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[1] The tropospheric ozone budget during the Tropospheric Ozone Production about
the Spring Equinox (TOPSE) campaign has been studied using two chemical transport
models (CTMs): HANK and the Model of Ozone and Related chemical Tracers,
version 2 (MOZART-2). The two models have similar chemical schemes but use
different meteorological fields, with HANK using MM5 (Pennsylvania State
University, National Center for Atmospheric Research Mesoscale Modeling System)
and MOZART-2 driven by European Centre for Medium-Range Weather Forecasts
(ECMWF) fields. Both models simulate ozone in good agreement with the
observations but underestimate NOx. The models indicate that in the troposphere,
averaged over the northern middle and high latitudes, chemical production of ozone
drives the increase of ozone seen in the spring. Both ozone gross chemical production
and loss increase greatly over the spring months. The in situ production is much larger
than the net stratospheric input, and the deposition and horizontal fluxes are
relatively small in comparison to chemical destruction. The net production depends
sensitively on the concentrations of H2O, HO2 and NO, which differ slightly in the
two models. Both models underestimate the chemical production calculated in a steady
state model using TOPSE measurements, but the chemical loss rates agree well.
Measures of the stratospheric influence on tropospheric ozone in relation to in situ
ozone production are discussed. Two different estimates of the stratospheric fraction of
O3 in the Northern Hemisphere troposphere indicate it decreases from 30–50% in
February to 15–30% in June. A sensitivity study of the effect of a perturbation in the
vertical flux on tropospheric ozone indicates the contribution from the stratosphere is
approximately 15%. INDEX TERMS: 0368 Atmospheric Composition and Structure: Troposphere—

constituent transport and chemistry; 0365 Atmospheric Composition and Structure: Troposphere—composition

and chemistry; 0322 Atmospheric Composition and Structure: Constituent sources and sinks; KEYWORDS:

TOPSE, tropospheric ozone, ozone budget, chemical transport model, stratosphere-troposphere exchange

Citation: Emmons, L., et al., Budget of tropospheric ozone during TOPSE from two chemical transport models, J. Geophys. Res.,

108(D8), 8372, doi:10.1029/2002JD002665, 2003.

1. Introduction

[2] The Tropospheric Ozone Production about the Spring
Equinox (TOPSE) campaign, organized by the National
Center for Atmospheric Research (NCAR) and sponsored

by the National Science Foundation (NSF), was conducted
4 February to 23 May 2000. TOPSE consisted of seven
missions, each of which included several flights between
Colorado and Churchill, Manitoba, and five of which also
were extended to Greenland with sampling over Alert.
These missions allowed detailed sampling of the composi-
tion of the troposphere in the northern middle and high
latitudes from winter through spring. An overview of the
campaign is given by Atlas et al. [2003].
[3] A key question addressed by TOPSE is the origin of

the Northern Hemisphere ozone spring maximum that has
been observed in ozonesondes [e.g., Oltmans and Levy,
1994], as well as surface measurements [e.g., Penkett and
Brice, 1986; Simmonds et al., 1997]. Some analyses find
that the stratospheric contribution to tropospheric ozone
peaks in spring [e.g., Wang et al., 1998], implying that
stratospheric flux is the cause of the ozone maximum;
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however, other studies propose that chemical production
drives the ozone increase [e.g., Penkett and Brice, 1986].
Other modeling studies have indicated that the increase in
ozone during spring is due to comparable contributions of
net chemical production and transport [Yienger et al., 1999].
All of these previous studies had limited observations with
which to evaluate their conclusions. The measurements
from TOPSE provide information on the key ozone pre-
cursors, as well as chemical tracers, which allow us to
evaluate model results and constrain our conclusions.
[4] This paper presents an investigation of the ozone

budget during TOPSE using two NCAR chemical transport
models (CTMs), MOZART-2 (Model of Ozone and Related
chemical Tracers, version 2, which is global), and HANK
(regional). First, a brief description of the models is given,
followed by evaluation of the model results using the
various observations of ozone and other species available
during this period (section 3). In section 4 the seasonal
variation of ozone is presented, and in section 5 the
contributions to the ozone budget during TOPSE, deter-
mined from the MOZART and HANK results, are pre-
sented. Further discussion is given in section 6, and a
summary of the conclusions is in section 7.

2. Model Descriptions

[5] The two CTMs used in this study, MOZART-2 and
HANK, have similar chemical mechanisms, with detailed
O3 -NOx -NMHC chemistry, and horizontal resolution, but
were driven with different meteorological fields and have
different spatial coverage and vertical resolution. Both
MOZART and HANK are NCAR community models (fur-
ther information is available at http://www.acd.ucar.edu/).
The use of two CTMs allows greater confidence in our
results, as well as providing a means to estimate the
uncertainty in such model analyses. Table 1 summarizes
the features and differences of the two models, which are
briefly elaborated on in the following sections.

2.1. MOZART

[6] A complete description and evaluation of the standard
version of MOZART-2, and its improvements over
MOZART-1 [Brasseur et al., 1998; Hauglustaine et al.,
1998] is given by L. W. Horowitz et al. (A global
simulation of tropospheric ozone and related tracers:
Description and evaluation of MOZART, version 2, sub-
mitted to Journal of Geophysical Research, 2002, herein-
after referred to Horowitz et al., submitted manuscript,
2002). MOZART-2 includes a significantly updated chem-
ical scheme, and improved stratospheric constraints and
emissions, over MOZART-1. The meteorological fields
used to drive MOZART can have a significant impact on
the simulated chemical distributions. For the TOPSE cam-
paign, MOZART-2 was driven with meteorological param-
eters from the European Centre for Medium-Range Weather
Forecasts (ECMWF) for 15 January to 3 July 2000 [Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWF), 1995]. Comparisons of a preliminary version
of these MOZART results with observations led to
improvements in two aspects of MOZART: the dry depo-
sition scheme and heterogeneous removal of NOx (NO +
NO2). Initially, the simulated ozone mixing ratios in

MOZART were much less than observed values in the
lower troposphere at high latitudes, suggesting that the
dry deposition of O3 in the Arctic was too large (although
already small). The off-line deposition velocities were
improved by calculating new deposition fields with mete-
orological fields and snow cover from NCEP analyses for
1990–1999 using a resistance-in-series scheme [Wesely,
1989], which is used online in HANK. Monthly mean
values of these deposition velocities were then used in the
current simulation (and are now included in the standard
version of MOZART-2). The initial model calculations of
NOx were found to significantly underestimate the TOPSE
observations. The NOx abundance is improved when the
reaction probability for N2O5 is reduced to g = 0.04 (see Tie
et al. [2003] and section 3).

