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forest species (beech and a sensitive and tolerant tropical tree species). From analysis of up to 
3363 sites of present-day (2016–2021) ozone levels, we find some differences between metrics 
with 64% and 90% of sites exceeding critical levels for irrigated wheat and 85% and 79% for 
beech for concentration- and flux-based metrics, respectively. Overall, the flux-based metric 
tends to suggest higher levels of risk. Metrics estimate similar global trends at up to 3242 sites 
for the period 2005 to 2021 with between 14% and 40% of sites showing statistically signifi- 
cant decreasing trends, which are most prevalent in North America (NAM), followed by Eu- 
rope (EUR). We use the flux-based metric and literature-derived flux-response relationships 
to estimate average relative yield losses of 4.9% for irrigated wheat, and losses of relative 
gross annual increment of 14.3%, 19.8% and 5.9% for beech, sensitive and tolerant tropical 
tree species, respectively. Results for soybean and rice are inconclusive. Future research should 

extend the TOAR database in Asia (AS), Africa and Latin America and improve flux-based 

methodologies. 
This article is part of the theme issue ‘Tropospheric Ozone Assessment Report II’. 

1
A ists describing the impacts of ground- 
l  this evidence derives from a relatively 
s rtant global regions which have expe- 
r th America (NAM), Europe (EUR) and 

A  America [2 ,3 ]. Ozone impacts on agri- 
c pers (e.g. [4 –6 ]) with a reasonably large 
n . Such studies demonstrate the poten- 
t t findings showing that ozone can also 
a he potential role of this air pollutant to 
n  of evidence has also been accumulated 

o e on a variety of tree species, primarily 
i ch studies are useful in demonstrating 
t ctivity, which is becoming increasingly 
i on sequestration [13 ,14 ]. 

n food supply, forest productivity and 

c s requires modelling the risk of ozone 
d e most common being ozone risk as- 
s  relate ozone exposure either to an ex- 
c  actual damage [1 ]. Over the past few 

d een developed to support national, re- 
g tion. These metrics have evolved from 

c daylight growing season averages (i.e. 
M r concentrations accumulated over the 
g f these concentration-based metrics are 
g  ], which explored trends in how these 
c region. 

Dy) have been developed, which con- 
s e concentration) over the growing sea- 
s n occur between ozone concentration 
a s, low atmospheric humidity and soil 
w imary pathway by which ozone enters 
p d to be more biologically relevant [16 ], 
w Nations Economic Commission for Eu- 
r ry Air Pollution (CLRTAP). Flux-based 
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 wealth of observational and experimental evidence ex
evel ozone on crops, forests and ecosystems [1 ]. Although
mall number of individual study sites, these cover impo
ienced past levels of elevated ozone, predominantly Nor
sia (AS) [1 ], but also a limited number of studies in South
ultural crops have been summarized in several review pa
umber of different crop species having been investigated
ial for ozone to impact food production with more recen
ffect the nutritional yield of crops [7 ,8 ]. This highlights t
egatively affect food security [9 ]. For forests, a large body
ver the past few decades describing the impacts of ozon
n NAM and EUR [10 ,11 ] and increasingly in AS [12 ]. Su
he potential for ozone to impact tree growth and produ
mportant owing to the potential impact of ozone on carb

To allow assessment of the potential ozone impacts o
arbon sequestration across broader geographical region
amage. There are several modelling approaches with th
essments that use dose-response relationships (DRRs) to
eedance of an air quality guideline or quantification of
ecades, several different ozone exposure metrics have b
ional and global assessments of ozone impacts to vegeta
oncentration-based indices that have focused on mean 
7 and M12) or weighted metrics that emphasize highe
rowing season (i.e. W126 and AOT40). Further details o
iven in the previous TOAR-I vegetation assessment [15
oncentration-based metrics changed over time by global 
Over the past two decades, flux-based metrics (i.e. PO

ider cumulative stomatal ozone uptake (rather than ozon
on. These metrics allow for the fact that decoupling ca
nd ozone uptake by vegetation when high temperature
ater stress can limit stomatal conductance ( gsto ), the pr
lant leaves and causes damage. These metrics were foun
hich has led to their adoption for use within the United 

ope (UNECE)’s Convention on Long-range Transbounda
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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c  regions of critical level exceedances of 
o

us risk assessment methods have indi- 
c op losses and forest growth worldwide 
[ ow the choice of metric played a sub- 
s ield losses; wheat and soybean gener- 
a epending on the metric used. For these 
s 7/M12 for wheat (at approx. 13% and 

2 reas for soybean, M7/M12 estimated a 
g spectively). By contrast, rice and maize 
g  less variability between metrics. 

cy of modelled estimates of ozone risk. 
C ased ozone metric provides a better es- 
t ncentration-based metric (i.e. of visible 
i reductions in young trees [21 ]). This is 
g nditions (i.e. high atmospheric and soil 
w trations from ozone uptake and hence 
o w different metrics quantify risk, both 
a  known to influence plant sensitivity to 
o s in ozone exposure regime may be in- 
fl an result in different metrics leading to 
d vers of ozone variability (e.g. precursor 
e

 explored geographical distribution and 

t om 2000 to 2014. To build on this work, 
a  to enable the estimation of flux-based 

m  ) by embedding a version of the DO3 SE 

m tion and stomatal ozone flux, culminat- 
i zone uptake using an ozone deposition 
s and estimates stomatal ozone flux ac- 
c  The model is parametrized for a broad 

r h periods, allowing calculation of ozone 
fl ecies-specific ozone flux estimates from 

W -response functions to calculate annual 
s alculations of spatial distribution and 

t t multiple sites and thus help identify 
g tation from tropospheric ozone pollu- 
t  to make such comparisons for many 
s  data have been collected. Here, we fo- 
c g approaches described in §2 . As such, 
t ions with current and emerging threats 
f case the webDO3SE tool and its poten- 
t ime horizons (i.e. near-term air quality 
g -term assessments of different emission 
p

2
T d metrics in relation to webDO3SE are 
d position to the canopy, while the PODy 
m representative leaf of the upper canopy 
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ritical levels have also been derived in EUR to determine
zone exposure for crops, trees and grasslands [17 ,18 ]. 
Regional and global assessments based on these vario

ated that ozone pollution causes significant impacts on cr
1 ]. However, a crop study by Tai et al. [19 ] highlighted h
tantial role in determining the magnitude of estimated y
lly showed greater losses, though with large variability d
pecies, AOT40 estimated a far greater yield loss than M
%, respectively, as an aggregated global yield loss), whe
reater yield loss than AOT40 (at approx. 14% and 6%, re
enerally showed lower yield losses (up to 5%) and hence
In addition, very few studies have evaluated the accura

rucially, the few studies that do exist find that the flux-b
imate of the spatial distribution of risk than the AOT40 co
njury and growth reduction to clover [20 ] and biomass 
enerally attributed to meteorological or environmental co
ater deficits [20 ]) that can decouple higher ozone concen
zone damage. It is therefore important to understand ho
cross geographical regions (where environmental factors
zone may vary [22 ]) as well as over time (where change
uenced by emission reductions). Together, these effects c
ifferent conclusions about the effect of changes in the dri
missions) on vegetation exposure and damage [23 ]. 
The previous TOAR-I vegetation assessment paper [15 ]

rends in the magnitude of concentration-based metrics fr
 concerted effort has been made over the past few years
etrics within the TOAR database ( https://toar-data.org/
odel, used within the CLRTAP to estimate ozone deposi

ng in webDO3SE [24 ]. This webDO3SE model calculates o
cheme that comprises a sunlit and shaded big-leaf [25 ] 
ording to a multiplicative, Jarvis-type, gsto model [26 –28 ].
ange of vegetation types and can be run for defined growt
ux for individual TOAR database monitoring stations. Sp
ebDO3SE can be combined with vegetation-specific dose
ite-specific losses in productivity for a range of species. C
emporal trends of ozone damage can also be estimated a
lobal regions with current and emerging threats to vege
ion. The TOAR database provides a unique opportunity
tations over the extended period for which TOAR ozone
us on the last two decades (specifically 2005 to 2021) usin
he overall aim of this paper is to identify those global reg
rom ozone in relation to vegetation impacts and to show
ial contribution to inform policy making over different t
uideline-based risk assessments versus medium to longer
athways). 

