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Abstract: Surface ozone (O3) pollution is an emerging environmental abiotic stress that poses sub-
stantial risks to crop yield losses and food security worldwide, and especially in China. However, the
O3-induced detrimental effects on double-season rice have rarely been investigated at large scales
and over relatively long temporal spans. In this study, we estimated the crop production reductions
and associated economic losses for double-season rice across southern China during 2013-2019, using
a high spatial resolution surface ozone reanalysis dataset and rice distribution maps, and county-level
production data, in combination with a locally derived exposure-response function for rice. Results
show that AOT40 (cumulative hourly O3 exposure above 40 ppb) presented generally increasing
trends over growing seasons in 2013-2019, spanning from 4.0 to 7.1 ppm h and 6.1 to 10.5 ppm h
for double-early rice and double-late rice, respectively. Moreover, Oz-induced relative yield losses
ranged from 4.0% to 6.6% for double-early rice and 6.3% to 11.1% for double-late rice. Over the seven
years, ambient O3 exposure resulted in crop production losses of 1951.5 x 10* tons and economic
losses of 8,081.03 million USD in total. To combat the Oz-induced agricultural risks, measures such as
stringent precursors emission reductions and breeding Os-resistant cultivars should be continuously
implemented in the future.

Keywords: rice; yield loss; abiotic stress; ozone exposure; food security

1. Introduction

Surface ozone (O3) is a secondary air pollutant, mainly generated by complicated photo-
chemical reactions of precursors such as volatile organic compounds (VOCs), nitrogen oxides
(NOx), carbon monoxide (CO) and methane (CHy) [1]. With the excessive burning of fossil
fuels and accelerated urbanization process since the Industrial Revolution, surface O3 concen-
tration has experienced a substantial increase worldwide [2]. Model simulations indicate that
the global average O3 concentration in the summer is predicted to progressively increase to
80 ppb by 2100 as a consequence of a three-fold increase in precursors emissions [3]. In recent
years, both modeling and observational data demonstrate that the hourly peak of surface O3
concentration has declined in Europe and North America. In contrast, the temporal evolution
trend of O3 is the contrary in Asia, especially in China [4]. During the past three decades, with
sustained economic growth and accelerating urbanization, the ground-level O3 concentration
in China has become increasingly serious, with a growth rate of 2.4 ppb per year [5] which has
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exceeded the pollution level of developed nations in Europe and the United States. At present,
the concentration of ambient O in China has far surpassed the critical concentration threshold
for human health and plant damages [6]. Spatially, the most seriously polluted areas are mainly
concentrated in highly developed regions such as Beijing-Tianjin-Hebei, the Yangtze River
Delta and the Pearl River Delta [7].

A high concentration of surface O3 would decrease crops’ chlorophyll content [8], accompa-
nied by weakened photosynthesis [9] and accelerated leaf senescence [10,11], thus leading
to a reduction in crop yields [12-14]. A recent global modeling study showed that the global
production of crops including rice, corn, wheat and soybean was on average reduced by
4.4%, 6.1%, 7.1% and 12.4%, respectively, each year due to surface O3 pollution for the pe-
riod 2010-2012 [15]. Notably, China suffered extremely serious crop losses, including 8.1%
(21.5 million tons), 10.2% (25.5 million tons), 9.8% (13.6 million tons) and 19.4% (3.1 million
tons) losses for rice, corn, wheat and soybeans, respectively. Meanwhile, Feng et al. [6] used
observational O3 data provided by more than 1400 ground stations and also reported
that the rice and wheat production decreased by 8.0% and 6.0%, respectively, due to O3
pollution over China in 2015, resulting in economic losses of up to USD 18.6 billion. In the
future, the continued socioeconomic development in China would bring about increases
in the emissions of O3 precursors (NOx and VOCs), in combination with the promotion
of global warming to the formation of O3 [16], leading to a further increase in China’s
surface O3 pollution in the coming decades. Therefore, the adverse influence of ambient
O3 pollution is expected to worsen in China, and a special focus needs to be devoted to
evaluating the potential impact of O3 on agricultural losses.

Rice is one of the most important staple crops in the world, serving as a primary source
of food for over 40% of the global population [17]. China is the world’s largest rice producer,
accounting for 30% of the global total rice production. Due to the population growth and
the reduction of farmland during the rapid urbanization and industrialization process, the
demand for rice yield and quality continues to rise. However, in recent years, numerous
studies have shown that rice is a crop variety sensitive to O3 pollution [10,18,19]. Crucially,
O3-induced rice yield loss has imposed great risks for food security, which is contrary
to the sustainable development goal of ending hunger by 2030 proposed by the United
Nations (SDG 2). Notably, southern China is the primary rice-planting region, especially for
double cropping rice, contributing to more than 85% of rice production in China [20]. Since
southern China is recognized as a hotspot of surface ozone pollution [4,21], the quantitative
assessment of Oz-induced rice yield reductions and associated economic losses in this
region is urgently needed.