2.2. HANK

[7] The HANK model is described in detail by Hess et al.
[2000], with changes described by Klonecki et al. [2003],
and are briefly summarized here. The parameterization of
wet removal has been expanded to include the removal of
species frozen in ice and the removal of nitric acid that
deposits on the surface of ice. The reaction accounting for
the heterogeneous removal of N2O5 on the surface of
aerosols, and a lightning source of NOx, were added. Ozone
in the stratosphere was relaxed to values determined by
climatological ozone-potential vorticity correlations with a
relaxation time of 5 days. HANK uses the meteorological
output fields generated by the Penn State University/
National Center for Atmospheric Research (PSU/NCAR)
Mesoscale Modeling System (MM5) mesoscale model
[Grell et al., 1993] for its temperature, water vapor, pres-
sure, convective mass fluxes and parameters governing
diffusive transport and wind fields. The MM5 uses boun-
dary conditions from the NCEP reanalysis and is nudged
toward the reanalysis data set. The time- and location-
dependent chemical boundary conditions for HANK are
derived from a previous global simulation of MOZART.

2.3. Model Differences

[8] Although many aspects of the HANK and MOZART
models are similar, there are important differences, as out-
lined in Table 1. The meteorology, temperature and water
vapor as input from ECMWF and MM5 are different,
although representing the same time period. Thus the trans-
port fields, including the boundary layer parameterizations
and convective mass fluxes, clouds and precipitation are not
identical. For the calculations of photolysis rates, HANK
uses the observed O3 columns from TOMS, while MOZART
uses the model-calculated ozone field, which is relaxed to
climatological values in the stratosphere. Since there was
significant Arctic stratospheric ozone depletion in the win-
ter-spring of 2000 [Richard et al., 2001; Sinnhuber et al.,
2000], MOZART overestimates the ozone column in Febru-
ary–April over parts of the Arctic by up to 10%. The large-
scale and convective rainout parameterizations differ con-
siderably between the two models, and MOZART does not
treat washout on snow and ice differently than rain. The off-
line dry deposition scheme used in MOZART is derived
from that in HANK, but uses climatological dry deposition
velocities, whereas HANK calculates deposition online. The
chemical mechanisms are both derived from that given by
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Müller and Brasseur [1995]. The mechanisms have recently
been compared and differ in some details of the oxidation
mechanism of the higher hydrocarbons. The emissions are
also similar, both derived from the EDGAR database
[Olivier et al., 1996] and Müller [1992] and are climato-
logical, not specifically for the period of simulation. Table 2
summarizes the emissions of a few species north of 30 N
used in HANK and MOZART. The emissions used in
HANK were from the inventory used in an intermediate
version of MOZART, while the MOZART emissions shown
here were further refined on the basis of evaluation of
interim model runs (cf. Horowitz et al., submitted manu-
script, 2002). The difference between the two emission
inventories used is an indication of their uncertainty. For
example, differences in CO emissions are accounted for by
differences in emission factors for biomass burning and soil
emissions.
[9] As shown by Tie et al. [2003] the model results are

sensitive to the hydrolysis of N2O5 on sulfate aerosols. The
sulfate aerosol concentration also differs between the two
models, with the MOZART aerosol distribution taken from
a MOZART-1 simulation (see above), while the HANK
distribution is from Barth et al. [2000] and Rasch et al.
[2000]. In MOZART the sulfate surface area was calculated
at a given aerosol radius (0.15 mm) and it grows with
relative humidity, which is calculated online. In HANK the
aerosol surface area also grows with relative humidity

assuming a lognormal distribution and the method given
by [Kiehl et al., 2000]. Efflorescence was assumed to occur
at 35% relative humidity regardless of temperature. A
temperature dependence was assigned to the reaction prob-
ability following the results of Hallquist et al. [2000],
although the rates were significantly lowered to increase
NOx to better agree with observations (see Klonecki et al.
[2003] for more details).

3. Evaluation of MOZART and HANK
With TOPSE Data

[10] The TOPSE campaign has provided an extremely
valuable data set for model evaluation as there were
previously only limited observations available in this region
during winter and spring. Since MOZART and HANK were
driven with meteorological fields for the period of TOPSE,

Table 1. Comparison of the MOZART and HANK Models

MOZART HANK

Domain global north of �20�Na

Meteorology ECMWF MM5 b

Horizontal resolution 2� lon � 1.9� lat 243 km, polar projection
Layers in vertical 60 layers to 0.1 hPa 38 layers to 100 hPa
Layers below 850 hPa 11 8
In-cloud washout Giorgi and Chameides [1985] Giorgi and Chameides [1985]
Below-cloud washout Brasseur et al. [1998] Giorgi and Chameides [1985]c

Ice scavenging . . . Klonecki et al. [2003]d

Convective washout Brasseur et al. [1998] Hess [2001]
Lightninge Price et al. [1997] Price and Rind [1992]
Dry deposition Wesely [1989]f Wesely [1989]
Photolysis lookup table TUV, L. W. Horowitz et al. (manuscript in preparation, 2003) Hess et al. [2000]
O3 Column (for photolysis) model-simulatedg TOMS O3 for 2000
Stratospheric O3 based on climatological O3

g based on PV correlationh

Other stratospheric species from STARS modeli based on O3 correlation
j

Chemistryk updated Müller and Brasseur [1995] updated Müller and Brasseur [1995]
Emissionsl derived from EDGAR

Olivier et al. [1996]
derived from EDGAR
Olivier et al. [1996]

Aerosol distribution climatological, Tie et al. [2001] Climatological, Barth et al. [2000]
Reaction probability 0.04 temperature, RH-dependentm

aHANK southern boundary does not coincide with a latitude line.
bInitial and boundary conditions from NCEP are used, and MM5 is nudged to the NCEP analysis.
cWashout rate is ten times higher in-cloud than below cloud Klonecki et al. [2003].
dDeposition of HNO3 on ice surfaces following Abbatt [1997]. See Klonecki et al. [2003].
eVertical distribution in each case based on Pickering et al. [1998].
fBased on climatological NCEP meteorological fields.
gStratospheric O3 is relaxed to monthly mean climatology based on ozonesondes [Logan, 1999] and HALOE [Randel et al., 1998] with a relaxation time

of 10 days.
hRelaxed to monthly mean climatological correlation of O3 and potential vorticity derived from ozonesondes with a relaxation time of 5 days [see

Klonecki et al., 2003].
iLong-lived species only [Brasseur et al., 1997].
jHNO3 only; other species specified from a MOZART simulation.
kChemistry schemes differ in oxidation mechanism for higher hydrocarbons [see Klonecki et al., 2003; L. W. Horowitz et al., manuscript in preparation,

2003].
lSee Horowitz et al. (manuscript in preparation, 2003).
mBased on temperature and relative humidity dependence given by Hallquist et al. [2000], but reduced substantially in magnitude [see Klonecki et al.,

2003].

