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Abstract.

The GFDL R30 general circulation model (GCM) and a fixed dynamical

heating model (FDHM) are used to assess the instantaneous and adjusted radiative
forcing due to changes in tropospheric ozone caused by anthropogenic activity. Ozone
perturbations from the GFDL global chemical transport model are applied to the GCM,
and the instantaneous solar and terrestrial radiative forcings are calculated excluding and
including clouds. The FDHM is used to calculate the adjusted radiative forcing at the
tropopause. The net global annual mean adjusted radiative forcing, including clouds,
ranges from +0.29 to +0.35 W m? with ~80% of this forcing being in the terrestrial
spectrum. If stratospheric adjustment is ignored, the forcing increases by ~10%, and if
clouds are ignored, the radiative forcing increases by a further 20-30%. These results are
in reasonable agreement with earlier studies and suggest that changes in tropospheric
ozone due to anthropogenic emissions exert a global mean radiative forcing that is of
similar magnitude but of opposite sign to the direct forcing of sulfate aerosols.

1. Introduction

In recent years, the concentrations of certain atmospheric
gases and aerosol particles have increased as a direct conse-
quence of anthropogenic activity [e.g., Intergovernmental Panel
on Climate Change (IPCC), 1996]. These species may exert a
considerable influence on the climate of the Earth by influenc-
ing the radiative balance of the Earth/atmosphere system. A
measure of the potential climatic influence of these constitu-
ents is the adjusted radiative forcing [IPCC, 1990, 1994, 1996]
which is defined as the change in the net irradiance at the
tropopause due to the inclusion of the anthropogenic species
after allowing stratospheric temperatures to adjust to radiative
equilibrium while surface and tropospheric temperatures are
held fixed. Two-dimensional (2-D) modeling estimates of the
radiative forcing due to increases in tropospheric ozone in-
clude those of Hauglustaine et al. [1994] who estimated the
instantaneous radiative forcing to be +0.55 W m ™2 and Forster
et al. [1996] who used the output from two different 2-D chem-
ical transport models (CTMs) and found adjusted radiative
forcings of +0.30 and +0.51 W m 2 The 3-D modeling esti-
mates include those of Chalita et al. [1994] who estimated the
instantaneous radiative forcing to be +0.28 W m~2, Berntsen et
al. [1997] who estimated the adjusted radiative forcing to be
+0.26 and +0.28 W m~ 2 depending on the radiative transfer
code used, and Roelofs et al. [1997] who estimated the adjusted
radiative forcing to be +0.42 W m™2 This study uses the
climate from a general circulation model (GCM) and a fixed
dynamical heating model (FDHM) in conjunction with the new
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preindustrial and present-day tropospheric ozone climatolo-
gies from the global chemical transport model of Levy et al.
[1997] to assess the solar and terrestrial radiative forcing due
to anthropogenically induced changes in tropospheric ozone.
Section 2 describes the method used for the calculations, and
section 3 briefly investigates the climatologies of Levy et al.
[1997]. Sections 4 and 5 describe the instantaneous radiative
forcing when clouds are excluded and included in the GCM

- calculations, and section 6 describes the seasonal cycle of the

instantaneous radiative forcing. The adjusted radiative forcing
estimated from the FDHM is described in section 7, and sec-
tion 8§ provides a discussion and conclusions.

2. Method

The Geophysical Fluid Dynamics Laboratory (GFDL) R30
GCM described by Wetherald and Soden [1995] is used to
determine the instantaneous radiative forcing due to tropo-
spheric ozone changes in this investigation. The spatial reso-
lution of the GCM is ~420 by 250 km at the equator, and there
are 14 levels in the vertical. Cloud is assumed to fill a grid box
completely when a certain height dependent relative humidity
threshold is reached. The 26-band two-stream 6-Eddington
solar radiation code of Freidenreich and Ramaswamy [1997]
replaces the original radiation code of Lacis and Hansen [1974]
within the GCM. The terrestrial radiation code is based on that
of Schwarzkopf and Fels [1991] modified to include most of the
relevant trace gases and a new water vapor continuum formu-
lation. Absorption by ozone, carbon dioxide, water vapor, and
other gaseous species such as oxygen, nitrous oxide and meth-
ane, and Rayleigh scattering by gaseous constituents are ac-
counted for by these two radiation codes. The radiative trans-
fer codes are called twice in the GCM calculations. The first
call to the radiation codes uses the climatological ozone dis-
tribution from the GCM [Wetherald and Soden, 1995] and does
not include the ozone perturbation but determines the radia-
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Figure 1.

