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Abstract.

The dependency of emission and atmospheric physicochemical processes on various meteorological drivers are often not

completely accounted for by 3D air quality models. In order to tackle this issue, the present study assesses weather-driven

trends in atmospheric emissions and air quality in Europe over 1990–2022 using an enhanced version of the CHIMERE chem-

ical transport model. The model includes meteorology-dependent anthropogenic emissions, varying 8-day leaf area index from5

satellite data over the whole period, and updated parameterizations for deposition as well as soil and biogenic emissions.

Simulations performed with constant anthropogenic emission practices indicate significant increases in biogenic VOC, ammo-

nia, and soil NOx emissions. In contrast, emissions decrease for the residential sector and road traffic NOx, due to warmer

temperatures reducing heating and cold-start emissions.

Ozone annual concentrations show regionally contrasting trends, with increases in southern Europe but decreases in northern10

regions due to enhanced deposition linked to vegetation changes. Significant increases, driven mainly by rising temperatures

and solar radiation, are simulated for SOMO35 and AOT40c, with population-weighted trends of 0.5%/yr and 0.69%/yr, cor-

responding to overall increases by 18% and 22% over the 1990–2022 period, respectively. Fine particulate matter generally

declines (population-weighted trend of -0.03 µg/m3/yr, +0.95 µg/m3 over the period), despite increases in secondary organic

aerosols and bioaerosols. Reduced nitrogen deposition also increased (+3.9 kT/yr, around +4.8% over the period) due to in-15

creases in ammonia gas-phase fraction and emissions.

1 Introduction

Atmospheric pollution results from the emissions of biogenic and anthropogenic pollutants in the atmosphere combined with

their transport and the formation of secondary pollutants through chemical reactions. This pollution is strongly affected by20

weather conditions: wind speed and turbulence influence transport; precipitations influence wet deposition; temperature and
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humidity influence the chemistry or the formation of aerosols as well as emissions and deposition. All of these variables are

expected to evolve with climate changes with strong regional variations (Coelho et al., 2021; He et al., 2024).

The evaluation of the impact of climate change on air quality is generally based on the use of Chemical Transport Models

(CTM) driven by meteorological or climate fields (Jacob and Winner, 2009). Modeling studies generally indicate a climate25

penalty leading to an increase in tropospheric ozone concentrations (Meleux et al., 2007; Tagaris et al., 2007; Zeng et al., 2008;

Katragkou et al., 2011; Fiore et al., 2012; Colette et al., 2013; Eyring et al., 2013; Gao et al., 2013; Rasmussen et al., 2013;

Stowell et al., 2017; Guion et al., 2023).

Simulation results are more contrasted on the influence of climate change on particulate matter (PM) concentrations. Climate

change can lead to more severe PM episodes from wildfires (Venäläinen et al., 2014a; Jones et al., 2022, 2024) or to an30

increase in Saharan dust outbreaks toward Europe (Cuevas-Agulló et al., 2024). Several modeling studies reported an increase

in Secondary Organic Aerosol (SOA) concentrations due to climate change linked to an increase in biogenic emissions (Heald

et al., 2008; Lin et al., 2016; Cholakian et al., 2019). On the other hand, Secondary Inorganic Aerosol (SIA) concentrations

are predicted to decrease with climate change due to temperature increases that inhibit nitrate formation (Heald et al., 2008;

Cholakian et al., 2019).35

One common limitation of most air quality studies is that the direct effect of temperature on anthropogenic emissions is

not considered. With constant anthropogenic practices, climate change can favor ammonia emissions (increase in emissions

by 42% reported by Sutton et al. (2013) for a 5 °C warming) and emissions from solvent use and gasoline evaporation (Wu

et al., 2024). On the contrary, climate change can lead to a decrease in emissions from residential heating by reducing energy

consumption and from road traffic by influencing cold-start emissions (Grange et al., 2019).40

The objective of this study is to determine the weather-driven trends on air quality in Europe during the last decades by con-

sidering the dependency of emission and atmospheric physicochemical processes on drivers (including different meteorologi-

cal variables, the LAI vegetation index and the deposition velocity) with state-of-knowledge parameterizations. Weather-driven

trends for the concentrations of major atmospheric pollutants (O3, NO2 and PM) and atmospheric deposition of eutrophying

and acidifying are determined by performing air quality simulations over the 1990-2022 period. To our knowledge, no studies45

have previously investigated to such an extent the effect of meteorological changes on both emissions and air quality over long

periods. This study therefore provides valuable insights into the links between climate change, emissions and air quality.

2 Method

Simulations are based on a modified version of CHIMERE v2020r1 (Menut et al., 2021) in which the following developments

were made in order to better represent the effect of meteorological variables on air quality in a context of climate change:50

– Biogenic VOC emission calculations are revised in order to implement a multi-layer canopy module, instead of the

standard "big leaf" approach used by CHIMERE v2020r1 (MEGAN model, Guenther et al., 2012). This module accounts

for the effects of solar radiation, leaf area index (LAI), soil moisture (SM), leaf temperature (calculated with a thermal

2

https://doi.org/10.5194/egusphere-2026-4644
Preprint. Discussion started: 9 September 2026
c© Author(s) 2026. CC BY 4.0 License.



balance as a function of ambient temperature, solar radiation, relative humidity and soil moisture). The developments

are described in sect. 2.1.1.55

– Following Vida et al. (2024), emissions of fungal spore particles are added. Emissions are calculated as function of LAI

and specific humidity. The developments are described in sect. 2.1.1.

– Soil NOx emissions are computed with the parameterization of Yienger and Levy (1995) which accounts for the effect

of soil temperature, soil moisture, precipitations and LAI. The developments are described in sect. 2.1.3.

– The dry deposition scheme is revised in order to harmonize calculations with the biogenic emission module (as described60

in sect. 2.1.2). Especially, the new deposition module accounts for the effects of solar radiation, LAI, soil moisture, leaf

temperature and several turbulence parameters (such as friction velocity and the aerodynamic resistance).

– Several dynamic parameterizations on anthropogenic emissions have been implemented to account for the effect of

temperature on the use of heating appliances (assuming that this usage decreases during warmer conditions, sect. 2.1.6),

traffic emissions (sect. 2.1.7) and on volatile chemical product emissions (sect. 2.1.7). Agriculture ammonia emissions65

(sect. 2.1.4) from livestock and fertilizer usage are also calculated as a function of turbulence parameters, soil wind

speed, air temperature, soil temperature, leaf temperature, soil moisture and LAI.

To disentangle the influence of meteorological variability, emissions from sectors and pollutants lacking dynamic parame-

terization are taken from an emission inventory that does not include interannual changes. Monthly and hourly emissions are

derived from annual totals using CAMS-TEMPO v4.1 (Guevara et al., 2021). For this purpose, we use the CAMS-REG-AP70

inventory for the year 2018 (version v5.1_REF2.1) (Kuenen et al., 2022). For sectors and pollutants for which a dynamic

parameterization is used, the calculated anthropogenic emissions are constrained to reproduce the annual emissions provided

for 2018 (selected as a reference year) by the emission inventory or, in the case of agricultural NH3 emissions, by the official

reported emission provided by countries in 2024 on the the Centre on Emission Inventories and Projections (CEIP).

Simulations are performed for the 1990-2022 period over a 0.25°×0.25° domain covering Europe. Emission calculations75

and CHIMERE simulations are performed using meteorological data from the ERA5 reanalysis (Hersbach et al., 2020).

Several results are presented in this study for the area referred to as "EUR", representing the countries from the European

Union (EU27) together with Norway, Switzerland and the United Kingdom. Dynamic NH3 emissions are only considered for

EUR countries in order to use the official reported emissions provided by countries in 2024. For other countries, NH3 emissions

are taken from the emission inventory without interannual variations.80

2.1 Model development

2.1.1 Biogenic VOC and fungal spore emissions

CHIMERE v2020r1 currently computes biogenic emissions based on the MEGAN v2.1 algorithm (Guenther et al., 2012) that

has been embedded in the code. Following Henrot et al. (2017), a "big-leaf" approach is used where vegetation is represented
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by a single canopy level. The code also uses the air temperature at 2 meters above ground instead of the leaf temperature and85

does not account for the effect of soil humidity on isoprene emissions. As these assumptions could strongly affect the response

of the model to changes in meteorological parameters, a multi-layer canopy module was implemented in CHIMERE.

The canopy is discretized into several layers (referred to as Nlayers). For each level, the temperature of sunlit and shaded

leaves as well as the photosynthetic photon flux density (PPFD) are computed with the approach described by Müller et al.

