
1. Introduction
Mercury (Hg) is a toxic pollutant that is transported globally through the atmosphere and deposited from air to 
land surfaces mainly through vegetation uptake of ambient gaseous elemental Hg(0) (Demers et al., 2013; Enrico 
et al., 2016; Feinberg et al., 2022; Jiskra et al., 2015; Obrist et al., 2017). Consequently, vegetation uptake has 
the potential to lower atmospheric Hg(0) transport and Hg deposition to oceans, where Hg can be methylated and 
bioaccumulated in marine seafood for human consumption (Zhou et al., 2021). In order to assess and improve the 
effectiveness of mitigation policies for human exposure, it is thus necessary to advance our understanding of envi-
ronmental drivers of vegetation Hg(0) uptake, particularly in the context of global change (Sonke et al., 2023).

Global vegetation and soil Hg(0) uptake is estimated at 2,850 ± 500 Mg year −1 and primarily driven by forests 
(Feinberg et al., 2022; Obrist et al., 2021; Zhou et al., 2021). The amount of forest Hg(0) deposition exceeds 
approximate direct anthropogenic emissions to the air of 2,200 Mg Hg year −1 (Sonke et al., 2023). In forests, 
half of the total Hg(0) net deposition is estimated to be stored in tree foliage, while the other half is estimated to 
be transferred to vascular tissues (e.g., stem, branches, roots), taken up by understory vegetation (e.g., shrubs, 
grasses) and nonvascular plants (lichen and mosses) or Hg is directly transferred to the forest floor (Obrist 
et al., 2021; Zhou & Obrist, 2021; Zhou et al., 2021, 2023). In tree foliage, Hg concentrations increase linearly 
between foliage emergence and senescence (Blackwell et al., 2014; Laacouri et al., 2013; Pleijel et al., 2021; 
Rea et al., 2002; Wohlgemuth et al., 2020) implying a net foliar Hg deposition flux, albeit Hg re-emission from 
foliar surfaces of up to 30% of gross foliage Hg(0) deposition had been observed in a subtropical forest in China 
(W. Yuan et al., 2019a). The bulk (90%–96%) of Hg is stored in foliage tissues as opposed to leaf surfaces and 
correlates with leaf stomatal density (Laacouri et al., 2013). Studies on Hg stable isotopes in foliage (Demers 
et al., 2013; Zhou et al., 2021), enriched isotope tracer experiments (Rutter et al., 2011), the vertical variation of 
net foliar Hg uptake in forest canopies (Wohlgemuth et al., 2020), and canopy Hg(0) fluxes, that correlate with 
CO2 fluxes (Zhou et al., 2023) strongly suggest a diffusive uptake pathway of atmospheric Hg(0) to foliage inte-
riors via the stomata (Liu et al., 2021). In this way, foliar Hg(0) uptake is linked to foliage stomatal aperture for 
atmospheric gas exchange (Wohlgemuth et al., 2022).
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Trees regulate foliage stomatal aperture to balance the inward diffusion of CO2 for photosynthesis with the risk 
of desiccation caused by excessive outward diffusion of water vapor (Körner, 2013). The degree of stomatal 
aperture depends on atmospheric CO2 levels and hydrological conditions (soil water availability and atmospheric 
evaporative demand) and varies among foliage-specific traits (age, tree species-specific evolutionary metabolic 
strategy and water use efficiency) (Körner,  2013). Pine, for instance, is an isohydric tree species capable of 
closing foliage stomata under warm and dry atmospheric conditions relatively early compared to tree species 
like oak and spruce (Lagergren & Lindroth, 2002; Zweifel et al., 2007, 2009), resulting in a reduced stomatal 
conductance for pine needle diffusive gas exchange (Panek & Goldstein, 2001). Consistently, Hg(0) uptake rates 
by pine needles in Europe were found to be lower at forest sites across Europe, where prolonged warm and dry 
atmospheric conditions prevailed over a given growing season during daytime (Wohlgemuth et al., 2022).

Species-specific stomatal response strategies to meteorological conditions are particularly relevant for projec-
tions of future foliar Hg uptake under climate change. Increasing global atmospheric temperatures driven by 
rising levels of greenhouse gases will result in an increased frequency of droughts (Grossiord et al., 2020) and 
higher soil moisture deficits (Berg & Sheffield, 2018; Stocker et al., 2019) in various regions of the world. These 
climatic conditions may decrease foliar Hg(0) uptake fluxes due to lower stomatal conductance (Wohlgemuth 
et al., 2022). A reduced plant Hg sink could further be amplified by deforestation and forest diebacks, particu-
larly in the tropics (Allen et al., 2015; Brando et al., 2019; Feinberg et al., 2023). Other regions of the world are 
projected to become wetter through an increase in precipitation rates under climate change (IPCC, 2021a), which 
might lead to higher foliage stomatal conductance relative to the present and thus higher foliar Hg uptake. With 
continuing anthropogenic carbon emissions, an elevated atmospheric CO2 level might have an antagonizing effect 
on the foliar stomatal Hg(0) uptake flux: foliar Hg(0) uptake could decline with decreasing stomatal conduct-
ance under CO2 fertilization (Norby & Zak, 2011), or, the opposite, the vegetation sink for Hg(0) could increase 
with intensified biomass growth and higher soil C contents (Hararuk et al., 2013; Jiskra et al., 2018; H. Zhang 
et al., 2016). In order to make projections of the foliar Hg uptake flux in the next decades, these climate change 
impacts need to be further investigated and potentially implemented into global and regional Hg cycle models.

