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� We estimate ozone impacts on crop yields using high and low air pollution scenarios.
� Substantial crop losses can be avoided by air pollution control, especially in Asia.
� Climate policies can have co-benefits for crops due to reduced co-emissions.
� Reduced ozone damage will also reduce land use and associated carbon emissions.
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a b s t r a c t

Exposure to surface ozone has detrimental impacts on vegetation and crop yields. In this study, we
estimate ozone impacts on crop production and subsequent impacts on land use in the 2005e2050
period using results of the TM5 atmospheric chemistry and IMAGE integrated assessment model. For the
crops represented in IMAGE, we compute relative yield losses based on published exposure-response
functions. We examine scenarios with either constant or declining emission factors in a weak climate
policy future (radiative forcing target of 6.0 W/m2 at the end of the century), as well as co-benefits of
stringent climate policy (targeted at 2.6 W/m2). Without a large decrease in air pollutant emissions,
higher ozone concentrations could lead to an increase in crop damage of up to 20% locally in 2050
compared to the situation in which the changes in ozone are not accounted for. This may lead to a 2.5%
global increase in crop area, and a regional increase of 8.9% in Asia. Implementation of air pollution
policies could limit crop yield losses due to ozone to maximally 10% in 2050 in the most affected regions.
Similar effects can be obtained as a result of co-benefits from climate policy (reducing ozone precursor
emissions). We also evaluated the impact of the corresponding land-use changes on the carbon cycle.
Under the worst-case scenario analysed in this study, future ozone increases are estimated to increase
the cumulative net CO2 emissions between 2005 and 2050 by about 3.7 Pg C, which corresponds to about
10% of baseline land use emissions over the same period.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Anthropogenic emissions of ozone precursors have increased
surface ozone concentrations in many areas of the world (Royal
Society, 2008). It has been demonstrated in field experiments
conducted mostly in Europe and North America that exposure to
201, 3730 AE, De Bilt, The
elevated ozone concentrations has detrimental effects on plants
(e.g., Heck et al., 1983; Fuhrer et al., 1997; Pleijel et al., 2002;
Karlsson et al., 2007; Gonz�alez-Fern�andez et al., 2008; De Bock
et al., 2011). This ozone impact on plants has different implica-
tions: Firstly, it affects the productivity of crops and thus the global
production of food. Secondly, it also negatively impacts natural
vegetation. This may reduce biodiversity and contribute to global
warming by reducing the CO2 uptake by plants (Sitch et al., 2007).
Finally, ozone impacts on crops may also necessitate the need for
additional agricultural cropland to meet food demand thus result-
ing in land use changes.
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Table 1
Overview of crop types in IMAGE, the different ozone indicators used to estimate
ozone impacts and the exposure-response functions (ERFs) used to evaluate the
relative yield loss (RYL). The mean of the RYL based on AOT40 and M7or M12 has
been taken in the cases of rice and maize. Note that maize is both a food and energy
crop in IMAGE.

IMAGE crop
types

Crop types
used for
ERFs

Ozone
indicator

ERFs used for RYL
calculation

References

Rice Rice AOT40 0.00415*AOT40 Mills et al. (2007)
M7 Exp[-(M7/137)2.34]/

exp[-(25/137)2.34]
Wang and
Mauzerall (2004)

Maize Maize AOT40 0.00356*AOT40 Mills et al. (2007)
M12 Exp[-(M12/

124)2.83]/exp[-(20/
124)2.83]

Wang and
Mauzerall (2004)

Temperate
cereals

Barley AOT40 0.00061*AOT40 Mills et al. (2007)

Tropical
cereals

Barley/
wheat

AOT40 0.00061*AOT40 Mills et al. (2007)

Pulses Pulses AOT40 0.0172*AOT40 Mills et al. (2007)
Oil crop Soybean AOT40 0.0113*AOT40 Mills et al. (2007)
Grass Ryegrass/

clover
mixture

AOT40 0.00003*AOT40 Gonz�alez-
Fern�andez et al.
(2008)

Root and
Tuber

Potato AOT40 0.0058*AOT40 Mills et al. (2007)

Sugar cane Cotton AOT40 0.0150*AOT40 Mills et al. (2007);
Grantz et al. (2009)

Woody bio-
fuel crops

Broadleaves
and conifers

AOT40f 0.00162*AOT40f Karlsson et al.
(2007)

Non-woody
bio-fuel
crops

Maize AOT40 0.00356*AOT40 Van Dingenen et al.
(2009)
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Future changes in surface ozone are expected to vary regionally
depending on the evolution of ozone precursors emissions. It is
expected that the implementation of stringent air pollution policies
will lead to a reduction in episodic peak ozone concentrations in
Europe and North America (Ellingsen et al., 2008; Royal Society,
2008). At the same time, surface ozone concentrations are pro-
jected to increase in regions with rapidly growing economies in
South and East Asia, at least in the near term. Young et al. (2013)
presented multi-model projections of surface ozone concentra-
tions based on the representative concentration pathways (RCPs).
Chuwah et al. (2013) recently presented projections based on an
extended set of RCP-like scenarios and showed that both air
pollution and climate policy could significantly affect ozone pre-
cursor emissions and consequently ozone concentrations in the
coming decades.

