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[1] In this study, we have performed a set of simulations to detail the evolution of
tropospheric ozone from 1890 to 1990. The simulations are compared with available
measurements for present-day conditions and earlier. Using our best estimates of ozone
precursors emissions (based on the work by van Aardenne et al. (2001)), we have found a
tropospheric ozone burden increase of 71 Tg between 1890 and 1990, an increase of
�30%. When no anthropogenic emissions in 1890 are considered, this burden increase
reaches 88 Tg. The ozone lifetime is shown to have decreased by �30%, especially after
1930. It is also shown that the net chemical production in the lower troposphere exceeded
that in the free troposphere for the first time in the 1950–1970 period. In addition, the
ozone production in this study increased rapidly between 1890 and 1930 and from 1970 to
1990. However, the ozone production efficiency in the troposphere is shown to have
decreased during the 20th century, making the troposphere less NOx limited. Finally, a
decrease in the OH burden is estimated to be on the order of 8%, matched by a similar
increase in the CO lifetime.

Citation: Lamarque, J.-F., P. Hess, L. Emmons, L. Buja, W. Washington, and C. Granier (2005), Tropospheric ozone evolution

between 1890 and 1990, J. Geophys. Res., 110, D08304, doi:10.1029/2004JD005537.

1. Introduction

[2] The distribution of ozone in the troposphere and
lower stratosphere is an important component to the atmo-
spheric radiative forcing [Lacis et al., 1990; Shine and de
Forster, 1999]. The observed ozone increase over the 20th
century [Marenco et al., 1994; Staehelin et al., 2001] is
estimated to be the third largest increase in direct radiative
forcing since the preindustrial period [Ramaswamy et al.,
2001]. Numerous modeling studies have highlighted the
role of anthropogenic emissions of ozone precursors as the
main source for this increase [e.g., Berntsen et al., 1997;
Levy et al., 1997; Roelofs et al., 1997; Brasseur et al., 1998;
Stevenson et al., 1998; Wang and Jacob, 1998; Mickley et
al., 1999; Lelieveld and Dentener, 2000; Hauglustaine and
Brasseur, 2001; Shindell et al., 2003; Wong et al., 2004]. In
all these studies, the focus has been on contrasting the
present-day ozone distribution with the distribution before
any significant industrial activity. Consequently, they
assumed no anthropogenic emissions and considered the
biomass burning emissions to be only a fraction of the
present-day estimate (usually 10%).

[3] The motivation for this study comes from the need by
climate models for time-varying ozone distributions from
the end of the 19th century until the end of the 20th century.
For this purpose, we rely on estimates of anthropogenic
emissions from van Aardenne et al. [2001]. These emissions
indicate some significant industrial activity was present in
1890, at least in the Northern Hemisphere. Because most
historical emissions of ozone precursors are quite uncertain
[Mickley et al., 2001], we will investigate the role of the
various sources of tropospheric ozone in shaping its distri-
bution in 1890 and 1990. Therefore we have used a new
tagging method that keeps track of the ozone produced in
association with a specified source of nitrogen oxides
(NOx = NO + NO2). This procedure enables the analysis
of the role of specific surface NOx sources to the tropo-
spheric ozone budget. The radiative forcing associated
with the simulated ozone distribution will be discussed
in another paper (W. J. Collins et al., manuscript in
preparation, 2005) and will not appear here.
[4] This paper is organized as follows: in section 2, we

describe the global chemistry transport model used for the
simulations. The emissions and boundary conditions needed
by this model are described in section 3. Then we compare
our model results with available observations. The evolution
of surface ozone during the 1890 to 1990 period is pre-
sented in section 5. Then the sources of surface ozone
between 1890 and 1990 are contrasted in section 6. We
discuss the evolution of ozone budget terms during the 20th
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century in section 7. Finally the overall results are discussed
and conclusions are drawn in section 8.

2. Model Description

[5] The Model for Ozone and Related chemical Tracers
version 2 (MOZART-2) chemistry transport model was
originally developed at the National Center for Atmospheric
Research, the Geophysical Fluid Dynamics Laboratory and
the Max-Planck Institute for Meteorology to study tropo-
spheric chemistry. For a complete description of the model
and its evaluation, the reader is referred to Horowitz et al.
[2003] and references therein.
[6] MOZART-2 provides the distribution of 80 chemical

constituents (including nonmethane hydrocarbons) between
the surface and the stratosphere. In this study, we use the
model at a uniform horizontal resolution of �2.8� in both
latitude and longitude. The vertical discretization of the
meteorological data (described below) and hence of the
model consists of 18 hybrid levels from the ground to
�4 hPa. The evolution of species is calculated with a time
step of 20 min. We use meteorological fields provided by
the Parallel Climate Model [Washington et al., 2000] valid
for the period of interest (available from 1890 to 1990 in
increments of 20 years). This simulation considers all the
known climate forcings, including greenhouse gases, aero-
sols and volcanoes. The fields for 2 consecutive years, at
each 20-year increment, were saved every 3 hours to ensure
a reasonable representation of transport. The model is run
for 3 years by repeating the first year as spin-up. The
following 2 years are used for analysis.
[7] Because of the relatively coarse vertical resolution of