. Methods 
he key differences between concentration- and flux-base
escribed in figure 1 . WebDO3SE calculates total ozone de
etric represents cumulative stomatal ozone uptake to a 
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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Figure 1. Schematic of ozone metrics explaining the difference in the concentration-based (M12, AOT40 and W126) versus flux- 
based (PODy) metrics in relation to the DO3 SE deposition scheme. The round-edged box denotes the components of the DO3 SE 
model, and the circle denotes the components of the DO3 SE model that are used to calculate the leaf-level PODy metric. Where 
CzRef is the ozone concentration at a reference height above the canopy, Ra , Rb , Rinc , Rsoil and Rsto are canopy-level atmospheric, 
boundary layer, within-canopy and soil resistances to ozone transfer, c(z) is the ozone concentration at the top of the canopy, 
rb , rext and rsto are leaf-level resistances to boundary layer, cuticle and stomatal transfer to ozone. Further clarification of the 
distinction between R and r terms (denoting canopy- and leaf-level, respectively) can be found in [29 ]. 

( tails of the distinction between canopy- 
a lly, concentration-based metrics would 

b  this is not always the case since appli- 
c  height concentrations if measurements 
a etrics were excluded from the previous 
T al data required to estimate the metric 
w  TOAR database of ERA5 meteorologi- 
c ws PODy estimation at all 24347 TOAR 

s 3. In this study, ERA5 data have been 
u ribed in §2c . One key limitation of the 
T ata (i.e. what height above ground are 
t itation, we assume all ozone concen- 
t s of this assumption in the sensitivity 
a monized, synthesized and quality con- 
t nly available through a graphical user 
i tps://toar- data.fz- juelich.de/api/v2/ , 
l  similar analyses to those described in 
t

(  

W  three staple crops and three forest tree 
s  ) and rice ( Oryza sativa ) were selected 
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here depicted for both a tree and a crop; see also [29 ] for de
nd leaf-level resistances used in the DO3 SE scheme). Idea
e calculated for canopy height ozone concentrations, but
ation of a deposition scheme is required to derive canopy
re taken at some height above the canopy. Flux-based m
OAR-I vegetation assessment [15 ] since the meteorologic
ere not readily available. The recent inclusion within the
al data (supplementary material, table S1) potentially allo
ites around the world for periods between 1974 and 202
sed at all sites that meet our site selection criteria desc
OAR data is the unavailability of measurement height d
he ozone concentrations measured). To overcome this lim
rations are measured at 3 m but explore the implication
nalysis described in §4 . The fact that TOAR data are har
rolled to minimize uncertainty [30 ,31 ] and freely and ope
nterface and a representational state transfer interface ( ht
ast access: 13 August 2025) enables end users to perform
his study. 

a) Species selection, distribution and growing season
e calculated metrics (M12, AOT40, W126 and PODy) for
pecies. Wheat ( Triticum aestivum ), soybean ( Glycine max
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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o  Mha, respectively, in 2023 [32 ]), known 
s hed PODy flux-response relationships 
w e also investigated in the TOAR-I veg- 
e in concentration-based metrics. We in- 
v l deciduous and tropical. Beech ( Fagus 
s ciduous tree species owing to its ozone 
s ore sensitive to ozone than coniferous 
s nental beech described in the CLRTAP 

M ship for this plant functional type [35 ]. 
F one, and we based our species selection 
a  al. [14 ], who investigated ozone effects 
o ous and evergreen species. We selected 

t itive responses. We used Inga edulis as a 
m m inophyllum as a less sensitive species 
t oss the tropics. These two species were 
a bal tropics, with I. edulis most widely 
d  good distribution in Africa, Southeast 
A O3SE for all species are summarized in 
t

crop distribution and growing season. 
C lture Organization (FAO) Global Agro- 
E  production data so that the absence of 
c  The FAO GAEZ data define spring and 

w II Analysis Service to use the maturity 
d on (GGCMI) Phase 3 crop calendar [39 ] 
t  species. We use the EGS since this can 
b thesis within the GGCMI Phase 3 data 
[ those used in the previous TOAR-I veg- 
e ial and show the spatial distribution of 
G rial. We find reasonable consistency be- 
t eat type is considered (supplementary 
m idered one of the most robust, state-of- 
t  make use of this calendar in this study 
w rowing periods (unrelated to tempera- 
t 9 ]. For forests, we use the metadata as- 
s nalysis Service to define global climate 
b  forest species distributions as used pre- 
v achieved by selecting any of the TOAR 

l tegory (including mosaic tree) and are 
o tion of tropical trees is defined by the 
T ithin the latitude bands 20o N and 20o S. 

(

(

C re estimated within the TOAR database 
( reviously in the TOAR-I vegetation as- 
s ry material. These concentration-based 

i cies. For beech trees, the metrics are av- 
e h growing season [37 ], and for tropical 
t

Downloaded fro
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wing to their broad global coverage (with 220, 168 and 136
ensitivity to ozone [33 ,34 ] and the availability of establis
ith associated gsto parametrizations. Wheat and rice wer
tation assessment [15 ], allowing a comparison of trends 
estigate two types of forest tree species, temperate/borea
ylvatica ) was selected to represent a temperate/boreal de
ensitivity and because deciduous species are considered m
pecies [35 ,36 ]. We used the gsto parametrization for conti
apping Manual [37 ] and the PODy flux-response relation
ar less is known about tropical tree species responses to oz
nd gsto parametrization on a recent study by Cheesman et
n biomass growth across a wide range of tropical decidu
wo tropical tree species that provide a range of ozone-sens
oderately ozone-sensitive tropical species and Calophyllu

o provide a range of the estimated potential damage acr
lso selected because together they broadly cover the glo
istributed in South America and C. inophyllum having a
S and Australia. The parametrizations required by WebD
able S2 in the supplementary material. 

We updated the TOAR database metadata to define 
rop distribution data are taken from the Food and Agricu
cological Zones (GAEZ) [38 ] database, compiled as crop
rop production identifies sites where a crop is not grown.
inter wheat, rice and soybean. We updated the TOAR-
ates from the Global Gridded Crop Model Intercomparis
o define the ‘end of growing season’ (EGS) for each crop
e defined with more accuracy than crop emergence or an
39 ]. We compare these new growing season periods with 
tation assessment in table S3 in the supplementary mater
GCMI-defined EGS in fig. S2 in the supplementary mate
ween both GGCMI and TOAR-I data, especially when wh
aterial, §2c ). Since the GGCMI Phase 3 calendar is cons

he-art tools for global-scale modelling of crop impacts, we
hile recognizing limitations such as the static nature of g

ure), as well as spatial limitations related to data gaps [3
ociated with the ozone monitoring sites in the TOAR-II A
iome categories to identify tropical and boreal/temperate
iously in the TOAR-I vegetation assessment [15 ]. This is 
and cover categories that include a ‘broad-leaved’ tree ca
utside of the latitude bands 20o N and 20o S. The distribu
OAR database metadata as any tree category that falls w

b) Metric calculation 

i) Concentration-based metrics 

oncentration-based metrics (M12, W126 and AOT40) we
 https://toar-data.org/ ) using the algorithms described p
essment [15 ], which are detailed in §S1 in the supplementa
ndices were calculated over 92 days for all three crop spe
raged over a growing season defined by a fixed six-mont
rees, they are averaged for the entire year. 
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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(

T 3SE as described in §S2 in the supple- 
m ogical data (irradiance, air temperature, 
r d), which have been extracted from the 
fi limate [40 ] and incorporated within the 
T 3SE (see supplementary material, table 
S ods for crops align the end of the PODy 
a en by the GGCMI crop calendar [39 ]), 
w  (thereby allowing for differences in the 
t nd soybean, respectively. This length of 
a cific flux-response relationship (and the 
p h the relationship was developed—see 
s ps are irrigated. This is a simplification 
t uld enhance ozone uptake owing to the 
r ch is considered appropriate given the 
d gation use throughout the growing sea- 
s ed an 18% larger irrigated area than that 
i ta, with the largest deviations occurring 
i na) [42 ]. For forests, the PODy metric is 
a  growing season [37 ]. For beech, we as- 
s pril and 30 September in the Northern 
H Hemisphere. We acknowledge that this 
w  any deciduous species found closer to 
t gory, so this does not affect the current 
a al trees ( I. edulis and C. inophyllum ), we 
u  accumulation period. 