Table 2. Surface Emissions North of 30 N for HANK and

MOZART (Tg/year)

Species

MOZART HANK

Feb May Feb May

NO 44.0 45.0 41.3 43.1
CO 430.6 474.9 349.5 416.7
C2H6 4.4 4.1 7.1 6.4
C3H8 4.7 4.4 8.8 8.0
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it is appropriate to make point-by-point comparisons of the
model results to the observations. To accomplish this, the
model results were interpolated from the model grid points
to the flight track. Comparison with parameters most
directly affecting ozone chemistry are shown here. Addi-
tional comparisons of MOZART against NOx measure-
ments are given by Tie et al. [2003], CO measurements of
Lamarque and Hess [2003] and HANK is compared
against hydrocarbon measurements of Klonecki et al.
[2003]. In general, both models reproduce the CO and
hydrocarbon data. However, MOZART overestimates CO
in late winter, probably due to the emissions being too
large, and HANK underestimates CO in late spring
because of too large OH concentrations. NOx mixing ratios
in both models are lower than the observations, as shown
below. Details of the measurements are given in other
papers [Ridley et al., 2003; Cantrell et al., 2003; Mauldin
et al., 2003; Browell et al., 2003; Shetter and Müller,
1999; Shetter et al., 2002]. All data shown here are from
the 1-min merged data set, and model results along the
flight track are interpolated from instantaneous values at
3-hour intervals to this time base.
[11] Figure 1 shows the comparison of in situ O3 data

with MOZART and HANK for four flights that are
representative of the latitude and seasonal conditions
sampled. In general, both models reproduce the observa-
tions well. Extremely low values of O3 were seen in the
boundary layer in the Arctic (e.g., flights 21 and 34),
possibly due to destruction by bromine [Ridley et al.,
2003]. MOZART and HANK do not include halogen
chemistry so these depletion events were not simulated
in either model. Most of the variation in ozone with time
is correlated with altitude. Occasionally, values of 100 ppbv

or higher were observed along the highest flight legs,
indicative of stratospheric influence. The models are able
to reproduce some of these features (e.g., flight 21),
though not all (e.g., flight 41), probably a result of the
coarse horizontal resolution of the model results, and
inaccuracies in the meteorological fields.
[12] Several parameters were measured during TOPSE

that are critical to the ozone budget, including the photolysis
frequency of O3 ! O(1D) (J(O3)), and concentrations of
NOx, H2O, OH and HO2 + RO2 (RO2 = CH3O2 + other
peroxy radicals). To more easily see the discrepancies
between the models and observations, scatterplots of the
correlation between the data and model results along the
flight tracks for 4 altitude bins (including all latitudes and
missions) are shown in Figure 2. The results of the corre-
lations over all altitudes are summarized in Table 3. The
correlation coefficients (R) are a rough indication of the
amount of scatter in the correlations. The low values of R
are also a result of meteorological noise and the lack of
large gradients in space or time. The correlations for data
binned by latitude for north and south of 60�N are similar to
the results shown for all-latitudes.
[13] Both models underestimate O3 on average, except in

the high-altitude bin. NOx is underestimated on average,
with greater error at higher altitudes. It is not clear how to
resolve the discrepancies between the modeled and meas-
ured NOx. Of the model processes included in the NOx

budget, the most uncertain is probably the heterogeneous
removal of N2O5 on aerosols. Both the aerosol distribution
and the reaction probability are not well known. While Tie et
al. [2003] demonstrate that the overall budget of NOx is
sensitive to this removal, the sensitivity is small. Varying the
heterogeneous removal of N2O5 within reasonable ranges is

Figure 1. In situ ozone observations along the flight track for 4 flights with MOZART (from 24-hour
averages) and HANK (from 6-hour averages) results interpolated to the flight path (1-min averages). The
flight altitude (dashed line) is plotted against the right axis.
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Figure 2. Correlation plots of observations with model results along the flight tracks MOZART (left
panels) and HANK (right panels), for four altitude bins (approximately 2 km each): (a) O3, (b) NOx, (c)
J(O3), (d) H2O, (e) HO2 + RO2, (f ) OH. The correlation coefficients and median of the differences are
shown for each bin.
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Figure 2. (continued)
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Figure 2. (continued)
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Figure 2. (continued)
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Figure 2. (continued)
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not sufficient to obtain the measured NOx concentrations.
This is because the reaction of NO2 and O3 is usually the rate
limiting step. It is not clear what process is responsible for
the underestimate of simulated NOx. This error in NOx

implies the model ozone production rates will be under-
estimated, and is consistent with the underestimate of O3.
[14] MOZART significantly underestimates the photoly-

sis frequency of O3, with greater error at lower altitudes.
In both models, the relative errors at solar zenith angles
greater than 80� are significantly worse due to the greater
difficulty of determining airmass factors in the models at
high zenith angles, and errors due to interpolating to the
time and location of the observations across sunrise or
sunset. The calculated photolysis rates in both models are
corrected for the effect of clouds, however, some of the
model error is certainly attributable to errors in the
assumed cloud cover. MOZART shows good agreement
with the observations of H2O, while HANK is distinctly
higher. The water vapor in HANK is imported from the
MM5 simulation, while in MOZART it comes from the
ECMWF analysis. There is a large amount of scatter in
the RO2 and OH correlations, indicative of the difficulty of
the measurement, as well as the difficulty of modeling
these short-lived radicals (OH is only available below 3 km
[see Mauldin et al., 2003]). On average, the agreement is
good, however, HANK overestimates OH, which is at least
partly attributable to the overestimates of H2O and J(O3) in
the lower troposphere.

[15] During the TOPSE campaign ozonesondes were
launched in coordination with the aircraft flights, in partic-
ular at Boulder and Churchill. Ozonesondes are also
launched regularly at a number of other sites throughout
Canada (archived at the World Ozone and Ultraviolet Data
Centre). The sonde data provide a time series of ozone
throughout the troposphere and lower stratosphere, which is
quite valuable for model evaluation. Figure 3 shows the
comparison of MOZART and HANK with ozonesonde data
at Churchill (Figures 3a and 3b), Boulder (3c) and Alert
(3d), with both observations and model results binned by
the indicated altitude ranges. The model results plotted are
instantaneous values every 3 hours. The correlation coef-
ficients and median difference in each altitude bin between

Figure 2. (continued)

Table 3. Correlation Coefficient (R) and Median of the Differ-

ences Between the MOZART or HANK Model Results and the

Observations (for the Entire Data Set, Except as Indicated)

Species

MOZART HANK

R Difference, % R Difference, %

O3 0.70 �4 0.56 �3
NOx 0.30 �43 0.43 �44
J(O3) (SZA < 80�) 0.95 �11 0.94 �5
HO2 + RO2 0.77 10 0.76 �6
OH 0.50 �1 0.53 33
H2O 0.84 0 0.91 21

TOP 20 - 10 EMMONS ET AL.: TOPSE OZONE BUDGET



each model (interpolated to the times of the sonde data) and
the sondes are shown on the plots. Very good agreement is
seen for both models at Churchill, from the surface into the
lower stratosphere. Since upper tropospheric ozone is
largely influenced by the stratospheric flux [Lamarque et
al., 1999], these comparisons suggest the cross-tropopause
flux in the models is reasonably accurate. Good agreement
in the boundary layer also indicates the surface deposition is
reasonable in the models. Both models capture the ozone
increase until approximately day 100 below 600 hPa at
Churchill. The HANK results at low altitudes hint at an
ozone decrease after day 120 which is not shown in the data
or MOZART. Similarly good agreement is generally seen
for Boulder and Alert, for which just the upper troposphere
and lower stratosphere results are shown (Figures 3c and
3d). Note that, in general, the level of agreement is similar
for the two models at all three sites, even though the
meteorology and the stratospheric ozone is handled quite
differently in the two models. Both models capture the day-
to-day variability seen in the sondes, as well as the varia-
tions in height. Much of the variability is probably due to

meteorology and dynamics, such as tropopause folds and
synoptic systems, and this is determined by the meteorology
driving the models.

