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MOZART, a global chemical transport model for ozone 
and related chemical tracers 

2o Model results and evaluation 

D. Ao Hauglustaine, •'2 G. P. Brasseur, • S. Walters, • P. J. Rasch, 
J.-F. Mfiller, • L. Ko Ernrnons• TM and Mo A. Carroll 4 

Abstract. In this second of two companion papers, we present results from a new 
global three-dimensional chemical transport model, called MOZART (model for 
ozone and related chemical tracers). MOZART is developed in the framework of 
the National Center for Atmospheric Research (NCAR) Community Climate Model 
(CCM) and includes a detailed representation of tropospheric chemistry. The model 
provides the distribution of 56 chemical species at a spatial resolution of 2.8 ø in both 
latitude and longitude, with 25 levels in the vertical (from the surface to level of 
3 mbar) and a time step of 20 min. The meteorological information is supplied from 
a 2-year run of the NCAR Community Climate Model. The simulated distributions 
of ozone (03) and its precursors are evaluated by comparison with observational 
data. The distribution of methane, nonmethane hydrocarbons (NMHCs)• and CO 
are generally well simulated by the model. The model evaluation in the tropics 
stresses the need for a better representation of biomass burning emissions in order 
to evaluate the budget of carbon monoxide, nitrogen species, and ozone with more 
accuracy in these regions. MOZART reproduces the NO observations in most parts 
of the troposphere. Nitric acid• however• •s overestimated over the Pacific by up 
to a factor of 10 and over continental regions by a factor of 2-3. Discrepancies 
are also found in the simulation of PAN in the upper troposphere and in biomass 
burning regions. These results highlight shortcomings in our understanding of the 
nitrogen budget in the troposphere. The seasonal cycle of ozone •n the troposphere 
•s generally well reproduced by the model in comparison with ozone soundings. 
MOZART tends, however, to underestimate 03 at higher latitudes, and specifically 
above 300 mbar. The global photochemical production and destruction of ozone in 
the troposphere are 3018 Tg/yr and 2511 Tg/yr, respectively (net ozone production 
of 507 Tg/yr). The stratospheric influx of 03 is estimated to be 391 Tg/yr and the 
surface dry deposition 898 Tg/yr. The calculated global lifetime of methane is 9.9 
years in the annual average. 

1. Introduction 

In a companion paper [Brasseur et al., this issue], a 
new three-dimensional (3-D) chemical transport model 
(CTM) of the global troposphere called MOZART (Mo- 
del for ozone and related chemical tracers) was de- 
scribed. The purpose of this second paper is to present 
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selected model results regarding the distribution of 
tropospheric ozone (03) and its precursors, methane 
(CH4), nonmethane hydrocarbons (NMHCs), carbon 
monoxide (CO) and nitrogen oxides (NO•), to evalu- 
ate these results relative to existing observations and, 
finally, to present the simulated global budget of tropo- 
spheric 03. The analysis of the results provided by a 
global tropospheric model is more complicated than the 
equivalent analysis for a stratospheric model. Concen- 
trations of chemical compounds are much more vari- 
able below the tropopause than above this boundary 
due to the importance of subgrid scale processes, in- 
cluding convective transport, precipitation, and strong 
coupling between the surface and the atmosphere. In 
addition, available observations are sparse and, in many 
cases, cover only a small fraction of the troposphere. 
The current version of MOZART, driven by physical 
and dynamical variables provided by a general circula- 
tion model (GCM), represents typical conditions as op- 
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Table 1. Regions Used in Vertical Profile Comparisons of NO, HNO3, PAN, H202, and Acetone Measurements 
From GTE Expeditions With Model Results 

Grid Latitude Longitude Expedition Date Reference 

Alaska 55øN-75øN 170øW-155øW ABLE 3A 

Canada, Ontario 45øN-60øN 90øW-80øW ABLE 3B 
US coast, East 35øN-45øN 80øW-70øW ABLE 3B 
Labrador 50øN-55øN 60øW-45øW ABLE 3B 
North Pacific 15øN-35øN 180øW-150øW PEM-West A 

China coast, East 20øN-30øN 115øE-130øE PEM-West A 
Japan coast, East 25øN-40øN 135øE-150øE PEM-West A 
Philippine Sea 5øN-20øN 135øE-150øE PEM-West A 
China coast, East 20øN-30øN 115øE-130øE PEM-West B 
Japan coast, East 25øN-40øN 135øE-150øE PEM-West B 
Philippine Sea 5øN-20øN 135øE-150øE PEM-West B 
Africa, South 25øS-5øS 15øE-35øE TRACE A 
Atlantic, South 20øS-0 ø 20øW-10øW TRACE A 
Africa coast, West 25øS-5øS 0ø-10øE TRACE A 
Brazil, East 15øS-5øS 50øW-40øW TRACE A 
Fiji 30øS-10øS 170øE-170øW PEM-Tropics A 
Tahiti 20øS-0 ø 120øW-100øW PEM-Tropics A 

September 
February 7 
February 7 
February 7 
September 
September 
September 

July 7 to August 17, 1988 1 
July 6 to August 15, 1990 2 
July 6 to August 15, 1990 2 
July 6 to August 15, 1990 2 
September 16 to October 21, 1991 3 
September 16 to October 21, 1991 3 
September 16 to October 21, 1991 3 

16 to October 21, 1991 3 
to March 14, 1994 4 
to March 14, 1994 4 
to March 14, 1994 4 
21 to October 26, 1992 5 
21 to October 26, 1992 5 
21 to October 26, 1992 5 

September 21 to October 26, 1992 5 
August 15 to September 20, 1996 6 
August 15 to September 20, 1996 6 

References: 1, Harriss et al. [1992]; 2, Harriss et al. [1994]; 3, Hoell et al. [1996]; 4, Hoell et al. [1997]; 5, Fishman 
et al. [1996]; Hoell et al. [1998]. 

posed to specific meteorological situations. Therefore 
climatological observations available over long time pe- 
riods will be used for ozone, surface methane and non- 
methane hydrocarbons, and surface carbon monoxide 
when available to evaluate the model results. For ni- 

trogen species the climatologies compiled by Emmons 
et al. [1997] from publicly available data sets are used. 
For the purpose of this paper, only aircraft data from 
the merged GTE (Global Tropospheric Experiment) 
archive are considered, and regional grids are defined 
to provide mean vertical profiles. Table I provides the 
grids considered, their location, and the corresponding 
GTE campaign. The climatologies of Emmons et al. 
[1997] have been modified to include measurements of 
HNO3, PAN, H20•, and acetone. 

Version I of MOZART is described in detail in the 

companion paper and only a brief overview is pro- 
vided here. Dynamical and other physical variables 
needed to calculate the resolved advective transport as 
well as smaller-scale exchanges and wet scavenging are 
precalculated by the National Center for Atmospheric 
Research (NCAR) Community Climate Model (CCM) 
and provided every 3 hours from preestablished history 
tapes. The version of CCM used in the present study 
(CCM-2, Ft0.5 library) is intermediate between CCM-2 
[Hack et al., 1993] and CCM-3 [Kiehl et al., 1996]. The 
MATCH model described by Rasch et al. [1995, 1997] 
forms the meteorological component of MOZART. In 
MOZART the time history of 56 chemical species is cal- 
culated on the global scale from the surface to the mid- 
dle stratosphere. The model accounts for surface emis- 
sions of chemical compounds (N20, CH4, NMHCs, CO, 
NOx, CH•O, and acetone), advective transport (using 

the semi-Lagrangian transport scheme of Williamson 
and Rasch [1994]), convective transport (using the for- 
mulation of Hack [1994] adopted in CCM-2), diffusive 
exchanges in the boundary layer (based on the pa- 
rameterization of Holtslag and Boville [1993]), chemi- 
cal and photochemical reactions, wet deposition of 11 
soluble species, and surface dry deposition. The chem- 
ical scheme includes 140 chemical and photochemical 
reactions and considers the photochemical oxidation 
schemes of methane (CH4), ethane (C•H6), propane 
(C3H8), ethylene (C2H4), propylene (C3H6), isoprene 
(C5H8), terpenes (as c•-pinene, C10H16), and a lumped 
compound n-butane (C4H10) used as a surrogate for 
other _•C4 hydrocarbons. The evolution of species is 
calculated with a numerical time step of 20 min for both 
chemistry and transport processes. In its present config- 
uration the model is run with a spatial resolution which 
is identical to that of CCM (triangular truncation at 42 
waves, T42) with a corresponding numerial grid of 64 
Gaussian latitudes and 128 equidistant longitudes (cor- 
responding to about a 2.8øx 2.8 ø horizontal resolution). 
In the vertical the model uses hybrid sigma-pressure co- 
ordinates with 25 levels extending from the surface to 
the level of 3 mbar. MOZART has been integrated us- 
ing a 2-year simulation of the CCM. Initial conditions 
for chemical species are taken from previous runs per- 
formed with slightly different versions of MOZART. A 
total of about 10 years have been simulated with the 
CTM. The results obtained during the last year of inte- 
gration are considered for analysis and interpretation. 

The global distributions of CH4 and NMHCs are pre- 
sented and compared to observational data in section 
2, and the distribution of CO is evaluated in section 
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3. The simulated radicals, carbonyl compounds, and 
peroxide distributions are illustrated in section 4, and 
section 5 is devoted to nitrogen species. The distribu- 
tion and budget of ozone are presented in section 6. 
Finally, concluding remarks regarding the evaluation of 
MOZART are given in section 7. 

2. Methane and Other Hydrocarbons 

Since the atmosphere is an oxidizing environment, 
methane and nonmethane hydrocarbons (NMHCs) are 
gradually degraded through a sequence of radical and 
nonradical carbony! compounds. In the process, hy- 
drocarbons provide an essential fuel for photochemical 
production of ozone. Methane, the simplest hydrocar- 
bon, has the highest atmospheric abundance (about 1.8 
ppmv) and because of its low reactivity and hence long 
lifetime (approximately l0 years) is distributed almost 
homogeneously throughout the troposphere. 

Transport of long-lived tracers between the two hemi- 
spheres, a much slower process than transport along 
the zonal and vertical directions, takes place on a char- 
acteristic timescale of about 1-2 years [Jacob et al., 
1987; Milllet and Brasseur, 1995]. Since a large frac- 
tion of methane emissions takes place in the northern 
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Figure 1. Observed (triangles) methane surface mix- 
ing ratio at selected CMDL stations [Steele et al., 19871 
and calculated (solid line) zonal mean surface mixing 
ratio (expressed as departure from value at the South 
Pole) for January and July (ppbv). 
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hemisphere (about 80% in our model; see Brasseur et 
al. [this issue]), this hydrocarbon provides information 
about global scale transport including interhemispheric 
exchanges. The latitudinal gradient in the zonal mean 
methane surface concentration, calculated for January 
and July is compared in Figure I with data provided 
by the National Oceanic and Atmospheric Administra- 
tion Climate Monitoring and Diagnostics Laboratory 
(NOAA/CMDL) network at selected stations [Steele et 
al., 1987]. In order to focus on the interhemispheric 
gradient, while ignoring the possible long-term trends 
in both the data and the model, results are expressed 
as deviations from the surface mixing ratio at the South 
Pole. As seen in Figure 1, the interhemispheric differ- 
ence in the surface mixing ratio is close to 200 ppbv in 
January, in agreement with observational data. It is re- 
duced to 130 ppbv in July when oxidation of methane 
by OH is enhanced in the northern hemisphere. The 
calculated zonal mean distribution of methane mixing 
ratio, shown for July in Figure 2, is characterized by 
high values near the surface at high latitudes in the 
northern hemisphere where most of the surface emis- 
sions take place and by a rather uniform mixing ratio 
throughout the troposphere in the southern hemisphere. 
Efficient upward transport is visible in the tropics. A 
marked horizontal gradient in the methane mixing ratio 
is simulated in the lower stratosphere in the subtropics 
as a consequence of rising motions in the tropics and 
subsidence at high latitudes. A sharp vertical gradi- 
ent is also obtained at the tropopause and in the lower 
stratosphere where the distribution is controlled more 
strongly by photochemistry. 

