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Summary 25 

Competition for land, partly driven by the trade-off between ensuring sufficient food 26 

production and expanding forest carbon sinks, intensifies the challenge of addressing 27 

climate change. This issue is further exacerbated by damage to plant stomata from 28 

ground-level ozone, reducing crop yields. Stomatal opening is regulated by 29 

meteorological processes that may change significantly under warming climate, but this 30 

effect has been largely overlooked in prior studies of crop ozone damage. Here, we 31 

show historical crop losses across China are 39 Tg annually, valued at roughly $15 32 

billion. In a scenario where carbon emissions reach net zero in 2060, projected crop 33 

production losses could decline most, enough to provide an additional 80,000 calories 34 

per capita in China, or enabling a net absorption of 22 million tons of CO2 annually 35 

through reverting surplus cropland to natural ecosystems. Our findings provide policy-36 

relevant information to support continued efforts toward strict pollution control and 37 

climate mitigation. 38 

Keywords: crop production, O3, stomata, anthropogenic emissions, climate change 39 

40 
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Introduction 41 

Tropospheric ozone (O3) is phytotoxic and detrimental to the growth of plants in 42 

both natural ecosystems and agricultural systems1-4. Given the importance of human 43 

food security5-6, numerous studies have estimated the reductions in both the quantity 44 

and quality of agricultural crops resulting from ozone pollution. The impact of ozone 45 

on crops is strongly influenced by both its concentrations and meteorological conditions. 46 

These factors interact to determine the extent of ozone damage to crops, making their 47 

combined assessment essential for accurately capturing the overall impact on 48 

agricultural productivity7-9. 49 

Based on observed responses to cumulative exposure to ozone concentrations 50 

exceeding 40 ppb (a metric known as AOT40), it is estimated that ozone causes an 51 

annual crop production loss of 5-15% globally, resulting in economic losses of billions 52 

per year10-16. These losses are typically calculated based on reductions in crop yields 53 

and international market prices provided by FAOSTAT (Food and Agriculture 54 

Organization of the United Nations; www.faostat.org)17-18. The application of the same 55 

concentration metric suggests that recent ozone pollution in China has caused yield 56 

losses of 33%, 23%, and 9% for wheat, rice, and maize, respectively19. Other studies 57 

have used the AOT40 metric to project future ozone-induced crop losses, estimating 58 

decreases in global crop production between 2000 and 2030 of 5%-26% for wheat, 59 

15%-19% for soybeans, and 4%-9% for maize under a scenario in which fossil fuel CO2 60 

emissions continue to increase20. Moreover, the increasing frequency of heatwaves 61 

under a warming climate is expected to exacerbate ozone pollution21-23, leading to more 62 

severe crop losses. However, climate mitigation efforts may reduce both the frequency 63 

and intensity of heatwaves, thereby decreasing ozone concentrations and their adverse 64 

effects on crop yields. For instance, a recent study indicated that yields of perennial 65 

crops affected by ozone concentrations in California may increase by several percent in 66 

a lower warming scenario (RCP4.5 compared to RCP8.5)24. The reduced ozone levels 67 

in RCP4.5, as compared to RCP8.5, can be partially attributed to a weaker signal of 68 
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meteorological changes, e.g., the smaller increase in near-surface air temperature under 69 

RCP4.5 suggests a reduced photochemical reaction rate relative to RCP8.5 (ref.25-27).  70 

Meteorological conditions also play a critical role in plant physiology, particularly 71 

in transpiration rates and gas exchange at the leaf level. Damage to plants typically 72 

occurs when ozone molecules enter leaves through the stomata, a process that is highly 73 

sensitive to meteorological conditions, particularly the vapor pressure deficit (VPD). 74 

VPD is a measure of the drying power of the air and is often higher during periods of 75 

high ozone concentrations (because both are positively correlated with temperature and 76 

sunlight)28-29. However, high VPD periods tend to reduce ozone uptake in leaves, as 77 

stomata close to conserve water30-32. Neglecting these physiological processes and 78 

feedbacks may lead concentration-based metrics, such as AOT40, to substantially 79 

overestimate the impacts of ozone on crop production33. 80 

Here, we apply a novel process-based metric of ozone exposure that incorporates 81 

both meteorological and physiological factors—including stomatal conductance, vapor 82 

pressure deficit, soil moisture, and plant phenology—alongside ozone concentrations. 83 

This metric, known as the cumulative phytotoxic ozone dose above a flux threshold of 84 

y nmol O3 m-2 s-1(PODy)3, 8, 11, 16, 34-38, offers a more sophisticated and representative 85 

measure of ozone impact. However, despite its advantages, PODy has been less 86 

frequently utilized compared to AOT40, as it depends on the plant-dependent ozone 87 

detoxification threshold (y) that varies with weather conditions and remains poorly 88 

characterized for many crops8. Recent experiments in China, employing both open-top 89 

chambers and free-air ozone concentration enrichment, have generated crop-specific 90 

values of y, making it possible to assess ozone impacts more accurately in China39-42. 91 

Notably, China accounts for 20% of the global production of wheat, maize, soybeans, 92 

and rice by mass43-44 and has been experiencing increasing ozone levels for over a 93 

decade45-48. 94 

Further details of our analytical approach can be found in the Methods section. In 95 

brief, we evaluated ozone risks to key staple crops (winter wheat, rice, maize and 96 
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soybean) in China during two periods: a historical baseline covering climate and 97 

pollution data from 2015 to 2019, and a future projection for 2056-2060 under the 98 

SSP126, SSP370, and SSP585 scenarios (SSP: Shared Socioeconomic Pathway49). Our 99 

analysis first disentangled the individual contributions of climate change and 100 

anthropogenic emissions to projected changes in ozone risks. The key assessment 101 

metric, PODy, was calculated using meteorological data from the Community Earth 102 