Current and future Hg fluxes are modeled in global chemical transport models (CTMs). CTMs like GEOS-
Chem (Selin et  al.,  2008) apply resistance-based algorithms (Wesely,  2007) for modeling Hg(0) deposition 
fluxes from the atmosphere to vegetated ecosystems and are often based on parameters like leaf area indices 
(LAIs), temperature and wind speed. The resistance components for leaf stomata within CTMs commonly repre-
sent consensus values optimized to fit observations of Hg deposition velocities over vegetated surfaces (Selin 
et al., 2008; Smith-Downey et al., 2010; L. Zhang et al., 2009; H. Zhang et al., 2016), without taking stomatal 
feedback to environmental conditions into account (Khan et al., 2019; Wu et al., 2011). Consequently, forest 
tree species-specific stomatal responses to climate change at foliage level are not parameterized in CTMs. An 
additional problem related to CTMs is the uncertainty of modeled Hg(0) deposition fluxes due to insufficient 
model evaluation against dry deposition measurements (Feinberg et al., 2022). This issue of model validation was 
highlighted in a recent revision of GEOS-Chem parameterization after matching the GEOS-Chem model design 
to various experimental Hg(0) deposition measurements, which resulted in a doubling of the modeled global flux 
of Hg(0) dry deposition to land compared to previous model outcomes (Feinberg et al., 2022).

The goal of this study is twofold. For one, we present a spatially highly resolved map of foliar Hg uptake fluxes 
to European forests using a bottom-up model, which we compare to mapped forest dry deposition fluxes modeled 
in the CTM GEOS-Chem. Second, we focus our analysis on foliar Hg uptake fluxes to pine in order to investi-
gate the sensitivity of an empirical stomatal response model to different climatic conditions during past growing 
seasons and for two climate change projections of the years 2068–2082, in order to outline the potential of incor-
porating a stomatal response function into CTMs.

2. Materials and Methods
2.1. Description of Data Sets

For creating maps of foliar and pine needle Hg uptake fluxes in Europe applying a bottom-up model (Sections 2.2 
and 2.3), we drew on multiple data sources:

•  Foliar Hg data. A data set of foliar Hg uptake rates was derived from Hg measurements in foliage of tree cano-
pies at 272 forest sites of the UNECE International Co-operative Programme on Assessment and Monitoring 
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of Air Pollution Effects on Forests (ICP Forests). Forest sites are mostly located in Central and Northern 
Europe (+737 sites in Austria from the Austrian Bio-Indicator Grid) and harmonized foliage sampling meth-
ods were employed. All foliage samples within this data set were harvested at the end of the growing seasons 
2015 or 2017. Therefore, average foliage values of 2015/2017 constitute reference values of forest foliar Hg 
uptake fluxes relative to respective fluxes during investigated years of this study. The data set is publicly avail-
able and contains 3,569 foliar Hg concentrations of 23 tree species and is described in detail in Wohlgemuth 
et al. (2022).

•  Meteorological data. Values on ambient temperature and relative humidity at surface air pressure (1,000 hPa) 
in Europe (spatial resolution: 0.25° × 0.25°) originate from ERA5 hourly reanalysis data and were down-
loaded from the Copernicus Climate Data Store (Hersbach et al., 2018). The applied time frame includes 
hourly daytime (07:00–18:00 LT) values during the respective growing seasons (April–October) of 1994, 
2003, 2015, 2017, and 2018.

•  Climate change data. Regional climate simulation data of air temperature and relative humidity at 2 m above 
surface level for the years 2068–2082 and two different climate change scenarios (Representative Concentra-
tion Pathway (RCP) 4.5 and RCP 8.5 (IPCC, 2021b)) were obtained from the Coordinated Regional Climate 
Downscaling Experiment (CORDEX) (Jacob et al., 2020) framework for the European domain with a spatial 
resolution of 0.11°  ×  0.11° and a temporal resolution of 3hourly daytime (09:00–18:00 LT) values. For 
representing a range of different climate model outputs, we calculated average values from multiple regional 
climate models (RCMs) downscaled from global climate models (GCMs) depending on availability for down-
load from the Copernicus Climate Data Store (C3S, 2022). In total, we incorporated data of 15 combinations 
of 4 RCMs and 6 GCMs for RCP 4.5 and of 13 combinations of 6 RCMs and 8 GCMs for RCP 8.5 (see Table 
S3 in Supporting Information S1) for an overview of models and ensemble members.

