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ABSTRACT
Tropospheric ozone (O3) is a widespread air pollutant that impairs crop physiology and threatens global food security. Most 
global-scale assessments have relied on exposure-based metrics, which overlook plant–environment interactions that control 
O3 uptake. This study presents a global flux-based assessment of future O3 risk for wheat (Triticum aestivum) using a dual-sink 
dry deposition model driven by Earth System Models from the Coupled Model Intercomparison Project 6 (CMIP6) under three 
Shared Socioeconomic Pathways (SSP1-2.6, SSP3-7.0, and SSP5-8.5). We quantify phytotoxic O3 dose (POD6) and production 
losses from 2000 to 2100, analyze regional trends, and perform multiple simulations to assess the influence of soil water availa-
bility and atmospheric CO2 on O3 risk. Finally, we explore the roles of radiative forcing (RF), emission policies on O3 precursors 
(EP), and their interaction, in determining O3 risk changes. We find a general decline in O3 risk, although regional disparities 
remain. Under SSP1-2.6 (strong EP, low RF) POD6 declines throughout the century, leading global mean production losses to 
decrease from 3.3% to 5.0% at the beginning of the century to less than 1.4% at its end. In contrast, SSP3-7.0 (weak EP, high 
RF) shows end-century losses between 1.3% and 4.9% and may exacerbate risks in several regions (South and East Asia, South 
America, Sub-Saharan Africa). SSP5-8.5 displays intermediate outcomes: O3 risk increases until mid-century in many regions, 
and then declines by 2100 (0.5%–2.6%), due to delayed EP adoption. Increasing atmospheric CO2 concentrations will likely hinder 
future O3 risk due to reduced stomatal conductance, but some hotspots will persist near the Southern and Eastern edges of the 
Tibetan Plateau. These findings provide a basis for prioritizing region-specific mitigation strategies to reduce O3 damage to wheat 
under future climate conditions.

1   |   Introduction

Tropospheric ozone (O3) poses a significant threat to global crop 
production in a changing climate, with potentially serious im-
plications for worldwide food security. With rising greenhouse 

gas concentrations and shifting emission patterns projected 
throughout the 21st century, understanding how these environ-
mental changes will affect vital food crops and their response 
to O3 becomes increasingly important for agricultural planning 
and policy decisions.
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O3 damages vegetation by entering the leaf through stomata and 
altering key biogeochemical and physiological processes, result-
ing in reduced photosynthesis, accelerated leaf senescence, and 
causing the expression of detoxification systems. This in turn 
reduces canopy carbon gain and biodiversity, among other neg-
ative effects (Fuhrer et al. 2016; Grulke and Heath 2020; Ramya 
et al. 2023; Wright et al. 2018), and has important consequences 
for food security (Emberson 2020).

The quantification of O3 impacts on vegetation can be 
achieved through two distinct methodologies: an exposure 
(concentration)-based approach and a dose (flux)-based ap-
proach. Several studies have compared the two approaches 
across a wide range of vegetation types (Anav et  al.  2016; 
Hoshika et  al.  2020; Karlsson et  al.  2007; Mao et  al.  2024; 
Mills et al. 2018; Paoletti et al. 2019; Pleijel et al. 2022; Simpson 
et al. 2007; Tai et al. 2021; Tang et al. 2014). These compar-
isons consistently highlight that the flux-based approach, 
which estimates the phytotoxic ozone dose (POD), better rep-
resents the biological processes leading to O3 damage to vege-
tation, as it accounts for the amount of O3 entering the plants 
through the stomata (Paoletti and Manning  2007). Existing 
schemes for estimating O3 stomatal flux to vegetation vary 
in complexity, ranging from a simple function of tempera-
ture and solar radiation (Wesely 1989), to a single leaf Jarvis 
model (Baldocchi et al. 1987; Jarvis 1976), a sunlit/shade (two-
big-leaf) scheme (Emberson, Ashmore, et  al.  2000; Zhang 
et al. 2003), and a photosynthesis approach (Ball et al. 1987; 
Charusombat et  al.  2010). Combined models that integrate 
elements from the above-mentioned schemes have also been 
developed (Clifton et al. 2023; and references therein).

Regional- to global-scale O3 risk assessments for various vege-
tation types have been extensively conducted over the past two 
decades, using both exposure-based and flux-based approaches 
to estimate past and present O3 damage (Anav et  al.  2011; 
Cheesman et  al.  2023; Guaita et  al.  2023; Mills et  al.  2011, 
2018; Savi et al. 2020; Sharps, Hayes, et al. 2021; Van Dingenen 
et al. 2009). Many of these studies concluded that high O3 con-
centrations can cause significant crop yield losses and economic 
damages worldwide (Pleijel et al. 2018; Tai et al. 2021).

However, studies of future O3 impacts on vegetation have mostly 
applied exposure-based methods (e.g., Chuwah et  al.  2015; 
Sicard et al. 2017). The few studies that have explicitly adopted 
flux-based approaches to estimate future O3 impacts, have typi-
cally simplified assumptions, such as applying present-day me-
teorology with projected emissions, or present-day emissions 
with future climate (Klingberg et al. 2014; Simpson et al. 2007; 
Tang et  al.  2014). To our knowledge, a comprehensive, global 
flux-based analysis of O3 impacts across the 21st century, con-
sidering both future climate and emission scenarios, is still lack-
ing. A key aspect in O3 risk assessment over future times is the 
accurate consideration of the effect of rising atmospheric CO2 
concentrations on plant physiology and O3 uptake. Elevated CO2 
levels typically induce partial stomatal closure in C3 crops like 
wheat, potentially reducing O3 uptake and subsequent damage. 
This CO2-induced effect reflects a complex physiological inter-
action of plant responses: while increased CO2 may enhance 
photosynthesis and water use efficiency, it simultaneously pro-
vides a protective effect against O3 damage by limiting stomatal 

conductance (Ainsworth et al. 2012; Fiscus et al. 2005). However, 
this protective effect is complicated by other climate factors, as 
changes in temperature, vapor pressure deficit and water stress 
may counteract stomatal closure. The net effect of these interact-
ing variables will likely differ across geographic regions depend-
ing on their specific climatic conditions.

This study addresses these research gaps through a global-
scale, flux-based assessment of future O3 risks for bread wheat 
(Triticum aestivum), which is one of the world's most important 
staple food crops and a reference for agricultural species with 
high O3-sensitivity (Mills et al. 2011; Sitch et al. 2007). More spe-
cifically, the objectives of this research are to: (1) estimate future 
trends of POD for wheat to the end of the 21st century under 
different climate change scenarios; (2) identify the regions that 
are most vulnerable to future food security threats due to the 
negative O3 effects on wheat; (3) evaluate the impact of different 
adaptation and mitigation strategies in reducing future O3 risk.

To address these objectives, we employ a dual-sink big-leaf dry 
deposition model (Guaita et al. 2023), driven by meteorology and 
O3 concentration outputs from Earth System Models (ESMs) 
participating in the Coupled Model Intercomparison Project 6 
(CMIP6; Eyring et al. 2016). To generate a set of future climate 
simulations, these ESMs use the forcing datasets associated with 
the “shared socioeconomic pathways” (SSP; Riahi et al. 2017), 
which are future pathways combining different trends in social, 
economic and environmental developments with different as-
sumptions about anthropogenic emission mitigation applied on 
top of these to meet pre-defined climate targets (radiative forc-
ing; RF).

2   |   Methodology

2.1   |   Selection of CMIP6 Models and SSPs

A subset of models from the CMIP6 experiment is selected as 
input for this work. Specifically, we apply the following crite-
ria to identify the model runs suitable for our study: (i) an on-
line/coupled-chemistry framework (AerChemMIP; Collins 
et  al.  2017) to include the feedback of O3 on climate and (ii) 
sub-daily temporal resolution of meteorological variables to 
enable O3 flux calculations. According to these criteria, we 
identify GFDL-ESM4 (Dunne et al. 2020; Horowitz et al. 2018; 
Krasting et al. 2018) and UKESM1-0-LL (O'Connor 2020; Sellar 
et al. 2019; Tang et al. 2019) for this study. UKESM1-0-LL and 
GFDL-ESM4 are both fully coupled global ESMs, which include 
a physical atmosphere–ocean model coupled with additional 
interactive earth system components including ocean biogeo-
chemistry, stratosphere-troposphere chemistry and aerosol 
scheme and terrestrial carbon cycles coupled to interactive vege-
tation (Table S1). They both have a horizontal grid resolution of 
between 100 and 140 km in the mid-latitudes, with vertical levels 
extending to the upper stratosphere. Comprehensive chemistry 
schemes are included within both ESMs simulating the reactions 
and transport of major chemical species involved in O3 forma-
tion. As a result, these ESMs can simulate the interactions be-
tween climate and chemistry changes across both historical and 
future periods. The model variables required for this study are 
listed in Table S1. POD calculations require O3 concentrations 
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to be scaled from the model level geometric height to the canopy 
height, which is achieved using the dry deposition model used 
in this study (Guaita et al. 2023). See Appendix SA.1 for details.

