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[1] Global 3-D tropospheric chemistry models in the literature show large differences in
global budget terms for tropospheric ozone. The ozone production rate in the troposphere,
P(O,), varies from 2300 to 5300 Tg yr~ ' across models describing the present-day
atmosphere. The ensemble mean of P(O,) in models from the post-2000 literature is 35%
higher than that compiled in the Intergovernmental Panel on Climate Change (IPCC)
Third Assessment Report (TAR). Simulations conducted with the GEOS-Chem

model using two different assimilated meteorological data sets for 2001 (GEOS-3 and
GEOS-4), as well as 3 years of GISS GCM meteorology, show P(O,) values in the range
42504700 Tg yr '; the differences appear mostly because of clouds. Examination of
the evolution of P(O,) over the GEOS-Chem model history shows major effects from
changes in heterogeneous chemistry, the lightning NO, source, and the yield of organic
nitrates from isoprene oxidation. Multivariate statistical analysis of model budgets in the
literature indicates that 74% of the variance in P(O,) across models can be explained by

differences in NO, emissions, inclusion of nonmethane volatile organic compounds
(NMVOCs, mostly biogenic isoprene), and ozone influx from stratosphere-troposphere
exchange (STE). Higher NO, emissions, more widespread inclusion of NMVOC
chemistry, and weaker STE in the more recent models increase ozone production;
however, the effect of NMVOCs does not appear generally sensitive to the magnitude of
emissions within the range typically used in models (500—900 Tg C yr'). We find in
GEOS-Chem that P(O,) saturates when NMVOC emissions exceed 200 Tg C yr '
because of formation of organic nitrates from isoprene oxidation, providing an important

sink for NO,.
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between models in global budgets of tropospheric ozone?, J. Geophys. Res., 112, D05302, doi:10.1029/2006JD007801.

1. Introduction

[2] Tropospheric ozone is of importance in atmospheric
chemistry as a greenhouse gas, as a precursor for the OH
oxidant which controls the atmospheric lifetime of many
gases, and as a surface air pollutant toxic to humans and
vegetation. It is produced by photochemical oxidation of
carbon monoxide, methane, and nonmethane volatile organic
compounds (NMVOC:s) in the presence of nitrogen oxide
radicals (NO, = NO + NO,), and is also supplied by
transport from the stratosphere. It is removed by chemical
reactions and by deposition. The lifetime of tropospheric
ozone varies from days to months, and the lifetimes of the
precursors span an even wider range, so that quantitative
accounting of the factors controlling tropospheric ozone
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requires a global 3-D model that couples chemistry and
transport on synoptic scales.

[3] A large number of global models for tropospheric
ozone have been developed over the past decade, and the
pre-2000 models were reviewed by the Intergovernmental
Panel on Climate Change (IPCC) Third Assessment Report
(TAR) [Prather et al., 2001, Table 4.12]. More recent (post-
2000) model studies are compiled in Table 1, and summary
statistics across models of global tropospheric ozone budgets
for present-day conditions are compiled in Table 2. Global
burdens vary by only 10—20% among the models, but global
production rates vary by more than 50%, suggesting that
different models could give very different responses to
perturbations. Global production rates averaged across all
state-of-science models increased by 35% from the genera-
tion reviewed by the IPCC TAR to the post-2000 generation,
and are higher still in the recent Stevenson et al. [2006]
intercomparison of 21 global models. Stevenson et al. [2006]
proposed that the higher ozone production rates in their
study are due to several reasons including “(1) higher NO,
emissions, (2) higher isoprene emissions, (3) more detailed
NMHC schemes, and possibly (4) improved parameteriza-
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Table 1. Global Model Budgets of Tropospheric Ozone in the Recent Literature®

1

1

Sources, Tg yr— Sinks, Tg yr—
Reference Chemical Production” Stratospheric Influx Chemical Loss” Deposition Burden, Tg Lifetime,” days

Lelieveld and Dentener [2000] 3310 570 3170 710 350 33
Bey et al. [2001]¢ 4900 470 4300 1070 320 22
Sudo et al. [2002] 4895 593 4498 990 322 21
Horowitz et al. [2003] 5260 340 4750 860 360 23
von Kuhlmann et al. [2003] 4560 540 4290 820 290 21
Shindell et al. [2003] NR® 417 NR 1470 349 NR
Hauglustaine et al. [2004] 4486 523 3918 1090 296 22
Park et al. [2004b] NR 480 NR 1290 340 NR
Rotman et al. [2004] NR 660 NR 830 NR NR
Wong et al. [2004] NR 600 NR 1100 376 NR
Stevenson et al. [2004] 4980 395 4420 950 273 19
Wild et al. [2004] 4090 520 3850 760 283 22
Stevenson et al. [2006] 5110 £ 610 550 £ 170 4670 + 730 1000 + 200 340 + 40 22 +2

“From global model simulations published since the IPCC TAR compilation and describing the atmosphere of the last decade of the 20th century.

