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MOZART, a global chemical transport model for ozone
and related chemical tracers
1. Model description

G. P. Brasseur,! D. A. Hauglustaine,!? S. Walters,! P. J. Rasch,!
J.-F. Miiller,?® C. Granier,>*® and X. X. Tie !

Abstract. We present a new global three-dimensional chemical-transport model
(called MOZART) developed in the framework of the NCAR Community Climate
Model (CCM) and aimed at studying the distribution and budget of tropospheric
ozone and its precursors. The model, developed with a horizontal resolution of 2.8°
in longitude and latitude, includes 25 levels in the vertical between the Earth’s
surface and an upper boundary located at approximately 35 km altitude. In its
present configuration the model calculates the global distribution of 56 chemical
constituents with a timestep of 20 min, and accounts for surface emission and
deposition, large-scale advective transport, subscale convective and boundary layer
exchanges, chemical and photochemical transformations, as well as wet scavenging.

Transport is simulated “off line” from CCM with dynamical variables provided
every 3 hours from preestablished history tapes. Advection is calculated using
the semi-Lagrangian transport scheme [Rasch and Williamson, 1990] developed
for the MATCH model of Rasch et al. [1997]. Convective and boundary layer
transports are expressed according to Hack [1994] and Holtslag and Bowille [1993],
respectively. A detailed evaluation of the model results is provided in a companion
paper [Hauglustaine et al., this issue]. An analysis of the spatial and temporal
variability in the chemical fields predicted by the model suggests that regional
events such as summertime ozone episodes in polluted areas can be simulated by

MOZART.

1. Introduction

One of the current challenges in atmospheric sci-
ence is to assess the potential impact of human activ-
ities on the chemical composition of the global atmo-
sphere and on the climate system. Energy consump-
tion (mostly fossil fuel) has increased dramatically since
the industrial revolution, leading not only to increasing
atmospheric abundance of carbon dioxide (CO;) but
also of more reactive species such as methane (CH,),
nonmethane hydrocarbons (NMHCs), carbon monox-
ide (CQ), nitrogen oxides (NO;), and sulfur dioxide
(SO2). Emissions resulting from changes in land use
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and specifically from intense agricultural practices and
from biomass burning have also contributed to the ob-
served changes in the chemical composition of the at-
mosphere. The earliest studies devoted to these issues
focused mostly on local pollution and regional effects.
We now realize that even the most pristine regions of
the world are anthropogenically perturbed, so the prob-
lem must be addressed at the global scale. Global ap-
proaches are necessary to assess the potential impact of
human activities on the Earth’s climate, on the oxidiz-
ing capacity of the atmosphere, and on chemical degra-
dation of the Earth’s ecosystems.

Chemical compounds released in the atmosphere are
affected by physical and chemical processes. They may
be transported over large distances by atmospheric mo-
tions, transformed into other compounds by chemical
or photochemical processes, and “washed out” or de-
posited at the Earth’s surface. An understanding of the
global behavior of chemical compounds requires that
these processes be accurately quantified before they can
be adequately represented in atmospheric models. This
is generally performed either through laboratory exper-
iments or field observations. Models are ideal tools to
synthesize existing information within a framework con-
strained by fundamental laws.
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Different attempts have been made to reproduce the
global three-dimensional (3-D) distribution of chemical
compounds in the stratosphere [e.g., Grose et al., 1987;
Rose and Brasseur, 1989; Austin et al., 1992; Granier
and Brasseur, 1992; Chipperfield et al., 1993, 1994,
1995; Lefévre et al., 1994; Rasch et al., 1995; Brasseur
et al.,, 1997] and in the troposphere [e.g., Levy et al.,
1985; Crutzen and Zimmermann, 1991; Penner et al.,
1991; Kasibhatla et al., 1993; Kanakidou and Crutzen,
1993; Jacob et al., 1993; Miiller and Brasseur, 1995;
Roelofs and Lelieveld, 1995; Pham et al., 1995; Kasib-
hatla et al., 1996; Chin et al., 1996; Kraus et al., 1996;
Brasseur et al., 1996; Berntsen and Isaksen, 1997]. The
complexity of the chemistry implemented in these mod-
els varies from a few reactions to a relatively detailed
formulation. Models with prescribed source/sink terms
have been used to establish the global distribution of
nearly passive tracers such as CO; [Fung et al., 1983],
nitrous oxide [Mahlman and Mozim, 1978; Levy et al.,
1982], halocarbons [Prather et al., 1987], methane [Fung
et al., 1991; Taylor et al., 1991] or isotopes such as
radon 222 [e.g., Jacob and Prather, 1990; Feichter and
Crutzen, 1990], lead 210 [Balkanski et al., 1993], and
krypton 85 [e.g., Jacob et al., 1987].

The purpose of this paper is to present a new chemi-
cal transport model called MOZART (model for ozone
and related chemical tracers), which is a follow-up of
the earlier IMAGES model [Miiller and Brasseur, 1995].
In this first version of MOZART, which is aimed at
studying the global budget of tropospheric ozone and its
precursors, the transport is driven by the dynamics of
the NCAR Community Climate Model (CCM). In sec-
tion 2, we provide an overview of MOZART, while the
adopted formulation for emissions, atmospheric trans-
port, chemical processes and deposition processes is pre-
sented in sections 3, 4, 5, and 6, respectively. The spa-
tial and temporal variability produced by the model is
illustrated in section 7. The model results are evalu-
ated through a detailed comparison with observations
in a companion paper [Hauglustaine et al., this issue].

2. Model Overview

MOZART (version 1) provides the global distribu-
tion of 56 chemical constituents (see Table 1) between
the Earth’s surface and the pressure level of 3 mbar
(approximately 35 km altitude). The concentration of
each species is predicted by individually solving a mass
conservation equation taking into account advective,
convective, and diffusive transport as well as surface
and in situ emissions, photochemical conversions, and
wet and dry surface deposition. This is accomplished by
applying a succession of operators to the volume mixing
ratio of species i g; () at time step ty:

g (trne1) =D -K-C-A ¢i(tn) 1

where A is the operator for advection, C is the opera-
tor for chemistry (including wash-out processes and in

situ emissions), K is the operator for convection, and
D is the operator for diffusion (including surface emis-
sion and dry deposition). The meteorological updates
are performed using a progenitor of the MATCH “off
line” transport model which is described in detail by
Rasch et al. {1994, 1997]. Much of the meteorologi-
cal information is supplied from the NCAR Commu-
nity Climate model (CCM). The version of CCM used
in the present study (CCM-2, © 0.5 library) is interme-
diate between CCM-2 [Hack et al., 1993] and CCM-3
[Kiehl et al., 1996, 1998], with the convective parame-
terization developed by Hack [1994]. The cloud water
content and precipitation flux are generated from an
early version of the prognostic cloud parameterization
recently described by Rasch and Kristjansson [1998].
All other meteorological processes are represented ac-
cording to the parameterizations described by Kiehl et
al. [1996]. The climate from a very similar version of
CCM is briefly described by Hack and Kiehl [1995].

MOZART is run at a horizontal resolution of approxi-
mately 2.8° in latitude and longitude (64 Gaussian grid
cells in latitude and 128 equidistant longitudes), cor-
responding to a triangular truncation of the spherical
harmonic representation at total wavenumber 42 (T42).
Figure 1a shows the horizontal grid used in MOZART.
In its present configuration the model includes 25 lev-
els in the vertical. The hybrid ¢ — p coordinate, pro-
posed by Simmons and Strifing [1981], is used with
spacing between levels stretching slowly through the
troposphere and stratosphere from approximately 20 m
in the boundary layer to nearly 3.5 km near the rigid
lid at the upper boundary of the model, and enhanced
vertical resolution in the vicinity of the tropopause (see
Figure 1b). The evolution of species due to all phys-
ical and chemical processes is calculated with a single
numerical time step of 20 min.

Dynamical and other physical variables (see Table 2)
needed to calculate the resolved advective transport as
well as smaller-scale exchanges and wet scavenging are
precalculated by CCM and provided to MOZART every
3 hours from preestablished “history tapes.” Within a
3-hour period these variables are interpolated linearly
as a function of time. In the case of water vapor the
specific humidity calculated by CCM-2 is used only be-
low the tropopause; in the stratosphere the HyO source
associated with methane and molecular hydrogen oxida-
tion is taken into account, and the water vapor mixing
ratio ¢(H2O) is derived from the hydrogen conservation
equation [Le Tezier et al., 1988]:

g (H20) = 6 ppmv — 2¢ (CHy) — g (Hy) (2)

where the mixing ratio of methane q(CH,4) and of hy-
drogen ¢(H,) are calculated in the chemical transport
model.

