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3Max-Planck Institute for Chemistry, Mainz, Germany.
4Department of Meteorology, University of Reading, Reading,

United Kingdom.
5Center for Advanced Simulation and Analytics (CASA),
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Abstract

High ozone levels pose a significant threat to human health and ecosys-

tems, especially during extreme weather events. These are expected to

become more frequent and intense with climate change, exacerbating

the interactions between weather, vegetation, and air pollution. Tra-

ditionally a climate change penalty is expected for ground-level ozone

is expected. However, models do not even agree on the sign of the

change over most of the continents suggesting an important role for

vegetation. We address this uncertainty by incorporating realistic veg-

etation responses to abiotic stress into a global atmospheric chemistry

model. We develop novel storyline scenarios of air pollution, contrast-

ing the actual climate of 2018-2020 with two different levels of warming.

Our results show that under warming, vegetation and local photochem-

istry generally conspire to exacerbate ozone pollution extremes, while
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a concurrent moistening of the free troposphere leads to a lower ozone

background. The competition between these two effects depends on the

degree of warming and will determine whether climate change results

in a penalty or a benefit. However, the role of changing pollutant

emissions remains uncertain and should be addressed in future studies.

Keywords: Tropospheric ozone, air pollution, premature mortality, storyline
scenarios, climate change

1 Introduction

Ozone (O3) has adverse effects on human health [1] and damages vegetation
reducing ecosystem productivity and crop yields [2]. In the troposphere, it
is produced photochemically and is a key driver of the atmospheric oxida-
tion capacity [3]. The regional distribution of ground-level O3 is influenced
by precursor emissions, vegetation uptake, and photochemistry, all of which
dependent on meteorological conditions [4].

Over the continents, positive correlations of O3 with temperature are usu-
ally found [5, 6]. However, correlations with humidity may have different signs
depending on the local chemical and land-atmosphere coupling regimes [7].
Dry deposition to vegetation, a major sink of O3, as well as biogenic emissions
of its precursors are strongly modulated by meteorology as plants respond to
drought and heat stress [8, 9]. Despite this knowledge, Earth system models
are still largely inconsistent about the land-atmosphere-chemistry coupling on
continental ground-level O3 under climate change [10].

The assessment of future O3 pollution changes due to climate change has so
far relied on the classical probabilistic (risk-based) approach using ensembles
of model simulations [10, 11]. However, this method is limited by the uncer-
tainty associated with the atmospheric circulation aspects of climate change
such as shifts in the polar jet stream [12]. In contrast, storyline scenarios pri-
marily address the thermodynamic aspects of climate change [13]. In storyline
simulations, the dynamics of the model (including large-scale winds and vor-
ticity) are prescribed with reanalysis data, allowing the reproduction of recent
extreme events and the quantification of the response of Earth system pro-
cesses under changed thermodynamic conditions. Anthropogenic emissions are
fixed to keep the focus of the study on thermodynamic aspects.

During the summers of 2018, 2019, and 2020, large parts of Europe
experienced exceptional heat waves, breaking several records. The intensity,
persistence and spatial extent of the 2018 summer heatwave was comparable
to the 2003 ’mega-heatwave’ [14]. The year 2019 saw the highest ever recorded
temperatures across Europe, while 2020 was one of the three warmest years on
record [15, 16]. In addition, the occurrence of severe droughts in 2018 was not
limited to central Europe, but extended to large parts of the Northern Hemi-
sphere (NH) [14]. The soil moisture-temperature feedback is known to amplify
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Fig. 1 Multi-year (2018-2020) relative change of daily average ground-level ozone (a) due
to the +2K (b) and the +2.75K scenario during the warm spell (June to August).

heatwaves [17] and has been shown to intensify the one during summer 2018
in Europe [18]. In addition, vegetation feedbacks in this region are known to
exacerbate extreme ozone pollution [19].

This study provides, for the first time, global storylines of air pollution.
Using the global atmospheric chemistry model ECHAM/MESSy Atmospheric
Chemistry (EMAC) [20], one factual (+1.1K relative to preindustrial) and
two sensitivity (+2K, +2.75K relative to preindustrial) simulations are per-
formed for the years 2018-2020. The novel storyline approach allows us to
study how O3 extremes are affected by climate change, in particular con-
sidering thermodynamic changes (warming and moistening) and the role of
vegetation-atmosphere interactions.

