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Abstract

This study has applied a number of different O3 risk assessment methods in South Asia
to assess the extent and magnitude of O3 risk to crops and investigate how appropriate
different methods are in identifying local environmental conditions and crop

physiological traits that might alter crop sensitivity to Os.

Concentration based methods are used in combination with tools and datasets tailored
for South Asian conditions to investigate O3 impacts on wheat, rice, soybean and potato.
Relative yield losses are substantially smaller (0.1 to 11.5 %) than those found in
previously conducted global modelling studies (3 to 30 %) which is attributed to the
improved resolution of the O3 photochemical model and crop distribution datasets used

in this South Asian analysis.

For the first time Oz flux based risk assessment methods are also applied for wheat in
India. The stomatal conductance component of this flux method has been parameterised
for Indian wheat based on available crop physiology data. Comparisons show that flux
based methods tend to estimate larger relative yield losses than concentration based
methods (16 % compared to 0.6 to 11.5 % for India). There are also differences in the
spatial pattern of estimated risk though both methods clearly identify the Indo-Gangetic
Plains as a high O3 risk region. The co-variation in O3 concentrations, crop distribution
(both growth periods and geographical location), local meteorology (especially
temperature and VPD) and crop physiology are all important in determining flux

estimated O3 sensitivity.

Finally, the flux based method is used to assess phenological traits (sowing times and
maturing periods) introduced in new Indian wheat cultivars. This highlights the
importance of crop phenology in determining O3 sensitivity as a function of both Oj
concentration and environmental conditions and emphasises the potential application of

flux based approaches as a tool capable of informing future crop biotechnology efforts.
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Chapter 1 Introduction

1.1 Agriculture and food security in South Asia (SA)

South Asia (SA) comprises Bangladesh, Bhutan, India, Maldives, Nepal, Pakistan and
Sri Lanka and is home to more than 20% of the world’s population (UNPP, 2009).
Agriculture has always been the backbone of sustenance for the people living in SA.
Agriculture occupies 40% of SA’s total land area and it provides livelihood for more
than 50% of the population and contributes to more than 20% of the region’s GDP
(IFPRI, 2001).

SA has seen a tremendous increase in agricultural food production in the past five
decades; foodgrain (cereals and pulses) production has increased from 80 million tonnes
to over 200 million tonnes (Agricultural statistics at a glance, GOI, 2007). This increase
was mainly driven by massive increases in production of rice and wheat which rose
from about 70 million tonnes to 194 million tonnes in the same period. SA’s food
supply is dominated by rice and wheat, which accounts for ~ 90% of the region’s total
cereal production (Figure 1-1). About 70% of the rice and wheat produced in SA comes
from India, 16% from Bangladesh and the remaining 14% from Nepal, Bhutan and

Pakistan.

South Asia

m Other cereals
® Wheat

m Rice

m Coarse Grain

m Pulses

= Fruits and
vegetables

Figure 1-1: Production of major foodgrains and horticultural products in SA. The values
are average of 5 years data, 2005 to 2009. Data Source: FAOSTAT (2011)

21



A key factor for this change was the tremendous increase in India’s rice and wheat
production (Aggarwal et al., 2008) due in part to associated increases in yield (Figure
1-2; FAOSTAT, 2011). The rice and wheat production increased by a multiple of four
and five respectively between 1961 to 2009 (Figure 1-2). Pre-1960, India was food
deficient, characterized by low food production and frequent famines and most of its
demand was met through imports (Swaminathan, 2010). The Green Revolution in the
1960s played a major role in turning India from a food grain deficient state (prior to the
1960s) to the primarily food grain self-sufficient state that it is at present and has been
since the late 1990s (Larson et al., 2004; Singh, 2000).
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Figure 1-2: Production, area and yield of rice and wheat grains in India and South Asia.
Data source: FAOSTAT (2011).

The main factors that contributed to the increase in crop yield and production were
(i) increase in crop cultivation area (Figure 1-2).

(it) Improved technology and management practices. These included a substantial
increase in inputs e.g., use of fertilizers, pesticides and irrigation, use of better
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machinery, crop diversification and introduction of high yielding, biotic or abiotic
stress resistant cultivars, especially over recent decades (Sankaran et al., 2000;
Chatranth et al., 2006; Rane et al., 2007; Swaminathan, 2010). For example, more
than 85% of the total wheat area is irrigated (Aggarwal et al., 2008; FAOSTAT,
2011).

(iii) Improved services which includes setting up of various Government agencies (e.g.,

the National Seed Corporation), specialised institutes (e.g., Indian Agricultural
Research institute), research programs (e.g., All India Coordinated Wheat
Improvement Project), improvement in rural electrification and communication and
introduction of food support policies (e.g., input price subsidies, minimum support

price) (Swaminathan et al., 2007; Singh, 2009).

The main impact of the Green Revolution was on the production of rice and wheat,

though other agricultural commaodities also benefited (Singh, 2009). For example, the

production of coarse grains has increased due to increases in the yield but the actual

area under production has decreased (Figure 1-3). In contrast, the production of pulses

has remained constant between the years 1961 to 2009. These changes reflect the

significant growth in income of many people in SA and shift in diets from coarse grains

to

rice and wheat and away from the consumption of pulses. More recently there has

been a decline in per capita cereal consumption as diets are becoming more W

esternised and the consumption of meat products is increasing (Mittal, 2008).
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Figure 1-3: Production, area and yield of pulses and coarse grains in South Asia. Data

source: FAOSTAT, (2011).
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1.1.1 Current status of agriculture in India

Currently, 15% of the total world’s cropland lies in SA and it is a major producer of
many of the important food crops in the world. SA produces 30%, 18% and 11% of the
world’s rice, wheat and potato (FAOSTAT, 2011; average of 10 years data, 1995 to
2005). India plays an important role in SA’s agriculture; India’s share in cereal
production is about 75% of SA’s total production while in other important crops it
is >80% (Figure 1-4). Wheat and rice, serve as the staple food crops for the more than 1
billion people living in India (Joshi et al., 2007b; UNPP, 2009).

Total cereals Wheat Rice

m Bangladesh m Bangladesh m Bangladesh
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= Pakistan
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Figure 1-4: Production of major foodgrains and horticultural products in SA. The values
are average of 5 years data, 2005 to 2009. Data Source: FAOSTAT (2011).

The most important and agriculturally intensive region in SA are the Indo—-Gangetic
Plains (IGP). Initially, rice was predominantly grown in the eastern part of the IGP
while wheat was grown in the west but now both crops are grown in most parts. Due to
the diversification of crops, in most parts of SA, especially the IGP, multiple crops are
grown and currently there are more than 20 cropping systems existing within the region
(Yadav et al., 1998). The rice-wheat cropping system is the most prominent one with
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rice and wheat crops grown in rotation on 13.5 million hectares of land in the IGP
spread over Bangladesh, India, Nepal and Pakistan, these systems feed more than 400
million people (Ladha et al., 2000). Diversification of food crops in the region has
improved the production of food and feed. However, the production of crops is not
always driven by the fact that favourable conditions for crop production exist; for
example, despite high potentials for good sorghum yield, production and consumption
of sorghum and its products have dropped by over 40% between 1992-93 to 2004-2005
(NSS, 2007; Singh, 2009).

Unlike the developed countries where there have been increases in farm size since 1970,
there has been a decline in the size of farms in India (Aggarwal et al., 2004; Chand et
al., 2011). In India, 65% of the total number of farmholdings belong to marginal
farmholders (<1 hectares) but they own only 20% of the total cropping area (Figure 1-5).
Small landholders comprise 19% of the landholders and own 21% of the total cropping
area while the remaining 59% of the cropping area is owned by 17% of landholders who
own > 2 hectares of land area (Figure 1-5).

Area by landholding size (%) Number by landholding size (%)
= Below 0.5 = Below 0.5
®0.5-1.0 ®05-1.0
m1.0-20 ®1.0-20
m2.0-30 m20-30
®3.0-4.0 ®3.0-4.0
®4.0-5.0 #4.0-5.0
®50-75 ®50-75
=7.5-10.0 ®7.5-10.0

10.0 - 20.0 10.0 - 20.0
=20.0 & ABOVE =20.0 & ABOVE

Figure 1-5: Area and number of farm holdings in India for different categories of
holding size. Data Source: Agriculture Census Database, National Informatics Center,

Government of India (http://agcensus.dacnet.nic.in/nationalsizedisplay.aspx).
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This has implications for the use of technology and the level of management which vary
widely across the region; this in turn leads to differences in yields between regions
(Agrawal et al., 2004). Even within the IGP, the western IGP is characterised by high
investment in infrastructure and institutions and effective policy support. This leads to
intensive agriculture (using higher inputs of agrochemicals and ground-water for
irrigation), surplus food production which has been responsible for regional food
security, and seasonal in-migration of male labour. In contrast, the eastern region has
relatively low productivity, compounded by poor infrastructure and limited capacity for
private investment, and is prone to flooding and drought. It is a food deficient region
with widespread poverty, hunger and malnutrition, and has out-migration of male labour
to other regions (Abrol, 1999; Agrawal et al., 2004; Erenstein, 2011). An example of
the differences between the western and eastern IGP is the use of fertilizer; many
small-scale subsistence farmers in eastern IGP (e.g., Bangladesh and Nepal) still rely on
farm yard manure (FYM) combined with small amounts of inorganic fertilizers (Morris
et al., 1997; Adhikari et al., 1999) while in the western IGP, large amounts of fertilizer
are fed into the system (e.g., in Punjab, > 200 kg N/ ha/year; Yadav et al., 1998b).

The irrigation facilities in the SA region have increased significantly between 1960 to
2009 but the improvement has been restricted to a few crops and particular regions.
Across India, only 40% of the gross cropping area is irrigated while 60% is still under
rain-fed conditions (Mall et al., 2006). Wheat is predominantly grown in the dry season
between November to April and more than 85% is irrigated (Figure 1-6) while rice is
predominantly grown in the monsoon period (between July to November) and is a
rain-fed crop with only ~ 50 % irrigated (DRR, 2011). Figure 1-6 shows that most of the

western IGP is irrigated and is predominantly under wheat cultivation.
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Figure 1-6: Agro-ecological analysis of rice-wheat area and productivity in the
Indo-Gangetic plains of SA (Ladha et al., 2000).

At the national level, India’s food production has managed to keep pace with the
increasing demand in food. The growth in food demand is mainly from the ever
growing population and changes in consumption pattern of the population due to
increases in income. However, the growth in production of major foods like wheat and
rice have been stagnant since the late 1990s while the population continues to grow
along with the economy in the region. The stagnation or declining production of pulses
and oilseeds has already distorted the balance of supply and demand and India is

currently meeting the domestic consumption through imports (Mittal, 2008).

Long term experiments (LTE) performed throughout Asia have shown that the growth
in the yield of major crops such as rice and wheat have become stagnant (Bhandari et al.,
2002; Dawe et al., 2000; Duxbury et al., 2000; Ladha et al., 2002; Regmi et al., 2002;
Yadav et al., 2000). These studies concluded that the possible cause of yield decline are
depletion of soil nutrient supplying capacity, delay in planting, increase in pest
incidence, and change in climatic variable’s like decrease in solar radiation and increase

in temperature (Pathak et al., 2003).
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In spite of this the increase in rice and wheat production has remained the major source
of markets surplus for food grains for feeding the growing urban population (Pathak et
al., 2003b). The share of agriculture in the total GPD of the region has decreased from
1981-1985 to 2005-2009 but it still remains an important part of the region’s economy
with a share of ~20% of GDP in all the countries in SA with the exception of Sri Lanka
(Figure 1-7). During this period, the share of agriculture in total employment in India
dropped from 63% to 57%) which was mainly due to an increase of employment in
industrial, services and other sectors in the region associated with the region’s economic
development (Mall et al., 2006; World bank, 2011).
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Figure 1-7: Agriculture value added GDP as percentage of total GDP. Data source:
UNCTS, (2011) and World Bank, (2011).

Again focussing on India, at national level India may have attained a food secure state;
however, at the individual level it is far from being food secure. Approximately 25% of
the world’s undernourished live in India (FAO, 2006a). The percentage of
undernourished people in India has decreased in the past two decades but in absolute

terms, the numbers of people undernourished have increased.

The gradual increase in environmental degradation through intensive cropping systems

is further compounding problems of food security. There is now a great concern about
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the decline in soil fertility, changes in water table depth, rising salinity, resistance of
harmful organisms to many pesticides and degradation of the quality of irrigation water,
especially in north-western India (Sinha et al., 1998). The western IGP is heavily
irrigated and the current yields in this region are getting very close to potential yields,
however there are still large yield gaps in the eastern IGP (Ladha et al., 2000). The
rain-fed areas are considered to have vast untapped potential for increasing production
in the future by upgrading rain-fed agriculture through the introduction of additional

inputs (Aggarwal et al., 2008).

Agricultural intensification and diversification in the region, especially in the IGP, in
the past few decades has no doubt increased the production of food. However this has
also led to degradation of the arable land in the region (Singh et al., 1998). This
problem is compounded by the increase in occurrences of crop diseases and pests,
increases in temperature and more recently, air pollution. In the IGP aerosol pollution
has been identified as an increasing problem causing a reduction in the incoming solar
radiation (Verma et al., 2011) which is thought to reduce crop photosynthesis. Aerosol
pollution is more prevalent during the winter season in IGP where important crops like
wheat, potato, etc., are grown. In addition to aerosol pollution, pollution by ground level
ozone (O3) has also been identified as a potential threat to food security across the
region (Royal Society, 2008; Emberson et al., 2009).
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Figure 1-8: Area, yield and production statistics for wheat growing in India between
1965 to 2009. Also shown for comparison is trends in global average wheat yields for
the same time period (FAOSTAT, 2011).
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1.2 Ground Level O3 in SA

Ozone (O3) is a naturally occurring chemical present both in the stratosphere as well as
the troposphere (Royal Society, 2008). In the stratosphere, O3 acts as a protective layer
filtering out the harmful UV radiation from the sun (IPCC, 2007), while in the
troposphere (at ground level), it is harmful for humans causing health problems such as
inflammation of the lungs and bronchia (Anennberg et al., 2010). Ground level O3 also
affects the environment, causing severe damage to ecosystems, forests and agricultural
crops (Fuhrer, 2009; Paoletti and Manning, 2007). Os is the most abundant tropospheric
oxidant and is considered the third most important greenhouse gas (Kley et al., 1999;
IPCC, 2007).

1.2.1 Ozone formation

The residence time of O3 in the atmosphere is ranges between 1-2 days to 3-15 weeks
(Royal Society, 2008). About 10 % of Ogs in the troposphere is from stratospheric influx
while the remaining ~90 % is produced in the atmosphere. In the troposphere, O; is a
secondary pollutant and is produced mainly by photochemical reactions of precursors
from industrial and other anthropogenic emissions of carbon monoxide (CO), volatile
organic compounds (VOC) and nitrogen oxides (NOx), from burning of the fossil fuels
and biomass as well as from natural emission sources including lightning, wildfires,
soils, and vegetation (Mittal et al., 2007). These photochemical reactions are driven by
meteorological conditions such as high levels of solar radiation, low wind speeds, high

temperatures and pressure.

Ultraviolet light (UV) drives the photolysis of either oxygen (O;) or O3 which leads to
the formation of excited oxygen (O) atoms which then combine with O, producing O3

as described in equations [1-1] to [1-4]

0,+hv -0+0 [1-1]
O;+hv - 0+0, [1-2]
0+0, - 03 (+M) [1-3]
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where 4v =280-290 nm and M is any molecule (e.g., N, or Oy)

The excited O atoms also react with water vapour (H,O) forming hydroxyl (OH)
radicals as described in equation [1-4]

0+ H,0 — OH + OH [1-4]

The production of OH depends on the amount of H,O in the air which is in turn

dependent on temperature and relative humidity (Royal Society, 2008).

The atmospheric concentration of NOx is an important factor that determines the
amount of Oz production or removal (Royal Society, 2008). In a typical unpolluted
atmosphere, the concentration of O3 is governed by the reactions of NO, O3 and NO;
(NEGTAP, 2001). These reactions are given in equations [1-5] and [1-6].

NO + 0; - NO, + 0, [1-5]

NO, +hv - NO+ O where i#v =280-290 nm [1-6]

The O molecule then combines with O, to form O3 as given in equation [1-3].

These reactions mainly occur under typical daytime conditions when the atmosphere is
well mixed; under such conditions Oz concentrations remain fairly low. Additional O3
can also be produced in very complex processes which involve several hundreds of
NMVOCs, radicals, NOx and VOCs (NEGTAP, 2001). OH radicals play an important
role in the tropospheric Oz chemistry as it combines with methane (CH,) and CO to
initiate the O3 production and removal reaction cycles. The OH radical can combine
with CH,4 and CO to form peroxy radicals (CH3O, and HO,).

In clean environments with low NOx level of less than 20 parts per trillion (ppt) CH30,
and HO, are removed by mutual reactions to form methylhyperoxide and H,O, (Royal
Society, 2008) as given in equation [1-7] and [1-8];

CH50, + HO, — CH;00H + 0, [1-7]

HO, + HO, — H,0, + 0, [1-8]
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These reactions lead to a removal of O3 since the reaction sequence is initiated by O3

photolysis as given in equation [1-1].

In polluted environments where NOx concentrations are above 20 ppt, CH3z0, and HO,
combine with NO to form an alkoxy radical (CH30) or OH radical and NO, as given in
equation [1-9] and [1-10].

CH;0, + NO — CH;0 + NO, [1-9]

HO, + NO — OH + NO, [1-10]

NO; is then photolysed forming O in reaction [1-6] followed by reaction [1-3]. Under
lower NOx concentrations (but above 20 ppt) equations [1-7] and [1-8] dominate the O3
photochemistry. However, as the NOx concentration increases the Oz formation rate
increases as a consequence of competition between equations [1-7] and [1-9] for CH30,
and equations [1-8] and [1-10] for HO,.

Equations [1-9] and [1-10] dominate when the NOx concentration is very high and

reaches a point where OH reacts with NO, to form HNO3 as given in equation [1-11].

OH + NO, + M > HNO; + M [1-11]

Under these conditions, if only the NOx concentration increases, this will decrease the
amount of free-radical propagated O3 forming cycles through reduction in free radicals.
However, increasing emissions of CH,;, CO and NMVOCs will allow the free radical
propagated O3 forming cycles to compete more effectively for OH in equation [1-11]

and increase O3 production.

The O3 concentrations vary seasonally as well as diurnally and are governed by changes
in the planetary boundary layer (PBL) and free troposphere. During the day time,
turbulent mixing in the PBL due to wind and thermal convection leads to transport of O3
from the free troposphere (Stull, 1989). High emissions of VOCs and NOx during the
day time, especially in the afternoon hours, coupled with high solar radiation, enhance
O3 formation leading to an O3 peak during the afternoon hours (Mittal et al., 2007). The
major Oz forming reactions occur during the day as sunlight is required for most of the

key reactions leading to O3 formation but there are potentially significant processes at
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night which lead to O3 removal (PORG, 1998). At night in urban environments,
emission of NOx reduces the concentrations of O3 through reactions given in equation
[1-5] but this does not happen in the rural environment as there are no NOx emission.
This causes high diurnal variability in urban O3 concentrations while in rural areas there
is less variability due to the absence of NOx emissions (Mittal et al., 2007). In urban
areas, night time depletion of O3 by NOx in the absence of sunlight plays an important
role in O3 removal form the atmosphere while in rural areas, dry deposition dominates
the process of O3 removal (Mittal et al., 2007; Royal Society, 2008).

In addition, increased amounts of biogenic VOCs are emitted from vegetation which
reacts with NO to form the O3 producing NO,, this increases the concentration of O3 by
(i) decreasing the amount of O3 destruction by NO, and (ii) increasing the Oz producing
NO.. Due to this, higher concentrations and longer episodes of O3 have been observed
in rural areas downwind of the pollutant sources (Mittal et al., 2007). These rural areas

are generally agriculturally important areas.

Figure 1-9 shows the O3z budget within the stratosphere and troposphere and the key
tropospheric photochemical mechanisms leading to O3 formation and destruction. The
fact that O3 is a secondary pollutant and that O3 formation process take some time to
complete is indicated in the figure by O3 formation and deposition occurring some
distance downwind of O3 precursor emission sources. O3 precursors are highly mobile
and can be transported long distances from their source of origin, as a result of this O
can be formed in relatively rural and remote regions which might be free from industrial
or vehicular activity (Miller, 1983, in: Miller et al., 1994; Syri et al., 2001; Saitanis,
2003). In addition to this, the life time of O3 ranges from 1-2 days to 3-15 weeks which
means that Oz can be found at relatively high concentrations some distance away from
the from the site of formation (Jonson et al., 2001); it is through O3 deposition that this

pollutant will cause damage to vegetation.

33



Stratosphere/Troposphere

Exchange 540 Tg y!

Stratosphere

Chemical Tropopause
loss ~8-15 km

O3
Chernical 4500 Tg y
Troposphere production
4500 Tg y™
HOZ' R02 CO, 03
/ OH -» 'Z(lSunlight sun“gry-\
HO
hNOz ] 2
03

NMHCs, OH
CO, CH, NO \/U H,0 \/

Emissions

Deposition
1000 Tg y~'

Figure 1-9: Schematic of sources and sinks of Oz in the atmosphere (Royal Society,
2008).

1.2.2 Emissions of O3 precursors in India

Modelling studies have shown that there are high concentrations of ground level O;
across India especially in the IGP. This is mainly due to increases in the occurrence of
high emission loads of O3 precursor gases such as CH4, NOx, CO and VOCs. There has
been a steady increase in the emission of these gases in India over recent decades
(Figure 1-10). Unlike in Europe and North America, where the anthropogenic emissions
are mostly from fossil fuel combustion, in Asia, these pollutants arise from fossil fuel
combustion but also from biofuels and biomass burning (Phadnis et al., 2002). NOx and
CO emissions in India show a strong seasonality with an early spring peak (monthly
mean NOx = 0.2 TgN; CO = ~ 10Tg) and a late fall minimum (NOx =~ 0.12 TgN; CO
= ~ 5Tq), (Phadnis et al., 2002). In the spring during the biomass burning season only
about half of the NOx and CO emissions come from fossil fuel combustion but the
fossil fuel combustion dominates emissions during the summer and fall (Phadnis et al.,

2002). The main anthropogenic sources of these precursor gases are described briefly
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Figure 1-10: Annual emission of NOx (expressed as Tg-NOx), CO (expressed as Tg-CO)
and CHy (expressed as Tg- CH,) in India (based on Garg et al., 2006).

Figure 1-11 gives the main sources of Os; precursor gases in India. India’s NOx
emissions are dominated by emissions from transport and coal generated power plants.
It is estimated that NOy in India has been growing at a rate of 4.4 % annually between
1985 to 2005 and the total estimated NOx emissions were 5.02 million tonnes (Mt) out
of which 34% was from road transport and 30 % from power plants (Garg et al., 2006).
Emissions from transport and power plants have increased since 1985 while the
percentage of NOx emissions from biomass burning has decreased but increased in
terms of absolute values. The decrease in NOx emission growth rate is due to improved
technologies in the power sector and the introduction of Euro Il norms in automobiles
(Garg et al., 2011). Ohara et al., 2007 reported that India contributes to 17% of Asia’s

total emission of NOx.

India has the highest CH4 emissions in SA (Yamaji et al., 2003). In India it is estimated
that the CH,4 emissions have grown from 18.85 Tg in 1985 to 20.56 Tg in 2008 (Garg et
al., 2011). About 61% of this is contributed by the agricultural sector which includes 40%

from livestock related activities, 17% from rice cultivation and 21% from biomass
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burning (Garg et al., 2011). The other sectors contributing to CH, emissions include
solid waste disposal (7%), coal mining (5%), fugitive emissions from oil and natural gas
production and handling (4%) and waste water disposal (1%).

CO emissions are predominantly due to inefficient and incomplete burning. Biomass
burning, especially for cooking in rural households, is the main source of CO in India
followed by the transport sector (Garg et al., 2006). The CO emission rate has been
increasing by 1.1% annually between 1985 to 2005 and in the year 2005 the annul
emission of CO was 41.7 TG (Garg et al., 2006). There is a gradual decrease in the CO
emission rate and this is due to the introduction of cleaner technology and fuels. India
contributes 26% of Asia’s total CO emission (Ohara et al., 2007).

The main source of anthoropogenic NMVOC:s in India are fuel consumption for power

generation and domestic use (Varshney and Padhy, 1999).
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1.2.3 O3 climate across SA

O3 monitoring has been conducted mostly in urban areas (Satsangi et al., 2004; Lal et
al., 2000; Pulekisi et al., 2006; Debaje and Kakade, 2006; Khemani et al.., 1995; Nair et
al., 2002) with only a few studies having been made at rural locations (Chand and Lal,
2004; Naja and Lal, 2002; Debaje and Kakade, 2006; Ahammed et al., 2006) and semi
urban sites (Debaje and Kakade, 2009; Beig et al., 2007; Agrawal et al., 2003, 2005;
Rai et al., 2007). These studies show that the O3 concentration is variable spatially and
temporally. The higher O3 concentrations are observed during the winter to spring
months when important crops like wheat and potato are grown (Figure 1-12). This also
coincides with spring time when the O3 precursors like NOx and CO tend to be high
(Garg et al., 2006). During the summer Oz concentrations are relatively low; this is
predominantly due both to the occurrence of the monsoon season as well as Oj
precursor concentrations being lower. Regional chemical transport models also show
that the O3 concentration in the region are high especially during the winter and spring
seasons (Mittal et al., 2007; Engardt et al., 2008).

Crop growing season and O, trend

50

g
= 0
E 40 —(zone
'{_u —\\heat
= 0 —Rice
= ——)
o
o 20 Ly Q) —Fotato
=] ——0 F e —
E —Soybean
2 10 e y—Cy—C)
o

o & Sowing

J O F M A M J J A 5 O N D 0 Harvest
Months

Figure 1-12: Average growing season of wheat, rice, potato and soybean and the annual
O3 trend in South Asia. The crop growing season data is listed in Chapter 2, Table 2-2.
Monthly O3 data are taken from Debaje and Kakade, 2009; Beig et al., 2007; Ahammed
et al., 2006.
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1.3 O3 impacts on agriculture

There is now strong evidence from across the globe that current levels of O; are
sufficiently high to reduce yields of major staple crops like rice (Ainsworth, 2008),
wheat (McKee and Long, 2001), potato (Hassan, 2006) and maize (Leitao et al., 2007).
Some of these effects include reduction in grain yield (Fuhrer and Booker, 2003),
nutritional value (Pleijel et al., 2007) and visible injury to leafy vegetables (Velisariou
1999). These results are based on well-co-ordinated regional Os risk assessment studies
like the National Crop loss Assessment network (NCLAN) in North America, the
European Open-top Chamber experiments (EOTC) in Europe and a number of
individual studies in Asia (Wahid, 2006; Feng and Kobayashi, 2009; Singh and
Agrawal, 2010) using chambers, EDU (an O3 specific chemical protectant) and transect
studies. Several studies in Asia have shown that current levels of O3 affects yield of
important crops like rice (Feng et al., 2003; Pang et al., 2009), wheat (Ambhast and
Agrawal, 2003; Sarkar and Agrawal, 2010), pulses (Agrawal et al., 2005). Many studies
have demonstrated inter- as well as intra-specific variability in the sensitivity of the
corps to Os. Crops like wheat, soybean and pulses are considered sensitive to Oz while
potato and rice are considered moderately sensitive (Mills et al., 2007). However, a
recent meta-analysis has shown that Asian rice cultivars may be more sensitive to O;
(Emberson et al., 2009).

1.3.1 O3 mode of action

The main entry route of O3 into the plant is through the stomates and the main site of
damage by Oz occurs inside the plant. Once it enters the plant, it affects the plant’s
biochemistry and physiology ultimately leading to impacts such as reduced growth and

yield.

1.3.1.1 Biochemical effect

O3 is a highly oxidizing gas. Once it enters the leaf, it either causes impacts directly by
reacting with the cell components in the apoplastic region or indirectly through reaction
with the water available in the leaf apoplastic region to form ‘Reactive O3 Species’
(ROS) like hydrogen peroxide and hydroxyl radicals (Fuhrer, 2009). Usually the plants’
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oxidative stress defence mechanism which consists of radical scavengers such as
superoxide dismutase, ascorbate and glutathione peroxidases scavenge some of the O3
and ROS in the extra cellular and intra cellular spaces (Heath et al., 2008; Matyssek et
al., 2008). Unscavanged O3 and ROS can oxidize various cellular components such as
carbohydrates, membrane lipids, amino acids, proteins and unsaturated fatty acids
(Mudd, 1996; Gimeno et al., 1999). Such oxidation will damage cell membranes and
ultimately lead to the death of cells; this process is that which causes visible leaf
damage such as ‘fleckings’ (Krupa et al., 1998; Velisariou, 1999) or ‘leaf bronzing’
(Rao and Davis, 2001; Baier et al., 2005; Fiscus et al., 2005). ROS also impairs
RUBISCO activity in the cell which can affect photosynthetic CO, fixation (Long et al.,
2005) and accelerate leaf senescensce (Morgan et al., 2004).

The sensitivity of leaves to O3 varies with age and position within the canopy, leaves
that are still expanding or which have just achieved full maturity are most susceptible to
O3 (Lacasse and Treshow, 1976; Padkkonen et al., 1995). The O3 effect at the tissue
level can be either acute or chronic. Acute O3 exposure is the result of oxidative damage
to the plant while chronic Oz exposure is caused by biochemical and physiological
damage to the plant (Fares et al., 2010). At acute O3 doses (i.e. hourly O3 concentrations
greater than 60 ppb v) there is rapid reduction in stomatal aperture and conductance
(Aben et al., 1990), reduction in photosynthesis (up to 40% reduction; Paoletti et al.,
2007) or unregulated cell death at > 150 ppb v O3z. Under chronic exposures (e.g., 70
ppb v, over 8 hours per day, for 1 month in crops; Paoletti and Grulke, 2010), the
stomatal response becomes sluggish (McAinsh et al., 2001; Paoletti and Grulke, 2010),
lesions can develop over days or weeks and leaf senescence can be accelerated.

1.3.1.2 Physiological effect

The uptake of O3 into the leaf mesophyll occurs mainly through the stomates during
photosynthetic gas exchange (Fiscus et al., 2005). O; affects both the stomatal
functioning as well as the photosynthetic system in plants.

