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1. Introduction

Tropospheric ozone has been identified as an im-
portant greenhouse gas (IPCC, 1995). Increasing
emissions of NOx, CO, and hydrocarbons from an-
thropogenic sources are believed to have enhanced
the production significantly. A limited number of ob-
servations, mainly from northern mid-latitudes, dur-
ing the end of the last century have indicated a pre-
industrial ozone concentration in the lower tropo-
sphere of 10-20 ppbv, while present day concentra-
tions are of the order 40-60 ppbv. Chemical tracer
models (CTMs) have been used to model the change
in tropospheric ozone by making simulations forced
by estimated pre-industrial and current emissions of
ozone precursors. The estimates of radiative forcing
are in the 0.2-0.6 W/m2 range (Berntsen et al., 1997).
Due to the short lifetime of ozone and its precursors in
the troposphere, there are significant horizontal gra-
dients in the perturbation of ozone and its radiative
forcing. As the emission pattern has evolved over time
and will continue to change in the future, the pattern
of radiative forcing will change. Since the economi-
cal development, and the amount of pollution control
measures adopted over time has been very different
in different parts of the world, the pattern of ozone
production and also ozone concentrations varies with
time. The implications for radiative forcing of climate
could be significant as much of the growth in recent
years has occurred at lower latitudes, which has a
higher sensitivity to ozone changes (Berntsen et al.,
1997; Fuglestvedt et al., 1999).

The treatment of the regional trends in the emis-
sions of ozone precursors have been estimated by ap-
plying data on the CO2 emission trends (1x1°) from
fossil fuel combustion and cement production from
Andres et al. (1996) in combination with data on
emission factors as a function of time from the dif-
ferent regions (figure 1). Simple parameterisations of
trends in the emissions from other sources (biomass
burning and aircraft) have also been used.
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Figure 1. Regional development of NOx and CO
emissions between 1850 and 1990.

The global 3-D chemistry transport model, Oslo
CTM-1 (Berntsen and Isaksen, 1997) have been used
to perform 'time-slice' calculations of the develop-
ment of tropospheric ozone. Model experiments have
been performed for 1850, 1900,1950, 1960,1970,1980
and 1990. Each model experiment has been run for 17
months, the first 5 months used as a spin-up period.
Calculations of radiative forcing due to the changes
in tropospheric ozone have been performed for each
period by the NILU/UiO radiative transfer model,
following the procedure described in Berntsen et al.
(1997).

Several studies have shown that the increased tro-
pospheric ozone gives positive radiative forcing (Hauglus-
taine et al., 1994; Forster et al., 1996; Berntsen et al.,
1997). The thermal infrared radiative forcing due to
change in tropospheric ozone is generally a factor be-
tween 2 or 3 higher than the solar forcing, globally
(Berntsen et al., 1997). With increased tropospheric
ozone less infrared radiation is available for absorp-
tion in the stratosphere. This reduce the tempera-
ture in the stratosphere and furthermore the thermal
infrared forcing from the stratosphere to the surface
- troposphere system due to the temperature adjust-
ment in the stratosphere is an important part of the
radiative forcing. We have followed the definition of
radiative forcing in IPCC [1994] and used in Berntsen
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et al. [1997] as well.

2. Ozone perturbation

The radiative forcing of climate is most sensitive to
ozone changes around the tropopause. Figure 2 shows
the calculated changes in the zonally averaged amount
of ozone between 390 hPa and the tropopause. For
the whole period (upper left panel) the picture is dom-
inated by a large increase at high northern latitudes
during summer, and a summer to fall maximum in the
tropics, driven by a combination of increased biomass
burning and fossil fuel combustion.
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Figure 2. Calculated increase in ozone (kg/km2)
above 390 hPa.

After about 1970 there has been a significant change
in the pattern as more of the ozone increase appears
at lower latitudes due to rapid growth in emissions
(cf. figure 1).

2.1. Comparison with observations

Very limited observations of free-tropospheric ozone
concentrations from pre-industrial times exists. Fig-
ure 3 shows a comparison with a trend inferred from
measurements from the Pic du Midi observatory (Marenco
et al., 1994). The agreement is quite good towards the
end of the period (the model is about 10% lower than
the measurements).

Figure 3. Calculated (stipled, with seasonal range)
and observed (solid line, Marenco et al. [1994]) trends
in free tropospheric ozone concentrations at Pic du Midi
(southwestern France).

3. Radiative forcing

3.1. Time evolution of the radiative forcing

Figure 4 shows the time evolution of the global and
annual mean radiative forcing due to change in tro-
pospheric ozone since preindustrial time. The forcing
in 1950 was about 1/3 of the present forcing, whereas
between 1950 and 1990 there has been an almost lin-
ear increase in the radiative forcing due to change in
tropospheric ozone. The linear increase in the forc-
ing is somewhat coincident as the development of of
the regional forcings are more non-linear (Figure 4).
In Europe and Northern America the increases in the
forcing were larger up to 1970 and have had a smaller
increase after that, whereas in Asia the increase in
the forcing has been largest after 1950. The forcing
due to change in tropospheric ozone was about 15%
of the forcing due to CO2 in 1900 and has increased
to almost 30% of the radiative forcing due to CO2 in
1990.

The global and annual mean radiative forcing in
1990 is 0.34 Wm-2, with 0.25 and 0.10 Wm~2 for
thermal infrared and solar forcing, respectively.
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3.2. Comparison with other work

Stevenson et al. (1998) is the only other study
that has performed time evolution of the radiative
forcing due to increase in tropospheric ozone. They
used global emission for each of the years but used
the geographical distribution of the emission of the
present. Their efficiency will decrease due to satura-
tion in the infrared band of ozone over the time pe-
riod, and therefore they have calculated a relatively
higher radiative forcing due to tropospheric ozone in
the beginning of this century compared to our calcu-
lations. E.g. in 1950 the forcing in Stevenson et al.
(1998) is 44% of the present forcing, whereas 36% in
this study. The radiative forcing in 1990 in Stevenson
et al. (1998) was 0.29 Wm"2.

Figure 4. Time evolution of the radiative forcing,
for global mean, Europe, North America, South East
Asia, and southern hemisphere, values in Wm"2

Berntsen et al. (1997) compared different esti-
mates of the radiative forcing due to changes in tro-
pospheric ozone since preindustrial time ranging from
about 0.22 - 0.5 Wm' 2 when clouds and stratospheric
temperature adjustment are included. Since then, in
addition to Stevenson et al. (1998), Roelofs et al.
(1997); van Dorland et al. (1997); Haywood et al.
(1998); Brasseur et al. (1998) have similar radia-
tive forcing estimate with results of 0.42, 0.38, 0.32,
and 0.37 Wm~2, respectively. These results are in
much better agreement than the results compared in
Berntsen et al. (1997).
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