There have been a number of studies on present-day ozone
impacts on crop yields, such as the global studies of Van Dingenen
et al. (2009) and Avnery et al. (2011a) and the regional study for the
United States by Yue and Unger (2014). In addition, scenario studies
have investigated the possible impacts of future ozone levels on
crop yields, such as the global studies by Avnery et al. (2011b; 2013)
and the regional study for Asia byWang andMauzerall (2004), both
based on the IPCC SRES scenarios (Naki�cenovi�c et al., 2000), the
global study by Van Dingenen et al. (2009) based on emission
scenarios from the International Institute for Applied Systems
Analysis (IIASA), and the global study of Tai et al. (2014) based on
the Representative Concentration Pathways (RCPs). Other studies
have looked at the impacts of future changes in land use on ozone
precursor emissions and ozone concentrations (Lathi�ere et al.,
2006; Ganzeveld et al., 2010; Wu et al., 2012). However, no atten-
tion has been given to the impacts of changes in surface ozone on
land use via crop yield losses. In this study, we use a wider set of
scenarios with respect to air pollution (Chuwah et al., 2013)
developed using the Integrated Model to Assess the Global Envi-
ronment (IMAGE, Bouwman et al., 2006) to assess the possible
impacts of ozone concentration changes on future crop yields and
consequently land use under different climate and air pollution
policy regimes.

To do so, we make use of established exposure-response func-
tions (ERFs) based on field experiments. The relative yield loss
(RYL) factors for different crop types have been calculated from
hourly ozone fields simulated with the atmospheric chemistry and
transport model TM5 (Huijnen et al., 2010; Van Noije et al., 2014).
The resulting crop production losses and the subsequent impact on
land use were calculated by feeding back the results to the IMAGE
model. This modelling setup allows us to assess the potential of
different scenarios in reducing crop losses and subsequent impacts
on land use for the first half of the century.

The paper is structured as follows: Section 2 describes the
methodology. In Section 3 we present results on the simulated
ozone indicators. Results on ozone impacts on crop production and
land use, and the associated net CO2 emissions for the different
scenarios are presented in Section 4. A discussion and conclusions
of our results are given in Section 5.

2. Methodology

2.1. Models and emission scenarios

The ozone concentrations used in this study were calculated by
Chuwah et al. (2013) using TM5, driven by present-day meteoro-
logical fields. This is justified by the fact that in most regions the
impacts of climate change on ground-level ozone concentrations
are expected to bemuch smaller than the impacts of future changes
in ozone precursor emissions (see e.g. Fiore et al., 2012).
The three emission and land-use scenarios considered in this
study have been developed using the IMAGEmodel, as described by
Chuwah et al. (2013). We consider two scenarios that are similar to
the RCP6.0 and RCP2.6, which lead to a radiative forcing of 6.0 and
2.6 W m�2 in 2100 respectively (Van Vuuren et al., 2011). The
scenarios, called IM6.0 and IM2.6, differ in terms of energy use and
land use as a consequence of the assumed climate policy. The IM6.0
is a scenariowith verymild climate policy, while the IM2.6 scenario
resembles the most ambitious climate policy scenarios in the
literature. To assess the importance of air pollution policy we
designed variants of these two climate scenarios with different
trends in emission factors for ozone precursor gases and other
short-lived air pollutants (Chuwah et al., 2013). The low air pollu-
tion scenarios assume that emission factors will decline following
the implementation of currently formulated air pollution legisla-
tion up to 2030, followed by a further decline assuming that
increasing levels of welfare lead to a higher valuation of air quality
(similar to the Kuznets hypothesis). This is similar to the original
RCPs, used in climate research (see Van Vuuren et al., 2011). In the
high-pollution variants of these scenarios, current and planned
legislation is assumed to be implemented until 2010, after which
emission factors are taken to be constant. In this study, the
following three scenarios are considered:

1) IM6.0-high (RCP6.0 type scenario, i.e. weak climate policy with
high air pollutant emissions)

2) IM6.0-low (RCP6.0 type scenario, i.e. weak climate policy with
low air pollutant emissions)

3) IM2.6-low (RCP2.6 type scenario, i.e. stringent climate policy
with low air pollutant emissions).

A detailed description of the models and key assumptions about
the emissions scenarios can be found in the Supplementary
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material and in Chuwah et al. (2013) (including a detailed com-
parisonwith the original RCP emissions). Global totals for some key
ozone precursors are presented in Fig. S1.

2.2. Calculation of ozone indicators and relative yield loss factors

To calculate crop yield losses due to exposure to ozone, wemade
use of ERFs for different crop types derived from large field ex-
periments such as the National Crop Loss Assessment Network
(NCLAN) in the United States and the European Open-Top Chamber
Programme (see Table 1). In this study, the ozone indicators AOT40
(Mills et al., 2007), AOT40f (Karlsson et al., 2007), M7 and M12
(Wang and Mauzerall, 2004) were used (see Table 2). AOT40
(ppmv∙h) is defined as the cumulative hourly ozone volumemixing
ratio above a threshold of 40 ppbv during 12-h daylight
(8:00e19:59) over the course of the growing season (normalized to
3 months). The definition of AOT40f (ppmv∙h), used in the case of
forests, is similar to AOT40 except that it is normalized to 6months.
M7 and M12 (ppbv) are defined as the 7-h (09:00e15:59) and 12-
h (08:00e19:59) daytime mean ozone mixing ratio, respectively,
during the growing season.