the meteorological data set, we have included the SYNOZ
[McLinden et al., 2000] parameterization of stratosphere-
troposphere exchange (STE) of ozone, with an annual
global average flux of 400 Tg/yr, at the low end of fluxes
in global models [Prather et al., 2001]. This low value was
chosen as to provide a lower bound on the role of strato-
spheric ozone in the tropospheric ozone budget, especially
under preindustrial conditions. Because the ozone STE is
still somewhat dependent on the meteorology of a specific
year this parameterization allows for some interannual
variability (on the order of 10%) in the STE of ozone (it
will be exactly 400 Tg/yr only at steady state).
[8] The tropospheric photolysis rates use a vertical distri-

bution of ozone based on the simulated ozone in the tropo-
sphere and on the climatology fromKiehl et al. [1999] above.
For each simulation, this latter distribution is updated to
reflect the changes in the lower stratosphere during the 20th
century, affecting only the photolysis rates and not the
amount of ozone transported from the stratosphere.
[9] In this study, we have tagged the ozone produced as a

result of the hydrocarbon oxidation in association with a
specific source of tagged NOx. To take into account the
recycling of NOx from reservoirs such as PAN, this tagging
procedure includes all the nitrogen-containing compounds.
This tagged ozone is destroyed at the same rate as the full
ozone. If the tagged NOx takes into account all tropospheric
NOx sources, then the tagged ozone is a very good approx-
imation to the ozone of tropospheric origin. Although there
are some minor pathways to create ozone without the
presence of NOx, the accuracy of this tagged ozone has

been estimated to be better than 95% on monthly time-
scales. The accuracy of the system was checked by com-
paring ozone changes in the lower troposphere with the full
ozone and with the tagged schemes (over a period of a few
days). In addition, we made use the stratospheric ozone
tracer described by Horowitz et al. [2003] in our analysis; it
is set equal to stratospheric ozone and transported into the
troposphere, where it is destroyed at a rate defined by
the main pathways of ozone destruction. Because of the
assumptions involved in the tropospheric loss rate of the
stratospheric ozone tracer, its distribution can be somewhat
inaccurate [Emmons et al., 2003]. Therefore, when available
(because of the additional computational cost, we have only
used the tagged ozone procedure for the 1890 and 1990
cases), we have used the difference between total ozone and
the tagged ozone (tagged using all tropospheric NOx sour-
ces) to diagnose the stratospheric portion of the ozone
concentration. However, the overall conclusions are unaf-
fected by the choice of measure for stratospheric ozone.

3. Emissions and Boundary Conditions

[10] The emissions of all chemical species are based on
the EDGAR-HYDE 1.4 database [van Aardenne et al., 2001,
see http://arch.rivm.nl/env/int/coredata/edgar/edgar-hyde-
100y.html]. These gridded global emissions of CO, NOx

and nonmethane hydrocarbons are based on historical
activity data and are available every 10 years. These
emissions were shown to compare very well to other
published estimates available for limited periods and/or
regions [van Aardenne et al., 2001]. The global annual
totals (anthropogenic and natural sources) used in this
study are given in Table 1 for selected species. The
seasonal cycle in emissions is taken to be the same as in
our estimated present-day emissions; in particular, we
assume no seasonality in anthropogenic emissions.
[11] To fit our set of modeled chemical species, we have

made the assumption that the 1990 MOZART-2 speciation
of the nonmethane hydrocarbon emissions (only the total
amount of all nonmethane hydrocarbons emissions is
available from EDGAR-HYDE 1.4) was valid for the
entire period of study.
[12] Between 1890 and 1990 emissions of NOx have

experienced an almost exponential increase, from about
15 Tg(NO)/yr to �75 Tg(NO)/yr (Table 1). Similar
increases are found for other ozone precursors. In the case
of NOx this growth comes mostly from direct anthropogenic
emissions, in addition to soil fertilization and increased

Table 1. Time Evolution of the Global Total (Anthropogenic and

Natural) Emissions for Selected Speciesa

CO NO C2H4 C2H6 C3H6 C3H8 CH2O SO2

1890 419.1 15.3 9.7 3.8 3.7 3.7 1.4 32.4
1900 469.0 16.8 10.1 4.1 3.9 3.8 1.6 33.9
1910 501.4 18.9 10.6 4.7 4.0 4.2 1.8 35.4
1920 534.0 20.6 11.2 5.2 4.2 4.4 2.1 36.9
1930 574.9 22.7 11.7 5.9 4.4 4.9 2.3 38.7
1940 608.6 24.5 12.2 6.4 4.6 5.3 2.5 40.2
1950 653.4 29.3 12.6 6.3 4.7 5.2 2.6 42.9
1960 760.8 38.5 13.7 7.8 5.1 6.9 3.1 49.9
1970 841.9 49.0 15.2 11.0 5.6 11.7 3.7 55.6
1980 914.7 62.7 15.8 14.2 5.9 17.9 3.9 62.7
1990 976.0 73.8 15.4 10.9 6.0 10.2 3.4 69.2

aEmissions in Tg (species)/yr.
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biomass burning. The soil NOx emissions are taken from
van Aardenne et al. [2001], which takes increased fertilizer
use into account. Aircraft emissions are set to 0 for 1890
through 1930, while the 1940–1980 period used 10%, 20%,
40%, 60%, 80% of present emissions, respectively.
[13] Global estimates of biomass burning emissions are