The results of how the different sensitivity simulations affect ground-level
ozone levels are presented in section 2.1. The drivers of future O3 extremes are
discussed in Sec. 2.2. Sec. 2.3 re-evaluates the O3-climate penalty and contrasts
our results with the body of recent literature. We also consider the change in
various O3 pollution metrics in the storylines (Sec. 2.4) and the detrimental
effects on humans and terrestrial vegetation (Sec. 2.5). The paper concludes
with summarising the main results and discussing the storyline approach, the
remaining O3 bias, and the role of vegetation.

2 Results

2.1 Ozone in warmer climates

Figure 1 shows the predicted change in ground-level O3 for two warming sce-
narios relative to the period 2018-2020. A higher global mean temperature of
2K (Fig. 1a) leads to an increase of up to 10 % in mean ground-level ozone
during the boreal summer (June to August, daily averages) in the most pop-
ulated regions of the NH, with the largest positive changes occurring in East
Asia. Note that the high relative increase in the equatorial Pacific Ocean only
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reflects a minimum in absolute values of O3 in this area (Fig. S4) [21]. Back-
ground levels of O3 in the northernmost regions, especially over the oceans,
decrease by 5-10 %.

In the +2.75K world, these ozone reductions become more pronounced,
with decreases of up to 15 % over the oceans and extending to larger regions,
including the equatorial region of the Southern hemisphere (SH). On average,
this change exceeds the internal model variability of daily O3 which is higher
in 30◦S-30◦N than in the high NH latitudes (standardised mean difference:
Fig. S1-S3). While at +2K large ozone increases >10 % are found on the SH,
at +2.75K the changes are much smaller <5 % with positive values occurring
uniformly over the extra tropics and only over the land in the equatorial region.

Globally, the 2.75K warming results in a reduction of the tropospheric
ozone burden by about 20 Tg relative to the factual climate (371 Tg, in 2018
Tab. A.1). These results are in contrast to the recent findings by [22], who
found an increase in the future ozone burden from the CMIP6 simulations
(classical probabilistic approach, ssp370 pathway), mainly due to changes in
pollutant emissions and inflow from the stratosphere.

2.2 Drivers of ground-level ozone

The changes in ground-level O3 in the two warming scenarios are here
explained by the evolution of the two main drivers: dry deposition and net
chemical effect. We target the relevant timescales for local ozone by analysing
the daily accumulated values of dry deposition fluxes and chemical tendency
diagnosed with passive tracers (Sec. A.1). The general change patterns are
similar for all three years.

In general, ground-level O3 production exceeds the chemical loss in most
regions, except in northeastern China and India, where the loss term dom-
inates. In warmer climates, local drivers over the continents push towards
higher levels of ground-level ozone. For example, in the eastern USA and East
Asia, the net O3 chemistry at ground level is by up to 10 ppb/d higher in the
+2.75K scenario during the boreal summer (see Fig. 2a). Higher temperatures
favour the radical chemistry that drives the O3 production and is also reflected
by the dO3/dT slope (Fig. 3a). This dominates the increase in chemical loss.

Rising O3 levels in Europe can be linked to an increase in isoprene emissions
from plants (Fig. S5), similar to [5]. This leads to increased RO2 formation
that drives the O3 production. The inhibition of isoprene emissions by elevated
CO2 concentrations [23] counterbalances this effect in the inner tropics, which
is enhanced by the warmer scenario. In other regions, it plays a minor role [24].

During the night, nitrogen oxides emitted from the soil are converted to
NO2 upon reaction with O3. In warmer climates, emissions increase, leading
to a stronger nighttime O3 consumption, which reduces the chemical O3 effect
in the +2.75K scenario relative to the factual world. This effect is small in
the NH, while it compensates for up to 20 % of the diurnal change in the SH
(Fig. S7).
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Future increases in CO2 (CO2-inhibition) reduce the plant activity in the
Amazon, Central Africa, and Southeast Asia. In regions of increased humidity,
the O3 uptake at leaf surfaces increases [25].