The calculated annual mean methane lifetime (de- 
fined as CH4/LcH4, where LcH4 is the photochemical 
loss of methane) in the global troposphere is 9.9 years 
in MOZART. Figure 3 shows that over a seasonal cycle 
this calculated lifetime varies from 6 years in July to 
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MOZART CH4 Lifetime 
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Figure 3. Seasonal cycle of methane photochemical 
chemical lifetime (years) calculated for the northern 
hemisphere (dashed line), southern hemisphere (dotted 
line), and globally averaged (solid line). 

16 years in January in the northern hemisphere and 
from 9 years in January to 17 years in July in the 
southern hemisphere, due to enhanced oxidation dur- 
ing summertime. Prinn et al. [1995] derived a global 
methane lifetime of 8.9+0.6 years based on an analysis 
of methylchloroform observations. The model overesti- 
mates this value by about 10%. The global burden of 8 
CH4 in the model is 3613 Tg CH4 (ratio of 1.03 between 
northern and southern hemispheres). ,., 6 

Non-methane hydrocarbons (NMHCs) are more re- 
active than methane and have smaller emission rates, % 4 
making their atmospheric abundance smaller with more 
localized maxima near emission sources and higher spa- 
tial and temporal variabilities. NMHCs play an impor- 
tant role in terms of ozone photochemical production 
in many regions of the troposphere where fossil fuel, 
biogenic, or biomass burning emissions are large. 

The airborne tropospheric ozone campaigns exper- 
iment (TROPOZ II) conducted in January 1991 has 
provided the meridional distributions of several light 11 
hydrocarbons (e.g., C2H6, C3H8) between 70øN and 
60øS. The most important emissions of ethane and 

9 

propane are associated with fossil fuel (natural gas) 
and biomass burning. Their lifetime regarding oxida- E 
tion by OH ranges from several months in winter to 
less than a month in summer for C2H6, and from 1-2 • 6- 
months in winter to a week in summer for C3H$. Fig- _ 5- 
ures 4 and 5 compare the calculated distributions of 
ethane and propane, respectively, with the observations 
obtained by Boissard et al. [1996] during the south- 
bound flights of TROPOZ. The model results have been 
sampled along the TROPOZ southbound flight track 
(i.e., west coast of Canada, western North Atlantic, 
west coast of South America) and monthly averaged 
for the period of the campaign. In the northern hemi- 
sphere the calculated concentration of ethane (Figure 
4) is in close agreement with the measured concentra- 
tion in the boundary layer (2.5-3 ppbv north of 40øN) 

but underestimates observations by up to a factor of 
2 in the free troposphere. In the southern hemisphere 
the calculated abundance of C2H6 is a factor of 2 lower 
than observations, suggesting that the model underesti- 
mates the biomass burning emissions of this compound 
in the tropics or its export out of the boundary layer, 
or that air masses encountered by the aircraft during 
this particular flight were influenced by local emissions 
[Boissard et al., 1996]. In the case of propane (Figure 5) 
the model underestimates the concentrations measured 

during the TROPOZ experiment. For both compounds 
the measurements seem to be strongly influenced by 
continental sources, while the model values along the 
flight track seem to be mostly representative of oceanic 
conditions. 

During winter, in the marine boundary layer over the 
Atlantic, the calculated C2H6 ranges from 0.5-1 ppbv 
in the tropics to 2-3 ppbv at 60øN and reaches a max- 
imum of 3-5 ppbv over the continents at the surface. 
Similarly, over the Atlantic Ocean the calculated C3H8 
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Figure 4. Monthly mean ethane mixing ratio (ppbv) 
calculated by MOZART in January along the TROPOZ 
II southbound flight track (top) and measured during 
TROPOZ II by Boissard et al. [1996] (bottom). 
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Figure 5. Monthly mean propane mixing ratio (ppbv) 
calculated by MOZART in January along the TROPOZ 
II southbound flight track (upper panel), and measured 
during TROPOZ II by Boissard et al. [1996] (lower 
panel). 

both continental sites and for the remote site of Mauna 

Loa Observatory (MLO). Because of its short lifetime 
during summer (less than a day), C2H4 is not subject to 
long-range transport, and its mixing ratio is less than 
5-10 pptv at MLO. During winter the lifetime is a few 
days, and a few transport episodes with mixing ratios 
reaching occasionally 20-30 pptv are simulated. The 
model reproduces the strong gradients in NMHC mixing 
ratios observed between polluted and remote locations. 

The surface distribution of the 24-hour averaged iso- 
prene mixing ratio (2-methyl-l,3-butadiene) is shown 
in Plate 1 for January and July conditions. Because of 
its 21111 II•illJld snort 11If•l•lIIl• •u•v•y its a 111•11 

few hours), isoprene is mostly present in the continental 
boundary layer near source regions. Seasonal variations 
linked to the abundance of vegetation, availability of 
light, and local temperature are noticeable. Over the 
southeastern United States, for example, where decidu- 
ous forests are a dominant ecosystem, the mean mixing 
ratio of isoprene reaches a maximum of 1 ppbv during 
summer. In the tropics the maximum mixing ratios (be- 
tween 4 and 10 ppbv) are located north of the equator 
in July and south of the equator in January. Values 
calculated over the ocean (resulting from atmospheric 
transport originating over the continents) are generally 
less than l0 pptv. Because of its very high variabil- 
ity in space and time, the comparison between the iso- 
prene mixing ratio simulated by the global model and 
the measurements is not meaningful. Typical measured 
mixing ratios in the boundary layer are 2-6 ppbv in the 
tropical rain forest [e.g., Zimmerman et al., 1988], 1- 
4 ppbv in mixed temperate forests [e.g•, Martin et al., 
1991; Montzka et al., 1995; Fuentes et al., 1996], and 
0.01-0.04 ppbv over savanna [Greenberg and Zimmer- 
man, 1984]. The calculated distributions are generally 
consistent with these typical values. 

mixing ratio in the boundary layer ranges from less than 
0.1 ppbv at the equator to 0.7-1 ppbv around 60øN. 
Over North America the simulated propane mixing ra- 
tio reaches maximum values of 1-1.5 ppbv. These values 
are consistent with the measured meridional distribu- 

tions given by Rudolph and Jobhen [1990] or compiled 
by Boissard et al. [1996]. 

The seasonal cycle of C2 and C3 hydrocarbon mixing 
ratios as simulated by MOZART is shown in Figures 6 
and 7, respectively. The calculated seasonal cycles are 
compared with values measured at selected European 
sites [Solberg et al., 1996], at Harvard forest [Wang et 
al., 1998], and at Mauna Loa Observatory [Greenberg 
et al., 1996]. All hydrocarbons exhibit a high tempo- 
ral variability and generally a strong seasonal cycle. A 
build-up of the mixing ratio during winter and a min- 
imum during summer when oxidation by OH is more 
rapid are clearly visible. A good agreement is generally 
obtained between the model and the measurements for 

3. Carbon Monoxide 

Reaction of carbon monoxide with the hydroxyl rad- 
ical provides the major sink of OH in the free tropo- 
sphere and leads to ozone photochemical production in 
the presence of N Ox. The most important source of 
CO is direct surface emission from incomplete fossil fuel 
and biomass burning combustion. In addition, carbon 
monoxide is produced from the oxidation of methane 
and NMHCs. The calculated surface distribution of 

CO is shown in Plate 2 for January and July condi- 
tions. The highest concentrations resulting from an- 
thropogenic activities are found over the industrial re- 
gions of Europe, Asia, and North America. The mixing 
ratios predicted by the model over these regions are 
typically 300-400 ppbv during winter and 200-300 ppbv 
during summer, when the lifetime of CO is shorter due 
to higher OH, and the mixing processes are more in- 
tense. The effect of biomass burning over the African 
and South American continents is also visible, with CO 
surface concentrations of typically 200-300 ppbv. Note 
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Figure 6. Observed (circles) and simulated (boxes) C2H6 (ppbv) and 02H4 (pptv) mixing ratio 
(ppbv) seasonal cycles for selected stations in the northern hemisphere. Measurements are from 
Solberg et al. [1996] for the European sites and from Greenberg et al. [1996] for Mauna Loa 
Observatory. Boxes give mean (solid bar), median (dashed bar), 25th, and 75th percentiles. 



HAUGLUSTAINE ET AL.' MOZART, MODEL RESULTS AND EVALUATION, 2 28,297 

C5H8 Birkenes (58N,8E) 
5.0 ........... 

2.5 

> 2.0 

oE 1.5 

o 1.0 ß 

. . 
J F M A M J J A S 0 N D 

3.0 

2.5 

2.0 

1..5 

1.0 

0.5 

0.0 

C5H8 Woldhof (52N,10E) 
, , 

i i i i i i i i i i i 

J F M A M J J A S 0 N D 

C5H8 Tonikon (47N,9E) 

2.5 

2.0 

1.5 

0.0 ........ 

J F M A M J J A S 0 N D 

C5H8 Mouno Loo (19N,155W) 

250 1 ........... 200 

I I I I I I I I I I I 

J F M A M J J A S 0 N D 

500 ß 

4OO 

300 

200 

lOO 

C5H6 Birkenes (58N,8E) 
i i i i i i i i ! i i 

I I I I I I I I I I 

J F M A M J J A S 0 N D 

8OO 

600 

400 

200 

C5H6 Rucovo (56N,21E) 
, i i i , i i i i i i 

I I I I I I I I I I I 

d F M A M d J A S 0 N D 

C5H6 Woldhof (52N,10E) 
1000 ........... 

800 

Q- 600 

• 400 

200 

I • I I I I I I I I I 

d F M A M d d A S 0 N D 

C5H6 Tonikon (47N,9E) 

lOOO f ........... j 800 

a' 600 

• 400 

200 , 

I I I I I I I I I I I 

d F M A M d d A S 0 N D 

Figure ?. Observed (circles) and simulated (boxes) Calls and Call6 mixing ratio seasonal cycles 
for selected stations in the northern hemisphere. Measurements are from Solberg et al. [1996] 
for the European sites and from Greenberg et al. [1996] for Mauna Loa Observatory. Boxes give 
mean (solid bar), median (dashed bar), 25th, and 75th percentiles. 
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Figure 8. Observed (circles) and calculated (boxes) seasonal cycle of CO mixing ratio (ppbv) at 
selected stations. Measurements are from Novel.ti et al. [1992, 1994] except for Cuiaba [Kirchhoff 
et al., 1989]. Boxes give mean (solid bar), medilm (dashed bar), 25th, and 75th percentiles. 
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Plate 1. Monthly mean 24-hour averaged isoprene sur- 
face mixing ratio calculated by MOZART for January 
and July conditions (ppbv). 

that biomass burning is most intense during the dry sea- 
son (December to April in the northern tropics and July 
to October in the southern tropics). This seasonality is 
visible in the calculated surface CO concentration. Note 

also the high concentrations in northern polar regions 
during winter associated with carbon monoxide emit- 
ted over the continents and transported to higher lati- 
tudes, where photochemical destruction is weak. Over 
the oceans, in the southern hemisphere, the background 
CO mixing ratio is generally lower than 70 ppbv. 

A comparison between the calculated and the ob- 
served seasonal variation of CO surface mixing ratios 
for 10 selected locations is shown in Figure 8. Model 
results are presented as monthly means and variabil- 
ity during each month for the last year of model inte- 
gration. In contrast, measurements are represented by 
their monthly mean and their standard deviation over 
the period of record (up to 10 years). In most cases 
the agreement between model and observations [Novelli 
et al., 1992, 1994] is very good in terms of mean val- 
ues and amplitude of the seasonal cycle. Most stations 
exhibit maximum values during winter when CO oxi- 
dation is smallest. This is particularly visible at high- 
latitude stations, including Point Barrow. The model 
also provides information on the short-term variability 

in the CO abundance associated with transport pro- 
cesses. For example, at the stations of Mace Head, Ni- 
wot Ridge, Tae-ahn, and to a lesser extent, Bermuda, 
the model predicts pollution episodes associated with 
specific meteorological events. These events are gener- 
ally not visible in the measurements, because the data 
are filtered according to wind direction, in order to re- 
tain only background levels of CO. At the station of 
Cuiaba (Brazil), the high CO mixing ratio (300-500 
ppbv) observed from July to November is a consequence 
of biomass burning in this region. The model produces 
a CO peak approximately 1 month later than obser- 
vations and underestimates somewhat the CO concen- 

tration during this season. Comparison between model 
and measurements is, however, particularly difficult in 
this case, because of the limited spatial resolution of 
the model. At Ascension Island, in the middle of the 
South Atlantic Ocean, the influence of biomass burning 
is also underestimated by the model. At Cape Grim 
the model overestimates the CO mixing ratio by about 
50-60% during summer months, suggesting that the in- 
fluence of continental emissions at this site is too strong 
during winter. 

