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Significance

We assess the economic burden 
of air pollution on India’s wheat 
production, quantifying the cost 
of ozone pollution for producers, 
consumers, and the government 
in three policy scenarios. 
Previous studies overlooked the 
economic dynamics of supply 
changes and food security 
policies that are crucial in India’s 
regulated grain markets. Ozone 
mitigation would cause a net loss 
of USD 0.24 to a gain of 4.2 billion 
in total social welfare. The 
minimum support price policy 
protects the farmers’ welfare, but 
increases government costs, 
causing a net welfare loss. Both 
alternative policies allow prices to 
fall, resulting in overall increases 
in net social welfare but causing 
losses to producers. Therefore, 
farmer support policies need 
reexamination to maximize the 
social welfare of pollution 
mitigation for all stakeholders.
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We assess wheat yield losses occurring due to ozone pollution in India and its economic 
burden on producers, consumers, and the government. Applying an ozone flux–based 
risk assessment, we show that ambient ozone levels caused a mean 14.18% reduction 
in wheat yields during 2008 to 2012. Furthermore, irrigated wheat was particularly  
sensitive to ozone-induced yield losses, indicating that ozone pollution could undermine 
climate-change adaptation efforts through irrigation expansion. Applying an economic 
model, we examine the effects of a counterfactual, “pollution-free” scenario on yield 
losses, wheat prices, consumer and producer welfare, and government costs. We explore 
three policy scenarios in which the government support farmers at observed levels of 
either procurement prices (fixed-price), procurement quantities (fixed-procurement), 
or procurement expenditure (fixed-expenditure). In pollution-free conditions, the 
fixed-price scenario absorbs the fall in prices, thus increasing producer welfare by 
USD 2.7 billion, but total welfare decreases by USD 0.24 billion as government costs 
increase (USD 2.9 billion). In the fixed-procurement and fixed-expenditure scenarios, 
ozone mitigation allows wheat prices to fall by 38.19 to 42.96%. The producers lose 
by USD 5.10 to 6.01 billion, but the gains to consumers and governments (USD 
8.7 to 10.2 billion) outweigh these losses. These findings show that the government 
and consumers primarily bear the costs of ozone pollution. For pollution mitigation 
to optimally benefit wheat production and maximize social welfare, new approaches 
to support producers other than fixed-price grain procurement may be required. We 
also emphasize the need to consider air pollution in programs to improve agricultural 
resilience to climate change.

ozone-flux | wheat production | wheat prices | food security | air pollution

Over the past half-century, the success of the Green Revolution has seen India’s wheat 
cultivation develop to levels capable of providing food security for the 1.2 billion popu-
lation that depends primarily on food produced within the country. Wheat cultivation 
also provides an important livelihood for many of the 118 million Indian farmers, with 
about 30 million hectares or 17% of all the cultivated land in India under wheat cultivation 
(1), leading to the production of approximately 100 million tonnes (where 1 tonne = 1 
Mg) of wheat grain annually. The Indo-Gangetic Plain (IGP) is South Asia’s bread basket 
where the majority of India’s wheat (2, 3) is cultivated. Wheat is one of the cheapest food 
grains and provides 20% of protein and 19% of calorie intake for the Indian population 
(4). For these reasons, the government extensively procures and distributes wheat to much 
of the population to provide food and nutrition security.

However, past decades, particularly since 2008, have seen a decline in the growth of 
wheat yields, even as inputs and resources to increase productivity have increased (5). 
These declines have largely been attributed to changes in climate, particularly heat and 
drought stress, and changes in the frequency and magnitude of rainfall events. These 
declines resulted in substantial investments in programs to improve crop management, 
in particular through investment in irrigation. Incidences and severity of wheat diseases 
such as stem rust and spot blotch have also increased in the IGP, which are attributed 
to an increase in relative humidity and rising night-time temperatures (6). An additional 
abiotic stress that has been identified as a potential factor in these stagnating yields is 
air pollution. Evidence suggests that ground-level ozone represents a serious and growing 
threat to cereal production across India resulting from ozone precursor emissions 
[namely nitrogen oxides (NOx) and volatile organic compounds] which have been 
increasing across the region since the 1980s. NOx emissions in particular have tripled 
across Asia since 1990, causing modeled concentrations of surface ozone to increase by 
1.5 to 2.5 ppb/yr over the period 1988 to 2014 (7). The IGP region frequently experi-
ences ozone episodes of 40 to 60 ppb likely to cause substantial damage to cereal D
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productivity (8). Studies suggest that ozone pollution across 
India causes anywhere between 5 to 40% yield loss in wheat, 
with the highest losses occurring in the IGP (8–11). These yield 
losses translate into national scale production losses of between 
3.5 to 30 million metric tonnes (8, 10, 12–16), and subsequent 
economic losses of approximately USD 500 to 5,000 million 
per year (8, 10, 12, 13). As such, India currently faces one of 
the highest air pollution burdens of any global agricultural 
region; this situation looks set to continue well into the 2050s 
if no mitigation action is taken (17, 18).

These ozone impacts on wheat yield will affect wheat produc-
tion and hence supply. Changes in supply will have effects on the 
wheat market price which will in turn have consequences for the 
various stakeholders relying on wheat as a commodity. Farmers or 
producers will be affected as price changes will alter earnings on 
the sale of wheat grain at the market; consumers will be affected 
as price changes will determine access to wheat commodities and 
remaining disposable income after spending on food. Additionally, 
price changes will also affect the cost-effectiveness of government 
food welfare schemes (2, 3). These welfare schemes are designed 
to support both producers and consumers.

