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​Short summary​

​Mercury​ ​(Hg)​ ​is​ ​a​ ​toxic​ ​global​ ​pollutant​ ​whose​ ​terrestrial​ ​cycling​​is​​strongly​​influenced​​by​

​vegetation,​ ​soils,​ ​and​ ​environmental​ ​changes.​ ​We​ ​present​ ​ORCHIDEE-Hg​ ​v1.0,​ ​a​ ​global​

​mechanistic​​model​​of​​the​​terrestrial​​Hg​​cycle​​simulating​​atmospheric​​Hg​​deposition​​inputs,​

​vegetation​ ​uptake,​ ​soil​ ​storage,​ ​dissolved​ ​Hg​ ​dynamics,​ ​and​ ​soil​ ​re-emissions.​ ​Evaluation​

​against​ ​observations​ ​shows​ ​that​ ​the​ ​model​ ​successfully​ ​reproduces​ ​Hg​ ​concentrations,​

​stocks, and fluxes across key terrestrial compartments.​
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​Abstract​

​Mercury​ ​(Hg)​ ​is​ ​a​ ​highly​ ​toxic​ ​global​ ​pollutant​ ​that​ ​is​ ​transported​ ​throughout​ ​the​

​atmosphere​ ​and​ ​transferred​ ​to​ ​terrestrial​ ​ecosystems​ ​through​ ​vegetation​ ​uptake​ ​and​

​atmospheric​ ​wet​ ​and​ ​dry​ ​deposition.​ ​Owing​ ​to​ ​its​ ​strong​ ​association​​with​​organic​​carbon​

​(OC)​ ​and​ ​long​ ​residence​ ​time,​ ​soils​ ​represent​ ​the​ ​largest​ ​Hg​ ​reservoirs.​ ​Environmental​

​changes​​can,​​however,​​alter​​Hg​​stocks​​and​​fluxes,​​potentially​​enhancing​​Hg​​emissions​​to​​the​

​atmosphere​ ​or​ ​export​​to​​riverine​​systems.​​Existing​​global​​models​​have​​yet​​to​​fully​​capture​

​the​​dynamics​​of​​dissolved​​Hg​​and​​its​​transport​​through​​terrestrial​​hydrological​​pathways,​​as​

​well​ ​as​ ​Hg​​storage​​and​​remobilization​​in​​deep​​soil​​layers,​​limiting​​their​​ability​​to​​represent​

​terrestrial Hg responses to environmental change.​

​Here,​ ​we​ ​present​ ​the​ ​first​ ​version​ ​of​ ​ORCHIDEE-Hg​ ​(ORCHIDEE-Hg​ ​v1.0),​ ​a​ ​global​

​land-surface​ ​model​ ​of​ ​the​ ​terrestrial​ ​Hg​ ​cycle​ ​developed​ ​within​ ​the​ ​well-established​

​ORCHIDEE​ ​framework.​ ​The​ ​model​​uniquely​​integrates​​explicit​​representations​​of​​dissolved​

​carbon​ ​species​ ​and​ ​vertical​ ​discretization​ ​of​ ​soil​ ​across​ ​15​ ​plant​ ​functional​ ​types.​

​ORCHIDEE-Hg​​represents​​the​​terrestrial​​Hg​​cycle,​​from​​atmospheric​​wet​​and​​dry​​deposition​

​and​ ​vegetation​ ​uptake​ ​to​ ​soil​ ​storage,​ ​dissolved​ ​Hg​ ​dynamics,​ ​and​ ​atmospheric​

​re-emissions.​ ​We​ ​evaluate​ ​ORCHIDEE-Hg​ ​against​ ​recent​ ​observations​ ​of​ ​vegetation​ ​Hg​

​concentrations,​​litterfall​​Hg​​fluxes,​​and​​soil​​stocks​​across​​two​​temperate​​regions.​​The​​model​

​successfully​​reproduces​​observed​​median​​Hg​​concentrations,​​stocks,​​and​​fluxes​​within​​and​

​between​​key​​compartments.​​This​​evaluation​​provides​​a​​robust​​foundation​​for​​investigating​

​the​​controls​​of​​terrestrial​​Hg​​cycling.​​A​​companion​​study​​will​​assess​​model​​sensitivity​​to​​key​

​parameters​ ​and​ ​processes,​ ​providing​ ​a​ ​detailed​ ​understanding​ ​of​ ​model​ ​behavior​ ​before​

​using​​ORCHIDEE-Hg​​to​​investigate​​changes​​in​​soil​​Hg​​stocks​​and​​fluxes​​under​​environmental​

​perturbations,​ ​including​ ​climate​ ​change,​ ​land-use​ ​and​ ​land-cover​ ​change,​ ​and​ ​changes​​in​

​atmospheric deposition.​
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​Introduction​

​Mercury​ ​(Hg)​ ​is​ ​a​ ​potent​ ​neurotoxin​ ​and​ ​a​ ​global​ ​pollutant​ ​of​ ​major​ ​concern​ ​due​ ​to​ ​its​

​adverse​​health​​effects​​(Driscoll​​et​​al.,​​2013)​​,​​long-range​​atmospheric​​transport,​​and​​cycling​

​among​ ​the​ ​atmosphere,​ ​terrestrial​ ​ecosystems,​ ​and​ ​oceans​ ​(​​Obrist​ ​et​ ​al.,​ ​2018)​​.​ ​Both​

​geogenic​​sources​​(e.g.,​​volcanic​​activity,​​rock​​weathering)​​and​​anthropogenic​​activities​​(e.g.,​

​chlor-alkali​ ​production,​ ​artisanal​ ​gold​ ​mining,​ ​coal-fired​ ​power​ ​plants)​ ​contribute​ ​to​ ​Hg​

​emissions​ ​and​ ​releases​ ​to​ ​the​ ​atmosphere​ ​and​​terrestrial/aquatic​​systems.​​In​​response​​to​

​the​ ​health​ ​risks​ ​posed​ ​by​ ​Hg,​ ​international​ ​environmental​ ​policies​ ​such​ ​as​ ​the​​Minamata​

​Convention​ ​aim​ ​to​ ​reduce​ ​anthropogenic​ ​emissions,​ ​which​ ​were​ ​estimated​ ​at​

​approximately​ ​2.5​ ​Gg·yr​​-​​¹​ ​in​ ​2015​ ​(Sonke​ ​et​ ​al.,​ ​2023)​​.​ ​However,​ ​several​ ​other​

​environmental​​factors,​​including​​climate​​change​​(AMAP,​​2021;​​Sonke​​et​​al.,​​2023)​​,​​land-use​

​and​ ​land-cover​ ​change​ ​(Feinberg​ ​et​ ​al.,​ ​2024;​ ​Zhang​ ​et​ ​al.,​ ​2016)​​,​ ​and​ ​changes​ ​in​

​atmospheric​​chemical​​composition​​(Feinberg​​et​​al.,​​2026)​​,​​may​​modulate​​the​​effectiveness​

​of​ ​direct​ ​emission​ ​reduction​​(Dastoor​​et​​al.,​​2025)​​.​​Besides,​​due​​to​​its​​very​​long​​residence​

​time​ ​in​ ​soils​ ​and​ ​oceans​ ​(10²–10³​ ​years),​ ​compared​ ​with​ ​its​ ​approximately​ ​1-year​

​atmospheric​ ​residence​ ​time​ ​(Amos​ ​et​ ​al.,​ ​2013;​ ​Selin​ ​et​ ​al.,​ ​2008)​​,​ ​Hg​ ​progressively​

​accumulates​ ​in​ ​these​ ​compartments.​ ​As​ ​a​ ​result,​ ​these​ ​large​ ​legacy​ ​pools​ ​continuously​

​re-emit​​Hg​​to​​the​​atmosphere,​​meaning​​that​​reductions​​in​​current​​anthropogenic​​emissions​

​are only gradually reflected in atmospheric Hg concentrations.​

​Terrestrial​ ​ecosystems​ ​play​ ​a​ ​pivotal​ ​role​ ​in​ ​the​ ​global​ ​Hg​ ​cycle,​ ​acting​ ​both​ ​as​ ​major​

​reservoirs,​ ​storing​ ​approximately​ ​235−1150​ ​Gg​ ​of​ ​Hg​ ​in​​the​​upper​​20​​cm​​of​​soil​​(Amos​​et​

​al.,​​2015,​​2013;​​Lim​​et​​al.,​​2020;​​Selin​​et​​al.,​​2008)​​,​​and​​as​​dynamic​​interfaces​​that​​engage​​in​

​active​​bidirectional​​exchanges​​with​​the​​atmosphere​​(Sommar​​et​​al.,​​2020;​​Zhu​​et​​al.,​​2016)​

​and​ ​export​ ​Hg​ ​to​ ​riverine​ ​systems​ ​(Fabre​​et​​al.,​​2024;​​Panagos​​et​​al.,​​2021)​​.​​Vegetation,​​a​

​key​​component​​of​​terrestrial​​ecosystems,​​actively​​takes​​up​​atmospheric​​Hg​​and,​​to​​a​​lesser​

​extent,​​soil​​Hg,​​while​​also​​contributing​​to​​soil​​organic​​carbon​​(OC)​​through​​litterfall​​and​​root​

​turnover,​ ​thereby​ ​promoting​ ​Hg​ ​retention​ ​(Wang​​et​​al.,​​2019;​​Zhou​​et​​al.,​​2021)​​.​​Plant​​Hg​

​uptake,​​which​​is​​related​​to​​foliar​​photosynthetic​​activity,​​contributes​​to​​seasonal​​variations​

​in​ ​surface​ ​atmospheric​ ​Hg​ ​concentrations​ ​(Fu​ ​et​ ​al.,​ ​2019;​ ​Jiskra​ ​et​ ​al.,​ ​2018)​ ​and​ ​is​ ​also​

​strongly influenced by environmental factors such as climate​​(Jia et al., 2026)​​.​
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​Climate​ ​change​ ​may​ ​threaten​ ​Hg​ ​stocks​ ​and​ ​fluxes​ ​in​ ​terrestrial​ ​ecosystems​ ​by​ ​altering​

​vegetation​ ​dynamics​ ​(Feinberg​ ​et​ ​al.,​ ​2024)​ ​and​ ​soil​ ​OC​ ​dynamics​ ​(Chen​​et​​al.,​​2024a)​​.​​In​

​addition,​​changes​​in​​soil​​temperature​​and​​moisture​​may​​trigger​​the​​remobilization​​of​​stored​

​Hg​​(Hararuk​​et​​al.,​​2013)​​,​​particularly​​in​​permafrost​​regions,​​where​​an​​estimate​​of​​600​​Gg​​of​

​Hg are stored in deep frozen soil layers​​(Lim et al.,​​2020)​​.​

​Despite​​the​​recognized​​importance​​of​​the​​terrestrial​​biosphere​​in​​the​​global​​Hg​​cycle,​​global​

​mechanistic​ ​models​ ​of​ ​terrestrial​ ​Hg​ ​dynamics​ ​remain​ ​underdeveloped​ ​compared​ ​with​

​atmospheric​​and​​oceanic​​models​​(Dastoor​​et​​al.,​​2025)​​.​​Recent​​developments​​have​​focused​

​primarily​​on​​statistical​​estimates​​of​​Hg​​soils​​stocks​​(Guo​​et​​al.,​​2024;​​Liu​​et​​al.,​​2023)​​or​​on​

​relatively​​fast-turnover​​reservoirs​​such​​as​​vegetation​​and​​litter​​(Yuan​​et​​al.,​​2023)​​.​​To​​date,​

​three​​mechanistic​​models​​of​​the​​terrestrial​​Hg​​cycle​​have​​been​​developed​​by​​exploiting​​the​

​strong​​association​​between​​soil​​Hg​​and​​OC.​​These​​models​​build​​on​​land-surface​​models​​that​

​represent​ ​vegetation,​ ​soil,​ ​and​ ​litter​ ​OC​ ​cycling​ ​and​ ​incorporate​ ​Hg​ ​dynamics​ ​into​ ​these​

​frameworks.​​The​​Global​​Terrestrial​​Mercury​​Model​​(GTMM)​​provided​​the​​first​​estimates​​of​

​Hg​​remobilization​​under​​climate​​change,​​predicting​​an​​approximately​​threefold​​increase​​in​

​soil​​Hg​​emissions​​relative​​to​​the​​pre-industrial​​state​​(Smith‐Downey​​et​​al.,​​2010)​​.​​However,​

​the​ ​GTMM​ ​represents​ ​only​ ​the​ ​upper​ ​30​ ​cm​ ​of​ ​soil​ ​and​ ​does​ ​not​ ​account​ ​for​ ​Hg​ ​in​ ​soil​

​solution​ ​(i.e.,​ ​the​ ​dissolved​ ​Hg​ ​pool​ ​in​ ​soil​ ​porewater)​ ​or​ ​its​ ​export​ ​through​​runoff.​​More​

​recently,​ ​Schaefer​ ​et​ ​al.,​ ​(2020)​ ​focused​ ​on​ ​Hg​ ​remobilization​ ​in​ ​permafrost​ ​regions​ ​and​

​provided​ ​the​ ​first​ ​estimate​ ​of​ ​Hg​ ​release​ ​associated​ ​with​ ​permafrost​ ​thaw​ ​in​ ​the​ ​Yukon​

​basin.​ ​However,​ ​the​ ​lack​ ​of​ ​an​​explicit​​representation​​of​​Hg​​in​​soil​​solution,​​as​​well​​as​​the​