The monthly mean mixing ratio of CO calculated 
along the track corresponding to the southbound flights 
of TROPOZ II in January 1991 and STRATOZ III 
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Plate 2. Distribution of carbon monoxide (CO) mixing 
ratio (ppbv) calculated at the surface in January and 
July. 
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Figure 9. CO mixing ratio (ppbv) cross sections calculated by MOZART in July and January 
along the STRATOZ and TROPOZ flight tracks (left), and measured during STRATOZ III and 
TROPOZ II southbound flights by Marenco et al. [1995] (right). 

in June 1984 [Marenco et al., 1995; Jonquilres and 
Marenco, 1998] is shown in Figure 9 along with the 
measurements. For the two different seasons, the in- 
fluence of the intense surface sources in the northern 

hemisphere is visible. A strong seasonal variation asso- 
ciated with oxidation and mixing processes is found in 
the northern hemisphere, with mixing ratios at the sur- 
face varying from typically 140-180 ppbv in June to 180- 
250 ppbv in January at midlatitudes. The effect of up- 
ward transport in the tropics is noticeable during both 
seasons. The agreement between the MOZART fields 
and the STRATOZ/TROPOZ observations is generally 
good, especially in regions affected by industrial emis- 
sions in the northern hemisphere and biomass burning 
emissions in the tropics. The seasonal variation of the 
CO abundance in the southern hemisphere seems to be 
more pronounced in the observational data than in the 
model. 

The NASA MAPS (measurement of air pollution 
from satellites) measurements provide the only near- 
global distribution of carbon monoxide in the tropo- 
sphere [Reichle et al., 1986, 1990; Connors et al., 1996]. 

The MAPS instrument has flown aboard the space shut- 
tle in November 1981, October 1984, and in April and 
October 1994. This instrument measured CO from 

57øN to 57øS and from 3 to 10 km with a maximum 

signal function at about 500 mbar. Plate 3 compares 
the measured distributions for April and October 1994 
with the calculated carbon monoxide. Model results 

have been vertically integrated and weighted using the 
MAPS averaging kernel [Reichle et al., 1998]. In April 
the model reproduces fairly well the interhemispheric 
gradient of CO with values larger than about 100 ppbv 
north of roughly 50øN due to anthropogenic emissions 
and mixing ratios lower than 60 ppbv over the remote 
marine free troposphere in the southern hemisphere. In 
the tropics, localized maxima with mixing ratios reach- 
ing more than 120 ppbv and associated with biomass 
burning and biogenic emissions transported efficently 
from the boundary layer to the pressure of about 500 
mbar are observed and calculated over South America, 
Africa, and southeastern Asia. The model tends to over- 
estimate the CO concentration over Africa. This sug- 
gests that either biomass burning emissions or CO pro- 



HAUGLUSTAINE ET AL.- MOZART, MODEL RESULTS AND EVALUATION, 2 28,301 

Table 2. Annual Budget of Carbon Monoxide in the Troposphere (Below 250 mbar) Calculated by MOZART, 
Tg-CO/yr 

NH SH Global 

Surface emission 847 372 1219 

Photochemical production 539 342 881 
Total source 1386 714 2100 
Photochemical destruction -1092 -638 -1730 

Dry deposition -129 -61 -190 
Total sink -1221 -699 -1920 

Burden (TgCO) 196 125 321 
Lifetime (month) 1.9 2.1 2.0 

NH, northern hemisphere; SH, southern hemisphere. 

duction from isoprene are overestimated in the model 
during that period or that vertical transport as sim- 
ulated by the CCM is too vigorous. Another pos- 
sibility is that the chemical scheme implemented in 
MOZART overestimates the CO yield per oxidized iso- 
prene molecule. Further analysis is required to deter- 
mine the more likely reason for this disagreement. In 
October both the instrument and the model indicate 

mixing ratios of 90-120 ppbv in the northern hemi- 
sphere. In the southern hemisphere the model tends 
to underestimate the measured values by about 10-20 
ppbv over oceanic regions, in contrast with the model 
overestimate obtained at the surface at Cape Grim 
(Figure 8). Strong maxima are visible in the trop- 
ics (CO mixing ratio larger than 150 ppbv) due to in- 
tense biomass burning south of the equator. The model 
does not capture the high concentrations observed in 
October 1994 over the Indian Ocean and Australia. 

These high concentrations were not observed during the 
November 1981 [Reichle et al., 1986] and October 1984 
[Reichle et al., 1990] flights when concentrations of 45- 
65 ppbv were recorded over the Indian ocean. Unusually 
high biomass burning activity during the strong 1994 
ENSO (El Nifio Southern Oscillation) event is a possible 
wYnlnnntithn œthr thiq disagreement h•t,•7•,• Mth7. A RT 
and MAPS. 

The global and hemispheric carbon monoxide burden 
and budget in the troposphere (below 250 mbar), as 
derived by the model, are summarized in Table 2. Sur- 
face primary emissions constitute 58% of the total CO 
source on the global scale, while the photochemical pro- 
duction associated with the degradation of methane and 
NMHCs accounts for the remainder. Approximately 
70% of the CO surface emission and 60% of its pho- 
tochemical production take place in the northern hemi- 
sphere. A large fraction (63%) of the CO oxidation by 
OH occurs in the northern hemisphere. Dry deposi- 
tion contributes to about 10% of the global sink (two 
thirds being deposited over continents in the northern 
hemisphere). The apparent imbalance in the CO bud- 
get (180 Tg/yr, or 9% of the total source) is associ- 
ated with transport to the stratosphere. The annually 

averaged tropospheric burden of CO is 321 Tg (60% 
located in the northern hemisphere). The calculated 
global lifetime of CO due to its oxidation and deposi- 
tion is 2.0 months (2.2 months when only photochem- 
ical destruction is considered). The lifetime exhibits a 
marked seasonal variation (not shown) and ranges from 
1.5 months during summer to 2.5 months during winter 
in the northern hemisphere. 

4. Radicals, Carbonyl Compounds, and 
Peroxides 

The primary production of hydroxyl radical OH oc- 
curs through the photodissociation of 03 to metastable 
atomic oxygen O(•D) followed by reaction with water 
vapor [Levy, 1971]. The very reactive hydroxyl radical 
then attacks most oxidizable species and usually leads 
to the formation of hydroperoxy radical HO2 or organic 
peroxy radicals RO2. 

Plate 4 shows a typical distribution of OH near the 
surface calculated from 0000 UT to 1800 UT on July 
2. This figure has been chosen to illustrate the ca- 
pability of MOZART to simulate the diurnal cycle of 
short-lived speci.o• Aq oYn•ct•d the (•14 cn,•centration 
is higher than 1 x 106 molecules cm -3 during daytime 
in the tropics and at midlatitudes and, generally, in the 
range 103-104 molecules cm -3 during nighttime over 
the continents. One should note, however, that during 
nighttime the surface OH density reaches values higher 
than 1 x 105 molecules cm -3 in regions where biogenic 
hydrocarbon emissions are high (e.g., tropical forest in 
Africa). These values, associated with production of 
OH and peroxy radicals in the nocturnal stable layer 
by reaction of volatile organic compounds with 03 and 
NO3 are consistent with the results obtained by Platt et 
al. [1990] and Bey et al. [1997]. Maximum OH concen- 
trations (10-18 x 106 molecules cm -3) are calculated 
in regions of high NOx concentrations (i.e., North Am- 
fica, Europe, China). High OH concentrations are also 
predicted in regions of elevated surface albedo and high 
insolation (e.g., Sahara) which favor high 03 photolysis 
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Figure 10. Zonally averaged OH density (105 
molecules cm -3) cross section calculated for January 
and July conditions. Dashed line indicates model 
tropopause. 

Figure 11 shows the zonally averaged HO2/OH con- 
centration ratio calculated for July (monthly mean val- 
ues). At the equator this ratio decreases from about 
100 at the surface to approximately 5 at 15 km altitude. 
At high latitudes in the summer hemisphere, where the 
abundance of NOx and ozone are low, the calculated ra- 
tio reaches 300 in the lower troposphere. As illustrated 
in this figure, in the lower troposphere (below about 5 
km), HOx is mainly composed of HO2. In the upper 
troposphere, CO (and hydrocarbons) is less abundant, 
while 03 and NO are more abundant than in the lower 
troposphere. Consequently, in this region the recycling 
of HO2 to OH is much faster and the HO2/OH ratio is 
lower than near the surface. 

The distribution of the daytime averaged total per- 
oxy radical mixing ratio PO2 (= HO2 q- •-•i RO2,i, 
where Ei RO2,i is the sum of all organic peroxy radi- 
cals considered in MOZART) calculated at the surface 
and at 200 mbar is shown in Plate 5 for July condi- 
tions. Because of their short lifetime, peroxy radicals 
exhibit maximum values in the continental planetary 
boundary layer near polluted regions. At the surface, 
the mixing ratio reaches 100-300 pptv over the east- 
ern United States and about 100-200 over central Eu- 

rope and China. High concentrations (reaching 100- 
150 pptv) are also found in biomass burning regions or 
where biogenic emissions of hydrocarbons are high (e.g., 
southern America, Africa, Indonesia). Over the ocean, 
the calculated PO2 mixing ratio is generally within 
the 10-30 pptv range. These mixing ratios are gen- 
erally consistent with existing measurements. During 
ROSE (Rural Oxidants in the Southern Environment), 
Canttell et al. [1993] measured mixing ratios reaching 
100-300 pptv in the southeastern United States. Mihel- 
cic et al. [1997] reported mixing ratios of 40-60 pptv in 
Germany during moderately polluted conditions (NO• 
_< 2-3 ppbv). In clean environments or in marine loca- 

rates (O•D formation) and, consequently, strong OH 
photochemical production. 

The calculated 24-hour averaged zonal mean number 
density of the hydroxyl radical is shown for January 
and July in Figure 10. The maximum concentration 
is located near 3 km altitude and is displaced toward 
the summer hemisphere (10ø-20øS during January and 
30ø-40øN during July) as a result of enhanced ozone 
photolysis and water vapor abundance. The maximum 
concentration reaches 18 x 105 molecules cm -a in Jan- 

uary, and 25 x 105 molecules cm -a in July. This hemi- 
spheric asymmetry is associated with higher Oa and 
NO• concentrations in the northern hemisphere, which 
provides an enhanced production of OH that overcomes 
the larger destruction by carbon monoxide and hydro- 
carbons. Very low OH concentrations (less than 105 
molecules cm -a) are calculated poleward of 45 ø in the 
winter hemisphere. 

20 
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10 

HO2/OH - Zonal Mean - July 

' ' •'o ' " 
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Figure 11. Zonally averaged cross section of HO2/OH 
concentration ratio simulated for July. Dashed line in- 
dicates model tropopause. 
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Plate 4. Hydroxyl radical (OH) surface density (106 molecules cm -3) simulated for July 3 
conditions at 0000, 0600, 1200, and 1800 UT. 

tions, measured mixing ratios are generally in the 10-30 
pptv range during the day [Canttell et al., 1995]. At 
the surface the Y•.i RO2,i/H02 ratio calculated by the 
model (not shown) is quite variable and generally in 
the range 0.7-2 in relatively clean environments (e.g., 
marine boundary layer). Maximum ratios reaching 3-5 
are predicted by the model in the continental boundary 
layer (e.g., central Europe, southeastern United States). 
These values are in reasonable agreement with measure- 
ments reported by Mihelcic et al. [1997] or by Stevens 
et al. [1997] under background conditions. In the up- 
per troposphere/lower stratosphere (200 mbar) the cal- 
culated PO2 mixing ratio is generally in the range 2-5 
pptv at middle and low latitudes with Y•i RO2,i/H02 
ratio of 0.1-0.25. Peroxy radical mixing ratios as large 
as 8-15 pptv are predicted in the tropics in regions un- 
dergoing strong convective activity (e.g., western Pa- 
cific, Indian Ocean). In these regions the calculated 
Y•i RO2,i/HO2 ratio is generally higher than 0.3. The 
mixing ratios calculated by MOZART in the tropical 
upper troposphere are generally consistent with the ER- 
2 aircraft measurements of HO2 reported by Jaegli et al. 
[1997] during the NASA/STRAT campaign. In partic- 
ular, HO2 concentrations of 6-10 pptv were measured 
in the tropics and related to air masses of convective 

origin [Jaegl• et al., 1997; Prather and Jacob, 1997]. 

