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a b s t r a c t

Source attribution of ozone radiative forcing (RF) is a prerequisite for developing adequate emission
mitigation strategies with regards to climate impact. Decadal means of ozone fields from transient
climate-chemistry simulations (1960e2019) are analysed and the temporal development of ozone RF
resulting from individual NOx sources, e.g. road traffic, industry and air traffic, is investigated. We
calculated an ozone production efficiency which is mainly dependent on the altitude of NOx emission and
on the amount of background NOx with values varying over one order of magnitude. Air traffic and
lightning are identified as NOx sources with a two and five times higher ozone production efficiency,
respectively, than ground based sources. Second, radiative efficiency of source attributed ozone (i.e. total
induced radiative flux change per column ozone) shows clear dependence on latitudinal structure of the
ozone anomaly and, to a lesser extent, to its altitude. Lightning induced ozone shows the highest radiative
efficiency because lightning primarily enhances ozone in low latitudes in the mid-troposphere (higher
altitudes). Superimposed on these effects, a saturation effect causes a decreasing radiative efficiency with
increasing background ozone concentrations. Changes in RF attributed to NOx induced ozone from 1960 to
2019 are controlled by three factors: changes in emissions, changes in ozone production efficiency and
changes in the radiative efficiency. Leading effect is emission increase, but changes in ozone production
efficiency increase ozone RF by a factor of three for air traffic, or reduce ozone RF by around 30% for ships.
Additionally, changes in the radiative efficiency due to saturation effects change ozone RF by 2e5%.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Ozone changes have the potential to effect climate significantly
(e.g. Ramanathan and Dickinson, 1979; Fishman et al., 1979). At the
beginning of the 21st century the contribution of tropospheric
ozone to anthropogenic radiative forcing (RF) since pre-industrial
times was about 0.35 W m�2 (Forster et al., 2007), making it the
third most important greenhouse gas perturbed by human activity,
next to carbon dioxide (CO2) and methane (CH4).

The global increase of tropospheric ozone abundance has
occurred as a consequence of rising anthropogenic emissions of
various ozone precursor species (NOx, CO, CH4, NMHCs). Numerous
studies confirm the major role of increasing NOx emissions
(e.g. Stevenson et al., 2006). However, anthropogenic effects are
superimposed on a varying natural background, which may induce
trends as well. As anthropogenic and natural trends do not develop
independently from each other, unravelling the contributions of
ann).

All rights reserved.
individual sources to the net concentration change and the asso-
ciated RF is a challenge.

Tropospheric ozone is produced primarily through the
reactions:

HO2 þ NO / NO2 þ OH

NO2 þ hv / NO þ O(3P)

O(3P) þ O2 / O3

The impact of NOx (¼NO þ NO2) emissions on the ozone budget
has been studied for the total anthropogenic emission, (e.g. Gauss
et al., 2006) but also in sector-specific model calculations for,
e.g., air traffic (Penner et al., 1999; Grewe et al., 2002; Köhler et al.,
2008), shipping (Eyring et al., 2007a), and road traffic (Granier
and Brasseur, 2003; Matthes et al., 2007). Most anthropogenic
NOx sources have showna rapid rise since 1960. Further increases in
emissions and thus, in tropospheric ozone are expected in the next
decades, though this rate will depend on development of future
technologies. By contrast, ozone depletion in the stratosphere since
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Fig. 1. Trends in NOx emission of different sources in Tg(N)/a from 1960 to 2019.

K. Dahlmann et al. / Atmospheric Environment 45 (2011) 2860e2868 2861
1970, due to emission of CFCs, (e.g. WMO, 2003; Dameris et al.,
2006), is expected to reverse during the forthcoming decades
(Eyring et al., 2007b), which will also impact tropospheric ozone
(Grewe, 2007).

In order to evaluate possible attempts to mitigate specific NOx
emissions, systematic knowledge and understanding of the
parameters that govern the attributed radiative impact are
required.

