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Abstract 

Increasing tropospheric ozone concentration is a big threat to food security 
due to its phytotoxicity. It causes a huge damage to crop production across 
the globe, especially in the C3 plants (paddy (Oryza sativa)). The present 
study focuses on exposure-plant response index over different O3 concentra-
tion. In this study, two metrics viz. the average ozone for 7 h during daytime 
(M7) and accumulated exposure above a threshold of X ppb (AOTX) have 
been used in examining crop yield decline in Delhi, India. Eight AOTX in-
dices (AOT0, AOT5, AOT10, AOT15, AOT20, AOT25, AOT30 and AOT40) 
were analysed and potential crop reduction was predicted. The regular moni-
toring of O3 was done for 24 hours in year 2013. As per the European bench-
mark, a 5% yield loss was expected when AOT40 values crosses 3000 ppb∙h, 
however this study revealed that AOT40 threshold value ranged between 695 
ppb to 17645 ppb which had exceeded the European benchmark in most of 
the months. The crop reduction was found to be ~6.3% as evaluated by 
AOT40 index, whereas, total AOTX contributed up to 23% of rice yield re-
duction in Delhi NCR. On the other side, only 2% of rice yield loss has been 
predicted using M7 index, which is not comparable with AOTX indices. The 
M7 index was also found incomparable to the calculated net yield loss (13%) 
for year 2013 to 2016. Hence, AOT40 may be a better index to predict the vul-
nerable impact of O3 into the crop production. The total vulnerability of O3 
calculated as 57% in the crops reduction, while impacts of O3 was calculated 
and summed up for both the significant and non-significant paddy growing 
seasons. Hence, this study highlights an alarming situation in crop yield reduc-
tion due to O3 exposure in Delhi NCR which further threatens food security. 
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1. Introduction 