In addition to the primary production of HO• 
through the reaction of O(1D) with water vapor, sec- 
ondary productions can become important and play 
a significant role in the HO• budget in the dry up- 
per troposphere. In particular, this is the case for the 
photolysis of formaldehyde (channel leading to H and 
CHO). Singh et al. [1995] and more recently, McKeen 
et al. [1997], Jaegl• et al. [1997], and Wennberg et 
al. [1997] have suggested that the photolysis of acetone 
CH•C(O)CH• and peroxides can also account for signif- 
icant production of HO• in the upper troposphere. In 
addition, photolysis of HNOa, and HNO4 also reforms 
HO•, causing a slow recycling of radicals. Early work 
by Chatfield and Crutzen [1984] and, more recently, by 
Prather and Jacob [1997] suggest that convective trans- 
port of peroxides and carbonyl compounds from the 
boundary layer to the upper troposphere can provide 
a large source of radicals in that region. 

Formaldehyde and acetone are the most abundant 
atmospheric carbonyl compounds. Formaldehyde is 
an intermediate product arising from the oxidation of 
methane and other biogenic and anthropogenic hydro- 
carbons. CH•O is also anthropogenically generated di- 
rectly from incomplete combustion processes (about 2 
Tg/yr in the model). Its photochemical lifetime due to 
photolysis and oxidation by OH is about 5 days in win- 



HAUGLUSTAINE ET AL.: MOZART, MODEL RESULTS AND EVALUATION, 2 28,305 

Peroxy Radicals - Surface - July 

MOZART 

pptv 

300. 250. 

,200. 

- 150. 

100. 

90. 

70. 

50. 

40. 

.- /50. 

20. 

10. 

5. 

0. 

Peroxy Rodicols - 200 mb - July pptv 

15. 

14. 

13. 

12. 

11. 

10. 

9. 

8. 

7. 

6. 

5. 

4. 

3. 

2. 

0. 

ter and less than a day in summer. Plate 6 (left panel) 
shows the calculated distribution of CH20 at the sur- 
face and 500 mbar for July conditions. Maximum con- 
centrations (2-6 ppbv) are calculated in the northern 
hemisphere continental boundary layer in regions where 
anthropogenic and biogenic hydrocarbon emissions are 
high (i.e., southeastern United States, Europe, south- 
eastern Asia). In the tropics, mixing ratios in the range 
1-2 ppbv are predicted in biomass burning regions or 
where biogenic emissions of hydrocarbons are impor- 
tant (i.e., South America, Africa, Indonesia). Over the 
ocean, mixing ratios of 100-500 pptv are simulated in 
the boundary layer. These mixing ratios are generally 
consistent with measurements performed in the lower 
troposphere [Tanner et al., 1996; Jacob et al., 1996; 
Harder et al., 1997; Gilpin et al., 1997]. The role played 
by convective and synoptic transport on formaldehyde 
is visible in the simulated free tropospheric distribution 
(500 mbar). Maximum concentrations (150-300 pptv) 
are calculated over the continents in regions where con- 
vection takes place. Elsewhere, background values in 
the range 50-150 pptv are simulated. 

Plate 5. Distribution of total peroxy radical mixing 
ratio (pptv) calculated at the surface and at 200 mb 
during July. 
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Figure 12. Observed (circles) and simulated (boxes) formaldehyde and acetone mixing ratio 
seasonal cycles for selected stations in the northern hemisphere. Measurements are from Solberg 
et al. [1996] for the European sites and from Heikes et al. [1996a] and Hauglustaine et al. [1998a] 
for Mauna Loa Observatory. Boxes give mean (solid bar), median (dashed bar), 25th, and 75th 
percentiles. 
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Figure 12 compares the calculated and measured sea- 
sonal cycle of CH20 surface mixing ratio at three Eu- 
ropean sites [Solberg et al., 1996] and in the free tro- 
posphere at the Mauna Loa Observatory [Heikes et al., 
1996a]. Fairly good agreement is obtained for the dif- 
ferent stations. The model tends to somewhat overes- 
timate the observed concentrations in the continental 

boundary layer during summer. A cross section of the 
January CH20 mixing ratio calculated by MOZART 
along the TROPOZ II southbound flight track is com- 
pared in Figure 13 with the actual measurements pre- 
sented by Arlander et al. [1995]. In both cases a max- 
imum concentration of 1000-1500 pptv is found in the 
tropical lower troposphere and attributed to biomass 
emissions of hydrocarbons. A secondary maximum as- 
sociated with industrial activities is predicted by the 
model (higher than 600 pptv) in the boundary layer 
near 40øN. In the free troposphere of both hemi- 
spheres between 3 and 6 km the model somewhat un- 
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Figure 13. Formaldehyde mixing ratio (pptv) cross 
sections calculated by MOZART in January along the 
TROPOZ II southbound flight track (top), and mea- 
sured during TROPOZ II by Ariander al. [1995] (bot- 
tom). 

derestimates the formaldehyde abundance, consistently 
with the underprediction of NMHCs in comparison to 
TROPOZ II data (see Figures 4 and 5). At higher alti- 
tudes the agreement between model and measurements 
is relatively good, and in both cases the effect of tropical 
upward motion is visible. 

Emissions of acetone by anthropogenic activities (in- 
cluding automobile exhausts and use as a solvent), 
biomass burning, and vegetation total 23 Tg/yr in 
MOZART (see Brasseur et al. [this issue] for more de- 
tails). Secondary sources include mainly propane oxi- 
dation [Singh et al., 1994]. Removal of CHaC(O)CH3 
is by photolysis and oxidation by OH. The global pho- 
tochemical lifetime ranges from several months in win- 
ter to less than a month during summer. The surface 
and 500 mbar distributions of acetone calculated for 

July conditions are shown in Plate 6 (right panel). In 
the lower troposphere, maximum values are found in 
the northern hemisphere and reach 1-2 ppbv north of 
about 40ø-50øN. The long-range transport of acetone 
is visible in this distribution. The lower mixing ra- 
tios (300-600 pptv) predicted in the northern tropics 
are due to increased photochemical loss. In the south- 
ern hemisphere, background mixing ratios of 300-500 
pptv are simulated over the ocean. High concentra- 
tions (_> 1 ppbv) are also predicted in the tropics where 
biomass burning and biogenic emissions are important. 
In the free troposphere (500 mbar), background con- 
centrations are smaller than 500 pptv south of about 
40ø-50øN. At higher latitudes in the northern hemi- 
sphere, mixing ratios reach 800-1000 pptv. 

Figure 14 compares the vertical profiles of acetone 
calculated by MOZART and the aircraft measurements 
from the GTE expeditions for the regions given in Ta- 
ble 1. The model results are averaged geographically 
over the regions where the data are obtained and for 
the duration of the corresponding expedition. It should 
be noted that the stated variability in the data is associ- 
ated with both temporal and geographical variations of 
the measurements merged within a given region, while 
the calculated standard deviation corresponds to the 
temporal variability associated only with the geograph- 
ical mean profile. The model generally reproduces the 
concentrations of acetone observed in the Asian out- 

flow during PEM-West B. However, MOZART under- 
estimates acetone by a factor of 2 in the upper tropo- 
sphere during the TRACE-A field expedition, indicat- 
ing that the biomass burning emissions prescribed by 
the model are possibily too low. A comparison between 
calculated and measured seasonal cycles of acetone is 
shown in Figure 12 for three surface sites [Solberg et al., 
1996] and in the free troposphere at Mauna Loa Ob- 
servatory [Hauglustaine et al., 1998a]. The model does 
not reproduce the low acetone concentrations (300-400 
pptv) observed during fall and winter at Birkenes (south 
coast of Norway). At this station, an averaged mixing 
ratio of about 1000-1500 pptv is calculated, while in 
pollution episodes, acetone concentrations reach 2500 
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Figure 14. Calculated (solid and dashed lines are temporal mean and -Via standard deviation, 
respectively) and measured during GTE expeditions (box-whisker plot) acetone vertical profiles 
(pptv) over selected regions. Box-whisker plots give mean (star), median (vertical bar), central 
50% of the data (box), and central 90% of the data (horizontal line). The number of measurements 
considered at each altitude level is given on the right-hand side of the plot. See Table I for regional 
grid definitions. 

pptv. At the two other European sites of Waldhof and 
Ispra, reasonable agreement is found in terms of annual 
mean mixing ratios. In general, the calculated acetone 
mixing ratio does not exhibit a marked seasonal cycle 
in the boundary layer. However, according to Solberg 
et al. [1996], measured carbonyl compound mixing ra- 
tios exhibit a pronounced maximum in summer when 
photochemical production is higher. Since the seasonal 
cycle of C3H8 is in good agreement with the measure- 
ments at these sites (see Figure 7), this disagreement in 
the acetone annual cycle in the boundary layer is tenta- 

tively attributed to the large uncertainty in its primary 
emission. Fairly good agreement is achieved in the free 
troposphere between model results and the concentra- 
tions found during MLOPEX 2 (absolute values and 
seasonal cycle) [Hauglustaine et al., 1998a]. 

H202 and CH300H are the most abundant perox- 
ides in the atmosphere. H202 is a major oxidant in 
marine regions and provides, for example, a powerful 
mechanism for the aqueous phase oxidation of sulfur 
dioxide into sulfates. An important difference between 
these two peroxides is that the solubility of H202 is 
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more than a factor of 100 higher than that of CH3OOH 
[Lind and Kok, 1986]. Plate 7 shows that both perox- 
ides have a broad maximum concentration in the tropi- 
cal regions, reflecting the dependence of H O2 and RO2 
production rates (which provide the main sources of 
peroxides) on radiation and water vapor. Typical sur- 
face mixing ratios for H202 ranges from 0.2-0.5 ppbv at 
midlatitudes to 1-1.5 ppbv in the tropics. These values 
reproduce the latitudinal distributions measured over 
the Atlantic by Wallar and $chrams [1993]. The model 
does not reproduce the high mixing ratios of H202 (_> 
3 ppbv) observed in biomass burning regions in Africa 
and South America [Haikas at al., 1996b]. As pointed 
out by Wang at al. [1998], this discrepancy could be as- 
sociated with primary hydrogen peroxide emissions by 
fires not included in the model [Laa et al., 1997]. At 500 
mbar, H202 mixing ratios of 1-1.5 ppbv are calculated 
in continental outflow emanating from North America, 
Europe, and Asia. 

Figure 15 compares the calculated vertical profiles 
of H202 with the GTE measurements compiled from 
several campaigns (see Table 1). Observed concen- 
trations are satisfactorily simulated by the model over 
oceanic regions (northern and tropical Pacific, South 
Atlantic). The model underestimates the measurements 
below about 6 km in the Asian outflow during both sum- 
mer and winter seasons (PEM-West A and B) by more 
than a factor of 5. The model also underestimates the 

measurements by a factor of 2-3 over the biomass burn- 
ing regions of Brazil, as mentioned previously. A sig- 
nificant overestimate (factor of 2-4) of observed H202 
during MLOPEX 2 by an earlier version of MOZART 
has been reported by Brasseuv et al. [1996]. With the 
improved below-cloud scavenging parameterization im- 
plemented in the present version of the model, calcu- 
lated H202 range from a monthly mean value of about 
600 pptv in January to about 1.3 ppbv in late spring at 
MLO, in good agreement with measurements reported 
by Staffalbach at al. [1996]. 

