduction in the emissions from the savannas
of northern Africa based on recent measurements of NO,/CO,
ratios in the Ivory Coast (0.0014 [Delmas et al., 1995]) as
well as the removal of all high-altitude emissions from the
Andes (GCTM altitude >2.5 km). The source reflects emis-
sions from six biomass types: forest, savanna, fuelwood, agri-
cultural residues, domestic crop residues, and animal waste. It
is constructed from a gridded 1°x1° CO biomass burning
source (J. Logan, personal communication, 1990) and con-
verted to an NO, source using field and laboratory measure-
ments of emission ratios for CO/CO, (0.08 [Andrea et al.,
1988]) and NO,/CO, (0.002 [Hao et al., 1990]).

The tropical rainforests and subtropical savannas of Africa,
South and Central America, Asia, and Australia were divided
into 20 regions, based on broad similarities in vegetation, cul-
tural patterns, cultivation practices, and climate. For each re-
gion the period of burning and the monthly fraction of
emissions from forests and savannas were determined based
on cultural and agricultural practices and satellite observa-
tions [Richardson, 1994; J.R. Olson, personal communica-
tion, 1998; M.K. Galanter et al., submitted paper, 1999, Table
2]. In Asia, NO, emissions from biofuel combustion (domes-
tic crop residues and dung) and fuelwood are based on Streets
and Waldhoff [1998], and elsewhere in the tropics, the fraction
of emissions from fuelwood and agricultural residues is based
on Hao and Liu [1994]. Fuelwood and biofuels are assumed

to be burned year-round, while agricultural residue has the
same timing as tropical forests and savannas. Poleward of 35°,
emissions from biomass burning are based on the original
1°x1° CO biomass burning source and are released only in the
summer months.

The time-dependent soil-biogenic emissions (5 TgN/yr) are
given by a temperature and precipitation dependent, empiri-
cally based, source function that is driven by 6-hour GCM
forcing (see Yienger and Levy [1995] for a detailed discussion
of the algorithm and see their Figure 1 for global maps of the
annual emissions). The source function includes synoptic-
scale modeling of “pulsing” (the emissions burst following
the wetting of a dry soil) which contributes ~1.3 Tg N annual-
ly; a biome-dependent scheme to estimate canopy recapture
of NO,; and an explicit linear dependence of emission on N-
fertilizer rate for present agricultural soils. As a result of re-
cent measurements of very low soil nitrate levels and NO,
soil-biogenic emissions in the wet Savannas of the Ivory
Coast [Le Roux et al., 1995], we have reduced the emission
rates from the savannas of northern Africa to ~10% of the
published value. Our best estimate of present, above-canopy
emissions is now 5.0 Tg N (NO,) with agriculture, primarily
in the extratropics, and grasslands, primarily in the tropics, ac-
counting for 45% and 30%, respectively. Tropical rain forests
account for most of the remainder (17%).

The horizontal and temporal distribution for our lightning
source of NO, is constructed from the parent GCM’s deep
moist convection statistics. NO,, is emitted when deep moist
convective instability is diagnosed, which directly couples the
emissions to both large-scale upward transport and strong ver-
tical mixing in the column. The source distribution also em-
ploys observations of cloud-to-ground and cloud-to-cloud
lightning fractions, the observed vertical distribution of light-
ning discharge [Proctor, 1991], and empirical/theoretical esti-
mates of relative lightning frequency resulting from deep
moist convection over ocean and over land [Price and Rind,
1992]. The vertical distribution of the source is given by Levy
et al. [1996, Figure 3]. By comparing our GCTM simulations
of tropospheric NO, with measurements of NO, and/or NO,
in the middle and upper troposphere where lightning is a ma-
jor, if not the dominant, source, we are able to bracket the glo-
bal NO, emissions between 2 and 6 TgN/yr. For this study the
global source is assumed to be 4 TgN/yr (see Levy et al.
[1996] for a detailed discussion of the source development
and their Figure 2 for the global emission pattérn). While low-
er than the recent Price et al. [1997] calculation of 12 TgN/yr
based on a GCM analysis, our value is consistent with the
reanalysis of Lawrence et al. [1995] and the recent laboratory
studies of Wang et al. [1998a]. As previously noted by Levy et
al. [1996], the scaled global source strength, though not the
temporal and spatial distributions, depends critically on the
GCTM'’s OH fields. This issue is discussed in section 5.
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Figure A3. Zonal average NO, to HNOj3 conversion times based on the gas phase OH reaction plus the night-
time heterogeneous conversion via NO3 and N,Os for winter (December - February) and summer (June -

August).

We use zonally and monthly averaged O3 and N,O fields to
calculate the present production of NO in the stratosphere
from the oxidation of N,O by O(ID) (see Kasibhatla et al.
[1991] for details) with a maximum rate of 200-240 mole-
cules/cm®/s. The zonal distribution of the annual-average
source is shown in the work by Kasibhatla et al. [1991, Fig-
ure 2]. While NO is produced continuously in the strato-
sphere, it is injected episodically as a collection of NO,
species into the troposphere, particularly during the winter
and spring at middle and high latitudes. The 3-D time-inde-
pendent emission of NO, by aircraft occurs primarily in the
upper troposphere of the middle and high latitudes of the NH
and has a magnitude of 0.45 TgN/yr (see Kasibhatla [1993]
and references therein for details).

For this study, we neglect a hypothesized NO, sink, loss via
reactions with ammonia (~1 Tg/yr [Dentener and Crutzen,

1994]), and a proposed source of emissions from higher plant
species (<0.2 Tg/yr [Wildt et al., 1997]). These two processes,
which are uncertain and small relative to uncertainties in the
sources included in our study, should have negligible impact
on either our NO, simulations or the subsequent analysis and
conclusions. The only ship emissions included are those from
European and Asian shipping, and they have all been consoli-
dated in the nearest coastal grid boxes.