very uncertain, even for present-day conditions where satel-
lite information is available [van der Werf et al., 2003; Ito
and Penner, 2004; Tansey et al., 2004]. Most studies of
preindustrial ozone have assumed a reduction in biomass
burning to one tenth of its present-day estimate. However,
the forest fire record derived from Greenland ice cores
indicates several very large boreal forest fires in the decades
around 1900 [Holdsworth et al., 1996; Savarino and
Legrand, 1998]. This occurrence is also corroborated by
the analysis of charcoal data in lake sediments from North
America [Clark, 1988; Clark and Robinson, 1993; Campbell
and Flannigan, 2000]. We have therefore decided to keep the
boreal forest fires emissions at their present-day level.
[14] Over the tropical regions, we follow the EDGAR-

HYDE recommendation; that is, it is assumed that half of
the present-day savanna fires are of natural origin [van
Aardenne et al., 2001]. Therefore, in 1890, we only use half
of the present-day emissions from savanna fires. In addition,
EDGAR-HYDE assumes that the impact of increasing
deforestation in the tropical regions is a consequence of
the development of a rural population. Consequently the
tropical CO emissions from biomass burning (savanna and
forests) in 1890 are �30% of their 1990 value [see van
Aardenne et al., 2001, Table 6]; intermediate periods are
characterized by a ramping up from 1890 to 1990 values.
Emissions from the combustion of biofuels are included in
the anthropogenic emissions of EDGAR-HYDE.
[15] The NOx production by lightning follows the Price et

al. [1997] parameterization, as discussed by Horowitz et al.
[2003]. It is scaled to a specified global annual amount; in
our case, we specify this amount to be 5 Tg(N)/yr (as in the
work by Gauss et al. [2003]) for the 1990 case. The same
parameters were then applied to all simulations, in which
the NOx production can therefore respond to climate
change. However, no significant variation of this global
amount over the simulated period was found (not shown).
[16] The biogenic emissions of isoprene are calculated off

line using the algorithms developed by Guenther et al.
[1995], taking into account the simulated surface tempera-
ture and solar flux at the surface valid for each simulated
period. This creates an increase of �40 Tg/yr between 1890
(481 Tg/yr) and 1990 (527 Tg/yr) in the annual global
integral of isoprene emissions. Because no land use or land
cover change is considered in this exercise, modifications to
the biogenic emissions are solely due to a temperature effect
(no significant changes in photosynthetically active radia-
tion during the 20th century were found in this study).
However, it must be mentioned that this range of increase is
not statistically significant as such interannual variability
can be found in present-day conditions (as calculated in an
independent 10-year calculation, not shown). All the
remaining natural emissions are kept at present-day values
[see Horowitz et al., 2003].
[17] For each simulation, the surface concentration of

methane is set to a fixed value obtained from Prather et
al. [2001]. The regional and seasonal variations in surface

concentration are set by adjusting the observed present-day
distribution by the ratio of the total methane emissions
(calculated using the anthropogenic emissions of methane
from van Aardenne et al. [2001] and assuming constant
natural emissions) between the considered period (say
1890) and 1990. The H2 surface concentration is scaled
using the same procedure as methane. In addition, since the
MOZART-2 model uses a climatological distribution of
sulfate aerosols [see Horowitz et al., 2003], this aerosol
loading is scaled in each simulation according to the SO2

emissions from EDGAR-HYDE and assuming constant
dimethylsulfide (DMS) emissions.

4. Comparison With Ozone Observations and
Discussion

[18] In this section we present the comparison of our
modeled ozone distribution with available observations for
several periods. In addition, we include a discussion of the
quality of the preindustrial record and of several sensitivity
experiments in which we have modified the ozone dry
deposition and the emission inventories.

4.1. Present-Day Simulation

[19] To evaluate the 1990 simulated ozone distribution,
we use the Logan [1999] ozonesonde climatology. Results
from selected stations (selected to provide a wide latitudinal
sampling and a similar distribution to the 1890 stations, see
below) are shown in Figure 1. We focus here on the analysis
of surface ozone.
[20] In Figure 1, we present the accumulated concentra-

tion from each source of tropospheric ozone: from the
stratosphere first and then from the soils, lightning, biomass
burning, and anthropogenic NOx source, respectively. In
addition, the annual average bias (calculated as the average
difference between model and observations) is indicated for
each station.
[21] There is a slight positive model bias at the selected

European continental sites. Clearly, over these regions,
anthropogenic emissions are the main contributor to the
surface ozone concentration. Similar relative contributions
occur at the Tateno (Japan) station; in addition, at that
location, during the summertime monsoon the model under-
estimates the ozone (this is not just a surface bias but occurs
at all levels below 500 hPa; see Figure 2 discussed below),
with a negative model bias in July and August of �20 ppbv.
Interestingly, this negative bias is also present in the work by
Lawrence et al. [1999] andMickley et al. [2001]. Over all the
analyzed stations, the stratospheric contribution is rather
small.
[22] The most important influences for Brazzaville, Natal

and Ascension Island are from soils, biomass burning and
lightning. The model has little bias over Ascension Island
while it overestimates the biomass burning influence in
January and February in Natal (none of the other contribu-
tions indicate much seasonal variation) and underestimates
the surface ozone over Brazzaville. At these stations, light-
ning always contributes 3–5 ppbv of ozone at the surface.
[23] Finally, the ozone concentration at remote sites such