The small asset base of most producers contributes to precarious 
agricultural incomes. The mean farm size is about one hectare, 
86% of 118 million cultivators operate on less than two hectares, 
and 144 million are landless agricultural workers (1). To protect 
these vulnerable farmers from additional threats of price fluctu-
ation, the Indian government fixes a Minimum Support Price 
(MSP) for wheat, ensuring procurement in case the open market 
price falls below the MSP (19). Indian consumers also rely heavily 
on wheat products which provide one-fifth of household calories 
and half of all calories obtained from cereals (20). Wheat price 
fluctuation would challenge consumers given that nearly 30% of 
the rural population lives below the poverty line on a monthly 
income of less than USD 20 (21), a situation that results in ∼15% 
of the total population being undernourished (22). Most of those 
in poverty spend more than 50% of their earnings on food (22). 
This situation occurs despite India’s public distribution system 
(PDS), which guarantees the provision of subsidized grain to over 
60% of the population (23) and supplies 5 to 7 kg of grain per 
capita per month to eligible households determined by income 
(24). Since mean wheat consumption is ∼9 to 11 kg of grain per 
capita per month, this still leaves even the poorest households 
vulnerable to price fluctuations. Finally, the Indian government 
makes substantial investments in food welfare with food subsidies 
close to 1% of GDP or nearly 16 billion USD (23); these subsidies 
support government procurement of a quantity of grain from 
producers at a MSP and the distribution of grain, at subsidized 
prices, to low-income consumers.

Here, we seek to understand the economic consequences of 
ozone-induced supply side losses on wheat price and subsequent 
costs for producers, consumers, and government food welfare 
schemes. To achieve this we estimate spatially differentiated 
ozone-induced wheat yield losses across India by applying a 
flux-based risk assessment approach which incorporates environ-
mental factors that modify wheat sensitivity to ozone (15, 25). 
We assess the uncertainty of these predictions based on the 95% 
confidence interval (CI) of the flux–response relationship and 
translate this uncertainty in yield loss both as a national mean and 
spatially across India (Methods). We quantify the effect of these 
yield losses on wheat price and societal welfare using a supply and 
demand economic model (26) and apply three government policy 
scenarios that correspond to observed levels of price support inter-
ventions. Together, this allows us to explore the potential impact 
of ozone pollution on India’s wheat market.

Account of Findings

Ozone Impact on Wheat Supply in India. We applied an ozone 
flux-based risk assessment approach, which provides a biologically 
meaningful estimate of pollution-induced yield losses by 
considering the modifying effects of crop physiology, environmental 
variables, and irrigated and nonirrigated conditions. Unless stated 
otherwise, we present all results as mean values over the 2008 to 
2012 period with lower and upper estimates for the 95% CI. Over 
this period, the mean annual wheat production in India was 91Tg 
under ambient levels of ozone, which increased to 106 Tg in the 
counterfactual ozone-free conditions. Therefore, the ozone levels 
reduced annual wheat yields by 14.18 (11.6 to 17.21)% across the 
country when compared to ozone-free conditions. This equated 
to a mean annual production loss of 15.03 (11.42 to 18.91) Tg 
over 2008 to 2012. The largest production losses occurred in the 
agriculturally important IGP region (Fig. 1). The major wheat-
producing states of Uttar Pradesh, Punjab, Rajasthan, Madhya 
Pradesh, Haryana, and Bihar together suffered a mean annual loss 
of 14.07 (10.75 to 17.65) Tg or 93.7% of the total production 
loss (Fig. 2). These findings compare favorably with a study by 
Mills et al. (15) that also used ozone flux but national, rather than 
state-level production data and excluded some low-production 
wheat growing areas from the analysis. Mills et  al. (15) found 
around 12.5 to 17.5% wheat yield losses for large areas in northern 
India where ozone levels, climatic conditions, and irrigation 
promoted ozone uptake. These flux-based results contrast with 
earlier concentration‐based estimates that were unable to capture 
the spatial heterogeneity in yield losses and often predicted higher 
relative yield losses (12).

We find that yield losses caused by ozone were higher under 
irrigated compared to rainfed conditions. This is because irrigation 
reduces the need for the plant to limit transpirational water loss 
and consequently increases stomatal ozone uptake. Fig. 3 A and 
B present yield losses due to ozone relative to the wheat yields in 
ozone-free conditions under fully irrigated, fully rainfed, and the 
actual levels of irrigation. Moving to fully irrigated wheat cultiva-
tion across India would cause an additional mean 0.35 (0.33 to 
0.38) percentage point loss to the ozone-induced yield reduction 
that occurs under the existing mix of rainfed and irrigated wheat 
cultivation. However, the states of Karnataka, Gujarat, and 
Telangana, that receive low rainfall, would experience additional 
mean percentage point yield losses of 1.3 to 3.2 due to ozone if 
the wheat cultivation shifted from the existing mix of rainfed and 
irrigated to fully irrigated. The additional yield losses that occur 
due to ozone under irrigated conditions compared to the existing 
mix of rainfed and irrigation vary spatially (Fig. 3C). Nearly 20% 
of the wheat-cultivated area in Gujarat experiences additional 
percentage point losses of between 9.2 and 11.8; while in 
Telangana, 44% of the wheat cultivated area suffers an additional 
mean 4.44 percentage point loss under fully irrigated conditions 
compared to their current mix of irrigated and rainfed conditions. 
In the case of Rajasthan, 60% of the wheat-cultivated area expe-
riences more than five additional point percent losses under fully 
irrigated conditions compared to the fully rainfed conditions.