In a warmer climate (+2.75K), we see a reduction of O3 deposition in
(NH) boreal forests, which is explained by higher O3-induced stress (20-30 %
more damage, see Sec. 2.5.1). Drought stress (+5-10 %) resulting from the
temperature increase in the warmer climate [26] further increases the plant
sensitivity in the NH and leads to greater vulnerability to O3 damage. The
effect on soil moisture is only very local, so no specific feedback mechanism
(e.g. partitioning between soil moisture and energy-limited regime) is seen.
Overall, the change in the actual dry deposition flux (Fig. 2b) is dominated
by the changes in the O3 concentrations (Fig. 1b).

In addition to local drivers, background ozone is also an important determi-
nant of ground-level ozone. Background ozone is largely reduced in the +2.75K
scenario (Fig. 1b). The changes are most pronounced over the oceans and
affect the continents via long-range transport, e.g. from the North Atlantic
to Northern Europe [27]. Much of the decrease is due to the enhanced O3

destruction in the free troposphere (Fig. S6) where, in contrast to the (conti-
nental) boundary layer, water vapour is the limiting factor for the O(1D) loss
[28]. This loss term increases by 11.7 % (150 Tg/yr) in the NH and by 6.1 %
(154 Tg/yr) globally. This is consistent with findings of widespread decreases
in O3 in warmer and moister climates [10].

Fig. 2 Absolute change of the daily accumulated (a) net O3 chemistry at ground level and
(b) the O3 dry deposition due to the +2.75K climate during summer (JJA) 2018.

Thus, the competition between changes in background ozone and changes
in local chemical drivers results in the overall change in ground-level ozone.

2.3 Ozone-climate penalty or benefit?

The ’O3-climate penalty’ describes the amplification of O3 air pollution due
to climate warming, defined as the slope of the O3 change with temperature
change. Several estimation methods exist in the literature (e.g. correlation of
observed long-term O3 with temperature, perturbation of temperature) ([29]
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and references therein). Here, we use the factual EMAC simulation and the
storyline scenario (+2.75K) to reproduce such a measure (Fig. 3). 2m tem-
perature increases in a warmer climate almost over the whole globe (Sec. S1),
except in India where a stronger aerosol cooling occurs, especially in the south.
The sensitivity of O3 to temperature changes increases significantly with a
maximum of 5 ppb/1K in East and South Asia (Fig. 3a) as it also has been
found by [10]. In contrast to their study (ssp370 modified anthropogenic emis-
sions), we explain the increase in dO3/dT by the sensitivity of the local O3

to enhanced isoprene emissions which agrees with findings for e.g. China [30].
The positive slope in the USA (Fig. 3a) is consistent with the findings from
observations in this region [31]. Over the oceans, we find a negative slope only
in the tropical Pacific, in agreement with the CMIP6 model ensemble (ssp370
scenario) [10].

Fig. 3 Multi-year (2018-2020) sensitivity of O3 changes to (a) temperature changes
(regression coefficient dO3/dT in [ppb/K]) (b) and dO3/dH2O [ppb/kg kg−1] at ground
level.

The increases of future atmospheric water vapour particularly affects the
chemistry in the free troposphere [28]. The dO3/dH2O slope over North Amer-
ica shows a N-S gradient consistent with observations by [31] and can be
explained by a shift in the land-atmosphere coupling regime (from soil water-
limited to energy-limited regime) [7]. The same reason may also apply to East
Asia: The positive slope there reflects the shift to a NOx-limited regime [32].
The equatorial Pacific Ocean is probably related to the moist convection that
transports O3 downwards [33].