Typical CH3OOH surface mixing ratios range from 
100-300 pptv at midlatitudes to 700-800 pptv in the 
tropics. Maximum mixing ratios are found over the 
ocean where photochemical production of this com- 
pound is favored at low NOx and where surface dry 
deposition is less important for this species. Calcu- 
lated CH•OOH mixing ratios are generally smaller than 
H202, in agreement with measurements [e.g., Talbot at 
al., 1996; Haikes at al., 1996b]. The H202/CH3OOH ra- 
tio reaches maximum values of 3-4 in the polluted con- 
tinental boundary layer and is in the range of 1.5-2 over 
the oceans in continental outflows. H202/CH•OOH 
ratios lower than unity (as low as 0.7) are calculated 
over the western Pacific in the tropical boundary layer. 
This feature is in agreement with P EM-West A mea- 
surements reported by Haikes at al. [1996c] and is 
associated with increasing CH3OOH abundance with 
air mass photochemical processing [Talbot at al., 1996; 
Haikas at al., 1996c]. At 500 mbar, maximum CH•OOH 

mixing ratios (500-700 pptv) are calculated in regions 
influenced by deep convection. Elsewhere, background 
mixing ratios are in the range 200-400 pptv. 

5. Nitrogen Species 

In much of the troposphere the production of ozone 
is limited by the presence of nitrogen oxides. It is there- 
fore important to analyze the NOx (= NO + N02) dis- 
tributions provided by the model and evaluate these 
results by comparison with available observations. The 
NOx and NOy (: NOx + NO3 q- 2xN205 + HNO3 + 
HNO4 + PAN + MPAN + nitrates) distributions gener- 
ated by an earlier version of MOZART have been com- 
pared with observations and other CTM results by Em- 
mons at al. [1997]. No systematic differences between 
MOZART and either measurements or other models 

were reported in that study. However, local differences 
among the models or with observations were shown and 
tentatively attributed to specific meteorological condi- 
tions at the time of measurement and to differences in 

emission inventories, convection, and wash-out schemes 
among the CTMs. 

Plate 8 shows the monthly mean mixing ratio of NOx 
at the surface and at 500 mbar for January and July 
conditions. The large impact of anthropogenic sources 
in the boundary layer in the northern hemisphere is 
apparent. The contribution of biomass burning in the 
tropics is also visible. Because the lifetime of NOs is of 
the order of a few days or less in the planetary bound- 
ary layer, the abundance of this compound is substan- 
tially larger over continental source regions than over 
the ocean. Maximum concentrations are found in the 

boundary layer over the industrial and urbanized re- 
gions of the eastern United States, California, western 
and central Europe, China, and Japan. Typical mixing 
ratios are 1-5 ppbv over these regions. Over the eastern 
United States, summer mixing ratios are in the range 
1-3 ppbv, in the higher range of observations compiled 
by Horowitz et al. [1998]. The seasonal variation in the 
tropical emissions associated with biomass burning is 
visible, with highest NOs concentrations north of the 
equator in January and south of the equator in July. 
Maximum NO• mixing ratios in these regions are typ- 
ically 1-3 ppbv. Over the ocean the calculated mixing 
ratios are less than 10 pptv in the southern hemisphere 
but reach 10 to 40 pptv in the northern hemisphere. As 
can be seen from the calculated distributions, export 
from the continental boundary layer to the marine at- 
mosphere is more efficient during wintertime when the 
photochemical lifetime of NOr regarding its conversion 
to nitric acid and nitrates is longer. As a result, the con- 
centration of NOs increases by almost a factor of 5-10 
from the summer to the winter season in the bound- 

ary layer over the North Atlantic and North Pacific. At 
500 mbar, maximum NOs mixing ratios of 200-300 pptv 
are calculated in regions characterized by deep convec- 
tive transport and by lightning emission. These ma•xima 
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Figure 15. Calculated (solid and dashed lines are temporal mean and -t-la standard deviation, 
respectively) and measured during GTE expeditions (box-whisker plot) H202 vertical profiles 
(pptv) over selected regions. Box-whisker plots give mean (star), median (vertical bar), central 
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grid definitions. 
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are located over the continents in the tropics and exhibit 
a strong seasonal variation. At this altitude, synoptic 
tranport of NOx is also visible, with mixing ratios in the 
range 20-40 pptv in continental outflows. Elsewhere, a 
background level of 5-20 pptv is simulated. Very low 
NOx levels (_• 10 pptv) are calculated over the tropical 
western Pacific during summer in the rising branch of 
the Walker circulation. 

Examples of vertical profiles for nitric oxide mixing 
ratios calculated between the surface and the 14 km al- 

titude are compared in Figure 16 to the GTE observa- 
tions reported for the regional grids of Table 1. Again, 
model results have been geographically averaged over 
the regions for which the data are available and over the 
expedition duration. Model output represent daytime 
averaged NO and the data include only measurements 
when solar zenith angle is greater than 90 ø . The geo- 
graphical and temporal variability of the aircraft data 
over the considered regions is represented by the central 
50% and 90% of the data. For model results, the stan- 
dard deviation corresponds to the temporal variability 
solely of the mean profile over the region of interest. 
Calculated and measured nitric oxide profiles are gen- 
erally in good agreement and show an increase of the 
mixing ratio with height in the upper troposphere as 
the influx from the stratospheric reservoir contributes 
significantly to the budget of NOx in this region [Lamar- 
que et al., 1996] and as the NOx lifetime increases with 
altitude. In regions directly affected by anthropogenic 
emissions (industrial and biomass burning), a typical 
C-shape profile is found (i.e., Canada, eastern United 
States, Asian outflow, Africa) with surface mixing ra- 
tios reaching 100-200 pptv. 

Nitric acid is mainly produced by the reaction of NO2 
with OH during daytime as well as by hydrolysis of 
N2 O5 and NOs on aerosols at night. The sinks of HNO3 
are through reaction with OH, photolysis and, more im- 
portantly, for this highly soluble species, by wet and dry 
scavenging. As illustrated by Brasseur et at. [this is- 
sue], the first-order wash-out rate of HNO3 calculated in 
MOZART is highly variable and typically ranges from 
1 to 5 days in the lower troposphere (zonal average). 
The HNO3 mixing ratios reach maximum values in the 
continental boundary layer where NOx concentrations 
are largest (i.e., eastern United States, California, Eu- 
rope, and eastern Asia). In these regions the calculated 
mixing ratios reach 1-4 ppbv (not shown). Over the 
eastern United States the summertime HNO3 mixing 
ratio is in the range 1-2 ppbv, in agreement with the 
measurements reported by Parrish et at. [1993] and 
Horowitz et al. [1998]. 

A comparison between calculated and measured ver- 
tical profiles of HNOa is given in Figure 17 for the re- 
giona! grids of Table 1. Model results represent 24-hour 
average mixing ratios. The abundance of nitric acid 
provided by global models is often overestimated in the 
free troposphere [e.g., Brasseur et al., 1996; Emmons et 
al., 1997; Wang et al., 1998; Thakur et al., 1998]. The 

results provided by the MOZART model overestimate 
by a factor 2-3 the values observed over the continents 
during ABLE 3B (Canada and eastern United States) 
and during TRACE-A (Atlantic and African coasts). 
The model also tends to significantly overestimate the 
concentrations measured over the Pacific Ocean during 
PEM-West A. The reason for the lower HNO3 mixing 
ratio observed during P EM-West A in comparison to 
PEM-West B and PEM-Tropics A is unclear and was 
tentatively attributed to the sequestering of traditional 
NOy species into unknown nitrogen-containing aerosol 
forms [Talbot et at., 1997]. One should note that the 
model does not differentiate between gas phase HNO3 
and particulate nitrate NO]. During PEM-West B the 
median value of the ratio HNO3/NO•- was 2.5 [Talbot 
et al., 1997]. 

Peroxy acetyl nitrate (PAN), which is mainly pro- 
duced in the boundary layer by reaction of peroxyacetyl 
radicals with NO2, is transported into the free tropo- 
sphere, where it provides a source of NOx through ther- 
mal decomposition and photolysis [Kasibhatta et at., 
1993; Moxim et at., 1996]. Plate 9 shows the calculated 
global distribution of PAN at the surface and at 500 
mbar for January and July conditions. In the bound- 
ary layer, maximum concentrations reaching 1-1.5 ppbv 
are found in regions affected by industrial or biomass 
burning emissions. Over eastern United States, sum- 
mer mixing ratios in the range 0.5-1.5 ppbv have been 
reported by Parrish et at. [1993]. High concentrations 
of this nitrogen reservoir are also predicted in the polar 
regions of the northern hemisphere during winter, when 
the photochemical destruction and thermal decomposi- 
tion are very small. At Alert (82øN) the model results 
are in agreement with the observed mixing ratios rang- 
ing from 150-250 pptv in winter to less than 20 pptv 
in summer [Bottenheim et at., 1993]. In winter, over 
the Atlantic Ocean, the calculated mixing ratios range 
from a few pptv in the tropics to 50-200 pptv at 50øN, 
in agreement with the ship measurements of Miitter and 
Rudolph [1992]. In the free troposphere (500 mbar) the 
model shows large abundances of PAN in regions di- 
rectly affected by deep convection (e.g., North Ameri- 
can continent and southern Europe in July and South 
American and African continents in January), which al- 
lows upward transport of this compound into the colder 
layers of the middle and upper troposphere where its 
chemical lifetime is longer. Typical concentrations pre- 
dicted by the model at this altitude over the United 
States are less than 60 pptv in the wintertime and be- 
tween 100 and 300 pptv in the summertime. Synoptic 
transport of PAN from polluted regions to the remote 
troposphere (e.g., over the Atlantic Ocean) is visible 
in the midtroposphere. Very low concentrations (_• 20 
pptv) are calculated over the Pacific Ocean where con- 
vective transport from the clean marine boundary layer 
is very efficient. 

A comparison of the monthly mean PAN mixing ra- 
tio caiculated by MOZART (along the flight track) and 
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Figure 18. PAN mixing ratio (pptv) cross sections calculated by MOZART in July and January 
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[Rudolph et al., 1987] and TROPOZ II [Perros, "994] southbound flights (right). 

observed during the TROPOZ II [Perros, 1994] and 
STRATOZ III [Rudolph et al., 1987] campaigns (Figure 
18) shows that in the northern hemisphere the high- 
est concentrations (100-200 pptv) of this compound are 
found near the surface in January and at higher alti- 
tudes in June. This seasonal difference results from 

the different transport regimes prevailing in winter and 
summer. During winter, high concentrations are found 
in the lower troposphere at middle and high latitudes 
where PAN is more stable. During summer, PAN is 
transported to the middle and upper troposphere by 
diabatic transport where the lifetime against thermal 
decomposition is longer (about 10-15 days at this alti- 
tude) than near the surface. In the southern hemisphere 
(20ø-30øS), both measurements and calculations high- 
light the influence of biomass burning emissions and up- 
ward transport on the PAN distribution and, possibly, 
on the release of NOx in the remote troposphere. 

Figure 19 compares the simulated PAN profiles for 
the regional grids provided in Table I with GTE air- 

craft measurements. With the exception of the eastern 
United States, the model reproduces the mixing ratios 
observed in the boundary layer over North America. 
However, the observed mean concentrations are under- 
estimated by MOZART by a factor of 2-3 in the midtro- 
posphere. This diecrepancy is particularly marked over 
Alaska during ABLE 3A where the measured values 
reached 300-400 pptv, while the model calculations do 
not exceed 100 pptv. In contrast, as previously indi- 
cated in the case of acetone, the model overestimates 
the measurements in the Asian outflow above 5 km. In 
biomass burning regions over Africa and in the African 
plume (Africa Coast at 3-4 km) the calculated mixing 
ratios are lower than the measurements by at least a 
factor of 2-3 in the lower troposphere. 