4. Ozone Seasonal Evolution

[16] To study the evolution of tropospheric ozone through
spring, averages over all latitudes and altitudes for each
mission were made of the TOPSE in situ and DIAL O3

measurements, and are shown in Figure 4. Since the DIAL
data include measurements above and below the flight track
(but not at it) these data represent a different sampling of the
region (only data below 8 km are included here). Both the in
situ and DIAL data show a significant increase through the
spring, including into May. The in situ data appears to be
representative of the DIAL O3 measurements until the last
campaign, when the in situ measurements are notably
higher. The HANK and MOZART results along the flight
tracks (i.e., interpolated as described in section 3) both
suggest an ozone increase through April, as do the data, and
both underestimate the measured ozone along the flight

Figure 3. Mean values of ozonesondes (circles) at Churchill averaged over 8 altitude bins, with model
results (solid line) from (a) MOZART and (b) HANK. MOZART and HANK for 4 lower stratosphere to
midtroposphere altitude bins at (c) Boulder and (d) Alert. The model results are instantaneous values
every 3 hours. The error bars and shading represent the ranges within each altitude range for the sondes
and models, respectively. The correlation coefficients and median of the differences are shown for each
altitude bin.
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track during the last mission in mid-May. Further analysis of
these model differences is discussed below.
[17] For comparison, the MOZART and HANK results

have been averaged for each month over the entire North
American troposphere in the TOPSE region (40�N–85�N,
235�E–300�E, surface to 350 hPa). Comparison of the
North American average to the flight track averages gives
an indication of how representative the TOPSE data are of
the whole region. For March through May, the monthly
continental-scale means are similar to the flight track results
(averages within 5 ppbv) indicating the TOPSE observa-
tions were representative of the North America region. For
February, however, the MOZART monthly mean is signifi-
cantly less, which indicates the TOPSE flight track encoun-
tered some conditions that were possibly not typical of the
larger region. MOZART and HANK both show maximum
O3 in April for North America and along the flight tracks,
whereas the observations increase through May.

5. Ozone Budget From MOZART and HANK

[18] The various contributions to the ozone budget have
been analyzed from the MOZART and HANK simulations
in order to understand the cause of the increase of ozone
through the spring. The budget of the northern middle and
high latitudes is analyzed for a zonal volume encompassing

30�–90�N and pressures greater than 350 hPa. Since the
lifetime of ozone is long (2 months at midlatitudes and up to
10 months at high latitudes), especially during winter, a
hemispheric-scale budget analysis is more appropriate than
a study of the TOPSE region. The top of this region is the
model level closest to 350 hPa for both models. This
altitude was chosen to match the top of the TOPSE
measurements, and is close to the tropopause. Although
highly variable, Holton et al. [1995] shows the climatolog-
ical mean tropopause height is located between 300 and 400
hPa north of 30�N in winter, and in MOZART it is at
approximately 300 hPa in winter.
[19] Figure 5a shows the total ozone mass for the study

region on the first day of each month. The two model results
are almost identical, showing an increase through April, but
HANK drops off more rapidly starting in May (see dis-
cussion of ozonesondes above). The shape of the seasonal
evolution is consistent with the model results over the
TOPSE region shown in Figure 4. Although the aircraft
observations do not indicate a decrease in O3 by mid-May,
the ozonesondes, plotted through June in Figure 3, do show
such a trend.
[20] The rate of change of ozone can be expressed as:

dO3

dt
¼ V þ H þ P � Lþ Dð ÞO3; ð1Þ

Figure 3. (continued)

TOP 20 - 12 EMMONS ET AL.: TOPSE OZONE BUDGET



where V and H are the vertical and horizontal transport flux
respectively, P and L are chemical production and loss rates,
and D is the deposition rate. Figure 5b shows each of these
components of the ozone budget fromMOZARTand HANK
for the study region: net chemistry (P � LO3), downward
vertical flux at 350 hPa (V), northward horizontal flux across
30�N (H), and deposition (DO3). The vertical flux in HANK
is primarily vertical advection, but it also includes vertical
diffusion, convection and the rearrangement of ozone mass
due to inconsistencies between the wind fields and the
surface pressure tendency [cf., Jöckel et al., 2001]. The flux is
calculated as a residual of the actual ozone change, the
change due to chemistry and the change due to horizontal
fluxes. In MOZART, the vertical flux shown is simply the
vertical advective flux. MOZART includes a similar
rearrangement of ozone mass, but it is small on average.
[21] The vertical flux at 350 hPa increases steadily in both

models from 15 Tg/mon in February to 30 Tg/mon for
MOZART and 50 Tg/mon for HANK in June. The change
due to net chemistry in MOZART increases from 10 Tg/mon
in February to 35 Tg/mon in June, while in HANK the net
chemical production peaks in March at 10 Tg/mon, dropping
to 5 Tg/mon in May and �2 Tg/mon in June (i.e., net
destruction). The greater vertical influx of ozone in HANK
is compensated for by less net ozone production. The two
models show comparable rates of horizontal flux out of the

region (i.e., across 30�N) and deposition, which contribute to
an increasing loss in ozone through the spring. The horizontal
flux is negative, indicating an export of ozone from the
middle and high latitudes of the Northern Hemisphere. The
increase in the magnitude of the deposition flux (proportional
to ozone concentration and deposition velocity) reflects the
change in land surface properties, and possibly meteorology,
with season. Note that the rate of ozone removal by deposi-
tion in HANK in late spring is somewhat less than that in
MOZART because the ozone is less.

5.1. Transport Versus Chemistry

[22] As is evident from equation (1), the chemical
production and transport terms of the ozone budget are
not explicitly dependent on the ozone concentration (to a
first approximation), while the chemical loss and deposi-
tion terms are. Loss and deposition operate on ozone
regardless of whether it is chemically produced in a region
or transported into that region. Therefore the net chemical
production (P � LO3), reflects the loss of both transported
ozone as well as chemically produced ozone. Thus it is
not appropriate to compare transported ozone and net
chemical production. The chemical production of ozone
has been plotted with the vertical and horizontal transport
fluxes in Figure 5c, while the chemical destruction and
deposition are plotted in Figure 5d. The interpretation of

Figure 3. (continued)
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net vertical flux is discussed further in section 5.6. The
net chemistry rates shown in Figure 5b are the total
changes in ozone due to chemistry, whereas the produc-
tion and loss rates in Figures 5c and 5d are determined
from the rate-limiting reactions, with minimal contribution
from null cycles. Here we take the rate of O3 production
as the sum of the reactions of HO2 and RO2 with NO, and
the O3 destruction rate shown is the sum of the losses due
to HO2 + O3, OH + O3, and H2O + O(1D) [e.g., Brasseur
et al., 1999]. The difference of the chemical production
and loss rates calculated in this way does not exactly
equal the net production, however, the differences are
small and do not change the conclusions drawn here.
[23] For this Northern Hemisphere region, chemical pro-

duction of ozone is 2–5 times greater than the net vertical
and horizontal transport into the region, increasing steadily
through the season. Surface deposition is about half that of
the chemical destruction of ozone. Therefore, for both
MOZART and HANK, the O3 chemical production and
loss terms are the dominant terms in a calculation of the net
sources and sinks.

