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Summary

We present a long-term (1990-2023) reanalysis of a flux-based metrics describing ozone
uptake to vegetation and the associated risk of ozone damage (Phytotoxic Ozone Dose
above a flux threshold of Y, PODY). The dataset covers Sweden at 5.5 km X 5.5 km
resolution and includes two generic and four specific PODY receptors (POD1gen for
deciduous trees, POD1spec for birch and spruce, POD3gen for crops, and POD6spec for
potato and wheat). The PODY reanalysis was constructed using the MATCH Sweden
System and input meteorology from the Copernicus European Regional Reanalysis
system.

PODY, for all receptors, is highest in the south of Sweden and lowest in the Scandinavian
mountains. The estimated PODY for birch and spruce are well above the critical levels set
by UNECE in practically all of Sweden. For wheat, the critical limits for grain yield and
grain weight are exceeded in most of south and central Sweden.

We find no significant trend in PODY in most areas of Sweden, except for central
Sweden for generic deciduous trees and birch (negative) and southern Sweden for potato
(positive). These changes are, however, likely influenced the introduction of new
observation sites in the ozone analyses. Based on the large inter-annual variation of all
receptors during the 1990-2023 period we argue that there is little evidence of temporal
trends in any of the receptors during the considered period.

To highlight the effects of varying ozone data as input to the PODY calculations we also
performed an additional PODY reanalysis using a selection of consistent ozone
observations for the period 1990-2013.

Sammanfattning

Vi presenterar en langre ateranalys (1990-2023) av det flodesbaserade mattet for
ozonupptag till vegetation och den tillhérande risken for ozonskador (Phytotoxic Ozone
Dose above a flux threshold of Y, PODY). Resultaten ticker Sverige med en rumslig
upplésning pa 5.5 km x 5.5 km och omfattar tva generiska och fyra artspecifika PODY -
receptorer (POD1gen for 16vtrad, POD1spec for bjork och gran, POD3gen for grodor
samt PODG6spec for potatis och vete). PODY -ateranalysen togs fram med MATCH
Sverigesystemet och meteorologiska indata fran Copernicus European Regional
Reanalysis-systemet.

PODY ér hogst i sddra Sverige och ldgst i den skandinaviska fjillkedjan for samtliga
receptorer. De berdknade PODY-virdena for bjork och gran ligger 6ver de kritiska nivaer
som faststéllts av UNECE 1 praktiskt taget hela Sverige. For vete 6verskrids tva av tre
kritiska nivéer i storre delen av sodra och mellersta Sverige.

Vi finner ingen statistiskt signifikant trend i PODY, med undantag for mellersta Sverige
for generiska 16vtrad och bjork (negativ trend) samt sddra Sverige for potatis (positiv
trend). Dessa foréndringar &r dock sannolikt paverkade av att nya observationsstationer
inforts 1 ozonanalyserna. Mot bakgrund av den stora mellanarsvariationen for samtliga
receptorer under perioden 19902023 bedomer vi att det finns begransade beldgg for
langsiktiga trender i PODY f6r nagon av receptorerna under den studerade perioden.

For att belysa hur variationer i ozondata som indata paverkar PODY-berédkningarna
genomforde vi dven en kompletterande PODY -ateranalys baserad pa ett urval av
tidsméssigt konsistenta ozonobservationer for perioden 1990-2013.
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1 Background

The Swedish Environmental Protection Agency is responsible for environmental monitoring
(Miljéovervakning) of air and precipitation quality in Sweden. The monitoring is conducted within the
framework of the “Air Programme Area” (Programomrdde Luft) and includes several sub-
programmes, including the MATCH Sweden System.

The MATCH Sweden System (e.g. Alpfjord and Andersson, 2015; Langner et al., 2019; Alpfjord
Wylde et al., 2023) is an operational atmospheric chemistry transport modelling system developed at
SMHI for national-scale mapping of air pollutant concentrations and deposition across Sweden.

In the MATCH Sweden System, modelled air pollutant concentration fields from the Eulerian
MATCH model (Multi-scale Atmospheric Transport and Chemistry; Robertson et al., 1999;
Andersson et al., 2007; Bergstrom and Olenius, 2025) are combined with surface observations and
analysed meteorology through retrospective data assimilation, to calculate analysed atmospheric
concentrations and deposition of pollutants. The data assimilation of concentrations in air and
precipitation is conducted to improve the spatial representation and temporal consistency of the
calculated fields. The system is used for annual operational mapping of air pollutants (see
https://miljoovervakning.smhi.se/), as well as long-term reanalyses (e.g. Andersson et al. 2017; 2025).

Several metrics of ground-level ozone are calculated using the MATCH Sweden System, including a
flux-based metric describing ozone uptake to vegetation and the associated risk of ozone damage,
known as PODY (Phytotoxic Ozone Dose above a flux threshold of Y). Compared with concentration-
based metrics such as AOT40 (Accumulated Ozone exposure over a Threshold of 40 ppb), which is
based on the accumulated ozone concentration above 40 ppb during daylight hours over a specified
period, flux-based metrics such as PODY are generally considered more closely related to ozone-
induced vegetation damage. PODY has therefore become increasingly important in international work
under the UNECE Convention on Long-range Transboundary Air Pollution (CLRTAP), including
assessments of critical levels for vegetation. In addition to ozone concentrations, PODY also accounts
for meteorological and physical parameters controlling ozone uptake, making it a more physically
realistic metric for assessing the effects of ground-level ozone on vegetation, including birch, spruce,
and crops.

