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Abstract. Using a global atmospheric chemistry model,
we have quantified for the first time, intercontinental trans-
boundary contributions to crop ozone exposure and subse-
quent yield reductions in the Northern Hemisphere. We ap-
ply four metrics (AOT40, M7, M12, W126) to assess the
impacts of 100 % reductions in anthropogenic NOx emis-
sions from North (N) America, South East (SE) Asia and
Europe on global and regional exposure of 6 major agricul-
tural crop types to surface ozone, and resultant crop produc-
tion losses during the year 2000 growing season. Using these
metrics, model calculations show that for wheat, rice, cot-
ton and potato, 100 % reductions in SE Asian anthropogenic
NOx emissions tend to produce the greatest global reduc-
tion in crop production losses (42.3–95.2 %), and a 100 %
reduction to N American anthropogenic NOx emissions re-
sults in the greatest global impact on crop production losses
for maize and soybean (59.2–85.9 %). A 100 % reduction
in N American anthropogenic NOx emissions produces the
largest transboundary impact, resulting in European produc-
tion loss reductions of between 14.2 % and 63.2 %. Euro-
pean NOx emissions tend to produce a smaller transbound-
ary impact, due to inefficiency of transport from the Euro-
pean domain. The threshold nature of the AOT40 ozone-
exposure metric results in strong dependence of non-local
emissions impacts on the local ozone concentration distri-
bution. Our calculations of absolute crop production change
under emission reduction scenarios differ between the met-
rics used, however we find the relative importance of each
region’s transboundary impact remains robust between met-
rics. Our results demonstrate that local air quality and emis-
sion control strategies have the potential to partly alleviate
ozone-induced crop yield loss in continents downstream, in
addition to effectively mitigating local ozone-induced pro-
duction losses.

1 Introduction

In recent decades tropospheric ozone has emerged as a global
air pollution problem for human health and has also been ob-
served to have harmful impacts on vegetation (Fuhrer and
Achermann, 1994; Jager et al., 1996; United States Environ-
ment Protection Agency, USEPA 1996). Field experiments
show ozone damage to result in yield reduction and deterio-
ration in crop quality (Fuhrer, 2009). Ozone is produced in-
situ in the troposphere through a sequence of sunlight-driven
photochemical reactions involving nitrogen oxides (NOx, en-
compassing both NO and NO2) and volatile organic com-
pounds (VOCs) or CO (Crutzen et al., 1999). Since the
pre-industrial period, anthropogenic emissions of NOx, CO,
methane, and other VOCs have likely led to increased ambi-
ent ozone over many regions (Prather et al., 2001). Ozone-
induced crop yield reductions have been suggested to lead
to economic loss and to threaten food security. This is of
increasing concern, especially where the expanding econ-
omy has resulted in increased emissions of ozone precursors
(Adams et al., 1982; Aunan et al., 2000; Holland et al., 2002;
Li et al., 1999; Wang and Mauzerall, 2004).

Overall, emissions reductions in response to monitoring
of exceedences of air quality standards (AQSs) set in health
and vegetation exposure guidelines, have in part resulted in
the decrease in the frequency of peak ozone levels since the
1990s (Lin et al., 2001; Soldberg and Lindskog, 2005). How-
ever as many economies are still growing rapidly (in particu-
lar those in southern and eastern Asia), the emission of ozone
precursor trace gases in the Northern Hemisphere (NH) is
expected to continue to rise (Zhang et al., 2009). Many ob-
servational and modelling studies have quantified contribu-
tions to regional surface ozone concentrations from import
of ozone and its precursors from continental regions upwind

Published by Copernicus Publications on behalf of the European Geosciences Union.



272 M. J. Hollaway et al.: Intercontinental ozone impacts on crops

(Hudman et al., 2004; Derwent et al., 2004; Dentener et al.,
2010; Parrish et al., 2010). These studies have inferred con-
tributions of between 2 and 10 ppbv to surface ozone in west-
ern Europe and western North (N) America from ozone pre-
cursor emissions in N America and Asia, respectively. Euro-
pean emissions also impact surface ozone in South East (SE)
Asia by 0.2 to 3.5 ppbv (Duncan and Bey, 2004; Fiore et al.,
2009; Wild et al., 2004). However, due to a paucity of strong
cyclogenisis and frontal activity over Central and Eastern Eu-
rope, export of European emissions eastwards is somewhat
less efficient compared with N American and Asian pollu-
tion export (Stohl, 2001). These inter-continental transport
contributions to surface ozone can lead to exceedences of re-
gional AQSs, and may become significant in the context of
threshold limits for safe human health and vegetation expo-
sure. As European and N American ozone precursor emis-
sions continue to decline, rising East Asian emissions may
play an increasing role in controlling NH background ozone
(Cooper et al., 2010; Jacob et al., 1999), which has seen in-
creases over the past 30 yr (Cooper et al., 2010; Derwent
et al., 2004). Intercontinental contributions to crop ozone
exposure and yield reductions have not yet been quantified,
but are important to understand in the context of expected
future changes in ozone precursor emissions in the Northern
Hemisphere and other environmental threats to food security.

Recent studies (Roy et al., 2009; Tong et al., 2009b;
Van Dingenen et al., 2009; Averny et al., 2011a,b) have as-
sessed the exposure of crops to ozone over various regions of
the world using atmospheric models to provide the necessary
regional or global ozone concentration fields for the analy-
sis.Van Dingenen et al.(2009) estimate the global impact of
surface ozone on four major agricultural crops (wheat, rice,
soy and maize) under current and future emission scenarios,
focusing in particular on the impact of relative yield losses
on production losses in terms of the reduced yield due to
ozone exposure and the associated economic losses. They
estimated that present day yield losses (the reduction in yield
compared to a theoretical case of no exposure of the crops to
ozone) lie in the range of 7 % and 12 % for wheat, between
6 % and 16 % for soybean, between 3 % and 4 % for rice and
between 3 % and 5 % for maize.Averny et al.(2011a) es-
timate similar yield losses for the year 2000 showing wheat
relative yield losses of 3.9 to 15.4 %, soybean relative yield
losses of 8.5 to 13.9 % and maize yield losses of 2.2 to 5.5 %.
Van Dingenen et al.(2009) also show that by 2030 (under a
current legislation scenario) the global situation is expected
to deteriorate mainly for wheat (additional 2–6 % loss glob-
ally) and rice (additional 1–2 % loss globally). They also es-
timated that using 2000 world market prices, the total global
economic cost would be in the range of $14 to $26 billion.
Averny et al.(2011b) also estimated the damage due to ozone
exposure, showing that the projected global economic loss by
2030 would fall in the range of $12 to $35 billion (depending
on emissions scenario used).

These studies aim to provide quantification of ozone dam-
age to crops on a global, regional and national scale. How-
ever, no previous study has attempted to estimate the im-
pact of ozone precursor emissions from each of the North-
ern Hemisphere’s major industrialized regions on crop yields
globally, locally and in continents downwind. In this study,
we use a global chemical transport model to quantify the
intercontinental contributions to ozone-induced crop pro-
duction losses, due to anthropogenic NOx emissions from
N America, SE Asia, and Europe. We compare a control
simulation for 2000 against 3 different emissions scenarios
where a 100 % reduction is applied to anthropogenic NOx
emissions in each of the 3 regions separately. We use these
scenarios to quantify contributions to regional crop produc-
tion losses of six major crop types, from emission reduc-
tions in each region, using a range of ozone exposure met-
rics (AOT40, Mx and W126). We aim to determine how
the use of these different metrics impacts our conclusions
regarding transboundary crop production loss contributions.
Section 2 reviews the metrics used to assess the ozone expo-
sure risk of vegetation. Section 3 describes the TOMCAT
chemical transport model, the exposure response relation-
ships used to quantify the impact of ozone exposure on crop
relative yield loss and production and the crop data sets used
in this study. Section 4 presents a model versus observations
comparison of surface ozone concentrations and the differ-
ent metrics along with the projected impact of the emissions
reductions on crop production loss and the different impact
on crop production figures. Section 5 discusses the estimated
transboundary effects of the emissions cuts. The conclusions
of this study are presented in Sect. 6.