The enhanced yield losses due to ozone on irrigated wheat are 
significant given that expansion of irrigation across India over the 
past 40 years has allowed wheat to become a major crop. Increased 
irrigation is responsible for wheat yields being 13% higher in the 
2000s than in the 1970s (27). Irrigation is also considered crucial 
in adaptation to climate change and associated heat stress with 
irrigated wheat exhibiting approximately one-quarter of the heat 
sensitivity of wheat under fully rainfed conditions (27). Our 
results suggest that air pollution is potentially compromising the D
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benefits of irrigation and its expansion. Operation of irrigation 
infrastructure is highly subsidized in India and has poor revenue 
collection (28). Therefore, in those instances where irrigation is 
not achieving its full potential benefits, ozone pollution may create 
an additional economic cost to the government and a higher envi-
ronmental burden to the country (29).

Ozone-Mediated Supply Effects on Price. Applying an economic 
model of supply and demand to project the impacts of yield 
changes on price (c.f. refs. 26 and 30), we explored the effects of 
ozone-induced changes on wheat supply and subsequent price 
changes. The wheat market clearing price during 2008 to 2012 
under ambient ozone pollution conditions ranged from USD 
159 to 202 per Mg of wheat. Here, we compare these 2008 to 
2012 outcomes under ambient ozone pollution with outcomes 
that would be obtained in a counterfactual “pollution-free” 
environment.

We assume that in the pollution-free environment, government 
interventions that would also influence the wheat market price 
remain unchanged. This leads to three policy scenarios. The 
“fixed-price” scenario represents the current policy where the gov-
ernment procures wheat at a MSP (procurement price) directly from 
farmers. It assumes that the government extends this policy to the 
pollution-free environment and maintains the procurement price 
at current levels. As supply is greater in the pollution-free environ-
ment, wheat prices would decline in the absence of procurement. 
To protect farmers from economic loss, the government procures 
wheat until the market prices attain the current level of procurement 
prices. Hence, there is no change in wheat prices. Government 
expenditure rises because of additional procurement.

In the “fixed-procurement” scenario, it is assumed that gov-
ernment support to farmers is fixed in terms of quantity, i.e., it 
procures the same quantity of wheat grain as in 2008 to 2012. 
As supply is greater in the pollution-free environment, the gov-
ernment can procure the same quantity with a lower procurement 
price. As a result, government expenditures on grain purchase are 
lower under no-ozone conditions. Due to ozone mitigation, 
wheat prices decline by mean value of 43.0 (32.6 to 54.1)% over 
2008 to 2012 resulting in a mean reduction of USD 2.32 billion 
(USD 1.76 to 2.92 billion over 2008 to 2012) in government 
cost.

In the “fixed-expenditure” scenario, the government support to 
farmers is fixed in monetary terms, i.e., it spends the same amount 
on farmer support as during 2008 to 2012. Because supply 
expands when ozone is mitigated, the government can meet its 
expenditure target with a combination of lower procurement 
prices and greater procurement than the observed levels in 2008 
to 2012. Our results show that removal of ozone pollution will 
cause a mean decrease of 38.19% in the price of wheat allowing 
the government to procure extra grains compared to ambient 
ozone pollution conditions.

Ozone-Mediated Supply Effects on Welfare. In the “fixed-
price” scenario, wheat supply increases when ozone is mitigated 
compared to the ambient ozone levels, but the prices do not fall. 
Consequently, ozone mitigation leads producers to gain by mean 
USD 2.7 billion annually (USD 2.05 to 3.39 billion) compared 
to the ambient ozone levels. As prices are fixed, consumers do not 
benefit from supply increases, while government costs increase by 
mean USD 2.491 billion (USD 2.24 to 3.70 billion) on account of 

Fig. 1. Wheat production loss due to ozone in India. (A) Mean production loss (in Mg) across India over 2008 to 2012. Lower CI and upper CI represent 95% CI. 
Wheat production does not occur in white cells. (B) Total production loss in India (in Tg). Error bars represent lower and upper estimates for 95% CI.
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higher procurement (Fig. 4) due to ozone mitigation compared to 
the ambient ozone levels. Thus, in this scenario, ozone mitigation 
results in a decline of aggregate economic welfare by mean USD 
0.24 billion (USD 0.18 to 0.31 billion) annually compared to 
ambient ozone levels.

By contrast, ozone mitigation will increase aggregate eco-
nomic welfare in the other two scenarios compared to those 
observed under ambient levels of ozone pollution. In the 
“fixed-procurement” scenario, the removal of ozone pollution 
sees the economic welfare of producers decline by mean USD 
6.01 billion (USD 4.38 to 7.88 billion) annually because of the 
fall in wheat prices compared to those in ambient ozone levels. 
For the same reason, consumer surplus increases by mean USD 
7.88 billion annually (USD 5.86 to 10.19 billion). In addition, 
government costs decline by mean USD 2.32 billion annually 
(USD 1.76 to 2.92 billion). This decline happens for two rea-
sons. First, the per unit subsidy to consumers declines because 
of the fall in market price when ozone pollution is mitigated. As 
a result, the government food subsidy costs fall. Second, the cost 
of farm support also declines. In the “fixed-expenditure” sce-
nario, an ozone-free environment would see producers lose mean 
USD 5.10 billion annually (USD 3.70 to 6.71 billion) and con-
sumers gain by mean USD 6.99 billion annually (USD 5.22 to 
9.01 billion) compared to the ambient ozone levels (Fig. 4). 
Here, the expenditures on farm support are held constant, mean-
ing that no savings are made in this regard, but as prices are 
lower, per unit subsidy is again lower after ozone mitigation, 
which leads to lower food subsidies.