To illustrate the seasonal evolution of the nitrogen 
compounds calculated by the model, Figure 20 shows 
a comparison of the NOx, HNO3, PAN, and NO v 
mixing ratios derived for the station of Mauna Loa 
where the field experiments of MLOPEX I and 2 took 
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Figure 20. Comparison between calculated (solid line) and measured during MLOPEX (dots) 
seasonal cycle of nitrogen species at Mauna Loa Observatory. 

place in 1988 and 1991/1992, respectively [Ridley and 
Robinson, 1992; Atlas and Ridley, 1996]. The results 
shown here are somewhat different from those presented 
by Brasseur et al. [1996] with an earlier version of 
MOZART because below-cloud scavenging of highly sol- 
uble species (i.e., HNO3 and H202) is now included 
in the parameterization of wet deposition. As a re- 
sult, the simulated concentration of nitric acid is in 

better agreement with observations and ranges from 
about 60 pptv on average in January to a maximum 
value of 100-150 pptv in late spring to early summer. 

The calculated NOx mixing ratio ranges from about 
10 to 20 pptv (monthly mean) and is generally lower 
than the observations by about a factor of 2. As in 
the earlier version of MOZART [Brasseur et al., 1996], 
PAN, which is dominated mainly by synoptic transport 
from the polluted regions, is well reproduced by the 
model. Good agreement is found for the NO u and NOy 
to ozone concentration ratio. The HNO3 to NOx con- 
centration ratio calculated by the model (typically 5- 
12) is a factor of 2-3 higher than the ratio derived from 
observations (typically 2-5). Similar discrepancies (un- 
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derstimate of NOx at Mauna Loa and/or overestimate 
of the HNO3/NOx concentration ratio) have been re- 
ported with other CTMs [Kasibhatla et al., 1993; Milllet 
and Brasseur, 1995; Jaffe et al., 1997]. More generally, 
recent studies have indicated that the cycling within the 
NOy family is poorly understood and that models tend 
to generally underestimate the NOx/NOy ratio in com- 
parison with observations in the free troposphere [Ja- 
cob et al. 1996; Jaegli et al., 1998; Wang et al., 1998]. 
Possible mechanisms for reducing HNO3 back to NO 
have been proposed to explain this discrepancy [Chat- 
field, 1994; Fan et al., 1994; Hauglustaine et al., 1996]. 
However, sensitivity simulations by Wang et al. [1998] 
suggest that additional mechanisms recycling HNO3 to 
NO• improve the simulations only in limited regions of 
the free troposphere and can lead to an overestimate of 
NO in other regions. 

Plate 10 shows the NO•/NOy ratio calculated by 
MOZART in the middle troposphere (500 mbar) and 
upper troposphere/lower stratosphere (200 mbar) for 
January and July conditions. It should be noted that 
the comparison of the calculated NO•/NOy concentra- 
tion ratio with measurements is a difficult issue. In par- 
ticular, as pointed out by Bradshaw et al. [1998], poten- 
tial large artifacts may have affected the NOy measure- 

ments during the GTE missions, and up to ppbv levels 
of non-NOy fixed nitrogen may be expected in some re- 
gions of the remote troposphere. The results presented 
here are only intended to illustrate the NO•/NOy ratio 
obtained with MOZART and are not for drawing any 
conclusions regarding the simulation of the NOy parti- 
tioning in the model. The calculated ratio of Plate 10 
generally shows lower values during summer time when 
high radical concentrations favor the formation of nitric 
acid or other reservoir species (PAN, MPAN, nitrates). 
Over the continents at 500 mbar, high ratios (reaching 
20-50 %) are calculated in fresh NOx regions (pollu- 
tion plumes emanating from the continents, convection 
of NO• from the boundary layer, lightning emissions). 
Over the oceans, lower ratios of 5-15 % are predicted 
as the conversion of NOx to reservoir species proceeds 
during the transport of air masses from the source re- 
gions to the remote troposphere. Intrusion of strato- 
spheric N O• is also visible, in particular in the polar 
regions of the southern hemisphere. Over the central 
and western United States, the ratio is in the range 6- 
12% in summer and 8-15% in May (not shown), close 
to the values measured during the SUCCESS campaign 
between Salina, Kansas, and Moffett Field, California 
[Jaegl• et al., 1998]. Ridley et al. [1994] have mea- 
sured NO•/NOy ratios of 8-10 % at 5-6 km over New 
Mexico in summer 1989 in air masses affected by deep 
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calculated at the surface in January and July. 
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convection and lightning. The calculated ratios are in 
agreement with these values and are in the range 8- 
12 % in this region during July. At 200 mbar, higher 
ratios are generally calculated as a result of fresh NOx 
import from the stratosphere. The ratios range from 
10-15 % in the summer hemisphere to 50-60 % in the 
tropics. During SUCCESS, Jaegl• et al. [1998] have re- 
ported ratios of 10-25 % at this altitude over the central 
and western United States. The model provides val- 
ues of 15-25 %, in agreement with the measurements. 
Over New Mexico, Ridley et al. [1994] measured ratios 
reaching 25-40 %. Ratios in MOZART are in the range 
30-40 % in this region. Very low ratios (1-3 %) are 
calculated during the polar winter as a result of N205 
and NOs hydrolysis to HNO3 at the surface of sulfuric 
acid droplets. These values are consistent with the ra- 
tios measured in the lower stratosphere [Folkins et al., 
1994]. In January the ratios calculated in the upper tro- 
posphere over the eastern and central Pacific range from 
15 to 25 % in the 40øS-40øN latitude band. These val- 

ues are in agreement with the AASE 2 data reported by 
Folkins et al. [1995] for flights between California and 
Tahiti showing ratios in the range 10-20 %. 

6. Ozone 

The total ozone column abundance (integrated from 
the surface up to 3 mbar) derived by MOZART for Jan- 
uary is shown in Plate 11a. This quantity is particularly 
important in the model to account for the absorption 
of solar ultraviolet radiation by stratospheric ozone in 
the determination of photolysis rates. In MOZART, no 
constraint is applied to ozone below 60 mbar (or about 
20-25 km). The simulated total ozone distribution is 
characterized by low tropical values (typically 250 Dob- 
son units, D U) and high polar values, particularly in 
the winter hemisphere (of the order of 380-450 DU in 
the northern hemisphere and 280-320 D U in the south- 
ern hemisphere during January), in agreement with val- 
ues observed before large ozone destruction associated 
with chlorofiuorocarbon emissions occurred. It should 

be noted that in the present version of MOZART, chlom 
rine and bromine chemistry is ignored. The total col- 
umn represented in Plate 11a also shows the signature 
of planetary waves as reproduced by the CCM in the 
winter stratosphere. 

Plate 11b shows the distribution of the tropospheric 
ozone column integrated from the surface elevation to 
the actual tropopause height in the model (determined 
as the lowest altitude at which the temperature de- 
creases by less than 2 K/km in the vertical) calcu- 
lated during September-October when tropical biomass 
burning is the most pronounced in the southern hemi- 
sphere. Background tropospheric columns are typically 
15-25 DU. Enhanced values are calculated as a result 
of anthropogenic activities, including fossil fuel com- 
bustion in the northern hemisphere and biomass burn- 
ing emissions in the tropics. The dominant features 

reported by Fishman and Brackett [1997] are success- 
fully reproduced by the model: northern hemisphere 
high ozone values, evidence of plume structure ema- 
nating from North America, Asia, Europe, and Africa, 
relatively lower ozone over the Rockies, Himalayas, and 
Andes due to surface elevation, low ozone amounts over 
the tropical Pacific Ocean where convective transport is 
dominant, and high ozone values over the tropical South 
Pacific associated with biomass burning in Africa and 
South America. For example, during the September- 
October period, the calculated tropospheric column 
reaches a maximum of 40 D U in the northern hemi- 

spheric plumes, 35 D U over the tropical Atlantic, 30-35 
DU in the southern part of Australia (African plume), 
and a minimum of less than 20 D U in the central Pa- 

cific, in good quantitative agreement with the recent 
reanalysis of satellite measurements (TOMS version 7 
and SAGE) by Fishman and Brackett [1997]. At midlat- 
itudes the observed tropospheric column reaches 30-35 
DU, whereas MOZART produces values of only 15-20 
DU. This disagreement may be due in part to differences 
in the definition of the tropopause height. It should be 
noted that the tropospheric ozone residual columns de- 
rived by Fishman and Brackett [1997] using version 7 
TOMS data are about 10 DU lower than tropospheric 
columns derived from ozonesonde observations in the 

tropics (i.e., Brazzaville, Natal, Ascension Island). Tro- 
pospheric ozone columns derived by Kim et al. [1996] 
and Ziemke et al. [1998] indicate values in the range 45- 
50 DU over the tropical Atlantic in September-October. 
The model-calculated tropospheric columns reach only 
30-32 DU in this region, suggesting a possible underes- 
timate of ozone photochemical production from biomass 
burning emissions in the tropics. 

Plate 12 shows the calculated monthly mean ozone 
mixing ratio at the surface for January and July. As 
the ozone production is largest in regions where the 
concentrations of NOx and other precursors are high, 
surface ozone is expected to be most abundant in ar- 
eas where combustion (fossil fuel and biomass burning) 
is intense and frequent. In July the highest O3 con- 
centrations (approximately 60-70 ppbv) are found over 
southern Europe and the Mediterranean Sea and over 
North America, as a result of intense photochemical 
summertime production. Concentrations in southeast- 
ern Asia reach a maximum of 50 ppbv. Over the ocean 
the background mixing ratio is usually less than 20-25 
ppbv in both hemispheres, except over the North At- 
lantic, and to a lesser extent over the South Atlantic, 
where the export of ozone from the continental bound- 
ary layer is visible. A minimum of less than 10 ppbv is 
found over the North Pacific during summertime, where 
the concentration of NO• is very low (less than 5 pptv, 
see Plate 8), while ozone destruction by photolysis and 
subsequent reaction of O (1 D) with H20 is significant. 
In January, maximum ozone mixing ratios (25-40 ppbv) 
are located in the tropical regions of the northern hemi- 
sphere (where the combustion sources and solar insola- 
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Figure 21. Observed (circles) and calculated (boxes) seasonal cycle of 03 mixing ratio (ppbv) at 
selected stations. Measurements are from Oltmans and Levy [1994] except for Cuiaba [Kirchhoff 
et al., 1989]. Boxes give mean (solid bar), median (dashed bar), 25th, and 75th percentiles. 
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tion are intense), with the highest values being found 
over the ocean where surface dry deposition of O3 is 
weakest. Because the ozone lifetime is longest in winter, 
ozone transport across the ocean is strong and is visi- 
ble over the North Atlantic and North Pacific in Jan- 

uary During January, a sharp interhemispheric differ- 
ence is visible near the equator with low-ozone concen- 
trations in the southern hemisphere over the oceans (_< 
10-15 ppbv). The minimum surface ozone concentra- 
tions simulated in Amazonia and Africa are the result of 

dry deposition over the tropical forest and chemical de- 
struction of OH and O3 by isoprene and its degradation 
products (in these regions, isoprene reaches 4-10 ppbv 
in January; see Plate 1). Similar results have been ob- 
tained by Houweling et al. [1998] over the tropical rain 
forest. This is also in agreement with the low ozone 
mixing ratios (6 ppbv during daytime) measured over 
the Amazon forest during the ABLE 2B field expedition 
[Jacob and Wofsy, 1990]. 