2 Metrics used to assess ozone exposure risk of
vegetation

There have been a large number of field studies carried out
to assess the response of crops to ozone exposure, especially
in N America and Europe, and to a lesser extent in South and
East Asia (Emberson et al., 2009). Mills et al. (2007) review
two major studies: the US National Crop Loss Assessment
Network (NCLAN) studies conducted in the 1980s (Hea-
gle, 1989) and the European Open Top Chamber Programme
(EOTCP) conducted in the late 1980s and early 1990s (Jager
et al., 1992). These studies aimed to establish the response of
crops to exposure to ozone and the resultant losses in yield.
Mills et al. (2007) review a large set of crops to exposure to
ozone data from a number of sources in the existing litera-
ture (including data from the above coordinated field exper-
iments) in order to derive exposure-response functions for a
set of 19 European agricultural and horticultural crops.

In addition to AQSs adopted to protect human health,
AQSs for the protection of vegetation have been adopted in
Europe (Fowler et al., 2008). Compared to those for vege-
tation, human exposure AQSs tend to focus on acute ozone
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pollution episodes rather than longer-term chronic exposure.
As such, it is questionable whether human health AQSs will
protect ecosystems. The AOT40 (accumulated exposure over
a threshold of 40 ppbv) metric has been adopted in Europe
(European Environment Agency, EEA 1999), to assess risk
to vegetation from ozone exposure, and has been used to es-
timate changes in crop yield losses due to ozone exposure
in different global regions (Van Dingenen et al., 2009; Wang
and Mauzerall, 2004). The United Nations Economic Com-
mission for Europe (UNECE), and the World Meteorolog-
ical Organization (WMO) set a critical threshold value of
AOT40 at 3 ppm h daylight hour accumulated ozone expo-
sure, which should not be exceeded during the plant grow-
ing season (WHO, 2000). In the United States, as of 2007,
the USEPA has set equal primary and secondary standards
for the protection of human health and human welfare (in-
cluding damage to crops) respectively, with a peak 8 h mean
ozone concentration not to exceed 75 ppbv more than three
times a year (USEPA, 2010b). The USEPA is currently in
the process of revising these AQSs (USEPA, 2010a).

The USEPA also proposed the W126 metric as a secondary
standard to assess potential vegetation damage from ozone
exposure (Federal Register, 2008). This is used by sev-
eral Federal agencies in the United States as well as by re-
searchers (Wang and Mauzerall, 2004). The W126 metric is
defined as the sum of hourly ozone concentrations (weighted
by a sigmoidal weighting function) during daylight hours
through the period of a crop growing season. W126 does
not have a threshold value but the weighting function places
more emphasis on higher ozone concentrations, hence like
AOT40, W126 acts to emphasize both the peak and dura-
tion of ozone concentrations to which vegetation is exposed
(Tong et al., 2009a).

A third set of standards developed to assess ozone impacts
on vegetation are M7 and M12 (collectively referred to as
Mx), as described in (Tong et al., 2009a). These indices
are calculated over 3 consecutive months of a plant grow-
ing season, and defined as the mean daytime 7 h (M7) and
12 h (M12) surface ozone concentrations. These indices dif-
fer from AOT40 and W126 in that they apply equal weight-
ing to all ozone concentrations to which the plant is exposed.
As the Mx indices are calculated during daylight hours, all
ozone concentrations during this period contribute equally.
Table1 shows the definitions of each of the indices.

The Mx indices have been criticised for their inability to
characterize different types of exposure regimes, partly as
they have the potential to put more emphasis on the more
numerous but less biologically significant lower ozone con-
centrations. However, concentrations that are less impor-
tant in terms of plant damage are still able to cause some
reduction in crop yields (Heck and Colwing, 1997). Using
Mx can therefore account for any yield losses resulting from
ozone concentrations of less than 40 ppbv, and the defined
Mx Weibull relationship (see Table2) used to relate ozone
exposure to damage, results in less predicted damage at these

Table 1. Definitions of the ozone exposure indices used in this
study. n is the number of hours in the growing season, C is the
hourly ozone concentration andi is the hour index.

Index Definition Unit

AOT40 AOT40 =
∑n

i=1 [C-40]i ppm h
for C ≥40 ppbv

M7 M7 = 1
n

∑n
i=1 [C]i ppbv

for 09:00–15:59 h C

M12 M12 = 1
n

∑n
i=1 [C]i ppbv

for 08:00–19:59 h C

W126 W126 =
∑n

i=1

[
C

1+4403exp(−0.126×C)

]
i

ppm h

for C ≥0 ppmv

lower ozone concentrations. This Weibull relationship can
lead to a less severe, but similar threshold behviour to that
of the other metrics. These nuances are important to under-
stand, especially since it has been demonstrated that damage
to crops can still occur below 40 ppbv ozone exposure (Ash-
more, 2005; Sitch et al., 2007; Mills et al., 2011a).

M7 and M12 have been used in a number of modelling
studies to assess the impact of ozone on crop damage.Tong
et al. (2009a) used a number of exposure and concentration
based indices (including Mx, AOT40 and W126) to assess
vegetation exposure to ozone over the United States using
an air quality forecast model. M7 and M12 were also used
in the USEPA’s National Crop Loss Assessment Network
(NCLAN) (Heck et al., 1984). Van Dingenen et al.(2009)
concluded that AOT40’s high sensitivity to small changes in
ozone concentration close to the 40 ppbv threshold and to un-
certainties in ozone concentration, made it less suitable as an
indicator for crop losses in modelling-based studies. They
also concluded that M7 can be more satisfactorily modelled,
but is considered a less suitable indicator for crop exposure.
Tong et al.(2009a) showed that W126, despite not having
a threshold value, performed less satisfactorily from a mod-
elling point of view, due to its weighting function putting
more emphasis on higher ozone concentrations for which bi-
ases between the modelled and observed concentrations are
larger.

An important aspect to consider is that the AOT40 in-
dex was designed to capture the most harmful effects from
episodic ozone pollution. However now that background
levels of ozone are increasing (Cooper et al., 2010; Der-
went et al., 2004) these threshold indices are starting to be-
come less useful. It has also been highlighted in previous
modelling studies that large uncertainties can arise in us-
ing these exposure based indices to estimate yield loss from
model ozone fields (Tong et al., 2009a; Van Dingenen et al.,
2009). A more accurate approach is to develop plant re-
sponse relationships that are based on the flux of ozone into
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Fig. 1. SAGE group derived crop locations and production output for the six crop types considered, with emissions reduction regions
(N America, Europe and SE Asia) overlaid.

the plant. However, at present flux-response relationships are
only available for wheat and potato (Pleijel et al., 2004), and
more recently tomato (Mills et al., 2011b). Not all of these
have been parameterised for global application. As there is
a much more comprehensive set of exposure-response rela-
tionships available to predict crop yield losses from the expo-
sure based metrics, we have employed these here so that we
can include a range of major crops, and compare our results
across ozone-tolerant and ozone-sensitive crops. However, it
should be noted that it is difficult to assess the suitability of
these concentration based indices for application in regions
different from those in which they were developed (Ember-
son et al., 2009). Future work is needed to develop and im-
plement flux-based metrics for predicting yield losses on the
global scale.

3 Methodology

3.1 TOMCAT Chemical Transport Model and
emissions scenarios

The global 3-D TOMCAT chemical transport model (CTM)
(Arnold et al., 2005; Chipperfield, 2006) is used to simu-
late hourly global tropospheric ozone for the year 2000 un-
der the control and each of the 3 emissions reduction sce-
narios. TOMCAT is forced using offline ERA-interim me-
teorological data from the European Centre for Medium

Range Weather Forecasts (ECMWF), at a horizontal res-
olution of ∼ 2.8◦

× ∼ 2.8◦ with 31 hybrid sigma-pressure
levels from the surface to 10 hPa. Sub-grid transport from
convection (Stockwell and Chipperfield, 1999) and bound-
ary layer turbulence (Holstag and Boville, 1993) is parame-
terised. The model tropospheric chemistry includes methane,
NOx, C2-C3 VOCs, isoprene photochemistry, wet and dry
deposition (Giannakopoulos et al., 1999), and NOx emis-
sions from lightning (Stockwell et al., 1999). Anthropogenic
emissions were prescribed using the IPCC AR5 2000 emis-
sions set (Lamarque et al., 2010) along with biomass burn-
ing emissions climatology from the Global Fire Emissions
Database version 2 (GFED2) described in (van der Werf
et al., 2006). In addition biogenic emissions were prescribed
from the POET (Precursors of Ozone and their Effects in
the Troposphere) database, used as described inEmmons
et al. (2010). In order to assess the contribution from an-
thropogenic NOx emissions from N America, SE Asia, and
Europe to ozone-induced crop damage, we repeat simula-
tions for the year 2000 applying a 100 % reduction to an-
thropogenic NOx emissions over each of the source regions
shown in Fig.1.