Over the past decades, scholars have employed open-top chambers (OTC) and free-air
gas enrichment (FACE) facilities to quantitatively investigate crop yield loss in response to
elevated O3 concentration gradients [22,23]. During the process, researchers have gradually
established the Os-yield response relationships between O3 exposure dose and relative
yield of many crops [24-28], which laid foundations for the assessment of ozone-induced
crop losses at large scales. Among O3 exposure metrics, AOT40 (cumulative daytime O3
exposure exceeding an hourly threshold of 40 ppb) is the most widely used in reality since
it takes into account both the ozone exposure concentration and exposure accumulation
period. Additionally, AOT40 has the advantages of simple calculation and displaying
significant linear correlations with crop yield losses [14], which promote its applicability
in the regional assessment of agricultural losses induced by ozone stress. For instance,
Sinha et al. [29] adopted AOT40-based exposure-yield response functions to quantify the
crop losses caused by ozone pollution, and estimated relative yield losses of 27—41% for
wheat, 21-26% for rice, 3-5% for maize and 47-58% for cotton in the Punjab and Haryana
states of India. They also reported that Asian crop cultivars presented considerably higher
sensitivities to Os-induced yield reductions in contrast with their counterparts in Europe
and US. Likewise, Emberson et al. [30] also revealed that experimentally derived exposure-
response functions established in North America led to an underestimation of the detrimental
impacts of O3 on agricultural production in Asia. Therefore, directly using exposure-response
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functions from other countries may be problematic since crop responses to ozone stress
could be differentiated due to the discrepancies in crop varieties and climatic conditions in
various regions [24]. In other words, the establishment of AOT40-yield response functions
for local crop cultivars provides a good prerequisite for crop yield reduction assessment
caused by O3 pollution in the region [31]. For assessing the crop yield reductions in China,
Wang et al. [26] employed OTC experiments to establish AOT40-relative-yield response
relationships for Chinese wheat and rice cultivars. On this basis, Zhao et al. [32] utilized
the AOT40-based response functions established by Wang et al. [26] and assessed that
surface O3 pollution gave rise to the relative yield loss of wheat and rice of 9.86-36.05% and
7.25-23.87%, respectively, in the Yangtze River Delta region, and the total economic loss was
USD 209.31 x 107 and USD 237.03 x 107.

Regional quantification of the impact of O3 pollution on crop yield requires the
estimation of O3 exposure. Due to the frequent absence of O3 observational data, a
large amount of research has relied on atmospheric chemical transport models (CTM)
to simulate the concentration of O3 [33,34]. Avnery et al. [9] employed simulated ozone
gridded data modeled by MOZART-2 to assess crop losses, and estimated O3-induced
global yield losses of 3.9-15% for wheat, 8.5-14% for soybean and 2.2-5.5% for maize
in 2000. However, the simulated O3 data based on the CTM models have substan-
tial uncertainties in spatial resolution, emission inventories, chemistry and model
parameterization [35,36], resulting in great discrepancies in estimated O3 exposure
and associated crop loss estimates on the regional scale when using different chemical
transport models [37,38]. Since 2013, China has established air quality monitoring sta-
tions across the country and provides hourly ambient ozone concentration monitoring
data in each city. Therefore, some researchers turned to using ozone observational
data to assess the impact of ambient O3 pollution on crop yield reduction instead of
model-simulated data [6,39] Although station-based O3 monitoring data increased the
reliability of crop losses estimates in comparison with model-simulated counterparts,
the spatial and temporal coverage of ground monitoring stations is limited, which
masks the variability of ambient O3 over space and time [40]. Moreover, the distribution
of monitoring stations is spatially uneven, and most of the stations are located in urban
areas. Many studies have shown that O3 concentration in rural areas is higher than that
over urban areas [41,42]. Hence, O3 observational data based on site monitoring may
underestimate the pollution level in the rural areas where the crops are planted.

In addition, when calculating the O3 exposure, most of the existing studies took re-
gional administrative units (province or city-levels) as the evaluation units and used the
averaged Ojs of all monitoring stations within the administrative boundary to represent the
O3 exposure of crops. Finer evaluations at the county scale are relatively scarce, especially
in south China where there is a highly spatially heterogenous region with a contribution of
99% of the double cropping paddy area in China [43]. It is generally considered by previous
studies that the smaller the administrative units applied (e.g., assessment at the county
level), the higher the accuracy of the yield loss estimates would be [44]. Nevertheless, the
division of administrative boundaries is not able to delineate the locations of planted crops,
thereby decreasing the accuracy of Os-induced crop loss estimates. Furthermore, consid-
ering the differences in O3 concentration along the rural-urban gradients as mentioned
above, as well as the limited density of monitoring stations, the ozone pollution conditions
over a region may not be well characterized by the averaged values of the observational
data derived from the ground stations in that region. Consequently, using regional ad-
ministrative boundaries instead of cropland maps could generate large uncertainties in
crop loss estimates [20]. In other words, the introduction of cropland distribution data,
especially for high-resolution crop type maps with sufficient spatial details, contributes to
improving the accuracy of estimates in heterogeneous regions. Finally, previous studies
were mostly conducted at short time periods or for a specific year, and it was thus hard to
produce reflections of the temporal change trends of Oz-induced agricultural losses and
associated food security over a longer time frame.
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To fill the knowledge gaps as aforementioned, the present study employed a high
spatial resolution hourly surface ozone reanalysis dataset that optimally combined the
ground observations and nested air quality prediction via a data assimilation technique,
which outperformed both the measured and model simulated O3 data in estimating regional
O3 concentration. Moreover, a high-resolution (10 x 10 m) double-season paddy rice
distribution dataset was also used to identify the locations of crops in the heterogeneous
farmlands of south China, which added to the improved accuracy of the estimated O3
exposure of crops when in combination with the ozone reanalysis dataset. Additionally,
a locally derived exposure-response function for rice was incorporated and the county-
level rice production data were adopted to assess the O3-induced crop losses on the finest
scales possible (i.e., county-scale), so as to raise the estimate accuracy. The analysis was
conducted for seven consecutive years from 2013 to 2019 to promote the estimates’ temporal
representativeness. The specific objectives are to (1) investigate the spatial and temporal
evolutions of the AOT40 exposure metric of double-cropping rice (early rice and late season
rice) in south China during the relatively long term (2013-2019); (2) estimate the yield
reductions and economic losses caused by ozone exposure in south China spanning from
2013 to 2019. It is expected that the present study will increase the accuracy of O3-induced
crop loss estimates, and contribute to an improved understanding of the food security risks
posed by air pollution.