Discussion

Our findings highlight several important issues related to ozone 
pollution, its physical effects on one of India’s most important 
staple crops, and its economic and food security consequences. 
First, the substantial yield reductions, coupled with the relatively 
rapid increase in ozone concentrations since the 1990s, suggest 
that ozone could be an additional though often overlooked factor 
in the observed stagnation of wheat yields that have occurred in 
India since the mid-1990s (5). This stagnation is commonly 
attributed to temperature rises (26), but high temperatures and 
ozone concentrations tend to co-occur leading to confounding 
effects and to ozone damage often being inferred as temperature 
effects (31). It is worth noting that current ozone levels in India 
were found to impose a constraint on wheat yield similar to 
aridity and nutrient stress (16), which are abiotic stresses widely 
acknowledged to be of considerable concern in India (32). It is 
also useful to consider ozone-induced yield losses in relation to 
the effects caused by climate change since climate change is a 
recognized threat to crop productivity in India. Climate change-
related shocks are predicted to affect wheat yields by between 
−10% and +4% in India between 2000 and 2030 (33). By con-
trast, we show that ambient ozone levels during 2008 to 2012 
affected Indian wheat yields by −14.18% resulting in a market 
price approximately 40% higher than that under a pollution-free 
scenario. For context, it is useful to show that the total wheat loss 
that occurred due to ozone during 2008 to 2012 period was 
equivalent to ~56% (39 to 67%) of the annual total quantity of 
wheat procured by the government, ~82% (68 to 103%) of the 
total quantity of wheat distributed under the PDS, and ~68% 
(49 to 87%) of the total domestic sales of wheat under all welfare 
programs. As such, avoiding these losses by mitigating ozone 
precursors would alone see increases in wheat production that 
could supply a substantial fraction of the wheat required for food-
based welfare programs.

The economic implications of supply changes resulting from 
pollution mitigation are heavily dependent on policy scenarios. 
Pollution mitigation is beneficial to farmers in the fixed-price sce-
nario, but that is achieved at a cost to both consumers and the 
government. The cost is greater than the gains to farmers. The 
advantages of productivity increase are therefore lost in the fixed- 
price scenario. These perverse outcomes are avoided in the other 
two alternate scenarios. They lead to net economic gains in 
pollution-free conditions. Consumers and the government are 
better off (also see SI Appendix, Fig. S5E). The productivity increase 
stemming from ozone mitigation lowers wheat prices and subsidy 
expenditures. The fixed-expenditure and the fixed-procurement 
scenarios (relative to the baseline ambient ozone scenario) indicate 
that it is the consumers and the government who bear the cost of 
pollution as pollution shrinks supply, elevates prices and increases 
subsidy expenditures.

In the two “fixed-procurement” and “fixed-expenditure” sce-
narios, the downside is that producers face losses. However, since 
aggregate welfare gains are positive, governments can put in place 
compensation payments to producers and still retain the gains to 
consumers. The government will also need to redesign producer 
support to maintain producer incomes rather than prices. This 
will allow the benefits of greater supply to flow to consumers and 
the government. Furthermore, yield gains may permit an open 
trade policy and farmers could gain from greater exports as global 
markets are threatened by reduced supply from major wheat- 
producing regions due to the Russia–Ukraine war. To this end, 
foreign consumers and world food security would also gain from 
pollution abatement in India.

Fig. 2. The wheat production and production loss due to ozone pollution 
in different states of India under the actual level of irrigation. (A) Production 
under ambient levels of ozone pollution and without ozone pollution. (B) Total 
production loss due to ozone pollution. Bars represent mean values over 2008 
to 2012; error bars represent 95% CI. AP: Andhra Pradesh, AR: Arunachal 
Pradesh, AS: Assam, BR: Bihar, CT: Chhattisgarh, GJ: Gujarat, HR: Haryana, 
HP: Himachal Pradesh, MH: Maharashtra, ML: Meghalaya, NL: Nagaland, 
PB: Punjab, RJ: Rajasthan, TG: Telangana, TR: Tripura, UP: Uttar Pradesh, UT: 
Uttarakhand, WB: West Bengal.
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Fig. 3. Effect of irrigation on percent yield losses. (A) Percent yield loss in each state due to ambient ozone under fully irrigated, fully rainfed, and the existing mix 
of irrigation and rainfed conditions. Bars represent mean values ± lower and upper estimates for 95% CI over 2008 to 2012. AP: Andhra Pradesh, AR: Arunachal 
Pradesh, AS: Assam, BR: Bihar, CT: Chhattisgarh, GJ: Gujarat, HR: Haryana, HP: Himachal Pradesh, MH: Maharashtra, ML: Meghalaya, NL: Nagaland, PB: Punjab, 
RJ: Rajasthan, TG: Telangana, TR: Tripura, UP: Uttar Pradesh, UT: Uttarakhand, WB: West Bengal. (B) Percent yield loss (mean over 2008 to 2012) across India 
due to ambient ozone under (i) the existing mix of rainfed and irrigated, (ii) fully irrigated, and (iii) fully rainfed conditions. (C) Point percent changes in yield loss 
(mean over 2008 to 2012) when wheat cultivation shifts from (i) rainfed to fully irrigated and (ii) existing mix of rainfed and irrigated to fully irrigated conditions.
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The cost of mitigating ozone pollution in India has not been 
estimated and is outside the scope of this study. However, several 
comparable studies indicate that the benefits of cleaner air through 
reduced health impacts alone will outweigh the mitigation costs for 
air pollution. For India, mitigating ozone and PM2.5 precursors 
will lead to health benefits that will outweigh the costs and allow 
India to achieve the Paris Climate agreement (34). We show that 
the additional economic benefits that will result via reduced dam-
ages to agriculture are significant and increase the economic benefits 
of pollution mitigation. Our findings on the economic impacts of 
reducing ozone pollution are also qualitatively similar to the eco-
nomic impacts of cost-reducing technologies in agriculture that 
increase production (35). As such, policymakers may find it more 
persuasive to view ozone mitigation as a technological advancement 
since few agricultural technologies provide comparable yield 
increases—with little to no need of change in producer behavior.