Change in zonal annual-mean ozone concentrations between present and preindustrial conditions

from the ozone climatologies of Levy et al. [1997]. The solid lines indicate the change in ppbv, and the dotted
lines indicate the fractional change in ozone concentrations.

tive heating rates which determine the dynamical evolution of
the GCM. The second call to the radiation codes is purely
diagnostic and includes the monthly mean ozone perturbation
from the global chemical transport model (GCTM) of Levy et
al. [1997] but does not affect the radiative heating rates in the
GCM,; the dynamics of the model are therefore unaffected by
the ozone perturbation. The instantaneous radiative forcing of
ozone is determined as the difference between the net irradi-
ances at the tropopause in the first and second calls to the
radiation codes. The tropopause is defined by linear interpo-
lation from a pressure of 100 hPa at the equator to 300 hPa at
the poles [Ramaswamy et al., 1992] and is zonally invariant.
The monthly mean instantaneous radiative forcing diagnostics
are averaged to provide an annual-mean instantaneous radia-
tive forcing diagnostic. The global mean radiative forcing will
show a degree of interannual variability due to the daily vari-
ability in the GCM fields of, for example, temperature, mois-
ture, surface reflectance, and cloud amount; these sources of
variation are not investigated. Haywood and Ramaswamy
[1998] used a similar procedure in calculating the direct radi-
ative forcing of sulfate and black carbon aerosols.

A FDHM with an identical radiation code and horizontal
and vertical resolution to the GCM is also used to investigate
the instantaneous and adjusted radiative forcings. Monthly
mean instantaneous radiative forcings are calculated by apply-
ing the monthly mean insolation, solar zenith angle, tempera-
ture, specific humidity, cloud amount, and surface reflectance
from the R30 model to the FDHM. Random cloud overlap is
assumed in the FDHM. As in the GCM, two calls to the
radiative transfer codes are made, one excluding the ozone
perturbation, the other including the monthly mean ozone
perturbation. The difference in the net solar and terrestrial
irradiances at the tropopause between the two calls to the
radiation code yields the instantaneous solar and terrestrial
radiative forcings, with the tropopause being defined as in the

GCM calculations. Thus it is possible to compare the instan-
taneous radiative forcing calculated by the GCM with that
calculated by the FDHM,; since the radiative transfer codes of
the GCM and the FDHM are identical, any differences in the
instantaneous radiative forcing result from the use of monthly
mean fields in the FDHM.

The adjusted radiative forcing at the tropopause is calcu-
lated in the FDHM using the fixed dynamical heating approx-
imation [e.g., Fels and Kaplan, 1975; Fels et al., 1980]. A similar
method to that used in calculating the instantaneous radiative
forcing is applied. The difference is that when the ozone per-
turbation is applied, dynamical heating rates are held fixed,
and stratospheric temperatures are allowed to adjust to radi-
ative-dynamical equilibrium; tropospheric temperatures and
other parameters, including water vapor and clouds, continue
to be held at the unperturbed values. Annual-mean values for
the adjusted radiative forcing at the tropopause are then cal-
culated by averaging the monthly mean adjusted radiative forc-
ings. Although other methods of calculating the adjusted radi-
ative forcing have been recently proposed [e.g., Forster et al.,
1997], this method is pursued as it allows direct comparison
between the monthly mean instantaneous and the adjusted
radiative forcings.

3. Changes in Ozone Concentrations

Figure 1 shows the annual-average zonal mean changes in
ozone concentrations in ppbv from the GCTM of Levy et al.
[1997] together with the fractional change in ozone concentra-
tions. The ozone perturbations exceed 40 ppbv between 100
and 200 hPa at latitudes of between 60°N and 90°N. In the
northern hemisphere, changes of up to 30 ppbv occur in the
upper troposphere, changes of ~20-30 ppbv occur in the
midtroposphere, and changes of around 15 ppbv occur at the
surface. The changes in the troposphere in the southern hemi-
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Figure 2. Present minus preindustrial annual-mean ozone concentrations (Dobson units (DU)).