Annual O3 risk for wheat from 2015 to 2100 is quantified relative 
to a POD baseline value, calculated as the average over the 2000–
2014 period. The POD for the baseline years is derived from the 
“historical” experiment of CMIP6 (Eyring et  al.  2016). Future 
O3 risk is estimated based on climate and emission scenarios 
described by the SSPs (Riahi et al. 2017). Specifically, we focus 
on the scenarios SSP1-2.6 (Van Vuuren et  al.  2017), SSP3-7.0 
(Fujimori et al. 2017), and SSP5-8.5 (Kriegler et al. 2017), as they 
represent contrasting characteristics in terms of future RF and 
emission policies (EP) for air quality that impact O3 concentra-
tions from 2015 to 2100. Herein we classify SSP1-2.6 as a low-
emissions and low-RF scenario, SSP3-7.0 as a high-emissions 
and high-RF scenario, while SSP5-8.5 as a high-RF and partial 
emission control scenario, with controls beginning in the second 
half of the 21st Century. Thus, from an O3 concentration per-
spective, SSP5-8.5 can be broadly considered as an intermediate 
scenario, with end-of-century pronounced climate change and 
O3 concentrations akin to those observed in the historical base-
line (Turnock et al. 2020). Further, the SSP3-7.0pdSST experi-
ment (present-day Sea Surface Temperature; Zanis et al. 2022) 
is available from UKESM1-0-LL and is included in this study 
to assess the effect of changing O3 concentrations only in a 
high-emission/present-day climate scenario. ESM outputs show 
biases in both meteorological variables and O3 concentrations. 
An evaluation of the O3 bias against the surface O3 observations 
from the Tropospheric Ozone Assessment Report (TOAR) data-
set (Schröder et al. 2021) for the baseline years (2000–2014) is 
presented in the Appendix (SA.2), alongside the effect of meteo-
rological and O3 biases on the final POD estimate.

2.2   |   Dry Deposition Model for Wheat

The POD calculations follow the approach described in the 
LRTAP Convention (2017). More specifically, we use a dual-sink 
big-leaf O3 dry deposition model that calculates stomatal conduc-
tance (gs) and O3 uptake by plants, following the DO3SE para-
digm originally developed by Emberson, Ashmore, et al. (2000). 
This model also simulates phenology, soil water available to the 
plant, and light penetration within the canopy, and accounts for 
atmospheric stability and instability with the Monin-Obukhov 
similarity theory along with a resistive scheme. The O3 stomatal 
flux model receives as input meteorological and chemical data 
from the CMIP6 models under the different SSPs. The complete 
formulation of the O3 dry deposition model is described in the 
Appendix  SB of Guaita et  al.  (2023). Modifications applied in 
this study are detailed in Appendix (SA.3).

O3 deposition from the lowest model level to the vegetated sur-
face is calculated with a resistive network of three resistances 
(bulk resistances, uppercase R) in series: an atmospheric resis-
tance Ra, a quasi-laminar sublayer resistance Rb, and a surface 
resistance Rc. The latter consists of three resistances in paral-
lel: a cuticular resistance Rcut, a stomatal resistance Rstom and 
a ground resistance composed of an intra-canopy resistance 
Rinc and a soil resistance Rsoil, in series. Following the DO3SE 
methodology (Emberson, Ashmore, et  al.  2000; Emberson, 

Simpson, et  al.  2000), the canopy-level resistance Rstom is ob-
tained by upscaling the leaf-level resistances (lowercase r), 
while accounting for sunlit and shaded portion of the canopy. 
On the other hand, only the stomatal resistance for a sunlit 
upper canopy leaf is used to calculate the stomatal O3 uptake. 
The leaf-level stomatal resistance is calculated as the inverse of 
the stomatal conductance gs, obtained by applying the empirical 
Jarvis-Stewart approach (Jarvis 1976; Stewart 1988):

where the f  functions (ranging between 0 and 1) are taken di-
rectly from the LRTAP Convention (2017), with the only excep-
tion of fCO2

 (see below). The f  functions describe the limiting 
effect on gmax due to light ( flight), temperature ( ftemp), air water 
Vapour Pressure Deficit ( fVPD) and soil water available to the 
plant ( fsoil), and to phenological growth ( fphen) and O3 dose re-
ceived by the plants ( fO3). For this study an fclim term is defined 
as the product ftemp × fVPD × fsoil to represent the combined effect 
of the main climatic factors on gs. The fmin term represents a con-
stant value of 0.01 indicating the minimum gs expressed relative 
to gmax during daylight hours.

In addition to the LRTAP Convention (2017) methodology, the 
fCO2

 function was defined to describe how gs is affected by CO2 
concentrations, which are projected to further increase in the 
next decades until the end of the century. In fact, increasing CO2 
concentrations are known to decrease gs non-linearly (Franks 
et al. 2017; Haworth et al. 2016; Li et al. 2019). The relationship 
between rising CO2 concentrations and the penalty on gmax can 
be represented with the equation:

where aCO2
 is a shape parameter, CO2,ref ([ppm]) is the reference 

CO2 concentration to which fCO2
= 1, and fmin,CO2

 is the minimum 
fractional value of gmax that can be reached by increasing CO2 con-
centrations. The values for aCO2

, fmin,CO2
 and CO2,ref are inferred 

from the output of a FvCB model for photosynthesis (Farquhar-
von Caemmerer-Berry; Farquhar et al. 1980) coupled with a Ball-
Berry scheme for gs (Ball et al. 1987) applied to winter wheat in 
non-limiting water conditions and optimal light, humidity and air 
temperature, accounting for diurnal gs maxima at increasing am-
bient concentration of CO2 from 380 to 1000 ppm. Inference on the 
simulation outputs led to aCO2

= 0.5480 (95% CI: 0.4978, 0.5982), 
fmin,CO2

= 0.2823 (95% CI: 0.2449, 0.3196), and CO2,ref = 384.2 ppm 
(95% CI: 380.0, 388.4). This relationship (Figure  S1) was found 
to be consistent with several experimental studies and reviews 
(Agrawal and Deepak 2003; Ainsworth and Rogers 2007; Del Pozo 
et al. 2005; Kang et al. 2021; Tuba et al. 1994).

The O3 dry deposition model varies leaf area index, surface area 
index, crop height, and root depth according to the growth stage 
and phenology of wheat. Soil water is simulated at each timestep 
with a vertical water budget model that, following the method-
ology of Mintz and Walker  (1993), accounts for precipitation, 
canopy transpiration, evaporation from soil and wet surfaces, 

(1)
gs = gmax ×min

{

fphen, fO3

}

× flight ×max
{

fmin, ftemp × fVPD × fsoil
}

× fCO2

(2)

fCO2

([

CO2

])

= fmin,CO2
+

(

1 − fmin,CO2

)

× exp

(

− aCO2
×

[

CO2

]

− CO2,ref

CO2,ref

)
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and throughfall (Guaita et al. 2023). Sowing date maps and soil 
hydraulic properties (wilting point and field capacity soil maps) 
are required by the model. The sowing date maps are from Qiao 
et  al.  (2023), who produced a global dataset for T. aestivum for 
SSP1-2.6 and SSP3-7.0. The soil texture maps are used to simulate 
soil water available to the plant during the growing season and 
they are obtained from Zhang et al. (2018). An evaluation of the 
dry deposition model against FLUXNET data (Fischer et al. 2007; 
Lohila et al. 2004; Moureaux et al. 2006; Pastorello et al. 2020; Raz-
Yaseef et al. 2015) and O3 flux measurements over a wheat field 
(Gerosa et al. 2003) is shown in the Appendix (SA.4).

For the simulations in this work, different parameterizations of 
gs for T. aestivum are adopted depending on the different biogeo-
graphical regions (Table S2). In the context of sowing dates, Qiao 
et  al.  (2023) categorized wheat-growing areas into four climatic 
zones (temperate, cold, warm, and monsoon) based on the season-
ality of temperature and precipitation. According to this classifica-
tion, we use the wheat parameterizations of the Mapping Manual 
(MM; LRTAP Convention 2017) for the gs model. Depending on 
the climatic zone, we select the following parameterizations: 
spring wheat (Grünhage et  al.  2012) in the cold region, winter 
wheat (Grünhage et al. 2012) in the temperate region, and med-
iterranean wheat (González-Fernández et al. 2013) in the warm 
and monsoon regions.

Once gs is obtained, the seasonal O3 stomatal dose received 
by wheat plants can be calculated as the phytotoxic O3 dose 
above the Y threshold accounting for plants detoxification ca-
pacity (PODY; mmol O3 m−2 of PLA, projected leaf area) by in-
tegrating the hourly O3 stomatal flux (FsO3,i

; nmol O3 m−2 s−1) 
over the flux accumulation period (i = 0, … t, i-th hour of the 
accumulation period):

FsO3,i
 is obtained from the O3 concentration at top canopy 

height O3

(

hc
)

:

where rs, rb and rc are the leaf-level stomata resistance, the quasi-
laminar resistance and the leaf surface resistance (see Appendix 
in Guaita et al. 2023).