System Model (CESM), downscaled with the Weather Research and Forecasting (WRF) 103 

model, and combined with air pollution concentrations simulated by the WRF/CMAQ 104 

model. Our study explores how ozone exposure, modulated by meteorological 105 

conditions, may affect crop yields across China within the context of the nation's carbon 106 

neutrality goals. 107 

Results 108 

Annual crop yield losses attributable to ozone exposure in China during the 109 

historical period 110 

Given that the widely adopted AOT40 index is still more commonly used than 111 

PODy, we initially applied AOT40 to estimate the relative yield loss. The response 112 

functions used to calculate crop production losses are provided in Supplementary 113 

Table 1. We compare our findings with previous research and contrast the results from 114 

the two metrics (Fig. 1). Since our simulation covers the 2015-2019 period, we selected 115 

studies from the same decade, i.e., 2010-2020, across China. The mean relative yield 116 

losses reported in these studies, based on AOT40, are 24%, 11%, 6%, and 8% for wheat, 117 

rice, maize, and soybean, respectively. The corresponding relative yield losses for these 118 

four crops in our study—28%, 17%, 8%, and 10%—are generally in line with the results 119 

from prior studies. The slightly higher relative yield loss for wheat observed in our 120 

study is consistent with findings from studies conducted in the latter half of the decade, 121 

specifically post-2015, with an average value of 28%. This increase likely reflects the 122 

rise in ozone concentrations in China in recent years50. 123 

 124 
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Similar to previous research, our results show that the relative yield losses 125 

calculated using PODy are lower than those derived from AOT40 (Fig. 1). For example, 126 

in the studies by Feng et al.51 and Wang et al.52, the relative yield losses for wheat 127 

calculated using PODy are 7% and 5% lower, respectively, compared to those derived 128 

from AOT40 respectively. In our study, the relative yield losses for wheat, rice, maize, 129 

and soybean are 2%, 13%, 7%, and 6% lower than those calculated with AOT40, 130 

respectively. The yield losses for wheat and soybean reported in model simulations by 131 

Schauberger et al.53 (Fig. 1a,d) are higher than those found in other studies. 132 

AOT40 does not explicitly account for stomatal opening for ozone uptake flux, 133 

focusing solely on ozone exposure, with the underlying assumption that higher 134 

concentrations generally cause more significant crop damage54-56. By contrast, the 135 

PODy method directly accounts for stomatal ozone uptake, which is influenced by both 136 

ozone exposure and the degree of stomatal aperture35, 56. Meteorological conditions are 137 

key regulators of stomatal aperture and can strongly affect stomatal ozone uptake. As a 138 

result, PODy is considered a more suitable metric than AOT40 for assessing ozone-139 

induced crop yield losses, particularly under evolving climate conditions. Therefore, 140 

we will primarily use the PODy metric for subsequent analyses. Detailed comparisons 141 

between the two metrics are provided in Section 1 of the supplementary information. 142 

Fig. 2 shows the spatial distribution of estimated annual crop production losses 143 

across China due to ozone damage during the historical period, based on PODy, while 144 

the spatial distribution of relative yield losses is shown in Supplementary Fig. 3. 145 

Detailed calculations for these losses are described in the Methods section. Nationally, 146 

the ozone-induced crop losses are highest for wheat, totaling 26 Tg (26%), followed by 147 

rice (including double-early rice, single rice, and double-late rice) at 8 Tg (5%), maize 148 

at 3 Tg (1%), and soybean at 0.6 Tg (4%). The total crop losses for these four crops 149 

amount to 38 Tg/year, representing an economic loss of $15 billion, based on the annual 150 

purchase prices of crops during the historical period 151 

(https://www.fao.org/faostat/en/#data/PP, see Supplementary Table 2). To account for 152 
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interannual variations in grain prices, we calculated the maximum and minimum 153 

economic losses using the highest and lowest purchase prices from the selected 154 

historical period, yielding values of $17 billion and $13 billion, respectively. These 155 

values deviate by less than 15% from the mean, indicating relatively modest interannual 156 

price fluctuations. 157 

The significant regional differences in crop losses are primarily driven by 158 

variations in ozone uptake flux, which is affected by both ozone concentration and 159 

stomatal conductance (as detailed in the Methods section), along with crop production 160 

levels and species-specific ozone sensitivity. For example, major wheat-producing 161 

regions in central-eastern and North China are subject to more severe ozone pollution 162 

(Supplementary Fig. 4) than other agricultural areas. Additionally, wheat 163 

demonstrates higher sensitivity to ozone than other crops, which is reflected in its 164 

maximum stomatal conductance: 450 mmol O₃ m⁻² PLA s⁻¹ for wheat vs 370 mmol O₃ 165 

m⁻² PLA s⁻¹ for rice, 300 mmol O₃ m⁻² PLA s⁻¹ for soybean and 126 mmol O₃ m⁻² PLA 166 

s⁻¹ for maize. As a result, wheat suffers the greatest losses (Fig. 2), despite its annual 167 

production being lower than that of maize and rice (Supplementary Fig. 5).  168 

However, for crops like maize and single rice, which show significant spatial 169 

variability in their primary production regions, differences in ozone concentration and 170 

stomatal conductance can lead to substantially different yield losses. To visualize the 171 

spatial variability in ozone concentration and stomatal ozone uptake rates (definition in 172 

Methods section) across each grid box, we normalize the anomalies of these two metrics 173 

for each grid box relative to the mean values of all grid boxes within the crop-growing 174 

region, using the standard deviation (Supplementary Figs. 6 and 7). For maize, 175 

primary production areas are in North China and the Northeast, with similar yields 176 

(Supplementary Fig. 5). However, due to much higher ozone concentrations in North 177 

China compared to the Northeast (Supplementary Fig. 6), and with comparable 178 

stomatal uptake rates (Supplementary Fig. 7), maize yield losses in North China are 179 

