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Role of Deep Cloud Convection in the Ozone
Budget of the Troposphere

Jos Lelieveld and Paul J. Crutzen

Convective updrafts in thunderstorms prolong the lifetime of ozone (O,) and its anthro-
pogenic precursor NO, [nitric oxide (NO) + nitrogen dioxide (NO,)] by carrying these gases
rapidly upward from the boundary layer into a regime where the O, production efficiency
is higher, chemical destruction is slower, and surface deposition is absent. On the other
hand, the upper troposphere is relatively rich in O, and NO, from natural sources such as
downward transport from the stratosphere and lightning; convective overturning conveys
the O, and NO, toward the Earth’s surface where these components are more efficiently
removed from the atmosphere. Simulations with a three-dimensional global model suggest
that the net result of these counteractive processes is a 20 percent overall reduction in total
tropospheric O,. However, the net atmospheric oxidation efficiency is enhanced by 10 to

20 percent.

Deep cumulonimbus (Cb) convection is a
primary mechanism for transporting heat,
moisture, and momentum from the lower to
the upper troposphere, thus forcing the
general circulation of the atmosphere (1).
In the Cb outflow region in the cold upper
troposphere, cirrus clouds develop and cov-
er areas much larger than the cores of these
convective systems. The vigorous motions
in the Cb cores, which tend to maximize in
the mid-troposphere, are driven by the
release of latent heat by condensation (2).
Conversely, mesoscale descent in the cloud
-environment is caused by radiative and
evaporative cooling and melting of ice (3).
Upward transport through Cb clouds takes
about 0.5 to 1 hour, whereas the mesoscale
subsidence takes about 10 to 50 hours over
a proportionally larger area (4). Although
thunderstorms constitute a major force in
the convective overturning of the tropo-
sphere, especially in the tropics, synoptic
disturbances such as extratropical cyclones
also cause rapid vertical mixing; vertical
velocities in these systems are highest in the
region of organized convection ahead of the
frontal zone (5). Deep convective motions
play an important role in the vertical redis-
tribution of trace gases (6). In their ab-
sence, surface-emitted pollutants would be
transported to the upper troposphere in
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several months, whereas through their pres-
ence large parts of the troposphere are
mixed on much shorter time scales. In this
study, a global three-dimensional trans-
port—chemistry model of the troposphere
was used to evaluate the effects of convec-
tion on the chemistry and distribution of
0;,.

Ultraviolet radiation causes the photo-
chemical formation of Os; in the back-
ground troposphere this occurs mostly
through the oxidation of carbon monoxide
(CO) and methane (CH,), catalyzed by
NO, (7). The global budgets of these gases
are dominated by anthropogenic emissions
in the lower troposphere, notably from
combustion (Table 1). In addition, in pol-
luted or forested areas the oxidation of
reactive hydrocarbons can play a significant
role. In this study, we are concerned with
the background troposphere; thus, we con-
centrate on the effects of CO and CH,
oxidation. The lifetime of NO, in the
troposphere is about 1 to 2 days, and that of
CO is a few months. Hence, convection
strongly alters the vertical profiles of these
species, particularly that of NO,. The pho-
tochemical O; yield per emitted NO, mol-
ecule decreases as NO, concentrations in-
crease (8), so that the convective dilution
of surface-emitted NO, from the boundary
layer into the free troposphere enhances the
formation of O;. Moreover, the lifetime of
NO, in the upper troposphere is longer by
up to an order of magnitude than in the
boundary layer. Chemical conversions and
dry deposition act on NO, rather than NO.
Ultraviolet radiation fluxes and thus pho-
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tolysis rates are relatively high and temper-
atures are low in the upper troposphere,
which shifts the equilibrium between NO,
and NO toward NO. Also, in the absence of
deposition processes nitric acid (HNO;) ac-
cumulates so that NO, can partly reform
through photodissociation and reaction with
hydroxyl (OH). Furthermore, the lifetime of
O, that has been formed photochemically in
the boundary layer is enhanced by upward
convective transport. At low altitudes, O; is
efficiently destroyed by deposition on land
surfaces (9) and through O, photolysis and
subsequent reaction of O(*D) with water
vapor; the latter reaction, yielding OH, is
most efficient in the humid lower tropo-
sphere. Consequently, it has been concluded
that convective transport of O; and its
surface-emitted precursors enhances the tro-
pospheric O; abundance (6, 10). We show,
however, that this assessment may not be
true.

In the classical theory regarding tropo-
spheric O;, downward transport from the
stratosphere is the dominant O; source
(11). Although there is no agreement about
the relative contributions of downward O,
mixing and in situ photochemical O, for-
mation, several studies suggest that the
anthropogenic release of O; precursors is of
major importance in the contemporary tro-

Table 1. Model trace-gas emissions (in tera-
grams per year) (16), of which two-thirds are
from anthropogenic sources in the lower tropo-
sphere.