For T. aestivum a detoxifying threshold of 6 nmol O3 m−2 s−1 
(POD6) is recommended by the LRTAP Convention (2017), and 
the accumulation period for POD6 is defined as the timespan be-
tween the unrolling of the flag leaf (shortly before anthesis) and 
crop maturity. The wheat parameterizations adopted in the MM 
use thermal time (growing degree days) to identify the accumu-
lation period, with January 1st as the reference date for calcula-
tions in the Northern Hemisphere. However, to account for the 
different seasonality in the two hemispheres, we use the sowing 
date as the reference date instead. Thus, the phenological pa-
rameterizations as defined in the MM are adjusted by adding 
the thermal time that typically accumulates between the sowing 
date and the 1st of January. This value was estimated at 550°C 
days in Guaita et al. (2023), and is confirmed in the present work 

by comparing it with the thermal times calculated from the sow-
ing dates provided by Qiao et al. (2023) up to the 1st of January. 
Following this adjustment, the thermal times for maturity are 
set to 1775°C, 2325°C and 2400°C days for spring wheat, winter 
wheat and Mediterranean wheat, respectively. The other param-
eters of the phenological function are shifted accordingly. An 
evaluation of the phenological stages based on thermal time and 
sowing date was carried out by comparison against two indepen-
dent products (Global Gridded Model Intercomparison Project 
Crop Calendar, Jägermeyr et al. 2021; ChinaCropPhen1km, Luo 
et al. 2020) and is shown in the Appendix (SA.5).

A dose–response relationship for T. aestivum based on 
POD6 and relative grain yield (Grünhage et  al.  2012; LRTAP 
Convention 2017; Pleijel et al. 2007) can be used to calculate the 
relative yield loss (RYL; %):

This relationship predicts a 5% decrease of grain yield for each 
increment of O3 dose of 1.3 mmol m−2 PLA, and this is defined as 
the “Critical Level” (CL).

2.3   |   Dry Deposition Model Runs, Assumptions, 
and Output Analysis

Four runs are presented in this study. The first run estimates 
POD6 for the O3 risk assessment, consistently with a common 
framework defined by the LRTAP Convention  (2017), and is 
therefore labeled as “MM run” (Mapping Manual). Soil water 
available to the plant is assumed at field capacity at the sowing 
date every year and is dynamically simulated using an online 
water budget model. In this run, fCO2

= 1 at every timestep. The 
second run (henceforth “MM + CO2 run”) simulates soil water 
availability as the MM run but calculates fCO2

 according to 
Equation (2). This allows estimation of the changes in POD6 due 
to the reductions of gmax at elevated CO2 concentrations, while 
accounting for the feedback that the reduced gs has on transpi-
ration. The MM and the MM + CO2 runs assume no irrigation, 
and therefore they are labeled also as “rainfed runs”. The third 
and fourth run (henceforth “MM_FC run” and “MM + CO2_FC 
run”) aim to diagnose the effect of soil water availability on O3 
risk by assuming soil water at field capacity (FC), i.e., fsoil = 1 at 
every timestep. These runs are named “FC-runs”, as opposed to 
the rainfed runs (Table 1).

UKESM1-0-LL simulates O3 concentrations reasonably accu-
rately, whereas GFDL-ESM4 underestimates upper O3 concentra-
tion percentiles (see Appendix SA.2). For this reason, data from 
UKESM1-0-LL is used for all four runs, while GFDL-ESM4 data 
from the historical experiment is only used for the MM + CO2 run.

Each run produces global annual POD6 maps from 2000 to 2099 
for each of the considered SSP. All maps and tables in this study 
are masked with the land-use maps from Qiao et  al.  (2023). 
Furthermore, for a given year, we excluded any grid node where 
wheat fails to reach maturity before the next prescribed sowing 
date. O3 concentration and fclim values (Section 3.1) are surveyed 
by computing the global mean and the mean of the interannual 
variability. First, in every node, the mean yearly value of each 

(3)PODY =

∑t

i=0
max

{

FsO3,i
− Y , 0

}

× 3600 × 10−6

(4)FsO3,i
= O3

(

hc
)

×
1

rs
×

(

1 −
rb

rb + rc

)

(5)RYL = 3.85 × POD6
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variable is calculated, over the daylight hours of the accumula-
tion period. Then, for that node, yearly values over a given time 
window (2000–2014, 2045–2054, or 2090–2099) are considered, 
and the mean and the standard deviation are calculated using 

those values. The final mean values (Table 2) are obtained by 
averaging all the mean values in every node (global mean). The 
global interannual variability is calculated from the mean of 
the standard deviations obtained in every node (spatial mean of 
the interannual variability). The analysis of regional trends in 
Section 3.2 is restricted to the area at O3 risk, i.e., the nodes that 
exceed the CL for wheat (1.3 mmol m−2 PLA) for at least 1 year 
of the century under any SSP. This restriction allows us to focus 
on the parts of the regions where O3 risk is non-negligible at any 
point in time, excluding consistently low-POD6 areas. For each 
region, it is tested whether the mean POD6 value over a selected 
future time window significantly differs from the mean POD6 
value at the baseline (Welch t-test, with efficient sample size 
calculated for spatial autocorrelation calculated using Moran's 
Index). The p-values are computed by comparing the 15 annual 
means of the baseline period over a certain region with the 10 an-
nual means in each future time window (Table 3 and Table S3). 
In Section 3.3, we define a grid node as chronically at risk under 
a given experiment if POD6 exceeds the CL in at least 75% of the 
years considered (either 2000–2014 or 2015–2099). This criterion 
identifies areas where O3 risk is persistent across the century, 
even when end-century POD6 declines. This definition allows 
to assess whether an area of the globe is at O3 risk throughout 
the century, even with decreasing POD6 end-century values. We 
also estimate global production losses at the baseline, at 2050 
and at 2100. We use gridded annual yield output (Tg yr.−1) from 
the LPJmL model (Lutz et al. 2019; Von Bloh et al. 2018), as per 
simulations performed within ISIMIP3b (Jägermeyr et al. 2024) 
using UKESM1-0-LL as climate forcing dataset. This product 
offers gridded annual yield values (t ha−1) at global-scale for 
the historical, SSP1-2.6, SSP3-7.0 and SSP5-8.5 experiments. 
We combine these yield data with the harvested area from the 
Spatial Production Allocation Model (SPAM2020v2) dataset of 
the International Food Policy Research Institute (International 
Food Policy Research Institute (IFPRI)  2024) to calculate the 
total wheat production in each grid node. By combining these 
products with the estimated RYL (Equation  (5)), we then ob-
tain the annual production losses (Tg yr.−1) under both present 
and future climate scenarios. Therefore, this approach captures 
projected yield changes across different SSPs but assumes that 
the spatial distribution of wheat cultivation remains fixed at 
present-day levels as defined by SPAM.

3   |   Results

3.1   |   Spatio-Temporal Patterns of O3 and Impacts 
of Climate Variables on Stomatal Conductance

Figure 1a–d shows the mean O3 concentrations during the base-
line years (2000–2014 mean) and their changes (ΔO3) at 2100 
(2090–2099 mean). O3 concentrations are expressed at wheat 
canopy height and averaged over the daylight hours of the ac-
cumulation period. During the baseline years, UKESM1-0-LL 
shows global mean O3 concentrations of 37.1 ± 2.4 ppb (Table 2), 
while GFDL-ESM4 shows slightly lower values (36.0 ± 2.1 ppb). 
The Northern Hemisphere presents higher O3 concentrations 
than the Southern Hemisphere, with the Middle East and Asia as 
the regions with the highest values around the globe (Figure 1a). 
Compared to GFDL-ESM4, UKESM1-0-LL shows stronger lati-
tudinal and elevation gradients (see Figure S2 for GFDL-ESM4 

TABLE 1    |    List of acronyms and symbols and their meaning.