Although the assessment of the future O3 sensitivities reveals a signifi-
cant increase in O3 production with rising temperature (commonly known
as ’climate penalty’) we show here the additional importance of the O3 sen-
sitivity to water vapour. This effect tends to result in a regional ’climate
benefit’. However, we note that additional meteorological covariances with
other biosphere-related phenomena (e.g. soil NOx emissions) may contribute
significantly to the O3-temperature correlation. For example, [34] attribute as
much as 60 % of the O3-temperature relationship to these factors.
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2.4 Ozone pollution extremes

There are several metrics that define O3 extremes, two of which are shown here.
While the daily maximum 1-hour daily O3 (MHM1O3) captures the short-term
variability due to chemical ozone production and loss, governments often refer
to the 8-hour daily maximum running mean of O3 (MDA8O3, e.g. the World
Health Organisation guidelines [35] threshold: 50 ppb) as a guideline. MDA8O3

takes into account the relevant human exposure time to O3 and varies with
factors such as dry deposition [1].

Under present-day conditions (factual, equivalent to a +1.1K vs. pre-
industrial), the highest number of MHM1O3 (exceeding 90 ppb) occurs
between 90 and 100 ppb in the four regions (first four histograms in Fig. 4) with
a maximum of 1750 events in East Asia. The number of extremes decreases
exponentially with increasing level down to values of 125 ppb (log-normal dis-
tribution). A significantly higher number of MDA8O3 events than MHM1O3

events occur in Europe, indicating the important role of long-range transport,
especially in summer when Asian and North American emissions contribute
more to European O3 than regional emissions [27].

In the +2K scenario, the number of MHM1O3 events increases in all four
regions (shown here in the histograms). By far the largest increase in number
of extreme events (about 800) is seen in Europe, which can be explained by
the strong correlation between O3 levels and air temperature (see Sec. 2.3).
MDA8O3 extremes increase in Europe and Asia, occurring only at high in
Europe and at medium O3 levels in South Asia due to the different background
pollution and chemistry regimes. As the world continues to warm, the O3

extremes decrease in the NH due to the reduced background ozone transported
from distant regions. In areas with sufficiently high temperatures (up to 50◦ N),
this effect is counterbalanced by the increase of net O3 chemistry (see Sec. 2.2),
as seen in Figure 4b . China is an exception, as high O3 levels in summer
mainly occur due to biogenic emissions [36] which increase significantly in the
future (see Sec. 2.2, Fig. S5).

2.5 Detrimental effects on humans and plants

Finally, we estimate how structural changes in O3 pollution would affect plants
and human health in a +2K and +2.75K scenario, given the 2018-2020 atmo-
spheric dynamics. It should be noted that the impacts presented below do not
take into account the effects of changes in pollutant emissions which remain
rather uncertain.

2.5.1 Ozone and terrestrial vegetation

We assess the cumulative O3 uptake through the stomata, against a dynamic
threshold (see section A.1), i.e., the phytotoxic ozone damage (POD). The
estimated global distribution with local values reaching 100 mmol(O3)/m

2 is
generally in agreement with the estimates by [38–40]. The maxima consistently
occur over the tropical forests, however overestimated due to the mismatch
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Fig. 4 (top) Number of maximum daily 1-h average ground-level O3 exceeding 90 ppb
(MHM1) in different regions and (a) the global distribution of the absolute change in summer
2018 due to the +2.75K scenario, (bottom) number of daily maximum 8-hourly running
mean exceeding 50 ppb in different regions and (b) the global distribution of the absolute
change in summer 2018 due to the +2.75K scenario. The regions are defined according to
the sixth IPCC assessment report [37]: Europe (16,17,18, only land), S.E. U.S: 5, East Asia:
35, South Asia (SAS): 37.

of the plant types used in the model (see Sec. A.1). In the +2.75K scenario,
POD increases significantly in NH forests (Fig. 5b), counteracting the aver-
age decrease in summer O3. The changes in stomatal fluxes are primarily
driven by the decrease in atmospheric stability [41] (i.e. increased aerodynamic
transport).

2.5.2 Ozone pollution and human health

We also assess human health impacts by estimating premature mortality due to
long-term exposure to enhanced O3 levels. Shown in Figure 6a, the calculated
annual total is at 0.14 million O3 mortality cases, mainly concentrated in China
and India, which are the most polluted and densely populated regions of the
world. Estimates from alternative studies yield higher global values in 2019
(0.42 million for ozone-attributable chronic respiratory disease, 0.37 million
for chronic obstructive pulmonary disease) [42, 43]. This discrepancy may be
attributed to the use of a lower relative risk for all-cause mortality [44] than in
this study (1.01 vs. 1.06 relative risk) and the use of different ozone thresholds
[45]. Furthermore, lower estimates result from the different climate pathway
used here (see Sec. A.1) (ssp2.45 vs. ssp3.70: 3.12 million; RCP8.5: 0.32 million)
[46, 47]. Compared with the factual world, ground-level ozone in the +2K
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Fig. 5 Multi-year (2018-2020) mean (a) relative crop yield in the +2.75K scenario and (b)
the ratio versus factual climate (+1.1K vs. pre-industrial).