​limited​ ​representation​ ​of​​spatial​​variability​​in​​permafrost​​Hg​​concentrations,​​may​​limit​​the​

​accuracy​ ​of​ ​their​ ​estimates​ ​of​ ​riverine​ ​Hg​ ​exports.​ ​Moreover,​ ​both​ ​models​ ​lack​ ​robust,​

​independent​ ​evaluations​ ​of​ ​their​ ​simulated​ ​Hg​ ​stocks​ ​and​ ​fluxes,​ ​thereby​ ​limiting​

​confidence​ ​in​ ​their​ ​projections.​ ​Finally,​ ​CLM5-Hg​ ​(Yuan​ ​et​ ​al.,​ ​2023)​ ​was​ ​developed​ ​to​

​represent​ ​the​ ​continental​ ​Hg​ ​cycle,​ ​including​ ​the​ ​soil​ ​compartment,​ ​but​ ​its​ ​results​ ​have​

​focused​​primarily​​on​​more​​labile​​pools,​​such​​as​​litter​​and​​vegetation,​​limiting​​its​​assessment​

​of​ ​Hg​ ​dynamics​ ​in​ ​longer-lived​ ​terrestrial​ ​reservoirs.​ ​Despite​ ​recent​ ​advances,​ ​existing​

​terrestrial​​Hg​​models​​therefore​​do​​not​​explicitly​​represent​​several​​processes​​that​​are​​critical​

​for​​understanding​​the​​fate​​and​​mobility​​of​​Hg​​under​​environmental​​change,​​particularly​​the​

​dynamics​ ​of​ ​dissolved​ ​Hg​ ​and​ ​its​ ​transport​ ​through​ ​terrestrial​ ​hydrological​ ​pathways,​ ​as​

​well​​as​​Hg​​storage​​and​​remobilization​​in​​deep​​soil​​layers.​​These​​limitations​​hinder​​the​​ability​
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​of​ ​current​ ​models​ ​to​ ​simultaneously​ ​represent​ ​Hg​ ​retention​ ​in​ ​terrestrial​ ​ecosystems,​

​atmospheric​ ​re-emission,​ ​and​ ​riverine​ ​export,​ ​and​ ​to​ ​assess​ ​their​ ​responses​ ​to​ ​global​

​change.​

​To​ ​address​ ​these​ ​limitations,​​we​​developed​​ORCHIDE-Hg,​​a​​new​​mechanistic​​model​​of​​the​

​terrestrial​​Hg​​cycle.​​ORCHIDEE-Hg​​v1.0​​includes​​deposition​​to​​vegetation​​and​​soils​​surfaces​

​and​ ​associated​ ​re-emission​ ​as​ ​well​ ​as​ ​a​ ​representation​ ​of​ ​Hg​ ​uptake​ ​by​ ​vegetation.​ ​The​

​model​ ​explicitly​ ​distinguishes​ ​dissolved​ ​and​ ​solid-phase​ ​soil​ ​Hg​ ​pools,​ ​and​ ​vertically​

​discretizes​​the​​soil​​profile​​down​​to​​38​​m.​​The​​model​​is​​built​​on​​ORCHIDEE-MICT-PEAT-LEAK​

​(Bowring​ ​et​ ​al.,​ ​2019,​ ​2020;​ ​Qiu​ ​et​ ​al.,​ ​2019)​​,​ ​a​ ​recent​ ​version​ ​of​ ​the​ ​established​

​land-surface​ ​model​ ​ORCHIDEE​ ​with​ ​a​ ​robust​ ​and​ ​extensively​ ​validated​ ​representation​ ​of​

​vegetation,​ ​soil,​ ​and​ ​OC​ ​dynamics​ ​as​​well​​as​​some​​high​​latitude​​features​​(Guimberteau​​et​

​al.,​ ​2018)​​,​ ​with​ ​peatland​ ​related​ ​process​ ​(Qiu​ ​et​ ​al.,​ ​2019)​ ​and​ ​with​ ​lateral​ ​OC​ ​transport​

​(Lauerwald​ ​et​ ​al.,​ ​2017;​ ​Zhang​ ​et​ ​al.,​ ​2022)​​.​ ​This​ ​framework​ ​enables​ ​Hg​ ​dynamics​ ​to​ ​be​

​mechanistically​​coupled​​to​​the​​environmental​​processes​​that​​regulate​​its​​terrestrial​​storage,​

​mobility,​ ​and​ ​fluxes,​ ​providing​ ​a​ ​basis​ ​for​ ​assessing​ ​Hg​ ​responses​ ​to​ ​climate​ ​change,​

​land-use and land-cover change, and changes in atmospheric Hg deposition.​

​Although​ ​this​ ​mechanistic​ ​Hg​ ​model​ ​is​ ​ultimately​ ​designed​ ​to​ ​investigate​ ​the​ ​impacts​ ​of​

​global​ ​change​ ​on​​the​​terrestrial​​Hg​​cycle,​​the​​present​​study​​focuses​​on​​describing​​the​​first​

​version​ ​of​ ​the​ ​model​ ​(ORCHIDEE-Hg​ ​v1.0)​ ​and​ ​evaluating​ ​its​ ​simulations​ ​against​

​observational​ ​data​ ​from​ ​temperate​ ​regions.​ ​Evaluation​ ​of​ ​Hg​ ​dynamics​ ​in​ ​high-latitude​

​ecosystems,​ ​including​ ​peatland​ ​and​ ​permafrost​ ​regions​ ​will​​be​​addressed​​in​​future​​model​

​developments.​ ​Model​ ​sensitivity​ ​to​ ​key​ ​parameters​ ​will​ ​be​ ​assessed​ ​in​ ​detail​ ​in​ ​a​

​companion​ ​study,​ ​providing​ ​a​ ​systematic​ ​evaluation​ ​of​ ​model​ ​behavior​ ​before​

​ORCHIDEE-Hg​ ​is​ ​used​ ​to​ ​investigate​ ​the​ ​response​ ​of​ ​the​ ​terrestrial​ ​Hg​ ​cycle​ ​to​

​environmental change.​

​2. Material and methods​

​2.1. Model description​

​2.1.1 Model overview​

​ORCHIDEE-Hg​ ​was​ ​developed​ ​from​ ​the​ ​land​ ​surface​ ​model​ ​ORCHIDEE​​(Organising​​Carbon​

​and​​Hydrology​​In​​Dynamic​​Ecosystems​​(Krinner​​et​​al.,​​2005)​​),​​a​​well-established​​framework​

​for​ ​simulating​ ​ecosystem​​OC​​dynamics.​​ORCHIDEE​​explicitly​​represents​​15​​plant​​functional​
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​types​ ​(PFTs),​ ​litter,​ ​soil​ ​solid​ ​(SOC)​ ​and​​dissolved​​(DOC)​​OC​​pools,​​as​​well​​as​​inland​​waters​

​(e.g.,​ ​rivers,​ ​lakes,​ ​and​ ​wetlands).​ ​Leveraging​ ​the​ ​strong​ ​affinity​ ​between​ ​Hg​ ​and​ ​OC​

​(Ballabio​ ​et​ ​al.,​ ​2021;​ ​Obrist​ ​et​ ​al.,​ ​2011;​ ​Skyllberg​ ​et​ ​al.,​ ​2000)​​,​ ​we​ ​implemented​ ​a​

​mechanistic terrestrial Hg cycle in this framework.​

​ORCHIDEE-Hg​ ​is​ ​derived​ ​from​ ​three​ ​specialized​ ​versions​ ​of​ ​ORCHIDEE:​

​ORCHIDEE-MICT-LEAK​ ​(revision​ ​5459​ ​(Bowring​ ​et​ ​al.,​ ​2019,​ ​2020)​​),​ ​which​ ​includes​ ​an​

​explicit​ ​representation​ ​of​ ​dissolved​ ​carbon​ ​transport​ ​and​ ​cycling​ ​through​ ​the​ ​soil​​column​

​and​ ​river​ ​networks​ ​as​ ​well​ ​as​ ​permafrost​ ​specific​ ​processes,​ ​ORCHIDEE-Clateral,​ ​which​

​represents​ ​in​ ​addition​ ​erosion,​ ​transport,​ ​and​ ​deposition​ ​of​ ​sediments​ ​and​ ​associated​

​translocation​ ​of​ ​particulate​ ​organic​​carbon​​from​​hillslopes​​along​​the​​river​​networks​​to​​the​

​coast​​or​​depositional​​zones​​in​​floodplains​​(Zhang​​et​​al.,​​2022);​​and​​ORCHIDEE-PEAT​​(revision​

​4596​​(Qiu​​et​​al.,​​2019)​​),​​which​​adds​​specialized​​PFTs,​​hydrological​​properties,​​and​​processes​

​of​ ​preservation​ ​and​ ​decomposition​ ​of​ ​OC​ ​that​ ​are​ ​characteristic​ ​of​ ​northern​ ​peatlands.​

​While​ ​the​ ​current​ ​presentation​ ​of​ ​ORCHIDEE-Hg​ ​v1.0​ ​focuses​ ​on​ ​temperate​ ​regions​ ​and​

​does​ ​not​ ​explicitly​ ​include​ ​Hg​ ​processes​ ​over​ ​permafrost​ ​areas​ ​or​ ​peatlands,​ ​we​ ​use​​this​

​framework​​to​​support​​future​​development​​for​​high​​latitude​​regions​​which​​are​​of​​particular​

​interest​ ​due​ ​to​ ​their​ ​substantial​ ​Hg​​stocks​​(Lim​​et​​al.,​​2020;​​Schuster​​et​​al.,​​2018)​​and​​the​

​numerous​​interacting​​processes​​that​​influence​​Hg​​dynamics​​in​​these​​environments​​(Bring​​et​

​al., 2016; Schuur and Mack, 2018)​​.​

​As​ ​described​ ​in​ ​Fig.​ ​1​ ​and​ ​further​ ​detailed​​below,​​ORCHIDEE-Hg​​v1.0​​(rev.​​9721)​ ​accounts​

​for​ ​Hg​ ​assimilation​ ​by​ ​vegetation​ ​and​ ​deposition​ ​to​ ​soils​​via​​litterfall​​and​​throughfall,​​and​

​direct​​wet​​and​​dry​​deposition,​​as​​well​​as​​storage​​in​​litter​​and​​soils,​​re-emissions​​of​​gaseous​

​elemental​​Hg​​(Hg​​0​​)​​to​​the​​atmosphere,​​and​​vertical​​transport​​and​​lateral​​export​​through​​soil​

​solution.​

​2.1.2 Hg deposition and uptake pathways​

​Atmospheric​ ​Hg​ ​is​ ​predominantly​ ​present​ ​as​ ​relatively​ ​stable​ ​Hg⁰,​ ​which​ ​can​ ​persist​ ​for​

​several​ ​months​ ​to​ ​about​ ​a​ ​year​ ​and​ ​thus​ ​undergo​ ​long-range​ ​atmospheric​ ​transport.​ ​Hg⁰​

​can​​be​​oxidized​​to​​reactive​​divalent​​Hg​​(Hg²⁺),​​primarily​​through​​reactions​​involving​​bromine​

​radicals​​and​​other​​atmospheric​​oxidants​​(Shah​​et​​al.,​​2021)​​;​​Hg²⁺​​is​​more​​water-soluble​​and​

​has​ ​a​ ​strong​ ​affinity​ ​for​ ​aerosols​ ​and​​atmospheric​​surfaces,​​favouring​​its​​removal​​through​

​wet and dry deposition​​(Selin, 2009)​​.​
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​In​​ORCHIDEE-Hg​​v1.0,​​atmospheric​​Hg​​inputs​​to​​terrestrial​​surfaces​​occur​​in​​the​​form​​of​​wet​

​deposition​​of​​Hg²⁺,​​and​​dry​​deposition​​of​​Hg⁰​​and​​Hg²⁺.​​Dry-deposited​​Hg​​0​ ​and​​Hg​​2+​ ​can​​be​

​either​ ​assimilated​ ​by​ ​vegetation,​ ​or​ ​remain​ ​on​ ​leaf​ ​or​ ​soil​ ​surfaces​ ​(Fig.​ ​1).​ ​Studies​ ​have​

​shown​ ​that​ ​Hg⁰​​does​​not​​significantly​​contribute​​to​​the​​total​​Hg​​found​​in​​background​​soils​

​(Friedli​​et​​al.,​​2007;​​Skyllberg​​et​​al.,​​2000)​​.​​Therefore,​​all​​non-assimilated​​Hg⁰​​is​​assumed​​to​

​be​ ​revolatilized,​ ​while​ ​Hg²⁺​ ​remains​ ​on​ ​leaf​ ​surfaces​ ​and​ ​is​ ​washed​ ​off​ ​by​ ​rainfall​ ​(i.e.​

​throughfall fluxes).​

​Following​ ​Smith‐Downey​ ​et​ ​al.,​ ​(2010)​​,​ ​we​ ​assume​ ​that​ ​the​ ​fraction​ ​of​ ​Hg​ ​from​ ​dry​

​deposition​​permanently​​fixed​​by​​leaves​​is​​equal​​to​​the​​product​​of​​f​​fixed​ ​and​​the​​total​​Hg​​0​ ​and​

​Hg​​2+​ ​dry deposition, with​​f​​fixed​ ​calculated following​​(1):​

​(1)​​𝑓​
​𝑓𝑖𝑥𝑒𝑑​

= ​ ​​0​. ​25​ ​𝐿𝐴𝐼​
​1​.​25​ ​ ​​𝑓𝑜𝑟​​ ​​𝐿𝐴𝐼​​≤1​. ​25​; ​ ​​0​. ​25​​ ​​𝑓𝑜𝑟​​ ​​𝐿𝐴𝐼​ > ​1​. ​25​​ ​

