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Attribution of historical ozone forcing to
anthropogenic emissions
Drew Shindell1*, Greg Faluvegi1, Larissa Nazarenko1, Kevin Bowman2, Jean-Francois Lamarque3,
Apostolos Voulgarakis1†, Gavin A. Schmidt1, Olga Pechony1 and Reto Ruedy1

Anthropogenic ozone radiative forcing is traditionally
separately attributed to tropospheric and stratospheric
changes assuming that these have distinct causes1. Using
the interactive composition–climate model GISS-E2-R we find
that this assumption is not justified. Our simulations show
that changes in emissions of tropospheric ozone precursors
have substantial effects on ozone in both regions, as do
anthropogenic halocarbon emissions. On the basis of our re-
sults, further simulations with the NCAR-CAM3.5 model2, and
published studies3,4, we estimate industrial era (1850–2005)
whole-atmosphere ozone forcing of ∼0.5 W m−2 due to
anthropogenic tropospheric precursors and about−0.2 W m−2

due to halocarbons. The net troposphere plus stratosphere
forcing is similar to the net halocarbon plus precursor ozone
forcing, but the latter provides a more useful perspective. The
halocarbon-induced ozone forcing is roughly two-thirds the
magnitude of the halocarbon direct forcing but opposite in sign,
yielding a net forcing of only ∼0.1 W m−2. Thus, the net effect
of halocarbons has been smaller, and the effect of tropospheric
ozone precursors has been greater, than generally recognized.

Observations of long-lived greenhouse-gas concentrations are
typically used for estimating anthropogenic radiative forcing (RF;
defined here as the net radiative imbalance at the tropopause after
allowing stratospheric temperatures to respond to an imposed
perturbation1). Very few reliable historical observations are
available for short-lived ozone, however, and thus models are used
to estimate changing tropospheric concentrations. Observations
extend back several decades in the stratosphere, covering the
period when anthropogenic ozone changes are believed to have
been greatest. Assessments of RF based on observed ozone
depletion in the stratosphere and multi-model simulations of
tropospheric changes provide industrial-era ozone RF estimates
of ∼0.35Wm−2 (range 0.25–0.65Wm−2) due to tropospheric
ozone increases and −0.05 ± 0.10Wm−2 due to stratospheric
ozone loss1. Similar results were recently obtained using a
merged data set based on models in the troposphere and
stratospheric observations5. The assumption implicit in separating
these regions is that the tropopause is a strong barrier to
transport, allowing the areas to evolve independently. However,
it is widely recognized that there is significant transport across
the tropopause and therefore, prescribing observed changes
in one region and using modelled values in the other can
lead to inconsistencies.

In simulations using the Goddard Institute for Space Studies
GISS-E2-R coupled model, we have included interactive whole-
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atmosphere ozone chemistry. Although stratospheric trends do not
precisely match observations, the links between changes in the
troposphere and stratosphere are more consistently represented.
To attribute the ozone changes and resulting RFs to underlying
causes, we performed simulations driven by changes in only
anthropogenic ozone-depleting substances (chlorofluorocarbons
(CFCs), hydrochlorofluorocarbons and halons; hereafter ODS)
with tropospheric ozone precursors held constant at present-
day (∼2005) values; and anthropogenic tropospheric ozone
precursor emissions6 (and methane concentrations) with ODS
concentrations fixed at zero.We also analyse simulationsmadewith
all historical forcings, which therefore include feedbacks related
to climate changes (for example, changes in water vapour or
climate-sensitive emissions) whereas theODS-alone and precursor-
alone runs do not.

We calculate RF due to the GISS model’s ozone changes
using both the GISS radiative transfer model (RTM) and the
Community Climate System Model (CCSM4) RTM (these
calculations of radiant energy fluxes through the atmosphere
have their own distinct base climatology, including clouds,
temperatures and water vapour). We find that the whole-
atmosphere ozone RF in the all-historical-forcings simulation
is 0.17Wm−2 using either RTM. Separation of the forcing
into that due to tropospheric and stratospheric ozone gave
values of 0.26 and −0.09Wm−2 using the GISS RTM and the
model’s internal meteorological tropopause. Calculations with the
CCSM4 RTM using the chemical tropopause (150 ppb ozone)
yield 0.30 and −0.13Wm−2. These results are consistent with
previous studies1,5.