(
W 1 to characterize the present-day ozone 
c ical period of 2005–2021 to investigate 
t e sites to use in these analyses accord- 
i /or ‘background’ stations in the TOAR 

d luded if they showed that agricultural 
p ) was more than 0.099 thousand tonnes 
p e series of within-year or growing sea- 
s eater than or equal to 75% for daylight 
h ccumulation period of each metric. Fi- 
n t’ period (2016–2021), require all 6 years 
o ical’ period required at least 12 years of 
d n 2019 (for 2005–2021). The number of 
s h period is listed in table S4 in the sup- 
p  ozone data to extend the geographical 
c tion regions. This extension used data 
f th System Sounding (TROPESS) Chem- 
i ct V1 provided at GES DISC, which has 
o analysis data come from a tropospheric 
c  of updated satellite measurements of 
o del [43 ], the uncertainty of which has 
b one concentration data for ‘Open AQ’ 
T meteorological data collated. 

Downloaded fro
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ii) Flux-based metric (PODy) 

he flux-based metric PODy was estimated using WebDO
entary material. The estimate of PODy requires meteorol

elative humidity, precipitation, air pressure and wind spee
fth generation of ECMWF reanalysis (ERA5) for global c
OAR database so that it can be directly used by WebDO
1 for a full list of variables). The PODy accumulation peri
ccumulation period with the EGS (the maturity date giv
ith starts fixed at 45, 60 and 92 days earlier than the EGS

iming of the growing season by location) for wheat, rice a
ccumulation period is defined by the associated crop-spe
eriod of ozone fumigation and crop sensitivity for whic
upplementary material, table S8). We assume that all cro
hat follows a precautionary approach, since irrigation wo
emoval of soil water stress limiting gsto [41 ]. This approa
ifficulties in identifying the area under irrigation and irri
on by global datasets. For example, a recent study estimat
dentified using existing approaches based on statistical da
n AS (particularly India and the People’s Republic of Chi
ccumulated for the same period as defined for the entire
ume a six-month growing season which runs between 1 A
emisphere and 1 October and 31 March in the Southern 
ill create larger differences (flipped growing seasons) for

he equator, but only very few beech sites fell into this cate
nalysis. For the two parametrizations of evergreen tropic
sed a year-round (12-month) growing season and PODy

c) Selection of TOAR database sites 
e use average metric values for each site from 2016 to 202
oncentrations, while we consider values over the histor
rends in ozone metrics. We identified the TOAR databas
ng to the following three key criteria. First, all ‘rural’ and
atabase were considered, while urban stations were inc
roduction for the relevant crops (wheat, rice and soybean
er year. Second, to ensure the data represent a robust tim
on data, we only used sites that have a data capture of gr
ourly ozone concentrations over the averaging time or a
ally, we consider the length of the time series, the ‘presen
f data to conform to our data capture criteria. The ‘histor
ata starting no later than 2007 and ending no earlier tha
ites that meet these criteria by species and metric for eac
lementary material. We also added additional modelled
overage of our assessment into data-poor ozone observa
rom the TRopospheric Ozone and its Precursors from Ear
cal Reanalysis Surface O3 2-Hourly 2-dimensional Produ
zone data availability from 2005 to 2021. The TROPESS re
hemical reanalysis product developed from assimilation
zone into the MIROC-CHASER chemistry transport mo
een discussed in [44 ]. We used these data to provide oz
OAR database sites since these sites already have ERA5 
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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Figure 2. Comparison of the regional (NAM, EUR and AS) distribution of the normalized mean AOT40 (a–c and g–i) and PODy 
(d–f and j–l) values for 2016–2021, for wheat (a–f) and beech (g–l). 

3
(
O  metric analysis with PODy having the 
l son required by some crops for metric 
c 8), soybean (477), rice (365)) and forest 
t  (2016–2021) analysis period. Absolute 
v e shown in global maps in figs. S3 and 

S the magnitude and spatial distribution 
o ved by normalizing the metrics, either 
u ield loss (crops) or biomass loss (trees) 
i ferred to as the nominal critical level). 
H h) and explore three different regions: 
N etrics, since critical levels for these two 
m lts are shown in figure 2 . Results for all 
m mentary material, and for AOT40, M12 
a  main regions (AS, EUR and NAM) in 
fi

Downloaded fro
by Univ.​ of Mar
on 30 October 
. Results 
a) Present-day metrics 
verall, up to 3363 sites met the criteria for inclusion for
argest number of sites owing to the shorter growing sea
alculation. The PODy sites split out into crops (wheat (82
rees (beech (1662) and tropical (31)) for the present-day
alues for all metrics (M12, AOT40, W126 and PODy) ar
4 in the supplementary material. It is useful to compare 
f the relative risk indicated by the metrics, which is achie
sing a critical level or the metric value at which relative y
s equal to 5% (see supplementary material, table S5—re
ere, we focus on two vegetation types (wheat and beec
AM, EUR and AS and compare the AOT40 and PODy m
etrics and species are defined by CLRTAP [37 ]; the resu
etrics are also summarized in the table S6 in the supple
nd PODy for wheat, rice, soybean and beech in the three
g. S5 in the supplementary material. 
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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Figure 3. Comparison of the regional (NAM, EUR and AS) distribution of the normalized mean M12 (a–c and g–i) and PODy 
(d–f and j–l) values for 2016–2021, for wheat (a–f) and beech (g–l). 

exceed the critical level for AOT40 and 

P ceedances with the PODy compared to 
t ions. For beech trees, the results using 
d  sites showing exceedance for AOT40 
a  show exceedance in EUR and AS with 
P ance with AOT40. Although the M12 
m  shows the highest risk across all crops 
a  for rice in AS where only 38% of sites 
w OT40 estimated risk). The M12 metric 
s r lower (only 3% of sites in exceedance) 
i sk (35% and 96% of sites in exceedance, 
r

t metrics (i.e. by how much the nominal 
c y to use a concentration-based metric 
t gure 3 highlights the disparities in the 
n re are more sites in NAM (up to 1362), 
s ewer sites in AS (840 for M12 and only 
5 e only located in two countries (Japan 
a f metrics challenging in AS. For wheat, 
t Dy is similar, though with moderately 
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Globally, we find that for wheat, 64% and 90% of sites 
ODy, respectively. This pattern of higher numbers of ex
he AOT40 metric is consistent across all three global reg
ifferent metrics are more similar, with 85% and 79% of
nd PODy, respectively. However, substantially more sites
ODy, while more sites in the NAM region show exceed
etric is not used for critical level exceedance, this metric
nd regions (with close to 100% of sites exceeded except
ere exceeded, though this is still far higher than the A
uggests similar risk for beech across all regions except fo
n AS, where both AOT40 and PODy suggest far higher ri
espectively). 
We also explored the scale of risk suggested by differen

ritical levels are exceeded) and focused on M12 and POD
hat also included lower-end ozone concentrations. First, fi
umber of sites for each of the three regions. Overall, the
lightly fewer sites in EUR (up to 1125) and substantially f
91 for PODy). Perhaps more importantly, the AS sites ar
nd the Republic of Korea), making robust comparisons o
he spatial distribution of risk estimated by M12 and PO
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h ttern of difference is starker and more 
w g the M12 metric in Mid- and Western- 
N  material shows that for soybean, M12 
s e the risk in AS is similar when using ei- 
t inimal, while M12 suggests some ozone 
r predominantly in the Republic of Korea 
( ial show normalized exceedance for all 
s  the supplementary material shows the 
r teria for analysis for concentration- and 

fl d nominal concentration-based critical 
l  PODy critical level using the sensitive 
t een officially defined for tropical trees, 
t

ch region that fall into value categories 
o  beech in figs. S10 and S11 in the sup- 
p aterial shows that for wheat, both M12 
a  global regions with the highest values 
i ormal distribution owing to many sites 
w rics follow a normal distribution, again 
a values. This non-normal distribution is 
f d EUR, while AS has instances of some 
h  both M12 and PODy metrics across all 
t r for both PODy and M12. AOT40 and 