2. Materials and Methods
2.1. Data Sources

This study involves 286 counties and districts in nine southern provinces of China,
of which the specific planting regions of double cropping rice are shown in Figure 1. The
spatial distribution of double-season rice in South China at the resolution of 10 m was
derived from our previous study [43]. The early rice and late season rice maps were
produced using time-series Sentinel-1 SAR images and a time-weighted dynamic time
warping (TWDTW) algorithm, achieving an overall accuracy of over 90%.
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Figure 1. Study area and spatial distribution of double cropping rice in south China.

The hourly ground-level ozone concentration data from 2013 to 2019 were acquired
from the Chinese Air Quality Reanalysis (CAQRA) dataset [45], which was generated
by the Institute of Atmospheric Physics, Chinese Academy of Sciences (IAP, CAS). The
CAQRA dataset provided the surface gridded fields of six conventional air pollutants (i.e.,
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PM, 5, PMjg, SOz, NO,, CO and O3) at high spatial and temporal resolutions of 15km
and 1 h, respectively. Specifically, the dataset was produced through the assimilation of
more than 1000 ground-based observations provided by the China National Environmental
Monitoring Centre (CNEMC) using the chemical data assimilation system (ChemDAS)
developed by the IAP, which comprised the Nested Air Quality Prediction Modeling System
(NAQPMS, a three-dimensional chemical transport model); and an ensemble Kalman filter
(EnKE, the assimilation algorithm). Through the five-fold cross-validation with ground
observations and by comparing with the Copernicus Atmosphere Monitoring Service
Reanalysis (CAMSRA) dataset developed by the European Centre for Medium-Range
Weather Forecasts (ECMWFE), the validation result demonstrated that the CAQRA dataset
achieved high accuracy in characterizing the magnitude and spatiotemporal variability of
China’s air pollutants at ground level [7], which renders it more applicable for regional-
scale air quality studies. To date, the dataset has been widely used in related research on
environmental risk assessment by air pollution [40,46—48].

Yields of early rice and late rice in 286 counties and districts of south China during
2013-2019 were derived from the China Statistical Yearbook (2014-2020) (http://www.
stats.gov.cn/, accessed on 17 February 2022). Administrative zoning vector data were
acquired from the National Geomatics Center of China (http://www.ngcc.cn/ngcc/,
accessed on 17 February 2022).

2.2. The Calculation of AOT40

The widely used AOT40 exposure metric was employed in this study to assess the
Os-induced yield losses of double-season rice during their respective growing seasons
from 2013 to 2019. The AOT40 is defined as the critical cumulative [O3] level exceeding
the threshold value of 40 ppb under effective light conditions during crop growth season,
which was calculated using the formula below:

" [Os]; —40
AOT40(ppmh) = ) % for [Os]; > 40 ppb (1)
i=1

where [O3]; is hourly O3 concentration (ppb) of daytime hours and 7 is the number of
hours during the growing season. Note that the threshold of 40 ppb was considered as
the critical level at which ozone imposed damages on crop growth based on the field
control studies [24,26]. Based on the previous research [20,39] and the range of growing
seasons provided by the China National Rice Research Institute (https://cnrri.caas.cn/,
accessed on 10 March 2022), we determined the accumulation periods for double-season
rice, which were 20 April to 20 July for double-early rice and 25 July to 25 October for
double-late rice, respectively.

AQOT40 was calculated based on the hourly O3 reanalysis CAQRA dataset. Subse-
quently, AOT40 data were re-gridded to 1 x 1 km horizontal resolution using the Kriging
interpolation method [40]. Next, AOT40 exposure metric values were spatially extracted for
double-season rice based on the paddy maps. Lastly, the extracted AOT40 was aggregated
to the county level for the subsequent rice yield loss assessment.

2.3. Relative Yield and Relative Yield Loss

To estimate the crop yield losses by ground-level O3 pollution in a quantitative man-
ner, scholars established the exposure-response relationships between O3 exposure dose
and relative crop yields based on the Os-enrichment experiments, which laid the founda-
tions for the regional assessment of Oz-induced production reduction risks. Among them,
Wang et al. [26] developed an O3 exposure-response function for rice in China using the open
top field chamber (OTC) facility, which has been widely used for rice yield losses estimation
in China [31,49,50]. The modeled relative yield (RY) was calculated as shown below:

RY = —0.0095 x AOT40 + 1 @)
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The relative yield loss (RYL) of rice is subsequently calculated as:
RYL=1—-RY 3)

2.4. Estimated Production and Economic Losses

Rice production reduction and economic losses induced by O3 pollution were esti-
mated for each county on the basis of the method proposed by Sinha et al. [29].

CP;
PL; = RYL; X —— -t 4
ECL = CPL x CPP (5)

where CPL; is the estimated crop production loss and CP; represents crop production in
county i. The economic cost loss (ECL) is determined by the CPL and the crop production
purchase price (CPP), which was derived from the National Development and Reform
Commission (NDRC) (http:/ /www.ndrc.gov.cn/, accessed on 1 October 2022). The CPP
for rice during 2013-2019 was converted to U.S. dollars (USD) using the average exchange
rate of that year.