O3 induces stomatal closure mainly through effects on the guard cells (McAinsh et al.,
2002; Goumenaki et al., 2010) and this decreases the CO, uptake and thereby decreases

photosynthesis. O3 reduces the photosynthetic efficiency of the plants as a result of
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reduction in the RUBISCO activity and content (Dann and Pell, 1989; Mckee et al.,
2000; Guidi, 2002) and sunsequent loss of carboxylation efficiency (Farage et al., 1991;
Morgan et al., 2003, 2004; Fiscus et al., 2005; Frie et al., 2008). O3 induced accelerated
leaf senescence may also reduce irradiance interception thereby reducing photosynthetic
carbon assimilation and food production (Long and Naidu, 2002; Morgan et al., 2003;
2006; Dermody et al., 2008).

1.3.1.3 Effects on carbon allocation

Exposure of crops to O3 reduces root to shoot ratio, reduces harvest index and alters leaf
chemistry. O3 affects the root to shoot biomass ratio in crops by altering assimilate
partitioning (Cooley and Manning, 1987; Grantz and Yang, 2000; Morgan et al., 2003).
Chronic exposure of O3 to crops diverts the allocation of assimilates from root to aerial
biomass (Miller et al., 2008; Cooley and Manning). However, some studies have shown

that O3 affects both roots and shoots equally (Morgan et al., 2003).

Reduced assimilate allocation to roots may lower the soil moisture availability (Grantz
et al., 1999) and affect the mycorrhizal development and rhizobial nodulation which
may reduce the plant nutrient availability (Runeckles and Chevone, 1992; Fuhrer and
Brooker, 2003) and pathogen susceptibility of roots (Cooley and Manning, 1987).
Decreased allocation to roots also reduces carbon flux to leaves (Andersen, 2003) and
long-term carbon balance (Felzer et al., 2005). O3 effects phloem loading and assimilate
partitioning to grain is reduced while carbohydrates are retained in the leaves (Fuhrer
and Broker).

1.3.1.4 Yield losses

O3 causes reduction in grain size, grain weight, grain number, and ultimately reduces
the yield of crops (Fiscus et al., 2005; Black et al., 2000; Bender and Weigel, 2011,
Feng et al., 2003). These changes are either due to Os effects on photosynthetic
efficiency or shifts in carbon allocation. Studies have shown that O3 induces a reduction
in photosynthetic capacity of the crop after the flowering stage which can affect seed/
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grain development (Morgan et al., 2006). Although most studies show reductions in
yield, some studies report an increase in biomass and yield of crops when exposed to
low O3 concentrations (Finnan et al., 1996) and in some studies no significant changes
have also been observed (Mulholland et al., 1997).

O3 can also affect the economic value of crops by reducing the quality of grains (eg.,
protein content; Feng et al., 2008), tubers (Vorne et al., 2002) or leafy vegetables
(Velissariou, 1999). However some studies have reported that while O3 reduces the
grain yield it increases the grain quality by increasing its protein content (Pleijel et al.,
1999; Pikki et al., 2008).

1.3.2 Experimental evidence of O3 impacts on crops collected in India

All available data related to O3 effects on crops grown in SA were collected from peer
reviewed literatures to get an overview of the level of information on O3 impacts to
crops in SA (Figure 1-13; only studies from India are provided in the figure). The
experimental methods consisted of four types (transect, open top chamber (OTC),
closed top chamber (CTC) and chemical protectant studies (EDU)). However, out of
this only OTC (only filtration), transect and EDU studies were used to study the impact
of ambient O3 on crops in India (Table 1-1). In transect studies, simultaneous
experiments are done in different field sites with varying O3 concentrations; in OTC
experiments the ambient air is either filtered to remove O3 (filtration) or additional Os is
added to ambient air (fumigation); in EDU studies, certain amount of EDU is applied to
the plants to protect from Os. The control treatment was charcoal filtered air (CF) for
fumigation studies, field site with O3 concentration <10 ppb v in transect studies and
non-EDU treated crops in EDU studies. Field studies are important to be able to study
O3 impacts but it is not always easy to interpret the O3 impacts as there are other

pollutants and crop growing factors that affect the crop in the field.

42



15 15
(a) (b)
§ 12 - . §12 .
S 9 S 9 1
o 6 - s 6
5} o
o o
2 3 - . Z 3 |
o BN e : 0 -
< © = Q ‘a S S @ § T 2 3 5 5 88 ®w
: 3 5 & & SR EEEE RN
< £ ° & g £ w32 Fgp 3
S > 5 s = w2 E
< Location S Crop
mCTC mOTC EDU B Transect mCTC B OTC EDU M Transect
5 15
(c) (d) I
4 - 12 -+
S 2
2 S
S 3 - s 9 -
o E
= it
g 2 - °© 6
z I 2
1 A 3 -
|
0 - o -
c © = C © o [J] c < o + c © = c el o [J] c < [e] +
§ 828 58& 88 &8 $ 82 8 58 & 88 B O
o+ S © % B o £ € s o~ S © % B o £ g <
K] w 35 o > 3 o S w 3 o Z a2 o 3
€ crop € crop
B CTC B OTC EDU M Transect mCTC mOTC EDU M Transect

Figure 1-13: Summary of collated Indian data describing the different O3 experiments
that have been performed on crops in India (a) the number of references describing O3
experiments by different locations, (b) the no. of references describing O3z experiments by
crop type, (c) the no. of locations where O3 experimental studies on different crops have
been performed and, (d) the no. of cultivars studied for different crops. For all
combinations of data the experimental method used (closed top chamber (CTC); open top
chamber (OTC), chemical protectant study (EDU), Transect study (transect) is also

indicated.

Although there have not been many O3 crops loss studies carried out in SA, those that
have been performed show that current levels of Oz in the region during the crop
growing season can have an effect on crop yield (Agrawal et al., 2005; Singh and
Agrawal, 2010; Wahid et al., 2011). All the experimental studies have to date been

carried out in the IGP region at three locations in the western IGP and two locations in
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the eastern IGP (Figure 1-13 and Figure 1-14). However out of 18 studies conducted in
India, 12 studies were conducted in Varanasi with most of the studies using open top
chambers (OTC) and either O filtration or fumigation techniques (Figure 1-13). Wheat

was the most studied (12 studies) crop.

The studies show that average Oz concentrations during the crop growing period
frequently exceed 40 ppb and the yield losses under ambient O3 concentrations range
between 0.5 to 25% for wheat (Agrawal et al., 2003; Ambhast and Agrawal, 2003; Rai
et al., 2007; Sarkar and Agrawal. 2010; Singh and Agrawal, 2009, 2010; Tiwari et al.,
2005), 32 to 73% for mungbean (Agrawal et al., 2003; Agrawal et al., 2005), 5 to 4% for
spinach (Agrawal et al., 2003) and 6 to 20 % for mustard (Agrawal et al., 2003). A
summary of the experimental conditions from which these yield loss data have been
derived is given in Table 1-1. Experimental studies have also been carried out on rice
(Agrawal, 1982 cf. Agrawal 2003; Rai et al., 2010) and soybean (Singh et al., 2010;
Singh, 1998) and these show that exposure to Oz causes reduction in photosynthesis,
chlorophyll and ascorbic acid content and biomass.
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Figure 1-14: Map showing the locations where experimental studies of O3 effects on
crops have been carried out. The stars indicate the locations; 1=Aligarh; 2= Allahabad;
3=Delhi; 4= Punjab; 5= Varanasi. Also shown for reference is the rice wheat cropping

area in SA. Map source: CYMMIT, http://www.cimmyt.org/
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Table 1-1: Summary of collated South Asian data describing the yield response of crops to ambient Os.

Crop Location Experiment O3 concentration, ppb v; Yield loss  References
type averaging period in hours (h) (%)

Mungbean  Allahabad EDU 13-67; 8h 32 Agrawal et al., 2005
Varanasi Transect 25-59; 6h daily average for 45 days 50to 73 Agrawal et al., 2003

Mustard Varanasi Transect 11-15; 6h daily average for 45 days 6 to 20 Agrawal et al., 2003

Spinach Varanasi Transect 25-59; 6h daily average for 45 days 510 40 Agrawal et al., 2003

Rice Faisalabad  OTC, potted 75; 8 h daily mean 29 to 37 Wahid et al., 2011

Wheat Varanasi oTC 45-47; daytime growing season mean 11to 20 Sarkar and Agrawal. 2010
Varanasi EDU 35-54: 8h 810 20 Singh and Agrawal, 2009
Varanasi EDU 45; 8h 5t0 10 Singh and Agrawal, 2010
Varanasi OoTC 42; 8h 21 Rai et al., 2007
Varanasi EDU 34-54; 8h 2to0 21 Singh et al., 2009
Varanasi Transect 70; 4h 9 Ambhast and Agrawal, (2003)
Varanasi Transect 11-15; 6h daily mean for 45 days 0.5t0 25 Agrawal et al., 2003
Varanasi EDU 41; 8h 1310 19 Tiwari et al., 2005
Lahore OTC, potted 72;8h 18t0 43 Wahid, 2006
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It is evident from these studies that current O3 levels are affecting the crops grown in the
region, however standardised experimental studies are required to improve
understanding of the response of crops grown in India to O3 levels experienced across

the crop growing regions.

To be able to extrapolate site-specific experimental studies to wider agricultural regions
such that the extent and magnitude of potential Oz induced yield losses might be
assessed has traditionally been performed through the derivation of dose-response
relationships. Although currently no dose-response relationships for SA exist, those
developed for certain crops in North America and Europe have been applied under SA
conditions. The results from the experimental studies summarised above are generally in
agreement with modelling studies that have used these dose-response relationships and
show that current levels of Oz in SA may be already having detrimental impacts on
production of important crops in the region like wheat and rice (Van Dingenen et al.,
2009; Roy et al., 2009; Debajee et al., 2010; Avnery et al., 2011a). However due to the
localised data availability and also inconsistencies in the methods used, the results from
the experimental studies are not sufficient to fully validate these model results.
Nevertheless, the modelled results show that the risk of O3 on crops is more in the IGP
region and wheat crops are at higher risk from Oz impacts because of the high O;

concentrations that are prevalent in the region.

1.4 Future threats to agriculture in SA

The population of SA and India is projected to increase by 47% and 50% between 2000
(1.4 and 1.0 billion) and 2030 (2.0 and 1.5 billion) respectively (UNPP, 2008). This
means that there will be a high increase in food demand which will primarily have to be
met by increases in production of food crops like cereals. In the past, the ever growing
increase in food demand has been largely met by the increases in crops, primarily rice
and wheat. However, currently the growth in production of staple crops like rice and
wheat have been stagnant and production of crops like sorghum has decreased. Studies
show that there are yield gaps in many crop growing regions across India particularly in

the rain-fed cropping areas of eastern IGP (Aggarwal et al., 2008).

These are mainly due to a number of stresses that are prevalent in the region, such as
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heat stress due to rising temperatures (Joshi et al., 2007c), changes in weather patterns
including the frequent delays in monsoon (Phadnis et al., 2002) which are critical for >
50% of the rain-fed cropping areas in India, rising salinity, especially in the irrigated
regions (Ladha et al., 2003; Rodell et al., 2009), decreasing the water table depths
(Singh, 2000), drought and biological stresses (Sankaran et al., 2000; Chatranth et al.,
2006). The most feasible way to increase the production is to bridge the existing yield
gaps through improvement in crop management practices and the development of better
higher yielding cultivars. Efforts are underway to develop higher yielding cultivars for
‘recognised’ stresses in India (Mishra et al., 2007). However, these efforts may be

compounded by additional stresses like Os.

A number of special reports in the past decade have highlighted the SA region, and
especially the IGP region, to be at risk from climate change factors which include
increases in temperature and air pollutants, especially O3 (IPCC, 2007; Royal Society,
2008; Ramanathan et al., 2008). It is predicted that crop yields in SA could potentially
decrease by up to 30% due to climate change even if the direct positive effect of
increased CO, on crops is taken into account (IPCC, 2007). Modelled studies show that
the Oj risk will increase even further in the future (Van Dingenen et al., 2009; Avnery
et al., 2011b) and aggravate the problem of food security in the future due to its adverse
impact on production of major staple crops. It is projected that there will be an increase
of 23 % in global surface O3 concentration by 2050 (Prather et al., 2001). Krupa (2003)
estimated that by 2025, 30-75% of the world’s cereals might be grown in regions with
detrimental levels of Os.

The high projected increases in O3 in the SA region will further increase the already
existing risk of crops to Os. It is important therefore to understand the threat posed by
O3 across SA and particularly in India. The experimental studies are localised and
limited and therefore do not give a very good representation of Os risk in the region.
Therefore, to gain a better understanding of the potential threat from O3 across the
region it is useful to model O risk and to identify the regions that are most at risk from
O3 pollution and identify the factors that might be important in determining the
sensitivity of crops to O3 across the region. It is also important to investigate whether

new crop traits that breeders in the region are introducing might affect O sensitivity.
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1.5 Research aims and questions

Agriculture, especially production of staple crops like rice and wheat, is vital for the
sustenance of the society. The projected increases in food demand through increases in
population and the increases in biological (e.g., diseases) and physical stresses (e.g.,
climate change factors like increase in temperature) and air pollution (e.g., O3) may
pose an additional threat to food security in the near future. Efforts are under way to
improve yields by developing high yielding crop cultivars that are tolerant to the
existing stresses prevalent in SA. O3 pollution in SA may worsen in the near future
(Royal Society, 2008) and hence pose an even greater threat to future crop yields.
Therefore it is important to consider O3 tolerance when developing new crop cultivars.
As such, it is important to identify the regions and crops that might be most at risk from

Oz in order to aid future research.

With this in view, the research questions for this study are:

1. Does ground level O3 pose a threat to staple crops grown in SA?

2. Do differences in geographical location and cropping patterns influence O3

sensitivity?

3. Are there differences in O3 risk estimated using concentration- and flux-based O3

indices?

4. What are the main factors influencing flux based assessments of crop sensitivity to

O3 on crops grown in India?

5. Can the flux based method be used as a tool to identify crop physiological traits that

might influence Oj sensitivity, and hence inform future efforts in crop biotechnology?

6. How are the traits being introduced in new wheat cultivars likely to affect Os

sensitivity?
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In answering these research questions the thesis is structured such that each Chapter
deals with a particular aspect of the research, a short summary of each Chapter is given
below.

Chapter 2: A regional O3 risk assessment was performed to assess the potential extent of
O3 impacts on staple crop yields across the region. The O3 induced yield losses were
calculated based on existing concentration based European and North American Oj
exposure indices and modelled Oz concentrations. Crop production and related
economic losses were estimated to assess the magnitude of the O threat. The economic
loss is compared with the gross domestic product (GDP) of SA to place the potential O3
threat in the context of the region’s economy.

Chapter 3: This Chapter investigates the appropriateness and feasibility of using more
biological meaningful approaches, which allow for crop specific and environmental
conditions to modify sensitivity to ozone, to conduct O risk assessments for crops in
the region. Focus is made on wheat crops grown in India as wheat is the most studied

crop in terms of O3 and due to the crop’s importance in the region.

Chapter 4: This Chapter discusses the methods used to parameterize the more
biologically robust O3 flux based risk assessment model for wheat crops grown in India.
Data on Oj flux influencing parameters for Indian wheat cultivars were collected from

relevant peer reviewed literature and national databases.

Chapter 5: This Chapter describes the results of the application of the O3z flux based
model. The results are compared with those of the concentration based risk assessment
methods and analysis is performed to understand which crop physiology, phenology and
environmental factors are most influential in determining Os risk. The importance of the

parameterization of the model is also assessed to understand the robustness of the Indian
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parameterization. A sensitivity analysis is performed to identify those model parameters

that most important in determining model output and results.

Chapter 6: This Chapter explores the potential application of flux based approaches as a
tool capable of informing future efforts in crop biotechnology. A comprehensive
literature and data base review was performed to identify the main traits/ characteristics
that are being bred for in the new wheat cultivars and which of these may influence O3
sensitivity. Flux based risk assessments were performed for these traits to study whether

new wheat cultivars may be more sensitive to O3 pollution.

Chapter 7: This final chapter gives an overall discussion of the results from Chapter 2 to

6 and identifies areas of potential future research.

Some of this work has been written up in a peer-reviewed paper;

Emberson, L.D., Buker, P., Ashmore, M.R., Mills, G., Jackson, L.S., Agrawal, M.,
Atikuzzaman, M.D., Cinderby, S., Engardt, M., Jamir, C., Kobayashi, K., Oanh,
N.T.K., Quadir, Q.F., Wahid, A., 2009. A comparison of North American and Asian
exposure—response data for ozone effects on crop yields, Atmospheric Environment 43
(12), 1945-1953.
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Chapter 2 Concentration based Oj; risk assessment

2.1 Introduction

The literature review in Chapter 1 summarizes the experimental evidence describing
ground level ozone (O3) effects on arable crops in SA; these data clearly suggest that O
might be a threat to important crops growing across the region, though it is recognised
that the experimental evidence is limited in terms of geographical area covered with
most data being collected at only a few sites in the IGP region. Agriculture is vital to the
wellbeing of the population of the region (FAO, 2006). The relatively high Oj
concentrations that photochemical models estimate to occur across the region under the
current day, with monthly means in the northern India ranging from 30-45 ppb (Engardt,
2008) and the projected increases in these O3 concentrations over the next few decades
under current legislation (CLE) emission scenarios (Dentener et al., 2006; Royal
Society, 2008) suggest O3 to be an issue of increasing concern for SA. This concern is
heightened given the likely effects high O3 concentrations might have on crop yield and
given the fact that there is likely to be a substantial increase in food demand in SA
(Chatranth et al., 2006). As such, O3 may pose a significant threat to food security in the
region. Therefore, it is important to investigate the potential O3 risk to crop production
in SA to assess both the magnitude and spatial extent of the problem.

Risk assessment studies to assess the potential impact of O3 on crop productivity have
been performed at the regional level, in the US (Adams et al., 1989), Europe (Holland et
al., 2002; Holland et al., 2006) and more recently in East Asia (Wang and Mauzerall,
2004; Aunan et al., 2000; Roy et al., 2009) as well as on a global scale (Van Dingenen
et al., 2009; Avnery et al., 2011a). The global study conducted by Van Dingenen et al.
(2009) highlighted the SA region as a high risk area, both in terms of scale of the crop
yield losses predicted (which ranged between 13 to 28% for wheat grown across India),
and the subsequent effects on crop production, with estimates of 11.6 to 29.1 tonnes/ha
production losses. The economic losses in wheat crops were also substantial with
estimates of between 1.7 to 4.3 billion $US for the year 2000, with losses rising to 10.7 %

by 2030 under a CLE emission scenario.

O3 exposure-response (ER) relationships are necessary to perform these risk

assessments as they allow quantification of the plant response to Oz exposure in terms
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of yield loss (Emberson et al., 2009). ERs provide the relationship between the exposure
of the plant to O3 and its effect on the plant (e.g. reduction in grain yield for crops) and
hence quantify effects based on O3 exposure. ER functions are obtained by an empirical
fit of experimental data which identifies the function that provides the best statistical
correlation between exposure (based on an exposure index) and response (e.g. yield,
biomass loss etc...). To date ER functions have largely been based on Weibull (Adams
et al., 1989; Wang and Mauzerall, 2004) or linear functions (Mills et al., 2007). The
data represent the average response of the commonly grown cultivars in the region and
therefore should be representative of the crop responses to O3 at regional and national

levels (Van Dingenen et al., 2009).

To derive these ER functions, an extensive amount of data describing crop response (e.g.
yield loss) for a range of pollutant concentrations needs to be collected from
well-coordinated experimental studies; co-ordination of studies is important since this
enables data to be collected from across a geographical region so that ERs are
representative of environmental and pollution conditions (Unsworth and Geissler, 1992;
Emberson et al., 2009). There have been a number of extensive field studies in the US
(National Crop Loss Assessment Network-NCLAN; Heagle 1989) and Europe
(European Open Top Chamber Program-EOTCP; Jager et al., 1992 and Changing
Climate and Potential Impact on Potato Yield and Quality-CHIP; Temmerman et al.,
2002) to study and understand crop response to O3 exposure. The data collected from
these studies have been used to establish crop-specific O3 ER relationships using
different O3 exposure indices (Wang and Mauzerall, 2004; Mills et al., 2007; Lesser et
al., 1990; U.S.-EPA, 1996 and 2006). Such extensive studies for deriving ER functions
have not been conducted in SA. Due to the absence of Asian ER functions, risk
assessment studies conducted in the Asian region (Wang and Mauzerall, 2004; Van
Dingenen et al., 2009) have had to rely on the ERs that have been developed using data
predominantly collected from the US and Europe.

The most commonly used Oz exposure indices for studying O3 impact on crops in
Europe and the US are seasonal 7 hour or 12 hour mean Oz concentrations during
daylight hours (M7 and M12 respectively; Adams et al., 1989; Lesser et al., 1990) and
seasonal cumulative O3 over a threshold of 40 ppb and 60 ppb (AOT40 and SUMO06
respectively; Mills et al., 2007; U.S.-EPA, 1996). .
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Many studies have reported that the Oz impacts on crops are more closely related to
cumulative exposure above a threshold concentration when summed over the crop
growth period. This is because cumulative O3 exposure indices gives more weight to the
higher O3 concentrations which are considered to be important in influencing the O;
effect on crops (Lee et al., 1988; Lefohn et al., 1988) as compared to the seasonal

means which give equal weighting to all concentrations.

The threshold concentration is a cut-off concentration above which cumulative O3
concentrations show a statistical relationship with plant response (Musselman and
Lefohn, 2007). The cut-off concentration selected to assess O effects for crops grown
in Europe is 40 ppb with hourly O3 concentrations above 40 pbb v adding to the index
termed the Accumulated over a Threshold concentration of 40 ppb (AOT40). In the US
a similar index, the SUMO06, uses a higher threshold level of 60 ppb and sums all of the
hourly O3 concentration between zero and 60 ppb. W126 is a biologically based
cumulative O3 exposure index that gives higher weight to higher O3 concentrations but
also takes the lower O3 concentrations into account. It uses a sigmoidal function to
weight O3 concentrations (Lefohn and Runeckles, 1987; Lehfohn et al., 1988; U.S.-EPA,
1996, 2006).

ER functions therefore help relate O3 concentrations to crop damage, usually described
as crop yield loss. Therefore to perform regional level O3 risk assessments these ER
functions need to be used in conjunction with regional estimates of O3 concentration,
usually derived from photochemical O3 models (capable of estimating O3 concentration
fields predominantly as a function of O3z precursor emissions and meteorology). The
crop yield loss that is quantified from these Oz regional risk assessments can be
translated into production and economic crop loss estimates through combination with

agricultural production statistics (Adams et al., 1989; Wang and Mauzerall, 2004).

This method is applied in this Chapter with the objectives to:

(1) To estimate the potential risk, both in terms of crop yield loss and subsequent crop
production loss, of O3 to key agricultural crops grown in SA,;

(2) To assess which crops might be most at risk from O3 in SA;

(3) To examine the spatial variation of the Og risk to crops across SA and;

(4) To assess the suitability of the existing O3 exposure indices and associated ERs in

assessing Og risk for crops grown in SA.
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2.2 Methodology

In this chapter O3 concentration ER functions are used in conjunction with modelled O3
concentrations and crop distribution and production statistics to estimate the impact of
O3 on crops grown across SA. The crop impacts are presented in terms of yield losses
which are translated into crop production and economic loss estimates. Figure 2-1
describes the combination of datasets used in this modelling approach. The crop related
data describing the location, growth period and production of staple crops were obtained
at the district level for India and Pakistan and at the country level for the rest of SA. The
O3 data were obtained from the Multi-scale Atmospheric Transport and Chemistry
(MATCH) photochemical model for the year 2000 (Engardt, 2008) in the form of
gridded hourly O3 values (0.5° x 0.5°). A Geographical Information System (GIS) was
used to integrate these two sets of data using crop specific ER functions such that the O3
effect on crops in terms of yield, production and economic loss across SA could be
defined. An overview of the integration of these different datasets describing crop
information and O3 data with O3 ER functions to estimate the O3 induced yield losses
and subsequent crop production and economic losses is given in Figure 2-1. Further
details of the data and methods used in this concentration based risk assessment of O3

impacts on staple crops grown in SA is given in the following section.
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Figure 2-1: Schematic of the steps involved in the concentration-based risk assessment

of O3 impacts on staple crops in SA.

2.2.1 Oz data

2.2.1.1 MATCH model and O3 concentration field

Modelled hourly O3 concentrations for the entire SA region were provided by Magnus
Engardt, SMHI (Swedish Meteorological and Hydrological Institute), Sweden. The O3
concentrations were modelled using the MATCH model, a regional Eulerian offline
chemistry transport model that is used to estimate hourly, three dimensional fields of O3
(Engardt et al., 2008). Concentrations were provided that simulated O3 levels at an
assumed crop canopy height of 1 meter. The MATCH model (Engardt, 2008) estimates
O3 concentration fields across SA based on emission data using anthropogenic
Transport and Chemical Evolution over the Pacific (TRACE-P) emission (Streets et al.,

2003; Carmichael et al., 2007) and biogenic emissions from Global Emission Inventory
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Activity (GEIA) (http://www.geiacenter.org/; Guenther et al., 1995) along with

meteorological data provided by the European Centre for Medium-Range Weather
Forecasts (ECMWEF, http://www.ecmwf.int/products/data/; Uppala et al., 2005).

MATCH was developed at SMHI and originally intended for modelling O3
concentrations in Europe (Robertson et al., 1999). It has been validated in a number of
studies related to modelling Oz in Europe (Tilmes et al., 2002; Roemer et al., 2003;
Laurila et al., 2004; Solberg et al,. 2005; Tarrason et al., 2005). It has also been
parameterized to simulate O3 concentrations for SA; an initial evaluation of the model
against Oz monitoring data for this region has been performed (Engardt, 2008). The
horizontal spatial resolution of the model is 0.5° latitude x 0.5° longitude and it has 30
vertical layers with 10 layers in the lowest 1 km (Engardt, 2008). Figure 2-2 shows a
map of SA with the spatial resolution of the gridded MATCH modelled O3 data. A
comparison of the MATCH spatial resolution with other models that have been used to
simulate O3 concentrations across SA is given in Table 2-1. This comparison would
suggest that the MATCH model has a finer spatial resolution than most of the

photochemical models developed for SA application.
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Figure 2-2: Map of SA showing the spatial resolution of the MATCH model grids (0.5°
x 0.5°) used for O3 concentration simulations (Engardt, Pers. Comm.)
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Table 2-1: Comparison of the spatial resolution of atmospheric chemistry models that
have been used for simulating Oz concentrations in SA. All the models have used
meteorological data from ECMWF.

Model Horizontal Vertical resolution References
resolution
HANK 60 km x 60 km 38 vertical layers; lowest ~ Mittal et al., 2007

layer, 10mbar thick

MATCH 50 km x 50 km 30 vertical layers;10 Engardt, 2008
(0.5°x0.5°) layers in the lowest 1km
MOZART-2 2.8°x2.8° 34 vertical levels Avnery et al., 2011a
extending up to and b

approximately 40 km

REMO-CTM 0.5° x 0.5° 20 vertical layers; lowest  Roy et al., 2009
layer, 10hPa pressure
level

TM5 (JRC)  GAINS Asia: 1° 25 vertical layers; Lowest  Dentener and
x 1° layer, 50m Dingenen, 2007;
Dingenen et al., 2009

2.2.2 Crop data

2.2.2 .1 Selection criteria of the crops and crop distribution

Four major arable crops grown in SA (rice, wheat, potato and soybean) were
investigated in this assessment; these crops were selected for investigation for the
following reasons: (i) the wide geographical distribution of the crops across the region;
(i) the economic importance of the crops in the region and; (iii) the availability of ER
functions for the crops. The two main staple crops in the region are rice and wheat
which contribute ~ 90% of the total cereal production of the region (FAOSTAT, 2011:
average of 10 years data, 1995- 2005). Potato and soybean, which are also part of the
main diet of the people in the region, contribute ~ 80% of total production of roots and
tubers and 30% of pulses respectively (FAOSTAT, 2011: average of 10 years data,
1995- 2005). SA has a major share in the world’s production of rice, wheat, potato and
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soybean (Figure 2-3: SA’s percentage share in the World production and area harvested
of potatoes, rice, soybean and wheat (FAOSTAT, 2011). The values on the y-axis
indicate the percentage share for each of the crops). These crops also give a good
coverage of the cropping season over the whole year; wheat and potato are grown
during the winter (from November to May) and rice and soybean are grown during the

summer/ monsoon period (from May to November) (Figure 1-2).
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Figure 2-3: SA’s percentage share in the World production and area harvest of potato,
rice, soybean and wheat (FAOSTAT, 2011). The values on the y-axis indicate the
percentage share for each of the crops and x-axis indicate the crops.

The SA countries studied in this assessment are: Bangladesh, Bhutan, India, Nepal,
Pakistan and Sri Lanka. These are the countries that are included in the UNEP Malé
Declaration on Control and Prevention of Air Pollution
(http://www.rrcap.unep.org/male/). The Maldives, which is also a Malé Declaration
country, is not included in the present study as very little agricultural production takes
place on the islands that make up this country (FAOSTAT, 2011). There is no wheat
production in Sri Lanka; the country’s entire wheat needs are met through imports
(FAS-USDA, 2005). Similarly, in Bangladesh there is no production of soybean (Table
2-5).
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2.2.2.2 Crop data collection

Crop data sources

The crop phenology (sowing and harvest dates) and crop production statistics
(production, area and yield) of rice, wheat, potato and soybean were obtained from
national and international databases that are listed in Table 2-2. SeedNet, DWD and
NFSM are national databases provided by the Ministry of Agriculture, India. These
databases offer the most comprehensive and standardized data.

Table 2-2: List of national and international databases from which the relevant crop data

were obtained. The references that correspond to the numbers in the table are given

below.
Parameter Data Source
Bangladesh Bhutan India Nepal Pakistan Sri Lanka
Sowing and * * 2,345, * * *
harvest dates 7
Production, area 1 1 1, 2, 1 1,6 1
and yield 3,4,5

1 - FAOSTAT - http://faostat.fao.org/site/567/default.aspx#ancor

2 - Directorate of Wheat Development (DWD), Ministry of Agriculture India
(http://dacnet.nic.in/dwd/)

3 - National Food Security Mission, Ministry of Agriculture, India (http://nfsm.gov.in/)

4 — Madhya Pradesh state agricultural board (for soybean),
http://www.mpmandiboard.com/comp2003/compl.htm

5 - International Potato Center, CGIAR,
http://research.cip.cqgiar.org/confluence/display/wpa/lndia

6- Ministry of Food, Agriculture & Livestock, Pakistan

7- Directorate of Rice Development (DRD), Ministry of Agriculture, India
(http://drd.dacnet.nic.in/)

8- Central Potato Research Institute (CPRI), http://cpri.ernet.in/, Shimla, India
* The sowing and harvest dates of India were used for all the other countries.

