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EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

Tropospheric ozone (Dis regarded as the atmospheric pollutant thatast likely
to threaten crop production across the globe duéstphytotoxicity and prevalence

over important agricultural regions of North Amexi&urope and Asia.

In Chapter 1, | reviewed the previous studies that investigafdimpacts on
global crop production. Since 1980s, numerous eéxyerits have been conducted
using open-top chambers (OTC) in North America &uwtope to investigate the
negative effects of Yon vegetation. However, previous studies indicdbed plant
growth performance in the enclosures of OTC mafedifom that in ambient fields.
In the absence of fully open-air field-scale treatin there have been large
uncertainties as to whether the effects gfoDserved in the experiments are realized
in farmers’ fields. Being both an important agrtauhl production area and a region
with very high industrial activities, the Yangtzev® Delta (YRD) in China suffers
from serious @ pollution, whose impacts on crop production hadvéwer been
unknown. It was therefore needed to investigate dfiects of elevated O

concentrations ([€)) on crop production in this region under thediebnditions.

Our experimental site is located at Jiangdu couligngsu province in northern
YRD. This region is among the main rice and wheadpcing areas of China, but
there have been no long-term observations gf. [Cherefore, a study was conducted
on “characterization of the ozone pollution in agricutl fields of northern Yangtze
River Deltd as presented i€hapter 2. Long-term observations of surface;]@ere
conducted during 2007-2011, and extremely higkl Maas frequently observed in
May and June with the highest hourly mean of 144. gjme monthly 7-h (9:00-16:00
Chinese Standard Time) mean of;]Ghowed a bimodal pattern with peaks in June
and October, and the 3-month AOT40 (accumulatedl #f0ove a 40 ppb threshold)
greatly exceeded the critical level establishedEimope for protecting crop species
from O; damages. Analyses of the wind direction and aissrtsajectories showed

that pollutants were carried from the industriadizzrea of YRD by the prevailing
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wind, causing an increased{0n spring, and that, in summer, frequent incunsiof
maritime air mass diluted the highdOn the polluted air mass. Furthermore, it was
found that extensive open burning of crop residuesentral eastern China made a
significant contribution to the peak §{dn June. Our study has thus demonstrated the
serious @ pollution and its major determinants in the adtimal areas of the

northern YRD.

The occurrence of elevated JCat present and its projected increase in theréutu
make a big threat to crop production in YRD. Toastigate the @impact on crops in
the field conditions, | and my colleagues develomedFree-Air Concentration
Enrichment System with Ozone (FACE*Cas described irChapter 3. Using this
system, rice and wheat plants were grown in amidi@git (A-O3) or elevated [G]
(E-Os) without any enclosures. The target;]@or the E-Q treatment was set at a
level by 50% higher than fPfor the A-G; level. Ozone generated from pure &nd
mixed with compressed air was released into the; Bl@s from a 14 meter diameter
octagon. The gas release was controlled for ea®h fet with an algorithm based on
wind direction, wind speed and §[aat the center of the plot. For 1-min mean][Ghe
achieved elevation was within + 20% of the target34% of time, and within £ 10%
of the target for 73% of time on average across ybars from 2007 to 2010.
Comparison of ozone exposure regimes as charaadeiy M7 (seasonal mean daily
7-h [G5]) and AOT40 indicated that this FACEs@ystem can maintain elevated;]O
in open field with modest alteration to the;J@gime to an extent comparable to that
by OTCs. The FACE-®thus provides a reliable means to study the ingpat{O;)

elevation on crops in the real-world field.

In order to quantitatively estimate the crop yikds due to @ a “‘flux—response
relationship of wheat yield loss in subtropical 64ii was established i€hapter 4,
using the observations in the FACE-&xperiments. A stomatal conductanggo)
model for wheat in Europe was re-parameterizedittdof the local conditions.
Compared to European model parameterizations, tie changes were that the VPD

(Vapour Pressure Deficit) and radiation responsetfans were made less and more
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restrictive, respectively, and that the temperaturetion was omitted. The revised
Osto model performed well with ar? value of 0.76. The slope and intercept of the
regression between observed and estimggg@ere not significantly different from 1
and 0, respectively. An Quptake threshold of 12 nmolms* was judged most
reasonable for the {Jlux—wheat yield response relationship in subtropicain@hlt
was also suggested that the Chinese wheat cultimaestigated in our study were
more sensitive to ©than European cultivars with a comparison baseeithrer Q

flux-based or @concentration-based relationship.

The new fluxresponse relationship was applied to thevaluation of the
ozone-induced wheat production loss in China andialrfor the years 2000 and
2020 as presented iChapter 5. With surface [@ simulated by a high resolution
(40 x 40 km) chemical transport model coupled lign Regional Emission inventory
in Asia (REAS), we evaluateds@nduced wheat production loss in China and India
for years 2000 and 2020 using dose-response fumschased on AOT40 and PQD
(phytotoxic Q dose, accumulated stomatal flux of &@ove a threshold &f nmol ni?

s%). Two O; dose metrics (90-days AOT40 and P§plere derived from European
experiments, and the other two (75-days AOT40 anbp) were from the FACE-©
experiment. Relative yield loss (RYL) of wheat i®0D was estimated to be
6.4-14.9% for China, and 8.2-22.3% for India. ROWedicted greater RYL,
especially for the warm regions of India, wherdas90-days AOT40 gave the lowest
estimates. For the future projection, all theddse metrics gave comparable estimates
of an increase in RYL from 2000 to 2020 in the esgf 8.1-9.4% and 5.4-7.7% for
China and India, respectively. The lower projedtextease in RYL for India may be
due to conservative estimation of the emissionease in 2020. Sensitivity tests of
the model showed that the PQ@Based estimates of RYL are highly sensitive to
perturbations in the meteorological inputs, butt ttiee estimated increase of RYL

from 2000 to 2020 is much more robust.

The findings in the preceding chapters are switkd and the implications of the

findings are discussed @hapter 6. The findings have shown that the @llution in

v
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agricultural fields of northern YRD is serious, ait aggressive measures must be
taken to restrict the open burning of crop residaeaddition to the controls over the
industrial and municipal emissions. The FACE-as been shown to be an ideal
means for investigating thez@ffects on crops in the real-world conditionsgé
model and @ flux—-wheat yield response relationship were eghbd with the
FACE-G; experiment, and they were confirmed to be mortablé to predict @risk

for wheat in YRD rather than those from Europe. Wheat production loss projected
for China and India due to the increasing][(® substantial beyond the uncertainties,
and there is an urgent need for curbing the rapatlease of surface fPin these

regions.

Further research is warranted for protecting crogdpction from the increasing
threats of surface [§Din Asia. An improved assessment of ozone impactmps
over Asia would require a network of field experimtge across the Asian countries.
The interactions betweernz@ollution and climate change will have to be exgtbfor
future projections of the Oimpacts, since the on-going climatic warming would
accelerate the £ producing reactions in the troposphere whereas ribimg
atmospheric C@concentration would restrict the;@ux via the stomatal closure.
Another target of research would be agronomic cerameasures such as breeding and
nutrient management against the crop yield losaasead by increasing surface;]O
Such studies have been impractical in the smatl &apas available in OTC and other
existing facilities. The FACE-9system established in this study would serve as a
very powerful platform for the future research asntioned above, and thereby

contribute to an improved food security in Asia &mel world in the future.
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CHAPTER 1

CHAPTER 1

INTRODUCTION

1.1 Ground-level ozone pollution

Fresh air is one of the very basic requirementshtonan wellbeing. However, in
many countries of the world, air pollution serigutireats both human being and the
environment (Akimoto, 2003). Tropospheric ozong) (©® regarded as one of the most
important global air pollutants due to its toxicégd prevalence over North America,
Europe and East Asia, with impacts on human healtbp production and natural
ecosystems (Ashmore, 2005; Booker et al., 2009rd¥uta Booker, 2003). It is also
an important greenhouse gas with a radiative fgrgower since 1750 being next

only to carbon dioxide (C£and methane (CH (IPCC, 2007).

Unlike many other air pollutants,;@ not directly emitted into the atmosphere, but
is a secondary product of a sequence of photoclameactions involving carbon
monoxide (CO), volatile organic compounds (VOC) aitdogen oxides (N¢). Due
to rapid increase of these; Precursors in particular the increased emissidrid@y
from human activities after the Industrial Revadati background ©concentrations
([O3)) in the mid-latitudes of Northern Hemisphere laasibled to about 30—35 ppb
between the late 19th century and 1980s, and hage sontinued to rise over the
past several decades at a rate of 0.5-2% per Vemafzan, 2004). In the absence of
appropriate controls over thes @recursors emission, global {lOare projected to

further increase by 20-25% by the middle of thistaey (The Royal Society, 2008).

East Asia is one of the most rapidly developingaeg in the world. Asian NQO
emissions, which contributed only in a minor frantito global emissions during the
1970s, have increased rapidly since then and ssedasmissions from North America
and Europe in the mid-1990s (Akimoto, 2003). As biigggest developing country in
the world with rapid economic growth, China plalge tlominating role in East Asian

NOy emissions in the last two decades (Streets & ViddldR000). Ohara et al. (2007)
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reported a 70% increase in Né&mission from 6.5 Tg in 1990 to 11.2 Tg in 200@rov
China. In contrast, NOemissions have significantly decreased from 1§IB90) to
12 Tg (1999) in Europe, and have slightly increaech 2.8 Tg (1990) to 3.2 Tg
(1997) in Japan (Naja & Akimoto, 2004; Van Aardemneal., 1999; Vestreng, 2001).
These enhanced N@missions over China should have a significariti@nfce on the
tropospheric @ levels not only around the emission source arbas,also on a
regional to continental scale (Yamaji et al., 200HQwever, in comparison to North
America, Europe, and Japan, the long-term obsemnatof surface [g) have been

sparse, if not absent, in China.

Surface @ has been shown to exhibit pronounced temporakpatal variations in
different geographic locations controlled by a nembof processes including
photochemical reaction, stratosphere—tropospheriagige, deposition, and transport
(Monks, 2000). In view of the importance of; @ air quality and atmospheric
chemistry, many previous studies have devoted geffdrt to obtain in-situ
measurements of surface; @nd investigate the factors and processes aftpn
formation, accumulation, and transport on locajjaeal and global scales (Jonson et
al., 2006; Lefohn et al., 2010; Logan, 1989; Monk800; Pochanart et al., 2002;
Solomon et al., 2000; Tanimoto, 2009). In the YaadRiver Delta (YRD) of China,
which is one of the world’s largest continentalieddetro—Agro—Plexes (Wang et al.,
2007a), systematic measurements gf [@e only concentrated in and around the big
cities (Geng et al., 2008; Tu et al., 2007; Wanglgt2006), or at a few rural sites in
the southern YRD (Cheung & Wang, 2001; Luo et28Q0; Wang et al., 2001). These
studies have improved the knowledge of li@haviors in the YRD, but our better
understandings of the temporal and spatial disiobwf surface @in this region are
still far from complete, especially in the northeM¥RD, where no long-term

observations of @are currently available.

The northern region of the Yangtze River Delteesssldeveloped than the southern
counterpart, but is one of the most important adfiical production areas of China.

More than 70% of the food crop production in Jiangsovince is concentrated in this
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region. Modeling studies have shown that the infldwm severely polluted areas of
both the North China Plain (NCP) (northwesterly)l amdustrialized areas of the YRD
(southeasterly) may cause high €pisodes under favorable weather conditions in the
northern YRD (Takigawa et al., 2009; Yamaji et &008; Zhao et al., 2009). In
addition to the industrial and municipal impactsteasive open crop residue burning
after harvest in the vast agricultural fields dsmalemonstrated to enhance emissions
of precursors e.g. NCGand CO, hence [§in this region, especially in June (Li et al.,
2007; Streets et al., 2003; Yamaiji et al., 2010ese modelling studies have indicated
a big Q threat to crop production in northern YRD, howe\as mentioned before,
long-term observations of surface jJCare yet to be conducted in this region.
Therefore, before investigating the {thpacts on agricultural crop in this major grain
production areas of China, one question must bevenesl: ‘What is the current
situation of Q pollution in the northern YRD, and what are theéedminants of [Q]

variation in this region?(Question J).
1.2 The effect of ozone on crop production

Ozone has various effects on terrestrial ecosyssech as reduction in vegetation
growth and carbon sequestration, altering nutnieset-efficiency, modifying species
composition and altering plant disease susceqtibiBut the most important and
best-documented effect is reduction in crop yieddhimore, 2005; Fuhrer, 2003).
Many determinants of yield including photosynthekeaf area index (LAI), biomass,
partitioning ratio and individual grain mass aréeetied by Q@ (Ainsworth, 2008;
Biswas et al., 2008; Clarke et al., 1990; Fenglet2808; Kobayashi et al., 1992;
Morgan et al., 2006). The mechanisms behind trecetif long-term @exposure on
crop yield have been presented and discussed beiFahd Booker (2003), Fiscus et
al. (2005) and others. In essence, the phytotgxafitO; on plants arises primarily as
a result of the oxidative damage to the plasmalerttheath, 1987). After being taken
up into the leaf interior through the stomata, @n react with the agqueous matrix
associated with the cell wall (i.e. the apoplast)yield a suite of reactive oxygen

species (ROS) and hydrogen peroxided), which, in addition to @ result in the
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oxidation of sensitive components of the plasmalemamd subsequently the cytosol
(Fiscus et al., 2005; Long & Naidu, 2002). It deses photosynthesis by impairing
rubisco activity or stomatal conductance, and/alirectly via onset of premature
senescence and thus protein (rubisco) and chlolopdayradation, particularly during

the flowering stage (Fiscus et al., 2005; Morgaralet 2004). Ozone can further
inhibit reproduction by affecting pollen germinatiand tube growth, fertilization and
abscission or abortion of flowers, pods and indigidovules or seeds (Black et al.
2000). Finally, Q impairs phloem loading and reduces assimilateitianing from

other organs to grain (Fuhrer & Booker 2003).

There are abundant evidences that current levessirdace [@] in many areas of
the world are sufficiently high to reduce vyields ragjor staple crops such as rice
(Ainsworth, 2008; Feng et al., 2003), wheat (Legtyeal., 1995; Wahid et al., 1995;
Wang et al., 2005), soybean (Nali et al., 2002; ddaret al., 2003) and potato (Clarke
et al., 1990). A meta-analysis of 406 experimewtaservations around the world
revealed that surface §Pat current ambient level (31-50 ppb) have indueed
average yield loss of 11.3% in the range from 5%3% for the six major food crops
including wheat, rice, potato, barley, bean, angbsan, as compared with those in the
base [Q] (< 26 ppb) (Feng & Kobayashi, 2009). Another rratalysis of 53
published studies investigating ©ffects on wheat between 1980 and 2007 indicated
that elevated [g) of 72 ppb on average (range of 30—200 ppb) haceedsed grain
yield by 29% and above ground biomass by 18% inayh&hen compared with
plants grown in charcoal filtered air (13 ppbsJ@n average) (Feng et al., 2008).
Although there are large differences in crop sersitto Oz both within and between
species (Mills et al., 2007), and the extent of @eeffects varies with different
studies (Feng et al., 2008; Feng & Kobayashi, 20@6rgan et al., 2003), these
findings confirm that increasing P has become a serious threat to global food

security, urging a global solution.

However, as indicated by Ashmore (2005), currerdwedge of Q damage to

crops are mostly derived from observations and mx@ats in North America and
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Europe, and the investigation of the impacts gfo® crop grown is very limited in
other regions. During the last decade, an incrgaaitention is being given to impacts
of O3 on crop production in the developing countries raberised by rapid
urbanisation and industrialisation. In the YRD dfi@a, Feng et al. (2003) firstly
reported the @damage to crops, and estimated that the yieleé$oss1999 due to O
pollution were to be 10.0% and 2.8% for wheat aicd, rrespectively, which was
calculated from dose-response functions based cal lpen-top chamber (OTC)
studies and [g) data in that region. Another observational stadué surface @
suggested a greater yield loss of 20-30% for wgeatn in the YRD in 1999-2000,
based on the dose—response relationships derived orth America and Europe
(Wang et al., 2005). With the growing concern ali@spollution, a few studies were
successively conducted in this region to investighe Q effects on wheat (Yao et al.,
2008; Zhu et al., 2011), rice (Pang et al., 2009;e5al., 2009; Zhan et al., 2008), and
oilseed rape (Wang et al., 2008a). Recently, Wadrgy. €2012a) summarized their 5
years’ results from OTC experiments conducted irDYBnd indicated that the wheat
and rice yield losses in their study were even nsamous than in previous reports

both domestically and from abroad.
1.3 Methodology: OTC vs. FACE

Most of the studies mentioned above are based periexents carried out in
open-top chambers (OTC) (Heck et al., 1988; Jagat.e1992; Legge et al., 1995).
Typically, the cylindrical open-topped and trangmarwalled chambers used fog O
effects studies are placed over field plots of-godwn plants and supplied with
filtered air (to provide exposure to below ambigs]), non-filtered air, or
non-filtered air with ozone added (to provide expes to elevated [§]). Despite
being partially open to the atmosphere and casefddisigned, the OTC facilities
inevitably modify the growth conditions of the plan(Colls et al., 1993). The
enclosure of chamber could alter the direct anfigkf solar radiation, increase the air
temperature and vapour pressure deficit (VPD), #ftect the energy balance of the

crop, plant growth and phenology development (Daierman et al., 2002; Fuhrer,
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1994; Jetten, 1992; Olszyk et al., 1980; Piikkakt 2008). The forced ventilation of
chambers might influence the bulk resistance, amnté the movement of gaseous
pollutant from the atmosphere to the plant plasmaia (Jetten, 1992). In particular,
previous studies have indicated that, becauseeofdited turbulence, thes@ux in
such chambers is normally higher than that out&den though without modification
of [Og] in the chambers (Nussbaum & Fuhrer, 2000; Plefjell., 1994). Furthermore,
other obvious effects of an OTC include that wisdrémoved, preventing wind
damage and dispersal of pathogens and pests, atdraimfall interception is
decreased and soil-plant-atmosphere coupling eseat(McLeod & Long, 1999).
Such changes in microclimate, and hence in growtlaracteristic, in OTC
experiments have suggested artificial alteratianthé real response of the plants to

O; under field conditions.

These so-called chamber effects can be avoided thvtHFree-Air Concentration
Enrichment (FACE). FACE technology is almost unasuisly considered to provide
the best means to expose plants to the elevatedsplraric concentrations with
minimal alteration of microclimate and the soil+gleatmosphere continuum (Long et
al., 2004). Field experiments with FACE also allimeatment of a much larger area of
crop than is possible within OTC. This advantagaimizes the influence of the edge
effects that have a greater influence in chamlaerd,makes the agronomic trials to be
better represented (Long et al., 2006; McLeod & d,00999). The possibility of
controlled enrichment of atmospheric concentratiothe field was first investigated
with CO; in the 1970s (Harper et al., 1973), and paralleledimber of studies made
to fumigate field plots with air pollutants suchsagphur dioxide (McLeod et al, 1991;
McLeod et al, 1995). Technologically updated FAGEtems have been developed to
expose small to large field plots to elevated€@ncentrations under different natural
conditions as reviewed by Kimball et al. (2002) abdng et al. (2006). This
technology was also used for studies on ecosystarmivg (Bridgham et al., 1999;

Kimball et al., 2008).

In recent years, FACE experiment with Ras been applied in soybean (Morgan et
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al., 2004, 2006; Betzelberger et al., 2010). WitR@386 increase in [€) from an
average daytime ambient 56 ppb to a treatment @qguer two growing seasons,
soybean yields were decreased by 20% (Morgan et2@06). Importantly, these
results suggest that when treated under open-aditians yield losses in soybean
may be even greater than the large losses alreguayted in earlier chamber studies.
It is thus vital to consider the implications oe#ie findings for other crops including
rice and wheat, which are the largest and secagddafood crops in the world (FAO,
2010), providing more than half of the calorifidake of the world’s population and
up to 70% of the calorific intake of the populatiohAsia (Kiple & Ornelas, 2000).
To date, however, scarcely any observations haga b&de on yield loss in rice and
wheat exposed to elevatedsJ@nder fully open-air conditions. In assessing fibed
production and security in East Asia with the pctge great increases in {JCand
huge populations, an improved investigation of ithpact of Q on rice and wheat
using FACE is clearly essential. In the developnwn FACE-Q system, a crucial
question must be addressed asHow closely can the FACEsQystem represent the
future elevated [€} situation in the real world? (Question 2. This is because the
validity of the experimental findings will be highldependent on the system

performance in reproducing the reabrld environment.
1.4 Dose-response relationship

To quantitatively estimate {effects on crops, we have to establish a link betw
certain pollutant index and the plant responsesoatern. Since the 1980s, extensive
O3 fumigation experiments were carried out with OhGQhe US (National Crop Loss
Assessment Network, NCLAN) and in Europe (Europ&pen Top Chamber
Programme, EOTCP). The aim of these experimentstwastablish crop-specific
dose—response relationships which relate quansfimbean or accumulative §D
indices to a reduction in the crop yield (Heck let H988; Jager et al., 1992; Legge et
al., 1995). These programmes resulted in the desivaof robust dose-response

relationships using differentsOndices for a number of key agricultural crops.

In the NCLAN experiments, concentration-based iegsiof M7 and M12 (7-h

7



CHAPTER 1

(9:00-15:59) and 12-h (8:00-19:59) daily meag|[@spectively) were initially used
to characterize crop exposure (Heck et al., 1988ever, in the post-experimental
data analysis, cumulative indices e.g. SUMO06 (aedated [Q] when it exceeds 60
ppb) and W126 (accumulated 4lOwvith a sigmoidal weighting function, see EPA,
(1996) for detail) were thought to better fit teetlield loss observations, and thus
were favored by most experts (Lefohn & Foley, 198Rjuzerall & Wang, 2001;
Tingey et al., 1991). Being different from US, Epeoadopted another cumulative
exposure index, AOT40 (accumulatedsJ©ver a threshold of 40 ppb), as it has been
found to have a strong relationship with-i@ducd yield loss of many crop species,
such as wheat, potato and soybean in differenttdesrduring the last two decades
(Betzelberger et al., 2010; Mills et al., 2007; Ksar& Agrawal, 2010; Wang et al.,
2012a). Nevertheless, analysis of experimental ftmtavheat collected over several
seasons in southern Sweden showed that there wiake avariation in the slope of the
relationships between AOT40 and relative yieldiffedent years (Pleijel et al., 2000).
When the relative yield was related to the modetieinatal @ uptake over the same
period, most of the experimental data fell clossigund a common line. It has thus
been established that the use of the stomatfiu®-based index would be superior to
the exposure-based one in accounting for the cied ioss due to g Ashmore et al.,

2004).

Stomatal @ flux depends not only on fPat plant height, but also on stomatal
conductance which depends on species or genotypeelasis on phenological and
climatic factors (Ashmore et al., 2004; Danielssbal., 2003; Fuhrer, 2000; Karlsson
et al., 2007). In the last decade, multiplicatitengatal conductanceyd, models
(Jarvis, 1976) were adopted and parameterizedtitonae Q flux through stomata in
order to more accurately assessif@luced yield loss, because internal €posure
(inducing metabolic effects) is more harmful thaxteenal Q exposure (causing
damage to the leaf cuticle) to plants (Embersoal.e2000; Danielsson et al., 2003;
Pleijel et al., 2000, 2004, 2007). These models laased on the Jarvis-type

multiplicative model, which simulates the legf,variation as a simple function of
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phenology and short-term effects of environmerdaatdrs like radiation, temperature,
VPD and Q. By usinggsi,, models, numerous studies have indicated thatnolertrtal
effects of Q have stronger relationships with cumulative fllasbd dose than the
exposure-based dose (e.g. AOT40) in many speaiek, a wheat, potato and silver
birch (Danielsson et al., 2003; Pleijel et al., 200ddling et al., 2004). Taking into
account its advantages, flux-based method has dd@pted in the Mapping Manual
of the LRTAP Convention (LRTAP Convention, 2004,10) to assess {xisk for
vegetation in Europe. The biologically relevantxflbased @ index i.e. POR
(phytotoxic @ dose, accumulated stomatal flux of @ove a threshold &f nmol m?
s%) is suggested to be a better indicator gkfects in the field than AOT40 (Mills et
al., 2011b).