Flux-based ozone metrics for vegetation were first implemented in the MATCH Sweden System for
generic deciduous trees and generic crops (Engardt et al., 2016). The methodology was later extended
to include receptor-specific parameterizations for birch, Norway spruce, wheat and potato, including
revised phenological descriptions adapted to Swedish and Scandinavian conditions (Langner et al.,
2019). These developments improved the representation of vegetation-specific ozone uptake and
strengthened the applicability of PODY for environmental monitoring and impact assessments in
Sweden. PODY has been included in the operational environmental monitoring within the MATCH
Sweden System since the monitoring year 2013 (see https://www.smhi.se/data/miljo/atmosfarskemi).
The operational mapping is also reported internationally and ultimately serves as input to policy
decisions regarding emission reduction measures in the European context.

In this project, a temporally consistent historical dataset of reanalysed PODY was produced and the
dataset was statistically analysed with respect to trends and other characteristics.


https://miljoovervakning.smhi.se/
https://www.smhi.se/data/miljo/atmosfarskemi

2 Aim

The aim of the project is to utilise available ozone reanalyses and the MATCH Sweden System to
produce consistent time series of PODY for six receptors relevant for Sweden, over the period 1990
through 2023. The results will cover Sweden at a spatial resolution of 5.5 km enabling detailed
evaluation of the spatial variation and trends of PODY across Sweden. This data extends and
compliments the currently available (2013—2024) operational assessment (Miljéovervakning with the
MATCH Sweden System; https://miljoovervakning.smhi.se) of stomatal ozone uptake.

The extended PODY time series enable results from operational annual assessments to be put in a
long-term perspective. Further, the high-resolution data set can also be used together with exposure—
response relationships to estimate ozone effects on forests and crops, as well as for estimating damage
and associated economic costs related to ozone exposure. Finally, the historical data provide valuable
support for environmental monitoring and improve understanding of how climate variability and
emission reductions can influence ozone exposure over time.

3 Methodology

To construct a time-consistent reanalysis of PODY on a high-resolution grid (5.5 km x 5.5 km) over
Sweden we used reanalyzed (i.e. modelled values merged with surface observations through data
assimilation techniques using the MATCH Sweden System; Andersson et al., 2015; 2017; 2025)
ozone concentrations and reanalyzed meteorological data as input. PODY calculations were performed
with the MATCH Sweden System using the formulations optimized for Swedish conditions (Karlsson
et al., 2018), as described in Langner et al. (2019).

The results will be presented as maps showing long-term average and long-term trend retaining the
original 5.5 km x 5.5 km resolution over Sweden and, for greater clarity, as tables and time series
averaged over the three regions defined in Andersson et al. (2017), see Figure 1. Section 5 and section
7 also provide annual averages and timeseries for the whole of Sweden to enable extended comparison
between different estimates of PODY over Sweden.

3.1 Surface observations and calculation domain

The names and locations of the observation sites used in all the ozone reanalyses and the domain for
PODY-calculations are shown in the left panel of Figure 1.


https://miljoovervakning.smhi.se/

Figure 1. The division of Sweden into three regions (North, Central and South) and sites included in
the ozone reanalysis (left). Red circles are included in the strictly consistent reanalysis
(1990-2013), RA_LONG. Red and yellow circles indicate all sites which are included in the
RA_ALL (1990-2013). Blue circles are additional sites included in RA_MO. For more
details on sites included for different years see Appendix, Section 7. Model domains (right):
PODY reanalysis domain (fair blue domain) based on ozone reanalysis (ALL,
ALLONGTERM, middle blue domain), in turn based on modelled ozone in a MATCH
domain covering Europe (dark blue domain).

3.2 PODY calculations

Receptor-specific parameterizations of stomatal ozone fluxes, F:, were applied for birch, spruce,
potato and wheat, including formulations for earlier ozone impacts, growing season development and
stomatal response functions dependent on meteorological variables such as temperature,
photosynthetically active radiation (PAR), vapour pressure deficit (VPD) and soil moisture. In
addition, PODY parameterizations for generic trees and generic crops were also calculated to support
broader vegetation assessments and consistency with international mapping and reporting activities.

The PODY calculations follow the flux-based methodology developed within the UNECE Convention
on Long-range Transboundary Air Pollution (CLRTAP), as described in the Mapping Manual of the
UNECE ICP Vegetation programme (UNECE, 2024). Here F, is a function of ambient ozone
concentrations close to the stomata, g, leaf surface-, and quasi laminar resistances (7. and 7,
respectively), as well as environmental conditions controlling the stomatal conductance, g

Tc

F = —<=— . where
st gstHsth+Tc s

Ist = 9max X min (fphenr f03) X flight X max(fmin' [ftemp X fVPD X fSW]) and

PODY = Y max (0,F;; —Y) X At .



The functions f5,- all take values between 0.0 and 1.0 and are described in Langner et al. (2019) together
with receptor-specific canopy heights, Y-values, giax and fiin etc.

As described in Langner et al. (2019), foi» in the MATCH Sweden system specifically make use of the
phenological functions developed for Swedish conditions for birch, spruce, potato and wheat (Karlsson
et al., 2018). Here, the growing season for birch and spruce is based on county-specific temperature
sums together with functions incorporating latitude and day of year. f,... for potato and wheat is largely
based on county-based statistics of mid-anthesis of these crops.

Figure 2 describes the flow from from hourly reanalyzed ozone concentration to PODY for the
respective receptors. Note that while fiign, fiemp, frep and fsw can be deduced hour by hour while the
particulars of the respective receptor’s growing season (fy.) and premature senescence due to
accumulated ozone impacts (fo3) need to be precalculated for each year.
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Figure 2. Work flow; from hourly ozone concentration to annually accumulated PODY for the various
receptors. Blue areas represent input data while green areas are the results of the PODY
calculations. Double frames indicate receptor-specific values while a dashed frame indicate
an accumulated value over the whole year.