Fig. 6 Multi-year (2018-2020) mean (a) premature mortality in factual (+1.1K vs. pre-
industrial) climate and (b) the difference to the +2.75K scenario. (Note: white color in color
bar (a) means zero)

scenario (Fig. S8) is estimated to cause more (all-causes) mortality deaths
worldwide (2018-2020 average). On the contrary, in the +2.75K scenario, the
corresponding number of deaths decreases in most countries, except for China
and several African countries (Fig. 6b) due to a widespread decrease in ground-
level O3 (Fig. 1b). In China, the number of excess deaths increases by 375,
followed by 83 in the Democratic Republic of the Congo and 19 in Angola.
The differences between the two storylines and the factual estimates show
that the shift to the warmer scenario significantly reduces the global health
burden (Fig. S8 for +2K, and Fig. 6b for +2.75K). In India (the most heavily
populated country), the 2018-2020 average total number of avoided premature
deaths due to the shift to the +2.75K scenario is 2298, contrasting the figure of
450 in the USA. Although the number of deaths in China increases under the
+2.75K scenario compared to the factual climate, this increase is smaller than
in the +2K scenario. Globally, the +2.75K scenario allows avoiding 78.2 % of
O3-related deaths.
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3 Discussion and Conclusion

This study assesses the evolution of ozone pollution extremes in a warmer
world, examining two different storyline scenarios. Our results show that ozone
extremes will increase in many parts of the ”2K warmer world” due to the
amplification of O3 production by temperature and higher biogenic emissions.
In contrast, a warming of 2.75K leads to a dominant increase of the major
O3 loss terms in the NH, resulting in a reduction of O3 extremes in line with
some previous studies (e.g. [10]). Thus, the thermodynamic aspects of extreme
global warming above 2K indicate (somewhat unexpected) potential beneficial
effects on air quality, reduction of the frequency and intensity of pollution
extremes that are harmful to human and vegetation health.

Conducting the first storylines-based air pollution study shows its suit-
ability for extending the knowledge gained from classical predictions. The
uncertainties about atmospheric dynamics, a significant source for uncertainty
in model-aided climate change studies, are largely avoided in the storyline
projections, while the computational effort for the simulations is significantly
reduced compared to conventional probabilistic approaches.

The present-day representation of ground-level ozone in our model com-
pares well against a chemical reanalysis product, while models typically show
an overestimation of 10 % in the NH [22].

These storylines can be widely used in the community to understand future
changes. The plant sensitivities to drought and ozone considered in this study
improve the realism of vegetation-atmosphere interactions, which is key to
reducing the uncertainty in future air quality and climate studies over the
continents. However, to assess the overall change in air pollution in the future,
the role of land cover changes (including those driven by expected increases in
the frequency and intensity of wildfires) in exacerbating weather and pollution
extremes, and the effect of changing anthropogenic emissions, must be included
in this framework.
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Appendix A Methods

A.1 Global atmospheric chemistry model

General description

For this study, the global atmospheric chemistry model ECHAM/MESSy is
used which consist of the fifth-generation European Centre Hamburg general
circulation model [ECHAM5,version 5.3.02; 50] as the atmospheric general cir-
culation model. MESSy provides a flexible infrastructure with more than 30
different submodels representing chemical, physical and biogeochemical pro-
cesses for coupling processes to build comprehensive Earth system models
(ESMs). The gas-phase chemistry is based on a comprehensive mechanism
( 200 reactions) as used in the EMAC simulations for the Chemistry-Climate
Model Intercomparison Project (CCMI2) [51, 52]. Passive tracers are created
with a tagging tool and are used for budgeting the chemical production and
loss of ozone [53]. A set of two passive tracers tracking the total production and
loss of O3 is used to diagnosed the exact net chemical tendency (see Sec. 2.2).
The global annual budget of odd oxygen is calculated from a different set of

http://www.messy-interface.org
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passive tracers (see Tab. S1). The aerosol scheme simulates black carbon, par-
ticulate organic matter, dust, sea spray, sulfate and ammonium aerosol among
others [GMXE; 54]. A simplified scheme for secondary organic aerosols from
major precursors is included [55].