This evidence suggests that policymakers should consider limits 
to wheat productivity arising from ozone pollution, which is itself 
an important GHG, and focus additional effort on mitigation of 
ozone precursors. Currently, the air quality standard (AQS) for 
ozone in India is based on an 8-h and 1-h time-weighted mean 
value of 100 and 180 µg/m−3, respectively (equivalent to 50 and 
90 ppb) (36). These standards are unable to account for cumulative 
ozone impacts known to affect vegetation and are likely to be less 
stringent than those recommended for vegetation by WHO and 
the UNECE’s Convention on Long-range Transboundary Air 
Pollution (CLRTAP) (37). Furthermore, most real-time air quality 
monitoring sites in India are located in urban areas, omitting agri-
cultural areas where ozone levels tend to be higher, so monitoring 
of AQSs may not accurately represent the ozone pollution burden 
to arable agriculture in India. The National Clean Air Program 
(2019), which is the most significant attempt to reduce air 

Fig. 4. Changes in the market price of wheat, consumer surplus, producer surplus, government costs, and total welfare in the three policy scenarios resulting 
from the ozone mitigation with respect to the baseline (ambient ozone pollution). Bars represent the annual mean over 2008 to 2012. Error bars represent lower 
and upper estimates for the 95% CI. There is no change in market price and consumer surplus in the “fixed-price” scenario due to ozone mitigation.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
K

 C
E

N
T

R
E

 F
O

R
 E

C
O

L
O

G
Y

 &
 H

Y
D

R
O

L
O

G
Y

 (
C

E
H

) 
on

 S
ep

te
m

be
r 

21
, 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

19
2.

17
1.

19
9.

60
.



PNAS  2023  Vol. 120  No. 32  e2207081120� https://doi.org/10.1073/pnas.2207081120   7 of 10

pollution in India to date, aims to consolidate the scientific, legal, 
and institutional requirements for air pollution mitigation under 
one umbrella. With an investment of US$ 630 million, it focuses 
exclusively on particulate matter (PM10 and PM2.5) and 122 
cities, therefore excluding ozone and agricultural areas. Together, 
this suggests that policy is unlikely to prioritize reducing ozone 
concentrations to levels that would protect crop productivity. 

Adaptation to ozone stress is also not considered within stand-
ard agricultural management practices in India. Adaptation 
options to limit ozone sensitivity include using early sown and/or 
early maturing varieties whose growing seasons tend to avoid high 
ozone episodes that occur during the particularly sensitive grain 
filling period (38) as well as limiting irrigation to reduce ozone 
uptake during high pollution episodes (39, 40). Since irrigation 
has been a crucial part of wheat yield increases in the past few 
decades (27), preventing ozone pollution will enable India to max-
imize the benefits of its costly irrigation programs. Further, a better 
understanding of the interaction between environmental stresses 
(e.g., pollution, heat, and drought) is urgently needed to ensure 
that adaptation to multiple stresses leads to synergies rather than 
trade-offs in crop productivity (16, 37, 41, 42).

A decrease in wheat prices will also reduce the cost of living, 
which could allow consumers to afford a more nutritious diet by 
adjusting their consumption bundles to new price patterns or afford 
nonfood items that can reduce poverty-related deprivations (43). 
Wheat price reductions, however, will disadvantage households that 
rely primarily on wheat cultivation for income, especially small-
holder farmers. Conversely, households with little to no dependency 
on agricultural income will benefit from the decline in the relative 
price of agricultural commodities (33). Together, these factors would 
determine how ozone-induced changes in wheat prices influence 
poverty and the government response required to appropriately 
support both producers and consumers.

Methods

Our methodology has two key components. In the first, we estimated the ozone-
induced crop yield losses for India using the Phytotoxic Ozone Dose above a 
threshold of 3 nmol O3 per unit leaf area (PLA) m−2s−1 as recommended for 
large-scale integrated assessment modeling (POD3IAM) in CLRTAP 2017 (44). In 
the second, we used an economic model of the wheat market to estimate how 
changes in yield and production will influence wheat commodity price under 
two scenarios of government intervention. Once changes in price caused by the 
ozone-induced yield losses are estimated with demand and supply functions, we 
then assess the effect of these price changes on the economic status of producers 
and consumers and government welfare schemes. Application of these methods 
requires various physical and economic data, i.e., meteorological, ozone concen-
tration, irrigation, crop distribution, crop production statistics, demand and supply 
elasticities, and wheat procurement price data. The methodological coupling of 
these key components and datasets is described in SI Appendix, Fig. S4.