3.3 Reanalysed hourly ozone concentrations

For ozone concentrations we had access to two different long-term reanalyses produced and described
by Andersson et al. (2015; 2017) covering 1990 through 2013 (ALL and ALLLONGTERM). For 2013
through 2023 we had access to the publicly available data from the Swedish environmental monitoring
(see https://www.smhi.se/data/luftkvalitet/datavardskap-atmosfarskemi; Alpfjord and Andersson,
2015; MO). All three ozone reanalyses have been produced using the MATCH Sweden System and
were generated in an almost identical manner, see Table 1 below.

The input ozone reanalyses are all available on hourly resolution. The fields come on a rotated
latitude-longitude grid with 0.2° x 0.2° (ca. 22 km x 22 km) grid size over the period 1990-2019 and
on 0.1° x 0.1° (ca. 11 km x 11 km) grids for 2020-2023. All ozone data were interpolated to the

5.5 km x 5.5 km resolution of the current PODY calculations.


https://www.smhi.se/data/luftkvalitet/datavardskap-atmosfarskemi

Our main results, here denoted RA_TOT and presented in Section 4, is formed from two sets of
PODY reanalyses, which make use of as much ozone observations as possible, namely:

RA_TOT (1990-2023) = RA_ALL (1990-2013) + RA_ MO (2014-2023)

Where RA_ALL is our PODY reanalysis covering the period 1990 through 2013 using the ALL ozone
reanalysis of Andersson et al. (2017) as input and RA_MO (presently covering the period 2013-2024)
is our PODY reanalysis extending the period through 2023 by using operational ozone reanalyses from
the Swedish operational environmental monitoring (Alpfjord and Andersson, 2015) as input.

The validity of using slightly different input data in producing the input ozone concentrations for our
PODY calculations is explored in Section 5 below.

3.4 Meteorology and surface data

Meteorological and surface (e.g. soil moisture) input data used in the PODY calculations were
obtained from the Copernicus European Regional Reanalysis system (CERRA). The original
publication (Ridal et al., 2024) provides a thorough description of the data and includes results up to
2021. The data itself is downloaded from the Copernicus Climate Data Store (CDS,
https://cds.climate.copernicus.eu/datasets?q=cerra), where it is continuously augmented with recent
data. As of June 2026, the data on CDS include data up through 2023, hence our PODY reanalysis
ends here.

CERRA features all relevant meteorological and surface variables on a Lambert conformal conical
grid with 5.5 km X 5.5 km horizontal resolution and hourly to daily time resolution. This data is
internally coherent and time-consistent over the considered period. The meteorological and surface
data were regridded to a 0.05° x 0.05° (5.5 km x 5.5 km) rotated latitude-longitude grid, covering
Sweden that fits geometrically into the coarser (0.2° x 0.2° or 0.1° % 0.1°) ozone data (see Figure 1).

The meteorological and surface data from CERRA are used in all our calculation of the f;,.-functions,
which determine the stomatal conductance, g, (see Langner et al., 2019) at every grid cell, at every
hour. The CERRA data is also used to deduce the effectiveness of near-surface mixing, which is used
to convert the reanalysed ozone concentrations to canopy layer height (20 meters above surface for the
3 tree receptors and 1 meter above surface for the 3 crop receptors).

3.5 Overlapping data in 2013

Table 1 summarizes the specifics of the various PODY reanalyses developed and used in this study.
RA_LONG, RA_ALL, RA MO and MO use reanalysed (fused modelled and observed) hourly ozone
concentrations as input, while EMEP (2015) and EMEP (2025) use modelled ozone. RA LONG and
RA_ALL differ with respect to the more stringent criteria for which ozone measurements to include in
the RA_LONG reanalysis but cover identical time period (see Andersson et al, 2017). RA_ MO and
MO cover a later period and are both based on ozone concentrations from the national operational
environmental monitoring (Alpfjord and Andersson, 2015;
https://www.smhi.se/data/luftkvalitet/datavardskap-atmosfarskemi), but where RA_MO uses the same
input meteorology as RA LONG and RA_ALL. The EMEP data are only available for generic
deciduous tree and generic crops and will be used for comparison. RA_TOT is not a separate
simulation but a concatenation of RA_ ALL (1990-2013) and RA_MO (2014-2023).



https://cds.climate.copernicus.eu/datasets?q=cerra
https://www.smhi.se/data/luftkvalitet/datavardskap-atmosfarskemi

Table 1. Characteristics of the different simulations. Note the overlap during 2013.

SIMULATION POD MODEL INPUT METE- INPUT OZONE
PERIOD OROLOGY DATA
RA_LONG! 1990-2013 MATCH Sweden CERRA Fused modelled and
System Ridal et al. (2024) measured hourly
Langner et al. fields, reanalysis
(2019) ALLONGTERM
Andersson et al.
(2017)
RA_ALL? 1990-2013 MATCH Sweden CERRA Fused modelled and
System Ridal et al. (2024) measured hourly
Langner et al. fields, reanalysis ALL
(2019) Andersson et al.
(2017)
RA_MO? 2013-2023 MATCH Sweden CERRA Fused modelled and
System Ridal et al. (2024) measured hourly
Langner et al. fields, operational
(2019) reanalysis*
MOS 2013-2023 MATCH Sweden ECMWE-IFS, Fused modelled and
System MESAN, STRANG measured hourly
Langner et al. fields, operational
(2019) reanalysis ¢
EMEP 2013, 2014, 2015 EMEP MSC-W ECMWE-IFS Modelled fields by
(2015)7 rv4.7 EMEP MSC-W rv4.7
Gauss et al. (2015) Gauss et al. (2015)
EMEP 1990, 1995, 2000, EMEP ECMWEF-IFS Modelled fields by
(2025)8 2005, 2010, POD:-IAM_DF EMEP MSC-W rv5.6.
2015-2023 Klein et al. (2025) Klein et al. (2025)
Simpson et al.
(2022)
RA_TOT® 1990-2023 X X POD reanalyzes
RA_ALL (1990-
2013)
RA_MO (2014-2023)
! This study.
2 This study.
3 This study.