Climatological variables provided by CCM-2 have
been evaluated by Hack et al. [1994] and Hurrell [1995],
and in many cases are consistent with observations;
however, some deficiencies were noted and have been
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Table 1. Chemical Species Considered in MOZART

Number Species Name
1 0. = O(CP) + O(*D) + Os
2 NO; = N + NO + NO.
3 OH

4 HO.

5 N0

6 NO3;

7 HNO3

8 HO;NO:

9 N2Os

10 PAN

11 MPAN

12 ONIT

13 CH,

14 CcoO

15 H»

16 C2He

17 C3Hs

18 CoHy

19 C3He

20 CaHio

21 CioHis

22 1SO

23 MVK

24 MACR

25 CH;COCH-,0
26 CH30:

27 C3H702

28 CaH502

29 C3HsOHO>
30 CH3COCH;0;
31 1SO1

32 MCO3

33 MOHO-

34 H;0:

35 CH;O0H

36 C2Hs00H

37 CsH;00H

38 C3HsOHOOH
39 CH3;COCH:O0H
40 CH;COOOH
41 CH.0O

42 CH3CHO

43 CH,OHCHO
44 CH3COCHO
45 CH3COs

46 CH;COCH3
47 Rn 222

48 Pb 210

49 Oj3 stratosphere
50 O3 inert

PAN, peroxy acetyl nitrate; MPAN, peroxy methacrylic
nitrate; C4Hio, surrogate for >Cy4 hydrocarbons; CioHise,
o-pinene; IS0, isoprene; ISO1, surrogate for peroxy rad-
icals formed from isoprene oxidation; ONIT, surrogate for
organic nitrates; MVK, methyl vinyl ketone; MACR, methyl
acrolein; MOHO3, peroxy radical formed from MVK oxida-
tion; MCOg, peroxy methacrylic radical

addressed in a subsequent version of the CCM-2 (library
0 0.5) described by Hack and Kiehl [1995]. This version,
which is used to drive MOZART, includes an improved
representation of radiative transfer in clear and cloudy

atmospheres (with incorporation of radiative effects by
CH,, N2O, CFC-11, CFC-12, background aerosols, and
ice clouds), an updated parameterization of boundary
layer dynamics, and land surface exchanges (leading to
more realistic estimates of the boundary layer height
and of the intensity of the hydrological cycle). As a
result, the surface temperature and precipitation rates
over continents are more consistent with observations
than in earlier versions of CCM.

The distribution of several long-lived species (Oj,
NO., HNO3, N;O5, CHy4, CO, N;0) is prescribed above
60 mbar (or approximately 20 km altitude), according
to monthly and zonally averaged values, as provided by
the middle atmosphere 3-D STARS model [Brasseur et
al., 1997].

The architecture of the model is based on a front-
end processor that interprets a user input file to form
a Fortran 90 source code and input data files for a
complete simulation. The model is therefore a flexible
tool affording the user control over basic processes such
as advection, convection, diffusion, chemistry, and in-
put/output. Spatial grid and time steps and numerical
method parameters are completely user specified. With
204,800 grid points in the model domain and for the
conditions described in this paper, a 1-year simulation
is performed in approximately 200 hours (single CPU)
on one of the NCAR C90 CRAY computers (about 60%
of the computer time is spent on the chemistry and the
remainder for transport of the 50 tracers). About 15
Gb of disk space is needed to store 1 year of input data
from the CCM, and 20 Gb of output data are generated
by MOZART for a typical 1-year run.

A preliminary version of the model (version 0) was
used by Brasseur et al. [1996] to investigate the bud-
get of chemical compounds in the Pacific troposphere
in conjunction with the Mauna Loa observatory photo-
chemistry experiment (MLOPEX) measurements. Ver-

a/ MOZART Horizontal Mesh

Total: 204,800 Grid cells

Figure 1. (a) horizontal grid and (b) vertical levels (b)
adopted in the MOZART model. Original vertical lev-
els of CCM are represented by solid lines, while added
levels are shown by dashed lines.
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Figure 1. (continued)

sion 0 included a simplified representation of NMHC
chemistry with only 22 transported species, 18 levels
on the vertical, did not include below-cloud scavenging,
and was driven by an earlier version of CCM-2. More
recent versions of the model were used by Hauglustaine
et al. [1998] in a study of ozone over the North Atlantic
ocean and by Emmons et al. [1997] for a comparison of
nitrogen species distributions provided by various chem-
ical transport models (CTMs)} and observed climatolo-
gies.

3. Emissions

The surface emissions of biogenic and anthropogenic
species are based on Miiller [1992] with some adjust-
ments to account for more recent data. For N;O, for
example, the surface sources from Newison [1994] are
adopted, while for nitrogen oxides produced by fossil
fuel combustion, the emissions established by Benkovitz
et al. [1996] are used. Table 3 shows the global emis-
sions for each chemical compound expressed by cate-
gory. Technological sources include industrial and do-
mestic fossil fuel burning (oil, gas, and coal), waste
disposal, and emissions from other industrial activities.
Biomass burning accounts for the fires in tropical and
nontropical forest, savanna, fuelwood use, and agricul-
tural waste burning. The spatial and temporal distribu-
tion of the biomass burned is taken from Hao and Liu
[1994] in the tropics and from Miiller [1992] in nontropi-
cal regions. The emission ratios of each chemical species
relative to CO, are taken from Granier et al. [1996] for
each type of biomass fire except for the CO and NO; sa-
vanna emission where the value suggested by Hao et al.
[1996] and by Andreae et al. [1996] are considered. Bio-
genic sources over the continent include the emissions
of hydrocarbons by vegetation as well as the release of
N50, NO and CO by soils. In the case of methane the
biogenic contribution includes the emissions from rumi-
nants, rice paddies, wetlands, and termites. The model
also accounts for the emissions of N2 O, CO, and hydro-
carbons by the ocean. For carbon monoxide, the emis-
sions established by Erickson and Taylor [1992] for the
ocean have been reduced uniformly by a factor of 10 to
match the global emission values recently proposed by
Bates et al. [1995] on the basis of cruise observations.

These global emission distributions are provided as
monthly mean values and are linearly interpolated in
time for each model time step. Plate 1 shows CO global
emissions for January and July. During both seasons,
the emissions of CO are large in Europe, the eastern

Table 2. Fields Provided by NCAR CCM2 (00.5) and
Used to Drive MOZART

Field  Description Units

P, surface pressure Pa

D, water equivalent snow depth m

u zonal wind component m/s

v meridional wind component m/s

T temperature K

q specific humidity kg/kg

K. diffusivity of heat in the boundary layer m?/s

Ye boundary layer countergradient factor 1/m3/m

fe cloud fraction fraction

Wh,0 water vapor tendency from rainout kg/kg/s
liquid water content kg/kg

e convective mass flux kg/m?/s

Be convection overshoot parameter fraction
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Plate 1. Monthly mean carbon monoxide total sur-
face emission used in MOZART for January and July
conditions (kg/km?/month).
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Plate 2. Monthly mean isoprene surface emission

used in MOZART for January and July conditions
(kg/km?/month).
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Plate 3. Monthly mean acetone total surface emis-
sion used in MOZART for January and July conditions
(kg/km?/month).

United States, and eastern Asia, as a result of fossil fuel
combustion, including automobiles. The contribution
due to biomass burning is largest in the tropics, and its
geographical distribution varies with season. Substan-
tial CO emissions result also from the large fires that
occur in the boreal regions at the end of the summer
season.

The monthly mean distribution of the isoprene emis-
sions by tree foliage is shown in Plate 2 for January and
July. The values are largest in the tropics and, during
summertime, over the southeastern United States. The
strong seasonal variation in the emission reflects foliage
density, and in addition, seasonal changes in tempera-
ture and solar insolation. A diurnal cycle is imposed
on the isoprene source to account for the empirically
known dependences with light intensity and leaf tem-
perature [see Miiller and Brasseur, 1995]. In the case
of terpene emissions (not shown), a day/night ratio is
applied to account for the temperature dependence.

Acetone is believed to significantly affect the budget
of HO; (= OH + HOy,) in the upper troposphere [ Jaeglé
et al., 1997], as well as the formation rate of peroxy
acetyl nitrate (PAN) [Singh et al., 1995]. The presence
of this carbonyl results from the oxidation of propane
and, to a lesser extent, other hydrocarbons, including
terpenes. Another source is provided by direct surface
emissions associated with vegetation release, biomass
burning, and anthropogenic activities. The two latter
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Plate 4. Anthropogenic (left panel) and biogenic (right panel) monthly mean NO, surface
emissions used in MOZART for January and July conditions (kg-N/km?/month).
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Plate 5. Vertically integrated monthly mean NO,
emission associated with lightning activity and aircraft
traffic considered in MOZART for January and July
conditions (kg-N/km?/month).

emissions are distributed geographically as in the case
of CO, with a total release of 14 Tg/yr and 1.5 Tg/yr,
respectively. The uncertainty on vegetation sources is
high, and a provisional working value of 18 Tg/yr is
used and distributed according to the net primary pro-
ductivity (NPP). The resulting surface emission for ace-
tone is shown in Plate 3 (January and July).