(2008). The emission flux Fv,i,layer is then computed with the following formulae for the different types of vegetation defined90

by Müller et al. (2008) (needleleaf evergreen, needleleaf deciduous, broadleaf evergreen, broadleaf deciduous, shrubs, grass,

crops):

Fv,i,layer = EFv,i ·CCE,v,i · γSM,i · γage · γCO2,i ·∆LAIv,layer · γPT,v,i,layer (1)

with v a specific type of vegetation, i the species, EFveg,i the emission factor at standard conditions (conditions for which

emission factors are measured), ∆ LAIv,layer the fraction of LAI in the canopy layer. γSM,i, γage, γCO2,i are the emission95

activity factors accounting for soil moisture, leaf age and CO2 concentrations, respectively. γPT,v,i,layer accounts for both

the effect of PPFD and leaf temperature. γage, γCO2,i and γPT,v,i,layer are computed with the parameterizations of Guenther

et al. (2012). In order to calculate γCO2,i (applied on isoprene only), the yearly concentrations of CO2 measured at Mauna Loa

are used (Lan and Keeling, 2024). γSM,i is computed as in Müller et al. (2008) by using the soil moisture at different depths

provided by the ERA5 reanalysis and the gridded wilting point dataset provided by the International Geosphere-Biosphere100

Program Data and Information System (IGBP-DIS) at a resolution of 30 arcsec (Global Soil Data Task, 2000).

In order to use Eq. 1, LAI must be distributed vertically, temporally, and by vegetation type. The vertical distribution can be

obtained by using Leaf Area Density (LAD) functions. LAD functions for the different types of forests are taken from Bonan

et al. (2018). The LAI is assumed to be vertically uniform for the other types of vegetation types (grass, shrubs and crops).

Gridded LAI data, estimated from the MODIS satellite instruments, are used to provide information on the spatiotemporal105

distribution of LAI. Since the LAI estimate is provided for total vegetation, these gridded data were combined to the generic

LAI evolution functions by type of vegetation proposed by Emberson et al. (2000). These functions are traditionally used

within CHIMERE to compute deposition fluxes by type of vegetation. Furthermore, the fraction of a vegetation type inside a

cell was estimated using the Corine Land Cover (CLC) dataset (CLMS, 2020).

Two LAI satellite datasets are considered in our study. The first dataset (referred to as "default LAI" hereafter) consists in110

high spatiotemporal LAI (30 arcsec every 8 days) generated from MODIS instrument for year 2018 with the method of Yuan

et al. (2011). Alternatively, the HiQLAI database (Yan et al., 2024) has a 5 km resolution with data every 8 days and covers

the period 2000-2022. This database was completed by the GlobMAP database (Liu et al., 2012) in order to cover the whole

simulation period (1990-2022).

Finally, three sources of emission factors were considered: the generic EF of MEGAN v2.1 by vegetation types provided by115

Guenther et al. (2012), the EF by vegetation types and ecoregions provided within MEGAN v3.2 (Guenther, 2024) and the EF

used within the ORCHIDEE model (Messina et al., 2016).
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Vida et al. (2024) simulated fungal spore concentrations with CHIMERE by using the parameterization of Heald and

Spracklen (2009) to estimate the emissions. The authors evaluated the model results by comparing concentrations with es-

timates of spore concentrations based on polyol measurements in France. They showed that the model could accurately repro-120

duce the fungal spore concentrations at most stations in France. Therefore, fungal spore emissions are here calculated with the

same method. The fungal spore number emissions FH&S (in #/m2/s) are calculated with the following equation:

FH&S = 30 867×LAI × qv (2)

with qv the specific humidity (in kg/kg). Fungal spore emissions are assumed to have a density of 1000 kg/m3 and an aerody-

namic diameter of 3 µm.125

2.1.2 Dry deposition

Several modifications were made to improve the calculation of deposition velocities based on the resistance approach of Wesely

(1989). CHIMERE v2020r1 uses the cell averaged friction velocity u∗ regardless of the land-use categories. The calculation

of u∗ has been revised to account for the roughness length (z0) of the different land-uses categories. Following Simpson et al.

(2012), the friction velocity u∗ is recalculated for each land-use categories based on z0 and the wind speed of the third layer of130

the Integrated Forecast System (IFS) meteorological model (corresponding to an altitude of 50 m, a height where wind speed

is not influenced by the underlying terrain):

u∗ =
k×U(zref )

ln
(

zref−d
z0

)
−ψM

(
zref−d

L

)
+ψM

(
z0
L

) (3)

with k the von Karman constant (=0.41), zref the height of the third vertical layer of the meteorological model, U(zref ) the

wind speed of the third vertical layer, d the displacement height, L the Obukhov length and ψM the stability functions for135

momentum. ψM is calculated as in IFS (ECMWF, 2016). The values of z0 and d are taken from Simpson et al. (2012).

Deposition velocities on vegetation are calculated based on Clifton et al. (2020). Stomatal fluxes are calculated according

to Müller et al. (2008). With this changes, the current version of the dry deposition model for stomatal conductance includes

the effect of soil moisture in addition to the other parameters already included in CHIMERE v2020r1 (temperature factor,

irradiance, leaf-to-air vapor pressure deficit). The temperature factor is also calculated using the leaf temperature instead of140

air temperature. While CHIMERE v202r1 uses the LAI functions from Emberson et al. (2000) to calculate deposition fluxes,

deposition velocities are based, in our study, on the LAI redistributed on vegetation classes (see Sect. 2.1.1) to homogenize the

LAI data used for both deposition and biogenic emissions.

2.1.3 Soil NO emissions

The parameterization of Yienger and Levy (1995) is implemented in CHIMERE to compute NO emissions from soils (FNO):145

FNO = fw/d

(
Tsoil,Aw/d(veg)

)
×P (precipitation)×CR (4)
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with fw/d the response of emissions under dry (d) and wet (w) conditions to the soil temperature (Tsoil) and depending

on Aw/d(veg) a factor depending on the vegetation type, P (precipitation) is a factor representing pulse emissions due to

precipitation and a reduction factor (CR) to account for NOx uptake by vegetation inside the canopy.

For agricultural soils, Yienger and Levy (1995) proposed to use an emission factor due to fertilization (EFNO) representing150

a 2.5% annual loss of the amount of nitrogen and applied to each grid cell such as:

Aw/d(crops) =Aw/d(grassland)+S×Ncumul (5)

with Ncumul the accumulated amount of N in soils due to fertilizer applications and S the scaling factor for fertilizer volatiliza-

tion determined for each grid cell. Yienger and Levy (1995) normally uses the monthly application rate but, following Yan

et al. (2005), using Ncumul calculated with daily application of fertilizers and a lifetime of 4 months was preferred. Instead of155

forcing S over each grid cell in our study, a single value of S is determined for the whole domain and is scaled for year 2018.

The computation of daily application is presented in Sect. 2.1.5.

2.1.4 Ammonia emissions

NH3 emissions from housing, storage and grazing are temporalized according to Skjøth et al. (2011) to take into account the

impact of temperature and wind speed. For each country, the emissions are calibrated to respect the emissions reported on160

CEIP for year 2018.

NH3 emissions due to fertilizer applications (FNH3,fert) are computed offline with the parameterizations of Massad et al.

(2010) such as:

FNH3,fert = Sc
1

Ra

χg/Rg +χc(χs,χg)/Rb

R−1
a +R−1

g +R−1
b

(6)

with Ra the aerodynamic resistance, Rb the quasi laminar boundary resistance for vegetation, Rg the quasi laminar boundary165

resistance for the ground, χc the compensation point calculated with χs and χg the stomatal and ground layer compensation

point calculated as a function of fertilizer applications. The resistances, determined for crops, are calculated with the resistance

scheme of CHIMERE. Sc is a scaling factor determined for each country to respect the 2018 emission level of NH3 emissions

from fertilizer applications.

2.1.5 Distribution of fertilizer applications170

To compute NH3 and soil NOx emissions, fertilizer applications have to be spatially and temporally distributed. The amounts

of inorganic and organic fertilizers per country are extracted from the FAOSTAT website (https://www.fao.org/faostat/ ; Last

access in August 2024) and are spatialized according to the agricultural land-use. Temporalization is performed according to

the temperature sums and the gaussian distributions of Skjøth et al. (2011).

Rfert,type,t = Ferttype

ntype∑

i

fi
exp

(
(t−µi)

2

−2σi

)

σi
√
2π

(7)175
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with the "type" index referring to the type of fertilizers used (inorganic or organic), t the julian day of the year, Rfert,type,t daily

applications of fertilizers, ntype the number of sub-sectors corresponding in Skjøth et al. (2011) (subsectors "Spring application

of fertilizer" and "Summer application of fertilizer" are used for inorganic fertilizers, subsectors "Spring application of manure

on bare soil", "Application of manure on crops", "Summer application of manure", "Autumn application of manure" are used

for organic fertilizers), fi corresponds to the fraction of the fertilizer used in the sub-sector, µi corresponds to the day when180

the gaussian function reaches its maximum (computed as a function of temperature sums) and σi is the spread of the gauss

function. fi and µi are directly extracted from Skjøth et al. (2011). σi in Skjøth et al. (2011) ranges from 9 days (for application

of manure) to 30 days. Using σi=9 days strongly limits the spread of the gauss function and lead to specific period with

considerable NH3 emissions (whereas NH3 is generally present during large period in spring). σi was chosen equal to 30 to

avoid this issue.185

2.1.6 Residential heating emissions

Temperature does not directly influence the emissions factors for residential emissions, but it can affect activity through energy

consumption for heating. Guion et al. (2025) proposed that the Heating Degree Days (HDD) approach (assuming that residen-

tial emissions are directly proportional to the difference between the outdoor temperature and a comfort temperature Tb) can

be used to include the effect of colder temperature on emissions. HDDs daily factors are calculated with:190

HDDi,j,d =max(Tb −T2m,i,j,d,0) (8)

with i the longitude index, j the latitude index, d the day index, T2m the daily temperature at 2 meters above ground. Based on

HDDs, residential emissions from wood burning (FRWB,i,j,d,n) for the species n can be calculated as follows:

FRWB,i,j,d,n =

(
fRWB,n

Ndays
+(1− fRWB,n)

HDDi,j,d∑
kHDDi,j,k

)
×E2018

RWB,i,j,n (9)

with Ndays the number of days in a year, fRWB,n the fraction of household activities that are not sensitive to temperature195

variations (e.g. cooking and water heating) in the NFR emission sector C "other stationary combustions" in the Gridding

Nomenclature for Reporting (GNFRC), and E2018
RWB,i,j,n the annual emission of the cell for 2018 as reference year.