Calculation of Ozone Fluxes. The EMEP MSC-W (European Monitoring and 
Evaluation Programme, Meteorological Synthesizing Centre West) model is used 
to calculate ozone concentrations and ozone uptake to vegetation on a global 
scale. The EMEP model (45, 46) is a 3D chemical transport model whose results 
underpin the integrated assessment work of CLRTAP (47). For this study, version 
4.16 of the model was used, which features a gas-phase chemical scheme of 137 
reactions, and 20 vertical layers extending from the ground to the tropopause. The 
setup was as given in ref. 16, and provided ozone concentrations and vegetation 
uptake (see below) over India at a grid cell resolution of 1° × 1° for the years 
2008 to 2012. The meteorological data required for the model were obtained 
from the ECMWF-IFS (European Centre for Medium Range Weather Forecasting 
Integrated Forecasting System) model.

Ozone causes damage to crops only after it has been taken up via the stomata. 
Methods to assess flux-based metrics and associated dose–response relationships 
to estimate damage have been developed over many years within the CLRTAP 

(15, 16, 25, 48–51), with the latest recommendations given in the Modelling and 
Mapping Manual of the CLRTAP (44). Stomatal ozone flux is estimated within 
the EMEP model and depends on the leaf-level stomatal conductance as well as 
a calculation of the vertical profiles of ozone down to the top of the vegetation 
canopy. This stomatal uptake of ozone when accumulated over the duration of 
the 90-d wheat growing season (during daylight hours) provides the POD3IAM 
metric used within the CLRTAP (44). This metric is estimated within the EMEP 
model using EMEP-DO3SE (45, 46, 48–50, 52) applied for both irrigated and 
rainfed conditions. The EMEP-DO3SE model uses a multiplicative algorithm (Eq. 1) 
to estimate stomatal conductance to ozone (gsto).

	
[1]gsto=gmax× fphen× flight × max

{

fmin,
(

ftemp× fVPD× fSMI
)}

where gmax (mmol O3 m2 PLA s−1) is a species-specific maximum stomatal con-
ductance which is modified according to species-specific functions that deter-
mine gsto response to plant phenology (fphen) and environmental variables 
irradiance (flight), temperature (ftemp), vapor pressure deficit (fVPD), and soil water 
content (fSMI). The species-specific parameterizations used are for the flag leaf 
of wheat and are those recommended for large-scale integrated assessment 
modeling as described in the CLRTAP (44). The effects of rainfed conditions on 
stomatal ozone flux (Fst in nmol O3 m−2s−1) were estimated via inclusion of the 
soil moisture index (SMI) whose estimation depends on the soil water content 
over the soil depth 0.28 to 1 m, field capacity, and permanent wilting point 
(see ref. 45). For irrigated conditions, it was assumed that soil moisture was not 
limiting gsto.. Stomatal ozone flux (fst) at the top of the canopy of height h was 
then estimated from gsto and the ozone concentration at the same height (c(h)) 
as described in refs. 45 and 50.

The POD3IAM metric was estimated within the EMEP-DO3SE model according 
to Eq. 2.

	
[2]POD3IAM =

∑n

i=1
max

(

fst,i − y, 0
)

Δt,

where fst, i is stomatal ozone flux (in nmol O3 m−2s−1) at height h calculated at 
time-step i, n is the number of timesteps within the IAM accumulation period 
of 90 d, and Δt is model’s time-step (1200s in global EMEP runs). y is the 
threshold of 3 nmol O3 PLA m−2s−1 as recommended for large-scale integrated 
assessment modeling (POD3IAM) by CLRTAP (44). The 90-d ozone accumula-
tion period for each grid cell was derived by overlaying data describing wheat 
harvest dates obtained from the USDA Major World Crop Areas and Climate 
Profiles and the Indian crop calendar with climatic zones using the global 
“Climatic Zone” GIS data layer produced by the European Soil Data Centre at 
the Joint Research Centre following the methodology used by Mills et al. (15). 
Indian wheat is predominantly cultivated in Rabi (October to March), and 90-d 
accumulation periods back-projected from 2 wk before harvest fell primarily 
between January and March depending on location within India. For further 
information on Indian climate zones and the accumulation periods used, see 
SI Appendix, Table S3.

The POD3IAM value for each EMEP grid cell was estimated according to the 
POD3IAM values for rainfed and irrigated conditions and area weighted according 
to the proportion of rainfed and irrigated wheat production in the state.

Following Mills et al. (15), a reference POD3IAM value of 0.1 mmol m−2 rep-
resenting ozone uptake at preindustrial or natural ozone levels was subtracted 
from the POD3IAM value for each grid cell. Percentage yield loss (ΔY%) was then 
calculated following the dose–response relationship between POD3IAM and per-
centage reduction in wheat yield provided in the CLRTAP Mapping Manual (44). 
The full data plot with equation and CI is given there.

	 [3]ΔY% =
(

POD3IAM − 0.1
)

× 0.64.