3.6 times higher (Fig. 2). Similarly, single rice is mainly grown in central-southern and 180 
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northeastern regions (Supplementary Fig. 5), and yield losses in the central-southern 181 

region are 5.7 times greater (Fig. 2), largely due to higher ozone levels 182 

(Supplementary Fig. 6). 183 

 184 

Projected future changes in annual ozone-induced crop production losses 185 

Future changes in crop production losses due to ozone uptake are primarily driven 186 

by shifts in air pollution emissions and meteorological conditions. To fully understand 187 

the impacts of ozone precursors and climate change on future ozone-induced crop 188 

production losses, we calculated the changes in crop production relative to the historical 189 

period following the Shared Socioeconomic Pathways SSP126, SSP370, and SSP585 190 

(Fig. 3a). Additionally, we discuss the production of different crops, along with the 191 

cumulative probability distribution of ozone concentration and stomatal ozone uptake 192 

rates, in Section S2 of the supplementary information. Furthermore, we conducted three 193 

additional numerical sensitivity experiments (EhistM126, EhistM370 and EhistM585) where 194 

emissions are held constant at historical levels while climate follows the SSP126, 195 

SSP370, and SSP585 pathways. This approach allows us to isolate the contributions 196 

from changes in emissions (SSP126-EhistM126; SSP370-EhistM370; SSP585-EhistM585) 197 

and climate change (EhistM126-Hist; EhistM370-Hist; EhistM585-Hist). More detailed 198 

information can be found in the Methods section. 199 

The annual crop production for the four crops during the historical period is 537 200 

Tg, with 101 Tg (19%), 224 Tg (42%), 15 Tg (3%), and 197 Tg (36%) for wheat, maize, 201 

soybean, and rice respectively (https://www.stats.gov.cn/). Fig. 3 illustrates the ozone-202 

induced crop production change relative to the historical period for different crops 203 

under various future scenarios. Under the combined effects of a changing climate and 204 

emissions, overall crop production increases relative to the historical period, with an 205 

increase of 38 Tg in SSP126 and 6 Tg in SSP585, but a decrease of 14 Tg in SSP370 206 

(Total_net in Fig. 3a). Notably, the benefits of crop production in SSP126 are six times 207 

greater than those in SSP585, highlighting the advantages of pursuing carbon neutrality 208 
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for food security. 209 

 210 

By isolating the contributions of emissions and climate change, we find that the 211 

main driver behind the increased crop production under the SSP126 scenario is the 212 

significant reduction in anthropogenic emissions, accounting for over 90% of the 213 

increase in crop production (pink in Fig. 3a). The impact of air pollutant emissions on 214 

crop production losses is primarily driven by changes in ozone concentration. Under 215 

SSP126, the reduction in ozone precursors leads to substantial decreases in ozone 216 

concentrations (Supplementary Fig. 9a-d) and a corresponding reduction in ozone 217 

uptake flux. In contrast, the elevated ozone concentrations resulting from increased 218 

anthropogenic emissions under the SSP370 scenario are the primary driver of decreased 219 

crop production (Fig. 3a).  220 

The influence of meteorological conditions can be decomposed into three 221 

components: the effect of ozone concentrations resulting from changes in meteorology 222 

(Climate_O3; solid purple in Fig. 3a), the effect of meteorology on stomatal ozone 223 

uptake rate (Climate_Met; dotted purple in Fig. 3a), and the combined effect of changes 224 

in both ozone and meteorology (Nonlinear effect; dashed purple in Fig. 3a). This 225 

nonlinearity represents the interactions between these terms (Climate_O3 and 226 

Climate_Met) and is defined as the perturbation term for simultaneous changes in ozone 227 

concentration and meteorological conditions (see Methods section—Model 228 

configurations and dynamical downscaling technique). The impact of climate-induced 229 

ozone concentrations on crop production under climate change is negative, and this 230 

negative effect is smaller under SSP585 and SSP370 than under SSP126, due to a 231 

stronger increase in ozone concentrations under SSP126. While higher near-surface 232 

temperatures in SSP585 and SSP370 compared to SSP126 (Supplementary Fig. 10) 233 

favor enhanced ozone concentrations, an additional increase in water vapor at 2 m under 234 

SSP585 and SSP370 (Supplementary Fig. 11) may act as an ozone sink and partly 235 

mitigate ozone concentration increases57. 236 

In addition to the effects of climate on ozone, changes in meteorological conditions 237 
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under a warming climate play an important role in modulating ozone uptake, 238 

particularly by influencing stomatal conductance and the rate of photosynthesis30-31, 58. 239 

The combined effects result in a positive impact on crop production (dotted purple in 240 

Fig. 3a), yielding an extra crop production of 7.39 Tg in SSP126, 4.08 Tg in SSP370 241 

and 5.27 Tg in SSP585, which offsets most of the crop losses from the climate-induced 242 

ozone increase, 9.91 Tg in SSP126, 8.21 Tg in SSP370 and 7.18 Tg in SSP585 (solid 243 

purple vs. dotted purple in Fig. 3a). Moreover, a nonlinear interaction exists between 244 

the effects of climate on ozone and stomatal ozone uptake rate (dashed line in Fig. 3a), 245 

which could enhance crop production by 1.69 Tg, 1.97 Tg and 1.57 Tg under SSP126, 246 

SSP370, and SSP585, respectively. This effect diminishes the extent of stomatal uptake 247 

when future ozone concentrations increase due to rising temperatures in a warming 248 

climate. Thus, future meteorological constraints on stomatal uptake could mitigate crop 249 

losses caused by elevated ozone.  250 

The increase in crop production underscores the prospects for an increased food 251 

supply. Under SSP126 and SSP585, increased crop production could lead to additional 252 

annual per capita gains of 26 kg and 4 kg of grains, respectively, in China. This estimate 253 

is based on the increased crop production (black dot in Fig. 3a) and the average annual 254 

population from the historical period (https://www.stats.gov.cn/). Based on the calorific 255 

value of staple crops (Supplementary Table 3; 256 

https://www.fao.org/3/X9892E/X9892e05.htm), we calculated that the incremental 257 

gains under SSP126 and SSP585 could provide an additional 238 and 34 kcal/day 258 

respectively per capita (Fig. 3b). In contrast, reduced crop production in SSP370 may 259 

induce a decrease of 87 kcal/day per capita annually (Fig. 3b). These results highlight 260 

improved food security under low-emission scenarios. 261 

Beyond food security concerns, achieving carbon neutrality is a major challenge 262 

for both China and the world59-60. Forest carbon sequestration remains the most cost-263 

effective natural method for reducing atmospheric CO2 (ref.61). Based on the estimated 264 

annual grain yield (6098 kg/ha; https://www.stats.gov.cn/), the reduction in crop 265 
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production losses under SSP126 is equivalent to the crops grown on 6 million hectares 266 