as Aspendale is quite well captured, albeit with a somewhat
reduced seasonal cycle and a slight underestimate during
austral summer.
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Figure 1. Monthly averaged surface ozone mixing ratio (in ppbv) for present-day conditions over
selected sites for the model results and the observations from ozonesondes [Logan, 1999]. The line code
represents the accumulated concentration from a variety of ozone sources, starting with stratospheric
ozone; the observations are identified by the solid dots.
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[24] Using the same stations, the comparison of mean
ozone vertical profiles to observations indicates a good
representation of the observed distribution, but with a
tendency for a negative bias (Figure 2). This negative bias

is more pronounced in the tropical regions, especially over
Ascension Island. Also the model tends to have a reduced
annual cycle (shown here by the envelope defined by the
yearly minimum and maximum ozone concentrations) com-

Figure 2. Annual average vertical profiles of ozone mixing ratio (in ppbv) for present-day conditions
over selected sites for the model results and the observations [Logan, 1999]. The shaded areas (grey for
model, blue for observations) indicate the range (minimum to maximum) of monthly values.
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pared to the observations. However, the upper troposphere
to lower stratosphere transition in the midlatitudes region, a
key region for the radiative forcing calculation, seems to be
well captured by the model. Using all the stations from
Logan [1999] with a long record (18 stations), we have
found an average root-mean-square annual error of 20 ppbv
(ranging between 4 and 50 ppbv) at 200 hPa.

4.2. Comparison With Turn-of-the-Century
Observations

[25] There is a wealth of ozone observations in the late
19th and early 20th century [Linvill et al., 1980; Bojkov,
1986; Volz and Kley, 1988; Lisac and Grubišić, 1991;
Cartalis and Varotsos, 1994; Marenco et al., 1994; Pavelin
et al., 1999]. Except for the Montsouris record [Volz and
Kley, 1988], these observations are based on the Schönbein
method. The Schönbein index is a very nonlinear function of
ozone concentration and relative humidity [Linvill et al.,
1980]. Once the correction for relative humidity is applied,
the conversion from the recorded color index of the Schön-
bein method to ozone concentration relies on the Montsouris
measurements for which concurrent ‘‘direct’’ and Schönbein
observations were made [Bojkov, 1986; Marenco et al.,
1994]. This procedure leads to surface ozone concentrations
of 10 ppbv or less over most sites [Hauglustaine and
Brasseur, 2001]. We will base our comparison on a subset
of the compilation from Hauglustaine and Brasseur [2001].
[26] Regarding the Montsouris record, note that the

1876–1883 period used by Hauglustaine and Brasseur
[2001] is actually the lowest ozone recorded for that station
[see Volz and Kley, 1988, Figure 3]; in particular, the
consideration of the measurements around the turn of the
century would already increase the ozone concentration to
�15 ppbv (from less than 10 ppbv). In addition, it is
important to remember that fairly large error bars (on the
order of 25% [Marenco et al., 1994]) should be added to the
mean values. In particular, even the ‘‘direct’’ measurement
technique in Montsouris suffers from SO2 contamination,
which Volz and Kley [1988] tried to minimize by filtering
the original data.
[27] Over the next three subsections, we will discuss

various aspects of our 1890 simulation results and the
corresponding available ozone observations. The main
points we want to highlight are that (1) it is not possible
for our model to reproduce the Montsouris record, even
with only natural NOx sources; (2) whereas the anthropo-
genic emissions are not needed over Montsouris for the
model to reproduce the observations, some seem to be
required over Vienna; and (3) measurements at tropical sites
such as Luanda and Rio de Janeiro are so low that the
simulated ozone from natural sources alone already exceeds
the measurements.
4.2.1. Analysis of the Modeled 1890 Surface Ozone
[28] Analysis of our 1890 (Figure 3) simulation indicates

surface values with a positive mean model bias (model
minus observations). Except for a few locations (Adelaide
and Cordoba), this positive bias is of the order 5 to 25 ppbv.
Note that the modeled Tokyo summertime concentrations
suffer from the same negative bias as the present-day
simulation (Figure 1). The overall positive bias found in
this study is similar to the studies by Wang and Jacob
[1998], Mickley et al. [1999] and Shindell et al. [2003],

but considerably larger than Berntsen et al. [1997] or
Hauglustaine and Brasseur [2001]. However, the global
ozone deposition flux in these last two papers seems to be
much larger than our estimates (see section 7). We discuss
this point in more detail in section 4.3.2.
[29] In our simulation of the Montsouris record, the

largest contributor by far is the anthropogenic emissions.
However, in Montsouris, the recorded levels are so low that
the sum of the stratospheric source and the ozone associated
with soil and lightning NOx emissions alone would be very
similar to the observations. In addition it is possible that the
stratospheric contribution to surface ozone could be larger
than estimated here; indeed STE fluxes of ozone are usually
considered to be around 500 Tg for present-day conditions
[Olsen et al., 2002] and stratospheric ozone was most likely
larger in preindustrial times [Staehelin et al., 1998; Shindell
and Faluvegi, 2003].
[30] The large simulated anthropogenic ozone contribu-