Wheat {riticum aestivumL) is the second largest food crop with an annual
production of more than 650 million metric tons JNEAO, 2010), but is also among
the Q-sensitive crop species (Mills et al.,, 2007; Feng K®&bayashi, 2009).
Relationship between cumulative stomatal uptake and yield loss for European
wheat cultivars has now been established using twdldata from OTC experiments
across a range of soils and climatic conditions, &®as proved to produce a better fit
to measured yield reductions as compared with AGJa€ed function (Danielsson et
al., 2003; Pleijel et al ., 2004, 2007). Sincewheeat cultivar, phenology, climate and
pollutant exposure pattern are much different betwsubtropical China and Europe,
a question may ariseHow can the wheat yield loss in China be best eeldb the
stomatal Q flux?’ (Question 3. However, until now, little information has been
available on @flux and flux—response relationships for wheatai as other crops
in China (Oue et al., 2011). The existing estimate®; impacts on regional wheat
productivity in China have been entirely based o éxposure-based index like M7
and AOT40 (Aunan et al., 2000; Wang et al., 2008n@/& Mauzerall, 2004). Such
estimates could be biased (Klingberg et al., 204ills et al., 2011a; Simpson et al.,
2007), and there is an urgent need to developxatisponse relationship for China

and make a more credible assessment of the wheddtlgss due to ©pollution.
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1.5 Regional evaluation

Demonstration of the Ompact on present-day and future global crop pcodn
need an assessment of the magnitude and spati@duion of G-induced yield loss
of major crops over the important agricultural tegs around the world. This work is
crucial for global food security as the grain deth@expected to increase globally
by 50% from 2010 to 2030 due to an increase in a@lg@wopulation, rising living
standards, and the expansion of global biofuel yetdn (World Bank, 2007).
Integrated assessment of-@duced reductions in crop yield is primarily dagent
on modelling procedures by regional/global air cloaintransport models that can
provide a geographically broad-scale predictiopmsent-day and future §Punder
different emission scenarios. The modelleds;][@elds will be combined with
dose—response relationships, crop distribution@oding season, to obtain regional

and/or global estimates of the crop yield loss.

Using similar integrated assessment approachesarfgnal. (2000) and Wang &
Mauzerall (2004) evaluated the-{dduced yield losses of major crops in China and
East Asia (China, Japan and South Korea), resgygtifor the base year 1999 and
projected losses for 2020. Both studies concluded present-day surface O
already causes substantial crop losses in thiome@n particular for @sensitive
crops such as wheat and soybean) and that signif@dditional losses may be
expected to reach 30% by 2020 under the emissiemasios considered. On a global
scale, recent assessments revealed that the gieldd of key staple crops e.g. rice,
maize, wheat, and soybean have been reduced by®-dl@ to present-day;O
exposure in 2000 (Avnery et al. 2011a; Van Dingeeeal., 2009), and £sensitive
crops e.g. wheat and soybean could see a furthiér décline in yields by 2030 if
global G precursor emissions continue to increase undepélsimistic A2 scenario
of IPCC (Avnery et al. 2011b). Furthermore, theselies also indicated that there is a
considerable regional variability in the projecigdbal yield losses, and China and
India in particular are on the cusp of substamgductions in wheat production (Van

Dingenen et al., 2009; Avnery et al. 2011a, b).
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The above studies are important steps towards sasge§ risk to agricultural
production regionally and globally, and provide darices of potential aggravated
reductions in crop yield in the near future. Howevieis important to recognize the
many limitations in these estimates. Firstly, theyploy air chemical transport
models and emission inventories with coarse tendspiial resolutions to predictsO
exposure and most studies take no account of csioveof [Qs] at a reference height
to canopy height. Secondly, they apply the dos@earese functions derived from US
or European OTC experiments, which have been stepés under-predict the yield
loss for Asian cultivars (Emberson et al., 2009n@/et al., 2012a) and for the crops
under open-air condition (Morgan et al., 2006). Ma®sportantly, the use of
exposure-based relationships, that relate yield tosexternal [G] rather than the
stomatal Q flux, may lead to systematic errors in the evatumbf the magnitude of

the impacts on yield, and their spatial distribntio

In fact, the new flux-based approach has beenegpi Europe for mapping the
Os flux risk for vegetation, and exhibited considdyathifferent geographical pattern
as compared to that of exposure index i.e. AOT4th@erg et al., 2011; Mills et al.,
2011a; Simpson et al., 2007). Comparison of thenastd wheat yield loss between
flux-based and AOT40-baesd methods for five grillsceepresenting each of five
European climate zones also indicated a higherbased yield loss by an average
factor of 1.5, varying with different climatic zom¢Holland et al., 2006). However,
such studies are yet to be done using flux-bas@doaph to assesszOmpact on

crops in Asia.

As mentioned before, wheat is one of the most itambrfood crop in the world.
Nearly two-thirds of the world population dependstbis crop for their primary diet.
Being the two most populous countries, China artlalrare also the largest and
second largest wheat producers in the world witlramual production of 115 Mt and
80 Mt, respectively (FAO, 2010), which being condartogether account for 30% of
the global wheat production and 67% of wheat prtdndn Asia. The economic and

social implications of the tremendous yield reduttin wheat of these two countries
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could be very serious, not only for Asia, but fowietworld. As there is a large
uncertainty in the previous studies (Aunan et 2000; Avnery et al. 2011a, b; Van
Dingenen et al., 2009; Wang & Mauzerall, 2004), arencredible answer to this
question How much of the wheat production in China and Inkiéve been/will be
reduced due to present-day/futurg” @Question 4 by evaluation using flux-based
method derived from FACE experiment in Asia is hygbxpected. Only with this
solution, we can sent the correct signals to paiakers for taking measures to curb

the rapid increase of surfaces]@n this region.
1.6 Rationale and objectives of the present study

In years 2007-2012, | and my colleagues developdeea-Air Concentration
Enrichment system with ozone (FACE)Cat Jiangdu county, Jiangsu province in
northern YRD. Long-term surface §foobservations were conducted in this system to
obtain the up-to-date information og @ollution in this region. Productivity of wheat
and rice under elevated {oand ambient [g] in the open-air field was observed to
investigate the @ effects. With the findings of the FACEsQxperiment, the ©
flux—response relationship for wheat was estahtisteepredict the yield loss. This
relationship as well as other flux-based and exgmbased relationships derived from
European OTC experiments were combined with a fegblution chemical transport
model (CTM) to give a regional evaluation og-fDduced wheat production loss in

China and India at present and in the future.
In this thesis, the afore-mentioned questions ddeessed in the relevant chapters.

The Question 1:What is the current situation ofs@ollution in the northern YRD,
and what are the determinants of jJGrariation in this region? was addressed in
Chapter 2 by a comprehensive analysis of five ysar$ace [Q] observational data
in northern YRD during 2007-2011. Meteorologicatadand backward air mass
trajectories were used to analyze the influencéhef Asian summer monsoon and
associated long-range air mass transports gh M®asured [G] during high and low

fire activity periods demarcated by satellite fivetspot observations were compared
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with each other to identify the contribution of tiass burning to [¢) at the study site.
Furthermore, the observed surface)][@ata were also used for model evaluation of

the CTM which was applied to regional wheat yi@lgd evaluation.

Chapter 3 addressed the Question Bow closely can the FACEsOsystem
represent the future elevated JOsituation in the real worl@ with a series of
systematic evaluations of the FACE-Ccontrol performance. The temporal
performance was measured by the fraction gf ffayed within £ 20% and £+ 10% of
the target [@ and the mean ratio of measureds][@ target [Q] during rice and
wheat experiments across 2007-2010. The spatitdrpgance was studied with the
seasonal M7 and AOT40 distributions over the elv40;] plots. Because artificial
addition of ozone may alter the; @egimes in the experimental plots as compared
with that in the real world. | also compared thg r&gimes as characterized by the
M7-AOT40 relationship between elevated, ambient] scaled-up [g], as well as

between FACE and OTC experiments.

Chapter 4 addressed the QuestiontBwW can the wheat yield loss in China be best
related to the stomatal {flux?’ Firstly, agsi, model of wheat in YRD region was
developed and parameterized by usigg, measurements from the FACE-O
experiment. With thisgs,, model, relationships between cumulative stomatal O
uptake and wheat yield loss were derived and thfemeance of different cut-off flux
thresholds was evaluated. The slope of the estadli€) flux—response relationship
was compared with that from European OTC experiméntfind whether there is
significant difference in the flux—response of wihgald loss to @ between YRD and
European studies. The new flux—response relatipnsbuld be applied to Lrisk

assessment in subtropical regions of Asia.

The Question 4: How much of the wheat production in China and Indave
been/will be reduced due to present-day/futus®”@as addressed in Chapter 5 by a
projection of Q-induced wheat production loss in China and Indraykars 2000 and
2020 with both exposure-based and flux-based appesa Present and future surface

[O3] were simulated by a high resolution (40 x 40 lgiobal-regional CTM system
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coupled with the Regional Emission inventory in 8A§fREAS). The estimates by
using different @ dose metrics and corresponding dose—responsedonsiaips
derived from European OTC and FACE-®xperiments were compared, and the
possible reasons for their different performancerewanalyzed. Because the
calculations of stomatal Ouptake are strongly dependent on the quality ef th
meteorological input data, the uncertainty from tpessible biases in the

meteorological inputs for flux-based evaluations\akso analyzed.

Finally, Chapter 6 summarizes the results and &tiwhs of the study, and discusses
broader implication of the findings of this studyerein, I tried to find an answer to
the ultimate question:How can we protect the crop production in Asia frame
deleterious impact of ozone pollution in the nadufe?” See Fig. 1.1. for the entire

structure of this dissertation.
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Chapter 1 Introduction

Chapter 2 O, pellution in northern YRD

Chapter 3 FACE-O, system

|

Chapter 4 Flux-response relationship

h 4

Chapter 5 Regional evaluation

Chapter 6 Conclusions

Fig. 1.1Structure of the dissertation.
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CHAPTER 2

CHARACTERIZATION OF THE OZONE POLLUTION IN AGRICULT  URAL
FIELDS OF NORTHERN YANGTZE RIVER DELTA

2.1. Introduction

China has experienced phenomenal economic growtheirpast several decades.
The economic expansion as well as rapid urbanizatindustrialization and
development of transportation have resulted ingasing consumption of fossil fuels,
leading to increasing emissions of primary @ecursors, e.g. NOCO and VOC
(Ohara et al., 2007; Streets & Waldhoff, 2000). Hpncentrations of fare thus
associated with hot sunny weather and occur overmapulated and industrial areas
(Geng et al., 2008; Lam et a., 2005; Tu et al.,7200ang et al., 2006; Zhao et al.,
2009). Neighbouring agricultural regions, espegidibwnwind regions, are typically
enveloped by regional pollution. One of these apragected to be seriously affected
is northern YRD, which is between the two of thesimbeavily polluted areas in

China, southern YRD (on the southeast) and NorihaRlain (on the northwest).

In addition to the industrial and municipal impacatstensive open crop residue
burning after harvest in the vast agricultural dgelis also demonstrated to further
deteriorate the air quality over central easterm&I(CEC) (Li et al., 2007; Streets et
al., 2003; Yamaji et al.,, 2010). A modelling studgs reported that the open crop
residue burning increased the concentrations ahany pollutant e.g. CO, black
carbon and organic carbon by 62—-80%, and hendey@3% at Mount Tai (1534 m

a.s.l.) in Shandong province (Yamaiji et al., 204@jich is to the north of YRD.

On the other hand, the Asian summer monsoon isestigg to have significant
effects on seasonal variability og @ eastern China (He et al., 2008; Luo et al.,®200
Wang et al., 2001). The summer monsoon, with icgl maritime inflow, could
reduce @ levels in many different ways, such as dilutionGafand its precursors by

mixing between cleaner layers of the atmospherapval of pollutants by rainfall,
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and reduction of photochemical production of Ity increased cloudiness (He et al.,
2008; Wang et al., 2008b). Long-term measuremenii©®4) and its precursors (such
as CO), coupled with backward trajectory analyss#ehelucidated the influence of
long-range transport of air mass orgl[@ariations at many remote sites (Pochanart et
al., 2002, 2003; Sikder et al., 2011; Suthawaresd.e2008); however, these analyses
did not include the northern YRD.

Being one of the most important crop producing siieaChina, the northern YRD
faces the big threat of increasing 3JOHowever, without multi-years in-situ
observation on [g) coupled with investigation on its determinantskemsit difficult
to make a general statement op fllution in this region and set up prevention
strategies. Therefore, in this chapter, we pressntlts of surface £monitoring at an
agricultural site during 2007—2011. The objectigéthis study are: (1) to characterize
the seasonal variations of {Jin the northern YRD; (2) to analyze the influerufehe
Asian summer monsoon and associated long-rangeaas transports on §) and (3)

to identify the contribution of biomass burning/@s] at the study site.
2.2. Materials and methods
2.2.1. Site and meteorology description

Ground-based measurements were conducted at ssiter§l19°45’ E, 32°35' N, 5
m a.s.l.) in Xiaoji town, Jiangdu county, Jiangsayince, China. This site is located
in an agricultural plain north of the Yangtze Ri{€ig. 2.1). It is 130 km northeast
and 250 km northwest of the major population centgfr Nanjing and Shanghai,
respectively. Several small villages are sparspigad within a 10 km range, but no
industrial pollution sources exist nearby. From nd@du to the north are
underdeveloped areas of Jiangsu province, andaseoof the most important crop
production regions in China. The main crops areawtygown in winter and spring
and rice grown in summer and autumn. Accordindieo@hina Agriculture Yearbook
2010, the rice and wheat production in Jiangsuipoavare 18 and 11 million metric

tons, respectively, and the northern regions tageerthan 70% of the contributions.
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Being in the subtropical marine climatic zone, gdun site is influenced by the
Asian monsoon with a mean annual precipitationkdf0+1200 mm, a mean annual
temperature of 16 °C, a total number of annual lstmeshours> 2000, and a frost-free
period of> 230 days. Figure 2.2 shows the monthly variatiohshort-wave solar
radiation (SR), air temperature (T), precipitatiand relative humidity (RH) at
Jiangdu site across the five years from 2007 td 2Qh average, more than 65% of
the annual precipitation was concentrated in theetimonths from June to August.
Although T was highest during the summer months,high frequency of rainy and
cloudy days sharply decreased SR and increaseddridJune to September, both of
which are unfavorable to photochemical productib@# In May, by comparison, the
weather condition was conducive tg Production with increasing T and SR, little
precipitation, and low RH. The most humid and drie®nths at Jiangdu site were

found to be August and May, respectively.
2.2.2. Measurements of Oz concentrations

Ground-based ambient §Pwas continuously measured in alternating fastabb
heights (0.25 m, 0.5 m, 1 m, 2 m, and canopy hdlghtuating from 0.3 mto 1.2 m
with the crop growth) in the crop field using a UWotometry analyzer (Thermo
Electron 49i, Thermo Scientific Co., USA). The @nalyzer was calibrated against a
transfer standard (Thermo Electron 49i-PS, Therngeerfific Co., USA) on an
approximately monthly basis. The meteorologicalaldes (T, RH, SR, precipitation,
wind speed and direction) at 3 m above the grouecewineasured every 10 min at a
weather station (AG3000, Campbell Sci., North Lqgdiah, USA) located at the
same site. Raw data of {Owere recorded every 2 min from March 2007 to
December 2011. Spurious data caused by an occhsiusealibration or system
malfunction were removed manually. Failure of eietty sometimes occurred,
resulting in additional gaps in the dataset. Thweefthe percentage of time in which
accurate data was captured was about 93% for tldevdtudy period from March
2007 to December 2011. The 2-min raw data at 2 ighh&ere used to calculate the

hourly average [g), which is used for the analyses in this study.
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2.2.3. Satellite observations of biomass burning

The biomass burning in CEC is mainly open cropd@siburning after harvest,
concentrated in the months of May and June (Stededts, 2003; Yamaji et al., 2010).
Data of fire hotspot/activity were derived from tModerate Resolution Imaging
Spectroradiometer (MODIS) (MOD14 Level 2, Terra afdua) active fire data
products (http://modis-fire.umd.edu/downlogafDavies, et al., 2009). The daily fire

activity over central eastern China within the doma 28° N-40° N and 112° E-124°
E (12.0° x 12.0°) was counted during the studyopeaf 2007-2011. The MODIS
data includes daily global scale scanning witheatgr detection rate than the Along
Track Scanning Radiometer (ATSR) satellite dataettgped by the European Space
Agency (ESA), which only operates during nighttiamed completes global coverage
every three days (Barbero et al., 2011). The daytsecanning of MODIS, however,
includes the possibilities of false detection doesdlar reflection by the land surface
(Kaufman et al., 1998). Nevertheless, such falss ftan be rejected by the use of an
improved detection algorithm provided with MODISefidata sets (Giglio et al.,
2003). Thus, in the present study, we only uses fwith detection confidence above
50%, which we presumed to be a reasonable mid-fgmtween the accuracy and

efficiency in detecting the small-scale and incostglcombustion of crop residues.

To demarcate the high and low fire activity peri@d®r the study region, median
values in May and June fire spot numbers over 2P0t are used as the criteria.
High fire activity periodsin May and June over 2007-2011 are defined asethos
periods when the fire count averaged across theque 3 days exceeded the median
value while the remaining periods are definedoasfire activity periodsin order to
distinguish the impact of local meteorological cimds on Q production, the high
and low fire activity periods are further subdividmto sunny daysandrainy days
with a simple criterion of daily precipitation begirzero or not. According to these
definitions, the total number diigh fire activity daysluring the study period was 80
days in May and 112 days in June, with 69 and 9Pade days beingunny daysin

May and June, respectively.
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2.2.4. Air masstrajectory analysis

To identify the origins and transport pathways loé air masses arriving at the
study site, 72-h backward trajectories were catedldby using the Hybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLhipdel Version 4.8 developed
by the Air Resources Laboratory of the National &de and Atmospheric
Administration (NOAA), USA (Draxier & Hess, 1988)he meteorological input for
the trajectory model was the GDAS (Global Data Asisition System) data, which
was processed by the National Centers for Environahdredictions (NCEP) with
6-h temporal resolution, approximately 190 km haomial resolution, and 13 vertical
layers. For the whole Omonitoring period (from March 2007 to December P01
backward trajectories arriving at 500 m above seallwere calculated twice a day,
l.e., at 00:00 and 12:00 Chinese Standard Time JC®ith a time step of 1 h for
HYSPLIT.

The accuracy and limitations of trajectory calcglas have been investigated in
several studies (Stohl. 1998; Kahl, 1996). In orereduce the uncertainties of the
trajectory analysis, one trajectory at the exactatimn of the Jiangdu site and four
others displaced by = 0.5° of latitude and longtdicbm the site were calculated at
each arrival time. If the five trajectories did riotlow the same flowing pattern, the
trajectories at the time were not used for furthealysis. The residual trajectories
were assigned to 6 clusters using an automated dfselustering algorithm (by
maximizing between-group variance and minimizinghwi-group variance). The
mean trajectory of each cluster was then calculated its trajectory members and
presented in Fig. 2.7. In order to control for smlhsistency within the daily
trajectory group, the two trajectories (arrival érat 0:00 and 12:00 CST) were pooled
for each day. The daily trajectory groups whose tmdividual trajectories belonged
to the same cluster were then matched with therdayt9:00-16:00 CST) ozone data,

and used for the analyses of;[@ariations in different air mass groups.
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2.3. Results
2.3.1. The O3 concentration level at Jiangdu site

The time series of daily 1-h maximum ofg]J@&nd 30-day running average of3]O
observed at the study site during the period froardd 2007 to December 2011 are
presented in Fig 2.3. The pattern of seasonal eéhanf{(;] is obvious with lows in
winter and highs in late spring and early summeym@ared with the Chinese
Ambient Air Quality Standards (CAAQS, revised GB361996 of Chinese National
Air Quality Standards), hourly Qevels at Jiangdu exceeding Grade Il (0.2 mig/m
approximately 102 ppb at 1 atmospheric pressure 2endC) occurred in several
months, with the highest frequencies in May andeJun total, there were 217 h
during which the @levels exceeded the Grade Il value across theeeoitiservation
period. During year 2009, the Grade Il value waseexled for 11, 47 and 5 h in May,
June and July, respectively, with the highest valtiel44 ppb occurring in June.
Across the 5 years, the daily mean (0:00-24:00 G8TP;] ranged from 2.9 to 67.5
ppb with an average of 22.1 ppb and standard denigED) of 19.3 ppb. The daily
7-h mean (9:00-16:00 CST) of {anged from 6.3 to 117.7 ppb with an average of
36.2 ppb and SD of 20.0 ppb. The highest monthlgm{€s] occurred in June 2009,
with the values of 24-h mean and 7-h mean being Bg8b and 67.3 ppb, respectively.

2.3.2. Intra-annual variations

Like many rural sites, [ in Jiangdu shows typical diurnal cycles related t
photochemistry, with maxima in the afternoon andima in the early morning. The
averaged amplitude of diurnal variation ofsJQvas about 40 ppb in summer as
compared to only 20 ppb in winter, reflecting theoren active photochemical
production of Q in the summertime (Fig. 2.4). As the boundary tageexpected to
get shallower and £Xitration becomes stronger at night, nighttimeearstations may
be sensitive to soil emissions over the field. Thisg the analysis of seasonal
variation of Q presented below, we focused on observations duhegdaytime

(900-1600, CST), the typical period of elevated][O
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The average seasonal cycles of][& the study site are shown in Fig. 2.5 with the
monthly statistical summary across 2007-2011. Thethly 7-h mean [g} increased
gradually from 22 ppb in January to the peak vaiu85 ppb in June, then decreased
rapidly to exhibit a trough of 32 ppb around Augustter attaining the second peak
of about 39 ppb in October, thed@radually decreased toward the end of year. This
bimodal pattern of @has been widely reported in eastern China (Lual.et2000;
Wang et al., 2001). The fPpeak in late spring and early summer reflects the
contribution of photochemical production during tperiod of favorable weather
conditions (increasing T and SR, in conjunctionhwidw precipitation), and the drop
of [Og] during the period from July to September indisatee significant influences

of Asian summer monsoon in this region (He et241Q8; Wang et al., 2008b).

It should be noted that the hourly mean][€hows the largest variability in June as
indicated by the largest range of the box chag.(Ei5). Although the mean value of
hourly [Q5] in June (55.3 ppb) was higher than that in Ma®.Z5ppb), the median
value of hourly [@Q] was slightly lower in June (48.8 ppb) than tmeMay (50.6 ppb).
These features of the summary statistics may tettecmore episodic peaks of high

[Og] in June than in other months.
2.3.2.1. Theinfluence of wind direction

In order to analyze the influence of wind onjJCseasonal variation, the
dependence of seasonal averageg] [@h wind direction is presented in Fig. 2.6.
Seasons are defined as follows: spring is Marchil Apd May, summer is June, July
and August, autumn is September, October and Noggrabd winter is December,
January and February. As can be seen in Fig. lZ6greatest concentrations of i@
spring are mainly associated with the wind from SSE, and ESE, with the average
[O3] across these three sectors being 54.4 ppb, whi8b% higher than the average
across all wind directions (39.9 ppb). For the swnand autumn months, however,
no obvious association was found between greatecerdrations of @ and the
prevailing wind direction. In the winter, [Ptended to be a little greater in the wind

direction of NE in comparison to other wind directs.
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2.3.2.2. Theinfluence of long-range transport

By clustering the backward trajectories over 20@212 we have identified six
groups of air mass transport from different origamsl/or having distinctly different
transport paths; their mean trajectories are shiowfig. 2.7. The seasonal and total
frequencies of each air mass group arriving atstbdy site across the 5 year period
are tabulated in Table 2.1, and the monthly vammatf daytime (9:00-16:00 CST) {D

matched with each air mass group is shown in E&). 2

Cluster 1 (C1) and Cluster 2 (C2) represent airsesshat originated from inland
areas of Russia or Mongolia, and have passed throaghern China quickly before
reaching the study site. These two groups of aissmaere dominant in winter
(accounting for 55.6% of all the air trajectoridsyt were seldom observed in summer
(accounting for 2.4% of all the air trajectorieS)uster 3 (C3) comprises the air mass
coming from continental areas of northern Chinaeneas Cluster 4 (C4) represents
the un-oriented loop trajectories meandering oklerRD at short distances. C3 and
C4 accounted for 22.5% and 23.1% of all the aijettaries, respectively. The
maritime air masses of Cluster 5 (C5) and Clusté€®) occurred predominantly in
summer (about 70% of C5 and 90% of C6, respeciiveiyh C5 originating in Japan,

Korea and the surrounding ocean, and C6 originatinige South China Sea.