(Mha) of farmland. If this farmland were fully reforested, it would increase China’s 267 

total forest area by 3% (https://www.stats.gov.cn/). Given that China currently has 200 268 

Mha of forest, capable of sequestering 670-870 million tons of CO2 (ref.62), this 269 

additional reforested area would capture an extra 22 million tons of CO2 annually (Fig. 270 

3b). 271 

 272 

Reduced crop production losses due to weaker ozone uptake 273 

Extreme weather events substantially influence ozone concentrations26, 63 and 274 

stomatal conductance64, which in turn affect ozone-induced crop production losses. To 275 

explore how these events impact ozone uptake flux in crops, we examined daily mean 276 

ozone concentrations and ozone uptake fluxes during both heatwave and non-heatwave 277 

periods throughout the phenological cycle of wheat in the historical period (Fig. 4). 278 

Our results show that while ozone concentrations are, on average, 20% higher 279 

during heatwaves, the PODy is considerably lower during heatwaves compared to non-280 

heatwave conditions (Fig. 4a). Since ozone absorption flux is jointly determined by 281 

ozone concentration and stomatal uptake rate, we analyzed the relative yield loss in 282 

relation to these two metrics (Fig. 4b). The results show a notable interaction between 283 

ozone concentration and stomatal ozone uptake rate, which together modulate ozone-284 

induced relative yield loss. Additionally, ozone uptake flux is substantially reduced 285 

under low stomatal ozone uptake rates. Therefore, the lower PODy during heatwaves 286 

is attributed to a marked reduction in stomatal ozone uptake rate (Fig. 4a), despite 287 

higher ozone concentrations. Specific meteorological conditions during heatwaves may 288 

limit stomatal uptake.  289 

Our analysis identifies the key limiting factor for reduced stomatal ozone uptake 290 

as the high vapor pressure deficit (VPD) during heatwaves (Fig. 4c, Supplementary 291 

Figs. 12-13). This is further illustrated in Fig. 4d, where stomatal ozone uptake rates 292 

initially increase with rising VPD but decline at higher VPD levels, underscoring the 293 
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role of optimal atmospheric water availability in controlling stomatal closure. However, 294 

uncertainties persist due to the complex relationship between VPD, stomatal ozone 295 

uptake rate, and relative yield loss (Fig. 4d). Process-based simulations may help 296 

elucidate the underlying mechanisms. 297 

 298 

Discussion 299 

Ozone pollution poses a significant threat to crop yields, particularly in China, due 300 

to the country’s large-scale agricultural production and the escalating severity of recent 301 

ozone pollution. The effect of ozone on crop production is determined not only by 302 

ozone concentrations but also by the extent of ozone uptake by crops, which is heavily 303 

influenced by meteorological conditions. While previous studies of ozone-induced crop 304 

losses have primarily focused on changes in ozone concentrations, the PODy index 305 

used here incorporates the sensitivity of plant physiology to meteorological conditions, 306 

which tends to moderate ozone-related crop losses. By considering future SSP585, 307 

SSP370, and SSP126 scenario pathways, we find that under SSP370, annual crop 308 

production decreases by 14 Tg by mid-century. In contrast, there is an increase of 6 Tg 309 

under SSP585, and an additional 38 Tg under SSP126. The surplus grain under SSP126 310 

would provide an additional 238 kcal/day per capita annually. As these extra calories 311 

would exceed domestic demand, food prices in China could be expected to decrease, 312 

potentially leading to increased grain exports or more livestock feed. Alternatively, if 313 

total grain production were maintained and surplus land were reforested, net carbon 314 

uptake by such forests could reach roughly 22 million tons of CO2 annually, 315 

contributing to China’s efforts to achieve carbon neutrality and mitigate future 316 

temperature increases65-67. The reduction in anthropogenic emissions plays a crucial 317 

role in achieving increased production under a low-emission scenario, highlighting that 318 

continued ambitious emission reduction efforts will significantly enhance China’s food 319 

security. However, changes in stomatal uptake should not be overlooked under strong 320 

climate warming, as the positive effects from reduced stomatal uptake driven by 321 
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meteorological conditions outweigh the negative effects of increased ozone 322 

concentrations on crop yields. 323 

Our findings are subject to several important uncertainties and limitations. First, 324 

the detoxification threshold y is a key factor in PODy, representing the plant’s capacity 325 

to detoxify ozone. Only ozone fluxes exceeding this threshold are assumed to cause 326 

damage to crops. In this study, a fixed detoxification threshold was used. However, 327 

crops exhibit differences in their adaptation and detoxification capacities at various 328 

developmental stages68-72. For example, Wu et al.73 considered dynamic detoxification 329 

thresholds that vary with the time of day and the growth stages of winter wheat, 330 

expressed as a function of the gross photosynthesis rate. They found that these flux 331 

thresholds fluctuate daily, peaking between the flowering and grain filling stages. 332 

Although we used a fixed threshold, the fitting process between PODy and crop yield 333 

accounts for the varying responses of crops to ozone at different growth stages. This is 334 

why a fixed threshold is commonly employed in most studies40, 74-77. Future research 335 

could focus on developing dynamic detoxification thresholds to further investigate their 336 

impact on crop yield. 337 

Second, we did not account for changes in land cover, which is a key driver of 338 

climate change78-82, and affects agricultural productivity83. For instance, the agricultural 339 

land area is projected to decrease by approximately 4% by the end of the century under 340 