Acronym/
symbol Meaning

ANOVA Analysis of variance

CL Critical level

EP Emission policy

ESM Earth system model

FC Field capacity

fclim Jarvis function defined as

fCO2
Jarvis function for CO2

flight Jarvis function for light

fmin Jarvis function to indicate the minimum 
gs expressed relative to the gsmax

fO3
Jarvis function for the O3-

induced senescence

fphen Jarvis function for phenological growth

FsO3
O3 stomatal flux

fsoil Jarvis function for soil water 
availability to the plant

ftemp Jarvis function for temperature

fVPD Jarvis function for VPD

gs Stomatal conductance to O3

gs,max Maximum of stomatal conductance

I Interaction factor between EP 
and RF in the ANOVA

MM Mapping manual (LRTAP 
Convention 2017)

PLA Projected leaf area

PODY Phytotoxic ozone dose above a 
threshold of Y nmol m−2 s−1 PLA

Ra Atmospheric resistance

Rb Quasi-laminar sublayer resistance

Rc Surface resitance

Rcut Cuticular resitance

RF Radiative Forcing

Rinc Intra-canopy resistance

Rsoil Soil resistance

Rstom Stomatal resistance

RYL Relative yield loss

TOAR Tropospheric ozone assessment report
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6 of 20 Global Change Biology, 2025

2000–2014 maps) and generally reports higher concentrations 
at latitudes < 45°, except for the Eastern Indian peninsula. 
Moreover, UKESM1-0-LL simulates the strongest seasonal 
cycle in Northern Hemisphere surface ozone among all CMIP6 
models, potentially due to excessive NOx titration of O3 in this 
model (Turnock et  al.  2020). Under SSP1-2.6, which assumes 
the implementation of strong air quality policies, UKESM1-0-LL 
projects a mean O3 decrease of 8.5 ppb by the end of the century 
(Figure 1b). On the contrary, under SSP3-7.0, which is character-
ized by weaker air pollution control policies, O3 concentrations 
generally increase by 2100, although some exceptions are pres-
ent (e.g., central U.S.; Figure 1c). SSP5-8.5 shows similar spatial 

patterns as SSP3-7.0, but to a lesser extent, which is consistent 
with the implementation of strong air quality control policies 
from 2050 onward (Figure 1d).

The fclim function captures the combined effect of key climatic 
factors (air temperature, VPD and soil water available to the 
plant) on gs. Values of fclim ≈ 1 indicate minimal limitation, 
while near zero values denote a strong stomatal closure and re-
duced O3 uptake. During the baseline years, the fclim averaged 
over the accumulation period exceeds 0.5 over large areas of 
Eastern North America, South America, and East Asia, while 
strongly limiting conditions ( fclim < 0.2) occur mostly in arid 

TABLE 2    |    Global means (±mean interannual variability) of O3 concentrations at canopy height, Jarvis functions, and duration of the accumulation 
period during the baseline period, at 2050 and 2100, and differences in the onsets of the accumulation periods between the end of the century and the 
baseline (Δonset), over wheat-growing regions, for UKESM1-0-LL under the different SSPs.

Variable Baselinea

2050a 2100a

SSP1-2.6 SSP3-7.0 SSP5-8.5 SSP1-2.6 SSP3-7.0 SSP5-8.5

O3 [ppb] 37.1 ± 2.4 32.6 ± 2.1 38.9 ± 2.3 40.2 ± 2.4 28.6 ± 1.8 39.5 ± 2.4 37.7 ± 2.5

fclim [0,1] 0.34 ± 0.07 0.35 ± 0.07 0.38 ± 0.07 0.36 ± 0.08 0.36 ± 0.07 0.39 ± 0.08 0.36 ± 0.08

ftemp [0,1] 0.60 ± 0.06 0.69 ± 0.05 0.68 ± 0.06 0.72 ± 0.05 0.7 ± 0.05 0.69 ± 0.06 0.72 ± 0.05

fVPD [0,1] 0.89 ± 0.04 0.84 ± 0.05 0.86 ± 0.05 0.82 ± 0.05 0.84 ± 0.04 0.83 ± 0.05 0.77 ± 0.06

fsoil [0,1] 0.66 ± 0.08 0.61 ± 0.09 0.68 ± 0.08 0.61 ± 0.09 0.61 ± 0.09 0.71 ± 0.08 0.66 ± 0.08

Accumulation period duration 
[days]

40.6 ± 10.9 41.0 ± 8.8 38.1 ± 9.6 39.6 ± 8.2 40.9 ± 8.8 32.6 ± 9.3 37.1 ± 9.4

Δonset [days] −0.1 ± 5.9 −2.2 ± 5.3 −4.3 ± 5.8 −3.5 ± 5.9 −12.6 ± 4.4 −23.4 ± 5.3
aBaseline indicates the mean between 2000 and 2014, 2050 indicates the mean between 2045 and 2054, and 2100 indicates the mean between 2090 and 2099.

TABLE 3    |    Mean POD6 (mmol m−2 PLA) for the MM run by region and SSP for areas at risk at the baseline (2000–2014) at 2050 (2045–2054) and 
2100 (2090–2099).

Regiona

Baseline POD6 
[mmol m−2] 2050 POD6 [mmol m−2] 2100 POD6 [mmol m−2]

Historical SSP1-2.6 SSP3-7.0 SSP5-8.5 SSP1-2.6 SSP3-7.0 SSP5-8.5

East Asia 1.65 ± 1.47 0.95 ± 1.00 1.97 ± 1.62 1.98 ± 1.67 0.37 ± 0.40 1.71 ± 1.39 1.00 ± 0.93

South-East Asia 1.01 ± 1.21 0.83 ± 1.06 1.36 ± 1.51 1.30 ± 1.64 0.40 ± 0.73 1.49 ± 1.68 0.68 ± 1.01

South Asia 0.81 ± 1.43 0.75 ± 1.45 1.52 ± 2.18 1.23 ± 2.14 0.41 ± 0.91 1.69 ± 2.22 0.82 ± 1.50

Central Asia 0.34 ± 0.39 0.17 ± 0.29 0.75 ± 0.73 0.49 ± 0.62 0.09 ± 0.15 0.77 ± 0.66 0.33 ± 0.33

North America 1.59 ± 1.00 0.30 ± 0.30 0.90 ± 0.60 0.99 ± 0.77 0.18 ± 0.21 0.61 ± 0.43 0.84 ± 0.67

Central America 0.50 ± 0.75 0.26 ± 0.69 0.58 ± 0.98 0.80 ± 1.23 0.11 ± 0.36 0.71 ± 1.04 0.32 ± 0.61

South America 0.63 ± 0.85 0.24 ± 0.27 0.87 ± 0.70 0.81 ± 0.70 0.13 ± 0.21 0.92 ± 0.69 0.34 ± 0.42

Russia–Belarus–
Ukraine

0.77 ± 0.49 0.18 ± 0.23 0.66 ± 0.49 0.55 ± 0.45 0.09 ± 0.13 0.59 ± 0.44 0.53 ± 0.41

Europe 1.03 ± 0.89 0.27 ± 0.35 1.04 ± 0.80 0.90 ± 0.86 0.15 ± 0.21 1.03 ± 0.73 0.99 ± 0.79

North Africa 0.64 ± 0.67 0.18 ± 0.26 0.72 ± 0.74 0.46 ± 0.60 0.10 ± 0.20 0.54 ± 0.68 0.25 ± 0.49

Sub-Saharan Africa 0.49 ± 0.60 0.44 ± 0.53 0.71 ± 0.75 0.99 ± 0.98 0.21 ± 0.34 0.98 ± 1.15 0.76 ± 1.02

Middle East 0.18 ± 0.42 0.11 ± 0.29 0.38 ± 0.69 0.21 ± 0.55 0.03 ± 0.09 0.64 ± 0.82 0.26 ± 0.42

Note: Bold values indicate that the p < 0.05. See Table S3 for actual p-values and for the 95% confidence intervals for the difference in means reported in this table.
aRegion definitions are based on those established by the Hemispheric Transport of Air Pollutants (HTAP2; Huang et al. 2017).
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7 of 20Global Change Biology, 2025

regions (Figure  1e). Figure  1f–h shows the changes in fclim at 
2100 compared to the baseline (Δfclim). From an O3 risk perspec-
tive, negative Δfclim values indicate stronger climatic limitation 
of gs and thus, potentially, lower POD6 and O3 damage. On the 
contrary, positive Δfclim values correspond to a weaker limitation 

of gs and therefore higher POD6 and increased O3 damage. 
SSP3-7.0 and SSP5-8.5 indicate overall similar magnitudes of 
Δfclim across the globe at the end of the century, while SSP1-2.6 
shows smaller changes, as expected from the weaker RF of this 
scenario. An evident pattern in future changes across all SSPs 

FIGURE 1    |    Ozone mean concentrations at canopy height and during the daylight hours of the accumulation period for UKESM1-0-LL over the 
baseline period (a), and ΔO3 at 2100 with respect to the baseline across the different SSPs (b–d). fclim mean values for the same ESM over the baseline 
period (e), and Δfclim at 2100 with respect to the baseline across the different SSPs (f–h). fclim = ftemp ⋅ fVPD ⋅ fsoil summarizes the limitations to gs due 
to temperature, VPD and soil water available to the plant, with values ranging from 0 to 1 depending on whether they are limiting or not. Positive or 
negative Δfclim correspond to higher and lower O3 risk, respectively (red and blue, in f–h). Baseline indicates the 2000–2014 mean, and 2100 indicates 
the 2090–2099 mean. White nodes indicate that wheat either is not grown or hasn't reached maturity before the next prescribed sowing date (see 
Section 2.3). This assumption applies to all the figures presented hereafter. Map lines delineate study areas and do not necessarily depict accepted 
national boundaries.
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8 of 20 Global Change Biology, 2025

is the large positive shift at latitudes > 45°, which indicates 
higher gs (and better growing conditions) for wheat at higher 
latitude. This is due to increased ftemp values, i.e., temperatures 
closer to the optimum for gs (Figure S3a–d). The function fVPD 
(Figure S3e–h) is generally non-limiting ( fVPD > 0.8) across most 
regions of the globe, with the only exception of arid regions, in-
dicating that fclim is only marginally affected by this component. 
However, fVPD becomes more limiting at the end of the century 
because of a general decrease in relative humidity, which is a 
feature frequently observed in future climate simulations (e.g., 
Fang et al. 2022). As expected, fsoil is very limiting over arid re-
gions at the present time, but increases considerably at the end of 
the century under SSP3-7.0 and SSP5-8.5 (Figure S3i–l). Overall, 
during the baseline, fclim is primarly constrained by fsoil (see e.g., 
Figure 1e and Figure S3i). However, the positive changes in fclim 
at 2100 appear to be driven by the changes in ftemp at higher lati-
tudes and in fsoil over arid regions, but this effect is counteracted 
by the negative changes in fVPD, especially under SSP3-7.0 and 
SSP5-8.5.