Tropospheric ozone (O3) is considered as the single-most deleterious phytotoxic 
air pollutant and has shown a tremendous negative effect on growth and pro-
duction of crops in different parts of the world (Feng et al., 2008; Mills et al., 
2011; Wild et al. 2011; Stevenson et al. 2013). This is also a major concern in a 
country like India where high urbanization and industrialization leads to in-
crease in precursor gases which finally results in high generation of tropospheric 
O3 (Burney & Ramanathan, 2014). This ozone is the result of reactions involved 
in photochemical smog formation in the troposphere. Ozone is also generated 
from its precursors like volatile organic compounds (VOCs), nitrogen oxides 
(NOx) and carbon monoxide (CO) in the presence of sunlight (Gurjar et al., 2016). 
Tropospheric O3 is recorded as the most harmful air pollutant in North Ameri-
ca, Japan and Europe (Sharma et al., 2017). In contrast with the past, over the 
last decade, O3 is also found to be very high in large areas of Asian developing 
countries (Mills et al., 2007; Michael et al., 2013). Ozone is a powerful oxidant 
which results in a number of health impacts (Rai et al., 2007; Saxena & Sonwani, 
2020), for instance, oxidative stress (Sinha et al., 2015; Saxena et al., 2016) and 
irritation in the lungs (Garg et al., 2015). In context of plants, various common 
crop species are sensitive to O3, therefore exposure to O3 leads to decline in crop 
yields and resulted in lower crop quality (Debaje, 2014; Klingberg et al., 2014). 
Several studies have been reported so far about crop yield impacts and photo-
synthetic activities by O3 exposure (Krupa et al., 1994; Chameides et al., 1999; 
Rai et al., 2007; Burney & Ramanathan, 2014). It also causes an imbalance in re-
dox status which produces early senescence. That’s why, any basis that might 
raise the level of plant metabolites interaction with antioxidant capacity will also 
be responsible for increasing the adverse impact of O3 on crop plants (Fagnano 
et al., 2009; Saxena & Sonwani, 2019). Due to the global rise in tropospheric 
ozone, the cost of agricultural losses is projected to reach about 35 million USD 
by the year 2030 (Avnery et al., 2011). The National Crop Loss Assessment Net-
work (NCLAN) program is the nodal agency which implements permissible lim-
it for studying the impacts of O3 on crop yield using open-top chamber (OTC) 
experiments (Avnery et al., 2011). NCLAN results depicted that decreased yearly 
soybean and cotton yield were 10% and 12% respectively when seasonal mean O3 
mixing ratios were found to be greater than 50 ppb (Klingberg et al., 2014). 
Fuhrer et al. (1997) found that a 10% reduction was found in spring wheat crop 
when O3 crosses 40 ppb concentration in Southern Europe. Different ozone in-
dices are used to estimate the threshold effects which include AOTX (0, 10, 20, 
30, 40, 50, 60), SUM06, W126, M7 or M12, POD0 or POD10. The AOT40 is a 
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cumulative exposure index, which is obtained by the sum of differences between 
the hourly concentration of O3 (in ppb) and permissible limit i.e. 40 ppb in each 
hour when its value raises above 40 ppb (UNECE, 1999). The SUM06 is the sum 
of hourly O3 mixing ratios which goes above the permissible limit of 60 ppb all 
around the growing season and sunlight hours. The W126 index evaluates each 
hourly value by a sigmoidal weighting method so that the lower O3 values are 
also taken into consideration. Among them, AOT40 and SUM06 are generally 
used to measure crop loss due to ozone exposure in Europe and USA, respec-
tively. Lastly M7 is, calculated for the whole cropping period by the average hourly 
O3 mixing ratio (ppb) during daytime hours between 0900 and 1600 h (Adams et 
al. 1989; Lesser et al. 1990; Lal et al., 2017). AOT40 is considered as the best li-
near fit between exposure to ozone concentration and decrease in crop yield. As 
per the European guidelines, if the accumulated ozone concentration under three- 
month duration is exceeding 3000 ppb∙h, then approximately 5% reduction in 
crop yield is expected (Ishi et al., 2007). Various studies have been reported so 
far regarding solutions in terms of the correlation between AOTX and crop res-
ponses, particularly connecting this index with the level of O3-damage to vegeta-
tion. In a developing country like India, recent studies so far have suggested a 
net reduction in agricultural production due to O3, both using model-simulated 
studies (Van Dingenen et al., 2009; Avnery et al., 2011; Ghude et al., 2014) or 
based on some data derived from selected sites (Debaje, 2014; Sinha et al., 2015). 
Very few studies have been reported on O3 metrics, AOT40, AOTX indices, M7 
or M12 indexes in India which can estimate the reduction in crop yield and loss 
in the agricultural sector. Therefore, the present study focuses on crop yield re-
duction of one of the staple crop of India i.e. rice by AOTX and M7 indices. In 
the case of rice, AOTX and M7 indices are more preferential to use as compared 
to other crops (Debaje, 2014; Sinha et al. 2015 and Lal et al., 2017). Hence, this 
study designed to evaluate and predict the loss in rice yield considering the In-
dian climate particularly in Delhi NCR by using AOTX and M7. 

2. Methodology 
2.1. Study Area Description 

Delhi, India (28.38˚N, 77.10˚E), lies in between the Indo-Gangetic Plain (IGP) in 
the east direction and semi-arid range of land of Rajasthan to the southwest. It 
constitutes an administrative area of 1483 km2 and is part of the bigger National 
Capital Region (NCR) having a total area of 54,984 km2. Delhi also faces high 
traffic density in part due to high influx of immigrants from other Indian cities 
and daily commuters from the NCR region i.e. Ghaziabad, Gurugram and Fari-
dabad. It is one of the most populated city, with approximately 16.7 million 
people and is highly polluted (vehicle population = approximately 7.4 million) 
especially in terms of aerosols (Tiwari et al., 2013). The city experiences three 
main seasons viz. summer, monsoon, and winters. Winters cover the months of 
November till February, summers span from March to June and monsoon sea-
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son is from July to September. 

2.2. Ozone Monitoring 

The ozone data were collected continuously at Wazirabad, Delhi, India (28.7336˚N, 
77.2190˚E). This site is located near to Yamuna Floodplain and has extensive 
paddy cultivation. This site is also a heavy traffic intersection area and hence 
traffic density is very high especially during the peak hours. Regular monitoring 
was done from January to December 2013 and data was recorded on an hourly 
basis for 24 hours every day. Ozone concentrations were monitored using a UV 
based Absorption Ozone Analyser (Environnment S.A. Model O3 42M, France). 
This instrument is based on Beer-Lambert’s Law which measures sensitive val-
ues of ozone in ambient air. 