Many of the ERFs based on AOT40 are taken from the synthesis
paper by Mills et al. (2007). Following van Dingenen et al. (2009),
we have scaled the AOT40 and AOT40f based ERFs for the different
crop types such that they equal unity at AOT40(f) ¼ 0 (see Table 1).
The indices M7 andM12 are both considered in this study and other
studies simply because the ERFs for rice are expressed as a function
of M7 and those for maize as a function of M12. For rice and maize
we follow the approach of van Dingenen et al. (2009) and take the
average between the ERFs based on M7 and M12, respectively, and
that based on AOT40.

For other crop types that aremodelled in IMAGE but not covered
byMills et al. (2007), we applied the ERFs from published literature.
In the case of grass, though a lot of studies have looked at the effect
of ozone on grass (Fuhrer, 2009; Gonz�alez-Fern�andez et al., 2008),
developing ERFs can be very complex because of varying responses
of different species (Fuhrer, 2009). In this study, the ERF of rye
grass/clover mixtures from Gonz�alez-Fern�andez et al. (2008) is
used, which show relatively small sensitivity to ozone. For woody
bio-fuel plants, we use the ERF for conifer and broadleaves from
Karlsson et al. (2007).

For some of the crop types modelled in IMAGE, no suitable ERFs
were found in the literature. For these crop types, we applied the
ERFs of crops from Mills et al. (2007) with broadly similar plant
functional type classification. For instance, in the case of temperate
cereals (where no suitable ERFs were found), we applied the ERF of
barley (Mills et al., 2007). With regard to tropical cereals, which
show moderate sensitivity to ozone, we used the average of the
ERFs of wheat and barley. For root and tuber, we use the ERF of
potato. For the non-woody bio-fuel crops, we use the ERF of maize,
which is one of the crops used in producing bio-fuel. With respect
Table 2
Definition of the different ozone indicators used in the computation of crop relative
yield. Here [O3] represents hourly ozone concentration, i is the hour index, and n
depicts the number of hours in the growing season.

Definition References

AOT40ðppmhÞ ¼ Pn
i¼1ð½O3�i � 40Þ; ½O3� � 40ppbv

08:00e19:59
Mills et al., 2007

AOT40f ðppmhÞ ¼ Pn
i¼1ð½O3�i � 40Þ; ½O3� � 40ppbv

08:00e19:59
Karlsson et al., 2007

M12ðppbvÞ ¼ 1
n
Pn

i¼1½O3�i
08:00e19:59

Wang and Mauzerall, 2004

M7ðppbvÞ ¼ 1
n
Pn

i¼1 ½O3�i
09:00e15:59

Wang and Mauzerall, 2004
to sugar cane, no suitable ERF was found. However, Grantz and Vu
(2009) reported that sugar cane exhibits the same sensitivity to
ozone as cotton at moderate levels of exposure and as tomato at
high levels of exposure. Therefore, we used the ERF of cotton for
sugar cane.

The same ERFs derived from field experiments in Europe and
North America are applied globally as very little information was
available on ERFs in the tropics. However, a comparison of crop
sensitivities from a small scale study in Asia and North America
revealed that Asian crops are more sensitive than North American
crops (Aunan et al., 2000; Emberson et al., 2009). Thus our esti-
mates of ozone effects on Asian crops are likely conservative.

The ozone indicators are calculated using the local growing
season as determined in IMAGE. Thus, we estimated the ozone
indicators by averaging (M7 and M12) or summing (AOT40 and
AOT40f) hourly ozone fields between the start and end of the
growing season. Following their definitions, AOT40 and AOT40f
were then normalized to 3 months (Van Dingenen et al., 2009) and
6 months (Karenlampi and Sk€arby, 1996), respectively. The result-
ing ozone indicators were used to calculate the RYL factors for the
various crops used in IMAGE (see Table 1). It is important to note
that the growing season used in the calculation of the ozone in-
dicators in this study is fixed to 2005 conditions, which implies that
only the impacts of changes in ozone precursor emissions on the
ozone indicators and the resulting RYL factors are explored. The RYL
factors are calculated based on simulated ozone mixing ratios for
the years 2005, 2020 and 2050. For the intermediate years, the RYL
factors are obtained by linear interpolation in time.