•  European tree species distribution. We used a map of spatial proportions of tree species groups per km 2 
land area from Brus et al. (2012). For use in calculating pine foliar Hg uptake fluxes (see Section 2.3), we 
summed up spatial relative abundance values of Pinus sylvestris, Pinus pinaster, Pinus nigra, and Pinus 
halepensis from European forest inventories (Buras & Menzel, 2019; Mauri et al., 2017) and multiplied these 
pine relative abundances with the respective total forest area per km 2 derived from Brus et al. (2012) to obtain 
pine areal proportions (i.e., proportion of the surface area of a spatial tile, i.e., covered by pine forest). We 
performed the same calculation (sum of values of P. sylvestris, P. pinaster, P. nigra, and P. halepensis and 
subsequent multiplication with respective total forest area) to estimate the distribution of pine in Europe under 
climate change using relative abundance probabilities projected from climate analogs for the time period 
2061–2090 and RCP 4.5 and RCP 8.5 by Buras and Menzel (2019).

•  Leaf Area Indices (LAIs) and Leaf Mass per Area (LMA) values. We used the LAI satellite product (spatial 
resolution: 330 m) of PROBA-V (Dierckx et al., 2014; Fuster et al., 2020) to upscale foliar Hg uptake rates 
at each ICP Forests site to foliar Hg uptake fluxes (see Section 2.2), along with average LMA values per tree 
species from Forrester et al. (2017).

2.2. Calculation of Forest Foliage Hg Uptake Fluxes

We determined forest foliar Hg uptake fluxes to European forests on a 1 km 2 spatial resolution applying three 
basic computational steps: (a) calculation of tree species-specific daily Hg uptake fluxes per m 2 ground area 
using a bottom-up model; (b) upscaling of respective foliar Hg fluxes per tree species to the European forested 
area using the areal distribution of corresponding tree species; (c) multiplication of daily forest foliar Hg uptake 
fluxes per latitude with latitude-dependent growing season length in order to obtain the forest foliar Hg uptake 
fluxes over one growing season.

Computational step (1) is based on the premise, that foliar Hg uptake rates are tree species-specific (Laacouri 
et al., 2013; Pleijel et al., 2021; Wohlgemuth et al., 2022). For this reason, we calculated median daily foliar 
Hg uptake fluxes per tree species group (see Table S2 in Supporting Information S1 for details on tree species 
groups) of all forest sites from the foliar Hg data set (Section 2.1). The bottom-up modeling approach for calcu-
lating daily foliar Hg uptake fluxes from daily foliar Hg uptake rates is described in detail in Wohlgemuth 
et al. (2020). Briefly, daily foliar Hg uptake rates per gram foliage dry weight (units of ng Hg 𝐴𝐴 g−1

𝑑𝑑𝑑𝑑𝑑𝑑
  d −1) were 

multiplied with tree species-specific LMA values (Section 2.1) to obtain daily foliar Hg uptake rates per foliage 
surface area (ng Hg 𝐴𝐴 m−2

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
  d −1). Subsequently, values of daily foliar Hg uptake rates per foliage surface area are 

multiplied with values of LAI (𝐴𝐴 m2
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

m−2
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

 ; Section 2.1), resulting in daily foliar Hg fluxes per unit ground area  
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(ng Hg 𝐴𝐴 m−2
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

  d −1). LAI values of coniferous forests are relatively constant during the active growing season after 
the initial growth phase of current-season needles (R. Wang et al., 2017), while LAI values of temperate decid-
uous forests increase rapidly at the beginning of the growing season (leaf flushing) and climax at peak season 
(June–August, northern hemisphere) (Q. Wang et al., 2005). For coniferous tree species, we used the maximum 
LAI value during the constant period at each forest site of the ICP Forests data set to calculate needle foliar Hg 
uptake fluxes. For deciduous tree species, we calculated foliar Hg uptake fluxes as a temporal sequence at every 
LAI value available over the growing season and subsequently used median foliar Hg uptake flux values of the 
growing season. For LAI values larger than 3, we applied a species-specific tree height correction factor, to 
account for lower foliar Hg uptake fluxes of shaded leaves in the lower canopy (Wohlgemuth et al., 2020) (refer 
to Table S1 in Supporting Information S1 for utilized tree height correction factors). For coniferous species, we 
multiplied Hg uptake fluxes of current-season needles with a species-specific needle age correction factor to 
account for lower Hg uptake rates of older needle age classes (Wohlgemuth et al., 2020) (refer to Table S1 in 
Supporting Information S1 for utilized needle age correction factors).

Computational step (2) involves the multiplication of the proportion of each tree species per km 2 land area with 
the respective species-specific median daily foliar Hg uptake fluxes. We matched tree species-specific Hg data 
with the areal forest distribution of the respective tree species (Brus et al., 2012). In the few cases of rare Euro-
pean tree species, where specific Hg data was lacking, we pooled Hg or forest distribution data by tree species 
group (see Table S2 in Supporting Information S1 for an overview of matched tree species groups between the 
two data sets). Subsequently, we added up all tree species-specific daily foliar Hg uptake fluxes within each km 2 
and obtained one forest foliar daily Hg uptake flux per km 2.