sphere are less significant and are between 3 and 10 ppbv at all
altitudes. The fractional changes in ozone range from approx-
imately a factor of 1.1 in the upper troposphere to over a factor
of 2.0 close to the surface between 20° and 30°N. It should be
noted here that the GCTM model of Levy et al. [1997] de-
scribes changes in tropospheric ozone due to increased anthro-
pogenic emissions of NO,; chlorofluorocarbon (CFC) chemis-
try is not included, thus the observed depletion of ozone in the
stratosphere [e.g., WMO, 1995] will not be represented. In fact,
the ozone perturbations from the GCTM show enhanced
ozone concentrations due to anthropogenic emissions of NO, .
The majority of the results presented here include the pertur-
bations in the stratosphere from the Levy et al. [1997] model;
we shall see in sections S and 7 that the radiative effects due to
ozone perturbations in the stratosphere are small when com-
pared to those due to the perturbations in the troposphere.

Figure 2 shows the geographic distribution of the annual-
average total column changes in ozone in Dobson units (DU)
between preindustrial and present-day scenarios. The changes
in column ozone are approximately zonally uniform with max-
imum values of over 20 DU occurring at midlatitudes in the
northern hemisphere. The northern and southern hemisphere
changes in column ozone are 14.1 and 6.1 DU, respectively.
The global mean perturbation is therefore 10.1 DU, of which
2.2 DU come from the stratosphere (see Figure 1). The tro-
pospheric mean column burden is ~7.9 DU which is lower
than that determined by Berntsen et al. [1997] (9.4 DU) and by
one of the CTMs that is used in the 2-D study of Forster et al.
[1996] (9.4 DU) but higher than that determined by Roelofs et
al. [1997] (7.3 DU). The spatial and vertical distribution of the
perturbations in the troposphere is qualitatively similar for all
of the models. It is extremely difficult to assess which of these
perturbations is most accurate because there is no historical
record of preindustrial ozone concentrations except at a few
ground-based locations [Marenco et al., 1994, and references
therein)].

The ozone perturbations have a substantially different spa-
tial resolution to well-mixed greenhouse gases such as carbon
dioxide. Additionally, the spatial distribution of the ozone per-

turbations differs from the anthropogenic column perturbation
due to sulfate, black carbon, organic carbon, and dust aerosols
[e.g., Kasibhatla et al., 1997; Cooke and Wilson, 1996; Liousse et
al., 1996; Tegen and Fung, 1995]. Generally, aerosol column
perturbations tend to be more closely confined to the areas of
emission than the ozone column perturbations which are more
zonal in nature.

4. Clear-Sky Instantaneous Radiative Forcing

Figures 3a-3c show the annual-mean solar, terrestrial, and
net instantaneous radiative forcing at the tropopause when
cloud fields are excluded from the GCM. The global annual-
mean shortwave and terrestrial instantaneous radiative forc-
ings are estimated to be +0.02 and +0.44 W m™?, yielding a
global annual-mean net instantaneous radiative forcing exclud-
ing clouds of +0.46 W m =

Figure 3a shows that the annual-mean instantaneous solar
radiative forcing is a strong function of the surface reflectance;
there is little radiative forcing over the oceans where the sur-
face reflectance is low, and the maximum radiative forcing
occurs over the ice sheets of the northern hemisphere where
the surface reflectance is highest, and the change in total col-
umn ozone is high in these regions (see Figure 2). The high
surface reflectance leads to a larger difference in reflected
irradiance from the surface when the ozone perturbation is
applied resulting in a more positive radiative forcing. Similar
results have been found for strongly absorbing tropospheric
aerosols [e.g., Haywood et al., 1997; Haywood and Ramaswamy,
1997].

Figure 3b shows that the maximum annual-mean instanta-
neous terrestrial radiative forcing in excess of +0.9 W m~?2
occurs at latitudes of between ~20°N and 50°N; the maximum
terrestrial radiative forcing is displaced to the south of areas of
maximum column ozone change (see Figure 2). This is because
the terrestrial forcing is most sensitive to ozone perturbations
in the upper troposphere [e.g., Lacis et al., 1990]. The differ-
ence between the zonal mean surface temperature and the
upper tropospheric temperature in the R30 model is larger at
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Figure 3. (a) Solar, (b) terrestrial, and (c) net instantaneous annual-mean radiative forcing (W m™2) for
clear skies calculated using the general circulation model (GCM) as described in the text.
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the equator (300-210 K) than at the poles (240-220 K), hence
the greater sensitivity at lower latitudes.