​Hg​​2+​ ​that​ ​is​ ​not​ ​assimilated​ ​is​ ​subject​ ​to​ ​photoreduction​ ​with​ ​f​​photoreduction​ ​representing​ ​the​

​fraction​ ​of​ ​Hg​​2+​ ​deposited​ ​to​ ​soil​​and​​leaves​​surfaces​​subject​​to​​photoreduction,​​following​

​(2):​

​(2)​​𝑓​
​𝑝ℎ𝑜𝑡𝑜𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛​

= ​0​. ​67​​ ​ × ​𝑒𝑥𝑝​​ ​(− ​0​. ​016​​ ​​𝑠​)​ ​

​where​​s​​is the short-wave solar radiation flux (W​​m​​−2​​)​​(Smith‐Downey et al., 2010)​​.​

​Hg​​2+​ ​in​ ​dry​ ​phase,​ ​not​ ​assimilated​ ​by​​leaves​​nor​​photoreduced,​​resides​​in​​the​​surface​​leaf​

​pool and is washed off during precipitation events (i.e., throughfall flux) (Fig. 1).​

​Hg​​2+​ ​in​​wet​​phase​​deposits​​to​​soil​​surfaces​​or​​to​​the​​vegetation​​canopy​​and​​is​​subject​​to​​the​

​same​ ​photoreduction​ ​process​ ​as​ ​Hg​​2+​ ​in​ ​dry​ ​phase​ ​(parameterized​ ​with​ ​f​​photoreduction​​).​ ​The​

​non-photoreduced​ ​fraction​ ​of​ ​wet​ ​Hg​​2+​ ​is​ ​assumed​ ​to​ ​deposit​ ​to​ ​soils​ ​and​ ​leach​ ​into​ ​the​

​dissolved pool (Fig.1).​

​Hg​​originating​​from​​bedrock​​weathering​​that​​represents​​a​​minor​​part​​of​​Hg​​in​​soils​​(Gao​​et​

​al., 2023)​​was not accounted for.​
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​-​

​Figure​ ​1:​ ​Schematic​ ​view​ ​of​ ​the​ ​main​ ​Hg​ ​processes​ ​represented​ ​in​ ​ORCHIDEE-Hg​ ​v1.0.​

​Direct​ ​deposition​ ​refers​ ​to​ ​non​ ​vegetation-mediated​ ​deposition,​ ​i.e.,​ ​to​ ​bare​ ​soils​ ​or​

​water/snow.​

​2.1.3 Hg in vegetation​

​While​ ​foliar​ ​uptake​ ​of​ ​dry​ ​Hg⁰​ ​and​ ​Hg²⁺​ ​dominates​ ​Hg​ ​absorption​ ​by​ ​vegetation,​ ​recent​

​meta-analyses​ ​indicate​ ​that​ ​approximately​ ​15%​ ​of​ ​soil​ ​Hg​ ​deposition​ ​originates​ ​from​

​non-foliar​ ​tissues,​ ​including​ ​root​ ​absorption​ ​and​ ​Hg​ ​translocation​ ​within​ ​plant​

​compartments​​(Zhou​​and​​Obrist,​​2021)​​.​​However,​​the​​environmental​​controls​​on​​Hg​​uptake​

​and​​translocation​​in​​non-foliar​​tissues​​remain​​poorly​​understood,​​and​​only​​foliar​​uptake​​of​

​dry Hg is currently mechanistically parameterized (see section 2.1.2., Eq (1)).​

​To​​account​​for​​Hg​​distribution​​across​​plant​​compartments​​beyond​​the​​leaves,​​we​​relied​​on​

​the​ ​dataset​ ​published​ ​by​ ​Zhou​ ​and​​Obrist​​(2021)​​to​​derive​​plant​​compartments​​allocation​

​coefficients​​(​​k​​alloc​​).​​These​​coefficients​​link​​Hg​​concentrations​​in​​leaves​​to​​those​​in​​other​​plant​

​tissues​ ​for​ ​each​ ​PFT.​ ​To​ ​address​ ​data​ ​limitations,​ ​we​ ​grouped​ ​the​ ​eight​ ​model​ ​plant​
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​compartments​ ​(leaves,​ ​fruits,​ ​reserve​ ​carbon,​ ​aboveground​ ​sapwood,​ ​aboveground​

​heartwood,​​belowground​​sapwood,​​belowground​​heartwood,​​and​​roots)​​into​​three​​broader​

​categories​ ​based​ ​on​ ​similarities​ ​in​ ​carbon​ ​residence​ ​times​ ​and​ ​decomposition​ ​rates​ ​(see​

​Section​​2.1.4​​for​​rationale).​​We​​then​​defined​​two​​allocation​​coefficients:​​k​​alloc_ba​ ​for​​ligneous​

​aboveground​ ​tissues​ ​(aboveground​ ​sapwood​ ​and​ ​heartwood)​ ​and​ ​k​​alloc_bb​ ​for​ ​ligneous​

​belowground​ ​tissues​ ​(roots,​ ​belowground​​sapwood,​​and​​heartwood).​​Each​​coefficient​​was​

​calculated​ ​as​ ​the​ ​ratio​ ​of​ ​mean​ ​Hg​ ​concentration​ ​in​ ​branches​ ​(for​ ​k​​alloc_ba​​)​ ​or​ ​roots​ ​(for​

​k​​alloc_bb​​)​​to​​the​​mean​​Hg​​concentration​​in​​leaves​​from​​the​​Zhou​​and​​Obrist​​(2021)​​database,​

​see​​Table​​A1.​​These​​coefficients​​were​​then​​used​​to​​estimate​​Hg​​concentrations​​in​​non-foliar​

​tissues based on the Hg assimilated by leaves.​

​2.1.4 Litter and soil Hg cycling​

​The​ ​Hg​ ​cycle​ ​is​ ​simulated​ ​within​ ​the​ ​OC​ ​cycling​ ​framework,​ ​which​ ​is​ ​fully​ ​described​ ​in​

​Bowring​ ​et​ ​al.,​ ​(2019)​​.​ ​In​ ​this​ ​framework,​ ​each​ ​of​ ​the​ ​eight​ ​plant​ ​tissues​ ​(leaves,​ ​fruits,​

​carbon​​reserves,​​aboveground​​sapwood,​​belowground​​sapwood,​​aboveground​​heartwood,​

​belowground​ ​heartwood,​ ​and​ ​roots)​ ​is​ ​characterized​ ​by​​lignin​​content​​and​​turnover​​time,​

​which​ ​govern​ ​their​ ​degradability​ ​once​ ​they​ ​enter​ ​the​​litter​​pool.​​Litter​​is​​divided​​into​​two​

​aboveground​ ​and​ ​two​​belowground​​pools,​​each​​further​​split​​into​​structural​​and​​metabolic​

​fractions.​ ​OC​ ​degradation​ ​in​ ​litter​ ​is​ ​controlled​ ​by​ ​soil​ ​temperature,​ ​moisture,​ ​and​ ​lignin​

​content​ ​(for​ ​structural​ ​pools).​ ​SOC​ ​consists​ ​of​ ​three​​pools:​​active,​​slow,​​and​​passive​​while​

​DOC​​consists​​of​​seven​​similar​​pools​​like​​those​​in​​litter​​and​​SOC.​​A​​fraction​​of​​each​​DOC​​pool​

​is​ ​adsorbed​ ​to​​mineral​​soil,​​where​​it​​does​​not​​participate​​in​​OC​​degradation​​or​​respiration​

​until​​desorption​​(see​​Section​​2.1.5).​​Litter​​degradation​​produces​​carbon​​dioxide​​(CO​​2​​),​​SOC​

​and​ ​DOC,​ ​with​ ​belowground​ ​plant​ ​decomposition​ ​directly​ ​contributing​ ​to​ ​depth-specific​

​SOC​ ​and​ ​DOC​ ​pools​ ​in​ ​the​ ​upper​ ​2​ ​meters​ ​of​ ​soil.​ ​The​ ​three​ ​SOC​​pools​​are​​derived​​from​

​DOC​​pools​​and​​can​​revert​​to​​DOC​​and​​CO₂​​through​​microbial​​degradation.​​C​​inputs​​from​​the​

​decomposition​​and​​transformation​​of​​litter,​​SOC​​and​​DOC,​​as​​well​​as​​their​​vertical​​transport​

​through​ ​bio-​ ​or​​cryoturbation​​are​​resolved​​across​​the​​full​​38-meter​​soil​​profile,​​while​​DOC​

​sorption,​​and​​vertical​​and​​lateral​​transport​​with​​water​​fluxes​​are​​limited​​to​​the​​top​​2​​meters​

​(see​​Section​​2.1.5).​​Litter,​​soil​​and​​dissolved​​pools​​decomposition​​in​​each​​layer​​are​​defined​
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​by​ ​different​ ​decomposition​ ​rates​ ​modulated​ ​by​ ​soil​ ​temperature​ ​and​ ​soil​ ​moisture​

​(Bowring et al., 2019)​​, and by clay content for soil​​and dissolved pools.​

​We​ ​associate​ ​a​ ​Hg​ ​pool​ ​to​​each​​OC​​pool:​​litter​​(Litt-Hg),​​dissolved​​(dHg),​​and​​soil​​(soil-Hg)​

​pools​ ​at​ ​each​ ​soil​ ​depth.​ ​As​ ​OC​ ​degrades​ ​through​ ​heterotrophic​ ​respiration​ ​or​

​transformation​ ​into​ ​other​ ​OC​ ​pools​​(e.g.,​​litter​​→​​DOC,​​DOC​​→​​SOC,​​or​​SOC​​→​​DOC),​​the​

​associated​​Hg​​is​​mobilized​​under​​the​​same​​environmental​​controls​​as​​OC.​​A​​fraction​​of​​the​

​mobilized​ ​Hg​ ​is​ ​transferred​ ​to​ ​the​ ​subsequent​ ​OC​ ​pool,​​while​​another​​fraction​​is​​reduced​

​and​ ​emitted​ ​to​ ​the​​atmosphere​​as​​Hg⁰.​​Hg⁰​​emissions​​to​​the​​atmosphere​​are​​proportional​

​to​ ​the​ ​amount​​of​​respired​​OC,​​but​​scaled​​by​​a​​reduction​​factor​​(​​fd​​Hg​​(​​Smith‐Downey​​et​​al.,​

​2010)​​).​​Similarly,​​the​​fraction​​of​​Hg​​transferred​​to​​other​​pools​​is​​proportional​​to​​the​​amount​

​of​ ​OC​ ​transformed,​ ​scaled​ ​by​ ​(1​ ​–​ ​fd​​Hg​​),​ ​meaning​ ​higher​ ​fd​​Hg​ ​values​ ​result​ ​in​ ​slower​ ​Hg​

​transfer between pools.​

​The​ ​GTMM​ ​model​ ​(Smith-Downey​ ​et​ ​al.,​ ​2010)​ ​initially​ ​set​ ​fd​​Hg​ ​to​ ​0.16,​ ​based​ ​on​ ​Hg/C​

​ratios​ ​(0.3​ ​µg​​g​​-1​​)​​calculated​​for​​the​​O​​horizons​​in​​the​​United​​States​​soil​​samples​​(Smith​​et​

​al.,​ ​2005)​​.​ ​Using​ ​European​ ​soil​ ​survey​ ​data,​ ​in​​which​​Hg​​and​​OC​​values​​were​​measured​​in​

​more​​than​​20,000​​samples​ ​from​​the​​0–20​​cm​​soil​​layer​​(Ballabio​​et​​al.,​​2021;​​Orgiazzi​​et​​al.,​

​2018)​​,​​we​​derived​​a​​mean​​Hg/C​​ratio​​of​​0.98​​µg​​g​​-1​ ​after​​excluding​​values​​falling​​outside​​+/-​

​1.5​ ​times​ ​the​ ​interquartile​ ​range​ ​(IQR)​​(Chambers,​​1998;​​Mcgill​​et​​al.,​​1978)​​.​​This​​ratio​​is​

​three​ ​times​ ​larger​ ​than​ ​the​ ​Hg/C​ ​ratio​ ​reported​ ​by​ ​Smith​ ​et​ ​al.,​ ​(2005)​​.​ ​We​ ​therefore​

​adjusted​​fd​​Hg​​to 33% of its initial value of 0.16,​​resulting in​​fd​​Hg​​=​​0.053.​

​2.1.5 Special features for dissolved substances (DOC and dHg)​

​The​​model​​includes​​the​​explicit​​representation​​of​​dissolved​​substances​​in​​soil​​solution​​and​

​the​ ​vertical​ ​discretization​ ​of​ ​soil​ ​and​ ​water​​columns,​​which​​incorporate​​processes​​such​​as​

​(1)​ ​sorption​ ​to​ ​minerals,​ ​(2)​ ​vertical​ ​transport​ ​by​ ​water​ ​fluxes​ ​through​ ​advection​ ​or​

​diffusion,​ ​(3)​ ​and​ ​horizontal​ ​export​​to​​rivers.​​These​​processes​​are​​extensively​​described​​in​

​Camino-Serrano et al., (2018)​​and can be summarized​​as follows:​

​Sorption​ ​and​ ​desorption​ ​of​ ​DOC​ ​and​ ​dHg​ ​are​ ​defined​ ​based​ ​on​ ​adsorption​ ​coefficients​