SSP126 (ref.84), which could influence future crop projections85-88. Third, our 341 

conclusions are based on five-year simulations conducted using a single model. While 342 

our model represents over a decade of refinements, including improvements in land use, 343 

land cover, and eddy diffusivity89-90, as well as bias corrections due to boundary layer 344 

effects91-92, multi-model ensembles hold the potential to further reduce uncertainties. 345 

Similarly, while decadal simulations might better capture climate conditions, our 346 

previous systematic analysis indicated that five-year periods are representative for 347 

climate change studies (Supplementary Figs. 5-8 in ref.93). 348 

In the context of future projections, phenology was primarily calculated based on 349 
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simulated future conditions, with the exception of the flowering date, which remains 350 

consistent with historical periods due to data limitations. This approach introduces 351 

uncertainties. For instance, between 1986 and 2011 in China, the flowering date for 352 

spring crops, including winter wheat, rice, and spring maize, advanced by 353 

approximately 0.23 ± 0.47 days per year94-95 due to warming trends. Assuming the 354 

relationship between flowering date and temperature holds in the future, the flowering 355 

date is expected to shift slightly earlier. To address this uncertainty, we conducted a 356 

sensitivity test by advancing the flowering date by 1, 3, and 5 days to assess its impact 357 

on ozone-related crop losses. The results showed that variations in crop loss due to 358 

ozone under future warming scenarios were within 4%, indicating that crop loss is only 359 

marginally sensitive to changes in the flowering date (Supplementary Table 7). 360 

Several studies have shown that ozone can reduce the relative grain number per 361 

ear and the relative single grain weight, both of which impact overall crop yield96. 362 

Ozone also affects crop quality, influencing starch, protein, nutrient, and oil content. 363 

For instance, ozone reduces starch content while increasing the protein and nutritional 364 

content of crops such as wheat and rice97-98. This study does not account for these effects, 365 

but future research could further investigate the combined impacts of climate and ozone 366 

on both crop yield and quality. Such work would provide deeper insights into yield 367 

composition under varying environmental conditions. 368 

Despite these uncertainties, our results suggest that climate mitigation efforts in 369 

China will substantially reduce ozone-related crop losses. Policymakers should thus 370 

consider food security and the more efficient use of land and agricultural inputs as 371 

additional benefits of transitioning toward carbon neutrality. Although this study 372 

focuses on China, there is good reason to believe that similarly substantial increases in 373 

crop yields could occur in other agricultural regions worldwide if the global climate 374 

goals are achieved. 375 

Data and methods 376 

Study areas and crops. The geographical scope of this study is limited to mainland 377 
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China, excluding Hong Kong, Macao, and Taiwan. Four major types of crops are 378 

selected, including winter wheat (hereinafter referred to as wheat), rice, maize, and 379 

soybean. It is important to note that spring wheat is excluded from this analysis, as it 380 

constitutes only about 5% of the total wheat production (https://www.stats.gov.cn/). 381 

Wheat is predominantly grown in the central-eastern and North China. According to the 382 

crop cycle and growing seasons, rice can be categorized into three types: single rice, 383 

double-early rice, and double-late rice. Single rice, planted and harvested once a year, 384 

has a growth period mainly concentrated from July to September across China. Double-385 

season rice is planted and harvested twice within a single calendar year. The crop with 386 

a growth period between May and July is referred to as double-early rice, while the one 387 

with a growth period between August and October is known as double-late rice. Maize 388 

is cultivated in most areas of China, primarily in the North China and Northeast regions, 389 

while soybean cultivation extends to all provinces except Hainan and Qinghai 390 

(Supplementary Fig. 5). 391 

Model configurations and dynamical downscaling technique. The Community Earth 392 

System Model (CESM) version 2.1.3 is used to provide initial and boundary conditions 393 

for a regional air quality model, based on the Weather Research and Forecasting Model 394 

version 3.8 (WRF3.8) and the Community Multi-scale Air Quality Model version 5.2 395 

(CMAQ5.2) for both historical and future periods. In CESM, the atmospheric 396 

component uses the Community Atmosphere Model (CAM) for simulations, with the 397 

Whole Atmosphere Community Climate Model (WACCM) selected for atmospheric 398 

chemistry mechanisms. The spatial resolution of the atmospheric component of CESM 399 

is 0.9° × 1.25°, which is subsequently downscaled to a finer resolution in WRF/CMAQ 400 

using a dynamical downscaling approach25. In this study, CESM outputs are 401 
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dynamically used to establish boundaries for the outer WRF/CMAQ domain for high-402 

resolution regional simulations (Fig. 5). The dynamical downscaling tool was 403 

developed in our previous study29. The downscaling process involves both 404 

meteorological and chemical composition downscaling, along with horizontal and 405 

vertical interpolations. For meteorological downscaling, 6-hourly meteorological 406 

variables—such as temperature (T), wind components (U, V), relative humidity (RH), 407 

and geopotential height (GHT)—output from CESM are dynamically interpolated to 408 

provide initial and boundary conditions for WRF simulations. For chemical 409 

composition downscaling, the initial step involves mapping chemical species from 410 

CESM to CMAQ, addressing differences in chemical mechanisms and species 411 

representation between the two models. The mapping table can be found in a previous 412 

study25. The mapped chemical species concentration data, provided at a 6-hourly 413 

resolution, is then used to establish initial and boundary conditions for CMAQ. The 414 

ozone concentration and meteorological factors output from the regional model are 415 

subsequently used to calculate ozone uptake flux and ozone-induced crop production 416 

losses. 417 

The grid spacing of WRF/CMAQ is set at 36 km × 36 km with 34 vertical layers 418 

extending up to 50 hPa. The modeling domain for both WRF and CMAQ is centered at 419 

34° N, 110° E, encompassing all of China as well as several surrounding countries and 420 

regions. In CMAQ, we utilize the CB06 gas-phase chemical mechanism99 and the 421 

AERO6 aerosol mechanism100 to simulate the transformation of gases and aerosol 422 

species in the atmosphere. Additional details regarding the configuration can be found 423 

in Supplementary Table 4. The ozone concentration and meteorological factors output 424 

from the regional model are used to the calculation of ozone uptake flux and ozone-425 
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induced crop production losses, with further details provided in the following section. 426 