The GISS-modelled whole-atmosphere ozone changes due to
tropospheric precursors produce an RF of 0.34Wm−2 whereas
those due to ODS changes produce −0.28Wm−2 (using the GISS
RTM). Values using the CCSM4 RTMwere 0.42 and−0.26Wm−2,
respectively. Hence, the results are relatively robust to the RTM,
although there is some sensitivity for the precursor response,
perhaps owing to differences in the location of ozone changes with
respect to clouds in the RTMs. The forcing due to ozone precursors
peaks in the Northern Hemisphere, with values of 0.4–0.6Wm−2
throughout the subtropics and mid-latitudes (Fig. 1). Forcing is
substantial worldwide, however, with ∼0.2Wm−2 even over most
of the remote Southern Ocean. This is consistent with a large role
for the well-mixed precursor methane. In contrast, RF due to ODS
is concentrated at high latitudes, especially in the Southern Hemi-
sphere associated with the Antarctic ozone hole. This leads to a very
inhomogeneous pattern of total all-cause ozone forcing (Fig. 1).
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Figure 1 |Annual average whole-atmosphere ozone radiative forcing
(W m−2) due to the indicated drivers from GISS RTM calculations.

Analogous simulations were performed with the National
Center for Atmospheric Research Community Atmospheric
Model NCAR-CAM3.5 composition–climate model2 (includ-
ing the CCSM4 RTM). These produce an ozone RF due to
precursors of 0.61Wm−2. Although that model also exam-
ined the ozone RF due to ODS, it produces an Antarctic
ozone hole much smaller than observed7, so we do not in-
clude those results in this analysis. A recent study with an
independent chemistry model spanning the troposphere and
stratosphere, with a similar configuration of reaction rates
and modelling set-up, found whole-atmosphere ozone RFs
of 0.52Wm−2 from precursors and −0.26Wm−2 from ODS
(ref. 3). Finally, tropospheric ozone burden changes of 10.5–11.6
Dobson Units (DU) due to precursor emissions were reported
in four models4. The impact of these changes on forcing
is estimated using a multi-model mean normalized radiative
forcing of 0.042Wm−2 per DU (ref. 8), yielding a range of
0.44–0.49Wm−2 due to tropospheric precursors. Although this
estimate is only approximate, the results are clearly within the range
seen in our analyses.

Forcings are influenced by biases in modelled trends, which are
in some cases closely related to biases in the model’s present-day
ozone climatology. The ozone climatology for the GISS-E2-R

Table 1 |RF by region and driver (W m−2).

Whole-
atmosphere

Troposphere Stratosphere

Ozone precursors
(through ozone)

0.47±0.14 0.41 0.06

ODS (through
ozone)

−0.23±0.07 −0.06 −0.17

Net ozone RF 0.25±0.15 0.35 −0.10
ODS (through direct
greenhouse effect)

0.32±0.03

Net ODS 0.09±0.07

Precursors are anthropogenic tropospheric precursors, including nitrogen oxides, carbon
monoxide, methane and non-methane hydrocarbons. Values are best estimates based on
multiple sources as discussed in the text except for troposphere and stratosphere, which are the
relative contributions in the GISS model using the meteorological tropopause (although ref. 3
found extremely similar ratios).

model has biases for total column ozone that are largest at Southern
Hemisphere middle to high latitudes (Fig. 2, see Methods). Ozone
RF depends strongly on the vertical structure of the trends9,
so column biases do not translate directly to forcing biases.
Although long-term observations of the full vertical structure
do not exist, we use the vertical information in Tropospheric
Emission Spectrometer (TES) data10 to adjust for present-day
model biases in areas where those biases can be attributed to
overestimates in long-term trends (Fig. 3, see Methods). This
reduces forcing magnitudes by 0.07 and 0.01Wm−2 for ODS and
precursors, respectively.

We suggest a best estimate for the ozone RF due to precursors
of 0.47 ± 0.14Wm−2 on the basis of the mean and range
from GISS TES-adjusted results using GISS and CCSM4 RTMs,
NCAR-CAM3.5 results and ref. 3 (that is, 0.33, 0.41, 0.61 and
0.52Wm−2). The ODS-induced ozone RF is −0.23± 0.07Wm−2
on the basis of the mean of our GISS TES-adjusted RF and ref. 3,
with the range incorporating uncertainty based on the magnitude
of bias corrections at high Southern latitudes. An overall summary
of the effect of each causal agent is presented in Table 1.

The difference between the all-cause ozone forcing and the
forcing due to ODS and ozone precursors separately includes the
effects of other compounds and feedbacks on composition due
to twentieth-century climate change. Climate feedbacks account
for 0.01–0.11Wm−2 forcing from GISS-modelled industrial era
concentration changes (depending on the RTM used). In the
NCAR-CAM3.5 model, climate feedbacks cause ozone forcing of
−0.08Wm−2, whereas previously reported4 values are 0.07, −0.03
and 0.01Wm−2. The mean of these results is near zero, but the
uncertainty is significant.