Finally, it is important to highlight that the POD6 accumulation 
period becomes slightly shorter and noticeably earlier in the 
future (Table  2), especially under SSP3-7.0 and SSP5-8.5, and 
therefore the O3 concentrations and the outcomes of the Jarvis 
functions described in this section are affected by this time shift.

3.2   |   POD6 Trends by Region

Figure 2 displays the annual POD6 values averaged over differ-
ent geographical regions and under different SSPs, for both the 
MM and MM + CO2 runs. Table 3 lists the mean POD6 at 2050 
(2045–2054) and at 2100 (2090–2099) in each region (p-values 
and 95% confidence intervals are reported in Table S3). POD6 de-
creases under SSP1-2.6 in every region for both the MM and the 
MM + CO2 runs, with values reaching approaching zero well be-
fore 2100. These results are associated with very high certainty 
(p < 0.001) in most regions at the end of the century. For the MM 
run, POD6 generally does not decrease under SSP3-7.0, with 7 
out of 12 regions displaying increasing POD6 values at the end of 
the century (p < 0.01). For the same run, under SSP5-8.5, POD6 
changes at 2050 are associated with p < 0.01 in 6 regions, and 
in these cases the timelines rise and then fall, usually reaching 
their maxima between 2050 and 2080, and then reverting to val-
ues closer or lower than of the baseline at the end of the century. 
In the MM + CO2 run POD6 values decrease in every region, as 
the limiting effect of increasing CO2 on gs dominates the other 
dynamics (O3 concentrations and fclim changes). This is espe-
cially evident in the differences between MM and MM + CO2 
end-century POD6 values for SSP5-8.5, which are very large pre-
cisely due to the high CO2 concentrations under this scenario. 
As this feature is consistent across regions and quite straight-
forward, it will not be commented further, and the rest of this 
section will refer only to the MM run.

Noticeably, East Asia is the region with the largest area at O3 
risk and with the highest average POD6 values at both the base-
line (1.65 ± 0.17 mmol m−2) and across all scenarios, exceeding 
the CL for the whole century under SSP3-7.0, and for most of 
it under SSP5-8.5. South Asia has the second greatest POD6 
value across all SSPs (1.07) over a fairly large O3 risk area, 

experiencing the largest absolute POD6 increase under SSP3-7.0 
at both 2050 and 2100 (+0.71 and + 0.88 respectively). In this re-
gion, the average POD6 frequently exceeds the CL under both 
SSP3-7.0 and SSP5-8.5. South-East Asia has the third highest 
POD6 average across all SSPs (1.01), although the hotspot region 
is comparatively small. This region shows highest variability 
in POD6 values, with an interannual standard deviation across 
SSPs of 0.41 mmol m−2, most likely reflecting the largest interan-
nual variability of O3 concentrations and fclim among all regions 
(interannual SD: 4.77 ppb and 0.08, respectively). Sub-Saharan 
Africa is another region with a large POD6 increase across SSPs 
(+0.19), which corresponds to POD6 values doubling at mid-
century under SSP5-8.5 and at the end of the century under 
SSP3-7.0. In Europe the average POD6 values over areas at O3 
risk are typically just below the CL, and they do not show any 
detectable change at the end of the century under SSP3-7.0 and 
SSP5-8.5. Even so, this O3 risk area covers 79.9% of Europe and, 
across the century, 28.2% of the times the CL is exceeded anyway. 
Furthermore, it should be noticed that the close to zero changes 
in POD6 values are due to the presence of opposing trends be-
tween Southern and Northern Europe (see Figure 3), rather than 
due to an actual absence of changes in POD6 mean values. North 
America has the second highest average POD6 at the baseline 
over a widespread O3 risk area, but POD6 values most certainly 
decrease across all the scenarios (−0.95, p < 0.001) and for future 
times the mean POD6 would exceed the CL only under SSP5-8.5 
and for just a few years. Russia–Belarus–Ukraine also shows de-
creasing POD6 values under any scenario (p < 0.001), and while 
the O3 risk is quite extended, the CL is seldomly exceeded over 
individual nodes and years.

3.3   |   Global Estimates of POD6 
and Agronomic Losses

Figure 3 shows POD6 global maps for the baseline period and 
at the end of the century. In this figure, the POD6 values refer 
to the two contrasting assumptions on the effect of CO2 concen-
trations on gs (MM and MM + CO2 runs). During the baseline 
years, the mean POD6 exceeds the CL for wheat over the 17.5% 
and 16.1% of the global wheat area in the MM and MM + CO2 
runs, respectively (Figure  3a), leading to global production 
losses of 28.7 and 26.6 Tg yr.−1 respectively (Table S4). An im-
portant indicator to identify hotspots is the percentage of years 
during which the POD6 surpasses the CL across the whole cen-
tury (Figure 4). Figure 4a shows this indicator at the baseline, 
during which 11.7% of the nodes can be classified as chronically 
at risk in the MM run (10.0% in the MM + CO2 run).

Under SSP1-2.6, O3 risk decreases across the whole globe by 
the end of the century (Figure  3b,c), mostly due to declining 
O3 concentrations (Figure 1b), with the mean POD6 above the 
CL for only the 0.8% and 0.5% of the global wheat area, in the 
MM and MM + CO2 runs respectively (% areas chronically at 
risk: 0.6% and 0.2%; production losses: 5.7 and 3.9 Tg yr.−1). Such 
decrease is consistent almost everywhere also for SSP3-7.0 and 
SSP5-8.5 in the case of the MM + CO2 run (Figure 3e,g), due to 
the limiting effect on gs of the increasing CO2 concentrations. 
On the other hand, changes in the MM run are not as straight-
forward (Figure  3d,f), indicating major spatial discrepancies 
across regions. In any case, globally, the mean POD6 at the end 
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9 of 20Global Change Biology, 2025

of the century exceeds the CL over smaller areas, compared to 
the baseline. In fact, this area amounts to 14.5% (−3.0%) and 
to 10.8% (−5.3%) at the end of the century in the MM run, for 
SSP3-7.0 and SSP5-8.5 respectively (% areas chronically at risk: 

9.3% and 5.8%; production losses: 33.3 and 23.4 Tg yr.−1). For the 
MM + CO2 run, these areas are even smaller (% domain above 
CL on average: 3.5% and 0.3%; % areas chronically at risk: 2.0% 
and 0.3%; production losses: 12.3 and 3.5 Tg yr.−1). Since this run 

FIGURE 2    |    POD6 throughout the century with respect to the baseline average, shown across different SSPs and divided by region, for both the 
MM run (solid lines) and the MM + CO2 run (dotted lines); only the areas at O3 risk within each region are considered. The value (n) in the upper-left 
corner is the number of nodes in the areas at O3 risk. The dashed horizontal line corresponds to the CL for wheat.
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10 of 20 Global Change Biology, 2025

FIGURE 3    |    Mean POD6 over the baseline period (a), and ΔPOD6 at 2100 with respect to the baseline across the different SSPs for the MM run 
(b,d,f) and the MM + CO2 run (c,e,g). For the baseline only one map is shown, as the differences between the two runs are barely noticeable. Note: 
Baseline indicates the mean between 2000 and 2014, and 2100 indicates the mean between 2090 and 2099. Map lines delineate study areas and do 
not necessarily depict accepted national boundaries.
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11 of 20Global Change Biology, 2025

FIGURE 4    |    Percentage of years exceeding the CL for wheat (1.3 mmol m−2), at the baseline (a) and under different SSPs (b–g), in the MM run 
(b,d,f) and in the MM + CO2 run (c,e,g). Reference periods cover the whole experiments, i.e., for the baseline is 2000–2014, and for the SSPs is 2015–
2099. Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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12 of 20 Global Change Biology, 2025

predicts a general decrease almost everywhere, no region-by-
region investigation is needed.