In CESM, the anthropogenic emissions are derived from the global emission data 427 

produced by the Community Emissions Data System (CEDS) released for CMIP6 428 

(https://esgfnode.llnl.gov/projects/input4mips), covering the years 1750 to 2100. For 429 

CMAQ, the anthropogenic emissions over China during the historical period are based 430 

on the Multi-resolution Emission Inventory (MEIC) released by Tsinghua University 431 

(http://www.meicmodel.org). Future anthropogenic emissions for China are scaled 432 

according to the ratio of national emissions under the SSPs to that during the historical 433 

period92. Hourly biogenic emissions are calculated using the Model of Emissions of 434 

Gases and Aerosols from Nature version 2.1. Emission inventories for biomass burning 435 

and shipping are sourced from the Global Fire Emissions Database Version 4 (GFED 436 

V4)101 and the Shipping emission inventory model (SEIM)102, respectively. 437 

Numerical simulations for the period of 2015–2019 are designated as the historical 438 

simulation (referred to as Hist), while the future period under the SSP scenarios is set 439 

for 2056-2060. Since the starting year for the SSPs is defined as 2015, the first five-440 

year period from SSP245 is used for the Hist scenario. It is assumed that the differences 441 

between the SSP scenarios during these initial five years are minimal, and do not affect 442 

the conclusions drawn in this study. For the future periods, simulations are carried out 443 

following the sustainability pathway SSP126, a low-emission scenario broadly 444 

representative of the transition toward carbon neutrality, as well as the regional rivalry 445 

pathway SSP370 and the fossil fuel-intensive pathway SSP585. All these future 446 

scenarios entail a degree of climate warming. In addition, we conduct three more 447 

numerical sensitivity experiments for the future period in which emissions are 448 

maintained at historical levels while the climate follows the SSP126, SSP370 and 449 

SSP585 pathways. These scenarios, referred to as EhistM126, EhistM370 and EhistM585, are 450 

intended to isolate the effects of anthropogenic emissions and climate change on future 451 

ozone-induced changes in crop production.  452 

By comparing the SSP simulations (SSP126: E126M126; SSP370: E370M370; SSP585: 453 

http://www.meicmodel.org/
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E585M585) with their corresponding sensitivity experiments (EhistM126, EhistM370, and 454 

EhistM585), we can isolate the effects of emissions, such as by comparing E126M126 with 455 

EhistM126. Additionally, by contrasting the numerical experiments with historical 456 

simulations (e.g., EhistM126 vs. EhistMhist), the differences reflect the impact of climate 457 

change on yield loss. The changes in crop production losses can be broken down into 458 

three components: the effect of meteorology on stomatal ozone uptake rates, the effect 459 

of ozone concentrations driven by meteorological changes, and the combined 460 

(synergistic) impact of changes in both ozone and meteorology. 461 

To clarify these components, we developed the diagram presented below (Fig. 6). 462 

In the historical period (Hist: EhistMhist), we represent ozone concentration as 𝑥𝑥1 , 463 

meteorological conditions as 𝑚𝑚1, and crop production losses as 𝑦𝑦1. In the future period 464 

(using SSP126 with historical emissions as an example: EhistM126), we denote the ozone 465 

concentration as 𝑥𝑥2, meteorological conditions as 𝑚𝑚2, and crop production losses as 𝑦𝑦2. 466 

Considering the joint regulatory effects of meteorological conditions and ozone 467 

concentration on crop yield, we propose that their product determines crop production 468 

losses, expressed as 𝑦𝑦1 = 𝑥𝑥1𝑚𝑚1  and 𝑦𝑦2 = 𝑥𝑥2𝑚𝑚2 . Therefore, the change in crop 469 

production losses due to meteorological changes (𝑦𝑦2 -𝑦𝑦1 ) can be derived from the 470 

formula in the diagram below. This formula captures the impact of changes in ozone 471 

concentrations due to meteorology (𝑚𝑚1(𝑥𝑥2-𝑥𝑥1)), the effect of meteorology on stomatal 472 

ozone uptake rate (𝑥𝑥1(𝑚𝑚2 -𝑚𝑚1) ), and the nonlinear interactions between ozone and 473 

meteorology ((𝑚𝑚2-𝑚𝑚1)(𝑥𝑥2-𝑥𝑥1)). 474 

 475 

Ozone metrics utilized in this study. The PODy metric quantifies ozone damage 476 

accumulated over the crop's growing period during daytime when surface radiation 477 

exceeds 50 W/m2, coinciding with stomatal fluxes of O3 rises surpassing a specified 478 

threshold. The thresholds used for wheat, rice, maize and soybean is 12 nmol O3 m-2 s-479 
1 (ref.40), 9 nmol O3 m-2 s-1 (ref.39), 6 nmol O3 m-2 s-1 (ref.41) and 9.6 nmol O3 m-2 s-1 480 

(ref.42) respectively. The temperature dependent phenological data for crops used in this 481 
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study are sourced from research conducted in China103-104. Determining the 482 

phenological period requires identifying the start and end dates based on the flowering 483 

date and effective temperature sums. The flowering date corresponds to mid-anthesis, 484 

defined as five days after the heading date96. For the historical period, heading dates are 485 

available for wheat, rice, and maize at a 1 km grid level103 and for soybean at the 486 

provincial level104. Once the flowering date is established, we identify two intervals—487 

before and after the flowering date—where the accumulated effective temperature 488 

reaches specific thresholds (e.g., 200°C before and 600°C after flowering date for 489 

wheat40). The effective temperature is defined as the daily average temperature 490 

conducive to crop growth (e.g., for wheat, daily averages above 0°C). The time span 491 

between these dates marks the active growth phase of crops, when they are particularly 492 

sensitive to ozone1. Impacts on crops were estimated within this growth period. 493 

Incorporating phenology helps account for crop growth rates, as the length of the 494 

growth period tends to negatively correlate with temperature. We have factored in the 495 

effect of temperature on the growth period by evaluating effective accumulated 496 

temperature during both historical and future periods. Across the three climate scenarios 497 