2.3. Crop Selection 

Rice (Oryza sativa) was selected as a study crop and it was used to estimate the 
amount of reduction recorded in its crop yield. Rice or paddy is one of the main 
Kharif crops and hence, chosen for the present study. The sowing of rice starts at 
the end of May in Kerala i.e. particularly in the start-up of the south-west mon-
soon season. But, sowing dates vary accordingly with the pattern of movement 
of rains and hence, in Northern part of India i.e. in Delhi, Kharif season nor-
mally includes sowing during July and is harvested by end of October or No-
vember. 

2.4. Mathematical Models 

AOTX is an analytical tool which is evaluated as the sum of differences between 
concentration, X ppb and the hourly ozone concentration, exceeding X ppb, for 
each sunlight hour with solar radiation higher than 50 W/m2 for a period of 3 
months.  

The formula to calculate AOTX is: 

[ ]3 31AOTX for ppbn
O Oi C X i C X

=
= − >∑               (1) 

where CO3 is the hourly ozone concentration in ppb, i is the running index, and 
n is the number of hours along with CO3 higher than X ppb, during the time 
evaluation (Grunhage et al., 1999).  

[ ]30

17 n
OiM C

n =
= ∑                        (2) 

From n = 0900 and 1600 h. 
To obtain the suitable AOTX index in Delhi, firstly the approximate value of 

ozone concentration is evaluated. Due to fewer number of studies on impacts of 
ozone on crop production in Delhi, there are no available statistics that can be 
applied in this study. So, one of the methods is used to divide the permissible 
value for each AOTX index with total of ozone concentration. This value is sup-
posed to be of initial crop reduction probably happen due to ozone exposure. 
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Hence, the amount of paddy reduction in terms of percentage for each AOTX 
index is calculated by the following formula: 

( ) AOTX valueCalculated paddy reduction % Paddy Production
zone concentrationO

= ×
Σ

(3) 

where, X is the index of AOT. 
As India doesn’t have indicators for estimation of decline in crop yield from 

ozone exposure, an analysis by AOTX indices should be carried out. As per Eu-
ropean benchmark where 5% loss in yield for any agricultural crops will be ex-
pected to occur if the accumulated ozone concentration within that period is 
higher than 3000 ppb∙h, (Ishii et al., 2007), the similar critical limit was used to 
distinguish the variation of responses between European and Indian region. 
Therefore, Equation (4) is used to identify the possible crop loss that likely to 
occur for each AOTX index in Delhi. In this analysis, 3000 ppb∙h was used as the 
significant level, similar to the European concentration-based critical level (Ma-
nual, 2004). 

( ) ( )
( )

Calculated Crop Reduction %
Estimated Crop Reduction % 3000 ppb h

Total AOTX ppb h
= × ⋅

⋅
 

(4) 

where, 3000 ppb∙h is the European standard for the AOT40 index (UNECE, 
1996). Therefore, to determine the loss of the crops for all AOTX indexes, 3000 
ppb∙h is used as the standard consistent with the European critical level. 

Moreover, the crop response functions for relative yields (RYs) for rice can 
also be calculated by the following formulas (Adams et al. 1989; Mills et al. 
2007): 

RY 0.0000039 AOT40 0.94= − × +                   (5) 

( ) ( )2.47 2.47RY 7 202 25 202e M e= − −                 (6) 

The relative yield loss (RYL) is calculated by 

RYL 1.0 RY= −                           (7) 

3. Results and Discussion 

The year-long study in Delhi revealed that the tropospheric 24 h averaged O3 
concentrations vary from 15 to 40 ppb. However, day time-averaged concentra-
tions touched the high notch as 54 ppb during the month of April and May. 
Prolonged exposure to high levels of O3 may lead to damage to vegetation with 
possible relevant reductions in agricultural crop yields (Agrawal et al. 2003; 
Saxena & Sonwani, 2019; Mills et al., 2007). The quantitative impacts analysis of 
O3 has been reciprocated with different O3 indexes, AOTX i.e. AOT0, AOT5, 
AOT10, AOT15, AOT20, AOT25, AOT30 and AOT40 in 2013 in Delhi at Wazi-
rabad site were summarized in Table 1. These are the accumulated O3 concen-
trations over a threshold of 0, 5, 10, 15, 25, 30 and 40 ppb respectively. The  
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Table 1. Summary of ozone concentration’s threshold ozone indices in Delhi during the 
year 2013. 