​(​​Kd​​DOC​ ​and​​Kd​​dHg​ ​respectively).​​Kd​​DOC​ ​depends​​on​​soil​​clay​​content​ ​following​​(3),​​while​​Kd​​dHg​

​is set as 10​​-5.3​​(Allison et al., 2010).​

​(3)​​𝐾​​𝑑​
​𝐷𝑂𝐶​

= ​10​(−​3​.​1​+​0​.​2​​ ​×​𝑙𝑜𝑔​​ ​(​𝑐𝑙𝑎𝑦​)​ ​+​𝑙𝑜𝑔​​ ​(​𝑙​​/2​))​ ​​ ​
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​With​​clay​​the​​soil​​clay​​content​​(%)​​and​​l​​the​​depth​​of​​soil​​layer​​and​​minimum​​Kd​​DOC​​fixed​​at​

​10​​-1.5​​, and maximum Kd​​DOC​ ​fixed at 10​​-3.2​​.​

​Only​​the​​free​​forms​​of​​DOC​​and​​of​​dHg​​can​​be​​degraded​​and​​mobilized​​from​​one​​pool​​to​​the​

​other.​

​Vertical​ ​advection​ ​of​ ​DOC​ ​and​ ​dHg​ ​is​ ​modeled​ ​within​ ​the​ ​upper​ ​2​ ​meters​ ​of​ ​the​ ​soil​

​profile,-a​ ​depth​ ​with​ ​explicit​ ​soil​ ​hydrology​ ​dynamic,​ ​and​ ​is​ ​linked​ ​to,​ ​but​ ​not​ ​directly​

​proportional​ ​to,​ ​the​ ​rates​ ​of​ ​water​ ​percolation​ ​through​ ​the​ ​soil​ ​column.​ ​DOC​ ​and​ ​dHg​

​transport​​via​​vertical​​water​​fluxes​​occurs​​in​​unfrozen​​soil​​layers​​and​​is​​governed​​by​​hydraulic​

​conductivity,​ ​which​ ​is​ ​dynamically​​computed​​based​​on​​soil​​texture​​and​​temporally​​varying​

​soil​ ​moisture​ ​(Guimberteau​ ​et​ ​al.,​ ​2018)​​.​ ​Percolation​ ​is​ ​halted​ ​when​ ​the​ ​soil​ ​is​ ​entirely​

​frozen,​​as​​ice-filled​​pores​​prevent​​water​​movement.​​To​​reflect​​the​​effects​​of​​heterogeneous​

​subsoil​ ​textures​ ​and​ ​the​ ​presence​ ​of​ ​preferential​ ​flow​ ​pathways,​ ​a​ ​reduction​ ​factor​ ​is​

​applied​​to​​vertical​​advection,​​limiting​​it​​to​​20%​​of​​the​​corresponding​​water​​movement​​rate.​

​This​ ​adjustment​ ​accounts​ ​for​ ​slower​ ​percolation​ ​and​ ​increased​ ​residence​​time​​within​​the​

​soil​ ​(Bowring​ ​et​ ​al.,​ ​2019).​ ​Additionally,​ ​a​ ​‘poor-soil’​ ​module​ ​incorporates​ ​spatial​

​heterogeneity​ ​by​ ​referencing​​a​​0.5°​​resolution​​map​​of​​low-buffer-capacity​​soils,​​known​​for​

​their​ ​limited​ ​ability​ ​to​ ​retain​ ​DOC,​ ​and​ ​thus​ ​dHg​ ​(Deluca​ ​and​ ​Boisvenue,​ ​2012).​ ​In​ ​these​

​“poor-soils”​​no​​reduction​​in​​vertical​​advection​​is​​applied.​​We​​assume​​that​​dHg​​and​​soil-Hg​

​are​ ​closely​ ​bound​ ​to​ ​DOC​ ​and​ ​SOC,​ ​respectively,​ ​and​ ​are​ ​thus​ ​transported​ ​together.​

​Therefore,​ ​vertical​ ​mixing​ ​of​ ​soil-Hg​ ​and​ ​dHg​ ​is​ ​directly​ ​proportional​ ​to​ ​that​ ​of​ ​their​

​corresponding OC pools for each layer​ ​(4):​​𝑙​( )

​𝑠𝑜𝑖𝑙​ − ​/​​𝑑𝐻𝑔​ ​𝑙​( )
​𝑎𝑓𝑡𝑒𝑟​​ ​​𝑚𝑖𝑥𝑖𝑛𝑔​

= ​ ​​𝑠𝑜𝑖𝑙​ − ​/​​𝑑𝐻𝑔​ ​𝑙​( )
​𝑏𝑒𝑓𝑜𝑟𝑒​​ ​​𝑚𝑖𝑥𝑖𝑛𝑔​

​ ​​×​
​𝑆​​/​​𝐷​​ ​−​𝑂𝐶​ ​𝑙​( )

​𝑎𝑓𝑡𝑒𝑟​​ ​​𝑚𝑖𝑥𝑖𝑛𝑔​

​𝑆​​/​​𝐷​−​𝑂𝐶​ ​𝑙​( )
​𝑏𝑒𝑓𝑜𝑟𝑒​​ ​​𝑚𝑖𝑥𝑖𝑛𝑔​

(​4​)

​Vertical​ ​mixing​ ​of​ ​soil-Hg​ ​due​ ​to​ ​cryoturbation​ ​(downward​ ​movement​ ​of​ ​matter​ ​due​ ​to​

​repeated​ ​freeze–thaw)​ ​in​ ​permafrost​ ​regions​ ​and​ ​bioturbation​ ​(by​ ​soil​ ​organisms)​ ​in​

​non-permafrost​​regions​​are​​accounted​​for​​by​​adding​​a​​diffusion​​term​​following​​OC​​vertical​

​mixing​​(Guimberteau et al., 2018)​​in the form of (5):​

​(5)​
δ​𝐻​​𝑔​

​𝑖​​ ​
(​𝑧​,​𝑡​)

δ​𝑡​ = ​ ​​𝐼​
​𝐻𝑔​(​𝑖​)

(​𝑧​, ​𝑡​)​ ​ − ​ ​​𝑔​
​𝑖​​ ​
(​𝑧​, ​𝑡​)​ ​​𝐻𝑔​

​𝑖​
(​𝑧​, ​𝑡​) + ​𝐷​​ ​

δ​𝐻𝑔​ ​2​
​𝑖​​ ​
(​𝑧​,​𝑡​)​ ​

δ​𝑧​ ​2​ ​ ​
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​where​​Hg​​i​​(z,​​t)​​is​​the​​solid​​content​​of​​Hg​​in​​pool​​i​​at​​depth​​z​​and​​time​​t​​(ng​​Hg​​m​​-3​​);​​I​​Hg(​​i)​​(z,​​t)​

​the​​Hg​​input​​(ng​​Hg​​m​​-3​ ​d​​-1​​);​​g​​i​​(z,​​t)​​the​​decomposition​​rate​​(d​​−1​​);​​D​​the​​diffusive​​mixing​​rate,​

​set​ ​as​ ​10​​-3​ ​m​​2​ ​yr​​-1​ ​through​ ​the​ ​active​ ​layer,​ ​and​ ​decreases​ ​linearly​ ​to​ ​zero​ ​at​ ​3​ ​m​ ​in​

​permafrost​​regions,​​to​​represent​​cryoturbative​​mixing​​(Koven​​et​​al.,​​2009)​​,​​and​​is​​set​​as​​10​​-4​

​m​​2​ ​yr​​-1​ ​above 2 m in non-permafrost regions to represent​​bioturbation​​(Koven et al., 2013)​​.​

​The​ ​export​ ​of​ ​DOC​ ​and​ ​dHg​ ​from​ ​soil​ ​to​ ​river​ ​occurs​ ​via​ ​surface​ ​runoff​ ​and​ ​drainage.​

​Dissolved​ ​substances​ ​are​ ​mobilized​ ​into​ ​surface​ ​runoff​ ​from​ ​the​ ​upper​ ​part​ ​of​ ​the​ ​soil​

​column,​​specifically​​from​​the​​first​​five​​layers,​​corresponding​​to​​a​​cumulative​​source​​depth​​of​

​approximately​​4.5​​cm.​​Drainage​​of​​DOC​​and​​dHg​​occurs​​from​​the​​11th​​layer​​(1.5-2​​m​​depth)​

​and​​represents​​the​​deep​​export​​path​​over​​shallow​​groundwater.​​For​​the​​current​​version,​​we​

​only​ ​consider​ ​export​ ​of​ ​DOC​ ​and​ ​dHg​ ​from​ ​the​ ​soil​ ​column​ ​via​ ​runoff​ ​and​ ​drainage,​ ​and​

​leave​​the​​representation​​of​​coupled​​DOC​​and​​dHg​​cycling​​through​​the​​inland​​water​​network​

​for future development.​

​2.2. Model forcing​

​External​​model​​input​​consists​​of​​meteorological​​forcing​​data​​,​​yearly​​landcover​​(PFTs)​​maps,​

​yearly​ ​average​ ​atmospheric​ ​CO​​2​ ​concentrations,​ ​and​ ​monthly​ ​Hg​ ​deposition​ ​fluxes.​

​Meteorological​ ​forcing​ ​data​ ​are​ ​derived​ ​from​ ​CRU-JRA​ ​v2.4​ ​(University​ ​of​ ​East​ ​Anglia​

​Climatic​​Research​​Unit​​et​​al.,​​2023)​​reanalysis​​at​​3​​hourly​​temporal​​and​​2°​​(~200​​km)​​spatial​

​resolution.​ ​Atmospheric​​CO​​2​ ​data​​were​​used​​from​​TRENDY​​v2023​​forcing​​data​​set​​(Sitch​​et​

​al.,​ ​2024)​​.​ ​Atmospheric​ ​Hg​ ​deposition​ ​fluxes​ ​were​ ​derived​ ​from​ ​GEOS-Chem​ ​v13.3.4​

​simulations​​at​​2°×2.5°​​resolution,​​driven​​by​​MERRA-2​​meteorological​​fields​​and​​the​​EDGAR​

​anthropogenic​ ​emission​ ​inventory​ ​(Muntean​ ​et​ ​al.,​ ​2018)​ ​for​ ​1970–2015.​ ​All​ ​forcing​ ​data​

​were​​regridded​​to​​a​​common​​spatial​​resolution​​of​​2°​​×​​2°​​for​​the​​simulation.​​A​​pre-industrial​

​GEOS-Chem​ ​simulation​ ​was​ ​also​​performed​​to​​provide​​deposition​​fields​​for​​the​​spin-up​​of​

​terrestrial​ ​Hg​ ​pools​ ​in​ ​ORCHIDEE-Hg.​ ​The​ ​performance​ ​of​ ​this​ ​atmospheric​ ​Hg​​model​​has​

​been​ ​extensively​ ​evaluated​ ​in​ ​previous​ ​studies​ ​(e.g.,​ ​(Travnikov​ ​et​ ​al.,​ ​2017)​​).​ ​Here,​ ​we​

​provide​ ​an​ ​evaluation​ ​of​ ​the​ ​specific​ ​model​ ​version​ ​used​ ​in​ ​this​ ​study​ ​against​ ​available​

​observations (see Figs. A1 and A2).​
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​Table 1​​: Data type, name, and sources of data files used to drive ORCHIDEE-Hg​

​Data type​ ​Name​ ​Initial spatial​

​resolution​

​Source​

​Vegetation map​ ​ESA CCI Land Cover​

​dataset​

​0.25°​ ​https://orchidas.lsce.ipsl.fr/dev/lccci/​

​Climatology​ ​CRU-JRA v4.2​ ​2°​ ​CEDA Archive, (University of East​

​Anglia Climatic Research Unit et al.,​

​2023)​

​Atmospheric CO​​2​ ​Trendy v2023​ ​global​ ​Sitch et al., (2024)​

​Poor soils​ ​Harmonized World​

​Soil Database map​

​0.5°​
​Harmonized​ ​World​ ​Soil​ ​Database​

​version 2.0, 2023​

​Hg deposition​ ​GEOS-Chem v13.3.4​ ​2 x 2.5°​ ​https://zenodo.org/records/5764874​

​2.3. Simulation protocol​

​2.3.1. Spatial resolution​

​In​ ​this​ ​study,​ ​we​ ​conducted​ ​sub-continental​ ​simulations​ ​at​ ​2°​ ​×​ ​2°,​ ​which​ ​allowed​ ​us​ ​to​

​cover​ ​the​ ​largest​ ​area​​with​​the​​smallest​​computational​​cost,​​although​​the​​model​​could​​be​

​run at any spatial resolution with vegetation map and climatology data.​

​Vertical​ ​transport​ ​processes​ ​and​ ​especially​ ​cryo-​ ​bio-turbation​ ​which​ ​enhance​ ​the​ ​deep​

​distribution​ ​of​ ​Hg​ ​and​ ​OC,​ ​require​ ​substantial​ ​computational​ ​resources,​ ​increasing​

​simulation​ ​times​ ​by​ ​a​ ​factor​ ​of​ ​two​ ​to​ ​three.​ ​To​ ​reduce​ ​computational​ ​time,​ ​we​ ​limit​

​simulations​ ​with​ ​vertical​ ​transport​ ​to​ ​a​ ​small​ ​simulation​ ​area​ ​(16–20°E,​ ​53–55°N).​