Source CcO CH, NO,
Fossil fuel use 450 116* 25
Biomass burning 400 30 9
Natural 470t 135% 11.68
NMHC oxidation 230||
, Ruminants 1051

Rice paddies 70

Landfills 40

Sewage 25

Total 1550 520 455

*Includes 5 Tg/year from CH, hydrate destabiliza-
tion. tThree hundred teragrams per year from
natural nonmethane hydrocarbon (NMHC) oxidation
in the atmosphere, 100 Tg/year from vegetations,
40 Tgl/year from oceans, and 30 Tg/year from
wildfires. $Thirty teragrams per year from high-
latitude wetlands and 70 Tg/year from low-latitude
wetlands, 20 Tg/year from termites, 10 Tg/year from
oceans, and 5 Tg/year from wild ruminants. §Five
teragrams of N per year from lightning, 6 Tg of N
per year from soils, 0.5 Tg from the strato-

sphere. |IFrom anthropogenic NMHC oxidation in the
atmosphere. . fincludes 25 Tglyear from animal
wastes.
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posphere, particularly in the Northern
Hemisphere (7, 12). Much of this O; is
formed in the lower troposphere where the
anthropogenic NO, perturbation is strong-
est. The global release of NO, from fossil
fuel and biomass combustion is about 34
Tgflyear (1 Tg = 10'? g), which is three-
quarters of the estimated total source (Ta-
ble 1). However, natural emissions from
soils, lightning, and downward transport
from the stratosphere are also significant,
in, particular in the background tropo-
sphere (13). Moreover, lightning and
deep convection occur simultaneously so
that much of the NO, is deposited in the
upper troposphere.

The global three-dimensional model
that we used simulates the transport of
chemical species based on monthly averages
of observed winds (14). Its resolution is 10°
by 10° horizontally and 100-hPa layers ver-
tically up to the tropopause. Key compo-
nents in the representation of the large-
scale photochemistry of the troposphere are
CH,, CO, O;, NO,, and OH; the model
accounts for processes in the gas, liquid,

and aerosol phases, including removal of
NO, by aerosols and clouds (15). Emissions
of CH, and CO were based on results of an
earlier study (16), in which surface concen-
trations were prescribed on the basis of
measurements, followed by calculations of
CH, and CO losses by chemistry and trans-
port from the source regions (Table 1).
Emissions of NO, from industrial sources
and biomass burning were scaled to those of
CO, (15). We assumed that NO, produc-
tion by lightning contributes 5 Tg/year. We
reduced NO, fluxes from soils compared to
earlier model versions (15) to account for
efficient local recycling of NO, in the veg-
etation canopy (16). We parameterized
stratosphere-troposphere exchange of O,
on the basis of large-scale seasonal air-mass
fluxes and measured lower stratospheric O,
concentrations (17). The resulting annual
downward O, fluxes at northern and south-
ern mid-latitudes are 405 and 186 Tg,
respectively, whereas 63 Tg is transported
to the stratosphere in the tropics (Table 2).
We modeled deep convective air mass ex-
change as a stochastic process on the basis

Table 2. Calculated O, budget of the troposphere (in teragrams for column O, and teragrams per
year for all other components). The hemispheres can be conceived as segregated O, reservoirs
because interhemispheric O, exchange in the troposphere is small.

of the frequencies of Cb occurrence (18).
The model accounts for entrainment and
detrainment of air to and from the Cb
clouds. Mass balance is achieved by subsid-
ence in the mesoscale cloud environment.
The model calculated upward convective
mass fluxes, and the compensating down-
ward motions are within the range of obser-
vations (2, 18).

The results from our model simulations
(Table 2) corroborate studies suggesting
that the global O, budget of the contempo-
rary troposphere is strongly affected by pho-
tochemical formation from anthropogeni-
cally emitted trace gases (7, 12, 15). The
calculated net O, flux from the stratosphere
into the troposphere is 528 Tg/year, where-
as net photochemical O, formation con-
tributes 427 Tg/year (Table 2). It thus
appears that these sources are comparable.
However, the individual photochemical
production and destruction terms approxi-
mately doubled because of anthropogenic
emissions (16). The net difference is bal-
anced by dry deposition, largely over land
(Table 2). Two-thirds of the calculated
global net O; production occurs in the
mid-latitudes in the Northern Hemisphere,
associated with industrial and traffic emis-
sions (net 367 Tg/year at latitudes north of
30°N). We calculate that anthropogenic
processes contribute 105 Tg (40%) to the