In computational step (3) we calculated forest foliar Hg uptake fluxes per km 2 and one growing season by multi-
plying each daily foliar Hg uptake flux per km 2 with the growing season length in days following a simple lati-
tudinal model (CLRTAP, 2017). The latitudinal model of growing season determines a growing season length 
of 192 days at latitude 50° and decreases by 3.5 days per 1° of latitude moving north and increases by 3.5 days 
per 1° of latitude moving south. We did not normalize forest foliar Hg uptake fluxes by different atmospheric 
Hg(0) levels, because ambient Hg(0) measured within the European monitoring programme EMEP (Tørseth 
et al., 2012) was evaluated to be relatively homogeneous in space in Europe and the growing seasons 2015 and 
2017 (Wohlgemuth et al., 2022).

2.3. Calculation of Pine Foliar Hg Uptake Fluxes

In previous research, the impact of relatively high atmospheric water VPD on foliar Hg uptake was assessed for 
pine, spruce, beech, and oak (Wohlgemuth et al., 2022). For pine, a significant empirical relation of pine needle 
Hg uptake fluxes with VPD was found: pine needle daily Hg uptake rates (upRpine; ng Hg 𝐴𝐴 g−1

𝑑𝑑𝑑𝑑𝑑𝑑
  d −1) were lower at 

forest sites, where pine trees experienced high hourly daytime VPD values >1.2 kPa over a relatively long time 
period during the growing season (proportiondayVPD >1.2 kPa) (Wohlgemuth et al., 2022). The negative correla-
tion of pine needle stomatal Hg uptake with timespan of elevated atmospheric VPD is explained by the hydraulic 
safety strategy of the isohydric tree species pine, which closes stomata relatively early in response to rising VPD 
(Section 1). We thus calculated daily foliar Hg uptake rates as a function of VPD exclusively for pine, which 
accounts for 36% of European forested area of our studied spatial domain. The linear regression of daily foliar Hg 
uptake rates with proportiondayVPD >1.2 kPa is: upRpine = 0.116–0.13 × (proportiondayVPD >1.2 kPa) (Wohlgemuth 
et al., 2022). We applied this linear relationship to calculate the pine foliar Hg uptake rates of the forest area of 
Europe during four different growing seasons in 1994, 2003, an average of 2015 and 2017, 2018, and projected 
for the time period 2068–2082 under RCP 4.5 and RCP 8.5 (IPCC, 2021b). Using the August-Roche-Magnus 
formula (W. Yuan et al., 2019b), we calculated ambient water VPD from daytime values of surface temperature 
and relative humidity, which are available on an hourly resolution from ERA5 (Hersbach et al., 2018) for past 
growing seasons and on a 3hourly resolution from EURO-CORDEX (Section 2.1) for simulated climate data. 
Subsequently, we determined the fraction of daytime hours, during which the VPD was above the threshold of 
1.2 kPa during the respective latitudinal growing season length. All calculations involving climate data were 
performed at sciCORE scientific computing center at University of Basel. We defined growing season length 
per latitude using a latitudinal model ((CLRTAP, 2017), see Section 2.2). For the time period 2068–2082, we 
assumed the beginning of the growing season to be 3 days earlier and the end of the growing season to be 3 days 
later to take increases in growing season length under climate change into account (Garonna et al., 2014; Jeong 
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et al., 2011). The underlying areal distribution of pine is based on European forest inventories 
and projections of pine abundances based on climate analogs under RCP 4.5 and RCP 8.5 by 
Buras and Menzel (2019) (see Section 2.1).

2.4. GEOS-Chem Forest Deposition Flux Calculation

GEOS-Chem is a global 3-D CTM, which includes a comprehensive Hg cycle (Selin 
et al., 2008). Table 1 gives an overview of the methodological approach and input parameters 
for calculating the respective Hg fluxes of GEOS-Chem and the bottom-up model (Section 2.2), 
which we compared spatially in this study.

We used an offline version of the GEOS-Chem dry deposition code (Feinberg,  2022) to 
be able to calculate dry deposition velocities at higher resolution and only for certain land 
use types (i.e., forest areas). The offline dry deposition code computes deposition veloci-
ties applying a resistance-based approach (Y. Wang et al., 1998; Wesely, 2007). Input varia-
bles (Table 1) are gridded hourly GEOS-FP meteorological data (e.g., air temperature, wind 
speed, solar radiation, and cloud cover) and weekly LAI values based on MODIS (H. Yuan 
et al., 2011) for the year 2015. The model calculates the Hg(0) dry deposition velocity based 
on species-specific parameters including its biological reactivity (f0 = 10 −5) and Henry's Law 
Constant (H* = 0.11 M atm −1). To isolate the uptake of Hg(0) to forests, we calculated the dry 
deposition velocity only over coniferous and deciduous land cover types from the Olson land 
map (Gibbs, 2006). The offline calculations output hourly dry deposition velocities over the 
European domain at 0.25 × 0.3125° resolution. We converted the calculated Hg(0) deposition 
velocities to fluxes by multiplying with hourly surface Hg(0) concentrations from a GEOS-
Chem v12.8.1 simulation for 2015. For this study, we compared the GEOS-Chem Hg(0) dry 
deposition fluxes to forests with foliar Hg(0) uptake fluxes calculated using the bottom-up 
model. For both models, Hg fluxes were averaged over the latitude-dependent growing season 
length in days and cropped to the same spatial extent. As GEOS-Chem and the bottom-up model 
differ in their geographic resolution (GEOS-Chem: 0.25° × 0.31° ∼ 955 km 2 vs. bottom-up: 
1 km 2), we downsampled daily forest foliar Hg uptake fluxes from the bottom-up model through 
bilinear interpolation.