3. Results
3.1. Spatiotemporal Change Patterns of Ozone Pollution across South China

The average daytime ozone concentration [Os] in the entire region of southern China
in the stage of double-early rice ranged from 33.2 ppb to 40.4 ppb, and in the stage of
double-late rice it was 34.4 ppb to 50.0 ppb for years 2013-2019 (Table 1). Overall, the
ozone concentration in the double-late rice was higher than that accumulated over the
double-early rice period. From the perspective of temporal trends, the ozone concentration
demonstrated a change pattern of a U-shaped curve in most provinces, with the lowest
value being around 2016. Among them, Anhui province suffered the most evident uptrend
in ozone concentration over the growing seasons of double-early rice (+2.3 ppb/yr) and
double-late rice (+1.6 ppb/yr). In the spatial domain, ozone pollution in Hubei province
was the most severe for the double-early rice stage, with the highest ozone level in the
average of seven years (45.8 ppb), followed by Anhui (41.9 ppb) and Zhejiang provinces
(40.7 ppb). On the other hand, in the double-late rice stage the annual average ozone
concentration in Guangdong province was the highest (48.4 ppb), and was significantly
higher as compared with that in the double-early rice stage (34.9 ppb), indicating that
Os-induced damage to crop growth would be more serious in the late rice growing season.
A similar change pattern was also observed in the neighboring Guangxi province.

Table 1. Average daytime ozone concentration during the rice growing seasons.

Double-Early Rice Stage (ppb) Double-Late Rice Stage (ppb)
2013 2014 2015 2016 2017 2018 2019 2013 2014 2015 2016 2017 2018 2019
Anhui 40.22 41.04 3349 356 41.05 4539 5633 3953 3877 3929 3043 3844 5235 46.12
Fujian 3491 43.04 3525 2895 3317 3285 3227 4689 5094 4038 2990 4151 48.11 53.17
Guangdong  35.10 3574 4250 31.71 2745 3527 36.84 5318 59.18 46.67 3571 39.88 47.69 56.60
Guangxi 3754 3764 43.06 3126 2651 3622 3375 4980 5772 4535 4239 3752 40.62 43.73
Hainan 2494 2594 3728 284 2636 2897 3137 4658 4849 4986 37.07 34.78 50.10 47.08
Hubei 4821 4449 4752 3989 4111 4439 5529 4854 4451 4980 32.66 30.30 46.87 41.70
Hunan 4153 3994 4193 335 3531 389 4172 4844 4576 4893 36.07 31.99 44.61 42.85
Jiangxi 4349 4491 3764 3184 3015 3757 40.06 4650 5039 4332 3216 37.16 47.85 53.75
Zhejiang 4550 4470 4285 38.07 4224 3528 3617 4353 5412 4939 3297 40.12 47.23 4827

Focusing on the exposure-based AOT40 metric (Figure 2), the annually averaged
AQOT40 values across the whole southern China region over 2013-2019 were 4.0-7.1 ppm h
and 6.1-10.5 ppm h for the growing periods of double-early and double-late rice, respec-
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tively. In general, during the late rice growing season, the ozone exposure level was 28.1%
higher than that over the double-early rice growing period over the seven years. In terms of
temporal evolution, although both early and late rice showed generally increasing trends in
AOT40 values from 2013 to 2019, the annual increase rate of AOT40 in the growing season
of late rice (0.47 ppm h/yr) was nearly double the amount of early rice (0.25 ppm h/yr).
In particular, O3 exposure increased at an annual increase of 2.2 ppm h (36.5% growth per
year) during the late rice growing season for the three consecutive years of 2017 to 2019.
These findings implied that ozone pollution imposed greater risks on late rice production
in the region. Regarding the spatial distribution, AOT40 values featured evident spatial
heterogeneity across southern China. The AOT40 indexes of Anhui (9.6 ppm h), Hubei
(9.2 ppm h), and Zhejiang (8.7 ppm h) were ranking the highest at the double-early rice
stage, while those of Zhejiang (9.4 ppm h), Hubei (9.1 ppm h) and Jiangxi (8.2 ppm h) took
the highest place at the double-late rice stage. In contrast, the minimum AOT40 values
were largely observed in Hainan and Guangxi during the entire double rice stage, with
0.85 ppm h and 2.9 ppm h in Hainan for the early rice and late rice, while 3.2 ppm h
and 5.5 ppm h were observed in Guangxi for early rice and late rice, respectively. As
depicted in Figure 2, it can be seen that AOT40 increased significantly during the double
rice growing seasons. Specifically, during the growing period of early rice, the hotspots of
O3 exposure (corresponding to AOT40 of over 15 ppm h) expanded from small proportions
mainly in northeast Hubei in 2013 to larger proportions of the northern part of the south
China region in 2017 and 2018, especially for northern Anhui’s Huaibei Plain. Likewise,
during the growing period of late rice, the hotspots of O3 exposure expanded from small
areal proportions mainly in the Jianghan Plain in eastern Hubei in 2013 to significantly
larger parts in the central south China region (also the intensively farmed area) in 2019.
In addition, considerable increases of AOT40 also occurred over the Pearl River Delta in
southern Guangdong throughout the study period, and the O3 exposure was significantly
elevated during the late rice period compared with the counterpart over the early rice stage
in this area.
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Figure 2. Spatial distribution of AOT40 values over the growing season stages of early rice and late
rice from 2013 to 2019. The E and L in the part-labels represent early rice and late rice, respectively.

