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Abstract. 

Reducing surface ozone to meet the European Union’s target for human health has proven 
challenging despite stringent controls on ozone precursor emissions over recent decades. The most 
extreme ozone pollution episodes are linked to heatwaves and droughts, which are increasing in 
frequency and intensity over Europe, with severe impacts on natural and human systems. Here, we 
use observations and Earth system model simulations for the period 1960–2018 to show that 
ecosystem-atmosphere interactions, especially reduced ozone removal by water-stressed 
vegetation, exacerbate ozone air pollution over Europe. These vegetation feedbacks worsen peak 
ozone episodes during European mega-droughts, such as the 2003 event, offsetting much of the 
air quality improvements gained from regional emissions controls. As the frequency of hot and 
dry summers is expected to increase over the coming decades, this climate penalty could be severe 
and therefore needs to be considered when designing clean air policy in the European Union. 

Main [3005 words] 

Ground-level ozone exposure harms human and plant health, especially on hot summer days 
when pollution from cars and power plants fuels ozone formation. To lessen these impacts, the 
European Union (EU) has developed legislation to reduce regional ozone precursor emissions from 
Member States1-4. Since 1980, emissions of nitrogen oxides (NOx), the key precursor to ozone 
formation, leveled off and then declined, after rising for several decades over Europe1,5-8. 
Nevertheless, European surface ozone continued to increase across all seasons, by as much as 10 
ppb (20%) in the 1980s and 5 ppb (10%) in the 1990s9,10. Although the peak ozone concentrations 
started to decrease in the 2000s, the fraction of the urban population (more than 70% of total 
population) in Europe exposed to ozone levels exceeding the World Health Organization’s air 
quality guideline (8-hour daily maximum above 100 µg/m3) remained consistently over 95% 
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(ref.11,12). Despite decades of research, accurately simulating long-term ozone trends in Europe 
remains a challenge in various models, including: hindcast simulations forced by observed 
interannually varying meteorology13-15, chemical transport models with time-varying emissions 
but fixed-year meteorology16,17, and chemistry-climate model simulations constrained by historical 
emissions18,19. In particular, little is known about the drivers of the summertime ozone increases 
observed in the 1980s and 1990s, when ozone precursor emissions were constant or decreasing 
over Europe and North America and pollution transport from Asia was relatively low20,21. 

Peak ozone episodes during summer are linked to weather conditions, especially stagnant 
high-pressure systems, heatwaves, and droughts. Land-atmosphere interactions typically worsen 
the persistence of such weather extremes in Europe22-27. High temperatures accelerate soil drying, 
and dry soils warm the atmosphere by retaining less water for evapotranspiration28. Under drought 
stress, plants close their stomata to reduce water loss, limiting the uptake of ozone by vegetation 
(a component of dry deposition) and increasing surface ozone concentrations29,30. The impact of 
such ecosystem-atmosphere interactions on air quality is often overlooked in large-scale 
atmospheric chemistry models21,31-34. These models typically parameterize ozone deposition using 
a variant of the Wesely (1989) scheme35, which does not account for stomatal closure induced by 
soil drying or rising atmospheric CO2 concentrations30,35,36. A few recent models show the 
importance of including the effects of soil moisture37-41 and ozone damage42,43 on stomatal uptake, 
which represents 40–80% of total ozone deposition30,40. Improved understanding of ozone 
deposition is required to interpret the observed trends of ozone air pollution in Europe and to 
benefit adaptation and mitigation efforts. 

Here we show the slow progress towards improving ozone air quality in Europe can be partly 
explained by declining rates of ozone removal by water-stressed vegetation in response to climate 
warming. Ecosystem-atmosphere interactions exacerbate the sensitivity of extreme ozone levels 
to increasing temperature, i.e., the ozone climate penalty44,45, in densely populated regions of 
Europe, offsetting the benefits from regional precursor emissions controls. Specifically, we 
investigate the contribution of drought to the climate penalty on ozone extremes over the past six 
decades, using observations and earth system model simulations with interactive dry 
deposition40,46 and atmospheric chemistry21,47 (Methods). In contrast to the widely used Wesely 
scheme31-35 and other empirical approaches36-39,48, our dry deposition scheme includes a 
mechanistic simulation of ozone deposition to vegetation depending on photosynthesis, soil water 
stress, atmospheric CO2 concentration and vapor pressure deficit40 (Methods). 

Observed climate penalty on ozone air pollution 

We analyze regionally representative observations at the four Global Atmosphere Watch stations 
in Europe with the longest continuous surface ozone records: Hohenpeissenberg, Germany; 
Zugspitze, Germany; Sonnblick, Austria; and Jungfraujoch, Switzerland (Methods). Summertime 
ozone at these sites correlates strongly with surface air temperature on interannual-to-decadal time 
scales and has increased rapidly from the 1980s to the early 2000s, with a slope of approximately 
5 ppb K-1 (r2 =0.6; Fig.1a and Extended Data Fig.1). The trend of ozone does not mimic that of 
regional NOx emissions, which show little change in the 1980s followed by a sharp decrease to the 
1960 level by 2018, broadly consistent with decreases in tropospheric NO2 columns observed from 
space8 (Fig.1b). Similar to NOx, anthropogenic emissions of other ozone precursors in Europe 
have also decreased markedly over recent decades11,49 (Extended Data Fig.2). The lack of 
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significant decreases in ozone during summer despite stringent emissions controls suggests an 
offsetting effect from climate warming. 

Despite a 45% reduction in regional NOx emissions (-67% for NMVOCs) from 1979 to 2015, little 
difference is discernable between 1979–1989 and 2001–2015 in the distributions of summertime 
daily maximum 8-hour average (MDA8) ozone measured at Hohenpeissenberg (Fig.2a). In fact, 
there is a 5% increase in the number of days when MDA8 ozone exceeds 60 ppb (120 µg/m3), the 
EU target for human health (not to be exceeded on more than 25 days per year, averaged over three 
years)2. Expanding our analysis to observations at hundreds of sites from the European Monitoring 
and Evaluation Program (EMEP) operated since 1990, we find a similar lack of change in the 
ozone distribution between 1990–2000 and 2001–2015 for July, when maximum temperatures 
typically occur in Europe (Fig.2b). A linear regression of the 95th percentile of MDA8 ozone in 
July during 1990–2015 supports insignificant trends (p ³ 0.05) at 88% of the stations (Extended 
Data Fig.3). In August, the observed ozone distribution shifted slightly downward in 2001–2015 
relative to 1990–2000 (Fig.2c). Nevertheless, the ozone decreases during August in Europe are 
two times weaker than those over the eastern United States associated with a similar strength of 
regional emissions controls during this period21. 

In July 1994, July 2006, and August 2003, much of Europe experienced weekly to monthly 
temperature anomalies over 5–10 °C above normal50,51, accompanied by severe soil moisture 
drought25,52,53. Deterioration of ozone air quality during these record hot and dry summers 
manifested as a significant upward shift in the MDA8 ozone distribution (Fig.2b-c). MDA8 ozone 
exceeded the 60-ppb EU air quality standard on half of site-days during these extreme summers, 
double to triple the long-term average exceedances. Exposure to high concentrations of ozone 
aggravates respiratory illness, exacerbating the negative health effects of heat54 and contributing 
to the catastrophic impacts of the 2003 heatwave, which had an estimated death toll of tens of 
thousands55,56. More recently, severe heatwaves and droughts during the summers of 2015 and 
2018 caused widespread exceedances of the health limits for ozone air pollution (Extended Data 
Fig.4). 