W egions, as would be expected given that 
t ncentrations (supplementary material, 
fi

(
W  the concentration- and flux-based met- 
r  by species (wheat, rice, soybean and 

b ee supplementary material, §S3 for de- 
t a availability criteria are considered for 
d ed for p < 0.05. Table S7 in the supple- 
m pecies and region. Overall, for the three 
c  with statistically significant decreasing 
t nd W126, respectively) than those with 
i  have statistically significant increasing 
t tion of sites with statistically significant 
d nd 66% of sites for NAM compared to 
1 Dy, AOT40 and W126, respectively. For 
t bers of sites showing both an increase 
a  a decreasing trend (both metrics have 
2  an increase). For M12 and PODy, sites 
w re prevalent than those with decreasing 
t

ow a decreasing ozone risk in NAM of 
5 ge at the remaining sites. Both metrics 
s 12 metric has a few sites showing both 
a se results can be deemed relatively ro- 
b 315 EUR and 258 NAM sites for PODy 
i  sites for M12 and PODy, respectively, 
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igher risk estimated in Western NAM. For beech, the pa
idespread with substantially higher risk estimated usin
AM and Southern EUR. Figure S6 in the supplementary
uggests a substantially higher risk in NAM and EUR, whil
her metric. The ozone risk to rice estimated by PODy is m
isk to rice across all regions, though in AS, this risk occurs 
not Japan). Figures S7 and S8 in the supplementary mater
pecies for AOT40 and W126 for comparison. Figure S9 in
esults for tropical forests, though only 31 sites met the cri
ux-based metrics. Globally, 74% and 61% of sites exceede
evels (AOT40 and M12), and 100% of sites exceeded the
ropical tree DRR. However, since critical levels have not b
hese results are only indicative. 

Frequency plots showing the percentage of sites by ea
f each ozone metric are shown for all crop species and
lementary material. Figure S10 in the supplementary m
nd PODy show a similar distribution between the three
n NAM, closely followed by EUR; AS does not follow a n
ith low metric values. For rice and soybean, the M12 met
part from AS for which there are many sites with lower 
ound for PODy in all regions, but particularly in NAM an
igher values. Finally, beech has a similar distribution for
hree global regions, though AS values tend to be far lowe
126 metrics have similar patterns across all species and r

hese are both accumulative indices that weight higher co
g. S11). 

b) Historical trends in metrics 
e explore trends between the years 2005–2021 using both

ics to assess trends by region (NAM, EUR and AS) and
eech). Our trend analysis uses Mann–Kendall methods (s
ails). Only species with 10 or more sites that fulfil the dat
iscussion. Increasing and decreasing trends are consider
entary material summarizes all trend results by metric, s
rops and beech, we find that globally there are more sites
rends (30%, 14%, 39% and 40%, for M12, PODy, AOT40 a
ncreasing trends (where only 9%, 4%, 6% and 5% of sites
rends, respectively). There is a substantially larger propor
ecreasing trends in NAM than in EUR (56%, 23%, 65% a
0%, 7%, 13% and 16% of sites for EUR), again for M12, PO
he AS region, the picture is more mixed with similar num
nd a decrease in trends. AOT40 and W126 both suggest
9% of sites showing a decrease and 18% of sites showing
ith increasing trends (23% and 14%, respectively) are mo

rends (16% and 10%, respectively). 
For wheat, figure 4 shows that both M12 and PODy sh

0% (M12) and 40% (PODy) of sites with largely no chan
uggest predominantly no change in EUR, although the M
 decrease and an increase (7% and 6%, respectively). The
ust with 323 EUR sites and 257 NAM sites for M12 and 

ncluded in the analysis. The AS region has 226 and 223
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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Figure 4. Statistical trends (bar charts, a–b) and spatial distribution (maps, c–h) of trends between 2005–2021 for the M12 
and PODy metric by global region ( AS, EUR and NAM ) for wheat. For the bar charts (a and b), significant trends ( p < 0.05) with 
high ( | τ| > = 0.7), moderate (0.4 < = | τ| < 0.7) and low (0.1 < = | τ| < 0.4) strengths are combined, and the remaining 
trends (i.e. trends with significance p > = 0.05 and/or | τ| < 0.1) are grouped as ‘none’. The total number of sites that fulfil the 
data availability criteria is shown in parentheses along the x-axis in (a) and (b). 

i either increasing or decreasing trends 
w th metrics overall show an increasing 
t trends depend on location with all in- 
c ses (14% for M12 and 6% for PODy) 
l ribution of sites is required in AS to 
m  exposure by metric. For beech trees, 
fi  extent of trends in ozone risk over the 
p g trend with 58% in NAM, 11% in EUR 

a hange. By contrast, PODy shows fewer 
s r NAM, EUR and AS, respectively), the 
r region identified as having the greatest 
d  with M12 estimating the greatest de- 
c hows AS to have the greatest decrease 
w

7 and fig. S12) are less robust since only 
t d in the analysis (175 for both M12 and 

P % for M12 and 50% for PODy) of these 
s wed predominantly no change. For the 
E y, respectively), both metrics predomi- 
n  sites showing a decrease and increase, 
r  PODy analysis, respectively, but again, 
t epublic of Korea and Japan; similar to 
w d in the Republic of Korea and a de- 
c  for PODy as it is for M12. Finally, rice 
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ncluded in the analysis, but those sites which showed 

ere all located in the Republic of Korea or Japan. Bo
rend (25% for M12 and 18% for PODy); however, these 
reases located in the Republic of Korea and the decrea
ocated in Japan. As such, a much broader spatial dist
ake any robust statements as to the trends in ozone
gure 5 shows differences between M12 and PODy in the
eriod 2005–2021. M12 has more sites showing a decreasin
nd 24% in AS, and most of the remaining sites show no c
ites with a decreasing trend (12%, 10% and 17% of sites fo
emaining sites also predominantly show no change. The 
ecreasing trend is also dependent upon metric selection
rease in NAM (at 58% of sites), while the PODy metric s
ith 17% of sites trending downwards. 
The results for soybean (supplementary material, table S

he NAM region has a substantial number of sites include
ODy). Both metrics showed a substantial proportion (59
ites showing a decreasing trend, while the remainder sho
UR region (including 49 and 47 sites for M12 and POD
antly suggest no change though M12 has 3% and 4% of
espectively. There are 241 and 239 sites in AS for M12 and
hese sites showing significant trends are limited to the R
heat, both metrics for soybean show an increasing tren
reasing trend in Japan, though the latter is not as strong
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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Figure 5. Statistical trends (bar charts, a–b) and spatial distribution (maps, c–h) of trends between 2005–2021 for the M12 
and PODy metric by global region Africa (AF), AS, EUR, NAM and South America (SAM) for beech trees. For the bar charts (a and 
b), significant trends ( p < 0.05) with high ( | τ| > = 0.7), moderate (0.4 < = | τ| < 0.7) and low (0.1 < = | τ| < 0.4) strengths 
are combined, and the remaining trends (i.e. trends with significance p > = 0.05 and/or | τ| < 0.1) are grouped as ‘none’. The 
total number of sites that fulfil the data availability criteria is shown in parentheses along the x-axis in (a) and (b). 