Figure 3c shows the combined effect of both solar and ter-
restrial radiative forcing excluding clouds. The magnitude of
the northern hemisphere net instantaneous radiative forcing is
approximately double that of the southern hemisphere, the
total annual-mean global net radiative forcing being +0.46 W
m2

5. Total Sky Instantaneous Radiative Forcing

Figures 4a—4c show the annual-mean solar, terrestrial, and
net instantaneous radiative forcing, respectively, when the
GCM cloud fields are included in the calculations. The global
annual-mean shortwave and terrestrial instantaneous radiative
forcings at the tropopause are estimated to be +0.07 and
+0.31 W m~?, respectively, yielding an annual-mean global net
instantaneous radiative forcing of +0.38 W m ™2,

As in the clear-sky case, the ratio of the northern hemi-
sphere to the southern hemisphere instantaneous radiative
forcing is similar for the net radiative forcings. The instanta-
neous solar, terrestrial, and net radiative forcings in the north-
ern hemisphere are approximately double that in the southern
hemisphere.

Comparison of Figure 4a with Figure 3a shows that the
inclusion of the cloud distribution increases the global solar
instantaneous radiative forcing by approximately a factor of
3.5. In contrast to the clear-sky case, substantial contributions
to the solar instantaneous radiative forcing now exist over
cloudy oceanic areas due to the greatly increased underlying
reflectance (see section 4).

Comparison of Figure 4b with Figure 3b shows that the
inclusion of cloud decreases the global instantaneous terres-
trial radiative forcing by a factor of approximately 1.4. This is
because when clouds are included, the effective tropospheric
emission temperature is lowered, leading to a reduction in the
terrestrial energy absorbed by the ozone in the upper tropo-
sphere. Thus the areas most affected by the inclusion of clouds
occur where deep convective clouds are predicted in the GCM,
particularly near the intertropical convergence zone. In those
arcas where the GCM predicts substantial areas of low cloud,
such as in the Atlantic and Pacific Oceans, there is little effect
on the net radiative forcing because the effective emission
temperature is similar to that for clear skies.

The overall effect of clouds in these calculations is to de-
crease the net annual-mean global radiative forcing by ~20%.
Similar fractional reductions of 21% in the net radiative forc-
ing due to the inclusion of clouds were reported by Berntsen et
al. [1997].

To investigate the effect of ozone perturbations that occur in
the stratosphere, ozone perturbations above the assumed
tropopause were removed from the calculations. The instanta-
neous global annual-mean solar and terrestrial radiative forc-
ings were recomputed as +0.09 and +0.30 W m ™2, leading to
a net radiative forcing of +0.39 W m 2 Thus the radiative
effects due to ozone perturbations in the stratosphere caused
by increased NO, emissions in the GCTM of Levy et al. [1997]
are small. The increase in instantaneous solar radiative forcing
and the corresponding decrease in the instantaneous terrestrial
radiative forcing is well documented in studies of the radiative
effects due to stratospheric ozone depletion [e.g., Ramaswamy
et al., 1992]. The effects of stratospheric adjustment on this
conclusion are investigated in section 7.