For the MM run, the three regions with the highest POD6 values 
at the baseline (East Asia, North America, Europe) follow differ-
ent trends and dynamics in the remaining part of the century. 
In East Asia, POD6 changes are more complex under SSP3-7.0 
and SSP5-8.5, as they appear to be negative or fairly constant 
in the eastern part of the region (Eastern China, Korea, Japan), 
but positive closer to the Tibetan plateau (Yunnan, Sichuan, and 
Gansu provinces of China). Regardless of these end-of-century 
decreases, some areas of chronic risk persist across the century 
under every SSP. Eastern North America is the only region with 
an evident decrease in O3 risk under any scenario, which is due to 
the decreasing O3 concentrations (Figure 1b) in a fairly constant 
fclim (Figure 1f). This is also reflected in the shrinking of the areas 
chronically at risk across all scenarios (Figure 4d,f). In Europe, O3 
risk hotspots shift from Southern to Northern Europe, following 
less limiting temperatures for stomatal O3 uptake at high latitudes 
(Figure S2c,d), and a slightly more limiting soil water availability 
to wheat in the southern part of the region (Figure S2k,l). Future 
chronic risk appears to persist mostly over Central Europe. The 
MM run identifies the largest increased risk in the southern and 
eastern edges of the Tibetan plateau (from Kashmir to the Gansu 
province) by the end of the century, an area that is included within 
South, South-East and East Asia, in the present region classifica-
tion (Huang et al. 2017). Within this region, Nepal, Bhutan, and 
East India reach the mean POD6 peak value of 8.6 mmol m−2 PLA 
for SSP3-7.0 and 6.6 mmol m−2 PLA for SSP5-8.5 at 2100. This area 
is chronically at O3 risk under any scenario, not only for the MM 
run, but also for the MM + CO2 run. Other areas with increased 
O3 risk are also present within Sub-Saharan Africa, Central and 
South America, especially under scenario SSP3-7.0.

Using the Equation (5), the POD6 in Figure 3 can be converted 
to RYL. In this regard, the highest RYL values achieved across 
the region can be defined as the 95th percentile over the areas 
at risk. On the basis of the POD6 values calculated in the MM 
run, the highest RYL values over East Asia are around 17.2% at 
the present time (mean RYL: 6.4%), with no relevant changes at 
the end of the century under SSP3-7.0 (95th perc.: 16.7%; mean: 
6.6%). Under SSP5-8.5 and SSP1-2.6 these peak values decrease 
to 10.5% and 4.6% (mean: 3.9% and 1.4%) respectively, by the end 
of the century. In South Asia, the present-day highest RYL values 
are above 15.7% (mean: 3.1%), and increase to become the high-
est worldwide under SSP3-7.0 (95th perc.: 25.3%; mean: 6.5%). 
Under SSP5-8.5, the increase in RYL is small (95th perc.: 17.1%; 
mean: 3.2%), while under SSP1-2.6 the highest RYL values con-
siderably decrease to around 9.6%. Nonetheless, this value is the 
highest across the globe for this scenario and well above the CL 
for wheat. In Europe, the highest RYL values are estimated to 
be around 9.4%–10.3% (mean: 3.8%–4.0%), at the beginning and 
at the end of the century under SSP3-7.0 and SSP5-8.5. On the 
other hand, under SSP1-2.6, the 95th percentile of RYL is substan-
tially lower (2.3%). In North America, the highest RYL values at 
the baseline are 13.1% (mean: 6.1%), and decrease under every 
scenario, although some areas still experience relevant damage 
under SSP3-7.0 and SSP5-8.5 (95th perc.: 5.4% and 8.1%; mean: 
2.3% and 3.2%). From the present day to the end of the century, 
the highest RYL values in South-East Asia increase from 12.9% to 
18.7% under SSP3-7.0 (mean: from 3.9% to 5.7%), in Sub-Saharan 

Africa from 6.4% to 12.2% and 11.8% under SSP3-7.0 and SSP5-8.5 
(mean: from 1.9% to 3.8% and 2.9%), and in Central America from 
7.7% to 12.1% under SSP3-7.0 (mean: from 1.9% to 2.7%).

Figure S3f shows the POD6 over the baseline calculated with the 
GFDL-ESM4, for the MM + CO2 run. As expected, given that 
the O3 concentrations are largely underestimated in the upper 
percentiles, the POD6 values are much lower compared to the 
UKESM1-0-LL results. For this ESM, only a few areas appear to 
have relevant O3 damage, but it should be noted that they cor-
respond to the three regions that were also highlighted in the 
UKESM1-0-LL case (Eastern North America, Europe, East Asia).

Figure  S4 shows the differences between POD6 calculated 
with the FC runs and POD6 calculated with the rainfed runs. 
Differences in POD6 are reported for the baseline and for the 
end of the century and across SSPs. As expected, baseline differ-
ences between the FC runs and the rainfed runs vary spatially, 
mostly in line with soil water availability limitations to wheat 
(Figure S3i). For future times, when the CO2 effect on gs is ex-
cluded, the spatial pattern of the differences remains similar to 
the baseline, although with different magnitudes (Figure S4, left 
column). In this case, the areas at O3 risk expand by +65.1%, 
with the average POD6 increasing by +0.53 mmol m−2. On 
the other hand, when the CO2 effect is included, the process 
is largely dominated by the limiting effects of rising CO2, and 
the differences between FC and rainfed runs become minimal 
(Figure S4, right column). In the MM_FC run, South-East Asia 
is the region with the largest increase in POD6 over O3 risk areas 
under all SSPs, relatively to the MM run. This is true at both mid 
and end century, with differences reaching up to 2.4 mmol m−2 
under SSP3-7.0 and SSP5-8.5 at 2050. Sub-Saharan Africa and 
Central America O3 risk areas expand more than twice, with 
differences as large as 1.15 mmol m−2. In Sub-Saharan Africa 
the largest differences are located in the region between Kenya 
and Tanzania, and, unlike the MM run, the average POD6 value 
across O3 risk area exceeds the CL at the baseline, for all SSPs 
at 2050, and for SSP3-7.0 at 2100. In South Asia the most pro-
nounced differences occur mostly in the first half of the cen-
tury, with a +59% expansion of the O3 risk areas. In Europe, the 
largest differences in POD6 values between the MM_FC and 
MM runs are located in the southern part of the region, with 
increases of +0.50 ± 0.17 mmol m−2 across scenarios.

3.4   |   Drivers of POD6 Changes

Here we perform a two-way ANOVA (see details in 
Appendix  SA.6) on the MM run results to assess which fac-
tor among EP, RF, and their interaction (I) has the most sig-
nificant influence on POD6 changes at the end of the century 
around the globe. The specific levels of EP and RF associated 
with each SSP are described in Table A4. Figure 5a shows for 
each grid node the factor with the most certain effect (i.e., the 
lowest p-value among the ones smaller than 0.05) as identi-
fied by the two-way ANOVA, while Figure 5b–d display the 
total variance explained by each factor (R2), allowing fur-
ther quantification of their contributions to POD6 changes. 
p-values maps for each factor considered in the ANOVA are 
shown in Figure S6. The ANOVA reveals different geographi-
cal patterns where the POD6 changes are mostly driven by the 
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same factor. For example, in East China the decrease of POD6 
under SSP1-2.6 and SSP5-8.5 (Figure  2; Figure  3; Table  3) 
most certainly depends on EP. Similarly, in South America 
POD6 changes are controlled by EP. In the eastern U.S. and in 
Japan the large decrease in POD6 under all SSPs (Figure 3) is 
controlled by the interaction between EP and RF. In Russia–
Belarus–Ukraine and in Northern Europe (lat. > 45°) changes 
in POD6 are clearly driven by RF, and this is mostly due to the 
increasing temperatures lifting the ftemp limitations at higher 
latitudes in future times (Figure S3). These findings suggest 
that in regions where RF is the dominant driver, POD6 may in-
crease even under strong EP. In regions where POD6 decreases 
the ANOVA identifies the factors that are mainly responsible 
for this decrease, such as in East China, Eastern U.S. and 
Japan. In contrast, where POD6 increases the ANOVA indi-
cates which policies could be more effective to mitigate O3 
risk for crops. For instance, in Northern Europe, where RF 
is responsible for the POD6 increase, the adoption of stricter 
reduction policies on greenhouse gases emissions at a global 
level, rather than only the adoption of local EP, would lead to 
reduction of O3 risk for crops as a climate co-benefit.

At the global scale, we identify the variables most closely associ-
ated with relevant POD6 changes, depending on the considered 
SSP. Table S4 shows the mean 2000–2014 values of several vari-
ables (O3 concentration, fclim, ftemp, fVPD, fsoil, and duration of the 
accumulation period) over the areas where a factor was identified 
by the ANOVA (i.e., the areas marked as EP, RF or I, but not as U). 