( est number of sites that meet the trend 

a p to 70 in EUR. There are many sites in 
A tion of sites with significant trends. The 
P s) and both a decrease (at 15% of sites) 
a suggests a more substantial decreasing 
t shows some increasing trends in NAM 

( mpared to only 14% of sites showing a 
d 126 for wheat, rice, soybean and beech 
a lobal trends for each species and metric 
a ial. 

t trend results is the composition of the 
o  averaging or accumulation period are 
m  To investigate this, we show how ozone 
c contribute to the overall metric values 
b es in EUR (which had a good number 
o ontribution of ozone concentrations to 
t  period with concentrations within the 
r ntribution. Similar results were found 

f
rofile for soybean in NAM, where 175 

s is. Here, the ozone concentrations that 
c ly ranging from 20 to 50 ppb for M12. 
B centrations reaching above 90 ppb with 
c bout 20% of the metric contribution in 
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supplementary material, table S7 and fig. S13) has the few
nalysis criteria of any species with only 42 in NAM and u
S (up to 243), but again with very limited spatial distribu
ODy metric suggests a decrease in NAM (at 21% of site
nd an increase (at 13% of sites) in AS. By contrast, M12 
rend of 48% and 14% of sites in NAM and EUR, but also 
at 14% of sites) and particularly in AS (at 26% of sites co
ecrease in this region). Regional trends for AOT40 and W
re given in figs. S14–S17 in the supplementary material; g
re also given in figs. S18–S21 in the supplementary mater
One of the main reasons why metrics may give differen

zone distribution (i.e. how many hours over the metric
ade up of ozone concentrations of different magnitudes).
oncentrations (divided into bins of 10 ppb increments) 
etween 2005 and 2021. Figure 6 shows that for beech tre
f sites at 648 for both M12 and PODy, respectively), the c
he metrics was very similar for each year over the entire
ange of 30 to 60 ppb making up the bulk of the metric co
or NAM and AS for beech tree species. 

By contrast, figure 7 shows the ozone concentration p
ites for both M12 and PODy are included in the analys
ontribute to the metrics are very different, predominant
y contrast, PODy is mostly made up of higher ozone con
oncentrations between 60 and 80 ppb often making up a
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Figure 6. The contribution of ozone concentration bins (incrementing in 10 ppb) to the M12 and PODy metric over the trend 
analysis period (2005–2021) for beech trees in EUR. 

Figure 7. The contribution of ozone concentration bins (incrementing in 10 ppb) to the M12 and PODy metric over the trend 
analysis period (2005–2021) for soybean in NAM. 

a s ‘ y ’ threshold of 6 nmol m–2 s–1 and a 
r l O3 m–2 s–1 , which generally limits the 
c However, the year 2016 shows that low 

o ntribute to the PODy metric, probably 
o ble for gsto . 

(
F mentary material, and using the DRRs 
l ination with TOAR-II data from 2005 
t  crops is a median relative yield loss (1- 
R at ( figure 8 , boxplot RYL), with the most 
s ern and Western EUR (supplementary 
m ly show negligible losses, with median 
R tively. Nonetheless, it should be noted 

t ited geographical distribution, located 
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ll years. This demonstrates the importance of the metric
elatively low species specific gsto ( gmax ) value of 300 mmo
ontribution of lower ozone concentrations to the metric. 
zone concentrations can, in exceptional circumstances, co
wing to environmental conditions that would be favoura

c) Ozone impacts 
ollowing the methodology described in §S4 in the supple
isted in table S8 in the supplementary material, in comb
o 2021, we find that the larger estimated ozone effects on
YL) of 4.7% (10th and 90th percentiles: [0.2, 21.4]) for whe
ubstantial relative yield losses in the Central USA, South
aterial, fig. S22b). By contrast, rice and soybean typical
YL values of 0.3% ([0.0, 8.8]) and 0.0% ([0.0, 2.1]), respec
hat for rice, these results are based on sites with a very lim
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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Figure 8. Boxplots with overlaid jittered points showing ftemp , fVPD , fPAW , RYL/rGAI , and the 75th percentile for ozone con- 
centrations for crops (a) and forests (b). Coloured dots indicate the median values for each indicated plant type. 

i  an increased RYL (supplementary ma- 
t

act on vegetation are water stress, heat 
s ntribute to gsto reductions: (i) low soil 
w rrigation (with soil water influence on 
g ftemp ), and (iii) high leaf-to-air vapour 
p matal opening. Consequently, PODy is 
r zone on plant growth and production. 
T  crops ( figure 8a ), and particularly for 
s rts a substantial limiting effect only on 
r ilable water cannot be assessed because 
a ditions. For wheat, the combined effect 
o tions (see supplementary material, fig. 
S  western NAM. 

- rGAI ) results in 14.3% [(8.3, 12.2)] for 
b nd 5.9% [(1.8, 9.1)] for tolerant tropical 
t und in the Eastern NAM, and in Cen- 
t  is a consistent limiting factor for beech 
( soil, which also shows the largest vari- 
a l tree species, few sites are available for 
a ribution of rGAI and the f functions are 
n ne effects, i.e. rGAI losses and climatic 
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n the Republic of Korea and Northern Italy, which show
erial, fig. S22d). 

The main abiotic stressors that influence the ozone imp
tress and decreased air humidity. These three factors co
ater content owing to precipitation deficits or lack of i

sto denoted by fPAW 

), (ii) high temperature (denoted by 
ressure deficit (VPD) (denoted by fVPD ) can all reduce sto
educed, leading to a reduction of the negative effect of o
emperature seems to be the most limiting factor for all
oybean, with gsto reduced by 57.7% ([40.0, 79.0]); VPD exe
ice (11.5% [2.6, 56.1]). The limiting effect of the plant’s ava
ll the simulations were made assuming field capacity con
f temperature and VPD leads to increasing climatic limita
22a), particularly at higher latitudes in EUR and over the
For trees, the loss of relative gross annual increment (1

eech trees, 19.8% (8.1, 29.1) for sensitive tropical trees a
rees ( figure 8b ). The largest losses for beech trees are fo
ral EUR (supplementary material, fig. S22h). Temperature
 figure 8b ) followed by the plant water availability in the 
bility; VPD is the least limiting factor. For the other tropica
nalysis, and therefore, their contribution to the total dist
egligible. The climatic limitations roughly mirror the ozo
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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l imate factors are the main driver of the 
s  material, fig. S22g,h). 

4 nts 
T y is described in §S5 in the supplemen- 
t rd deviation of PODy ( 𝜎PODy) for each 
l hich measure the statistical uncertainty 
o ameters) and the ratio between mean 
𝜎 key input variables (e.g. O3 ) discussed 

l Dy are generally larger over tree land 

c s lower (1 nmol O3 m–2 PLA s–1 for trees 
v ds for projected leaf area), which leads 
t alizing mean 𝜎PODy by mean PODy, 
w  in PODy (39% for wheat, 54% for rice 
a al trees, 21% for tolerant tropical trees 
a a higher y (the threshold above which 
o cies and hence accumulated within the 
fl y in simulated PODy (as the frequency 
o  a higher y will be lower owing to the 
o

ch measures how much of the output 
v eters within their prescribed range) for 
e ntary material. In general, we find that 
W cept the species specific maximum gsto 
( SI to the temperature optimum for gsto 
( edian SI to the temperature minimum 

f .12 for soybean), indicating that PODy 
o rameters of the temperature limitation 
f e to parameters of the VPD limitation 
f re median SI to VPD minimum for gsto 
( types (tolerant tropical forest and rice) 
w he gsto relationship to changing irradi- 
a PODy is also found to be less sensitive 
t  maximum for gsto ( VPDmax ) (median 
S ost important model parameters, and 

p  for different land cover types. 
tigate the potential systematic errors of 

s nd –25% ozone concentrations, which 
a ertical gradient of ozone (e.g. [45 ]), and 

t irect surface ozone measurements (i.e. 
L s the ozone concentration measurement 
h orm the following perturbation experi- 
m r ending earlier by two weeks), (ii) soil 
t available in webDO3SE), and (iii) root 
d trees). 