5.2. O3 Chemical Production and Loss Terms

[24] The chemical ozone production and loss are almost
in balance in both models, with the net production being the
difference between two large terms. Therefore changes in

these terms may have an important effect on the net
production. The main discrepancies in the chemical budgets
between HANK and MOZART are that the ozone loss in
HANK is slightly higher in February to April, and the ozone
production in MOZART is significantly higher after April
(e.g., 40 Tg/mon higher than HANK in June). The contri-
butions of each of the most significant reactions to the
ozone production and loss rates were calculated off-line
from instantaneous values every 3 hours, and are shown in
Figure 6. HO2 + NO is the dominant source of O3

throughout this period. From Figure 6a it is evident that
the greater increase in ozone production in MOZART than
in HANK is mainly due to HO2 + NO, which is a result of
more HO2 in MOZART in May and June (not shown). The
comparison with aircraft measurements of HO2 + RO2 also
suggests MOZART is biased high with respect to HANK
overall (Figure 2e), which may be due to differences in the
efficiency of the convective transport in the two models.
[25] Figure 6b shows that HO2 + O3 and H2O + O(1D) are

the most important contributions to the total ozone destruc-
tion. Each of the terms increases through the spring, but at
different rates. 50% of the chemical loss in February is due
to HO2 + O3, but in June H2O + O(1D) contributes 50%,
while OH + O3 is a constant 15% of the total. H2O + O(1D)
is the reaction with the highest discrepancy between the two
models in the early part of the campaign. Although the

Figure 3. (continued)
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models differ significantly in their ability to reproduce the
observed J(O3) values (Figure 2c) the total masses of O(1D)
for the two models (not shown) agree quite well. The
comparison of the H2O mass mixing ratio along the flight
tracks (Figure 2d) suggests that HANK is biased high with

respect to the measurements, while MOZART agrees well
on average. The higher water vapor in HANK explains the
greater importance of the loss of ozone through O(1D) and
the higher concentrations of OH. This suggests there is a
chemical model sensitivity to water vapor distribution, and
implies possible sensitivities in estimating the chemistry in
climate change scenarios [e.g., Thompson et al., 1990].

5.3. Budget for High Latitudes

[26] Since a significant fraction of the TOPSE flights
were between 60�–90�N, and the temperatures and solar
radiation are significantly different from lower latitudes, it is
interesting to examine the budget for high latitudes sepa-
rately. Although the CTMs do not represent the O3 depletion
events in the Arctic boundary layer, this should have
negligible effect on the budget. The same budget analysis
as shown above has been made for just the northern high-
latitude troposphere: 60�–90�N, surface to 350 hPa, and is
shown in Figure 7. The seasonal variation in the ozone mass
is somewhat different in the two models, with HANK
having a greater amount of ozone from February to May,
but less ozone than MOZART by summer. The lower sun
angles, lower temperatures, and lack of sources in this
region result in a somewhat different balance of terms than
seen for the 30�–90�N region (Figure 7b). There is also a
greater difference between MOZART and HANK in this
region. Both models are dominated by transport until at least
March. The larger stratospheric input in HANK (by 5 Tg/
mon) is compensated by horizontal export. In MOZART the
relatively small stratospheric input is compensated by hor-
izontal input. Net chemical production is near zero for both

Figure 4. Ozone averaged over North America: in situ
data, DIAL data, MOZART and HANK along flight tracks,
and monthly means of the models for 40�–85�N, 235�–
300�E, surface to 350 hPa. Symbols indicate medians and
error bars span central 50% of data. Median of DIAL data
below 8 km is shown. Data and model results are slightly
offset along x axis at date of each mission.

Figure 5. Ozone budget of MOZART (filled symbols) and HANK (open symbols) for the northern
middle and high latitudes (30�–90�N, surface to 350 hPa). (a) Total O3 mass for first day of each month.
(b) Monthly rates of change in ozone mass, due to chemistry, horizontal (northward) and vertical
(downward) transport and deposition. (c) Contributions to ozone sources: chemical production and net
transport. (d) Contributions to ozone sinks: chemical destruction and deposition.
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models until May, at which point MOZART becomes net
productive, while HANK is net destructive. Deposition is
almost identical in the two models.
[27] In May and June, gross production becomes the

dominant term for both models. The chemical loss and
deposition terms are quite similar in the two models (Figure
7d), and show a similar increase with season as for the 30�–
90�N budget, except that in early spring the increase is
proportionally slower. The slightly higher ozone loss rate in
May for HANK and significantly higher production rate in
June for MOZART, result in the difference in the net
chemistry between the two models.

5.4. Ozone Budget for TOPSE Region Versus
Zonal Averages

[28] The previous sections have presented zonally aver-
aged ozone budgets of the northern middle and high
latitudes. Chemical production and loss as a function of
location and altitude are now examined. Figure 8 shows the

monthly mean altitude distributions of ozone production
and loss. Figure 8a shows the instantaneous production and
loss values along the TOPSE flight tracks from steady state
calculations constrained by observations of a number of
species (including O3, NOx, CO, CH4, peroxides, PAN,
HNO3, NMHCs, and photolysis rates) [Cantrell et al.,
2003], MOZART and HANK. The results are averaged
over latitudes south and north of 60�N. Both CTMs gen-
erally underestimate the calculated production rates at 40–
60�N, but match the loss rates well. The steady state
calculations show greater production rates at 2–3 km for
40�–60�N, because of the large emissions from Denver at 2
km elevation that are not resolved in the large model grids.
The data below 1 km are from samples over North Dakota
and Winnipeg, which have much lower emissions than the
Denver area. At 60�–90�N the CTMs systematically under-
estimate the SS rates, but with decreasing bias through
spring. Note that the overall values in the higher latitude bin
are up to 10 times smaller than the lower latitude bin. The

Figure 6. Monthly mean ozone production and loss rate terms for MOZART and HANK zonally
integrated over 30�–90�N, surface to 350 hPa.