Early studies, (e.g. Lacis et al., 1990) have shown that the RF
produced from a certain amount of ozone depends on the altitude
of the perturbation. Ozone increases near the tropopause are
radiatively most efficient. As spatial distribution of NOx emissions
from several sources differs, vertical profiles of the resulting ozone
changes are very different. Industry, road traffic, and ships mainly
emit in the northern mid-latitudes at low altitudes, while lightning
emits mainly in the tropical mid to upper troposphere. Therefore
ozone induced radiative flux changes (RFC) per unit column
change, here defined as the radiative efficiency of an ozone
perturbation, will differ significantly between individual NOx
sources. It has not been discussed in previous studies, however,
whether and to which extent changes in ozone radiative efficiency
have an influence on the temporal development of ozone RF
attributed to NOx emissions.

In this paper we first, quantify the contribution of individual
emission sources to the atmospheric ozone concentration, the total
climate effect from ozone in terms of their RF, and their radiative
efficiency during a 60 year period (1960e2019). Second, we present
the variation of chemical and radiative efficiencies of individual
NOx sources. Third, we quantify several non-linear dependencies of
the radiative efficiency of individual emission sectors on the ozone
background concentrations (Section 5).

Throughout this paper ozone RF will serve as a metric for the
impact of ozone on global climate. As Fuglestvedt et al. (2008) point
out, RF is a backward looking measure that describes the radiative
impact caused by emissions occurring before the time for which the
RF is calculated. It also allows a first order estimate of the global
equilibrium surface temperature response via the concept of
climate sensitivity (e.g. Dickinson, 1982; Hansen et al., 1997). This
makes it particularly useful to intercompare contributions of indi-
vidual source components where the actual mean surface
temperature response cannot be determined due to an insufficient
signal to noise ratio.

2. Model description and experimental set up

We applied the fully coupled climate-chemistry model E39/C
(Dameris et al., 2005), which consists of the climate model
ECHAM4.L39(DLR) (Land et al., 1999) and the chemistry module
CHEM (Steil et al., 1998). The latter includes homogeneous and
heterogeneous stratospheric reactions, as well as the tropospheric
background chemistry CH4eCOeNOxeHOxeO3. However, NMHC
chemistry is omitted, which means that our consideration of indi-
vidual source contributions is based on NOx emissions alone. The
effect of NMHC chemistry on ozone concentration changes due to,
e.g., road traffic and air traffic has been considered in Matthes
(2003) and Kentarchos and Roelofs (2002), respectively. The
consequences of neglecting NMHC chemistry in our results will be
discussed in Section 4.

The employed chemical boundary conditions and emissions for
the past and future are complemented in the supplementary
material. Here, we only focus on some key issues. Emissions of
NOx are either prescribed (biomass burning, road traffic, ships,
soils, industry, and air traffic) or calculated online (lightning, N2O
degradation). The development of individual NOx emissions from
different tropospheric sources from 1960e2019 is presented in
Fig. 1. The growth of anthropogenic NOx emissions is based on
economic scenarios of GDP (gross domestic product) development
according to OECD (1997). Industry has contributed the highest
NOx emissions ever since the 1960s and further rapid rise is
expected until 2019. The second largest emitter of NOx has been
road traffic, whose contribution in the past (1960e1999) increased
proportionally with industry. For future road traffic emissions
mitigation measures are taken into account (Supplementary
material). NOx emissions from air traffic rise with a similar rate as
those of industry but are only about 2% of industry emissions in
absolute numbers (for visualisation purposes, the emissions of air
traffic are multiplied by a factor of 10 in Fig. 1a). They are never-
theless considered separately as they occur in sensible regions of
the atmosphere and, in contrast to the other transport sectors, are
expected to grow in the future. Natural sources, lightning and soils
as well as biomass burning, display only a small trend in emissions
during the time period considered here. These emissions include
amean seasonal cycle but, except for lightning, without interannual
variability.

