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ABSTRACT

Cross-tropopause transport of Oj is a significant factor in the tropospheric budget and distribu-
tion of O;. Nevertheless, the distribution in the troposphere of O; that originates from the
stratosphere is uncertain. We study this with a chemistry — general circulation model with
relatively high spatial and temporal resolution. The model simulates background tropospheric
CH,-CO-NO,-HO, photochemistry, and includes a tracer for stratospheric O;. Since this tracer
is not photochemically produced in the troposphere but only destroyed, comparing its budget
and distribution with that of total tropospheric O, yields an estimate of the contribution of the
stratospheric O; source in the troposphere. Model results suggest that transport from the
stratosphere and net photochemical formation in the troposphere, considering present-day
emissions, are of comparable magnitude. The model predicts efficient transport of upper tropo-
spheric O5-rich air to the surface by large-scale subsidence in the subtropics and by synoptic
disturbances in the NH middle and high latitudes. O from the stratosphere contributes signific-
antly to surface O; in winter and spring when the photochemical lifetime of O; is relatively
long. In summer and in the tropics, little O from the stratosphere reaches the surface due to
strong photochemical destruction, so that surface O; is largely determined by photochemical
production. Photochemically produced O; maximizes in the free troposphere where the O;

surface warming efficiency is higher compared to the boundary layer.

1. Introduction

An important source of O; in the troposphere
is downward transport from the stratosphere
through tropopause foldings associated with large-
scale cyclogenesis, cut-off lows, and quasi-
adiabatic transports along isentropic surfaces
(Danielsen, 1968; Vaughan, 1988; Holton et al.,
1996). Stratosphere-troposphere exchange (STE)
of O4 co-determines the distribution of O; in the
troposphere, and knowledge of its influence on
tropospheric O; levels is necessary to assess the
climate effects of O; perturbations due to human
activities (Fishman et al, 1979; Ramanathan
et al.,, 1987).

* Corresponding author.

Although the important exchange mechanisms
have been identified, budgets of the annual and
global cross-tropopause transport of O; are still
highly uncertain. General circulation model
(GCM) calculations yield cross-tropopause Oj
fluxes between 475 and 650 Tg O; yr~! (Mahlman
et al., 1980; Gidel and Shapiro, 1980; Levy et al.,
1985). Based on correlations between N,O and
O,, potential vorticity (PV) and O, and *°Sr and
O3, ozone fluxes have been calculated ranging
from 200 to 870 Tg O; yr~! globally (Murphy
and Fahey, 1994), and 500 Tg O, yr~! for the
northern hemisphere (Danielsen and Mohnen,
1977). Ebel et al. (1993) used a regional model to
assess the cross-tropopause transport of O; for a
combined tropopause folding and cut-off cyclone
event, and extrapolated an Oj; flux of 770-960 Tg
yr~! for the northern hemisphere.
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The 2nd source of tropospheric O; is photo-
chemical production as a result of NO,, CO, CH,,
and higher hydrocarbon emissions (Crutzen,
1995). Tropospheric O; budget calculations with
two- or three-dimensional global transport chem-
istry models yield global cross-tropopause fluxes
between 408 and 1077 Tg O, yr ~ 1, net photochem-
ical production fluxes between 216 and 1404 Tg
O; yr™1, and dry deposition fluxes between 612
and 1937 Tg O, yr ! (WMO, 1995). These global
budget terms, however, do not indicate how the
stratospheric O; source contributes to the tropo-
spheric O; distribution.

To investigate this, Levy et al. (1985) prescribed
O; mixing ratios at the 10 hPa level of a GCM,
and simulated downward O; transport and
destruction at the earth’s surface. They concluded
that observed vertical profiles and surface seasonal
cycles of Oy are fairly well reproduced by only
considering a stratospheric source for tropospheric
O;. However, the lack of a tropospheric photo-
chemistry representation in the model caused too
high O, levels at high latitudes in the northern
hemisphere, and spring maxima and autumn
minima instead of the observed summer maxima
and winter minima at NH middle and high latit-
udes. Follows and Austin (1992) used a two-
dimensional NH tropospheric model that included
photochemistry and explicitly accounted for O of
stratospheric origin. They found that stratospheric
O; contributed less than 5% to surface O,,
although at 300 hPa the contribution was signi-
ficant. Holton and Lelieveld (1996), using a simpli-
fied three-dimensional global chemistry/transport
model, reached a similar conclusion. Thus, there
appear to be large discrepancies among different
studies regarding the importance of STE for tropo-
spheric O;.