There has been an increase in heatwave frequency and magnitude over Europe during the last 20 
years50,57,58. The extent to which climate warming offsets ozone air quality improvements gained 
from emissions controls has not been quantified unambiguously. A correlation between high 
surface ozone and high temperatures reflects at least four processes: (1) air stagnation enabling 
accumulation of local chemical precursors that fuel ozone formation59,60; (2) high temperatures 
leading to thermal decomposition of peroxyacetyl nitrate (PAN), a reservoir for sequestering 
NOx and HOx radicals61,62; (3) increasing biogenic emissions of ozone precursors63-67; (4) drought 
linked to heatwaves causing reduced stomatal uptake of ozone and its precursors by 
vegetation29,40,68. In particular, the contribution of vegetation feedbacks during drought is poorly 
understood. Embedding a mechanistic dry deposition scheme in a dynamic vegetation land– 
atmospheric chemistry–climate model (Methods) allows for quantification of these feedbacks. 

Reduced ozone removal by water-stressed vegetation 

Long-term ozone deposition flux measurements are sparse, making it difficult to assess year-to-
year variability. We examine hourly ozone deposition velocities (Vd,O3) calculated from ozone 
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eddy covariance fluxes and concentrations measured over a Mediterranean Holm Oak forest in 
Italy during August 2003 versus August 2004, and over a spruce-dominated forest in Denmark 
during July 1992 versus June 1994 (Methods). Much of the European continent was affected by 
severe drought in 2003, caused by prolonged rainfall shortages53, as illustrated with the 
Standardized Precipitation-Evapotranspiration Index (SPEI)69 integrated over March–August 
(Fig.3a). Daytime Vd,O3 over the Mediterranean forest decreased to 0.1–0.2 cm s-1 in August 2003, 
representing a 70% reduction from conditions in the wet summer of 2004 (Fig.3b). Similar 
decreases in daytime Vd,O3 were observed over the Danish spruce forest during July 1992, when a 
heatwave and drought scorched northern Europe (Fig.3d-3e). No substantial changes in leaf area 
index were measured during dry summers. The GFDL dynamic vegetation land model (LM4.0; 
Methods) captures the observed Vd,O3 decreases at both sites, attributed to a stomatal response to 
soil moisture deficits. Further analysis for sites around the globe indicates that this model 
represents the salient features of observed Vd,O3 over forests, croplands, and pastures, including 
their spatial, seasonal, and interannual variability associated with drought stress40. 

Using LM4.0 driven by observation-based atmospheric forcings70, we examine how ozone uptake 
by vegetation has evolved with climate over the past half century (Fig.4). We focus on summertime 
Vd,O3 in the land area bounded by 5°W-25°E and 40°-55°N, which was most affected by the 2003 
drought. Summertime Vd,O3 to natural and secondary vegetation (~50% of the land area) in this 
region varies strongly on interannual-to-decadal time scales, correlating with temperatures and 
drought events (Fig.4a-4b). European summer heatwaves are typically linked to soil moisture 
droughts, although the onset, evolution and spatial extent of each drought varies22,24,53. Both long-
lived (March–August SPEI < -1) and short-lived (June-August SPEI < -1) droughts can cause 
reductions in Vd,O3. Unlike the prolonged 2003 drought event, drought conditions in July 1994 and 
July 2006 set in quickly and were centered over northwestern Europe (Extended Data Fig.5). The 
model-simulated Vd,O3 decreases in July 1994 and 2006 are comparable to those in August 2003 
centered over western Europe (Fig.4c-4e). There has been a strong regional warming trend over 
Europe since 1980 (Fig.4a), accompanied by a drying trend in Mediterranean Europe53,71-74. Our 
model simulates declining ozone deposition velocities from the 1980s to the 2000s (-12% over 20 
years), reflecting primarily the limitation of stomatal conductance under soil drying, not changes
in land use or leaf area index (Extended Data Figs.6-7). The Vd,O3 decreases are largest in drought-
stressed forests and smaller over pastures or croplands. While increasing atmospheric CO2 

concentrations cause reduced stomatal conductance in the late 21st century in climate models75, we 
find the CO2 effects have not yet emerged during our study period (Methods). 

Ecosystem-atmosphere interactions worsen ozone extremes 

We next investigate the extent to which model-simulated changes in ozone deposition velocities 
have influenced observed surface ozone trends and extremes over Europe. We conduct 
atmospheric chemistry-climate model hindcast simulations from 1960 to 2015, designed to isolate 
the response of surface ozone to changes in deposition velocities, anthropogenic emissions of 
ozone precursors, and meteorology (Methods). With Vd,O3 fixed at 1960 levels, the FIXDEPV 
simulation underestimates observed ozone anomalies in dry summers (e.g., 1994, 2003, 2006) by 
10–15 ppb (blue curves in Figs.5a–b). With Vd,O3 varying with climate and vegetation state, the 
IAVDEPV model (red) improves the simulations of high-ozone anomalies and better captures 
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observed ozone increases from the 1980s to the 2000s. Year-to-year correlations of ozone with 
observations increase from 0.46–0.52 for FIXDEPV to 0.56–0.62 for IAVDEPV. 

Reduced ozone removal by water-stressed vegetation worsens the most severe ozone pollution 
events, causing an upward shift in the probability distribution of surface ozone during the record-
hot summers of July 1994, August 2003, and July 2006 (Fig.5c). Accounting for the limitation in 
ozone uptake by drought-stressed vegetation, the distribution of surface ozone in IAVDEPV shifts 
towards that in observations, with a three-fold increase in events above 80 ppb (from 4% in 
FIXDEPV to 14% in IAVDEPV, compared with 12% in observations). The 95th percentile (q95) 
of MDA8 ozone in IAVDEPV matches well the observed value, increasing by 8 ppb relative to 
FIXDEPV. There are also increases in the standard deviation (σ) of MDA8 ozone, reflecting 
stronger day-to-day variability in ozone air pollution associated with drought-vegetation 
interactions. 

With time-varying Vd,O3 but fixed-1980 high anthropogenic emissions, the IAVDEPV_FIXEM 
experiment isolates the role of climate change in polluted environments. Surface ozone increases 
are simulated over 1960–1980 in the two experiments with anthropogenic emissions varying 
(FIXDEPV and IAVDEPV), but not in the experiment with constant emissions 
(IAVDEPV_FIXEM), indicating that increasing ozone before 1980 is primarily driven by rising 
regional emissions of ozone precursors (Fig.5a–b). Since 1980, however, IAVDEPV_FIXEM 
indicates that climate variations dominate the observed interannual-to-decadal variability in ozone 
air pollution (r2=0.52–0.62). In the absence of emissions controls, the 95th percentile MDA8 ozone 
in July would have increased by 0.3–0.5 ppb yr-1 during 1979–2015 and by 0.4–0.8 ppb yr-1 during 
1990–2015 over central Europe, consistent with an increase in the frequency of warm days over 
this region (Extended Data Figs.8a–9a). The temperature-driven increase in biogenic isoprene 
emissions (~1% yr-1; see Extended Data Fig.2d and Methods) may contribute to the modelled 
ozone climate penalty. This climate penalty offsets air quality improvements gained from regional 
emissions controls, leading to little change in the observed ozone distribution in July over recent 
decades (Fig.2b). In August, a shift in anticyclonic circulation patterns towards central Europe58 

likely augments the effects of emissions reductions on ozone decreases over the United Kingdom 
(Extended Data Figs.3, 8b, and 9b). 