​Simulations​ ​over​ ​larger​ ​areas​ ​(e.g.,​ ​68-88°W,​ ​30-50°N​ ​in​ ​North​ ​America​ ​and​ ​-10-26°E,​

​35-55°N​​in​​Europe,​​see​​Fig.​​2​​and​​paragraph​​2.4.2​​for​​rational)​​were​​run​​without​​cryo-​​and​

​bio-turbation,​​and​​we​​estimated​​the​​amount​​of​​Hg​​and​​OC​​in​​each​​layer​​using​​proportional​

​distribution determined over the small simulation area.​

​2.3.2. Temporal resolution and simulation duration​

​The​ ​full​ ​model​ ​operates​ ​with​ ​two​ ​different​ ​time​ ​steps:​ ​most​ ​OC​ ​and​ ​vegetation-related​

​processes​ ​run​ ​at​ ​a​ ​daily​ ​time​ ​step;​ ​hydrological​ ​and​ ​energy​ ​related​ ​processes,​ ​as​ ​well​ ​as​
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​litter,​ ​SOC,​ ​and​ ​Hg​ ​processes,​ ​run​ ​at​​a​​30-minute​​time​​step.​​In​​this​​study,​​we​​used​​output​

​files generated as yearly averages.​

​To​ ​reduce​ ​the​ ​computational​ ​burden​ ​of​ ​reaching​ ​equilibrium​ ​for​ ​SOC​ ​and​ ​soil-Hg,​ ​we​

​employed​​a​​two-step​​spin-up​​approach,​​alternating​​between​​full​​model​​simulations​​and​​soil​

​organic​ ​carbon​ ​and​ ​soil​ ​Hg​ ​module​ ​stabilization​ ​simulations.​​The​​full​​model​​was​​run​​from​

​scratch​​for​​80​​years​​to​​allow​​the​​water​​cycle,​​vegetation​​growth,​​and​​litter​​C​​and​​Hg​​inputs​

​to​ ​reach​ ​a​ ​pseudo-equilibrium​ ​state​ ​representative​ ​of​ ​pre-industrial​ ​period.​ ​Then,​ ​we​

​forced​​the​​soil​​modules​​for​​OC​​and​​Hg​​in​​insulation​​at​​a​​daily​​time​​step​​for​​3,000​​years.​​We​

​used​​fixed​​inputs,​​including​​litter​​OC​​and​​Hg​​input,​​fixed​​meteorological​​conditions​​and​​soil​

​water​​content​​from​​the​​final​​year​​of​​the​​full​​model​​simulation​​period.​​A​​cycle​​of​​40​​years​​of​

​full​ ​model​ ​runs​ ​followed​ ​by​ ​3,000​ ​years​ ​of​ ​soils​ ​C​ ​and​ ​Hg​ ​modules​ ​runs​ ​was​ ​repeated​ ​8​

​times,​​covering​​a​​total​​simulation​​period​​of​​24,440​​years​​to​​reach​​equilibrium​​(see​​Fig.​​A3).​

​This​ ​was​ ​followed​ ​by​ ​a​​final​​80-year​​run​​of​​the​​full​​model​​to​​ensure​​consistency​​across​​all​

​components.​

​The​​spin-up​​was​​run​​over​​the​​pre-industrial​​period​​using​​a​​loop​​of​​20​​years​​(1901–1920)​​of​

​climate​ ​and​ ​CO₂​ ​data​ ​of​ ​1800,​​the​​first​​year​​(1800)​​of​​a​​prescribed​​vegetation​​map,​​and​​a​

​1-year loop of pre-industrial Hg fluxes (see Table 1).​

​Once​ ​all​ ​pools​ ​reached​ ​equilibrium,​ ​we​ ​ran​ ​historical​ ​simulations​ ​over​ ​the​ ​period​

​1900–2015​ ​by​ ​updating​ ​the​ ​external​ ​forcing​ ​from​ ​the​ ​industrial​ ​to​ ​the​ ​present​ ​period.​

​Climate,​​CO₂,​​and​​vegetation​​maps​​were​​updated​​starting​​from​​1901,​​while​​Hg​​wet​​and​​dry​

​deposition​ ​maps​ ​were​ ​updated​ ​from​ ​1970​ ​using​ ​per-industrial​ ​forcing​ ​for​ ​years​ ​before​

​1970.​

​2.4 Model evaluation​

​Model​ ​outputs​ ​are​ ​presented​ ​for​ ​Eastern​ ​North​ ​America​ ​and​ ​Europe.​ ​Evaluations​ ​were​

​restricted​ ​to​ ​grid​ ​points​ ​with​ ​available​ ​evaluation​ ​data​ ​(Fig.​​A4,​​A5),​​i.e.​​,​​over​​the​​Eastern​

​United​​States​​(US)​​and​​the​​European​​Union​​(EU).​​The​​EU​​area​​includes​​4​​grid​​points​​in​​the​

​Iberian​ ​Peninsula​​with​​tropical​​forests​​(tropical​​broadleaf​​evergreen​​and​​tropical​​broadleaf​

​raingreen​ ​forests,​ ​see​ ​Table​ ​A2)​ ​present​ ​at​ ​a​ ​very​ ​low​ ​coverage​ ​(~​ ​0.01​ ​to​​2%​​of​​the​​grid​

​points).​​Outputs​​from​​these​​PFTs​​are​​used​​to​​evaluate​​Hg​​vegetation-mediated​​flux,​​but​​are​
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​not​ ​considered​ ​reliable​ ​to​ ​evaluate​ ​the​ ​ecosystem​ ​Hg​ ​cycle​ ​(atmospheric​ ​sinks,​ ​soil​

​re-emissions or soil storage) due to their very low coverage.​

​Model​​evaluation​​relies​​on​​assessing​​performance​​in​​terms​​of​​soil​​Hg​​stocks​​and​​sensitivity​

​to​ ​environmental​ ​parameters.​ ​Evaluation​ ​was​ ​conducted​ ​against​ ​several​ ​observational​

​datasets,​ ​including:​ ​Hg​ ​concentrations​ ​in​ ​vegetation,​ ​Hg​ ​litterfall​ ​and​ ​throughfall​ ​fluxes,​

​digital​​maps​​of​​total​​soil​​Hg.​​Due​​to​​the​​lack​​of​​data​​on​​soil​​Hg​​evasion​​fluxes​​and​​time​​series​

​of​​soil​​Hg,​​we​​focused​​on​​evaluating​​Hg​​inputs​​to​​soils​​(via​​litterfall​​and​​throughfall)​​as​​well​

​as​​present-day​​stocks​​and​​concentrations.​​Given​​the​​strong​​dependency​​between​​Hg​​and​​C,​

​we​ ​also​ ​performed​ ​model​ ​evaluation​ ​for​ ​Hg/C​ ​ratios.​ ​Detailed​ ​analysis​ ​of​ ​environmental​

​factors​ ​(e.g.,​ ​soil​ ​properties,​ ​atmospheric​ ​Hg​ ​deposition,​ ​climate)​ ​that​​may​​explain​​model​

​biases will be the focus of a companion paper.​

​2.4.1. Output modeled variables​

​Model​ ​outputs​ ​are​ ​provided​ ​as​ ​yearly​ ​averages​ ​of​ ​fluxes​ ​(litterfall,​ ​throughfall,​ ​and​ ​soil​

​re-emission)​ ​and​ ​stocks​ ​(litter​ ​OC,​ ​DOC,​ ​SOC,​ ​litter​ ​Hg,​ ​dHg,​ ​and​ ​soil-Hg).​

​Vegetation-mediated​​fluxes​​such​​as​​litterfall​​and​​throughfall​​were​​analyzed​​for​​PFTs​​with​​LAI​

​>​​2.​​Hg​​concentrations​​in​​vegetation​​from​​model​​outputs​​were​​converted​​from​​ng​​Hg·gC​​-1​ ​to​

​ng​ ​Hg·g​ ​DM​​-1​​,​ ​assuming​ ​that​ ​vegetation​ ​dry​ ​matter​ ​(DM)​ ​consists​ ​of​ ​50​ ​%​ ​C​ ​(Matthews,​

​1997)​​.​ ​Stocks​ ​and​ ​fluxes​ ​are​ ​analyzed​ ​both​ ​as​ ​PFT-weighted​ ​average​ ​based​ ​on​ ​the​ ​PFT​

​coverage within each grid cell and per unit of the PFT area.​

​2.4.2. Evaluation dataset for model evaluation​

​Studies​ ​and​ ​associated​ ​variables​ ​used​ ​for​ ​the​ ​evaluation​ ​of​ ​the​​model​​are​​summarized​​in​

​Table​ ​2​ ​and​​Figure​​2​​which​​illustrates​​their​​spatial​​coverage.​​The​​ORCHIDEE-Hg​​model​​was​

​run​ ​over​ ​two​ ​reduced-size​ ​areas​ ​corresponding​ ​to​ ​regions​ ​with​ ​most​ ​available​ ​data​ ​for​

​model evaluation: Eastern North America and continental Europe, see Figure 2.​

​Vegetation-related​​Hg​​variables,​​including​​Hg​​concentrations​​in​​different​​tissues,​​litterfall​​Hg​

​fluxes,​ ​and​ ​throughfall​ ​Hg​ ​fluxes,​ ​were​ ​evaluated​ ​against​ ​the​ ​most​ ​up-to-date​ ​databases​

​(​​(Sereni​ ​et​ ​al.,​ ​2026;​ ​Zhou​ ​and​​Obrist,​​2021)​​)​​due​​to​​the​​lack​​of​​precision​​regarding​​tissue​

​types​ ​or​ ​data​ ​used​ ​in​ ​global​ ​machine​ ​learning-based​ ​products​ ​(Wang​ ​et​ ​al.,​ ​2019)​​.​​Given​

​the​​spatial​​coverage​​of​​ORCHIDEE-Hg​​simulations,​​we​​limited​​the​​evaluation​​to​​25°N–55°N​
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​and​ ​excluded​ ​sites​ ​highly​ ​contaminated​ ​by​ ​anthropic​ ​activities​ ​from​ ​the​ ​observational​

​datasets.​ ​These​ ​sites​ ​included​ ​locations​ ​near​ ​chlor-alkali​​industrial​​complexes,​​mining​​and​

​gold-mining​ ​sites,​ ​combustion​ ​waste​ ​disposal​ ​sites,​ ​urban​ ​areas,​ ​and​ ​other​ ​impacted​

​locations.​ ​Such​ ​sites​ ​were​ ​excluded​ ​because​ ​their​ ​elevated​ ​Hg​ ​concentrations​ ​are​ ​likely​

​influenced​ ​by​ ​local​ ​or​ ​point​ ​sources​ ​that​ ​cannot​​be​​adequately​​represented​​at​​the​​spatial​

​resolution​ ​of​ ​ORCHIDEE-Hg.​ ​In​ ​addition,​ ​to​ ​reduce​ ​the​ ​influence​ ​of​ ​extreme​ ​values​

​potentially​ ​associated​ ​with​ ​localized​ ​anthropogenic​ ​contamination,​ ​we​ ​excluded​ ​outliers,​

​defined as values outside of the 1.5 IQR​​(Chambers,​​1998; Mcgill et al., 1978)​​. .​

​Soil​ ​Hg​ ​is​ ​evaluated​ ​against​ ​large-scale​ ​soil​ ​surveys​​that​​provide​​spatially​​gridded​​maps​​of​

​soil​ ​Hg​ ​concentrations.​ ​To​ ​ensure​ ​consistency,​ ​we​ ​first​ ​regridded​ ​the​ ​observation-based​

​products​​to​​the​​model​​resolution​​(2°​​x​​2°)​​through​​a​​bilinear​​interpolation​ ​regridding​​using​

​the remapbil function of the cdo library​​(Schulzweida,​​2019)​​.​

​Figure​ ​2​​:​ ​Map​ ​of​ ​available​ ​vegetation​ ​(Zhou​ ​and​ ​Obrist,​ ​2021)​​,​ ​litterfall,​ ​throughfall​

​evaluation​​data​​from​​(Sereni​​et​​al.,​​2026)​​(symbolic​​points)​​and​​soil​​surveys​​with​​associate​​d​

​digital​ ​mapping​ ​evaluation​ ​data​ ​(colored​ ​area)​ ​(Ballabio​ ​et​ ​al.,​ ​2021;​ ​Olson​ ​et​ ​al.,​ ​2022)​​.​

​Square​ ​represents​ ​the​ ​area​ ​where​​simulations​​were​​run​​:​​68-88°W,​​30-50°N​​and​​-10-26°E,​

​35-55°N.​ ​Data​​availability​​on​​simulation​​areas​​is​​presented​​on​​Fig.​​A6​​and​​per​​PFT​​in​​Table​

​A3.​

​Table​​2:​​Studies​​used​​for​​model​​evaluation​​including​​data​​type,​​spatial​​coverage​​and​​type​​of​

​data​ ​(compilation​ ​from​ ​points​ ​measurement​ ​or​ ​survey​ ​and​ ​statistical​ ​mapping)​ ​with​ ​soil​

​depth and spatial resolution when appropriate.​
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​Data type​ ​Study​ ​Spatial coverage​ ​Study type​