Finally, for each grid cell, the wheat production that would have occurred 
in the absence of ozone pollution is estimated from the percent yield loss for 
that grid cell. We assume that ozone causes an additional crop loss, which is 
expressed by Eq. 3 and that ozone will have the same relative impact on yield 
irrespective of absolute yield. Since we apply this flux–response relationship on 
the observed crop yields, effects of other factors such as soil fertility, heat stress, 
and soil moisture are implicit in the wheat production for the grid cell occurring 
under the ambient conditions of climate and ozone levels.D
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Crop and Irrigation Data. State-level data describing Indian wheat production 
and harvested area under irrigated and rainfed conditions for the year 2005 were 
acquired at 5 arc minute (0.0833°) spatial resolution from the Spatial Production 
Allocation Model (SPAM) (53, 54) (SI Appendix, Fig. S1). District-level (i.e., the 
administrative division within a state) crop production and area data for 2008 to 
2012 were obtained from the Ministry of Agriculture and Farmers Welfare (55). 
See SI Appendix for further details of these datasets. These district data were 
summed to give state-level data for each of the years from 2008 to 2012 and then 
coupled with the 2005 data—the only source of the area of wheat under rainfed 
and irrigated conditions. We assume that the proportion of irrigated and rainfed 
wheat in a state remains constant from 2005 to 2008 to 2012.

To match this coupled wheat distribution and production dataset with the 
POD3IAM grid cell values, ArcGIS v. 10.1 (Environmental Systems Research 
Institute, Redlands, CA, USA) was used to create a 1° × 1° grid over India 
(SI Appendix, Fig. S2). The grid was overlaid on a map layer of Indian states to 
determine the contribution of the cells to different states. If a cell fell into two 
or more states, it was allocated to the state that contained the largest area of the 
cell. The cells where wheat production was nonzero were referred to as wheat-
producing cells (WPCs). We assume that the irrigated fraction at the state level is 
equivalent to the irrigated fraction within each of the WPCs within that particular 
state and used 2005 SPAM data to estimate the rainfed vs irrigated fraction of 
wheat area and production for each WPC. We then use the 2008 to 2012 state 
data to convert these WPC fractions of rainfed and irrigated wheat into absolute 
values of wheat harvested area and production data under rainfed and irrigated 
conditions for each WPC. Again, this assumes that the contribution of the WPCs 
to total wheat production and area in a state did not change over the period 
2005 to 2012.

Supply-Demand Economic Model. To model how the market price of wheat 
would change in response to a pollution-free environment and hence increased 
wheat supply, we apply a supply-demand model that uses the price elasticities of 
demand and supply for wheat. Such models have been widely used to estimate 
the economic benefits of agricultural research (30). All economic values are pre-
sented in terms of 2012 USD.

The demand and supply model is modified to take account of the Indian gov-
ernment intervention in the wheat market. To describe the model, let D0(P,Y) 
denote the demand as a function of price and income. Similarly, let S0(P,Z) denote 
the supply as a function of price and other factors summarized in Z (including 
ozone pollution). Government intervention in grain markets (rice and wheat) con-
sists of the government purchasing a substantial part of market supplies and then 
distributing it to households at a subsidized price. As a result, government pro-
curement, government sales and the market price satisfy the following equation:

	 [4]D(P0, Y + W ) − G = S(P0, Z ) − R,

where P0 is the market price in the presence of government intervention, G is 
government distribution, R is government procurement, and W is the cash equiv-
alent of the subsidy on grain sales. Eq. 4 says that market supplies are reduced by 
the extent of government procurement while market demand is affected in two 
contrasting ways. First, it is reduced by the extent of government sales. Second, the 
subsidy adds to household incomes and that increases the demand for all goods 
including grain. Empirically, however, the income effect on grains is known to be 
very low and close to zero (56). Therefore, the income effect on wheat demand 
can be ignored. Also, since market demand is reduced by the same amount as 
government sales, equation Eq. 4 can be rewritten as

	 [5]D(P0) + E = S
(

P0, Z ) ,

where E = (R – G) is the excess of procurement over subsidized distribution.
The policy mechanism is that the government buys wheat from farmers at 

an announced price called the procurement price. Because the procurement is 
open-ended, it results in the procurement price becoming the market price (57). 
As a result, the supply-demand Eq. 5 determines the excess procurement. From 
Eq. 5, it is clear that if the government targets a particular price, then it can achieve 
it either by directly announcing that price and letting excess procurement be 
determined by the supply-demand equilibrium or by setting excess procurement 
E such that the targeted price emerges from the supply-demand equilibrium. 

While both are equivalent, it is the latter that is more analytically convenient. Since 
1989, excess procurement in wheat has been mostly positive, and in those years, 
it has lifted demand and price above the levels that would have been without 
government intervention (58, 59).

The detailed description of the model to estimate the changes in market 
price, producer surplus (PS), and consumer surplus (CS) as a result of removal of 
ozone pollution is described in detail in SI Appendix. The equilibrium price P0 is 
determined by the equality of the existing supply and demand functions. In the 
absence of ozone pollution, the supply curve shifts and the price falls to P1. As a 
result, the CS increases. The change in PS is theoretically indeterminate because 
while producers gain from greater volumes, they also lose because of fall in prices. 
The net effect depends on supply and demand elasticities. All of these changes 
can be derived algebraically from Eq. 5. The sum of the changes in consumer 
and producer welfare is, however, always positive after pollution is mitigated.