Rising Asian anthropogenic emissions and global methane concentrations have been implicated in 
increasing background ozone over Europe10,76. Sensitivity simulations (Methods) show that 
increases in Asian emissions of ozone precursors and in global methane abundance from the 1980s 
to the 2000s increase free tropospheric ozone measured at Zugspitze (~2 ppb), but the impact in 
surface air at Hohenpeissenberg during summer is of minor importance (<1 ppb), in contrast to the 
dominant role of the climate-driven trends (~5 ppb; Extended Data Fig.10). Warmer temperatures 
have also led to deeper mixed layers over recent decades77, facilitating mixing of surface pollution 
to alpine sites. While wildfire outbreaks in hot and dry summers worsen particulate air quality, 
e.g., during the 2010 Russian heatwave78, they are not the primary driver of ozone enhancements 
during hot summers21. The buildup of ozone produced from regional emissions under stagnant 
conditions, combined with reduced removal by water-stressed vegetation, contributes most to 
deterioration of summertime ozone air quality in Europe. 
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Figure 6 further stresses the earth system feedbacks on ozone extremes across Europe using the 
ozone-temperature regression slope, i.e., the climate penalty factor44,45. We apply quantile 
regression79 to observed daily maximum surface temperature and observed daily MDA8 ozone 
gridded at 0.5° resolution to identify the climate penalty on extreme pollution levels. The statistical 
analysis is performed using observations during two emission regimes: 1990–2000 versus 2001– 
2018. The observed climate penalty factor is stronger at higher pollution levels and over densely 
populated regions, such as England, Belgium, the Netherlands, northern France, western Germany 
and northern Italy (Fig.6a). In these regions, the climate penalty factor is 2.5–3.5 ppb K-1 for the 
median ozone level, increasing to 3.5–4.5 ppb K-1 for the 95th percentile ozone level under 2001– 
2018 emission conditions and to 4.0–5.5 ppb K-1 under the greater emission conditions in 1990– 
2000. 

The FIXDEPV model with constant Vd,O3 underestimates the observed climate penalty factor 
across the entire ozone distribution (Fig.6b). Accounting for reduced ozone uptake by vegetation, 
the simulated climate penalty factor in IAVDEPV increases by as much as 20-30% relative to 
FIXDEPV, reducing mean biases against observations by 14% (Fig.6c). The model accounting for 
vegetation feedbacks but under 1980 high-emission conditions best matches the observed climate 
penalty for extreme ozone (mean biases = ± 7%; Fig.6d). The observed climate penalty estimates 
fall between the IAVDEPV and IAVDEPV_FIXEM experiments. The biases may reflect a 
combination of differences in the spatial scales of observations and simulations, and uncertainties 
in natural and anthropogenic emissions of ozone precursors in the model (Methods). For instance, 
heatwaves may result in increased electricity demand for air conditioner use, thereby increasing 
emissions of ozone precursors from power generation80, while our models do not account for such 
transient fluctuations in anthropogenic emissions. 

Missing or insufficient treatment of climate feedbacks on ozone may explain why previous models 
underestimate the observed European ozone increases in the 1980s, while showing an excessive 
response to regional emissions reductions over the last decade16,19,40. Most studies argue that the 
effect of climate change on ozone in polluted environments is much smaller than the effect of 
regional emission controls60, but they do not account for the ecosystem-atmosphere interactions 
discussed here. To gauge this effect, future research should address model ability to simulate the 
observed ozone-temperature relationship, the drought-temperature link, and associated earth 
system feedbacks. Reduced ozone uptake by plants was also observed during recent North 
American droughts40,68 and simulated over semi-arid regions of Asia40. Accounting for vegetation 
feedbacks is central to determining the susceptibility to extreme pollution events in future climate, 
not only in Europe but also over other populated mid-latitude regions. 

Implications for air quality policy 

Our study highlights an under-appreciated “climate penalty” feedback mechanism – namely, 
substantial reductions of ozone uptake by water-stressed vegetation – as a missing piece to the 
puzzle of why European ozone pollution episodes have not decreased in recent decades, despite 
marked reductions in regional emissions of ozone precursors due to regulatory changes. The 
European Commission adopted a Clean Air Policy Package in 2013, aiming to achieve compliance 
with existing air quality standards by 2020, and a revised National Emission Ceilings Directive to 
bring down emissions by 2030 (ref. 3,4). The Directive sets 42% reduction commitments for total 
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NOx emissions from EU Member States by 2020 and 63% by the 2030s, relative to the 2005 level. 
The European Commission recently estimated that the 2020 reduction commitments have been 
achieved at the EU level, leading to a remarkable reduction in particulate matter81. However, a 
similar improvement has not occurred in ozone air quality, with 18 Member States still recording 
concentrations above the EU limit for human health81, inconsistent with the goal to achieve 
compliance by 2020. While emissions reductions accomplished through current legislation have 
partially counteracted the ozone climate penalty over the last decade, even stronger emissions 
controls are required to meet the targeted level of ozone air quality by 2030. Anthropogenic 
warming will bring higher heatwave temperatures and drier soils to Europe over the coming 
decades26,27,57. As events like the 2003 drought are projected to become twice as frequent under 
3 K of warming relative to 1.5 K of warming27, effective emissions policies for Europe must 
consider the ozone climate penalty. 
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Methods. 

Surface ozone observations. Surface ozone measurements are obtained from Hohenpeissenberg, 
Germany (1971-2018; 985 m altitude); Zugspitze, Germany (1978-2010; 2962 m altitude); 
Sonnblick, Austria (1994-2018; 3106 m altitude); and Jungfraujoch, Switzerland (1996-2018; 
3580 m altitude). Multi-platform, cross-site consistency analyses indicate that the observed ozone 
changes at these sites are representative of regional-scale conditions over Europe9,10. Apparently 
uncertain data at Sonnblick and Jungfraujoch for the earlier years9 are removed from our analysis. 
Hohenpeissenberg data in 1983 are not representative of regional conditions and thus are removed. 
We additionally draw upon measurements at hundreds of rural sites from the European Monitoring 
and Evaluation Program (EMEP) operated since 1990 (https://projects.nilu.no/CCC/emepdata.html) 
as well as data at thousands of urban and rural sites from the densely distributed regulatory 
monitoring networks available since 2000 (http://discomap.eea.europa.eu/map/fme/AirQualityExport.htm). 
EMEP data at individual sites are used in Fig.1, Fig.2, Fig.5 and Extended Data Fig.3. Data from 
EMEP and the regulatory networks (including those at urban sites) are averaged over a 0.5° × 0.5° 
grid for calculating the ozone climate penalty factors (Fig.6a). Most original data are processed 
from the Tropospheric Ozone Assessment Report (TOAR) database82. The daily maximum 8-hour 
average (MDA8) value is calculated for each day and each monitor. We apply a 75% data coverage 
criterion as recommended by TOAR: a daily MDA8 value is considered valid if at least 18 out of 
the 24 running 8-hour averages are valid. The trends of ozone can vary substantially over different 
time periods due to large interannual variability47. To ensure comparison across sites over the same 
time period, we require that at least 75% of the years have valid data when calculating the MDA8 
ozone trends at individual sites (Extended Data Fig.3). For the quantile regression of daily 
observations in July and August, we apply a 50% data coverage criterion (sample size N > 341 for 
1990-2000 and N > 558 for 2001-2018) in order to include observations over eastern Europe 
(Fig.6a). Note that most sites in western Europe have data coverage greater than 75%. 