9 — SeedNet, National initiative for information on quality seeds, Government of India,
http://seednet.gov.in/
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Crop phenology

There are different types of climatic regions across SA (Aggarwal and Mall, 2002).
There is also a spatial (regional) variation in the crop cultivars used as well as the
cropping pattern for specific crops. For example, the growing period of wheat is shorter
at lower latitudes (Mitra and Bhatia, 2008). In many parts of SA most crops can be
grown successfully over a range of growth periods (i.e. have multiple cropping seasons)
but there is usually one dominant or main cropping season for each crop; only a very
small percentage of the crop will be grown outside of this main growth period. In this
study, the main cropping season defined in Table 2-3 for each of the four crops

investigated is used.

Table 2-3: The main crop growing season along with its percentage share in crop
production as compared to the total production in SA. The sowing and harvest dates are

defined from the data sources listed in Table 2-2.

Crop Main Sowing Harvest Share of References
growing total
season production
in SA
Wheat Winter Irrigated NEPZ: 15 ~80 % DWD
(Kharif) Timely March-15
sown-10-25 April
November; NWPZ: 15-30
Irrigated Late April
sown: 25
) CzZ:
Nov.-25 Dec.; 20Feb-30Mar
Rain-fed timely .
sown: 25 PZ:
0ct-10 Nov. 15Feb-15Mar
HZ: May-June
Rice Monsoon May - July September — ~75% FAOQ, 2005
November
Soybean Monsoon Mid June — Mid  September 99% FAS-USDA,
July 2005
Potato Winter November March ~ 80% CGIAR

(Kharif)
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The harvest time of wheat across the region varies with latitude, with regions in the
lower latitudes harvesting earlier than those in the higher latitudes (DWD; Rane et al.,
2007; Mitra and Bhatia, 2008). To assess whether it is possible to establish a robust
relationship between the wheat harvest date and latitude, wheat harvest dates for 20
wheat growing states in India were collected (DWD) and plotted against their respective
latitudes (Figure 2-4). Based on these data, a latitude function (Lats,) was derived. There
was a significant linear relationship between harvest date and latitude (r’= 0.73)

represented by equation [2-1].

The Lats, is given by,

Hy = 3.5077x + 1.7419 [2-1]

Where, Hyy is the harvest date of wheat and x is the latitude location in degree radians.

This latitude function, Lati, was used to calculate the harvest date and subsequently the
three month O3 accumulation period of wheat (Section 2.2.4.2). The values calculated
using Lats, for wheat are comparable to the observed dates recorded in other studies
(Rane et al., 2007; Mitra and Bhatia, 2008).
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Figure 2-4: Harvest dates obtained from data sources listed in Table 2-2 plotted as a

function of latitude for wheat growing across the region.
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A similar method was used to establish whether the harvest date of the other crops, rice,
potato and soybean, could also be established. No strong relationships between latitude
and harvest were found for these crops and therefore fixed dates, calculated from the
plant phenological data obtained described in Table 2-2 and Table 2-3, were used to
define the harvest period. Median values of these data used to define the harvest dates as
described in Table 2-4.

Table 2-4: The harvest date of rice, potato and soybean crops grown in SA based on data
from the literature listed in Table 2-2 and Table 2-3.

Crop Harvest date (year day)
(Median) (Mean)
Rice 305 300+24
Potato 75 55+13
Soybean 299 29716

(b) Crop statistics

India is divided into states and Pakistan into provinces. These states and provinces are
further sub-divided into districts. District level crop production, area and yield data for
India and Pakistan (554 districts + 70 districts respectively) were collected from the
sources listed earlier in Table 2-3. The crop statistics for the remaining SA countries
were obtained from FAOSTAT (2011), this information is defined at the country level
(Table 2-5). The rice and soybean crop statistics were for the cropping year 2000 while
for potato and wheat data represent the cropping year 1999-2000. This is because potato
and wheat are sown in between Nov-Dec and harvested the following year. To have
consistency in the data used across the entire SA region, the district level crop
production data of the year 2000 for India and Pakistan was normalized to the FAO
2000 crop data.

Year 2000 was selected as the base year to allow for comparison with the global risk
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assessment conducted by Van Dingenen et al. (2009), which also used data from 2000.
Analysis of meteorological data obtained from (NOAA, 2009) also showed that the year
2000 was a moderate year with regards to temperature suggesting that this year would

also be moderate in terms of O3 concentrations.

Table 2-5: Crop production (CP) and crop area under cultivation of wheat, rice, potato
and soybean in the 6 different countries of SA investigated in this study; data are
provided for the cropping year 1999-2000. District and state level data obtained for
India and Pakistan (see text) are standardized to national data level data (FAOSTAT,
2011).

Wheat Rice Potato Soybean

Country
CP Area CP Area CP Area CP Area

Bangladesh 1840 832 37628 10801 2933 243

Bhutan 4 4.6 44 26 22 3 1 1
India 80058 27486 127400 44712 24713 1340 5276 6420
Nepal 1184 660 4216 1560 1183 1226 17 19.8

Pakistan 20707 8463 7114 2377 1848 111 1 1

Sri Lanka 2860 832 48 4 1 1

SA 103793 37500 179262 60310 30747 1820 5295 6440

Note: Crop production (CP) is provided in units of 1000 tonnes and crop area in units
of 1000 hectares.

2.2.3 Spatial resolution of the data

The O3 and crop production data required to perform this risk assessment are available
on different spatial resolutions. The MATCH O3 concentration data were provided on a
gridded resolution of 0.5° x 0.5° (Figure 2-2) and the crop production data on a district,
province or country level spatial resolution. In order to combine these data to perform

the risk assessment required aggregation to a common spatial resolution; the MATCH
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grid was used to define this spatial distribution. A district map for the crop data was

obtained from GADM (Global Administrative Area Database), http://www.gadm.org/

(Figure 2-5). The GADM is a spatial database which gives spatial details of the world's
administrative areas (or administrative boundaries) specifically designed for use in GIS
and other related mapping software. This database was used to obtain the location and
area of the countries in SA as well as the districts in India and the provinces in Pakistan
and was used in conjunction with the GIS software to convert the country and district

level crop statistics into gridded data.

The areas (districts, provinces and countries) by which crop production statistics were
provided were divided according to the MATCH grid producing smaller area units
termed district polygons (DP; Figure 2-6). The percentage share in area (PApp) of each
DP to the total area of each district was calculated as

__ Areapp

PApp x 100 [2-2]

Areap

where Areapp is the area of the DP and Areap is the area of the district, province or

country.

The crop production statistics for each DP were then calculated as area weighted

averages according to

[2-3]

where Pp is the crop production of each district.

This resulted in the SA region being divided into 6453 DPs each with its own crop

production statistics and O3 concentration data.
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Figure 2-5: Map of SA showing the spatial resolution at which the crop statistics data
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Figure 2-6: An example of aggregations of MATCH grids into the district map of SA.
The districts are divided into smaller units, district polygons (DPs), according to the
MATCH grids. The red grids indicate MATCH grids (0.5° x 0.5°).

2.2.4 Oz exposure indices

Four concentration based O3 exposure indices, AOT40, M7 (M12 for soybean), W126
and SUMO6 were used to characterise the impact of O3 on crops grown in SA (Fuhrer,
1997; LRTAP Convention, 2004; Heagle et al., 1987; Adams et al., 1989; Lesser et al.,
1990; U.S.-EPA, 1996, 2006). These indices were selected for the following reasons: (i)
they are most widely used O3 exposure response indices for regional O3 risk assessment
having been applied in Europe (Mills et al., 2010), North America (U.S.-EPA, 1996,
2006), Asia (Wang and Mauzerall, 2004) as well as globally (Van Dingenen et al., 2009;
Avnery et al., 2011a and b); (ii) they represent two broad categories of O3 exposure
indices, i.e., they characterize O3 concentrations either as mean or cumulative values
over a crop growth period and; (iii) the ER functions for these indices are available from
the literature for the four crops, wheat, rice, soybean and potato, that are being assessed

in the present study. Table 2-6 shows which indices were used for each of the 4 crops
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based on availability of the ER functions. The methods developed to apply these
exposure indices under SA conditions are presented below; essentially application
requires that the daylight hours and the crop growing season, both length and timing,
over which the indices are calculated need to be defined for SA conditions. To ensure
consistency in the application of these different indices, the length and the timing of
each crops growing season is defined and kept constant for all O3 index calculations.
The definition of daylight hours varies by index and the methods used to define these

are described in turn for each index.

For consistency, the application of the index in terms of growth period needs to mirror
the experimental studies that were used to derive the exposure response relationships for
which the indices have been used to derive yield losses. AOT40, W126 and SUMO6 are
calculated over a three month accumulation period. The time period for calculating M7/
M12 seasonal mean O3 concentrations is not uniform since the exposure period used to
derive ER functions for M7 and M12 varied. However, since this variation included
periods of up to 3 months (55 to 92 days for wheat and 80 and 90 days for soybean), it
was considered appropriate to use a 3 month averaging period since this allowed
consistency with the other indices. Further, since this is a growing season average, the
use of an extended averaging period will, if anything underestimates yield losses and
therefore errs on the side of caution.

The O3 exposure indices are calculated for the three month before the date of harvest.
Thus the end of the averaging or accumulation period is taken as the harvest data and
the start of the averaging or accumulation period is taken as 90 days before the harvest
date. The identification of the harvest dates for the 4 crops used in this study has been

described previously and listed in Table 2-4 and, for wheat, described in equation [2-1].

2.2.4.1 Seasonal average O3 concentrations

The M7 index is used to quantify O3 exposure for wheat and rice and the M7 (or M12)
index is used for soybean (see Table 2-5). The time period for the M7 (7 daylight hours)
and M12 (12 daylight hours) calculation is intended to capture the time of the day when
both plant sensitivity to O3 and O3 concentrations are at their highest (Heck et al., 1983);
daylight hours between 09:00 — 16:00 hours and 08:00 — 20:00 hours were used for
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applications of this index in North America (Heck et al., 1983). However, conditions in
SA will differ from those in North America (e.g. day length, diurnal O3 concentration
profile, plant physiological status) such that the daylight period over which these indices
are averaged needs to be redefined. As such, the 7 and 12 hour daylight periods for SA
were identified by plotting data describing time of the day during which peak O3
concentration were observed in India represented by diamonds (Figure 2-7). Figure 2-7
also shows the period when peak Os; concentrations were found in the US for
comparison (Heagle et al., 1987; Hogsett et al., 1987). The circles in Figure 2-7 show
the hours of highest physiological activity in Indian wheat (Singh et al., 1987; Kumar et
al., 1999; Srivastava et al., 2002); hence it is assumed that wheat physiology activity is
broadly representative of other crops studied in this assessment. When defining the 7
and 12 hour periods for SA, more weighting was given to the O3 concentrations as
compared to the plant physiological activity data. Based on these data, the M7 daylight
hours are defined as between 09:30 to 16:30 hours IST (Indian standard Time) and the
M12 daylight hours are defined as between 07:30 to 19:30 hours IST.

14 ¢ Londhe et al., 2008
12 | , ©  Debaje and kakade, 2009
, ““““““““““ ’, ¢ Tiwari and Peshin, 1995
101 ¢oeo0 Tiwari and Peshin, 1995
" 0600 ° iwari and Peshin,
§ 8 0000 e Hogsett et al., 1987
(3]
@ M ¢ Heagle eta.,| 1987
95 6 - se00 00
@ ees00 0 o  Singhetal., 1987
41 ©oocoo O  Srivatava et al., 2002
0oo00oO0
2 A 00000 O  Kumaretal.,, 1999
© 0o ©  MATCH data
0 T T T T
0 5 10 15 20 ———- M12
Time of the day (hours) M7

Figure 2-7: Definition of the daylight hour period over which the M7 and M12 indices
are calculated based on data from SA describing i) the period of highest Oj
concentration (denoted by diamonds) and ii) the period of highest physiological activity
(denoted by circles) for wheat plants as reported in literature. The lines indicate the time
window for SA M7 and M12 calculations.
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2.2.4.2 Cumulative O3 concentrations
(a) AOT40

AQOT40 is calculated as the accumulated daylight hourly Oz concentration above a
threshold concentration of 40 ppb over a time period of three months during the plant
growing season. Daylight hours here are defined as the time when irradiance is greater
than 50 W/m?.

The values are expressed in ppm hours.
AOT40 = Z?:l(CO3 - 4‘0)1 when Coz>40 ppb [2'3]

Where, Coj3 is the hourly Oz concentration (in ppb) during the local daylight hours and n
is the number of hours with O3 > 40 ppb.

AOTA40 has been used as an index for O3 risk assessment in Europe over the past decade
(LRTAP Convention, 2004).

(b) W126

W126 is the sum of hourly average O3 concentrations that have been weighted
according to a sigmoid function that is based on a hypothetical vegetation response
(Lefofn and Runeckles, 1987; U.S.-EPA, 2006). W126 is calculated during a three

month O3 accumulation period during daylight hours and it is expressed in ppm hours.
The W126 index is calculated as follows;
W126 = T, Cos X W; [2-4]

Where, w; is the weighing factor for the i hour and is calculated as;

1
"~ (1+4403xexp(-0.126XCo3))

[2-5]

Wi

72



Cos is the hourly O3 concentration (in ppm v) and n is the number of hours during
which the W126 index is calculated

(c) SUMO06

SUMO6 is the sum of hourly Oz concentrations when the O3 concentrations are > 60 ppb
v during a three month period of the crop growing season (U.S.-EPA, 2006). It is
calculated as,

SUMO06 = Z?:l(CO3)i when Cosz > 60ppb [2'6]

Where, Cojs is the hourly O3z concentration (ppb); n is the number of hours with O3 > 60

ppb

2.2.5 Exposure-Response (ER) functions

The ER functions used in the current study are presented in Table 2-6 along with the
details of the data used to define the ERs. The AOT40 ER is available for all the four
crops studied. The AOT40 ERs are based on the experimental data collected from US,
Europe and Asia and hence could be argued to be representative of a wider geographical
spectrum and cultivars than the M7/M12 ERs which are based on experimental data
only from the US (Table 2-6).

The AOT40 ER functions are a linear function described in Mills et al. (2007). To
derive these functions Mills et al, (2007) re-analysed crop response data from a number
of experimental studies conducted mainly in Europe (Reference in Table 2-6) but also in
the US (Kats et al.., 1985) and Asia (Kobayashi et al.., 1995), or Asian cultivars grown
in Europe (Maggs and Ashmore 1998).

The M7 for wheat were based on the Weibull functions given in Lesser et al. (1990)
which were derived from an empirical fit of data from open top chamber (OTC) studies

carried out in the US under the NCLAN Programme.
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The Weibull function is given by equation 2-7:

RY = A x exp [— (g)c] [2-7]

Where, X is the Oz exposure index (i.e. M7, M12, SUMO06 or W126), A is theoretical
yield at O (zero) O3 concentration, B is the scale parameter for O3 exposure which
reflects the dose at which the expected response is reduced to 0.37A, and C is the shape
parameter effecting the change in predicted in the rate of loss in expected response
(Lesser et al., 1990).

The reference exposure index or threshold value of O3 for M7 is 25 ppb, 20 ppb for
M12, and 0 ppb for SUMO06 and W126 (Heagle et al., 1987; U.S.-EPA, 1996, 2006). It
assumes there is a threshold above which damage will occur, i.e. some level of O;
concentration will be assumed not to cause damage due to antioxidant plant defences
(Felzer et al., 2007).

The M7 ER functions for rice and spring wheat are given in Adams et al. (1989) which
were derived based on the same NCLAN experiments conducted in the US. All these
functions have already been used in regional (Wang and Mauzerall, 2004) and global

(Dingenen et al., 2009) O3 risk assessment studies.

Out of the 14 sets of experiments that were used to derive M7 and M12 indices, 3
experiments (1985 & 1986) had proportional Oz fumigation. One study in 1982 had
both proportional and constant fumigation. And the other 10 studies were fumigated
with a constant value (additive). Except for the last 3 studies (1985 & 1986) where 12
hours fumigation was done the rest of the studies are based on 7 hour/ day fumigation.
The duration ranges from 59 days to 92 days, but in most experiments it is between 80 -
90 days.

The details of ER functions that were used in the present study are given in Table 2-6.
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Table 2-6: Details of the Exposure-Response relationships used in this assessment. The W126 and SUMO06 were based on the same crop data as

M7/M12 but re-analyzed with a weighting function.

Crop Yield  Exposure response r? No. of No of Countries Stand References
based function data  years characteristics
on " points (cultivars) (fumigation/
\é\:ce'g day duration)

AOT40 (ppm.hrs)

Wheat grain RY =-0.0161x+0.99 0.89 52 9(9) 6: Sweden.  OTC Fuhrer et al., 1997; Gelang et al.,
SW-EU Denmark. 2000
- Belgium,

WW-US Swizerland,
USA,
Finland

Rice grain RY=-0.0039x+0.94 02 32 5(6) 3: Pakistan, OTC, Kobayashi et al.., (1995), Maggs and
Japan,USA Ashmore (1998), Kats et al.., (1985)

Potato tubers RY =-0.0057x+0.99 0.38 14 7(3) 6: Sweden.  OTC, Closed Skarby and Jonsson (1988), Kéllner
Germany, chamber (1) and Krause (2000), Donnelly et al..,
Belgium, (2001), Lawson et al.., (2001), Pleijel
Finland, UK, etal.., (2002, 2004), Pell et al..,

Italy (1988), Finnan et al.., (2002)

75



Table 2-6: Continued.

Soybean seed RY =-0.0116x+1.02 0.61 50 (7) Heagle et al.., (1986), Heggestad et
al.., (1985, 1988), Mulchi et al..,
(1995)
M7 (ppb)
Rice grain [ 7N\247T 3 1(3) 1: US Wang and Mauzerall, 2004, Adams
exp |— (m) etal., 1989
RY = 3 2.47]
_ (ﬂ) '
exp 02
Winter grain M7 \25€] 7 2(4) 1: US Wang and Mauzerall, 2004, Lesser
wheat exp [— (m) etal., 1990
RY = 25 2567
exp |~ (135)
Spring grain M7 32 3 - 1: US Wang and Mauzerall, 2004, Adams
wheat exp [_ (ﬁ) ] etal., 1989
RY = S (32
eXp [~ (ﬁ)
Soybean seed M12\1°8 21 7 (6) 1: US Lesser et al., 1990
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Table 2-6: Continued.

SUMO06
Wheat grain RY 2 (4) 1: US Wang and Mauzerall, 2004,
SUMO06\ 2176 U.S.-EPA (1996)
- o _< 52.32 )
Soybean seed RY 7(6) 1: US Wang and Mauzerall, 2004,
SUMO06 \*>2 U.S.-EPA (1996)
exp l_ (101.505) l
Potato tubers  RY 1(1) 1: US U.S.-EPA (1996)
_ (SUMO6)1327
~ P17 8655
W126
Wheat grain RY 2 (4) 1: US Wang and Mauzerall, 2004,
W126\ 1747 U.S.-EPA (1996)
- P _( 51.2 )
Soybean seed RY 7 (6) 1: US Wang and Mauzerall, 2004,

U.S.-EPA (1996)
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Table 2-6: Continued.

Potato tubers RY - 1(2) 1: US U.S.-EPA (1996)

B (W126 )1-15
~ P17 \105.10
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2.2.6  Crop loss evaluation

To apply these ER functions, the O3 concentrations for each of the DPs have to be
characterised according to the O3 indices (AOT40, M7/M12, W126 and SUMO06). Once
the O3 exposure index is estimated for each DP it can then be used with the appropriate

ER function to estimate crop yield loss by;

RYpp
RYbase_DP

RYLDP S 1 - [2'7]
Where, RYpp is the RY of each DP estimated based on functions given in Table 2-6 and
RYbase_pp IS the estimated RY at the reference exposure index, set to 1 as described in

the previous text.

To calculate the crop production loss (CPL) it is first necessary to estimate crop
production for each DP; this calculation assumes an area weighted average of the
district level crop production dependent upon the percentage share in area of each DPs
and hence assumes that that production is equally distributed across each district. The

crop production in each DP (CPpp) is therefore calculated as,
CPDp = PADp X PD [2'8]

where, PApp is the percentage share in area of the DP and Pp is the actual crop

production of the DP.

The CPL in each DP (CPLpp) is then calculated based on relative yield losses, and the
actual crop production. As such, if the CPpp is the actual crop production of the DP,
CPLpp the crop production loss and CPy,e the crop production of the DP if there were
no O3 CPL then

RYL
CPLDP = RYDDpP X CPDP [2'9]

The CPL for each country (CPLc) can then be calculated for each individual crop as:

CPLC = Z%‘ CPLDP [2'10]
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where, n is the number of DPs in each country.

The CPL for SA can then be calculated by,

CPLSA = Z CPLC [2‘11]

The national average RYL for each crop is calculated using Equation [2-12] which is
based on Wang and Mauzerall (2004);

L, [CPL];
Yit,([CPL]j+[Output];)

National average RYL = [2-11]

Where, n is the number of DPs included for each country.

2.2.7 Economic loss (EL)

The CPLs can be translated into economic losses based on the producer price (PP) of
the crop. This simple method has been used in previous studies (Wang and Mauzerall,
2004; Van Dingenen et al., 2009). This rather simple approach to estimating economic
losses is known to give an overestimate of about 20% as compared to the more
sophisticated economic models that incorporate price elasticity and supply and demand
statistics (Adams et al., 1982; Westenbarger and Frisvold, 1995). The PP in US $ /
tonnes for all four crops for all the countries of SA were obtained from FAOSTAT
(2011) and are shown in Figure 2-8. The PP varies for each country by crop and in some
countries; relatively high prices can be paid for the same crop. For example, Figure 2-8
shows that the PP of rice in Bhutan is more than double that of the other SA countries.
This is because Bhutan produces less than 50% of the country’s rice consumption with
the remaining rice requirement being met through imports, mainly from India (Ghimiray
et al., 2007; IFPRI, 2010). The high demand and low supply lead to a high PP.

The economic loss (EL¢) of each crop for each country is calculated as;

ELC ES CPLC X PPC [2'13]
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Where, the PPc is the PP of the particular crop for the year 2000 in the particular

country.
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Figure 2-8: Producer price in US $ /tonnes for the four crops in the six countries of SA
for the year 2000 (FAOSTAT, 2011)

2.3 Results

Results in this section present the estimates of RYLs, CPLs and ELs for each of the four
crops (wheat, rice, soybean and potato) based on the different O3 exposure indices and
associated ER functions. The results are presented as maps, to allow an analysis of
spatial patterns to be assessed such that the influence of variations in O3 concentrations,
exposure indices and subsequent RYLs can be assessed in relation to crop distribution
and crop production statistics. Results are also presented as summaries of RYL, CPL
and EL for each of the different SA countries allowing generalizations to be made in
terms of the magnitude of damage resulting from O3 exposures to be assessed in a
broader SA context. The EL for each of the different SA countries is then discussed in

terms of its likely effect on the region’s GDP.
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2.3.1 Relative Yield Loss (RYL)

Figure 2-10 to Figure 2-13 show the spatial distribution of O3 induced RYLs for each of
the four crops by Os exposure index and associated ER function. The overriding
conclusion from these Figures is that the O3 induced RY'L varies spatially, depending on
the crop and also depending upon the ER used to estimate the crop yield loss. RYL
estimates using AOT40 indices (RYLaot) are higher than those estimated by M7
(RYLwm7), W126 (RYLwizs) and SUMO6 (RYLsym) except for soybean where RY L2

values are higher than the estimates derived using the cumulative indices (Figure 2-9).

The estimated national average yield losses, based on the 4 different O3 metrics and
associated ER functions for each of the four crops, are given in Figure 2-9. The
sensitivity of the four crops to O3 across the SA region based on these estimates ranked
according to the highest estimate of yield loss (with the values in brackets giving the
range in yield losses estimated using the different ERs) is given below, however, it
should be noted that there is substantial variation and overlap in these RYL estimates
both between crops and between exposure index and ER functions;

Wheat (0.6-10.6 %) > Rice (0.9-7.4 %) > Potato (2-3.7 %) > Soybean (0.02-4 %)

In all the countries, except Pakistan, RY LaoTs4o for wheat is higher than rice (Figure 2-9).
The higher rice yield loss in Pakistan is because the important rice growing area
coincides with regions where high O3 concentrations are modelled. On the other hand,
wheat is more widely grown than rice and not all the important wheat growing regions
are associated with high O3 concentrations (Figure 2-10). In all the four crops, RYL is
higher in the IGP (Figure 2-10 to Figure 2-13), the most important cropping region for
wheat, rice and potato. In soybean, the important cropping region is the central part of
India where the RYL is not very high. Thus, even though soybean has a relatively high
O3 sensitivity, O3 may not be a threat to this crop as the O3 concentration tends to be

low across the main soybean growing regions.
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Figure 2-9: O3 induced RYL (%) for wheat, rice, potato and soybean in different
countries of SA based on AOT40, M7 / M12, W126 and SUMOQ6 exposure indices. SL=
Sri Lanka; PK= Pakistan; NP= Nepal; IN= India; BH= Bhutan; BG= Bangladesh.

The national average wheat RY Laot40 IS the highest of all the indices across all parts of
SA. The maximum wheat RY LaoT40 Was in Bangladesh (17.4 %) followed by Nepal
(14.6 %), Bhutan (11.9 %) and India (11.5 %). High RYLs are observed along the IGP (>
20%), the northern border of India and Nepal (> 50%) and along the coastal region of
India (> 30%).
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Figure 2-10: Estimates of RYL for wheat based on MATCH O3 concentration data
expressed as different exposure indices (AOT40, M7, W126 and SUMO6) and
associated ER functions across SA for the cropping year 1999-2000. The circles

indicate wheat yield (in tonnes/hectare) in each grid. The annotated boxes provide
details of experimentally derived wheat yield losses due to ambient O3 concentrations in
Lahore, Pakistan and Varanasi, India (see Table 1-1 for references).
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Wheat RY Lsumos has a different distribution as compared to other indices (Figure 2-10).
RYLwmz shows a less spatial differentiation in yield losses, with almost the entire region
showing RYLs between 5-10 %. By contrast RYLaors0 Shows a much larger spatial
variation in wheat yield losses and also a larger range of yield losses with values
ranging between 0 and 30 %. RYLwizs and RYLsumos fall between RYLy; and
RYLaoT40 In terms of spatial variation and range of yield losses. Even with this
variability in the yield losses, the north western part of the IGP and the area of
Bangladesh and its surroundings tend to suffer the highest wheat yield losses; AOT40
also predict yield losses of between 5-10 % across substantial parts of southern India.
Some coastal areas also show high yield losses for all indices with the exception of M7.
As indicated by the circles, the north-western IGP has the highest wheat yield as well as
high RYLs (Figure 2-10). It is interesting to note that the RYLs found from the
experimental studies conducted in Lahore, Pakistan and Varanasi, India, which are also
shown in Figure 2-10 suggest RYLs of 18-43 % and 0.5-25% respectively (see Table
1-1 for references); both higher than the RYLs estimated using even the AOT40 index

and associated ER function.

Figure 2-11 shows similar RYLs estimated for rice using AOT40 and M7 indices and
associated ERs (values based on W126 and SUMO6 are not available as ERs do not
exist for these indices for rice). The RYLwz shows 0-5 % rice yield losses across SA.
However, RY LaoT4o indices give a higher rice yield loss estimate of 5-8 % across most
of SA; in some parts of western IGP and eastern IGP in the state of West Bengal,
bordering with Bangladesh, the RYLs are between 10-15 %. The national average
RY Laot4o Is highest in Pakistan and India with 7.8 and 7.7 % respectively (Figure 2-9).
However, there is some spatial variation in the RYLaots in India. The highest
RYLaoTa0 values were observed in some parts of Uttar Pradesh and Punjab (parts of the
IGP) where the RYLaoT40 Were above 15 %. Rice RYLy; estimates are lower than
RY Laorao estimates (by ~10%). Pakistan and India has the highest RYLwu7 (1.1 % each)
while Sri Lanka has the lowest RYLw; (0.02%). As for wheat, the experimentally
derived rice yield losses found in Faisalabad, Pakistan (Wahid et al., 2011), estimate
higher yield losses (at 29-37 %, 75 ppb v 8 hour mean O3) than were estimated by either
the AOT40 or M7 ER functions.
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Figure 2-11: Estimates of RYL for rice based on MATCH O3 concentration data expressed as different exposure indices (AOT40 and M7) and
associated ER functions across SA for the cropping year 2000. The circles indicate rice yield (in tonnes/hectare) in each grid. The annotated box

provides details of experimentally derived rice yield loss due to ambient O3 concentrations in Lahore, Pakistan.
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Figure 2-12 shows RYLs estimated for potato using the AOT40, SUMO06 and W126
indices and associated ERs (values based on M7 are not available as ERs do not exist
for this index for potato). Similarly for wheat, the potato RYLsymos Seems to have a
different distribution of yield loss compared to RY Laot40 and RYLwizs. The RY Lsumos
shows more spatial variation in the eastern coastal region near Bangladesh and in the
northern border along the Himalayas with yield losses as high as 50-60 % being
estimated. Bangladesh has the highest RY Laotao (5.1%) while Sri Lanka has the least
RYLaots0 (1.5%). 80 % of SA’s potato is produced from India while 10 % is produced
from Bangladesh and the remaining 10% is shared between the four other countries
(Figure 2-9). High RYLs are observed along the coastal region and the Himalayas
(Figure 2-12); this is due to frequent peak O3 concentrations that tend to occur in this

region as mentioned earlier.
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Figure 2-12: Estimates of RYL for potato based on MATCH O3 concentration data
expressed as different exposure indices (AOT40, W126 and SUMO06) and associated ER
functions across SA for the cropping year 1999-2000. The circles indicate potato yield
(tonnes/hectare) in each grid. There are no M7 ER functions for potato and hence no

RY Ly for potato were calculated.
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Figure 2-13 shows RYLs estimated for soybean using all four indices. The soybean
RYLs estimated using these different indices have a rather different spatial distribution.
The RYLaot40 shows no crop losses in most parts of India except in the IGP region
where it shows a RYL of about 0-5 %. Maximum yield losses are estimated when using
the M12 exposure index. RY L1z shows yield losses of 10-15 % in the IGP and 5-10 %
in the central part of India. Although in most parts of SA, W126 and SUMO06 show no
yield losses, in regions where there are yield losses estimated, large spatial variation in
these yield losses occurs with values ranging between 0- 60 %. As for both wheat and
rice, the experimentally derived soybean yield losses found in Lahore, Pakistan and
Varanasi, India both suggest substantially higher yield losses (between 32 - 74 % and 10
— 33 % respectively) than were estimated by any of the ER functions.
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Figure 2-13: Estimates of RYL for soybean based on MATCH O3 concentration data
expressed as different exposure indices (AOT40, M12, W126 and SUMO06) and
associated ER functions across SA for the cropping year 2000. The circles indicate
soybean yield (tonnes/hectare) in each grid. The annotated boxes provide details of
experimentally derived soybean yield losses due to ambient O3 concentrations in Lahore,
Pakistan and Varanasi, India.
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2.3.2  Crop production loss (CPL) and Economic loss (EL) estimates

The estimate of CPLs incorporates the intensity of the crop growth within a region into
an assessment of the damage caused by O3 exposures thereby giving an indication of
where O3 induced RYLs are likely to translate into substantial agricultural losses. As for
the RYLs presented in the previous section, CPLs and Els are presented both as maps as
well as national summaries of the loss estimates (Figure 2-14 and Figure 2-15). In terms
of maps, CPLs and ELs are presented using only the AOT40 (Figure 2-16) and M7/M12
(Figure 2-17) indices and associated ER functions since only these are available for
either all four, or at least three, of the crops studied. In terms of the national summaries,

CPLs and ELs are provided using all available ER functions.