​Hg concentration in​

​vegetation​
​Zhou et al., (2021)​ ​Global​

​Compilation of​

​observational data​

​Hg litterfall flux​ ​Sereni et al., (2026)​ ​Global​
​Compilation of​

​observational data​

​Hg throughfall flux​ ​Sereni et al., (2026)​ ​Global​
​Compilation of​

​observational data​

​Soil Hg​

​Olson et al., (2022)​

​https://doi.org/10.1088/​

​1748-9326/ac79c2​

​Conterminous​

​United States​

​Survey and statistical​

​mapping (0-5 cm for​

​concentration, 0-100 cm​

​for stocks) 3 x 3 km​

​Ballabio et al., (2021)​ ​European Union​

​Survey and statistical​

​mapping (0-20 cm) 0.25​

​x 0.25 km​

​Soil OC​ ​de Brogniez et al., (2015)​​.​ ​European Union​

​Survey and statistical​

​mapping (0-20 cm) 0.25​

​x 0.25 km​

​Soil-related​ ​variables​ ​(e.g.,​ ​water,​ ​OC,​ ​and​ ​Hg​ ​in​ ​litter,​ ​dissolved,​ ​and​ ​solid​ ​pools)​ ​are​

​originally​ ​modeled​ ​as​ ​stocks​ ​(g​ ​m​​-2​​)​ ​for​ ​each​ ​soil​ ​layer.​ ​Model​ ​evaluation​ ​is​ ​primarily​

​performed​​against​​observational​​datasets​​derived​​from​​soil​​surveys,​​which​​generally​​report​

​Hg​ ​concentrations​ ​over​ ​predefined​​depth​​intervals.​​Therefore,​​modeled​​Hg​​stocks​​are​​first​

​converted​ ​into​ ​concentrations​ ​by​ ​computing​ ​bulk​ ​density-weighted​ ​averages​ ​over​ ​the​

​corresponding depth interval according to Eq. (6):​

​(6),​[​𝐻𝑔​] = ​𝑙​=​1​

​𝑛​

∑ ​𝐻​​𝑔​
​𝑙​

​𝑙​=​1​

​𝑛​

∑ ​𝐵​​𝐷​
​𝑙​​ ​
​𝐿​

​𝑙​
​ ​×​1000​

​where​ ​is​​the​​mean​​Hg​​concentration​​(µg​​g​​-1​ ​soil)​​over​​the​​depth​​interval​​encompassing​[​𝐻𝑔​]

​layers​​(1)​​to​​(n),​​Hg​​l​ ​is​​the​​Hg​​stock​​in​​layer​ ​(ng​​m​​-2​​),​​L​​l​ ​is​​the​​thickness​​of​​layer​ ​and​​BD​​l​​is​​𝑙​ ​𝑙​( )

​the​ ​bulk​ ​density​ ​of​ ​layer​ ​(Harmonized​ ​World​ ​Soil​ ​Database​ ​version​ ​2.0,​ ​2023)​​.​ ​The​​𝑙​( )

​vertical​ ​soil​ ​profile​ ​follows​ ​an​ ​exponential​ ​distribution​ ​to​ ​account​ ​for​ ​the​ ​higher​ ​vertical​
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​variability​ ​in​ ​the​ ​topsoil​ ​compared​​to​​deeper​​layers.​​Soil​​layer​​thickness​​ranges​​from​​9.8​​×​

​10​​-​​⁴​ ​m​ ​(for​ ​the​ ​first​ ​layer)​ ​to​ ​3.7​ ​m​ ​at​ ​a​ ​depth​ ​of​ ​38​ ​m.​ ​To​ ​align​ ​with​ ​survey​ ​data,​ ​we​

​compare​​0–5​​cm​​soil​​survey​​data​​to​​0–4.5​​cm​​modeled​​data,​​and​​0–20​​cm​​soil​​survey​​data​

​to 0–18.6 cm modeled data, using the closest model depths to the survey depths.​

​In​ ​addition​ ​to​ ​concentration-based​ ​comparisons,​ ​modeled​ ​Hg​ ​stocks​ ​were​ ​also​ ​directly​

​compared​ ​with​ ​observational​ ​Hg​ ​stocks​ ​whenever​ ​these​ ​were​ ​available​ ​from​ ​soil​ ​survey​

​products​ ​(Table​ ​2).​ ​Such​ ​comparisons​ ​were​ ​considered​ ​complementary​ ​because​

​observational​ ​products​ ​provide​ ​both​ ​concentrations​ ​and​ ​stocks.​ ​In​ ​these​ ​cases,​ ​the​

​conversion​ ​from​ ​concentration​ ​to​ ​stock​ ​performed​ ​by​ ​the​ ​data​ ​providers​ ​is​ ​likely​ ​more​

​accurate​ ​than​ ​a​ ​conversion​ ​based​ ​on​ ​the​ ​global​ ​bulk​ ​density​ ​map​ ​used​​for​​model​​output​

​evaluation.​ ​The​ ​stocks​ ​and​ ​concentrations​ ​evaluations​ ​therefore​ ​provided​ ​an​ ​additional​

​means​ ​of​ ​assessing​ ​model​ ​performance​ ​while​​reducing​​uncertainties​​associated​​with​​bulk​

​density​​estimates.​​The​​number​​of​​data​​points​​used​​for​​evaluation​​in​​each​​of​​the​​simulation​

​areas is presented in Table A3.​

​Hg/C​ ​ratio​ ​analysis​ ​is​ ​restricted​ ​to​ ​Europe​ ​and​ ​does​ ​not​ ​include​ ​mountain​ ​areas​ ​>1000m​

​altitude that are masked in the OC observation product​​(de Brogniez et al., 2015)​​.​

​2.4.3. Evaluation procedure​

​Model​ ​evaluation​ ​was​ ​conducted​ ​by​ ​comparing​ ​median​ ​and​ ​median​ ​absolute​ ​deviation​

​(MAD)​ ​rather​ ​than​ ​average​ ​of​ ​model​ ​and​ ​evaluation​ ​data​ ​to​ ​avoid​ ​bias​ ​due​ ​to​ ​highly​

​contaminated​ ​sites​ ​such​ ​as​ ​mining​ ​areas.​ ​The​ ​MAD​ ​is​ ​a​ ​robust​ ​measure​ ​of​ ​statistical​

​dispersion​​(Leys et al., 2013)​​calculated as (7):​

​(7)​​𝑀𝐴𝐷​ = ​ ​​𝑐​​ ​ × ​ ​​𝑚𝑒𝑑𝑖𝑎𝑛​( ​𝑥​
​𝑖​

− ​𝑚𝑒𝑑𝑖𝑎𝑛​(​𝑥​)| |)

​where​ ​c​ ​is​ ​a​ ​scaling​​constant​​set​​to​​c=1/Φ​​-​​¹(¾)=​​1.48.​​This​​value​​comes​​from​​the​​standard​

​normal​ ​distribution​ ​where​ ​Φ​​-​​¹​ ​is​ ​the​ ​inverse​ ​of​ ​the​ ​cumulative​ ​distribution​ ​function​ ​of​ ​a​

​standard​​normal​​variable.​​This​​scaling​​ensures​​that,​​for​​normally​​distributed​​data,​​the​​MAD​

​is​ ​consistent​ ​with​ ​the​ ​standard​ ​deviation​ ​(​​σ​​),​ ​allowing​ ​direct​ ​comparison​ ​between​ ​these​

​metrics​​(Huber, 1981, chap. 5)​​.​
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​We​​compute​​model​​residuals​​against​​evaluation​​data​​as​​the​​difference​​between​​evaluation​

​data at the grid point​​i​​and model data at the grid point​​i​​(8):​

​(8)​​𝑟𝑒𝑠𝑖𝑑𝑢𝑎​​𝑙​
​𝑖​
​ ​ = ​𝑒𝑣𝑎𝑙​

​𝑖​​ ​
− ​ ​​𝑚𝑜𝑑​

​𝑖​

​We used the mean absolute error (MAE) computed as (9):​

​(9)​​𝑀𝐴𝐸​​ ​ = ​𝑖​=​1​

​𝑛​

∑ ​𝑒𝑣𝑎𝑙​
​𝑖​​ ​
−​ ​​𝑚𝑜𝑑​

​𝑖​| |
​𝑛​ ​ ​

​With​​eval​​i​ ​the​​value​​of​​evaluation​​data​​at​​the​​grid​​point​​i​​,​​mod​​i​ ​the​​value​​of​​model​​value​​at​

​the​ ​grid​ ​point​ ​i​ ​and​ ​n​ ​is​ ​the​ ​total​​number​​of​​grid​​points​​used​​for​​evaluation,​​because​​this​

​metrics​ ​is​ ​less​ ​sensitive​ ​to​ ​outliers​ ​than​ ​the​ ​root​ ​mean​ ​square​ ​error​ ​(Willmott​ ​and​

​Matsuura, 2005)​​.​

​Model​ ​and​ ​evaluation​ ​data​ ​distribution​ ​were​ ​compared​ ​using​ ​Wilcoxon-Mann-Whitney​

​with a significant test level at 0.05​​(Mann and Whitney,​​1947)​​.​

​All statistical analysis and figures were done using R v.4.4.1​​(R Core Team, 2024)​​.​

​3. Results​

​3.1. Evaluation of Hg concentrations in vegetation compartments​

​3.1.1. Leaves Hg concentrations​

​As​​shown​​in​​Fig.​​3,​​modeled​​leaf​​Hg​​concentrations​​span​​a​​wide​​range,​​from​​0​​ng​​g​​-1​ ​DM​​in​​a​

​temperate​​broadleaf​​summergreen​​forest​​to​​2713​​ng​​g​​-1​ ​DM​​in​​a​​C4​​crop,​​with​​a​​median​​(±​

​MAD)​​concentration​​of​​7​​±​​5​​ng​​g​​-1​ ​DM​​across​​all​​PFTs,​​and​​90​​%​​of​​the​​values​​below​​30​​ng​

​g​​-1​ ​DM (Fig. 3a and 3b).​

​When​ ​excluding​ ​outliers​ ​from​ ​the​ ​evaluation​ ​dataset,​ ​observed​ ​leaf​ ​Hg​ ​concentrations​

​range​​from​​1​​ng​​g​​-1​ ​DM​​in​​C3​​grassland​​to​​62​​ng​​g​​-1​ ​DM​​in​​temperate​​natural​​grassland,​​with​

​a​​cross-PFT​​median​​(±​​MAD)​​of​​20​​±​​15​​ng​​g​​-1​ ​DM​​and​​260​​over​​563​​of​​the​​evaluation​​data​

​within​ ​the​ ​simulations​ ​area.​ ​Median​ ​modeled​ ​leaf​ ​Hg​ ​concentrations​ ​are​ ​significantly​

​different​​from​​observations​​(Wilcoxon-Mann-Whitney​​test​​p.v.​​<​​10​​-16​​)​​with​​modeled​​leaf​​Hg​

​concentrations​​generally​​lower​​by​​a​​factor​​three​​than​​observed​​values​​for​​each​​of​​the​​PFTs​

​(see​ ​Fig.​ ​3a​ ​and​ ​3b).​ ​However,​ ​this​ ​comparison​ ​is​ ​constrained​ ​by​ ​a​ ​limited​ ​evaluation​
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​dataset​​for​​tropical​​evergreen​​broadleaf​​forest​​PFT​​represented​​by​​only​​one​​data​​point​ ​and​

​for​​boreal​​summergreen​​broadleaf​​forest​​and​​the​​C4​​grassland​​PFT​​represented​​only​​by​​four​

​data​ ​points​ ​(see​ ​Table​ ​A2),​ ​introducing​ ​substantial​ ​uncertainty​ ​in​ ​the​ ​evaluations.​

​Furthermore,​ ​most​ ​leaf​ ​samples​ ​were​ ​collected​​at​​the​​end​​of​​spring​​or​​early​​autumn,​​just​

​before​ ​leaf​ ​fall,​ ​when​ ​Hg​ ​concentrations​ ​in​ ​leaves​ ​are​ ​typically​ ​at​ ​their​ ​annual​ ​maximum​

​(Laacouri​ ​et​ ​al.,​ ​2013)​​.​ ​In​ ​contrast,​ ​the​ ​model​ ​outputs​ ​represent​ ​annual​ ​averages,​ ​which​

​integrate periods of both high and low Hg accumulation.​
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​Figure​ ​3:​ ​Annual​ ​Hg​ ​concentrations​ ​for​ ​the​ ​different​ ​PFTs​ ​represented​ ​in​ ​the​ ​simulated​

​areas​ ​(red)​ ​compared​ ​to​ ​Hg​ ​concentrations​ ​from​ ​the​ ​evaluation​ ​dataset​ ​when​ ​available​

​(Zhou​ ​and​ ​Obrist,​ ​2021;​ ​blue)​​:​ ​a)​ ​concentrations​ ​in​ ​leaves,​ ​b)​ ​concentrations​ ​in​

​aboveground​ ​sapwood​ ​that​ ​include​ ​twigs,​ ​stem​ ​and​ ​sapwood​ ​tissue​ ​from​ ​the​ ​evaluation​

​database,​ ​c)​ ​concentrations​ ​in​ ​roots.​ ​The​ ​number​ ​of​ ​sample​ ​or​​simulation​​grid​​points​​are​

​indicated​ ​in​ ​Table​ ​A2.​ ​Temp-C3-G:​ ​temperate​ ​C3​ ​grass;​ ​C3​ ​crops:​ ​C3​ ​crops;​ ​C4​ ​crops:​ ​C4​

​crops;​​Trop-EBF:​​Tropical​​evergreen​​broadleaf​​forest;​​Trop-RBF:​​Tropical​​raingreen​​broadleaf​

​forest;​​Temp-ENF:​​Temperate​​evergreen​​needleleaf​​forest;​​Temp-EBF:​​Temperate​​evergreen​