2.3. Calculation of crop production loss

In IMAGE, the simulated crop productions and crop areas are
calibrated to FAO crop production and resource data from 1970 to
present-day to ensure that they are consistent with aggregated
agricultural statistics at national and global levels by adjusting the
so-called management factor representing the human influence on
crop yields (details on this can be found in Bouwman et al., 2006).
In fact, in this way IMAGE implicitly accounts for ozone impacts for
the present-day as these are implicitly included in the FAO pro-
duction statistics. To correct for this effect, we apply the following
formula to calculate the ozone impact on the crop production per
grid cell in IMAGE:

CPiðyearÞ ¼
1� RYLiðyearÞ
1� RYLið2005Þ

� CPoi ðyearÞ:

Here CPi is the potential crop yield of crop type i in a particular
year that explicitly accounts for ozone impacts, and CPoi is the
corresponding yield derived from the original IMAGE model, i.e.
without explicit ozone impacts. In the paper, we only use this
equation to estimate the relative future losses compared today.
Crop production loss (CPLi) per grid cell for the different food crops
represented in IMAGE are equal to:

CPLiðyearÞ ¼
RYLiðyearÞ

1� RYLiðyearÞ
� CPiðyearÞ:

2.4. Simulations for estimating the impacts on land use and the
carbon cycle

At regional and global scales our IMAGE simulations meet the
same required crop production irrespective of whether or not the
impacts of changes in surface ozone are accounted for. This means
that the crop yield loss or gain due to ozone changes is
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compensated through expansion or abandonment of agricultural
land. To estimate this indirect effect of ozone on future land use and
the carbon cycle, we have performed five simulations using our
three IMAGE scenarios: two control runs with IM2.6-low and
IM6.0-low, indicated by IM6.0-orig and IM2.6-orig, in which the
impacts of future ozone changes on crops are not explicitly
included, and the three runs for IM6.0-high, IM6.0-low and IM2.6-
low wherein these impact are explicitly accounted for (Table 3). By
comparing simulations with and without impacts of future ozone
changes on crops for the same climate forcing scenario, we can
separate the ozone impacts on crops from other drivers, such as
climate change. Since the regional and global crop production is
determined by the food demand, in calculating the crop production
loss due to ozone effects using the equation given above, we as-
sume that the crop production is the same as in IM6.0-orig and
IM2.6-orig, respectively, thereby neglecting small differences in
crop production at the local scale.

3. Results on ozone indicators

3.1. Evaluation of ozone indicators for present day

Simulated surface and tropospheric ozone concentrations from
TM5 have been extensively evaluated against observations
(Huijnen et al., 2010; Chuwah et al., 2013; Van Noije et al., 2014).
Here, we evaluate the model with respect to its ability in capturing
the ozone indicators introduced in the previous section as well as
the corresponding monthly values for the year 2005. To this end,
we have selected rural background stations providing hourly sur-
face ozone measurements. We considered stations from the Euro-
pean Monitoring and Evaluation Programme (EMEP), the European
air quality database (AIRBASE), the Clean Air Status and Trends
Network (CASTNET) and the World Data Centre for Greenhouse
Gases (WDCGG). We selected only stations which provided data at
least 90% of the time during the growing season, as determined
from the IMAGE model for the selected year. In Europe and the
United States (US) there is sufficient data coverage to enable a
regional comparison between the modelled and observations
based ozone indicator. The locations of the remaining stations used
in our evaluation and the demarcation of the regions used in our
regional analysis are shown in Fig. 1. The simulated ozone data are
linearly interpolated to the station locations. Additionally, we ac-
count for station heights by interpolating to the station pressure
based on a standard atmosphere. Regional means are calculated by
taking the mean over all stations within a given region.

The monthly 12-h averaged ozone mixing ratio (M12) from the
model and the selected background stations for different regions
are presented in Fig. 2. A similar comparison for AOT40 is shown in
the Supplementary material (Fig. S2). The error bars show one
standard deviation of the values obtained for the individual sta-
tions. In addition, ratios between the regionally averaged measured
and simulated ozone indicators averaged (M7 andM12) or summed
(AOT40 and AOT40f) over the full growing season are listed in
Table 4. This comparison shows that the amplitude of the monthly
M12 metric is generally well captured by TM5. In general, the
Table 3
Overview of the IMAGE simulations performed for this study.

Simulations Changing ozone damage on crops

IM6.0-orig No
IM2.6-orig No
IM6.0-high Yes
IM6.0-low Yes
IM2.6-low Yes
model shows a positive offset in the summer in all considered re-
gions in Europe and the US. The biases in Europe can be as high as
about 15 ppbv in the summer months. The largest biases are found
in the US. In summer they reach 25 ppbv in the northeastern US,
which is highly significant compared to the variability among the
stations included for this region. For Japan, TM5 systematically
over-predicts the 12-h daytime mean surface ozone by up to
30 ppbv at the two selected stations in the spring and summer
months. Averaged over the whole growing season the model re-
produces M12 to within 13% in Europe and 21% in the US.

AOT40 and AOT40f are more sensitive to model biases because
of the 40 ppbv threshold. While TM5 captures the observed AOT40
reasonably well in Europe, the results in the US are less robust as
ourmodelled AOT40 is approximately twice as high as the observed
values (Table 4). The reasons for the observed mismatches espe-
cially in the US can have various causes related to representation of
chemical and physical processes in the model. Biases in the applied
emissions of ozone precursors and the relatively coarse horizontal
resolution of the model (Wild and Prather, 2006) likely also
contribute substantially to the observed discrepancies.