Figure 2-16 and Figure 2-17 show that the maximum CPLs in wheat, rice and potato
were observed in the IGP region. This is because the IGP region has both high O3
concentrations during the crop growing seasons as well as intensive cultivation of these
crops. On the other hand, for soybean, even though relatively high RYLs were observed
in the IGP region, the main cropping area is in the state of Madhya Pradesh (central
India) where lower Oz concentrations translate into lower RYLs and subsequently
reduced CPLs.

The largest losses of rice crop production were found in the Punjab, West Bengal and
Bangladesh where the cropping intensity is high and the RYL due to O3 is also high.
The states of Punjab (14.4 %), UP (18 %) and Haryana (10 %) experienced the
maximum wheat CPL based on the AOT40 index.

The soybean cropping intensity in terms of the area under cultivation and production is
highest in Madhya Pradesh where more than 80% of South Asia’s soybean is produced
(DACNET,2011; FAOSTAT, 2011). This means that even though there is substantial
spatial variation in soybean RYLy7 (0-10% in Madhya Pradesh region and 10-15% in
the IGP; Figure 2-13) there are few differences in CPLyy7 across SA (Figure 2-17).

Also based on this AOT40 index, the CPLs of wheat, rice, potato and soybean were
11.9, 14.4, 1.2 and 0.001 billion tonnes respectively (Figure 2-14). These CPLs translate
into ELs of 1.8, 1.9, 0.1 and 1.2 million US$ respectively (Figure 2-15). CPLs

calculated using the M7 indices were very low as compared to those estimated using
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AOTA40 for all four crops. For rice, the estimates CPL based on AOT40 were more than
6 times those calculated using M7 exposure indices and for wheat it was more than
double the amount. The wheat CPLw126 and CPLsymos Values were between CPLaoT40
and CPLy.

The maximum RYLaor40 l0ss was for wheat in Bangladesh (17.4%) while in India it
was 11.5%. However the crop production loss (CPL) in absolute terms was not so high

in Bangladesh (only 0.4 million tonnes) as compared to that of India (9.9 million

tonnes).
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Figure 2-14: O3 induced crop production loss (CPL) given as million tonnes for
countries in SA estimated for wheat and potato during the 1999-2000 cropping year and
for rice and soybean during the 2000 cropping year for each of the four O indices;
AOT40, M7 / M12, W126 and SUMO06. SL= Sri Lanka; PK= Pakistan; NP= Nepal; IN=
India; BH= Bhutan; BG= Bangladesh. Note that the x-axis scale for wheat and rice are

different from that of potato and soybean.
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Figure 2-15: O3 induced economic loss (EL) given as millions of US $ for countries in
SA estimated for wheat and potato during the 1999-2000 cropping year and for rice and
soybean during the 2000 cropping year for each of the four O3 indices; AOT40, M7 /
M12, W126 and SUMO06. Note that the x-axis scale for potato and soybean is 1/4™ of

that of wheta and potato.

Figure 2-16 shows the CPL of the four crops in SA during the cropping year 2000 (rice
and soybean) and 1999-2000 (wheat and potato) using the AOT40 index and associated
ER function. In terms of loss, as a fraction of total national / regional production, wheat
appears to be the most sensitive crop with an average relative loss of 10.6 % in SA
reaching as high as 17.4 % (RYL) in Bangladesh (Figure 2-10). However, in terms of
loss in quantity by weight, the maximum loss was observed in rice, with an estimated
loss of 14.4 million tonnes in SA. Although the wheat RY Laor4o is higher than the rice
RY Laot40 (Figure 2-10 and Figure 2-11), the total rice production losses are more than

wheat production losses (Figure 2-16). This is because the total quantity of rice
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produced (179 million tonnes) is almost double that of wheat (100 million tonnes). The
maximum CPL for all the four crops is observed in the IGP region (Figure 2-16). The
largest losses of rice crop production were found in Punjab and West Bengal in India
and Bangladesh where the cropping intensity is high and the RYL due to O3 is also high.
The states of Punjab, UP and Haryana in India had the maximum wheat CPL. Wheat
and rice production losses extend across almost the entire south Asian region; potato has
a slightly more limited range of losses whereas the soybean losses are limited to the
northern parts of SA in the IGP. The potato CPL ranges between 0 — 6.2 thousand
tonnes per grid in most parts SA except in some parts of eastern IGP, in west Bengal,
where the CPL is as high as 50 thousand tonnes per grid (Figure 2-16). Figure 2-18
shows the minimum and maximum range in ELs for all four crops combined resulting
from the use of the four different exposure indices. The resulting EL ranged from a
minimum of 0.4 billion US$ to a maximum of 3.8 billion US$ estimated using the PP of
these crops. Here the maximum EL for wheat, rice and potato is calculated using AOT
index while for soybean the maximum EL is estimated using M12 index. The minimum
ELs for wheat and rice are from the M7 index while for potato and soybean minimum

values are derived from the SUMOG6 index.
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Figure 2-16: Estimates of O3z induced CPL for wheat, rice, soybean and potato crops
grown across SA based on the AOT40 index and associated ER function for the
cropping year 1999-2000 for wheat and potato and for the cropping year 2000 for rice
and soybean. Also shown is the percentage of the cropping area per grid indicated by

the size of the circle symbols.
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Figure 2-17: Estimates of O3 induced CPL for wheat, rice and soybean grown across SA
based on the M7 (M12 for soybean) index and associated ER function for the cropping
year 1999-2000 for wheat and 2000 for rice and soybean. Also shown is the percentage
of the cropping area per grid indicated by the size of the circle symbols.
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Figure 2-18: Estimates of Oz induced maximum and minimum economic loss (EL)
given in millions of US$ for the four crops in SA for the year 1999/2000 based on
AOT40, M7 (M12 for soybean), W126 and SUMO6 indices.

The PP varies among the crops and within a crop there is also variation between the
countries. In Bhutan the total national wheat CPL (435 tonnes) is half that of potato
(812 tonnes). However, when this CPL is converted into EL, the wheat economic loss is
US$80,000 which is more than the EL loss for potato (US $ 74, 000). This is because
the PP for wheat is double that of potato in Bhutan (Figure 2-15). In terms of CPL, O3
induced losses for potato in Sri Lanka (726 tonnes) are less than that in Bhutan (812
tonnes). However when these losses are expressed in terms of EL, the Sri Lankan EL
for Potato are 4.5 times that of Bhutan due to the high potato PP in Sri Lanka as
compared to that in Bhutan. The economic impact of O3 on crops therefore also depends

on the price dynamics of the crop in the region.

2.3.3
the region

Potential effect of O3 induced EL on the gross domestic product (GDP) of

Agriculture in SA plays an important role in the economy of the region and it
contributes a major share in the region’s gross domestic product (GDP) (25 % of GDP
of SA, IFPRI, 2001). Therefore, any effect on the agricultural production will have a
substantial impact on GDP and may offset the GDP growth rate. In order to place the

impact of O3 on crop production in the context of the economy of the region, the EL
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was compared with the GDP of SA. The potential effect of the EL on the GDP of the
region was assessed using the maximum and minimum EL that was calculated based on
the four indices. EL as percentage of agricultural GDP and its growth rate in SA is

given in Table 2-7.

Table 2-7: O3 induced economic loss (in millions of US$) for the four crops (wheat, rice,
potato, and soybean) and its effect on annual GDP growth and agricultural GDP in SA.
The GDP values are average of 10 years (1995-2005) data from United Nations
Statistics Division, http://data.un.org/Data.aspx?q=GDP&d=CDB&f=srID%3a29919.

Country Annual  Agricultur  Economic EL as % of EL as %
GPD e GDP Loss (EL) GDP growth  Agricultura
growth | GPD

Max Min  Max Min Ma Min
X

Banglades 2209 12246 398 44 18 2 32 04

h

Bhutan 53 126 1 0 2.5 0.2 1.1 0.1

India 45057 105846 2972 334 6.6 0.7 28 03

Nepal 301 2250.9 69 14 23 4.5 31 06

Pakistan 5066 19227 312 26 6.2 0.5 16 01

SriLanka 1051 3266 24 0 2.3 0 0.7 0

South Asia 53737 142961.9 3776 417 7 0.8 26 0.3

The EL for all four crops was between 0.3 to 2.6 % of the total agricultural GDP (in SA
for the year 2000 (Table 2-7). The country which has the largest proportion of
agricultural GDP lost due to Os; is Bangladesh (0.4-3.1 %) followed by Nepal
(00.6-3.1 %) and the least affected country was Sri Lanka (0-0.7 %). However, in terms
of GDP growth rate, Nepal and Bangladesh are most affected by the O3 induced ELs
with effects on the GDP growth rate of 0.6-19.2 % and 0.2-16.3 % respectively. The

associated economic loss for these four crops might offset about 0.8-7 % of SA’s GDP
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growth rate. The effect on India’s GDP growth rate (0.7-6.6 %) and agricultural GDP
(0.3-2.8 %) is very closely related to effect for SA which suggests that the effect of O
induced economic losses on SAs GPD is influenced primarily by effects felt in India.

SAs economy is extremely dependent on the agricultural sector and therefore such an
impact will have substantial consequences on the socio-economic conditions of the

region.

2.4 Discussion

In this section, the results of the O3 risk assessment using the four concentration based
O3 exposure indices and associated ER functions are discussed in a wider context
comparing the current study results with observed data of yield losses derived both from

experiments and other model based Oj risk assessments.

2.4.1  Comparison of O3 induced yield and production losses with other
experimental and modelling studies

The results from this chapter have shown that O3 is causing a potential risk to yield and
production of some of the most important staple crops grown in India. This O3 risk

tends to be highest in the important crop growing areas, particularly the IGP.

Comparison with experimental studies

The yield loss estimates from the current study are compared with the yield losses
observed under ambient O3 concentrations in SA. Table 2-8 identifies experimental
studies conducted on wheat, rice, pulses (no studies were available for soybean so data
on mungbean are included instead) and potato. These studies are conducted at 5
different sites across India or Pakistan; the experimentally derived yield losses are
compared with this study’s modelled RYLs, given as the range of all 4 Oz exposure

indices, for the particular MATCH grid corresponding to the studies location.
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The modelled wheat RYLs for Varanasi, India and Lahore, Pakistan ranged between
1-9 % and 1-16% respectively. This is within the range of the yield losses found in the
experimental study conducted in Varanasi which was between 0.5-25 % but
substantially lower than the yield losses found in Lahore which were between 18-43%.
In Lahore, a similar situation was found for rice with modelled RYLs for rice being
between 1-8 %, substantially lower than the experimental yield losses that were between
29-37 %. The comparison between modelled estimates and experimental observations
are likely to be more robust for wheat in Varanasi as they are based on 8 studies
compared to a single study in Lahore. For example, Rai et al. (2007) reported yield
losses of 21 %, substantially higher than the model estimates; however, the inclusion of
the other wheat studies in India with lower yield losses brings the experimentally
derived yield losses into the range of the modelled estimates (Table 2-8). By
comparison, only 1 experiment each for wheat and rice in Pakistan are available which
both happen to show large yield losses. This shows the importance of having more

experimental studies with which to compare model results.

There are no ambient O3 experimental studies on soybean in SA; only fumigation
studies. These have used commonly grown soybean cultivars (cv. Bragg and cv. PK-472)
and found that fumigation with O3 concentrations of 70 ppb and 100 ppb in OTCs
reduced yield by 10-14 % and 16-33 % respectively (Singh et al., 1998, cf. Agrawal,
2003; Singh et al., 2010). By comparison, at lower Oz concentrations, this study
estimated RYLs between 0.1- 4 %. For comparison, studies on mungbean, another
important pulse grown in SA, have shown that ambient O3 reduced yield by 32 % in
Allahabad (Agrawal et al., 2005) and 50-73 % in Varanasi (Agrawal et al., 2003).
However, these studies are conducted in the IGP region, which experiences higher O3

concentrations than the main soybean growing regions in central India.

The first reported O3 injury to crops in India were in potato and tobacco (Bel-W3) by
Bambawale (1986) and later, Bambawale (1989). These studies used EDU treatment
methods to assess the impact of O3 on potato and reported foliar injury in the form of
leaf spots due to Os. These studies were performed in Jalandhar, India and the model
estimates in the current study show 2-4 % vyield losses in potato for the Jalandhar

location (Table 2-8). No further experimental studies have been conducted on potato.
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Table 2-8: Comparison of RYL estimates derived in this study with yield losses observed under ambient O as reported from experimental studies.

Crop Location Current Experimental study References
(Iatlt_ude_ study Yield Other response
longitude)
Cereals -
Wheat India 1-11 - -
Varanasi, India  1-9 0.5-25 Reductions in photosynthesis, biomass, Agrawal et al., 2003; Ambhast and
(25_83) chlorophyll and ascorbic acid Agrawal, 2003; Tiwari et al., 2005;
Rai et al., 2007; Singh et al., 2009;
Singh and Agrawal, 2009, 2010;
Sarkar and Agrawal. 2010
Lahore, Pakistan 1-16 18-43 Reduced nutritional quality (reduced starch but Wahid, 2006
(31.5_74) not vitamin E and proteins)
Rice Faisalabad, 1-8 29-37 Decreased transpiration rate (10-20%), stomatal Wahid et al., 2011
Pakistan conductance (12-23%), net photosynthetic rate
(31 72.5) (9-22%) and photosynthetic efficiency (6-12%)
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Table 2-8: Continued.

Pulses
Soybean India 0.1-4

Mungbean  Allahabad, India -
(25.8 81.5)

Varanasi, India -

32

50-73

reduced growth, biomass accumulation and
allocation

Reduced stomatal conductance and reduced
chlorophyll content

Agrawal et al., 2005

Agrawal et al., 2003

Tubers

Potato Jalandhar, India 2-4
(31_75.5)

leaf spots were similar to the ozone stipple of
potato reported in the U.S.A

Bambawale, 1986, 1989
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These comparisons show that for locations where crops have been studied reasonably
comprehensively the modelled estimates from this study are within the range of yield

losses found in the experimental studies.

It should be noted that in the current study the RYLs are calculated as a percentage of
the potential yield under conditions of no Os pollution (based on regressions of
experimental data used to define the ER functions) while the RYLs from the
experimental studies are given i) as a percentage of crop yield in an unpolluted location
(i.e. transect study; Agrawal et al., 2003; Ambhast and Agrawal, 2003), ii) as a
percentage of yield of EDU treated crops (Tiwari et al., 2005; Singh et al., 2009; Singh
and Agrawal, 2009, 2010) or iii) as a percentage of yield of crops in filtered air (OTC;
Wahid, 2006; Rai et al., 2007; Sarkar and Agrawal. 2010; Wahid et al., 2011). Hence,
the control plant used to calculate the RYLs may not have experienced the same level of

pollutant free conditions (Emberson et al., 2009).

The experimental studies are also conducted in different years to the modelled 2000
year estimates. Studies have reported inter-annual variations in O3 to be as high as 10
ppb (Carmichael et al., 2003; Tildbald and Das (2006) cf., from Engardt, 2008).
Therefore, inter-annual differences in yield losses could be due to differences in Os
concentrations which are also likely to bring differences in meteorological conditions
such as temperature, humidity, etc. which may affect crop sensitivity to Os.

Further, there can be substantial variations in yield losses even within a few kms of a
single study site, for example Agrawal et al. (2003) showed differences in RYLs at
different sites in Varanasi. Yield losses of 0.5 %, 17 % and 25 % were found for wheat
crops at three different locations only a few kms apart with 4 hours mean Oj
concentrations of 29, 34 and 47 ppb v respectively. The MATCH grids encompass an
area of approximately 50 x 50 km which will have substantial sub-grid variation in O3
concentrations; hence the RYLs for each grid represent average values whilst the values
from experimental studies are local values for particular conditions. As a result of all
these considerations it is expected that there will be some differences in RYLs between

the model and experimental studies.
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Comparison with other model based Oj risk assessments

Although modelling based O; risk assessments have already been performed for India
these have been performed as part of global modelling efforts (Van Dingenen et al.,
2009; Avnery et al., 2011a); this is the first study that has performed Ojs risk
assessments specifically for SA or countries within SA. Comparisons of the results of
this SA study with these other global modelling studies show that all identify O3 as a
substantial threat to yields of important staple crops grown in the region; they also
found that different O3 indices gave rather different estimates of RYLs. In spite of these
similarities in the results, Table 2-9 shows that the absolute values of RYL and CPL
estimates in this study were significantly lower than those estimated by Van Dingenen
et al. (2009) and Avnery et al. (2011a) with the exception of the RYL predicted for rice
which has the same maximum RYL value of 8 % as predicted by Van Dingenen et al.
(2009).

Table 2-9: Comparison of RYL estimates derived in this study with others based on the
application of similar regional O3 risk assessments. The range of RYL represents the
range in RYL values derived from applying different metrics of Oz exposure and

associated ER functions.

Region Crop Current Avnery et al., Van Dingenen
study 2011a et al., 2009
RYL
India Wheat 0.6-11.5 9-30 13-28
Rice 1.1-7.7 - 6-8
Soybean 0.1-4 3-13 5-19
SA Wheat 3-10.6 8-27 -
Rice 1-7.4 - -
Soybean 0.1-4 3-13 -
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The global O3 risk assessments have used similar methods to those used in this SA
study; i.e., they use data derived from O3 photochemistry transport models to define O3
exposure indices which can be used in conjunction with appropriate ER functions and
information describing crop growth periods and crop distribution to estimate yield
losses. These yield losses can then be translated into CPL and EL estimates using crop
production and price statistics respectively. However, the global studies differ in the
modelling tools and input data they have used; different O3 photochemical transport
models have been used to estimate Os concentration fields and, perhaps most
importantly, the spatial resolution of the O3 concentration and crop data are different;
this SA study having a much finer spatial resolution. The implications of these
differences are discussed in the following sections.

2.4.2 O3 concentration data

To estimate Oz concentration fields across SA, the current study uses the MATCH
model (Engardt, 2008).while the other global modelling studies have used the TM5
(global geochemistry Transport Model) model (Van Dingenen et al., 2009) and the
MOZART-2 (Model of Ozone and Related Chemical Tracers, version 2) model (Avnery
et al., 2011a). The main characteristics of the 3 different models are described below
along with a description of the emissions data, the resolution (both spatial and vertical
and the O3 dry deposition schemes used by the models. These are discussed in relation
to the likelihood that they may have caused differences in surface O3 concentrations and
hence the lower RYLs found in this SA study.
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2.4.2.1 Description of MATCH, MOZART-2 and TM5

Table 2-10 gives an overview of the MATCH, TM5 and MOZART-2 photochemical
models which are described briefly below.

MOZART-2

The MOZART-2 model is a global chemical transport model (CTM) designed to
simulate the distribution of tropospheric O3 and its precursors (Horowitz et al, 2003).
The model used in Avnery et al. (2011a) has been driven with meteorological inputs
(every three hours) using the MACCM3 (National Center for Atmospheric Research
Community Climate Model), (Kiehl et al., 1998). MOZART-2 has a horizontal
resolution of 2.8° x 2.8° with 34 vertical hybrid levels extending up to 4 hPa
(corresponding to an altitude of ~40 km), with a time step of 20 minutes for all the

chemistry and transport processes (Horrowitz et al., 2003).

The dry deposition scheme used in MOZART-2 is calculated off-line using a
resistance-in-series scheme (Wesley, 1989; Hess et al., 2000). The calculation is
perfromed on a 1° x 1° grid and then averaged to the model resolution taking into

account the different vegetation types within each grid cell (Horrowitz et al., 2003).

Avnery et al. (2009) uses a global emission inventory, Emissions Database for Global
Atmospheric Research (EDGAR 2.0; Oliver et al., 1999, 2002). The EDGAR emission
inventories are based on global datasets and the calculations are representative for the
year 1990 scaled to year 2000 by a ratio of 2000:1990 emission scenarios as specified
by IPCC SRES under B1 and A2 scenarios (Avnery et al., 2011).

TMS

The Tracer Model 5 (TM5) is an off-line global chemistry transport model which

operates with meteorology from ECWMF. It has 25 vertical layers and 37 chemical
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species and includes coupled gas-phase chemistry and bulk aerosol chemistry (Krol et
al., 2005). TM5 has a resolution of 1° x 1°. The O3 concentration from a reference
height of 30 meters to the plant canopy height of 1 meter was calculated using a
simplified version of the DO3SE dry deposition model (described in Chapter 3) based
on Tuivonen et al. (2007).

Van Dingenen et al., 2009 uses a global emission inventory developed by the
International Institute for Applied System Analysis (IIASA) available at

http://www.iiasa.ac.at/rains/global_emiss/global_emiss.html (Dentenenr et al., 2005).

The global totals from this inventory were distributed spatially using the Emissions
Database for Global Atmospheric Research (EDGAR 3.2; Oliver and Berdowski, 2001).
The EDGAR emission inventories are based on global datasets and the calculations are
representative for the year 1995; with NMVOC emissions being estimated assuming

they follow the same trend as CO emissions (Dentener et al., 2005).

MATCH

MATCH 4.4 is a regional Eulerian off-line model and in this study, it simulated hourly
O3 concentrations at a 0.5° x 0.5° horizontal resolution. It has a vertical resolution of 30
layers with 10 layers in the lowest 1 km. The MATCH model operates on a gas phase
chemical scheme based on Simpson et al. (1993) with 60 chemical species and 130
thermal and photochemical reactions. Since MATCH is a regional model, the O3
boundaries have to be taken from global simulations, the TM5 model was used to
provide these boundaries for the year 2000 (Dentener et al., 2006; Stevenson et al.,
2006). MATCH, uses an Asian emission inventory (TRACE-P; Streets et al., 2003;
Carmichael et al., 2007) which has a database for the year 2000. The O3 concentration
at the plant canopy height of 1 meter was calculated using a surface resistance dry

deposition scheme (Wesley, 1989).
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Table 2-10: overview of the atmospheric chemistry models used in this study and in other studies that have estimated Os risk to crops in SA.

Model Resolution Emission Tropospheric  Os deposition Underlying References
inventory  chemistry scheme meteorology
Latitude x Vertical (year)
Longitude y
MATCH 4.4 0.5°x0.5° 30 levels; 10 layers in the TRACE-P  ~60 chemical Dry depositionis  ECWMF Current study
(Engardt lowest 1 km (2000) species and based on a ERA40 and Engardt,
’ ~130 thermal resistance-in-series reanalysis 2008
2008) (Streets et
al., 2003) and _ scheme (Wesley,  (Upallaetal.,
’ photochemical ~ 1989) and used 2005)
reactions dry dgposmon Original
velocity from ERAZ0
Anderson et al. resolution
(2007) ~120 km
O3 calculated from interpolated to
10 meterto 1 0.5° x 0.5° grid
meter
MOZART-2 2.8°x2.8° 34 levels extending up to EDGAR 63 chemical Dry depositionis  MACCM3 Avnery et al.,
. approximately 40 km 2.0 1990 species and 167 based on a (Kiehl et al., 201laand b
(Horrowitz T i . . .
et al., 2003) emissions chemical ar_1d resistance-in-series 1998)
’ scaled to photochemical ~ scheme (Wesley,
2000 using  reactions 1989; Hess et al.,
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Table 2-10: Continued.

IPCC SRES 2000)
scenarios
(Olivier et
al., 1996)
TM5 (JRC) 25 levels; Lowest layer, 50m; IIASA 37 species A resitance ECWMF Van Dingenen
(Krol et al. 5 layers represent tr_]e (Dentener shcem_e_dry et al., 2009
2005) ’ boundary layer, 10 in the free et aI_., 2005) deposition schem
troposphere, and the spatially based on the
remaining 10 layers the distributed DO3SE model
stratosphere using (Tuovinen et al.,
EDGAR 2007)
3.2,1995 O3 calculated from
(Olivier and 30 meter to 1
Berdowski, meter
2001)
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Emissions data

To investigate whether the differences in RYLs were due to the differences in emission
inventories, the emission inventory used in the current study was compared with that
used in Van Dingenen et al. (2009) and Avnery et al. (2011). The comparisons of
emission values for CO, NOx, NMVOC and CH,4 were made for India and are shown in
Figure 2-19. The 2000 TRACE-P emissions used in the current study are similar to the
EDGAR 2.0 emissions scaled for 2000 used by Avnery et al. (2011); however, there are
substantial differences in the CO, NMVOC and CH,4 emissions of the 1995 EDGAR 3.2
emission used by Van Dingenen et al. (2009). This comparison would suggest that the
lower RYLs found in the current SA study are not due to differences in the emission
inventory used by MATCH.

70

40 -

30 -

Emission (Tg)

20 +

CO NOx NMVOC CH4

Current study ®Van Dingenen et al.,, 2009 m Avnery et al., 2011

Figure 2-19: Total O3 precursors emissions in the year 2000 that were used in this SA
study (TRACE-P), Van Dingenen et al. (2009) (EDGAR 3.2) and Avnery et al. (2011)
(EDGAR 2.0).

Photochemical model resolution

Studies have shown that when all model parameters are equal, higher resolution models

tend to simulate less O3 formation from the same levels of precursors emissions due to
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the lower levels of forced mixing generated when emissions are added to large grid
boxes (Esler, 2003; Stevenson et al., 2006). Therefore, lower resolution models can be
expected to be inherently more mixed and hence more chemically active than the higher
resolution models (Stevenson et al., 2006). Of the three photochemical models the
MATCH model has the finest spatial resolution (0.5° x 0.5°) and also has a high vertical
resolution (30 levels), albeit less than MOZART-2 which has 34 vertical levels. Taken
together, this might suggest that the MATCH model would predict lower O3
concentrations than either MOZART-2 or TM5.

Dry deposition

The MATCH model outputs O3 concentrations at a height of 10 m above the surface,
these are transformed to 1 m heights using an O3 dry deposition model which follows
the resistance scheme of Wesely (1989). Similarly, the TM5 model outputs O3
concentrations at 30 m above the surface and uses a simplified version of the DO3SE
model to transform these to 1 m height concentrations. Avnery et al. (2011) do not
mention the height at which O3 concentrations are output by MOZART-2; the model
also uses the Wesley (1989) dry deposition scheme but there is no mention of
transforming the O3 concentrations to heights above the ground surface representative
of the canopy. Since Oz concentrations increases with height this could lead to an
overestimation of canopy height O3 concentrations if the values are not converted. Since
the dry deposition schemes are largely similar between the 3 models, following either
the Wesley (1989) or DO3SE resistance schemes, it is unlikely that this would cause
much variation in the surface Oz concentrations. However, though the manner in which
surface, and particularly stomatal, resistance is dealt with may cause some variation; the
Wesely (1989) scheme defines minimal stomatal resistances for different seasons and
land use classes and modifies these resistances as a function of temperature and
radiation. The modified DO3SE dry deposition scheme used by Van Dingenen et al.,
2009 defines a constant minimum stomatal resistance for the entire season; this may
overestimate Oz deposition reducing surface Oz concentrations. The underlying land
cover which determines the extent of dry deposition may also affect O3 concentrations

though not enough information is documented in either Avnery et al., 2011 or Van
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Dingenen et al., 2009, or their associated references to assess the effect of land cover.
As such, it is not possible to be certain the effect of these different dry deposition
modelling methods on surface O3 concentrations and hence RYL estimates of the

different model studies.

In summary, these comparisons of the different aspects of the photochemical models
would tend to suggest that the lower RYLs found in this SA study may have been most
likely due to the higher resolution of the MATCH model since the emission inventories
and dry deposition schemes are comparable across models. To assess which of the
models seems most capable of estimating surface O3 concentrations across SA requires
evaluation of model against observed data; results of such evaluations for all 3
photochemical models are presented in the following section.

2.4.2.2 Comparison of modelled estimates with monitored O3 data

All photochemical models (MATCH, TM5 and MOZRT-2) provide an indication of
how well the modelled O3 concentrations compare with observations. Figure 2-20
shows the comparisons of the TM5 and MOZART-2 models. Van Dingenen et al. (2009)
compared the TM5 modelled monthly O3 concentrations at 30 and 10 height with
observed O; data for South India (Ahammed et al., 2006; Beig et al., 2007) and North
India (Lal et al., 2000; Satsangi et al., 2004; Jain et al., 2005). Avnery et al., (2011) also
compared the MOZART-2 modelled monthly O3 concentrations with the observed Oj
data for North India (Mittal et al., 2007; Ghude, 2008) as well as South India (Naja and
Lal, 2002; Naja et al., 2003; Debaje et al., 2003; Ahammed et al., 2006; Beig et al.,
2000; Mittal et al., 2007; Debaje et al., 2010) but do not state the height at which the O3

data are provided by the model.

Both the studies show the seasonal O3 profile is captured reasonably well but that O3
concentrations are overestimated, especially in Northern India (Figure 2-20). For
example, Avnery et al., (2011) reported that the O3 concentrations simulated by
MOZART-2 in northern India were significantly overestimated by ~10-18 % throughout
the year. The greater overestimates in North India may be due to the use of urban Os

data for these comparisons since observed urban O3 concentrations will tend to be lower
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than concentrations in rural areas. Overestimates of modelled O3 would be expected for
the Van Dingenen et al. (2009) comparisons since modelled data are provided at a
height of 30 meter and 10 meters; it should also be remembered that the O3 indices in
the Van Dingenen et al., (2009) study are estimated from O3 concentrations transformed

to a 1 m height which would lessen the overestimate.
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Figure 2-20: Comparisons of annual monthly mean, surface O3 concentrations for North
India and South India. Comparison are made by (a) Van Dingenen et al., (2009) for
TM5 modelled O3z concentrations and data collected from the published literatures
(details in text) and (b) Avnery et al. (2011) for MOZART-2 modelled O;
concentrations and data collected from the published literature (details in text). The dot
with error bars indicate observed data while the lines indicated the modelled values. In
(@), the solid line indicates the modelled O3 at 30 meter height while the dotted line

indicates O3 at 10 meters.
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Engardt (2008) performed an evaluation of the MATCH model with observations of O3
data collected from 9 rural sites of which 6 were located in Northern SA and 3 in South
India. This assessment showed that the MATCH model was able to capture the
seasonality in Oz concentration across SA reasonably well but that the model had a

tendency to underestimate the day-time O3 concentrations (< 10%) in rural locations.