The [G5] in C1 was a little lower than that in C2, althbulgoth originated from
relatively clean inland areas (Pochanart et alQ32(and showed similar transport
paths. It should be noted that;]J@f C1 was much higher in spring (36.8 ppb) than i
autumn (28.2 ppb) and winter (26.3 ppb). As the mmss of C1 was mainly
transported from low or middle troposphere (abdd@34m above ground level, see
Fig. 2.7), the higher [€¢) in spring could be associated with the maximum
stratosphere-troposphere exchange in spring (Mo2k€0). Since C3 and C4
represent air masses originating from highly pefiutreas of northern China and
YRD, it is not surprised that significantly higH€¥s] was observed in these groups of
air masses compared to other groups (Fig. 2.8) nTdr&time air masses of C5 and C6

showed low [@] with monthly means of 29.5-37.9 ppb (C5) and 233L.2 ppb (C6).
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2.3.2.3. Theinfluence of biomass burning

Across the 5 years of 2007-2011, the greatest ryofth spot count from MODIS
was consistently observed in June, with an avecddg&55. The monthly fire spot
count in May was the second highest, but the aeevegs 2360, only 35% of that in
June. It should be noted that the number of firetspletected in 2008 was much
lower than those in other years; in June of thatr,ythe number was only 4359.
Across the 5-year study period, the spatial distrdns of fire spots over central
eastern China were similar each year, with the dsgldensity of the spots being

located in the regions northwest of Jiangdu (sgeZD of year 2010 for example).

The average value of daytime (9:00-16:00 CST}],[@, SR and RH during
different fire activity and weather condition petin May and June over 2007-2011
are shown in Fig. 2.10. During the period of higk fctivities, [Q] was higher than
that during low fire activities by 10% and 7% onnsy days and rainy days,
respectively, in May, and by 39% and 27% on suraysdand rainy days, respectively,
in June. On the other hand, no significant diffeemnin T, SR or RH were found
between the high fire activity and low fire activperiods for both sunny and rainy

days.
2.3.3. Inter-annual variation and its determinants

The seasonal pattern of {|Cat the study site changed slightly from year ¢éary In
2007 and 2008, the monthly 7-h mean][feaked in May, whereas in other years the
peak was found in June. This year-to-year variatiothe seasonal pattern may be
related to the inter-annual variation of meteorglagd precursor emissions such as

biomass burning.

Monthly 7-h mean [g] in June for 2007, 2008 and 2010 was 52.4, 422 5in2
ppb, respectively, and much lower than in 20096 Gshb) and 2011 (65.3 ppb). The
inter-annual variation in the mean 7-hzJ@Qvas correlated with that of maritime air
mass (C5, C6) occurrences in June: 45.7%, 52.5%5ar@Po for 2007, 2008 and
2010, respectively, as compared with 23.1% and %6fér 2009 and 2010,
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respectively (Fig. 9). The lowest value of 7-h m@ag] in June among the five years
occurred in 2008 (42.2 ppb), and can be associaitdthe lowest number of fire
spots (4359), which is almost 40% lower than therage value of fire counts for

June in other years.
2.4. Discussion
2.4.1. The Oz concentration level at the study site

Our measurements of §Pat the Jiangdu site showed an hourlyg][€xceeding the
CAAQS Grade Il (approximately 102 ppb) for 217 hridg the study period from
March 2007 to December 2011. The frequent occuerentigh [Q] (above 102 ppb)
Is comparable to the results of measurements insan@unding big cities in China
(Geng et al., 2008; Lam et al., 2005; Shan ekabg; Tu et al., 2007), and confirms

the existence of seriousg@ollution in this major agricultural area.

In comparison with the major field measurement caigis at several rural sites in
the YRD during 1999-2000 (Cheung & Wang et al.,1200ang et al., 2001; Wang et
al., 2006), the annual mean of;J@ver all 5 years at our study site (22.1 £ 198)p
was a little lower than those in the reported ss(22.5-35.3 ppb). Although the
geographic location of the measurement and incri@ad€&, emission during this past
decade (Xu et al., 2008) should be consideredisncthmparison, the difference in the
underlying surface of the measurement site may lsds® made some contributions.
Since our measurements were conducted within a Gedg, the Q uptake by
vegetation as well as deposition onto soil undedythe vegetation should be

considerable (Emberson et al., 2000; LRTAP Coneent2010).

With respect to the detrimental effects of @ crops, the 3-month AOT40 for a
typical wheat season (March, April and May) ancergeason (July, August, and
September) were 7.5 £ 2.5 ppm h and 6.3 + 2.7 pprespectively, on average across
the five years from 2007 to 2011. These AOT40 valc@respond to 150% (wheat)
and 110% (rice) exceedance of the critical leveBgipm h for protecting crops as

proposed by the European Monitoring and Evaluatwogramme (EMEP). It is
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worth noting additionally that the calculation 0OA40 values did not include June
which had the highest D level, and that the potential impact of; @n crop
production in this region may become even largeh wshifting cropping calendars

due to global climate change (Teixeira et al., 2011
2.4.2. Climate and atmospheric transport as major determinants of [Og]

In spring, [Q] tended to be higher with the prevailing wind la¢ study site (Fig.
2.6). One reasonable explanation could be thatlgtels of industrialization and
urbanization are distinctly higher in the regioattis southeast of the study site (see
the NG column distribution in Fig. 2.1), and, hence, thimd coming from these
directions would bring more pollutants to the stgdy. In addition, the wind coming
from the southeast in spring is usually associatéla higher temperature and intense
solar radiation in Jiangdu, which is conducive te @oduction. In contrast, in
summer, there was no obvious association betweagn[Bk] and wind direction, due
possibly to the increase of strong convective waratbspecially with the influence of
rainfall. Numerous rainy days during summer mayehaxeakened the effects of the
horizontal transport process by scavenging thep@cursors (i.e., wet deposition),
and suppressed the photochemical production of(Shan et al., 2008)O3] is
generally lower in winter than in other seasonsdibrwind directions, because;O
production becomes weak and high NO accumulatioiméenYRD may consume 0
through chemical reactions (Geng et al., 2008). WN& winds transported fresh
maritime air to Jiangdu leading to a dilution of NOs] rose compared to other wind

directions.

Besides the analyses of the dependence gf ¢® wind direction, the trajectory
analysis also indicated that the transport from¥YRD makes the most contribution
to the high [Q] through the regional looped air mass group (@4lditionally, the
transport from the middle troposphere may aggratretezone pollution in the YRD,
particularly in summer. Satellite observations hesxwealed elevated levels of ozone
in the middle troposphere over East Asia (Nakagamil., 2012), and Middle East and
North Africa (Liu et al., 2009) during the Asianmsmer monsoon. The fPfor C5
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and C6 trajectories were much higher than thg [€ported for maritime air masses
from the northwest Pacific Ocean (Pochanart eR8D2) and South China Sea (Wang
et al., 2009a) due to the inevitable pollution froland areas on their way to Jiangdu.
Yet, the frequent incursion of maritime air masatdbuted to the depression o
summer, especially in July, August and Septemhbeshduld be noted that the low
levels of [Q] in maritime air groups cannot be solely attrilsute the clean air with
less Q and its precursors from ocean because the inflowaritime air mass are
usually associated with rainy and cloudy weathdvictv are very adverse conditions

for the photochemical production 08O

The variation of the maritime air masses also doutes to the inter-annual
variation in [Q] as seen in [g) in the month of June, whose year-to-year change w
consistent with occurrences of maritime air mas$¥ag can be explained in part by
the strong dilution of @and its precursors with clean air masses of maoiggn.
Another important aspect is that the summer morsoairculation can also
determine the local and regional weather througbcgsses such as weakening
atmospheric stability, driving large scale circidas, and increasing humidity and
cloud formation. All of these weather conditionsséanajor impacts on the mixing
scale of various pollutants and the formation gfifOcentral eastern China (He et al.,
2008; Zhao et al., 2009). Since year-to-year flattuns of anthropogenic emissions
are usually small across a few years (Ohara et 281Q7), it is mostly the
meteorological pattern that contributes to a he@yepisode at the local or regional

scale in a specific year (Xu et al., 2011).
2.4.3. Contribution of biomass burning to [Os]

Biomass burning has been recognized as an impostamnice of several trace
species (such as CO, N@nd black and organic carbon particles), andrimrties to
the air quality degradation at local to global ssalGalanter et al., 2000; Andreae &
Merlet, 2001; Streets et al., 2003). The contridnutof biomass burning to elevated
[Og] in the boundary layer has been documented byreasenal and modeling

studies at various sites (Kumar et al., 2011; lalet2007; Yamaji et al., 2010). In this

27



CHAPTER 2

study, the increase of fPduring high fire activity periods was estimatedite 39%
on sunny days and 27% on rainy days, in June, 86l dn sunny days and 7% on
rainy days, in May. Since the main meteorologieaitdrs did not differ significantly
between the high and low fire activity periods, iiherease of [g] could be attributed
to the burning of crop residues after harvest. &stemated [G increase in June at
Jiangdu is comparable to that at Mount Tai (1534.81l.) in Shandong Province
(26%) (Yamaji et al., 2010); however, in May, theue at our site was much lower
than at Mount Tai. The difference between May amdelis presumably due to the
much higher fire activity in June than that in Mdg. fact, the meteorological
conditions may be more favorable to photochemicapf@duction in May (highest
SR, lowest RH and less precipitation) than in Jdie fact that, during the low fire
activity periods on sunny days, {On May (53.5 ppb) was higher than in June (45.4
ppb), supports our assumption (Fig. 2.10a). Theresite biomass burning in June
provides abundant {precursors, and strengthens thep@bduction under favorable
weather conditions on the sunny days. In additio&,27% increase of gPin June on
rainy days, when the in-situ photochemical produciis suppressed, may imply an

enhancement of backgrounds]@aused by biomass burning within this region.

Since the measurements of ecursors (both gases and aerosols) releasdteby t
biomass burning were not available at our study, sie used the air pollution index
(API, obtained from China National Environmental mtoring Center

http://www.cnemc.cn/to assess the level of air pollution caused l&y dpen crop

residual burning (Xue et al., 2012). The API iscatédted from observed data of three
trace species (PM10, NCand SQ) using certain formulae. During the period of high
fire activity in May and June over 2007-2011, threrage API in Yangzhou was 107
+ 35 (mean = SD), which is significantly higher ththe value of 61 £ 18 (mean %
SD) during the period of low fire activity. Yangalnes a city located about 40 km
southwest of the Jiangdu site. Given these factolarge enhancement of those trace
species as well as otheg precursors (such as CO, PANs) due to the biomassiy

is thus strongly suggested for this region.
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In contrast to the maximum pPobserved in May at Lin'an (119°44’ E, 30°18’ N,
139 m a.s.l., see Fig. 2.1 for location) in thetsetn YRD (Wang et al., 2001; Xu et
al., 2009), [@] exhibits a peak in June at Jiangdu. Since Jiangdacated in the
north of the YRD, a larger number of open cropdesiburnings could cause much
greater @ enhancement in Jiangdu than in Lin'an following tharvest of winter

wheat in the North China Plain, which is Chinalgy&st wheat production area.

The contribution of biomass burning to surfaces;][@ also evident in the
inter-annual variation of [€). In June 2008, concurrent with the lowest nundidire
spot counts, the monthly mean 7-hg]@as also the lowest among the five years of
the study. This significant decrease of fire smuisld be explained by the enactment
of a strict policy against open straw burning iegaration for the Beijing Olympic
Games in 2008. A series of aggressive measuresit@e pollutant emissions for the
Olympic Games have been proven to have signifigaettiuced the boundary layer
O3z and other pollutants over a large region of thetiN&hina Plain and central

eastern China in 2008 (Wang et al., 2009b).
2.5. Conclusions

Our 5 years (2007-2011) of measurements showedgadnt occurrence of high
hourly [O5] exceeding the CAAQS Grade Il (approx. 102 ppbylisy and June at our
study site in Jiangdu. The 3 month AOT40 greatlgeexied the critical level for
protecting crop species fromz@amage. Since the measurements were conducted
within the context of typical agricultural land ydbe observed [§) levels should
reasonably represent the situation for a large @fatthe northern YRD, and the data
implies a serious threat of;@ollution to the crop production in this regionhiah is

considered one of the major agricultural region€inna.

The monthly 7-h mean of Ppshowed a bimodal pattern in the seasonal change
with peaks in June (54.6 £ 25.3 ppb) and Octob8r4(x 18.0 ppb). The seasonal
change pattern was mainly due to the meteorologmadiitions. The prevailing wind

from the industrialized area of the YRD may havetdbuted to the rise of [€Din

29



CHAPTER 2

spring, whereas the monsoonal climate in summetdedore rainy and cloudy days
with weather conditions adverse to photochemicalp@duction. Furthermore, the
backward trajectory analysis suggested that thguémet incursions of maritime air
mass diluted the high EPin the polluted air masses and contributed todiyeression

of [Og] in the summertime. The variation in maritime mass incursion was also

partially responsible for the inter-annual variatwf [O3].

Our study also found that the extensive open cesmlue burning in central eastern
China was a significant contributor to the peak] [©® June. The enhancement of;]O
by the open crop residue burning was estimate@ t8¥%6 on sunny days and 27% on
rainy days in June. The worse air quality as inéddy higher API during the high
fire activity periods also suggested a large emissif Oy precursors from biomass
burning within the study region. The lowest;]Gn June among the 5-year period
occurred in 2008, and could be attributed to tlo& laf residue burning events along
with the greater incursion of maritime air massthat year. Further studies with
observational data on other trace species (suc8@&sNQ,) are warranted for a
comprehensive investigation of the processes aifgctO; formation and

accumulation in our study region.
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Table 2.1 Seasonal frequency of each air mass group readhmgstudy site in

Jiangdu in 2007-2011. For the back-trajectory elissof C1 to C6, see Fig. 2.7.

Frequency (%)

Season
C1 Cc2 C3 C4 C5 C6
Spring 12.8 17.9 25.7 26.6 6.3 —
Summer — 2.4 10.1 32.8 31.2 11.5
Autumn 15.6 14.2 37.6 14.7 7.1 1.3
Winter 22.1 33.5 16.8 18.3 — —
Whole year 12.6 17.0 22.5 23.1 11.1 3.2
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Fig. 2.1 Tropospheric N@ column distribution (averaged over 2007-2010) over
central eastern China and Yangtze Delta. The s$itdyin Jiangdu is indicated as a
pentacle, and the Shanghai city, Nanjing city amel tin'an site are indicated as
circles. NQ column Data were obtained from EOS Aura Ozone kboing
Instrument (OMI) in NASA's Aura  Validation Data  Cen
(http://avdc.gsfc.nasa.gov/Data/Aura/OMI/OMN®2/
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Jiangdu site.
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Fig. 2.5Monthly summaries of daytime (9:00-16:00 CST) ifpan [Q] across the 5
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middle indicates the monthly mean. The bottom dud #e top dot indicate the
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Fig. 2.9 Spatial distribution of fire spots detected fronOBIS over central eastern
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site is indicated as an open circle.
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CHAPTER 3

DEVELOPMENT OF A FREE-AIR CONCENTRATION ENRICHMENT
SYSTEM WITH OZONE (FACE-O 53)

3.1. Introduction

The current levels of [€) observed at our study site are sufficiently highmake
damage to crops in YRD. To be worse, models pretthat troposphere [£) in
Northern Hemisphere could further increase by 2062etween 2015 and 2050 if
current emission trends continue, parts of eas@hmma will suffer some of the
highest surface [€) (Meehl et al., 2007). Food security in China cbihen be
seriously threatened by the increasing Therefore, it is necessary to investigate the

potential crop loss under future situation withveked [Q] levels.

For this purpose, numerous experiments wighfubnigation have been conducted
worldwide using open-top chambers (OTC) (Feng et 2003; Heck et al., 1988;
Jager et al., 1992; Wang et al., 2012a). Howeeregiewed in Chapter 1, previous
studies have indicated that plant growth perforreamould differ between OTCs and
ambient fields (Fuhrer, 1994a; Piikki et al., 2Q0&nclosures can substantially
modify the plant canopy microclimate (McLeod & Lgn§999), affect leaf gas
exchange and pollutant uptake, and, hence, alerpthnt responses tozOThe
so-called chamber effects can be avoided with FAppgroach. FACE experiment is
conducted in fully open-air field with minimum aié¢ion to the soil-crop-atmosphere
continuum (Long et al., 2004), and hence betteresgmts the future environment

with elevated [@] than other existing experimental approaches.

It should be noted, any artificial addition of oegeven with FACE approach, may
alter the @ regimes in the experimental plots from that in teal world. It is often
argued that a small number of peaks in][&e more important in determining the
crop losses than the majority of lowers]@Krupa et al., 1994; Meyer et al., 1997).
Such an argument has been embodied in théo®e metrics, e.g. AOT40 or SUMO06
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(Fuhrer et al., 1997; Lefohn et al., 1988; Millsaét 2007; Pleijel et al., 1995), which
put greater weights on higher concentrations ircutating the @ dose, whereas
un-weighted means, e.g. daily 7-hour means (M®) atso used to characterize the O
regime (Adams et al., 1989; Lesser et al., 1991 & al., 2004). If, for example, the
O3 regime in an experiment [geakierthan that in the real world in the future, the
yield loss prediction based on the experiment cagilce smaller yield loss with
AOT40 than that with M7. Such an inconsistency leetwQ dose metrics has indeed
been noted in the crop yield loss estimation (Aueial., 2000; Avnery et al., 2011a,
b; Van Dingenen et al., 2009; Wang & Mauzerall, £20@lthough other sources of
deviation, e.g. difference in the experimental dzdaaes (Emberson et al., 2009), are

also possible.

To investigate the &impact on wheat and rice production in East Asider future
situation, a FACE-@ system was established in Jiangsu province, CWitn this
system, field experiments have been conducted wileat and rice for several
consecutive seasons. In this chapter, a compratensgscription of the FACE-O
system was presented. The specific objectives iefdtudy are: (1) to evaluate the
system'’s control performance and (2) to charaaehe Q regime in the FACE-©in

relation to that in current ambient air and a petgd future [Q)].
3.2. Materials and methods

3.2.1. FACE-O3 system

3.2.1.1. System layout

The FACE-Q system was set up in 2007 at Jiangdu site in Siapgovince of
China. A detailed description of the geographicadl aneteorological conditions of
this site is given in Chapter 2. The field expemin@as conducted with two ED
levels: elevated [€) (hereinafter called E-§) and ambient [g) (hereinafter called
A-O3). There were three replicates for each|[@vel at the start of the experiment in
2007, and four replicates since the 2008 rice seasoy one of the E-@plots was

separated from the other plots by at least 70 avtid cross-contamination.
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For wheat season,s@umigation usually began in early March and camgih until
harvest in late May or early June. For rice sea€griumigation usually began at the
beginning of July after rice transplanting, and toared through to harvest in late
October. In each day, thez@nrichment was conducted from 9:00 a.m. Chinese
Standard Time (CST) to sunset, but was suspendezh:w{i) leaves were wet:
leaf-wetness sensor was used to shut down tHarigation, or (2) ambient [§Pwas

lower than 20 ppb.

Rather than a fixed increase, ozone was added fse@ proportion of the
instantaneous background3]On this system. The target §Dfor the E-Q plots was
50% higher than that in A{plots at the start of the experiment, and wasedais
60% since 2008 rice season. To prevent extraoitlirtagh [Os] from damaging the
plants, the maximum of target §Owas set at 250 ppb, which was, however, never
reached during the experiments. Across 2007-20f6rexrents, the maximum 1-min
mean [Q] in E-O; was 186 ppb, when fPwas 126 ppb in A-@ throughout the
wheat seasons, and it was 191 ppb, whej Was 137 ppb in A-@ throughout the
rice seasons. Because of the discontinuation ofufmgation as mentioned before,
actual seasonal meand@levation above A-@was about 24%, which is close to the

IPCC projected mean increase in tropospherif {@ 2050 (Meehl et al., 2007).

The FACE-Q system consists of three main units as showngn3-i, the detailed

descriptions of each unit are presented below.
3.2.1.2. Ozone air supply unit

In the FACE-Q system, ozone was produced by af generator (KCF-BTO0.2,
Jiangsu Koner Ozone Co., Ltd., China) using pureA@mospheric air can be used as
the gas source also, but the efficiency is lowantivhen pure ©is used. In addition,
nitrogen oxides, including nitrogen pentoxide va# generated in that case, they are
strongly phytotoxic and must be scrubbed out of dlrebefore release. Therefore,
pure Q gasified from liquid oxygen was fed into generataells of the @generator.

These cells were constructed of stainless stdldd fivith glass electrodes. A high
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voltage was applied to the electrodes to producsath@®@ The ©@ generator was
capable of producing 200 g'fbzone at a maximum concentration of 100 rifg that
could supply six E-@ plots at most (we installed four Ez(plots by now). A
dedicated mass flow control valve (CMQ-V, Yamat&le, Japan) regulated the flow

rate of the generateds@nriched gas (ca. 5%z;@nd 95% @) for each E-@plot.

The ozone air, which is produced at low pressuttlew volumes, must be diluted
and pressurized with a carrier gas in order to waith the high-pressure fumigation
system. With a bypass venturi injector manufacturgaurselves, a more than 50%
pressure drop across the venturi forces ozonetga® guction port to be mixed into
the air stream (at a pressure of ca. 390 kPa),evthié bypass assembly maintains
pressure on the downstream side (at a pressur@ 450 kPa). The high-pressure air
stream was provided by an air compressor (GF30WrEi Atlas Co., Ltd., China)
and passed through filters to remove oil, watersoil particles. Using this approach,
a maximum mixture of 15 L mih (which is the maximum range of the mass flow
control valve i.e. CMQ-V, Yamatake Co., Japan)}edriched gas was diluted with
approximately 700 L mih compressed air, and the mixed ozone air was dglive

through flexible PTFE tubes to the treatment plots.
3.2.1.3. Ozonerelease unit

The ozone release unit was mainly based on theanethOkada et al. (2001), but
with use of compressed air enriched in ozone reglacompressed COn the earlier
study. In each E-©plot, we installed an octagonal ring of 14 m digeneonsisting of
eight 6 m long ABS horizontal pipes (ca. 156).nThe pipes were manually drilled
with tiny holes (approx. 0.3 mm in diameter) apaasng of 4 cm facing the center of
the ring. Emission of ©gas was controlled with an on/off valve for eadhthe 8
pipes. When the ©gas was released through the tiny holes at higisspre, a
turbulent mixing helps the dilution of the releaggd with the surrounding air before
being transported across the ring by wind. Theréease ring was maintained at

approximately 0.5 m above the canopy top throughmigrowing season.
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In each E-Q plot, a dedicated data logger-controller (Camp@&tL0X, Campbell
Scientific Co., USA) served for data acquisitior @ontrol. Wind speed and direction
were monitored with a cup anemometer and a wine {&odel 03001 Wind sentry,
RM Young Co., USA) at 1 sec intervals at a heigh2d m above the ground.
Instantaneous [§) was measured at canopy height by ag dalyzer (Thermo
Electron 49i, Thermo Scientific Co., USA) at thenteg of the plot every 1 sec, and
averaged across 20 sec for control purpose. Wehwiimd speed and H) the data
logger-controller used a PID (Proportional Intedddferential) algorithm to calculate
the G flow required to obtain the set level o &irichment. This flow demand was
converted to DC (0-5 V) signal input and sent te thass flow control valve to
regulate the © flow rate every 20 sec. The PID coefficients wempirically
determined and the same values were used througheuihole season. Because
large and rapid changes ins @ow regulation might result in sharp fluctuatioms
[Og], upper and lower limits were set for the DC signput to prevent such changes.