"Chemical production and loss rates are calculated for the odd oxygen family, usually defined as Oy = O3 + O + NO, + 2NO; + 3N,05 +
peroxyacetylnitrates (PANs) + HNO; + HNOy, to avoid accounting for rapid cycling of ozone with short-lived species that have little implication for its
budget. Chemical production is mainly contributed by reactions of NO with peroxy radicals, while chemical loss is mainly contributed by the O('D) + H,O
reaction and by the reactions of ozone with HO,, OH, and alkenes. Several models in this table do not report production and loss separately (“NR” entry in
the table), reporting instead net production. However, net production is not a useful quantity for budget purposes because (1) it is a small residual between
large production and loss, (2) it represents a balance between STE and dry deposition, both of which are usually parameterized to some degree as flux
boundary conditions.

“Calculated as the ratio of the burden to the sum of chemical and deposition losses.

9A more recent version of GEOS-Chem by Martin et al. [2003b] gives identical rates and burdens.

“Not reported.

"Means and standard deviations from an intercomparison study of 21 global models constrained to use the same anthropogenic and biomass burning
emissions for ozone precursors.

Table 2. Global Budgets of Tropospheric Ozone: Statistics Across Models*

1 1

Sources, Tg yr~ Sinks, Tg yr—
Chemical Production Stratospheric Influx Chemical Loss Deposition Burden, Tg Lifetime, days

IPCC TAR [Prather et al., 2001]

11 models® 3420 + 770 770 + 400 3470 + 520 770 + 180 300 + 30 24 +2

Wang et al. [1998b]° 4100 400 3680 820 310 25
Post-2000 literature (Table 1)¢

13 models 4620 + 600 510 £ 90 4200 + 480 1000 + 220 330 + 30 23 +4

GEOS-Chem*® 4900 470 4300 1070 320 22
Stevenson et al. [2006]"

21 models 5110 £ 610 550 £ 170 4670 + 730 1000 =+ 200 340 + 40 2242

GEOS-Chem® 4490 510 3770 1230 290 22
Our work (GEOS-Chem)”

GEOS-3 4250 540 3710 1080 300 23

GEOS-4 4700 520 4130 1090 300 21

GISS' 4470 + 10 510 +£2 3990 + 10 990 + 10 320 +3 23 +0.4

“From global model simulations describing the present-day (post-1985) atmosphere. For the tropospheric ozone budgets reported in the literature, the
chemical production and loss rates are calculated for the odd oxygen family (Oy) including species that cycle rapidly with ozone, while the other
terms might be for either O, or O3. In our work all the budget terms are for Oy, which is defined as Oy = O; + O + NO, + 2 x NO; + 3 x N,Os + PANs +
HNOj; + HNO, (with the molecular weight of O, assumed to be the same as O3 since O3 accounts for over 95% of Oy) following Wang et al. [1998b] and
Bey et al. [2001], and the tropopause is defined as the altitude at which the temperature lapse rate drops below 2 K km™'. Other models may use different
definitions of the O family and of the tropopause, as discussed in the text. Chemical production of ozone as computed in all models is mainly from the
reactions of peroxy radicals with NO.

"Means and standard deviations from an ensemble of 11 global model budgets in the 1996—2000 literature.

“Precursor to GEOS-Chem model using NASA/GISS general circulation model (GCM) meteorological fields.

9Means and standard deviations from an ensemble of 13 global model simulations reported in the literature since the IPCC TAR (Table 1). Means from
the Stevenson et al. [2006] intercomparison study are included as one value in that ensemble.

“Results reported by Bey et al. [2001] for GEOS-Chem version 3.02 (http://www.as.harvard.edu/chemistry/trop).

"Means and standard deviations from an intercomparison study of 21 global models constrained to use the same anthropogenic and biomass burning
emissions for ozone precursors.

2Results from GEOS-Chem version 7.01.02 contributed to the Stevenson et al. [2006] intercomparison. The GEOS-Chem STE fluxes reported by
Stevenson et al. [2006] are inferred as the residual of the chemistry and deposition terms, and are erroneously low because the deposition rate is given there
as that of ozone only instead of O. We give here the correct GEOS-Chem budget for O,.