Figure 7. Same as Figure 5, except for 60�–90�N.
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Figure 8. Ozone production and loss as a function of pressure altitude, for monthly means in two
latitude bands. (a) Steady state model results [Cantrell et al., 2003] and instantaneous production and loss
rates from MOZART and HANK along the flight tracks. (b) Diurnal averages along the flight tracks and
zonal averages from MOZART and HANK. Note scale change for latitude bands.
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Figure 8. (continued)
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lower modeled O3 production rates in the CTMs are con-
sistent with the underestimate of NO by the models. Better
agreement is seen in the loss rates.
[29] Figure 8b compares the diurnal averages of the

model results along the flight tracks with zonal averages
from MOZART and HANK. The zonal average shows that
the majority of the chemical activity occurs in the boundary
layer (0–2 km) at both high and middle latitudes. These
zonally averaged low-altitude values are significantly larger
than the flight track values, most likely indicating the effect
of local emissions not sampled along the flight tracks. The
zonally averaged net production (P-L, not shown) is pos-
itive for all months at 40�–60�N in the lower 3 km for both
models, but near zero in the midtroposphere. However, at
the high latitudes, net production occurs only in the lowest 1
km in late spring, and net destruction throughout the rest of
the troposphere. The diurnally averaged flight track results
show the same structure as the instantaneous results (Figure
8a), but are about half of the magnitude.
[30] Table 4 shows the latitudinal contributions of pro-

duction and loss from MOZART and HANK to the ozone
budget shown in Figure 5. In all three latitude bands the
production and loss increase from winter through spring in
both models. In February and March the 30�–40�N band
contains the largest fraction of the production and loss. The
40�–60�N band has the largest area of the three bands, but
shows comparable integrated rates to the lower latitude
band in April and May. The high-latitude band (60�–
90�N) makes the smallest contribution (<15%) to the total
region (i.e., 30�–90�N) for all months, and makes a
negligible contribution until the solar flux increases late in
the spring. When normalized by area, it is evident that net
production at the lower latitudes is most important for this
region in late winter and early spring, while in the 40�–
60�N band net production is comparable to the lower
latitudes for the second half of spring. The lower levels of

precursors and sunlight at the high latitudes keep the net
production rates low, and at times negative.
[31] In the two lower latitude bands HANK has signifi-

cantly less production than MOZART in May and June,
causing the difference seen in Figure 5. MOZART and
HANK show rather different values and trends in net pro-
duction. At 30�–40�N, MOZART net production doubles
from February to June, while HANK decreases by a factor of
1.5. At 40�–60�N, MOZART increases by a factor of 9, but
HANK only increases by 50%, peaking in April–May.

5.5. Steady State Ozone

[32] The spring maximum in ozone can be understood in
terms of the approach of ozone to its photochemical
equilibrium value. To see this we write O3 at photochemical
steady state as:

O3½ 
ss¼ V½ 
 þ H½ 
 þ P½ 
ð Þ= ~Lþ ~D
� �

; ð2Þ

where the terms with a tilde represent the respective terms in
equation (1) multiplied by ozone, integrated over the volume
and divided by the volume integral of ozone, and square
brackets indicate integrals over the same volume. In the
following analysis these terms are evaluated using output
from each of the two models. Calculations by Klonecki
[1999] suggest that this is a reasonable approximation for
ozone production (P) and loss (L). The deposition rate (D) is a
function of meteorological parameters which do not depend
on O3. The vertical transport (V) is assumed to be dependent
on the ozone in the lowermost stratosphere, but not on
tropospheric ozone. The horizontal flux largely depends on
horizontal ozone gradients in the troposphere, which we
assume remain constant as ozone approaches its steady state
concentration.
[33] Substituting equation (2) in (1), the ozone evolution

equation can be rewritten in terms of its steady state value:

d O3½ 

dt

¼ ~Lþ ~D
� �

O3½ 
ss � O3½ 

� �

: ð3Þ

[34] The timescale to reach equilibrium is simply
(~Lþ ~D)�1, i.e., it is equal to the steady state ozone con-
centration divided by its input (V + H + P). The relation
between ozone and its steady state concentration for
MOZART and HANK for each month is shown in Figure
9a for the northern extratropical troposphere (i.e., zonally
averaged for latitudes >30 N and pressures >350 hPa).
Despite the differences in the ozone budget between the
two models, they give a remarkably similar picture of the
spring ozone maximum. Ozone is driven up toward large
steady state ozone values during the winter and early spring.
However, the time constant with which ozone is being
driven to these higher values is very slow (shown in Figure
9c) and consequently ozone does not reach the very high
equilibrium concentrations. In mid- and late spring, the
steady state ozone concentrations decrease to below the
actual O3 values, mainly due to increased chemical loss.
The spring ozone maximum occurs when ozone reaches its
steady state value. To our knowledge, there have not been
other steady state analyses such as this. Other global model
analyses have shown positive net ozone production through
winter and early spring, without accounting for the effect of

Table 4. Production, Loss and Their Difference (P-L) Rates (Tg/

mon) From MOZART and HANK, Zonal Monthly Means

Integrated Over Surface to 350 hPa for Indicated Latitude Rangesa

Month

MOZART HANK

P L P-L P L P-L

30�–40�N
Feb 29.5 17.5 12.0 (32.8) 25.8 15.1 10.7 (29.2)
March 42.3 27.2 15.0 (41.0) 38.7 28.0 10.7 (29.3)
April 52.3 36.9 15.3 (41.9) 46.7 39.6 7.1 (19.5)
May 71.6 52.5 19.1 (52.2) 59.7 54.1 5.6 (15.3)
June 83.1 59.8 23.3 (63.6) 66.2 61.8 4.4 (12.0)

40�–60�N
Feb 15.4 11.1 4.3 (7.4) 16.8 6.9 9.9 (17.2)
March 28.5 18.9 9.6 (16.7) 30.3 16.6 13.6 (23.7)
April 48.5 31.4 17.1 (29.7) 46.1 31.6 14.4 (25.1)
May 80.2 51.4 28.8 (50.1) 62.7 47.8 14.8 (25.8)
June 104.7 68.5 36.2 (62.9) 73.0 61.7 11.3 (19.6)

60�–90�N
Feb 0.5 1.0 �0.5 (�1.4) 1.3 0.7 0.6 (1.6)
March 1.6 1.9 �0.2 (�0.7) 3.4 2.9 0.5 (1.4)
April 4.9 5.7 �0.8 (�2.3) 7.7 8.3 �0.6 (�1.7)
May 13.9 12.6 1.3 (3.7) 13.9 14.7 �0.8 (�2.3)
June 23.0 20.0 2.9 (8.4) 17.1 20.0 �3.0 (�8.4)

aNet production is also given normalized by area, in parentheses (10�14

Tg/mon/m2). (Areas: 30�–40�N, 3.66 � 1013 m2; 40�–60�N, 5.75 � 1013

m2; 60�–90�N, 3.53 � 1013 m2).
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vertical flux in the net production [e.g., Yienger et al., 1999;
Wang et al., 1998].