The surface emissions of nitrogen oxides (NO, = NO
+ NO3), as used in MOZART, are shown in Plate 4.
The largest surface sources are located in industrial-
ized regions and are associated with fossil fuel combus-
tion. Microbial production of NO in soils maximizes in
the tropics but is also significant at midlatitudes dur-
ing summertime. The biomass burning source of NO,
exhibits a maximum over the continents in the tropics.

The atmospheric production of NO, by lightning
and of NO,, CO, and CH, by aircraft traffic is also
taken into account. Lightning is assumed to produce 7
TgN/yr of reactive nitrogen which are distributed as a
function of space and season according to the location
of convective clouds in the CCM and following the pa-
rameterization of Price and Rind [1992]. In their study,
the production of NOy is assumed to be proportional
to H*® over the continents and H'-"® over the ocean, if
H represents the height of the top of convective clouds.
In MOZART the value where H is determined from the
CCM convection and the NO, production (molecules
cm™3 s71) is assumed to be constant with height be-
tween the surface and the cloud top. The geographical
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Table 3. Global Surface Emissions of Trace Gases Considered in MOZART

Species Industrial Agricultural Biomass Burning Biogenic Oceans Total
CH,4 (Tg/yr) 130.9 179.0 39.4 110.0 9.8 469.1
CO (Tg/yr) 381.6 0.0 661.8 162.1 13.0 1218.5
N3O (TgN/yr) 1.1 4.3 0.6 5.6 3.8 15.4
NO. (TgN/yr) 214 0.0 7.5 6.6 0 35.5
CH3COCH; (Tg/yr) 1.5 0.0 14.0 18.0 0.0 33.5
CH,O (Tg/yr) 2.3 0.0 0.0 0.0 0.0 2.3
C2Hs (TgC/yr) 6.0 0.0 44 0.8 0.8 12.0
CsHs (TgC/yr) 3.8 0.0 2.3 1.6 14 9.1
C2H,4 (TgC/yr) 4.3 0.0 13.6 4.3 8.2 30.4
CsHg (TgC/yr) 1.7 0.0 6.0 0.8 9.9 18.4
C4Hio (TgC/yr) 63.7 0.0 11.3 73.2 58.2 206.4
Isoprene (TgC/yr) 0.0 0.0 0.0 220.0 0.0 220.0
Terpenes (TgC/yr) 0.0 0.0 0.0 129.5 0.0 129.5

distribution of convective clouds and hence of NO, by
lightning evolves with a time step of 3 hours and ac-
counts therefore for some of the diurnal variation in
thunderstorm activity. The three-dimensional distribu-
tion of the NO, injection associated with aircraft op-
eration is taken from NASA [Friedl, 1997] and corre-
sponds to a total source of about 0.51 Tg-N/yr. Plate 5
shows the distribution of the vertically integrated NOy
produced by lightning and air traffic as adopted in the
model in January and July. The lightning source is
most intense over the continents, as expected from the
observed frequency of lightning strokes, and exhibits
a strong seasonal variation. Note that the small NO,
source calculated in the model over Antarctica is likely
to be overestimated and results from the convective ac-
tivity generated by the CCM over this region. Aircraft
emissions are visible mostly along transoceanic routes
(e.g., North Atlantic and Pacific); their importance is
relatively limited over continental regions when thun-
derstorm activity is strong.

4. Transport Processes

The advective scheme for chemical species used in
MOZART is a progenitor of the MATCH transport
model developed by Rasch et al. [1997]. It uses
the shape-preserving semi-Lagrangian formulation pro-
posed by Williamson and Rasch [1989] and Rasch and
Williamson [1990] with Hermite cubic polynomial inter-
polation. The advection step is subdivided into separate
horizontal and vertical substeps. Simulations of quasi-
inert species such as chlorofluorocarbons (CFCs) pro-
vide an integrated measure of the model performance
regarding global transport and, specifically, interhemi-
spheric exchanges. Hartley et al. [1994] have evaluated
the performance of CCM-2 transport by comparing the
concentrations of CFC-11 predicted by the model with
observations made at five sites located in different re-
gions of the world [e.g., Cunnold et al., 1994]. This
comparison suggests that the semi-lagrangian transport
(SLT) scheme driven by CCM-2 winds reproduces many

of the key features of atmospheric transport, although
some specific aspects of large-scale exchanges (storm
track dynamics, cross-equatorial flow) merit further at-
tention. The MATCH “off line” transport model has
also been used [Mahowald et al., 1997a] in an inverse
mode with assimilated winds to derive surface emissions
of CFC-11. The performance of the same transport for-
mulation applied to stratospheric dispersion and cross-
tropopause exchanges has been discussed by Rasch et
al. [1994).

Because semi-Lagrangian transport is inherently non-
conservative, a mass conserving correction is applied
to the solution after each time step. The original
form of the fixer developed for water vapor [Rasch and
Williamson, 1990] was modified by Rasch et al. [1995]
for species like ozone with high concentrations in the
stratosphere. In the present version of MOZART the
mass fixer preserves the sign of the advection tendency
(D. Pollard, personal communication, 1997). For each
grid cell, the final mixing ratio ¢y is calculated from the
mixing ratio before advection (g;) and after advection
(¢a) according to

s =q +a(ga—q) (3)

where « is a constant chosen to ensure global conserva-
tion [Rasch et al., 1995] and defined by

+ —_—
0.58M LM g > gy
a= (4)
N _
0.58M M 4. <,
with AMT and AM ~ defined, respectively, as

AM* = / max (qapa — oo, 0) AV (5a)

am = [ max @~ aopes 0@V (5b)
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if V is the volume of the entire atmospheric domain.
Following this procedure, for grid cells where the SLT
tends to increase (decrease) the mixing ratio, the in-
crease (decrease) is reduced by a factor a.

Intrusion of stratospheric air substantially affects
the tropospheric distribution of chemical species like
ozone and nitrogen oxides, whose mixing ratio increases
rapidly with height above the tropopause {Levy et al.,
1985; Tie and Hess, 1997]. Because cross-tropopause
exchanges often occur through folds associated with jet
stream disturbances and cutoff lows, an accurate rep-
resentation of these subgrid processes is not straight-
forward in global chemical transport models. Model
simulations have shown that in the case of chemical
species with strong vertical gradients in the vicinity of
the tropopause (e.g., O3z, NO;), the mass correction
provided by the “fixer” was undesirably large and that
the error was probably maximum near the tropopause.
To partially address this issue, the vertical resolution
used in CCM (18 levels) has been increased to 25 lev-
els, with a vertical space increment of approximately
1 km near the tropopause (see Figure 1b). The dynam-
ical fields provided by CCM (at its original resolution)
are vertically interpolated on the MOZART grid. With
this modification of the model, mass conservation is im-
proved, and the calculated vertical profiles of ozone in
the upper troposphere are closer to the observations.
The replacement of the semi-Lagrangian formulation
currently used in MOZART by a new Eulerian scheme
(flux form) is expected to further address this prob-
lem in the model [Rasch and Lawrence, 1998]. Another
cause for inaccuracies in the calculated concentrations is
the errors associated with the winds provided by CCM
near the tropopause. A future version of MOZART
will use assimilated wind fields, which should be more
representative of the actual dynamics in the upper tro-
posphere and lower stratosphere.

Conservative convective transport of chemical tracers
is parameterized by the mass flux scheme developed by
Hack [1994]. This scheme, which represents all types
of moist convection in the version 2 of the CCM, ad-
justs the moist static energy over three adjacent lay-
ers (allowing for entrainment in the bottom layer and
detrainment in the upper layer). This parameteriza-
tion has been evaluated [see also Mahowald et al., 1995,
1997b] by comparing calculated distributions of radon
222 (lifetime of 5.5 days) with observed values. Because
of the very limited data set available [Liu et al., 1984],
no definitive conclusion can be drawn from this compar-
ison. As suggested by Figure 2, however, the vertical
distributions of this radionuclide seem to be well re-
produced by MOZART over the North American conti-
nent during wintertime. In the summer, however, when
convective activity is more intense, vertical transport
over the continents seems too weak in the model; as
a consequence, 222Rn concentrations are overestimated
in the boundary layer and underestimated in the upper
troposphere. The comparison between the calculated

and the observed seasonal variations of 222Rn, shown in
Figure 3, seems to indicate that large-scale and synop-
tic scale transport of the isotope are well represented in
MOZART, except at Mauna Loa and Dumont d’Urville,
where the model values are smaller than suggested by
the observations. The discrepancy at Mauna Loa was
previously reported by Mahowald [1996] and Jacob et
al. [1997] and tentatively attributed to an anomalously
high ?22Rn source in eastern Asia.