The observed biases between measured and observed ozone
especially for AOT40 is of great importance as calculated RYL might
be significantly overestimated in the US. To reduce this error, we
applied a correction to the model results for the different ozone
indicators. This is achieved by scaling the simulated ozone in-
dicators, obtained per grid cell for the whole growing season. The
scale factor is obtained on a regional level as the ratio of the
regional mean observed to modelled value for the corresponding
ozone indicator.We are not able to perform a similar bias correction
in Asia, Africa and South America because of the lack of represen-
tative networks of measurement stations of hourly surface ozone
data for 2005. This implies that the estimated RYL calculated in
these regions are sensitive to model biases. However, when
considering the impacts of future changes in ozone concentrations,
biases in present-day and future ozone concentrations partially
cancel each other.

3.2. Future projections of ozone indicators

Fig. 3 shows the simulatedM12 and AOT40 fields and changes in
2050 relative to 2005 under the IM2.6-low, IM6.0-low and IM6.0-
high scenarios. The data shown for Europe and the US are the
model results after the application of the bias correction. Results for
present-day seasonal mean ozone concentrations (M12) are typi-
cally around 40e60 ppbv in the northern hemisphere industrial-
ized regions, with values reaching around 60 ppbv in parts of India
and China. In most of the northern hemisphere mid-latitudes and
central Africa, we find AOT40 values higher than the 3 ppmv$h limit
necessary to curtail ozone impact on crops (see Karenlampi and
Sk€arby, 1996). Under the IM6.0-high scenario, we find a strong in-
crease in surface ozone concentrations exceeding 20 ppbv for M12
and 15 ppmv$h for AOT40. The increase is principally strong in the
Indian subcontinent. However, we also see decreases in surface
ozone concentrations mostly in the Congo and Amazon basins.

Comparison of simulated ozone concentrations under the
different scenarios shows that future changes in surface ozone
strongly depend on the assumed level of air pollution control and
climate policy. For instance, the implementation of all current and
planned legislation and additional air pollution abatement mea-
sures (IM6.0-low) decreases both M12 and AOT40, as seen most
noticeably in the eastern United States, part of the Mediterranean,
northwestern Europe and central Eurasia. If more stringent climate
and air pollution measures are put in place (IM2.6-low), both in-
dicators will be reduced over the entire globe ewith reductions up
to about 15 ppbv and15 ppmv$h, respectively, simulated in



Fig. 1. Spatial distribution of the selected ozone measurement stations providing hourly ozone concentrations for northwestern Europe (9�We12�E � 44�Ne68�N), northeastern
Europe (12�Ee30�E � 44�Ne68�N), Southern Europe (9�We30�E � 34�Ne44�N), the northeastern US (63�We102�W � 38�Ne48�N), the southeastern US
(63�We102�W � 22�Ne38�N) and the western US (102�We126�W � 28�Ne50�N).
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Fig. 2. Regional monthly 12-h averaged ozone concentrations (M12) from the selected background measurement stations compared to TM5. The error bars on the measurements
and simulation show one standard deviation of the monthly means for the different station locations in a given region.
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northern mid-latitudes.
4. Ozone impact on crops, land use and the carbon cycle

4.1. Ozone impacts for the present day

Fig. 4 shows the results for the ozone induced relative yield loss
for maize and rice, two important crop types in IMAGE. These two
crops have already been assessed on a global scale by Van Dingenen
et al. (2009) and Avnery et al. (2011a). This enables a comparison of
our results to their findings. Based on present-day (2005) ozone
levels, a RYL of up to about 10% is estimated for both crops
especially in parts of the Middle East, India and China where high
ozone concentrations are simulated during the growing season.
Comparison of our RYL estimates for maize and ricewith the results
of Van Dingenen et al. (2009) for the present-day reveals similar
global patterns with RYL factors also reaching values around 10%
locally. In Europe and the US where our results are less affected by
model biases, we estimate RYL factors of maximally about 4% for
maize in both regions and for rice in the US which is lower than the
maximum values of about 10% computed by Van Dingenen et al.
(2009) and 6% found for maize by Avnery et al. (2011a). Part of
this discrepancy is due to the fact that we have corrected for biases
in the simulated ozone concentrations. Without this bias



Table 4
Ratio of regional averages of the measured to simulated ozone indicators between
the start and end of the growing period.

Regions M7 M12 AOT40

Northwestern Europe 0.89 0.87 0.89
Northeastern Europe 0.85 0.88 0.77
Southern Europe 0.91 0.90 0.93
Northeastern US 0.85 0.79 0.54
Southeastern US 0.88 0.84 0.60
Western US 0.87 0.83 0.51
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correction, we find maximal RYL of about 8% in parts of Europe and
the US (Fig. S3). Differences are also caused by the fact that we used
the growing season from IMAGE in our computation of the ozone
indicators, while the crop calendar from the US Department of
Agriculture was used in the studies by Van Dingenen et al. (2009)
and Avnery et al. (2011a).