As an addition to Engardts (2008) comparison, this study has compared MATCH model
data with additional observations of annual O3 concentration profiles collected from
more recent literature (Beig et al., 2007; Ahammed et al, 2006; Debaje and Kakade,
2009; Debaje et al., 2010); the results are shown in Figure 2-21 and again indicate that
MATCH describes the seasonality in surface O3z reasonably well. Taken together the
evaluation data in Figure 2-21 and Engardt (2008) suggest that in winter (January to
March), coinciding with the wheat and potato growth period, MATCH gives a good
representation of observed Oz values. However, during June to September, coinciding
with rice and soybean growing season, MATCH tends to overestimate observed Oj;
values. During this period all of the photochemical models have a tendency to
overestimate Os concentrations, Engardt (2008) attributed this over estimation to
erroneously specified seasonality of precursor emission or the limited seasonality of the
boundary values in the experimental set-up; these problems may well be exacerbated by
the monsoon affecting estimates of precursor emissions and photo-chemistry in the
models (Beig et al., 2006). There are also obvious inter-annual differences in the O3
concentrations, e.g., in Ahmednagar (Debaje et al., 2010), the O3 concentration values
and pattern for 2006 is different from that of 2007 (Figure 2-21). Engardt (2008)
reported that in some months the inter-annual difference between the monthly Os;
concentrations may be as large as 10 ppb. This is useful as a reminder that these
evaluation data can only provide an indication of the model performance for any

particular year (i.e. the year 2000 that is used in these modelling studies).
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Figure 2-21: Comparisons of annual monthly mean, surface O3 concentrations for three
different rural locations in SA. Comparisons are made between MATCH modelled O3
concentrations and data collected from the published literature (Ahammed et al., 2006;
Beig et al., 2007; Debaje and Kakade, 2009 and Debaje et al., 2010). Error bars are

standard deviation values and are added wherever data was available.

While there are uncertainties in these evaluations, mainly due to the limited availability
of observed O3 data from which to validate and improve model performance, the
MATCH model has been more extensively assessed for rural SA conditions than the
global O3 photochemical models. These evaluations have tended to show that the
MATCH model generally provides a more realistic estimate of absolute Ogj
concentrations than either TM5 or MOZART-2, especially in Northern India, though the
height at which the modelled Os is provided, at least for TM5, may in part explain these
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differences. The apparent overestimate of Oz in Northern India may be especially
important in terms of the RYLs since the majority of wheat and rice cultivation occurs
in these areas, therefore over estimation of O3 will magnify losses in this region.

2.4.3  Crop phenology data

The crop phenology used in this study is based on data from national databases that
provide details of crop sowing and harvest dates for different regions in India and SA.
The phenology used in this study show good agreement with data describing the timing
of crop growing seasons available in the peer reviewed literature (Rane et al., 2007;
Mitra and Bhatia, 2008). The global modelling studies conducted by both VVan Dingenen
et al. (2009) and Avnery et al. (2011a) used crop phenology data for India given by
USDA (1994) and hence are likely to exclude within region variations in crop
phenology that will be important in determining the exact O3 concentrations to which

crops are exposed.

2.4.4  Crop distribution and production data

Although much of the SA’s land is under crop cultivation, there is variation across the
region in the types of crops grown and the season within which the crops are grown.
Therefore, assessments that are performed using a finer resolution of crop distribution
and production data in conjunction with a finer resolution O3 concentration data should
be able to accommodate the local scale variations in these variables hence improving
estimates of O3 risk. The data used in this SA study are likely to be more suited to
represent Indian conditions as district and province level crop data are provided for
most of the SA region (i.e., India and Pakistan). By comparison the global modelling
studies of Avnery et al. (2011) and Van Dingenen et al. (2009) relied on integration of

data at a broader resolution defined by the grid used by the photochemical models.

In summary, it is likely that the finer resolution used in the current SA study in terms of

emissions data, photochemical model characteristics, crop distribution and production
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data are likely to capture local variations across SA better. This means that systematic
bias in any one aspect of the model is less likely to be magnified; the higher Os
concentrations in Northern India reported by the global modelling studies may have
provided such a systematic bias that could in part be responsible for the higher RYLs

found in these studies.

2.4.5 Crop RYLs and ER functions

This section highlights important aspects of the different Oz indices and their associated
ER functions that influence estimates of O3 induced RYLs in relative terms within and

between crops.

Crop growth period and crop location determinants of O3 sensitivity

RYL estimates will be a function of the O3 concentration, characterized in terms of the
particular index, to which the crop is exposed. Since Oz concentrations show strong
seasonality across SA, the timing of the crop growth periods will be important in
determining the magnitude of O3 exposures. Similarly, since Oz concentrations also
show large spatial variability across SA, the location of the crop will also be important

in determining O3 exposure.

The wheat and potato growing periods occur during the winter season which coincides
with the time of the year when the monthly average O3 concentrations are relatively
high. In contrast, rice and soybean grow during the monsoon season when the monthly
average Oz concentrations are relatively low (Figure 1-12). Potato and wheat are both
winter crops in SA but the potato crop harvest occurs earlier than wheat and hence the
3-month period when the O3z exposure indices are calculated for potato has a lower O3
exposure than that of wheat; this helps to explain why, in general, potato shows less
sensitivity to O3 compared to wheat. Similarly, in this study, with the exception of
Pakistan, wheat was more sensitive than rice because the Oz concentrations are lower

during the rice growing season (Figure 1-12).
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The location of the crop will also determine the O3 levels to which the crop is exposed.
The soybean RYLs are not as high as might have been expected given the sensitivity of
the crop as described by the ER functions. This is due to the low O3 concentrations
(average M7 values of only 20-30 ppb) found across the soybean growing regions
leading to low RYLs. For example, even though the growing seasons of rice and
soybean are similar so that they would be exposed to the same seasonal profile, the
geographical distribution of the main soybean cropping region is Madhya Pradesh
which is in the central part of India where O3 concentrations are much lower at the same

time of year than across the main rice growing region in the IGP.

Therefore, the differences in RYL values between the crops are in part attributable to
the differences in the timing of the different crop growing season and the spatial
location of the crop. Van Dingenen et al., (2009) also commented that the sensitivity of
the ER function could be due to the differences in the statistical methods used in their
derivation caused by differences in the O3 profiles (frequency and magnitude of Os
concentrations). Therefore, the timing of the growth period and geographical location of
the experimental studies from which the ERs were derived may also affect the

sensitivity of the ER function. This will be explored further in the following sections.

ER function determinants of O3 sensitivity

The current SA study found significant differences in the estimates of O3 induced yield
losses using the different O3 exposure indices, a finding that has also been emphasized
in the global studies (Van Dingenen et al., 2009; Avnery et al., 2011a). Figure 2-22
exemplifies this and shows this SA study estimates of RYLs for wheat, rice and soybean
using M7 (M12 for soybean), W126 and SUMOG6 indices (as available) plotted against
estimates made using AOT40. Each data point in the scatter plots represents the values
for a single MATCH grid. Figure 2-22 clearly shows that for wheat, rice and soybean,
AOT40 gives significantly higher RYLs as compared to M7, W126 and SUMO6.
RYLwm7 is always lower whereas RYLwizs and RYLsymos Values are higher than
RYLaoTt40 at higher concentration. The largest differences are found between wheat
RY Laot40 and RY L7 where the difference is about 90%. In rice due to the AOT40 ER

intercept at 0.94, the RY LaoT40 Shows yield loss > 6% even when there is no RY Lyy.
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For potato, no averaging (M7/M12) ER function exists; comparison between RY LaoT40
and the other cumulative indices (W126 and SUMO06) showed AOT40 generally

estimated lower yield losses.

80

100

100

10 20 30 40

RY LAOT40 (%)

50

10 20 30

RYLAOT40 (%)

40

50

0

Wheat Wheat Wheat o .
L ] .' v
60 75 2 75 | .
g o e ~ T
< < o 8 o
=40 - S50 | Seo 50 P
= © ] u 14 °
) & o - 5K ¥
> g s > 'y
% 3 o
20 > 25 4 25 -
x S oF
L]
. o
0 S LRl 0 : : : 0| : : :
0 20 40 60 80 0 25 50 75 100 0 25 50 75 100
RYLaota0 (%) RYL o140 (%) RYL po140 (%)
20 - 50 50
Rice Potato Potato °
40 40
15 - . .
< =30 1 ° = 30 .
S’Elo 1 9\_/ 9> ]
3 9n | N © o
- 20 s % 20 4
% s ; P
/ - 0 " o«
0 ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ 0 - - - -
0 5 10 15 20 0 10 20 30 40 50 0 10 20 30 40 50
RYLAOT4O (%) RYLAOTAO (%) RYLAOT4() (%)
50 50 50
Soybean Soybean Soybean
40 40 40
30 30 g
— 1 —~ ~ 30
520 < €20 . 320 p
0 e 3 =
4 > X} o®
10 10 10 -
o . » &
0 ¥ 0 0 4

10 20 30 40

RY LAOT40 (%)

50

Figure 2-22: RYLs estimated for wheat, rice and soybean using M7 (M12 for soybean),
W126 and SUMOG6 indices (as available) plotted against estimates made using AOT40
for each MATCH grid.

These differences can in part be explained as follows. The cumulative indices will
emphasise the higher O3 concentrations and therefore may be more appropriate for
regions where the Oz concentration profile is represented by high frequencies of
elevated O3 concentrations that exceed the selected threshold. In contrast, the averaging

indices may be better suited for locations that suffer more moderate levels of O3
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pollution with less variability in the range of concentrations experienced. The
cumulative indices will ignore the lower levels of O3 concentration which are captured
by averaging indices (i.e., M7 and M12). The importance of these different O3 profiles
and the effect of the O3 exposure index and ER function used to estimate RYL are
especially apparent for soybean. In SA, soybean tends to grow in regions where there
are low Oj concentrations during the growing season. In soybean, RYLwmi, is
significantly higher than the RYL calculated using cumulative indices (Figure 2-23).
This is because M12 shows O3 impacts from average O3 values of above 20 ppb, i.e.
well below the 40 ppb threshold used in the AOT40 index. This M12 index therefore
suggests that soybean is more sensitive to long term exposure to moderate
concentrations of O3 than frequent exposure to high O3 levels which are best captured
by cumulative index (Wang and Mauzerall, 2004; Betzelberger et al., 2010). In contrast,
wheat seems to be more sensitive to frequent exposure to high Oz levels (Avnery et al.,
2011a).

The sensitivity of the four crops to each of the exposure indices is given in Figure 2-23.
Wheat is the most sensitive crop in terms of AOT40, SUMO06 and W126. However, in
terms of the seasonally averaged indices (M7 and M12), soybean is the most sensitive
crop. In terms of the AOT40 index, soybean is the second most sensitive crop to wheat.
This highlights one important limitation to performing Os risk assessments, namely that
the ranking of crop sensitivity to O3 is not consistent between indices and their
associated ER functions; this causes a fundamental difficulty in drawing firm
conclusions as to which crops in which areas are most likely to be at risk from

prevailing Oz concentrations.
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Figure 2-23: Oz exposure response indices for wheat, rice, potato and soybean.

An additional issue in terms of application of these ER functions is that the intercepts of
the AOT40 functions derived from Mills et al. (2007) are different from 1 (0.99, 0.94,
0.99 and 1.02 for wheat, rice, potato and soybean respectively) such that the relative
yield (RY) can be greater than 1 at low O3 concentrations or less than 1 even when
AOT40 values are zero (Figure 2-23 which shows values as percentage yield losses).
This can be explained by the fact that these functions were derived based on
recalculation of O3z exposure data provided as M7/M12 to AOT40. This means, for
example, that any yield loss occurring at M7/M12 averaging values of less than 40 ppb
can only be captured by assuming that a yield loss will occur at AOT40 values equal to
zero and vice versa. To avoid the estimation of yield increases in this study a maximum
value of 1 for RY was established; however, yield losses at zero AOT40 are allowed to
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occur. The uncertainty due to this is particularly significant for rice where the intercept
at 0.94 means that 6% yield loss will occur at zero AOT40 values. Van Dingenen et al.
(2009) overcame this intercept issue by scaling the Mills et al. (2007) AOT40 ER
functions so that all intercepts were at relative yield of 1; since this may come with its
own set of uncertainties (for example, rice yield losses at AOT40 values higher than
zero would be underestimated) this study has used the original function provided by
Mills et al. (2007).

In summary it is clear that there are large uncertainties in the RYL estimates provided
by application of the different ER functions. Adding to this uncertainty is the suggestion
that SA crops and cultivars may be more sensitive to O3 than suggested by the North
American M7 / M12 averaging ER functions (Emberson et al., 2009). Recent
experimental studies conducted in Asia also suggest even higher sensitivity to O3 in the
modern Asian wheat cultivars (Biswas et al., 2008a; Sarkar and Aggrawal, 2010) and
hybrid rice (Shi et al., 2009). There is also a need to assess varietal differences in
sensitivity to O3 of the same crop species. Variability in cultivar sensitivity to O3 has
been found previously for wheat (Barnes et al., 1990; Heagle et al., 2000; Quarrie et al.,
2007; Biswas et al., 2008a, b) and rice (Ariyaphanphitak et al., 2005). Ariyaphanphitak
et al. (2005) found that the variation of the sensitivity of different Thai rice cultivars to
O3 exposures in closed top chamber experiments was as high as 56%. Quarrie et al.
(2007) reported that these differences in O3 sensitivity are genetically linked and that
the differences in genetic traits that govern the O3 sensitivity between the cultivars
cause the variations in yield losses due to Oz exposure. The AOT40 is sensitive to
changes and uncertainties in input values (Van Dingenen et al., 2009) and this makes it
less robust. M7 is most robust for replication observed O3 exposure values (Avnery et
al., 2011). As such, ideally ER functions would be developed for Indian cultivars

growing under Indian conditions (Emberson et al., 2009).

2.5 Conclusions

This study is the first to evaluate O3 damage to crops specifically for the SA region
using fine resolution datasets. The estimates of RYL are within the range of yield losses

derived from ambient O3 concentration experiments conducted across SA. However, the
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RYLs are substantially lower than those estimated by global modelling studies; this may
be due to differences in the modelling tools and input data but is perhaps more likely
due to the application of the model using finer resolution data both in terms of Oj
concentrations and crop distribution and production data. All studies (this SA study and
the global studies) have identified problems in applying the concentration based indices
due to inconsistencies in inferred crop sensitivity to Os. This is likely due to the
interpretation by different indices of the most important aspect of the O3 concetration
profile in determining O3 sensitivity. One option to overcome such inconsistencies may
be to use flux rather than concentration based indices (Ashmore, 2005) since these
integrate O3 concentrations, prevailing meteorological conditions and crop specific
characteristics into a single exposure index. The plausibility of such an approach is

investigated further in Chapter 3.
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Chapter 3 Stomatal O; flux based risk assessment in India

3.1 Introduction

In Chapter 2, the application of concentration-based Oz risk assessment methods
showed that Ogs is a potential threat to important crops grown across many parts of SA,
especially in the important crop growing region of the IGP. These findings are in
agreement with previous studies of Os risk assessments using concentration-based
methods (Van Dingenen et al., 2009; Avnery et al., 2011a) as well as experimental field
studies that show crop yield loss due to ambient O3 (Tiwari et al., 2006; Sarkar and
Agrawal, 2010; Singh and Agrawal, 2010).

However, a study that collated SA concentration-based ER data (Emberson et al., 2009)
suggested that the SA crop cultivars and the SA crop growing conditions show a
heightened sensitivity to O3 than is suggested by ER functions for wheat, rice and
legumes derived in North America (Heck et al., 1988) and Europe (Jager et al., 1992).
This was thought either to be due to the differences in sensitivity in SA crop cultivars,
due to differences in Os concentration profile experienced in SA, or due to the
differences in cropping pattern and crop growing conditions influenced by the
meteorological conditions that occur in SA (Emberson et al., 2009).

Studies have shown that O; damage to crops is more closely related to stomatal O
uptake and the amount of O3 reaching the sites of damage within the leaf (Pleijel et al.,
2000, 2007; Emberson et al., 2000; Fowler et al., 2009; Mills et al., 2011). Therefore,
quantifying the stomatal O3 flux (Fs) is important for understanding O3 impacts on
plants (Pleijel et al., 2004; Fuhrer, 2009; Fares et al., 2010). This is supported by
experimental (Grunhage and Jager, 2003; Gerosa et al., 2009) as well as modelling
(Massman, 2004; Pleijel et al., 2004, 2007) studies both of which suggest that the O3
flux approach gives a more ‘biologically relevant’ and robust approach to quantifying
O3 effects on crops than Oz exposure indices purely based on O3 concentrations. For
example, studies have shown that modelled cumulative O3 uptake gives a better fit to
effects data than O3 concentration in both crop (Pleijel et al., 2000, 2007; Fiscus et al.,
2005; Mills et al., 2010) and forest tree species (Udling et al., 2004; Karlsson et al.,
2007a). This is explained by the fact that the periods of high Fg do not necessarily
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coincide with periods of high external O3 concentration (Grunhage et al., 1997). Pleijel
et al., (2007) showed that the r* value for the relationship between relative yield of
wheat and different exposure indices was 0.41 when using AOT40 and 0.77 when using
cumulative O3 uptake above a threshold of 5 nmol O3 m™? PLA s, indicating that the
flux-based approach represents a better and more relevant approach for quantification of

O effects on crop yield.

Importantly, the use of flux also allows aspects related to crop physiology (and therefore
crop varietal differences), phenology and meteorology to be incorporated into the risk
assessment; all of which are aspects that might have been responsible for the differential

sensitivity of SA vs European /North American ERs.

Since Os flux is strongly dependent on stomatal conductance (gstw), the factors that effect
gsto Will also influence O3 impacts on crops (Fiscus et al., 2005). These factors include
CO; (Morgan et al., 2003; Booker et al., 2005; McKee et al., 1995), a number of
meteorological factors such as, temperature, humidity, irradiance, etc., (Collatz et al.,
1991; Wilkinson et al., 2001; Gruters et al., 1995; Bunce, 2000; Pleijel et al., 2007) and
other pollutants that the crops may be exposed to during the different phases of their
development as well as the crop physiology, phenology and the management (e.g.
irrigation schedule) and growth conditions of the crop (Fiscus et al., 2005; Fuhrer et al.,
1997). Therefore, to understand the stomatal O3 flux (Fs) into the plants, it is essential

to understand the variation of g, according to the influencing factors mentioned above.

Although O3 may cause damage on the surface of the plant (e.g. changing the chemical
composition of waxes (Barnes et al., 1988), the main site of damage by O3 occurs inside
the plant (Fowler et al., 2009). Plants have a defence mechanism by which they are able
to detoxify a certain amount of O3 that enters the plant through the stomates; once this
detoxification capacity is exceeded plant damage would be expected to occur
(Musselman and Massman, 1998). This detoxifying capacity of the plant is
species-specific and has also been found to depend upon the age of the plant, the age of
the leaf and water stress (Musselman and Massman, 1998). Once inside the plant, O3
reacts to form reactive oxygen species (ROS) (Fiscus et al., 2005). Plants also produce
ROS in response to a cultivar of other stresses (e.g. heat and water stress); therefore

they have evolved defence mechanisms that use a cultivar of different enzymes to
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detoxify these ROSs and hence will have an innate capacity to deal with high Fs.
Studies have reported an increase in the activity of certain enzymes following exposure
to Oz thereby identifying them as being particularly important in O3 detoxification;
these include ascorbate peroxidase (Ranieri et al., 1996), gluthathione reductase ( Pell et
al., 1999), peroxidase (Ranieri et al., 2000) and superoxide-dismutase (Calatayud and
Barreno, 2004).

Stomatal O3 uptake is not the only mechanism by which O is deposited to vegetation;
non-stomatal O3 deposition also takes place with O3 loss to external plant surfaces and
the soil surface, as well as through within canopy chemical reactions. Non-stomatal
deposition tends to be the smaller component of total deposition though the relative
magnitude of these different deposition pathways will vary seasonally depending upon
the physiological activity of the vegetation (Pleijel et al., 2004; Tuovinen et al., 2009;
Fuhrer, 2009; Bender and Weigel, 2011). For example, some studies have reported that
non-stomatal O3 removal often exceeds stomatal O3 removal, especially when the plant
surface is wet (e.g. Fowler et al., 2009). These studies that have highlighted the
importance of considering O3 absorption to the plant cuticle and soil surfaces (Fowler et
al., 2001; Gerosa et al., 2003; Altimir et al., 2006; Cape et al., 2009; Tuovinen et al.,
2009), indicating that these surfaces serve as important O3 sinks (Emberson et al.,
2000b). The factors that influence the non-stomatal and stomatal Oz deposition to

vegetation surfaces are described in the following sections.

3.2 Factors determining O3 deposition to vegetation

O3 is transferred from the atmosphere to the vegetative surfaces by three main processes:
(i) movement from a height within the atmosphere to top of the canopy is determined by
atmospheric turbulence caused by wind and thermal heating, (ii) movement across the
quasi-laminar leaf boundary layer to the leaf surface is determined by both turbulence
and diffusion, and (iii) movement through the stomata is determined by diffusion and
assumes that O3 concentrations reduce almost to zero within the sub-stomatal cavity
(Laisk et al., 1989). Figure 3-1 gives a diagrammatic representation of the transport of
O3 from the atmosphere to vegetation, highlighting the stomatal and non-stomatal

uptake of Og.
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Figure 3-1: Diagrammatic representation of stomatal and non-stomatal uptake of O3
(Fowler et al., 2009).

3.2.1 Non-stomatal O3 uptake

The non-stomatal deposition of O3 onto the plant surface is influenced by factors such
as surface wetness (Altimir et al., 2006; Coyle et al., 2009), solar irradiance (Hoggs et
al., 2007; Coyle et al., 2009), temperature (Hoggs et al., 2007; Coyle et al., 2009) and
wind speed (Fowler et al., 2009), and this has been reported for different vegetation
types including crops, grasslands and forest trees. The non-stomatal deposition serves as
an important sink and studies have reported that it could account for up to 70% of the
total O3 deposition (Fowler et al., 2001; Altimer et al., 2006; Hoggs et al., 2007; Tuzet
etal., 2011).

O3 is known to react with structures on the leaf surface such as epicuticular waxes; this

can cause altered chemical composition of these waxes (Percy et al., 1992, 2002; Della
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Torre et al., 1998) and can induce regeneration of waxes increasing the amount of
waxes in mature leaves (Percy et al., 1992; Paoletti et al., 2007). Experimental studies
have shown that reaction of O3 with waxes is influenced by temperature, radiation and
surface wetness. The thermal decomposition of O3 on plant surfaces has been reported
in many studies (Fowler et al., 2001; Coyle et al., 2009; Cape et al., 2009). Both
radiation and temperature increases the thermal decomposition of Os, while surface
wetness may reduce thermal decomposition by forming a thin coating of water on the
surface of the leaf. However, the sink capacity of plant surfaces is known to increase
with increases in surface wetness (Altimir et al., 2006). Biogenic volatile organic
compounds (BVOCs) in the air near the plant surfaces can also serve as O3 sinks and the
emission of BVOCs is influenced by temperature, irradiance and humidity (Altimir et
al., 2006).

3.2.2 Stomatal O3 uptake

Stomatal regulation is important in controlling gas influx through the stomates into the
leaf mesophyll; it can also help to exclude O3 from entering the leaf (Fiscus et al., 2005).
As mentioned earlier, the gs;o and hence Fgare influenced by various factors. The most
important gs, influencing factors include temperature (Pleijel et al., 2000; Fowler et al.,
2001), VPD (Pleijel et al., 2000; Zhang et al., 2006), soil moisture and bulk leaf water
potential (Jarvis and Morison, 1981; Feng et al., 2008; Wilkinson and Davies, 2010;
Biswas et al., 2011), irradiance (Gruters et al., 1995; Bunce, 2000), ambient CO,
concentration (Collaz, 1991; McKee et al., 1995; Booker et al., 2005), salinity of the
soil (Katerji et al., 1997: Munns and Tester, 2008), plant species type (Bermejo et al.,
2003; Altimir et al., 2006; Mills et al., 2007) and the developmental stage of the plant
(Soja et al., 2000; Pleijel et al., 2007). These factors either act independently or in
combination with one or more of the other factors. For example, the magnitude of the
stomatal response to temperature depends on the corresponding VPD values (Jones,
1993). These factors are discussed briefly in the following sections. High O3 also affects
the gsto Of plants indirectly by accelerating leaf senescence which may reduce irradiance
interception and thereby reducing food production (Dermody et al., 2008).
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3.2.2.1 Temperature

Osto Usually has an optimum temperature from which it will decrease as the temperature
either reduces or increases. This optimum temperature is species-specific and can also
be influenced by environmental factors like humidity. At high temperatures, the
stomates close in order to prevent excessive water loss due to increased transpiration
(Lange et al., 1971). High temperature also affects the photosynthetic mechanism of the
leaf, thereby decreasing the photosynthetic rate and subsequently reducing the Qs
(Collatz et al., 1991). At very high temperatures this effect can lead to a mid-day
depression of gs,, (Tenhunen et al., 1984). At low temperatures, the uptake of water by
plants through the roots is reduced; the stomates will close in order to maintain the leaf
water potential, (Cornic and Ghashghaie, 1991). This is achieved either by directly
affecting the guard cell osmotic potential (Honor et al., 1995; llan et al., 1995) or
through increase in ABA biosynthesis (Assmann and Shimazaki, 1999; Wilkinson et al.,
2001).

In India, heat stress affects about 13.5 million hectares of wheat under cultivation
reducing the yield (Nagarjan, 2005; Joshi et al., 2007b; Rane et al., 2007). These crops
are subjected to heat stress towards the end of the growing season which happens to be
the grain filling, when the crop is considered most sensitive to O3 (Younglove et al.,
1994). Therefore, under Indian conditions, heat is likely to be a major flux limiting

factor occurring at a time of heightened sensitivity to Os.

3.2.2.2 Vapour Pressure Deficit (VPD)

VPD is a measure of the water status of the atmosphere and is a function of the
temperature and water vapour content of the atmosphere; leaf-to-air VPD is a function
of leaf temperature and internal leaf water status in relation to atmospheric VPD. VPD
plays an important role in influencing the gy, of plants (Lang et al, 1971). With
increasing VPD levels above a threshold gs, Starts to decrease in order to maintain
water potential in the leaf cells, which in turn maintains the photosynthetic capacity of
the mesophyll cells (Jones, 1993; Xu et al., 1994; Gruters et al., 1995; Pleijel et al.,

2007). Once the VPD crosses a certain threshold value (for example a number of studies
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have suggested that for wheat this is > 3 kPa; Gruters et al., 1995; Shirke and Padre,
2004), the stomates closes rapidly. The magnitude of stomatal response to VPD depends
on the species, growing conditions and plant water status. The stomatal response to
VPD is generally smaller at higher temperature (Jones, 1993) and in water stressed
plants (Gruters et al., 1995). On the other hand, at high leaf-to-air VPD, the sensitivity
of gsto to temperature is not very significant but at low leaf-to-air VPD the gy, IS very
responsive and increases as temperature rises (Dai et al., 1992; Fuhrer, 2009). During
the afternoon, the high VPD limits gs,. In the late afternoon, the temperature decreases
which in turn usually causes a decrease in the VPD; this would normally allow the
stomates to open and result in an increase in gs;. However, stomatal re-opening does not
always occur. Re-opening is prevented under conditions when the temperature and VPD
of the afternoon period have been high enough to cause the plant to lose water at a
higher rate than it can replace water by root uptake. This results in a decrease in the
plant water potential (PWP) that prevents the stomates from opening in the late
afternoon. The PWP recovers during the following night when the transpiration is low
such that normal stomatal functioning returns for the following morning period (Pleijel
et al., 2007). Under high predawn leaf water potential (>0.4 MPa), VPD has a higher
effect on the gs, than soil water deficit (Ferreira and Katerji, 1992).

3.2.2.3 Soil water content

The amount of water in the soil is very important for plant growth. Field capacity is the
amount of water that a well-drained soil can hold against gravitational forces (Allen et
al., 1998). This is the water in the soil within the plant root zone that is available to the
plant, as the plant extracts water from the soil the amount of water in the root zone
decreases. As this soil water decreases, the water becomes more strongly bound to the
soil particles and makes it more difficult for the plant to extract water. The plant can
extract water only up to a certain level. This point is known as the ‘permanent wilting
point’. When soil water content is low, it causes the stomates to close and reduces

transpiration in order to maintain plant water status (Jones, 1992).

Soil water deficit is the amount of available water removed from the soil within the

crop’s active rooting depth. Likewise it is the amount of water required to refill the root
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zone to bring the current soil moisture conditions to field capacity. Soil water decreases
as the crop uses water (evapotranspiration) and increases as precipitation (rainfall or
irrigation) is added. Expressed in terms of soil water deficit, evapotranspiration
increases the deficit and precipitation decreases it. It is usually expressed in

132illimetres of water.

3.2.2.4 Irradiance

Irradiance in the form of photosynthetic photon flux density (PPFD) plays a key role in
Osto regulation mainly through its role in determining the rate of photosynthesis and the
internal CO, concentration (Collatz et al., 1991; Bunce, 2000). At low irradiance the
stomates tend to close although there are some studies that suggest low levels of gs
even during night-time (Caird et al., 2007). As irradiance increases the stomata open
before normally reaching a maximum g, at a light saturation point. The light saturation
level is species-specific (e.g., in wheat it occurs at about 400 to 500 pmol m™ s PPFD;
Gruters et al., 1995). The closing response of stomates at low irradiance is more rapid
than the opening response (Jones, 1992). The intensity of irradiance varies diurnally and
seasonally due to the position of the sun in the sky in relation to the horizon (generally
referred to as the zenith angle) and also varies with the geographic location (e.g.
variation in intensity of solar radiation with latitude or altitude) and atmospheric

condition (e.g. cloud cover or atmospheric aerosol).