2.5. Uncertainty Analysis of Foliar Hg Uptake Fluxes

The relative uncertainty value per tree species group depended on propagated uncertainties of 
calculation parameters used to derive the respective foliar Hg uptake flux per tree species group 
(see Table S4 in Supporting Information S1 for details and values). Subsequently, we calcu-
lated one relative uncertainty value per geographic tile of our European flux map (Figure 1) by 
summarizing the relative uncertainty of each foliar Hg uptake flux per tree species group within 
each tile according to error propagation principles (Ku, 1966; Papula, 2003). We obtained the 
relative uncertainty for the total foliar Hg uptake flux to European forests (Figure 1) by propa-
gating all relative uncertainty values per tile. The final relative uncertainty value of total foliar 
Hg uptake flux to European forests and the reference growing seasons 2015/2017 is 0.52.

3. Results and Discussion
3.1. Spatial Distribution of Forest Foliar Hg Uptake Fluxes Across Europe

Figure 1 visualizes forest foliar Hg uptake fluxes per growing season at a spatial resolution of 
1 km 2 (g Hg km −2 season −1) in Europe. Forest foliar Hg uptake fluxes generally follow a spatial 
distribution of European forests, because this map (Figure 1) is based on the proportion of forest 
tree species per land area (Brus et al., 2012). Consequently, the largest forest foliage Hg uptake 
fluxes in terms of area are in Fennoscandia (defined here as Norway, Sweden, and Finland) 
with dense forest land cover of mostly pine and spruce (Brus et al., 2012). Outside of Fennos-
candia, forest foliage Hg uptake fluxes fall along large contiguous forested areas, for example, 
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in the Carpathian Mountains (located in most parts in Romania and Slovakia), the South-Eastern Alps (mostly 
in Austria, Slovenia, and Italy), the Balkans, or forested low mountain areas like the Black Forest (Germany). 
By magnitude, forest foliar Hg uptake fluxes (Figure 1) agree well with annual canopy Hg(0) deposition of two 
temperate forests (14.3 and 15.4 μg m −2) in North America, which were measured by applying a micrometeoro-
logical method (Zhou et al., 2023).

The sum of forest foliar Hg uptake fluxes over the land area of Europe (compare Figure  1) equals 
23 ± 12 Mg Hg season −1. This total flux is in the same range as a previous estimate of the total foliar Hg uptake 
flux to Europe (20 ± 3 Mg Hg over the 2018 growing season) based on foliar Hg uptake fluxes at four forested 
sites (Wohlgemuth et al., 2020). Zhou and Obrist  (2021) evaluated a median global foliar Hg assimilation of 
28 Mg yr −1 for deciduous broadleaf forests and 61 Mg yr −1 for evergreen needleleaf forests by combining foliar 
Hg concentrations with annual net foliar biomass production data of the respective forest types. From these global 
assimilation estimates by Zhou and Obrist (2021), we calculated a total foliar Hg assimilation of 29 Mg yr −1 to the 
deciduous and coniferous forest land area of Europe (for details see Text S1 in Supporting Information S1), which 
is slightly higher but still within the uncertainty of the 23 ± 12 Mg Hg season −1 from this study. However, foliar 
Hg uptake fluxes based on net primary foliar biomass production by Zhou and Obrist (2021) does not correct 
for lower foliar Hg uptake rates by shade leaves and multiyear old needles (see Section 2.2) relative to sun leaves 
and younger needles (Wohlgemuth et al., 2020), likely resulting in a systematic over-estimation. We assume, that 
the different time reference (seasonal vs. annual) of the flux from this study (23 ± 12 Mg Hg season −1) and the 
flux derived from Zhou and Obrist (2021) (29 Mg Hg yr −1) only plays a minor role for explaining the differ-
ence between the two fluxes, since we expect a small net foliar biomass production in Europe in winter outside 
of the growing season. Results from micrometeorological Hg measurements in two temperate forests in North 
America show, that Hg(0) uptake during the active growing season dominates annual Hg(0) deposition (Zhou 
et al., 2023). Please note, that from a whole forest ecosystem perspective, fluxes displayed in Figure 1 are exclu-
sively constrained to foliar Hg uptake and do not represent potential Hg fluxes to other ecosystem compartments 
like forest floor (Zhou et al., 2023).