In the present study we use a chemistry —
GCM, described in Roelofs and Lelieveld (1995),
to analyse tropospheric O; in terms of contribu-
tions from STE and photochemical production in
the troposphere. In the present version, the model
calculates background CH,-CO-NO,-HO, tropo-
spheric chemistry and global meteorology on a
relatively high spatial and temporal resolution
(3.75°x 3.75° and 1800s, respectively). At this
resolution the GCM realistically simulates synop-
tic disturbances such as extratropical cyclones.
This is important since associated downward flows
carry upper tropospheric O, originating from the
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stratosphere, to the surface, where its lifetime is
considerably shorter. Thus, the representation of
vertical transport is expected to be more realistic
in our model than in that of Follows and Austin
(1992) who used a parameterization based on
eddy diffusion, and of Holton and Lelieveld (1996)
who used monthly averaged meteorology.

Following the method of Follows and Austin
(1992), we have included a tracer for stratospheric
O; in the model (referred to as Oss). This tracer
is treated in the same way as O,, except that the
reactions involving O,s in the troposphere are
only those that destroy O;. Thus, its only source
in the troposphere is cross-tropopause transport.
A brief description of the coupled chemistry —
GCM will be given in Section 2. Section 3 presents
calculated budgets and distributions of the differ-
ent O; “types” in the troposphere. Section 4
presents the conclusions.

2. Model description

2.1. General

The general circulation model used in this study
is the European Center Hamburg Model, version
4 (ECHAMA4). In the T30 mode, which is used in
this study, the horizontal resolution is approxi-
mately 3.75°x3.75° and the time resolution is
1800 s. The model uses 19 vertical layers in a
hybrid o-p- coordinate system, from the surface
to 10 hPa. Average pressure levels relevant for the
troposphere and lower stratosphere are 990, 970,
950, 900, 840, 760, 670, 580, 490, 400, 320, 250,
190, 140, 100 and 75 hPa, referring to approximate
mid-layer altitudes of 0.03, 0.14, 0.38, 0.78, 1.4, 2.1,
3.1, 42, 56, 7.0, 8.6, 102, 11,9, 13.8, 159 and
18.0 km above the surface. Tracer transport is
calculated using a semi-Lagrangian advection
scheme (Rasch and Williamson, 1990; Feichter
et al, 1996). Additional vertical transports are
included through parameterizations for vertical
diffusion and convection (Roeckner et al., 1992;
Tiedtke, 1989). An elaborate description of
ECHAM and the simulated climate can be found
in Roeckner et al. (1992, 1995), Boer et al. (1992),
and Haskins et al. (1995). The climate model has
previously been used for tracer transport studies
(Feichter et al, 1991; Brost et al, 1991) and a
simulation of the global sulfur cycle (Feichter
et al., 1996).
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The GCM is coupled to a tropospheric chem-
istry model, that considers background CH,-CO-
NO,-HO,, chemistry, emissions of NO and CO,
dry deposition of O;, NO,, HNO;, and H,0,,
and wet deposition of HNO; and H,O,. A descrip-
tion and analysis of the general circulation —
chemistry model is given in Roelofs and Lelieveld
(1995). The coupled model gives a realistic repres-
entation of the seasonal variabilities of the O,
photochemical production and of O; transport
from the stratosphere. Calculated O; profiles and
surface concentrations for remote tropical and
mid-latitudinal sites agree well with observations.
The model underestimates O, concentrations at
the poles and in relatively polluted regions. The
latter is due to the neglect of higher hydrocarbon
chemistry.

In the latest version of the model we use more
recent estimates for the NO emission distributions.
Anthropogenic NO emissions (21 Tg N yr~!) are
distributed according to Benkovitz et al. (1996),
soil NO emissions (5.5 Tg N yr~!) according to
Yienger and Levy (1995), and biomass burning
NO emissions (6 Tg N yr~!) according to Hao
and Liu (1994). The distribution of NO emissions
by lightning (4 Tg N yr™1) is calculated on-line
based on the calculated cloud top heights for
convective clouds (Price and Rind, 1992). The
total NO source amounts to 36.5 Tg N yr~!. We
have included the dry deposition parameterization
for O, NO,, and HNO; of Ganzeveld and
Lelieveld (1995), that derives aerodynamic and
stomatal resistances directly from parameters cal-
culated by ECHAM4. Further, a new definition
for the tropopause is adopted (see Subsection 2.2).
In this study we use the results of a two-year
simulation. The modifications have altered the
tropospheric O; budget compared to the previous
model version, and the agreement between the
calculated and observed seasonality of O; surface
concentration has significantly improved, as will
be discussed in Section 3.