The limits were a linear function of the 5-min aages of wind speed.

The data logger-controller also actuated the ovalffes of emission pipes every 5
sec to release {rom the most upwind pipe and the two adjacenegpiat the 5-sec
mean wind speed higher than 0.3 th &t the wind speed below 0.3 nt,sthe
detection limit of the wind sensorz;@as released from every other pipe (four pipes

at a time) alternated for every 5 sec.
3.2.1.4. Control and monitoring unit

In addition to [Q] measurements at the central point of each;HdD system
control, the spatial distribution of fPwas monitored in one of the Ez(plots
throughout the experimental period. In that Eglbt, [Os] at the canopy height was
measured at 13 sampling points, one of which weatéal at the center and the others
being located equidistantly in two concentric @sclof 6 m diameter (four location)
and 12 m diameter (eight location). Furthermorebiamt [G;] at canopy height was

monitored with separates@nalyzers in two of the A4Pplots at a 2-min interval.
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Every 10 min, a control computer accessed all tita tbgger-controllers in A-O
and E-Q plots to collect the latest fp Among the ambient [€) values, the lower
one was taken as the background][@om which the target [€) was calculated. This
target [Q] was sent to each of the data logger-controllerthe E-Q plots for the
next 10 min control. A dedicated software programasithg the language VB (Visual
Basic 6.0, Microsoft Corporation, USA) coupled wiQL database (SQL Server
2000, Microsoft Corporation, USA) was used to amalgnd store the collected data
automatically, and displayed the real-time statds each units and system

performance on the control computer.
3.2.2. Analysis of the FACE-O3; performance

In this study, 1-min average §Pat the E-Q plot center was used to assess the
temporal control across the experimental seasoms.data were aggregated for all
E-O; plots during the actual operational time over fadreat and rice seasons from
2007 to 2010. The performance was measured bydlb#adn of [QQ] stayed within +
20% and £ 10% of the target. Another indicatorhaf TAR (target achievement ratio),
which has been defined as the ratio of measurefl tfOtarget [Q] (Okada et al.,
2001), was also used to evaluate the system peafaren The spatial variability of
[O3] was studied with the observations on wheat aocd experiments in 2009. The
seasonal M7 and AOT40 were calculated at the 1&titmts, and interpolated using
Kriging method to assess the distribution of meash eumulative @ exposure doses

across the whole experimental period.
3.2.3. Characterization of the Oz exposureregimein FACE-Os

Two widely used @ exposure dose metrics: M7 (900-1600 h CST) and #DT
(accumulated [g) over a threshold of 40 ppb) were calculated acitbe 3 months
from March through to May for wheat and from Julyaugh to September for rice,
respectively. When no {release was performed, ambieng][@as used for the £
exposure dose calculation in E-@lots. There were some {[Odata missing in the

period before @ fumigation in 2007 wheat season, and from Augdst®19" in
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2008 rice season. For the former period, averafjegeeoambient [G in the same
period of 2008-2010 were used; and for the latteriod, [] at another @

monitoring site ca. 1 km away from the FACE siteswaed to fill the data gap.

The Qregimes in E-@ plots as characterized by M7 and AOT40 were coatpar
with those in the A-@plots as well as the constant 24% increase oAtg, which
is referred to as the scaled-up (3-G;). A linear model was fit to the relationship
between M7 and AOT40, and the difference in the ehpdrameters between AzO
E-O;, and S-Q were tested for the statistical significance usiMpP software (SAS
Institute, USA).

The M7-AOT40 relationship was also compared betwden FACE and OTC
experiments, for which Fig. 1 of Mills et al. (2Q0¥as digitized by using GRAFULA
software (Weisk SoftHaus, Russia). The M7-AOT40atiehship was compared

between FACE and OTCs in the same way as noteceabov
3.3. Results
3.3.1. Temporal performance of the FACE-O3 system

Table 3.1 shows the temporal performance of theesysvith 1-min average KD
across four consecutive wheat and rice seasons 2@07 to 2010. Because of the
suspension of the{umigation under the conditions mentioned befarej of system
maintenance sometimes, the actual operational tmas around 50% of the
fumigation period from 9:00 to sunset in experina¢iuration for each crop season.
The elevated [g) was within + 20% of the target for more than 96%time across all
the eight crop seasons, whereas the frequencyrwitliO% of the target varied by
season around the average of 73%. The lower fracti¢Os] within + 10% of target
in 2008 and 2009 rice seasons was mostly due eéonmittent failure of @ generation
under unfavorable environmental conditions withhhigimidity and high temperature
in August. This malfunction also caused the loweamTAR in these seasons. The
system performance was improved for the 2010 reas@n, when an ameliorated

cooling system for @generators was installed.
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Control of [G] on a daily basis is shown in Fig. 3.2 for onetlod E-Q plots on
May 17", 2007. The mean TAR for the 20-s samples was M@flie minute to
minute values ranged from 0.76 to 1.35. The ladgetdation of elevated [§)
occurred when the wind speed dropped suddenly enlate afternoon. Across the
whole day, about 85% and 97% of;]J@amples were within + 10% and = 20% of the

target, respectively.

In FACE, wind plays the crucial role in dispersiihg fumigant across the plot. The
system performance clearly depended on wind sgeégd 3.3): the best performance
was achieved at wind speeds from 1" hts4 m &, which were recorded for 71% of
the operational time. At lower wind speeds (< 0.3 the [Q] variation was larger
as mixing of gases became poorer. On the other, ameh wind speeds exceeded 4
m s, it was difficult to maintain the target fDbecause the Dsupply became
insufficient, which, however, occurred for only %6of the operational time. The
system performance also varied with time of dayssociation with the change in
ambient [Q] (Fig. 3.4). This could be partly due to the shase and drop of ambient
[O3] caused by rapid photochemical reactions as veeiherease in vertical mixing in

early morning and by the lower wind speed in |dteraoon.
3.3.2. Spatial performance of the FACE-Os3 system

Fig. 3.5 depicts the percentage deviation of M7 A@d40 from the values at the
center across the three months for wheat and ei@sosis in 2009. At the center of the
plots, M7 was 43.1 ppb (A4pand 54.5 ppb (E-§) for wheat, and 35.9 ppb (AsD
and 43.5 ppb (E-¢) for rice on average across the three months.cbhesponding
values for AOT40 were 7.8 ppb h (AsCand 16.8 ppb h (E4) for wheat, and 4.5
ppb h (A-Q) and 10.9 ppb h (E-p for rice. The spatial variability was small in
wheat, as the deviation from the value at the cefitenot exceed 5% and 12% in M7
(Fig. 3.5a) and AOT40 (Fig. 3.5b), respectively.rice season, by comparison, the
southeast corner of the plot had noticeably higbgexposure than the other areas
with the maximum deviation from the center bein@%l for M7 (Fig. 3.5¢) and

+36% for AOT40 (Fig. 3.5d). The large deviation kcbbe due to the greater canopy
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height of the rice cultivars (see Shi et al., 20@9details of the cultivars) planted at
this part in the ring. The air sampling ports wérseated at a constant elevation
relative to the canopy height, and, hence, the 8agport over the taller varieties

was in fact taking air samples at a position highan those for other sampling ports.
3.3.3. O3 regimes as compared between elevated, ambient, and scaled-up [Og]

The seasonal M7 for AQwas in the range from 35.9 to 45.0 ppb, and thatHe
E-O; was in the range from 45.8 to 54.5 ppb (Table. I Bg seasonal AOT40 for the
A-O3; and E-Q ranged between 4.5 and 8.9 ppm h, and 10.9 arfel @gin h,
respectively, across the 2007-2010 seasons. BeazHusiee discontinuity in @
fumigation, the effective increase in M7 was betwdd.7% and 27.7% with an
average of 23.7%, over eight crop seasons. Thisdl®vation resulted in an increase

of seasonal AOT40 in the range from 76.0% to 176 an average of 115.1%.

The [G] regime in E-Q plots was compared with those of A-@nd S-Q@, of
which the latter represents a constant 23.7% etevaif [O;] above A-Q, with
respect to the relationship between M7 and AOT4® Two Q dose metrics were
closely related with each other when separate hmee fitted for each of the ;0
levels (Fig. 3.6). The ANOVA of the model paramsteshowed no significant
difference between thezQevels in the slope of the lineB € 0.537) but a significant
difference in the intercept$? (= 0.003). Therefore, we fit the linear model wih
common slope and separate intercepts to the M7—AQdlationship across the three

O3 levels, of which E-@had a greater intercept than the other two leMelble 3.3).
3.3.4. Oz regimes as compared between FACE and OTCs

The comparison of results from FACE experiment witiose from OTC
experiments was done in the same way as that betieeQ levels. Despite the
difference in the experimental methods and locatidPACE did not significantly
differ from OTCs in the slope or intercept of thegression linesR = 0.419 for
intercept,P = 0.113 for slope, respectively), allowing these tatabase to be pooled

together to fit a line (Fig. 3.7).
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3.4. Discussion

Over the four years of experiments with wheat and, rthe system was able to
maintain the elevated EPwithin £ 20% of target for more than 90% of timegainst
a stricter criterion, the performance was bettahwvheat than rice: elevated {JO
stayed within = 10% of target for 79% of time foheat, while the corresponding
figure was 66% for rice. This inferior performanagh rice than wheat could be

accounted for by the difference in environmental plant attributes.

As wind has a strong influence ongJ@ontrol, the larger fraction of wind speed
below 1 m & in rice season (31% of time across four years) ihawheat season
(17% of time across four years) should have couieith to the poorer [£ control
performance in rice than wheat seasons. In addititemhumid and hot climate in the
rice seasons caused the more frequent systemeiilturthermore, the difference in
canopy height was as much as 0.4 m between theuitgars, whereas it was not
significant between the wheat cultivars (Zhu et2011). This uneven canopy height
in rice should have a noticeable impact on thedi@usion from the edge of the plot
to the control point at the center, and therebysgteial distribution of [g] within the

plot as we discuss later.

In comparison with the performance of other free&@y enrichment systems, our
result is similar to the Soy FACE, which had 9094 ©%] samples within £ 20% of
target and 74% of [§) samples within £ 10% of target (Morgan et al.02)) and
better than a chamber-less system in grasslanchwiaid up to 71% of [§) samples
within = 20% of target (Erbs & Fangmeier, 2005).tNVrespect to FACE in rice
paddy, our system performance is comparable to a KXCE, for which a report
showed approximately 90% and 60% of the,G@mples being withint 20% and +
10%, respectively, of target (Okada et al., 200m),spite of the much higher
variability of ambient [@] than [CQ]. It is noteworthy that our performance analysis
is based on the results in total of eight crop sesswhereas most of the previous

reports are for only one crop season.
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The spatial variability of M7 in our system was yigss than 5% for wheat and
13% for rice (Fig. 3.5). In a small free-aig @posure facility with a diameter of 2 m,
the deviation of weekly average 4Qwithin central 1 rfi was in the range between
-30% and +10% (Erbs & Fangmeier, 2005). A bettefopmance has been reported
by Volk et al. (2003), who kept the difference @asonal M24 (24-h mean {[p
across the 7 m diameter plot relative to the pésiter less than 5%. Our results are
considered to be better than the former reportcamaparable to the latter one at least

for wheat season, despite the much greater vatiainilM7 than M24.

As noted above, the spatial variability was greatéh rice than wheat partly
because of the difference in canopy height betwhencultivars. The air sampling
ports above the taller rice cultivars were indeachted higher than the other ports.
Because of the vertical gradient ofsJ@ the FACE ring (McLeod, 1995), Pabove
the taller canopy should be higher than that alibeeshorter ones as reported in a
CO, FACE (Mollah et al., 2009). This was not the casth wheat, in which the

cultivars had similar plant height.

It should be noted, in the spatial variability omedative basis (Fig. 3.5), that the
denominator or M7 at the center includes the nahaekground [G] which has to be
subtracted to evaluate the impacts of anthropogesitn this respect AOT40, having
a concentration threshold clearly above the nataekground, would better represent
the spatial variability of impacts of elevateds;J@n crops. The large gradients of
AOT40: 12% for wheat and 36% for rice, indicate theed to consider the
confounding effects of subplot allocation to diffet cultivars within the E-©plots.

In our FACE-Q, the subplot allocation was randomized for eaghedarmental plot,
and therefore the subplot effect was evaluatedratsgdp With wheat, the subplot
effect was not significant (Zhu et al., 2011), wdes the effect is yet to be determined

with rice.

One of our aims in this study was to charactetime@ exposure regime in E-O
The greater intercept for EsQhan those for A-@ and S-Q in the relationships

between M7 and AOT40 (Table 3.3) means a smalleirM#-0O; at the same AOT40
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than that in S-@ a 24% increase of M7. For AOT40 elevated to 15 dp for
example, E-@in FACE-G; is associated with a 24% increase in M7 above ambi
level, but in fact it represents a constant ineeak M7 by 31%, i.e. about 30%
greater increase in daytime meanj][@an the apparent increase. This doeesmean
an estimation bias of the crop loss in FACE-owever. The error is incurred when
the increase in [g) is characterized by an un-weighted mean such aswhich is
then converted to AOT40 without accounting for tleviation of the @ regime in
FACE from that in the ambient air. The resultant RO and yield loss estimate
based on the yield loss sensitivity (e.g. that reggb by Zhu et al., 2011) shall
underestimatehe actual @ dose and the resultant crop yield loss. When AQOi840
calculated directly from the hourly means|@ather than the conversion, there shall

be no estimation bias.

The cause of the difference between the M7-AOT4&ticmships among E-)
A-Osz, and S-Q is evident in Fig. 3.8, which shows the cumulativequency
distribution of hourly mean [§) for the respective ©levels during the daytime of the
experimental seasons from 2007 to 2010. The; $& more [G] exceeding 40 ppb
than E-Q does as the cumulative frequency at 40 ppb is%3d S-Q in contrast to
45.3% for E-Q. On the other hand, Es(had greater frequency than $-at [Gj]
higher than 60 ppb. Having lower frequency in Id@][and higher frequency in high
[O4], the G regime in E-Q s peakier than S-and, hence, has a greater AOT40 for
the same M7. Such distortion can be attributethéodiscontinuity of @release under

the afore-mentioned conditions that are associattdlow [Os].

It is interesting to note that the M7-AOT40 relasbip was similar between FACE
and OTCs, which suggests that ther@gime in FACE was not very different from
that in OTCs. This also suggests a bias in yie&$ lestimation based on the OTC
results in combination with the conversion from weighted Q dose metrics to
weighted one. The bias may not be very large, botmegligible. As noted before, the
bias can be avoided by calculating the weightedi@e from hourly data rather than

the conversion from un-weighted dose.
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3.5. Conclusions

Our results showed that the free-air exposure systescribed in this chapter is
suitable for [@Q] enrichment in rice and wheat. Temporal and spakaformances
were comparable to or better than the existingesyst The [G regime in the
FACE-G; plots was peakier than a constant fractional asmein [Q], and thereby
had greater AOT40 for the same seasonal M7. THeishAOT40 is only modest,
however, and the [§p regime in the E-@was consistent with that in the open-top

chamber experiments.

The FACE-Q thus provides a reliable means to study the ingpaicfG;] elevation
on crops without any alterations to the canopy aaltmate. The findings therein, e.g.
Shi et al. (2009) for rice and Zhu et al. (2011) idheat, have clearly demonstrated
the negative effects of elevated;]n crop performance. Subsequent studies are
warranted for up-scaling the findings in the FACKpe&riments to the crop loss

prediction at national and international levels.
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Table 3.1 The experimental period, system operational tiime frequency of elevated

[O3] within £20% and +10% of the target §Dand the mean TAR with standard

deviations of each crop season. Calculation isdasel-minute mean [P at the

center point aggregated across the #30ts during the operational time.

Year Crop Experimental Fraction of Frequency Frequency Mean TAR
season period operational of elevated of elevated
time [O3] within  [Og] within
+ 20% of + 10% of
target target
2007 Wheat 14 Apr.-31May 57.6% 95.6% 79.4% 0.96 £0.11
Rice 1 July - 17 Oct. 50.9% 92.3% 71.6% 0.97 £0.1
2008 Wheat 1 Mar.-31May 49.7% 93.1% 77.1% 0.99 £0.13
Rice 1 July — 13 Oct. 40.3% 90.3% 58.2% 0.92 £0.0
2009 Wheat 1 Mar. -3 June 48.4% 96.5% 80.8% 0.98 £0.10
Rice 1 July — 15 Oct. 40.0% 91.1% 60.7% 0.93%0.0
2010 Wheat 1 Mar. -3 June 51.1% 95.4% 78.8% 0.96 £ 0.08
Rice 1 July — 8 Oct. 47.9% 93.6% 73.3% 0.97 £0.09
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Table 3.2The 7 h mean [¢) (M7, 900-1600 h) and the accumulated daytime lyour
[O5] above threshold of 40 ppb (AOT40) during 3 montlhem March to May for
wheat season and from July to September for riaeasg in A-Q and E-Q for each

Crop season.

Year Crop M7 (ppb) AOT40 (ppm h)
season
A-Os E-O; A-Os; E-O;
2007 Wheat 45.0 53.4 8.9 15.7
Rice 41.9 51.8 7.7 15.4
2008 Wheat 43.7 54.1 8.8 17.4
Rice 37.2 45.8 5.7 12.2
2009 Wheat 43.1 54.5 7.8 16.8
Rice 35.9 435 45 10.9
2010 Wheat 37.9 48.4 5.0 13.7
Rice 41.1 51.5 8.9 17.5
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Table 3.3The relationships between AOT40 and M7 for E{€levated [G]), A-O3
(ambient [Q]) and S-Q (scaled-up [G] with 23.7% increment over A-Qin

daytime).
. Function y = AOT40 in 2
[Og] level Number of points opm h.x = M7 in ppb) r
E-Os 8 y =0.584% — 14.50 0.876
A-O3 8 y=0.584% — 16.66 0.845
S-G; 8 y=0.584% - 16.17 0.909
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Fig. 3.1The scheme of FACE3ystem (with one E-{plot).
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Fig. 3.2 Diurnal record of 20-s average ddsolid circles; recorded every 1 min, left
y-axis), ambient [g] (dotted line, lefty-axis), target [@ and £ 10% of target [€)
(black and gray lines, respectively, lgfaxis) and 1 min mean wind speed (gray filled

pattern, right-axis) in one E-@plot on May 1% 2007.
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plots in the operational time over four wheat aicd seasons.
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Fig. 3.4 Diurnal changes of frequency of elevated][®@ithin + 20% of target (open
circles line, lefty-axis), that within £ 10% of target (solid circlése, left y-axis),
ambient [Q] (gray bars, righy-axis), and mean wind speed (gray thick line, fgintr
y-axis). Data were aggregated across the;plGts in the operational time over four

wheat and rice seasons.
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Fig. 3.5 Spatial variability of seasonal M7 and AOT40 fbree months from March

36.0%
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24.0%
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-6.0%

to May in wheat season (a, b), and from July tot&waper in rice season (c, d) in
2009. The spatial pattern was estimated by Krigimegpercentage deviation of thg O

exposure doses at 13 sampling points from thodeeatenter.
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Mills et al. (2007).
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Fig. 3.8 Cumulative frequency distributions of hourly md&n] for A-O3z (ambient
[O4], dotted line), E-@ (elevated [GQ], solid line) and S-© (scaled-up [G] with
constant 23.7% increment over A-€@r daytime, broken line) during the daytime of

experimental period from 2007 to 2010.
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CHAPTER 4

A FLUX-RESPONSE RELATIONSHIP OF WHEAT YIELD LOSS IN
SUBTROPICAL CHINA

4.1. Introduction

With the FACE-Q system introduced in Chapter 3, many researchpgrbave put
forth great effort to investigate the;@npact on rice (Pang et al., 2009; Shi et al.,
2009; Wang et al., 2012b, c) and wheat (Feng e2@l.0, 2011; Zhu et al., 2011) in
YRD. In comparison with rice, wheat is suggestedganore sensitive tos@Mills et
al., 2007). A meta-analysis revealed that surf@z¢ 4t current ambient level between
31 and 59 ppb (43 ppb on average) have inducedrarage yield loss of 18% in
wheat relative to plants grown in charcoal filterd (Feng et al., 2008). Under an
elevated @ level (E-Q, 57.3 ppb) in our FACE-9experiment, a mean 25%
enhancement above the ambieng][(A-O3s, 45.7 ppb.) significantly reduced wheat
yield by 20%, across three consecutive growth seagom 2007 to 2009 (Zhu et al.,
2011). It is thus vital to consider the implicatsonf O; damage in other locations
where wheat is a critical component for food supply do this work, we have to
establish a dose-response relationship which sekatquantifiable @index to the

reduction in the crop yield.

Among G exposure indices, AOT40 (accumulated][@ver a threshold of 40 ppb)
has been used widely during the last two decadéshas been found to have a strong
relationship with relative yield of many crop speciBetzelberger et al., 2010; Mills
et al., 2007; Sarkar & Agrawal, 2010). Notably, &k@T40 index reflects the external
[O5] in the air nearby the plants during daylight loufhus, it does not consider
biological and climatic factors influencing stomata flux, which is suggested to be
more closely related to damage to crops (Embersal.,e2000; Danielsson et al.,
2003; Pleijel et al., 2000). The flux—responsetreteship of wheat yield loss has been
established in Europe, and was proved to produteteer fit to measured yield

reductions compare with AOT40-based relationshigniBlsson et al., 2003; Pleijel et
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al ., 2004, 2007). However, such work is yet talbee in China.

In addition, our previous study in FACEsQOndicated a larger slope of the
AOT40-response function of wheat yield loss as ameqgb with European results
(Zhu et al., 2011). Since the flux-based index talte into account the factors of
climate, phenology associated with fomigation pattern, it is interesting to compare
the wheat yield loss sensitivity tozMetween Asian FACE and European OTC

experiments with flux—response relationship.

Therefore, the objectives of the present chaptee () to parameterize a stomatal
conductanceggs,) model of winter wheat grown in a subtropical egiusinggsio
measurements from fully open-airs @umigation experiments (FACEHD (2) to
derive the relationship between stomatal Uptake and vyield loss and evaluate the
performance of different cut-off flux thresholdsyda(3) to compare the slope of
current Q flux—response relationship with that from a rebentpdated European

cultivars (Mills et al., 2011b).
4.2. Materials and methods
4.2.1. Site description, ozone fumigation and plant material

The wheat experiments were conducted at JiangdunsRD. The location of the
site and detailed information on environmental ¢omls such as temperature,
precipitation are solar radiation were presentedChapter 2. The design of the
FACE-G; experiment and the performance of the][@ E-O; were described in
detail in Chapter 3.