The overall goal of this study is to quantify the extent
to which anthropogenic NOx emissions from the major in-
dustrialised regions in the northern hemisphere contribute
to ozone-induced crop yield losses, with an emphasis on
quantifying trans-boundary impacts. To achieve this it was
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Table 2. Ozone exposure/dose response functions for wheat, rice, maize, soybean, cotton and potato based on the AOT40, M7, M12 and
W126 indices. The AOT40 relationships are described inMills et al. (2007). The M7, M12, and W126 relationships are described inWang
and Mauzerall(2004).

Crop Metric Exposure/dose response function: RY

Wheat AOT40 RY =−0.0161 AOT40 + 0.99
M7 RY = exp[−(M7/137)2.34]/exp[−(25/137)2.34]
W126 RY = exp[−(W126/51.2)1.747]

Rice AOT40 RY =−0.0039 AOT40 + 0.94
M7 RY = exp[−(M7/202)2.47]/exp[−(25/202)2.47]

Maize AOT40 RY =−0.0036 AOT40 + 1.02
M12 RY = exp[−(M12/124)2.83]/exp[−(20/124)2.83]
W126 RY = exp[−(W126/93.7)3.392]

Soybean AOT40 RY =−0.0116 AOT40 + 1.02
M12 RY = exp[−(M12/107)1.58]/exp[−(20/107)1.58]
W126 RY = exp[−(W126/109.75)1.2315]

Cotton AOT40 RY =−0.016 AOT40 + 1.07
Potato AOT40 RY =−0.0057 AOT40 + 0.99

necessary to apply 100 % reductions to anthropogenic NOx
sources. Production of ozone in the troposphere varies non-
linearly with changes to NOx emissions. Hence, scaling from
a more attainable emissions reduction of e.g. 20 % to total
attribution is not trivial. Wild et al. (2011) and references
therein show that scaling a 20 % emissions reduction by a
factor of 5 can underestimate the response to a 100 % re-
duction. In the case of NOx emissions, this non-scalable be-
haviour shows a strong seasonal dependence. In addition, the
threshold nature of the AOT40 index means that its response
to ozone precursor emission changes are not scalable.

In our simulations, emission cuts are applied only to an-
thropogenic surface emissions of NOx. Biomass burning and
natural NOx emissions remain unchanged between the dif-
ferent scenarios. We have not changed aircraft emissions of
NOx between simulations, since it is difficult to regionalize
these emissions in terms of their attribution. Figure2 shows
NOx emissions under the control and each of the emissions
reduction scenarios. Hourly ozone concentrations were out-
put from the midpoint of the lowest model layer, which is
∼30 m above the surface. To account for the concentration
gradient of ozone in the lowest model layer (produced by de-
position to the surface), we scaled the model ozone to crop
canopy height (assumed to be 1 m), using the approach of the
Long-range Transboundary Air Pollution (LRTAP) Conven-
tion 2004, as described byTuovinen et al.(2007).

3.2 Calculation of ozone exposure metrics and relative
yield loss

The Mx, AOT40 and W126 exposure indices are calculated
using modelled hourly ozone (scaled to crop canopy height).
Using model AOT40, we calculate the relative yield loss for
6 major crops: wheat, rice, maize, soybean, cotton and potato
(Fig. 1). We use Mx to calculate relative yield loss for 4 of

the crops (wheat, rice, maize and soybean). The W126 in-
dex is used to calculate relative yield loss for 3 of the crops
(wheat, maize and soybean). The choice of crops for each in-
dex is limited by the availability of exposure-response func-
tions. Values are accumulated over a crop-specific growing
season which we define as the period between the planting
date and the harvesting date for each of the crops considered
(see Sect. 3.3). The use of crop-specific growing seasons al-
lows a more realistic estimation of the exposure of crops to
ozone damage, each of which grow for different periods of
time in different locations. For Mx we calculate 7 h and 12 h
daytime mean ozone over the duration of the same growing
season used for AOT40. We follow the approach of previous
studies (Roy et al., 2009; Van Dingenen et al., 2009) and de-
fine daylight hours as a fixed 12-h period running from 08:00
to 19:59 local time (LT) for the calculation of AOT40, M12
and W126. For M7 we use a 7-h time period of 09:00 to
15:59 LT.

Relative yield for each crop is calculated based on the
exposure-response relationships compiled byMills et al.
(2007), which give linear exposure-response relationships
as a function of AOT40 for the crops considered (Table2).
Using AOT40, allows us to consistently assess the impact
of ozone exposure on both ozone sensitive (wheat, soybean
and cotton) and moderately ozone tolerant (rice, maize and
potato) crop types.

The AOT40 exposure-response relationships tend to have
an intercept that is not equal to 1. In the case of some
crops this can produce an offset that is high compared to
the slope of the exposure-response relationship. Therefore
we have adopted a similar approach to that used inVan Din-
genen et al.(2009) and scaled the exposure response func-
tions to their value at AOT40 = 0 such that the relative yield
is equal to 1 at zero exposure. Table2 also summarises
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Fig. 2. Global surface NOx emission distributions under(a) the control and(b–d) each of the emissions cut scenarios.

the exposure response relationships for the calculation of
relative yield loss for wheat, rice, maize and soybean us-
ing Mx and wheat, maize and soybean using W126 from
Wang and Mauzerall(2004).

3.3 Crop data and calculation of crop production loss

We use the distributions and growing seasons for each crop
from crop datasets from the Center for Sustainability and the
Global Environment (SAGE) group at the University of Wis-
consin (Sacks et al., 2010). These provide global-scale crop
planting and harvesting dates for 19 widely-grown crops,
covering 71 % of the world’s crop growing areas, and har-
vested area and production output for 175 distinct crops
of the world (Monfreda et al., 2008). The data are pro-

vided on a∼ 10 km by 10 km (5 min resolution) latitude-
longitude grid and are produced by combining national, state
and county level census statistics from 206 countries, and
planting and harvesting dates from national and sub-national
levels. Global maps of the crop locations are shown in Fig.1.

We make use of the filled version of the crop calendar
datasets which provide a location-specific planting and har-
vesting date for every land point on the globe for each of the
six major crop types we consider. The crop location and har-
vest data are regridded to the∼ 2.8×2.8◦ TOMCAT horizon-
tal resolution. We define the crop-specific growing season as
the time in days between the planting and harvesting date for
each land model gridbox.

Biogeosciences, 9, 271–292, 2012 www.biogeosciences.net/9/271/2012/
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Fig. 3. Regionally-averaged monthly-mean surface ozone concentrations from monitoring stations (black line) and the TOMCAT model
under the control scenario (red line) for the year 2000. The model results are the means for the model gridboxes where the stations are
located with the model ozone concentration scaled from 30 m (centre of surface gridbox) to 10 m (measurement sample height). Error bars
indicate 1 standard deviation on the monthly mean observations. The normalised model mean bias (NMMB) is indicated for each region.

We calculate AOT40, Mx and W126 for each crop on a
global scale over the crop-specific growing seasons and then
use the crop data to quantify regionally-aggregated relative
yield losses (mean yield loss weighted according to area har-
vested and crop production output within each region) for
each of the six major crops.