4 Swedish operational environmental monitoring mapping, produced annually.

https://www.smhi.se/data/luftkvalitet/datavardskap-atmosfarskemi Alpfjord and Andersson (2015).

5> Swedish operational environmental monitoring mapping. https://www.smhi.se/data/luftkvalitet/datavardskap-
atmosfarskemi

¢ Swedish operational environmental monitoring mapping. https://www.smhi.se/data/luftkvalitet/datavardskap-
atmosfarskemi

7 Gauss et al. (2015)
8 Klein et al. (2025)

° This study.
10
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4 Results

Figure 3 and Figure 4 show maps of long term-term average PODY for trees and crops, respectively.
All six receptors feature the highest values in the south of Sweden (extending up along the east coast).
At high elevation sites in the Scandinavian mountains are all values low, indicating unfavourable
growing conditions for the receptors considered in this study.

As already pointed out by Langner et al. (2019), practically all of Sweden exceed the “acceptable
biomass loss” (UNECE, 2024; page 107) by a wide margin. For birch a 4 % annual reduction is
expected at >5.2 mmol m? while for spruce a 2 % annual reduction is expected at >9.2 mmol m2. The
exceedances are substantial and raises questions about whether the PODY-formulations for birch and
spruce are correct, whether the critical levels set by the Mapping Manual are applicable to Swedish
conditions, or whether the trees in Sweden actually live in an environment with such a high level of
ozone-induces stress. The implementation in the MATCH Sweden System was scrutinized on several
occasions and any significant impact from errors and bugs to the system has been ruled out
(Andersson and Langner, 2023; Karlsson et al., 2024). These questions remain subjects to additional
studies.

Sweden is generally well below the receptor-specific (UNECE, 2024) critical limits for potato (5 %
reduction at > 3.8 mmol m POD6.c) while for wheat (5 % reduction at > 1.3-2.0 mmol m?
POD6spcc) the major part of south and central Sweden exceeds 1.5 mmol m?, indicating ozone induced
damages in these parts of Sweden.

Figure 5 and Figure 6 show the spatial variation of the linear trend of PODY for all receptors over the
34-year period 1990-2023'°. There are tendencies for an increasing trend in most PODY receptors in
the north of Sweden. All tree receptors feature decreases in central and southern Sweden while — in
particular — POD6spec potato show increasing trends in central and southern Sweden. Although a
large area in central Sweden features significant negative trends of all tree receptors, the spatially
averaged trends are generally not statistically significant, see Table 2.

As evident from Figure 7 and Figure 8 is the interannual variation large for all receptors in all regions,
which obscures potential long-term trends. From Figure 7 and Figure 8 it can be noted that the year-to-
year variations in PODY for the crop receptors are particularly large, in relative terms — a consequence
of their higher thresholds (Y-values). This large inter-annual variation masks the comparatively large
(and thus mostly insignificant) trend in POD6spec potato, which increase 40 to 54 % in our three
Swedish regions over the considered 34-year period.

A final thing to bear in mind is that both the long-term averages and the long-term trends of PODY
have been calculate over all 5.5 km x 5.5 km land cells of Sweden. The maps and regional trends in
Table 2 will therefore likely not represent the conditions where, say, spruce grow naturally or where
farmers actually grow potato. Refinement to even higher resolution was deemed to be outside the
scope of the present project.

10 Seemingly strong trends in some coastal areas are, yet to be resolved, technical problems arising when
merging trend data over water with land data and should be ignored.
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Figure 3. Long-term average (1990-2023) annually accumulated PODY for (left) POD1gen deciduous
trees, (middle) POD1spec birch and (right) POD1spec spruce. Data are based on the

reanalysis including all observations (RA_TOT). Unit: mmol m™.
Note different color scales in Figure 3 and Figure 4.
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Figure 4. Long-term average (1990-2023) annually accumulated PODY for (left) POD3gen crops,
(middle) POD6spec potato and (right) POD6 spec wheat. Data are based on the reanalysis
including all observations (RA_TOT). Unit: mmol m™.

Note different color scales in Figure 3 and Figure 4.
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Figure 5. Long-term (1990-2023) linear trend in PODY for: (left) POD1gen deciduous trees, (middle)
PODIspec birch and (right) PODIspec spruce. Data are based on the reanalysis including

all observations (RA_TOT). Unit: mmol m™ year.

Receptors >

0.05
0.01
-0.01
-0.05
-0.1
-0.2

Figure 6. Long-term (1990-2023) linear trend in PODY for: (left) POD3gen crops, (middle)
PODé6spec potato and (vight) POD6 spec wheat. Data are based on the reanalysis including
all observations (RA_TOT). Unit: mmol m” year™.
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Table 2. Long-term linear trend in six PODY receptors for (1990-2023) in mmol m year”. Bold
numbers marked with an asterisk are significant to p<0.05. Values within parenthesis are percentual
change'! over the 34-year period. Data are based on the reanalysis including all observations
(RA_TOT) considering all cells with at least 20 % land.

RECEPTOR NORTH CENTRAL SOUTH
POD1GEN 0.00 -0.06* -0.03
DECIDUOUS TREE (0 %) (-12 %) (-5 %)
POD1SPEC BIRCH +0.03 -0.05 -0.01
+9 %) (-7 %) (-1 %)
POD1SPEC SPRUCE 0.00 -0.06* -0.01
(+1 %) (-12 %) (-3 %)
POD3GEN CROPS +0.01 -0.03 +0.01
+9 %) (-8 %) (+3 %)
POD6SPEC POTATO +0.01 +0.02 +0.03*
(+54 %) (+40 %) (+54 %)
POD6SPEC WHEAT 0.00 0.00 +0.01
(+11 %) (-6 %) (+9 %)

11 Calculated as the respective regional trend (in mmol m? year ') divided by the long-term average
(in mmol m) of the corresponding region and multiplied with 33x100 to get percentual change

over the full period.