Emissions

The anthropogenic emissions are branched off from the EMAC CCMI2 simu-
lation output for the respective periods. (greenhouse gases: CO2, CH4, N2O
etc.) The simulated mixing ratios of long-lived species (greenhouse gases: CO2,
CH4, N2O etc.) at the lowest model layer are assimilated via Newtonian relax-
ation (every 3 hours) to projected mixing ratios branched off from the EMAC
CCMI2 simulation output. The lightning emissions of nitrogen oxides (NO) are
based on the correlation between the convective cloud top height and the occur-
rence of flashes and. The emissions are tuned to a low value of 1 Tg/yr (with
an average NOx production per cloud-to-ground flash) to achieve a realistic
O3 burden in the troposphere. The plant emissions of isoprene are modelled
with the MEGAN algorithm. Different from other studies with EMAC, here
the model includes the CO2 inhibition (using the online calculated CO2 con-
centration within the plants [56]. The unstressed emissions first scaled to best
estimates by [57]. Then, a drought stress factor based on the CO2 assimila-
tion rate is applied according to [58]. Final modelled isoprene emissions for the
2018-2020 period are 329 Tg/yr, consistent with [59].

Abiotic stresses

The transpiration and dry deposition process at plants is represented with a
photosynthesis scheme which describes the CO2 assimilation of plants based
on physiological considerations (here only for crops) in dependence to CO2,
temperature, radiation, available and humidity as used in the IFS model [60].
Additionally, two abiotic stressors were implemented for the purpose of this
study. First, the plant response to water stress depends here on leaf water
potential which have been shown to succeed over the common used soil-
moisture stress factor [26, 61, 62]. The O3-induced damage, based on [63],
assesses the O3 flux derived from the multiple resistance scheme [64, 65]
against the phytotoxic threshold. Different from other studies, we implemented
a dynamical measure for this based on the gross assimilation of plants and a
proportionality constant of 0.20 µg(O3)/mg(CO2) [66]. To consider the limited
lifetime of plants we re-set the accumulated ozone damage when the vegeta-
tion density decreases for two month. Vegetation density is pre-scribed with a
monthly averages of Leaf Area Index (LAI [m2/m2]) obtained by a Moderate
Resolution Imaging Spectroradiometer.
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Storyline approach

To distinguish the dynamic and thermodynamic aspects of climate change and
reproduce the large-scale dynamics, the horizontal winds (divergence, vortic-
ity) are nudged in spectral space up to a level of 12 hPa at all wave numbers (up
to 106 at the spatial resolution used, T106L47MA corresponding to 1.1◦×1.1
◦) as initially proposed by [67] towards reanalysis data of ERA5 by Newtonian
relaxation. The relaxation times are between 6 and 48 h. These are numbers
higher than the ones used by other studies [68, 69] and were chosen to minimise
model deviation from observation data. Two specific model-set ups are needed
to create the storylines: (1) The ocean is pre-scribed by synthetic sea sur-
face temperature (SST) forcing data which represents a 2K and 2.75K higher
global average temperature. To this end, we used sea and land surface tem-
perature data simulated by the first ten members of the MPI-ESM ensemble
(1850-2100). Following the approach by [70], we calculated the (SST and land)
temperature anomaly of the targeted future period (2064-2073, 2090-2100) rel-
ative to a historic period (1850-1920) to yield the so called warming pattern.
To eliminate the historical temperature trend from the warming pattern a
weighting factor was applied yielding one global ’future’ SST field per month.
The 2m temperature anomaly relative to the pre-industrial period 1850-1920
and the SST warming signal can be found in the supplement (Fig. S10). (2)
The long-lived climate gases (LLCG) CO2, CH4, N2O, CFC11, CFC12 are
nudged with data branched off from the CCMI2-RD2 simulation performed
with EMAC. The RD2 CCMI2 simulations (several members) reach a global
average temperature anomaly of 2.75 K at the end of this century, following
the SSP2-4.5 CMIP6 scenario, https://www.sparc-climate.org/wp-content/
uploads/sites/5/2021/07/SPARCnewsletter Jul2021 web.pdf and are the only
climate simulations available from EMAC. Global average timeseries of this
are shown in Figure S11. The O3 chemistry is influenced by this. The anthro-
pogenic emissions of short-lived gases are fixed to the emissions of 2018. Also,
the future land cover is described by the LAI data for 2018 (and following
years).