17,003

6. Seasonal Cycle

The seasonal cycles of the hemispheric-mean instantaneous
net radiative forcings and the column ozone perturbations are
shown in Figure 5. Because the radiative forcing is dominated
by the terrestrial radiative forcing (see Table 1), the seasonal
cycle of the net radiative forcing is a function of the magnitude,
spatial distribution, and vertical distribution of the ozone per-
turbation, and the temperature difference between the surface
and the upper troposphere. The seasonal cycle of the radiative
forcing in the northern hemisphere is a maximum in July at
+0.64 W m™? (+0.51 W m™? terrestrial and +0.13 W m 2
solar radiative forcings) and a minimum in January at +0.38 W
m 2 (+0.31 W m™? terrestrial and +0.07 W m ™2 solar radia-
tive forcings), while the total ozone perturbation remains in
the range 12.7-14.8 DU. The range of the northern hemi-
sphere solar radiative forcing (+0.07 Wm ™2 to +0.13 W m™?)
is insufficient to explain the seasonal cycle of the northern
hemisphere radiative forcing. While the temperature of the
stratosphere and upper troposphere displays little seasonal
variation in temperature, the average northern hemispheric
surface air temperature varies from 277 K in January to 294 K
in July and August. Thus the difference between the surface
temperature and the upper troposphere temperature is largest
in the summer months, leading to the strongest net radiative
forcing. The seasonal cycle in the southern hemisphere shows
a maximum radiative forcing in October at +0.36 W m~?
(+0.29 W m~? terrestrial and +0.07 W m™? solar radiative
forcings) and a minimum in May at +0.19 W m~2 (+0.16 W
m~? terrestrial and +0.03 W m~? solar radiative forcings). It is
interesting to note that the seasonal cycle of the radiative
forcing in the southern hemisphere is strikingly similar to the
seasonal cycle of the ozone column perturbation; the maxi-
mum ozone perturbation is in October when a large amount of
biomass burning occurs. The contrast in the behavior of north-
ern hemisphere and southern hemisphere radiative forcing
seasonal cycle is due to the zonal-mean southern hemisphere
surface air temperature showing much less seasonality in the
GCM than in the northern hemisphere because of the higher
fractional coverage of oceanic areas. The difference in hemi-
spheric average surface air temperature between January and
August is ~7 K for the southern hemisphere but 17 K for the
northern hemisphere. Thus in the southern hemisphere the
terrestrial radiative forcing tends to be mainly a function of the
ozone perturbation rather than of the temperature difference
between the surface and the upper troposphere.

7. Adjusted Radiative Forcing

The total sky adjusted radiative forcing is considered to be
the most appropriate indicator of climate response [e.g., IPCC,
1994, 1996]. To calculate the adjusted radiative forcing, the
fixed dynamical heating approximation [e.g., Fels and Kaplan,
1975; Fels et al., 1980] is used. However, the stratospheric
adjustment process assumes that the timescale of the pertur-
bation causing the radiative forcing is long compared to the
timescale for stratospheric adjustment [e.g., Forster et al.,
1997]. In the GCM calculations the instantaneous radiative
forcing in each grid box will change at each radiation time step
(24 hours) due to different cloud distributions, solar cycles, and
moisture distributions. It would be possible to perform strato-
spheric adjustment at each radiation time step. However, in
the real atmosphere the stratosphere will not have time to
adjust to radiative-dynamical equilibrium because the adjust-



17,004 HAYWOOD ET AL.: RADIATIVE FORCING DUE TO CHANGES IN TROPOSPHERIC OZONE

60S L.

180 120w 60W 0 60E 120E 180

0.05 0.075 0.1 0.125 0.15

a) NH=+40.10Wm~2, SH=+40.04Wm~2, Global=+0.07Wm™?

60E 120E 180

od -

180 120W 60W

120E 180

[-%
[~
o
m

180 120W 60W

0.3
¢) NH=40.51Wm~2, SH=+0.25Wm~2, Global=40.38Wm 2

Figure 4. (a) Solar, (b) terrestrial, and (c) net instantaneous annual-mean radiative forcing (W m™2),
including clouds, using the GCM as described in the text.

.45 0.6 0.75



HAYWOOD ET AL.: RADIATIVE FORCING DUE TO CHANGES IN TROPOSPHERIC OZONE

ment procedure takes longer than 24 hours. Additionally, cal-
culation of stratospheric adjustment at every radiation time
step in the GCM (i.e., every 24 hours) is computationally time
consuming. Because the instantaneous radiative forcing from
the GCM and the FDHM are similar (see Table 1), the FDHM
may be used with monthly mean fields from the GCM to
calculate the adjusted radiative forcing (see section 2).

The use of monthly mean input parameters in calculating
the radiative forcing in the FDHM causes some small (~10%)
differences from the GCM instantaneous radiative forcings
(see Table 1). The total annual-mean clear-sky instantaneous
radiative forcing at the tropopause in the FDHM is +0.02 W
m~? for the solar spectrum and +0.42 W m™2 for the terres-
trial spectrum, yielding a net clear-sky instantaneous radiative
forcing of +0.45 W m™2 Thus the global-mean instantaneous
radiative forcing when clouds are excluded is within 3% of that
calculated by the GCM (see Figures 3a and 4a). When clouds
are included in the calculations, the differences between the
FDHM and the GCM global net radiative forcing are larger
with the FDHM, giving a radiative forcing some 10% lower
than that of the GCM (+0.35 W m~2 compared to +0.38 W
m~?; see Figure 6a). This may be partly attributable to the fact
that the GCM uses an on/off cloud scheme, where a GCM grid
box is assumed to be entirely filled with cloud when the relative
humidity exceeds a certain threshold, whereas the FDHM uses
a fractional cloud amount obtained from the GCM monthly
mean cloud fraction diagnostics. Additionally, the cloud over-
lap and albedos in the FDHM, which are determined from the
monthly mean altitude profiles from the GCM, will necessarily
be different to the cloud fields calculated at each time step in
the GCM.