tion over Montsouris could be seen as the reason for the
high bias against observations. However, the same anthro-
pogenic emissions scenario creates a smaller bias when
compared to the Vienna record. Under the assumption that
the observations from these two sites are quantitatively
useful or at least suffer from the same biases, this indicates
an inconsistency in the importance of anthropogenic emis-
sions over Europe in 1890.
4.2.2. Tropical Biomass Burning Estimates
[31] In the case of the South American stations, regions

with similar emissions and chemical loss and production
rates also lead to quite different biases when compared to
observations. In particular, the measured Rio de Janeiro
ozone record is at most times as small as the stratospheric
contribution alone, while the Cordoba record requires the
addition of at least the soils and lightning contribution.
Finally, the measured ozone in Luanda is always smaller
than the sum of the stratospheric and soils contribution.
Even if biomass burning emissions were set to 1/10 of their
present-day values (as in most other model studies of
preindustrial ozone, see references in Table 2), this would
still not lead to an agreement with the observations.
4.2.3. Ozone Observations in the First Half of the
20th Century Over Europe
[32] In most places, the use of the Schönbein method

stopped in the first decades of the 20th century (some data
are still available for the 1920s). While the number of total
column ozone measurements (unfortunately not very useful
for this study) rapidly increased from the use of Dobson
spectrometers [Dobson and Harrison, 1926; Craig, 1950],
surface measurements are scarce in the 1910–1950 period.
The earliest measurements of surface ozone we found,
measurements by absorption of ultraviolet light from artifi-
cial sources, were presented by Dobson [1936]. This paper
lists surface measurements in Europe (France, Germany, and
Switzerland) with an average concentration of 20 ppbv,
consistent with the list of observations in the 1930s provided
by Staehelin et al. [1994]. In addition, daily measurements
from 29 December 1934 to 6 March 1935 in Abisko, Fin-
land, indicate an average wintertime concentration of
19 ppbv [Barbier et al., 1936]. Finally, measurements in
the Alps between 1933 and 1940 are 20–22 ppbv [Marenco
et al., 1994]. Our 1930 simulation indicates surface ozone
mixing ratio at these locations in the range of 23 to 25 ppbv
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Figure 3. Monthly averaged surface ozone mixing ratio (in ppbv) for 1890 conditions over selected
sites for the model results and the observations [Hauglustaine and Brasseur, 2001]. The line code
represents the accumulated concentration from a variety of ozone sources, starting with stratospheric
ozone; the observations are identified by the solid dots.
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(remember that, as seen in Figure 3, the seasonal cycle over
European stations is quite limited). This points toward a
possible 3–5 ppbv bias in our model results, quite reduced
from the one found in the 1890 analysis for European
stations. However, according to our model results, the ozone
surface concentrations over many of the observational sites
have changed little between 1890 and 1930 (see section 5).
This circumstantial evidence further reinforces our belief
that the Schönbein-based ozone records over Western
Europe may be biased low for the period around the turn
of the 20th century and are clearly very uncertain [Pavelin et
al., 1999].

4.3. Sensitivity Experiments

[33] In the next 2 subsections, we discuss results from
some sensitivity simulations. These are aimed at comparing
the sensitivity of our model results to previously published
sensitivity experiments.
4.3.1. Modification of Natural Sources
[34] Mickley et al. [2001] aim to identify the best com-

bination of preindustrial natural emissions that will match
the observed record. In particular, they show that reducing
soils and lightning NOx emissions and increasing biogenic
VOC emissions (to increase the ozone loss) helped match
the observations. However, the same set of emission
changes in a different model did not lead to the same level
of improvements [Shindell et al., 2003]. From our analysis,
there is no consensus that the soils or lightning NOx

emissions need to be reduced globally; the modeled 1890
ozone distributions over Cordoba and Adelaide are well
reproduced, while the same emissions lead to a large bias
over Rio de Janeiro and to some extent Luanda. Reduction
of the natural emissions as proposed by Mickley et al.
[2001] would lead to a clear underestimate of the 1890
ozone surface concentration in Cordoba, Adelaide and
Luanda (not shown).
4.3.2. Sensitivity to Dry Deposition
[35] To test the importance of ozone dry deposition, we

have performed a sensitivity test in which the deposition
velocity was doubled (see dashed blue line in Figure 3).
Over Montsouris and Vienna, this has the consequence of
decreasing the simulated mixing ratio by 5–7 ppbv, al-
though not enough to eliminate the bias for Montsouris.
However, we have no reason to believe that our ozone dry
deposition velocity (based on the Wesely scheme [Wesely,

1989; Walmsley and Wesely, 1996; Wesely and Hicks,
2000]) is wrong by a factor of 2. In particular, comparison
of observed ozone deposition at Harvard Forest with our
model results indicates a difference in the long-term average
smaller than 20% (E. Davin, personal communication,
2003). Furthermore, our large-scale distribution of ozone
deposition velocities is very similar to the independent
model of Ganzeveld and Lelieveld [1995]. Consequently,
while the ozone deposition velocity clearly plays a role, it
cannot be the main source of the positive bias in our model.
The contribution of dry deposition to the tropospheric ozone
budget in this model is further discussed in section 7.