3.2. Relative Yield Loss

The spatially averaged relative yield losses of early rice due to ozone exposure during
the growing periods over 2013-2019 were 5.5%, 4.7%, 4.0%, 4.1%, 6.3%, 6.6% and 5.4%,
respectively (Figure 3). Among the nine provinces in southern China, Hubei, one of China’s
primary rice production provinces, suffered the highest multi-year average of RYL (10.0%)
over the study period and had the peak of 12.08% in 2019 (Figure 4). Following Hubei,
Zhejiang and Anhui provinces had average RYL of 7.9% and 6.4%, respectively. In contrast,
Hainan province had an average RYL of merely 0.65% during 2013-2019. The county-level
regions with the highest RYL were the regions with higher O3 exposure levels since the
relative yield loss was linearly correlated with AOT40 values. Specifically, the regional
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maximum RYL was largely observed in Hubei counties (14.3%, 13.9%, 14.2% in Xiaochang
in 2013, 2014 and 2018, respectively; 15.0% in Yunmeng in 2019) as well as Zhejiang counties
(11.9%, 12.4% and 15.2% in Cixi of Ningbo city for years 2015-2017).

E2014

E2015

RYL (%)

0.1-65
6.6-88 N

8.9-10.6
[ 107-129 A
B 130-152
Bl 53-188

1800 900 0 km
[ I

Figure 3. Spatial distribution of relative yield loss (RYL) of early rice and late rice over growing

seasons from 2013 to 2019. The E and L in the part-labels represent early rice and late rice, respectively.
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Figure 4. Regional statistics on the relative yield loss from 2013 to 2019. (a) Double-early rice period
and (b) double-late rice period.

For double-late rice, the average values of RYL over the growing seasons were 7.3%,
6.8%, 6.8%, 7.0%, 6.3%, 8.0% and 11.1% for 2013, 2014, 2015, 2016, 2017, 2018 and 2019,
respectively (Figure 3). It was obviously seen that the RYL of late rice stayed relatively
stable in the entire southern China region between 2013 and 2017, while it increased rapidly
beyond 2017 (more than double in 2019 compared with 2017), which was in line with the
temporal changes of AOT40. From the perspective of regional differentiation, in the double-
late rice stage the RYL of South China varied considerably (0.9-15.0%) (Figure 4). Hubei
suffered the highest RYL of 11.4% by average over the growing periods of late rice, followed
by Hunan (9.0%) and Zhejiang (8.8%). By comparison, the lowest RYL was observed in
Hainan province (2.6%). Generally speaking, crop relative yield loss was comparatively
higher for late rice than early rice for all southern provinces. Focusing on the 286 counties,
the maximum RYL values during the growing season of late rice were observed in Jiayu of
Hubei (16.7%) for 2013, Liunan of Guangxi (12.9%) for 2014, Cixi of Zhejiang (16.5%) for
2015, Hanchuan of Hubei (14.8%) for 2016, Cixi of Zhejiang (12.4%) for 2017, and Jiayu of
Hubei (15.5% and 18.8%) for 2018 and 2019, respectively.

3.3. Crop Production Loss and Economic Cost Loss

As illustrated in Figure 5, we evaluated the crop production losses (CPL) of double-
cropping rice per county in southern China during 2013-2019. From 2013 to 2019, the annual
estimated total CPL in the double-early rice period ranged from 75.8 x 10* t to 123.1 x 10* t,
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and in the double-late rice period it was between 134.4 x 10* tand 241.7 x 10* t. It is clearly
seen that double-late rice suffered more yield losses induced by ambient ozone pollution. It
should be emphasized that CPL depends not only on RYL, but also on total crop production.
For example, Hubei province had the highest average RYL (11.4%) at the double-late rice
stage during the study period, but the county-level average CPL in Hubei province was much
lower than in that in Hunan and Jiangxi provinces. In fact, higher CPL regions were largely
located in Hunan and Jiangxi provinces, which totaled 187.9 x 10* t and 187.4 x 10* t over
the study period for early rice (together representing 53.3% of the total loss in south China),
and 332.0 x 10* t and 327.4 x 10* t for late rice, representing 52.8% of the total yield loss in
the whole region altogether. It is noteworthy that these two provinces are the top producers of
double season rice in China, which contribute to a large part (e.g., 49.1% in 2019) of national
total double season rice production. Correspondingly, ambient ozone pollution has introduced
considerable risks of yield reduction in these areas.

CPL (10° ton)
0-5
6-10
20-30
[ 30-50
B s0- 100
I 100- 200

1800 900 0 km
|

Figure 5. Crop production losses of double-season rice during the growing seasons from 2013 to 2019.
The E and L in the part-labels represent early rice and late rice, respectively.
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The economic cost losses (ECL) were estimated on the basis of the CPL as well as the
purchase price of rice for the respective years (Figure 6). For double-early rice, the ECL value
of the regional sum in south China spanned from USD 320.0 million to USD 516.2 million
over 2013-2019, whereas in the double-late rice growing period the ECL was estimated to be
between USD 563.6 million and USD 948.1 million. Taken together, the ECL of the early rice
and late rice combined peaked at USD 1301.46 million in 2019, while achieving the minimum
of USD 1067.16 million in 2015. Similar to CPL, the ECL is also a function of RYL and crop
production. Therefore, a combination of high crop production and high RYL led to high
economic losses (Figure 7). To sum up, the total economic losses of double season rice due to
ozone exposure were assessed to be USD 8081.03 million in the whole of south China across
seven years. It is noted that over half of the economic losses were contributed by Hunan and
Jiangxi provinces.