Month AOT0 AOT5 AOT10 AOT15 AOT20 AOT25 AOT30 AOT40 M7 

Jan-Mar 57,654 38,765 28,765 23,176 18,769 14,547 10,876 7685 31.02 

Apr-Jun 81,497 57,232 50,674 43,969 36,946 30,024 23,078 17,645 49.26 

July-Sept 38,065 23,958 18,428 13,537 9341 5983 3386 695 28.63 

Oct-Dec 61,366 35,454 29,485 23,640 18,079 13,203 9070 3369 35.20 

 
various threshold values which were produced in Table 1 were important to de-
pict the range of threshold values at Wazirabad, Delhi, which will consequently 
be used to estimate the crucial level of the AOTX index. Different AOTX index 
give different threshold values and hence they are important to analyze for the 
same. In Table 1, it has been shown that the AOT40 threshold value ranged be-
tween 695 ppb∙h. to 17645 ppb∙h. As per the European standard, permissible 
limit which is higher than 3000 ppb∙h covering a 3 months period is expected to 
result in an approximate 5% crop reduction. As per the estimated range of ozone 
limit concentration of 40 ppb in Delhi, it is largely affected by the ozone concen-
tration of 5% - 30% due to the increase in the concentration of accumulated 
ozone exposure i.e. up to 18,000 ppb∙h.  

On the contrary, another exposure plant response index, M7 has shown values 
as high 63 ppb in May and as low as 25 ppb in July. The M7 value during the 
Kharif season was calculated to be 32 ppb, almost similar value as reported by 
Lal et al., 2017 for the north Indian region (Table 1). It has been observed that 
the statistical correlation between 24-h average monthly O3 and monthly average 
M7 as well as correlations between monthly average AOT40 and monthly aver-
age M7 are very poorly fitted (R2 = 0.47 & R2 = 0.27, respectively). However, the 
relations among day time average O3 concentration, monthly average M7, and 
monthly average AOT40 have been found slightly better (R2 = 0.67 & R2 = 0.45, 
respectively). This has been observed that the M7 index value was lower i.e. 32 
ppb during the paddy season/significant season (July to November) than the 
value i.e. 38 ppb, was found during the non-paddy season/non-significant season 
(December to June). Moreover, during paddy season, the estimated crop reduc-
tion calculated by M7 was found to be 2% while in non-paddy season the total 
crop reduction was calculated as 11.2%. 

The analysis on the effect of AOTX indexes in paddy reduction was per-
formed in both significant and non-significant seasons. Figure 1(a) and Figure 
1(b) shows the correlation between AOTX indexes and paddy reduction as per 
the Indian scenario of climate for two periods in the year 2013. In Figure 1(a) 
and Figure 1(b), there are two subsequent patterns between the AOTX indexes 
and paddy reduction in the Delhi (Indian) climate. As per observations, during 
both the periods, AOT0 gave the least paddy reduction while AOT40 reported 
the maximum loss in paddy. The highest percentage for paddy reduction was 
found to be 76.45%, depicted by the AOT40 index during the non-significant  
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(a) 

 
(b) 

Figure 1. (a) Significant season and (b) Non-significant season: Relationship between 
AOTX indexes and paddy reduction in Delhi, India. 
 
season. In India especially in Northern India (one of them in Delhi NCR) where 
paddy production was mostly influenced by ozone exposure during the non- 
significant season (Figure 1(b)).  