5. Regional Distribution of Ozone Changes
From 1890

[36] We present here the changes in the annual distribu-
tion of surface ozone since 1890. For that purpose, we
display in Figure 4 the difference in the ozone surface
concentration between the considered simulation (1910
through 1990) and 1890. Because of some interannual
variability, this difference can lead to local negative values,
even though the emission of ozone precursors (and the
global ozone burden, see section 7) have steadily increased
during the 20th century.
[37] In 1910, most of the changes are limited to the

industrial zones of Europe and North America. Some
biomass burning associated with tropical deforestation is
also taking place and is indicated by the ozone increase
over South America. By 1930, there is a clear demarcation
between the northern extratropics and the rest of the world,
indicating the more rapid and widespread increase of ozone
north of the Equator. By 1950 the presence of the Cali-
fornian sources is much more noticeable, as is the location
of the maximum European pollution over the Mediterra-
nean Sea. After 1950, there is a rapid increase in the
surface ozone concentration, with the whole region north
of 30�N characterized by an increase larger than 10 ppbv
over the 1890 distribution. This rapid increase was also
noted in the analysis of trends in the observational record
[Staehelin et al., 1994, 1998]. Finally, the distribution in
1990 is specific in its impact of industrialization over the
Southeast Asian and Indian regions. Similarly, most of the
Southern Hemisphere land areas are at this point affected
by large localized sources around 30�S, in addition to a
hemispheric increase of �5 ppbv above the 1890 levels by
1970. When the 1890 anthropogenic emissions are set to 0,
then the increase of ozone over most of the Northern
Hemisphere is significantly larger (see right bottom panel
of Figure 4). This increase is more directly comparable to
previously published analyses of the preindustrial to pres-
ent ozone increase.

6. Contrasting 1890 and 1990 Sources of Ozone

[38] We use the tagging of tropospheric and stratospheric
ozone to identify the main contributors to the large-scale
ozone distribution. While it is clear that anthropogenic
emissions are responsible for the ozone increase in devel-
oped regions (such as Europe and North America), it is
interesting to expand the analysis to the globe. We will
focus our analysis on the surface ozone concentration.

Table 2. Estimates of Tropospheric Ozone Increase From

Preindustrial to Present From This Study and Other Previously

Published Results

Ozone Burden
Increase, Tg

Berntsen et al. [1997] 102
Levy et al. [1997] 83
Roelofs et al. [1997] 81
Wang and Jacob [1998] 120
Mickley et al. [1999] 130
Lelieveld and Dentener [2000] 84
Hauglustaine and Brasseur [2001] 75
Shindell et al. [2003] 94
Wong et al. [2004] 140
This study (all sources) 71
This study (no 1890 anthropogenic source) 88
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[39] The annual average relative contribution (in %) of
the anthropogenic, natural (associated with soil, biomass
burning and lightning NOx emissions) and stratospheric
source of ozone are shown in Figure 5 for the 1890 and
1990 simulations.
[40] On an annual average, the importance of stratospheric

ozone is never larger than 30%, even in the most pristine
environment of the Southern Hemisphere in 1890. Our
estimate of the stratospheric portion of the surface ozone
is smaller than other studies (e.g., Wang and Jacob [1998]

or Hauglustaine and Brasseur [2001]). This is most likely
due to differences in the definition of the stratospheric
portion of tropospheric ozone. In addition, the decrease of
the stratospheric fraction in surface ozone between 1890
and 1990 is due to the overall increase of surface ozone
combined.
[41] The role of natural emissions has obviously

decreased significantly over most of the Northern Hemi-
sphere. At most, the contribution from the natural sources of
NOx is of the order of 30% in 1990.

Figure 4. Annual average of the surface ozone increase (in ppbv) from the 1890 distribution. The right
bottom panel is the surface ozone increase (in ppbv) from the 1890 ozone distribution obtained without
anthropogenic emissions.

D08304 LAMARQUE ET AL.: TROPOSPHERIC OZONE EVOLUTION FROM 1890

9 of 15

D08304



[42] Next, we look at the relative contribution of each
natural source of NOx (biomass burning, lightning and
soils) to the combined natural ozone concentration. Within
these natural sources of NOx, the relative role of soils to the
ozone budget over the northern midlatitudes has consider-
ably increased from the use of fertilizers (Figure 6). While
the use of fertilizers in Africa is not as abundant as in the
Northern Hemisphere, it has a significant impact on the role
of soil emissions on the ozone concentration over this
region, where in 1990 less than 20% of the simulated ozone
is of anthropogenic origin (Figure 5). Over the tropical
Pacific Ocean, the relative role of lightning is virtually

unchanged between 1890 and 1990. Downstream from
fertilized regions, the contribution of lightning to the natural
source of ozone has decreased by 10–20%.