Despite these differences, the results from the FDHM and
the GCM are in reasonable agreement, suggesting that
monthly mean variables may be used without introducing sig-
nificant biases. The adjusted radiative forcing from the FDHM
is +0.05 W m ™2 in the solar spectrum and +0.27 W m~? in the
terrestrial spectrum, yielding a net radiative forcing of +0.32
W m~? (Figure 6b). Thus the effect of stratospheric adjust-

0.80 T T T T T T T T T T

@DU(NH)
W DU(SH)
O—O Net radiative forcing (NH)
O— Net radiative forcing (SH)

o
o
o

Radiative forcing (Wm®?)
o
r-y
o
(na) uoneqinpad Bu0Zo UWN|od obelany

o
1Y)
o

0.00

1 2 3 4 5 6 7 8 9 10 11 12
Month

Figure 5. Seasonal cycle of the instantaneous hemispheric
radiative forcings (W m~?) and the total column ozone per-
turbations (DU). Note that total column burdens are shown
here. The contribution from the troposphere is approximately
78% * 4% throughout the seasonal cycle. The adjusted radi-
ative forcing is ~10% lower than the instantaneous radiative
forcing throughout the seasonal cycle.
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Table 1. Global Annual-Mean Instantaneous (Inst.) and
Adjusted (Adj.) Solar (S.W.), Terrestrial (L.W.), and Net
Radiative Forcing at the Tropopause Due to Anthropogenic
Tropospheric Ozone Perturbation of Levy et al. [1997]
Described in Section 3

Case S.W. LW. Net
Inst: clear (GCM) +0.02 +0.44 +0.46
Inst. cloudy (GCM) +0.07 +0.31 +0.38
Adj. cloudy (GCM)* +0.07 +0.28 +0.35
Adj. cloudy (GCM)*t +0.09 +0.23 +0.32
Inst. clear (FDHM) +0.02 +0.42 +0.45
Inst. cloudy (FDHM) +0.05 +0.29 +0.35
Adj. cloudy (FDHM) +0.05 +0.27 +0.32
Adj. cloudy (FDHM)T +0.07 +0.22 +0.29

*The general circulation model (GCM) adjusted radiative forcing is
estimated by applying the same fractional adjustment as in the fixed
dynamical heating model (FDHM).

tThese values correspond to calculations excluding ozone perturba-
tions from the stratosphere.

ment is to reduce the net instantaneous radiative forcing by
~10%, with all the stratospheric adjustment being due to the
terrestrial radiative forcing, which is within the 10-20% range
quoted by K. P. Shine and P. M. de F. Forster (The effect of
human activity on radiative forcing of climate change, submit-
ted to Global and Planetary Change, 1998). The effect of strato-
spheric adjustment upon the temperattire of the stratosphere is
to cool the stratosphere by up to 0.5 K zonally, the maximum
cooling being located at ~30°N. The adjusted radiative forcing
was also calculated excluding any ozone changes in the strato-
sphere. The annual mean net radiative forcing was found to
decreasé by a further 10% to +0.29 W m™?2 due to an increase
in the solar radiative forcing from +0.05 to +0.07 W m 2 and
a corresponding decrease in the terrestrial radiative forcing
from +0.27 to +0.22 W m™ 2,

8. Discussion and Conclusions

The adjusted radiative forcing due to modeled ozone per-
turbations is estimated by the FDHM to be +0.05 W m~2 in
the solar spectrum and +0.27 W m™~2 in the terrestrial spec-
trum, yielding a total net adjusted radiative forcing of +0.32 W
m 2 which is approximately 10% lower than the instantaneous
radiative forcing. If the ozone perturbations in the stratosphere
from the GCTM of Levy et al. [1997] are removed from the
calculations, the net radiative forcing is reduced by a further
10%. This estimate of the adjusted radiative forcing has an
associated uncertainty of ~10% due solely to the use of
monthly mean fields (particularly cloud fields) rather than
daily data as input to the radiation code.