The estimated crop production loss varies regionally and be-
tween crop types as they portray different sensitivities to ozone
(Fig. 5). The corresponding crop production from which CPL is
computed is presented in the supplementary material (Fig. S4). For
2005, we estimate losses of up to 5 metric tons/km2 for maize and
rice in Asia which is akin to the present-day estimate of Van
Dingenen et al. (2009). Similarly, we find small CPLs in the US for
rice. However, for maize our computed CPL (0.5 metric tons/km2) in
the northeastern US is smaller than the 5 metric tons/km2 esti-
mated by Van Dingenen et al. (2009). Without the bias correction,
estimated CPL for maize reaches 1 metric tons/km2 in this region
(Fig. S5). While these differences stem partly from the applied bias
correction, they are also associated with the fact that the estimated
maize production in Van Dingenen et al. (2009) for this region is
higher than that simulated in IMAGE. Though there are spatial and
temporal differences, the present-day ozone impact on maize
production averaged over the US decreases by 48% when the bias
correction was applied and by 27% in Europe. For rice, we find a
decrease of about 40% in the US and 16% in Europe after the
application of bias correction.
4.2. Future impacts of ozone on crops

The effect of future ozone-induced crop losses can also be seen
in Figs. 4 and 5. Under the scenario with little air pollution control
(IM6.0-high), we find for both crops high RYLs exceeding 20% in
2050 in most parts of the Middle East, India and China. Avnery et al.
(2011b) using the A2 scenario also estimated RYL for maize of up to
20% in these regions in 2030 for M12. The implementation of
stringent air pollution policy results in a decrease in projected RYL
for maize and rice compared to 2005 values especially in the US,
southern Europe, the Middle East, India and China. Despite the
stringent air pollution policy in place, we still find RYL exceeding
15% mainly in some parts of India and China in 2050.

If air pollution policies are not tightened (IM6.0-high) in 2050,
CPL might get up to 10 metric tons/km2 especially in Asia. At the
same time, crop production losses up to 2 metric tons/km2 for
maize are also noted in the US (up to 5 metric tons/km2 without
bias correction), Southern Europe and central Africa. In contrast,
the implementation of air pollution mitigation measures leads to
lower CPL under IM6.0-low compared to IM6.0-high, most notice-
ably in parts of the US and Southern Europe. Irrespective of the
stringent policy in place, CPL in some parts of India and China still
gets up to 10 metric tons/km2
4.3. Impact on land use

Fig. 6 shows global and regional (see Bouwman et al., 2006 for
regional definition) ozone impacts on land use through crop yield
losses and the resulting expansion in agricultural areas under the
three scenarios evaluated in this study and also two simulations
without changes in ozone effects (IM2.6-orig and IM6.0-orig). In
the latter simulations ozone impacts are only included implicitly
based on FAO crop production data for the present day. The dif-
ference between the solid and dashed lines gives the impacts of
future ozone changes on land use via crop yield loss. If air pollution
measures are not enforced as assumed in IM6.0-high, crop yield
losses due to ozone changes will lead to an increase in global crop
area of approximately 1.3million km2 (2.5%) in 2050. Regionally, we
find the highest increases of up to 8.9% in Asia, 2.7% in Western
Europe and 1.1% in North America. Without bias correction, we
estimate higher increases in regional crop area in North America
(1.6%) and Western Europe (3.2%). Implementation of current and
planned air pollution legislation till 2030 and additional abatement
measures thereafter (IM6.0-low), leads to small impacts of crop
yield losses on crop area globally and inmost regions except in Asia,
where increases in crop area of up to 3.6% are estimated in 2050.
This implies that additional measures to control the emissions of
ozone precursors would be needed in order to further curb the
impact of surface ozone on crop yield and land use.

4.4. Impacts of climate policy on crop yields and land use

The effect of climate policy on ozone-induced crop losses can be
evaluated by comparing the IM6.0-low and IM2.6-low scenarios
(Figs. 4e6). Interestingly, these Figures show that climate policy can
has significant co-benefits by reducing the ozone impacts on crop
yields. For instance, in India and China, which are the most affected
regions, we find RYL reaching 10% for maize and 8% for rice under
IM2.6-low compared to 15% or more for maize and rice under
IM6.0-low. The co-benefits of climate policy can also be seen in the
lower CPL especially in the US and Southern Europe. Even without
bias correction, the CPL is still relatively low in these regions. Also in
Asia, CPL decreases from a maximum of about 10 metric tons/km2

to approximately 5 metric tons/km2 following the implementation
of climate policy.

It should be noted that while the climate mitigation scenario
(IM2.6-low) requires less land in response to ozone damage, it
needs more land use for bio-energy production that forms part of
the mitigation portfolio. Overall, this leads to an increase of agri-
cultural area of 4.8% globally. Regionally, significant increases in
crop area are found most notably in Eurasia (14.2%), North America
(9.3%), Asia (5.5%) andWestern Europe (3.9%). In IMAGE, bio-energy
crops are cultivated mostly on abandoned agricultural land and
grassland mainly in OECD countries and the former Soviet Union in
the first half of the century (see Van Vuuren et al., 2007). The in-
direct impact of ozone on land use (depicted by the difference
between (IM2.6-low and IM2.6-org) is small because stringent
climate and air pollution policies measures assumed under these
scenarios lead to a reduction of the emission of ozone precursors
and hence limit the severity of ozone damage on crops.