We used four modern cultivars of winter whekit{cum aestivuni.): Yannong 19
(Y19), Yangmai 16 (Y16), Yangmai 15 (Y15) and Yamggi 2 (Y2) in four
consecutive growing seasons: 2006—2007, 2007-220@3—-2009 and 2009-2010.
Standard cultivation practices common to the regwere followed in all
experimental plots. Seeds were hand sown with & seeding density of 2.25
million-ha* and a row spacing of 25 cm on 5 November 2006, dgefber 2007, 19

November 2008 and 8 November 2009. An inorganidifear was applied at a rate of
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210 kg N h# with the same amount and timing during the fouswgng seasons.
Details of the fertilizer application regime can foaind in Zhu et al. (2011). The
sub-plots (11 rheach) of the four cultivars were distributed raméioin each plot of
A-O; and E-Q. At maturity, the grain yield was determined ir2 at patch in the
middle of each sub-plot (excluding plants near libeders). The grain yields of the

experiments from the first three years have bedatighed (Zhu et al., 2011).
4.2.2. Biological and environmental measurements

The g Of flag leaves was measured situ with an open gas exchange LI-6400
photosynthesis system (LICOR, Lincoln, NebraskaAJia the 2008-2009 growing
season. Diurnal variation igsy Of flag leaves was measured in Y16 four times in
A-O3; and three times in E{Oevery 90 minutes from 8:00 a.m. to 5:00 p.m.
Additionally, light-saturatedys;, was measured five times in Y2 and Y16 for both
A-O3 and E-Q. During the measurements, the ranggsgfwas 0.07 ~ 0.43 mol O
m? s, and hourly means of environmental variables sagtphotosynthetic photon
flux density (PPFD), temperature (T) and vapor suwes deficit (VPD) was 210
~1800pumol m? s*, 16.8 ~ 33.2C and 0.0 ~ 3.5 kPa, respectively. Y16 data were
used for model parameterization while both Y16 ai&ddata were used for model
evaluation because no difference fpr, between Y2 and Y16 was found before
Os-induced significant senescence occurred in theededin filling stage (Feng et al.,
2011). The total number of leaves measured was bB4. averagedys, of 3—-5
replicate leaves measured in each plot in one mem&nt round was used to validate
and adjust th@s,, model by Pleijel et al. (2007) and LRTAP (2010) ¥eheat grown

in subtropical climate.

The environmental variables (PPFD, wind speed aretttbn, air T and relative
humidity) at 3 m above the ground were measuredye¥®@ minutes at a weather
station (Campbell Sci. North Logan, Utah, USA) kechin the middle of the
experimental site. The EPin each A-Q and E-Q plot was monitored every 20 sec.
by an Q analyzer (Thermo Electron 49i, Thermo Scientific.,JSA) at the plant

canopy height (approximately 1 m). Hourly meanswo¥ironmental variables were
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used in Qflux calculations. The range of PPFD, T and VP WA0 ~180@mol m?
st 13.0 ~ 33.2°C and 0.0 ~ 3.5 kPa, respectively, during the pedb Os flux

accumulation (see below).
4.2.3. The multiplicative stomatal conductance model

The present study used a multiplicative stomataldactance algorithm adapted

from LRTAP (2010):
Osto = Omax X min(rphen fo3) % flightx maXfmin, fvep), (1)

wheregspisthe actual stomatal conductance af @mol Q; m? projected leaf area
(PLA) sb), gmax is the maximum stomatal conductance (mmegin&¥ PLA s%), and
fmin IS the relative minimum stomatal conductance (fo&c of gmay). Omax Was
estimated from measurements when there were nbrigreffects of VPD, PPFD and
O3 on gsio around anthesis. The factdligen fos, fign:, fvep are response functions
expressed in relative terms (i.e. they take vahetsveen O and 1), representing the
influences of phenology, Oradiation and leaf-to-air VPD, respectively. Nuya the
temperature response function was omitted fromatinginal LRTAP (2010) model
because T and VPD were highly correlated duringtioeey at this site (VPD =
0.117xT — 1.787t% = 0.77, n = 378P < 0.0001) and hence the influence of T could
not be separated from that of VPD. The limitatidnsoil water ongsi, was not
considered because water availability is sufficitoxt wheat growth in this region

(Oue et al., 2011). Parameters of ¢eresponse functions are provided in Table 4.1.
fonenis calculated based on accumulation of thermag:tim

when (phen_f _fphen_a Stt< fphen_f

f —1+w><tt 2)

phen — f
phen_e

Whenfphen_f< tt S (fphen_f+ fphen_a

fphen = 1 (3)
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when (phen_f+ fphen_a <tt< (fphen_f+ fphen_l)

tt—f
o =L Pt @

( fphen_h - fphen_g)
when (phen_f"' fphen_l) <tt< (fphen_f"' fphen_)

(tt - fphen_h)

phen_i - fphen_h)

fphen = f

x f

phen_b (5)

phen_b - (f

wherett is the effective temperature sum°@ days from mid-anthesis, using a base
temperature of OC andfpnen ato fpnen i are parameters given in Table 4.1. Three
parameters of,nen Were changed compared to the European parameiengzgfable
4.1) in order to better fit local observations: (igherfonen gas there was no clear
aging process in flag leaves during early graimgl (Feng et al., 2011); (2) smaller
difference betweerfphen i and fonen nh as the flag leaves lost chlorophyll content
(senescence) rapidly (in a few days) during the gast of grain filling (Feng et al.,
2011); (3) the maturity of wheat in this regionuisually reached about 600—6%0
days after anthesis. Accumulation of flux starts affe °C days before anthesis and

ends af; °C days after anthesis.
Response functions for radiation, VPD angv@re as follows:
fight = 1—exp((dights) x PPFD) (6)

where the unit of PPFD jsmol m? s®.

fVPD = mm{l ma{ fmin, (1_ fmin)(VPDmin _VPD) + fmin }} (7)
(VPD,,, -VPD,..,)

max

where the unit of VPD is kPa.

fozone_b 1
fo ={1+[ o ] J (®)

where PODR is the accumulated hourly stomatal flux above a flux threshold of O
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nmol O; m? PLA s* fromf. °C days before anthesisft6C days after anthesi®zone a
represents the PQDvalue at whichfoz equals 0.5, whilefozone brepresents the
steepness of the declinefgg around this value of PQthe higher théy,one pvalue,

the steeper the decline).

In this studyfign: and the VPR, parameter ofypp Were re-parameterized based on
field observations ofs;,, using the iterative least squares method, afteatpriori
changes tdphen and gmax described above had been made. Parameterizatidiig: 0
and the VPR, parameter ofypp were made simultaneously, as PPFD and VPD, and
their influences ongs, are not strongly correlated. Originally, also thg was
included in the fitting process, but as the ongeatignificant G-induced reduction in
Osto Observed agreed well with predictions by thgne sparameter of the LRTAP
(2010) parameterization, the originds of LRTAP (2010) was retained. The
interdependence between parameter values from ehst Isquares fitting and
calculated POP was determined by coupling model fitting with smed PODRQ
calculation in an iterative process; i.e. paraméténg and PODQ calculation were
repeated in cycles until all changes were simitathie previous cycle. Initial PQD

calculation was made using parameterfgaf andfypp taken from LRTAP (2010).
4.2.4. Stomatal ozone flux

Following LRTAP (2010), stomatal 3lux to an unshaded and horizontal le&af;(

nmol O; m? PLA s') was calculated as

_ 1 Osto
O o, ©)

where [Q] was the @ concentration at plant heighit,was the leaf surface resistance
(re = 1/@statText)), o Was the leaf boundary layer resistange=( 1/gy, gy is the leaf
boundary layer conductance for)Cand gex: is the external leaf conductance. The
value forgex (16.4 mmol rif s%) was chosen in consistency with LRTAP (2010). The
value forg, was calculated based on the conductance for massfér in laminar

forced convection (Campbell & Norman, 1998):
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g, = 0.125x (\/%) x1000 (mmol G m? PLA sY), (10)

whereu is the wind speed at canopy height (scaled frameasurement height of 3 m
using the logarithmic wind law; Campbell & Normd998), andw is the maximum
leaf width. Actually, the four cultivars differedtle with respect tav (0.019 min Y19,
0.021 m for both Y2 and Y16, 0.023 m in Y15). Calesing that the average of 0.021
m across all cultivars is very close to 0.020 mjchhs the leaf dimension used in

LRTAP (2010), we used a fixed value of 0.020 mhia talculations.

Phytotoxic Q dose (POR) per unit leaf area (mmol MPLA) was defined as the
accumulated=; above a flux threshold of nmol G; m? PLA s* over a period from
200 °C days before anthesis to 60Q days after anthesis, corresponding to the

parameterization of thg, phenology function (Table 4.1).
4.2.5. Yield—response regressions

Regression analysis of yield in relation tg €posure was based on the principles
suggested by Fuhrer (1994b). First, a linear resgpasfor each variety and each year
was made. The grain yield mean of each treatmeasttiaen divided by the intercept
of each regression to derive the relative yield XR¥presenting a hypothetical yield at
zero Q dose. The RY from each variety for each year aedtment thus becomes
comparable on a common, relative scale. RY was tegressed against the @ose

metrics.

In this study, POB-response relationships were determined with vahfe¥
ranging from 0 to 24 nmol £m? PLA s*. Moreover, relationships between RY and
the concentration-based accumulatede®posure over a threshold Xfppb during
daylight hours (AOK) were also determined for a broad rangX¢0—100 ppb). In
this study, unlike several other assessments wA&@a&X was calculated for a
three-month period, AOX was calculated for the same period as the Piadex, i.e.
the integration period from the 20@ days before anthesis to 60C days after

anthesis.
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To investigate differences between the EuropeanGindese cultivars, as well as
among the four Chinese cultivars, with respect Yos@nsitivity to Q, the slopes of
linear POR-RY and AOT40-RY relationships were statisticallympared using
ANOVA in the SAS software version 9.3.1 (SAS Ingit, Cary, NC, USA).

4.3. Results
4.3.1. Stomatal conductance model

The Pleijel et al. (2007) model parameterizatiogngicantly underestimated
observedgs, (Fig. 4.1a), while the LRTAP (2010) parameteriaatunderestimated
low but not highgs (Fig. 4.1b). These regressions between observddeedicted
Osto had slopes significantly different from 1 and dgiigant intercepts of
approximately 30% ofmax for both regressions made using these Europearelmod

parameterizations.

Table 4.1 specifies the model parameterization®lefjel et al. (2007), LRTAP
(2010) and this study. In the current study, thérmnae was calculated from 20
days before anthesis to 600 days after anthesis with a sum of 8@days, which
was 100 and 176C days less than that in the LRTAP (2010) and &lleij al. (2007)
model parameterizations, respectively. The mininfusg was extended to VPD of
5.3 kPa through the extrapolation of available oleéons (up to 3.5 kPa), while it
occurred at a VPD of 3.2 kPa in the other two pa&tanizations. The temperature
effect was omitted due to overlapping effects wiiggh VPD, as discussed below. The
fight parameterized was more restrictive than the E@oparameterizations. The sum
of squares of the residuals (obsergagminus predicteds;,) was much reduced from
1.07 to 0.44 when botRpp andfign: were changed compared to that of the LRTAP

(2010) model parameterization.

Using the new algorithm representing a locally aeédgparameterization, predicted
Osto fitted very well with measuregs, (r? = 0.76, Fig. 4.1c). The regression line was
very close to and not significantly different frothe 1:1 line with the slope and

intercept of 0.92 (with a 95% confidence interv@l)(of 0.81 to 1.03) and 0.024 (with
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a 95% Cl of —-0.009 to 0.057), respectively. Comg@areith the original
parameterization of LRTAP (2010), the residualshie current parameterization were
distributed more evenly at high VPB 2.5 kPa) and high temperatuee6 °C) (Fig.
4.2a, b).

4.3.2. Ozone uptake and yield response

Ther?value of the regression of RY on PQ&cross four cultivars increased with
Os uptake threshold up t6= 18 nmol @ m? PLA s* and then decreased (Fig. 4.3a).
Similar results were found in the regression of &YAOTX and with a highest at a
concentration threshold of 75 ppb (Fig. 4.3b). Hijlvalues were found in the range
of thresholds of 11-20 nmols@n? PLA s* for POD; (with r? of 0.77 ~ 0.83) and
55-85 ppb for AOX (with r? of 0.77 ~ 0.83). Dose—response relationships based
AOTX had same maximumf value as flux-based relationships (Fig. 4.3aR).in
the ambient @treatment (RY_A) estimated from the relationshgiveen yield and
PODy varied from 0.42 whel = 0 nmol Q m? PLA s* to 0.99 wherY = 24 nmol Q
m? PLA s* (Fig. 4.3a). RY_A estimated from the regressionR¥ on AOTX
increased from 0.47 & = 0 ppb to 0.97 aX = 85 ppb (Fig. 4.3b). The choice of a

reasonable ©flux and concentration threshold is treated inDigcussion section.

Regressions of RY on PQ@stimated by European model parameterizations had

higherr? values than the current model parameterizatioits @4a, b, c), although
the gsto predicted by European model parameterizationsatiewisignificantly from
the 1:1 line (Fig. 4.1a, b). However, the curreatgmeterizations yielded a medium
yield response to PQ[as shown a slope ranking between the Pleijel é2@07) and
the LRTAP (2010) parameterizations. Thg flux obtained from the currengsy
model parameterization was higher than that frore tleijel et al. (2007)
parameterization, largely as a result of less ingifypp and lack offy (Table 4.1).
Also the LRTAP (2010) parameterization predicteghler Q fluxes than the Pleijel et
al. (2007) parameterization, mostly due to its Bigbmax value (Table 4.1). The
increase ir® with increasingY was caused in part by As@ata points being clustered

at lower POD values with higherY (Fig. 4.4c, d, e). Moreover, Y2 showed
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significantly higher relative yield sensitivity #ODy than the other three cultivai (
< 0.05) only wherY = 13 nmol Q m? PLA s™.

4 .4. Discussion

Stomatal flux-based £Ondices have been recommended for risk assessitm
the framework of air quality policy implementatiolo protect plants against
ground-level @ in Europe (LRTAP, 2010). Stomata constitute thigypal control
point of entrance of ©into the leaf and thus have been assumed to bentst
important factor for improving ©risk assessment. In this study, recently revised
multiplicative gsic model parameterizations (Pleijel et al., 2007; ART2010) were
applied to wheat grown in a subtropical climateedfsted gsto, €Specially by the
Pleijel et al. (2007) parameterization, was muchkelothan field observations. The
slope and intercepts of the regression between urezhsand predictedsy, in both
models were significantly different from 1 and @spectively (Fig. 4.1a, b). It can be
inferred thatgs,, model parameterizations from temperate Europe rbastevised

based on local observations before applicationsaldropical region.

In comparison to LRTAP (2010), the parameterizatianf relative response
functions for phenology, radiation and VPD wereuatgd based on local observations
to enhance the performance of tlgg, model. The new parameterization for
phenology changed the model performance little, sben of the squares of the
residual increasing to 1.11 as compared to 1.0hgudghe LRTAP (2010)
parameterization. However, the new parameterizatirich was made a priori and
was not part of the least squares model fittingtebeepresents the development of
wheat in subtropical China. Among the adjusted fions, fypp Was one of the most
important. The modifiedypp is less limiting togs; (full closure at 5.3 kPa) compared
to the LRTAP (2010; full closure at 3.2 kPa) pargmeation. This modification
reflects that stomata of winter wheat remained agtehigh VPD during early grain
filling in the present study. Higls, of wheat at high VPD has also been found in
Mediterranean conditions (LRTAP, 2010). High T dngh VPD mostly co-occur in

subtropical China and they were highly correlatednd) daytime at this site. As a
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consequence, independegt, response functions for T and VPD could not bealayi
determined. In our model, stomatal closure at Aigind high VPD was attributed to

(and parameterized for) VPD only. Thus the T respdunction was omitted.

Also fight was adjusted to better fit with observations. Tige parameterized here
was similar to the one determined for spring whe&weden by Uddling and Pleijel
(2006) where they used a similgke, with three response stages. Adjusting doth
andfiign; constituted the main improvements of the origin@TAP (2010) model with
a much smaller sum of squares of the residual affepting it to the conditions of
subtropical China. Based on the current model peranzation, the regression
between predicted and obsenged was very close to the 1:1 line with a highvalue
(0.76), suggesting that the adjusted parametesizdtir the multiplicativegs;, model
worked well for the site where conductance was fese Furthermore, model
residuals from the current parameterizations wewelmsmaller at high VPD or high

T relative to the parameterization of the LRTAPX@P(Fig. 4.2a, b).

Unlike charcoal-filtered air (CF) in open-top chamfy open-air fumigation
experiments so far lack treatments with @ncentration below ambient. Estimation
of RY at zero @dose was made by extrapolation of linear regrasgiBuhrer, 1994b)
based on only two treatments (A-@nd E-Q). As a result, values of RY changed
with Os uptake thresholds (Fig. 4.3a, b). Since no treatsnwith Q@ concentration
below ambient were available, the determinationth&f best @ exposure or flux
threshold is fundamentally uncertain. Furthermdhey fact that each experiment
contained only two treatments will favor comparaly high flux thresholds, since
high thresholds will cause convergence of Adata points towards zero exposure
and RY of one, thus promoting high As the choice oK andY threshold value for
AOTX and POD is crucial for the risk assessment result (Figa4b), we also looked
at other criteria tham®values in search of suitable cutoff thresholdssue from
field EDU application and a meta-analysis of daitarf open-top chambers indicate
that the ambient [€) found at the experimental site would be likelycause yield loss

about 10% to 12% (Wang et al., 2007b; Feng & Kobaya&009). Such yield loss in
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A-O3 was predicted with PO 13 and AOT50-55 in this study (Fig. 4.3a, b).
Considering both the likely yield loss at A-@nd ther®value, we recommend using
an Q uptake threshold of 12 nmols@? PLA s* to predict G-inducedyield loss in
subtropical regions. In European studies, a flueghold of 6 nmol @m? PLA st
was selected as it had the highgstalue of POR-RY relationships with different
values ofY (Pleijel et al., 2007; LRTAP, 2010) and responsiapolation was small
or not necessary as most European experimentslegatIGF treatments. Although the
most reasonable flux threshold in the current stidg higher than that in European
studies (Pleijel et al., 2007; Mills et al., 2011lh)cannot simply be concluded that
wheat cultivated in subtropical regions have a éigiefense capacity to detoxify; O

than European cultivatsecause different model parameterizations were.used

Assuming that PODestimated by the LRTAP (2010) and the presgrtmodel
parameterizations are suitable for Europe and spigl China, respectively, the
slopes of POBP-RY obtained here and for Europe can be compareassess ©
sensitivity of wheat grown in China and Europe. rEheas significant differencé (=
0.041) in the slope of PQERY between this study (slope: —0.058 with a 95%0(CI
—0.077 to —0.040) and a recent European synthgsidills et al. (2011b) (slope:
—0.038). Similarly, the slope of AOT40-RY in thimidy (—0.024, with a 95% CI of
—0.032 to —0.017) was significanthy (= 0.020) larger than that in European
experiments (Mills et al., 2007), despite a shoaerumulation period in our study.
Our study thus suggests that the cultivars usdderpresent study are more sensitive
to O; than European cultivars. The study of Embersaal.R009) also indicated the
Asian cultivars of wheat to be more sensitive tg rlative to North American
cultivars. In this study, Y2 showed a higher refatyield sensitivity to ©@than the
other three cultivars at highabove 13 nmol ©m? PLA s* (P < 0.05), different from
Zhu et al. (2011) where no significant interact@nOs; x cultivars on the yield was
found. @ sensitivity variation between cultivars, as wellcdimate variability among

years within a region, might also be important regional risk assessment.

It has been shown that P@I[provides stronger relationships with effects than
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external exposure such as AOTdDanielsson et al.,, 2003; Pleijel et al., 2004;
Uddling et al., 2004) and that flux-based risk mppsvide better fit to effects found
in the field than AOT40-based risk maps (Mills &t 2011a). In this study, the high
r>-values of dose—response relationships were olatdaTePOD 50 (r* = 0.77 to 0.83)
and AOT55-85r% = 0.77 to 0.83) (Fig. 4.3a, b). When considerihg teasonable
cut-off thresholdsy = 12—13 nmol @m? PLA s* andX = 50-55 ppb (corresponding
to yield reduction in A-@ of ~10%; see text above), thevalue of POR,_15-RY
(0.80-0.81) was somewhat higher than that of AOB50-RY (0.72-0.77) (Fig. 4.3a,
b). The similar performance of flux-based and cotegion-based ©metrics could
be attributed to the fact that the data are from gite with similar climatic conditions
in different years (Zhu et al., 2011) and that milldand available soil water in

subtropical regions favor higi, throughout the growing season.

Admittedly, there exist some uncertainties in thearrent gs,, model
parameterizations, e.g. the baseline temperatureefoperature sum calculation and
the parameters of thnen . Measurements ofis,, from more than one site in
subtropical regions are needed to improve the nuparameterization. However, the
Os flux-response relationship based on the curggpimodel parameterization allows
for improved Q risk assessment in a subtropical climate relatovehe AOT40
approach, and thus benefits Chinese air pollutaicy which can now be based on
locally derived flux-response functions insteadladse derived in other parts of the
world. A mapping for the ©risk assessment on wheat production can be expeate

the basis of current{lux—response relationship.
4.5. Conclusions

After adjusting the multiplicativgs, model of LRTAP (2010), the new model fitted
well with field measurements afs,, conducted in subtropical China. The main
differences of the present model compared withgthenodel parameterization used
for Europe, were that the VPD response function wesle less restrictive, the
radiation function was made more restrictive, ahd temperature function was

omitted. The European model parameterizations syteally underestimateds.
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An O3 uptake threshold of 12 nmok@? PLA s* was judged as reasonable for an O
flux-response relationship for wheat in subtropi€ina. Both flux-based and

concentration-based response relationships indi¢htg the cultivars used were more
sensitive to @ than European cultivars. The; @ux—response relationship obtained

here will benefit regional €xisk assessment on wheat production.
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Table 4.1 Summary of the parameterization of the multiplieat stomatal

conductance model for wheat flag leaves in differaadels.

Parameter unit Pleijel et al. LRTAP, This study
2007 2010
Omax mmol O m? PLAs! 450 500 450
fmin fraction 0.01 0.01 0.01
fohen_a fraction 0.2 0.3 0.3
fohen b fraction 0.8 0.7 0.7
fohen_e °C days 270 200 200
fohen °C days 0 0 0
fohen_g °C days - 100 350
fphen_h °C days - 525 500
fohen_| °C days 700 700 600
Light_a constant 0.0105 0.0105 0.0029
Tmin °C 12 12 -
Topt °C 26 26 -
Tmax °C 40 40 -
VP Diax kPa 1.2 1.2 1.2
VP Dnin kPa 3.2 3.2 5.3
YVPD kPa 8 8 8
PAWt % 50 50 -
fozone a PODy, mmol m? 11.5 14 14
fozone b exponent 10 8 8
Height m 1 1 1
Leaf dimension  m 0.02 0.02 0.02
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(Fuhrer, 1994b).
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CHAPTER 5

EVALUATION OF THE OZONE-INDUCED WHEAT PRODUCTION LO SSIN
CHINA AND INDIA FOR THE YEARS 2000 AND 2020

5.1. Introduction

Field experiments have demonstrated that atmosph@yican damage crops,
leading to significant yield reduction (Feng et, &009; Krupa et al.,, 1998). The
resulting economic loss and threat to future foedusity has become an issue of
concern in the world (Adams et al., 1987; Avnenyakt2011a; Van Dingenen et al.,
2009), especially for the developing nations ashhmbpulation and ©precursor
emissions are projected to increase over the eextecades (Akimoto, 2003; Cofala
et al., 2006; Riahi et al., 2007; Streets et @0@@. China and India are the two
biggest developing countries with numerous undeaiebad people, they are also the
largest and second largest wheat producers in tre WFAO, 2010). Evaluation of
the Q-induced wheat production loss in these two coestris important as it
provides an input to policy makers to make consitiens of how much emissions

should be reduced when developing an economic derwednt strategy.