12 

http://discomap.eea.europa.eu/map/fme/AirQualityExport.htm
https://projects.nilu.no/CCC/emepdata.html
http://ec.europa.eu/environment/air/pdf/clean_air_outlook.pdf
https://www.energy.gov/sites/prod/files/2015/10/f27/Regional_Climate_Vulnerabilities_an


  

 
         

      
          

         
      

             
         

               
      

  
          

         
            

      
       

           
      

            
             

            
               

    
 

          
             

         
         

         
          

           
              

          
          

   
 

             
            

             
          

            
           

                 
           
                 

         

Tropospheric NO2 from satellites. Satellite-retrieved tropospheric NO2 columns are obtained 
from http://www.temis.nl/airpollution/no2.html. We use monthly mean data from the merged 
GOME/SCIAMACHY/GOME2 product over the 1996-2017 period8. In this product, the Global 
Ozone Monitoring Experiment (GOME) and GOME-2 data are “corrected” relative to the 
SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) 
data to produce a self-consistent dataset that covers the period April 1996–September 2017. We 
average annual mean data in the land area bounded by 40°-60°N and 10°W-25°E and calculate 
data for each year as percent of levels in 1996, when the satellite record began, for comparison 
with trends in anthropogenic NOx emissions. 

Temperature data and drought index. Monthly time series of 0.5° x 0.5° gridded daily 
maximum temperature (Tmax) are obtained from the Climatic Research Unit TS v4.03 database83. 
Daily Tmax data are provided by the U.S. Climate Prediction Center from the website at 
https://www.esrl.noaa.gov/psd/. The Global Land-Based Datasets for Monitoring Climate 
Extremes (available at http://www.climdex.org/viewdownload.html)84 are used to examine trends 
in the frequency of warm days (Extended Data Fig.9). We define drought events using the 
Standardized Precipitation–Evapotranspiration Index (SPEI), a multiscalar drought index based on
climatic data69. SPEI can be calculated over a variable integration time scale (e.g., SPEI03, 3-
month SPEI, integrates water status over the previous 3 months), with more negative values 
indicating more severe drought relative to long-term average conditions. We use SPEI03 < –1 and 
SPEI06 < –1 as the threshold for a drought event to calculate the percentage of land area in drought
over western Europe (40°N-55°N, 5°W-25°E). 

Ozone flux measurements. The flux of ozone was measured by the eddy-covariance method over 
the Ulborg spruce forest in Denmark during July 1992 (dry) and June 1994 (wet)85, and over the 
Castelporziano Holm oak forest in central Italy during August 2003 (dry) and August 2004 (wet) 
29. Note that climate in June 1994 was characterized as relatively wet conditions in Northern 
Europe (Fig.3d), although drought conditions set in quickly in July 1994 associated with a record-
breaking heatwave (Extended Data Fig.5). The measurements in Ulborg were carried out from a 
36 m tall mast placed in a Norway spruce plantation with trees of a height of approximately 12 m 
(LAI = 8). The fluxes were corrected for errors due to changes in the atmospheric density caused 
by heat and water vapor flux86. Values were discarded when no clear peak in flux versus lag time 
could be identified. This was usually associated with periods with low wind speed (< 1 m/s) during 
the night. 

For the Italian site, the instrumentation was mounted on top of an 18-m fire watching tower located 
in the Holm oak forest with an average tree height between 12 and 13 m (LAI = 4.1 – 4.5). Only 
original measurement data without any gap-filling are used. In the measured ozone flux time series 
some spikes were present, mostly in correspondence with the changes of the coumarin target which 
required some hours to stabilise, and occasionally at night where some great positive (upward) 
fluxes occurred. We remove these outliers, adopting the mean - 3 standard deviations of the half-
hourly time series of the total ozone fluxes in the central hours of the day (10 am - 4 pm) as the 
upper limit, and the mean + 3 standard deviations of the half-hourly time series during the night 
(0 am – 6 am) as the lower limit. The main consequence of this procedure, similar to the one 
proposed by ref.87, is the removal of abnormally negative fluxes during the day and unrealistic 
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positive fluxes during the night. Repeating this methodology for each month, any half-hourly 
values falling outside the limits are rejected, leading to the removal of 0.76% of the data. 

For both sites, the dry deposition velocity (Vd,O3), i.e., a mass-transfer coefficient that relates the 
bulk-air concentration to the flux of ozone to a surface, is calculated following Vd,O3 = - FO3/CO3, 
where FO3 is the flux of ozone and CO3 is the concentration of ozone in the air. 

Land model experiments and ozone deposition algorithms. Dry deposition velocities (Vd) for 
ozone and other related tracers are calculated from the GFDL LM4.0 dynamic vegetation land 
model88-91 with an interactive dry deposition scheme40,46 forced with observation-based 
meteorological fields70, historical CO2, and historical land use92 over the period 1948-2015. The 
ozone deposition algorithms, model configurations and evaluations are described in detail by Lin 
et al.40 and are briefly summarized here. Ozone deposition velocity is parameterized following an 
electrical circuit analogy46: 

78 

⎛ ⎞1
�" = ⎜�( + ⎟ (1)

⎜ 1 1 ⎟
�(,,. + �/,. + �. 

+ 1�(,,0 +⎝ (�/,2 + �2345)78 + (�/,0 + (�,9378 + (�5 + �23:5)78)78)78⎠ 

Where �( is the aerodynamic resistance to the exchange of tracers between the canopy and the 
atmosphere; �(,,. and �(,,0 are the in-canopy aerodynamic resistance to the ground and 
vegetation, respectively; �/,., �/,2, and �/,0 are the laminar resistance to the ground, stem, and 
leaf surfaces, respectively; �2345 is the stem resistance, and �5 is the mesophyll resistance, 
parameterized as in ref. 46. Canopy cuticle resistances (�,93 ) are considered separately for dry and 
wet conditions, with wet leaves facilitating cuticular deposition46. For temperate deciduous and 
tropical forests, the reference resistance is 400 s m-1 to wet-cuticular deposition and 6000 s m-1 to 
dry-cuticular deposition; and for grasses, pastures, crops and evergreen forests, the reference 
values are 200 s m-1 for wet leaves and 4000 for dry leaves93. The model also accounts for the 
influence of surface wetness on the ground resistance ( �. ), with wet soil inhibiting ozone 
deposition to the ground94. The reference ground resistance is 200 s m-1 for dry vegetated surfaces 
and 500 s m-1 for wet soil93. 

While our model accounts for the effects of surface wetness on cuticular and soil uptakes, these 
non-stomatal processes do not substantially influence simulated interannual variability in total 
Vd,O3. Instead, year-to-year variability in total Vd,O3 is primarily controlled by stomatal pathways, 
which account for ~75% of the total daytime Vd,O3 for natural or secondary vegetation, 40% for 
croplands, and 35% for pastures in the model40. Calculation of stomatal resistance �23:5 follows: 

> 
?(@A) 
?(BC@)�23:5 = (2) 
.D(ECF) 

�2(�I�) = ��� N
(QR7G∗

5
)(8
O
T
P
UD⁄UV)

, �2,5XY Z ∙ yX ∙ y\ × ��� (3) 

Where M is the molecular weight; �2(�I�) (mol H2O m-2 s-1) is the stomatal conductance for 
water; �̅Y is the net photosynthesis rate (mol CO2 m-2 s-1) for a well-watered plant averaged over 
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the entire canopy depth95; � is an empirical coefficient; �2 is canopy air water vapor deficit (kg 
H2O kg-1 air, �b is a reference value); �X is intercellular concentration of CO2 (mol CO2 mol-1 

air); G∗ is the CO2 compensation point; �2,5XY = 0.01 mol H2O m-2 s-1 is the minimum stomatal 
conductance for water vapor allowed in the model, and LAI is leaf area index. yX is the limitation 
due to canopy wetness. y\ is the limitation imposed by soil water stress, determined by the ratio 
of water supply from soil-root interface to the transpiration demand at non–water limited stomatal 
conductance40,95,96. The model does not account for in-canopy chemistry and ozone damage to 
vegetation. 