Figure 1. Spatial distribution of forest foliar Hg uptake fluxes (g Hg km 2 growing season −1) to Europe based on a bottom-up 
extrapolation of foliar Hg concentrations, that were measured and averaged over the 2015 and 2017 growing seasons. Dark 
gray areas represent excluded non-forested areas (e.g., surface waters or mountain areas).
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3.2. Comparison of Bottom-Up Model With GEOS-Chem

Figure 2 depicts spatial ratios of daily forest Hg uptake fluxes of the bottom-up model to GEOS-Chem. Absolute 
difference values of the two model outputs are shown in Figure S2 Supporting Information S1.

The overall foliar Hg uptake flux to the total European forested area (Figures 1 and 2) was 22 Mg Hg season −1 for 
GEOS-Chem, which almost equals the total flux of 23 ± 12 Mg Hg season −1 for the bottom-up model (Section 3.1). 
Results of average daily foliar Hg uptake fluxes from GEOS-Chem and the bottom-up model were geographically 
comparable: In 59% of the spatial domain with values >0, average daily foliar Hg uptake fluxes from the two 
models differed by factor of 1–2 from each other, in 37% of the domain, model values differed by a factor of 2–10 
from each other, and in 4% of the domain respective values differed by a factor of >10 from each other (Figure 2). 
We examined if differences in modeled average daily foliar Hg uptake fluxes at the same geographic location origi-
nate from differences in the underlying forest distribution maps of the two compared models. In 78% of spatial tiles 
with values >0, the ratio of average daily foliar Hg uptake fluxes of the bottom-up model to GEOS-Chem agreed in 
range (Figure 2) with the ratio of the forest fraction of the bottom-up model to GEOS-Chem per respective spatial 
tile. We thus find that the bottom-up model and GEOS-Chem generally produce similar forest Hg flux values 
per spatial unit given the same forest distribution. This spatial consistency of model outputs is surprising, as the 
bottom-up model is specific for foliar Hg(0) uptake fluxes based on a wide set of European field data, while GEOS-
Chem broadly computes Hg(0) dry deposition fluxes to forests (Table 1). Reasons for minor differences in model 
outputs are challenging to identify, due to the different approaches, parameters, and underlying maps of the two 
models (Section 2.4). For future assessment of model accuracy, we therefore suggest to compare model results to 
actual measurements of the forest foliar Hg uptake flux (Feinberg et al., 2022; Obrist et al., 2021; Zhou et al., 2023).

3.3. Pine Foliar Hg Uptake Fluxes Under Different VPD Scenarios

Figure 3 shows total pine forest foliar Hg uptake fluxes to Europe calculated under different conditions of atmos-
pheric surface-level water VPD during four past growing seasons (1994, 2003, 2015/2017, 2018) and simu-
lated for the years 2068–2082 as an average of multiple climate model outputs (see Section  2.2) under two 

Figure 2. Ratios per spatial unit of daily forest Hg uptake fluxes averaged over the latitude-specific growing season length of 
the bottom-up model to GEOS-Chem.
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different climate change scenarios (RCP 4.5 and RCP 8.5). The leftmost bar (Figure 3) represents a theoretical 
baseline pine needle Hg uptake flux in absence of VPD induced stomatal control (potential maximum tran-
spiration rates) on the pine needle Hg uptake flux. The total pine needle Hg uptake flux to Europe during the 
reference growing season 2015/2017 (Section 2.2) is 9.3 ± 3.7 Mg Hg representing 70% of the baseline flux of 
13.3 ± 5.3 Mg Hg season −1. Thus, based on the pine needle Hg uptake model used in this study (Section 2.3), the 
VPD effect reduces the total pine needle Hg uptake flux to Europe by approximately 30%.

The relative standard deviation of modeled total pine needle Hg uptake fluxes for the investigated growing 
seasons (1994, 2003, 2015/2017, 2018, 2068–2082) was 0.07 Mg Hg season −1. Consequently, modeled total 
European pine needle Hg uptake fluxes hardly differed from each other among growing seasons. The total pine 
needle Hg uptake flux in Europe depend on VPD conditions in areas where pine forests prevail. Pine forests 
are primarily located in Northern Europe (Figure S1 in Supporting Information S1). Pine forests located at 
latitudes >55.3°N account for 21% of the total foliar Hg uptake flux to Europe during the reference growing 
season (Figure 1). In Northern Europe, hourly ambient VPD was >1.2 kPa during 30% or less of daytime in the 
growing seasons 1994, 2003, and 2015/2017 due to relatively cool and moist ambient conditions as compared 
to Central and Southern Europe (see e.g., VPD conditions during reference time period 2015/2017 Figure 4a). 
In contrast to previous years, the European summer hydrological condition of 2018 has been described as 
an intense hot drought, during which pronounced stomatal closure of coniferous forests in response to high 
VPD were recorded in Switzerland (Gharun et al., 2020). In Southern Fennoscandia, conditions of ambient 
hourly VPD > 1.2 kPa prevailed over exceptionally long time proportions (around 40%) during the summer 
of 2018 (see Figures 4b and Buras et al., 2020). As a result, the modeled total pine needle Hg uptake flux in 
Europe in 2015/2017 (9.3 Mg Hg season −1) was by a factor of 1.16 higher than the respective flux in 2018 
(8.0 Mg Hg season −1). We conclude, that hot and dry summer conditions (Figure 3) in Fennoscandia crucially 
impact modeled past total pine needle Hg uptake fluxes in Europe. According to the model results, an average 
amount of 1.3 Mg Hg was not deposited via pine needle uptake in 2018 compared to 2015/2017, potentially 
remaining in the atmosphere, where it can be long-range transported to the ocean (Zhou et al., 2021). These 
1.3 Mg Hg are more than three times larger than the reported anthropogenic Hg emissions of Sweden in 2021 
(Naturvårdsverket, 2023), highlighting the quantitative impact, that hot droughts can have on the pine needle 
Hg uptake flux.