The model system has been extensively evaluated against
measurements within international validation activities, (e.g.
Austin et al., 2003; Shine et al., 2003; Brunner et al., 2005), and has
been applied for a variety of scientific questions, for example, with
regard to the future development of the ozone layer (Schnadt et al.,
2002; Dameris et al., 2006) or aviation impacts (Grewe et al., 2002,
and references therein).

An ensemble of transient simulations for the recent past
(1960e1999) and for the future (2000e2019) is used in order to
calculate the time development of ozone change patterns for
different sources. For a detailed description of the simulations for
the past and for the future see Dameris et al. (2005) and Dameris
et al. (2006), respectively.

Essential for the purpose addressed in this paper is the inclusion
of a NOx-ozone tracking diagnostic for individual emission sources
in the E39/C simulations (Grewe, 2004) for which all sources for
NOx (lightning, biomass burning, soils, industry, road traffic, ships,
air traffic and stratospheric N2O degradation) are specified sepa-
rately. To each of these 8 sources a NOy tracer is assigned in addition
to the chemical species in the module CHEM, which receives the
individual emission and an individual NOy loss proportional to the
total NOy loss. Each NOy tracer is associated with an ozone tracer,
which experiences an ozone production proportional to the ratio of
specific NOy to total NOy concentration multiplied by the total
ozone production via the reaction of NO þ HO2 / NO2 þ OH.
A further ozone tracer is included to account for ozone production
by O2 photolysis (mainly in the stratosphere). Grewe (2004) and
Grewe et al. (2010) compared two approaches to calculate the
contribution of NOx emissions to ozone: 1) the “tagging ”method, as
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described above and 2) calculation of individual ozone perturba-
tions by dedicated simulations for each individual NOx emission
(sensitivity method). The latter approach has problems to correctly
represent an individual ozone contribution in the framework of
various competing component emissions, due to non-linearities in
the chemistry. Significant differences to the conceptually superior
tagging approach occur mainly in the tropopause region. However,
both approaches produce similar ozone trends (Grewe, 2004).

RF and RFC calculations are based on mean annual cycles of
ozone distributions simulated by the CCM, averaged over individual
decades (1960e1969,1970e1979, etc.). The RFC of the ozone change
pattern from each individual emission source is obtained in dedi-
catedmodel calculations (over one year, with threemonths spinup)
by subtracting the contribution of the individual source from the
complete ozonefield for each time slice.We calculate the RFandRFC
values according to the ”fixed dynamical heating” concept, (e.g.
Ramanathan and Dickinson, 1979; Ramaswamy et al., 2001).
This method has been adopted for use in ECHAM4 as described
in Stuber et al. (2001). The ECHAM4 radiation scheme performs
well for tropospheric ozone but shows a tendency to underestimate
Fig. 2. Contribution from different sources to decadal mean ozone column during the 1990
with a factor of 0.3.
the ozone RF for stratospheric perturbations (Forster et al., 2001).
Stuber et al. (2001, 2005) give examples for realistic and
idealised ozone perturbations calculated with this method.

Key to this paper is a qualification of the component RF
contributed by each individual NOx source. Commonly, RF is
determined relative to the pre-industrial state, but it may also be
used to compare the changes between any two points in time
(Fuglestvedt et al., 2010). In this sense it can be calculated to
quantify the changes from anthropogenic contributions as well as
from natural contributions (like solar radiative input to the climate
system, e.g. Forster et al. (2007)). In our case, as we use simulations
starting at 1960, the ozone RF contributions from individual NOx
sources are calculated as changes in RFC with respect to 1960
conditions:

RFt ¼ RFCt � RFC1960 (1)