Compared to the widely-used Wesely (1989) scheme, in which the expression for stomatal 
resistance depends only on solar radiation and temperature31-35, or the Javis’s empirical function48 

used in some air quality models36-39, the most novel feature of the GFDL dry deposition scheme is 
the photosynthesis-based parameterization of stomatal deposition, accounting for the influence 
from soil water stress, vapor pressure deficits, and atmospheric CO2 concentrations. Incorporated 
into a dynamic vegetation model, these new features allow the scheme to represent successfully 
the observed reductions in ozone removal by water-stressed vegetation during large-scale North 
American (e.g., 2011-2012) and European droughts (e.g., 2003) as well as during the dry season 
in Mediterranean Europe, South Asia, the Amazon, and the U.S. Pacific Northwest40. 

Modelled land surface hydrology (e.g., soil moisture) is sensitive to the forcing dataset that drives 
it53. The impact of precipitation uncertainties on Vd,O3 is found to be of at least the same magnitude 
as interannual variability40. Therefore, to mimic the influence from observed climate as much as 
possible, we use Vd,O3 from LM4.0 forced with observed atmospheric forcings (including 
precipitation) as opposed to calculating Vd,O3 online in the atmospheric model AM4. 

Land use. The model represents small-scale heterogeneity of the land surface and vegetation in 
each grid cell using a mosaic approach, as a combination of sub-grid tiles in four land use 
categories: croplands, pastures, lands undisturbed by human activity (i.e., “primary” or “natural”), 
and lands harvested at least once (i.e., “secondary”), including managed forests and abandoned 
croplands and pastures88. The model does not include urban land use. Transitions among the four 
land-use types are prescribed from the historical reconstruction used in the Coupled Model 
Intercomparison Project Phase 5 (CMIP5)92. Simulated LAI for forests agree with the field-based 
observations within ±10% (ref. 40). Secondary lands grew substantially over western Europe during 
1960-2015, resulting from natural wood harvesting and abandoned agricultural lands (Extended 
Data Fig.6 and Fig.7a). Conversion of croplands and pastures to secondary forests may lead to an 
increase in LAI and a stronger response to drought stress. Conversion of natural forests to 
secondary vegetation leads to a slight decrease in LAI. The average LAI shows only marginal 
increases (< 0.5 m2/m2) during 1960-2015. Overall, we do not find a substantial impact of these 
land use changes on ozone deposition velocity. Instead, reduced stomatal conductance by natural 
and secondary forests under drought stress plays a dominant role in shaping year-to-year variability 
and long-term trends in ozone deposition rates (Extended Data Fig.7c-7d). 

CO2 fertilization. Climate models simulate reductions in stomatal conductance by vegetation in 
the late 21st century due to a three-fold increase in atmospheric CO2 concentrations75, as supported 
by recent observational evidence97. We probe the influence of the CO2 fertilization with a 
sensitivity experiment with CO2 concentration set to the preindustrial level. Comparing simulated 

15 



  

           
            

          
  

 
          

          
         

        
          

       
     
          
           

          
               

               
            

           
            

  
                   

             
         

            
        

           
         
          

            
        

         
           

        
 

            
        

         
            

             
          

               
            

          
             

           

Vd,O3 from the sensitivity experiment with our base simulation with historical CO2, we do not find 
a substantial influence from the CO2 fertilization during our study period 1960-2015. Increases in 
CO2 concentrations during our study period are small compared to the increases in the late 21st 

century. 

Chemistry-climate model experiments. We conduct hindcast simulations (1960-2015) with the 
GFDL-AM4 chemistry-climate model at ~100x100 km2 horizontal resolution91 with AM3-like full 
chemistry nudged to NCEP reanalysis winds47,98,99. Three experiments are designed to isolate the 
response of ozone concentrations to changes in climate, dry deposition velocities, and 
anthropogenic emissions of ozone precursors. The IAVDEPV experiment applies interannually 
varying Vd,O3 from LM4.0, interannually varying wildfire emissions100, historical anthropogenic 
emissions used in the Coupled Model Intercomparison Project Phase 6 (CMIP6)7, and observed 
historical CH4 mixing ratios as lower boundary conditions for chemistry. Trends in anthropogenic
emissions of CO and NMVOCs over Europe are similar to those for NOx, increasing during 1960-
1980, followed by a plateau in the 1980s and a rapid decline beyond 1990 (Extended Data Fig.2).
The FIXDEPV simulation uses the same emissions as in IAVDEPV, but with Vd,O3 held constant 
at the 1960 level from LM4.0. With Vd,O3 varying as in IAVDEPV but using 1980 anthropogenic 
emissions from CMIP6, the IAVDEPV_FIXEM experiment isolates the role of climate change 
under constant high-emission conditions. Since anthropogenic emissions in Europe are largest in 
the 1980s, the IAVDEPV_FIXEM experiment enables us to assess the ozone climate penalty under 
polluted conditions.

In all simulations, biogenic isoprene emissions respond to fluctuations in solar radiation and 
temperature, following the Model of Emissions of Gases and Aerosols from Nature (MEGAN), 
using 17 plant functional types and corresponding leaf area indices based on satellite data45,63. Note 
that these vegetation types and leaf area indices are independent of those within the LM4.0 
dynamic vegetation model. Simulated biogenic isoprene emissions over Europe increase by 
approximately 1% per year since 1980, with greater emissions in hot summers, consistent with 
increases in surface air temperature (Extended Data Fig.2d). The models apply climatological 
emissions of other biogenic VOCs and of NOx from soils101, which may contribute to an 
underestimate of the ozone climate penalty factor (Fig.6). Uncertainties in the trends of the 
anthropogenic NOx/CO or NOx/VOCs emissions ratio in global emission inventories102 may also 
contribute to excessive ozone reductions from emission controls simulated in chemistry models 
(Extended Data Fig.3) and the resulting underestimate of the ozone climate penalty factor in 
simulations where emissions are varying (e.g., FIXDEPV and IAVDEPV). 