Figure 3. Pine needle Hg uptake flux to European pine forests (Mg Hg season −1) calculated from atmospheric surface water vapor pressure deficit (VPD) conditions 
during the growing seasons 1994, 2003, 2015/2017, 2018 and projected for the years 2068–2082 under RCP 4.5 and RCP 8.5. Bar on the left represents a baseline pine 
forest needle Hg uptake flux with no VPD exceedance of 1.2 kPa throughout the growing season.
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3.4. Projected Pine Forest Needle Hg Uptake Fluxes Under Climate Change Scenarios

The projected total pine forest needle Hg uptake flux for 2068–2082 (RCP 4.5: 9.3 ± 5.5 Mg Hg season −1; RCP 
8.5: 8.1 ± 4.9 Mg Hg season −1) was in the same range as the corresponding average flux for the years 1994, 2003, 
2015 and 2017 of 9.1 ± 0.2 Mg Hg season −1 (mean ± sd), but slightly higher than the corresponding flux in the 
year of 2018 (8.0 ± 3.2 Mg Hg season −1), during which Fennoscandia experienced a summer of relatively long 
hot and dry ambient conditions. Figure 5 maps the absolute deviation of the pine forest needle Hg uptake flux 
projected for 2068–2082 (simulated future flux) from the corresponding 2018 flux in Europe. Under RCP 4.5, the 
simulated future flux is higher (blue area in Figure 5a) than the 2018 flux in 65% of total area. Under RCP 8.5, 

Figure 4. Average daytime proportion of surface level atmospheric water VPD > 1.2 kPa during (a) the reference growing season 2015/2017, and (b) the growing 
season 2018. All VPD values were calculated from hourly reanalysis data of ERA5 ambient air temperature and relative humidity (Section 2.1).

Figure 5. Absolute deviation of projected pine forest foliar Hg uptake fluxes for 2068–2082 (under RCP 4.5 (a) and RCP 8.5 (b)) from the corresponding flux modeled 
for 2018. In blue areas, the projected future flux under the two climate change scenarios is higher than the respective 2018 flux, in orange areas, this deviation is 
reversed.
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the simulated future flux is higher (blue area in Figure 5b) than the 2018 flux in 43% of total area. In most area of 
Fennoscandia, where a majority of pine forests in Europe are located (Figure S1 in Supporting Information S1), 
the future flux is projected to be larger than in 2018. For both climate change scenarios, the projection predicts 
lower pine needle Hg fluxes to the Balkans and to the Southern Iberian Peninsula than in 2018 (Figure 5).

The pine forest needle Hg uptake flux for 2068–2082 simulated here is a function of both modeled ambient 
VPD conditions during the growing season and the projected distribution of pine forests in Europe depending 
on climate analogs (Buras & Menzel, 2019). While the pine forest cover in Southern Sweden is projected to 
decrease under the climate change scenarios RCP 4.5 and RCP 8.5 from around 50% km −2 to around 25% km −2, 
forest cover in Central and Northern Fennoscandia is projected to be relatively steady for climate analogs of 
both climate change scenarios (compare Figures S1a–S1c in Supporting Information S1). Average long-term 
precipitation rates are projected to increase in Scandinavia, along with a decrease of meteorological drought 
in the coming decades under different climate change scenarios (Forzieri et al., 2014; Kellomäki et al., 2018; 
Samaniego et al., 2018), which could result in an increase of atmospheric humidity and a decrease of VPD in 
northern Europe (Oksanen et al., 2019). Under this scenario of wetter forest environments, the Hg sink of Scan-
dinavian pine forest needles would not be significantly diminished. However, drought trends in Fennoscandia 
are still inconsistent and extreme drought events like in 2018 might occur more frequently under the current rate 
of climate change (IPCC, 2021a). The summer of 2018 was a record hot drought in Europe (Buras et al., 2020), 
while climate simulations for 2068–2082 are averaged over multiple climate models (Table S3 in Supporting 
Information S1), possibly averaging out extreme events. In a scenario, where the maximum proportion of daytime 
VPD > 1.2 kPA per growing season averaged over 2068–2082 prevails at each spatial unit, the total pine forest 
needle Hg uptake flux to Europe reduces to 6.9 Mg Hg season −1 for RCP 4.5 and 5.0 Mg Hg season −1 for RCP 
8.5, which corresponds to 74% and 62% of the respective flux derived from an average VPD daytime proportion. 
We therefore suggest that extreme climate events of extended time periods of ambient daytime VPD > 1.2 kPa 
like during the growing season 2018 (Figure 4b) could reduce the pine forest needle Hg uptake flux in Fennos-
candia in future even compared to average long-term VPD projections (Figure 5).