2013 2014 2015 2016 2017 [F2018 2010

Jiangxi Jiangxi

776

Hunan Hunan

Hubei Hubei

Hainan o Hainan o
Guangxi Guangxi
Guangdong Guangdong
Fujian

Fujian

Anhui Anhui

o
L.
4 g

T T T T 1 T T T T T
o 20 40 60 80 100 120 140 160 100 150 200 250 300 350

Economic cost loss (Million USD) Economic cost loss (Million USD)

Figure 6. Regional statistics on the economic cost loss by ozone exposure from 2013 to 2019.
(a) Double-early rice period and (b) double-late rice period.
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Figure 7. Economic loss and relative yield loss of double-season rice caused by ozone exposure in
the whole of south China over 2013-2019. (a) Double-early rice and (b) double-late rice. The error
bar indicates the standard deviation. Note that the ECL (economic cost loss, in Million USD) is a

regionally summed indicator (not regionally averaged) and thus no error bars are applied.

4. Discussion
4.1. Ozone Pollution in South China

Increasing studies reveal that fine particulate matter PM; 5 has been well contained in
China due to the nation-wide implementation of stringent control measures [51]. However,
accompanying the sustained economic growth and the accelerating process of urbanization
in recent years, the emissions of O3 precursors (e.g., NOx, VOCs) in China also increased
considerably, leading to rapidly increasing O3 concentration in many regions, especially in
densely populated and economically developed regions such as the Yangtze River Delta
and Pearl River Delta regions in south China [52]. Several studies show that surface O
has replaced PMj, 5 as the main atmospheric pollutant in these regions [4,53]. Regarding
south China as a major double-season rice producer and also a hotspot of ozone pollution,
mounting research has been carried out on the assessment of crop yield loss induced by O3
pollution in this region [18,20,32,49]. Since 2013, China has established over 1000 ambient
air quality monitoring stations around the country, which provide foundations for yield
reduction estimates induced by ozone pollution. However, many studies directly utilized
ground station-based O3 observation data to evaluate the production loss. For instance,
Zhao et al. [39] reported that the average O3 concentration ranged from 35.9 to 39.1 ppb
during the double-late rice growing season, which was apparently lower than our result.
The underestimation of O3 concentration inevitably introduced more uncertainties into
the crop production losses assessment. The reason for the underestimation is that the
distribution of air quality ground stations is spatially uneven, primarily located in urban
areas, and O3 concentration in rural and suburban areas is often higher than that in urban
areas [41,54]. This is highly relevant to the proportion of the two primary ozone precursors
(NOx and VOCs) [55]. In urban areas, the concentration of O3 decreases through the NOx
titration process. By contrast, the volatile organic compounds emitted by plants in rural
and suburban areas promote the formation of ambient ozone. Under this context, in spite of
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the establishment of monitoring stations nationwide, the ozone monitoring network does
not cover vast agricultural areas which fails to characterize the actual level of crop exposure
to surface ozone, and may possibly underestimate the risks of crop yield reductions.

A few studies have adopted geostatistical methods to spatially extend the point-based Os
station observations to spatially continuous surface ozone distribution data [36,49,56]. Although
the spatial interpolation can resolve the issue of spatial-temporal discontinuity of the monitoring
stations, it should be pointed out that the interpolation is still a fitting approach in essence,
which fails to obtain the actual O3 exposure but gives rise to the uncertainty caused by the
density and spatial distribution of observation sites. Research showed that the prediction error
was more significant in areas distant from the monitoring sites and with sparse distribution of
sites [49]. Additionally, the lack of high-resolution crop distribution maps further increased
the uncertainties of O3 estimates since most studies simply employed the regional average to
represent crop exposure to ozone pollution without considering the actual planting extent of
crops. In contrast with previous research, this study adopted a high-resolution hourly ozone
reanalysis dataset (i.e., CAQRA) to more accurately quantify the threat of ozone pollution
to crops by optimally combining the observation results and air quality prediction via data
assimilation [40]. Evaluation at rural sites indicate an averaged bias of 9.5% and 12.8% for
double-early rice and double-late rice, respectively (Figure 8). Furthermore, spatially detailed
double-season rice distribution maps were also used in combination with the CAQRA dataset
to better reflect the spatial and temporal variability of crop exposure to ambient ozone at a fine
scale, which provided a prerequisite for an accurate and reliable crop yield reductions estimate.
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Figure 8. Comparison of AOT40 between rural sites and the used CAQRA ozone reanalysis
dataset. (a) Double-early rice and (b) double-late rice. Note that site A: Tongtianyan, B: Jiaoganghu,
C: Zhongshan, D: Qiandaohu and E: Xixi.