Impacts of rising Asian emissions and global methane. We analyze a suite of chemistry-climate 
model hindcast simulations designed to isolate the contributions of rising Asian anthropogenic 
emissions, global methane abundance, and wildfire emissions to decadal mean ozone trends from 
the 1980s (1979-1989) to the 2000s (2001-2010) as measured at the surface site of 
Hohenpeissenberg and the alpine site of Zugspitze (Extended Data Fig.10) . For the 2000s, we use 
the 2001-2010 period (as opposed to the 2001-2015 period) for two reasons: (1) ozone 
observations at the Zugspitze ended in 2011; and (2) NOx emissions in China decreased after 2011 
8,103. These simulations are described in detail in ref. 21 and were previously used to interpret the 
causes of tropospheric ozone trends measured at Mauna Loa Observatory in Hawaii47, interannual 
variability of springtime surface ozone over the western U.S.20,99, as well as the trends and extreme 
events of summertime ozone in the eastern U.S. over recent decades21. The purple bars shown in 
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Extended Data Fig.10 represent the differences between an experiment with global anthropogenic 
emissions held constant in time and an experiment with only Asian anthropogenic emissions 
varying in time over 1979-2010. A similar approach is used to calculate the contributions from 
changes in global methane and wildfire emissions; as such the influence from meteorological 
variability is removed. Our BASE (IAVDEPV) model captures the observed changes in decadal 
mean ozone over Europe in the 2000s relative to the 1980s and the 1990s, lending confidence in 
model ability to relate the observed ozone changes to specific processes. The impact of rising 
Asian emissions and global methane concentrations on summertime surface ozone over Europe is 
less than 1 ppb. The climate-driven increases (~5 ppb; green bars in Extended Data Fig.10) 
dominate the changes of summer ozone in surface air over Europe, offsetting the benefits of 
regional emission controls. 

Data availability. Ozone flux measurements, the ozone climate penalty factors derived from 
observations, and model simulations generated in this study are archived at a public data repository at 
NOAA GFDL (ftp://data1.gfdl.noaa.gov/users/Meiyun.Lin/Nature2020/). Ozone deposition velocities 
from LM4.0 are archived at ftp://data1.gfdl.noaa.gov/users/Meiyun.Lin/GBC2019/GFDL-LM4/. 

Code availability. The computer code for the standard versions of GFDL’s atmospheric and land models
is publicly available at https://www.gfdl.noaa.gov/atmospheric-model/. Other codes used in this study are 
available from the corresponding author upon reasonable request. 
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Figure Captions [675 words]: 

Fig.1 | Correlations between ozone air quality and temperature in Europe. (a) Time series 
of June-August mean maximum daily 8-hour average (MDA8) ozone anomalies (relative to 
1980-2000) measured at the Hohenpeissenberg surface site and the alpine sites of Zugspitze, 
Jungfraujoch and Sonnblick, along with observed anomalies in summer mean daily maximum 
temperature (Tmax; right axis). The ozone-temperature regression slopes (mO3−T ) and correlations 
(r2) are shown separately for the periods before and after the year 2000 (in parenthesis). (b) 
Trends in anthropogenic NOx emissions (lines) and satellite-derived tropospheric NO2 columns 
(dots) over Europe (40°-60°N,10°W-25°E), expressed as percent of levels in 1996 when satellite 
data began. The inset map shows the annual 26th MDA8 ozone measured at EMEP sites averaged 
over 2000-2015, with sites marked as dots in the last two color categories implying an 
exceedance of the EU limit. Triangles denote the sites shown in (a). 

Fig.2 | Changes in European ozone air quality. (a) Probability distributions of MDA8 ozone 
concentrations in June-August measured at Hohenpeissenberg for 1979-1989 versus 2001-2015. 
(b) Probability distributions of MDA8 ozone in July at EMEP sites for 1990-2000 versus 2001-
2015 and during the extreme heatwaves of 1994 and 2006. (c) Same as (b) but for August and 
during the 2003 heatwave. The median value (µ) and the percentage of site-days with MDA8 
ozone ³ 60 ppb (D60) are shown. 

Fig.3 | Reduced ozone removal by forests under drought stress. (a) Drought conditions in 
August 2003 versus August 2004 as expressed in SPEI integrated over the preceding 6 months. 
(b-c) Mean diurnal cycle of ozone deposition velocities (Vd,O3) over a Holm Oak forest in Italy 
(red circle on map) for August 2003 versus 2004 from observations and GFDL-LM4 simulations. 
(d-f) Same as (a-c) but for July 1992 versus June 1994 over a spruce forest in Denmark. 

Fig.4 | Declining ozone removal by water-stressed vegetation in a warming climate. (a-b) 
Time series of modeled June-August mean daytime (9am-3pm) Vd,O3 (green lines) averaged over 
natural forests and secondary vegetation (i.e., lands harvested at least once, including managed 
forests and abandoned croplands and pastures) in western Europe (box on map), along with the 
observed mean Tmax (magenta bars) and the percentage area in drought based on March-August 
SPEI < -1 (brown bars). The orange bars denote the summers with the percentage area in drought 
greater than 30% based on June-August SPEI < -1. (c-e) Daytime Vd,O3 anomalies (relative to 
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1980-2000) for August 2003, July 1994, and July 2006, with dots indicating areas in drought 
(SPEI06 < -1 for 2003 and SPEI02 < -1 for 1994 and 2006). 

Fig.5 | Reduced uptake by plants worsens ozone air pollution extremes. (a) Time series of 
July mean MDA8 ozone anomalies relative to 1980–2000 from: Hohenpeissenberg (black) and 
alpine (gray) observations, and model simulations sampled in the surface level, with Vd,O3 fixed 
at 1960 levels (FIXDEPV), with Vd,O3 varying with climate and vegetation state (IAVDEPV), 
and with time-varying Vd,O3 but fixed-1980 anthropogenic emissions (IAVDEPV_FIXEM). (b) 
Same as (a) but for August. (c) Distributions of observed and simulated MDA8 ozone at EMEP 
sites in western Europe during July 1994, July 10 – August 15 of 2003, and July 2006. The 95th 
percentile (q95), standard deviation (σ), and the percentage of site-days with MDA8 ozone ³ 80 
ppb (D80) are shown. 

Fig.6 | Ecosystem-atmosphere interactions exacerbate climate penalty on ozone extremes. 
(Top) Maps of median MDA8 ozone sensitivities to daily maximum temperature during July and 
August from observations (0.5°x0.5°; 2001–2018) and model simulations (1°x1°; 2001–2014) 
with constant Vd,O3 (FIXDEPV), with Vd,O3 coupled to vegetation and climate (IAVDEPV), and 
with varying Vd,O3 but fixed-1980 emissions (IAVDEPV_FIXEM). (Middle) Same as the top 
panels, but for the 95th percentile. (Bottom) Same as the middle panels, but for the 1990-2000 
period. Stippling indicates the grid cells with the quantile regression coefficients r < 0.5. 
Numbers on the top-left corner of each graph are the mean values (± s.d.) and normalized mean 
biases (NMB) against observations in the grid cells with r ³ 0.5 in the land area bounded by 
5°W-25°E and 40°-55°N. 

Extended Data Figures 

Extended Data Fig.1 | Ozone-temperature relationships. Scatter plots of observed June-August 
mean MDA8 ozone anomalies (relative to 1980–2000) at Hohenpeissenberg and Zugspitze and 
observed June-August mean Tmax anomalies averaged over 42°-53°N and 0°-15°E, with linear 
regression fits using the Ordinary Least Squares (OLS, blue) and Reduced Major Axis (RMA, red) 
methods, respectively. The OLS regression slopes are reported in Fig.1 in the main article. 

Extended Data Fig.2 | Trends in ozone precursor emissions. (a-b) Trends in anthropogenic 
emissions of carbon monoxide and non-methane volatile organic compounds (NMVOCs) in 
Europe (40-60N; 10W-25E) from the CMIP6 historical dataset used by the model. (c) Observed 
trends in global average methane mixing ratios used by the model. (d) Model estimated trends in 
biogenic isoprene emissions over Europe (40°-60°N;10°W-25°E). 