(SSP126, SSP370, SSP585), the phenological period for all crops in this study is 498 

projected to shorten by an average of 5% to 10% compared to historical periods. 499 

 500 

The stomatal flux of O3 ( stoF  : in nmol O3 m-2 s-1), is calculated following the 501 

approach recommended by the Convention on Long-Range Transboundary Air 502 
Pollution (LRTAP)1: 503 

[ ]3
1 sto

sto
b c sto ext

gF O
r r g g

= × ×
+ +

                                                                                          (1) 504 

where [ ]3O   is the ozone concentration in nmol m-3 at canopy height. The ozone 505 

concentration in the lowest layer of the model, representing a height of approximately 506 

15~20 m, is scaled to the canopy height (e.g., 1m for wheat, rice, and soybean, 2 m 507 

for maize) by applying a factor of 0.9 (ref.1). extg  is the external leaf or cuticular 508 
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conductance, set to a fixed value of 0.0004 m s-1 (ref.1). The fraction of this O3 taken 509 

up by the stomata is given by gsto/(gsto+gext). Therefore, the physical interpretation 510 

of the term 1/(rb+rc)×gsto/(gsto+gext) represents the stomatal ozone uptake rate (m 511 

s-1). Here, rb denotes the leaf boundary layer resistance (s m-1) and rc represents the 512 

canopy resistance (s m-1). These resistances are calculated as follows: 513 

1.3 150b
Lr
u

= × ×                                                                                                                (2) 514 

1
c

sto ext

r
g g

=
+

                                                                                                                 (3) 515 

where L is the leaf width, set at 0.02 m, and u is the wind speed (m s-1) at the canopy 516 

height. The constant 150 has units of s1/2 m-1, while the factor of 1.3 adjusts for the 517 

differences in diffusivity between heat and O3. The gsto represents the stomatal 518 

conductance of ozone (mmol O3 m-2 s-1) and is central to the calculation of leaf ozone 519 

flux, as it reflects the magnitude of stomatal aperture. This is calculated based on the 520 

Eq. 4 (ref.105-106). 521 

sto max 3 ming min( , ) max( , ( ))phen O light VPD temp PAWg f f f f f f f= × × × × ×                           (4) 522 

where the formulation generally consists of two components: maximum stomatal 523 

conductance (gmax) and various modifying parameters that reflect the influence of 524 

phenology ( phenf ), ozone concentration ( 3Of ), and four environmental variables— light 525 

(irradiance, lightf ), atmospheric water vapor pressure deficit (VPD, measured as VPDf ), 526 

2-meter air temperature ( tempf ),and soil water availability ( PAWf , indicating the potential 527 

available water content). minf is the relative minimum stomatal conductance that occurs 528 

during daytime, and is a constant determined by the ratio of the minimum stomatal 529 

conductance to the maximum stomatal conductance. 530 

 531 
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These modifying parameters are expressed in relative terms (i.e., values between 0 532 

and 1) as proportions of gmax and the equations governing them for each crop are taken 533 

from previous studies39-42. The values of phenf  and  3Of  represent the effects of normal 534 

aging and ozone-induced premature senescence on stomatal function, respectively, with 535 

the smaller value of the two being used, as it has a greater impact on stomatal 536 

conductance. The lightf   is a function of photosynthetic photon flux density and 537 

represents the control of incoming solar radiation on stomatal aperture. The term 538 

max( minf , ( VPDf × tempf × PAWf )) represents the synergistic effects of atmospheric water 539 

vapor pressure deficit, temperature, and soil water content on stomatal conductance, 540 

ensuring that the value does not fall below the minf , the relative minimum stomatal 541 

conductance. The soil water content PAWf is closely linked to irrigation practices, and 542 

the impact of irrigation on ozone-induced crop production losses is discussed in detail 543 

in Section 3 of the supplementary information.  544 

 545 

Each modifying parameter influences stomatal conductance in different ways. In 546 

general, stomatal conductance rapidly increases with light levels, reaching a maximum 547 

at relatively low intensities and then stabilizing despite further increases in light107-109. 548 

In contrast, the effects of temperature and humidity on stomatal conductance are more 549 

complex and variable, depending on plant species and other contributing factors110-111. 550 

By incorporating these factors, we accounted for the stomatal response to 551 

meteorological conditions and ozone levels. The gsto from Eq. 4 is converted from units 552 

of mmol O3 m-2 s-1 to m s-1 by dividing by 41000 (ref.1) for application in Eq. 1. The 553 

calculated stomatal conductance values were validated against observed values, 554 

demonstrating strong agreement for winter wheat40, maize41, rice39 and soybean42.  555 

 556 

In addition to the PODy metric, the standard AOT40 metric is evaluated for 557 



22 
 

comparison. AOT40 (measured in ppm h) represents the accumulated hourly ozone 558 

concentrations above 40 ppbv between 8:00 AM and 8:00 PM (local standard time) 559 

during the crop growing period (Supplementary Table 5), which is defined here as three 560 

consecutive months112-114. The hourly model surface ozone concentration is scaled to 561 

canopy height using a factor of 0.9, as previously mentioned (ref.1). 562 

Evaluation of ozone concentration. We achieved reasonable model performance by 563 

comparing multiyear mean daily ozone observations with model output across China 564 

during the historical period (2015-2019; Supplementary Fig. 16). The ozone 565 

observations were sourced from the Ministry of Ecology and Environment of the 566 

People's Republic of China (https://www.mee.gov.cn). Overall, the performance meets 567 

the benchmarks for mean fractional bias (MFB) and mean fractional error (MFE), 568 

which are set at 15% and 35%, respectively115.  569 

Estimation of relative yield loss. The crop response to ozone is obtained through linear 570 

regression analysis of crop yield against selected ozone metrics. The response functions 571 

that calculate the relative yield (RY, %) for each crop based on PODy and AOT40 are 572 

provided in Supplementary Tables 6 and 1, respectively. The relative yield loss 573 