The table also shows the mean changes (±SD) in these variables 
across the nodes and years with large POD6 changes (i.e., below 
−0.65 or above +0.65 mmol m−2) for each SSP. The larger negative 
changes in POD6 are found under SSP1-2.6 and are mainly due 
to a strong decrease in O3 concentrations (−10.2 ± 4.6 ppb). Under 
SSP3-7.0 and SSP5-8.5, POD6 reductions are instead mainly as-
sociated with a decrease in fclim (−0.08 ± 0.15 and −0.07 ± 0.18, 
respectively). In particular, this decrease is the largest in the 
VPD component under these two scenarios (−0.06 ± 0.11 and 
−0.11 ± 0.14). On the other hand, large increases in POD6 rarely 
occur under SSP1-2.6 (0.1% of all the considered nodes) and they 
seem to be driven by a marked increase in fclim (+0.25 ± 0.13). For 
SSP3-7.0 and SSP5-8.5, the increases in POD6 result from a com-
bination of rising O3 concentrations (7.6 ± 7.1 and 3.3 ± 5.4 ppb) 
and fclim values (0.19 ± 0.13 and 0.25 ± 0.14). In these scenarios, 
the largest contribution to fclim is from reduced temperature lim-
itations, with ftemp increasing by 0.16 ± 0.15 and 0.25 ± 0.18 for 
SSP3-7.0 and SSP5-8.5, respectively.

4   |   Discussion

4.1   |   Future O3 Risk for Wheat and Implications 
for Food Security

This study shows how future O3 levels and climatic condi-
tions may impact wheat production across different areas of 
the globe and highlights how varying assumptions can lead 

FIGURE 5    |    Map of the factors with the most certain (minimum p-value, among factors with p < 0.05, corrected with Bonferroni) impact on 
POD6 changes at the end of the century, identified by the two-way ANOVA (a). Explained variance R2 associated with each factor in each node, 
with black dots indicating p-value < 0.05 (b–d). See Figure S6 for maps of the p-values for each factor included in the ANOVA. EP = Emission Policy, 
RF = Radiative Forcing, I = Interaction, U = Uncertain (i.e., p > 0.05 for all factors). Map lines delineate study areas and do not necessarily depict ac-
cepted national boundaries.
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to contrasting results in terms of risk estimates. The MM run 
follows the common approach for O3 risk assessment and, 
while being considered suitable for the present time, it does 
not account for the limiting effect that increasing atmospheric 
CO2 may exert on gs. Conversely, the MM + CO2 run, which in-
cludes CO2-induced stomatal limitations, projects substantial 
decreases in future POD6 values. However, even when con-
sidering the CO2-driven decrease in POD6 values at the end 
of the century, there are parts of the globe that remain chron-
ically at risk throughout the century. The FC runs (MM_FC 
and MM + CO2_FC) provide stricto sensu an estimate of the 
maximum potential damage under no limitation to soil water 
availability to the plants. These runs could also be interpreted 
as representing the O3 risk under optimal irrigation, and could 
better represent the damage over arid areas, which rely on ir-
rigation for wheat cultivation.

Our results can provide insights into potential consequences 
for global food security in the broader context of the SSPs. 
Under SSP1-2.6, a consistent and very certain decline in O3 risk 
is observed across all regions and model configurations. This 
decrease is mostly driven by global reductions in O3 concentra-
tions, implying minimal impacts on wheat productivity at the 
end of the century. In fact, the annual global production losses 
under this scenario range from 3.9 to 11.5 Tg yr.−1 (depending 
on the run considered), which corresponds to 0.5%–1.4% of 
the total wheat production, while during the baseline produc-
tion losses are in the range of 26.6–40.1 Tg yr.−1 (3.3%–5.0%). 
Reduced production losses would promote food sovereignty, 
thus easing climate adaptation challenges. In contrast, under 
SSP3-7.0, O3 risk persists throughout the century, increasing in 
several world regions such as Asia, South America, and Sub-
Saharan Africa, although some of the projected damage may 
be mitigated by the CO2 limiting effect on gs (annual global 
production losses: 12.3–44.8 Tg yr.−1, 1.3%–4.9%). In this sce-
nario, O3 risk is driven not only by increased precursor emis-
sions, but also by climate-induced enhancement of O3 uptake, 
indicating that precursors control alone may be insufficient 
to reduce significantly O3 damage, especially over the re-
gions where POD6 changes are controlled by RF (Section 3.4). 
Moreover, given SSP3's assumptions of restricted international 
cooperation and trade, the resulting food security threats 
would be further exacerbated. SSP5-8.5 represents an interme-
diate case: O3 risk increases until around 2050 in many regions 
(up to 19.7–44.0 Tg yr.−1, 2.2%–5.0%) and then declines to base-
line or lower values by the end of the century (3.5–30.9 Tg yr.−1, 
0.5%–2.6%). This trend reflects the implementation of mid-
century air quality policies explicitly assumed by this scenario 
(Kriegler et al. 2017). The POD6 increase is mainly driven by 
climate forcing, but the extremely high CO2 levels at the end of 
the century under this scenario, may likely alleviate O3 dam-
age globally via stomatal limitation. In addition, this scenario 
envisions strong technological advancement, potentially en-
abling effective adaptations to emerging food security risks.

O3 risk hotspots should also be discussed, alongside pol-
icies that could potentially reduce the risk in these regions. 
The Southern and Eastern edges of the Tibetan Plateau (i.e., 
parts of East and South Asia) show consistent O3 risk through 
the century, even when the CO2 limiting effect on gs is con-
sidered. Here, POD6 values will remain high even under the 

MM + CO2 run, indicating that this region will likely rep-
resent a persistent O3 hotspot throughout the 21st century. 
This vulnerability may result from the combined effects of 
stratospheric O3 transport across this region (Yin et al. 2023) 
and less limitations to gs in future climate (Figure 1). In this 
area, mitigation of O3 risk would likely require joint reduc-
tions in both O3 precursors and greenhouse gases emissions. 
More broadly, South Asia also emerges as a critical region, 
not only near the Tibetan Plateau, but also across the many 
other parts of the region that have a widespread need for irri-
gation (Brauman et al. 2013; Chiarelli et al. 2020). Over this 
area, O3 risk is observed in the FC runs, which might pro-
vide a better estimate of POD6 changes. Given the agricultural 
importance of the Indian peninsula and the Tibetan Plateau 
for global wheat productions (Monfreda et al. 2008), these re-
gions should be considered at the highest O3 risk across the 
21st century. East Asia is also identified as a high-risk area 
in the MM run. POD6 values are projected to decrease under 
SSP1-2.6 and SSP5-8.5, but not under SSP3-7.0, indicating the 
effectiveness of O3 precursor control policies. In fact, under 
SSP3-7.0, POD6 values increase substantially, although this 
projection might be exaggerated, as O3 precursor emissions in 
China have already decreased significantly since 2014 (Van 
Der et al. 2017). Beyond these primary risk regions, increases 
in POD6, particularly in Central America, South America, 
and Sub-Saharan Africa, are relatively large compared to the 
baseline and could grow larger under the FC assumptions 
(Figure S4). This is particularly concerning for Sub-Saharan 
Africa, where high population growth and developmental 
challenges are expected throughout the 21st century (Kc 
and Lutz 2017; United Nations Department of Economic and 
Social Affairs, Population Division  2022). Nevertheless, our 
results suggest that strong precursors emission controls could 
have a key role in reducing O3 risk in this region. On the other 
hand, Eastern U.S., which is currently among the most criti-
cal regions for wheat O3 damage is projected to experience a 
reduction in POD6 values under all SSPs, likely due to com-
bined controls on both O3 precursors and greenhouse gases 
emissions. In Northern Europe instead, O3 risk appears to be 
primarily driven by climate change, suggesting that global ef-
forts in mitigating greenhouse gas emissions may be the viable 
strategy to reduce O3 impacts in the region.

4.2   |   Uncertainty Sources in O3 Risk Projections

One of the main sources of uncertainty in this study concerns 
the extent to which rising atmospheric CO2 concentrations re-
duce gs in wheat. Current knowledge on this effect remains 
limited and uncertain, as experimental data show high vari-
ability due to methodological differences (e.g., presence or ab-
sence of acclimatation to elevated CO2 during plant growth), 
species-specific physiological traits, and diverse environmen-
tal conditions during the experiments. Furthermore, unavoid-
able uncertainties arise from possible future developments in 
crop breeding, such as for instance, plant breeding selection 
for new varieties with higher gs to enhance photosynthesis, or 
the emergence of epigenetic responses to prolonged high-CO2 
exposure. These factors make it difficult to accurately pre-
dict the magnitude of gₛ reductions and their implications for 
future POD6 estimates.
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A second source of uncertainty relates to the phenological-stage 
modeling of wheat. Our simulations adopt the accumulated 
thermal time to determine the beginning and end of the POD 
accumulation period, following the approach prescribed by the 
MM (LRTAP Convention  2017). As shown in Appendix  SA.5, 
this method produces globally reasonable estimates of crop ma-
turity dates (Figure  A3). However, regional discrepancies can 
arise (Figure  A4), introducing additional uncertainty into the 
POD6 estimations at the local scale.