Boundary layer exchanges are derived according to
Holtslag and Boville [1993] by expressing the vertical
eddy flux w’c’ (molecules cm~2 s~1) by

S de
Tl — _
w'e' = -K, [_dz ’Yc] (6)

where ¢ (molecules cm™3) is the species density, and
K. is an eddy diffusion coefficient (cm? s~!) which de-
pends on a turbulent velocity scale and on the Richard-
son number dependent boundary layer height. Vari-
able 7. is a countergradient term representing non local
transport associated with dry boundary layer convec-
tion. The resulting prognostic equation for boundary
layer transport (which also accounts for surface emis-
sion and dry deposition) is solved using the implicit
scheme of Richtmyer and Morton [1967].

5. Chemistry

The chemical scheme used in MOZART and given
in Tables 4 and 5 is very similar to the scheme im-
plemented previously in the IMAGES model [Miller
ond Brasseur, 1995]. It includes 107 gas phase and
5 heterogeneous reactions and 28 photochemical reac-
tions. These reactions emphasize the processes affect-
ing tropospheric ozone and its precursors. Rate con-
stants for most chemical reactions are taken from De-
More et al. [1997]. For some reactions involving or-
ganic compounds, values are provided by other sources
(as stated in Table 4). The effects of nonmethane hy-
drocarbons are represented by the degradation mech-
anisms of ethane (CyHg), propane (C3Hg), ethylene
(C2H,4), propylene (C3Hg), isoprene (CsHg), terpenes
(as a-pinene, Cy9H;6), and a lumped compound (C4Hjo
or n-butane), which is intended to be a surrogate for
the other hydrocarbons (> C,, excluding isoprene and
terpenes). Heterogeneous reactions of NoOs and NOj3
on sulfate aerosols (which are believed to provide an
important loss mechanism for NO; during nighttime)
are parameterized using the empirical first-order reac-
tion rate used in IMAGES (see Miiller and Brasseur
[1995] for more details). The spatial distribution of sul-
fate aerosols (SO7) is taken from the model of Pham
et al. [1995]. Little information is available for hetero-
geneous reactions involving other species, especially or-
ganic compounds; we have assumed for methylvinylke-
tone (MVK) and methylacrolein (MACR) a loss rate
identical to that used for N2Os and NO3. Future devel-
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Figure 2. Observed (dashed lines) and calculated (solid line is monthly average, and shaded
area is the 1-o standard deviation) 222Rn vertical profiles (1072!) over selected regions during
summer (top) and winter (bottom). Measurements are taken from Liu et al. [1984] except over
San Francisco [M. Kritz, personal communication, 1997).

opments of the model will consider the chemical role
played by other types of particles (e.g., ammonium
aerosols [Dentener and Crutzen, 1994], mineral dust
[Dentener et al., 1996], and carbonaceous aerosols [Lary
et al., 1997; Hauglustaine et al., 1996]). In the present
stage of its development, MOZART does not account
for chemical reactions in the aqueous phase. A scheme
addressing some of these processes is currently under
development.

The photolysis frequencies (j) are derived from
pretabulated values through a multivariate log linear
interpolation through a Taylor series expansion [Bur-
den and Faires, 1985]. The discrete-ordinate radiative
model used to establish this table is the troposphere ul-
traviolet visible (TUV) code of S. Madronich (personal
communication, 1998) which includes 137 spectral inter-
vals and 51 vertical levels. Clear-sky photodissociation
coefficients are tabulated for 18 pressure levels, 7 val-
ues of the ozone column (as calculated by MOZART),
8 solar zenith angles, and 4 values of the surface albedo.
To account for the temperature dependence of the ab-

sorption cross sections, the j values are calculated for
6 temperature profiles determined by 3 temperature val-
ues specified at 500 mb and 2 temperature values speci-
fied at 200 mb. References for absorption cross sections
and quantum yields are given in Table 5. The effect of
cloudiness on the photolysis frequencies is parameter-
ized according to Chang et al. [1987]:

jcld(p) = jclr(p) [1 + Fabove(p) + By (P) + Fbelow(p)]
(M
where jaa(p) is the cloud-corrected photolysis rate at
pressure level p, jc. is the clear-sky rate, and Fipgve,
Fin, and Fpelow are the correction factors applied above,
within or below the clouds, respectively.
Below the clouds,

Fbelow(p) = (1-6 cosx tr (prptop) - 1) fc (p7ptop) (Sa)

where X is the local zenith angle, ¢, (p, prop) is the total
transmissivity of light from pressure level pop at the
top of the model domain to level p, and f. (p, prop) is
the vertically averaged cloud cover from level p to pyop.
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Figure 3. Observed (circles) and calculated (boxes) seasonal cycle of 222Rn mixing ratio
at selected stations. The model results show the monthly mean (solid line), the median
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Table 4. Chemical Reactions Considered in MOZART
Reaction Rate Refs
(R1) O('D) + N2 = O + N, k; = 1.80E-11 exp(110/T) 1
(R2) O('D) + 02 =+ 0 + O2 ko = 3.20E-11 exp(70/T) 1
(R3) O(*D) + H:0 =+ 2 OH k3 == 2.20E-10 1
(R4)) O+0:2+M-20:3+M k4 = 6.00E-34 [M] (300/T)*3 1
(R5) O0+03520; ks = 8.00E-12 exp(-2060/T) 1
(R6) O + OH — HO: + O ke = 2.20E-11 exp(120/T) 1
(R7) O + HO; — OH + O, k7 = 3.00E-11 exp(200/T) 1
(R8) OH + 03 = HO2 + O3 ks = 1.60E-12 exp(-940/T) 1
(R9) HO2+ 03 - OH + 20, ko = 1.10E-14 exp(-500/T) 1
(R10) HO2 + HO2 — H20: kio = (ka + ks) ke 1
ko = 2.30E-13 exp(600/T)
k; = 1.70E-33 [M] exp(1000/T)
ke = 1 + 1.40E-21 [H20] exp(2200/T)
(R11) H;0; + OH — H;0 + HO: ki; = 2.90E-12 exp(-160/T) 1
(R12) OH + HO; = H,0 + O2 k12 = 4.80E-11 exp(250/T) 1
(R13) OH+ OH — H,0+ O kiz = 4.20E-12 exp(-240/T) 1
(R14) H; + OH — H,0 + HO: k14 = 5.50E-12 exp(-2000/T) 1
(R15) H; + O(*D) = HO; + OH k15 = 1.00E-10 1
(R16) N.0 + O('D) - 2 NO kis = 6.70E-11 1
(R17) N0 + O(!D) = N2 + O2 ki7 = 4.90E-11 1
(R18) N+ 0; 2> NO+O kis = 1.50E-11 exp(-3600/T) 1
(R199 N+NO—=N:+0 kig = 2.10E-11 exp(100/T) 1
(R20) NO + HO; — NO: + OH koo = 3.50E-12 exp(250/T) 1
(R21) NO + O3 = NO:z + O3 k21 = 2.00E-12 exp(-1400/T) 1
(R22) NO:z; + O — NO + O, k22 = 6.50E-12 exp(120/T) 1
(R23) NOz 4+ Os — NO3 + O2 k2s = 1.20E-13 exp(-2450/T) 1
(R24) NO; + HO; — 0.4 HNO3 + 0.6 OH + 0.6 NO; ko4 = 2.30E-12 exp(170/T) 2
(R25) NO2 + NO3z + M —+ N2Os + M ko = 2.20E-30 (300/T)*? 1
koo = 1.50E-12 (300/T)%7
F. =06
(R26) N2Os + M — NO2 + NO3s + M ko = kos 3.7TE26 exp(-llOOO/T) 1
(R27) N2Oj5 + H;O — 2 HNOg3 ko7 = 2.00E-21 1
(R28) NO: + OH+ M — HNO3; + M ko = 2.50E-30 (300/T)** 1
koo = 1.60E-11 (300/T)"7
F. = 0.6
(R29) HNO; + OH — NOs + H20 k2o = ko + 7.20E-15 exp(785/T) 1
ka=kb/(1+kb/k¢,)
ky = 1.90E-33 exp(725/T) [M]
k. = 4.10E-16 exp(1440/T)
(R30) NO3 + NO — 2 NO» k3o = 1.50E-11 exp(170/7T) 1
(R31) NO: + HOz + M — HO;NO; + M ko = 1.80E-31 (300/T)32 1
koo = 4.70E-12 (300/T)**
F. =06
(R32) HO;NO; + M - HO; + NO; + M k32 = ka1 4.7E26 exp(-10900/T) 1
(R33) HO:;NO; + OH — H320 + NO;z + O2 kas = 1.30E-12 exp(380/T) 1
(R34) CH4 + OH — CH302 + H:0 k34 = 2.45E-12 exp(-1775/T) 1
(R35) CH4 + O(*D) — CHs0; + OH kss = 1.40E-10 1
(R36) CH4 + O('D) - H; + CH:O kss = 1.40E-11 1
(R37) CH30: + NO — CH,0 + NO; + HO; ka7 = 3.00E-12 exp(280/T) 1
(R38) CH;30: + CH30; — 1.4 CH20 + 0.8 HO; kag = 2.50E-13 exp(190/T) 1
(R39) CH302 + HO; — CH300H + O» kag = 3.80E-13 exp(800/T) 1
(R40) CH300H + OH — 0.58 CH30; + 0.42 OH + 0.42 CH,0 kao = 3.80E-12 exp(200/T) 1
(R41) CH,O0 + OH — CO + H>0 + HO: ka1 = 1.10E-11 1
(R42) CH,0 + NO3 — CO + HO, + HNO; ka2 = 6.00E-13 exp(-2058/T) 3
(R43) CO + OH — CO: + HO; ka3 = 1.50E-13 (1 + 0.6 P) 1
(R44) C2Hs + OH — C2H50: + H20 kss = 8.70E-12 exp(-1070/T) 1
(R45)  CpHs50; + NO — CH3CHO + HO; + NO, kqs = 2.60E-12 exp(365/T) 1
(R46) C2H502 + HO; — C2H;00H + O2 ke = 7.50E-13 exp(700/T) 1
(R47) C2Hs50,; 4+ CH302 — 0.7 CH20 + 0.8 CH3CHO + HOq k47 = 3.75E-13 exp(—40/T) 4
(R48) CoHs0, + C2H50, — 1.6 CH3CHO + 1.2 HO- kss = 6.50E-14 1
(R49) C3HsOOH + OH — 0.5 C2Hs02 + 0.5 CH3CHO + 0.5 OH k4o = 3.80E-12 exp(200/T) 4
(R50) C3Hg + OH — CsH;02 + H20O kso = 1.00E-11 exp(-660/T) 1
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Table 4. (continued)