3.2.2.5 Phenology

Stomatal conductance varies with the age of the plant and the age of the leaf, the
variation in gs phenology within canopies is particularly high in short-lived species
such as annuals and hence many crops. Under optimum conditions, maximum stomatal
conductance (gmax) for a species is observed only for a specific period of time during the
plant growth season (e.g., in wheat during mid anthesis). This is because towards the
start and end of the growing period the leaves are either still developing or have started
to senesce (Jones, 1994; Emberson et al., 2000b; Pleijel et al., 2007).
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3.2.2.6 Carbon dioxide (CO,)

O3 induces stomatal closure and this decreases CO, uptake thereby decreasing
photosynthesis. Studies have shown that higher atmospheric CO, concentrations
protects plants from adverse effects of O3 primarily due to reduced F via reduction of
the gs,o (McKee et al., 2000) but some studies have reported that increased CO, can
protect against Oz injury without substantial reductions in Oz uptake (Heagle et al.,
1993; Mulholland et al., 1997)

3.2.2.7 Salinity

Salinity is known to reduce g, either due to perturbation in the plant water relations or
through production of ABA (Katerji et al., 1997: Munns and Tester, 2008). Salinity is
an important stress in the western parts of India affecting about 4.5 million hectares of
the area under wheat cultivation, especially in the canal irrigated areas (Singh and
Chatrath, 2001; Chatrath et al., 2007).

3.3 The benefit of a flux-based O3 risk assessment.

In Chapter 2 it was made clear that there are some limitations to the use of concentration
based Os; exposure indices in estimating Oz risk. Perhaps most importantly, these
concentration based indices do not allow for the variation in meteorological conditions
that might limit O3 uptake. In addition the indices are unable to accommodate the
variability in Oz profiles that will influence the importance of peak vs chronic O3
exposures experienced by plants. A flux-based approach that bases O3 risk on the Os
taken up by plants rather than the O3 concentration in the ambient air would provide a
means of being able to address some of these limiting factors. The estimation of O3
uptake as a function of both O3 concentration and meteorological conditions would
allow a more realistic indication of the O3 dose to be obtained. In addition, the use of
species-specific parameterization would allow variability between species (e.g. the time

during the growth period when the plant is most physiologically active) to be taken into
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account in terms of identifying O3 risk. Therefore, this study will, for the first time,
apply the flux based Os risk assessment model in India specifically to assess risk to
wheat growing across the region.

3.3.1 Methods for estimating O3 flux

A number of models have been developed for estimating O3 uptake by plants have been
developed in Europe (Grunhage et al., 1997, 2000; Emberson et al., 2000; Nussbaum et
al., 2003; Bassin et al., 2004; LRTAP Convention, 2004).

Ideally, a Oz stomatal flux model would incorporate the important resistances to O3
deposition and the factors that influence stomatal O3 uptake into the leaves that have
been described above. However, to develop such models requires comprehensive
datasets providing information on how each of these factors will affect both stomatal
and non-stomatal deposition for a cultivar of important landcover types, species and
cultivars. The models currently available do not incorporate all of the factors identified
above and may only have been parameterised for species of a particular global region
(e.g. Europe). Many of the models are also being continually developed, for example,
one such Oz dry deposition model, the DO3SE (Deposition of Ozone for Stomatal
Exchange) has only recently been updated to include a soil moisture deficit (SMD)
module to estimate the influence of soil drying on gs, using the Penman-Monteith

approach to estimate plant evapotranspiration (Buker et al., submitted).

To apply the stomatal O3 flux approach in SA and specifically to crops in India, a flux
model would ideally need to incorporate the factors (environmental, plant physiological
and phenological) that are most likely to be important in influencing O3 fluxes to crops
grown in this region. However, in the absence of models specifically designed for
Indian crop cultivars, this study has chosen to use components of the existing DO3;SE O3

deposition model developed for European conditions (Emberson et al., 2000Db).

The DO3SE has been selected since it has been widely used and extensively evaluated
across Europe and has been shown to perform well in estimating O3 deposition and
stomatal O3 flux for a number of different species under different climatic regimes
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(Emberson et al., 2000c; cf., Simpson et al., 2007; Tuovinen et al., 2004; Pleijel et al.,
2007; Karlsson et al., 2007; Simpson et al., 2007; Mills et al., 2010). The DO3SE model
has been embedded in the Eulerian photo-oxidant transport model of the European
Monitoring and Evaluation Programme (EMEP) (Simpson et al., 2002, 2003a); this
model package will be referred to here as the EMEP photo-oxidant model. This EMEP
photo-oxidant model is used within the UNECE LRTAP Convention (United Nations
Economic Commission on Long-range Transboundary Air Pollution) for estimating
total O3 deposition. The fact that the model is capable of estimating both stomatal and
non-stomatal deposition means that it can also be used to assess Oj risk, through
estimates of leaf level stomatal O3 flux, to arable crops, forest trees and semi-natural
vegetation growing in Europe (Simpson et al., 2007). Use of this model within
European has allowed the LRTAP effects-based approach to European air pollution to
be applied to develop more effective emission control policies within the region
(Goumenaki et al., 2007; Simpson et al., 2007; Tuovinen et al., 2009; Mills et al.,
2010).

3.3.2 The DO5SE model

The DO3SE model is an O3 dry deposition model which estimates the total and stomatal
flux of O3 to European agricultural crops, grasslands and forest trees (Emberson et al.,
2000b; LRTAP Convention, 2004). The model assumes three key resistances (Figure
3-2), (i) aerodynamic resistances (R,), (ii) the quasi-laminar sub-layer resistance above
the plant canopy (Ry,) and (iii) the surface resistance (R;). Ra accounts for the
aerodynamic resistances to Og transfer between two heights, the height at which Os is
measured (reference height; z;) and a height near the boundary layer surface of the
canopy (z1). Ry is the canopy boundary layer resistance and accounts for the resistance
to O3 passing through the canopy boundary layer. R is the canopy resistance and
consists of both non-stomatal and stomatal resistances and is calculated as a function of
temperature, radiation, relative humidity, phenology and soil water (Tuovinen et al.,
2009).
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Figure 3-2: The resistances to O transfer from atmosphere to crop canopy include in the

DO3SE O3 dry deposition model (Emberson, Pers. Comm.).

3.4 Application of the DO3SE stomatal O3 flux (Fs) model for wheat in India

Wheat was selected for the study because, along with rice, it is the most important
staple crop in India. A parameterization of the Fs; model parameters also exist for wheat,
although this parameterization is based on European wheat cultivars. Wheat is a widely
grown and studied crop in India; therefore it likely to be able to obtain additional data to
re-parameterise the DO3SE model for Indian wheat. This will be important to allow
incorporation of the variable physiology that might exist between Indian and European
wheat although its useful to note that, at least in broad terms (i.e. without considering
within region climatic variation), the differences in the climatic conditions for the wheat
growth period between Europe and India are not so great. The optimum meteorological
conditions that are prevalent during the wheat growing season in Europe and India are
more or less similar; e.g. optimum temperature for wheat growing in India is 20 to 25°C
(DWD, 2011) while for Europe it is 18-24°C (Porter and Gawith, 1999). Detailed

description of each of the required data is given below.
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For wheat, the O3 flux to the flag leaf is considered most influential in causing damage
to the plant as a whole. This is because about 60-70 % of assimilates transported to the
developing wheat grain are derived from photosynthesis occurring in the flag leaf
(Wang et al., 1997). As such, the flag leaf and head usually contribute up to 50% of the
photosynthate that makes up the grain yield (Simmons et al., 1995). This is in part due
to the fact that the flag leaves typically, and rather consistently, constitute a larger
amount of projected leaf area (PLA) of the canopy and thus receive most of the direct
photosynthetically active radiation (PAR) intercepted by a dense wheat canopy. Lower
leaves contribute less to grain filling (Evans and Dunstone, 1970) and are likely to have
lower conductance, and thus smaller O3 uptake than flag leaves due to lower irradiance
levels and a higher degree of senescence (Pleijel et al., 2000). Therefore, in this study,
as in flux based risk assessments conducted in Europe (LRTAP Convention, 2004), the

Fs is estimated for the flag leaf only as opposed to the entire canopy.

3.4.1 Data required for the application of the DO3;SE Fg model in India.

In order to apply the F& model for wheat crops grown in India a number of different
datasets are required: i) Osz concentration data; ii) meteorological data; iii) crop
distribution and production data; with the exception of meteorological data these are the
same datasets that were used in the analysis described in Chapter 2. Table 3-1 provides
details of the meteorological data used in this study. These meteorological data were
provided by the ECWMF and include temperature, downwards surface solar radiation
(SSRD), VPD and wind speed. These data are also used by the MATCH photo-oxidant
model (Engardt, 2008) to provide the O3 concentration data used both in Chapter 2 and

in the flux-based analysis presented here.

The ECWMF temperature, VPD and wind speed meteorological data were provided as
instantaneous values recorded every 3 hours while the SSRD is the mean value for the
preceding 3 hour period. The Fs model requires hourly data for temperature, VPD and
windspeed. A simple averaging method was used to derive hourly data from the
3-hourly ECWMF data. The two missing data points, X; (value for the first hour) and X;
(value for the second hour) between the two consecutive three hourly values (defined

here as A and B) were calculated using Equations 3-1 and 3-2.
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(2xA)+B
3

[3-1]

X, = 22D [3-2]

Details of how the SSRD 3-hourly averaged data were converted to hourly data, along
with other data derivations necessary to provide the DO3SE F data input, are described
where appropriate in the description of the full DO3SSE Fs model given in the following

sections.
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Table 3-1: Details of the meteorological data provided by the ECWMF model and the corresponding meteorological data required by the DO3SE Fg;

model.
ECWMF Data required
for DO3SE Fy
model
Meteorological  Units Temporal Height above Meteorological  Units Temporal Height above
data resolution ground surface data resolution ground surface
Temperature Kelvin 3 hour 2m Temperature °C 1 hour 2m
Solar radiation ~ W/m? 3 hourly average - Photosynthetic ~ pmol m?s™ 1 hour -
(SSRD) photon flux
density (PPFD)
VPD Pa 3 hour 2m VPD kPa 1 hour 2m
Air pressure Pa 3 hour 2m Air pressure Pa 1 hour 2m
Wind speed m/s 3 hour 10 m Wind speed m/s 1 hour 1m

SSRD = surface solar radiation downwards
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The MATCH modelled O3 concentration data and ECWMF meteorological data are
provided at a spatial resolution of 0.5° latitude x 0.5° longitude as described in Figure
3-3 which shows the MATCH model grid for the area across India under wheat
cultivation. The wheat distribution is defined using crop production data described
previously in Chapter 2. The O3 concentration data are provided at a height of 1 m
above the ground surface, assumed equivalent to the top of the canopy of wheat. These
O3 concentrations have been derived on application of the MATCH O; dry deposition
model which follows the resistance scheme of Wesely (1989). This is similar to the
DO3SE dry deposition scheme using the same formulations to estimate R, and Ry, in
part this is due to the MATCH model being a modified version of the EMEP
photo-oxidant model. The main difference in the dry deposition scheme is in the method
used to estimate gs0; in MATCH, the Wesley (1989) scheme defines a maximum gg, for
different seasons and landuse classes and modifies these gso values as a function of
radiation and temperature. In this application, the MATCH dry deposition model has
been used rather than the DO3SE model for practical reasons; it is outside the scope of
this thesis to incorporate DO3SE within the MATCH model. However, it should be
recognized that the small differences in the estimates of gs will confer some
inconsistency in the MATCH estimate of O3 concentration at the 1m canopy height and
the DO3SE estimate of F to wheat. However, given that the aims of this study are to
assess the spatial patterns in the magnitude of Fg values and compare with
concentration based approaches this difference would not be expected to unduly affect

the results.
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Figure 3-3: Grids with wheat cultivation. The green and grey colours indicate the
percentage of wheat area per total grid area. Data source; FAOSTAT (2011).
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Figure 3-4 provides an overview of how these different datasets were combined to
estimate Fg to wheat growing across India. The ECWMF data are used to estimate both
the MATCH modelled Oz concentration data and the gy, that forms one of the key
components of the DO3SE stomatal O3 flux (Fs) model. The growing season data for
wheat (described in Chapter 2) are used to estimate the wheat growth period over which
Fs is calculated and accumulated to provide a single end of growth period values of
accumulated Fg above a threshold (y), referred to here as the ‘phyto-toxic Oz dose’
(PODy). The resulting PODy values is then used in conjunction with a flux-response
relationships to estimate wheat yield losses and subsequent production and economic
losses using crop production data and price data described previously in Chapter 2.
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Figure 3-4: Broad outline of the steps that are involved in applying the flux based O3

risk assessment for wheat in India.

The exact methodology for application of this flux based approach for wheat grown

across India is described in more detail in the following sections.

The stomatal O3 flux to wheat crops grown in India is calculated for the entire wheat
growing region in India. The wheat growing region is indicated by the green and grey
shaded grids in Figure 3-3. Although wheat is cultivated across India, 95 % of the total
area under wheat cultivation and 97 % of the total wheat produced in India is produced

in the green shaded region shown in Figure 3-3 which lies along the IGP.

143



3.4.2 Description of the DO3SE F¢ model

The calculation of F for wheat flag leaf is based on the formulations for the DO3SE
model given in the LRTAP Convention (2004) provided here in Equation [3-3]. The
calculation assumes there are two resistances to O3 flux into the leaf; the leaf boundary
layer resistance (rp), and leaf surface resistance (rc). The Fg is calculated assuming a
zero or negligible and O3 concentration inside the leaf (Laisk et al., 1989). F; is in nmol
m™? PLA s and calculated as;
Fge = c(zq) * YIsto * ﬁ [3-3]

Where, ¢ (z1) is the O3 concentration at canopy height (height= z1; unit = m) in nmol m;
Osto 1S the hourly stomatal O3 conductance; r. is leaf surface resistance given in Equation

[3-4]; 1y is the quasi laminar resistance given in Equation [3-5].

Rc /( rp + 1¢) represents the transfer of O3 across the leaf boundary layer.

e =—0 [3-4]

IstotFext

Where, gex; = 1/2500 (m s™)

L
u(zy)

r, = 1.3 X 150 X (sm™1) [3-5]

Where, L is the cross wind leaf dimension; u (z;) = wind speed at height z;; and the

factor 1.3 accounts for the differences in diffusivity between heat and Os.

The wind speed data from the EMCWF model is provided at a height of 10 m. This
wind speed has been converted to wind speed at the canopy (1 m) height; this is done

using Equation [3-6] which assumes stable atmospheric conditions.
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u(z) == [ln (Z;)] [3-6]

Where u* is the friction velocity, k is von Karmen’s constant (k= 0.41), h is the canopy
height (h=1 m), d and zo are the displacement and canopy roughness heights
respectively where d= 0.7 x h and z0=0.1 x h. u* describes the coupling of the

vegetation to the atmosphere and is estimated as described in Equation [3-7]:

_ kU@Rrep)

() >

Where ugrer) is the wind speed at the reference height in the atmosphere, in this case 10
m, the height at which wind speed is provided by the EMCWF model.

3.4.3 The DO3SSE multiplicative gs, algorithm

The gsto model is the core of the DO3SE F¢ model and is represented by a multiplicative
algorithm based on principles introduced by Jarvis (1976). The DO3SE model was first
described in Emberson et al. (2000b) and has since been continually refined (Emberson
et al., 2001, 2007, LRTAP Convention, 2004; Buker et al., submitted); the

multiplicative algorithm is defined as follows in Equation [3-8].

Isto = Imax X fphen X flight X max[fmin' (ftemp X fVPD)] [3'8]

where, gso IS the actual stomatal conductance to Os, Qmax IS the maximum stomatal
conductance of the plant, fyi, is the minimum stomatal conductance (gmin) as a fraction
Of gmax While fohen, fiignt, fremp @and fypp allow for the influence of phenology, irradiance,

temperature and vapour pressure deficit (VPD) on gswo. Gsto and gmax are expressed in
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mmol O; m? PLA s™ while the remaining parameters are expressed in relative terms,
varying between 0 and 1 relative to gmax. Thus this model allows the F; to be calculated
allowing for the influence of plant phenological and physiological characteristics and
the prevailing meteorological conditions that modify the gs, of plants (Tuovinen et al.,
2009). Gnax and fnin are species-specific fixed values and the other f factors can be
viewed as largely controlling either seasonal (fohen) or diurnal (fiight, femp, fvep)
modification of gmax. The seasonal parameter is calculated on a daily basis to capture the
daily variation over the crop growing season while the diurnal parameters are calculated
on an hourly basis in order to capture the diurnal variation in each of the parameters and
its influence on gs,. Each of these model formulations are described in more detail

below.

3431 gmax and fmin

gmax

As mentioned earlier, gmax IS the species-specific maximum stomatal conductance under
optimal conditions and forms a ceiling value that is modified by the other f factors listed
in Equation [3-8] (Emberson et al., 2000b; Mills et al., 2011). It is a constant value and
the units are expressed in mmol Os m?2 PLA s, Guax is known to occur only for a
specific period of time during the crop growing period and for wheat, this period is
typically around the time of anthesis, close to mid-anthesis (Pleijel et al., 2007).

|:min

The gmin represents the baseline gs, that may occur during the course of the growing
season under field conditions. Frin IS gmin @s a fraction of gmax. Using this function in the
model allows for the occurrence of stomatal O3 uptake, although limited, even in the

presence of severe environmental stress (Emberson et al., 2000Db).
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3.4.3.2 Seasonal parameters

fphen

Omax Occurs only for a specific period during the plant growing season, especially in
crops. Towards the start and end of the growing season, the gs, will be lower than gmax
even under optimal environmental conditions as during this period the leaves are either
developing or have started to senesce (Emberson et al., 2000b). For wheat, Fy is
calculated only for a specific period of time (referred to as the accumulation period)
when gs, and subsequent photosynthesis is crucial for crop productivity. The start and

end of this accumulation period are termed as Agtart and Aeng.

The phenology function (fonen) allows for the influence of leaf phenology on gs, based
on the fact that the flag leaf requires some time to reach gmax after emergence and that
prior to senescence gs, Will decline (Jones, 1994; Emberson et al., 2000b; Pleijel et al.,
2007). The fpnen function is expressed in relative terms between 0 to 1, where the value

given to Qmax IS 1.

Fonen Can be based on either a fixed number of days or an effective temperature sum
accumulation and has a similar shape for both approaches. The correlation between
thermal time and wheat growth is well defined (McMaster and Wilhelm, 1997) and the
use of effective temperature sum is generally accepted to describe plant development
more accurately than using a fixed time growth period since it allows for the influence
of temperature on growth (Cambell and Norman, 1998; Pleijel et al., 2007).

Flag leaf fohen based on thermal time as given in LRTAP Convention (2004) is
calculated using Equations [3-9] and [3-10]:

When  Agtart < Tsum < (Astart + fphen_e)

fphen =1- (M) ((Astart + fphen_e) - Tsum) [3'9]

fphen,e

When (Astart + 1:phen_e) < Tsum < (Aend - fphen_f)

fphen =1
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When (Aend — fohen ) < Tsum < Aend

1_f en
fphen =1- (ﬁ) (Tsum - (Aend - fphen_f)) [3-10]
Where Tsum is the cumulative growing degree days (GDD) in °C days accumulated from
day of sowing, fohen a @nd fohen b represent the maximum fraction of gmax that gy takes at
Astart and Aeng, fpnen e and fonen ¢ are thermal time in GDD (°C) between Agare and

mid-anthesis, and mid-anthesis and Aeng respectively.

The different components of fyhen in terms of fixed day as well as GDD are illustrated in

Figure 3-5 fpnen is calculated on a daily basis.

gmax
1]
leaf_fphen_a —>0.8
Astart
3
>
o 0.6
(5]
=
o 0.4
o
leaf fien p —>0.2 No. of days
Aend
leaf_fonen s leaf_fopen £
0 I I I
leaf_fonen e leaf_fonen ¢
Growing degree days

Figure 3-5: The fynen profile in relation to the different fynen cOmponents; growing degree

days is GDD in °C; gs relative to gmax is fonen.
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3.4.3.3 Diurnal parameters

fiight

To account for the influence of the irradiance on the gs, of wheat, the fjigy function is
used. The fiigne function is described using an exponential function given in Equation
[3-11];

fiight = 1 — exp(—light,. PPFD) [3-11]

Where, light, = is the species-specific irradiance constant and PPFD is in units of pmol

m?s?

The ECWMF model provided irradiance data as total solar radiation directed downward
at the surface of the earth (SSRD). This includes both the visible and infrared fraction of
the radiation. However, as mentioned in Equation [3-11], the fiign: function is calculated
based on photosynthetic photon flux density (PPFD). PPFD is in the visible range of
total radiation, and has to be calculated from the SSRD. The SSRD data was also
provided as a 3-hourly average of the preceding 3 hours; therefore the simple averaging
method used to extrapolate hourly values from three hourly data for the other
meteorological data was not appropriate (see Equations 3-15 and 3-16). Therefore, a
different method was employed to extrapolate hourly PPFD values from 3-hourly

average SSRD data.

This method first involved converting SSRD values into photosynthetic active radiation
(PAR). A ratio of total visible PAR (PAR) to total solar radiation (SSRD) of 0.50
was used in the present study based on Weiss and Norman (1985) as given in Equation
[3-12]

PARtotal_3hour ES 0.5 X SSRD [3'12]

To provide an indication of how irradiance would be expected to vary on an hourly
basis over the course of a day the potential PAR total (pPARta) IS calculated. This
estimate of hourly pPARta can then be used in conjunction with the 3-hourly averaged
SSRD to provide an indication of cloudiness of the sky, here referred to as the sky
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transmissivity (ST), over each 3-hour period. This ST value can then be used to
estimate an hourly actual PAR value (PARtal). PPARwa IS estimated as described in
Equation [3.13].

PPAR:otar = PPARgir + PPAR g5 [3-13]

Where pPARgyr and pPARgi are the potential direct and diffuse values of PAR
respectively in W/m? these are estimated based on Weiss and Norman (1985) as
described in Equations [3-14] and [3-15].

pPAR 4, = 600 X exp {—0.185 X (%) X m} X sinf [3-14]
D
pPAR s = 0.4 X (600 — pPARg;) X sinf [3-15]

where Psf IS air pressure and seay is the atmospheric pressure at sea level, both in Pa; m
is the optical air mass (the ratio of the mass of atmosphere traversed per unit

cross-sectional area of the actual solar beam to that traversed for a site at sea level if the

. . 1 L. .
sun were overhead) and is estimated as prmy and sing is the solar elevation.

Sinp is the sun’s angle of elevation and is calculated based on the formulations given in

Campbell and Norman (1998) as follows in Equation [3-16].

sinf = {[sin(deg2rad X @)] X sind} + {[cos X (deg2rad X @)] X cosé %
cos(hrangle)} [3-16]

where, deg2rad is the conversion factor for degrees to radians (deg2rad =
0.017453292519943295), @ is the latitude and ¢ is the solar declination estimated as
described in Equation [3-17]

6 = deg2rad X {—23.4 X cos [dengad X (360 X (dzzso))]} [3-17]

Where dd is the year day. The hrange is calculated by Equation [3-18]
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hrangie = deg2rad X [15 X (hr — t,)] [3-18]
Where t, is calculated in Equation [3-19] by
to=12—LC —e [3-19]

Where LC is the longitude correction [Equation 3-20] and e is the solar noon correction
calculated as described in Equation [3-22]

Lc = don-tonm) [3-20]
15

where lon is longitude and lony, is calculated by Equation [3-21] as

lon, = nint (=) x 15 [3-21]

(—104.7 x sinf) + (596.2 X sin2f) + (4.3 X sin3f) — (12.7 X sin4f)
—(429.3 x cosf) — (2.0 X cos2f) + (19.3 X cos3f)
3600

[3-22]
Where, f = deg2rad x (279.575 + (0.9856 x dd)) [3-23]

The ST is specifically the fraction of the total extra-terrestrial solar radiation that
reaches the earth’s surface. It is a function of the optical air mass of the atmosphere. The
hourly ST is calculated from the pPAR.ta and three hourly SSRD values using Equation
[3-24].

ST = min {0.9, max (0.21, ‘;lf::“fl)} [3-24]

The use of this ST value in combination with the hourly pPARw then provides an

indication of the hourly PARq, calculated as described in Equation [3-25].

PARtota1 = PPARotqr X ST [3'25]

151



The PARwt Value is then converted into PPFD using a conversion factor of 4.57 as

given in Jones (1992).

I:temp

The air temperature at the 2 m height provided by the ECWMF model is assumed to
represent the air temperature at the plant canopy and is used to estimate femp. The
validity of this will depend to some extent on how the fem, function has been

parameterised and therefore is discussed further in Chapter 4.

The fiemp is included in the model to account for the limiting role that the air temperature
plays on wheat gs,. The function represents a normal curve and is described in Equation
[3-26] and [3-27];

When Tmin<T<TmaX

bt
(Tmax_T) } [3'26]

Tmax_Topt)

e = o [ 2281 |

(Topt_Tmin)

ftemp = fiin

Where T is the air temperature in °C, Tnin and Thax are the minimum and maximum
temperatures below and above which minimum gs, occurs and beyond which gs, is
equal to gmin. The optimum temperature (Top) is the temperature at which gmax is likely
to occur in the absence of other limiting factors. Bt is defined as described in Equation
[3-27];

bt = (Tmax=Topt) [3-27]

B (Topt_Tmin)
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fVPD

The fypp function is used to account for the effect of VPD on gy, described. Fypp is
calculated based on the formulations given in Equation [3-28];

. VPDpin—VPD
fVPD = min {1' max lfmin' ((1 - fmin) X ((V(PDmin_VPsz)xx))> + fminl} [3'28]

where, VPDin and VPDyax are the minimum and maximum VPD.

The fypp function is calculated on an hourly basis during the course of the day to capture
the effect of VPD on stomatal conductance. To account for the effect of high
transpiration on leaf water potential which may result in a stronger limitation of g, than
that included in Equation [3-4], an additional VPD sum function (3;VPD) is included.
This assumes that if the Y VPD during the course of day increases above a certain
critical value, then the stomatal re-opening in the afternoon will not occur. > VPD is
calculated based on the formulations given by Pleijel et al. (2007) described in Equation
[3-29]

Osto_hour_n+1 < Osto_hour_n [3'29]
Where, Jsto hour n@Nd Gsto_hour n+1 are the gso values for hour n and hour n+1 respectively
calculated using Equation [3-8].

The > VPD is calculated hourly during the course of the day and the > VPD at a given
hour (n) is used to calculated gs, for the following hour.

3.4.4 Estimating yield, production and economic loss from DO3SE F;

Using the methods described above the DO3SE Fs model can be used to calculate

hourly F¢ values above a threshold value (YY) which can be accumulated over the O3
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accumulation period (Astart t0 Aeng) to estimate an accumulated ‘phyto-toxic Oz dose’
(PODy) value. The accumulation period is the period when the crop is actively growing
and considered most sensitive to Fg in terms of its effect on yield (Pleijel et al., 2007),
this period is between the time when the wheat flag leaf is fully unrolled and when the
crop attains physiological maturity (LRTAP Convention, 2004). The Y threshold value
represents the plants detoxification capacity. The Y threshold value was defined as that
which gave the best statistical fit between PODy and yield loss (Danielsson et al., 2003;
Pleijel et al., 2007). For wheat, the strongest PODy-yield loss relationships were
obtained when using Y= 6 nmol O3 m? PLA s* (r’=0.83). Thus, the threshold Y is
likely to represent a detoxification threshold below which it can be assumed that any O3
absorbed by the plant will be detoxified (Pleijel et al., 2007; Mills et al., 2011).
Therefore, Fg values above 6 nmol O3 m? PLA s are accumulated over the
accumulation period to calculate PODg. These PODgvalues can then be used in

conjunction with O flux response relationships to estimate relative yield losses.

Figure 3-6 shows the relationship between PODg and relative yield of wheat (LRTAP
Convention, 2004). A relative yield of 1 represents the absence of Os effects. This
relationship was established using the data from Danielsson et al. (2003) on field grown
wheat exposed to different concentrations of Os; in open-top chambers from four
different countries (Belgium, Finland, Italy and Sweden) for five cultivars of European
wheat.
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Figure 3-6: Oz Exposure response relationship using AOT40 and flux response
relationship using PODg for European wheat (LRTAP Convention, 2004). R? for
AOT40 = 0.89, data based on Fuhrer et al., 1997 and Gelang et al., 2000).
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The flux-response relationship of wheat is given in Equation [3-30]. According to this,

RYL is given as;
RY =1.00— (0.048 X PODy) [3-30]

RYL values were calculated for each MATCH grid where, RY is the relative yield of
wheat and RYL is 1-RY.

Flux based CPLs were calculated for each MATCH grid using the RYLs and the crop
production data for the cropping season 1999-2000 that is described in Chapter 2. The
CPL was then translated into Els using the same methods described in Chapter 2.

3.4.5 Estimating relative exceedance of critical levels (Rc|)

Critical levels are statistically derived values above which direct adverse effects on
vegetation will not occur according to current knowledge (Simpson et al., 2007). Under
the UNECE LRTAP Convention (1996), a 5% yield loss was used as the loss criterion
for estimation of the flux based critical level for wheat (LRTAP Convention, 2004). A
flux-based critical level of PODg of 1 mmol m™ PLA for wheat crops was established
(LRTAP Convention, 2004). Critical levels can be used for mapping and quantifying O3

impacts at both national and regional scales.

Critical levels have also been defined for the AOT40 concentration based Oz index.
Therefore, it is possible to compare the AOT40 and the PODg O3 indices by estimating a
relative exceedance of the critical level (Rc). The Rep is calculated based on the

formulations given by Simpson et al., (2007) and described in Equation [3-31];
M
Ra(M) = - [3-31]

Where, M = O3 metric (AOT40 and PODg)

CLywm = Critical level for M metric
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3.5 Methods to parameterize the DO3SE Fs model.

The previous sections have described the formulations of the DO3SE Fg model.
However, to be able to apply the model the parameterization of these different
formulations needs to be defined. The DO3SE Fs model has been parameterised for
European wheat; this parameterization is described in detail in LRTAP Convention
(2004). This parameterization has been achieved using a combination of primary and
secondary data. Here, primary data represents data provided directly from experimental
or observational campaigns whilst secondary data represents data that is available only

from the published literature.

Primary data, when provided as gs, measurements and associated meteorological
conditions, can be analysis using boundary line analysis techniques to estimate the
limiting influence of various factors on gs,. The boundary line technique, originally
introduced by Webb (1972), is commonly used to describe relationships for biological
data where one independent variable is considered to have some limiting effect on the
other (dependent) variable (Milne et al., 2006a,b). This assumes that these independent
factors influence the dependent variable independently and multiplicatively (Pleijel et
al., 2007). A boundary line is fitted between the relative maximum g, and each of the
factors thought to influence gy, (temperature, VPD, light, SWP, etc.) to approximate the
response of relative g, to the factor assuming no limitation from the other factors and
excluding obvious outliers. This boundary line represents the different f functions for
the corresponding variables described in Equation (3.4). This boundary line method has
also been used to develop multiplicative style gs,, models to assess the influence of
environmental variables on gs (Jarvis, 1976; Chambers et al., 1985; Pleijel et al., 2007).
Such an approach requires a substantial amount of experimental data describing how

each factor influences gs.