7. Ozone Budget in the 20th Century

[43] For each of the 20-year time samples between 1890
and 1990, we have computed the following tropospheric
ozone global budget terms: chemical production, chemical
loss, net chemical production, surface deposition and bur-
den. In this study we compute the budget on the model
levels from the surface up to 200 hPa. In addition, we have

Figure 5. Contribution to the surface ozone mixing ratio (in %) from (top) anthropogenic, (middle)
natural, and (bottom) stratospheric sources of ozone in (left) 1890 and (right) 1990.
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computed the budget terms separately in the lower tropo-
sphere (pressure greater than 800 hPa) and free troposphere
(above 800 hPa and below 200 hPa). The flux of strato-
sphere-troposphere exchange is �400 Tg/yr and therefore
not discussed.
[44] Between 1890 and 1990, the tropospheric ozone

burden simulated in this study increases from 203 Tg to
274 Tg (Figure 7), an increase of 71 Tg. This estimate is on
the low side of other published estimates (see Table 2).
However, all these other studies have no preindustrial
anthropogenic emissions and biomass burning emissions
set to 10% (20% in the study by Stevenson et al. [1998]) of

the present-day values, except for the study by Lelieved and
Dentener [2000], who used emission scenarios similar to
our study but focused on 1860. In our study the consider-
ation of some anthropogenic emissions in 1890 creates a
tropospheric ozone burden that is �17 Tg; therefore the
more meaningful tropospheric ozone burden increase to
compare to other studies is 88 Tg, slightly below the
average of the estimates in Table 2. In addition, our using
biomass preindustrial biomass burning emissions that are
larger than most the other studies also leads to a smaller
increase in tropospheric ozone burden between 1890 and
1990; indeed, as shown by Wang and Jacob [1998], the

Figure 6. Contribution to the surface ozone mixing ratio of natural origin (in %) from (top) biomass
burning, (middle) lightning, and (bottom) soils NOx sources in (left) 1890 and (right) 1990.
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consideration of present-day biomass burning in preindus-
trial simulations lowered their estimated tropospheric ozone
increase from 120 Tg to 87 Tg.
[45] Between 1890 and 1990, the free troposphere sees an

increase in the tropospheric ozone burden of 56 Tg (from
176 Tg to 232 Tg, or an increase of 32% over the 1890
burden). In the lower troposphere, the increase is even more
pronounced, from 26 Tg to 41 Tg, an increase of 58%.

[46] In the course of this study, we also performed experi-
ments in which the stratosphere-troposphere exchange (STE)
was left unconstrained. This led to ozone fluxes (�700 Tg)
significantly larger than the 400 Tg used in SYNOZ.
Because of the 25-day ozone lifetime, this large increase is
only weakly reflected by an increased tropospheric ozone
burden of �30 Tg, similar to our findings in a very different
model framework [Lamarque et al., 1999]. In addition, as

Figure 7. Time evolution of various integrated quantities of the tropospheric ozone budget. The
integrals are taken over the globe and from the surface up to 200 hPa.
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there is no a priori reason to think that the ozone STE flux
has substantially changed between 1890 and 1990 (it might
actually have decreased slightly due to the CFC-induced
stratospheric ozone depletion), we believe the tropospheric
ozone burden increase is not very sensitive to the actual
value of the STE flux, as long as it is reasonable.
[47] The increase in tropospheric ozone burden occurs

in both hemispheres. In the Northern Hemisphere, this
increase was particularly rapid after 1950, similar to the
conclusions of Staehelin et al. [1994]. However, in the
Southern Hemisphere, the increase is significant only after
1970. Overall, the Northern Hemisphere is characterized
by an almost exponential growth in tropospheric burden,
as could be expected from increased NOx emissions
(Table 1).
[48] Over the 1890–1990 period, the chemical produc-

tion of ozone has increased more rapidly than its chemical
loss. The growth in the chemical production and loss was
rapid between 1890 and 1930, then flat until another rise
after 1970. Until 1970, the growth in the chemical tenden-
cies is limited to the free troposphere.
[49] The tropospheric ozone burden increase is directly

related to the increased net chemical production, from 45 to
486 Tg/yr. This increase has been much more rapid in the
lower troposphere, especially after 1950, when the net
production in the lower troposphere is for the first time
larger than in the free troposphere. In response to an
increased tropospheric burden, the deposition flux has
almost doubled, from 460 to 800 Tg/yr. As mentioned in
section 4, our deposition flux is considerably (by at least
30%) smaller than Berntsen et al. [1997], Hauglustaine and
Brasseur [2001], or Wong et al. [2004]. It is, however, in
good agreement with the overall range of present-day model
studies of Prather et al. [2001].
[50] The ozone lifetime (calculated as the burden divided

by the photochemical and dry deposition loss [Horowitz et
al., 2003]) changes from 35 days in 1890 to 25 days in
1990. It is interesting to note that in our study, the ozone
lifetime decreases rapidly between 1890 and 1930 and stays
fairly constant after that. The overall decrease between 1890
and 1990 is more pronounced than by Wang and Jacob
[1998] or Hauglustaine and Brasseur [2001] but in agree-
ment with Stevenson et al. [1998] and Mickley et al. [1999].
Since the ozone lifetime varies strongly with latitude and
altitude, the changes in the ozone lifetime are also a
reflection of the changes in its distribution.
[51] The mass-weighted mean tropospheric OH (approx-

imately 1.1 � 106 molecules/cm3 in 1990, in agreement
with the range of Lawrence et al. [2001] and Prinn et al.
[2001]) is shown to decrease by �8%. Other model studies
have shown a decrease by 9% [Wang and Jacob, 1998],
16% [Mickley et al., 1999], 17% [Brasseur et al., 1998] and
33% [Hauglustaine and Brasseur, 2001] or a 7% increase
[Berntsen et al., 1997]. The overall decrease is most likely
very dependent on the meteorological fields used to drive
the model, and specifically on the amount of tropospheric
water vapor. As a consequence of the OH trend, the carbon
monoxide (CO) lifetime has increased from 47 to 51 days. It
is unclear why the 1970 simulation exhibits a somewhat
discontinuous pattern in the OH amount. It is, however,
interesting to note a similar positive OH trend between 1978
and 1990 shown by Prinn et al. [2001].