Our results are broadly consistent with previous estimates based
on tropospheric and stratospheric changes when comparing the
effects of similar processes. Roughly 25%of theODS-induced ozone
forcing takes place in the troposphere, resulting nearly equally
from decreased transport of stratospheric ozone and from ozone
destruction in the uppermost troposphere. Hence, stratospheric
forcing is only a portion of the total ODS-induced ozone impact
and tropospheric forcing is less than the total amount due to
precursors owing to the influence of ODS. The influence of ODS
on tropospheric ozone has been overlooked in many previous
calculations using separate domains, suggesting that those results
were systematically biased high by ∼0.05–0.10Wm−2. Similarly,
∼10–20% of the precursor forcing results from stratospheric ozone
changes, primarily (∼75%) due to transport of air with increased
ozone into the lowermost stratosphere. Over recent decades this
partiallymasksODS-induced losses. Although the net ozone forcing
(∼0.25Wm−2) is the same when attributed to region or emissions,
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Figure 2 |Differences in modelled ozone versus satellite observations.
Comparisons are shown for averages over 2000–2010 for Total Ozone
Mapping Spectrometer (TOMS)/Ozone Monitoring Instrument (OMI)
total column data (top) and 2005–2009 for TES tropospheric column
data (bottom).

forcing attributable to ozone precursors is roughly one-third
greater than that attributable to tropospheric ozone whereas the
impact of ODS on ozone is roughly double that attributable to
stratospheric ozone (Table 1).

The direct greenhouse RF for ODS (ref. 1) is 0.32±0.03Wm−2.
Combining this with our ozone RF results, the ODS have a net
impact of only 0.09 ± 0.07Wm−2. This contrasts starkly with
the results presented previously1, which attributed an indirect
stratospheric ozone impact of only−0.04Wm−2 to these emissions,
leading to positive netODSRF roughly three times our value.

Although we find that the net impact of historical ODS
emissions is small, that does not invalidate the widespread notion
that the Montreal Protocol (limiting production of ODS) has
been successful in preventing warming. This is because ozone
depletion would have saturated in polar regions, where it is
already near 100% at some altitudes (although it might eventually
have become large in the tropics with very large CFC loading11),
and direct halocarbon RF would have grown steadily to be
a further ∼0.5 by 2020 and well over 1Wm−2 later in the
century12. To examine this issue, we performed another experiment
using the same model in which CFCs were set to 2050 levels
following a hypothetical world-avoided scenario11 under which
CFCs were not regulated. In this simulation, the CFC direct RF
was 2.3Wm−2 whereas RF due to the induced ozone changes
was 0.14Wm−2 relative to 2000. Ozone forcing was near zero
at Southern Hemisphere middle and high latitudes, indicating
saturation where chemical losses are already large, whereas a strong
negative forcing (>2.0Wm−2) took place over the Arctic. This

¬0.54 ¬0.42 ¬0.30 ¬0.18 0.06 0.18 0.30 0.42 0.54¬0.06

Figure 3 |Difference in annual average radiative forcing (W m−2)
between the GISS-E2-R model’s ozone and observed TES ozone
throughout the atmosphere.

was offset, however, by a weak but broad positive low-latitude
forcing. Thus, limiting ODS emissions has indeed been beneficial
for mitigating future climate change.

Our results imply that reducing emissions of ozone precursors
may have greater benefits than previously recognized. Analysis of
forcings based on emissions rather than concentration changes,
and consistently modelling the whole atmosphere, provides further
insight into the drivers of climate change and substantially more
useful policy-relevant information.

Methods
Observations used inmodel evaluation. We use a TES ozone climatology covering
2005–2009. TES data typically have fairly small positive biases throughout the
troposphere, usually ∼3–10 ppb (ref. 13), and reproduce the total column seen
by other measurements well10. Long-term total column trends are evaluated from
1980 to 2009 using the ERA-interim satellite-based reanalysis product14. Northern
Hemisphere surface ozone data are from a variety of individual stations, including
several at mountain-top observatories sampling the free troposphere. Note that
uncertainties in themeasured surface trends are large6,15–17.