Secondary data can be used to provide additional support to the derivation of the f
functions from primary data. Where primary data are not available, secondary data from
a number of different studies may provide data that can be pooled and from which a
boundary line can be inferred. For both primary and secondary data these boundary
lines tend to be fitted by eye since the tendency for uneven distribution of data points

across the full range of environmental conditions (the number of data points tend to be
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reduced at the more extreme environmental conditions) preclude the use of more

sophisticated line fitting techniques such as probability distributions.

The details of the parameterizations of the Fs model for European wheat cultivars are
given in Table 3-2. The wheat gmax parameterizations described in the LRTAP
Convention (2004) was established from wheat gs, experiments conducted in Denmark,
Spain, Germany, Austria and Sweden. The experiments were carried out in the field as
well as open top chambers (OTC) on 6 spring wheat, 1 durum wheat and 1 US winter
wheat cultivars. The data used for establishing the parameterizations for the f functions
were a mixture of both secondary data from Austria, Denmark, Germany, Spain, USA
and China (LRTAP Convention, 2004) and primary data from experiments conducted
for wheat in Sweden (Danielson et al., 2003).

The fiign: is derived from experimental data from 4 references and the data seem to be
fairly robust. The fiemp function is parameterized using both primary and secondary data
from 3 references, giving gs, data on both spring and winter wheat and gives a good
representation of the Top but there are still data missing for g at temperatures close to
Tmin and Tmax. The same situation exists for fypp, Where the parameterizations are
derived using both primary and secondary data from 4 references but gs data

corresponding to high (> 2.5 kPa) and low VVPD (<1 kPa) are missing.
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Table 3-2: Summary of the parameterization of the different DO3SE Fs model parametersations of the gs, algorithm for wheat flag leaves grown in
Europe (LRTAP Convention, 2004).

Parameter  Units Parameterization  No. of Types of data No. of No. of Growing
References cultivars  countries conditions

Omax mmol O m2 PLA® 450 7 P=1;5S=6 7 5 AA; OTC

frmin fraction 0.01 1 P 1 1 AA; OTC
fohen_a fraction 0.8 - - - - -

fonen_b fraction 0.2 - - - - -

fohen ¢ Days 15 - - - - -

fonen_d Days 40 - - - - -

fohen e °C days 270 - - - - -

fonen_f °C days 700 - - - - -

light, (constant) 0.0105 5 P=1;S=4 5 4 AA; OTC; GH
Tmin °C 12 3 P=1; S=2 3 3 AA; OTC; GH;
Topt °C 26 - - - - -
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Table 3-2: Continued.

Trax °C 40 - - - - -
VPDax kPa 1.2 4 P=1; S=3 3 3 AA; OTC; GC
VPDpmin kPa 3.2 - - - - -
Y VPDqi kPa 8 - ] _ ] ]
SWPax MPa -0.3 6 P=1; S=5 6 6 AA; OTC; CC
SWPin MPa 1.1 - - - - -

S= secondary data from literature; P = primary data; AA= ambient air; OTC= open top chamber; GH = green house; GC= growth Chamber; cc=Closed
chamber.
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As described previously, the flux based approach has greater potential than the
concentrations based approach to O3 risk assessment to be applied to different wheat
cultivars under different geographical and or climate conditions. However, care has to
be taken in such applications to ensure that the appropriate components of the model are
modified for particular regional conditions. The parameterization of the gs,, module is
potentially the most important aspect in the Fs model as it reflects some of the most
important differences in cultivars response to meteorological and crop growing
conditions that will influence O3 uptake. Therefore, a large effort has been made to
derive a gsio parameterisation specifically for Indian conditions. The derivation of this
Indian parameterization is described in Chapter 4 while the results of the Fs; modelling
are described in the Chapter 5.
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Chapter 4 Parameterization and application of the O3 flux model for

wheat in India

4.1 Introduction

The DOsSE Fs model requires information on certain plant phenological and
physiological characteristics to parameterize the gs, component of the model.
Parameterization of this component of the model for wheat growing in Indian will
ensure that the Fs; model can produce results more likely to reflect different cultivars of

this Indian crop growing under Indian meteorological and agro-climatic conditions.

The re-parameterization of the gs,, model, and the application of the Fs model using
Indian meteorology will together improve the transferability of the flux-based risk
assessment method to the SA region as compared with the concentration based risk
assessment approaches (see also Chapter 2 and 3).

An important consideration when parameterising the wheat gs, model is to define
whether the wheat commonly grown across the region being investigated is the ‘winter’

or ‘spring’ wheat cultivar.

In Western Europe ‘spring’ wheat occupies < 10 % of wheat area, the rest is winter
wheat (Curtis, 2002); by contrast, in India, mostly ‘spring” wheat is grown (Curtis, 2002;
Sayre, 2002). ‘Winter’ wheat in Europe and North America (NA) is sown in autumn and
harvested in late spring or early summer, while ‘spring’ wheat is sown in early spring
and harvested in late summer. In India ‘spring’ wheat is sown in autumn and harvested
in spring. This is because the warm growing conditions during the autumn, winter and
spring in India are similar to spring and summer conditions in Europe and NA, which
are most suited for ‘spring’ wheat. In view of this the Indian wheat parameterization
will be based on ‘spring’ wheat types. The winter season is chosen as more than 95 % of
the wheat crop in India is grown during the winter season, summer wheat crops only
account for 5% of the total crops (DWD, Government of India). In India, more than 85%
of the area under wheat cultivation is irrigated (CWC, 2006). Hence, the
parameterizations were also developed for irrigated Indian wheat crops with the

assumption that all wheat crops in India are irrigated.
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At present, the DO3SE model has been parameterized for crops that include wheat,
potato and tomato cultivars grown in Europe (LRTAP Convention, 2010). However,
parameterisations for crop cultivars that are grown in India are yet to be established. As
such, the model has to be re-parameterized for Indian crop cultivars to take into account
the differences in crop phenological and physiological characteristics between the
cultivars and the differences in the cropping pattern between the two geographic regions.
The parameters that are included in the multiplicative algorithm in Equation [3-8]
require knowledge of how these dose-modifying factors influence the gy, of wheat
cultivars grown in India and how changes in these factors would change the gs, and
subsequently the Fg. This requires a comprehensive study of the gy, of wheat cultivars
grown in India under varied meteorological and crop growing conditions common in the
wheat growing regions in India. It is also important to define the accumulation period

during which the F to wheat should be calculated.

In this Chapter, efforts to establish parameterizations of the DO3SE model functions for
wheat cultivars grown in India are described. A comprehensive literature review was
performed to identify and collate data on gy, and phenology of wheat cultivars that are
grown in India searching the literature using literature search engines both in the UK
and in India, the latter was achieved through visits to a number of University libraries in
India to gain access to journals only available from SA. These data were then collated to
parameterize the various components of the DO3SE model. A detailed description of the
data used, methods to define the accumulation period, methods to obtain the s
relationships and the parameterization of each component of the F algorithm are
described in the following sections.

From Chapters 1, 2 and 3 it is clearly evident that most wheat growing regions lie in the
IGP, although there are wheat crops grown in other parts of India. Based on the
prevailing growing conditions such as climate, soil etc., the DWD, Government of India
has divided the wheat growing regions into five agroclimatic zones (AGZ; Table 4-1;
Figure 4-1). In each of these zones wheat cultivars are cultivated that have been adapted
for growing under the zone-specific climatic conditions (Table 4-1; list of cultivars from
Mishra et al., 2007). New wheat cultivars are continuously being released that are
adapted for growing under the climatic conditions that are prevalent in each of these
AGZs. These cultivars are also able to cope with certain levels of biotic (e.g., rust
disease) and abiotic (e.g., drought, heat, etc.) stresses that are prevalent in the region. Of
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these five AGZs, three AGZs, namely NWPZ, NEPZ and CZ, are the main wheat
growing zones having 93 % of India’s total wheat area and contributing 96 % of India’s

total wheat production (Table 4-1).

Table 4-1: Wheat agro-climatic zones (AGZs) in India as outlined by the Directorate of
Wheat Development (DWD, Government of India), along with wheat area cultivated,
production and yield during the cropping season 1999-2000.

SI. No. Zone name Wheat Area under Yield
production wheat (tonnes/
(Million (Million hectare)
tonnes) hectares)
1 North-Western Plains Zone  33.6 12.0 2.8
(NWP2)
2 North-Eastern Plains Zone 31.7 8.9 3.6
(NEPZ)
3 Central Zone (C2) 8.6 4.7 1.8
4 Peninsular Zone (PZ) 1.6 1.3 1.2
5 Northern Hill Zone (NHZ) 1.1 0.7 1.7
6 Southern Hills Zone (S2) 0.0 0.0 -
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Figure 4-1: Wheat growing agro-climatic zones (AGZs) in India as defined by the

Directorate of Wheat Development (DWD, Government of India). The map is from

Expert System on Wheat Crop Management, Indian agricultural Statistics and Research

institute, http://www.iasri.res.in/expertl/General/zonewise.asp.
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4.2 Stomatal ozone flux (Fs) accumulation period for wheat crops grown in India

Experimental data from Europe has found that the O3 effect on wheat yield loss is
greater during the reproductive stage than during the vegetative stage with a maximum
sensitivity to O3 exposure occurring after ear emergence, during the anthesis stage (Soja,
1996; Younglove et al., 1994). The mid-anthesis period (defined as growth stage 65
according to Zadoks et al., 1974) is the time when maximum gs, (gmax) Can occur; the
increased sensitivity to O3 during this period being centred on anthesis has also been
reported in other studies (Lee et al., 1988; Pleijel et al., 1998; Soja et al., 2000;
Harmens et al., 2007).

To capture this period of heightened O3 sensitivity, here referred to as the accumulation
period (see also Chapter 3), the start (Asart) and end (Aeng) Of the period within the
growing season needs to be defined. Anthesis occurs when the flag leaf is fully
developed, and since the model estimates F to the flag leaf, the accumulation period is
placed around the flag leaf stage of the wheat crop, i.e. the period between ear
emergence (when the flag leaf is fully developed) and the maturity stage (about 2 weeks
before the harvest). During the last 10-15 days prior to harvesting, the flag leaf turns
yellow and as such the green leaf area index decreases to almost zero (Peltonen-Sainio
et al., 1997; Acevedo et al., 2002). Therefore, the omission of the Oz exposure 2-3
weeks prior to harvesting should not introduce large errors in the O3 risk assessment.
The same period is used in the model parameterizations for Fg in the flag leaf of
European wheat cultivars (Pleijel et al.,, 2000; LRTAP Convention, 2004). The
following sections describe the phenological data collection and methods to define the
Indian wheat phenological stages to define this Fs accumulation period.

4.2.1 Phenological data collection

In order to understand the various phenological stages of Indian wheat cultivars, data on
phenology were collected from various published data sources listed in Table 4-2. These

phenological data were collected based on strict criteria which are as follows:-

I. Only observed phenological data from spring wheat cultivars in India under field
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conditions were used.

ii. The wheat cultivars had to be grown in winter in accordance with the typical
growing season for wheat in the region. As discussed in Section 4.1, wheat is

predominantly grown during the winter season in India.

iii. The period between the different phenological stages can either be described using
days after sowing (DAS) or cumulative growing degree days (GDD, °C days). To use
GDD, a base temperature has to be defined since GDD is calculated according to the
formulation provided in Equation [4-1] given by Bishnoi et al., (1995). In India many
studies have shown that wheat crops in India show noticeable growth at temperatures
above 5°C; therefore there is strong consensus that this value be used as the base

temperature for wheat.

GDD = ¥ [Tmax;Tmin] ~T, e

Where, Tmin and Tpax are daily minimum and maximum temperature respectively and T,
is the base temperature (5°C). In comparison, for European wheat cultivars the base
temperature is 0°C (LRTAP Convention, 2004).

The DAS and GDD for different phenological stages were defined based on observed
data published in the literature. These values are summarised in Table 4-2 which also
provides information on the number of studies, cultivars and locations as well as the
growing conditions under which these data were obtained. Table 4-2 lists study-specific
ranges of DAS and GDD in relation to different phenological stages which were: flag
leaf emergence, ear emergence (assumed equal to Agar), Mid-anthesis and physiological
maturity or end of grain filling period (assumed equal to A¢ng). The methods used to
estimate the wheat sowing date and to select and parameterise the most appropriate
measure of phenological period (i.e. either DAS or GDD) for use in defining the F
accumulation period, based on the data provided in Table 4-2, are explained in the

following sections.
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Table 4-2: Literature used to extract wheat phenology data. Listed are the publication-specific range of values of both DAS and GDD for wheat
phenological stages. The table also show the AGZs where the location of study is situated.

References Growth stages in GDD (°C) and days after sowing No. of Location / Cultivars [No. of Growing
(DAS). * experiment AGZ [No. of cultivars] conditions
al sets locations]
Astart Mid-anthESIS Aend
Bishnoi et al., GDD: 669-884 GDD: 817-1044 GDD: 1258-1687 15 Hisar / WH-147 [1] Field
1995 DAS: 74-94  DAS:84-111  DAS: 108-154 NWPZ [1]
Gosh and Patra, DAS: 68-73 DAS: 71-77 DAS: 105-109 4 Purulia, / K-9107; Rajlaxmi; Field
2004 NEPZ [1] UP-262; Sonalika [4]
Kantetal., 2004 DAS: 66-85 DAS: 86-104 DAS: 121-131 8 Hisar / PBW-343; Raj-3765; Field
NWPZ [1] Sonak; UP-2338 [4]
Kichar and Niwas N.A. GDD: 848-948  GDD: 1452-1618 4 Hisar / WH-711 [1] Field
2005 DAS: 89-108  DAS: 104-131 NWPZ [1]
Rajput et al., N.A. GDD: 820-982  GDD: 1531-1772 8 Rewa/ CZ, Sonalika [1] Field
1987 Kathulia [2]

DAS: 63-76 DAS: 83-100
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4.2.2 Wheat sowing date

Table 4-2 provides data for DAS and GDD measures of different phenological periods.
To be able to use these data to define the timing of these different periods requires first

the identification of the sowing date.

The recommended sowing time of irrigated wheat in India is between 10 to 25" of
November (DWD, Government of India (http://dacnet.nic.in/dwd/); Rane et al., 2007;
Joshi et al., 2007b; Pal et al., 2001; Pal et al., 2001; Tyagi et al., 2003; Ladha et al.,
2003; Karla et al., 2008). Studies conducted across the important wheat growing
geographical regions in India, i.e. NEPZ (Bihar and Eastern U.P.), NWPZ (Western

U.P., Eastern Rajasthan, Haryana and Punjab) and CZ (Western M.P.) have shown that
the optimum vyield is achieved when the wheat sowing date is close to the 16"
November (year day 320) (Karla et al., 2007; see also Figure 4-2, Karla et al., 2008;
Mehla et al., 2000). Therefore, in this study it is proposed to use a fixed sowing date, i.e.
17" November (year day 321), which represents the average of the dates recommended
by DWD, Government of India, as the sowing date.

However, it should be noted that in many parts of northern India, there are frequent
delays in wheat sowing mainly due to the delay in the rice harvest; in these regions
sowing often takes place between 25" November and 25" December (DWD, 2010a;
Rane et al., 2007); the implications of variations in the timing of the important

phenological periods are assessed further in Chapter 5.
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Figure 4-2: Effect of different sowing dates on wheat yield under different

meteorological subdivisions in NWPZ, NEPZ and CZ agroclimatic zones in India
(Karla et al., 2007).

169



4.2.3 Defining the phenological stages in the Fgaccumulation period

As shown in Table 4-2 phenological periods can be defined as either DAS or GDD.
Ideally, the F¢ accumulation period will be identified using the most robust of either of
these methods. This section analyses data from the literature to determine which

measure of phenology should be used in the DO3SE Fs model.

4.2.3.1 Fixed day (DAS) accumulation period

Table 4-3 summarises the data from Table 4-2 to show the average and median values
of DAS of the different phenological stages calculated for wheat cultivars grown in
India. The median value for ear emergence (Aswrt) 1S 79 days (rounded to 80 days),
mid-anthesis is 98 days (rounded to 100 days) and days to physical maturity (Aeng) IS
130 days.

Table 4-3: Days after sowing (DAS) for different phenological stages of wheat grown in
India. References are listed in Table 4-2.

Phenological DAS

stage
Average Median
+standard deviation
Flag leaf 6219 65
emergence
Astart 79+7 79
Mid-anthesis 97+6 98
Acnd 129+13 130
Accumulation 50 51
period
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4.2.3.2 Thermal time (GDD) accumulation period

Table 4-7 gives the median and average values of GDD required to attain the different
phenological stages calculated from phenological data listed in Table 4-2.

Table 4-4: Cumulative growing degree days (GDD, °C days) for different phenological

stages of wheat grown in India. References are listed in Table 4-2.

Phenological Observed GDD (°C days)
stage

Average Median
+standard deviation

Flag leaf 514+97 486
emergence

Astart 761+78 743
Mid-anthesis 906169 907
Accumulation 748 787
period

4.2.3.3 Comparison of DAS and GDD for defining F¢ accumulation period

Figure 4-3 (a) and (b), shows values derived for Agarr, mid anthesis and Aeng using DAS
and GDD respectively plotted along with observed phenological data for different
cultivars from individual experiments obtained from the published literature listed in
Table 4-2.

The DAS values for Agarr, mid-anthesis and Agng are very similar for both average and
median values; these values are rounded to 80, 100 and 130 DAS respectively to
compare cultivar data in Figure 4-3 (a). The GDD comparison uses values of 800 °C
days GDD for the entire Fg accumulation period with Agqr at 700 °C days after sowing
and Ag,g at 1500 °C days. The value of Agat of 700 °C days was chosen over 750 °C

days, which is closer to the median value, in order to make sure the accumulation period
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captures the time when the flag leaf is fully developed, this will mean that for cultivars
that have early ear emergence, the Fs accumulation period will start before the flag leaf
is fully developed. The value for A¢ng of 1500 °C days is selected since it gives a better

representation of the average and median Aeng Values.

Figure 4-3 (a) and (b) shows there is substantial variation between cultivars in the
timing of phenological periods measured both in terms of DAS and GDD. However, for
DAS there is a substantial overlap between different phenological stages; for example,
approximately 10 out of the 40 cultivars investigated have an Agng Vvalue of
approximately 100 DAS whilst approximately 15 of the cultivars have an Agrt Value of
approximately 100 DAS. In contrast, all cultivar Aenq Values estimated using GDD finish
later (between 1300 and 1700 °C days) than Agart and mid-anthesis. This would suggest
that GDD captures the timing of the different phenological stages more consistently

between cultivars than DAS.
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Figure 4-3: Wheat accumulation period. (a) based on DAS. The dotted lines indicate
Astart = 80 days; Mid-anthesis = 100 days and Aeng = 130 days. (b) based on GDD. The
dotted lines indicate Agart = 700 GDD; Mid-anthesis = 900 GDD and Acng = 1500 GDD.
The values are from Table 4.2. The blue dotted line indicates GDD=750.
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Published studies have also reported similar observations which highlighted the
influence of temperature on wheat growth and where the thermal time method was able
to define wheat phenology better than the fixed day method for wheat crops grown in
India (Ghadekar et al., 1992; Hundal et al., 1997; Kichar and Niwas, 2007; McMaster et
al., 2008) as well as in Europe (Pleijel et al., 2000). McMaster and Wilhelm (1997)
commented that the use of the effective temperature sum is generally accepted to
describe plant development more accurately than using a fixed time period since it
allows for the influence of temperature on growth. Sandhu et al. (1999) reported that the
coefficient of variation for growth duration measured in days was higher than growth
duration in thermal time (e.g., GDD, °C days) for the different phenological stages of
Indian wheat. Pleijel et al. (2000) also found less variation in phenology between
different experiments when thermal time was used as compared to using fixed duration

for European wheat cultivars (Pleijel et al., 2000).

However, neither method is able to capture the full range of cultivar phenological
periods; using an Aeng 0f 1500 °C days for the shorter duration cultivars causes the F
accumulation period to extends beyond the physiological maturity when the green flag
leaf area is low and photosynthesis is not likely to have significant contribution to grain
development with the consequence of overestimating Fs. For longer duration crops, the
Fs accumulation period starts before the flag leaf is fully developed but ends before
physiological maturity. Due to this, towards the start of the accumulation period, the F
may be overestimated while towards the end of the accumulation period it may be
underestimated. The over estimation towards Agart IS likely to be compensated by the
underestimation of the O3 flux that may occur towards Aeng.

Based on the analysis presented here this study will use the GDD method to estimate the
Fst accumulation period with Agarr, mid-anthesis and Aqng defined as 700, 900 and 1500

°C days after sowing and a total Fsaccumulation period of 800 °C days.
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4.3 Parameterization of the gs,c model for Indian wheat

A literature review was performed using online search portals such as Web of Science
and Sciencedirect. In addition, a visit to libraries in India was made to access the
literature that is available only in journals and books published in India. To derive Qmax,
data describing gs, of Indian wheat cultivars were collected from published studies of
experiments carried out in India using strict criteria that were based on those used to
derive the European gmax Wheat parameterisation defined in LRTAP Convention (2004).
These criteria can be summarised as described below and were used to ensure that, as
far as possible, the data collected from different experimental studies and observations

in India (or some cases SA) were as comparable as possible.

1. Only data obtained from gs,, measurements made on cultivars grown either under
field conditions or in open top chambers in India were considered. If not enough

information was found, potted plants were also taken into account.

2. The gs,o measurements used to define gmax had to be made on fully mature leaves of
the wheat canopy, and ideally the wheat flag leaf; during those times of the day and year
when gmax Would be expected to occur (i.e. between ear emergence and physiological
maturity periods of wheat development). Although the Fg model is parameterised for
the flag leaf, the data search was extended to all mature canopy leaves in an attempt to
capture as much gs, data as possible for further consideration.

3. Full details had to be given of the gas for which gy, measurements were made (e.g.
H,0, CO,, O3).

4. Details of the leaf surface area basis upon which the gy, measurements were
expressed (e.g. total or projected) had to be provided. Ideally these would be
specifically stated; alternatively, they could be inferred from provision of details of the

Osto Measurement apparatus used to collect g, data.

5. Only gso measurements made using recognized gs,, Measurement apparatus were

considered. Such apparatus included IRGAs and porometers.

6. Only gs,c measurements made on wheat grown during the winter season (between
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November and March/ April months in India) were considered.

14 experimental studies (see Table 4-5) were identified that provided information on the
Osto Of flag leaves for 22 wheat cultivars growing under Indian conditions; of these only
5 experiments clearly described the leaf area basis for measuring the gs,. Due to this,
certain assumptions had to be made based on the type of instruments that were used to
measure gsio In order to derive the values for gy, based on projected leaf area (PLA).
PLA is the leaf area projected onto a horizontal plane, while total leaf area (TLA) is the
total surface area of the leaves including the upper and the lower leaf surface (Chapin et

al., 2002). Unless otherwise stated, it was assumed that:-

1. Data from an IRGA represents conductance from both sides of the leaf expressed
on a PLA basis.

2. Data from a porometer represents conductance from the higher conducting side of
the leaf (in wheat the adaxial surface; see Table 4-6 describing data collected from

Indian studies that provide data on the adaxial:abaxial ratio) on a TLA basis.

The ratio of adaxial to abaxial gs, of 0.53 to 0.47 was taken from Agarwal & Singh
(1984) and used to convert from TLA to PLA; this ratio was supported by data

describing adaxial and abaxial stomatal frequency distribution (Table 4-6).
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Table 4-5: Details of the conditions under which the gs, data used for deriving maximum stomatal conductance (gmax) in wheat were collected.

References gmax Omax derivation Location Cultivar Time of the  Stage of gy, Mmeasuring Gas/ leaf Growing  Leaf
(mmol day crop apparatus area basis condition
O; m? S
PLA
sh
Agrawal 232 From graph showing g, at  New Delhi Kalyanson 10.30-12.00 109 Diffusive H,O /PLA Field Flag
and different days after (NWPZ) i days resistance
Singha, showing stomatal resistance after meter (LI 65,
1984, of both adaxial and abaxial sowing  Licor)
Ghildiyal side of the leaf.
et al., 2001 Adaxial=2.23 s/cm and
abaxial=2.35s cm™; n=3
Ghildiyal 171 Value in table. g4, =0.281  New Delhi B 449 10:00 — Anthesi  IRGA (Li-Cor H,O/ not oTC Flag
et al., 2001 (mol H,O0 m?s™); value of  (NWPZ) 11:00 hours S 6200, Lincoln, mentioned
n not given but least NE, USA) but IRGA so
significant difference assumed to
(LSD) values given so be PLA
assumed n>3.*
Ghildiyal 186 Value in table. gg = New Delhi HD 4502 10:00 — Anthesi  IRGA (Li-Cor H,O/ not oTC Flag
etal., 2001 0.173 (mol H,0 / m?s™); (NWPZ) 11:00 hours s 6200, Lincoln, mentioned

value of n not given but
least significant

difference (LSD) values
given so assumed n>3.*

NE, USA) but IRGA so
assumed to
be PLA
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Table 4-5: Continued.

Ghildiyal
et al., 2001

Kumar et
al., 2005

Rai et al.,
2007

Saharan
and Singh,
1984

Saharan
and Singh,
1984

101

168

583

90

110

Value in table. gg =
0.165 (mol H,0 m?s™);
value of n not given but
least significant
difference (LSD) values
given so assumed n>3.*

From graph showing
stomatal conductance
plotted against irradiance
(PPFD); 275.3264 (mol
H,O0 m?s™): n=4

Value in table. gg = 2.33
(cms™); n=3.

Value in table. gg =
0.36+0.01 (cm s™); ggo =
abaxial + adaxial; value of
n not given but  std.
deviation values given so
assumed n>3.*

Value in table gy, =
0.43+0.01 (cm s%); gyo =
abaxial+adaxial; n not

New Delhi
(NWP2Z)

Palampur
(NHZz)

Varanasi
(NEPZ)

Hissar
(NWPZ)

Hissar
(NWPZ)

Kundan

VL-116

HUW-234

C-306

C-591

10:00 —
11:00 hours

not
mentioned

9:00 - 10:00

hours

11:00 hours

11:00 hours

177

Anthesi
S

85 days
after
sowing

60-64
DAG

14 days
after
anthesis

14 days
after
anthesis

IRGA (Li-Cor
6200, Lincoln,

NE, USA)

IRGA
(L1-6400,
Lincoln, NE,
USA)

IRGA
(L1-6200,
LI-COR,
USA)

Diffusion
porometer
(LAMDA, IC,
Lincoln,
Nebraska)

Diffusion
porometer
(LAMDA, IC,

Hzo / Not
mentioned
but IRGA so
assumed to
be PLA

H,O/ Not
mentioned
but IRGA so
assumed to
be PLA

H,O/ not
mentioned
but IRGA so
assumed to
be PLA

Assumed
H,O as it is
measured
with
Porometer/
PLA

Assumed
H,O as it is
measured

oTC

assumed

to be field

oTC

Field

Field

Flag

Flag

Flag

Flag

Flag



Table 4-5: Continued.

Saharan
and Singh,
1984

Saharan
and Singh,
1984

Singh and
Datta,
2010)

Singh et
al., 1993

88

93

116

122

given but std. deviation
values

Value in table g, =
0.3420.01 (cm ™) Qg0 =
abaxial+adaxial; n not
given but std. deviation
values given so assumed
n>3.*

Value in table. gg =
0.35+0.02 (cm s™); g =
abaxial+adaxial; n not
given but std. deviation
values given so assumed
n>3.*

Value in table. g, = 0.19
mol H,0 m™ s™; n=20.

From graph showing gs
plotted against irradiance

(PPFD); 3.8565 s cm™; n=3

Hissar
(NWPZ)

Hissar
(NWPZ)

New Delhi

Hissar
(NWPZ)

HD-2009

WH-157

RKGR-1

WH-147

11:00 hours

11:00 hours

12.00-13.00

14 days
after
anthesis

14 days
after
anthesis

fully
opened
flag leaf

99 days
after
sowing

Lincoln,
Nebraska)

Diffusion
porometer
(LAMDA, IC,
Lincoln,
Nebraska)

Diffusion
porometer
(LAMDA, IC,
Lincoln,
Nebraska)

IRGA
(LICOR-6400
, USA)

Steady state
porometer ,
(Li-Cor 1600)

with
Porometer/
PLA

assumed
H,O as it is
measured
with
Porometer/
PLA

Assumed
H,O as it is
measured
with
porometer/
PLA

H,O/ Not
mentioned
but IRGA so
assumed to
be PLA

Assumed as
H,0 since it
is measured
with
porometer

Field

Field

Flag leaf

Field

Flag

Flag

Field

Flag
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Table 4-5: Continued.

Ashraf and
Bashir,
2003

Ashraf and
Praveen,
2002

Ashraf and
Praveen,
2002

Sawney
and Singh,
2002

Sawney
and Singh,
2002

84

60

74

92

84

Value from line graph
showing g, at different
days after anthesis. Qs =
137.9817 (mmol H,0 m*
s™): n not given.

Value from line graph
showing g, at different
days after anthesis. Qs =
97.7361 (mmol H,0O m™
s™); n not given

Value from line graph
showing gg, at different
days after anthesis. gs, =
120.7762 mmol H,0 m™
s™. n not given

Value in table. gq, =
151.0+15.00 mmol CO, m?
s™: n not given but std.
deviation values given so
assumed n>3.*

137.0+14.40 mmol CO, m*
s™: n not given but std.
deviation values given so
assumed n>3.*

Faisalabad
, Pakistan

Faisalabad
, Pakistan

Faisalabad
, Pakistan

Hissar
(NWPZ)

Hissar
(NWPZ)

Barani-83

Potohar

SARC-1

LOK-1

WH-533

10:00 - 11:35
hours

10:00 - 13:00
hours

10:00 - 13:00
hours

12 days
after
anthesis

8 days
after the
start of
anthesis

8 days
after the
start of
anthesis

13 days
after
anthesis

13 days
after
anthesis

IRGA (ADC,
England)

IRGA (ADC,
England)

IRGA (ADC,
England)

IRGA
(CIRAS-1,
UK)

IRGA
(CIRAS-1,
UK)

HzO/ Not
mentioned
but IRGA so
assumed to
be PLA

H,0O/ Not
mentioned
but IRGA so
assumed to
be PLA

H,O/ Not
mentioned
but IRGA so
assumed to
be PLA

CO,/ Not
mentioned
but IRGA so
assumed to
be PLA

COQ/ Not
mentioned
but IRGA so
assumed to
be PLA

Flag leaf

Flag leaf

Flag leaf

Flag leaf

Flag leaf

Potted

Potted

Potted

Potted:;
natural
growing
condition
S

Potted;
natural
growing
condition
S
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Table 4-5: Continued.