Extended Data Fig.3 | Surface ozone trends. Maps of the 1990-2015 trends in daily MDA8 
ozone for the 95th and 50th percentiles in July and August from observations (top) and IAVDEPV 
simulations (bottom). Results are shown for EMEP sites with at least 20 years of data, with larger 
circles indicating sites with significant ozone trends (p<0.05). The percentage of sites with 
significant trends are reported at the top-left corner of each graph. 
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Extended Data Fig.4 | Ozone pollution during the 2015 and 2018 heatwaves. (Top) Maps of 
observed daily maximum temperature anomalies in June-August of 2015 and 2018 relative to the 
base period 1961–1990, with dots indicating area in drought (SPEI06 < -1). (Middle) The annual 
4th highest MDA8 ozone concentrations from all available observations gridded at 0.5° resolution, 
with values above 70 ppb implying an exceedance of the health limit set by the U.S. Environmental 
Protection Agency. (Bottom) The annual 26th highest MDA8 ozone concentrations, with values 
above 60 ppb implying an exceedance of the health limit set by the European Union. 

Extended Data Fig.5 | Evolution of drought events. The Standardized Precipitation-
Evapotranspiration Index (SPEI) integrated over the preceding 6 months, 2 months, and 1 month 
for August 2003, July 1994 and July 2006. 

Extended Data Fig.6 | Land use. (a) Fraction of the four land use categories in each grid cell 
averaged over 2000–2015: Natural forests (lands undisturbed by human activities), secondary 
vegetation (lands harvested at least once, including managed forests and abandoned cropland and 
pasture), croplands, and pastures. (b) Changes in 2000–2015 relative to the 1960s. The box denotes 
the area used for averaging in Extended Data Fig.7. 

Extended Data Fig.7 | Declining ozone removal by vegetation due to stomatal closure under 
soil drying as opposed to land use changes. (a-b) Evolution of land use over western Europe 
(5°W-25°E and 40°-55°N): total land areas and area-weighted leaf area indices for natural forests 
(dark green), secondary vegetation (green), croplands (orange), and pastures (blue). (c) Evolution 
of June-August mean daytime ozone deposition velocities for the four land use types (area-
weighted). (d) Total (solid green lines) and stomatal (dashed green lines) ozone deposition 
velocities averaged over natural and secondary vegetation land areas. The vertical bars show the 
percentage of land areas in drought (SPEI06 < -1; right axis). 

Extended Data Fig.8 | Climate-driven trends in surface ozone over Europe. Maps of the 
1979–2014 and 1990–2014 trends in the 95th and 50th percentile MDA8 ozone concentrations for 
July and August, simulated by the IAVDEPV FIXEM experiment with anthropogenic emissions 
held constant at 1980 levels. Stippling denotes areas where the change is statistically significant at 
the 95% confidence level (p < 0.05). 

Extended Data Fig.9 | Observed trends in hot extremes over Europe. Maps of the 1979-2019 
trends in the frequency of warm days (i.e., those above the 90th percentile for the base period 
1961-1990) in July (a) and August (b), respectively, obtained from the Global Land-Based 
Datasets for Monitoring Climate Extremes (Methods). Stippling denotes areas where the change 
is statistically significant (p < 0.05). 

Extended Data Fig 10. | Drivers of decadal mean ozone trends in Europe. Changes in decadal 
mean ozone levels during spring (March-May) and summer (June-August) from 1979–1989 to 
2001–2010 as inferred from surface observations at Hohenpeissenberg (985 m altitude, MDA8 
values), from alpine observations at Zugspitze (2962 m altitude, 24-hour mean), and from 1990-
2000 to 2001-2010 at 52 EMEP sites over 40°N-55°N with continuous observations (MDA8 
values). For observations, both changes in decadal mean (gray bars) and median (circles) values 
are shown, with the error bars indicating the range of the mean change at the 95% confidence level. 
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Model results are shown for the BASE and IAVDEPV FIXEM experiments and the contributions 
from changes in Asian anthropogenic emissions, global methane concentrations, and wildfire 
emissions. For comparisons with free tropospheric observations at the Zugspitze, model results are 
sampled at 700 hPa. 
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Figure 1. Correlations between ozone air quality and temperature in Europe. (a) Time series 
of June-August mean maximum daily 8-hour average (MDA8) ozone anomalies (relative to 1980-2000) 
measured at the Hohenpeissenberg surface site and the alpine sites of Zugspitze, Jungfraujoch and 
Sonnblick, along with observed anomalies in summer mean daily maximum temperature (right axis). The 
ozone-temperature regression slopes (mO3−T ) and correlations (r

2) are shown separately for the periods 
before and after the year 2000 (in parenthesis). (b) Trends in anthropogenic NOx emissions (lines) and 
tropospheric NO2 columns observed from space (dots) over Europe (40-60N,10W-25E), expressed as percent 
of levels in 1996 when satellite data began. The inset map shows the annual 26th highest MDA8 ozone 
measured at EMEP sites averaged over 2000-2015, with sites marked with dots in the last two colour 
categories implying an exceedance of the 60-ppb target value. Triangles denote the sites shown in (a). 
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Figure 2. Changes in European ozone air quality. (a) Probability distributions of MDA8 ozone 
concentrations in June-August measured at Hohenpeissenberg for 1979-1989 (blue) versus 2001-2015 
(dashed orange). (b) Probability distributions of MDA8 ozone in July at EMEP sites for 1990-2000 (blue) 
versus 2001-2015 (dashed orange) and during the extreme heatwaves of 1994 (brown) and 2006 (red). 
(c) Same as (b) but for August and during the heat wave of 2003 (red). The median value (µ) and the 
percentage of site-days with MDA8 ozone � 60 ppb (D60) are shown. 



Figure 3. Reduced ozone removal by forests under drought stress. (a) Drought conditions in August 
2003 versus 2004 as expressed in SPEI integrated over the preceding 6 months. (b-c) Mean diurnal cycle 
of ozone deposition velocities (Vd,O3) over a Holm Oak forest in Italy (red circle on map) for August 2003 
versus August 2004 from observations and GFDL-LM4 simulations. (d-f) Same as (a-c) but for July 1992 
versus June 1994 over a spruce forest in Denmark. 
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Figure 4. Declining ozone removal by water-stressed vegetation in a warming climate. (a-b) Time series of modeled June-August 
mean daytime (9am-3pm) Vd,O3 (green lines) averaged over natural forests and secondary vegetation (i.e., lands harvested at least once, 
including managed forests and abandoned croplands and pastures) in Western Europe (box on map), along with the observed mean 
Tmax (magenta bars) and the percentage area in drought based on March-August SPEI < -1 (brown bars). The orange bars denote 
the summers with the percentage area in drought greater than 30% based on June-August SPEI < -1. (c-e) Daytime Vd,O3 anomalies 
(relative to 1980-2000) for August 2003, July 1994, and July 2006, with dots indicating areas in drought (SPEI06 < -1 for 2003 and 
SPEI02 < -1 for 1994 and 2006). 
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Figure 5. Reduced uptake by plants worsens ozone air pollution extremes. (a) Time series of 
July mean MDA8 ozone anomalies relative to 1980-2000 from: Hohenpeissenberg (black) and alpine (gray) 
observations and GFDL-AM4 simulations sampled in the surface level, with Vd,O3 fxed at 1960 levels 
(FIXDEPV), with Vd,O3 varying with climate and vegetation state (IAVDEPV), and with time-varying 
Vd,O3 but fxed-1980 anthropogenic emissions (IAVDEPV FIXEM). (b) Same as (a) but for August. (c) 
Probability distributions of observed and simulated MDA8 ozone at EMEP sites over western Europe 
during July 1994, August 2003, and July 2006. The 95th percentile (q95) and standard deviation (˙) are 
shown, as well as the percentage of site-days with MDA8 ozone � 80 ppb (D80). 