2.2. Tropopause and stratospheric O

Since the chemistry in the model is represen-
tative for background tropospheric conditions,
stratospheric O3 concentrations are prescribed
between 1 to 2 model layers above the tropopause
up to 10 hPa, the top level of the GCM, using the
results of a 2D troposphere-stratosphere chemical

model (Brithl and Crutzen, 1988). In the previous
version the tropopause height was determined on
the basis of the potential temperature lapse rate,
in the present version a dynamical tropopause is
determined poleward of 20° latitude using the
calculated potential vorticity (PV). The 3.5
PV-unit (3.5 107% K m?kg™! s7!) level is assu-
med to designate the extratropical tropopause
(Hoerling et al., 1993). Note that our results do
not change significantly by using a 2 PV-
unit tropopause definition, as recommended by
Appenzeller et al. (1996), which is probably due
to the relatively coarse resolution of the model in
the tropopause region (1.5 to 2 km). Towards the
equator PV vanishes, and a temperature lapse rate
of —2 Kkm™! is applied to mark the boundary
between the troposphere and the stratosphere.

2.3. Tracer of stratospheric O in the troposphere

Apart from O;, the model considers a tracer for
O, that originates from the stratosphere, referred
to as Oss. In the stratosphere Ojs is treated in the
same way as O,. It is transported from the strato-
sphere into the troposphere along with the calcu-
lated air motions. Photochemical production of
O, takes place through the reactions:

NO+HO, — NO,+OH R1
NO + CH;0, — NO,+CH,0 R2
NO,+hv —» NO+O(P) (A<430 nm) R3

OCP)+0,+M — O,+M R4

These reactions are omitted for Oss in the tropo-
sphere. However, O;s is destroyed in the same
way as O; by:

0,+0H - 0,+HO, RS
0,+HO, - 20,+0H R6
O,+hv — O(ID)+0, (A<315 nm) R7

O('D)+H,0 - 20H R8
Part of the O(*D) formed in R7 recombines to
form Oj;s through R4 after the quenching reaction:
O('D)+M - O(CP)+M R9
The reaction sequence R7, R9 and R4 does there-
fore not result in loss of O3s. The total chemical
loss rate of O;s in the troposphere is given by:
Jks [H,0]

Lo =ks[OH]+ ke[HO, ]+ — 25222
03 5[ ] 6[ 2] k6[M]+k8[H20]
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in which k- and J-values represent reaction rates
and photodissociation coefficients, respectively, for
reactions R5-R8, and the square brackets indicate
concentrations. The loss term is part of the
Eulerian Backward Iterative (EBI) integration
scheme for the gaseous chemical reactions (Roelofs
and Lelieveld, 1995). Dry deposition of Os;s is
calculated as that of O;.

The difference between calculated budgets and
concentrations of O3 and O;s gives an indication
of the O; amount that originates within the tropo-
sphere. This O; “type” (referred to as Ost) repres-
ents O; that is photochemically produced from
natural and anthropogenic emissions of O; pre-
cursors. It is chemically produced through reac-
tions R1 and R2, and destroyed through RS, R6,
and R8. Apart from R5, R6, and RS, two reactions
involving NO,; and N,O;5 lead to additional
destruction of O,. Yearly averaged, their global
significance in terms of O; destruction is of the

Table 1. Budgets of tropospheric O3, Oss, and O3t

41

order of a few percent. In our model they affect
Oj;t but not Oss.

3. Results

3.1. Tropospheric O budget

Table 1 shows the calculated budget of O, Oss,
and Ost in the troposphere. The budget terms are:
transport into the troposphere, the net result of
chemical production and destruction, dry depos-
ition, and the tropospheric content. The transport
terms reflect the net changes in tropospheric O,
content of the hemispheres due to STE and to
interhemispheric exchange. The latter two terms
cannot be calculated separately. However, in the
equatorial region, especially in the intertropical
convergence zone (ITCZ) near the surface, the
chemical lifetime of tropospheric Oj is only of the
order of a few days due to high insolation and