​broadleaf​ ​forest;​ ​Temp-SBF:​ ​Temperate​ ​summergreen​ ​broadleaf​ ​forest;​ ​Bor-ENF:​ ​Boreal​

​evergreen needleleaf forest; Bor-SBF: Boreal summergreen broadleaf forest.​

​3.1.2. Ligneous (trunk and root) tissues Hg concentrations​

​Modeled​ ​Hg​ ​concentrations​ ​in​ ​sapwood​ ​aboveground​ ​tissues​​range​​from​​0​​ng​​g​​-1​ ​DM​​in​​a​

​temperate​ ​broadleaf​ ​summergreen​​forest​​to​​452​​ng​​g​​-1​ ​DM​​in​​a​​C4​​crop,​​with​​a​​median​​(±​

​MAD)​​of​​9​​±​​9​​ng​​g​​-1​ ​DM​​across​​all​​PFTs​​and​​90%​​of​​the​​data​​below​​19​​ng​​g​​-1​ ​DM,​​see​​Fig.​​3b.​

​Evaluation​ ​data​ ​for​ ​aboveground​ ​sapwood​ ​Hg​ ​concentrations​ ​range​ ​from​ ​1​ ​ng​ ​g​​-1​ ​DM​ ​in​

​tropical​​evergreen​​broadleaf​​forest,​​in​​tropical​​broadleaf​​raingreen​​forest​​and​​in​​temperate​

​broadleaf​ ​summergreen​ ​forest​ ​to​ ​34​ ​ng​ ​g​​-1​ ​DM​ ​in​ ​temperate​ ​broadleaf​ ​summergreen​ ​l​

​forest,​ ​with​​a​​cross-PFT​​median​​(±​​MAD)​​of​​13​​±​​9​​ng​​g​​-1​ ​DM(see​​Fig.​​3b).​​Across​​PFTs,​​the​

​median​ ​modeled​ ​and​ ​observed​ ​Hg​ ​concentrations​ ​in​ ​sapwood​​aboveground​​tissues​​differ​

​significantly​ ​(Wilcoxon-Mann-Whitney​ ​test,​ ​p.​ ​value=7​ ​10​​-4​​)​ ​with​ ​observed​ ​median​ ​Hg​

​concentrations​ ​being​ ​approximately​ ​1.5​ ​times​ ​higher​ ​for​ ​PFTs​ ​with​ ​available​​observations​

​but only 17 over 49 evaluation data within the simulation area.​

​Similarly,​​modeled​​Hg​​concentrations​​in​​root​​tissues​​range​​from​​0.​​ng​​g​​-1​ ​DM​​in​​a​​temperate​

​broadleaf​​summergreen​​forest​ ​to​​337​​ng​​g​​-1​ ​DM​​in​​a​​C4​​crop,​​with​​a​​median​​(±​​MAD)​​of​​9​​±​

​9​​ng​​g​​-1​ ​DM​​across​​all​​PFTs​​and​​90%​​of​​the​​values​​below​​19​​ng​​g​​-1​ ​DM,​​see​​Fig.​​3c.​​Evaluation​

​data​ ​for​ ​root​ ​Hg​ ​concentrations​ ​are​ ​extremely​ ​limited,​ ​with​​only​​32​​values​​available​​after​

​excluding​​highly​​contaminated​​sites​​and​​0​​evaluation​​data​​within​​the​​simulation​​areas,​​see​

​Table​ ​A2.​ ​Across​ ​PFTs,​ ​the​ ​median​ ​modeled​ ​and​​observed​​root​​Hg​​concentrations​​are​​not​

​significantly​ ​different​ ​(Wilcoxon-Mann-Whitney​ ​test​ ​p.​ ​value​ ​=0.5)​ ​with​ ​observed​ ​root​​Hg​

​concentrations​ ​ranging​​from​​2​​to​​90​​ng​​g​​-1​ ​DM,​​with​​a​​median​​(±​​MAD)​​of​​6​​±​​6​​ng​​g​​-1​ ​DM​

​across all PFTs, see Fig. 3c.​
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​The​ ​limited​ ​availability​ ​of​ ​evaluation​ ​data​ ​for​ ​sapwood​ ​and​ ​root​ ​tissues​ ​constrains​ ​the​

​robustness​ ​of​ ​the​ ​model​ ​evaluation​ ​at​ ​the​ ​PFT​ ​level.​ ​Nevertheless,​ ​median​ ​Hg​

​concentrations​​are​​reasonably​​reproduced​​across​​all​​PFTs,​​with​​modeled​​values​​of​​the​​same​

​order of magnitude as observational data.​

​3.2. Soil Hg inputs: litterfall and throughfall evaluation​

​Soil​ ​Hg​ ​inputs​ ​are​ ​modeled​ ​in​ ​three​​forms:​​wet​​Hg​​deposition​​on​​non-vegetated​​surfaces,​

​litterfall​ ​flux​ ​following​ ​dry​ ​Hg​ ​uptake​ ​by​ ​vegetation​ ​and​ ​throughfall​ ​fluxes​ ​on​ ​vegetated​

​surfaces.​

​3.2.a Litterfall Hg deposition​

​The​​median​​model​​litterfall​​Hg​​flux​​is​​13​​µg​​Hg​​m​​-2​ ​yr​​-1​ ​(MAD=​​14)​​with​​the​​highest​​fluxes​​in​

​southern​​US​​and​​from​​southwest​​to​​eastern​​Europe,​​where​​annual​​Hg​​litterfall​​fluxes​​reach​

​100-150 µg m​​-2​ ​yr​​-1​​, see Fig. A7.​

​Among​​PFTs,​​Hg​​litterfall​​fluxes​​are​​highest​​in​​boreal​​needleleaf​​forests​​(median​​±​​MAD=​​40​

​±​​16​​µg​​Hg​​m​​-2​ ​yr​​-1​​;​​see​​Fig.​​4).​​Overall,​​the​​modeled​​litterfall​​Hg​​flux​​is​​statistically​​different​

​(Wilcoxon-Mann-Whitney​​test,​​p.value​​=​​0.01)​​from​​the​​observed​​Hg​​litterfall​​flux​​from​​the​

​evaluation​​dataset​​despite​​similar​​median​​(median​​±​​MAD=​​12​​±​​5​​µg​​Hg​​m​​-2​ ​yr​​-1​​).​​Modeled​

​Hg​​litterfall​​flux​​was​​smaller​​than​​observation​​by​​a​​factor​​3​​to​​4​​for​​temperate​​summergreen​

​forests.​​By​​contrast,​​modeled​​Hg​​litterfall​​fluxes​​were​​2​​to​​3​​times​​higher​​than​​observed​​Hg​

​litterfall fluxes for evergreen temperate needleleaf and broadleaf forests, see Fig. 4.​
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​Figure​​4:​​Litterfall​​annual​​mean​​Hg​​flux​​for​​the​​different​​PFTs​​represented​​in​​the​​simulated​

​areas​​(red)​​compared​​to​​litterfall​​fluxes​​from​​the​​evaluation​​dataset​​when​​available​​(Sereni​

​et​ ​al.,​ ​2026)​ ​(blue)​​.​​The​​number​​of​​sample​​or​​simulation​​grid​​points​​are​​indicated​​in​​Table​

​A2.​ ​Temp-C3-G:​ ​temperate​ ​C3​ ​grass;​ ​C3​ ​crops:​ ​C3​ ​crops;​ ​C4​ ​crops:​ ​C4​ ​crops;​ ​Trop-EBF:​

​Tropical​ ​evergreen​ ​broadleaf​ ​forest;​ ​Trop-RBF:​ ​Tropical​ ​raingreen​ ​broadleaf​ ​forest;​

​Temp-ENF:​ ​Temperate​ ​evergreen​ ​needleleaf​ ​forest;​ ​Temp-EBF:​ ​Temperate​ ​evergreen​

​broadleaf​ ​forest;​ ​Temp-SBF:​ ​Temperate​ ​summergreen​ ​broadleaf​ ​forest;​ ​Bor-ENF:​ ​Boreal​

​evergreen needleleaf forest; Bor-SBF: Boreal summergreen broadleaf forest.​

​3.2.b. Throughfall flux: wet deposition on vegetated surfaces​

​Modeled​​Hg​​throughfall​​fluxes​​range​​from​​2​​to​​12​​µg​​Hg​​m​​-2​ ​yr​​-1​​,​​with​​a​​median​​(±MAD)​​of​​6​

​±​​1​​µg​​Hg​​m​​-2​ ​yr​​-1​​,​​see​​Fig.​​5.​​Throughfall​​fluxes​​higher​​than​​5​​µg​​Hg​​m​​-2​ ​yr​​-​​¹​​are​​modeled​​in​

​the​ ​southern​ ​United​ ​States​ ​and​ ​central​ ​Europe​ ​(Germany),​ ​see​ ​Fig.​ ​A8.​ ​Modeled​ ​Hg​

​throughfall​ ​fluxes​ ​differ​ ​significantly​ ​from​ ​observed​ ​median​ ​throughfall​ ​fluxes​

​(Wilcoxon-Mann-Whitney​​test,​​p.v.​​<2​​10​​-16​​),​​being​​roughly​​2​​to​​3​​times​​lower​​than​​those​​in​
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​the​​evaluation​​dataset,​​where​​the​​median​​(±MAD)​​flux​​is​​12​​±​​8​​µg​​Hg​​m​​-2​ ​yr​​-1​​(Sereni​​et​​al.,​

​2026)​​and where 63 over 149 evaluation data are within​​the simulation areas.​

​Figure​ ​5:​ ​Throughfall​ ​annual​ ​mean​ ​Hg​ ​flux​ ​for​ ​the​ ​different​ ​PFTs​ ​represented​ ​in​ ​the​

​simulation​​area​​(red)​​compared​​to​​throughfall​​flux​​from​​evaluation​​data​​(Sereni​​et​​al.,​​2026)​

​(blue).​ ​The​ ​number​ ​of​ ​sample​ ​or​ ​simulation​ ​grid​ ​points​ ​are​ ​indicated​ ​in​ ​Table​ ​A2.​

​Temp-C3-G:​​temperate​​C3​​grass;​​C3​​crops:​​C3​​crops;​​C4​​crops:​​C4​​crops;​​Trop-EBF:​​Tropical​

​evergreen​ ​broadleaf​ ​forest;​ ​Trop-RBF:​ ​Tropical​ ​raingreen​ ​broadleaf​ ​forest;​ ​Temp-ENF:​

​Temperate​ ​evergreen​ ​needleleaf​ ​forest;​ ​Temp-EBF:​ ​Temperate​​evergreen​​broadleaf​​forest;​

​Temp-SBF:​​Temperate​​summergreen​​broadleaf​​forest;​​Bor-ENF:​​Boreal​​evergreen​​needleleaf​

​forest; Bor-SBF: Boreal summergreen broadleaf forest.​

​The​​modeled​​litterfall​​to​​throughfall​​ratio​​varied​​from​​0​​to​​16​​with​​median​​(±​​MAD)=​​2​​(±​​3)​

​L​​g​​-1​ ​and​​differs​​significantly​​from​​the​​observed​​ratio​​(Wilcoxon-Mann-Whitney​​test​​p.v​​<​​2​

​10​​-16​​)​ ​but​ ​is​ ​in​ ​line​ ​with​ ​the​ ​order​ ​of​ ​magnitude​ ​(min,​ ​median=​ ​1,​ ​max​ ​4​ ​L​ ​g​​-1​ ​in​ ​the​

​evaluation​ ​dataset),​ ​see​ ​Figs.​ ​A9​ ​and​ ​A10.​ ​The​ ​consistency​ ​of​ ​the​ ​modeled​ ​litterfall​ ​to​

​throughfall​​ratio​​demonstrates​​that​​our​​approach​​captures​​both​​dry​​deposition​​(via​​litterfall​
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​flux)​ ​and​ ​wet​ ​deposition​ ​(via​ ​throughfall​ ​flux)​ ​weights,​ ​ensuring​ ​that​ ​their​ ​relative​

​contributions are reliably represented across the simulated area.​

​3.3. Modeled soil Hg pools and emissions fluxes​

​3.3.1. Hg partitioning among pools and soil re-emission magnitude​

​The​​model​​includes​​theoretical​​Hg​​pools​​comprising​​four​​litter​​pools​​(two​​aboveground​​and​

​two​​belowground),​​three​​soil​​pools,​​and​​seven​​dissolved​​Hg​​(dHg)​​pools.​​Across​​the​​top​​2​​m​

​soil​​column,​​litter​​pools​​are​​substantially​​smaller​​than​​soil​​pools.​​Modeled​​Hg​​aboveground​

​litter​ ​pools​ ​range​ ​from​ ​0​ ​to​ ​4​ ​g​ ​ha​​-1​ ​(median​ ​±​ ​MAD​ ​=​ ​1​ ​±​ ​1​ ​g​ ​ha​​-1​​),​ ​while​ ​modeled​

​belowground​ ​litter​ ​pools​ ​range​ ​from​ ​0​ ​to​ ​1​ ​g​ ​ha​​-1​ ​(median​ ​±​ ​MAD​ ​=​ ​0.2​ ​±​ ​0.1​ ​g​ ​ha​​-1​​).​ ​In​

​contrast,​ ​modeled​ ​soil​ ​Hg​ ​pools​ ​range​ ​from​ ​15​ ​to​ ​390​ ​g​ ​Hg​ ​ha​​-1​​.​ ​Because​ ​the​ ​pools​ ​are​