2.1.7 NOx and NMVOC emissions from road trafic and solvent use

Although NOx emissions from diesel vehicles can also be strongly dependent on ambient temperature, this effect is generally

not taken into account in emission inventories. According to Grange et al. (2019), it could lead to an underestimation of200

emissions by 38%. However, the effect of temperature on diesel NOx emissions strongly depends on the type of vehicle. NOx

emissions from EURO 6 vehicles may exhibit a low temperature dependence according to Grange et al. (2019). For the purpose

of our study, the emission correction based on the ambient temperature of Wærsted et al. (2022) was used. This correction was

determined by studying the bias in NO2 concentrations simulated with the uEMEP model (Mu et al., 2022) at stations in

Norway. The correction was applied to the GNFR F2 sector (from road transport – diesel exhaust) for NOx. It should probably205
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be adjusted country by country based on the fleet composition of diesel vehicles, but due to the lack of data, the correction was

assumed to be representative and valid for all of Europe. No correction was applied to the other pollutants.

Finally, the temperature dependence of non-methane volatile organic compounds (NMVOC) from gasoline evaporation and

solvent use was calculated according to the parameterizations of Wu et al. (2024).

2.2 Model evaluation210

An ensemble of simulations were performed for year 2018 in order to compute biogenic emissions using different biogenic

EF (MEGAN 2.1, MEGAN 3.2 and ORCHIDEE) and different LAI database (Yan et al. (2024) and HiQLAI). The map of

biogenic emissions of total VOC, isoprene, monoterpene and sesquiterpenes calculated with different EF database are shown

in the supplementary materials (Fig. S1 to S4). The effect of the use of the canopy module on biogenic is illustrated by Fig. S5.

The effect of the different model improvements on performance is also assessed by comparisons to in-situ measurements of215

surface concentrations reported by the European air quality observation network AQ e-Reporting (EEA, 2023). A comprehen-

sive evaluation of biogenic emissions and model performance is provided in the Supplementary Material (Sections S1 and S2),

including the temporal evolution of observed and simulated concentrations (Fig. S6 to S8) as well as a range of performance

metrics (Fig. S9 to S13).

Concerning biogenic emissions, much higher terpene emissions are obtained with MEGAN 3.2 compared to the Big-Leaf220

approach of CHIMERE v2020r1. These results are consistent with other studies over Europe that indicated a strong underesti-

mation (by a factor 3) of terpene emissions (Jiang et al., 2019; Ciccioli et al., 2023). Based on these studies, Wang et al. (2024b)

increased the emissions of monoterpenes and sesquiterpenes simulated by CHIMERE v2020r1 by a factor 3. The authors ob-

tained significantly improved simulation results for summertime PM2.5 and organic aerosols, as evidenced by comparisons

with measurements. According to our results, MEGAN 3.2 should be considered the most up-to-date and realistic EF database.225

The new CHIMERE version developed in this study has generally better scores than CHIMERE v2020r1 for PM concen-

trations (RMSE for PM10 reduced from 9.0µg/m3 to 8.1µg/m3 and correlations increase from 0.54 to 0.62) and similar scores

for O3 (RMSE slightly reduced from 16.4 and 16.2 µg/m3) and NO2 (RMSE is sightly reduced from 5.11 to 4.9 µg/m3 but the

correlation slightly decreases from 0.61 to 0.60) concentrations.

2.3 Determination of weather-driven trends and drivers230

Weather-driven trends (trends calculated over the simulation period that consider only the effect of weather conditions and

assumed constant practices) are calculated cell by cell for the period 1990-2022 using the Sen-Theil approach. p-values are

calculated with the Mann-Kendall trend test using the "pyMannKendall" python library (Hussain and Mahmud, 2019). Fol-

lowing several studies (e.g. Houssami et al. (2010); Lin et al. (2022); Sillanpää et al. (2022)), trends are classified as "highly

significant", "significant" and "slightly significant" for p-values<0.01, 0.01≤p-values<0.05 and 0.05≤p-values<0.1, respec-235

tively.

In order to determine the drivers (including different meteorological variables, the LAI vegetation index and the deposition

velocity), annual concentrations or metrics (C) are expressed for each cell of the domain as a multilinear combination of the
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annual averages of several selected meteorological variables (Pi) using a multilinear regression such as:

C = residues+
∑

i=met variables

αi ×Pi (10)240

The selected variables for NO2 are: temperature at 2m (T2m), shortwave downward radiation (Solar), relative humidity at

2m (RH2m), wind velocity (Wind) of the first vertical model (at around 10 m), LAI, precipitation (Precip) and the planetary

boundary layer height (PBL). Ozone dry deposition velocities (vd), directly extracted from CHIMERE, were added to the

list of meteorological variables for O3. In order to reach high correlation of the multilinear models for PM and deposition of

acidifying and eutrophying compounds, cloud liquid water content (LWC) integrated over the first five layers was added to245

the list of variables to represent aqueous-phase oxidation of SO2 into sulfate and wind velocity was replaced by the annual

averages of southerly, northerly, westerly, easterly wind velocities.

The variables were selected to avoid high correlation between them. The maps of interannual trends for meteorological

variables and the autocorrelation matrix between the considered variables are illustrated in the supplementary materials (Fig.

S14 to S16). As a result, relative humidity was preferred to specific humidity to avoid autocorrelation between the annual250

averages of specific humidity and temperature. Similarly, soil moisture was not included, as it has a high correlation with

precipitations over a large part of the domain.

Furthermore, to limit multicollinearity among predictors, the set of variables is refined for each grid cell using variance

inflation factors (VIF). A commonly guideline is to maintain VIF values below 5 to avoid multicollinearity issues (Jongh et al.,

2015). This criterion is enforced through an iterative procedure in which the variable with the highest VIF is removed until all255

remaining variables satisfy the threshold.

For each cell of the domain, the dominant driver of the trend is determined by the highest trend contribution (TC). For each

meteorological variables i, TCi is determined by:

TCi = αi ×Trend(i) (11)

with Trend(i) the interannual trend of the meteorological variables (with a significant trend).260

Overall, the multilinear models manage to reproduce the trends estimated by CHIMERE with average errors between 13%

and 21%.

2.4 Simulation configuration

Simulations are performed over the 1990-2022 period in order to evaluate weather-driven trends taking into account the change

in meteorological variables. These simulations are performed using the MEGAN 3.2 emission factors, which are the most up265

to date and provide the best performance (see evaluation in Section S2.2 in Supplementary Materials).

Several assumptions are made to isolate the effect of meteorological changes from the effect of regulation of other atmo-

spheric anthropogenic pollutants (NMVOC, NOx, NH3, SOx, PM). The boundary conditions for the entire period are assumed

constant and taken from climatology data from GOCART for dust and from the global model LMDZ-INCA for gases and other

aerosol species (Mailler et al., 2017). It should be noted that in this setup, as boundary conditions are constant, the evolution270
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of CH4 concentrations during the period is not accounted for. The calculated trends therefore isolate the effect of meteorology

and cannot be considered as the full effect of climate change as increases of CH4 global emissions are known to have a strong

impact on O3 concentrations (van Caspel et al., 2024).