"The three GEOS-Chem simulations reported here differ only in the driving meteorological fields (GEOS-3 and GEOS-4 assimilated meteorological
observations for 2001, GISS GCM output for 3 years of the present-day climate).

'Means and interannual standard deviations from 3 years of simulations.
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Table 3. Global Emissions of Ozone Precursors in the GEOS-
Chem Model®

Species Emission Rate
NO,, Tg N yr! 43.8
Fossil fuel combustion 23.6
Biomass burning 6.5
Biofuel 22
Soil 6.3
Lightning 4.7
Aircraft 0.5
CO, Tg CO yr! 1034
Fossil fuel combustion 403
Biomass burning 457
Biofuel 173
Ethane, Tg C yr™' 8.7
Anthropogenic emissions 6.8
Biomass burning 1.9
Propane, Tg C yr ' 10.9
Anthropogenic emissions 10.2
Biomass burning 0.7
>C4 alkanes, Tg C yr’] 25.8
Anthropogenic emissions 24.4
Biomass burning 0.6
Biofuel 0.8
>C5 alkenes, Tg C yr ' 27.8
Anthropogenic emissions 8.8
Biomass burning 7.5
Biogenic emissions 11.5
Isoprene from vegetation, Tg C yr~' 400
Monoterpenes from vegetation, Tg C yr~' 110
Acetone, Tg C yr ! 44.4
Anthropogenic emissions 0.7
Biomass burning 3.1
Biogenic emissions 40.6

?Anthropogenic emissions are for 1995. Fixed methane concentrations
of 1706, 1710, 1768, and 1823 ppbv are imposed for 90—30°S, 30°S-0°,
0°-30°N, and 30-90°N.

tions of processes such as photolysis, convection, and
stratosphere-troposphere exchange™; their sensitivity study
with one model (FRSGC/UCI) showed that the increase of
NO, and isoprene emissions can each explain roughly half
of the increase of ozone production rate for that model
compared to results compiled in IPCC TAR.

[4] We present here a more thorough investigation of
differences among model ozone budgets through multivar-
iate statistical analyses of tropospheric ozone budgets from
the literature as well as sensitivity studies with the GEOS-
Chem model. This model is a standard tool for investigation
of tropospheric ozone [Bey et al., 2001; Martin et al., 2002;
X Liu et al., 2006] and contributed to the Stevenson et al.
[2006] model intercomparison. Results from a precursor
version of GEOS-Chem [Wang et al., 1998b] were reported
in IPCC TAR (Table 2). As shown in Table 2, the global
chemical production rates of ozone given by Wang et al.
[1998b] were among the highest of the [IPCC TAR models,
whereas GEOS-Chem results are in the midrange of the
post-2000 models and among the lowest of the Stevenson et
al. [2006] intercomparison. As discussed below, this evo-
lution reflects in part GEOS-Chem but more strongly the
general model population.

[5s] Part of our work in the present paper entails examin-
ing the sensitivity of the GEOS-Chem ozone budgets to the
driving meteorological fields. GEOS-Chem was originally
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designed to use assimilated meteorological data from the
Goddard Earth Observation System (GEOS) of the NASA
Global Modeling and Assimilation Office (GMAO). We
have recently developed the capability to drive GEOS-
Chem with meteorological fields from the NASA/GISS
general circulation model (GCM) for the purpose of study-
ing the sensitivity of ozone and aerosol air quality to climate
change. We will present here a comparative analysis of
GEOS-Chem results driven by present-climate GISS GCM
fields versus by the successive-generation GEOS-3 and
GEOS-4 products at GMAO.

2. GEOS-Chem Model Driven by GISS Versus
GEOS Meteorological Fields

[6] The tropospheric ozone simulation in GEOS-Chem
was initially described by Bey et al. [2001], with significant
updates presented by Martin et al. [2002, 2003a, 2003b],
Park et al. [2004a] and Evans and Jacob [2005]. We use
here GEOS-Chem version 7.02.04, which includes a fully
coupled treatment of tropospheric 0zone-NO,-VOC chem-
istry and aerosols (http://www.as.harvard.edu/chemistry/
trop/geos/). Cross-tropopause transport of ozone is repre-
sented by the Synoz flux boundary condition [McLinden et
al., 2000] with an imposed global annual mean STE flux of
510—540 Tg yr' (this variability reflects year-to-year
differences in the model circulation). The STE fluxes for
NOy and total reactive nitrogen oxides (NOy) are 0.4 and
2.3 Tg yr ' respectively.