However, while RF values are given relative to the 1960 decade,
radiative efficiencies are calculated as the ratio between the total
RFC induced by an individual ozone component and the ozone
s in DU. For a better visibility the sum of all tropospheric sources (Total) is multiplied
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column of this component. By analysing temporal developments of
both quantities, it is possible to interpret differences of the radiative
efficiency between different sources as well as the change of radi-
ative efficiency of a given source over time. A similar method has
been used before to describe the radiative efficiency of ozone at
different latitudes (e.g. Mickley et al., 1999), but not for character-
ising the contributions of different emission sources.
3. Trends in ozone and ozone RF

3.1. Ozone

Global contribution to column ozone from tropospheric sources
during the 1990s is presented in Fig. 2. Anthropogenic sources like
road traffic, air traffic, ships, and industry induce higher ozone
columns in the northern than in the southern hemisphere due to
higher NOx emissions in the northern hemisphere. Although NOx
emissions of road traffic and industry take place over land only,
ozone column over oceans is also affected because of long-range
transport of NOx and ozone. The ozone column contribution from
soils shows a broad maximum between about 60�N and 30�S. NOx
emissions from biomass burning induce a characteristic double
maximum of ozone change of Central and South Africa due to
natural and anthropogenic fires in the rainforest.

Lightning primarily occurs in tropical regions with deep
convection. As in those regions the HNO3 wash-out is also most
effective, the highest ozone columns for lightning can be found
rather in the outflow regions of main convective activity: Lightning
NOx is transported downwind from convective regions into regions
with large-scale subsidence characterised by clear-sky conditions
and high UV radiance, leading to pronounced ozone column
maxima, e.g. off the east coast of Africa and South America. This
a
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Fig. 3. Trends between 1960 and 2019 of (a) global mean ozone column in DU and (b)
ozone production efficiency in molecules(O3)/molecule(NOx) for different sources.
Grey shaded areas represent spread between ensemble simulations (a).
model result is consistent with aircraft measurements of high NOx
levels in the outflow of mesoscale convection systems (Huntrieser
et al., 2007).

Fig. 3a shows the trend in global mean column ozone between
1960 and 2019 for individual tropospheric NOx sources. Although
global mean NOx emissions by lightning are of similar magnitude as
those from biomass burning or soils, its contribution to total ozone
column is about three times larger. A similar excess can be found for
air traffic: While NOx emissions of air traffic represent only 30% of
ship NOx emissions, the ozone column of air traffic and ships in the
2000s is of comparablemagnitude.We explain this feature in terms
of differences in the ozone production efficiency, which indicates
how many ozone molecules are produced per molecule NOx
(Fig. 3b). Ozone production efficiency is much higher for lightning
and air traffic (100 and 50 molecules O3 per molecule NOx
respectively) than it is for ground based sources (between 10 and
30 molecules O3 per molecule NOx). While lightning produces
about 100 molecules O3 per molecule NOx, air traffic produces
about 50 and the other sources between 10 and 30 molecules O3
per molecule NOx. The reason for a higher ozone production effi-
ciency of lightning and air traffic is the higher amount of UV radi-
ance at higher altitudes, lower background concentration of NOx
and the longer lifetime of ozone.

Differences in ozone production efficiency among various
ground based sources are caused by the strong dependency of
ozone production efficiency on background NOX (NOX ¼ NOx
þ NO3 þ N2O5 þ HNO4). The ozone production rate at low back-
ground NOX levels is very small and increases very fast with
increasing concentrations (e.g. Grooß et al., 1998). If a certain
amount of NOX is exceeded, further increase of NOX causes
a decrease of ozone production efficiency (saturation effect) and,
eventually, even ozone depletion. Thus emissions in polluted areas
(e.g. Europe) have a lower ozone production efficiency than in
remote areas (e.g. South Africa) (Fig. 4). The same relation explains
the strong increase of the ozone production efficiency of air traffic
from 1960e1980: In the 1960s a very low background NOX of less
than 0.3 ppbv NOX at cruise altitudes limits ozone production by
aviation emissions, while the higher background level in the 1990s
causes an increasing ozone production (Fig. 4, net O3-production
rate of 250 hPa multiplied with 10). Ozone production efficiency of
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industry is lower than that of other ground based sources because
industry emits in already polluted areas (about 20 ppbv NOx) where
increasing NOX values cause decreasing ozone production effi-
ciency. Soils and biomass burning on the other hand emit mainly in
remote areas with background NOX between 0.1 ppbv and 1 ppbv.
The ozone production efficiency of soil NOx emissions is higher
in comparison to emissions from biomass burning, because soil
emissions peak in the northern midlatitude summer (fertilisation
in agricultural regions), when ozone production is enhanced.