Reaction Rate Refs
(R51) C3H702 + NO — 0.82 CHaCOCH;s + NO2 + HO. ks1 = 4.20E-12 exp(180/T) 5
(R52) C3H;02 + HO; = C3H,OO0H + O ks2 = 7.50E-13 exp(700/T) 6
(R53) C3H702 + CH302 — 0.5 CH20 + HO2 + 0.82 CH3COCH; ksg = 3.75E-13 exp(-40/T) 6
(R54) C3H;OOH + OH — H>0 + C3H-;0, kss = 3.80E-12 exp(200/T) 6
(R55) CH3COCHs + OH —» CHsCOCH:0; + H20 kss = 2.20E-12 exp(-685/T) 1
(R56) CH3zCOCH:02 + NO — CH3COCH;0 + NO; ksg = 4.20E-12 exp(180/T) 6
(R57) CHsCOCH:0: + HO; - CH3COCH200H + O ks7 = 7.50E-13 exp(700/T) 6
(R58) CH3zCOCH;OO0H + OH — CH3COCH;0: + H,0 kss = 3.80E-12 exp(200/T) 6
(R59) CH3COCH20 + M — CH3CO;3 + CH, O + M kso = 8.70E+13 exp(-7300/T) 6
(R60) CH3COCH:0 + O -+ CH3COCHO + HO: keo = 6.50E-14 exp(-1400/T) 6
(R61) C4H;o + OH — 0.8 ISO1 ke1 = 1.55E-11 exp(-540/T) 7
(R62) CsHg + OH + M — C3HgOHO2 + M ko = 8.00E-27 (300/T)%*° 5
koo = 3.00E-11
F. =05
(R63) C3He + O3 — 0.532 CH;O + 0.585 HO2 + 0.4275 OH
+ 0.08 CHs + 0.37 CO + 0.5 CH3CHO + 0.2875 CH302 kes = 6.50E-15 exp(-1900/T) 1
(R64) CsHe + NO3z — ONIT kesa = 4.00E-15 4
(R65) C3sH¢OHO2 + NO — CH3sCHO + CH20 + HO2 + NO, kes = 4.20E-12 exp(180/T) 4
(R66) CgHsOHO: + HO; — C3H¢OHOOH + O3 kes = 6.50E-13 exp(650/T) 4
(R67) C3HsOHOOH + OH — 0.5 C3HsOHO: + 0.5 OH + H,O ker = 3.80E-12 exp(200/T) 4
(R68) CH3CHO + OH — CH3COj3; + H:0 kes = 5.60E-12 exp(270/T) 1
(R69) CH3CHO + NOsz — CH3CO3 + HNO3z kes = 1.40E-12 exp(-1900/T) 1
(R70) CH3CO3 + NO — CH302 + COz + NO, k7o = 5.30E-12 exp(360/T) 1
(R71) CH3COis + NO2 + M — PAN+ M ko = 9.70E-29 (300/T)58 1
koo = 9.30E-12 (300/T)*8
F. =06
(R72) PAN + M — CH3CO3 + NO; + M k72 = k71 1.11E28 exp(-14000/T) 1
(R73) CH3CO3 + HO2 —+ 0.67 CH3COOOH + 0.33 CH3COOH + 0.33 O3 k73 = 4.30E-13 exp(1040/T) 1
(R74) CHsCOs + CH30z; — CH302 + CH20 + HO2 4+ CO» k74 = 1.80E-09 exp(-1800/T) 8
(R75) CH3CO3 + CH302; — CHz:0 + CH3COOH + O, k75 = 4.10E-15 exp(2100/T) 8
(R76) CH3CO3; + CH3CO3 — 2 CH302 + 2 CO2 kr¢ = 2.90E-12 exp(500/T) 1
(R77) CH3COOOH + OH — CH3CO3 + H20 k77 = 1.00E-11 4
(R78) C2H4 + OH + M — 0.6667 C3HsOHO, + M ko = 1.00E-28 (300/T)°8 1
koo = 8.80E-12
F. =06
(R79) C:H4 + O3 — CH20 + 0.52 HO; + 0.42 CO k7s = 1.20E-14 exp(-2630/T) 1
(R80) ISO + OH — ISO1 kgo = 2.50E-11 exp(450/T) 4
(R81) ISO + O3 — 0.66 MACR + 0.26 MVK + 0.45 O +0.7825 CH20
+ 0.06 HO; + 0.68 OH + 0.07 C3Hs + 0.19 CO kg1 = 1.20E-14 exp(-2013/T) 9
(R82) ISO + NOs; — ONIT kg2 = 3.03E-12 exp(-446/T) 9
(R83) ISO1 + NO — 0.42 MVK + 0.58 MACR + CH,0
+ HO; + NO; kss = 3.70E-12 exp(180/T) 4
(R84) ISO1 + NO — 0.59 CH3CO3; + CH:0
+ 0.59 CH;OHCHO + 0.59 NO2 + 0.41 ONIT ksa = 5.00E-13 exp(180/T) 4
(R85) ISO1 + HO:; — 0.126 MVK + 0.174 MACR + 0.3 CH20 + 0.3 HO2 kg5 = 7.50E-13 exp(750/T) 9
(R86) ISO1 + CH3O, — MACR + 2 CH,0 + 2 HO; kse = 1.30E-14 4
(R87) 1SO1 + CH3COs; —+ MACR + HO; + CH20 ks7 = 4.90E-14 4
(R88) MVK + OH — MOHO; kss = 4.13E-12 exp(452/T) 9
(R89) MVK + Os — 0.05 CO + 0.06 HO, + 0.04 CH;CHO
+ 0.82 CH3COCHO + 0.8 CH20 + + 0.2 O + .08 OH kso = 4.00E-15 exp(-2000/T) 9
(R90) MACR + OH — 0.5 MOHO: + 0.5 MCO3; kgo = 1.86E-11 exp(175/T) 9
(R91) MACR + O3 — 0.275 HO2 + 0.215 OH
+ 0.8 CH3COCHO + 0.7 CH;0 + 0.2 O + 0.2 CO ko1 = 4.40E-15 exp(-2500/T) 9
(R92) MOHO: 4+ NO — CH;OHCHO + CH3CO; + NO; ko2 = 3.50E-12 exp(180/T) 4
(R93) MOHO; + NO — ONIT kos = 4.50E-13 exp(180/T) 4
(R94) MOHO: + HO, — 0.3 CH3CO3 + 0.3 CHOHCHO kos = 7.50E-13 exp(700/T) 4
(R95) CHOHCHO + OH — 0.5 CH3CO3 + 0.5 HO: kes = 6.00E-12 exp(250/T) 4
(R96) CH;OHCHO + NOs; — CH3zCO3 + HNO3 koe = 1.40E-12 exp(-1900/T) 4
(R97) MCO3 + NO — CH3COCH20 + NO- ko7 = 2.40E-11 1
(R98) MCO3 + NO; - MPAN ko = 9.70E-29 (300/T)% 1
koo = 9.30E-12 (300/T)*°
F.=06
(Rgg) MPAN + M — MCO3 + NO2 + M koo = kag 1.11E28 exp(-14000/T) 1
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Table 4. (continued)
Reaction Rate Refs
(R100) MCOs + HOz -+ MOHO: kigo= 4.50E-13 exp(1040/T) 4
(R101) MCO; + CH302 — CH20 + HO2 + CH3COCH20 kior = 2.20E-12 exp(490/T) 8
(R102) MCO; + CH3CO3; — CH3COCH:0 + CH30:2 kioz = 5.00E-12 exp(550/T) 4
(R103) MCO; + MCO3; — 2 CH3COCH:0 kios = 2.50E-12 exp(550/T) 4
(R104) ONIT + OH — NOz + MOHO: kio4 = 6.80E-13 4
(R105) CioHis + OH — 1.64 ISO1 + CH3sCOCH3 kios = 1.20E-11 exp(444/T) 10
(R106) CioHie + O3 — 1.122 MACR + 0.442 MVK + 0.765 O + 1.156 OH
+ 0.119 C3He + 1.326 CH20 + 0.323 CO + 0.102 HO: kioe = 9.90E-16 exp(-730/T) 4
(R107)  CioHie + NOs — 1.7 ISO1 + NO2 kio7 = 5.60E-11 exp(-650/T) 4
(R108) N.Os + SOF — HNO3 + HNO3 kigs = f([SO4=], T, [HzO]) 4
(R109) NOs3 + SO7 — HNO3 kioe = f([SO7], T, [H20]) 4
(R110) MVK + SO7 — Products ki10 = f([SO7], T, [H20]) 4
(R111) MACR + SO7 — Products k11 = f([SO7), T, [H20]) 4
{R112) CH3COCHO + SO7 — Products k12 = f([SOT], T, [H20]) 4