Crop production loss (CPL) is calculated based upon the
relative yield loss, and the production output data:

CPL=
RYL

1−RYL
×CP (1)

where CP is the annual yield produced for each crop in the
year 2000 given byMonfreda et al.(2008). We calculate CPL
for each of the six crops on a global scale and over each of
the 3 NH regions considered.

3.4 Model evaluation

Modelled surface ozone is evaluated using hourly ozone ob-
servations from the year 2000 averaged over several sites
within each region, which is mainly taken from continuous
ground based UV absorption based measurements. We make
use of data from the European Monitoring and Evaluation
Programme (EMEP), the USEPA and the World Data Cen-
tre for Greenhouse Gases (WDCGG). We use sites from var-
ied location types, including both urban and rural locations,
as well as coastal and inland locations, to provide coverage

across polluted and relatively clean air locations. We have
used sites from Japan, Malaysia, Nepal and China for the
monthly-mean comparison over Asia, as these sites provided
the best continuous surface level ozone on a monthly basis.
Outside of Europe and N America, we have used observa-
tions from the year 2000 where possible, but generally the
ozone data used falls within the range 1995–2010 according
to data availability. Hourly model output is taken from grid
boxes containing each observation site position, before being
averaged across sites within each region. Table3, provides a
summary of the regions compared as well as information on
the sources of the observations. We compare modelled and
observed monthly-mean ozone, as well as the AOT40, Mx
and W126 metrics where hourly observations allow.

4 Results

4.1 Comparison of model ozone concentrations and
metrics with observations

Figure3 shows observed and modelled monthly-mean ozone
concentrations from the year 2000 control simulation for re-
gions considered in the study. For these comparisons, the
model ozone at 30 m (the mid-point of the lowest model
layer) was scaled using the approach of theLRTAP Conven-
tion (2004) to a height of 10 m, the height at which most of
the observations are made.

www.biogeosciences.net/9/271/2012/ Biogeosciences, 9, 271–292, 2012
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Table 3. Summary of regions used and data sources for model evaluation.

Region lon, lat (min) lon, lat (max) # of stations References

South-West USA −125, 30 −110, 40 7 CASTNET: Clean air Status and Trends Network1

South-East USA −90, 25 −80, 35 6 CASTNET: Clean air Status and Trends Network1

Great-Lakes USA −95, 40 −75, 50 16 CASTNET: Clean air Status and Trends Network1

Mediterranean 5, 35 30, 45 11 EMEP: European Monitoring and Evaluation Programme2

Central Europe 7, 48 17, 54 38 EMEP: European Monitorinf and Evaluation Programme2

South-East Asia 110, 20 125, 35 5 WDCGG: World Data Centre for Greenhouse Gases3

1 CASTNET: http://java.epa.gov/castnet/epajsp/prepackageddata.jsp#ozone2 EMEP: http://tarantula.nilu.no/projects/ccc/emepdata.html3 WDCGG: http://gaw.kishou.go.jp/
cgi-bin/wdcgg/catalogue.cgi

Fig. 4. As Figure3, but for the monthly-average M12 metric (see main text for definition).

The model performs well over Mediterranean, Central Eu-
rope and SW USA with normalized model mean biases of
−10.4 % to 1.2 %. There is less good agreement over SE
USA (21.3 % bias) and SE Asia (19.9 % bias), where the
model overestimates observed ozone throughout the sum-
mer months. Over the Great Lakes, the model tends to per-
form better with a model mean bias of 11.7 % however sum-
mer ozone is also overestimated. Mean model surface ozone
peaks above the 40 ppbv threshold limit of AOT40, over SW
USA, and Central Europe during the summer months and
over the Great Lakes and SE USA during the spring, which
coincides with the growing season for many crops in the NH.
Over SE Asia, a less distinct seasonal surface ozone cycle is
seen due to the majority of the region lying within the tropical
latitudes, where seasonality in insolation and its impacts on
photochemistry are less pronounced. The positive model bias

over SE Asia during the summer months could also be linked
to the model inaccurately representing the monsoon period
over SE Asia which typically runs from July to October. The
monsoon brings the transport of marine air masses and weak
photochemical activity, resulting in lower ozone concentra-
tions than those during the pre-monsoon period (Zhao et al.,
2010).

Figures4, 5 and 6 compare model and observed M12,
AOT40 and W126 indices respectively. The same regions
are considered as in Fig.3, except that SE Asia considers
only Japan, since this is the only location in the region with
continuous hourly surface ozone observations.

The M12 index shows good agreement over SE USA, the
Mediterranean and Central Europe with the model mean bi-
ases falling between−7.1 % and 4 %. One particular re-
gion to note is SE USA, which sees a large improvement
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Fig. 5. As Figure3, but for the monthly-accumulated AOT40 metric (see main text for definition).

Fig. 6. As Figure3, but for the monthly-average W126 metric (see main text for definition).

in agreement between the model and observed M12 com-
pared to the comparison of monthly-mean ozone concentra-
tion. This indicates that the model over-predicts nighttime
ozone. This may be linked to the surface model ozone hav-
ing a potential positive bias in regions where model vertical

mixing may be suppressed, as suggested by (Averny et al.,
2011a) who also showed positive model biases over eastern
parts of the United States. Over SW USA the model tends
to underestimate observed M12, particularly during spring,
where modelled M12 is about 5–10 ppbv less than observed.
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Fig. 7. (a) Global AOT40 under the control model scenario for the wheat growing season; and relative difference in AOT40 between the
control model and 100 % cut in anthropogenic NOx emissions from(b) N America,(c) SE Asia, and(d) Europe for the same period. Panels
(e–h)show the same but for the rice growing season.

Over Great lakes and Japan, model M12 falls within one stan-
dard deviation of the observations during the months of May,
June and July (a typical growing season in the NH) with the
exception of throughout July over Great lakes. For these
regions, model M12 generally has a low bias (−0.8 % and
−3.3 % respectively). Overall, the model tends to overesti-
mate summer M12 and underestimate spring M12.

The comparison of AOT40 shows similar model-
observation differences as M12 (Fig.5). However, these dif-
ferences are amplified due to the combination of the cumula-
tive nature of the metric along with that of a non-zero thresh-
old, as also shown byTong et al.(2009a). The differences are
greatest over Central Europe (model mean bias of−59.1 %)
and the Great Lakes (model mean bias of 60.4 %) with the
best agreement over SW USA, SE USA and the Mediter-
ranean.

For W126, the best agreement is also seen over the SW
USA, SE USA and Mediterranean, where the modelled met-
ric falls within one standard deviation of the observed W126
(Fig. 6). The greatest differences are over Central Europe
(model mean bias of−68.9 %) and the Great Lakes (model

mean bias of 62.5 %). These large model biases reflect the
cumulative nature of the W126 metric.

While larger than the biases for M12, those for AOT40
are comparable to model biases found in the recent global
ozone crop exposure study ofVan Dingenen et al.(2009).
These biases may indicate that from a modelling perspec-
tive, AOT40 and W126 are less robust for assessing crop ex-
posure to ozone than the concentration average Mx indices.
This has also been suggested byTuovinen et al.(2007). To
account for the impacts of these model biases on our results,
we bias-correct the simulated exposure metrics (Mx, AOT40
and W126) that we use to estimate crop production losses un-
der each emissions scenario. The bias corrections and their
impacts are discussed further in Sect. 4.3.