0O, Oss Ost
NH SH NH SH NH SH

Transport into DJF 80 34 132 93 —-51 —60
troposphere MAM 74 77 157 108 —83 —30
JJIA 34 99 131 116 -97 -17
SON 34 26 101 92 —67 —66
annual 223 236 521 409 —298 —173

ann. global 459 930 471
Chemical DJF 3 -21 —87 —90 90 69
formation MAM 47 —-22 —151 —80 198 57
JJA 59 —28 —136 —84 195 56
SON 45 -9 —73 —114 118 105
annual 155 —-80 —446 —368 601 288

ann. global 75 —814 888
Dry DJF -71 -30 -23 —4 —47 —25
deposition MAM —107 —34 —-23 —10 —84 -25
JJA —114 —48 —15 —18 —-99 —30
SON —85 —46 —16 —12 —69 —34
annual —377 —~158 -77 —43 —300 —114

ann. global —534 —120 —414
Tropospheric DIJF 145 102 68 37 77 65
content MAM 169 107 70 48 99 59
JJA 153 135 48 69 105 66
SON 141 133 45 56 96 77
" annual 152 119 58 52 94 67

ann. global 271 110 161

Transport, chemical formation and dry deposition in Tg O, per 3 months or Tg O, per year, tropospheric content

in Tg O;.
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high water vapor concentrations. The ITCZ is a
relatively strong sink for tropospheric O; which
causes interhemispheric transport of O; to be
relatively small compared to other sources of
tropospheric O;. Therefore, horizontal transports
are not explicitly considered in Table 1.

Compared to the previous version of the model
(Roelofs and Lelieveld, 1995) the annual global
dry deposition flux of O; has decreased by about
205 Tg due to the direct coupling of dry deposition
of O3, NO,,, and HNOj with the calculated bound-
ary layer meteorology and surface characteristics.
In addition, the net downward transport of O;
into the troposphere has decreased by 115 Tg O3
yr 1, which is largely due to the use of a different
model version at higher resolution. The net chem-
ical formation of O; has decreased by approxi-
mately 95 Tg yr~!, resulting in a balance between
sources and sinks. The net formation is the result
of photochemical destruction of O, transported
from the stratosphere (O;s) and photochemical
production of O; in the troposphere (Ost). The
gross photochemical production of O, mainly the
result of reactions R1 and R2, has increased
compared with the previous version from 3190 Tg
O, yr ! to 3425 Tg O; yr—!. Combined with the
lower dry deposition flux this has resulted in an
increase of the annually averaged tropospheric O,
content to 271 Tg.

The net flux of O; into the troposphere is the
result of a downward flux of stratospheric O; and
an upward flux of O, that has been photochemic-
ally produced in the troposphere, with a ratio of
about 2: 1. The relatively large up and down fluxes
of O; are a consequence of two-way isentropic
exchange between the upper troposphere and low-
ermost stratosphere in the extratropics (Hoerling
et al,, 1993; Holton et al., 1996). In addition, some
tropospheric O, is transported upward into the
stratosphere in the tropics by convection.

Considering the concentrations of O;s and O,t
near the tropopause (shown in Figs. 1, 2, discussed
in Subsection 3.2), the ratio between the down-
ward Oj;s and upward Oj;t fluxes of 2:1 appears
rather low. However, in winter and spring down-
ward cross-tropopause transports of O,s are rela-
tively large while O; lifetimes in the troposphere
are relatively long. Once in the troposphere, Oss
is partly transported back from the upper tropo-
sphere to the stratosphere. The gross downward

O,;s flux may therefore exceed the flux listed in
Table 1 significantly. On the other hand, upward
Ost fluxes peak in the NH summer and autumn
and the SH spring (the biomass burning season)
and summer. Calculated upward/downward ratios
are then up to 4:3. During these seasons photo-
chemical destruction of O in the stratosphere is
relatively efficient, and the return flux of Ost back
into the troposphere is probably relatively small
compared to the upward flux. Nevertheless, calcu-
lated upward and downward O; fluxes are likely
to be overestimated to some extent as a result of
numerical diffusion associated with the relatively
coarse vertical resolution of the model around the
tropopause. Reducing numerical diffusion by
application of a finer vertical resolution may
decrease the downward O;s and upward Oj;t fluxes
and increase the corresponding ratio.

Annually, about 30% more Oj;s enters the tro-
posphere in the NH than in the SH. Because
upward transport of Ost is also larger in the NH,
the net O; downward transport is about equal in
both hemispheres. Compared to the previous
model version, where net O; transport in the NH
exceeded that in the SH by approximately 50%,
STE of O; in the NH has decreased. This is due
to the reduced vertical transport efficiencies in the
higher resolution model and to the lower dry
deposition flux of O, which results in an increased
O;t content, and subsequently an increased
upward transport of Ost into the lower
stratosphere.