During this season, Delhi NCR experiences lower boundary layer, low-temperature 
inversions, high relative humidity and low wind speed with less rainfall as com-
pared to other months (Lal et al., 2017; Saxena & Kulshrestha, 2016). These con-
ditions are favorable for high ozone concentrations during winters while in early 
summers high temperature and high sunlight intensity favor high ozone con-
centrations (Bhuyan et al., 2014). The most favorable season for sowing of rice is 
during monsoon season. This season acts as a scavenging agent which cleans up 
the pollutants present in the atmosphere due to heavy rainfall, high relative hu-
midity, and high wind velocity. This is the main reason that ozone concentra-
tions during this season are very low (Ghosh et al., 2013). 
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Although this occurrence will decline the rate of ozone conversions but higher 
humidity and moderate temperatures can give rise to higher stomatal conduc-
tance. Consequently, the ozone uptake by plant leaves results in a loss of yield 
(Mohammed et al., 2013). This is a clear indication that paddy crop reduction 
had occurred during the significant season, though the percentage reduction was 
less than in the non-significant season.  

Statistical correlation associations between paddy reduction and AOTX in-
dexes in 2013 are shown in Table 2. As observed, the AOT40 index has got the 
highest R2 value as compared to the other indexes. Mohammed et al. (2013), had 
compared several AOTX indexes i.e. AOT15, AOT20, AOT25, AOT30, and 
AOT50 in Malaysia to determine the impact of different indexes on paddy. They 
found that AOT50 index had provided the best fit correlation between the index 
and crop i.e. paddy response. Hence, as per the variation of different indexes, the 
crop response would vary. Apart from this study, several studies find that 
AOT40 index has the best fit when considering the crop response (Rai et al., 
2007; Beig et al., 2008; Debaje, 2014; Ghude et al., 2014; Sinha et al., 2015). A 
similar observation has been obtained in our present study which compare all 
the indices with paddy response, with AOT40 having the best paddy reduction 
response. For example, 16.3% of relative yield loss of paddy was reported by 
Ghude et al. (2008) in Delhi region by using AOT40 index. Another study was 
reported by Lal et al., (2017), where 0.3% and 6.3% of paddy reduction was 
found in total of different parts of India by using M7 and AOT40 respectively. 
This present study also reported that AOT40 is having the best paddy reduction 
response of approximately 6.3% in Delhi region. 

Figure 2 depicts the approximate percentage of paddy reduction for each 
AOTX index in Delhi climate (Indian tropical). This has been widely accepted if 
the cumulative tropospheric O3 concentration will exceed the limit of 3000 ppb∙h 
in a particular crop growing season and only then conspicuous yield loss can be 
seen (Kärenlampi & Skärby, 1996; Beig et al., 2008). During our research, the  
 
Table 2. R2 value for the Relationship of AOTX and M7 indices with Paddy Reduction in 
Wazirabad, Delhi. 

AOTX indexes Coefficient of determination (R2) Equation (y = paddy reduction) 

AOT0 0.78 y = 13,612 + 0.7633x 

AOT5 0.80 y = 14,671 + 1.0212x 

AOT10 0.81 y = 12,243 + 1.663x 

AOT15 0.86 y = 10,133 + 1.732x 

AOT20 0.88 y = 8613.3 + 1.967x 

AOT25 0.92 y = 8412.4 + 2.167x 

AOT30 0.93 y = 8316.6 + 3.22x 

AOT40 0.93 y = 11,671 + 5.13x 

M7 0.46 y = 3287.7x − 90194 
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Figure 2. Estimated paddy reduction due to ozone exposure over three months by each 
AOTX and M7 indexes. 
 
cumulative O3 concentration was found to be more than 14,000 ppbh, which is 
far exceeded value than the critical level. Therefore, reduction in paddy was cal-
culated as 6.3% by AOT40, which is much higher value than the AOT40 calcu-
lated by the critical value as 3000 ppb∙h. Table 2 results also support this fact, as 
the AOT40 index fits best with the Indian climate as compared to other indexes. 
The obtained percentage reduction i.e. 6.3% is different from the European 
benchmark which is only 5%. Thus, in the Indian climate, especially in an urban 
area like Delhi NCR, there is a high percentage crop (paddy) reduction and it is 
different from the European benchmark.  