[7] Table 3 lists the global emissions of ozone precursors
used in the present work. Anthropogenic emissions are for
1995. Biomass burning emissions are climatological means
[Duncan et al., 2003]. Lightning and biogenic emissions are
computed locally within the model on the basis of meteo-
rological variables, but are scaled to the same global totals
in all simulations for the purpose of intercomparison. The
scaling factors are globally uniform and determined by
preliminary model runs calculating the unconstrained natu-
ral emissions. Lightning NO, emissions are parameterized
as a function of deep convective cloud top [Price and Rind,
1992; Wang et al., 1998a; Li et al., 2005] and are distributed
vertically following Pickering et al. [1998]. Further details
on the emission inventories are given by Bey et al. [2001].

[8] We present here results from GEOS-Chem driven by
GEOS-3 and GEOS-4 meteorological fields (two successive
versions of the GMAO assimilated product) for the same
meteorological year (2001). The GEOS-3 and GEOS-4
products have 6-hour temporal resolution (3-hour for sur-
face quantities and mixing depths), a horizontal resolution
of 1° x 1° (GEOS-3) or 1° x 1.25° (GEOS-4), and
48 (GEOS-3) or 55 (GEOS-4) vertical layers. Winds are
instantaneous variables in GEOS-3 and 6-hour averages in
GEOS-4. More details about the GEOS-3 and GEOS-4 pro-
ducts can be found athttp://www.as.harvard.edu/chemistry/
trop/geos/doc/man/gc_a4.html. For the simulations pre-
sented here, we use a horizontal resolution of 4° x 5° by
spatial averaging of the meteorological fields.

[v] We also present results from GEOS-Chem driven by
meteorological fields from the GISS GCM III, which is an
updated version of the model used by Rind et al. [1999].
This GCM has a resolution of 4° x 5° with 23 layers in the
vertical extending from the surface to 0.002 hPa (~85 km
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altitude). We use archived GCM data for input to GEOS-
Chem with the same temporal resolution as the GEOS data,
i.e., 6-hour averages of winds, convective mass fluxes,
temperature, humidity, cloud optical depths, and cloud
fractions; and 3-hour averages of mixing depths and surface
variables (precipitation, winds, temperature, albedo, solar
radiation).

[10] A major difference between the GEOS-3, GEOS-4,
and GISS models is the treatment of wet convection.
GEOS-3 uses the Relaxed Arakawa-Schubert convection
scheme [Moorthi and Suarez, 1992]. GEOS-4 has separate
treatments of deep and shallow convection following the
schemes developed by Zhang and McFarlane [1995] and
Hack [1994]. The convection scheme in the GISS GCM
was described by Del Genio and Yao [1993]. Unlike the
GEOS models, the GISS GCM allows for condensed
water in the atmosphere (i.e., condensed water is not
immediately precipitated), resulting in frequent nonprecipi-
tating shallow convection. In the wet deposition scheme, we
do not scavenge soluble species from shallow convective
updrafts at altitudes lower than 700 hPa in the GISS-driven
model, whereas we do in the GEOS-driven model [Liu et
al., 2001]. The treatment of boundary layer turbulence is
also different in GEOS and GISS. The mixing depth in
GEOS is estimated from the bulk Richardson number with
surface friction [Holtslag and Boville, 1993] and in the
GISS GCM it is estimated on the basis of the vertical profile
of turbulent kinetic energy [Canuto, 1994; Canuto et al.,
2001]. In either case, GEOS-Chem assumes instantaneous
vertical mixing from the surface through the mixing depth
[Bey et al., 2001].

3. Sensitivity to Meteorological Fields

[11]] A number of previous studies have evaluated
GEOS-Chem simulations for ozone and its precursors
using GEOS-3 and earlier-generation meteorological data
products from GMAO [e.g., Bey et al., 2001; Martin et al.,
2002; Liu et al., 2004]. No such evaluations have been
reported for GEOS-Chem driven by GEOS-4 or GISS
products, and we compare those here to the GEOS-3 driven
simulation. Both GEOS-3 and GEOS-4 simulations are for
2001. The GISS simulation is for 3 successive years of the
present-day climate; interannual differences are small
(Table 2 gives interannual ranges for global ozone budgets)
and all results presented from the GISS simulation refer to
the 3-year averages unless otherwise specified.