14
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Figure 7. Annual variation (1990-2023) of: (top) PODIgen deciduous trees;
(middle) POD1spec birch; (bottom) PODIspec spruce. Data are based on the reanalysis
including maximum number of observations (RA_TOT). The three curves represent the
different regions of Sweden marked in Figure 1.
Unit: mmol m™.
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5 The robustness of the PODY analyses

In this section we discuss the implications of using slightly different ozone data in our PODY
reanalyses and compare our results with earlier studies.

Figure 9 summarizes the differences by showing PODY averaged over the whole of Sweden for the
year 2013, where we have overlapping ozone data for a number of different PODY calculations. The
results of the different calculations are generally comparable for the different receptors and there are
no pervasive features, although discrepancies are to be expected following the differences in the
driving ozone concentrations, meteorology and surface data. We can, for example, recall that MO uses
different meteorological input data compared to our three reanalyses and its soil moisture data is valid
at 1-3 meters depth while in our PODY reanalyses we have used soil moisture at 0.8-1.0 meters depth.
A shallower depth is expected to result in reduced F due to a more variable and typically drier soil.
However, the differences between, say, RA LONG and MO appears coincidental: For deciduous
trees, birch and wheat are MO slightly lower, while MO is clearly higher than RA_LONG for crops
and potato but very similar for spruce. Likewise, the EMEP (2015) data are much higher for deciduous
trees but clearly lower for crops.

Figure 10 and Figure 11 show the spatial distribution of PODY for our six receptors for the year 2013.
A visual inspection of the maps shows there is hardly any differences in any part of Sweden, except
for parts of the mountainous areas where the coarser resolution of MO produces a slightly different
picture. There are also tendencies for PODY being slightly higher (in confined coastal areas close to
Oland, Gotland and the Aland archipelago) for some of the receptors in RA_MO than in RA_ALL and
RA_LONG.

Figure 12 and Figure 13 show long-term average PODY for the receptors considered in this study. The
figures demonstrate the similarity between, in particular, the RA_ LONG and the RA ALL, both
covering the period 1990-2013. The rightmost panels in both figures depicts RA_ TOT, which have
already been shown in this report (Figure 3 and Figure 4). RA_TOT covers an extended period (1990-
2023) and should not be expected to be identical to the other two PODY reanalyses. Still, it is very
difficult to identify any areas where the long-term averages differ substantially between the three re-
analyses, indicating that the long-term averages presented in Figure 3 and Figure 4 are robust and that
temporal trends are minor due to the fact that the addition of 10 years of data hardly alter the results.

Figure 14 and Figure 15 present a seemingly different picture. The figures show long-term trends in
PODY for the receptors considered in this study. While the overall impression is that there is barely
any significant trend over the periods, there are clear differences looking into the details, particularly
when comparing significant trends between the three datasets. There are substantial differences in the
linear trend of PODY in some parts of Sweden between the RA LONG and RA_ ALL (the two
leftmost columns), which both cover the same period and where RA_LONG is time-consistent in
terms of observation sites (see Andersson et al., 2017). These differences are particularly pronounced
in the central part of Sweden related to the introduction or termination of ozone sites used in the ozone
reanalysis. As also evident from Table 3, are the regionally averaged linear trends in central Sweden
noticeably different between RA_ LONG and RA_ALL. For POD1spec BIRCH we even see an
increasing trend in RA_ LONG and a decreasing trend in RA_ALL, albeit none of these trends are
statistically significant. Appendix, Figure A1, shows data capture by year for individual observation
sites included in RA_LONG, RA_ALL and RA_MO respectively. Particularly central Sweden appears
to be impacted by the closure of Aspvreten, and introduction of Norunda, Norr Malma and Grimsoé.
Similarly, POD6spec for potato in southern Sweden (and the Scandes) is likely also due to changes in
observation sites in the time period. It is out of the scope of this study to in detail study the impact of
these changes.

The rightmost panels in Figure 14 and Figure 15 depict RA TOT which have already been shown in
this report (Figure 5 and Figure 6) . RA_TOT covers an extended period (1990-2023) and should not
be expected to be identical to the other two PODY reanalyses. Table 3 reveals that while RA_ LONG
and RA_ALL is similar in northern Sweden RA_ TOT consequently shows a different (smaller) trends.
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None of the calculated trends in northern Sweden are, however, significant. For southern and central
Sweden, RA_TOT often feature a stronger negative trend than RA LONG and there are a handful of
instances with significant negative (or positive trends). In all these instances are the signs of the trends
in all three reanalyses identical. Considering details in RA_TOT compared to RA_ALL, there is also a
positive trend along the greater Baltic Sea coastline, in similar locations as differences were identified
for 2013. These trends are also likely artificial and due to changes in reanalysed ozone between

RA ALL and RA MO.

The significant trends in RA_TOT for POD1 in central Sweden, and POD6spec potato in southern
Sweden are thus likely artificial, due to the large number of changing sites in the 1990-2023 period. A
user in need of a strictly time-consistent dataset should consider the RA_LONG dataset, available for
1990-2013. It would have been possible to construct a long-term time-consistent dataset for 1990-
2023, including only sites that have been available throughout the whole time period. Such a dataset
would however only include 2 Swedish sites if restricted to the same location, or 4 sites if R46 and
Rorvik, and Vavihill and Hallahus can be considered as interchangeable. For this study the benefit of
the additional effort was deemed as not worthwhile, considering the few Swedish sites fulfilling the
criteria. This illustrates the problem with changing location of observational sites over time and the
importance of maintaining long-term sites for trend analysis purposes.