Component 90°S to 30°S 30°S to 0° 0° to 30°N 30°N to 90°N Gilobal

P annual mean O, column of 253 Tg in the
Column O, (Tg) 42 57 74 80 253*  contemporary global troposphere. Further-
Stratosphereh 186 -9 —54 405 528 more, we calculate that emissions from
— troposphere biomass burning in the tropics and subtrop-
83 Ifg;r:ftlon’r ?gg 1823 gg? 1%§ g?gg ics also contribute strongly to O; formation;
Net chemistry 74 70 —84 367 497 however, O; destruction is a!so enhancec!,
Dry deposition 135 186 261 371 953  so that the nelt O; production from this
*Two hundred fifty-three teragrams of O; ~25 Dobson units. tMostly through the reactions HO, + NO and sogc;ogl\] t.he 1 Sgt%de belt l}ehtwesn gro S
CHZ0, + NO.  $Mostly through the reactions O('D) + H,O, O, + HO,, O, + OH, and O, + O, (the latter in M 1s glyear. The O; from

clouds). biomass burning is supplemented by O; of
stratospheric and industrial origin, which is

transported southward from the northern

::gé;'vgr?g:—;g#geg éoona'llgv- 1616 mid-latitudes to the tropical regions. This
and O, volume mixing ratios and 1 : transport occurs on a time scale of weeks to
OH concentrations (A) in the trop- 11 months, during which additional O, is
ics (5°N) and (B) in northern mid- 124} formed but also the reactive O; precursors
latitudes (45°N) in July, including 104 | are removed. Subsequently, the remaining
(solid lines) and excluding

(dashed lines) the influence of 8

deep convection; ppbv, parts per 6

biIIic?n by \\//olulme; %‘:)tv Sarts ger Table 3. Global O, budgets of the troposphere

(in teragrams for column O, and teragrams per
year for all other components) calculated with
and without the effects of convection on trace-
gas distributions. The O, fluxes from the strato-
sphere are fixed.

trillion by volume.

104
8- No With
6 Component convec- convec- Cr};r:)ge
tion tion
4-
] Column O, (Tg) 315 253  -20
2 | Chemical formation 3171 3609 +14
0 Chemical loss 259 3182 +22
Net chemistry 73 427 -25
Dry depositien/ 828 953 +15
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O; is subject to photochemical destruction,
so that on an annual basis the latitude belt
between the equator and 30°N is not only a
major photochemical O; source but an even
more important O, sink (Table 2).

The role of deep cloud convection in the
tropospheric O; budget is clearly demon-
strated if we omit the convective vertical
exchange of trace gases from our model.
Figure 1 shows some examples of calculated
zonal average changes in the CO, NO,, O,
and OH profiles by convection. The calcu-
lated NO, and O; reductions in the upper
troposphere are striking; mixing ratios of
these gases in the upper troposphere are
unrealistic if we neglect the influence of
convection. In the simulation including the
effects of convection, the troposphere con-
tained 62 Tg less O; than the simulation
that did not include these effects. This
value is roughly equivalent to 6 Dobson
units, about 20% of the O, column in the
troposphere without convection (Table 3).
One important cause is that convectively
induced subsidence in the cloud environ-
ment carries O; of stratospheric origin
downward from the upper troposphere into
a regime in which the O, lifetime is short-
est. This transport causes a decrease of O,
in the upper troposphere, which is only
partly compensated by an increase in the
lower atmosphere (Fig. 1). An additional
influence on O; concentrations resulted
from a decrease of the global tropospheric
NO, column from 0.25 Tg of N without
convection to 0.17 Tg of N with convec-
tion, caused by the downward transport of
relatively NO,-rich air from the upper tro-
posphere. There is some observational evi-
dence that this convective NO, reduction
occurs and that it can cause a decrease of O,
production. From vertical profiles, calculat-
ed on the basis of measurements over north-
ern Australia by the National Aeronautics
and Space Administration ER2 aircraft dur-
ing the summer of 1987, it was concluded
that convective mixing had suppressed for-
mation of Oj in the cloud-perturbed area
(19). It may be expected that these convec-
tive NO, and O, reductions are most pro-
nounced in remote marine regions where
surface sources of Oj precursors are absent.
Furthermore, oxidation reactions that lead
to O, formation, for example, in polluted
air parcels that are carried upward, become
less efficient at lower temperatures and pres-
sures. These negative effects compete with
the enhanced formation of O by vertical
mixing of NO, from the boundary layer
throughout the troposphere. In the global
budget this process increases the photo-
chemical formation of O; by 14%, despite
the 30% decrease of the NO, column (Ta-
ble 3). Thus, convection enhances the O,
forcing by anthropogenic precursor emis-
sions. On a larger scale, however, chemical

O; destruction is intensified even more
strongly so that net O; production declined
by 25% (Table 3).

In spite of the 20% overall O; loss in the
troposphere, the net effect of convection on
the atmospheric oxidation efficiency is pos-
itive. The higher O; concentrations near
the surface enhance OH production, main-
ly through O, photodissociation and the
subsequent reaction with water vapor:
O('D) + H,0 — 20H (Fig. 1). This
increase of OH weighs heavily in the oxi-
dation efficiency as a result of higher num-
ber concentrations (higher pressures) and
larger reaction rate coefficients (higher tem-
peratures) in the lower part of the tropo-
sphere. Including convection increases
CH, destruction by about 20% and destruc-
tion of CO by about 10%; the latter is less
as a result of the convective redistribution
of CO, which is insignificant for CH,.
Thus, although O; in the upper troposphere
dominates its climate effects (20), O, in the
lower troposphere to a large extent controls
the atmospheric oxidation efficiency.
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