Weather conditions such as temperature, precipitation, and wind speed influence the characteristics of fires both in real time

but also on the state of vegetation (fuel availability and dryness) notably by the occurrence of droughts (Guion et al., 2022). Due275

to climate change, Venäläinen et al. (2014b) found an increasing trend in fire meteorological risks for the period 1980–2012

for southern and eastern Europe. However, observational trends in Mediterranean wildfire activity have been negative over the

past decades, with a decrease of 66% in annual area burned during the period 1985–2011 (Turco et al., 2016). This is mainly

due to improvements in fire management and prevention but also to real-time firefighting. Additionally, Carnicer et al. (2022)

analyzed CO2 emissions from wildfires estimated by the Global Fire Assimilation System version 1.2 (GFASv1.2, based on fire280

radiative power observations from MODIS instruments) over Europe between 2000 and 2020. Although the authors estimated

a statistically significant increase in the Fire Weather Index (which represents the fire risk depending on weather conditions

such as fuel moisture and wind speed) over southern and central Europe, they reported no statistically significant trends on

the satellite-derived emissions. Due to the lack of data on forest fire emissions taking only the effect of meteorology and the

reported lack of emission trend based on satellite data, forest fire emissions are not taken into account our study.285

The interannual trend of LAI illustrated by Fig. 1 is assumed to be dominated by climate change during the simulation

period. LAI increased during the last decades with a weather-driven trend around 0.0034 m2/m2/yr (corresponding to an

increase of 0.32%/yr, p-value<0.001). This interannual LAI evolution is due to the combination of climate change (due to the

increase in CO2 concentrations and changes in temperature and precipitation) with land-use changes (deforestation or forest

restoration). However, several studies reported that climate change (via both the increase in CO2 fertilization and the evolution290

of meteorological variables) is the most important driver of LAI changes over Europe (Wu et al., 2023; Zhu et al., 2016). LAI

decreases are observed in some areas, especially in France. This decrease is consistent with the results of Laanaia et al. (2016)

who estimated a decrease in LAI for broadleaf forests in France after 1990 due to an increase in periods of soil water stress.

In additions to the simulations over the whole period, some sensitivity simulations are also performed over 3 of the coldest

years (1991, 1993 and 1996) and 3 of the warmest years (2018, 2019 and 2022), in order to estimate the importance of:295

– meteorologically dependent emissions via simulations with meteorologically independent emissions.

– changes in LAI with simulations using the HiQ-LAI data for 2018.

Simulations performed with the CHIMERE version developed in this study are carried out with the H2O SOA scheme

including SOA formation from monoterpene oxidation by autoxidation (Chrit et al., 2017; Sartelet et al., 2020). Following

Couvidat et al. (2018), anthropogenic primary organic aerosols are assumed to be semivolatile.300
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a) Interannual evolution of the annual LAI average

b) Spatial distribution of LAI weather-driven trends (in m2/m2/yr)

Figure 1. Interannual evolution of the annual LAI average (in m2/m2) over EUR (top) and spatial distribution of LAI weather-driven trends

(in m2/m2/yr) (bottom). The bar colors on the background for the graph on the top illustrate variations of the average annual temperature

over EUR compared to the average of the 1990-2022 period.
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Figure 2. Interannual evolution of all emissions over EUR, normalized relative to 2018 levels. The bar colors on the background illustrate

the variations of the average annual temperature over EUR compared the average of the 1990-2022 period.

3 Results and discussions

The determined weather-driven trends on emissions, atmospheric concentrations and deposition over Europe are presented in

sections 3.1, 3.2 and 3.3, respectively.

3.1 Weather-driven evolution of emissions

The evolution of emissions over EUR are analyzed by calculating a linear regression between the emissions and either the305

annual temperatures averaged over EUR (temperature sensitivity expressed in kT/°C) or years (weather-driven trends expressed

in kT/yr). Table 1 gives the weather-driven trends and temperature sensitivities of emissions averaged over EUR. Maps of

weather-driven trends are shown in Fig. S17 in supplementary materials. As biogenic TVOC are mainly emitted during summer,

trends and temperature sensitivities were computed for summer conditions.

In general, due to the temperature dependence taken into account in this study, the determination coefficients (R2) are higher310

for temperature sensitivities (0.50≤R2≤0.93) than for weather-driven trends (0.24≤R2≤0.70). All temperature sensitivities

and weather-driven trends averaged presented in Table 1 are statistically significant as all p-values are below 0.01. However,

weather-driven trends can be locally statistically nonsignificant due to high p-value (above 0.1). The interannual evolution of

emissions over EUR for all emitted compounds is illustrated in Fig. 2.
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Temperature sensitivities Weather-driven trends

Value R2 Value R2

Summertime biogenic VOC emissions computed with GlobMap+HiQLAI

Isoprene 121 kT (8.5%) per °C 0.52 4.1 kT (0.29%) per year 0.16

Isoprene (no SM effect) 308 kT (13.8%) per °C 0.77 13.1 kT (0.59%) per year 0.37

Monoterpene 351 kT (15.0%) per °C 0.83 17.4 kT (0.75%) per year 0.53

Sesquiterpene 35.3 kT (21.8%) per °C 0.88 1.89 kT (1.2%) per year 0.66

Others 359 kT (14.4%) per °C 0.83 18.9 kT (0.76%) per year 0.61

TVOC 892 kT (14.0%) per °C 0.83 44.9 kT (0.70%) per year 0.55

Summertime biogenic VOC emissions computed with the default LAI for 2018

TVOC 862 kT (11.9%) per °C 0.93 36.1 kT (0.50%) per year 0.42

Annual fungal spore emissions

Default LAI for 2018 24 kT (3.7%) per °C 0.55 1.45 kT (0.22%) per year 0.61

GlobMap + HiQLAI 43 kT (7.7%) per °C 0.50 2.86 kT (0.51%) per year 0.65

Annual NH3 emissions

Livestock 87 kT (4.8%) per °C 0.57 3.6 kT (0.20%) per year 0.29

Fertilization application 161 kT (11.0%) per °C 0.72 5.8 kT (0.38%) per year 0.37

Total 248 kT (7.4%) per °C 0.74 9.4 kT (0.28%) per year 0.32

Annual soil NOx emissions (in kT NO2 eq)

Natural contribution 60 kT (8.8%) per °C 0.63 3.52 kT (0.51%) per year 0.69

Fertilizer application 49 kT (9.9%) per °C 0.63 2.87 kT (0.58%) per year 0.69

Total 110 kT (9.3%) per °C 0.64 6.40 kT (0.54%) per year 0.70

Annual PM2.5 anthropogenic emissions

Residential sector -147 kT (-8.7%) per °C 0.86 -5.52 kT (-0.50%) per year 0.36

Total -147 kT (-13.3%) per °C 0.86 -5.52 kT (-0.37%) per year 0.36

Annual NOx anthropogenic emissions

Residential sector -95 kT (-13.9%) per °C 0.87 -3.4 kT (-0.49%) per year 0.33

Road traffic -184 kT (-4.8%) per °C 0.84 -5.7 kT (-0.15%) per year 0.24

Total -279 kT (-3.4%) per °C 0.85 -9.1 kT (-0.11%) per year 0.27

Annual NMVOC emissions anthropogenic emissions

Residential sector -145 kT (-13.4%) per °C 0.86 -5.49 kT (-0.50%) per year 0.37

Solvent use 133 kT (5.1%) per °C 0.85 6.06 kT (0.23%) per year 0.53

Gasoline evaporation 7.5 kT (4.7%) per °C 0.79 0.37 kT (0.23%) per year 0.59

Total -4.7 kT (-0.06%) per °C 0.0 0.94 kT (0.01%) per year 0.04
Table 1. Temperature sensitivities (in kT/textdegree C) and weather-driven trends (in kT/yr) of emissions over EUR between 1990 and 2022.

Relative temperature sensitivities and weather-driven trends are provided under parenthesis. R2: square of the correlation coefficient.
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3.1.1 Biogenic VOC and fungal spore emissions315

The interannual evolution over EUR of TVOC and isoprene emissions is illustrated by Fig. 3. A significant weather-driven

increase in TVOC biogenic emissions over EUR is simulated as they increase by 13.5% per °C (0.67% per year) with a strong

correlation to temperature (R2=0.82). Only a small part of this trend over EUR can be attributed to the interannual evolution of

LAI as a similar temperature sensitivity is obtained using the default LAI for 2018 (11.8% per °C).

Although the emissions of all VOCs increase with temperature, the magnitude of this increase varies significantly between320

specific VOCs. The increase is significantly lower for isoprene (7.9% per °C; 0.31% per year) and higher for sesquiterpene

(21.4% per °C; 1.1% per year), which contribute more significantly to SOA formation. The lower increase for isoprene is due

to the effect of dry soil conditions that inhibits isoprene emissions when soil humidity is below the wilting point. As illustrated

by Fig. 3a, the number of days during summer when soil humidity is below the wilting point increased during the period with

a trend of 0.1 days/year (R2=0.37) from 18.1 days during 1990s to 20.4 during the 2010s. Without this effect, the temperature325

sensitivity would increase to 14.0% per °C.

Our results are consistent with those of Wang et al. (2024a), who used MEGAN 3.2 to estimate global trends in biogenic

emissions over 2000–2020 based on a similar approach, relying on MERRA-2 meteorological data (Gelaro et al., 2017) and

time-varying LAI from Yuan et al. (2011). They report an increase in monoterpene emissions over Europe (around 0.8%/yr),

in close agreement with our estimate for Europe (0.81%/yr). For isoprene, they obtain a slightly higher trend (0.55%/yr)330

compared to our estimate (0.43%/yr). Using MEGANv2.1 coupled with the MOHYCAN canopy model, Bauwens et al. (2018)

reported an European isoprene trend over 1979–2014 of 0.76%/yr (including the inhibition by CO2 concentrations) but without

considering the effect of soil moisture. This value is slightly higher than our estimate without the effect soil moisture effect

(0.66%/yr).