5.6. Stratospheric Contribution

[35] There has been considerable debate concerning the
tropospheric contribution to the springtime ozone maximum
(through in situ ozone production) versus the stratospheric
contribution (through the stratospheric flux of ozone). To
some extent the ‘‘stratosphere versus troposphere’’ debate
probably persists due to ambiguities in defining and quan-
tifying the stratospheric ozone flux and the tropospheric
ozone production. Moreover, neither of these quantities is
directly measurable in the field. This has necessitated using
indirect measures of deducing their relative importance
[e.g., see Browell et al., 2003], or relying on model studies.
[36] Below we show the sensitivity of tropospheric ozone

to the stratospheric ozone flux, and apply two measures of
the relative importance of the stratosphere versus the tropo-
sphere in explaining the springtime ozone maximum to the
model simulations. Each measure gives a quantitatively
different answer. We discuss the interpretations of these
measures, their assumptions and their limitations. Neither
measure quantifies the indirect impact of stratospheric
ozone flux on tropospheric ozone production and loss
cycles. We do not address this issue here, but it is addressed
by Lamarque et al. [1999].
5.6.1. Measure 1
[37] This measure simply compares the net stratospheric

ozone flux against tropospheric ozone production. From the
steady state O3 definition in equation (2), the influence of
the stratosphere can be measured as V/(V + H + P), the
fraction of the total ozone input due to the stratospheric
flux. Note that this can be interpreted as the stratospheric
portion of ozone at steady state.
[38] We do not use the net tropospheric ozone production

(i.e., P � LO3) in this comparison (see section 5.1). While
the net ozone production is explicitly calculated, the deter-
mination of P and L requires additional assumptions. In
particular, consistent definitions for P and L depend on the
explicit definition of Ox [e.g., Johnston and Kinnison,
1998]. Useful definitions for Ox eliminate the fast chemical
cycling involved in ozone production, at least to the extent
possible. Two different definitions were used in HANK for
Ox, one simply including the species O3, O(

1D) and NO2;

the other including the additional species NO3, N2O5,
HNO4 and HNO2. The average production and loss rates
differ by approximately a factor of two between these
schemes (not shown). Differences of this order show the
difficulty in quantifying the stratospheric influence.
[39] This comparison uses the net vertical stratospheric

flux. The net ozone flux is the small difference between the
large respective fluxes in each direction (not shown).
Lamarque and Hess [1994] showed this to be true even
when using potential vorticity as the vertical coordinate. As
a thought experiment consider the case where the strato-
spheric flux of ozone into the troposphere exactly balances
the tropospheric flux of ozone into the stratosphere. In this
case the effect of stratospheric input is simply to replace
ozone molecules produced in the troposphere with those
from the stratosphere. In such a case, according to this
measure, the stratosphere has no direct influence. This
assumption is further discussed below in measure 2.
[40] The global net transport from the stratosphere in

MOZART-2 (standard version driven with MACCM3) is
estimated to be 343 Tg/year (Horowitz et al., submitted
manuscript, 2002). This is just below the range of 475 ±
120 Tg/year determined by McLinden et al. [2000], and of
other studies (391–1440 Tg/year) [Prather et al., 2001].
Somewhat surprisingly, the vertical ozone flux at 350 hPa
(Figure 5) shows a very slow increase in both models in the
early spring (February–April) then increasing more rapidly
until the simulations end in June. While a number of studies
have suggested the highest ozone fluxes occur during
spring, Appenzeller et al. [1996] shows the mass flux across
the tropopause has a relative maximum in midwinter and a
stronger maximum in late spring (May–June). The flux
across 350 hPa is not the same as the cross-tropopause flux,
but it is assumed here to be comparable.
[41] The ratio, V/(V + H + P), determined from the

MOZART and HANK budgets given in Figure 5c, is
included in Table 5. The fraction determined from the
MOZART results decreases steadily from 33% in February
to 16% in June. In HANK, however, there is a slight
minimum in the stratospheric fraction in February–March,
but the fraction is about 30% throughout spring. These
numbers should be considered an upper bound, as both
models significantly underestimate NOx and are therefore
likely to underestimate in situ ozone production in the

Figure 9. Monthly mean steady state ozone mass and timescales for MOZART and HANK. (a) Ozone
mass for 30�–90�N, surface to 350 hPa: calculated steady state O3 (equation (2)) is plotted at midmonth,
with the model-simulated total ozone mass for the first of each month (from Figure 5). (b) Timescales for
ozone deposition, chemical loss, and deposition plus loss; 30�–90�N.
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ambient low NOx conditions (e.g., see the steady state
model calculations of production in Figure 8a).
5.6.2. Measure 2
[42] A second measure of stratospheric influence uses a

tracer of stratospheric ozone which is only destroyed in the
troposphere. This has been used in numerous 3-d model
calculations [e.g., Roelofs and Lelieveld, 1997; Wang et al.,
1998]. Table 5 shows the ratio of this stratospheric tracer to
tropospheric ozone for MOZART. The results suggest that
56% of tropospheric ozone is of stratospheric origin in
February. This fraction drops steadily through spring, to
31% in June. Other studies suggest this ratio is probably on
the order of 20–40% [e.g., Roelofs and Lelieveld, 1997;
Wang et al., 1998]. This latter ratio is consistent with the
ratio of vertical transport to the total ozone input in
February (from measure 1, Table 5).
[43] This measure of stratospheric influence makes differ-

ent assumptions with regard to the stratospheric flux of
ozone than made in measure 1 above. Therefore one would
not expect the conclusions of these two measures to be
quantitatively the same. Nor can we offer a judgment on the
preferred method. Instead we simply discuss the implicit
assumptions made using this measure.
[44] Measure 2 makes the same assumptions as measure 1

with regard to ozone loss: it is explicitly calculated using a
set of explicit assumptions. The implicit assumptions with
regard to the vertical flux of ozone are somewhat more
difficult to ascertain for measure 2. Again, consider the
thought experiment where the stratospheric flux of ozone
into the troposphere exactly balances the tropospheric flux
of ozone into the stratosphere. In this case the concen-
tration of the stratospheric tracer in the troposphere would
be nonnegligible, and measure 2 would show considerable
stratospheric influence. This is in stark contrast to measure
1. However, measure 2 does not strictly assume the
importance of the stratosphere is measured by the down-
ward component of stratospheric ozone flux. There is likely
to be some cancellation of the stratospheric tracer trans-
ported into and out of the troposphere. The extent of this
cancellation is likely to be sensitive to the exact vertical
coordinate used to denote the upper boundary of the
troposphere. Thus this measure is likely to differ depending
on exactly how it is implemented. Indeed, we find that in
an experiment with MOZART the tropospheric concentra-

tion of the stratospheric tracer is sensitive to exactly how
we relax this tracer to stratospheric ozone concentrations
above the tropopause.
5.6.3. Sensitivity Test
[45] One measure of the influence of the stratosphere

is the sensitivity of tropospheric ozone to an increase in
the stratospheric ozone flux. This sensitivity is given by:
�O3/O3 over �V/V, where �V is the perturbation in the
stratospheric flux and � O3 is the tropospheric response.
This sensitivity test gives a well defined answer to a well
defined question. However, it gives little information con-
cerning the importance of the production of ozone relative to
the vertical flux. We have conducted a sensitivity experi-
ment in MOZART by perturbing the stratospheric flux of
ozone into the troposphere. We keep the perturbation small
(�V/V � 1%) so as to remain within a linear regime. In each
of the months examined �O3/O3 over �V/V is on the order
of 15% (see Table 5). Thus the troposphere shows relatively
small sensitivity to changes in stratospheric ozone flux.
[46] Assumptions about what we mean by the influence

of the stratosphere affect our conclusions about how impor-
tant it is. These assumptions are implicit in the measures
given above. The two measures above show a rather small
influence of the stratosphere, and the sensitivity test shows a
rather small sensitivity to changes in the stratospheric ozone
flux. This is not to say that the stratospheric portion of the
ozone is not important. It is in fact partly the stratospheric
portion which sets the timing of the ozone maximum.
Lamarque et al. [1999] found that a global model simu-
lation with no stratosphere-troposphere exchange produces
a late springtime O3 maximum in the Northern Hemisphere
extratropics. When STE is included the maximum is shifted
one month earlier.