It is generally believed that when the concentration of ambient O3 is higher than a
certain threshold (usually set at 40 ppb) it will cause damages to crops [24]. All regions of
south China except for Anhui province had a yearly average O3 concentration exceeding
40 ppb during the double-late rice growing season for the years 2013-2015 and 2018-2019.
Recent research demonstrated that from 2013 to 2019 China’s O3 pollution has shown a
rapidly increasing trend in general, with the continuous expansion of high-medium O3
concentration areas [5], which was in line with our findings. This study indicated that the
AOT40 metric presented an overall aggravating trend over time (Figure 2). It is noted that
AOT40 during the late rice growing season increased at an annual growth rate of 36.5%
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over 2017-2019, during which the concentration of PM, 5 was observed to continuously
decline [50]. Furthermore, it is found that hotspots of O3 pollution (AOT40 > 15 ppm h)
have been expanding spatially during the study period, especially in 2019 when the areas
of severe pollution occupied the widespread central regions of South China, which was
also an intensively farmed region, posing grave risks to regional food security. Moreover,
our study also found that ozone exposure was more significant in double-late rice growing
seasons compared with the counterpart over the double-early rice growing seasons, espe-
cially in southern provinces of the south China region (e.g., Guangdong, Hunan, Jiangxi
provinces), which was consistent with previous studies [18,20]. Particularly, Guangdong
ranked first among the nine provinces in terms of ozone concentration during the late rice
growing periods (Table 1). Recent research showed that the primary factors affecting the
O3 concentration were the precursors (mainly NOx, VOCs) concentration, solar ultravio-
let intensity, temperature and atmospheric transparency [57]. Guangdong province has
considerable amounts of both anthropogenic and natural source VOCs emissions due to
its vast economic growth and high forest cover, and the meteorological conditions of high
temperature, strong sunshine, less cloud cover and weak wind led by the subtropical high
in autumn are conducive to ozone generation in this region [58]. In contrast to the northern
provinces, O3 concentration peaked in autumn around October in Guangdong province,
which corresponds to the growing season of late rice. It is thus suggested to harvest crops in
advance appropriately to avoid potentially greater rice yield losses caused by accumulated
ozone exposure [40].

4.2. Comparison of RYL with Other Research

In this study, we employed a field experimentally derived O3 exposure-response (E-R)
function for assessing the effect of O3 on rice yield. Our result found that double-late
rice was more prone to yield reductions compared with double-early rice since ozone
exposure peaked in autumn, corresponding to the late rice growing period. In parallel
with AOT40 increment during the studied years 20132019, the relative yield loss (RYL)
also progressively increased from 7.3% in 2013 to 11.1% in 2019 since RYL was linearly
correlated with AOT40. A recent study pointed out that ambient ozone pollution reduced
rice production by 4.4% on a yearly basis worldwide [15]. Numerous studies indicated that
Chinese crop cultivars are more sensitive to O3 pollution than those in the United States
and Europe, leading to a relatively higher ozone yield gap [59,60]. A global modelling
study showed that China suffered a rice yield reduction of 8.1% each year [15], which was
comparable with our analysis. Although China has not formally proposed a critical level of
O3 for crop protection, 5% of yield loss is generally considered as an appropriate critical
level for crop production [24,36,49]. In our studied south China region, the critical level of
5% yield loss was exceeded for the double-early rice season in four years out of seven, the
exception being 2014-2016, whereas for the double-late rice growing season the relative
yield loss exceeded this critical level in all years. Especially in 2019, the relative yield loss of
late rice was more than two-fold this critical level. It is inferred that the detrimental impact
of ambient O3 pollution on double-cropping rice in south China cannot be ignored.

We also compared our results with other related studies conducted in China (Figure 9).
For instance, the research by Cao et al. [20] reported that ambient ozone exposure induced
6.8% and 10.2% of relative yield loss for double-early rice and double-late rice in 2015, using
an observation data-based AOT40 metric. Zhao et al. [39] showed the RYL estimate for
double-early and double-late rice at 5.4% and 6.5% during 2015-2018, which was also based
on observational AOT40. It is noted that the relative yield loss estimate from this study is
generally within the range of values revealed by the above studies. Similar to our findings,
these studies also demonstrated that double-late rice was more vulnerable to yield reduc-
tions by ambient ozone pollution. In contrast, Lin et al. [18] revealed a higher evaluation of
the RYL, estimated at 17% and 11% for double-early rice and double-late rice in 2014, which
was higher than the abovementioned studies and our research. Previous reports indicated
that the estimated yield reductions may vary due to the discrepancies in estimated O3
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exposure, the use of differing exposure-response functions, and diverse estimation units
(county-level, city-level and provincial-level) [40,49]. Lin et al. [18] obtained the RYLs by
employing three exposure-response functions derived from different field experiments de-
signed for Chinese and European cultivars, and then combining the results. As mentioned
above, there exist considerable differences in the sensitivity to ambient ozone exposure
between Chinese and European crop cultivars. The combination of such differently sourced
E-R functions may introduce large uncertainties. In addition, uncertainty may also derive
from the modelled estimation of ozone concentrations based on an atmospheric chemical
transport model, which is considered to suffer uncertainties from the emission inventory,
meteorology and chemical mechanisms as well as spatial resolution [35]. Moreover, the
estimation unit used in the study by Lin et al. [18] was limited to provincial level, which
may conceal the spatial heterogeneity in RYL [31]. By contrast, our study estimated the
RYLs at a fine scale using a high-resolution rice distribution dataset and county-level yield
data. In fact, it is preferable to base the study on the smaller spatial unit for calculation to
acquire a more accurate estimate of yield losses [36].

25
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Figure 9. Comparison of relative yield loss between this study and other related research. Note that the
cited literature in the figure have been listed in the references, namely Cao et al. [20], Lin et al. [18], and
Zhao et al. [39].