While it is hard to predict how government behavior adapts to reduction in 
ozone pollution, we consider the following policy scenarios.

1. Fixed price: In this scenario, we assume that the government intervention 
remains invariant to the pollution related supply changes in terms of the pro-
curement price. The price P0 is held constant at the historically observed levels 
and does not change when ozone pollution is removed.

2. Fixed procurement: In this scenario, we assume that the government inter-
vention remains invariant to the pollution related supply changes in quantity 
terms. E is held constant at the historically observed levels and does not change 
when ozone pollution is removed. Supply expands, and the price (consistent 
with fixed procurement) falls in the absence of pollution. Consumers gain and 
government expenditures on procurement fall.

3. Fixed expenditure: In this scenario, we assume that the government inter-
vention remains invariant to the pollution related supply changes in quantity 
terms. The government cost of procurement remains constant. Wheat supply 
expands in the absence of pollution. The procurement price falls, but when that 
happens, procurement increases to keep the expenditure on procurement con-
stant. Hence, the fall in prices (relative to scenario 2) is balanced by the increase 
in procurement.

Our algebraic model departs from the graphical model by allowing for nonlin-
ear supply and demand curves. The algebraic expressions describing the quan-
titative analysis of these scenarios and estimation of changes in producer and 
consumer surpluses, distribution costs, and government cost are provided in 
SI Appendix. The data and economic parameters used in our economic analysis 
are presented in SI Appendix, Table S4.

Uncertainty Analysis. The performance of the EMEP model has been evaluated 
across a range of global sites in previous studies (15, 60). Results for India have 
also been presented in Pommier et al. (61), who achieved a mean bias of 5.5 ppb 
across 7 rural stations and rms error of 6.6 ppb. However, Pommier et al. (61) 
used different emissions and meteorology to that used in this study and some 
measurement data from older years. The Mills et al. study (15) used EMEP rv4.10 
with a similar setup as this study (though different emissions, see SI Appendix), 
and compared observed vs. observed modeled ozone for all sites in the Global 
Atmospheric Watch (GAW) program. They demonstrated very good agreement 
(R = 0.96, slope of 0.95) for the mean of daily maximum ozone (Dmax) and also 
for the 7-h daytime (M7) metric. Stadtler et al. (60) also used a similar model 
setup to compare with the GAW network, and presented a time series of daily 
maximum ozone. Biases range from ca. 3% at Mace Head in Ireland to 19% at 
one Japanese site.

For this study, we used EMEP version rv4.16 (46). In SI Appendix, we compare 
this updated model’s results with the GAW data, and also include comparisons 
for three Indian sites (Mohali, Anantapur, Gadanki).

We found a good overall performance of EMEP rv4.16 for most global sites 
from the GAW network (SI Appendix). However, there are no rural sites from 
India in the GAW network, and a severe lack of quality data from rural sites in 
India prohibits thorough evaluation of EMEP, as well as other chemical transport 
models, in this region (12, 61–64). A good-quality dataset for model evaluation 
was available for one semiurban site, Mohali (northern India). The model was 
found to generally overpredict the daily mean (Dmean) ozone levels (ca. 58% over 
January to March, the POD3IAM accumulation period for most sites). However, 
daytime ozone (M7 and the 12-h daytime metric M12) was captured better than 
night-time concentrations (with the overestimation reduced to ca. 40% over the D
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January-March period). This implies greater certainty of modeled daytime ozone 
concentrations which are used to derive the POD3IAM, but the lack of rural mon-
itoring data means that we cannot quantify the uncertainty in any meaningful 
way. Thus, we accept the ozone and POD3IAM calculations as is, and concentrate 
the uncertainty analysis on the yield loss.

Uncertainty in yield loss estimations due to ozone was assessed by calculating 
a 95% CI of the dose–response relationship (Eq. 3) using a symmetrical t distribu-
tion with 32 degrees of freedom (see SI Appendix for details). Applying these CIs 
provided percent yield loss due to ozone and, in turn, wheat production losses 
along with lower and upper estimates within the 95% CI for each grid. Uncertainty 
in yield and production loss estimates on a state and national level was then 
estimated by calculating yields and production for each grid and calculating the 
sum of grids in each state or all grids for the entire nation. The lower and upper 
estimates were calculated by the sum of the lower and upper estimates of yield 
and production for each grid.

The economic analysis uses the mean values over 2008 to 2012 and associ-
ated upper and lower bound of national yield and production loss estimates to 
estimate the 95% CI for the mean of the change in prices, producer and consumer 
surplus, and the change in government costs.

We focus on the uncertainty of the flux–response relationship since this deter-
mines the effect of ozone concentrations on yield.

Data, Materials, and Software Availability. District-wise, season-wise 
crop production statistics (55) are available at the Open Government Data 
Platform India at: https://data.gov.in/resource/district-wise-season-wise-
crop-production-statistics-1997. The SPAM 2005 v3.2 Global Data (54) can 
be downloaded from https://dataverse.harvard.edu/dataset.xhtml?persisten-
tId=doi:10.7910/DVN/DHXBJX. The calculations of phytotoxic ozone dose 
(POD3IAM) from EMEP MSC-W model can be downloaded from zenodo (doi: 
10.5281/zenodo.5512422). The link is provided from https://zenodo.org/
record/5512442. The EMEP MSC-W model is available as public source code, 

with the latest version (rv4.45) and previous versions stored at https://github.
com/metno/emep-ctm.
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