Ozone biases in the factual scenario

The comparison of tropospheric ozone with the chemical reanalysis TES [71]
in Figure S9 (mean of data in 700-800 hPa) shows a mean bias of 10-20 ppb,
exemplary for 2018, which is in agreement with the literature. The overestima-
tion over the Indian ocean is due to complex cloud chemistry neglected here
[72]. Additionally, high biases occur over mountain ranges (Andes, California,
Mongolia) which can be linked to the limited model resolution of topogra-
phy. [73] found a bias of 14 ppb on average in tropical regions and 11 ppb
over the ocean. A comparison of 6 CMIP6 models with surface O3 observa-
tions (TOAR) show a consistent overestimation of 16 ppb in most regions
(NH) during the years 2005-2014 [74] similar to [75]. The global burden of
370 Tg estimated by EMAC for the factual (+1.1K vs. pre-industrial) climate

https://www.sparc-climate.org/wp-content/uploads/sites/5/2021/07/SPARCnewsletter_Jul2021_web.pdf
https://www.sparc-climate.org/wp-content/uploads/sites/5/2021/07/SPARCnewsletter_Jul2021_web.pdf
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is within the multi-model estimates (330-380 Tg) from the literature [22, 75].
In comparison, EMAC yields about slightly larger chemical production and
loss of ozone (see Tab. S1). Furthermore, EMAC estimates a lower dry depo-
sition term of 780 Tg/yr (compared to 800-1000 Tg/yr, [22, 75]) due to the
additional environmental stressors (see Sec. A.1).

A.2 Assessment of Premature Morality

We determined the premature mortality number associated with ground-level
ozone by applying health impact functions that link variations in air pollution
levels to shifts in mortality. The global ground-level ozone concentrations we
used is simulated by the global atmospheric chemistry model ECHAM/MESSy.
Health impact functions for ozone are constructed based on a logarithmic-
linear relationship between relative risk and concentrations, which is defined
and widely used in epidemiological research [76, 77].

RR = exp[β(C − C0)] C > C0 (A1)

where β is the concentration-response parameter indicating the additional
all non-accidental mortality attributed per unit increase of air pollutant when
it is above the threshold concentration. Here, the β value for long-term ozone
exposure is 1.0% per 10 µg/m3 in the peak-season average of daily maxi-
mum 8-hour mean ozone concentration, which is recommended by Huangfu
et al.[44]. C is the simulated ground-level ozone concentration and C0 is the
recommended value by the WHO [35] air quality guidelines for long-term expo-
sure to ozone. The attributable fraction (AF), which represents the share of
the mortality burden associated with the risk factor, was defined as (A2)

AF = (RR− 1)/RR (A2)

∆Mort = AF × Pop×BMR (A3)

AF yields an estimate for the additional deaths (∆Mort) when multi-
plied by the baseline mortality rate (BMR, downloaded from https://data.
worldbank.org/indicator/SP.DYN.CDRT.IN) and the exposed population size
(Pop)(accessed from https://hub.worldpop.org/project/categories?id=3).
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[49] Jülich Supercomputing Centre: JURECA: Modular supercomputer at
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The community atmospheric chemistry box model CAABA/MECCA-4.0.
Geoscientific model development 12(4), 1365–1385 (2019). https://doi.
org/10.5194/gmd-12-1365-2019. Publisher: Copernicus Publications
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