In the last decade, many studies have made great &f estimate the £induced
yield loss of wheat as well as other key staplgpgron regional and global scales
(Aunan et al., 2000; Avnery et al. 2011a, b; Vamd&nen et al., 2009; Wang &
Mauzerall, 2004). The limitations of the previouadies, especially without use of
the flux-based method were introduced in the Chiapt8&tomatal @flux depends not
only on ambient [g] but also on stomatal conductance which is deteedhiby the
biological and environmental factors (Danielssonakt 2003; Fuhrer, 2000). In
consequence, the calculations of stomataluptake are strongly dependent on the
guality of the meteorological input data. An assemst of Q risk for vegetation in
Europe indicated that a —43% bias on average irestienated VPD (vapor pressure
deficit) in their regional climate model causediegk overestimation of flux-based O

risk for the northern sites (Klingberg et al., 2DIherefore, the uncertainties due to
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the meteorological inputs should be especially eamed about when applying

flux-based approaches to the yield loss estimation.

In this present study, both exposure-based andbdsed relationships derived
from European OTC experiments and the FACEe&periment in Asia were applied
to evaluate the 9Qinduced wheat production loss (WPL) in China andid. Parallel
use of both exposure- based and flux-based methads intended to improve
understanding of their reliability relative to orenother. We focused on the
aggravation of WPL from the base year (2000) to mear future (2020), since
anthropogenic emissions of;@recursors have dramatically increased over these
regions since 2000 as shown by both satellite ¥aiens and model estimations
(Streets et al., 2005; Ohara et al., 2007; Kurokawal., 2009; Zhang et al., 2007,
2012). Present and future surface][@ere simulated by a high resolution (40 x 40
km) global-regional chemical transport model (CTBlstem coupled with the

Regional Emission inventory in Asia (REAS) (Ohatale 2007).

The objectives of this chapter are (1) to evaltlaégemagnitude and distribution of
Os-induced WPL in China and India using both expodased and flux-based
methods and; (2) to analyze the uncertainties &sgsocwith the use of differentsO

dose metrics and the meteorological inputs for-thased evaluations.
5.2. Materials and methods
5.2.1. Simulation of ozone concentration

A global-regional CTM system (WRF/Chem-CHASER) Hmesen developed to
simulate surface [§) over Asia. The global CTM is based on CHASER (Gtit=al
Atmospheric general circulation model for Studyadmospheric Environment and
Radiative forcing) (Sudo et al., 2002a, b; Takigastaal., 2005), and the regional
CTM is based on WRF (Weather Research and ForagasGhem (Grell et al., 2005)
using the dynamic cores of Advanced Research WRBA(Aversion 3.1. Gas—phase
chemistry in the model uses RADM2 (Regional AcidpDsition Model Version 2)

(Stockwell et al., 1990), and dust erosion is tak#o account following Shaw et al.
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(2008). Both of the regional and global CTMs ardéine i.e., transport of chemical
species is done using the same vertical and hdakocoordinates with the
meteorological part of the model and using the sphysics parameterization with no

interpolation in time.

Anthropogenic emissions in Asia are taken from REAdich is built upon
consistent methodologies and data sources and gsm@pecific information at
regional, country, and province levels for Asiaatsolution of 0.5° x 0.5° (longitude
x latitude) (Ohara et al., 2007). REAS has thresnados for emission control in
China: REF (Reference Case), PSC (Policy Success)Cand PFC (Policy Failure
Case); however, there is only one reference saef@EF) for India for the prediction
up to 2020. We chose the pessimistic scenario d@ Rér China because the
comparisons with satellite observations have irtdatahat the trends in Chinese
anthropogenic emissions were mostly consistent Witk scenario during the first
decade of this century (Akimoto et al., 2006; Kok et al., 2009; Wang et al., 2011;
Zhang et al.,, 2007, 2012). The biomass burning sons, especially from crop
residue burning, are quite important as a sourceOef precursors, and are
parameterized using GFED2 (Global Fire Emissiorabase) inventories and AATSR
(Advanced Along-Track Scanning Radiometer) hotsgpaif following Freitas et al.
(2005). This study also applied EDGAR 2000 (EmissiDatabase for Global
Atmospheric Research) (Olivier & Berdowski, 200@) émissions outside Asia, and
GEIA (Global Emissions Inventory Activity) inventor(Guenther et al., 1995) for
biogenic emissions. It should be noted that, fourel emissions, we took into account
the changes in REAS only for Asia, and left othmission inventories (e.g. EDGAR
2000 and GEIA) unchanged. Moreover, the meteoro&gtonditions for the year

2000 were also used for 2020.

The WRF/Chem-CHASER model system is driven by melegical data from the
U.S. National Centers for Environmental PrediciBiCEP). The output of the global
CTM is monotonically interpolated from the Gausslatitude and longitude grid to

the Lambert conformal conic projection for use I tregional CTM. The lateral

88



CHAPTER 5

boundary is updated every 6 hours and linearlypaiated for each time step. Figure
5.1 shows the model domain for the regional CThvathorizontal resolution of 40
km (199 x 149 grids). The regional CTM has 31 waitiayers up to 100 hPa with
11-12 layers across the heights of 0-2 km from dindace. As a result of the
deposition of @ to the land surface, fpshows a vertical gradient within the bottom
layer of the CTM. To account for the {JOgradient, we converted the {[Oat the

reference height (approx. 25 m) to that at the pgnoeight (1 m) following the

approach of Oue et al. (2009) when calculating@edoses for WPL evaluations.
This method has been shown to describe thg\@rtical variations well in a Chinese

wheat field (Oue et al., 2009).

For years 2000 and 2020, eachg][@imulation was integrated from January to
December after a spinup calculation for one moatid the calculated values were

recorded every hour.
5.2.2. Distribution of wheat production and phenolgy

Wheat is grown widely in China, and the main praodgareas are located across
central eastern China (CEC), particularly in thevorces of Henan, Shandong, Hebei,
Jiangsu, and Anhui, which, combined together, actdor more than 65% of the
national wheat production (China Agricultural Yeaok Editorial Committee, 2000).
In India, the major wheat production states aréhian northern parts of the country
with Uttar Pradesh, Punjab, Haryana, Madhya Pradesth Rajasthan together
contributing to almost 85% of the national wheabduction (Central Statistical
Organisation, 2000). In this study, the wheat potidn for each province/state of
China and India was obtained from the respectivéiomal statistics (China
Agriculture Yearbook Editorial Committee, 2000; @ah Statistical Organisation,
2000). The provincial/state wheat production iss&guently distributed into each
grid cell (40 x 40 km) (Fig. 5.1) according to tkkeop area map compiled by
Monfreda et al. (2008). We did not consider theeptil changes of wheat production
from 2000 to 2020 in this study; hence the wheatlpction in 2020 in the absence of

the effect of Qis assumed to be the same as that in 2000.
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Calculation of both the exposure-based and fluwetla®y; doses requires
accumulation of @ concentration or ©flux over a certain period of the growing
season, with the critical stage of wheat being esith For China, the statistical data
of wheat phenology from more than 300 agro-metegio&l stations, which were
maintained by the Chinese Meteorological Administrg are interpolated into each
grid cell within the domain using Kriging methodr India and other regions within
the CTM domain, however, we did not have the gtesisdata of wheat phenology,
and used a phenological model to calculate the ddtewheat anthesis as
recommended in the Mapping Manual 2004 (LRTAP Catiea, 2004). This model
has also been applied successfully in a previoudysfVan Dingenen et al., 2009),
which crosschecked the modeled growing season stg&i@ national wheat growing

season tables provided by USDA and LRTAP Convern@694).
5.2.3. Dose-response functions

Among the exposure-based (Ddices, AOT40 has been used most widely during
the last two decades as it has been found to Iselgloelated to the relative yield of
many crop species (LRTAP Convention, 2004; Mills at 2007). Hence, the
AOT40-response relationships for wheat derived fbath the European OTC (Mills
et al., 2007) and the Asian FACE (Zhu et al., 202dperiments were chosen for the
present study. The difference between these twaiestus in the accumulation period
for AOT40: 90 days in Mills et al. (2007) (herewitbferred to as 90-days AOT40)
and 75 days in Zhu et al. (2011) (herewith refertedas 75-days AOT40). We
rescaled both AOT40-response functions so thateflaéive yield is equal to unity at
zero AOTA40, to eliminate any systematic bias in ésémate (Van Dingenen et al.,

2009).

We also compared two stomatat @ux—response relationships for wheat: POD
(phytotoxic Q dose, which is accumulated stomatal flux afaDove threshold of 6
nmol O; m?projected leaf area (PLA)*s and PODR; (the same as PQMut for the
threshold of 12 nmol ©m? PLA s%). The former was derived from European OTC

experiments (Pleijel et al., 2007), and the lattas recently established at the Asian
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FACE experiment (this study, Chapter 4). There some differences between the
POD; and PODR, approaches in the algorithm and parameterizatibnthe
multiplicative model to calculate stomatal condace& @si). In comparison to the
PODs approach, the PORapproach uses @y, model with less restrictive VPD and
O3 functions and a more restrictive radiation fungtiand the temperature function is

omitted.

The definition of these four {3lose metrics and their corresponding dose—response

functions, which relate thes@oses to the relative yield, is given in Table 5.1
5.2.4. Meteorological input and the associated unainties

The NCEP reanalysis dataset is one of the mostiyviged tools in meteorological,
climatic and other related research, and is appligtiis study as the meteorological
input for thegsi,, models. Temperature and relative humidity at 2enght from NCEP
with 6 h temporal resolution were linearly intergigld to obtain the hourly temporal
resolution needed for the calculation of stomatal flox. Incoming downward
short-wave radiation (SR) was converted to phottistic photon flux density (PPFD)
by multiplying by a factor of 2 (Monteith & Unswxt2008).

It has been reported that the NCEP dataset tendsvécestimate SR with an
average bias of +20%, but underestimate both teatyoer and VPD with an average
bias of —1.4 °C and —-25.7%, respectively (Zhaol.e2806). Although these biases
have large temporal and spatial variations (Agetlal., 2005; Zhao et al., 2006; Liu
et al., 2012), we adopted the simplest approadhdanalysis of the uncertainty of
the NCEP inputs for our PQDand PODR- calculations and the relative yield loss
(RYL) estimations. Three sensitivity tests weredcted with perturbations of a 20%
reduction in SR (SR x 0.8), a 3 °C temperatureca®e (Temp + 3 °C), and a 50%
increase in VPD (VPD x 1.5) to the interpolated thometeorological output of the
NCEP reanalysis. We tested for the individual effeaf each variable, as well as a
combined effect with the three perturbations appltegether. The perturbations

applied to temperature and VPD were based on tls s@mdies that reported
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particularly large underestimation by the NCEP skattdor our study domain (Zhao et
al., 2006; Liu et al., 2012). Note, however, tha¢ wid not use the adjusted
temperature to recalculate the accumulation peoodtomatal Quptake to account

for the shift in plant phenology in response to temperature change. We did not

consider the sensitivity of photochemical productod O; to temperature either.
5.2.5. Crop loss assessment

We followed the approach adopted by Van Dingeneralet(2009) (hereafter
referred to as VD2009) and Avnery et al. (2011ghkyeafter referred to as A2011) to
estimate the WPL. The respective exposure-basedflarébased @ doses were
accumulated over their corresponding calculatiomogs for each of the 40 x 40 km
grid cells, leading to a gridded relative yieldda®RYL) calculation. For each grid
cell, the wheat production loss (WiPlwas calculated from the RYland the actual

wheat production for the year 2000 within the gl (WR) as follows:
WPL; = RYL;/ (1 - RYL) x WR

The provincial/state and national WPL were obtaifgd summing up all WRL
belonging to each province/state and country, Bedtovincial/state or national RYL
were calculated by the aggregate WPL. The chanigd&d. and RYL from the years
2000 to 2020 were then calculated as the differeeteeen the two years.

5.3. Model evaluation against [@] observations

Although the CTM has been validated to perform weglicomparisons of modelled
[O5] with ground—based observations at 251 stationkapan (Takigawa et al., 2007)
and Mount Tai in China (Takigawa et al., 2009), fargher compared monthly [P
simulated with the WRF/Chem-CHASER model systemdusethis study against
observations obtained from the literature oversiudy domain. Monthly observation
data in China over the North China Plain (NCP), Yaegzi River Delta (YRD), and
the Pearl River Delta (PRD) were from 1999 to 206th the exception of Jiangdu
site in YRD including [@] data from 2007 to 2011 (this study, Chapter 8)three

diagnostic regions of India (Northern, Central aBduthern India), the [§
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observations were conducted from 1997 to 2006 eéxiwepone older dataset from
1993 to 2000 (Naja et al., 2003) and another iBA®eddy et al., 2010). Most of the
observations were conducted at rural or suburbtes,sbut observations at some
urban sites were also included where the availdaka were sparse especially in
Northern and Central India. The simulated monthDg][for the year 2000 were
averaged across the grid cells where the observaties were located, whereas the
monthly values of the observedOwere averaged across the observation sites and
years within each region (Fig. 5.2). The region rimaries and the sources of the

observation data for each region are listed ind&t2.

In general, magnitudes and seasonal variations aftmy [O;] in the selected
regions are simulated reasonably well with mixiagias mostly falling within one
standard deviation of the observations. Howevenukited [Q] for NCP and YRD
tend to be underestimated by approximately 3—9fppthe monthly averages during
the highest @period in June. This may be caused by the inatewaescription of the
temporal and spatial distribution of agriculturasidue burning after winter crop
harvest (e.g. wheat), which serves as a majppi®cursor in this region (Li et al.,
2007; Yamaji et al., 2008; Tang et al., 2013). Tapid increases in anthropogenic
emission over this regions since 2000 (Ohara eR@07; Zhang et al., 2012) should
have also contributed to the model underestimaton.PRD and India, on the other
hand, the model apparently overestimates [(Bg by approximately 5-10 ppb in
several months particularly in summer. We ascritie tliscrepancy partly for the
insufficient resolution over time (6 h) and spa@5%x2.5°) in NCEP data to
reproduce meteorological fields in the rainy seasdmen the frequent precipitations
may depress the local §O In addition, at some of the northern and cenimndian
observation sites located in densely populated saré@e [Q] may have been
suppressed by local NQitration, which contributé to the overestimation of [
This has been suggested in the previous studiesPifagenen et al., 2009; Avnery et

al., 2011a).

It must be noted, nevertheless, that the accunounlggeriod for AOT40 and PGD
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calculations spans mainly from February to Aprildrom March to May in major
wheat producing areas of India and China, respalgtiand that the model exhibited a
good performance for these periods. Thereforeptlegestimates and underestimates
of [Og] after these periods may not have significanta#feon our estimation in the

Os-induced wheat yield loss.
5.4. Results
5.4.1. Distribution of exposure-based and flux-baskO; doses

Spatial distributions of the exposure-based ddses of 90-days AOT40 and
75-days AOT40 were consistent with each other fid2(Fig. 5.3a, b, left panels)
and 2020 (Fig. 5.3a, b, middle panels). They inditagreater @ exposure in the
regions of CEC (central Eastern China includingtN&@hina Plain and Yangzi River
Delta), the Pearl River Delta, and Tibet for Chimad around the northernmost
regions, Indo-Gangetic Plain, and mega cities falid. In 2000, across the major
wheat producing areas of CEC and Indo-GangeticnPlthe 90-days AOT40
exceeded the critical level of 3 ppm h that waaldithed in Europe for the protection
of crops (LRTAP Convention, 2004). With a largeulat increase in [€), some areas
in the Yangzi River Delta and northernmost Indidl experience more than 15 ppm h
of 90-days AOT40 in 2020. The extremely high €xposure doses in the Tibetan
plateau (Fig. 5.3a, b left and middle panels) mayaused by air exchange between
stratosphere and troposphere (Ding & Wang, 2006y will be unaffected by
anthropogenic emissions, as shown by the littlenghan that region in AOT40 from

2000 to 2020 (Fig. 5.3a, b, right panels).

The geographical pattern of the flux-based RQHE)q. 5.3c) is somewhat different
from that of the exposure-based @bses. In both 2000 and 2020, PO close to
naught in the Tibetan plateau but elevated in svathnd central India. This contrast
is caused by stomatal closure in cold climatesaoahing in warm climates, since the
effect of temperature ogy, is accounted for in PQPleijel et al., 2007). In POR

by comparison, the direct effect of temperaturestmmatal opening is not considered,
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whereas the influence of temperature is exerteditgiaffect on VPD (this study,

Chapter 4). The spatial distribution of PQFig. 5.3d) is thus similar to that of
AOT40. Furthermore, the increase in P@Dom 2000 to 2020 is significant in some
high [O;] areas but less dramatic than that in RQEg. 5.3c, d, right panels).

5.4.2. Wheat production loss in 2000

As the main wheat producing areas (Fig. 5.1) openeith areas of high
exposure/flux @ doses (Fig. 5.3), the largest WPL is projectedtie regions over
CEC of China and northern India across all thed@se metrics (Fig. 5.4). The top
five wheat production provinces/states listed ibl&sb.3 together account for more
than 83% and 90% of the total WPL of China and dndiespectively. On a
provincial/state scale, Henan and Jiangsu in Chave the greatest WPL (1.9-4.7 Mt)
and RYL (11.5-23.5%), respectively, while Punjalridia shows the largest values
of WPL (3.0-6.4 Mt) and RYL (17.4—30.7%). The coymtide WPL (RYL) for China
and India are 7.8-20.0 Mt (6.4-14.9%) and 6.4-20t58.2—-22.3%), respectively,

depending on the {alose metrics used.

In general, POBPgave a greater RYL than the otheyddse metrics for most of the
provinces/states except a few cold-climate prosn&ee Tables A1-A4 in Appendix
for WPL and RYL in all the provinces/states of Ghisnd India). This discrepancy is
especially large in some warm states of India vdatv O; exposure, e.g. Madhya
Pradesh and Rajasthan which have a RH3ed RYL of 13.5% and 8.5%,
respectively, in contrast to an RYL of less than @8timated by the exposure-based
O3 dose metrics (Table 5.3). RYL estimates by RORere also a little higher than
those by the exposure-baseg ddse metrics, while 90-days AOT40 gave the lowest

estimates.
5.4.3. Increase of wheat production loss from yea000 to 2020

We projected a further 1.5-13.5% additional promunctoss (RY 20 — RY L2000
for the major wheat producing provinces/states 0202 with the highest average

increase of RYL in Anhui (12.3%) for China and Ramy8.4%) for India across all
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the G dose metrics (Table 5.4, see Appendix for othevipces/states). At a national
scale, the average increase in RYL from 2000 t®d82stimated to be 8.7% (with a
range of 8.1-9.4%) for China and 6.7% (with a ran§®.4—7.7%) for India. The
projected increase in WPL from 2000 to 2020 wasiBgantly greater for China
(10.2-11.5 Mt) than India (5.0-6.0 Mt) due to geedRYL increase and greater wheat

production in China than in India.

All the O; dose metrics gave comparable estimates of incied®¥éL from 2000 to
2020 (Table 5.4). The standard deviation of thgeoted RYL increase across thg O
dose metrics was 0.6% and 0.9% for China and Imd&pectively, which was much

smaller than that of RYL itself in 2000: 3.9% fohiGa and 6.7% for India.
5.4.4. Relationships of RYL estimated by differen©3; dose metrics

The comparisons of the RYL estimates by 90-days ADWith the estimates by
the other @ dose metrics for each province/state of Chinaladd are presented in
Fig. 5.5. The RYL by 75-days AOT40 showed close &ndar relationships with
90-days AOT40r€ > 0.98) (Fig. 5.5a, d) with the intercepts beifimse to zero and
the slopes being ca. 1.1. This means that the R¥mates by 75-days AOT40 are 1.1
times those by 90-days AOT40.

The two flux-based metrics: PQ@2nd PODR;, predict greater RYL than 90-days
AOT40 in 2000 (Fig. 5.5b, c) with slopes greatearth. In 2020, however, the fit
lines came closer to the line of equality (x =g Iboth PO and PODR- (Fig. 5.5e, f).
This is because the both; @ose metrics are based gy, models with ads function
to reflect the @induced stomatal closure which constrains theuPtake. Being
exposure-based, 90-days AOT40 has no such corstanh hence the deviation from
the flux-based RYL diminishes as{[dncreases from 2000 to 2020. Theg function
for PODsis more restrictive than that for P@as shown in Fig. 5.6 (see Pleijel et al.
(2007) and Chapter 4 for further details), thus deeline of the slopes for PQD
(from 1.259 to 0.851 in Fig. 5.5b, e) is greatarthhat for POR, (from 1.173 to
1.013 in Fig. 5.5¢, f).
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The positive intercepts of the fit lines for PO ig. 5.5b, e) could be explained as
follows. Since the threshold of 6 nmol“ns® is approximately 18 ppb under the
optimal conditions for @uptake, the [g] lower than 40 ppb could contribute to the
flux-based dose to produce non-zero RYL at zero ADWith POL,, on the other
hand, the threshold of 12 nmols* is approximately 37 ppb under the optimal
conditions for Q uptake, and, hence, the near-zero RYL at zero AQFd. 5.5c¢, f).

5.4.5. Uncertainties associated with the meteorolmgl inputs

As shown in Figure 5.6, an increase of temperabyre&°C increased RYL with
PODs by +5.5% for China, but reduced that for India-dy93%. Despite the lack of
fiemp function in POy, the temperature rise increased VPD, which redstechatal
opening and, hence, RYL. A 50% increase in VPD ceduRYL for both China and
India to a greater extent with P@QD-1.1% for China and —4.2% for India) than
POD, (—0.4% for China and —2.4% for India). However,[R¥as little changed by
the 20% decrease in SR with either of the two fhased metrics.

Overall, the combined perturbations to the thregeorelogical factors changed the
estimated RYL by +3.4% (from 14.9% to 18.3%) andl94d (from 10.3% to 9.2%)
for POD; and POD,, respectively, for China, and by —7.9% (from 22.8%4d4.4%)
and —-3.8% (from 9.7% to 5.9%) for P@@nd POD,, respectively, for India. It
should be noted that the same perturbations tdNtBEP inputs for the year 2020
change RYL to a similar extent as noted above fa002(data not shown). Our
estimated changes of RYL from 2000 to 2020 weretetore, little affected by the
NCEP input perturbations, with biases occurringyom the range of —0.2% and

—-1.0%, depending on the perturbation,d0se metrics, and country.
5.4.6. Variations in the response functions @, models

Analyses of the variations in the response funetif@mp fvep and fign) with
corresponding climatic variables averaged for gacince/state (Fig. 5.8) show that
+3 °C increase in temperature may reduce the e¢striof fiemp ON gsio for China, thus

increase the ©uptake. In contrast, temperatures in India areaaly within the
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optimal range, further elevation in temperature rfesd to stomatal closure hence

decrease the {uptake (Fig. 5.8a, d).