Dy to these perturbations are shown in 
fi bing ozone concentration by 25% leads 
t  + 85% when ozone concentrations are 
r ions are increased by 25%). By contrast, 
f till greater than 25%. This indicates that 
e ulated PODy, especially for land cover 
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imitations are negatively correlated, revealing that the cl
patial patterns of ozone stomatal uptake (supplementary

. Uncertainties in vegetation impact assessme
he approach to estimating uncertainty in modelled POD
ary material. Figure 9 shows the distribution of the standa
and cover type derived from Monte Carlo simulations, w
f simulated PODy (associated with DO3 SE model par
PODy and mean PODy (effects of systematic biases in 
ater in this section). We find that the absolute values 𝜎PO
over types, where the threshold for PODy flux metrics y i
ersus 6 nmol O3 m–2 PLA s–1 for crops; where PLA stan
o larger absolute values of PODy. However, after norm
e find that crops have much higher relative uncertainty
nd 72% for soybean) than trees (12% for sensitive tropic
nd 25% for beech trees). This indicates that the use of 
zone flux is considered to cause damage to the plant spe
ux-based metric) could lead to larger relative uncertaint
f the ozone concentrations leading to an exceedance of
zone concentration distribution profile). 
The distribution of Sobol sensitivity indices (SI) (whi

ariance is attributable to each variation of model param
ach land cover type is shown in fig. S23 in the suppleme
ebDO3SE-simulated PODy is most sensitive to ( gmax ), ex

 gmax ), except for beech and soybean, where the median 
Topt ) (around 0.4) is larger than that to gmax , while the m
or gsto ( Tmin ) is also relatively high (0.21 for beech and 0
ver these two land cover types is very sensitive to the pa
unction. For most land cover types, PODy is not sensitiv
unction, except for tolerant tropical forest and rice, whe
 VPDmin ) is greater than 0.1. Only two of the land cover 
ith the lowest f_lightfrac parameter (which determines t
nce, flight ) show sensitivity of PODy (median SI > 0.1). 
o the temperature maximum for gsto ( Tmax ) and the VPD
I < 0.1 over all land types). This analysis identifies the m
otentially the ones that should be prioritized to constrain
We also conduct specific input sensitivity tests to inves

imulated PODy. First, we re-run the model with + 25% a
re representative of the range of error introduced by the v
he use of reanalysis data in regions without coverage of d
atin America, Africa—see §2c ). The former is necessary a
eight is not detailed in the TOAR database. We also perf
ents: (i) growing season (by starting later by two weeks o

exture (by using the three additional soil texture classes 
epth ( + /– 0.5 m for temperate trees and 1 m for tropical 
The relative responses of land cover type-wide mean PO

g. S24 in the supplementary material. We find that pertur
o a much stronger response in PODy for crops (–65% to
educed by 25%, and + 89 to + 191% when ozone concentrat
orest responses are within + /–31% to + /–36%, which is s
rrors in ozone can propagate nonlinearly to errors in sim
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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Figure 9. Distributions of standard deviation ( 𝜎PODy, measure of statistical uncertainty) of PODy to DO3SE parameters for each 
land cover type. The red dots (scale corresponds to red y-axis) indicate the ratio between mean 𝜎PODy and mean PODy for each 
land cover type. The horizontal dashed lines indicate the minimum, median and maximum of each distribution. 

t g season causes an up to 11% reduction 
i r the whole growing season for trees. 
H –26% to + 14%), as PODy accumulation 
h g season for crops, which only changes 
t period. Changing soil texture and root 
d  to within 13% change in mean PODy 
o reases as soil grain size decreases (from 

s tention, reducing simulated soil water 
s n growing season and soil water stress 
s n generally have larger and nonlinear 
i ore precise canopy-level ozone concen- 
t ng proper measurement level to canopy 
s s are high. Finally, as simulated PODy 
a itional sensitivity simulation replacing 
T e of 850 mmol O3 PLA–1 m–2 s–1 after 
[ creased by almost tenfold, from 0.37 to 
3  an appropriate gsto parametrization for 
e

5
O ritical levels for (wheat) crops and de- 
c ed over the period from 2016 to 2021. 
T sment, which estimated AOT40 metric 
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ypes that have higher y thresholds. Shortening the growin
n PODy for trees, as PODy accumulation happens ove
owever, such effects on crops are much more uncertain (
appens over a fixed period before the end of the growin
he timing, but not the length of the PODy accumulation 
epth (which changes simulated soil water stress) leads
ver all forest types. For soil textures, simulated PODy inc
andy loam to clay loam), as finer soil has better water re
tress. These results indicate that while the uncertainties i
imulation are not negligible, errors in ozone concentratio
mpacts on PODy, highlighting the importance of using m
rations (e.g. through using measured ozone and performi
caling) in PODy estimations, especially when y threshold
nd RYL for soybean are very low, we conducted an add

opt with a value of 26◦C after [46 ] and gmax with a valu
37 ,47 –50 ]. We find that mean simulated soybean PODy in
.59 mmol m–2 . This highlights the importance of defining
ach land cover type. 

. Discussion 

verall, we find that 64% and 85% of sites exceed the c
iduous trees (beech) based on the AOT40 metric averag
his compares with the previous TOAR-I vegetation asses
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e same critical levels for crops (3 ppm h) 
a ely [15 ]. The differences in the crop re- 
s , different site selection and a change in 
o  PODy metric critical levels and found 

t wed exceedance. Therefore, there was 
r s (with 85% (for AOT40) and 79% (for 
P nces for crops (where 64% (for AOT40) 
a 6 to 2021 period). This suggests reason- 
a e trees are at risk from ozone exposure, 
p out short-term differences in ozone ex- 
p  for the PODy metric) may exacerbate 
d gested risk were found in the Western 
U trics. This is also reasonably consistent 
w ch found overall the highest ozone val- 
u thern Hemisphere, including Southern 
U ast People’s Republic of China. In this 
s distributed risk across NAM, EUR and 

A AS where lower risk was indicated for 
w ed metrics. 

e find that all metrics suggest similar 
t significant decreasing trends with 30%, 
1 pectively. By contrast, only 9%, 4%, 6% 

a ds, respectively, by metric, the remain- 
i etrics suggest a similar number of sites 
a Dy metric tends to estimate decreases 
a

e risk for all species (wheat, soybean, 
r ween 56% to 66% of sites would see a 
d s have a decreasing exposure over the 
2 sed metrics show decreasing trends for 
w  to 55% of sites and for beech between 
5 etrics are consistent with the previous 
T ing 1995–2014, the dominant trend was 
a f sites at which decreasing trends were 
f sing trends for wheat. Rice and peren- 
n tudies beech) were more consistent but 
s 4% for rice and more than 70% of sites 
f  study PODy estimates of sites with de- 
c ion-based metrics, with 40% for wheat, 
2

ecreasing trend with between 10% and 

1 ncentration-based metrics. By compar- 
i wards lower ozone risk to vegetation. 
A centration-based metrics for wheat are 
b  beech between 11% to 17% of sites. By 
c wheat, 7% for rice, 2% for soybean and 