Fig. 3b further shows that ozone production efficiency of surface
sources, except road traffic, decreases with time, consistent with
what has been shown in Lamarque et al. (2005), who analysed total
ozone burden. This is caused by an overall increase in NOx
concentrations, leading to the abovementioned saturation effect for
each of the individual contributions. An exception is the ozone
production efficiency of road traffic which shows a little increase
since 2005. The reason for this is the assumed future scenario
implying that NOx emissions of road traffic only increase in nonin-
dustrial (remote) regions but decrease in industrial (polluted)
regions beyond 2005 (see Fig. 2 of Supplementary material). This is
consistent with satellite measurements of Uno et al. (2007) and
Konovalov et al. (2008), which show increasing NOx emissions over
Eastern Asia and decreasing NOx emissions over Western and
Central Europe, respectively.

3.2. Radiative forcing

Fig. 5a shows the ozone RF caused by individual NOx sources
discussed in the last section. As we display RF with respect to 1960,
the quite different absolute magnitude of the individual ozone
contributions (Fig. 3a) is no longer apparent in the RF values but can
be seen in Table 1 of the supplementary material. However,
temporal correlation between RF change and ozone column change
is high for each component. Industry and road traffic for example
a
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Fig. 5. a) Changes of global mean ozone RF in mW m�2 with respect to 1960s and b)
trends in global mean ozone radiative efficiency for different sources in mW/(m2DU).
show the highest ozone column change as well as highest RF.
Negative values displayed in Fig. 5a represent a reduced warming
compared to 1960.

In order to quantify differences in specific radiative impact of an
individual ozone pattern we display in Fig. 5b the radiative effi-
ciency as defined in section 2. Respective values range between
38 and 46 mW/(m2DU).

For the tropospheric sources, Fig. 5b demonstrates that the
variation over time of the radiative efficiency of individual source
contributions is less than the source to source difference for a given
time. The difference in net radiative efficiency is mainly controlled
by the longwave forcing (greenhouse effect). Due to the depen-
dency of the greenhouse effect on the temperature of the absorber
the radiative efficiency is larger for ozone changes near the
tropopause (Lacis et al., 1990). Beside the altitude dependency
there is a latitude dependency (Fig. 6): The same temperature
difference produces a larger greenhouse effect at higher tempera-
tures due to the non-linear T4 dependency of the longwave emis-
sion. Fig. 6 shows that the radiative efficiency at low latitudes
(about 50 mW/(m2DU)) is almost three times higher than at high
latitudes (about 15 mW/(m2DU)), confirming earlier results of
Berntsen et al. (1997). The altitude dependency remains visible:
Lightning and air traffic have a somewhat higher radiative effi-
ciency than the ground based sources. However, while the differ-
ence of radiative efficiency between equator and pole is about
30 mW/(m2DU), the difference of radiative efficiency between
ground based sources and sources in higher altitudes is only up to
10 mW/(m2DU). The radiative efficiency of lightning ozone is
highest because the altitude effect and the latitude effect are
working in the same direction. Aircraft emissions have an inter-
mediate radiative efficiency since the emissions take place at
higher altitudes but in mid and high latitudes. The radiative effi-
ciency of soils and biomass burning exceeds that of road traffic,
ships and industry since those emissions take place mainly in
tropical regions. Radiative efficiency of individual emissions also
changes over time. For all but air and road traffic the radiative
efficiency decreases due to saturation effects which we will further
analyse in Section 5.