The cross tropopause transport of O;s follows
a seasonal cycle, with a maximum in the spring in
the NH, and in the winter in the SH. The tropo-
spheric content and the dry deposition of O3s also
maximize in these seasons. Photochemical destruc-
tion peaks in spring when O;s, that has accumu-
lated during the winter, is subject to increasing
insolation, temperature, and humidity. On aver-
age, 13% of the Oss that enters the troposphere
reaches the surface and is removed by dry depos-
ition, the rest is photochemically destroyed. In the
NH, photochemical production, dry deposition
and the tropospheric content of O;t maximize in
spring and summer. The flux of O;t from the
troposphere into the lowermost stratosphere is
largest in the summer season, despite the fact that
cross-tropopause transport of air is at minimum.
High Oj;t concentrations in the NH summer result
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Fig. 1. Zonally averaged mixing ratios (ppbv) of (a) O3, (b) O; originating from the stratosphere (O5s), and (c) O,
from photochemical production in the troposphere (Ost), for December, January, February (DJF). Contour lines at
1, 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 80, 100, 150, 300, 500, 1000 and 2000 ppbv. The dashed line indicates the

tropopause.

predominantly from industrial emissions which
occur at middle and high latitudes, whereas trans-
port of O;t to tropical regions is relatively ineffi-
cient because of strong chemical destruction. This
suggests that during summer most upward cross-
tropopause transport of O;t takes place in the
extratropics. This appears to be relevant for evalu-
ations of the radiative forcing of climate by anthro-
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pogenic activities, because the summertime
tropopause region is particularly sensitive to radi-
ative perturbations by changing O3 (Ramanathan
et al., 1987). In the SH, Ost burdens are largest
during spring, coinciding with the biomass burning
maximum.

The model results indicate that the 2 sources of
ozone in the troposphere, ie., net photochemical
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Fig. 2. As Fig. 1, but for June, July, August (JJA).

production of Ost and transport of Os from the
stratosphere, are of comparable magnitude.
However, the gross photochemical O3 production
is almost a factor of 4 larger. In terms of tropo-
spheric content, we calculate that the summer and
winter contributions of O;s are approximately 30
and 45% in the NH, and 35 and 50% in the SH,
with a global annual average of approximately
40%. The average lifetime of Os in the tropo-
sphere ranges from approximately 30 days in the

summer hemisphere to 50 days in the winter
hemisphere.

3.2. Distribution of O3, Oss and Ost in the
troposphere

Figs. 1 and 2 show the zonally averaged mixing
ratios of O3, O3s, and O;t for December, January,
and February (DJF) and for June, July, and
August (JJA). The different distributions of Oss
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and Os;t can be clearly discerned. The simulated
tropopause height, seasonally and zonally aver-
aged, is shown by the dashed line. Tropospheric
concentrations of O,s are highest near the tropo-
pause, and decrease with altitude as Ojs is
destroyed by photochemical processes and surface
deposition. Between 20° and 50° latitude the con-
centrations of O3s are relatively high in the middle
troposphere. In the subtropics, Oss is transported
downward through the tropopause breaks. Large-
scale subsidence at these latitudes further trans-
ports O; down to the surface. In the middle and
high latitudes O;s amounts are larger in winter
than in summer (see also Table 1). Between 20°S
and 20°N, concentrations of Ojs are relatively
small throughout the year, particularly in the
ITCZ. In the tropical troposphere, high insolation
and high water vapor concentrations lead to effi-
cient chemical destruction of O through reactions
R7 and R§, so that the O; lifetime near the surface
is less than a week.

In JJA, photochemical production of Ojt is
efficient in the middle and high latitudes of the
NH due to the combination of strong photochem-
ical activity, anthropogenic NO,-emissions, and
convective transports of trace gases out of the
polluted boundary layer. Near the surface the
concentrations are lower as a result of dry depos-
ition. In the SH summer, DJF, significant produc-
tion of Ojt occurs between the equator and 30°
S, mostly due to emissions from the African and
South American continents. Convection trans-
ports part of the emitted NO, into the free tropo-
sphere where it leads to O; production. NO
produced by lightning at higher altitudes further
contributes to this. In the SH, however, surface
emissions are strongest between August and
November, associated with biomass burning.
These produce the highest O3 concentrations
throughout the year in these regions, as will be
discussed below.