Fungal spore emissions over EUR (illustrated by Fig. 4) are estimated to increase by 0.51% per year (R2=0.65) and have335

a better correlation with years than with temperature (R2=0.50). However, when using the default LAI for 2018 for the entire

period, a better correlation coefficient is obtained with temperature (R2=0.61) than with years (R2=0.55). The weather-driven

trend is then reduced to 0.22% per year, showing that a large part of the trend is driven by the increase in the LAI over EUR.

Around 60% of the increase can be attributed to the increase in LAI, the remaining contribution is due to the increase in specific

humidity during the same period.340

The spatial patterns of weather-driven trends (illustrated by Fig. S15) indicate stronger increases over the eastern half of the

domain for both biogenic VOC and fungal spore emissions, reflecting larger increases in temperature and LAI in this region. In

contrast, weather-driven decrease in fungal spore emissions are simulated over part of France, associated with decreasing LAI.

3.1.2 Soil NOx emissions

Soil NOx emissions over EUR are estimated to increase by 0.54% per year (R2=0.70) corresponding to a temperature sensitivity345

of 9.3% per °C with a similar determination coefficient (R2=0.64). Fertilizer applications (representing 44% of soil NOx

emissions in 2018) and the natural contribution have similar weather-driven trends (0.58% per year and 0.51% per year,
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a) Isoprene

b) TVOC

Figure 3. interannual evolution of summertime isoprene (top) and TVOC (bottom) biogenic emissions over EUR. The bar colors on the

background illustrate the variations of the average summertime temperature over EUR compared the average of the 1990-2022 period. The

brown bar indicates the average number of days where soil humidity is below the wilting point.

15

https://doi.org/10.5194/egusphere-2026-4644
Preprint. Discussion started: 9 September 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 4. Interannual evolution of fungal spore emissions over EUR. The bar colors on the background illustrate the variations of the average

annual temperature over EUR compared the average of the 1990-2022 period.

respectively). Emissions increase across almost the entire domain, with the exception of a few regions with nonsignificant

weather-driven trends (especially in Ireland, due to a nonsignificant trend for temperature). The increases in emissions are

larger for areas with intensive agricultural activities.350

3.1.3 NH3 emissions from agriculture

NH3 emissions from agriculture in EUR show a much stronger correlation with annual temperature (R2=0.74) than with years

(R2=0.32). The emissions are found to increase by 7.4% per °C (0.28% per year). This result is consistent with the increase at

the global scale reported by Sutton et al. (2013) (increase in emissions by 8.7% per °C) but higher than the results reported by

Jiang et al. (2026) (increase in emissions by 3.8% per °C).355

Emissions from livestock (including emissions from manure storage and animal housing and grazing) and from fertilizer

applications are both strongly correlated with temperature (R2 equal to 0.57 and 0.72, respectively) but temperature sensitivities

are much higher for fertilizer applications (11.0 % per °C vs. 4.8% for livestock emissions). This behavior is due to the

high contribution (85%) of manure storage and animal housing to livestock emissions, which depend (according to the used

parameterization) on the temperature inside animal houses or at the surface of the stored manure rather than the outdoor360

temperature. For example, in houses equipped with forced ventilation, the indoor temperature is assumed to reach a lower limit

of 18 °C when the outdoor temperature falls below 12.5 °C, according to the parameterization of Skjøth et al. (2011).
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3.1.4 Other anthropogenic emissions

Assuming, in this analysis, that anthropogenic emissions of all other compounds (NOx, NMVOC and PM) are only influenced

by meteorology, they show a strong correlation with temperature (R2≥0.79) while the correlation with years is moderate365

(R2≤0.59). Only total NMVOC emissions have no significant trends due to compensation between the increase in NMVOC

emissions from gasoline evaporation and the use of solvents (resulting in an increase of 140 kT per °C) and the decrease

in emissions from the residential sector (-145 kT per °C). Although the weather-driven trend of NMVOC emissions is close

to zero, winter emissions decrease with increasing annual temperatures (due to reduced residential emissions) while summer

emissions increase (due to increased emissions from solvent use and gasoline evaporation).370

Anthropogenic emissions of PM2.5 and NOx are found to decrease with increasing temperatures. PM2.5 emissions are only

affected by the decrease in the residential sector emissions, leading to a decrease in total PM2.5 emissions (including all sectors)

of -13.3% per °C (-0.37% per year). Total NOx emissions decrease by 3.4 % per °C (-0.11% per year) with approximately two-

thirds of the weather-driven trend attributable to reductions in diesel traffic emissions, and the remaining fraction due to the

residential sector. Spatially, weather driven trends of NOx and PM2.5 are negative across almost the entire domain. Trends are375

especially important in region with large anthropogenic emissions (especially in Italy and eastern EUR countries for PM2.5

and in densely urbanized areas for NOx).

CHIMERE also considers emissions of sea salt, mineral dust and urban dusts. However, the European trends of mineral

and urban dusts emissions and the trends of sea salt emissions over the whole domain are statistically non-significant. Trends

of mineral dust emissions over the African part of the domain are around 380 kT/yr (around 0.39%/yr) but are only slightly380

statistically significant (p-value equal to 0.077).

3.2 Weather-driven evolution of atmospheric concentrations

The determined dominant drivers and the distribution of significant weather-driven trends in annual concentrations of O3, NO2,

and PM10 as well in SOMO35, and total deposition over EUR of oxidized sulfur (Soxidized), reduced nitrogen (Nreduced),

and oxidized nitrogen (Noxidized) are illustrated by Fig. 5. The interannual evolution of population-weighted concentrations385

and deposition as well as the population-weighted weather-driven trends and temperature sensitivities are also shown in sup-

plementary materials (Fig. S18 and Table S1).

3.2.1 Ozone concentrations

The weather-driven evolution of several O3 metrics typically used in air quality are investigated: annual mean concentrations,

the annual average of daily maxima, the sum of ozone daily 8-h maximum over 35 ppb (SOMO35), the accumulated ozone ex-390

posure over a threshold of 40 ppb for vegetation and crops (AOT40c) and the fourth daily maximum 8-hour average (4MDA8).

Annual mean concentrations, the annual average of daily maxima, SOMO35 and AOT40c exhibit moderate correlations

with temperature (R2 = 0.37, 0.43, 0.38 and 0.26, respectively), whereas correlations with time are weak (R2 = 0.10-0.18).

Consequently, the inferred population-weighted trends are only moderately significant for the annual average of daily maxima
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Figure 5. Box plots of statistically significant weather-driven trends (1990-2022) in annual concentrations of O3, NO2, and PM10 as well in

SOMO35 and total deposition over EUR of oxidized sulfur (Soxidized), reduced nitrogen (Nreduced), and oxidized nitrogen (Noxidized). The

fraction of EUR exhibiting statistically significant trends is indicated at the top of the figure. The dominant drivers of these trends are shown

at the bottom, with symbol sizes weighted by their relative importance. Drivers shown in red and blue correspond to positive and negative

trends, respectively.
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(p-value = 0.029), SOMO35 (p-value=0.013), AOT40c (p-value=0.028) and weakly significant for the annual mean (p-value395

= 0.070). In contrast, population-weighted ozone 4MDA8 shows a low correlation with annual temperature (R2 = 0.14), in-

dicating that, unlike the other metrics, its temporal evolution cannot be explained by changes in mean annual temperature.

This result is expected, as 4MDA8 is representative of ozone daily peaks and is therefore associated with extreme conditions

that are not necessarily correlated with annual mean temperature. Accordingly, weather-driven trends in population-weighted

4MDA8 are not statistically significant (p-value = 0.23), reflecting the sporadic occurrence of years with elevated 4MDA8400

values (e.g., 1994, 2003, 2006, and 2019). The weather-driven trends are particularly strong for SOMO35 and AOT40c with

population-weighted trends of 0.5%/yr and 0.69%/yr (corresponding to overall increases by 18% and 22% over the 1990–2022

period), respectively. A population weighted trend of 0.07%/yr is found for O3 annual concentrations.

The spatial distributions of R2 for annual O3 and SOMO35 are shown in Fig. 6. Determination coefficients (R2) with tem-

perature are highest over Spain and Southwestern France indicating that temperature is probably an important meteorological405

driver of annual O3 concentrations over this region. Determination coefficients with temperature remains low in the other

regions. Similar spatial distribution are found for SOMO35, except that R2 are close to 0 in Northern Europe and higher in

Eastern Europe. Very high R2 (around 0.5-0.6) with temperature are found for AOT40c over almost the domain (with the ex-

ception of Scandinavia), indicating a very high relationship of AOT40c with annual temperatures. 4MDA8 has a very different

pattern with low interannual R2 values over the whole domain but they can reach 0.4 locally.410

Fig. 7 shows the maps of weather-driven trends calculated over the domain for O3 annual means and SOMO35. Maps for the

annual averages of daily maximums, 4MDA8 and AOT40c are also shown in the supplementary materials. Given the lack of

significance of weather-driven trends for 4MDA8 and the similarity of patterns between annual O3 concentrations and annual

average and between SOMO35 of AOT40c, the discussion of weather-driven trends is limited to annual mean O3 and SOMO35.