Figure 6. Ecosystem-atmosphere interactions exacerbate climate penalty on ozone extremes. (Top) Maps of median MDA8 
ozone sensitivities to daily maximum temperature during July and August of 2001-2018 from observations (0.5◦x0.5◦) and model 
simulations (1◦x1◦) with constant Vd,O3 (FIXDEPV), with Vd,O3 coupled to vegetation and climate (IAVDEPV), and with varying 
Vd,O3 but fxed-1980 emissions (IAVDEPV FIXEM). (Middle) Same as the top panels, but for the 95th percentile. (Bottom) Same as 
the middle panels, but for the 1990-2000 period. Stippling indicate the grid cells where the quantile regression coeÿcients (r) are lower 
than 0.5. Numbers on the topleft corner of each graph are the mean values and normalized mean biases (NMB; in percent) for the grid 
cells with r � 0.5 in the land area bounded by 5◦W-25◦E and 40◦-55◦N. 
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. Extended Data Fig.1 | Ozone-temperature relationships. Scatter plots of observed June-August 
mean MDA8 ozone anomalies at Hohenpeissenberg and Zugspitze and observed June-August mean Tmax 

anomalies (relative to 1980-2000) averaged over 42-53N and 0-15E, with linear regression fts using the 
Ordinary Least Squares (OLS, blue) and Reduced Major Axis (RMA, red) methods, respectively. The 
OLS regression slopes are reported in Fig.1 in the main article. 
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. Extended Data Fig.2 | Emission trends. (a-b) Trends in anthropogenic emissions of carbon monoxide 
and non-methane volatile organic compounds (NMVOC) in Europe (40-60N; 10W-25E) from the CMIP6 
historical dataset used by the model. (c) Observed trends in global average methane mixing ratios used by 
the model. (d) Model estimated trends in biogenic isoprene emissions over Europe (40-60N;10W-25E). 



70°Observed 70° 

JUL, 95th AUG, 95th 

11.6% (p<0.05) 37.3% (p<0.05) 

60° 60° 

50° 50° 

40° 40° 
−10° 0° 10° 20° 30° −10° 0° 10° 20° 30° 

70° 70° 

JUL, 50th AUG, 50th 

4.3% (p<0.05) 11.8% (p<0.05) 

60° 60° 

50° 50° 

40° 40° 
−10° 0° 10° 20° 30° −10° 0° 10° 20° 30° 

70°Model 70° 

JUL, 95th AUG, 95th 

43.2% (p<0.05) 59.3% (p<0.05) 

60° 60° 

50° 50° 

40° 40° 
−10° 0° 10° 20° 30° −10° 0° 10° 20° 30° 

70° 70° 

JUL, 50th AUG, 50th 

22.2% (p<0.05) 44.4% (p<0.05) 

60° 60° 

50° 50° 

40° 40° 
−10° 0° 10° 20° 30° −10° 0° 10° 20° 30° 

ppb yr−1 

−0.8 −0.4 0.0 0.4 0.8 

. Extended Data Fig.3 | Surface ozone trends in Europe. Maps of the 1990-2015 trends in daily 
MDA8 ozone for the 95th and 50th percentiles in July and August from observations (top) and IAVDEPV 
simulations (bottom). Results are shown for EMEP sites with at least 20 years of data, with larger circles 
indicating sites with signifcant ozone trends (p<0.05). The percentage of sites with signifcant trends are 
reported at the top-left corner of each graph. 



. Extended Data Fig.4 | Ozone pollution during the 2015 and 2018 heat waves. (Top) Maps 
of observed daily maximum temperature anomalies in June-August of 2015 and 2018 relative to the base 
period 1961-1990, with dots indicating area in drought (SPEI06 < -1). (Middle) The annual 4th highest 
MDA8 ozone concentrations from all available observations gridded at 0.5◦ resolution, with values above 70 
ppb implying an exceedance of the health limit set by the U.S. Environmental Protection Agency. (Bottom) 
The annual 26th highest MDA8 ozone concentrations, with values above 60 ppb implying an exceedance 
of the health limit set by the European Union. 



(a) SPEI06 (b) SPEI02 (c) SPEI01 

. Extended Data Fig.5 | Drought conditions. The Standardised Precipitation-Evapotranspiration 
Index (SPEI) integrated over the preceding 6 months, 2 months, and 1 month for August 2003, July 1994 
and July 2006. 



(a) 2000-2015 average 

(b) 2000s minus 1960s 

. Extended Data Fig.6 | Land use. (a) Fraction of the four land use categories in each grid cell 
averaged over 2000-2015: Natural forests (lands undisturbed by human activities), secondary vegetation 
(lands harvested at least once, including managed forests and abandoned cropland and pasture), croplands, 
and pastures. (b) Changes in 2000-2015 relative to the 1960s. The box denotes the area used for averaging 
in Extended Data Fig.6. 
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. Extended Data Fig.7 | Declining ozone removal by vegetation due to stomatal closure under 
soil drying as opposed to land use changes. (a) Evolution of land use over western Europe (5W-25E 
and 40-55N): Natural forests (dark green), secondary vegetation (green), croplands (orange), and pastures 
(blue). (b) Area-weighted leaf area indices. (c) Area-weighted daytime ozone deposition velocities. (d) Total 
(solid green lines) and stomatal (dashed green lines) ozone deposition velocities averaged over natural and 
secondary vegetation land areas over western Europe. The vertical bars show the percentage of land area 
in drought with SPEI06 < -1 (right axis). 
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. Extended Data Fig.8 | Climate-driven trends in surface ozone over Europe. Maps of the 
1979-2014 and 1990-2014 trends in the 95th and 50th percentile MDA8 ozone concentrations for July and 
August, simulated by the IAVDEPV FIXEM experiment with anthropogenic emissions held constant at 
1980 levels. Stippling denotes areas where the change is statistically signifcant at the 95% confdence level 
(p < 0.05). 



. Extended Data Fig.9 | Observed trends in hot extremes over Europe. Maps of the 1979-2019 
trends in the frequency of warm days (i.e., those above the 90th percentile for the base period 1961-1990) 
in July (a) and August (b), respectively, obtained from the Global Land-Based Datasets for Monitoring 
Climate Extremes (Methods). Stippling denotes areas where the change is statistically signifcant (p � 
0.05). 
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. Extended Data Fig.10 | Drivers of decadal mean ozone trends in Europe. Changes in decadal 
mean ozone levels during spring (March-May) and summer (June-August) from 1979-1989 to 2001-2010 
as inferred from surface observations at Hohenpeissenberg (985 m altitude, MDA8 values), from alpine 
observations at Zugspitze (2962 m altitude, 24-hour mean), and from 1990-2000 to 2001-2010 at 52 
EMEP sites over 40N-55N with continuous observations (MDA8 values). For observations, both changes 
in decadal mean (gray bars) and median (circles) values are shown, with the error bars indicating the 
range of the mean change at the 95% confdence level. Model results are shown for the BASE and 
IAVDEPV FIXEM experiments and the contributions from changes in Asian anthropogenic emissions, 
global methane concentrations, and wildfre emissions. For comparisons with free tropospheric observations 
at the Zugspitze, model results are sampled at 700 hPa. 
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