Another important source of uncertainty arises from the feed-
back between O3 damage and vegetation physiology, which 
is not accounted for in this study. Specifically, O3-induced 
damage may reduce stomatal O3 uptake by vegetation, thereby 
increasing atmospheric O3 concentrations and reinforcing O3 
uptake in other regions, while also influencing local climate 
conditions (Emberson et al. 2013). The Earth System Models 
from CMIP6 considered in this study do not include vegeta-
tion-O3 feedbacks, and as a result, may underestimate these 
dynamics. Capturing this mechanism, would require re-
running the ESM simulations with an explicit representation 
of O3 effects on vegetation. This approach would enable one to 
jointly account for this specific feedback and for all the other 
processes that influence O3 dynamics in the atmosphere (pho-
tochemistry), which are already included in CMIP6 models 
with coupled-chemistry schemes (including GFDL-ESM4 and 
UKESM1-0-LL).

Our analysis suggests that the uncertainty in the input ESM 
variables has a modest impact on the results of this study 
(Appendix SA.2). The coarser spatio-temporal resolution from 
the CMIP6 models can lead to underestimation of O3 flux 
peaks (Guaita et al. 2023) and to misrepresentations of local 
meteorological features influenced by topography and land 
cover (Brands  2022). Furthermore, all CMIP6 models were 
found to overestimate mean surface O3 concentrations in the 
2005–2014 period when compared to observations, with biases 
reaching up to 16 ppb in some regions (Turnock et al. 2020). 
However, O3 concentrations are known to be lower near the 
ground surface (Gerosa et  al.  2017), while the vertical reso-
lution of CMIP6 models places the first atmospheric layer at 
14–20 m above ground. As a consequence, O3 concentration ab-
solute bias (Appendix SA.2) is much smaller when modeled O3 
concentrations are scaled to measurement height. This evalu-
ation also shows that peak O3 values are simulated accurately 
for UKESM1-0-LL after scaling. The effect of the input vari-
ables (meteorology and O3 concentrations) on the final POD6 
estimate is calculated for UKESM1-0-LL (Equation SA2), and 
our results show that the uncertainty propagates to the POD6 
estimates mostly through the variability component only, 
rather than on the bias.

4.3   |   Comparison With Previous O3 Risk 
Assessments for Wheat

Previous studies, although based on different modeling ap-
proaches and typically limited to present-day conditions, 
generally show good agreement with our findings in terms 
of spatial patterns and hotspots of O3 damage (Lombardozzi 
et  al.  2015; Schauberger et  al.  2019; Sitch et  al.  2007; 

Tai et al. 2021). Specifically, these studies identified the east-
ern U.S., Europe, and East Asia as critical regions for O3-
related crop damage, showing substantial spatial agreement 
with our results. Mills et  al.  (2018) provided a global-scale 
estimate of O3 risk for wheat using the POD3IAM metric for 
the years 2010–2012, within a modeling framework similar 
to ours. They also identified the same major hotspots but re-
ported higher relative yield losses and production impacts. 
Specifically, their study estimated average global production 
losses of approximately 85.0 Tg yr.−1, whereas our baseline pe-
riod estimates are considerably lower (28.7–39.9 Tg yr.−1). This 
discrepancy is unlikely to result from differences in model 
input data or parameterizations, but rather from the different 
O3 risk metric employed in their study. In fact, POD6 has a 
higher O3 detoxification threshold, such that null yield losses 
may occur even when the corresponding POD3IAM values are 
greater than zero. Consequently, the RYL calculated via POD6 
could be zero, even when the RYL calculated via POD3IAM 
is not, and the production losses calculated with POD3IAM 
are expected to be systematically higher, especially in regions 
where O3 stomatal fluxes consistently remain lower than 6 but 
above 3 nmol O3 m−2 s−1.

Some differences emerge when comparing our findings to re-
gional assessments of present-day O3 impacts on wheat. For ex-
ample, POD6 was estimated to reach values up to 8.5 mmol m−2 in 
the Iberian Peninsula (De Andrés et al. 2012), while our results 
indicate some potential threats without reaching such extreme 
POD6 values. On the other hand, our findings are consistent 
with recent estimates of POD3IAM in Sub-Saharan Africa under 
the FC assumption (Sharps, Vieno, et al. 2021), and with studies 
identifying O3-affected areas in China (Cao et al.  2024; Wang 
et al. 2023; Wang et al. 2022).

Li et  al.  (2025) calculated O3-related production losses to 
wheat over China for both present (2015–2019) and future 
times (2056–2060, under SSP1-2.6, SSP3-7.0 and SSP5-8.5), 
using the Jarvis model to calculate POD12 at a 36 × 36 km res-
olution. Consistently with the other regional-scale studies, 
they reported much larger present-day O3 impacts, compared 
to our results (production losses amounting to 26 Tg yr.−1, vs. 
ours 9.9–11.1 Tg yr.−1). As their modeling framework is akin to 
ours, the different magnitude most likely stems from the much 
finer spatial resolution used in their study and, possibly, from 
the different input data, gs parameterizations, and detoxifica-
tion threshold for POD (Y = 12). Similarly to us, they concluded 
that, under SSP1-2.6, the O3 damage significantly decreases at 
future times and identified reductions in O3 precursors emis-
sion as the main driver of this trend. Furthermore, they found 
relevant O3 damage increases under SSP3-7.0. This result is 
consistent with our MM run, but not with the MM + CO2 run. 
As Li et al. (2025) did not include any CO2-induced reduction 
on gs, this discrepancy is an indication that accounting for 
CO2 limitations to gs constitutes a key feature for estimating 
O3 risk at future times.

Few studies have estimated O3 effects on wheat under future 
climate change scenarios, while explicitly accounting for the 
CO2-induced limitation of gs. One of the most recent exam-
ples is provided by Zhou et al. (2024), who used the ModelE2-
YIBs model to simulate the effects of O3 on gross primary 
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productivity (GPP) in 2010 and 2060 under SSP1-2.6 and 
SSP5-8.5. Despite some minor regional differences, particu-
larly in Western Africa and South America likely due to their 
broader focus on vegetation rather than wheat, their spatial 
patterns of O3 risk closely resemble ours. However, the rela-
tively coarse spatial resolution used in their study (2° × 2.5°) 
may limit the ability to resolve finer-scale risk patterns cap-
tured in our simulations. Klingberg et al. (2011) also explored 
future POD changes at 10 European sites, accounting for the 
effect of rising CO2 on stomatal O3 uptake. Their findings, like 
ours, showed that even under pessimistic greenhouse gas sce-
narios, future stomatal uptake of O3 would remain constant 
or decrease due to CO2-induced reductions in gs. Similarly to 
our approach, they implemented an explicit CO2-limiting func-
tion ( fCO2

) that linearly reduced gs by 34% between 360 and 
560 ppm, with no further decrease beyond this range. While 
this assumption is biologically reasonable within that interval, 
a linear extrapolation beyond 560 ppm could yield implausibly 
low gs values, potentially approaching zero at very high CO2 
levels. In our case, the fCO2

 function is more conservative: we 
estimate an 18% reduction in gₛ between 360 and 560 ppm, with 
the function extending to higher CO2 concentrations while 
avoiding biologically unrealistic values. Under SSP5-8.5, for in-
stance, fCO2

 implies a total gₛ reduction of 47.2% from 360 ppm 
to the end-century CO2 level of 1067 ppm. Zhou et  al.  (2024) 
also accounted for the CO2 effect, though implicitly, through 
the use of a Ball–Berry-type stomatal conductance model that 
links gs to net photosynthesis. While our approach is more ex-
plicitly formulated, the parameterization of the fCO2

 we apply 
is derived from Ball–Berry–Farquhar simulations, and thus we 
would not expect major discrepancies in the CO2-limiting ef-
fect between our work and theirs.

5   |   Conclusions

This study quantified the global and regional evolution of O3 risk 
to wheat under three SSPs up to 2100 and explored alternative 
assumptions about the CO2 limiting effect on gs and about water 
availability to the plant. Our results indicate that, at the global 
scale, O3 risk is expected to decline by the end of the century, 
although transient risks may persist in the near future. Even 
without any assumed CO2-gs interaction, the O3 damage is gen-
erally projected to decrease. However, there may be persistent 
O3 damage hotspots across several regions, with the extent and 
intensity of the risk strongly depending on the scenario consid-
ered. When the effect of elevated CO2 on gs is considered, the 
O3 risk is projected to decline to near-zero values across most 
regions under all SSPs.

Nevertheless, substantial uncertainties remain regarding the 
limiting effect of elevated CO2 concentrations on gs. Moreover, 
the present modeling framework does not account for any vege-
tation feedback to O3 concentrations and climate. For these rea-
sons, the large projected decrease in POD6 under CO2-limiting 
scenarios may be exaggerated, and a more realistic future O3 
risk probably lies between the outcomes of simulations with and 
without the CO2 effect. Consequently, future studies on O3 risk 
assessments should aim to reduce these uncertainties. Research 
efforts should focus on experimental assessments and valida-
tion of the physiological interaction between elevated CO2 and 

O3 uptake under field conditions, and their combined effects on 
stomatal conductance and carbon assimilation.
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