Weather-driven trends for annual ozone concentrations are found to be statistically significant (p-value< 0.1) over two areas415

of the European domain: southern Europe around the Mediterranean sea (especially in Spain and Southeastern France) with

positive trends (exceeding 0.15 µg/m3/yr in the Rhône valley in Southeastern France) and northern Europe with negative trends

(between -0.05 µg/m3/yr and -0.12 µg/m3/yr over a larger part of Scandinavia). In contrast, significant trends for SOMO35

were found to be always positive. Statistically significant trends are found over most of Europe with the exception of Italy and

a large part of Northern Europe (including the united kingdom, Ireland, Scandinavia, the baltic countries and Russia). Trends420

are generally between 20 and 60 µg/m3.h/yr.

Although R2 coefficients with temperature and years are weak, the multilinear regression using meteorological drivers yields

R2 values exceeding 0.7 for both annual mean O3 and SOMO35 over most of Europe. The dominant meteorological drivers of

trends in annual mean O3 concentrations and SOMO35 are shown in Fig. 8. Two main geographical regimes can be identified

for annual mean O3 concentrations. First, Northern Europe exhibits significantly negative weather-driven trends, primarily425

driven by increases in deposition velocities. Second, Southern Europe is characterized by positive trends, largely attributable

to increases in T2m. Additional drivers can be locally dominant, including decreases in the deposition velocity (notably over

Eastern France), increases in solar radiations , and increases in PBL, which enhance vertical mixing and promote the import of

O3 from the upper layers. Concerning SOMO35, two main drivers were identified: the increase in T2m (dominant driver over
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R2 with annual temperature R2 with years

Annual O3 Annual O3

R2 with annual temperature R2 with years

SOMO35 SOMO35

R2 of the multilinear model R2 of the multilinear model

Annual O3 SOMO35

Figure 6. Determination coefficient with annual temperature, years and of the multilinear model for O3 annual concentrations and SOMO35.
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Weather-driven trends

Annual average SOMO35

µg/m3/yr µg/m3.h/yr

Figure 7. Maps of statistically significant weather-driven trends between 1990 and 2022 over Europe for the annual ozone concentrations

and SOMO35. Only areas with a slight significant trend (p-value<0.1) are shown.

most of the domain with significant trend) and the increase in solar radiation (can be dominant over part of Germany, Poland430

and Ukraine). Other drivers can contribute such as changes in LAI and deposition velocities.

Otero et al. (2018) indicated that one major driver of O3 concentration interannual variability is relative humidity and that

CTMs had trouble representing the dependence to this driver. The authors postulate that the dependence to this driver may

be related to dry-deposition schemes in the air-quality models that may miss a link between humidity and stomatal uptake.

We find that deposition velocity is both the main driver for weather-drivern trends and for the interannual variability. Without435

using deposition velocities as a driver in the multilinear model, RH is an important driver of the variability together with solar

radiations and temperature, consistently with the results of Otero et al. (2018).

Changes in the deposition velocities of O3 between the selected hot and cold years over Europe are illustrated in Fig. 9.

A large part of northern and eastern Europe is characterized by an increase in deposition velocities when the interannual LAI

evolution is taken into account consistently with the positive weather-driven trend of LAI illustrated by Fig. 1b. In contrast, large440

parts of western and central Europe are associated with a decrease in deposition velocities driven by an increase in the number

of days above the optimal temperature for deposition (around 20°C for forests, Emberson et al. (2000)). The combination of

the evolution of O3 concentrations and deposition velocities leads to an overall increase in ozone dry deposition, although local

decreases are simulated.

The decrease in ozone metrics over Northern Europe can be explained by the increase in LAI over this region, leading to445

an increase in deposition velocities. Based on the sensitivity simulations conducted for the selected cold and hot years (the

difference hereinafter referred to as "DiffH−C"), using a constant LAI would lead to an increase of DiffH−C in Finland for O3

annual concentrations of 1.06 µg/m3. LAI increased in Finland by 0.153 m2/m2 (18%) between the hot and cold years, leading

to an increase in deposition velocities of 0.036 cm/s (12.5%) instead of only 0.014 cm/s when LAI is held constant.
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Annual O3 concentrations

SOMO35

Figure 8. Map of the dominant meteorological driver (left) and box plot of the estimated contribution over EUR of each driver (right) for O3

annual concentrations (top) and SOMO35 (bottom). The annual average are used for the O3 annual concentrations. Only cells with significant

weather driven trends are shown. Only the first 5 five dominant drivers in the boxplot, the sum of the contributions of the other drivers are

shown in "Others". "Residues" represent the difference between the trend calculated with CHIMERE results and the sum of contributions of

all meteorological drivers.

22

https://doi.org/10.5194/egusphere-2026-4644
Preprint. Discussion started: 9 September 2026
c© Author(s) 2026. CC BY 4.0 License.



With evolving LAI With LAI of 2018

deposition velocities

(cm/s)

concentrations (µg/m3)

dry deposition (mg/m2)

Figure 9. Changes in annual deposition velocity of O3 (top, in cm/s), annual O3 concentrations (middle in µg/m3) and O3 dry deposition

(bottom in mg/m2) between the selected hot and cold years.
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3.2.2 Nitrogen dioxide450

The maps of temperature sensitivities and weather-driven trends (as well as the corresponding R2) for annual concentrations

of NO2 are shown in Fig. 10. The population-weighted weather-driven trends over EUR is only slightly statistically significant

(p-value=0.079).

Overall, the coefficients of determination are substantially higher for regressions against temperature (average R2 over EUR

of 0.24) than interannual regressions (average R2 of 0.08), reflecting the strong sensitivity of NO2 concentrations to NOx455

emissions. The multilinear model successfully reproduces the evolution of annual mean NO2 concentrations, with R2 values

exceeding 0.6 over large portions of the domain. However, lower performance (R2 < 0.5) is obtained in parts of Northern,

Eastern, and Southern Europe. Statistically significant trends are simulated over the Alpine region and across much of Southern

Europe and are predominantly negative, except in a few marine areas along major shipping routes. Weather-driven trends are

particularly pronounced over the Alps, where they reach values below -0.05 µg/m3/yr.460

Consistent with the relatively high R2 values for temperature across most of the domain, the multilinear model identifies

temperature as the primary driver, leading to a decrease in NO2 annual concentrations over nearly the entire region (Figure 11).

While other meteorological factors have near-zero median contributions, variables such as solar radiation, wind speed and RH

can locally influence NO2 trends.

The decrease in NO2 concentrations due to temperature arises from the temperature dependence explicitly accounted for in465

the model. Indeed, weather-driven trends should be negligible when the temperature dependence of anthropogenic emissions

is not taken into account. In that case, the average DiffH−C over Europe for annual NO2 is around 0.039 µg/m3 against -0.206

µg/m3 (around -6% of EUR NO2 annual concentration) when temperature-dependent emissions are used.

3.2.3 Particles

Strong negative population-weighted weather-driven trends are found for PM2.5 and PM10 (-0.030 µg/m3/yr and -0.033470

µg/m3/yr, corresponding to overall decreases over 1990-2022 by 0.95 and 1.04 µg/m3, respectively), which are statistically

significant (p-value < 0.05). These trends are primarily driven by the evolution of secondary inorganic aerosols (SIA), which

exhibit a population-weighted weather-driven trend of -0.016 µg/m3/yr (p-value < 0.05), and primary anthropogenic aerosols

(PAA), with a population-weighted weather-driven trend of -0.019 µg/m3/yr (p-value < 0.01). In contrast, secondary organic

aerosols (SOA) and fungal spores show weak positive weather-driven trends across Europe, with population-weighted trends475

of 0.0016 µg/m3/yr and 0.0019 µg/m3/yr, respectively (p-value < 0.01). Trends are statistically nonsignificant for other com-

pounds (dusts and sea salts) but dusts have a statistically significant sensitivity to temperature. However, this dependency is

likely due to higher dust concentrations during the last years, which are also the hottest years. Simulated dust concentrations

are especially high in 2022 due to high dust intrusion into the domain. These results are consistent with those of Cuevas-Agulló

et al. (2024) who reported higher winter dust intrusion in western Euro-Mediterranean during the 2020-2022 period compared480

to the 2003-2019 period.
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Weather-driven trends R2

(in µg/m3/yr) with years

R2 R2

with temperature of the multilinear model

Figure 10. Maps of statistically significant weather-driven trends of NO2 annual concentrations and R2 of concentrations with years, tem-

perature and of the multilinear model.

As PM10 and PM2.5 exhibit similar weather-driven trends (with comparable mean R2 values for the multilinear models: 0.63

for PM10 and 0.61 for PM2.5), the analysis focuses on PM10, which include fungal spore concentrations (> 2.5 µm), unlike

PM2.5. Interannual weather-driven trends and the determined dominant meteorological drivers for PM10 annual concentrations

are illustrated by Figures 12 and 13. The corresponding maps for PM2.5 are also shown in Supplementary materials (Figures485

S24 and S25).