GISS model biases. In the GISS model, present-day zonal mean total column
ozone18 or tropospheric column ozone10 biases in the tropics and Northern
Hemisphere are always less than 20% (Fig. 2), and total column ozone trends
over 1980–2000 are statistically in agreement with observations15. Modelled
long-term Northern Hemisphere surface ozone trends are also generally consistent
with observed increases or underestimated6,15–17. At middle to high Southern
Hemisphere latitudes, the model shows tropospheric ozone column biases up
to −35% (Fig. 2) and overestimates total column decreases14 (although much
of this is during seasons with little sunlight, and the trends themselves have
substantial uncertainties). High-latitude Southern Hemisphere springtime losses
extend too far equatorward, consistent with the total column biases (Fig. 2), and
are too large in the lowermost stratosphere15,19. This seems to result from cold
biases near the tropopause at Southern Hemisphere middle to high latitudes
causing exaggerated chemical ozone losses during cold seasons when polar
stratospheric clouds are present.

Calculation of RF biases. The bias in the modelled Southern Hemisphere middle-
to high-latitude total column trend is almost identical (ratio 1.08) to the bias in the
present-day total column versus TES, suggesting that the TES–model differences
are almost entirely attributable to trend overestimates rather than systematic biases
in the model. We therefore assume that the model Southern Hemisphere biases
are due to overestimates of depletion by ODS, and use the vertical TES–model
differences to adjust for these biases.

We first calculate the RF due to the difference between the modelled and
TES present-day total natural plus anthropogenic ozone (Fig. 3). We calculate
the RF using GISS model and TES ozone both throughout the atmosphere
and also below the model’s internally calculated tropopause. The global mean
whole-atmosphere ozone RF difference is 0.007Wm−2, whereas the tropospheric
ozone RF difference is 0.016Wm−2. The good global mean agreement in part
results from a cancellation of positive biases in the Northern Hemisphere and
negative biases in the Southern Hemisphere, which are 0.12 and −0.11Wm−2,
respectively, for whole-atmosphere ozone RF (Fig. 3). These large-scale biases are
nearly identical for tropospheric ozone forcing, indicating that they are driven by
differences in tropospheric rather than stratospheric ozone, consistent with our
earlier model evaluation15.

NATURE CLIMATE CHANGE | ADVANCE ONLINE PUBLICATION | www.nature.com/natureclimatechange 3

© 2013 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nclimate1835
http://www.nature.com/natureclimatechange


LETTERS NATURE CLIMATE CHANGE DOI: 10.1038/NCLIMATE1835

We then use these TES–model RF differences to correct for model Southern
Hemisphere biases. We adjust the annual average forcing due to ODS-induced
ozone decreases in the troposphere by subtracting the model’s −0.31Wm−2 bias
in 45◦–90◦ S tropospheric ozone forcing (Fig. 3), which reduces the estimated
ODS-induced global mean ozone RF from −0.28 to −0.24Wm−2(accounting for
the relative area from 45◦–90◦ S). The tropospheric ozone forcing due to ODS
including this adjustment is−0.06Wm−2. Using themodel/TESwhole-atmosphere
ozone RF bias instead lowers the RF to −0.21Wm−2, implying an overestimate
of ∼0.03Wm−2 due to stratospheric ozone losses. Thus, although Southern
Hemisphere middle to high latitude biases in total column trends during the
satellite era (through 2009) are 50–60%, their impact on globalmeanRF due toODS
is much smaller (25%) owing to their occurrence primarily during polar night and
over a small area. A calculation using TES instantaneous radiative kernels20 (IRK)
finds tropospheric ozone RF differences for the Southern Hemisphere extratropics
of only∼0.03Wm−2. As that calculation used the 150 ppb ozone contour to define
the tropopause, the smaller value indicates that forcing biases come largely from
the tropopause region (above the 150 ppb contour, but below the meteorological
tropopause), suggesting that they are indeed linked to ODS in the stratosphere.
The TES-adjusted RFs due to ODS are comparable in the two hemispheres (−0.12
and−0.09Wm−2 global mean forcing due to Southern Hemisphere and Northern
Hemisphere ozone, respectively), consistent with observed ozone mass trends, and
the total of −0.21Wm−2 is in reasonable agreement with an independent study3,
suggesting that this result is fairly robust.

In the Northern Hemisphere, extratropical biases calculated using TES
tropospheric IRKs (∼0.04Wm−2) are much smaller than the 0.14Wm−2 biases
using the GISS RTM and themeteorological tropopause, suggesting that most of the
latter is also related to the stratosphere and not to surface emissions. Furthermore,
Northern Hemisphere positive biases seem to have a substantial systematic
component because, as noted, modelled surface trends are generally correct or
observed increases are underestimated. Hence, in the Northern Hemisphere we
adjust the precursor impact by subtracting only the small TES IRK-based difference,
leaving anRF of 0.33Wm−2 (0.41Wm−2 using the CCSM4RTMresults).
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