(RYL, %) is defined as one hundred minus the relative yield. 574 

Estimation of O3-induced crop production losses and economic cost loss. Based on 575 

the results of relative yield loss, the crop production loss (CPL) is then obtained 576 

according to the following equation: 577 

100
RYLCPL CP

RYL
= ×

−
                                                                                                        (5) 578 

where CP represents the annual crop production at the provincial level from 2015 to 579 

2019, as proved by the National Bureau of Statistics (NBS; http://www.stats.gov.cn/). 580 

The national crop production data  is subsequently mapped onto the model grid, which 581 

https://www.mee.gov.cn/
http://www.stats.gov.cn/
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has a resolution of 36 km × 36 km. The fractional coverage of each crop is defined as 582 

follows116.  583 

i( )
icrop cropland

cropf f
cropland

= ×                                                                                         (6) 584 

where 
icropf is the fractional coverage of the specific crop i in a grid cell, calculated as 585 

the proportion of cropland in the grid cell, croplandf , scaled by the proportion of cropland 586 

area devoted to that crop at the provincial level. croplandf is obtained from the spatial 587 

cropland dataset GAZE 2000 (https://sedac.ciesin.columbia.edu/data/set/aglands-588 

croplands-2000/), icrop   is the provincial area for the specific crop i, and cropland589 

encompasses the total cropland area in each province (Supplementary Fig. 17; 590 

http://www.stats.gov.cn/). 591 

The economic cost losses (ECL) are calculated according to the crop production 592 

losses and the annual international purchase prices. The purchase prices for each crop 593 

from 2015 to 2019 are sourced from FAOSTAT 594 

(https://www.fao.org/faostat/en/#data/PP), and are detailed in Supplementary Table 2. 595 

Definition of the heatwaves. In this study, we define the temperature threshold for 596 

heatwave events based on the optimal growth temperature for crops. Given that winter 597 

wheat in China suffers the most significant yield loss due to ozone damage, we use it 598 

as a case study to assess the impact of ozone on yield loss during heatwaves. The 599 

optimal growth temperature for winter wheat is 26℃1. Therefore, we define a heatwave 600 

as a period when the daily average temperature consistently exceeds 26°C for three 601 

consecutive days. The evaluation of heatwave duration during the phenological period 602 

of wheat, based on the fifth generation ECMWF atmospheric reanalysis of global 603 

climate (ERA5) and WRF, is illustrated Supplementary Fig. 18, showing strong 604 

consistency between model outputs and ERA5. For example, approximately 30% of 605 

days exceed this threshold in the major wheat production area of the North China Plain 606 

(Supplementary Fig. 19). 607 

 608 

https://sedac.ciesin.columbia.edu/data/set/aglands-croplands-2000/
https://sedac.ciesin.columbia.edu/data/set/aglands-croplands-2000/
http://www.stats.gov.cn/
https://www.fao.org/faostat/en/#data/PP
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 958 
Fig. 1 | Annual relative yield loss from various of studies based on AOT40 (black 959 

bars) and PODy (blue bars) for wheat (a), rice (b), maize (c), and soybean (d) in 960 

China. Dark-colored bars represent the results of this study, while light-colored bars 961 

represent findings from other studies. The x-axis labels indicate previous studies: Zhao1 962 

(ref.114), Li117, Wang52, Tang118, Zhao2 (ref.112), Feng1 (ref.51), Lin 113, Dong119, 963 

Feng2(ref.19), and Schauberger53. 964 
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 966 

 967 

Fig. 2 | The spatial distribution of annual yield loss for wheat (a), maize (b), 968 

soybean (c), Double-early rice (d), Single-rice (e) and Double-late rice (f) during 969 

the historical period based on PODy. Blank areas across China represent regions 970 

without cultivation of these crops. The numbers in the top left corner of each panel 971 

indicate the total annual national losses, calculated by multiplying the relative yield loss 972 

by the total crop production. The national relative yield loss (shown in parentheses) is 973 

derived by dividing the total annual national losses by the total crop production, 974 

providing a percentage that reflects the proportion of yield loss at the national level. 975 
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 977 

Fig. 3 | Future annual changes in ozone-induced crop production under SSP 978 

scenarios relative to the historical period (a), and the corresponding surplus 979 

calories and net CO2 uptake (b). In (a), the pink and purple histograms represent the 980 

contributions of anthropogenic emissions and climate change, respectively, while the 981 

grey triangles indicate the net changes in crop production. These changes are shown 982 

relative to mid-century under the SSP scenarios. For the purple histograms, solid, dotted, 983 

and dashed patterns represent the contributions from ozone concentrations, 984 

meteorological conditions, and their synergistic effects, respectively. 985 
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 987 

 988 

Fig. 4 | Comparison of daily ozone concentrations, PODy, stomatal ozone uptake 989 

rate, atmospheric water vapor pressure deficit (fVPD) during heatwave and 990 

non_heatwave periods in the wheat phenological period from 2015 to 2019. (a) 991 

ozone concentration, PODy and stomatal ozone uptake rate during heatwave and non-992 

heatwave periods, with the 25th and 75th percentile (boxes), interquartile range 993 

(difference between 75th and 25th percentile), medians (horizontal lines),means (black 994 

triangles) and endpoints indicating values 1.5 times the interquartile range above the 995 

upper and below the lower quartiles. All other values are considered outliers and are 996 

marked with hollow circles. (b) Variations in relative yield loss (%) as ozone 997 

concentration and stomatal ozone uptake rate change. (c) Probability density 998 

distribution of the daily fVPD factor, which measures the limitation imposed by VPD on 999 

stomatal function. (d) Variations in stomatal ozone uptake rate and relative yield loss as 1000 

VPD increases. 1001 
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 1003 
Fig. 5 | The modeling system used in this study. 1004 
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 1006 

Fig. 6 Decomposition diagram illustrating the factors contributing to crop 1007 

production losses. Shown are results due to changes in future weather conditions, using 1008 

the SSP126 scenario with historical emissions as an example: EhistM126. 1009 
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