PM10 annual concentrations have stronger correlation with temperature (R2 reaching 0.3-0.5 especially over Northern

France, part of Eastern and Northern Europe) than with years (except in Italy, where correlations with years reach 0.3-0.5). The

multilinear model reaches R2 above 0.5 over almost the entire domain (average R2 over EUR of 0.71). Statistically significant

negative trends (exceeding -0.10 µg/m3/yr in the Po Valley) are simulated in southwestern quarter of Europe, driven primarily490
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Annual NO2 concentrations

Figure 11. Map of the dominant meteorological driver (left) and box plot of the estimated contribution over EUR of each driver (right) for

NO2 annual concentrations. Only cells with significant weather driven trends are shown. "Residues" represent the difference between the

trend calculated with CHIMERE results and the sum of contributions of all meteorological drivers.

by increases in temperature. In contrast, statistically significant negative trends are found in the northern region of the domain

due to increases in temperature and LAI. These contrasting effects of temperature on PM10 concentrations arise from opposing

responses of specific PM components. Trends in the southwestern Europe are primarily driven by decreases in SIA and total

particulate matter (TPM) concentrations, whereas trends in northern Europe are largely due to increases in SOA and fungal

spore concentrations.495

As illustrated by Fig. S18, while temperature trends explained a large part of PM10 trends, other factors (especially the

wind direction and the PBL) explained most of the interannual variability. PBL is the dominant driver of the variability of

PM10 concentrations across a large part of Europe (the United Kingdom and Ireland, and a large part of Eastern and Northern

Europe). In certain regions, particularly near NH3 emission hotspots (e.g., Brittany and extensive areas of the Benelux countries

and Germany), the average wind velocity originating from these hotspots (from the east or from the west depending on region)500

also constitutes a major driver.

Using the multilinear approach to isolate the effect of temperature, changes on PM2.5 concentrations due to temperature is

generally negative, in particular over central Europe with changes ranging from -2.0 to 0.1 µg/m3/K. These changes are much

more negative than the results reported by Megaritis et al. (2014) who reported values estimated with PMCAMx-2008 between

-0.7 and 0.3 µg/m3/K. However, Megaritis et al. (2014) did not consider an effect of temperature on Primary Anthropogenic505
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Weather-driven trends R2

(in µg/m3/yr) with years

R2 R2

with temperature of the multilinear model

Figure 12. Maps of weather-driven trends of PM10 annual concentrations and R2 of concentrations with years, temperature and of the

multilinear model.

Aerosol (PAA) emissions and mainly observed a decrease of SIA, whereas PAA are the components with the highest decrease

in our results.

To better understand PM trends, they are analyzed separately for each major PM component class: PAA, SIA, Primary

natural aerosols (PNAT) and SOA. The maps of weather-driven trends, R2 with years, R2 of the multilinear model and of the

dominant drivers are shown in Supplementary materials (Figures S27 to S31).510

27

https://doi.org/10.5194/egusphere-2026-4644
Preprint. Discussion started: 9 September 2026
c© Author(s) 2026. CC BY 4.0 License.



Annual PM10 concentrations

Figure 13. Map of the dominant meteorological driver (left) and box plot of the estimated contribution over EUR of each driver (right) for

PM10 annual concentrations. The 14 first dominant drivers (with a positive or negative trend) are shown in the map of the dominant drivers,

cells where the evolution of PM10 concentrations is dominated by other drivers are gathered in "Others". Similarly, only the first 5 five

dominant drivers in the boxplot, the sum of the contributions of the other drivers are shown in "Others". "Residues" represent the difference

between the trend calculated with CHIMERE results and the sum of contributions of all meteorological drivers.

3.2.4 Primary anthropogenic Aerosol

A significant decrease in PAA concentrations due to meteorological changes is simulated over EUR with the most important

negative population-weighted weather-driven trends (-0.019 µg/m3/yr) for PM components. The most important decreases are

simulated in Italy (especially in the Po Valley with a trend of -0.10 µg/m3/yr) and the Balkans.

This decrease is primarily driven by the reduction in PM emissions from the residential sector associated with higher an-515

nual temperatures. Sensitivity simulations indicate that this concentration decrease is largely attributable to the temperature

dependence of emissions: the DiffH−C value rises from -0.419 µg/m3 to -0.060 µg/m3 when emissions are assumed to be in-

dependent of meteorological conditions. The multilinear model further confirms that the observed trend in PAA concentrations

is almost entirely explained by the trend in annual temperatures.
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PAA SIA

PNAT SOA

Figure 14. Maps of weather-driven trends (in µg/m3/yr) over Europe for PM component concentrations.

3.2.5 Secondary Inorganic Aerosol520

SIA is the second PM component with the largest negative trend (population-weighted trend of -0.0155 µg/m3/yr). The highest

decreases are simulated over the Po Valley where it exceeds 0.10 µg/m3/yr. Positive trends are simulated in the region of the

Gibraltar Strait (characterized by high marine traffic emissions) where it can exceed 0.03 µg/m3/yr. R2 for weather-driven

trends is over 0.1 over a large part of EUR except Northern Europe, Ireland and the United Kingdom. While R2 with tempera-

ture is generally low for southern Europe and northern Europe, R2 values greater than 0.4 are simulated over Northern France525

and Poland.

The evolution of SIA is dominated by ammonium nitrate as only 2% of the weather-driven trend can be explained by sulfate

(SO4). The evolution of ammonium nitrate concentrations are controlled by multiple factors: the decrease in NOx emissions

from traffic and residential sectors, the increase in NH3 emissions from agriculture, the increase in NOx emissions from soils,

and the reduction in conditions favorable to ammonium nitrate formation (which is promoted by cold and humid conditions).530

Depending on which factor is limiting, SIA concentrations could theoretically increase or decrease. To assess the relative
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importance of these factors, DiffH−C in SIA concentrations was analyzed for the different sensitivity simulations. The mean

DiffH−C increases from -0.46 µg/m3 to -0.30 µg/m3 when weather-independent emissions are taken into account, suggesting

that temperature-driven effects on ammonium nitrate formation are likely the primary driver of the simulated SIA evolution.

The multilinear model further confirms that trends in SIA concentrations are strongly dominated by the trend in temperature.535

3.2.6 Secondary organic Aerosol

For SOA, a weak positive population-weighted weather-driven trend of 0.0016 µg/m3/yr is estimated. However, this increase

corresponds to the highest relative trend (0.48%/yr). Weather-driven trends are statistically significant over most of the do-

main (18.9% and 46.9% of land areas have respectively highly and moderately significant trends), with non-significant areas

(p-value≥0.1) limited to the United Kingdom, Ireland, large parts of France, and parts of Germany, Italy, Portugal, and Spain.540

Significant trends are predominantly positive and particularly pronounced in the eastern half of the domain, exceeding 0.005

µg/m3/yr in regions with high biogenic emissions. Since SOA is mainly present during summer (with aged primary organic

aerosol considered as PAA), regression analyses between summertime SOA concentrations and summertime temperatures

reveal significant correlations across the EUR domain (average R2=0.46), highlighting the strong influence of summer temper-

ature on SOA variability.545

Temperature and LAI, both key factors affecting biogenic emissions, were identified as the primary drivers of annual SOA

concentrations. While increasing temperatures can enhance biogenic emissions, they may also negatively affect the gas–particle

partitioning of SVOCs. According to the multilinear model, SOA concentrations generally increase with annual temperature,

with a modest population-weight rise across EUR of 0.032 µg/m3/°C. Locally, very small negative trends with temperature are

observed (5th percentile: -0.002 µg/m3/°C), suggesting that in some areas higher temperatures may inhibit SOA formation.550

Temperature dominates the variability over most of the domain, whereas LAI is the primary driver across much of Scandinavia

and Eastern Europe. In addition, solar radiation emerges as the dominant driver in certain regions of Eastern Europe.

It should be noted that although the model aims to represent SOA formation as accurately as possible, the results strongly

depend on the estimation of biogenic emissions and the representation of SOA formation mechanisms, both of which remain

uncertain. Missing or poorly characterized pathways (e.g. cloud chemistry) could lead to different weather-driven trends.555

3.2.7 Primary natural Aerosol

Trends in sea salt concentrations over EUR are generally not statistically significant across most of the domain, with p-values

exceeding 0.1. In a few areas, trends are marginally significant (p-values between 0.05 and 0.1), showing a slight negative

change of approximately -0.005 µg/m3/yr along the western coast of England and the southeastern coast of Italy. Statistically

significant trends (p-value<0.05) are observed only in Turkey, with a positive trend exceeding 0.01 µg/m3/yr around Istanbul.560

Similarly, trends in dust concentrations are largely nonsignificant across most of the domain but boundary conditions were held

constant for this study.

Due to the lack of significant trends in dust and sea salt, weather-driven trends in fungal spore particles (illustrated in Fig.

15) largely drive the trends in natural primary particles. Fungal spore trends are of the same order of magnitude as SOA,
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Weather-driven trends R2 with years

Figure 15. Maps of weather-driven trends and the corresponding R2 over Europe for annual fungal spore concentrations.

with a positive population-weighted trend of 0.0019 µg/m3/yr, corresponding to a relative increase of 0.4%/yr. The trends are565

consistent with the weather-driven trends of fungal spore emissions (illustrated by Fig. S15) and of LAI (illustrated by Fig. 1b),

showing relatively high increases over Eastern Europe. Trends of concentrations around regions where fungal spore emission

trends are negative due to a decrease in LAI (like in part of France, Northern Spain and Croatia) are generally nonsignificant,

except very locally.