[52] To further investigate the relationship between emis-
sions of ozone precursors and the tropospheric ozone
burden, we present in Figure 8 the ratio of the globally
averaged ozone burden increase (up to 400 hPa to limit the
stratospheric influence) to the globally averaged NOx emis-
sions increase

O3 yearð Þ � O3 1890ð Þ
NOx yearð Þ � NOx 1890ð Þ

where O3 and NOx are expressed in Tg. Figure 8 illustrates
the ability of the troposphere to process the larger and
larger emissions of ozone precursors released at the
surface. In addition to the simulations discussed in this
paper, we have included results from similar simulations
but in which the 2050 and 2100 emissions are taken from
the Special Report on Emissions Scenarios [Nakicenovic et
al., 2000] (SRES) A2p scenario [Prather et al., 2001],
usually considered the worst-case scenario with a very
large increase in NOx emissions and other ozone
precursors. During the 20th century, the ozone production
efficiency associated with the NOx emissions decreases,
similar to the findings of Liu et al. [1987] and Wang and
Jacob [1998]. Under the assumed A2p scenario, this
decrease (of �50%) continues during the 21st century. In
addition, after a relatively stable ratio from 1970 to 2050,
the 2100 simulation exhibits a significant drop in the ozone
production relative to the NOx emissions. The reason for
this behavior is being investigated.
[53] The overall decrease in ozone production efficiency

implies that, under the assumed increase in NOx emissions
in the A2p scenario, there will be less NOx limitation in the
troposphere during the 21st century. This also indicates that
the use of a single parameter relating increase tropospheric

Figure 8. Time evolution of the ozone production
efficiency, as calculated by the ratio of increased tropo-
spheric burden to increase NOx emissions from their 1890
values. The 2050 and 2100 NOx emissions are from the
SRES A2p scenario from Prather et al. [2001].
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ozone burden to NOx emissions (e.g., as used in Table 4.11
of Prather et al. [2001]) is a rather crude approximation.

8. Discussion and Conclusions

[54] In this study, we have simulated the evolution of
tropospheric ozone between 1890 and 1990 at 20-year
intervals using estimated ozone precursors emissions based
on the EDGAR-HYDE emission estimates [van Aardenne et
al., 2001] and meteorological fields from Washington et al.
[2000]. The comparison with present-day observations
indicates a very good overall performance of the model;
on the other hand, our 1890 simulation overestimates the
measured ozone, especially over Montsouris. In particular, it
is not possible for our model to reproduce the Montsouris
record, even when considering only the natural sources of
NOx; in addition, measurements at tropical sites such as
Luanda and Rio de Janeiro are so low that the simulated
ozone from natural sources alone exceeds the measure-
ments. Overall, these results suggest that the ozone proxy
measurements from the end of the 19th century have to be
used very cautiously.
[55] The simulations performed in this study include some

anthropogenic emissions in 1890, as can be expected from
the existence of industries and large population centers in the
Northern Hemisphere. The separate impact of these emis-
sions on the ozone budget was shown to be responsible for
�8% (17 Tg out of 203 Tg) of the tropospheric ozone burden
in 1890. Using the emissions from van Aardenne et al.
[2001], our simulations show a tropospheric ozone burden
increase of 71 Tg between 1890 and 1990. When the
contribution to the ozone burden from anthropongenic
emissions are removed (for direct comparison with the
preindustrial studies), our estimate of the simulated in-
creased tropospheric ozone burden between 1890 and 1990
(88 Tg) is in good agreement with previously published
estimates.
[56] The ozone burden is shown to have more rapidly

increased in the lower troposphere (at pressures higher than
800 hPa) than in the free troposphere; in particular, the net
ozone production in the lower troposphere surpasses the net
ozone production in the free troposphere between 1950 and
1970. In addition, we showed that the ozone production in
this study increased rapidly between 1890 and 1930 and
from 1970 to 1990 (the last simulated period). During all
periods, the ozone chemical production has risen faster than
its chemical destruction. In addition, the ozone lifetime has
decreased from 35 days in 1890 to 25 days in 1990.
[57] The tropospheric ozone increase has been largest in

the Northern Hemisphere, following its rapid industrializa-
tion. However, the ozone production efficiency associated
with NOx emissions has been decreasing from 1890, espe-
cially after 1930. The overall evolution of the tropospheric
chemistry system is toward being less and less NOx-limited
overall. Using the A2p scenario, we have shown that this
negative trend is likely to continue into the 21st century.
[58] In conjunction with increased tropospheric methane

concentrations, the OH burden is shown to have decreased
by �8% between 1890 and 1990, with a concurrent increase
in the CO lifetime.
[59] The importance of chemistry in shaping the lifetime

of greenhouse gases and aerosols will need to be investi-

gated more, both for the recent past and the future, with the
ultimate goal of incorporating and understanding the feed-
backs between chemistry and climate.
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