Relative Yield Loss (RYL) of rice has also been calculated as 0.23 of RYL in the 
Delhi NCR region at Wazirabad site which is a quite comparable to the value of 
0.29 as reported in Lal et al., (2017). Earlier studies reported in India on RYL of 
rice had also reported the similar values (Debaje, 2014; Sinha et al., 2015; Ghude 
et al., 2014; Van Dingenen et al., 2009). This value is alarming for agricultural 
scientists as ozone exposure in Delhi NCR is much high and is highly affecting 
the crop production in Delhi and its nearby areas. The total yield loss of rice has 
been estimated by using the AOT40 index and is found to be 0.16 Mt (6%) of 2.6 
Mt rice produced in Delhi NCR (Table 3). In comparison, the total AOTX con-
tributed to a huge rice yield loss of 0.61 Mt (23%). On the contrary, M7 index 
contributed to the rice yield loss of only 0.06 Mt (2%). Therefore, the study has 
shown a clear impact of O3 phytotoxicity on rice yield. The indices used to cal-
culate the entire range of crop yield losses, shows that 2% to 23% losses of crop 
yield occur in Delhi NCR. This has been validated with the rice production data 
from ICAR (2018) which finds a decrease of up to 13% from 2013 to 2016 in the 
Delhi NCR. Similar study was conducted by Ghude et al. (2008), where, 16.3% of 
relative yield loss of paddy was reported in Delhi region by using AOT40 index. 
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Table 3. Loss of paddy by relative yield loss with respect to AOT40 and M7 in Delhi-NCR 
of 2013 (Source: ICAR reporter, 2018). 

National Capital 
Region (districts) 

Avg O3 
(ppb) 

Avg 
AOT40 
(ppb∙h) 

Avg M7 
(ppb) 

RYL 
AOT40 

RYL 
M7 

Paddy 
Yield (t) 

Paddy loss (t) 

AOT40 M7 

Delhi (7) 

19 318 32 0.06 0.02 

29,652 1779 593 

Haryana (10) 2,153,000 129,180 43,060 

Uttar Pradesh (7) 452,250 27,135 9045 

Rajasthan (2) 4259 256 85 

Total 
     

2,639,161 158,350 52,783 

4. Conclusion 

The present study highlighted that paddy crop reduction was higher during the 
non-significant season as compared to a significant season. This study also de-
monstrates that among all the selected AOTX and M7 indexes, AOT40 is highly 
responsible for paddy reduction as compared to the rest. To further support this 
statement, linear regression analysis confirms that AOT40 best fits in the context 
of Indian climate particularly Delhi. Thus, this study suggests that the AOT40 is 
the most appropriate index especially in comparison to M7 while evaluating po-
tential ozone effects on crops in the tropical regions. The marked distinction in 
the values of AOTX indices in Europe and India is due to the variation in cli-
matic conditions and availability of longer daylight hours in India. In addition to 
that, it has also been reported that AOT40 index evaluated 6.3% of paddy reduc-
tion which was higher than 3000 ppb∙h over three months of the growing season. 
This result coincided with the European guidelines, which indicates that at least 
5% crop reduction would be expected. By taking the overall view of crop loss due 
to ozone exposure in India, some changes can be made in the modification of 
AOTX indexes. If AOT40 is used as the index, this study indicates that the ap-
proximate crop reduction must be shifted from 5% to 6.3%. Moreover, it has 
been expected that as per the AOT40 index the total yield loss of rice would be 
0.16 Mt (6%) of 2.6 Mt rice produced in Delhi NCR. Whereas, the total AOTX 
contributed huge rice yield loss as 0.61 Mt i.e. 23% of the total rice produced. On 
the contrary, M7 index contributed to the rice yield loss as 0.06 Mt (2%), which 
may does not truly fit for Delhi NCR or the tropical climate and the net crop 
yield loss calculated as 13% during the year 2013 to 2016. Therefore, the study 
has shown a clear impact of O3 phytotoxicity on rice yield over Delhi NCR. As 
paddy is the main crop of India, a decreasing paddy production in the future 
may negatively impact the agriculture sector, particularly in Delhi. 
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