4.2 Changes to exposure metrics under emissions
reductions scenarios

Global relative differences in AOT40 between the control
and each of the emissions reduction scenarios are shown in
Fig. 7, along with global AOT40 calculated for control NOx
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Fig. 8. As Figure7 but for the M7 metric.

emissions over the growing seasons of two crops. Changes
in AOT40 are shown for wheat (an ozone sensitive crop)
and rice (an ozone tolerant crop). For both growing sea-
sons the AOT40 index is particularly large over the major
industrialized regions with peak AOT40 values approaching
20 ppm h over the eastern seaboard of the United States as
well as over eastern China and the Middle East. The over-
all pattern is similar for both crop growing seasons, and the
remaining 4 crops’ growing seasons (maize, soybean, cot-
ton and potato) exhibit similar changes in AOT40 under each
emissions reduction scenario (see Supplement). Local an-
thropogenic NOx emission cuts result in a near 100 % rela-
tive decrease in AOT40 over each of the regions, although
reductions over SE Asia are smaller (84.9 % for wheat grow-
ing season and 87.6 % for rice). The effect of anthropogenic
NOx emissions from each of the regions on AOT40 in down-
stream receptor locations is also evident. A 100 % reduc-
tion in N American anthropogenic NOx emissions results
in mean relative decreases in AOT40 over the European re-
gion of 51.8 % for the wheat growing season and 49.2 % for
rice, with decreases approaching 60 % over parts of north
and western Europe. This transboundary effect extends into
SE Asia with mean relative decreases in AOT40 of∼16 %

(over both crop growing seasons) and greatest reductions in
AOT40 over western and northern parts of the region. A
100 % reduction in SE Asian anthropogenic NOx emissions
results 19.9 % to 21.0 % (range for changes in AOT40 for
both growing seasons) reduction in AOT40 over N America
with greatest decreases in AOT40 over the western seaboard
of the US and parts of Canada and Greenland where reduc-
tions in AOT40 approach 60 %. A smaller impact is seen over
the European region, where mean reductions in AOT40 range
from 3.2 % to 4.2 %. The impact of a 100 % reduction in Eu-
ropean anthropogenic NOx emissions on AOT40 is slightly
greater over SE Asia than over N America. Over SE Asia,
mean regional relative decreases in AOT40 are∼15 % with
greatest reductions seen over parts of north western China
and western Mongolia. The impact on N American AOT40 is
∼11 %, with reductions in AOT40 approaching 40 % over the
west coast of the continental United States. Overall, reduc-
tions in anthropogenic NOx emissions over N America pro-
duce the largest global impact on AOT40, with N American
NOx also producing the largest transboundary effect, shown
by a mean reduction of 49.2 % to 51.8 % in AOT40 over Eu-
rope. Additional calculations (not shown) suggest that the
relative importance of NOx emission reductions from each
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Fig. 9. As Figure7 but for the W126 index, and the soybean(a-d) and maize(e-h)growing seasons.

of the regions in reducing AOT exposure is invariant when
the threshold of the AOT index is varied from 30 to 60 ppbv.

Figure8 shows M7 mean ozone concentrations under the
control scenario calculated over the same crops and grow-
ing seasons as for AOT40 (wheat and rice), and differences
resulting from the three emission reduction scenarios. An-
thropogenic NOx emission reductions result in local reduc-
tions of M7 of 20 % or greater. Overall, the transboundary
impacts of anthropogenic NOx emission reductions on M7
are less pronounced than those on AOT40. A 100 % reduc-
tion in N American anthropogenic NOx emissions reduces
M7 by 5.9 % to 6.4 % over Europe, with greatest reductions
over north and western parts. The impact on SE Asia is much
less, with reductions in M7 for the region of 2.0 % to 2.4 %.
A 100 % reduction in SE Asian anthropogenic NOx emis-
sions, results in decreases of 2.3 % to 2.4 % in M7 over the
N American region, the largest reductions over western con-
tinental United States and Canada. The impact of the SE
Asian emissions cuts on Europe is less than 1 %. Similar to
AOT40, anthropogenic NOx emissions reductions over Eu-
rope tend to produce approximately similar reductions in M7
over the N American and SE Asian regions, with mean re-
gional relative decreases in M7 slightly larger over SE Asia

(2.7 % for wheat growing season and 2.2 % for rice) than over
N America (1.8 % for wheat growing season and 1.9 % for
rice). Changes in the M12 metric over the maize and soy-
bean growing season under each emissions scenario exhibit
the same transboundary effects as those shown by M7 (see
Supplement).

Results using the W126 metric are shown in Fig.9 for
maize and soybean. The transboundary impacts show the
same pattern as those for AOT40, with N America produc-
ing the largest transboundary impact on W126 over Europe,
where a 100 % cut in anthropogenic NOx over N America
results in a 25.1 % decrease in European W126 during the
soybean growing season and a 24.0 % decrease during the
maize growing season.

Overall, reductions in anthropogenic NOx emissions pro-
duce a similar pattern in the global AOT40, Mx and W126
fields with N American NOx producing the largest global
scale impact. N American emission reductions exhibit the
largest transboundary effect, shown by the response of a
range of metrics over Europe to a 100 % cut in anthropogenic
NOx over N America.
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Table 4. Regionally-aggregated relative yield loss for the six crops under the model control scenario. M7 and M12 exposure response
relationships are not available for potato and cotton. For these crops only yield losses based on AOT40 are presented. For W126 yield losses
are shown for wheat, maize and soybean only. Values in brackets show bias-corrected results (see text for details).

CONTROL WORLD N AMERICA SE ASIA EUROPE

Wheat

AOT40 5.8 (6.2) % 6.7 (7.1) % 10.5 (10.4) % 2.0 (2.9) %
M7 3.2 (3.5) % 3.3 (3.8) % 4.5 (4.4) % 2.6 (3.2) %
W126 1.2 (1.5) % 1.4 (1.7) % 2.4 (2.7) % 0.2 (0.7) %

Rice

AOT40 1.4 (1.4) % 3.2 (3.4) % 1.6 (1.6) % 0.7 (1.0) %
M7 0.9 (0.9) % 1.6 (1.8) % 1.1 (1.1) % 0.9 (1.2) %

Maize

AOT40 2.5 (2.6) % 3.5 (3.7) % 3.1 (3.1) % 0.7 (1.0) %
M12 3.4 (3.7) % 3.9 (4.4) % 4.5 (4.5) % 2.6 (3.1) %
W126 0.04 (0.06) % 0.05 (0.08) % 0.07 (0.08) % 0.0004 (0.004) %

Soybean

AOT40 7.1 (7.5) % 11.8 (12.5) % 8.6 (8.4) % 2.6 (3.8) %
M12 10.5 (11.4) % 15.1 (16.3) % 13.7 (13.5) % 10.3 (11.9) %
W126 2.6 (2.9) % 4.3 (4.9) % 3.0 (3.3) % 0.9 (1.9) %

Cotton

AOT40 11.2 (12.0) % 16.1 (17.1) % 13.4 (13.2) % 7.9 (11.6) %

Potato

AOT40 1.9 (2.0) % 2.5 (2.6) % 4.5 (4.4) % 0.4 (0.7) %

4.3 Ozone-induced relative yield losses for 2000 under
the model control scenario

Table 4 shows regionally-aggregated ozone-induced rela-
tive yield losses for the control model scenario based on
the different metrics derived from standard model ozone,
and bias-corrected metrics. Bias-corrected values are calcu-
lated by normalising simulated values of the metrics in each
source/receptor region by the regional modelled:observed ra-
tios for each metric. For locations where we have not quan-
tified the model bias explicitly, we have applied the global
mean modelled:observed ratio.

Globally, wheat, soybean and cotton are the most sensi-
tive of the crops to ozone damage. Relative yield loss values
for wheat range from 1.2 (1.5) (standard model ozone met-
ric (bias corrected metric)) to 5.8 (6.2) %, AOT40 produc-
ing the largest. Relative yield losses for soybean range from
2.6 (2.9) to 10.5 (11.4) % with M12 giving the largest. For
cotton we only present yield losses based on AOT40, which
show a global value of 11.2 (12.0) %. Rice and maize demon-
strate higher tolerance to ozone exposure, with yield losses of
around 0.9 (0.9) to 1.4 (1.4) % for rice and 0.04 (0.06) to 3.4
(3.7) % for maize. Potato yield losses are 1.9 (2.0) % glob-
ally, based upon AOT40.