1 und that the number of EUR sites with 
d for wheat and 46% to 78% for rice, so 
o ith the relative findings of our study, 
e e a decreasing trends. Both NAM (6% 

t w instances of increasing trends using 
c n more limited increasing trends, with 
o
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xceedance over the period from 2010 to 2014, using the 
nd forests (5 ppm h) at 82.2% and 87.3% of sites, respectiv
ults may be owing to our use of different growing seasons
zone concentrations since 2014. Our study also estimated
hat 90% of sites for wheat and 79% of sites for beech sho
easonable agreement between metrics for deciduous tree
ODy) of sites showing exceedance) but substantial differe
nd 90% (for PODy) of sites showed exceedance for the 201
ble consistency in terms of metrics identifying sites wher
erhaps owing to the longer growing season smoothing 
osure. For crops, the shorter growing seasons (especially
ifferences in risk. The highest exceedance and hence sug
SA and Southern EUR for the M12, AOT40 and W126 me
ith the previous TOAR-I vegetation assessment [15 ], whi
es (mean, 2010–2014) to be in the mid-latitudes of the Nor
SA, the Mediterranean basin, North, North–West and E
tudy, we also found that PODy presented a more evenly 
S. Some key differences were in the west USA and East 
heat and beech by the PODy than the concentration-bas
In terms of global trends, for the period 2005–2021, w

rends for all species with more sites showing statistically 
4%, 39% and 40%, for M12, PODy, AOT40 and W126, res
nd 5% of sites have statistically significant increasing tren
ng sites showing no change. We also find that by region, m
t which decreases in risk have occurred, although the PO
t fewer sites than the concentration-based metrics. 
The NAM region shows the greatest declines in ozon

ice and beech), concentration-based metrics estimate bet
ecrease in risk, while PODy estimates only 23% of site
005–2021 period. Split out into species, concentration-ba
heat at between 50% to 56% of sites, for rice between 48%
8% to 68% of sites. Findings for the concentration-based m
OAR-I vegetation assessment [15 ], which found that dur
 decrease in ozone at NAM sites; however, the number o
ound differed with only 11% to 39% of sites seeing decrea
ial vegetation (the latter vegetation group similar to our s
till estimated a higher number of sites (between 61% to 8
or beech) showing decreasing trends. By comparison, our
reasing trends are substantially lower than the concentrat
1% for rice, 50% for soybean and 12% for beech. 
In our study, EUR is the region with the next largest d

6% of sites showing a reduction in ozone risk based on co
son, PODy estimates that only 7% of sites are moving to
gain, split out into species groups, these trends for con
etween 1% to 12%, for rice between 14% to 22% and for
omparison, PODy estimates decreasing trends of 3% for 
2% for beech. The TOAR-I vegetation assessment [15 ] fo
ecreasing trends was 17% to 32% for beech, 6% to 11% 

verall, also lower than for NAM, and hence consistent w
ven though a larger number of sites were found to hav
o 9% of sites) and EUR (1% to 7% of sites) have very fe
oncentration-based metrics; flux-based metrics show eve
nly 1% of sites for both NAM and EUR. 
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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owing both trend directions with 16% 

t ration-based metrics (and only 10% of 
s tes showing an increasing trend with 
c  AS increasing when using PODy. This 
p ment [15 ] with the AS region showing a 
s . However, our study results need to be 
i tion of sites across East AS used in this 
a s, W126 and AOT40 tend to estimate a 
g  risk, while M12 tends to estimate more 
s ee main regions and all three crops, as 
w

rall, they do show a general pattern of 
d  also evident in EUR. These decreasing 
t he shifting of high and low ozone levels 
t  the implementation of large decreases 
i ybean ( figure 7 ) than beech ( figure 6 ) 
f raging or accumulation period may be 
i n (given the shorter and more variable 
c one levels declined, while lower ozone 
l n profile also helps to explain why the 
P  of decreasing trend as found with the 
c ne concentrations are counterbalanced 

b reater influence on PODy than they do 
o und by Malley et al. [51 ] when compar- 
i  over a 23-year period (1990–2013) in 
r

nce regional policies that focus on NOx 
a  and NAM have been effective in re- 
d bably result in greater improvements 
i igher ozone concentrations) than flux- 
b issions elsewhere has increased the im- 
p . The effective controls for background 

o  at the hemispheric scale, particularly 
c ecrease across the ozone concentration 
p tration-based metrics to show less im- 
p d upon how close the y threshold is to 
a

ed above, this work has also estimated 

g ual increment losses for forest trees in- 
d le DRRs for the species studied. PODy 
w TOAR database and the multiplicative 
g data recently made available within the 
T vailable literature. Our results estimate 
a e find only relatively small losses for 
r 8.8%, and negligible losses for soybean. 
T ing soybean as a highly ozone-sensitive 
c 15% or higher under current ozone lev- 
e  our analysis is therefore unexpectedly 
l  First, differences in the ozone metrics 
u t comparability among studies. For ex- 
a posure metrics modelled using a wheat 
p lting wheat-yield loss estimates by the 
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The AS region has the greatest complement of sites sh
o 29% of sites showing a decreasing trend with concent
ites decreasing with PODy); but also 18% to 29% of si
oncentration-based metrics, compared to 14% of sites in
attern was also reflected in the TOAR-I vegetation assess
ignificant increase in the percentage of sites at ozone risk
nterpreted with caution, given the limited spatial distribu
nalysis. Comparing between concentration-based metric
reater percentage of sites with decreasing trends in ozone
ites with increasing trends. This pattern holds for all thr
ell as beech. 
Although there is some variability in these results ove

ecreases in ozone metrics, which is greatest in NAM but
rends at NAM and EUR sites have been characterized by t
owards the mid-range ozone levels [23 ], consistent with
n regional NOx emissions. Such trends are clearer for so
or both M12 and PODy metrics, suggesting that the ave
mportant in emphasizing changes in ozone concentratio
rop growing season). However, for both species, higher oz
evels remained similar. This change in ozone concentratio
ODy metric does not always show the same magnitude
oncentration-based metrics since decreases in higher ozo
y increases in more moderate ozone levels, which have g
ther concentration-based metrics. Similar results were fo
ng AOT40 and PODy metrics at two locations in the UK
elation to European NOx emission reductions. 
The policy significance of these findings is important si

nd volatile organic compound emission controls in EUR
ucing peak concentrations and exposure. This will pro
n concentration-based (especially those that emphasize h
ased metrics. However, the growth in ozone precursor em
ortance of background contributions to ozone worldwide
zone would be to reduce ozone precursors that operate
ontrols on methane, which should result in an overall d
rofile. Under such conditions, we might expect concen
rovement than the PODy metric, though this may depen
verage ozone concentrations [1 ]. 
In addition to the assessment of risk and trends describ

lobal relative yield losses for crops and relative gross ann
uced by ozone using the PODy ozone metric and availab
as calculated using ozone concentration data from the 

sto model of WebDO3SE, driven by ERA5 meteorological 
OAR database, using parametrization obtained from the a
verage RYLs of 4.7% for wheat across all sites studied. W
ice (0.3% on average), generally ranging between 0% and 

his contrasts with a substantial body of literature identify
rop, with reported yield reductions often around 10% to 
ls (e.g. [33 ,52] ). The magnitude of the impacts derived in
ow. Several factors may contribute to this inconsistency.
sed to relate ozone and damage strongly limit the direc
mple, the study of [33 ] primarily relied on cumulative ex
arametrization to estimate PODy, but weighting the resu
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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r g approach based on ozone concentra- 
t uch as PODy tend to reduce estimated 

i environmental constraints, even under 
r

ertainty lies in the parametrization of 
t n was based on the work of Zhang et 
a ublished study providing a DRR for 
s rements over two consecutive growing 
s ve, the selected parametrization is well 
j trictive temperature response function, 
w  unusually high when compared with 
v udy (26 and 28◦C, for wheat and rice, 
r al evidence reported elsewhere [46 ]. In 
a  low compared with values commonly 
f ted in other studies [37 ,47 –50 ]. Conse- 
q d under temperate conditions, leading 
t aller damage estimates. This highlights 
t n, including season-long gsto measure- 
m

he recent work of Cheesman et al. [54 ], 
w tropical species. However, the resulting 
r  on only young trees, and with a fumi- 
g son for these trees should typically be 
c r results for soybean and tropical trees 
m tions. This highlights the need for addi- 
t ong-term gsto measurements and DRRs, 
t duce uncertainty in global-scale ozone 
i

n impacts cover different time periods. 
T re the concentration-based metrics are 
o he most sensitive six-week window is 
u lly relevant, this window can be diffi- 
c le growing seasons in a year, and the 
m e with the highest ozone uptake. There 
c  time, which may be able to adapt to a 
c ddition to subtle changes to the timing 
o nsitivity of the different crop varieties, 
w 5 ], durum wheat [56 ] and soybean [57 ]. 
T tween different varieties, e.g. in wheat 
[ etrizations appropriate for the different 
a pplied [59 ]. 