Read 1.80E-11 as 1.80x10™*!. T is temperature (K), [M] atmospheric density (cm™3), [H;O] water vapor density
(cm~3), P pressure (hPa), [SO7] sulfate density. References: 1, DeMore et al. [1997]; 2, Hall et al. [1988]; 3, Cantrell et al.
[1985]; 4, Miiller and Brasseur [1995]; 5, Atkinson et al. [1996]; 6, Kanakidou et al. [1991]; 7, Atkinson [1985]; 8, Moorgat
et al. [1989]; 9, Zimmermann and Poppe [1996}; 10, Carter [1990]. The three-body reaction rates are calculated from

__ koM] {uels(oMik )}
k= 1+ ko[M]/koo Fe

Table 5. Photolytic Reactions Considered in MOZART

Reaction Refs
(R1) O2+hv—-0+0 1
(R2) O3 + hv = O(lD) + O2 1
(R3) Oz +hvy = O + Oy 1
(R4) N20 + hv = O('D) + N» 1
(R5) NO+hv—- N+ O 1
(R6) NOz + hw =+ NO+ O 1
(R7) N2Os + hv = NO; + NO3 1
(R8) HNOj3 + hv —+ NO; + OH 1
(R9) NO;s + hv — 0.89 NOz + 0.11 NO + 0.89 O3 2
(R].O) HO2NO3s+ hvy — NO2 + HO» 1
(R11) CH300H + hv —» CH;0 + HO; + OH 1
(R12) CH20 + hv - CO + 2 HOq 1
(R13) CH2:0 + hv —» CO + H» 1
(R14) H2O + hv —» OH + HO> 1
(R15) H202 + hv — OH + OH 1
(R16) CH3CHO + hv —» CH302 + CO + HO 2
(R17) C3HsOHOOH + hry - CH3CHO + CH»,0O + HO; + OH 3
(R18) CH3;COOOH + hvy — CH30; + OH 3
(R19) PAN + hv = CH3CO3 + NO2 1
(R20) MPAN + hv - MCO3 + NO, 3
(R21) CH;OHCHO + hv — CH20 + CO + 2 HO; 3
(R22) MACR. + hv -+ MCO3 + CO + 0.6 CH3COCHO + 0.4 CH3CO3 + 0.4 CH>O + 2.6 HO, 3
(R23) MVK + hrv — CH3CO3 + HO2 + 0.25 CH20 + 0.25 CO 3
(R24) C2Hs;00H + hvy —» CH3CHO + HO2 + OH 3
(R25) C3H70O0H + hv — 0.82 CH3COCH3 + OH + HO» 4
(R26) CH3COCH,00H + hv - CH3COCH,0 + OH 4
(R27) CH3;COCH3 + hvy —» CH3CO3 + CH302 5
(R28) CH3COCHO + hvy —- CH3CO3 + CO + HOq 2

References: 1, DeMore et al. [1997]; 2, Madronich and Calvert [1989]; 3, Miiller and Brasseur [1995]; 4, Kanakidou et
al. [1991]; 5, Gierczak et al. [1998].
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Within the cloud,
Fm(p) = (1'4COSX - 1) ' fc(p) (Sb)
and above the clouds,

Fabove(P) = Q4 (1 — i (Ps,P)) - CO8 Xfc (ps,p) (8C)

where t, (p,,p) is the total transmissivity between the
surface and the level p, and f.(ps,p) is the vertically
averaged cloud fraction between p; and p. Value o;
is a reaction dependent coefficient given by Chang et
[1987, Table 2]. Expressions (8a), (8b), and (8c)
are used only for local zenith angles x less than 60°.
For x > 60°, the values of the correction factors are
evaluated at x = 60° [Chang et al., 1987].
The transmissivity between levels p; and p. is calcu-
lated according to

5 — e7(P1.p2)
4+ 0.42 7 (p1,p2)

tr (pl ’p2) (9)
where 7 (p1, p2) is the cloud optical depth between levels
p1 and ps [Chang et al., 1987). The cloud extinction
optical depth is expressed as a function of the liquid

water content L (g water/g air) and the cloud fraction
fe [Slingo, 1989; Hack et al., 1993]:

NO2 Photolysis Raote ~ 500 mb — July

Min = 0.00e+00 Mox = 1,10e+01

03 -> 01D Photolysts Rote — 500 mb — July

Min = 0.008+00  Mox = 1.868+01

Plate 6. Distribution of NO; and O3 to O(* D) pho-
tolysis rates calculated in MOZART for July conditions
at 500 mbar (10~3/s).
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Figure 4. Seasonal variation of ozone to O(*D) pho-
tolysis rates (107%/s) calculated by MOZART at 800
mbar at midlatitudes (49°N, 3°E) and in the tropics
(0°N, 15°E). The solid line represents the day-to-day
variability, and the box plot shows the monthly mean
(solid line), the median (dashed line), the 50th per-
centile (shaded area), and the range (box).

 (o1,p) = AT BIre) JIRZCR AT

9 n
where r, is the effective cloud droplet radius (10 pm),
A =280 cm? g~!, B = 13,000 um cm? g~!, and where
g = 981 cm s~ 2 is the gravitational acceleration. The
distributions of L and f. are provided every 3 hours by
CCM as three-dimensional fields (see Table 2).