Sharmaet 36
al., 2005

Uprety and 590
Sirohi,
#1987a&Db;
Agrawal et

al., 2009

#Wahid, 229
2006;

Ashraf and
Bashir,

2003

Wahid, 226
2006

Value in table. gg =
37.26+2.87 mmol CO, m?
st n=3

Value in table. Stomatal
resistance = 0.88 s cm™.
value of n not given but
since critical difference
(CD) values are given

therefore assumed >3.*,

From graph showing bar
graph of gy, = 229.25
(mmol O; m?s™), n>16.

From graph showing bar
graph of gy, = 226 (mmol
0; m?s™"), n>16.

Jobner
(NWPZ)

New Delhi
(NWP2)

Lahore,
Pakistan

Lahore,
Pakistan

HD-2395

Sonalika

Ingilab-91

Pasban-90

10:00 - 11:00
hours

10:00 - 16:00
hours

not
mentioned

not
mentioned

anthesis
stage

anthesis

70 days
after
sowing

70 days
after
sowing

IRGA
(CID-301,
USA)

porometer (LI
1600)

IRGA
(LCA-2)
(ADC, Herts,
UK)

IRGA
(LCA-2)
(ADC, Herts,
UK)

CO,/ Not
mentioned
but IRGA so
assumed to
be PLA

Not
mentioned
but
Porometer
so assumed
to be for
H,O/ one
sided

03/ Not
mentioned
but IRGA so
assumed to
be PLA

03/ Not
mentioned
but IRGA so
assumed to
be PLA

Flag leaf

Flag leaf

Flag leaf

Flag leaf

potted

Potted;
natural
growing
condition
S

OoTC
potted

oTC
potted
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Table 4-5: Continued.

Wahid, 229 From graph showing bar Lahore, Punjab-96  not 70 days IRGA O/ Not Flag leaf OTC
2006 graph of gy, = 228.82 Pakistan mentioned after (LCA-2) mentioned potted
(mmol O3 m-2 s-1) , n>16. sowing  (ADC, Herts,  but IRGA so
UK) assumed to

be PLA

Mean = 182; Median = 145; 90th Percentile = 232; Range = 88 — 583; all values are in mmol Oz m™? PLA s™; n= number of replicates. * n value is not
given in the literature but the gs values are given along with LSD or std.dev values which require n>3 for analysis and therefore n is assumed to be >3.

In cases where two or more references are available, the reference from which the gnax for that cultivar came is indicated by #.
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Table 4-6: Data collected from Indian studies used to define the relative adaxial and

abaxial gs, and stomatal frequency of wheat.

Parameter Adaxial Abaxial References

Stomatal conductance  0.53 0.47 Agarwal and Singha, 1984
Stomatal frequency 0.53 0.47 Hattali et al., 1993

Stomatal frequency 0.58 0.42 Saharan and Singh, 1984

43.1 Omax and fmin Of wheat crops grown in India

4311 Qmax

There were only 12 experimental studies providing data on gs of Indian wheat cultivars
that fit the criteria set in the previous section to estimate gmax. Therefore, g, data were
also collected from potted wheat plants which were grown under natural conditions and
met all the other criteria. This also gave an opportunity to check how different the gs, of
potted wheat is from the non-potted field grown wheat. Data on wheat gs,, Were also
collected from experimental pot-based studies that were performed in Lahore (Wahid,
2006) and Faisalabad (Ashraf and Praveen, 2002) in Pakistan. Both Lahore and
Faisalabad are located close to the Pakistan — India border; they are part of the Punjab
province in Pakistan. The Punjab state in India is one of the most important wheat
growing regions in India and due to the close proximity of Lahore and Faisalabad to this
region; therefore it was assumed that the wheat growing conditions in Lahore are
similar to those of India, especially in the NWPZ region and the Wahid (2006)

experimental data could be used in the Indian wheat parameterisation.

After taking account of all the considerations mentioned above, g, data for 22 wheat
cultivars from 14 experimental studies were collected to derive the gmax for Indian wheat
(Table 4-5). The publications give g, data either as g, of water vapour (H,O), CO, or
Os. In cases where the g, was given for H,O or CO,, the values were converted to O
using a factor of 0.61 and 0.96 respectively (Pleijel et al., 2007). The values 0.61 and

0.96 represent the ratios of coefficient of molecular diffusivity of H,O and CO, to that
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of O3 respectively. The value of gma (Mmol O3 m™? PLA s™) for each cultivar was
derived as the maximum value of g, for each of these cultivars collected from one or
more experimental studies listed in Table 4-5. Table 4-5 also gives the gmax values for

each of the 22 cultivars.

To capture the maximum gs, for Indian wheat, the 90™ percentile of the gmax Values of
flag leaf of the 22 cultivars listed in Table 4-6 (gmax = 232, rounded to 230 mmol O3 m™
PLA s™) was used as the gmax Of Indian wheat flag leaf. The 90™ Percentile was used
instead of the absolute maximum in order to avoid the outliers in the data. The gmax Of
the 22 cultivars, potted as well as field crops, used to derive the gmax Of wheat flag leaf

for the stomatal flux model is plotted in Figure 4-4.

Studies have reported that growing plants in pots affects the rooting system due to
limited soil volume and this may affect the transpiration of the plant and subsequently
Osto- Ray and Sinclair (1998) reported a decrease in transpiration of potted soybean and
maize plants with decrease in the pot size. This suggests that pots may reduce the
transpiration and gs Of plants. Surprisingly, there was no significant difference between
the gmax Values of the field grown wheat and potted wheat, and adding the gmax values of
the potted wheat to the field wheat gmax values did not change the 90" percentile values
Omax Significantly. The 90™ percentile of field wheat gmax Was 227 mmol O m? PLA s,
while the 90™ percentile of the potted and field grown wheat flag leaves was 232 mmol
Osm?PLASS™
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Figure 4-4: Parameterisation of gmax for wheat stomatal conductance model. Each data
point represents the maximum s, that was observed for each cultivar, either from a
single or more than one study and the dashed line indicates the 90™ percentile, gmax =
230 mmol O3 m? PLA s, The references of the gmax data are listed in Table 4-5.

4312 fmin

The absolute minimum g, was selected as the gmin based on the gs, data from literature
listed in Table 4-6. The published literature from which the g, data were collated
allowing the derivation of gmi, were the same as those from which the gmax value was
derived (Table 4-6). From these data, the gmin Was found to be 1% of gmax. Therefore,

fmin vValue of 0.01 is used for the Indian wheat.

In the European wheat cultivars, Pleijel et al. (2003) and Danielsson et al. (2003)
reported that fi, under field conditions frequently reached values as low as 1% 0of gmax.

Hence the Indian parameterisation for fy,;, seems consistent with the European.
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4.3.2  Seasonal g, parameters

Seasonal parameters are those that show variability in influencing gs, over the growing
season but do not vary during the course of the day, e.g., fohen.

4.3.2.1 gso as a function of wheat phenology (fpnen)

The variation in wheat flag leaf gy, with leaf age has been reported in Indian wheat
cultivars (Agrawal and Sinha, 1984; Ashraf and Praveen, 2002). To derive an fynen
function that accounts for this variation due to phenology, wheat flag leaf gs,, measured
during different stages of the Fs accumulation period were obtained from literature. The
data was collected following strict criteria similar to the ones set for deriving gmax, With
slight modifications to suit the requirements for the fynen function, i.e. the gs, had to be
measured on the flag leaf, grown under natural conditions, and the data should have
measurements of gg, in at least three stages of the Fs accumulation period. The data

used for deriving the fpnen function are listed in Table 4-7.
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Table 4-7: List of literature for deriving fonen Values for Indian wheat. DAA= days after anthesis; DAS= days after sowing.*Values are obtained during

anthesis so are assumed to be for the flag leaf.

References Location Cultivars Time of the Stage of crop Jsto Measuring Growing Leaf
day apparatus conditions
Ashraf and Faisalabad, Inglab-91, 10:00 - 11:35 2,4,6,8,10, 12 IRGA (ADC, Potted Flag leaf
Bashir, 2003 Pakistan Barani-83 hours DAA England)
Ashraf and Faisalabad, SARC-1, 10:00 — 13:00 2,4,6,8,10, 12 IRGA (ADC, Potted Flag leaf
Parveen, 2002  Pakistan Potohar hours DAA England)
Singh and Hissar, WH-157 07:00-19:00 Jointing, Leaf diffusive Field Fully developed
Singh, 1989 NWPZ 2 hours at every  flowering resistance meter leaves exposed
two hour (anthesis) and (Porometer) to sunlight of
interval dough stage main tiller
Uprety and Delhi, Sonalika 10:00 - 16:00 Pre-anthesis, Porometer (LI 1600)  Field Flag
Sirohi, 1987b NWPZ 1 hours anthesis and
post-anthesis
Aggarwal and Delhi, Kalyansoni 10.30-12.00 80, 87, 95, 101, Diffusive resistance Field Flag
Sinha, 1984 NWPZ_1 109, 116, 123 meter (LI 65, Licor)
DAS
Saharan and Hissar, C-306, C-591,  11:00 hours 7,14,21 and 28 Diffusion porometer  Field Flag
Singh, 1984 NWPZ_2 HD-2009, DAA (LAMDA, IC,
WH-157 Lincoln, Nebraska)
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The phenology data in these literatures were described in days and not in GDD (Table
4-7) and therefore fixed days were used to define fyhen cand fonen o Values (Figure 4-5),
which represent gsio at the Astart and Aeng in relation to gmax. A boundary line analysis was
used to establish the fgnen function. A similar method was also used to establish fpnen for
European wheat. The fonen relationship for Indian wheat given in Figure 4-5a is very
similar to that derived for European wheat (Figure 4-5b). Therefore, the relative g, of
0.8 at Astart and 0.2 at Aeng from European wheat were used to define the fynen for Indian
wheat. Assuming gmax is at mid-anthesis, the leaf fonen at Astart 1S 20 days before anthesis

and Aeng is at 30 days after mid-anthesis (based on values in Table 4-3).

For the Indian parameterization of the Fs accumulation period, GDD is used to define
crop phenology. There the fixed days over which fyhen is described have to be converted
into GDD before this function can be used in the model. Agart in GDD has been defined
as 200 °C days before mid-anthesis and Aenq is 600 °C days after mid-anthesis. These
GDD values replaced the fixed day values. Thus at 200 °C days before mid-anthesis,
relative gy, is 0.8 while at 600 °C days after mid-anthesis the relative gy, is 0.2.

Figure 4-5 shows the parameterisation of fpnen. The Asar iS taken as 20 days before
mid-anthesis (assuming gmax to be at mid anthesis) and A¢ng as 30 days after mid anthesis
(Table 4-3).

1.00 =
@ . () European wheat flag Leaf ..o, " 8’5‘;:;3 etal.
ODO_G olm O Araus & Tapia
0.75 S % (1987)
¢ o3 © Oa n H
A ¢ Grimm &
> o8 O m Fuhrer (1992b)
2 050 ° 8 R o u © Wall etal.
i - Q (2000)
& - E 4 Scheone
0.25 _ kol (1992)
13 A Ostad96(0OTC)
0.00 o Ostad96(AA)
20 -10 0 10 20 30 40 .
No. of days from mid-anthesis T © T T O Ostad99(AA)
» -40 -20 0 20 40
f_phen ¢ Inglab-91 © Barani-83 ® SARC-1 O Potohar —fphen
A C591 A C-306 ® WH-157 - HD2009 O WH-147 Days from gy,

Figure 4-5: Parameterisation of fy,en for the wheat gs,c model; a) representing the Indian,
b) representing the European parameterization. Each data point represents the gso In
relation to the relative maximum gs, (i.. gmax) for each cultivar, either from single or

multiple experimental datasets. The references for a) are listed in Table 4-7.
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4.3.3 Diurnal parameters

Diurnal parameters are those parameters that vary in their limiting influence on gs, over

the course of the day.
4.3.3.1 Qs as a function of irradiance (Ffiignt)

There was only one dataset that gave gs, measurements for Indian wheat at different
levels of irradiance (Kumar et al., 2005). This experimental study was conducted at two
places, Palampur and Kibber, and it measured the gs, on flag leaves at different levels
of irradiance from PPFD 0 pmol m™ s™ to 2700 pmol m™ s™ (Table 4-8 and Figure 4-6).

Table 4-8: List of literature for deriving fjign: values for Indian wheat.

Reference Location Culti Irradian Stage  gswo Growing Leaf
S vars  ce of crop measuri conditio
ng ns
apparat
us
Kumaret Palampu VL-1 PPFD 85 IRGA Not Flag
al., 2005 rand 16 0-2700 DAS (LI1-6400 mentione
Kibber umol m™ , d
(AGZ 1) st Lincoln,
NE,
USA)

The relative gy, values were plotted together with the respective PPFDs to establish the
fiigne relationship for wheat (Figure 4-6). A logarithmic function was used to fit the
boundary line function for fjigh: using Equation [4-7]. The figne function for European
wheat (fiighe eu) 1S based on an exponential function which is represented by the dotted
line in Figure 4-6. Although the gy, data here is limited, the fign is a better
representation of these Qs data than the fiign: eu. Therefore, this logarithmic function of
fiignt was used to represent the light functions for Indian wheat in the model.
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The fiignt using a logarithmic function is given in Equation [4-2],

fiigne = (light, X Ln(PPFD)) — 0.3 [4-2]

Where, light, = 0.1661 and, PPFD = photosynthetic photon flux density in units of umol

m?2st,

@ 1 o
*
A
0.75 ¢
>
[¢}]
Z 05 1
5
©
[vd
0.25
0 * * * * +
0 500 1000 1500 2000 2500 3000
Irradiance PPFD (umol m-2 s-1)
f_light - = =f light EU & Palampur A Kibber

Figure 4-6: Parameterization of fjign: for wheat. The data points on the primary axis

represent observed gs, Of a single wheat cultivar, VL-116, at different irradiance levels

(Kumar et al., 2005).

The European fiign: parameterization (fiigne eu) is shown for comparison in Figure 4-6;
2

this assumes an exponential function and saturates at PPFD values below 400 pmol m’
s’: therefore the limitation to Osto OF fiignt would be substantially greater using the Indian

parameterisation.
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4.3.3.2 Qs as a function of temperature (fiemp)

To establish the femp function that describes the influence of temperature on Qs of

wheat flag leaves, data on wheat Qs and its relationship were collected from

experimental data in the literature following criteria that were similar to that for gmax,

fonen and fiigne but with modifications to suit the requirements of the fiemp

parameterizations, i.e. the data should have measurements of g, for at least three

different temperature values.

There were only two studies that fit the criteria given above, Uprety and Sirohi (1987b)

and Singh et al. (1993). The details of these two studies are given in Table 4-9.

Table 4-9: Details of data available on the influence of temperature on gs, of wheat

crops grown in India.

Refere Loca Culti Tempera No Time  Stage of Qo Growi Leaf
nces tion var turedata of of 0o Crop measu ng
repli measu ring condit
cates remen appar ions
ts atus

Singhet Hissa WH1 Canopy 3 12.00- 20-119 Porom Field  Well-de
al., r 47 temperatu 13.00 DAS eter veloped
1993 NWP re at the LI-160 leaves at

7 9 time of 0 top of

= measurem canopy
ent

Uprety IARI Sona Hourly 3 10.00- Anthesis Porom Potted, Flag
and , lika temperatu 16.00 , 7 days eter ambie
Sirohi,  Delhi re at the before LI-160 nt
1987b time of anthesis 0 conditi

NWP

measurem and 15 ons
Z2
- ent days
after
anthesis
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The relative g, values from the data in Table 4-9 were plotted in Figure 4-7. It is clear
that only limited data describing the response of gs, to either air or leaf temperature for
wheat grown in India were available (Figure 4-7) and these were deemed insufficient to
establish a robust function that would describe femp for wheat under Indian conditions.
In the absence of such data one possibility was to use the fem, relationship established
for European conditions (LRTAP Convention, 2004). The parameters for the fiemp
function of European wheat cultivars are Tyin = 12°C, Topt = 26°C and Tiax = 40°C; this

function is shown in Figure 4.9 (f_temp_EU)

1.0 * ——a—®
[ P S0
/ \
/ ° Ne
0.8 - °, \\
K4
3 , 8 .
q>_> / Ty %~ [ ] \
5 05 - / A X BN \
< / o o & ¢ \
o * \
/ ° ° s s o\
/ °
0.3 - / ° \
/ \
/ \
\
0.0 —L . . . . :
5 10 15 20 25 30 35 40
Temperature °C
- = = f_temp_EU ® Sonalika e WH-147

Figure 4-7: Available g, data for parameterisation of femp, based on Equations [3-11]
and [3-12]. Each data point represents the g, in relation to the relative maximum gs,
for each cultivar according to the corresponding temperature. The source of gs, data is
given in Table 4-9. The dotted line indicates the European wheat fiemp parameterization

from LRTAP Convention (2004).

The other option is to identify the Tmin, Topt and Trax parameters for the Indian wheat
flag leaf fiemp relationship based on 30 year climate data of the wheat growing region
during the wheat F accumulation period. This is based on the assumption that (i) the
wheat cultivars selected for cultivation in India will be physiologically suited to these
average climatic conditions and; (ii) the relationship between temperature and gsp IS
represented by a curve with a normal Gaussian distribution (Jarvis and Morrison, 1981;
Jarvis, 1980); the maximum and minimum temperatures as the Tpax and Tmin and the

average temperature as the Top.
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Having defined the feemp function in this way will mean that gs, will be limited when the
temperature deviates from the climatic average; it also reduces reliance on the need to
accurately define leaf to air temperature differences since these will be integrated in the
approach that is merely trying to identify the effect of cooler and hotter periods from the
norm. In view of this, an attempt was made to define the femp based on the actual
temperature range the wheat crops would experience during their growth period across
the region.

Collection of 30 years of temperature data

Analysis of daily average, maximum and minimum hourly temperature will give an idea
of the range of temperatures prevalent during the Indian wheat growing period. These
data were obtained from the National Oceanic and Atmospheric Administration (NOAA,

2009; http://www.ncdc.noaa.gov/oa/mpp/freedata.ntml) who have recorded data at

various locations across the important wheat growing regions of India for 30 years, from
1979 to 2008. For many of these stations there are gaps in the data; therefore a
comprehensive screening of the NOAA (2009) datasets was performed to identify 4
stations from each of the 3 main wheat growing AGZs (see Chapter 2) that had < 5% of
the data missing during the Fgaccumulation period; these station data (see Table 4-10)
were used to define the fiemp parameters.

In order to be able to use these 24 hour temperature data to define fiemp it is important to
ensure that the statistics provided are representative of daylight conditions. This requires
that the Tmin and Tmax parameters used to define femp should correspond with the
maximum and minimum average 24 hour temperature data provided by NOAA (2009).
In India, the maximum temperature occurs during the daylight hours between 14:00 —
16:00 hours (Agri Info, 2011; Deosthali, 1999; Singh et al., 1997; Jain, 2005); therefore
the 24 hour maximum temperature is assumed to be equivalent to the daytime maximum
temperature. The diurnal profile of temperature in India (Deosthali, 1999; Singh et al.,
1997; Jain, 2005) as well as in other parts of the world (Boni et al., 2001; Purcell, 2003;
Tejeda, 1991) indicates that the hourly minimum temperature is reached shortly after
sunrise (5:30 — 6:00 hours) which means that the 24 hour minimum temperature will be

equivalent to the minimum temperature during daylight hours.
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The 5™ and 95" percentile of the daily 24 hour minimum and maximum hourly
temperatures were used to define Tmin and Tmax; Topr Was defined as the mean of the 24
hour average temperature. Percentiles were used in order to exclude outliers in the data.
Since the temperature ranges vary between the different AGZs of India the need for

separate femp profiles for different AGZs was investigated.

Table 4-10 gives the Top, Tmin @and Tmax values calculated from the NOAA (2009)
temperature data in the 3 AGZs: NEPZ, NWPZ and CZ. ANOVA on the data showed
that there was no significant difference in mean temperature data between the three
AGZs. Therefore a common Topt, Tmin and Trmax Value was used for the three AGZs and
these same values for femp Were applied for the entire wheat growing region in India.
The resulting values for the Indian femp parameterisation were Top = 22°C; Trax =36°C;
and, Tpin = 9°C.
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Table 4-10: Topt, Tmin and Trax Values for the three AGZs: NEPZ, NWPZ and CZ. Ty =
average; Tmin =5" Percentile and Tmax = 95" Percentile of average, minimum and
maximum daily 24 hour temperature data respectively. These data were based on the 30
year temperature data from NOAA (2009).

Location Topt °C Tmax °C Tmin °C
NEPZ

Patna 22 34 10
Gorakpur 22 34 10
Gaya 22 35 10
Varanasi 22 34 11
NWPZ

Lucknow 22 36 10
New Delhi 22 34 11
Hissar 22 36 11
Jaipur 22 34 9
Ccz

Bhopal 20 32 8
Gwalior 23 37 10
Kota 22 35 11
Jabalpur 22 35 10
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Comparison of the calculated with observed data

To assess the reliability of using the NOAA (2009) 30 year climate data, the maximum,

minimum and average temperatures from these datasets were compared with

site-specific temperature data observed during the wheat growing season, which

coincided with the period when the Fs accumulation period is likely to occur (Table

4-11). The observed data were from Varanasi and Ahmadnagar. Both the maximum and

minimum temperature from the NOAA (2009) climate data lies within the range of the

observed minimum and maximum data.

Table 4-11: The calculated Tmax and Tmin, and the Fg accumulation period average

minimum and maximum temperature in Varanasi and Ahmadnagar.

Reference Location Daily Temperature °C No. of  Period of
(Latitude_Lo years  measurement
ngitude) Minimum Maximum

NOAA (2009) India 9 36 30 0O;

accumulation
period*

NOAA (2009) Varanasi 11 (5th 34 (95" 30 0;

Percentile)  Percentile) accumulation
period *

Tiwari et al., 2005; Varanasi 6.25-215 16.15-381 14 December to

R_al et al., 2007; . (25°N 83°E) March

Singh et al., 2009; 2002 — 2003

Sarkar and Agrawal,

2010 2004 — 2005

2007 — 2008
2008 - 2009
Debaje et al., 2010 Ahmadnagar 10.2-175 30.1-36.2 2 January,
o o February,
(19°N 75%) March and
December
2006 and 2007

*the Oz accumulation period occurs between January to March.
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To see whether the 30 year climate data fiemp, parameterization corresponds to the
measured Qs Values for different temperatures in India, femp Was plotted against
observed gs, data from publications listed in Table 4-8; these data were also compared
with the European fiemp relationship (Figure 4-8). From Figure 4-8 it is difficult to judge
whether the femp from the 30 years temperature data (fiemp n) Or the European
parameterization (femp_eu)is better suited to define the fiemp relationship for Indian wheat.
The use of the fiemp eu IS supported by the fact that these values are derived based on
studies conducted to establish relationships between wheat gs, and temperature.
However, the limitation of using the femy eu Would be the fact that the physiology and
hence the gs, Of Indian wheat cultivars is likely to be different from that of the

European wheat cultivars.

The use of femp v IS supported by the fact that the Top is similar to the optimum
temperature given for Indian wheat. In addition, the Ty Value of 22°C is similar to the
average of the optimum temperature for wheat growth and yield in India which is
20-25°C (DWD, 2011).

In Figure 4-8, the frequency of the hourly daytime temperature data (°C) from the
MATCH model during the Fs accumulation period in the 3 AGZs was plotted along
with the femp v and the fiemp ev. The MATCH model temperature data was collected
from one location for each of the 3 AGZs. The hourly temperatures that are prevalent
during the Fg accumulation period lie within the maximum and minimum boundary set
by the femp in. Whereas some of the lower temperatures lie outside the fiemp eu. The
hourly temperatures seem to lie way below the Tnax value of 40 °C. This does not
indicate that the femp N IS better suited or the femp eu. However, it shows that when
using femp N, temperature will not be as limiting to Qgswo. Using fiemp_eu Will be more

limiting of gs at lower temperatures and less limiting at higher temperatures.
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Figure 4-8: Parameterisation of fimp for the wheat gs,, model. fiemp v @and the fiemp eu
plotted along with, (a) observed relative gs,o. Each data point represents the gsp in
relation to relative maximum gs, for each cultivar; either from a single or multiple
experimental set (see Table 4-9 for data source), (b) the frequency of hourly
temperatures during the O3 flux accumulation period for wheat crops in the three AGZs,

the temperature data from MATCH model.

4.3.3.3 Qs as a function of VPD (fypp)

There are no data upon which to parameterize the fypp function for Indian wheat; the
only gs, data that have been recorded with simultaneous measurements of VPD are for
wheat cultivar Kalyansoni measured at very low VVPD levels (ranging from 0 to 0.2 kPa);
these data are from Aggarwal and Sinha (1984); see Figure 4-9 (a)). These VPD
values have been calculated from relative humidity and temperature data. Unlike
temperature, the VPD values at which g, will start to decline and reduce to fyin are
difficult to establish from 24 hour climate data since maximum and minimum VPDs do
not necessarily occur when at the same time as daily temperature extremes. Therefore,

the VPD parameterization of European wheat is used in the present study.

Figure 4-9 (b) shows the European wheat fypp plotted along with the frequency of
hourly VPD values from the MATCH model during the Fs accumulation period in the 3
AGZs. From Figure 4-9 (b) it is clear that VPD during the Fg accumulation period is
likely to exceed the VPDni, threshold of 3.2 kPa fairly frequently. Therefore, using the

European wheat fypp function will cause limitation of the gso.
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Figure 4-9: Parameterisation of fypp for the European wheat gs;,, model, represented by
black line and the VPDmax. And VPDmin represented by the dotted line. These are
plotted along with, (a) The data points represent observed gs, data of wheat cultivar
Kalyansoni at different VPD levels (Aggarwal and Sinha, 1984). (b) The data points
represent the frequency of hourly VPD during the Fg accumulation period in the 3
AGZs in India obtained from the MATCH model.

4.3.3.4 gy as a function of soil water

Since more than 85 % of the area under wheat cultivation in India is irrigated, it was
assumed that during the entire growing season wheat was not water-stressed. As such it
was not considered necessary to include a component in the gs, algorithm that would
allow for the influence of variable water status on gs,. Application of the Fg model in
Europe has also assumed soil water not to be limiting gs,. However, since the
environmental and management situation for wheat cultivation is rather different in
India as compared to European, the consequences of making this assumption are

discussed further Chapter 5.
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4.4 Summary of the parameterization of the g, model for India

The different parameters of the DO3SE Fs; model that will be used to simulate O3 uptake
to the flag leaves of wheat grown in India are summarized in Table 4-12.

Table 4-12: Summary of the parameterization of the different parameters of the DO3SE

Fst model for wheat flag leaves grown in India.

Parameter Units Parameterization
Omax mmol O3 m? PLA™* 230

fmin fraction 0.01
fonen_a fraction 0.8
fonen_b fraction 0.2

fohen_c Days 20

fonen d Days 30

fonen_e °C days 200*
fonen_f °C days 600*
light, (constant) 0.1661**
Tin °C 9

Topt °C 22

Tmax °C 36

VPD max kPa 1.2
VPDnin kPa 3.2

S ' VPDyit kPa 8

The DO3SE F¢ model described in Chapter 3 will be applied with the parameterization
described in Table 4-12 to provide estimates of F¢ for wheat across India. These results

are presented in Chapter 5.
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Chapter 5 Results of the O; flux based risk assessment

5.1 Introduction

This chapter describes the results generated on application of the stomatal O3 flux (Fs)
model. The formulations of the Fs; model and the combination of datasets necessary to
apply the model for Indian conditions have been described in Chapter 3; the

parameterization of the model for Indian conditions has been described in Chapter 4.

The analysis of the Fg results focuses on the following i) an assessment of the spatial
differences in risk estimated using flux compared with a concentration based method
(AQOT40) described in Chapter 2; ii) an assessment of how these different estimates of
risk translate into yield and production losses; iii) an assessment of factors most
influential in determining flux both seasonally and diurnally; iv) an assessment of
whether the prevailing climate under which wheat is grown (i.e. the AGZ) substantially
influences flux and finally; v) consideration of the robustness of the flux model (and
particularly the parameterization of the model) such that flux-modifying factors can be
reliably determined; this last part compares the Indian with the European
parameterization and performs a simple sensitivity analysis to define those parameters

most important in determining flux.

In order to perform these various assessments Fg values have been calculated using
either the Indian parameterization (IN) or the European parameterization (EU); for
example, the latter allowed analysis of the importance of parameterisation on Fg
estimates. In order to compare the cumulative Oz fluxes, PODy, directly with
accumulated O3 concentrations (AOT40) it has been necessary to estimate AOT40 over
the same O3 accumulation period used for Fg (i.e. Astart t0 Aeng); this AOT40 is termed
AOT40a. These AOT404 values are therefore different to the AOT40 values estimated
in Chapter 2 which were accumulated over a fixed length 3 month growing season.
Comparisons of estimates of yield and production losses are made using AOT40 values
accumulated over this 3 month period such that the values are comparable to those used
to derive the AOT40 yield response functions. Flux based estimates of yield loss for
crop production is made using the EU parameterization so that the estimates of flux are

consistent with the means of deriving the ‘European’ flux-response relationship.
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The model results are presented as maps to describe the spatial distribution of F and
PODy across India such that the regions that are potentially most at risk from Oj;
impacts can be identified. The modelling domain and the distribution of wheat
cultivation is shown in Figure 5-1; the maps presented in later sections show F for the
entire Indian land surface area, with the grids where wheat is grown identified by circle
symbols whose size gives an indication of the percentage grid area under cultivation. In
addition, individual grid squares have been selected from each of the main wheat AGZs
(see Figure 4-1 in Chapter 4 for AGZs) in order to analyse the temporal characteristics
of Fs. The three AGZs are: North-eastern plains zone (NEPZ), North-western plains
zone (NWPZ) and Central zone (CZ). The grids within these AGZs were selected such
that they had the largest percentage of grid area under wheat cultivation; this and other

details related to wheat productivity in these grids are provided in Table 5-1.
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Figure 5-1: MATCH model grids under wheat cultivation, defined as fraction of wheat
area per grid. The data to define the wheat cropping area were described in Table 2-2.
The stars indicate the location of the three grids; 1= NEPZ; 2= NWPZ; 3=CZ. This

figure is same as Figure 3-3.
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Table 5-1: Details of the location, grid fraction area, production and yield of wheat for
the cropping year 1999-2000 for the three grid cells selected for further analysis in each
of the AGZs.

Agro-climatic  Latitude_ Longitude Area Production  Yield

zone (AGZ) % of grid 1000 t/ha
area tonnes

NEPZ 25°N _83°E 25.3 71 2.2

NWPZ 30°N _ 76°E 84.5 229 4.7

Ccz 22.5°N _78°E 22.4 64 2.2

The average temperature and VPD meteorological cond