AS5. Chemistry

Effective first-order rate coefficients for the chemical inter-
conversions among NO,, HNO;, and PAN are interpolated
from monthly mean, zonally averaged tables carried in the
GCTM. PAN formation occurs via the reaction of peroxy-
acetyl radical (PAC) with NO,. The PAC is generated by the
reaction of nonmethane hydrocarbons (NMHC) (2-D monthly
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varying ethane and propane fields from Kanakidou et al.
[1991]) with OH (see Kasibhatla et al. [1991, section 3] for
details). Over continents, short-lived natural hydrocarbons,
such as isoprene, can contribute significantly to PAN forma-
tion [e.g., Trainer et al., 1991; Horowitz et al., 1998]. To ap-
proximately reproduce observed summer PAN levels at a rural
site in the eastern United States (Scotia, Pennsylvania), as
well as PAN fractions measured during periods of east winds
at Boulder, Colorado, in February (M. P. Buhr, private com-
munication, 1992), and at Egbert, Ontario, in April [Shepson
et al., 1991], we have increased NMHC concentrations over
land in the bottom three model levels between 30°N and 65°N
by a factor of 3 in summer and by a factor of 1.5 in spring and
fall, relative to the 2-D fields of Kanakidou et al. [1991].
South of 30°N, NMHC concentrations over land in the bottom
three model levels have been adjusted so that, throughout the
year, they are approximately equal to summer, lower tropo-
spheric NMHC concentrations over land specified between
30°N and 65°N. This is based on studies [e.g., Chameides et
al., 1992] which find that, on an OH reactivity based scale,
surface hydrocarbon levels observed over remote tropical for-
ests are comparable to those in the rural areas of the eastern
United States during summer.The thermal decomposition rate
of PAN is calculated on-line as a function of the local model
temperature. Detailed discussions of the gas phase chemistry
used in this study are given by Kasibhatla et al. [1991, section
2 and appendix], Kasibhatla et al. [1993, section 2], and
Moxim et al. [1996, section 2].

The GCTM’s OH fields give a global CH3CCljy lifetime of
6.3 years, which is in reasonable agreement with 5.5 years
calculated by Spivakovsky et al.[1990] and 6.2 years inferred
from CH3CCl; observations [Prinn et al., 1987]. Recently, ac-
etone has been proposed as a major source of upper tropo-
spheric HO,, [Singh et al., 1995], and the estimated CH;CCl4
lifetime has been reduced to 4.8 years [Prinn et al., 1995].
These two developments would support a 25-30% increase in
global OH and up to a 50% increase in OH in the upper tropo-
sphere, with related decreases in the chemical lifetime of NO,
[Klonecki, 1998]. In section 5 we examine the possible im-
pacts of these modifications on our simulation and analyses.

The nighttime first-order rate coefficients for heterogeneous
conversion of NO, to HNOj3 on sulfate aerosol via NO3 and
N,Ojs are calculated off-line and carried as monthly average
3-D fields. Using monthly average 10°x10° fields of the first-
order rate coefficient for N,Os loss on sulfate aerosols
[Dentener and Crutzen, 1993], local model temperatures, and
the same 2-D ozone and NO, fields used in the gas phase
chemistry, we integrate the time-dependent nighttime chemi-
cal equations for NO,, NO3, and N,O5 for each 10°x10° grid
box. A 1 hour lifetime for the removal of NO3 by reaction
with either dimethyl sulfide (DMS) or alkenes is used in the
model’s BL. We assume that all of the nitrogen oxides are in
the form of NO, at sunset and integrate the equations until
sunrise. The nighttime reductions in total nitrogen oxides
(NO;(sunset) - NO,(sunrise) - NO3 (sunrise) - N,Os(sunrise))
are then converted into first-order rate coefficients for the het-
erogeneous conversion of NO, to HNOj3, linearly interpolated
to the GCTM’s grid, and carried as monthly average 3-D ta-
bles of heterogeneous conversion of NO, to HNOj.

In Figure A3 we plot the GCTM’s zonal average DJF and
JJA NO, chemical lifetimes due to the gas phase oxidation of
NO, to HNOj3 by OH and the heterogeneous nighttime con-
version via NO3 and N;Os. The NO, chemical lifetimes in the
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BL and lower troposphere range from 0.75-1.0 days in the
tropics and summer midlatitudes, where gas phase chemistry
dominates, to 1-3 days in the winter midlatitudes and the po-
lar regions, where nighttime heterogeneous chemistry is in
control. The NO, lifetime increases with height, reaching 5-
10 days in the upper troposphere, due to the decrease in H,0O
and temperature. Throughout the lower half of the tropo-
sphere, the lifetime minimum follows the Sun. The dip in the
subtropical lower troposphere during each hemisphere’s sum-
mer results from an OH minimum, while the bump in the sub-
tropical lower troposphere during each hemisphere’s winter
results from the addition of two processes with sharp and op-
posing gradients. Gas phase oxidation is generally in control,
with nighttime heterogeneous oxidation only dominating at
high latitudes during the winter, where sunlight and OH are
either absent or very low. While the gas phase temperature-
sensitive oxidation of NO, to NOj is generally the rate-con-
trolling step for heterogeneous oxidation, it is more complex
in the southern high latitudes, where low temperatures, low
O3, and much lower sulfate aerosol levels result in longer win-
tertime NO, lifetimes. The decrease in NO, lifetimes in the
high-latitude lower stratosphere is driven by the much higher
levels of O3. A detailed discussion of the potential uncertain-
ties in our treatment of chemistry, and its impact on both our
simulated NO,. and the associated analysis of source impacts,
are given in section 5.
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