6. Discussion

[47] Using two chemical transport models we have
studied the ozone budget over the location and time of the
TOPSE campaign. The observations from TOPSE have
provided an extensive and unique data set with which to
evaluate the models. We have shown that the models are
generally able to reproduce the observations of ozone and
related species. Ozone from the models agrees well with
observations from the aircraft and ozonesondes in the upper
troposphere, suggesting that the stratosphere-troposphere
exchange is reasonable in the models. The models slightly
underestimate the in situ aircraft measurements of O3 below
450 hPa, and generally underestimate NOx. Reasons for this
underestimate are not understood, and may be caused by
incorrect parameterization of N2O5 + H2O on aerosols, or
the aerosol distribution, or other processes. In some instan-
ces there are significant differences in the ability of the two
models to reproduce the data. H2O is overestimated in
HANK, while J(O3) is too low in MOZART. Comparisons
with the steady state calculations from the aircraft observa-
tions indicate that both MOZART and HANK underestimate
the rate of O3 production. We attribute this to the model
shortfall in NOx (as discussed above).
[48] Differences between HANK and MOZART are indi-

cative of the degree of uncertainty in such analyses. The net
chemical production (Figure 5b) is the small difference
between the large production and loss rates (Figures 5c

Table 5. Estimates of the Relative Importance of Stratospheric

Flux and In Situ Production on Tropospheric Ozone Determined

From: Measure 1, the Fraction of Total Ozone Input Due to

Stratospheric Flux (V/(V + H + P)); Measure 2, the Stratospheric

Ozone Tracer (O3
s/O3); and a Sensitivity Test of the Effect of a

Perturbation in Vertical Flux to Tropospheric Ozone ((� O3/O3)/

(�V/V))a

Month V
VþHþP

, % O3
s/O3, %

�O3=O3
�V=V , %

Feb 33 (34) 56 16
March 27 (26) 49 16
April 21 (27) 43 16
May 17 (29) 36 16
June 16 (30) 31 14
aSee text for discussion. Results are from MOZART except values in

parentheses are from HANK.
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and 5d) and therefore is quite sensitive to relatively small
errors in the production and loss terms. For the 30�–90�N
zonal volume, the MOZART results indicate increasing net
ozone production into May, while HANK suggests the
maximum net production occurs in winter and early spring.
The difference between these two simulations sensitively
depends on both the ozone production and loss rates. While
the aircraft measurements suggest water in HANK is some-
what high, we find no systematic discrepancies overall in
the photolysis rate of ozone between HANK and the
measurements. Thus, even for models with similar chemical
mechanisms and emissions, the net production of ozone can
depend sensitively on the model formulation and meteorol-
ogy. These aspects of these simulations will be evaluated
more thoroughly in future work.
[49] Although the O3 mixing ratios and total masses are

quite similar in the two models, the balance of chemistry
and transport can be significantly different at times. HANK
has a larger stratospheric input from April through June.
This is partly compensated by less net ozone production due
to increased photochemical ozone losses in March and April
and decreased ozone production in May and June. Other
compensating factors also exist. For example, despite the
fact that 2000 was an anomalously low year for Arctic
stratospheric ozone, the ozone in the upper troposphere and
lower stratosphere in both models agrees with the sonde
data. Moreover, while MOZART underestimates the pho-
tolysis of ozone, O(1D) is nearly the same in both models.
[50] Despite the numerous measurements made during

TOPSE, it is not possible to conclude whether MOZART or
HANK is more correct in the cases where they disagree. In
some cases there are not sufficient measurements, or the
measurement and modeling uncertainties are large (e.g.,
OH, HO2, RO2). Our limited knowledge of the accuracy
of some of the model inputs, such as wind fields and
emissions, also introduces uncertainties to these results.
The magnitude of stratosphere-troposphere exchange is
extremely difficult to evaluate in the models, and critically
affects the budget calculations. The precise balance of
chemistry and transport depends sensitively on these model
details, and therefore remains uncertain.
[51] We have hypothesized that the ozone increase during

the spring months can be attributed to the fact that ozone is
less than its steady state concentration. The steady state
ozone concentration decreases during the spring months as
the ozone loss increases. The springtime ozone maximum is
reached when ozone equals the steady state ozone concen-
tration. The measures of stratospheric fraction indicate its
contribution to the spring maximum is small.
[52] Our simulations complement the work of Cantrell et

al. [2003] and Wang et al. [2003], who show the ozone
budget along the flight tracks using steady state and diel box
model calculations, respectively. We show that the budgets
are similar when extended over the Northern Hemisphere.
All of the model results show a strong increase in ozone
production and loss rates through spring, with significantly
more production at 40�–60�N, than at higher latitudes. The
production of ozone is dominated by the reaction HO2 +
NO, and ozone loss is primarily due to HO2 + O3 and O(1D)
+ H2O, with the contribution from O(1D) + H2O increasing
most rapidly through spring. Our conclusions are also
qualitatively similar to Yienger et al. [1999], showing that

both production and loss increase significantly through
spring. However, their simulation produces 60 pptv of
NOx in March for 60�–70�N in the midtroposphere,
whereas the TOPSE observations are 10–30 pptv.

7. Conclusions

[53] The ozone budget during the period of the TOPSE
campaign has been analyzed using results from MOZART
and HANK. Although the models produce differing results
in some aspects, they show the same overall conclusions.
These results indicate that the Northern Hemisphere spring
ozone maximum is driven by an increase in photochemistry
through the spring months. The ozone production is between
a factor of two (in February) and a factor of five (in May)
times larger than the transport from the stratosphere (30�–
90�N). We compare the gross production, not the net pro-
duction, against the transport, as ozone loss operates on
stratospheric as well as tropospheric ozone. This conclusion
holds in both models using different meteorological analyses
with different vertical resolutions. Analyses of a model
experiment where vertical flux is perturbed and of a strato-
spheric ozone tracer in MOZART result in qualitatively
similar conclusions. Given the good correlations between
ozone in the upper troposphere and the measurements, it
seems likely that tropospheric ozone production dominates
over transport during the spring months.
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