The spatial pattern of the adjusted radiative forcing is sub-
stantially different from present-day estimates of the radiative
forcing due to anthropogenic emissions of well-mixed green-
house gases (e.g., carbon dioxide) which exert a radiative forc-
ing in the terrestrial spectrum ranging from approximately
+1.5 W m™2 at the poles to approximately +3.0 W m~2 at the
equator [e.g., Kiehl and Briegleb, 1993]. The approximate hemi-
spheric symmetry that is seen for well-mixed greenhouse gases
is not seen for perturbations in tropospheric ozone. For tro-
pospheric ozone perturbations the northern hemisphere annu-
al-mean radiative forcing is approximately double that of the
southern hemisphere. The spatial pattern of the radiative forc-
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Figure 6. (a) Instantaneous and (b) adjusted annual-mean radiative forcing (W m™?) using the fixed

dynamical heating model as described in the text.

ing is also different to the radiative forcing exerted by tropo-
spheric sulfate and black carbon [Haywood et al., 1997a; Hay-
wood and Ramaswamy, 1998]. Additionally, unlike sulfate and
black carbon aerosols, 85% of the radiative forcing in our
calculations occurs in the terrestrial spectrum. The spatial pat-
tern also differs markedly from the pattern of direct radiative
forcing due to mineral dust which may be positive or negative
depending on the spatial and size distribution of the particles,
the surface reflectance, and the cloud amount [Tegen et al.,
1996]. Shine and Forster [1998] show the spatial pattern of
estimates of the radiative forcing of all of these different spe-
cies in their recent review.

Sections 3 and 7 showed that a tropospheric perturbation of
86 Tg (7.9 DU) leads to an estimated adjusted radiative forcing
of between +0.29 W m~? and +0.32 W m~ 2. Thus the sensi-
tivity of the radiative forcing to tropospheric ozone column
perturbation in these calculations is estimated as approxi-

mately +0.038 W m ™~ ?/DU. The adjusted radiative forcing is in
excellent agreement with the +0.28 W m™2 to +0.31 W m ™2
estimated by Berntsen et al. [1997] and the +0.30 W m 2
estimated by Forster et al. [1996], as are the results from the
clear-sky and instantaneous forcing calculations. However, the
tropospheric perturbation used in these two studies is 102 Tg
(9.4 DU), suggestive of a somewhat lower sensitivity of +0.032
W m™%/DU. Additionally, some studies suggest a rather higher
sensitivity to that found here; the recent 3-D modeling study of
Roelofs et al. [1997] reports an adjusted radiative forcing of
+0.42 W m 2 for a tropospheric ozone perturbation of ~7.3
DU and thus a sensitivity of approximately +0.058 W m™%/
DU. Reasons for the different sensitivities include the use of
different geographic and vertical distributions of the ozone
perturbations, different atmospheric profiles of temperature
and humidity, different cloud and surface reflectance fields,
and different radiative transfer codes. Determining which of
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the chemical transport models best represents the anthropo-
genic ozone perturbation is a difficult task because both the
past and the present ozone concentrations must be modeled
accurately. The paucity of historical observations of ozone at
the surface and at higher altitudes present significant problems
in determining the spatial distribution of the anthropogenic
perturbation. Additionally, present-day measurements of
ozone in the upper troposphere are only available from a
limited number of sondes at specific sites. Furthermore, it is
difficult to ascertain how much of the observed perturbations
in the upper troposphere is due to tropospheric chemistry and
how much is due to anomaly propogation from the strato-
sphere.

These results suggest that the radiative forcing due to
changes in tropospheric ozone are of a comparable magnitude
to the direct radiative forcing due to sulfate aerosol (e.g.,
—0.28 W m ™2 from Kiehl and Briegleb [1993], —0.20 W m >
from Boucher and Anderson [1995], and —0.38 W m~? from
Haywood et al. [1997a]). Thus coupled ocean-atmosphere stud-
ies that include only the effects of well-mixed greenhouse gases
and sulfate aerosols [e.g., Mitchell et al., 1995; Haywood et al.,
1997b; Meehl et al., 1996] should be further extended to include
other gaseous and aerosol species of anthropogenic origin.
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