Explaining the temporal development of RF of the individual
emission sources in Fig. 5a is straightforward. As RF is the change in
RFC with respect to 1960, the time development of ozone RF is
given by the time development of RFC. We split the percentual
changes in RFC into three relative terms: change in NOx emission
(E), ozone mass per NOx emission (O3/E, chemistry) and radiative
efficiency (RFC/O3, radiation) between 1960s and 2010s:
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Fig. 8. Percentage changes in ozone RF from 1960s to 2010s due to changes of NOx

emissions (light grey), ozone production per NOx emission (dark grey) and radiative
efficiency (black) for lightning (Lig), industry (Ind), road traffic (Road), ships (Ships), air
traffic (Air), biomass burning (Bio), and soil (Soils) emissions. The chemistry effect of
lightning and the radiation effect of road traffic are too small to be visible.
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(2)

The temporal development of these terms for industry, soils and air
traffic is displayed in Fig. 7. Industry provides a NOx emission rise by
more than a factor three in 2010 compared to 1960. As the ozone
production efficiency of industry decreases in the same time by
25%, the resulting RFC in 2010 is only a factor 2.5 higher than in
1960 (Fig. 7a). A similar effect is evident for soil emissions (Fig. 7b).
Although emissions stay constant over the period considered here,
the RFC decreases between 1960 and 2010 by 19% due to reduced
ozone production (�16%) and radiative efficiencies (�4%). In
contrast, the RFC change of air traffic is higher (30-fold) than the
change in emissions (tenfold) (Fig. 7c), due to increase of ozone
production (þ196%) and radiative efficiency (þ4%).

The split of RFC change into these three terms for all emission
sources is displayed in Fig. 8. The trend in ozone RF from lightning
emissions is negative: Emissions decrease by 6% because convective
activity becomes less despite of stronger individual events (Grewe,
2009) and radiative efficiency decreases by 5%. As for industry, the
ozone RFCs of road traffic and shipping grow more slowly than the
emissions due to decreasing specific ozone production
(�27 and �32%) and radiative efficiency (�1 and �4%). The RF
trend for biomass burning is close to zero because the increasing
emissions (16%) are compensated by chemical (�14%) as well as
radiative (�4%) saturation effects.
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4. Uncertainty discussion

Our analysis is based on the calculation of ozone distributionswith
the online tagging mechanism. As discussed in Section 2 (and else-
where, e.g. Wang et al. (2009) and explicitly shown by Grewe et al.
(2010)), tagging is the only appropriate method for source attribu-
tion. The tagging methodmay lead to enhanced changes in the upper
troposphere and lower stratosphere by numerical diffusion (Grewe,
2004), but the excess remains small compared to the background
field. However, due to the high radiative efficiency of ozone pertur-
bations around the tropopause, the impactonRF is approximately 10%,
as estimated from an idealised ozone perturbation of 30 DU around
the tropopause giving 1 W m�2 RF (Stuber et al., 2005).

The CCM we use (E39/C) includes a background NOxeHOx
eCOeCH4 chemistry scheme for free and upper tropospheric
chemical conditions. NMHC emissions (which are not considered in
E39/C) have the potential to enhance long-range transport of
nitrogen compounds via formation of additional PAN (Matthes
et al., 2007), thus allowing additional ozone production also in
remote regions. Working in the other direction, an increase in HOx
due to NMHC chemistry decreases the lifetime of ozone. The net
effect of the NMHC absence in the simulations presented in this
paper is sector dependent: For the air traffic contribution it may
yield an underestimation of the resulting ozone change of about
10% (Kentarchos and Roelofs, 2002). NMHC chemistry is more
important for surface based emission sources. Assessing road traffic
induced ozone increase from NOx emissions alone captures around
70% of total ozone impact of road traffic (Matthes et al., 2007). To
analyse the ozone perturbation deficits resulting from missing
NMHC chemistry in E39/C we performed an additional simulation
with a similar calculation method as Hoor et al. (2009). In this
simulation we used 1990s conditions but with road traffic NOx