Figure 16 and Figure 17, finally, show regionally averaged annual variation of PODY for the receptors
considered in this study. The figures are shown to illustrate the growing difference between the

RA LONG and the RA_ALL simulations, but also how small this difference is compared to the
interannual variation of PODY stemming from variations in meteorology and surface data.

The different reanalyses show very similar inter-annual variation while the difference between the
various reanalyses remain relatively small (and practically absent in the north of Sweden). The
difference in PODY for a particular year and receptor is always much less than, say, 10 % while year-
to-year variations due to differences in meteorology is on the order 30-40 % for the tree receptors and
often over 100 % for the crop receptors.

PODY Sweden, 2013
25

20

15

DECIDUOUS_TREE BIRCH SPRUCE CROPS POTATO*10 WHEAT*10

1

mmol m2?
o

&

B RA_LONG (thisstudy) W RA_ALL (thisstudy) WRA_MO (thisstudy) WMO  mEMEP(2015)
Figure 9. PODY for six receptors averaged over the whole Swedish land area for the year 2013 using

different input data, see Table 1. Note that PODY6spec POTATO and PODY6spec WHEAT
has been multiplied by 10 to increase legibility.
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Table 3. Linear trend (mmol m™ year™) in six PODY metrics for three different reanalyses RA LONG
and RA_ALL (1990-2013) and RA_TOT (the total dataset; 1990-2023). RA_TOT is RA_ALL (1990-
2013) padded with RA_MO (2014-2023). Bold numbers marked with an asterisk are significant to

p<0.05. Red and blue entries highlight positive and negative changes, respectively.

North Central South
1990-2013 1990-2023 1990-2013 1990-2023 1990-2013 1990-2023
RA RA RA
Receptor LONG | RAALL |RA TOT | | “o. | RA ALL | RA TOT | [ S | RAALL | RA TOT
POD1GEN
DECIDUOUS 0.03 0.03 0.00 -0.03 -0.08 -0.06* -0.02 -0.03 -0.03
TREE
PODI1SPEC
BIRCH 0.11 0.10 0.03 0.04 -0.03 -0.05 0.01 0.00 -0.01
PODI1SPEC % %
SPRUCE 0.04 0.03 0.00 -0.03 -0.08 -0.06 -0.01 -0.02 -0.01
POD3GEN
CROPS 0.02 0.02 0.01 -0.01 -0.04 -0.03 -0.02 -0.03 0.01
POD6SPEC *
POTATO 0.02 0.02 0.01 0.03 0.03 0.02 0.02 0.02 0.03
POD6SPEC
WHEAT 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01
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POD1gen DECIDUOUS_TREE 2013 POD1gen DECIDUOUS_TREE 2013
; e 3 : 54

Figure 10. PODY for different tree receptors for the year 2013 using different input data. Left column:
RA_LONG, middle left: RA_ALL, middle right: RA_MO and right: MO. Top row: PODIgen
deciduous trees. Middle row: POD Ispec birch. Bottom row: POD6spec wheat. Note
different color scales in Figure 10 and Figure 11.
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POD6spec POTATO 2013
£

POD6spec WHEAT 2013

Figure 11. PODY for crop receptors for the year 2013 using different input data. Left column:
RA_LONG, middle left: RA_ALL, middle right: RA_MO and right: MO. Top row: POD3gen
crops. Middle row: POD6spec potato. Bottom row: PODG6spec wheat. Note different color
scales in Figure 10 and Figure 11.
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Figure 12. Period mean annual PODIgen deciduous trees (top), PODIspec birch (middle) and
POD1lspec spruce (bottom). Left column period means based on RA_LONG (1990-2013),
middle column based on RA_ALL (1990-2013) and right column based on RA_TOT (1990-
2023). Unit: mmol m™. Note different color scales in Figure 12 and Figure 13.
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Figure 13. Period mean annual POD3gen crops (top), POD6spec potato (middle) and POD6spec
wheat (bottom). Left column period means based on RA_LONG (1990-2013), middle column
based on RA_ALL (1990-2013) and right column based on RA_TOT (1990-2023) Unit:
mmol m™. Note different color scales in Figure 12 and Figure 13.
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Figure 14. Linear trend (mmol m” year™) in PODI metrics for different tree receptors for the three
different reanalyses constructed in this study. Left column: RA_LONG (1990-2013). Middle
column: RA_ALL (1990-2013). Right column: RA_TOT (1990-2023). Top to bottom rows:
PODIgen deciduous trees, PODlIspec birch, POD1spec spruce. Insignificant trends
(p>0.05) are stippled.
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- -10

Figure 15. Linear trend (mmol m? year”) in PODX metrics for different crop receptors for the three
different reanalyses constructed in this study. Left column: RA_LONG (1990-2013). Middle
column: RA_ALL (1990-2013). Right column: RA_TOT (1990-2023). Top to bottom rows:
POD3gen crops, POD6spec potato, PODIspec wheat. Insignificant trends (p>0.05) are
stippled.
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Figure 16. Annual variation (1990-2023) of: (top) POD1gen deciduous trees,; (middle) POD1spec
birch, (bottom) PODIspec spruce. The different lines represent the different reanalysis data sets
described in Table 1. The three colors represent the different regions of Sweden marked in Figure 1.

Unit: mmol m™.
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Figure 17. As Figure 16 but: (top) POD3gen crops; (middle) POD6spec potato, (bottom) POD6spec

wheat.
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6 Conclusions

In this report we present a long-term (1990-2023) reanalysis of Phytotoxic Ozone Dose above a flux
threshold of Y (PODY). The dataset covers Sweden at 5.5 km % 5.5 km resolution and includes two
generic and four specific PODY receptors (POD1gen for deciduous trees, POD1spec for birch and
spruce, POD3gen for crops, and POD6spec for potato and wheat). The PODY reanalysis was
constructed by the MATCH Sweden System using input meteorology from the Copernicus European
Regional Reanalysis system and ozone data from modelled ozone concentrations merged with
observations (0zone reanalyses).