[12] Figure 1 shows the afternoon (1200—1600 local
time) surface ozone concentrations simulated by GISS,
GEOS-3 and GEOS-4 for January and July. Compared to
GEOS-3 and GEOS-4, GISS produces higher levels of
surface ozone, by up to 20% at high latitudes in winter.
This appears to be largely driven by higher mixing depths
and excessive high-latitude STE (D. Rind et al., Factors
influencing tracer transport in GCMs, submitted to Journal
of Geophysical Research, 2006).

[13] Zonal mean concentrations of NO,, ozone, PAN,
CO, and OH for January and July are compared in
Figures 2a and 2b. Also shown is the rate constant J, /i,
for photolysis of Os to O('D). The most prominent differ-
ence is in the simulated wintertime concentrations of PAN
in the Northern Hemisphere, which are 30—40% higher in
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GISS than in GEOS-3 and GEOS-4. This is largely due to
the colder temperatures in GISS, suppressing decomposition
of PAN. There are also significant differences in the
simulated OH and J,, 1, distributions, which appear to be
due largely to differences in clouds (Figure 3). A previous
GEOS-Chem study by H. Liu et al. [2006] and H. Liu et al.
(Radiative effect of clouds on tropospheric chemistry:
Sensitivity to cloud vertical distributions and optical prop-
erties, manuscript in preparation, 2007) found that the
radiative impact of clouds on global OH in July (calculated
from comparison of simulations with versus without clouds)
is less than 1% for GEOS-3 but yields a 14% increase in OH
for GEOS-4; we find an 18% increase in OH for GISS when
the radiative effect of clouds is accounted for. GEOS-3 has
compensating radiative effects from low clouds (enhancing
OH above cloud) and high clouds (depleting OH below
cloud), while GEOS-4 has much weaker clouds in the
tropical middle and upper troposphere and GISS has thicker
clouds in the tropical lower troposphere (Figure 3).

[14] Figures 4a and 4b compares the vertical profiles of
simulated ozone to an ozonesonde data climatology [Logan,
1999] (with updates) at stations representative of different
latitudinal bands. All three models reproduce observed
ozone usually to within 10 ppb and with consistent gra-
dients. The GISS model ozone is too high in the Arctic,
particularly in winter because of excessive seasonal STE.

[15] Global budgets of tropospheric ozone for GEOS-
Chem driven by GEOS-3, GEOS-4, and GISS meteorolog-
ical fields are compared in Table 2. Production rates
are 4250 Tg yr ' in GEOS-3, 4470 Tg yr ' in GISS, and
4700 Tg yr—' in GEOS-4. Stronger photochemical activity
in GEOS-4 is also reflected in a shorter ozone lifetime, so
that the global ozone burdens in GEOS-3 and GEOS-4 are
almost identical. The ozone burden in GISS is 7% higher
than in GEOS-3 or GEOS-4, for reasons discussed above.

[16] Detailed accounting of the meteorological factors
responsible for the differences in global ozone budgets
between GEOS-3, GEOS-4, and GISS is difficult, but we
identified three important factors. First is clouds, as dis-
cussed previously in the context of OH and J(O'D). Second
is deep convective vertical mixing, which is stronger in
GEOS-4 and GISS than in GEOS-3 and stimulates both
ozone production and loss [Lawrence et al., 2003]. Third is
the distribution of lightning; GEOS-4 releases 45% of
lightning NO, in the Southern Hemisphere, where the ozone
production efficiency per unit NO, (OPE) is higher than in
the Northern Hemisphere because of lower background
NOy [Wang et al., 1998b], while that fraction is only 36%
in GEOS-3.

[17] The global mass-weighted tropospheric concentration
of OH in the GISS model is 1.08 x 10° molecules cm >
on an annual mean basis, which is 5% higher than
GEOS-3 (1.03 x 10° molecules cm ) and 4% lower than
GEOS-4 (1.12 x 10° molecules cm ™). The 3 year GISS
simulation shows less than 1% interannual variability. These
values are all consistent with the values derived by Krol et al.
[1998] (1.07°%%% x 10° molecules cm ) and Spivakovsky et
al. [2000] (1.16 + 0.17 molecules cm™>). The lifetime of
methane against oxidation by tropospheric OH ranges from
9.8 years in GEOS-4 to 11.1 years in GEOS-3, all consistent
with the value of 9.1 + 2.3 years derived from the global
model studies reported in IPCC TAR [Prather et al., 2001,
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