emissions turned off. The resulting zonal mean ozone perturbation
is shown in Fig. 9. The pattern of ozone perturbation as well as the
absolute values are comparable with those from Fig. 6 from Hoor
et al. (2009) scaled to 100%. This shows that E39/C produces
reasonable ozone perturbations results despite missing NMHC
chemistry. The RF since pre-industrial times of this ozone pertur-
bation is 31.1 mW m�2, which compares well with 27.9 mW m�2

yielded in Hoor et al. (2009) as the mean of a variety of models
including NMHC chemistry.



Fig. 9. Zonal mean ozone perturbation from road traffic for an additional simulation
for January (a) and July (b), respectively. Solid contours show the changes relative to
total ozone concentration in percent.
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The IPCC estimate of anthropogenic tropospheric ozone forcing
since pre-industrial times is 0.35 Wm�2 with an uncertainty range
of 0.25e0.65 W m�2 (Forster et al., 2007), values referring to all
anthropogenic precursor emissions that have occurred between
1750 and 2005, under the assumption of zero anthropogenic
emissions in 1750 and biomass burning sources reduced by 90% for
1750. To assess whether our RFs (Fig. 5a) are consistent with IPCC
values we have calculated the RFC difference between the case of
anthropogenic NOx emissions (industry, ship, road and air traffic)
for the decade preceding 2000 and the case of no anthropogenic
NOx emissions. This deviates from our standard RF definition
(relative to 1960) but can be assumed to represent the RF since the
pre-industrial era. In addition, we consider 90% of the biomass
burning emissions and the respective RFC to be of anthropogenic
origin. With this approach we yield a tropospheric ozone RFC of
0.64 W m�2 for the decade preceding 2000, a value at the upper
boundary of the IPCC uncertainty range.

For some individual sectors our method yields component RFs
that are within the range of other modelling studies, e.g., for
lightning (Toumi et al., 1996), aircraft (Sausen et al., 1999;
Fuglestvedt et al., 2008), and ship emissions (Fuglestvedt et al.,
2008). With respect to biomass burning, the absolute emission
strength has varied largely among other studies. Scaling results
given by Unger et al. (2008) to a similar emission strength that we
use leads to a differences between the respective RFs slightly lower
than 25%. As for road traffic we prescribe larger emissions
compared to, e.g., Fuglestvedt et al. (2008) but the corresponding
radiative efficiency is nevertheless similar: They estimated (see
their Supplementary materials) 25 molecules ozone production per
emitted NOx molecule and 45 mW/(m2DU) radiative efficiency,
which compares well with our results (Figs. 3b and 5b).
5. Non-linearities of radiative efficiency

5.1. Saturation effects

Radiative efficiency generally decreases over time, particularly
after 1980 (Fig. 5b). By the 2010s the radiative efficiency of most
source contributions is about 2e3% lower than during the 1980s,
except for the air traffic and road traffic components. In this section
we present and discuss results of dedicated RFC calculations per-
formed in order to quantify a potential saturation effect in the
radiative efficiency dependent on the background ozone level.

To this end, the radiative efficiency of the ozone change induced
by all tropospheric sources for the 1990s was calculated with the
background ozone gradually increasing. Six different radiative
efficiencies were calculated using an ozone background amplified
by factors of one, two, three, four, five and six. The results are
displayed in Fig. 10. The higher the background ozone is, the lower
the resulting radiative efficiency. This effect is much more
pronounced for the longwave forcing than for the shortwave
forcing, because ozone absorbs longwave radiation only in a limited
number of relatively narrow spectral bands, which may get satu-
rated much faster than the wider absorption band in the solar
spectral range.