A source of model uncertainty of the future forest foliar Hg uptake flux under climate change arises from atmos-
pheric Hg(0) concentrations that depend on anthropogenic emissions, re-emissions of mobilized legacy Hg and 
future global deposition fluxes under climate and land use change (Feinberg et al., 2023; Sonke et al., 2023), 
which we could not account for in this study. However, our model outputs call attention to the sensitivity of 
the pine needle Hg uptake flux to extreme hot and dry ambient conditions, which should be accounted for in 
CTMs under varying atmospheric Hg(0) levels. Going forward, the climate feedback of stomatal Hg(0) draw-
down from the atmosphere should likewise be parameterized in CTMs for other tree species but pine. Temper-
ate tree species like oak and beech also react to increasing VPD with stomatal closure (Grossiord et al., 2020; 
Wohlgemuth et al., 2022), albeit less instantaneously than pine (Cárcer et al., 2018; Martínez-Ferri et al., 2000; 
Zweifel et al., 2007), which merits further investigation in field and laboratory experiments in the context of foliar 
Hg uptake and climate change.

The impact of the hot and dry conditions on the pine Hg uptake fluxes might have implications for Hg inputs 
into aquatic ecosystems. In a recent review on Hg cycling in the context of global change Sonke et al. (2023) 
highlighted the potential of legacy Hg (i.e., actively cycling Hg that was mobilized in the past) to cause contami-
nation by mobilization of Hg from soils to wetlands and coastal ecosystems via riverine systems. While most soil 
Hg enters riverine systems by soil erosion from agricultural lands, contaminated sites, and deforested woodland 
(Panagos et al., 2021; Sonke et al., 2023), a reduced forest foliar Hg uptake and subsequent deposition to forest 
soils may decrease the amount of runoff Hg from forest soils in the long-term, while long-range Hg transport to 
the open ocean via the atmosphere might be enhanced (Zhou et al., 2021).

4. Conclusion
We created a highly resolved (1 km 2) map (Figure 1), which visualizes the spatial variation of foliar Hg uptake 
fluxes to European forests. The highest foliar Hg uptake fluxes are in Fennoscandia, in densely forested areas of 
Central and Southern Europe, for example, the Carpathian Mountains, the Balkans, or in multiple low mountain 
areas. We suggest, that this map (Figure 1) can guide decisions on European background Hg monitoring of the 
terrestrial environment. The total forest foliar Hg uptake flux over the course of one growing season agrees well 
with Hg flux estimates derived from literature and from the CTM GEOS-Chem for the same land area of Europe 
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(Figure 2). This precision among modeling results on a European scale using different approaches gives us confi-
dence that the bottom-up model is overall able to represent the seasonal forest foliar Hg uptake flux.

Using an empirical relationship between Hg needle uptake rates of pine trees and VPD threshold exceedance, 
we found a reduction in modeled pine forest needle Hg uptake flux during the relatively hot and dry growing 
season in Fennoscandia in 2018 compared to the growing seasons in 1994, 2003, and 2015/2017 (Figure 3). The 
modeled average amount of Hg, that was not deposited via pine needle uptake in 2018 compared to the reference 
time period of 2015/2017 exceeded the reported anthropogenic Hg emissions of Sweden in 2021, highlighting 
the quantitative significance of stomatal Hg uptake. If these hot summer droughts occurred more frequently in 
Fennoscandia under climate change, the pine forest needle Hg uptake flux would be diminished while these 
extreme conditions prevail, potentially increasing the Hg burden of the ocean via long-range atmospheric trans-
port. In order to better represent the impact of extreme climate events on the pine forest needle Hg uptake flux, 
we therefore advise to incorporate a stomatal component of the pine needle Hg uptake flux into CTMs like 
GEOS-Chem.

Data Availability Statement
Calculated forest foliar Hg uptake fluxes to Europe (Figure  1) and GEOS-Chem simulation data aggregated 
to seasonal values are publicly available for download from Zenodo at https://zenodo.org/record/7851718#.
ZFUeLM5Bw2w and https://zenodo.org/record/7900753#.ZFUgqM5Bw2w respectively. All input data sets to 
the bottom-up model are described in detail in Section 2.1, along with their respective publications and databases, 
from which the data sets can be accessed. The offline dry deposition code from GEOS-Chem is accessible for 
download (Feinberg, 2022). All calculations and visualizations were done in R, Version 4.0.3.
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