etween regions with many based on 
c verse effects on human health [1 ,15 ]. 
O ics to assess trends and future predic- 
t ingly important when assessing trends 
o  also need to be considered. The use of 
fl ture as only these metrics allow for the 
e well as increased levels of drought and 

h . Other tools, such as crop models, are 
a nctions; such modelling methods may 
s d damage since they are able to assess 
t eld (rather than simply incorporate the 
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elative sensitivity of soybean, while [52 ] used a modellin
ions. However, it is well known that flux-based metrics s
mpacts in situations where stomatal uptake is limited by 
elatively high ambient ozone concentrations. 
A second, and potentially more critical, source of unc

he gsto model adopted for soybean. This parametrizatio
l. [53 ], which, to our knowledge, represents the only p
oybean based on POD6 and supported by direct gsto measu
easons and across multiple cultivars. From this perspecti
ustified. However, this parameter set includes a highly res
ith an optimal temperature ( Topt ) of 35◦C. This value is
alues used for the other two crops considered in this st
espectively) and compared with soybean eco-physiologic
ddition, the gmax reported by Zhang et al. [53 ] is relatively
ound in the literature for soybean and with those repor
uently, stomatal ozone uptake may be remarkably reduce
o lower accumulated POD6 values and, ultimately, to sm
he need for additional experimental datasets on soybea
ents, yield responses and ozone levels. 
For tropical trees, our parametrizations are based on t
hich provides DRRs based on POD1 for several different 
elative gross annual increment relationships were based
ation period of only five months (while the growing sea
onsidered all-year round). These elements suggest that ou
ay be affected by the uncertainties in the gsto parametriza

ional experimental datasets on these species, combining l
o better constrain PODy-based damage functions and re
mpact assessments. 

Notably, the different metrics used to assess vegetatio
his is particularly apparent for crops such as wheat, whe
ver a three-month period, whereas for ozone uptake, t
sed. Although the shorter window is the most biologica
ult to identify at a global scale. Some crops have multip
ost productive growing season may or may not coincid
an be changes in crop varieties at a single location over
hanging local climate or to a more productive variety. In a
f the growing season, there can be variation in ozone se
hich has been shown for crops including African wheat [5
here can also be variations in the gsto parametrization be
58 ] which emphasize the importance of having gsto param
gro–ecological regions for which flux-based metrics are a
Current air quality guidelines and standards vary b

oncentration-based metrics aiming to protect against ad
ur study highlights the importance of flux-based metr
ions of ozone damage for vegetation. This will be increas
ver longer time periods, because changes in climate will
ux-based metrics may become more important in the fu
ffects of climate-related variables (e.g. increased CO2 as 
eat stress) in reducing gsto and hence ozone uptake [60 ]
lso now being developed that include ozone-damage fu
upersede flux-based metrics in terms of assessing risk an
he combined effects of climate and ozone variables on yi
m royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0270/​6174187/​rsta.​2025.​0270.​pdf
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i se for current flux-based metrics) [61 ]. 
I idered together, soil moisture and tem- 
p cts [52 ,62 ]. 

le development goals. First, food secu- 
r ses. Our findings on a site-specific basis 
a  studies, using a variety of techniques, 
i ut also crop and land surface exchange 
m ents of crop damage using a variety of 
m  concentration field, found yield reduc- 
t tween 2.6% and 7.2% depending upon 
g tric [19 ]. By comparison, a study using 
o ncentration field, found yield losses of 
b  similar but do show the importance of 
m n estimates and atmospheric chemistry 
p s. How changes in ozone concentration 
w  not only on changes in emissions and 

c ge’s influence on crop productivity and 

h ecome an even more important agricul- 
t ter and heat stress over key agricultural 
r lay in limiting the productivity benefits 
o h gas exchange [33 ,41 ]. Understanding 
t agement and ozone will be important to 
u  easily be done using either flux-based 

m e physiological mechanisms that alter 
o e concentration alone. As such, includ- 
i n future assessments of ozone damage 
w even more important given that ozone 
n w modelling studies showing promise 
i s in protein yield related to amino acid 

n ion, modelling studies are beginning to 
d  might play in forest carbon sequestra- 
t ation approach [63 ]. A recent study [13 ] 
e ck of European forests would increase 
b e in the yearly C sequestration to Euro- 
p potential to contribute substantially to 
t nable solutions to increase C sequestra- 
t rovements are needed to make reliable 
fl  assess actual damage. 

 us of the spatial and historical differ- 
e trics. For those locations where TOAR 

d formation on the similarities or discrep- 
a , and for which species, would be most 
a gement. Although our results generally 
s ) and flux-based metrics when applied 

t ics are more biologically robust and are 
t  would better account for any influence 
o y and phenology. However, our study 
a ere the limited distribution of available 
s  and analysis of data in a TOAR-III ef- 
f derstanding of ozone impacts and their 
t

Downloaded fro
by Univ.​ of Mar
on 30 October 
nfluence of climate on stomatal ozone uptake as is the ca
n cases where ozone damage and climate have been cons
erature have been identified as important modifying effe
These findings have implications for several sustainab

ity is likely to be affected by these ozone-induced yield los
re corroborated with other global and regional modelling
ncluding the DRR risk assessment methods applied here, b
odelling methods [61 ]. Current-day, global-scale assessm
ethodological approaches and a single, modelled ozone

ions for wheat, maize, soybean and rice of anywhere be
lobal region and choice of concentration or flux-based me
nly flux-based metrics, again with a consistent ozone co
etween 4.4% and 12.4% [33 ]. These results are reasonably
odelled ozone concentrations (dependent upon emissio
rocesses) as well as the selection of ozone-damage metric
ill affect future crop yields and food supply will depend
onsequent ozone concentrations, but also on climate chan
ow this is managed. For example, irrigation is likely to b
ural management tool as the climate heats, increasing wa
egions. Studies have highlighted the role that ozone may p
f irrigation, especially for modern cultivars bred for hig
he interplay between such key aspects of agricultural man
nderstand future ozone impacts; arguably, this can most
etrics or process-based modelling tools that incorporat
zone uptake and decouple impacts from changes in ozon
ng irrigation, using new and improved global datasets i
ill be important. Improving damage estimates becomes 
ot only impacts yield quantity but also quality with ne
n developing methods to estimate ozone-induced change
utritional indicators [8 ]. Second, in relation to climate act
evelop more consistent agreement on the role that ozone
ion, an important cost-effective, land-based climate mitig
stimated that C sequestration to the living-biomass C sto
y 31% in the absence of ozone exposure. Such an increas
ean C stocks (from –343 to –449 MtCO2 eq yr–1 ) has the 
he European Commission’s action plan to develop sustai
ion by forests. However, our study makes clear that imp
ux-based metric estimates and to use these with DRRs to
Finally, our study goes some way towards informing

nces that exist between concentration and flux-based me
atabase sites are at high density, this provides valuable in
ncies between metrics and can help inform which metric
ppropriate to use for vegetation-focused air quality mana
how broad consistency between the concentration (M12
o current and historic trends in data, the flux-based metr
he recommended approach for future assessments as they
f climate change and alterations to vegetation physiolog
lso raises the issue of paucity of data, especially in AS wh
ites causes results to be inconclusive. Continued collation
ort could make important inroads into improving our un
rends in this (and other regions) in the future. 
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f ozone impacts to vegetation would 

b S, Africa and Latin America, (ii) de- 
v ons, and (iii) develop flux-based DRRs 
f ies. If successful, these efforts would 

s  of ozone at a global scale and how 

t  future risk, mitigation and adaptation 
o
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