The seasonal cycles of surface O3 mixing ratios calcu- 
lated and observed at selected locations are compared 
in Figure 21. Model results are presented as monthly 
means and variability during each month for the last 
year of model integration. In contrast, the measure- 
ments correspond to monthly mean values and standard 
over the period of record (up to 10 years). Observed 
mixing ratios are taken from the CMDL network [Olt- 
mans and Levy, 1994], except in the case of Cuiaba 
[Kirchhoff et al., 1989]. The model z eproduces the ob- 
served mixing ratios and their seasonal cycle in many 
cases, especially for low- and mid-latitude stations (e.g., 
Mace Head, Bermuda, Barbados, Samoa). As discussed 
by Hauglustaine et al. [1998b], MOZART reproduces 
the observed seasonal cycle of ozone in the northern 
Atlantic Ocean. At Bermuda a strong seasonal cycle is 
observed and simulated. At this station, high O3 mix- 
ing ratios are obtained during spring, reaching 50 ppbv 
on average in April. During summer the meteorologi- 
cal patterns of the North Atlantic Ocean are dominated 
by the Bermuda-Azores high-pressure system, and the 
Bermuda site is under marine influence. Low O3 con- 
centrations of about 20 ppbv are simulated and mea- 
sured during July-August at this station. A similar 
but less pronounced pattern is obtained at Barbados. 
Over the northern Pacific, at Mauna Loa, the observed 
spring maximum, probably associated with transport 
of ozone from higher latitudes, is somewhat underes- 
timated in the model. At Niwot Ridge, Colorado, the 
model produces a summertime maximum (caused by en- 
hanced photochemical production) which is more pro- 
nounced than in the data, suggesting that the model 
overestimates the influence of pollution at this high al- 
titude (site elevation 3000 m). The values calculated 
at high latitudes, for example at Barrow and at the 
South Pole, are generally lower than the observed val- 
ues. This discrepancy is attributed to a combination of 
ververyy low NOx concentrations in remote regions at 
high latitudes and an underestimate of ozone transport 

from the stratosphere. The model also underestimates 
the concentrations during winter at Cape Grim as well 
as the September maximum at Cuiaba associated with 
biomass burning emissions. 

The zonally averaged ozone mixing ratio calculated 
in January and July is shown in Figure 22. Values in 
the lower troposphere (2-5 km altitude) are typically 
10-30 ppbv and 20-50 ppbv in the southern and north- 
ern hemispheres, respectively. These low mixing ratios 
are transported upward in the tropics and values of typ- 
ically 20-40 ppbv are found at 10-15 km near the equa- 
tor. Stratospheric ozone concentrations of more than 
250 ppbv are predicted by the model above 10 km at 
high latitudes. The highest tropospheric mixing ratios 
are calculated at midlatitudes in the northern hemi- 

sphere where intrusion from the stratosphere and in situ 
photochemical production are important. The 100-200 
ppbv isomixing ratio lines (representative of tropopause 
values) are located at about 17 km in the vicinity of the 

03 - Zonal Mean - January - ppbv 

i/'-" •-o: øø• • •o- 
• 10 

-50 0 50 
LATITUDE 

03 - Zonal Mean - July - ppbv 

-50 0 50 
LATITUDE 

Figure 22. Zonally averaged O3 mixing ratio (ppbv) 
cross sections calculated for January and July condi- 
tions. Dashed line indicates model tropopause. 
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Figure 23. Measured (circles) and calculated (day-to-day, solid line; monthly mean, stars) 
seasonal cycle of 03 mixing ratio (ppbv) at 12 stations and at 800, 500, and 300 mb. Observations 
are from ozone soundings compiled by J. Logan (personal communication, 1996). 

equator and 9-11 km near 50 ø with differences in height 
of less than I km between summer and winter. 

Figure 23 shows tho qon..qnnnl ovoh!ti_on nff, ho nznne 
mixing ratio calculated and observed at three different 
pressure heights (800, 500, and 300 mbar) for 12 differ- 
ent stations (J. Logan, personal communication, 1996). 
The model usually reproduces the absolute value and 
the seasonal variation of the observed ozone concentra- 

tion with, however, some specific exceptions. The tim- 
ing of the ozone maximum in polluted regions (spring 
in the upper troposphere and a gradual shift toward 
the summer season as the altitude decreases) is gener- 
ally well simulated by MOZART for midlatitude sta- 
tions (e.g., Sapporo, Payerne, Boulder). Near the sur- 
face the seasonal evolution of the ozone mixing ra- 
tio is well reproduced at the middle and low latitude 

stations of the northern hemisphere but is underesti- 
mated by 10-15 ppbv in the southern hemisphere and 
a,t hi•her ]a,tit•]des in the northern hemi,qnhere. t the 

Japanese station of Naha, a seasonal minimum in ozone 
is observed during June-August and is captured by the 
model. This 03 minimum is associated with the mon- 
soon circulation which brings air of marine and tropical 
origin to the site. In the midtroposphere the model 
has a tendency to somewhat underestimate the ozone 
concentration. Except in a few cases where transport 
from the stratosphere seems to be underestimated in 
the present version of MOZART (e.g., Resolute, Wal- 
lops, Aspendale/Laverton), the model reproduces the 
ozone behavior in the vicinity of the tropopause. In 
this region the ozone variability produced by the model 
is lower than the observations. At high altitudes (e.g., 
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Figure 23. (continued) 

Alert, Resolute) the model shows the occurrence of brief 
episodes during which intrusions of stratospheric air 
cause strong enhancements in the ozone mixing ratio 
of 300-600 ppbv at 300 mbar. It is important to note 
that no constraint is applied to ozone in the model be- 
low 60 mbar (or about 20-25 km) and that above 250 
mbar the vertical resolution of the model has been en- 

hanced by a factor of 2 in comparison with the standard 
CCM [Brasseur et al., this issue]. 

The MOZAIC (measurement of ozone by airbus in- 
service aircraft) project provides the distribution of 
ozone in the upper troposphere and lower stratosphere 
from routine measurements on five commercial aircraft 

operating intercontinental flights [$hure et al., 1997; A. 
Marenco et al., personal communication, 1997]. A de- 
tailed comparison between MOZAIC and several CTMs 
(including MOZART) will be presented elsewhere [K. 
Law et al., manuscript in preparation, 1998). Plate 13 

compares the measured 03 during January-March 1995 
at 11-12 km and 8-10 km provided by MOZAIC and 
the distributions calculated by MOZART under similar 
conditions. The model reproduces the observed vertical 
and meridional gradients in ozone. At 11-12 km, mix- 
ing ratios higher than 200 ppbv are measured and calcu- 
lated north of 40ø-50øN and values in the range 30--60 
ppbv are generally obtained over the tropical and South 
Atlanticø Over Africa the model underestimates the O3 
measurements collected in 1995 by about 10-20 ppbv. 
At the altitude range of 8-10 km the calculated ozone 
mixing ratio reaches 100-200 ppbv at high northern lat- 
itudes, generally in agreement with the MOZAIC dis- 
tribution. However, mixing ratios of more than 200-300 
ppbv, observed over the northern Atlantic, are not re- 
produced by the model. The model overestimates by 
about 10-15 ppbv the ozone minimum observed at this 
altitude in the tropical Atlantic. It should be noted 
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Figure 23. (continued) 

that very low ozone mixing ratios (03 •_ 30 ppbv) are ical cycling within the family. However, since 03 is 
calculated in the rising branch of the Walker circula- the most abundant component of Ox in most of the 
tion over the tropical Pacific Ocean. In this region, troposphere, the Ox and O3 budgets can be viewed as 
air masses with low ozone mixing ratios are efficiently equivalent. Photochemical production of O• (Pox) is 
transported upward from the marine boundary layer to mainly due to the reaction of hydroperoxy or organic 
the upper troposphere. The location of this ozone min- peroxy radicals with NO to form NO2 which is further 
imum in the upper troposphere is consistent with the photolyzed during daytime to form O(3p) and sub- 
ozone soundings reported by Kley et al. [1996] for the sequently ozone. Photochemical loss of O• (Lox) is 
CEPEX campaign• the lidar measurements obtained principally attributed to ozone photolysis followed by 
during PEM-West A and B [Wu et al., 1997]., and with the reaction of 0(1D) with water vapor, to reaction 
the measurements collected during TOTE/VOTE (A. of ozone with OH and HO2, and to reaction of ozone 
Jo Weinheimer et al.• personal communication• 1997). with NMHCs. Plate 14 shows the calculated net O• 

The budget of ozone in the troposphere is governed by photochemical production rate (Pox - Lox) averaged 
intrusion from the stratospheric reservoir, in situ pho- over the boundary layer height (lowest five levels in the 
tochemical production and destruction, and dry depo- model or about 2 km altitude), and in the free tropo- 
sition at the surface. The following budget analysis is sphere (up to the level of 250 mbar) for January and 
for odd oxygen O• defined as the sum O3 4- O(1D) July conditions. During July, when the photochemi- 
+ O(3P) + OH + HO2 + NO• + 2xNO3 + 3xN•O5 cal activity is intense, the net production rate reaches 
+ 2xHNO3 + 2xHNO4 + PAN to account for chem- maximum values of 20-40 ppbv/d in the boundary layer 
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Figure 23. (continued) 

over the eastern United States, western and central Eu- 
rope, and 10-20 ppbv/day over eastern China, where 
anthropogenic emissions of NOx and hydrocarbons are 
high. During January the Ox production rate over these 
regions remains positive (1-3 ppbv/d), although consid- 
erably smaller than in July. The maximum values are 
also somewhat displaced toward the south where the 
photolytic radiation is more intense. In particular, dur- 
ing wintertime, the maximum Ox production rate over 
the United States is shifted toward the southeast, where 
isoprene emissions remain significant, providing the per- 
oxy radicals used to fuel the Ox photochemical produc- 
tion. Other maximum values reaching 5-10 ppbv/day 
(although a factor of 2-3 smaller than those reported 
in industrialized regions during summertime) are found 
over the African and South American continents and 

are a consequence of biomass burning emissions. In 
the marine boundary layer the net Ox production rate 

is generally negative (net loss of ozone) except within 
continental air plumes emanating from North America 
and Asia during January and South America, South 
Africa, and Australia during July. This feature is most 
prominent during winter time when the lifetime of ozone 
precursors is longest. As discussed by Hauglustaine et 
al. [1998b], ozone is exported from the polluted conti- 
nental boundary layer to the marine atmosphere which 
acts as a photochemical sink for ozone. It is interest- 
ing to note that in spite of the limited amount of NO• 
available (10-20 pptv) at high latitudes the model pre- 
dicts a small positive photochemical O• production in 
polar regions during summertime. This is explained by 
the small destruction rates of ozone in this relatively dry 
environment, enhanced photolytic radiation over the ice 
sheet, and longer lifetime of NO•. This production rate 
remains, however, very low (1 ppbv/d) due to the small 
amounts of precursors present in this region. In the free 
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troposphere a smaller net O x production rate is gener- 
ally calculated due to both smaller production (lower 
hydrocarbon and NOx concentrations in the free tro- 
posphere) and destruction (decreasing water vapor and 
radical concentrations with altitude) terms. A maxi- 
mum net photochemical production rate of 5-10 ppbv/d 
is predicted over the continents in the tropics where con- 
vection efficiently transports ozone precursors out of the 
boundary layer. A strong seasonal cycle of the O• pro- 
duction rate related to the occurrence of convection is 

obtained. In contrast with the boundary layer, due to 
the rapid decrease in water vapor abundance with al- 
titude, a net production rate (generally lower than 1 
ppbv/d) is calculated in the free troposphere and, more 
importantly, in the upper troposphere (not shown) over 
oceanic regions. 

The corresponding O• photochemical lifetime in the 
boundary layer and in free troposphere (defined as 
O•/Lo•) is illustrated in Plate 15 for January and July. 
Short lifetimes (less than 10 days) are predicted in the 
boundary layer of the tropical regions where the pho- 
tochemical sinks of ozone are high (high water vapor 
and radical concentrations). Lifetimes shorter than 5 
days are calculated in regions where high isoprene mix- 
ing ratio (i.e., tropical forest, southeast United States) 

react with ozone. At higher latitudes the O• lifetime 
increases to 2-4 months in the summer hemisphere and 
to more than i year in the winter hemisphere due to 
absence of photochemical losses. In the boundary layer 
the effective O x lifetime will be even shorter when dry 
deposition at the surface is considered. Interestingly, 
over polluted regions, an elevated ozone photochemi- 
cal production is calculated but the export of ozone to 
the remote troposphere is limited by its short lifetime. 
In the free troposphere, longer lifetimes are predicted, 
ranging from 1-3 months in the tropics to more than 
I year in polar regions. The ozone lifetime exhibits a 
strong seasonal cycle and ranges at midlatitudes from 
50-100 days during winter in the boundary layer (when 
the photochemical activity is low) to only 10-20 days in 
July. Similarly, at midlatitudes in the free troposphere, 
it ranges from 300-500 days in winter to 80-100 days 
in summer. 