5.2. Additivity

We now consider to which extend the non-linear saturation
effect, as discussed above, limits the additivity of the RF of
a number of different components. Due to the saturation effect the
impact of each individual contribution to the RF budget depends on
the assumed background ozone. Commonly the RF of a specific
emission is calculated either by the difference between RFC with
and RFC without this emission or between RFC with emission and
RFC with doubling of this emission. In both cases the ozone back-
ground is inadequately high as the ozone produced by all other
sources is included in the background concentration. Due to the
saturation effect discussed in Section 5.1 this will lead to a low
biased RF.

We performed a sensitivity simulation, in which the RFC
induced by the sum of all ozone perturbations from tropospheric
sources is calculated. The RFC of the whole ozone field is compared
with the sum of all separately calculated components as presented
in Section 3.2. As in the previous subsection the comparison uses
1990s conditions as an example. In Fig. 11 the longwave, shortwave
and net RFC for both calculation methods are shown. While the
shortwave forcing of tropospheric sources doesn’t show any
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substantial deviation from perfect additivity, the longwave forcing
of the sum of separately calculated RFC is about 0.15Wm�2, i.e. 10%,
lower than the RFC of the sum of ozone changes. The same
conclusion holds for the relation between the net RF of the sum of
individual ozone change pattern and the sum of the individually
calculated RFs. Hence, 10% may be taken as a typical value for the
underestimation yielded if the ozone RF for a combination of
sources is determined by simply summing up the component RFs.

6. Conclusions

We separate three factors which govern changes in ozone RF for
different sectors and during the period 1960e2019: (1) variation of
NOx emission, (2) ozone production efficiency and (3) radiative
efficiency. We show that the ozone production efficiency (ozone
production per molecule NOx) and therewith the induced ozone
column change strongly varies between different emission sources
due to emission altitude and background NOx level. Ozone
production efficiencies of lightning and industry emissions differ by
one order of magnitude. The dependency on the background NOx
level is significant, e.g., for industry and soils. Soil emission occurs
in remote areas of relatively low background concentration and
produces about three times more ozone per emitted NOx molecule
than industry, which emits in polluted areas.

The attributed RF of tropospheric sources in general shows
a strong correlationwith ozone column change: A high (low) ozone
column causes a large (weak) RF. However, we found that this
straightforward relation is modified by non-negligible effects,
which can be explained in terms of radiative efficiency (RFC per DU
ozone change). We analyse the dependence on emission latitude
and altitude for individual sectors. The effect of emission latitude is
about three times larger than the effect of emission altitude.

Additional to the modulating impact of the latitudinal and
vertical structure of the ozone perturbation pattern on the induced
radiative efficiency, we find a saturation effect which causes
a decreasing radiative efficiency with increasing background ozone
due to saturation of absorption bands. This saturation effect also
causes a deviation from perfect additivity when individual RF
contributions are considered.

Summarising, the results indicate that the temporal develop-
ment of ozone RF related to traffic and industry from1960 to 2019 is
mainly controlled by changes in emissions, leading to a significant
increase of ozone RF. Nevertheless, radiative impact of NOx emis-
sion sources is also controlled by changes in ozone production
efficiency and radiative efficiency. For example ozone production
efficiency of air traffic increases by a factor of three but decreases by
around 30% for ships due to those effects.

The knowledge of attributed ozone production and radiative
efficiencies for individual NOx emission sources is important for
comparison of different emissions sources, e.g., for mitigation
strategies. As both ozone production and radiative efficiency of air
traffic are higher than those of industry, a shift (e.g. trading) of NOx
emission from industry to air traffic, for example, would increase
the total radiative impact of the same amount of NOx emissions.
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