The reduction in RYL by 50% increase in VPD is geedor India than that for
China, which could be due to the multiplicativetresion of fypp 0N gso in INdia as
the daytime average VPD in most of the states difalare higher than that of China
(Fig. 5.8b, e). Considering the more restrictiveDVResponse function in thgso
model of POIQ (see Pleijel et al. (2007) and Chapter 4 for frttetails) results in
sharper decline ifypp than that of POB), the larger changes in RYL is thus estimated

by using POI@than that by using POR

We found seldom changes of RYL with 20% decreaseRn This may be because
the exponential functions & are insensitive to our change of SR, despite theem
restrictive parameterizations for P@Fig. 5.8c, f). For instance, a 20% decrease in
the hourly mean SR at 500 W 3m(approx. 1000umol m? s* PPFD by our
recalculation) lead to only 4.6% decreaséijrn for PODy (i.e. from 0.945 to 0.902),
while nearly no change ifign: for POLy. The deviation irfigh by SR decrease could
become larger at low-level SR, but the consequiast éiin Q uptake calculation may

be small, as [g) is also usually low in that situation.
5.5 Discussion

This study estimated that the ozone-induced whé&at iR 2000 was 6—15% for
China and 8-22% for India, respectively. These eangf RYL in 2000 overlap with
those in previous studies (VD2009 and A2011, the ¢vobal evaluations of the crop
loss to Q with exposure-baseds@netrics) (Table 5.5). However, our RYL estimates
by 90-days AOT40 (our lower boundary estimatesahl& 5.5) are smaller than those
in the previous assessments with the samal@e metrics (their upper boundary
estimates in Table 5.5) for both China and IndiaisTiscrepancy could be ascribed
to differences in agricultural datasets, emissiomentories, the CTM, and the
conversion of [@ from CTM output to that at the canopy height. Nihe high

spatial resolution and the emission inventory devetl specifically for Asia, our
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CTM performed well in terms of [§psimulation in Asia (Takigawa et al., 2007, 2009,
and Fig. 5.2). By comparison, both VD2009 and A28ignificantly overestimated
[O3] during the wheat season in Northern India (Vand2nen et al., 2009; Avnery et
al. 2011a). Moreover, the fPat the canopy height in a Chinese wheat field etter
estimated with the method of Oue et al. (2009)p@le 1.10, T = 0.65) than with
either of the methods recommended in LRTAP Conwenf2004) (slope of 1.32? of
0.51 for method A, and slope = 1.22,=0.55 for method B) that were adopted in
VD2009 (Takigawa, unpublished data). In A2011, Hartnore, the direct use of the
[O3] output of the CTM should have led to a significamerestimation of canopy P
and hence RYL. When we directly used thg][@ a reference height of approx. 25 m,
our RYL estimates with 90-days AOT40 rose to 154&% 19.0% for China and India,

respectively, approaching the numbers in A2011.

Under the future anthropogenic emissions of REAS projected increase in wheat
RYL from 2000 to 2020 for China (8.1-9.4%) is gez¥ahan the estimate in VD2009
and close to the upper boundary of the A2011 estisnfar the increase in RYL from
2000 to 2030 (Table 5.5). For India, on the otrerd) our projection of RYL increase
(5.4-7.7%) is smaller than the upper boundary egésmof VD2009 and A2011 for
the change in RYL between 2000 and 2030. This isgily because we have
assumed a very large increase (128%) of; @ission in China according to the
pessimistic scenario (PFC) for Chinese emissiontrobnwhereas, for India, we
assumed a modest increase (49%) of, NMission under the reference scenario
(Ohara et al., 2007). For China, as mentionederathhe PFC scenatrio is the closest
among the 3 scenarios of REAS to the observed frenecent years (Akimoto et al.,
2006; Kurokawa et al., 2009; Wang et al., 2011;n¢het al., 2007, 2012). For India,
on the other hand, a recent inventory coupled withlti-satellite observations
reported that NQemissions from the Indian power plants (the mgtartant source
of NOy in India) increased by at least 70% during 1998€2Qu & Streets, 2012).
Another inventory (Cofala et al., 2006) also présdra greater increase (67%) in NO
emissions than that in REAS (49%) from 2000 to 2086er the Current Legislation
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scenario (CLE) in India. Taking into account thesgible underestimation of Indian
NOy emissions, our estimates of the increase in RIMfR000 to 2020 for India may

be conservative.

Among the Q dose metrics, the often-used 90-days AOT40 gasmaler RYL
than the 75-days AOT40, as presented in Table md3Fég. 5.5. The dose-response
relationship with 90-days AOT40 has been derivafrOTC experiments across
Europe, whereas the relationship with 75-days AOT¢0based on the FACE
experiment in the Yangzi River Delta of China. Angmarison between these two
relationships showed that the slope of the 75-d&@§40-response function was
larger than that in 90-days AOT40, but that thefedéince was not statistically
significant (Zhu et al., 2011). In the same stualy, OTC study in northern China
(Feng et al., 2003) showed lower yield loss sensitiand an OTC study in India
(Sarkar & Agrawal, 2010) showed higher yield losghstivity than the European
results; both of these results were statisticatiyificant (Zhu et al., 2011). On the
other hand, a recent study with OTC experimentgeasigd that the wheat cultivars in
the Yangzi River Delta may be more sensitive tdf@n that used in European studies
(Wang et al., 2012). A survey of the experimentatiadover Asia indicated a large
difference in the sensitivity of wheat yield loss ©;, both between and within
individual studies, varying with location, experimi@ method, and -cultivars
(Emberson et al., 2009). It thus appears that wenat yet able to make a general
statement on the comparison between the regiomsgards to sensitivity to wheat

yield loss to Q.

It is noteworthy that the flux-based approach oDR@om European studies gave
substantially greater aggregate RYL than that ef 3@-days AOT40 for China and
India by a factor of 2.3 and 2.7, respectively fbe year 2000 (Table 5.3). One
possible explanation is that the lower thresholdP@fD; (approx. 18 ppb under the
optimal conditions for @uptake) may include contributions fromg]dower than 40
ppb to produce higher RYL. Most importantly, a mdrequent occurrence of

environmental conditions optimal forsQiptake in our study regions, compared to
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those in Europe, could have resulted in the lai@¥L estimates on POpPas
compared with those based on AOT40. There is ecelehthese effects in our study,
as seen in the discrepancy in RYL estimates betviR€eR; and AOT40, which is
enlarged in some warm states of India (Table 3r@)eed, many reports have shown
an enhanced stomatal uptake afi@warmer and more humid environments (such as
in subtropical Asia) compared to cool climates [suas in northern Europe)
(Danielsson et al., 2003; Mills et al., 2011). Ass@ssment of £dmpacts on crops in
Europe for the year 2000 also showed a discrepdmstween POBRbased and
AOT40-based wheat yield loss estimates, and, att noestions investigated, the
flux-based estimate was greater than the exposagseebestimate (Holland et al.,

2006).

In contrast to the large difference in the estimadé RYL and WPL between
90-days AOT40 and PQD(both of which are based on European studies), the
estimates between 75-days AOT40 and POIom the Asian study exhibited a
smaller difference. This might be because the despense functions of 75-days
AOT40 and POk, were derived from experiments at the same sitlffarent years
(Zhu et al., 2011; Chapter 4, this study). The siois of a temperature function in the
Osto model of POR, may have also lessened the influence of climaifierénces
among locations on Ouptake and, hence, between thg ihpact estimates.
Furthermore, the threshold of P@approx. 37 ppb under the optimal conditions for
O3 uptake) was close to that for AOT40.

In the future projections, the increase in RYL fr@®00 to 2020 was comparable
between the different ©dose metrics (Table 5.4). The 75-days AOT40 gave
proportionately higher RYL than 90-days AOT40 bfaetor of 1.1 for both 2000 and
2020, and, hence, resulted in a proportionatehatgreincrease in RYL for 75-days
AOT40 compared to 90-days AOT40. Why, then, hasltkerepancy in the estimated
RYL for the year 2000 between the AOT40-based dna-based approaches
disappeared in the RYL increases? With AOT40, tle&d\loss estimate increases in

proportion to the increase ofs@xposure, which is not the case in the flux-based
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estimate. Exposure to high {Ocauses a reduction igs, (Gelang et al., 2000;
Danielsson et al., 2003; Feng et al., 2008), wkiokld limit stomatal @ uptake, and
diminish further increases of;@lux and yield loss. The lower threshold jJCifor
POD;) and favorable climate contribute to the higherLR&stimates for POD in
2000, but do so to a lesser degree in the diffedeRlY L between 2000 and 2020.

Furthermore, our sensitivity tests suggested ttePOD calculations are strongly
affected by the quality of the meteorological irgouthe possible underestimation of
temperature and VPD in the NCEP reanalysis datasst have caused a large
deviation in the estimated RYL. Since we appliegl $ame inputs for 2000 and 2020,
the effect of perturbations in meteorological faston our estimated change in RYL
is small (with biases only in the range betweerR¥4Dand —1.0%). If the climate
changes in the future, however, the-ifduced RYL of wheat may increase or

decrease to a large extent depending on the ctimegion.
5.6. Conclusions

In this study, we evaluatedsduced WPL for China and India by using both
exposure-based and flux-based approaches deriwoed European OTC and the
FACE-O; experiments. Reduction in wheat production in 20@% estimated to be
6.4-14.9% for China, and 8.2-22.3% for India. RO@edicted greater RYL,
especially for the warm regions of India, wherdas90-days AOT40 gave the lowest
estimates. For the future projection, all theddse metrics gave comparable estimates
of increase in RYL from 2000 to 2020 in the rangés8.1-9.4% for China and
5.4-7.7% for India, respectively. The lower progecincrease in RYL for India may
be due to conservative estimation of the emissiorease in 2020. Sensitivity tests of
the model showed that the PODY-based estimatesYaf &e highly sensitive to
perturbations in the meteorological inputs, butt tthee estimated increase of RYL

from 2000 to 2020 is much more robust.

Admittedly, there remain some additional sourcesrafertainty in our projections,

such as the possible shift of plant phenology, dfiects of soil water potential on
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stomatal conductance, and the effects of climatagé on surface Ep(Fuhrer, 2009;
Teixeira et al.,, 2011). Varietal differences, ifyann stomatal responses to the
environmental variables and the maximum stomataidaotance would also be
counted as sources of uncertainty in the crop Vieds$ projections. Despite these
uncertainties, however, this study and the pastietu(Van Dingenen et al., 2009;
Avnery et al. 2011a) show an overlapping of thairges of wheat yield reduction due
to present-day [§) (Table 5.5) beyond the differences between theliss in the
emission inventories, CTM, ands@ose metrics. The much higher RYL in 2000 with
the flux-based methods than those based on AOTM4€oime major wheat producing
areas suggests even largey ri3ks due to the specific environmental regimesun
study regions. Moreover, the greatest confidencebeaplaced on the projected WPL
increase from 2000 to 2020, given the consistetinates across the different; O
dose metrics and the small sensitivity in the esté® using the flux-based methods to
perturbations in the meteorological inputs. Thessaitial, if not panicking, reduction
in wheat production in the near future poses assrchallenge to the global food
security, given that the two countries are thedargand the second largest in the
world in terms of the wheat production and popuolatiWe therefore strongly urge
that measures to be taken to curb the rapid ineredissurface [G] in the two

countries as well as other countries with increggimission of @precursors.
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Table 5.1 Overview of Q dose metrics and corresponding dose—responseadusct

used to calculate relative yield loss of wheatun study.

Experiment Ozindex Accumulation perioc Function Reference

(y = relative yield,
x = Oz dose)

European
OoTC

Asian
FACE

European
OTC

Asian
FACE

90-days 90 days, centeringo y =-0.0163x + 1 Mills et al., 2007
AOT40 the anthesis date. corrected for
offset (see text)

75-days 75 days, from 44 day y =-0.0205x + 1 Zhu et al., 2011,
AOT40 before to 30 days aft corrected for
the anthesis date. offset (see text)

POD; 970°C days, starting y =-0.048x + 1 Pleijel et al., 2007
270°C days before
anthesis.

POD,  800°C days, starting y=-0.082x+ 1  This study,
200°C days before Chapter 4
anthesis.
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Table 5.2 List of the regional boundaries, number of obseowal sites, and data

sources of the observed{@or each defined region.

Region Minimum Maximum Number Reference
lon, lat lon, lat  of stations
NCP China 115, 36 118, 41 5 Li et al., 2007; Lin et al., 2008
2009; Shan et al., 2008; Wang et
al., 2010
YRD China 118, 30 121, 32 7 Wang et al., 2006; Tu et al.,
2007; Jiangdu site, Chapter 2
PRD China 112, 22 117, 25 16 Zheng et al., 2010
North India 72, 23 77,29 4 Naja et al., 2003; Satsangi et al.,
2004; Mittal et al., 2007; Ghude
et al., 2008
Central 72,17 76, 20 6 Debaje & Kakade, 2006, 2009;
India Beig et al., 2007; Debaje et al.,
2010
South India 77,8 80, 15 6 Nair et al., 2002; Naja & Lal,

2002; Debaje et al., 2003;
Ahammed et al., 2006; Beig et
al., 2007; Reddy et al., 2010
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Table 5.3 Aggregate wheat production loss (WPL) in 2000nested by different ©

dose metrics for the top five wheat producing pmoes/states in China and India as

well as for the countries as a whole. The relatied loss (RYL) is shown in

parentheses.

Province/ State

WPL (10" metric tons) and RYL (%) in 2000

90-days AOT40r5-days AOT40 PODs POD:,

Henan
Shandong
Hebei
Jiangsu

Anhui
Whole China

Uttar Pradesh
Punjab
Haryana
Madhya Pradesh
Rajasthan
Whole India

185.1 (7.5%)  205.8 (8.2%)  473.2 (17.1%) 26B066%)
151.2 (6.7%)  173.9 (7.6%)  416.0 (16.4%) 1.2[1.4%)
100.3 (7.3%)  111.8(8.0%)  249.7 (16.3%)  180243%)
138.5 (11.5%) 169.8 (13.7%)  328.3 (23.5%)47.72(18.8%)
74.0 (8.0%) 85.1 (9.1%)  219.7 (20.5%)  120B.4%)
777.9(6.4%)  888.6 (7.2%)  1995.1 (14.9%301.2 (10.3%)

158.8 (6.4%)  163.2 (6.6%)  647.0 @1.8 165.4 (6.7%)
304.3 (17.4%) 343.7 (19.2%)  641.6 (30.7%) 0.8620.0%)
99.9 (10.4%)  107.8 (11.1%)  329.5 (27.7%) 7.1.414.6%)

12.1 (1.4%) 12.6 (1.5%)  129.7 (1B.5% 13.7 (1.6%)

4.2 (0.6%) 4.8 (0.7%) 64.0 (8.5%) 6.9%).
639.3 (8.2%)  698.8 (8.9%)  2049.7 (22.3%768.7 (9.7%)
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Table 5.4 Increase of aggregate wheat production loss (WRith 2000 to 2020

estimated by different © dose metrics for the top five wheat production

provinces/states in China and India as well ashfercountries as a whole. Increase of

the relative yield loss (RYL) is shown in pareniges

Province/ State

Increases of WPL (fanetric tons) and RYL (%)

90-days AOT4(r5-days AOT40

Henan
Shandong
Hebei
Jiangsu
Anhui
Whole China

Uttar Pradesh
Punjab
Haryana
Madhya Pradesh
Rajasthan

Whole India

262.2 (10.6%)
173.5 (7.6%)
70.1 (5.1%)
118.8 (9.8%)

110.2 (11.9%)

1016.3 (8.4%)

160.2 (6.5%)
183.7 (10.5%)
77.1 (8.0%)

35.6 (4.2%)
15.6 (2.3%)
549.6 (7.1%)

293.8 (11.8%)
199.9 (8.7%)
83.0 (6.0%)
145.2 (11.7%)

126.5 (13.5%)
1153.2 (9.4%)

170.6 (6.9%)
204.7 (11.4%)
84.1 (8.7%)

37.0 (4.4%)
16.7 (2.4%)
598.5 (7.7%)

POD; POD,
289.8 (10.5%) .271.6%)
216.1 (8.5%) .21@52%)
92.0 (6.0%) 80.398.5
116.4 (8.3%) .1410.6%)
116.0 (10.8%) .3342.8%)

1080.0%9.1 1129.1 (8.9%)

154.6 (5.2% 149.5 (6.0%)
79.8 (3.8%)  (14B.9%)
53.5 (4.5%) 72.89)
73.8 (7.7%) 38.0 (3.9%)
52.9 (7.0%) (1.3%)
496.0 (5.4%) 502.3 (6.4%)
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Table 5.5Comparison of relative yield loss (RYL) estimateghis study with those
of other studies (VD2009: Van Dingenen et al. 2082011: Avnery et al., 2011a, b)
that are based on similar methodologies. The rah@ L across the variouss@lose

metrics is shown for each study.

RYL in 2000 (%) Change in RYL relative to 2000 (%)

2020 2030

This study VD2009 A2011 This study VD2009” A2011 A2011

China 6-15 10-19 3-16 +8-9 -2.3 +1-10+ 0-2
India 8-22 13-28 9-30 +5-8 +10.7 +3-18+ 1-7

2 Estimates with PFC (Policy Failure Case) and RE€&férence) scenarios of REAS

for China and India, respectively.

P RYL estimated with the 2030 CLE (Current Legisia)i scenario and averaged
across the M7 and AOT40 estimates.

¢ Estimates based on scaling up of the 1990 antigeapo emissions of EDGAR 2.0

according to IPCC A2 scenario.

4 Estimates based on scaling up of the 1990 antigespo emissions of EDGAR 2.0

according to IPCC B1 scenario.
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Fig. 5.1 Distribution of wheat production in China and lador the year 2000, Data
in each grid cell (40 km x 40 km) were calculatednf the statistics of

provincial/state wheat production (China Agricuéturearbook 2000 and Statistical
Yearbook India 2000) with the distribution accoglito the crop area map for wheat
compiled by Monfreda et al. (2008). Red line deadle model domain boundary for

the regional CTM part.
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Fig. 5.2 Comparisons between monthly simulated][Qines) for year 2000 and
measured [g) (dots) in each defined region. Monthly simulatedues are averaged
over the grid cells where the observational sited@cated. The measured values and
error bars represent the means and + 1 standardtideg of the monthly [g) of the

observational sites within each region.
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Fig. 5.3 Spatial distribution of 90-days AOT40 (a), 75-d&@T40 (b), PO (c) and
POD,, (d) over our study domain for years 2000 (left ggap and 2020 (middle
panels), and their changes from 2000 to 2020 (pgimtels, 2020 minus 2000). See

text for definition of the @dose metrics and their calculations.
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2000 2020 2020-2000
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Fig. 5.4 Distribution of wheat production losses in Chimad dndia for years 2000
(left panels) and 2020 (middle panels), and thbange from 2000 to 2020 (right
panels, 2020 minus 2000) estimated by 90-days AO(B4075-days AOT40 (b),
POD; (c), and PO, (d). See text for definition of the;Qlose metrics and their

calculations.

112



CHAPTER 5

2000 2020
China
401 a 2 India W1«
Q 30- S 30- g
= = o
Q o) R
< < o
w (7}
T 20- T 20 -
© e .
[Te) (e] (e
N N -
> >
2 104 y=1.109x - 0.10 2 10- o y=1.112x - 0.29
P *=0.986 2 *=0.989
P<0.0001 P<0.0001
o T T T T -_u O T T T T .',-
40 b 4] e '
L ]
< 304 = 304
g 2
g g .
o 20 a 204 °
2 )
- . |
> >
@ 40l y=1.259x + 5.53 x 4] y=0.851x + 7.68
r=0.481 X r=0.419
P<0.0001 O P<0.0001
O T T T T ".‘ 0 8 T T T T
0] ¢ 4] f '
3 304 2 304
8& 8&
o o 204
Y Y
> =
o y=1.173x + 1.17 X 404 y=1.013x + 2.46
*=0.808 o © r=0.862
P<0.0001 ~s P<0.0001
0 T T T T 0 3 T T T T
0 10 20 30 40 0 10 20 30 40
RYL by 90-days AOT40 (%) RYL by 90-days AOT40 (%)

Fig. 5.5 Comparison of the relative yield loss (RYL) estisthby 90-days AOT40
with those by other ©metrics: 75-days AOT40 (a, d), P@D, e), and POD (c, f)
in years 2000 (left panels) and 2020 (right pandigeir linear relationships were

fitted for RYL at each province/state in China dndia.
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Fig. 5.6 Changes in the estimated national relative yiets I(RYL) of wheat for year
2000 with perturbations to the NCEP inputs of terapge (Temp + 3°C), VPD (VPD
x 1.5), short-wave radiation (SR x 0.8), and tl@mbination, by using both PQ@D

and PODQ, methods.

114



CHAPTER 5

1.04 —e— POD,

~ ——POD,,
0.8
0.64
«9 0.4
0.24
0.0

o 5 10 15 20 25

5
POD, (mmol O, m~)

Fig. 5.7Comparison of the function used to descriker@uced reduction in stomatal
conductance ko) in POy (Pleijel et al., 2007) with that in PQP (this study,
Chapter 4).fo3 represents the ratio afs,, under accumulated stomatak Qptake
relative to thegsy, without the Q effects. POR is the accumulated stomatag @ux

with a zero threshold.
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Fig. 5.8 Variations in thegs, response functions of temperatufenf) (a, d), VPD
(fvep) (b, €), and radiatiorfign) (c, f) with NCEP inputs (left panels) and adjaste
NCEP inputs (right panels). The indicator valugsresent the relative terms of each
response functionyfaxis) and corresponding climatic factors-aikis) for each
province/state in China and India averaged for idsytacross the PQIPOD;,

accumulation period.
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CHAPTER 6
CONCLUSIONS AND IMPLICATIONS

Increasing food demand for a growing populatiorcambination with changing
consumption patterns (Schmidhuber & Tubiello, 208Wil, 2000) is sufficient to
cause concerns about the future of food supplysma.AFurthermore, the continuing
increase of @ precursors emission due to rapid economic devedopnand, hence,
the impacts of increasing surfacezJ@n crop production will add more concerns
about the food supply in this region. Therefore, guestion: How can we protect the
crop production in Asia from the deleterious impa€tozone pollution in the near

future?” is urgent for crop producers, scientists, pohtgkers, and also consumers.

With this dissertation study, | tried to find ansarer to the above question. To this
end, | conducted the long-term observations to attarize @ pollution and its
determinants in northern YRD, developed the FACEs@stem to investigate ;0
effects on rice and wheat plants, establishedlthe-fesponse relationship for wheat
to quantitatively estimate yield loss, and evaldatiee wheat production losses in
China and India due to present-day and futurg. [[@ this chapter, | summarize the
findings and limitations of my study, and furthesaliss the wider implications of the

findings.

6.1. Ozone pollution in agricultural fields of nbern YRD is serious, and aggressive
measures must ldaken to restrict the open crop residue burningaddition to the

controls over industrial and municipal emissions.

The results of in-situ surface {[Qobservations for five years (2007-2011) showed
a frequent occurrence of high hourlys]J@exceeding the CAAQS Grade I, approx.
102 ppb) at an agricultural site in Jiangsu progin&sithough the Asian monsoon and
associated long-range transports of maritime assntaused depressions of high][O
in summer, the 3 month AOT40 for respective rical amheat seasons greatly

exceeded the critical level for protecting cropcsge from Q damage as defined in
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Europe. Since the measurements were conductednwithi typical agricultural land
use, this study confirmed the serious situatiothefcurrent @ pollution in northern

YRD.

Analysis of [Q] variations in combination with the meteorologicaid satellite
observations further revealed not only the indaktemissions from fossil fuel
combustion, but also emissions from extensive dpaming of crop residues as an
important source of thepollution. There was an evidence of the effecéd thgher
[O3] and poorer air quality (higher API) were obsenatcand around the study site,

respectively, during the high fire activities ireteurrounding regions.

The contributions of biomass burning (forest firagricultural waste burning, and
vegetable fuel combustion) to regional and globa pollution have been
demonstrated by many previous studies (Andreae &ldt)e2001; Galanter et al.,
2000; Streets et al., 2003; Yamaji et al., 2010psMrecently, People’s Daily

(http://english.people.com.cn/index.htralccessed on 31 January 2013) reported that

half of China continued to be plagued by AtmosphBriown Cloud (ABC), observed
as widespread layers of brownish haze that causedres air pollution and low
visibility. ABCs are regional scale plumes of awllptants, consisting of mainly
aerosol particles, such as black carbon (BC), aedupsor gases (producing ozone
and aerosols) These air pollutants are emitted from biomass ibgyrmotor vehicles
and industrial processes with incomplete combusteomd significantly affect the
regional climate, hydrological cycle, glacial medjj agriculture and human health
(UNEP & C' 2002). Radiocarbon measurements of aerosols irCsABiave
determined that biomass combustion produced twadghof the bulk carbonaceous
aerosols, as well as one-half and two-thirds of 8@ subfractions, respectively
(Gustafsson et al., 2009). However, effective messuo restrict the open crop

residue burning have not been well executed in &hinnow.