A comparison with a previous studies (Van Dingenen
et al., 2009; Averny et al., 2011a) shows our results produce a
similar pattern of global relative yield losses for wheat, rice,
maize and soybean (cotton and potato are not considered in
Van Dingenen et al., 2009) with wheat and soybean being
the most sensitive crops to ozone exposure.Van Dingenen
et al. (2009) also demonstrate largest relative yield losses
produced from AOT40 values for wheat, and M12 produc-
ing the largest relative yield losses for soybean. Our yield
loss values for wheat (1.2 (1.5) to 5.8 (6.2) %) and soybean
(2.6 (2.9) to 10.5 (11.4) %) are smaller than those shown in
Van Dingenen et al.(2009) which were 7.3 to 12.3 % for
wheat and 5.4 to 15.6 % for soybean. We also show smaller
yield losses when compared to the findings ofAverny et al.
(2011a) which show wheat relative yield losses of 3.9 to
15.4 % and soybean relative yield losses of 8.5 to 13.9 %.
The relative yield losses for rice and maize (0.9 (0.9) % to
1.4 (1.4) % and 0.04 (0.06) % to 3.4 (3.7) %, respectively) are
also smaller here than those ofVan Dingenen et al.(2009)
(2.8 to 3.7 % for rice and 2.4 to 4.1 % for maize) andAv-
erny et al.(2011a) (2.2 to 5.5 % for maize with rice not in-
vestigated). Van Dingenen et al.(2009) and Averny et al.
(2011a) both use data from the United States Department of
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Fig. 10. Percentage reductions in ozone-induced crop production loss for the 6 crops considered (based upon the AOT40 exposure index)
resulting from 100 % regional cuts in anthropogenic NOx emissions. The y-axis shows the receptor regions, and coloured bars indicate the
impacts from emission cuts applied in each region compared to the control model (Green = European emission cut, Red = SE Asia emission
cut and Blue = N America emission cut). Solid colour bars show results based on the standard model metric and hatched bars show results
based on the bias-corrected model metric (see main text for details).

Fig. 11. As Figure10, but using the M7 and M12 metrics for 4 of the crops.
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Fig. 12. As Figure10, but using the W126 metric for 3 of the crops.

Agriculture (USDA) to define the growing seasons. In addi-
tion, the surface ozone distributions produced from the dif-
ferent CTMs used are likely somewhat different. Neverthe-
less, our control scenario produces comparable magnitudes
of yield losses to those described previously, including those
presented using similar bias-correction.

Table4 also shows the regionally-aggregated relative yield
losses for the three individual regions. For rice and soybean,
relative losses tend to be highest over N America (up to 15.1
(16.3) % for soybean and 3.2 (3.4) % for rice). For wheat and
potato the relative losses are largest over SE Asia with losses
of up to 10.5 (10.4) % for wheat and 4.5 (4.4) % for potato.
For maize, relative yield losses based on M12 and W126
are highest over SE Asia (0.07 (0.08) % to 4.5(4.5) %) with
relative yield losses based on AOT40 highest over N Amer-
ica (3.5 (3.7) %). Finally for cotton, highest yield losses are
seen over N America with relative yield loss values of 16.1
(17.1) %. These regional relative yield losses are a func-
tion of the geographical locations of the crops, the amount
of yield produced for each crop over each region, and the
geographical pattern of elevated ozone.

4.4 Impact of regional cuts in NOx emissions on ozone
induced CPL

The impact of regional reductions in NOx emissions on
regionally-aggregated ozone-induced CPL calculated from
AOT40 exposure is shown in Fig.10 for six crop types for
both standard model and bias-corrected ozone metrics. Fig-
ure 11 shows the impact on CPL for 4 of the 6 crop types
based on Mx (using the M7 index for wheat and rice and the
M12 index for maize and soybean) and Fig.12 shows the
impact on CPL for 3 of the crops (wheat, maize and soy-
bean) based on W126. Globally, N American NOx emission

reductions result in largest changes to CPL for soybean and
maize (59.2–85.1 % (60.6–85.9 % bias corrected)). SE Asian
NOx emission reductions result in largest changes to wheat,
rice, cotton and potato CPL (46.6–95.2 % (42.3–94.4 % bias
corrected)). This primarily reflects the geographical distribu-
tions of these six crops and their yield distributions. Local
reductions in NOx emissions result in near 100 % reduction
in ozone-induced CPL over each of the regions, demonstrat-
ing that local emission controls and air pollution strategies
could effectively mitigate ozone-induced production losses.
However, ozone-related CPL for rice and potato grown in
N America cannot be completely eliminated through local
emissions reductions. This is shown for both the original and
bias corrected model results.

In the European region, production losses are reduced
by 15.0–63.2 % (14.2–63.1 % bias corrected) when cutting
N American NOx emissions. Maize CPL (based on W126)
shows the most sensitivity to N American emissions (63.2 %
(63.1 % bias corrected)) with cotton CPL (when based on
AOT40) showing the greatest sensitivity to SE Asian NOx
sources (14.0 % (14.5 % bias corrected)). Soybean (based on
M12) shows the lowest sensitivity to N American (15.0 %
(14.2 % bias corrected)) emissions with maize (based on
M12) showing the lowest sensitivity to SE Asian (1.71 %
(1.67 % bias corrected)) emissions. When diagnosing the im-
pact of emissions reductions it is shown for each individual
metric that the impact of N American Emissions on Euro-
pean CPL is the largest intercontinental transboundary effect
in this study. Figures10, 11 and12 show that the minimum
reduction in European CPL from N American emission cuts
is larger than both the maximum European emissions impact
on SE Asia and the SE Asian emission impact on N Amer-
ica. Over N America, the largest non-local impact on CPL
results from SE Asian NOx, with CPL reductions ranging
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from 26.95 % (based on AOT40) for potato (26.98 % bias
corrected) to 2.33 % (based on M12) for soybean (2.29 %
bias corrected). N American CPL reductions of 0.65–6.31 %
(0.63–6.32 % bias corrected) result from reductions in Euro-
pean NOx, with potato and wheat showing the largest sen-
sitivities. On the whole, CPL of all six crops over SE Asia
are reduced by approximately equal amounts as a result of
N American and European emissions reductions. Cotton
CPL show the greatest difference, with European emissions
cuts producing a reduction in CPL of 11.5 % (11.4 % bias
corrected) compared with a reduction of 10.0 % (10.0 % bias
corrected) produced by N American emissions cuts.

Overall, the results exhibit that the inclusion of model bias
correction does not have a significant effect on the trans-
boundary effects deduced. When the bias corrected results
are considered N American NOx emissions still produce the
largest non-local impact in this study resulting in CPL reduc-
tions over Europe of 14.2–63.2 % (range over all crops and
metrics accounting for bias correction).

4.5 Impact of regional cuts in NOx emissions on crop
production

Figure 13 shows the estimated changes in crop production
under each of the emissions reduction scenarios for the stan-
dard and bias-corrected model metrics. These are the mean
changes in production from all metrics considered for each of
the crops (AOT40, MX and W126 for wheat, maize and soy-
bean; AOT40 and MX for rice; and AOT40 only for cotton
and potato).

N American anthropogenic NOx emission reductions lead
to the greatest increase in global production for both maize
and soybean with increases of 8.0 Mt and 9.7 Mt shown re-
spectively (8.8 Mt and 10.6 Mt bias corrected). Reductions
to SE Asian emissions result in the greatest increase in pro-
duction for wheat, rice, cotton and potato. Under SE Asian
emissions cuts wheat and rice show the largest sensitivities,
with increases in production of 6.7 Mt and 11.6 Mt respec-
tively (6.6 Mt and 11.9 Mt bias corrected).

When shown in terms of increases in crop production, the
impact of N American NOx emissions on Europe are still
shown to produce the largest transboundary effect in this
study. Over Europe, local emissions cuts result in increases
in production which range from 0.02 Mt (0.03 Mt bias cor-
rected) for rice to 2.4 Mt (3.5 Mt bias corrected) for wheat.
N American emissions reductions result in increases in pro-
duction over Europe of 0.008–0.8 Mt (0.01–1.2 Mt bias cor-
rected) with rice showing the smallest sensitivity and wheat
showing the greatest. This represents 33.3–40.0 % (33.3–
35.3 % bias corrected) of the increase in production attain-
able from local emissions cuts. Over N America, local
NOx reductions result in an increase in production of 0.04–
9.15 Mt (0.04–10.0 Mt bias corrected), with rice showing the
smallest sensitivity and soybean showing the largest. The
largest non-local contribution to production increases is the

cut in SE Asian emissions, resulting in increases in produc-
tion of 0.002–0.39 Mt (0.002–0.43 Mt bias corrected). This
represents 4.3–5.0 % (4.3–5.0 % bias corrected) the increase
in production from local emissions cuts. Over SE Asia,
N American emissions reductions result in an increase in pro-
duction of 0.09–1.1 Mt (0.09–1.2 Mt bias corrected) with Eu-
ropean emissions cuts also producing increases in production
that fall within a similar range of 0.08–1.1 Mt (0.08–1.2 Mt
bias corrected). These represent 4.2–8.9 % (4.2–9.6 % bias
corrected) and 3.8–8.9 % (3.8–9.6 % bias corrected) respec-
tively of the impact of a reduction in local emissions (2.1–
12.4 Mt (2.1–12.5 Mt bias corrected)).