The results are available as gridded fields for each consecutive year and presented in this report as
maps showing the spatial variation in mean values and trends or averaged over the whole of Sweden
or three different regions of Sweden (North, Central and South).

PODY, for all receptors, is highest in the south of Sweden and lowest in the Scandinavian mountains.
The estimated PODY for birch and spruce are well above the critical levels set by UNECE in
practically all of Sweden. For wheat, the critical limits for grain yield and grain weight are exceeded in
most of south and central Sweden.

Based on the large inter-annual variation of all receptors during the studied period, we argue that there
is little evidence of temporal trends in PODY for any of the receptors during the considered period. A
statistical analysis of the long-term (1990-2023) data could only detect significant trends (p<0.05) for
PODI1gen deciduous trees and POD1spec spruce in central Sweden (-0.06 mmol m year™! for both
receptors) and for POD6spec potato in southern Sweden (+0.03 mmol m™ year™). In a separate PODY
calculation for 1990-2013, where we used ozone data from a strictly consistent ozone reanalysis (using
a smaller but unchanging subset of stations), we show that some of the trends in south and central
Sweden are likely influenced by the introduction of new observation sites in the ozone reanalyses used
in our long-term reanalysis.

The presented PODY data are the results of modelling efforts and cannot be evaluated by direct
comparison with observations. We have, however, compared our results with independent calculations
performed by the EMEP system (Gauss et al., 2015; Klein et al., 2025). This is not an evaluation, but
indicates robustness of the respective estimates. We note that our POD1gen deciduous tree is
consequently ca. 20 % lower than EMEP’s calculations while our POD3gen crops is ca 20 % higher
than EMEP’s calculations. Time series (shown in the Appendix) of POD1gen deciduous tree and
POD3gen crops show very similar year-to-year variations in our reanalysis and the published EMEP
results. Our reanalysis has likewise a similar year-to-year variability as the operationally produced
PODY data available at SMHI’s website while the absolute values may differ to a similar extent.

We conclude that ozone concentrations are the determining factor for PODY levels, while the
meteorological variability controls the interannual variations.

7 Appendix
In this appendix we include additional supporting figures and tables:
e Figure Al. Ozone observation sites used in RA_TOT, including their annual capture.

e Figures A2-A4. Comparison of different datasets for PODY for 1990-2023 averaged over
three regions.

¢ Figures A5-A10. Percentiles of PODY based on RA TOT.

e Figures Al1. Annually accumulated POD1gen deciduous trees.

28



1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 99 99 99 99 98 90 99 99 99 97 0 0 99 99 99 99 98 99
82 88 87 92 89 94 96 97 97 91 84 87 95 96 95 96 94 91 95 99 95 93 98 93 98 94 0 0 0 0 0 0 0 0
97 99 95 98 98 98 99 99 98 97 99 97 0 0 0 0 0 0 0 0 0 0 0 0 99 98 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 98 98 99 98 99 99 99 99 99 98 99 98 0 0 99 99 99 97 99 99 97 99

0 0 0 0 0 0 0 0 0 0 0 0 0 0 58 98 99 97 96 99 99 99 99 98 93 99 99 99 99 95 99 99 98 96,
98 94 99 98 99 97 96 98 98 98 98 99 98 98 99 96 98 96 97 97 98 98 97 93 99 99 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 98 99 99 99 98 98 99 99
30 95 96 93 97 96 99 99 99 99 99 99 99 99 99 99 99 98 97 99 99 99 92 98 99 99 99 99 99 99 99 94 96 99
98 96 95 97 98 96 98 98 99 95 99 95 98 99 99 94 95 95 98 99 98 99 91 95 0 0 0 0 0 0 0 0 0 0
95 97 95 99 98 99 99 99 99 99 97 99 99 98 99 99 97 98 98 97 98 96 96 99 99 99 99 99 99 99 94 99 99 98

0 0 0 0 0 0 0 0 0 0 41 96 99 99 98 99 99 99 99 99 99 99 99 99 97 99 97 99 98 99 96 99 99 98

0 0 0 97 99 49 89 99 99 74 99 94 0 0 44 0 0 97 99 99 87 0 58 95 86 98 98 97 98 98 95 98 96 99

0 0 0 0 0 0 0 0 0 0 0 47 34 20 44 49 49 50 49 49 50 48 49 99 99 99 99 99 98 98 99 99 98 98

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 78 98 99 96 78 97

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 55 0 0 97 84 99 98 99 99 99 97
98 99 88 80 94 20 96 97 99 99 99 99 98 98 98 98 98 99 98 95 0 0 79 85 99 99 95 97 99 98 99 97 98

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 94 86 79 0 0 0 0 0 0 0 0 0 0 0
90 99 91 72 99 92 99 99 99 99 99 99 96 98 99 99 99 99 99 99 99 99 99 99 99 91 93 99 92 99 99 99 98 99
89 88 92 97 96 96 99 99 99 99 99 99 99 99 99 99 99 99 97 99 99 98 97 98 99 91 99 99 99 98 92 99 98 98
99 99 64 98 97 98 99 87 99 99 98 98 99 98 99 99 99 98 99 97 99 99 98 95 99 99 97 95 96 99 99 98 99 98

0 47 22 42 51 50 52 55 48 49 51 39 52 52 99 99 40 0 67 93 88 72 89 98 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 99 99 94 96 99 98 99 98 92 98 99

Figure Al. Observation sites included in the ozone reanalyses used in RA_ LONG (1990-2013: red), RA_ALL (1990-2013, red+yellow) and RA_TOT (1990-