For illustration, Plate 6 shows the quasi-horizontal
distribution of the 24-hour average NO; and of O3 pho-
tolysis frequencies (channel leading to O(*D) forma-
tion) at 500 mbar for July conditions. The photoly-
sis frequency of NO; is highest at high latitudes dur-
ing summertime where the daily integrated solar flux
(in the spectral region of 350-400 nm with weak atmo-
spheric absorption) is largest because the length of the
day reaches 24 hours. In the case of the ozone pho-
todissociation, a substantial fraction of the photolytic
light (near 300 nm) is absorbed by stratospheric ozone,
and hence the diurnal averaged j value is highest in the
tropics, where the ozone column is low. The longitu-
dinal variations seen in the photolysis coefficients are
associated with the distribution of surface albedo and
cloudiness. Figure 4 details the temporal variability of
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HNO3 Scavenging — Zonal Mean — January — Days
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Figure 5. Zonally averaged HNOj3 lifetime (days) as-
sociated with wet removal processes calculated for Jan-
uary and July conditions.

the ozone j value (A < 310 nm) as produced by the
model at a pressure level of 800 mbar for midlatitudes
(Paris, France) and equatorial (Brazzaville, Congo) con-
ditions. The difference between the two cases is evident:
at Paris, a strong summer maximum is visible, while at
Brazzaville, the j value remains nearly constant dur-
ing the year with, however, a weak semiannual signal
(maximum values at the equinoxes). The day-to-day
variability i¢ associated with the passage of clouds. De-
pleted photolysis coefficients result from the presence
of clouds above the level of 800 mbar, while enhanced
photodissociation is produced when clouds are present
below that level.

Within the MOZART system, a simulation may vary
from a single inert tracer to a complex set of chemi-
cally coupled species. MOZART allows species to be
grouped into chemical families, thereby reducing the
computational burden. In the present configuration
of the model, only two chemical families are formed:
0; (=03 + OCGP) + O(*D)), and NO, (=N + NO
+ NO;). The other species are treated individually.

The numerical methods adopted in MOZART to solve
the chemical system result from a compromise between
computational efficiency and accuracy. Chemical com-
pounds may be partitioned into any of five numeri-
cal algorithms: explicit Euler forward, linearized Euler
backward iterated (EBI) with the Gauss Seidel scheme,
quasi-steady-state approximation (QSSA) [Hesstvedt et
al., 1978], fully implicit Euler backward with Newton-
Raphson iteration, and implicit Runge-Kutta (specif-
ically the RODAS solver described by Sandu et al
[1996]). In the present study, three long-lived species,
N,O, CHy4, and CO, are solved via the explicit method,
while for other species, the EBI method with five iter-
ations is used.

6. Deposition Processes

Wet deposition is represented as a first-order loss pro-

cess d
C,
(d—f)w =~he

where ¢, (molecules cm~3) is the gas phase number den-
sity, B (s7!) is the so-called loss coefficient, and ¢t (s)
is time. Presently, in-cloud scavenging is formulated
for all soluble species (CH;00H, C3H;O0H, C3H,-
OHOOH, CH;COCH,00H, CH3COOOH, C;H;00H,
HO2NO3, ONIT, CH50), except nitric acid and hydro-
gen peroxide, by the parameterization of Giorgi and
Chameides [1985]. The corresponding loss coefficient
for the soluble species (in clouds) is expressed by

Wh,0

h= X0 + A/(HRT)

(11)

where Wy, 0 is the rainwater tendency (g cm=3 s71) as-

sociated with convective and non convective precipita-
tion (provided by the CCM), Xg,0 (g cm™3) is the mass
density of convective and non convective raindrops, A
is the Avogadro number, R is the perfect gas constant
(8.205 1072 atm cm® K~! M~! g1), T is the tem-
perature (Kelvin), and H is the effective Henry’s law
constant (M atm™1!).

In the case of the most soluble species (HNOj3 and
H>03), which are also removed efficiently through
below-cloud scavenging by rain droplets [Levine and
Schwartz, 1982], the first-order loss coefficient is derived
from the following relation:

Lde, 1 dce

b=—0 @ o @

(12)
if ¢, (molecules cm™3) is the concentration of the dis-
solved molecule inside the drop at altitude z (or at
pressure p). Expressing again the raindrop density by
Xmu,0, the surface area density of raindrops by S and
their volume density by V', the concentration of the dis-
solved molecules along the falling path of the drops (ex-
pressed as a number of molecules per volume of air) can
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Paris (49N,3E) — 800 mb
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Figure 6. Seasonal cycle of HNO3 wet removal first-order loss rate (107%/s) calculated at
800 mbar and 600 mbar at midlatitudes (49°N, 3°E) and in the tropics (0°N, 15°E).

be evaluated from the continuity equation

de, F S 6F Xu,0
dt ~ Vmu,o mu,od

XH,0 = (13)
since S/V = 6/d, and where d is the effective drop
diameter (estimated according to the method of Best
[1950ab] and Roelofs and Lelieveld [1995]) and my,0
= 1 g (water)/cm® (water) is the liquid water density.
The rate F (cm~2 s~1) of uptake of a gas molecule by
a drop can be expressed as

F=K,(cg— c;) (14)

where ¢, (molecules cm™3) is the concentration of the
molecule in the gas phase (air), ¢} (molecules cm™3) is
the concentration of the molecule at the surface of the
drop (assumed to be much smaller than ¢, [Fenton et
al., 1980]), and where the mass-transfer coefficient K|,
(cm s71) is estimated by the semiempirical expression
[Frossling, 1938):

1 1

D, dwp v )3
k=2 oo (®22) (2)'] oo
wherein v is the kinematic viscosity of air (0.0618 cm?

s~1), D, the diffusive coefficient (0.112 cm?/s), and wp
is the drop terminal velocity (whose value is fixed to

800 cm/s according to Best [1950a] and Beard [1976])
for equivalent raindrop diameters of about 3 mm. Thus
the first-order coefficient 3 describing the loss of HNOg3
and H;0; by rainwater inside and below the clouds can
be expressed as

6K9 (wD) XHzO
mu,0d

B= (16)
Note that this scheme ignores evaporation of raindrops
along their falling path.

Figure 5 shows an example of the lifetime associated
with scavenging (expressed in days~!) calculated for ni-
tric acid for January and July conditions (zonal mean).
As expected, wash-out is most efficient in the intertrop-
ical convergence zone with a typical characteristic time
of 0.5-2 days. A secondary maximum associated with
the passage of fronts is found at midlatitudes with a
corresponding time constant of 3-5 days. In the upper
troposphere (14 km in the tropics, 8 km at midlati-
tudes, 5 km at high latitudes), a typical time constant
against wet deposition is 2-3 weeks. It should be noted,
however, that wash-out rates are extremely variable in
space and time, as shown, for example, in Figure 6,
which represents the evolution of the calculated scav-
enging rate 3 during July in midlatitudes (Paris) and
in the tropics (Congo). In Paris the successive rainfall
episodes associated with frontal activity are visible dur-
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Figure 7. Observed (circles) and calculated (boxes) seasonal cycle of 210Ph mixing ratio (1072!)
at selected stations. The model results show the monthly mean (solid line), the median (dashed
line), the inner 50th percentile (shaded area) and the range (box).
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Table 6. Dry Deposition Velocities Used in MOZART (cm/s)

Species Land® Ocean Sea Ice
O3 0.33, 0.40, 0.46, 0.67 0.075 0.075
NO; 0.20, 0.24, 0.28, 0.40 0.055 0.055
HNO; 2.0 1.0 0.055
PAN, MPAN 0.11, 0.13, 0.15, 0.22 0.025 0.025
Organic nitrates 1.1,1.2,1.3, 1.5 1.0 0.05
H,0- 1.1,1.2,13,1.5 1.0 0.05
Organic peroxides 0.55, 0.60, 0.65, 0.75 0.5 0.025
CH,0 0.33, 0.40, 0.46, 0.67 0.075 0.075
CH3COCHO 1.1,1.2,1.3, 1.5 1.0 0.05
(o]¢) 0.01-0.1° 0.0 0.0
CH3;COCH3 0.01-0.1° 0.0 0.0
CH4 107%-107%° 0.0 0.0
Pb 210 0.2 0.05 0.05

2Qver bare ground and grass, savanna, nontropical forests, and tropical forests.
bBased on Miiller and Brasseur [1995]; only a typical range is provided here.

ing all seasons, while in the Congo, the existence of a
wet season (December-April) and a dry season (May-
October) is reproduced by the model.