Overall, on both a regional and global scale, increases in
production are greatest for wheat, maize and soybean which
are 3 of the most widely grown crops in the world (Fig.1),
with wheat production benefitting greatly from reductions in
SE Asian NOx emission reductions and maize and soybean
tending to benefit from reductions in N American emissions.
The results also show that the inclusion of model bias cor-
rection introduces a range of−1.8–60.2 % difference to the
increases in production estimated under each emissions sce-
nario. However, even within this uncertainty, the reduction
in N American emissions still produces the largest non-local
increase in crop production over Europe when compared to
the estimated impacts of local European emission reductions.

5 Discussion

Using the 4 metrics (AOT40,M7,M12,W126), model calcu-
lations show that for 4 of the major crops considered (wheat,
rice, cotton and potato) reductions in SE Asian NOx emis-
sions tend to produce the greatest reduction in crop produc-
tion losses on a global scale. These correspond to an esti-
mated increase in crop production of 3.7 to 11.6 Mt (3.7 to
11.9 Mt bias corrected). Cuts to N American emissions re-
sult in the greatest global impact on crop production losses
for maize and soybean, producing an estimated increase in
crop production of 8.0 to 9.7 Mt (8.8 to 10.6 Mt bias cor-
rected). The changes in CPL based on Mx show a similar pat-
tern to those calculated using the AOT40 and W126 indices,
however they are much smaller. Figure3 shows that under
control emissions, modelled mean monthly surface ozone is
slightly above the 40 ppbv threshold of AOT40, particularly
over Europe, SW USA and SE Asia. Under emission reduc-
tion scenarios, small reductions in ozone resulting in concen-
trations falling below 40 ppbv can produce a relatively large
decrease in AOT40. Due to the linear relationship of yield
loss with AOT40, this produces a comparable relative change
in yield. The change in Mx however, is directly related to the
fractional change in mean background ozone, which may be
smaller than the respective change in AOT40 where ozone is
near to 40 ppbv. Due to the Weibull relationship between Mx
and relative yield loss (Table2), a given change in Mx also
produces smaller changes in relative yield loss. N American
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Fig. 13.Projected increase in crop production (in million metric tons(Mt)) for the 6 crops resulting from 100 % regional cuts in anthropogenic
NOx emissions. The y-axis shows the receptor regions, and coloured bars indicate the average impacts based on AOT40, Mx and W126
metrics from emission cuts applied in each region compared to the control model (Green = European emission cut, Red = SE Asia emission
cut and Blue = N America emission cut). Solid colour bars show results based on the standard model metric and hatched bars show results
based on the bias-corrected model metric (see main text for details).

NOx emissions produce the largest intercontinental ozone
impact in this study. This is consistent with previous stud-
ies that have shown trans-Atlantic transport of ozone and its
precursors to be more efficient compared with trans-Pacific
and trans-Siberian transport (Stohl, 2001).

The results demonstrate that local air quality and emis-
sions control strategies over each of the regions have the
potential to effectively mitigate ozone-induced production
losses for six major crop types. A 100 % reduction in lo-
cal anthropogenic NOx emissions results in near 100 % re-
ductions in AOT40 derived crop production losses for wheat,
rice, maize, soybean, cotton and potato in each of the regions.
In N America, a 100 % reduction in local anthropogenic NOx
produces a 94.5 % (94.6 % bias corrected) reduction in lo-
cal rice production losses and a 92.4 % (92.4 % bias cor-
rected) reduction in potato production losses. This indicates
a smaller sensitivity of 40 ppbv exeedences over potato and
rice growing regions to local anthropogenic emissions com-
pared to Europe and SE Asia. Figure1 shows that the ma-
jority of N American potato growing regions are in north and
western USA. The greatest potato production output is over
the north west of the N American region. Rice growing is

located over the south east of the region and a small area
along the west coast. The production data shows higher out-
put of rice to the west.Jaffe(2011) recently showed that for
the period 1995–2009, biomass burning emissions through
the summer are significantly correlated with the number of
days where surface ozone exceeds AQS guideline levels in
the western United States. This indicates that biomass burn-
ing emissions are likely playing a role in controlling the ex-
posure of crops to ozone in this region. It can be seen in
Fig. 2 that under N American emissions reductions, there are
still parts of the N American domain (over western Canada)
where biomass burning NOx emissions of reasonable magni-
tude remain. These remaining emissions could still lead to
exceedances of the 40ppbv threshold of AOT40.

As discussed above, the threshold nature of the AOT40 in-
dex means that it is sensitive to small ozone concentration
changes around 40 ppbv. Contributions of a few ppbv to sur-
face ozone from non-local emissions therefore have the po-
tential to significantly alter the AOT40 exposure of crops.
This also results in a large sensitivity to errors in the model
surface ozone distribution, and consequent uncertainty in the
AOT40-derived production losses (Tuovinen et al., 2007).
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Fig. 14. Fractional change in AOT40 due to long-range transport
(LRT) as a function of mean local ozone and LRT ozone contribu-
tion. Panels(a–d) are based on normally-distributed local ozone
distributions, with standard deviations of(a) 1 ppbv,(b) 2 ppbv,(c)
4 ppbv and(d) 10 ppbv. The LRT contribution is assumed to uni-
formly translate the local ozone distribution across all concentra-
tions. AOT40 is assumed proportional to the fraction of distribution
concentrations exceeding 40 ppbv.

Our inclusion of bias-corrected calculations allows us to ac-
count for the impact of such uncertainty on our results. The
present-day sensitivities of AOT40-derived yield loss to non-
local emissions are a function of not only the non-local ozone
precursor emissions themselves, but also the local ozone
abundance. In more general terms, the threshold nature of the
AOT40 metric results in long-range transport contributions
to yield loss being strongly dependent on local ozone con-
centrations. Figure14 shows calculations of the change in
AOT40 as a function of mean local ozone concentration and
the ozone contribution from long-range transport, assuming
a normal distribution of local ozone concentrations. Maxi-
mum sensitivity of AOT40 to non-local ozone is seen where
the mean local ozone is close to 40 ppbv. In addition, a rel-
atively small variability in local ozone around 40 ppbv in-
creases this sensitivity. This highlights the problem of using
a threshold metric to assess contributions of different ozone
sources to local yield loss. Under future emission and climate
scenarios, where surface ozone concentrations may be larger
in many regions, the AOT40-derived yield-loss response to
non-local emission reductions may be reduced, if such reduc-
tions are not sufficient to bring ozone concentrations below
the 40 ppbv threshold. Alternatively, under a scenario where
local emissions in Europe and N America are reduced, but

Fig. 15. Relative yield as a function of M7/M12 for wheat, rice,
maize and soybean. The equations for these functions are shown in
Table2.

an increase in background ozone concentrations is driven by
increasing Asian emissions (e.g.Jacob et al., 1999), the sen-
sitivity of European and N American AOT40 yield-loss to
Asian emission reductions may increase.