Fungal spores emissions are driven by the evolution of LAI and specific humidity. However, as relative humidity was used570

instead of specific humidity to avoid correlation between annual specific humidity and annual temperature, the multilinear

model indicates that the trends of fungal spores are dominated by the trends of 2 factors: LAI and temperature, with LAI being

the dominant factor at the scale of Europe. LAI is also the main driver of the variability of concentrations.

3.3 Weather-driven evolution of atmospheric deposition

A positive trend (cumulated over EUR) of 3.45 kT/yr (around 0.15%/yr, p-value<0.001, representing an increase of +4.8%575

over the period) is obtained for total (dry+wet) deposition of reduced nitrogen (Nreduced) mainly due to an increase in dry

deposition (2.51 kT/yr, p-value<0.001), while the cumulative trend in wet deposition was found to be nonsignificant. The dry

and wet cumulated trends over EUR of Noxidized and Soxidized are all statistically nonsignificant. Fig. 16 shows the spatial

distribution of trends for wet and dry deposition. The spatial deposition of total (wet+dry) deposition and the maps of dominant

drivers are also shown in supplementary materials (Figures S32 to S35).580

Significant Nreduced dry deposition positive weather-driven trends are simulated across a large part of the domain (around

60%), with the exception of Turkey where negative significant trends are simulated (a significant increase in the PBL is sim-

ulated over this region, leading to more vertical mixing and less dry deposition). The increase in Nreduced dry deposition is

primarily driven by rising temperatures, consistent with the temperature-induced increase in NH3 emissions and changes in

ammonia gas–particle partitioning. Higher temperatures and lower relative humidity both inhibit ammonium formation, result-585
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ing in more NH3 remaining in the gas phase. Since gases generally deposit faster than submicron particles, these conditions

tend to reduce the dry deposition rate of Nreduced. At the EUR scale, sensitivity simulations comparing selected cold and hot

years indicate that the temperature effect on emissions likely accounts for most of the weather-driven trend, explaining ap-

proximately 70% of the differences between hot and cold years (average increase over EUR of 21.1 mg-N/m2 with dynamic

emissions against 6.3 mg-N/m2 without).590

The trends of Nreduced wet deposition have a complex spatial pattern. Trends were found to increase in areas close to

emission hotspots (especially in Northern Italy, Northeastern Spain, Western France, Austria and Southeastern Europe) but

decrease in others (especially in Northeastern France, Southern Germany, Romania, Belarus, Ukraine and Lithuania). Although

the multilinear model indicates that multiple drivers contribute to the trends of Nreduced wet deposition (changes in temperature,

wind direction, and relative humidity) over these regions, the multilinear model rarely indicates that precipitation is the main595

driver due to the lack of significant interannual trend for precipitations. Temperature is always the dominant factor and is

mainly associated with an increase in wet deposition, consistently with the increase in ammonia emissions.

However, wet deposition of Nreduced generally increases between the selected cold and hot years when emissions are as-

sumed to be meteorology-dependent (+11.4 mg-N/m2, increasing annual ammonia emissions), but predominantly decreases

when emissions are meteorology-independent (-10.9 mg-N/m2, constant annual ammonia emissions). This contrast indicates600

that although rising temperatures enhance ammonia emissions, the efficiency of wet deposition simultaneously decreases. This

behavior may result partly from the competition between dry and wet deposition processes, as enhanced dry deposition (which

increases by 6.3 mg-N/m2 with constant annual ammonia emissions) reduces the amount of Nreduced available in the atmo-

sphere for wet removal. In addition, in-cloud scavenging of ammonia can become less efficient at higher temperatures, since

in CHIMERE it is parameterized through ammonia absorption by cloud water using Henry’s law, with solubility decreasing as605

temperature increases.

The worsening of Nreduced deposition is consistent with the findings of Simpson et al. (2014), who reported that climate-

induced increases in NH3 emissions could exacerbate exceedances of critical loads. In particular, they showed that a 30%

increase in NH3 emissions may lead to a 57% increase in areas exceeding critical loads for Nreduced.

Spatial patterns of dry deposition for Noxidized are similar to those of Nreduced, although the associated trends are less610

pronounced. Increases in Noxidized deposition are mainly observed over central Europe, with the largest increases (around 1

mg-N/m2) occurring in the Netherlands and eastern Germany. In contrast, some localized statistically significant decreases are

simulated in the Po Valley. Temperature emerges as the dominant driver of these trends. However, its influence is twofold.

While rising temperatures increase Noxidized dry deposition velocities by limiting nitrate formation, in a manner analogous

to Nreduced, they simultaneously lead to reductions in NOx emissions. Sensitivity simulations reveal a substantially larger615

increase in Noxidized dry deposition between cold and hot years when emissions are assumed to be meteorology-independent

(mean increase over EUR of 17.2 mg-N/m2) compared with simulations using meteorology-dependent emissions (9.6 mg-

N/m2). For Noxidized wet deposition, the model simulates strong increases over Denmark (> 1 mg-N/m2/yr), more moderate

localized increases over Italy and Greece, and decreases across the eastern part of the domain.
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For Soxidized, deposition trends are generally nonsignificant, except locally around some SO2 hotspots. Around these hotspots,620

trends of dry deposition are generally slightly positive (likely related to an increase in the oxidation rate of SO2 into sulfate

particles) while trends for wet deposition are generally negative (likely due to a less efficient wet deposition), leading to trends

of total deposition that are generally negative.

4 Conclusions

An improved version of CHIMERE v2020r1 was developed in order to better represent the dependence of atmospheric emis-625

sions, concentrations and deposition to meteorological drivers. This version especially includes meteorology-dependent an-

thropogenic emissions, varying 8-day leaf area index from satellite data over the whole period, and updated parameterizations

for deposition as well as soil and biogenic emissions.

Simulations were performed in order to isolate the influence of meteorology on emissions (both natural and anthropogenic),

atmospheric concentrations of main pollutants (O3, SOMO35, NO2, PM), and on the deposition of acidifying and eutrophizing630

compounds during the 1990-2022 period in Europe.

The results show a strong effect of annual temperature on emissions. An increase in temperature was found to lead to an

increase in biogenic VOC, fungal spores, NH3 and soil NOx emissions and to a decrease in anthropogenic NOx and PM

emissions.

These effects on emissions combined with the effect of meteorology led to a complex impact on atmospheric concentrations635

and deposition. The weather-driven trends of atmospheric concentrations and deposition were therefore analyzed with a multi-

linear regression approach (including different meteorological variables, the LAI vegetation index and the deposition velocity)

to determine the main drivers. For annual O3 concentrations, annual temperatures, LAI and deposition velocities are significant

drivers. Although annual O3 concentrations increase over a large part of Europe as a result of rising temperatures during the

simulation period, negative trends are simulated in regions where deposition velocities increase. Significant increases, driven640

mainly by rising temperatures and solar radiation, are simulated for SOMO35 and AOT40c, with population-weighted trends

of 0.5%/yr and 0.69%/yr, corresponding to overall increases by 18% and 22% over the 1990–2022 period, respectively. For

NO2 concentrations, a negative trend was simulated over part of southern Europe due to the accounted effect of temperature

on emissions.

For particles, a negative trend, dominated by the decrease in PAA and SIA concentrations, over most of Europe largely due to645

rising temperatures reducing NOx and primary PM emissions but also limiting the formation of ammonium nitrate. However,

other drivers (like relative humidity and wind direction) also influence primary PM and SIA weather-driven trends. Positive

trends are simulated in Northern and Eastern Europe due to an increase in SOA and spore concentrations due to an increase in

biogenic emissions (linked to increases in LAI and temperature). A strong increase in Nreduced deposition was also simulated

in almost all Europe, mainly due to the increase in ammonia emissions.650

Accurately accounting for the effect of meteorological parameters on emissions was proved to be critical in determining

trends. A key methodological outcome of this study is that accurately accounting for the meteorological dependence of emis-
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Wet Soxidized Dry Soxidized

(in mg-S/m2/yr) (in mg-S/m2/yr)

Wet Noxidized Dry Noxidized

(in mg-N/m2/yr) (in mg-N/m2/yr)

Wet Nreduced Dry Nreduced

(in mg-N/m2/yr) (in mg-N/m2/yr)

Figure 16. Maps of weather-driven trends for dry and wet deposition of SOx, NOx and NHx.
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sions is essential to correctly assess weather-driven trends. The results demonstrate that temperature-induced changes in both

anthropogenic and natural emissions (including NOx, NH3, primary PM, and biogenic VOCs) strongly control the magnitude

and even the sign of simulated trends in atmospheric concentrations and deposition. In particular, the negative weather-driven655

trends in primary particles and secondary inorganic aerosols, as well as the positive trends in reduced nitrogen deposition,

would be miscalculated if emissions were assumed to be independent of meteorological conditions. Consequently, studies fo-

cusing on the impact of climate change on air quality should therefore incorporate dynamic emissions accounting for the effect

of all meteorological parameters.
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