The performance of the model regarding wash-out
can be tested by comparing calculated and observed
concentrations of lead 210 (which is produced by ra-
dioactive decay of radon 222 and aggregates on aerosols
before being efficiently removed from the atmosphere

Ozone, Athenes Grid—Box

120
100

03, ppbv

0 5 10 15 20 25 30

CO, Athenes Grid—Box

CO, ppbv

0 5 10 15 20 25 30

OH, Athenes Grid—Box

- -

OH, 1e6 ¢cm~-3

0 5 10 15 20 25 30
Day after July 13

by wet scavenging). For this purpose, we assume, as
did other authors [Balkanski et al., 1993; Lee and Fe-
ichter, 1995; Rehfeld and Heinmann, 1995], that the
first-order scavenging coefficient is identical for nitric
acid and for lead. Figure 7 shows that the seasonal
variation of the lead mixing ratio is generally well rep-
resented by MOZART, although the concentrations are
somewhat overestimated by the model at several conti-
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Figure 8. Day-to-day variability of Oz, NO,, CO, and isoprene mixing ratio (ppbv), OH density
(10%/cm?), and temperature (°C) calculated for the Athens (Greece) grid cell during July 13 and

August 13.
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Plate 7. Monthly mean O3 surface dry deposition ve-
locity {cm/s) considered in MOZART for January and
July conditions.

nental stations of North America, South America, and
Japan. Discrepancies could be attributed to inaccura-
cies in the emission and the atmospheric transport. of
radon, in the intensity of precipitation used for the cal-
culation (in this case, we use the precipitation rates
provided by CCM), or in the scavenging scheme. The
underestimate of the lead abundance at Mauna Loa, es-
pecially during springtime, is probably associated with
the underestimate of the ??2Rn concentration at the
same station. The overestimate by the model of lead
210 at Barrow is due to an underprediction of rainfall
by the CCM at high latitudes. Note, however, that
the seasonal variation of the lead 210 abundance at this
station is well reproduced by the model.

Dry deposition velocities (vg = 1/(r, + rs)) are ex-
pressed as a function of a specified species independent
aerodynamic resistance r, of 50 s/m and a species de-
pendent surface resistance r; [Miiller, 1992]. This later
resistance depends on surface types (tropical and non-
tropical forests, savanna, bare ground, water, ice, and
snow) and varies empirically with temperature [Miiller,
1992]. The ratio between daytime and nighttime deposi-
tion velocities is taken from Miiller and Brasseur [1995].
For methane the deposition velocity varies with temper-
ature and ecosystem type, while for carbon monoxide,
it is related to the net primary productivity (NPP).
Details are given in Table 6, while Plate 7 shows the
geographical distribution of the deposition velocity of
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ozone for two different seasons. The deposition is ex-
pressed as a lower boundary condition in the vertical
diffusion equation of the model, and the correspond-
ing loss is therefore independent of the thickness of the
lowest layer. A more detailed deposition scheme is cur-
rently being developed by coupling MOZART to the
land surface model (LSM) of Bonan [1996].

7. Spatial and Temporal Variability

The global distributions and budgets of species pro-
vided by MOZART will be presented and discussed in
the companion paper by Hauglustaine et al. [this is-
sue]. However, in order to illustrate the capability of
the model to account for spatial and temporal variabil-
ity associated with meteorological events and to simu-
late regional pollution episodes, we present and discuss
in this section a few specific “snapshots” of the calcu-
lated trace gas distributions. Plate 8 shows, for ex-
ample, an instantaneous global distribution of surface
ozone on July 19 at 1200 UT. This figure has to be com-
pared with Plate 12 of Hauglustaine et al. [this issue],
which shows the monthly average ozone mixing ratio at
the surface. Although the two maps show similar pat-
terns, the “snapshot” view shown in Plate 8 exhibits a
more irregular structure associated with the specific dy-
namical situation of the moment. For example, several
plumes of ozone originating from the North American
continent are visible. In particular, a strong ozone pol-
lution event (50 ppbv) is seen over the Atlantic Ocean
in the vicinity of Bermuda. This plume extends east of
Canada toward Europe. Export of ozone rich air toward
high latitudes is also visible north of the Eurasian con-
tinent. Relatively low ozone concentrations are calcu-
lated in the continental planetary boundary layer (e.g.,
South American continent) during nighttime, when dry
deposition prevails over photochemistry. High concen-
trations are found over southern Europe with a local
maximum reaching 130 ppbv in Greece.

To provide some insight into the causes of this large
ozone concentration seen over the Greek peninsula, we
have represented in Figure 8 the day-to-day variation

03 - Surface - July 19, 12:00 GMT ppbv

Min=2.196+00  Max = 1.206+02

Plate 8. Distribution of ozone mixing ratio (ppbv)
calculated at the surface on July 19, 1200 UT.
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03 ~ Surfoce — July 13, 12:00 GMT ppbv 03 ~ Surfoce — July 15, 12:00 GMT

Mox = 1.10e+02 Max = 1.04e+02

03 - Surfoce — July 17, 12:00 GMT 03 - Surface ~ July 19, 12:00 GMT

Max = 1,29e+02

Plate 9. Distribution of ozone mixing ratio (ppbv) calculated at the surface over Europe on
July 13, 15, 17, and 19 for midday conditions.
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Plate 10. Surface distribution of NO,, CO, CsHg mixing ratio (ppbv), and O3 net photochemical
production (ppbv/day) calculated over Europe on July 13 for midday conditions.
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Figure 9. Day-to-day variability of O3, NO,, CO, and isoprene mixing ratio (ppbv), OH density
(10%/cm?®), and temperature (°C) calculated for the Nashville, TN, grid cell during July 13 and

August 13.

of ozone and some of its precursors, as well as of OH,
and temperature in the model grid box closest to the
city of Athens, from July 13 to August 13. This fig-
ure shows substantial diurnal variability for all chem-
ical compounds. In the case of OH the concentration
peaks around noon, when photochemical production of
radicals is maximum. The daytime maximum of iso-
prene is related to the diurnal variation in the surface
emission of this short-lived biogenic hydrocarbon and
reaches 300-1000 pptv at noon. In contrast, the max-
imum in the concentrations of surface NO, and CO
are found during nighttime, when a local nocturnal in-
version develops near the surface, and photochemical
losses are small. In the case of ozone the concentration
reaches a maximum in the early afternoon as a result
of net photochemical production (typically Os increases
by 15-30 ppbv during the day). The minimum occur-
ring during nighttime results from surface deposition
as well as a weak chemical destruction by hydrocar-
bons. The increasing ozone values seen after July 13 in
Athens and reaching a maximum of 110 ppbv on July
19-20 (ozone episode) occurs simultaneously with in-
creasing concentrations of carbon monoxide (350 ppbv
on July 18) and of anthropogenic hydrocarbons (not
shown). Plates 9a-9d show the evolution of the sur-
face ozone distribution during this period over Europe.

The plates illustrate the formation of an ozone episode
on July 13 in the eastern part of Germany where the
concentrations of NO,, CO, and anthropogenic NMHCs
(Plate 10) are high. In this region the net photochemi-
cal production of ozone is higher than over the United
Kingdom, for example, where the level of NO,, is suffi-
ciently high to titrate ozone (Plate 10). In the following
days the ozone event is displaced toward the southeast
by transport of ozone and its precursors in relation to
the strong anticyclone over Europe during this period
of time. Additional photochemical ozone production
along the trajectory of the polluted air masses in the
boundary layer explains the increasing concentrations.

Similar ozone episodes are produced by MOZART
over the eastern United States. Figure 9, for exam-
ple, shows the temporal evolution of several chemical
compounds over Nashville, TN from July 13 to August
13. In this region of the United States the ozone events
are strongly influenced by biogenic hydrocarbons. Two
episodes are seen during this period of time, with maxi-
mum concentrations larger than 80-90 ppbv during day-
time at this site. These events are associated with a
doubling in the isoprene mixing ratio (during warm days
when biogenic emissions are enhanced) and high values
of NO; and CO. The regional distribution of surface
ozone (local noon) calculated by MOZART on August
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03 - Surfoce — August 12, 18:00 GMT

Mox = 1.12e¢+02

Plate 11. Distribution of ozone mixing ratio (ppbv)
calculated at the surface over the southeastern United
States on August 12 for midday conditions.

12 (during the second episode) is shown in Plate 11 and
is characteristic of observed situations in the southeast-
ern United States during summertime [e.g., Chameides
and Cowling, 1995).

8. Conclusions

In this first of two companion papers, we have pre-
sented a new chemical transport model of the global
troposphere, MOZART, which provides the three-
dimensional distribution as well as the global and re-
gional budgets of 56 chemical constituents of the atmo-
sphere. The model, which extends from the surface to
the upper stratosphere, has a fairly high horizontal and
vertical resolution, and resolves the diurnal cycle with
a time step of 20 min. It accounts for surface emis-
sions, large-scale advective and subgrid scale transports,
chemical transformations, and wet and dry deposition.
One of the specific features of the model is a detailed for-
mulation of vertical exchanges in the planetary bound-
ary layer. The chemical scheme (140 reactions) focuses
on the formation and fate of photooxidants, including
tropospheric ozone. A discussion of the results pro-
vided by the model is presented in a companion paper
[Hauglustaine et al., this issue]. Future model develop-
ments will include a version of the code driven by as-
similated winds and temperature rather than dynamical
fields provided by the NCAR CCM. Transport processes
will be simulated using a new version of MATCH.
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