Since relative yield loss is linearly related to AOT40 (Mills
et al., 2007), the reduction in yield loss under the emissions
cut scenarios changes proportionally with the magnitude of a
change in AOT40. Assuming that under each of the emission
scenarios, ozone remains greater than 40 ppbv, this leads to a
linear relationship between ozone reduction and yield loss re-
duction, which is independent of the absolute ozone concen-
tration. For the concentration based indices Mx, yield loss
reductions depend on the magnitude of the absolute ozone
concentration, in addition to the ozone change. This is due
to the non-linear Weibull relationship between yield loss and
Mx (shown in Fig.15), which is also dependent on the sen-
sitivity of each crop to ozone exposure. With the exception
of soybean, at larger background ozone concentrations (and
hence higher Mx), a given change in the mean background
ozone concentration would result in a greater response of
yield reduction for each crop, than at smaller background
ozone concentrations. This behaviour means that the Mx
indices can mimic a threshold response, similar to that of
AOT40. This behaviour also means that under increased
background ozone, the relative yield loss changes produced
under the respective emissions cut scenarios would be more
pronounced, and thus the impact on crop production would
be more pronounced.

The results of this study only consider crop production
losses that are related to ozone exposure. In reality, there are
many other drivers that can cause a reduction in crop yields.
These factors include exposure to higher temperatures under
a warmer climate, drought stress, and whether the crops are
properly irrigated. It is shown byLiu et al. (2010), that for a
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winter wheat-summer maize cropping system in the Huang-
Huai-Hai Plain of China, a 5◦C increase in temperature re-
sults in an overall yield reduction of−18.5±22.8 %. They
also present an overall yield reduction of−2.3±13.2 % for
temperature rise of 2◦C. By comparison, the results pre-
sented here show that for the SE Asia region (which contains
China), for wheat, regionally-aggregated relative yield losses
due to ozone exposure are 2.4 to 10.5 % (2.7 to 10.4 % bias
corrected) (Table4), showing that ozone-induced crop dam-
age under control emissions for 2000 is similar in magnitude
to that caused by 2◦C temperature rise and up to roughly half
of that of a 5◦C temperature rise. For maize, the effect of
ozone damage over SE Asia is less, with relative yield losses
of 0.07 to 4.5 % (0.08 to 4.5 % bias corrected).

An additional factor to consider is the possible benefits
to crop yields under future climate due to fertilization from
enhanced CO2, which can act to increase the biomass of
crops (Franzaring et al., 2008). This could offset yield losses
through rising ozone or temperatures. The location of crop
cultivation, the extent of crop irrigation and the management
of the crops are also important factors. It has also been
shown in a recent study that ozone damage to plants can feed
back on yield loss through the effect on evapotranspiration.
Bernacchi et al.(2011) showed that ozone exposure of soy-
bean can reduce water use by as much as 15 %, resulting in
increased sensible heat flux which is indicative of a day-time
increase in canopy temperature of up to 0.7◦C, with warmer
temperatures leading to further reduction in crop yields (Liu
et al., 2010). With a rise in surface ozone coupled with a
warmer climate, the impact on crop yields due to ozone-
induced production loss may act to enhance the yield loss ob-
served for crops due to the warmer temperatures. However,
it should be noted that these yield-limiting factors interact
in non-linear ways depending on whether warmer tempera-
tures limit ozone uptake and hence the damage caused. The
transboundary impact of ozone and its precursor emissions
on yields highlight that even non-local emission reduction
strategies could at least partially offset a reduction in crop
yields under a warmer future climate. These interactions all
play important roles in determining how climate change and
emission changes may affect crop yields.

Bias correction of our results to account for model error,
introduces a range of uncertainty into the crop production re-
sponse under each emissions cut scenario. For example, the
impact of N American emission cuts on global soybean pro-
duction produces a difference of up to 0.9 Mt between the
control model results (a 9.7 Mt increase in production) and
the bias-corrected results (a 10.6 Mt increase in production).
Bias correction of results for the impact of European emis-
sions cuts on global wheat production also produces a dif-
ference of about 1.5 Mt. This demonstrates that model error
can produce up to 1.5 Mt difference in the estimated impacts
on crop production from regional anthropogenic NOx emis-
sion cuts. However, our results also show that the estimated
transboundary effects are much more robust to model error,

with little difference when accounting for model bias correc-
tion compared to the control model metrics. The impact of
N American NOx on European crop production produces the
largest transboundary effect for both the bias-corrected and
standard model results. We therefore have high confidence
in the relative importance of the transboundary effects shown
in this study.

An additional source of uncertainty in our results is that
the indices used (AOT40,Mx,W126) have not been designed
with the specific purposes of estimating yield losses due to
the intercontinental transport of ozone. The exposure re-
sponse functions used are based on data collected from cul-
tivars of crops grown in N America and Europe. They there-
fore may not adequately represent the sensitivities of crops
grown over Asia to ozone exposure, which may differ in
ozone sensitivity to those grown over Europe and N Amer-
ica. These indices were also developed in regions where,
at the time, concern was placed on peak ozone concentra-
tions (Heck and Colwing, 1997). Since their development,
regional ozone distributions have changed, due to declining
ozone precursor emissions over N America and Europe, and
rising emissions over East Asia, changing contributions to
background NH ozone (Cooper et al., 2010; Jacob et al.,
1999). This shift has resulted in less episodic high ozone
events, but an increase in background ozone concentrations
over Europe and N America. This may result in different
exposure regimes of crops to ozone and hence the resultant
impact on crop production.

6 Conclusions

This study is the first to estimate the impact of ozone precur-
sor emissions from each of the Northern Hemisphere’s major
industrialized regions (N America, SE Asia, and Europe) on
crop yields globally and in continents downwind of each re-
gion. We have made the first estimates of the impact of inter-
continental transboundary pollution on crop yields, using a
range of available metrics applied in a standardized manner.

We have shown that for 4 of the crops considered (wheat,
rice, cotton and potato), reductions in SE Asian anthro-
pogenic NOx emissions are predicted to produce the greatest
reduction in global crop production losses (46.6 to 95.2 %
(42.3 to 94.4 % bias corrected)), based on AOT40, Mx and
W126 metrics. This corresponds to an estimated increase in
crop production of 3.7 to 11.6 Mt (3.7 to 11.9 Mt bias cor-
rected). Cuts to N American emissions result in the greatest
global impact on crop yield reductions for maize and soybean
(59.2 to 85.1 % (60.6 to 85.9 %) bias corrected). This results
in an estimated increase in crop production of 8.0 to 9.7 Mt
(8.8 to 10.6 Mt bias corrected). Our model calculations sug-
gest that reductions in anthropogenic NOx emissions from
N America give the largest non-local effect, resulting in Eu-
ropean production loss reductions of between 15.0 % and
63.2 % (14.2–63.1 % bias corrected), for a 100 % emissions

www.biogeosciences.net/9/271/2012/ Biogeosciences, 9, 271–292, 2012



290 M. J. Hollaway et al.: Intercontinental ozone impacts on crops

cut. The impact on absolute crop production also shows
that a reduction in N American NOx emissions results in the
greatest non-local contribution to production increases, en-
hancing production over Europe by approximately one third
of the production increase produced by the local European
emission cut for wheat. These results demonstrate that local
air quality and emission control strategies have the potential
to partly alleviate ozone-induced crop production loss in con-
tinents downstream, in addition to effectively mitigating lo-
cal ozone-induced yield losses. It also indicates that for three
of the world’s most widely grown crops (wheat, maize and
soybean) local air quality strategies can significantly benefit
crop production output.

Finally, we have shown that quantification of the trans-
boundary effects on crop yield loses due to long-range trans-
port of ozone and precursors differs depending on the ozone
damage metric used, and for threshold-based indices such as
AOT40, the inferred long-range transport contribution shows
a strong dependence on the local ozone concentration dis-
tribution. Nevertheless, our conclusions regarding the rela-
tive importance of the different regions in controlling crop
production losses downstream are robust across the range of
metrics used. This study could be extended to incorporate
flux-response relationships to assess the effect of long range
transport of ozone and its precursors on crops. Flux based
methods consider the flux of ozone into the plant, mainly
through the stomata, and can begin to account for modifying
environmental conditions and hence could be more applica-
ble in different global regions and future climates (Harmens
et al., 2007). However, at present flux-response relationships
are only available for wheat, potato and tomato (Pleijel et al.,
2004; Mills et al., 2011a), and these have not been parame-
terised for global application.

Supplement related to this article is available online at:
http://www.biogeosciences.net/9/271/2012/
bg-9-271-2012-supplement.pdf.
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