The contributions of Ozs and Ost to tropo-
spheric O, are further illustrated in Fig. 3. It shows
monthly variations of zonally averaged mixing
ratios of O3, Oss, and Ost at the surface. In the
NH, the surface concentration of O3 has a distinct
maximum during spring. Such a maximum is often
observed in locations in the NH that are not
directly affected by photochemical pollution, such
as Mace Head and Izafia (Oltmans and Levy,
1994). In middle latitudes, relatively high concen-
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trations of O, persist until the autumn. In the
NH, surface concentrations of the stratospheric
component, O;s, maximize in winter and early
spring, they are lowest in the summer (< 5 ppbv),
and increase again in the autumn. On the other
hand, the zonally averaged photochemical com-
ponent, Ost, is smallest during winter and has a
maximum in late spring and early summer. In the
SH, O; maximizes in winter, influenced mostly by
the stratospheric influx of O;. Highest concentra-
tions of Ost in the SH are found between 20°S
and the equator between August and November
as a result of biomass burning emissions.

Fig. 4 shows the monthly variations of zonally
averaged Os;, Oss, and Ot mixing ratios at the
500 hPa level. For total O,, the seasonality at 500
hPa is somewhat different than at the surface. In
the NH, the spring peak shifts slightly towards
the summer, whereas in the SH a distinct max-
imum appears between 30° and the equator during
SON. This is associated with the emissions of O
precursors, which are transported upward by con-
vection to altitudes where O, lifetimes are several
times longer that at the surface. Thus, although in
the boundary layer NO, levels and thus O; pro-
duction rates are higher, at the same time photo-
chemical destruction and surface deposition
efficiently remove O;. Consequently, Ost mixing
ratios are up to 100% higher at 500 hPa than at
the surface around the globe. The seasonality of
O;s at 500 hPa'is very similar to that at the
surface, but the mixing ratios are higher. Tropical
O3s concentrations are relatively low throughout
the year both at the surface and at 500 hPa. The
area of low Oss shifts from south of the equator
in DJF to north of the equator in JJA, following
the movement of the ITCZ.

Fig. 5 shows the calculated monthly averaged
concentrations of O3, O3s, and Ost for model grids
in which the measurement sites Mace Head,
Payerne, Mauna Loa, Samoa, Cape Point, and
Cape Grim are located. Open squares denote
observed Oj levels, adopted from Oltmans and
Levy (1994) and, for Payerne, from the World
Ozone Data Centre (WODC). The calculated
mixing ratios pertain to the surface layer (~30m
above the surface), except for Payerne (altitude:
490 m) and Mauna Loa (3400 m) where model
layers closest to the height of the measurement
sites have been chosen. Payerne is a continental
site with relatively polluted conditions, the other
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Fig. 3. Monthly variation of zonally averaged mixing ratios (ppbv) for (a) total Oj, (b) O; originating from the
stratosphere (O5s), and (c) O, originating from photochemical production in the troposphere (O5t), at the surface.

locations are remote and represent relatively clean,
background conditions. Compared to Roelofs and
Lelieveld (1995) the seasonality and absolute con-
centrations of Oj; at the surface have significantly
improved for all sites (Payerne was not part of the
previous analysis). The improvements are mainly
due to the higher model resolution which results
in a better representation of transport processes,
and to the new dry deposition parameterization

for O;, NO,, and HNOj, which refines the consist-
ency between the chemistry and surface removal
calculations. At Payerne, O; concentrations are
somewhat overestimated in winter and underesti-
mated in summer, although the observed winter
minimum and summer maximum are reproduced
well. The comparison between modelled and
observed O; is also discussed in Roelofs and
Lelieveld (1995) and Dentener et al. (1995).
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Fig. 4. As Fig. 3, but at 500 hPa.

In the Mace Head area O; peaks in spring,
consistent with observations. The spring max-
imum appears to be the result of downward O,
transport from the stratosphere as well as photo-
chemical O production in the troposphere. O3s
maximizes in February and March and decreases
afterward due to the decreasing role of STE and
increasing photochemical destruction. Since the
Mace Head grid represents a relatively clean area
with low local NO,-emissions, photochemical O,
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month

is mainly transported to this region from more
polluted areas. O; is lower in summer than in
spring because photochemical destruction of O,
prevails in NO,-poor regions. Total O; increases
again in the fall due to enhancement of STE and
the increasing photochemical lifetime of O, com-
pared to the summer.

For Mace Head and Payerne the O;s season-
ality is very similar. In Payerne, however, photo-
chemical production of O; maximizes in summer.
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Fig. 5. Calculated monthly varying surface concentrations (ppbv) for total O, (solid line), Os (dashed line), and Ost
(dashed-dotted line) for grid cells representing (a) Western Ireland (Mace Head), (b) Central Europe (Payerne), (c)
and (d) the tropical Pacific (Mauna Loa, Samoa), (¢) Southern Africa (Cape Point), and (f) Tasmania (Cape Grim).