4.3. Limitations and Suggestions for Future Perspectives

As mentioned above, in this study we adopted a Chinese-specific exposure-response
function based on the AOT40 index for the assessment of yield reductions induced by
ambient ozone pollution. The AOT40 metric concerns O3 concentration and exposure time
simultaneously, and has the advantages of simple calculation and being easy to use, and it
was also commonly adopted in the previous literature [28,30,60]. However, the impact of
O3 on plants depends not only on the ambient O3 concentration but also on the stomatal
conductance of plant leaves that determine the absorption of O3 [13]. In recent years, the flux-
based metric PODy (Phytotoxic O3 dose over an hourly flux threshold of Y nmol m - s71)
was proposed which further considered the effects of biological and environmental factors
(phenology, temperature, photosynthetically active radiation, vapor pressure deficit and soil
water potential) on plant stomatal O3 absorption [25]. Research showed that, in comparison
with flux-based metrics, the ambient O3 exposure-based AOT40 metric overestimated crop
yield reductions [61,62]. Hence, the flux-based PODy index is regarded to be more suitable
for Os-induced yield losses estimate. Nevertheless, the calculation of the PODy stomatal
uptake metric requires hourly observation data for meteorological factors, soil moisture and
other variables. Additionally, the threshold Y will alter with the change of crop varieties,
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growth periods and environmental factors, and no model can fully simulate the dynamic
change process of parameter Y [14]. These limiting factors make it difficult to apply to
large-scale yield loss assessment. In the future, more attention should be directed to the study
on stomatal ozone flux-response functions established for Chinese crop cultivars, improving
the estimation accuracy of regional rice yield losses.

Moreover, in the present study the AOT40 exposure-response function was derived
using the open-top chambers (OTC) facility. It was reported that the evaluation of crop O3
sensitivity also relies on the selection of exposure modes [33]. Research showed that crops
displayed a higher sensitivity to ozone pollution using the free-air controlled exposure
(O3-FACE) in contrast with enclosed OTC experiments, which suffered the defect that the
microclimates (e.g., temperature, water, radiation and winds) within the chamber were not
comparable with the free air conditions outside the chamber [62]. Consequently, actual
yield loss may be slightly higher than the current estimate.

As revealed in the present study, ambient ground-level O3 pollution has adversely
impacted rice production in double-cropping rice planting areas of south China, causing
yield reductions totaling 19.52 million tons and economic losses of USD 8081.03 million
during 2013-2019. Given that O3 concentration is projected to increase continuously dur-
ing the growing seasons in the farming areas, ambient O3 pollution intensively threatens
food security in China. Moreover, the resulting crop yield loss may increase China’s grain
imports, thus affecting the grain prices on the international market, thereby influencing
global food security [63]. Hence, in this study, we propose several suggestions to alleviate
the negative impacts of O3 on crop production for policymakers. Firstly, it is recommended
to continuously implement rigorous policies on the emission reduction of ozone precursors.
The “Three-year Action Plan for Cleaner Air” promulgated during the period 2018-2020
has been proven a success in suppressing O3 pollution by reducing the emissions of NOx
and anthropogenic VOCs in the last few years [50]. Accordingly, it is a priority to establish
more air quality ground stations in rural areas, which are currently underrepresented in
the national ozone measurement network, in order to promote the monitoring and early
warning of ambient O3 and its precursors emissions in major grain producing areas, and
raise the accuracy of Oz-induced yield reductions assessment [64]. Secondly, it is suggested
to reasonably schedule the growth period of crops to avoid the peak season of O3 and reduce
the cumulative exposure to ambient O3 during the crop growth periods. For instance, local
farmers could consider expanding the planting area of double-early rice in the middle and
lower reaches of the Yangtze River and Guangdong province, taking into account the rel-
atively smaller ozone exposure risk during the growth season of double-early rice, as our
analysis pointed out in the present study. Thirdly, with regard to the continued severity of
surface ozone in the coming years, breeding Os-resistant crop varieties through advanced
molecular biotechnology provides an alternative to improving the resistance of crops to
O3 exposure risks. Finally, the application of antioxidants (e.g., ethylenediurea, EDU) has
been validated as an effective approach to mitigate O3 damage to crops [65]. Consequently,
rationally applying EDU is conducive to countering the adverse impacts of agricultural losses
by high O3 pollution levels in future climate and emission scenarios.

5. Conclusions

In this study, we estimated the rice yield and economic losses by ambient ozone
exposure on the county scale for the time series of 2013 to 2019 in the main double-
cropping regions of southern China. The joint application of a full-coverage and high-
resolution ground-level ozone reanalysis dataset and a high-resolution double-season
rice distribution dataset, in combination with a Chinese-specific crop exposure-response
function, guarantees the reliability of the analysis results in the present study. The main
conclusions are summarized as follows:

(1) The AOT40 exposure metric presented generally increasing trends in both double-
early and double-late rice growing seasons from 2013 to 2019. However, the annual growth
rate of the latter was two-fold the counterpart of the former. In particular, AOT40 increased
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at an annual increase of 2.2 ppm h (36.5% growth per year) during the late rice growing
season for the three consecutive years of 2017 to 2019, indicating more aggravated ozone
exposure imposed on rice production during the double-late rice season.

(2) The relative yield losses caused by ambient ozone exposure ranged from 4.0% to
6.6% for double-early rice and 6.3% to 11.1% for double-late rice, exceeding the critical
level of 5%. The associated crop production loss and economic loss totaled 703.7 x 10% t
and USD 2921.6 million for double-early rice and 1247.8 x 10* t and USD 5159.4 million
for double-late rice over the last seven years. Priorities should be devoted to Hunan and
Jiangxi provinces, which altogether contributed over 50% of the total yield reductions out
of nine provinces in the whole of southern China.

(3) Overall, our analysis highlighted the severity of Oz-induced crop loss in southern
China. With continued economic growth, it is projected that surface O3 concentrations will
continuously rise in the future. In this context, it is prioritized to establish more stations
for surface-level O3 monitoring in rural areas and thereby reduce the uncertainties in
estimated crop O3 exposure. Moreover, government departments should formulate more
stringent policies on O3 precursors emission reduction. Oz-resistant crop cultivars and
the application of antioxidants in fields are also urgently necessary to reduce Oz-induced
agricultural losses in the future.
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