4.5. Impact on the carbon cycle

Table 5 gives the cumulative net CO2 emissions to the atmo-
sphere from land use between 2005 and 2050. We estimate
negative cumulative CO2 emissions for all our scenarios in North
America and Western Europe as re-growth of vegetation on aban-
doned agricultural land leads to significant uptake of carbon. The
indirect impact of ozone changes on CO2 emissions through



Fig. 3. Simulated global distributions of M12 and AOT40 for the year 2005 and the changes in 2050 relative to 2005 under the different scenarios (IM2.6-low, IM6.0-high and IM6.0-
low) after mean bias correction in Europe and North America.



Fig. 4. Estimated relative yield loss for maize and rice for the present day (2005) and three scenarios for 2050.
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Fig. 5. Crop production loss (CPL) for 2005 and 2050, under IM2.6-low, IM6.0-low and IM6.0-high for maize and rice.
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Fig. 6. Global and regional crop area under IM2.6-low, IM6.0-low and IM6.0-high. The dash lines show simulations in IMAGE without ozone changes (IM2.6-orig and IM6.0-orig),
while the solid lines correspond to simulations that account for impacts of ozone changes.
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changes in land use is rather small in most parts of the globe. On a
global scale, we find the highest increase in the cumulative CO2
emissions due to impacts of ozone changes on crops under the
IM6.0-high scenario, where we estimate an increase of about
3.7 Pg C (10.4%) compared to the case without ozone changes.
Compared to the anthropogenic CO2 emissions from fossil fuel
combustion and cement production (9.5 ± 0.8 Pg C in 2011; Ciais
et al., 2013) these are relatively small numbers. However, in Asia
a significant increase of the cumulative CO2 emissions from land
use can be noticed due the impacts of ozone increases under both
the IM6.0-low (26.2%) and IM6.0-high (52.4%) scenarios. The
impact of ozone changes on CO2 emissions is relative small in
Eurasia, South America, Africa, the Middle East and Oceania. Hence,
the 10% increase under IM6.0-high is dominated by the increased



Table 5
Regional and global cumulative net CO2 emission (Pg C) to the atmosphere from land
use between 2005 and 2050.

Regions IM2.6-
orig

IM2.6-
low

IM6.0-
orig

IM6.0-
low

IM6.0-
high

North America �0.57 �0.43 �1.19 �1.02 �0.91
Western Europe �1.13 �1.11 �1.13 �1.11 �1.07
Eurasia 3.37 3.43 3.75 3.70 3.68
Asia 4.25 4.55 3.93 4.96 5.99
South America 9.68 9.67 8.96 8.98 9.47
Africa and Middle East 21.3 21.4 20.5 20.2 21.2
Oceania 0.89 0.85 0.76 0.85 0.95
World 37.8 38.4 35.6 36.6 39.3
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land use emissions in Asia.

5. Discussion and conclusions

Using the IMAGE integrated assessment model and the global
chemistry and transport model TM5, we estimated the impacts of
plant exposure to ozone on crop production for the present day
(2005) and for three RCP-like scenarios for the first half of the
century. Moreover, we have evaluated the subsequent impacts of
the corresponding future ozone changes on land use and the carbon
cycle. By comparing the different scenarios we have been able to
assess possible future impacts of air pollution control and climate
change mitigation policy. Some important conclusions can be
drawn.

For many crop types the relative yield loss (RYL) and crop pro-
duction loss (CPL) caused by present-day ozone levels is found to be
substantial. According to our calculations the relative yield losses
for maize and rice may be reaching 10% in parts of the Middle East,
India and China. These percentages are in line with the results
found by Van Dingenen et al. (2009), but may be affected by biases
in ozone concentrations in TM5. In Europe and the US, where our
estimates are less affected by model biases because of the applied
mean bias correction in these regions, we find RYL factors of
maximally about 4% for both maize and rice which is below the
estimates of Van Dingenen et al. (2009) and Avnery et al. (2011a).

The associated crop production losses for both maize and rice
reaches 5 metric tons/km2 in Asia, which is similar to the present-
day estimate of Van Dingenen et al. (2009). Similarly, we estimate
small CPLs in the US and Europe for rice. In the case of maize, our
computed CPL (0.5 metric tons/km2) in the northeastern US is
lower than the 5 metric tons/km2 calculated by Van Dingenen et al.
(2009). The differences in the estimated CPL are mainly related to
the bias correction applied in this study, and the high maize pro-
duction assumed in Van Dingenen et al. (2009) for this region
compared to that simulated in IMAGE.

Without air pollution and climate policies, increasing ozone
precursors emissions could lead to higher crop yield losses. Both air
pollution and climate policies could reduce these losses by
reducing surface ozone concentrations. If control on air pollution
policies is not strengthened, crop yield losses could be considerably
higher especially in Asia, where we find up to 20% losses in 2050
compared to a reference situation without ozone changes. Our re-
sults also show that significant yield loss can be avoided by
reducing emissions of ozone precursors. This can be achieved
through air pollution control measures, as co-benefit of climate
mitigation policies or by a combination of both.