Measurements, indicated by squares, have been obtained from Oltmans and Levy (1994) and the World Ozone
Data Center.
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A box model analysis of ozone soundings at
Payerne gave rise to a similar conclusion (Austin
and Follows, 1991). The STE and tropospheric
O; contributions are, as in Mace Head, of compar-
able magnitude in winter. For Mauna Loa the
model captures the observed spring O; peak rela-
tively well. The seasonality at Mauna Loa appears
to be mainly determined by that of O,s, which is
similar to that at more northern latitudes, but
absolute concentrations are higher because of the
height above sea level. Concentrations of O;t are
relatively high in late spring, partly as a result of
relatively strong photochemical production, but
also due to the relatively long lifetime of Oj
compared to the summer, which allows for signi-
ficant transports from continental regions. In the
three SH locations, O; has a winter maximum
and a summer minimum. The seasonality of Oj; is
dominated by the seasonality of Oss, as Ost varies
only weakly.

Global seasonally dependent distributions of
O3, Oss, and Ost are given in Figs. 6 (DJF), 7
(MAM), 8 (JJA), and 9 (SON). The top panels
show total O; from the surface to the tropopause
(in Dobson units). These can be compared with
tropospheric O; columns derived from the TOMS
minus SAGE sattelite data set of Fishman et al.
(1990). The calculated O3 columns are in reason-
able agreement with the Fishman et al. analysis
for the SH tropics, with peak values over South
America, Central Africa, and the Atlantic Ocean
during SON, the biomass burning season. The O,
low over the equatorial Pacific, reaching into the
equatorial Indian Ocean, is represented well, with
values down to 15 DU throughout the year.
Calculated O3 columns appear to be overestimated
in DJF and MAM at 30° latitude in the NH,
especially over northern Africa. Although it is
possible that the model overestimates downward
transport of O; from the stratosphere in these
locations, it is important to realize that the tropo-
pause height is a critical parameter in the calcula-
tion of tropospheric O; columns. The relatively
coarse vertical resolution of the model around the
tropopause, where O concentrations are highest,
may lead to significant discrepancies between
model results and satellite retrieved O; columns.
This may be especially important in the subtropics
near the tropopause break where tropopause
heights vary strongly with latitude. Of course, the
same argument applies to the retrieval of O,
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columns from radiances observed by satellites.
Satellite measurements of O; have recently gained
accuracy by improved treatment of marine strato-
cumulus clouds and lower tropospheric ozone in
TOMS retrieval algorithms (Hudson et al., 1995).
Model calculated O; columns appear to be too
low at higher latitudes, especially in the SH.
Previous analysis has shown that the model under-
estimates tropospheric O; by up to a factor of 2
near the south pole (Roelofs and Lelieveld, 1995);
this has not significantly improved in the present
version. In the NH, the largest differences occur
during the summer. Here, neglect of higher hydro-
carbon chemistry in our model is expected to lead
to an underestimation of Oj;. Qualitatively, the
O; maxima east of Asia, and in North America
and Europe during spring and summer, corre-
spond well with Fishman et al. (1990).

The middle panels in Figs. 6—9 show calculated
O35 columns. In general, O;s column abundances
are highest at about 30° latitude. They are lowest
near the equator, where little downward transport
through the tropopause occurs and chemical
destruction prevails, and towards the poles, where
the tropopause height and thus the tropospheric
O; column is at minimum. In the NH winter and
spring, O;s is most abundant between 30 and 50°
latitude, especially in subsidence areas over north-
ern Africa and the Pacific, with O;s columns
exceeding 20 DU. In the SH, maximum O;s
columns of more than 20 DU occur in JJA.

In the tropics the contribution of stratospheric
O; is relatively small and the photochemical pro-
duction of O; predominates throughout the year,
as can be seen in the lower panels of Figs. 6-9.
The O; maximum during SON over the tropical
Atlantic Ocean, as shown in Fig. 9c of Fishman
et al. (1990), appears to be directly related to
photochemical production from biomass burning
emissions over Africa. Model results also suggest
strong O; production north of the equator in
Africa during MAM due to biomass burning. The
O; produced from biomass burning emissions is
transported efficiently over the tropical Atlantic
Ocean, and during SON also over the southern
Indian Ocean towards Australia. The equatorial
Indian Ocean acts as a sink for O; during most
of the year. Photochemical destruction of Oj is
efficient due to high water vapor concentrations
and high insolation (reactions R7 and RS).
Significant O, production also occurs in south-
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Fig. 6. Integrated tropospheric columns (Dobson units) of (a) total O5, (b) O; originating from the stratosphere
(Oss), and (c) O; originating from photochemical production in the troposphere (Ost), for DJF.

east Asia, especially during MAM and JJA. In
middle and high northern latitudes, photochemical
production of O, is important over most of the
continents. In the NH summer months, Ost col-
umns exceed those of Ogs, but in the winter
months, when photochemical production is least
efficient and downward transport from the strato-
sphere is at maximum, the O;s columns dominate.