2023; red+yellow+blue). Annual capture of hourly observations is given as a number (%). Sites that are considered as interchangeable are not

separated by horizontal line (SE02 and SE14, NOOI and NOO02, NO489 and NO56). For geographical location of sites, see Figure 1.
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Figure A2. Annual variation of PODY, 1990 through 2023, for generic deciduous tree (top) and
generic crops (bottom). Data averaged over all Swedish land. Results from different setups
in the present study are compared with results from EMEP. Note the overlap in 2013 (and in
2015 for the two EMEP data sets of generic deciduous tree). EMEP (2015) and EMEP
(2025) are extracted from Gauss et al. (2015) and Klein et al. (2025), respectively.
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Figure A3. Annual variation of PODIspec, 1990 through 2023, for Birch (top) and Spruce (bottom).
Data averaged over all Swedish land. Results from different setups in the present study. Note
the overlap in 2013.
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Figure A4. Annual variation of POD6spec, 1990 through 2023, for Potato (top) and Wheat (bottom).
Data averaged over all Swedish land. Results from different setups in the present study. Note
the overlap in 2013.
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Figure A5. Long-term percentiles of annually accumulated PODI1gen deciduous tree (1990-2023).
From left to right: percentiles 0 (minimum), 50 (median), 90 and 100 (maximum). Data are
based on the reanalysis including all observations (RA_TOT). Unit: mmol m”. Note the
different color scales between Figures A4-A6 and A7-A9.
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Figure A6. Long-term percentiles of annually accumulated POD Ispec birch (1990-2023). From left to
right: percentiles 0 (minimum), 50 (median), 90 and 100 (maximum). Data are based on the

reanalysis including all observations (RA_TOT). Unit: mmol m™. Note the different color
scales between Figures A4-A6 and A7-A9.
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Figure A7. Long-term percentiles of annually accumulated POD Ispec spruce (1990-2023). From left
to right: percentiles 0 (minimum), 50 (median), 90 and 100 (maximum). Data are based on
the reanalysis including all observations (RA_TOT). Unit: mmol m™. Note the different color
scales between Figures A4-A6 and A7-A9.
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Figure A8. Long-term percentiles of annually accumulated POD3gen crops (1990-2023). From left to
right: percentiles 0 (minimum), 50 (median), 90 and 100 (maximum). Data are based on the

reanalysis including all observations (RA_TOT). Unit: mmol m™. Note the different color
scales between Figures A4-A6 and A7-A9.
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Figure A9. Long-term percentiles of annually accumulated POD6spec potato (1990-2023). From left
to right: percentiles 0 (minimum), 50 (median), 90 and 100 (maximum). Data are based on

the reanalysis including all observations (RA_TOT). Unit: mmol m™. Note the different color
scales between Figures A4-A6 and A7-A9.
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Figure A10. Long-term percentiles of annually accumulated POD6spec potato (1990-2023). From left
to right: percentiles 0 (minimum), 50 (median), 90 and 100 (maximum). Data are based on

the reanalysis including all observations (RA_TOT). Unit: mmol m™. Note the different color
scales between Figures A4-A6 and A7-A9.
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Figure All. Annually accumulated PODI1gen deciduous trees for individual years (1990-2023). Data are based on the reanalysis including all observations
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(RA_TOT), but with overlap in 2013 between RA_ALL and RA_MO. Unit: mmol m™.
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Figure All. Annually accumulated PODI1gen deciduous trees for individual years (1990-2023), continued. Data are based on the reanalysis including all

observations (RA_TOT), but with overlap in 2013 between RA_ALL and RA_MO. Unit: mmol m™.
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Figure All. Annually accumulated POD1gen deciduous trees for individual years (1990-2023), continued. Data are based on the reanalysis including all
observations (RA_TOT), but with overlap in 2013 between RA_ALL and RA_MO. Unit: mmol m™.
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		Tabbordning		Godkänt		Tabbordningen stämmer överens med strukturordningen



		Teckenkodning		Överhoppat		Tillförlitlig teckenkodning erbjuds



		Taggad multimedia		Godkänt		Alla multimedieobjekt är taggade



		Skärmflimmer		Godkänt		Sidan kommer inte att orsaka skärmflimmer



		Skript		Godkänt		Inga otillgängliga skript



		Tidsbestämda svar		Godkänt		Sidan kräver inga tidsbestämda svar



		Navigeringslänkar		Godkänt		Navigeringslänkarna är inte repetitiva



		Formulär





		Regelnamn		Status		Beskrivning



		Taggade formulärfält		Godkänt		Alla formulärfält är taggade



		Fältbeskrivningar		Godkänt		Alla formulärfält har beskrivningar



		Alternativ text





		Regelnamn		Status		Beskrivning



		Alternativ text för figurer		Godkänt		Figurer måste ha alternativ text



		Inkapslad alternativ text		Godkänt		Alternativ text som aldrig kommer att läsas.



		Kopplat till innehåll		Överhoppat		Alternativ text måste vara kopplad till något innehåll



		Döljer anteckning		Godkänt		Den alternativa texten bör inte dölja anteckningen



		Alternativ text för andra element		Godkänt		Andra element som kräver alternativ text



		Tabeller





		Regelnamn		Status		Beskrivning



		Rader		Godkänt		TR måste vara underordnad Table, THead, TBody eller TFoot



		TH och TD		Godkänt		TH och TD måste vara underordnade TR



		Rubriker		Överhoppat		Tabeller bör ha rubriker



		Regelbundenhet		Överhoppat		Tabeller måste innehålla samma antal kolumner i varje rad och samma antal rader i varje kolumn



		Sammanfattning		Överhoppat		Tabeller måste ha en sammanfattning



		Listor





		Regelnamn		Status		Beskrivning



		Listpunkter		Godkänt		LI måste vara underordnad L



		Lbl och LBody		Godkänt		Lbl och LBody måste vara underordnade LI



		Rubriker





		Regelnamn		Status		Beskrivning



		Relevant kapsling		Godkänt		Relevant kapsling
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