The special strict policy against open straw bugras well as other emissions for
the sake of Beijing Olympic Games in 2008 has bemved to have significantly

reduced the boundary layer; @nd other pollutants over the Central Eastern &hin
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(Wang et al., 2009b). This effect was also dematetr by the lower [€)
observations in 2008 at our study site. Therefberiggest that aggressive measures
to restrict the open crop residue burning can be mwist be executed in China
immediately, which would be beneficial not only fie reduction of surface;Qo
protect crop production, but for a better air gyal general: a basic requirement for

human health and wellbeing.

6.2. FACE-Q is an ideal means to investigate ozone effectxrops as well as

efficacy of countermeasures against the ozone itapac

The FACE-Q system developed in this study was demonstratduk toapable of
elevating canopy [€) under fully open-air field condition with a refiee performance.
Both temporal and spatial controls were comparttbta better than other existinggO
fumigation systems. Comparison of exposure regime as characterized by M7 and
AOT40 indicated that artificial addition of ozondthvthis system only altered ;O
regime in the experimental plots to a modest extsattis comparable to the alteration
by open-top chambers. The FACE-€ystem can thus provide a realistic experimental

platform closely reproducing the future situationhaelevated [Q)] levels.

FACE and OTC are currently the prevailing approadioestudying plant responses
to elevated [G as well as other atmospheric components such &s. C
Method-inherent characteristics of either methodstigictly influence their
applicability and results. Taking advantage of treédy simpler facilities and lower
costs, experiments with OTC could accommodate rf@sglevels and combinations
with other treatments than those with FACE. Using tharcoal-filtered air (CF) in
OTC, it is also possible to have sub-ambieny [@ots, which is so far lacking in the
open-air fumigation experiments. On the other h&#dCE provides a microclimate
close to the real world, thus leading to ecolodycahore meaningful results. The
effects of elevated [§) on crops in a FACE study can be observed in imglato a
wider range of natural variations and their intéoacs, such as changing weather

conditions, soil moisture and §itself.
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In contrast to other trace gases e.g.,@@h only modest fluctuations in the
atmosphere, surface §Oshows pronounced seasonal and diurnal variatishsch
may have implications for the crop response t{qHeath et al., 2009). In the present
FACE-G; system, ozone was added according to instantafi@guseasured at A-¢)
and the [@] variation at E-Q thus could represent the natural seasonal disiibin
the field, with relatively high levels around flovugy stage (May) for wheat, and
spikelet formation stage (July) for rice. Thesehhj@s] periods were consistent with
the critical stages to £of wheat and rice plants, respectively, as ineidaty other
studies conducted in the FACE-(Bhi et al., 2009; Wang et al., 2012c; Zhu et al.,
2011). | suppose that the seasonal cycle af ED our study site may thus partly
contributed to the differential Osensitive stage between wheat and rice, and
suggested the importance of takingé&Xposure pattern into account when comparing

crop response to£among different experimental conditions.

In addition to the minimal alterations to microcite and [G regime, the
FACE-G; field experiments allowed a much larger area faretal and agronomic
trials than was possible within chambers. The valrgifference in the yield and yield
component responses to elevatech@ve been found in wheat (Feng et al., 2011; Zhu
et al., 2011) and rice (Shi et al., 2009; Wangl.e812c), respectively. These results
indicated a possibility of breeding for higher talece to elevated [{pin crops. The
physiological and biochemical traits associatechwite varietal difference observed
in FACE-G; experiments could serve as useful indicators loéiiited Q tolerance for
the breeding efforts. Recently, agronomic trialehsas different fertilization and
planting density were carried out with the FACE%ystem. The preliminary results
revealed that appropriate agronomic managementstroeganother potential way to

protect crop yield from @damage (Zhu, personal communication).

My dissertation study as well as other studies hdnwes confirmed that field
experiment with FACE-@would be an ideal means to investigate the r&al(3t

effects on crop production, and explore adaptiterefto this challenge.
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6.3. The established flux—response relationshipuisable for wheat in YRD, but a
network field experiments is needed for an improaggsessment of ozone impact on

crops over Asia.

In this study, | parameterized a multiplicatigg, model of wheat from LRTAP
usinggsi, measurements from the FACE-@xperiments. The revised model exhibited
superior performance 00, Simulation in a subtropical region than the Europea
models. A stomatal Duptake index PODR was judged as reasonable for agp O
flux—response relationship for wheat in YRD, andduced a good fit to measured
yield reductions. Both flux-based and AOT40-basesponse relationships indicated
that the wheat cultivars used here were more sems$d O; than European cultivars.

It could be inferred that thgsy, model and corresponding flux—response relationship
established in this study were more suitable talipté); risk for wheat production in

YRD rather than those from Europe.

On the other hand, when flux-based methods werdiegpppo a large-scale
evaluation of wheat yield loss in China and Indl&e European flux dose metric
POD; showed a greater response to the climatic inflegron stomatal fuptake than
PODy; did. This might be because, as compared with theofeangs, model
parameterizations, | omitted temperature functind made the VPD function to be
less restrictive based on the local observatiomsvédyer, it is well known that most
physiological responses may vary with the prevgilienvironmental condition
(Larcher, 2003; Korner, 2006). Different wheat stbah response functions to large
climatic variables over Asia is thus likely. Mapgia more credible Oflux risk to
wheat in Asia requires measurements gaf at many other sites in the major

producing areas to improve the currgqs model.

The same argument holds for the application ofdie—response relationships to
Asian crops. Ideally, such relationships would beriveed from coordinated
standardized experimental campaigns assessing reggonse to a range of;O
concentrations (Unsworth & Geissler, 1992). To gtte geographical distribution of

such crop effect studies have been lacking in A%ise existing dose—response
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relationships (mostly exposure-basegdOses) for Asian crops were entirely based on
local investigations with a few cultivars. Diffeteexperimental methods used in these
studies made it hard to compare the results witth edher various designs of e.g.
OTCs. Until now, a general statement is not feasyat on the comparison between
the regions in crop yield loss sensitivity tos @ Asia. Therefore, there is an
uncertainty in my estimations of wheat productiossl for China and India by using

dose-response functions derived from the FAGEXperiment at single site.

The above shortages in the current studies couldJggcome by conducting
network field experiments. Such programs have dirdeeen done in North America
(National Crop Loss Assessment Network, reviewetHbgk et al., 1988) and Europe
(European Open Top Chamber Programme, revieweddpsr &t al., 1992), and have
been proved to promote the research @rmri€k for vegetation both on regional and
global scale. Since Asian countries are projectedxperience some of the highest
surface [@] increase in the next several decades, improveesaments of £mpact

on wheat and other major crops require a netwetkl #xperiments across Asia.

6.4. Wheat production loss in China and India doientcreasing [Q] is substantial,
and further studies are warranted on the interactidoetween ozone pollution and

climate change for the future food security.

With [O4] field simulated by a high resolution (40 x 40 keot)emical transport
model coupled with the Regional Emission inventoryAsia (REAS), this study
estimated that wheat production in China and Iihdiee been reduced by 6.4-14.9%
and 8.2-22.3%, respectively, due to curregtl€yel in 2000. A further decline in
wheat yields is projected to be 8.1-9.4% for Cland 5.4—-7.7% for India by 2020 if
O3 precursor emissions continue to increase. Bechapplied both exposure-based
and flux-based approaches derived from European Gihd our FACE-©@
experiments, and converted thesJ@om the model outputs to that at the canopy
height, the present results should be more cretlilgle the previous estimations with

the exposure-based;@etrics derived from US or European OTC experiselttis
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especially true for the projected increase in wipgatluction loss from 2000 to 2020
as the estimates across differeny @ose metrics were comparable and the
uncertainties in the flux-based evaluations fromtypbations in the meteorological

inputs was small.

It should be noted that this evaluation was basethe premise that the climatic
condition in 2020 is the same as that in 2000, botHOs] simulation and stomatal
O3 uptake calculation. Although the short-term climathanges may not be
significant, the long-term trends are assured dadilsl make influences on the crop
responses to For example, increase in atmospheric,€@ncentration may reduce
stomatal conductance (Ainsworth, 2008), hence redtemmatal @uptake. Change in
meteorology (e.g. temperature, humidity, soil watentent) may affect the growing
season, crop distribution, and stomatal dose itgalihrer, 2009). Recently, such
effects are being taken into account for an assasismof future @Q risk. In the
assessment for three 30-years’ time-windows (19839612021-2050, 2071-2100),
the flux-based risk of @damage to vegetation was predicted to remain ungethor
decrease at most sites of central and southernpEudespite a projected substantial
increase in future [€). This is mainly due to reductions in stomatal doctance
under elevated C{roncentrations (Klingberg et al., 2011). In Chaptef this thesis,

a 3 °C and 50% increase in temperature and VPI[pectsely, from the NCEP
dataset significantly affected the flux-based eatem of wheat production loss in
China and India. Both positive and negative effestse observed depending on the

meteorological variables and climatic region.

In addition, elevated temperature may increase dnimg emissions of reactive
species, which favourss®roduction (Sanderson et al., 2003; Zeng et 808P The
formation and destruction processes @fdfe also controlled by the meteorological
factors such as radiation, temperature and humi@agal weather), and by the
long-range transport of pollutants (synoptic wegthall of which are sensitive to
changes in climate (Chen et al., 2008; Steined.e@10). Although these changes

were not considered in the current study, they htvébe addressed for more
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comprehensive projections of thg pacts in the future.

Climate change impacts are exerted over a lomg;tevhereas the Opollution
impacts are immediate but continuous (IPCC, 200fey share some of the
anthropogenic causes and both dramatically affieet agroecosystems. However,
current research on their interactions and the redny effects on global
biogeochemical cycles are still limited (Long, 2D1Zhere is an urgent need to
develop more holistic approaches to linking the@! of ozone, climate, and nutrient
and water availability, on individual plants, spmeiinteractions and ecosystem

functions.

6.5. How can we protect the crop production in Alsaan the deleterious impact of

ozone pollution in the near futite

Surface [@Q] will increase dramatically in developing counsrien Asia over the
next several decades, and may become a majomrislod production and ecosystem
functions. Scientific research could help the cdaestto combat the damages by
increased surface FP Agronomic countermeasures, e.g. breeding andiemat
management, against theg @amage to crops would be one direction of scientif
research (Avnery et al., 2013). Such studies haen bmpractical in the small land
areas available in OTC and other existing facsiti€he FACE-Q@ system established
in this study would serve as a very powerful platfafor the study of agronomic
countermeasures as mentioned above, and therelybota to the mitigation of the

O3 damages.

More importantly than the adaptive efforts, howewtricter emission controls of
O3 precursors must be urgently imposed or strengthémeurb the rapid increase in
surface [@] in Asia. This is because surfacg ® a major risk not only for crops and
natural vegetation but for human health as wellgregsive restrictive measures on
industrial, municipal and agricultural (such as rbass burning) emissions are
required. Taking these measures has indeed giegitpved the air quality in Europe

over the last several decades (Jonson et al., 2@8&eng et al., 2004). The scientific
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efforts for the assessment of (Mpacts on vegetation and human health should have
helped the implementation of air quality managementer Europe (LRTAP
Convention, 2004, 2010). In Asia also, a bettedigteon of the increasing £mpacts
should help the policy makers and the society adize this approaching risk and take
actions against it. The expected network experimevith FACE-Q system could
support the scientific efforts for the improved giction of Q3 impacts on vegetation

across Asian countries.

Only with these efforts, we will be able to protéicé crop production, as well as
natural vegetation and human health from the detete impact of ozone pollution in

the near future.
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APPENDIX

APPENDIX

Table A1 Aggregate wheat production loss (WPL) in 2000nested by different ©

dose metrics for each province of China. The netatiield loss (RYL) is shown in

parentheses.
WPL (10" metric tons) and RYL (%) in 2000
90-days AOT40 75-days AOT40 P@D POD;,
Heilongjiang 1.6 (0.6%) 1.7 (0.6%) 1.0 (0.4%) 3.6 (1.3%)
Jilin 0.4 (2.6%) 0.5 (2.8%) 0.2 (1.4%) 1.0 (5.8%)
Liaoning 2.3 (3.7%) 2.5 (4.1%) 2.7 (4.4%) 5.8 (8.9%)
Inner mongolia 2.5 (0.9%) 3.0 (1.1%) 13.2 (4.6%) 5.2 (1.9%)
Hebei 100.3 (7.3%) 111.8 (8.0%)  249.7 (16.3%) 180.4 (12.3%)
Beijing 11.5 (10.7%) 13.6 (12.5%) 25.9 (21.3%) 20.7 (17.8%)
Tianjin 6.5 (8.3%) 7.1 (9.1%) 10.0 (12.3%) 11.4 (13.7%)
Chongging 0.7 (0.7%) 0.8 (0.8%) 3.3 (3.0%) 2.4 (2.2%)
Shandong 151.2 (6.7%) 173.9 (7.6%) 416.0 (16.4%)  271.8 (11.4%)
Jiangsu 138.5 (11.5%) 169.8 (13.7%) 328.2 (23.5%) 247.7 (18.8%)
Anhui 74.0 (8.0%) 85.1 (9.1%) 219.6 (20.5%) 120.6 (12.4%)
Henan 185.1 (7.5%) 205.8 (8.2%) 473.2 (17.1%)  269.6 (10.5%)
Shanghai 5.3 (12.1%) 6.6 (14.6%)  10.0 (20.7%) 11.3 (22.7%)
Zhejiang 8.8 (10.9%) 10.1 (12.3%)  13.5 (15.8%) 13.1 (15.4%)
Shanxi 17.7 (6.2%) 19.4 (6.8%)  37.7 (12.4%) 27.5 (9.3%)
Hubei 27.7 (8.3%) 31.0 (9.2%) 51.1 (14.4%) 34.5 (10.2%)
Jiangxi 0.5 (5.0%) 0.6 (5.4%) 1.0 (9.2%) 0.7 (6.9%)
Fujian 0.4 (2.9%) 0.4 (2.8%) 0.3 (1.8%) 0.4 (2.8%)
Guangdong 0.4 (7.7%) 0.4 (7.7%) 0.3 (6.1%) 0.4 (8.7%)
Hunan 0.3 (1.2%) 0.3 (1.3%) 1.0 (4.4%) 0.5 (2.3%)
Shaanxi 12.9 (3.1%) 13.6 (3.2%) 39.3 (8.8%) 23.2 (5.4%)
Guangxi 0.0 (0.8%) 0.0 (0.8%) 0.1 (2.3%) 0.0 (0.8%)
Guizhou 0.7 (0.6%) 0.7 (0.6%) 2.3 (2.1%) 1.2 (1.1%)
Sichuan 9.3 (1.7%) 10.3 (1.9%) 19.9 (3.5%) 21.2 (3.8%)
Yunan 1.3 (0.8%) 1.3 (0.8%) 1.3 (0.8%) 2.4 (1.5%)
Gansu 6.8 (2.1%) 7.5 (2.3%) 36.9 (10.3%) 12.4 (3.7%)
Ningxia 1.3 (1.7%) 1.5 (1.9%) 8.1 (9.4%) 3.2 (3.9%)
Qinghai 1.8 (2.9%) 1.7 (2.8%) 6.0 (9.1%) 3.6 (5.8%)
Xinjiang 4.3 (1.0%) 4.4 (1.0%) 23.2 (5.1%) 3.2 (0.7%)
Tibet 3.9 (11.1%) 3.0 (8.9%) 0.0 (0.0%) 2.2 (6.6%)
Whole China 777.9 (6.4%) 888.6 (7.2%) 1995.1 (14.9%) 1301.2 (10.3%)
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Table A2 Aggregate wheat production loss (WPL) in 2020nested by different ©

dose metrics for each province of China. The netatiield loss (RYL) is shown in

parentheses.
WPL (10" metric tons) and RYL (%) in 2020
90-days AOT40 75-days AOT40 PED PODy,
Heilongjiang 7.7 (2.7%) 8.6 (3.0%) 2.9 (1.0%) 14.0 (4.9%)
Jilin 1.1 (6.9%) 1.3 (7.6%) 0.4 (2.4%) 2.0 (11.7%)
Liaoning 4.9 (8.0%) 5.5 (9.0%) 4.4 (7.1%) 10.3 (15.9%)
Inner mongolia 8.9 (3.2%) 10.6 (3.9%) 24.6 (8.6%) 15.4 (5.5%)

Hebei
Beijing
Tianjin

Chonggqing
Shandong
Jiangsu

Anhui

Henan
Shanghai
Zhejiang

Shanxi

Hubei
Jiangxi
Fujian

Guangdong

Hunan

Shaanxi
Guangxi
Guizhou
Sichuan

Yunan

Gansu

Ningxia
Qinghai
Xinjiang

Tibet

Whole China

170.4 (12.3%)
18.6 (17.4%)
9.7 (12.4%)

7.8 (7.3%)

324.7 (14.3%)

257.3 (21.3%)

184.2 (19.9%)

447.4 (18.1%)
8.9 (20.4%)
22.9 (28.2%)
46.9 (16.5%)
84.4 (25.4%)
2.1 (20.4%)
2.4 (15.9%)
1.3 (27.8%)
2.0 (9.1%)
54.0 (12.9%)
0.2 (6.4%)
7.9 (7.3%)
58.4 (10.6%)
5.0 (3.1%)
30.7 (9.4%)
6.0 (7.6%)
5.2 (8.5%)
8.8 (2.0%)
4.4 (12.5%)
1794.2 (14.7%)

194.8 (14.0%)
22.0 (20.1%)
11.0 (13.9%)
8.3 (7.8%)
373.8 (16.3%)
315.0 (25.4%)
211.6 (22.6%)
499.6 (20.0%)
11.0 (24.5%)
26.3 (31.9%)
50.9 (17.8%)
92.7 (27.6%)
2.2 (22.0%)
2.4 (16.2%)
1.3 (28.3%)
2.1 (9.4%)
56.4 (13.5%)
0.2 (6.4%)
8.2 (7.6%)
61.5 (11.1%)
5.1 (3.2%)
34.2 (10.4%)
7.0 (8.7%)
5.5 (8.9%)
9.1 (2.1%)
3.5 (10.3%)

341.7 (22.3%)
33.6 (27.7%)
13.3 (16.3%)

9.0 (8.2%)

632.1 (24.9%)

444.7 (31.8%)
335.7 (31.3%)
763.0 (27.6%)
13.9 (28.7%)
24.9 (29.0%)
65.4 (21.5%)

97 (27.3%)
2.4 (22.5%)
0.9 (6.0%)
0.7 (14.6%)
2.9 (12.5%)

77.8 (17.5%)

0.2 (6.8%)
6.5 (5.9%)
51.4 (9.1%)
2.9 (1.8%)

63.7 (17.8%)
14.6 (16.9%)
9.6 (14.7%)
35.1 (7.7%)

0.0 (0.0%)

260.7 (17.8%)
28.5 (24.6%)
15.1 (18.2%)
14.6 (13.5%)
467.0 (19.5%)
387.8 (29.4%)
244.8 (25.2%)
540.4 (21.1%)
15.0 (30.1%)
25.9 (30.3%)
54.6 (18.6%)
87.1 (25.7%)
2.3 (21.9%)
2.5 (17.0%)
1.5 (30.6%)
2.9 (13.0%)
64.6 (15.1%)
0.2 (8.3%)
11.9 (10.9%)
85.7 (15.2%)
8.7 (5.4%)
40.1 (12.1%)
9.8 (12.0%)
7.3 (11.6%)
6.9 (1.6%)
2.6 (7.8%)

2041.7 (16.6%)3075.1 (23.0%) 2430.2 (19.2%)
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Table A3 Aggregate wheat production loss (WPL) in 2000nested by different ©

dose metrics for each state of India. The relagnedd loss (RYL) is shown in

parentheses.

WPL (10" metric tons) and RYL (%) in 2000

90-days AOT40 75-days AOT40

POD

POD:,

Uttar Pradesh
Madhya Pradesh
Rajasthan
Bihar
West Bengal
Assam
Orissa
Guijarat
Maharashtra
Haryana
Punjab
Karnataka
Himachal Pradesh
Jammu & Kashmir
Whole India

158.8 (6.4%)
12.1 (1.4%)
4.2 (0.6%)

21.4 (5.5%)
8.4 (9.5%)
0.1 (0.1%)
0.0 (1.2%)

10.4 (5.0%)
2.7 (2.4%)

99.9 (10.4%)

304.3 (17.4%)
0.1 (0.8%)

14.2 (18.1%)
2.7 (7.4%)

639.3 (8.2%)

163.2 (6.6%) 647.0 (21.8%)

12.6 (1.5%)
4.8 (0.7%)
24.1 (6.2%)
9.3 (10.5%)
0.1 (0.1%)
0.0 (1.4%)
10.8 (5.2%)
2.7 (2.4%)
107.8 (11.1%)
343.7 (19.2%)
0.1 (0.7%)

129.7 (13.5%)
64.0 (8.5%)
101.5 (20.9%)
30.5 (27.7%)
5.2 (5.4%)
0.1 (15.8%)
45.4 (18.9%)
25.0 (18.3%)
329.5 (27.7%)
641.6 (30.7%)
2.9 (15.0%)

16.2 (20.1%) 18.5 (22.4%)

3.5 (9.5%)

8.7 (23.9%)

698.8 (8.9%) 2049.7 (22.3%)

165.4 (6.7%)
13.7 (1.6%)
6.9 (1.0%)
25.1 (6.6%)

14.1 (15.0%)
0.0 (0.0%)
0.0 (1.6%)
14.2 (6.8%)
4.3 (3.7%)
147.1 (14.6%)
360.8 (20.0%)
0.3 (1.8%)
12.3 (16.1%)
4.6 (12.5%)
768.7 (9.7%)
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Table A4 Aggregate wheat production loss (WPL) in 2020nested by different ©

dose metrics for each state of India. The relagnedd loss (RYL) is shown in

parentheses.
WPL (10" metric tons) and RYL (%) in 2020
90-days AOT40 75-days AOT40 POP POD;,
Uttar Pradesh 319.0 (12.9%) 333.8 (13.5%) 801.7 (27.0%)  314.8 (12.7%)
Madhya Pradesh 47.7 (5.6%) 49.6 (5.9%) 203.5(21.1%) 51.7 (6.1%)
Rajasthan 19.9 (2.9%) 21.5(3.1%) 116.9 (15.5%) 18.0 (2.6%)
Bihar 57.5 (14.3%) 65.2 (16.1%) 137.5 (27.9%) 63.5 (16.1%)
West Bengal 16.9 (19.2%) 18.8 (21.1%) 36.4 (33.1%) 24.1 (25.7%)
Assam 0.3 (0.4%) 0.3 (0.4%) 9.6 (10.1%) 0.2 (0.3%)
Orissa 0.0 (6.1%) 0.0 (6.7%) 0.1 (23.5%) 0.0 (8.1%)
Guijarat 26.4 (12.8%) 27.5(13.4%) 64.1 (26.6%) 34.7 (16.6%)
Maharashtra 10.0 (8.8%) 10.2 (8.9%) 36.1 (26.4%) 14.0 (12.1%)
Haryana 177.0 (18.4%) 191.9 (19.8%) 383.1(32.2%)  219.9 (21.8%)
Punjab 488.0 (27.9%) 548.5 (30.6%) 721.5(34.5%)  503.8 (27.9%)
Karnataka 0.8 (4.7%) 0.8 (4.7%) 4.5 (23.2%) 1.2 (7.2%)
Himachal Pradesh ~ 19.8 (25.3%) 22.6 (28.2%) 20.8 (25.1%) 16.3 (21.4%)
Jammu & Kashmir 5.6 (15.2%) 6.6 (18.0%)  10.0 (27.3%) 8.6 (23.6%)
Whole India 1188.9 (15.3%) 1297.3 (16.6%) 2545.7 (27.7%) 1270.9 (16.1%)

THANKS FOR YOUR TIME!
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