4. Conclusions

We calculated that the net annual and global
cross-tropopause flux of O, from the stratosphere
into the troposphere is the result of a relatively
large downward flux of stratospheric O;, and a
smaller upward flux of photochemically produced
tropospheric O3. Thus, the model simulates rela-
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tively efficient two-way exchange between the
upper troposphere and lower stratosphere at
middle and high latitudes. This supports the con-
cept of a lowermost stratosphere, where cross-
tropopause transports take place along isentropic
surfaces, being a transition region between the
well mixed troposphere and the stable stratosphere
(Holton et al, 1996). The calculated global net
cross-tropopause flux of 459 Tg O; yr~! is in
accord with earlier estimates.
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The model calculations suggest that strato-
spheric Oj;, after transport through the tropo-
pause, is mixed relatively efficiently throughout
the troposphere. This is a consequence of the fact
that most O; enters the troposphere in the winter
and spring months, when O; lifetimes in middle
and high latitudes are relatively long. On the other
hand, much of the O, enters the troposphere in
the subtropics where it is efficiently carried to the
earth surface in the downward branches of the
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tropical Hadley cells. In the NH middle and high
latitudes downward transport of Oj rich air, asso-
ciated with large-scale synoptical disturbances,
appears efficient as well. At the surface, O, is
rapidly destroyed by photochemistry, especially in
the summer and at the equator, and by dry
deposition. We find that O; originating from the
stratosphere contributes on average 40% to O; in
the troposphere. At the surface, this varies between
about 10% in summer and at the equator, to 60%

0 80E 120E

longitude

in winter. These values are much higher than those
derived in previous stratospheric O tracer studies
(Follows and Austin, 1992), due to the more
detailed treatment of transports across the tropo-
pause and within the troposphere in our model.
Through the analysis of the residual between
total O; and stratospheric O, we have assessed
the contribution of O; that is photochemically
produced from emissions in the troposphere. We
calculate that roughly 55% of the surface O, in
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the SH is determined by photochemical produc-
tion in the troposphere, whereas in the NH this
fraction is about 70%. Remarkably, these fractions
in the mid-troposphere (500 hPa) are very similar.
The ozone mixing ratios at 500 hPa are about 2
times higher compared to the surface, and the
amounts of photochemically produced O; are
quite high, up to 40 ppbv, in the NH summer. The
absence of surface deposition and the relatively
slow rate of O; destruction through reaction R8
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in the dry free troposphere lead to a comparatively
long lifetime of O;. It is interesting to compare
this with preliminary results of a simulation with
pre-industrial emission estimates. These indicate a
global mean contribution of photochemically pro-
duced Oj; to total O of 50% at the surface, and
NH summer mixing ratios at 500 hPa of about
20 ppb, approximately half of the calculated indus-
trial Oj;t levels. This confirms that anthropogenic
emissions have caused a strong increase of tropo-
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spheric O; levels (Crutzen and Zimmermann,
1991; Volz and Kley, 1988; Logan, 1994).

STE considerably influences the seasonality of
surface Oj;. In the extratropical SH, where prac-
tically no emissions of Oj-precursors occur,
photochemically produced O3 does not vary sub-
stantially with season, whereas O from the strato-
sphere has a distinct winter maximum and summer
minimum. In tropical regions, only a small amount
of O3 from the stratosphere reaches the surface,
and the seasonality of surface O, is dominated by
photochemical production in the troposphere. The
influence of biomass burning emissions on Oj
production in the dry season is distinct over the
tropical continents and the adjacent oceans, in
particular over the Atlantic Ocean. These results
agree well with O, distributions derived from
satellite measurements (Fishman et al., 1990).
Over the NH continents the seasonality of surface
O, is determined mainly by photochemical pro-

duction of Oj, with a maximum in summer and a
minimum in winter. Stratospheric O; contributes
significantly to tropospheric O; in winter. In rela-
tively clean areas, e.g., over the north Atlantic
Ocean, photochemically produced O; has a local
minimum in summer because Oj lifetimes are
short. In these areas O; from the stratosphere
contributes significantly throughout the year
except in summer.
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