Table 3 provides an estimate of the global and hemi- 
spheric budgets of ozone below the pressure level of 
250 mbar (about 10 km) as calculated by MOZART, 
and Figure 24 shows the seasonal cycle of the various 
ozone budget components. The ozone photochemi- 
cal production is 3018 Tg/yr in global average (67% of 
the production in the northern hemisphere). Strato- 
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Plate 14. Ox photochemical net production (production- loss) calculated for January (left) 
and July (right) conditions by MOZART (ppbv/d). Distributions in the top panel are averaged 
over the boundary layer height, and over the free troposphere for the bottom panel. 

spheric intrusion (391 Tg/yr) contributes for 11% to 
the global source of ozone in the troposphere (contri- 
butions of 8% and 18% in the northern and southern 

hemispheres, respectively). The photochemical destruc- 
tion is 2511 Tg/yr in global mean (61% in the northern 
hemisphere). Dry deposition at the surface (898 Tg/yr) 
contributes for 26 % to the global sink of tropospheric 
ozone (about 30 % and 20 % in the northern and south- 
ern hemisphere, respectively). It is clear from these re- 
sults that the budget of tropospheric ozone is dominated 
by photochemistry. The net photochemical production 
(production- destruction) is the difference between two 
large terms. Integrated over the whole troposphere do- 
main, the net production is 507 Tg/yr (95% in the 
northern hemisphere). Of this 507 Tg, about 228 Tg (• 
45 %) is produced in the boundary layer (five lower lev- 
els of the model or below about 2 km altitude), with the 
remaining being produced in the free troposphere. The 
net production exhibits a strong seasonal cycle (Figure 
23) and is mainly dominated by the enhanced photo- 
chemical production occurring during summer in the 
northern hemisphere. The global net production ranges 
from about 200 Tg/yr in January to 600-700 Tg/yr in 
June-September. In the northern hemisphere the max- 
imum photochemical production occurs at the end of 

June. Since the destruction peaks simultaneously, the 
net production exhibits a maximum shifted by about 
I month and occurring in May. In the southern hemi- 
sphere both the production and the destruction exhibit 
maximum values in October-February. From December 
to March, a net O• photochemical loss is predicted in 
the southern hemisphere. The influx from the strato- 
sphere across the 250 mbar upper boundary exhibits 
strong seasonal variability and an annual maximum in 
March-April of 1200 Tg/yr The dry deposition also 
shows a strong seasonal cycle in the northern hemi- 
sphere associated with larger vegetation uptake during 
summer. The global tropospheric burden of 03 in the 
model is 194 Tg. Approximately 60% of this burden is 
found in the northern hemisphere. The photochemical 
lifetime of ozone as calculated in MOZART is about 1 

month in global and annual average. When surface dry 
deposition is considered, the global lifetime decreases to 
about 20 days. As shown in Figure 24 and illustrated in 
Plate 15, this lifetime exhibits a strong seasonal and ge- 
ographical variability. In the northern hemisphere the 
lifetimes range from 15 days in summer to about 30 
days in winter on average. 

The global ozone budget in MOZART can be com- 
pared to previous estimates given by various CTMs 



HAUGLUSTAINE ET AL- MOZART, MODEL RESULTS AND EVALUATION, 2 28,329 

Ox Lifetime. Jonuory, Boundory Loyer 

laln = 4.72e+00 Mox = 3.39e+03 

Days 

J• 500. 200. 

100. 

50. 

30. 

20. 

15. 

13. 

10. 

g. 

8. 

7. 

5. 

4. 

Ox Lifetime, duly, Boundary Loyer 

ß 

. , 

,, 

ß 

! i i ? i : : : 
MOZA. RT . i : ß : 

Min -- 4.85e+00 Mox -- 2.43e+04 

Ooys 

1 

Ox L;fetlme, January, Free Troposphere Doys 

1ooo. 
500. 

300. 

2OO. 

150. 

lOO. 

90. 

80. 

70. 

60. 

50. 

40. 

Ox Lifetime, duly, Free Troposphere 

MOZART 

Min = 2.25e+01 Mox = 9.72e+04 

Ooys 

Plate 15. Ox photochemical lifetime calculated for January (left) and July (right) conditions 
by MOZART (days). Distributions in the top pa. nel are averaged over the boundary layer height, 
and over the free troposphere for the bottom panel. 

500. 

200. 

100. 

50. 

30. 

20. 

15. 

13. 

10. 

9. 

8. 

7. 

6. 

5. 

4. 

1000. 

500. 

500. 

200. 

150. 

100. 

90. 

80. 

70. 

60. 

50. 

40. 

30. 

20. 

10. 

ble 4). The results differ quite significantly among the 
models, depending on model assumptions as well as on 
the definition of the domain under consideration. The 
global tropospheric photochemical production ranges 
from 3200 Tg/yr in the work of Roelofs and Lelieveld 
[1995] (only methane chemistry) to 4550 Tg/year in the 
work of Milllet and Brasseur [1995] (their model do- 
main includes the lower stratosphere). The photochem- 
ical destruction ranges from 3037 Tg/yr [Roelofs and 
Lelieveld, 1995] to 4000 Tg/yr [Milllet and Brasseur, 
1995]. The production calculated with MOZART is in 
the range of previous model estimates and the destruc- 

tion lower than in previous studies. Consequently, the 
calculated net production is on the high side of previous 
model values. A significant spread among the models 
has also been obtained in terms of ozone influx from the 

stratosphere. This term ranges from 400 Tg/yr in the 
work of Wang et al. [1998] to 846 Tg/yr in the work of 
Bernsten and Isaksen [1997]. Tie and Hess [1997] have 
calculated a stratospheric flux of ozone to the tropo- 
sphere of 792 Tg/yr with the middle atmosphere version 
of the NCAR CCM (MACCM2). The stratospheric in- 
trusion calculated with MOZART (391 Tg/yr) is gen- 
erally on the low side of previous estimates. Future 

Table 3. Annual Budget of Ozone in the Troposphere (Below 250 mbar) Calculated by MOZART, Tg-Oa/yr 

NH SH Global 

Photochemical production 2023 995 3018 
Stratospheric influx 170 221 391 
Total source 2193 1216 3409 
Photochemical destruction -1540 -971 -2511 

Dry deposition -625 -273 -898 
Total sink -2165 -1244 -3409 
Burden (Tg) 114 79 193 
Lifetime (days) 19 23 21 
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Figure 24. Seasonal variation of integrated ozone photochemical production, destruction, and 
net production (Tg/yr), surface dry deposition (Tg/yr), stratospheric influx (Tg/yr), and photo- 
chemical lifetime (days) calculated by the model. The northern hemisphere values are represented 
by the dashed line, southern hemisphere is the dotted line, and the solid line is the global integral. 

versions of MOZART will be developed to investigate 
further the distribution and budget of ozone in the up- 
per troposphere. 

7. Conclusion 

A new global three-dimensional chemical transport 
model, called MOZART, which includes a comprehen- 
sive description of tropospheric chemistry, has been de- 
veloped. We have presented a detailed evaluation of the 
model results and comparisons with observational data, 

focusing mainly on ozone and its precursors. The results 
show that MOZART is able to simulate the distribu- 

tions of species in the troposphere with fair agreement. 
MOZART reproduces accurately important transport- 
chemistry processes, including the ventilation of the 
planetary boundary layer, convective transport and the 
Walker circulation in the tropics, the impact of the mon- 
soon circulation on chemical tracers, and the vertical 
and seasonal gradients of ozone and nitrogen species in 
the vicinity of the tropopause. 

The seasonal cycle and geographical distribution of 
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Table 4. Annual and Global Budget of Tropospheric Ozone Calculated by Various CTMs, Tg-O3/yr 

Photochemistry Influx 

Production Destruction Net Stratosphere Deposition Net 

Milllet and Brasseur [1995] 
Lelieveld and van Dotland [1995] 
Roelofs and Lelieveld [1995] 
Levy et al. [1997] 
Bernsten and Isaksen [1997] 
Roelofs et al. [1997] 
Wang et al. [1998] 
This work 

4550 -4000 550 550 -1100 -550 
3609 -3183 426 528 -953 -425 
3206 -3037 169 575 -740 -165 

...... 128 696 -825 -129 

...... 295 846 -1178 -332 

3415 -3340 75 459 -534 -75 
4300 -3810 490 400 -890 -490 
3018 -2511 507 391 -898 -507 

methane, NMHCs, and carbon monoxide are gener- 
ally well simulated by the model. In particular, the 
model reproduces the wintertime maximum in CO and 
NMHCs which has been observed at high latitudes, and 
the strong gradients in NMHC mixing ratios existing 
between polluted regions and remote locations. The 
model would benefit from a better representation of 
NMHC biogenic emissions (specifically isoprene) over 
the continents and oceanic emissions of NMHCs and 

CO which are subject to large uncertainties. Similarly, 
the role played by biomass burning emissions in the 
tropics on the distribution of CO should be addressed 
more precisely. The global mean OH concentration is 
probably underestimated by 10 % in the model. The 
distributions of radicals (OH, RO2, HO2/RO2) are gen- 
erally consistent with available measurements. Recent 
work has stressed the important role played by alde- 
hydes, peroxides, and acetone as potential sources of 
radicals in the upper troposphere [Singh et al., 1995; 
Jaegld et al., 1997; Prather and Jacob, 1997]. MOZART 
shows generally good agreement for these species with 
observed mixing ratios. In particular, the model repro- 
duces reasonably well the distribution of acetone in the 
free troposphere. The model evaluation in the trop- 
ics suggests that the biomass burning source of these 
species (e.g., CH20, H202) might be underestimated 
in current emission inventories. 

The global budget of nitrogen species in the tropo- 
sphere is an important area for future model improve- 
ments. MOZART generally reproduces the observed 
concentrations of nitric oxide but tends to underesti- 

mate PAN over continental regions in the free tropo- 
sphere. Previous models overestimated nitric acid and 

HNO3/NOx ratios in the remote troposphere [Jaffe et 
al., 1997; Thakur et al., 1998; Wang et al., 1998], and 
mechanisms not accounted for in the models have been 

proposed to solve this discrepancy [Chatfield, 1994; Fan 
et al., 1994; Hauglustaine et al., 1996]. HNO3 is also sig- 
nificantly overestimated in MOZART over the Pacific 
during summer in comparison with measurements re- 
ported during PEM-West A. No evidence is found, how- 
ever, for a systematic overestimate by the model during 

PEM-West B and PEM-Tropics A. The model overesti- 
mates HNOa by a factor of 2-3 over North America and 
in biomass burning regions. This feature emphasizes se- 
vere shortcomings in our understanding of the nitrogen 
budget in the iYee troposphere and more attention will 
be devoted to this question in forthcoming studies with 
MOZART. 

MOZART generally reproduces the absolute concen- 
tration and the seasonal variation of measured ozone 

in the free troposphere. The observed transition from 
an ozone maximum in spring at remote locations in the 
free troposphere to a summer maximum in regions con- 
trolled by photochemical production in the lower tro- 
posphere is generally well reproduced by MOZART. 
At higher latitudes the model tends to underestimate 
the ozone concentration throughout the troposphere. 
This discrepancy has been attributed to insufiqcient in- 
trusion of ozone from the stratosphere in the model. 
The globally averaged stratospheric influx calculated in 
MOZART (391 Tg/yr) lies on the low side of previous 
estimates. The calculated net photochemical produc- 
tion of ozone is the difference between a large gross pho- 
tochemical production (7-8 times larger that the strato- 
spheric influx) and a large gross destruction (2-3 times 
larger that the surface dry deposition). In the boundary 
layer a large net ozone production is calculated over the 
continents. However, the short ozone lifetime limits the 
impact of that production on remote locations. Over 
the oceans a net destruction is calculated in the bound- 

ary layer, confirming that the marine atmosphere acts 
as a chemical sink for ozone. In the free troposphere 
a small net ozone production rate is calculated on the 
global scale. However, in this region the ozone lifetime 
is longer and the accumulation of ozone could be im- 
I)ortant in terms of global burden. 

Although many of the results provided by MOZART 
are encouraging, the model will continously require im- 
proved formulations and parameterizations of physical 
and photochemical processes. The availability in the fu- 
ture of quasi-global observed fields provided by planned 
space and airborne projects will be of considerable help 
to evaluate future versions of this model. 
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