Reducing ozone damage leads to increased crop productivity,
and, possibilities for reducing cultivated area. This, in turn, could
lead to a reduction of emissions associatedwith land-use change. In
the worst-case scenario analysed in this study, future ozone in-
creases will increase the global crop area by 2.5% and the
cumulative net CO2 emissions from land use between 2005 and
2050 by about 3.7 Pg C or 10.4% compared to the case without
changes in ozone. The ozone induced changes in land use are more
substantial in regions where severe ozone crop damage is esti-
mated. This is especially the case in Asia, where we find a 8.9%
expansion of the crop area in 2050 and a 52.4% increase in the
cumulative net CO2 emissions between 2005 and 2050. It should be
noted that the implementation of climate mitigation policies by
itself may result in an increase in crop area, if a significant contri-
bution of bio-energy forms part of the mitigation portfolio.

In some regions the extra crop production as a result of reduced
ozone impacts on yields due to climatemitigation is substantial. For
instance, the maize and rice yield gains as a result of lower ozone
concentrations could reach 10% in Asia. For comparison, Easterling
et al. (2007) estimate that climate change impacts on the yield of
maize and rice could be in the order of 40% for maize and 20% for
rice for local temperatures increases above 3 �C. Recently, Tai et al.
(2014) showed similar to this study that air pollution policies have
the potential to partially offset the crop production reduction
caused by climate change.

This study provides a first exploration of the effects using rela-
tively simple methods to estimate crop damage. Some limitations
of this integrated approach to crop yield loss assessment have
already been highlighted in previous studies (Van Dingenen et al.,
2009; Avnery et al., 2011a and 2011b). Below we indicate the key
limitations of this study.

� Our methodology uses an exposure-based approach which has
been widely used to assess ozone damage on crops. However,
the applicability of this approach is limited because it does not
explicitly account for crucial environmental factors (such as
temperature, water availability and plant defence), which are
important in evaluating the rate of ozone uptake by plants and
the eventual damage. For this reason, a mechanistic flux-based
method has been designed in recent years (Emberson et al.,
2000; Sitch et al., 2007; Yue and Unger, 2014). In this
approach the yield loss is calculated from the flux of ozone
through the stomata. This requires information on environ-
mental factors like aerodynamic and boundary layer resistance,
which affect the stomatal conductivity and uptake of ozone by
plants. Flux-based methods are not suitable for the kind of
large-scale assessment of crop losses undertaken in this study
because of lack of sufficiently reliable data to characterize plant
sensitivities (Avnery et al., 2011a; Van Dingenen et al., 2009).
More so, experimental data needed for the computation of
ozone stomatal flux are only available for a limited number of
crops.

� In this study, we have only accounted for the impacts of future
changes in emissions on ozone concentrations, without
considering any possible effects of future climate change on
ozone. Future changes in climatic factors like temperature,
precipitation and changes in the large-scale circulation are likely
to also affect surface ozone concentrations. However, in most
regions emission changes are the main factor influencing the
concentrations of ozone in the troposphere in the first half of the
century (Fiore et al., 2012; Young et al., 2013). A further source of
uncertainty not accounted for is the effect of climate change on
biogenic emissions of ozone precursors.

� Also, we have not considered possible impacts of climate change
on growing season, as we use a fixed present-day start and
length of the growing season in our calculations of ozone in-
dicators. Changes in the crop calendar is likely to have a small
impact on crop production losses and land use on a global scale
but might be significant on a local scale (Van Dingenen et al.,
2009). Furthermore, we do not model the ozone and CO2
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interaction in IMAGE but rather simulate the effects of ozone
changes on the carbon cycle via crop yield. In reality, the
reduction in stomatal conductance that follows elevated atmo-
spheric CO2 concentrations suppresses the ozone effects on
plants (see Sitch et al., 2007).

� An additional uncertainty is due to biases in the simulated
ground-level ozone concentrations. We therefore applied a bias
correction to the model-based ozone indicators in Europe and
the US. This tends to reduce the present-day ozone impacts on
maize production in the US and Europe by on average 48% and
26%, respectively. In other regions, our calculation of the
present-day ozone impacts on crop production is affected by
model biases. The bias correction effect is generally smaller than
the bias itself because the present-day bias and future bias
partially offset each other, and we expect that errors outside of
the US and Europe due to these biases to be similar in size to the
US and European errors.

� Finally, we assume no changes in agricultural trade regimes in
IMAGE. However, future changes in trade patterns will have
impacts on agricultural production and land use. For instance
trade liberation will lead to an increase in trade of agricultural
products and economic benefits in most parts of the world, but
to an increase in environmental pressures (increases in land
use) especially in developing exporting regions. Also, the
introduction of ozone resistant species or intensification of
agricultural practices on current crop land could limit the im-
pacts of ozone on land use.

The limitations mentioned above have little influence on the
qualitative conclusions of this study.
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