​conceptual​ ​constructs​ ​rather​ ​than​​measurable​​quantities,​​the​​simulated​​distribution​​of​​Hg​

​among them cannot be directly evaluated against observations.​

​Among​​the​​three​​soil​​pools,​​the​​active​​Hg​​pool​​represents​​0.1%​​to​​0.6%​​of​​the​​total​​soil​​Hg​

​pool,​ ​the​ ​slow​ ​Hg​ ​pool​ ​accounts​ ​for​ ​21.7%​ ​to​ ​33.0%,​​and​​the​​passive​​Hg​​pool​​constitutes​

​65.5​​to​​77.5%​​of​​the​​soil​​Hg​​pool,​​a​​partitioning​​comparable​​to​​that​​of​​SOC​​pools​​except​​for​

​the​​active​​pool​​(Koven​​et​​al.,​​2015)​​.​​dHg​​pools​​adsorbed​​to​​minerals​​represent​​less​​than​​4​​×​

​10​​-​​³​​g​​Ha​​-​​¹,​​while​​free​​dHg​​pools​​range​​from​​4​​×​​10​​-​​³​​to​​1​​g​​Ha​​-​​¹,​​representing​​2​​to​​17%​​of​​the​

​soil​​Hg​​pool.​​When​​accounting​​for​​soil​​moisture,​​free​​dHg​​concentrations​​range​​from​​1​​to​​98​

​ng​ ​L​​-​​¹,​ ​with​ ​a​ ​median​ ​±​ ​MAD​ ​of​ ​11​​±​​8​​ng​​L​​-​​¹,​​which​​aligns​​with​​values​​reported​​by​​Grigal,​

​(2002)​​across​​various​​ecosystems.​​Yet,​​the​​lack​​of​​routing​​scheme​​in​​the​​current​​version​​of​

​the model does not allow for comparison of Hg fluxes to streams or rivers, see Section 4.​

​Annual​​Hg⁰​​re-emissions​​range​​from​​0​​to​​5​​µg​​m​​-2​ ​yr​​-1​​(median​​±​​MAD​​=​​1​​±​​2​​µg​​m​​-2​ ​yr​​-1​​)​​for​

​litter​ ​and​​from​​1​​to​​14​​µg​​m​​-2​ ​yr​​-1​ ​(median​​±​​MAD​​=​​4​​±​​2​​µg​​m​​-2​ ​yr​​-1​​)​​for​​soil​​pools,​​with​​a​

​total​ ​median​ ​soil​ ​Hg​ ​re-emission​ ​of​ ​5​ ​µg​ ​m​​-2​ ​yr​​-1​ ​(range:​ ​1​ ​-​ ​18​ ​µg​ ​m​​-2​ ​yr​​-1​​,​​see​​Table​​A4).​

​These​ ​values​​are​​consistent​​with​​observed​​soil​​Hg​​evasion​​fluxes​​reported​​in​​the​​literature​

​(Blackwell​​et​​al.,​​2014;​​Jiskra​​et​​al.,​​2015)​​or​​modeled​​(Song​​et​​al.,​​2016)​​.​​The​​smallest​​soil​

​Hg​ ​emissions​ ​are​ ​modeled​ ​under​ ​boreal​ ​broadleaf​ ​summergreen​ ​forests,​ ​temperate​

​broadleaf​ ​summergreen​ ​forests​ ​and​ ​tropical​ ​broadleaf​​raingreen​​forests​​while​​the​​highest​

​are​ ​modeled​ ​for​ ​tropical​ ​broadleaf​ ​evergreen​ ​forests,​ ​see​ ​Table​ ​A4.​ ​Considering​ ​the​
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​distribution​ ​of​ ​different​ ​PFTs,​ ​our​ ​model​ ​estimates​ ​global​​soil​​Hg⁰​​re-emissions​​at​​648​​Mg​

​yr​​-1​​,​ ​which​ ​aligns​​with​​recent​​lower​​estimates​​of​​soil​​Hg​​evasion​​ranging​​from​​600​​to​​1367​

​Mg yr​​-1​ ​(Obrist et al., 2018; Sonke et al., 2023)​​.​

​3.3.2. Soil Hg vertical profile​

​Vertical​ ​profiles​ ​of​ ​Hg​ ​and​ ​OC​ ​from​ ​simulations​ ​including​ ​vertical​ ​transport​ ​(16–20°E,​

​53–55°N)​ ​are​ ​presented​ ​in​ ​Fig.​ ​A11​ ​in​ ​terms​ ​of​ ​stock​ ​proportion​ ​per​ ​layer.​ ​In​ ​these​

​simulations,​​42%​​and​​~77%​​of​​soil-Hg​​and​​SOC,​​respectively,​​are​​modeled​​in​​the​​first​​4.5​​cm​

​(5​​layers),​​while​​75%​​and​​82%​​of​​soil-Hg​​and​​SOC,​​respectively,​​are​​modeled​​in​​the​​first​​18​

​cm​​(7​​layers).​​The​​top​​1​​m​​contains​​95%​​of​​soil-Hg​​and​​92%​​of​​SOC,​​while​​soil-Hg​​and​​SOC​

​stocks​ ​are​ ​zero​ ​in​ ​soil​ ​layers​ ​below​ ​3​ ​m​ ​and​ ​2​ ​m,​ ​respectively,​ ​reproducing​ ​the​ ​expected​

​vertical​​gradient​​of​​decreasing​​Hg​​concentration​​with​​depth​​(Grimaldi​​et​​al.,​​2008;​​Ma​​et​​al.,​

​2022;​​Richardson​​et​​al.,​​2013)​​,​​but​​overestimating​​SOC​​stocks​​in​​the​​top​​layers​​by​​a​​factor​​of​

​almost​ ​2​ ​(Jobbágy​ ​and​ ​Jackson,​ ​2000)​​.​ ​Accurately​ ​representing​​this​​vertical​​distribution​​is​

​important​ ​because​ ​the​ ​depth​ ​at​ ​which​ ​Hg​ ​is​ ​stored​​influences​​its​​potential​​for​​downward​

​transport, remobilization, and long-term sequestration in soils.​

​3.3.3. Spatial patterns of modeled soil Hg concentrations and stocks​

​Modeled soil Hg concentrations:​

​Over​ ​the​ ​3​ ​m​ ​soil​ ​column,​ ​modeled​ ​Hg​ ​soil​ ​concentrations​ ​range​ ​from​ ​0​ ​(25°E,​ ​37°N​

​(Cyprus,​​Greece))​​to​​9​​µg​​kg​​-1​ ​(-83​​°W,​​49°N​​(Ontario,​​Canada))​​with​​a​​median​​(±​​MAD)​​of​​2​

​±​​1​​µg​​kg​​-1​​.​​Modeled​​soil​​Hg​​concentrations​​are​​similar​​in​​range​​for​​the​​U.S.​​area​​(median​​±​

​MAD=​ ​2​ ​±​ ​1​ ​µg​ ​kg​​-1​​)​ ​and​ ​for​ ​the​ ​EU​ ​area​ ​(median​ ​±​ ​MAD=​ ​3​ ​±​ ​1​ ​µg​​kg​​-1​​),​​see​​Fig.​​6.​​The​

​lowest​ ​Hg​ ​soil​ ​concentrations​ ​are​ ​modeled​ ​in​ ​southern​ ​Europe​ ​(Greece​ ​and​ ​Italy).​ ​The​

​highest​​soil​​Hg​​concentrations​​are​​modeled​​in​​Canada,​​southern​​Georgia​​(US),​​and​​towards​

​northeast​ ​Europe​ ​(Germany​ ​and​ ​Poland),​ ​which​ ​coincide​ ​with​ ​areas​ ​with​ ​the​ ​highest​

​litterfall to throughfall ratios, see Fig. 6a and Fig. A9.​

​For​​the​​top​​0-4.5​​cm,​​modeled​​Hg​​soil​​concentrations​​ranged​​from​​24​​to​​412​​µg​​kg​​-1​​.​​In​​the​

​US​​area​​(±MAD),​​the​​median​​is​​117​​±​​44​​µg​​kg​​-1​ ​and​​in​​the​​EU​​area​​the​​median​​(±​​MAD)​​is​

​113​​±​​65​​µg​​kg​​-1​​,​​see​​Fig.​​6a.​​For​​the​​top​​0-18.6​​cm,​​modeled​​Hg​​soil​​concentrations​​ranged​

​from​​6​​to​​110​​µg​​kg​​-1​
​,​​with​​a​​median​​of​​31​​±​​15​​µg​​kg​​-1​ ​in​​the​​US​​area​​and​​a​​median​​of​​30​​±​

​17 µg kg​​-1​​(± MAD) for the EU area, see Fig. 6d.​
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​Figure​​6:​​Modeled​​Hg​​soil​​concentration​​in​​µg​​Hg​​kg​​-1​ ​soil​ ​for​​the​​2​​simulated​​areas​​(a),​​c),​

​U.S.​​area;​​b),​​d),​​E.U.​​area)​​a),​​b)​​are​​the​​concentrations​​over​​0-4.5​​cm​​topsoil​​layers,​​c),​​d)​

​are the concentrations over 0-18.6 cm topsoil layers.​

​Hg​​concentrations​​exceeding​​50​​µg​​kg​​-1​ ​are​​modeled​​in​​temperate​​(median​​±​​MAD​​=​​72​​±​​30​

​µg​ ​kg​​-1​​)​ ​and​ ​boreal​ ​needleleaf​ ​evergreen​ ​forests​ ​(median​ ​±​ ​MAD​ ​=​ ​76​ ​±​ ​25​ ​µg​ ​kg​​-1​​)​

​ecosystems.​ ​Conversely,​ ​the​ ​lowest​ ​Hg​ ​concentrations​ ​are​ ​predicted​ ​for​ ​boreal​ ​broadleaf​

​summergreen​​forests​​(median​​±​​MAD​​=​​19​​±​​3​​µg​​kg​​-1​​),​​temperate​​broadleaf​​summergreen​

​forests​​(median​​±​​MAD​​=​​22​​±​​6​​µg​​kg​​-1​​),​​boreal​​needleleaf​​deciduous​​forest​​(median​​±​​MAD​

​=​ ​20​ ​±​ ​2​ ​µg​ ​kg​​-1​​)​ ​and​ ​C4​ ​crops​ ​(median​ ​±​ ​MAD​ ​=​ ​22​ ​±​ ​8​ ​µg​ ​kg​​-1​​)​ ​(see​ ​Table​ ​A4).​ ​These​

​patterns​ ​are​ ​consistent​ ​with​ ​previous​​findings​​at​​local​​(Gruba​​et​​al.,​​2019;​​Richardson​​and​

​Friedland,​ ​2015)​ ​and​ ​continental​ ​scales​ ​(Ballabio​ ​et​ ​al.,​ ​2021)​​,​ ​which​ ​report​ ​higher​ ​Hg​

​concentrations​ ​in​ ​coniferous​ ​forests​ ​than​ ​in​ ​deciduous​ ​forests,​ ​as​ ​well​ ​as​ ​lower​

​concentrations in agricultural and broadleaf ecosystems.​
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​Modeled soil Hg stocks:​

​Over​​the​​3​​m​​soil​​column,​​Hg​​stocks​​ranged​​from​​15​​(15°E,​​37°N​​Sicilia,​​Italy)​​to​​390​​(-77°E,​

​49°N​ ​Quebec,​ ​Canada)​ ​g​ ​ha​​-1​ ​with​ ​a​ ​median​ ​of​ ​100​ ​±​ ​54​ ​g​ ​Ha​​-1​ ​(±​ ​MAD).​ ​90​ ​%​ ​of​ ​the​

​modeled​​Hg​​soil​​stocks​​range​​between​​33​​and​​257​​g​​Ha​​-1​​,​​see​​Fig.​​7.​​Topsoil​​(0-18​​cm)​​and​

​0-1m​ ​modeled​ ​Hg​ ​stocks​ ​are​ ​presented​ ​per​ ​area​ ​of​ ​simulations​ ​in​ ​the​ ​Table​ ​A5.​ ​By​

​accounting​​for​​the​​global​​distribution​​of​​each​​PFT,​​we​​estimate​​global​​soil​​Hg​​stocks​​at​​1139​

​Gg,​​with​​the​​largest​​stocks​​(261.0​​Gg)​​occurring​​in​​tropical​​broadleaf​​evergreen​​forests​​and​

​the​ ​smallest​ ​(0.3​ ​Gg)​​in​​bare​​soils​​(see​​Table​​A5).​​Although​​our​​simulations​​do​​not​​include​

​some​ ​ecosystems​ ​with​ ​specific​ ​Hg​ ​cycling,​ ​such​ ​as​ ​permafrost​ ​regions​ ​or​ ​tropical​ ​forests,​

​our​ ​findings​ ​align​ ​with​ ​the​ ​highest​ ​estimates​ ​of​ ​soil​ ​Hg​ ​stocks​ ​in​ ​the​ ​0–30​ ​cm​ ​layer:​

​852–1265​ ​Gg​ ​(based​ ​on​ ​measured​ ​Hg/C​ ​ratios,​ ​(Lim​ ​et​ ​al.,​​2020;​​Sonke​​et​​al.,​​2023)​​)​​and​

​709–1467 Gg (based on machine learning approaches,​​(Wang et al., 2019)​​).​

​Figure​​7:​​Modeled​​Hg​​stocks​​over​​the​​3​​m​​soil​​column,​​a)​​in​​the​​U.S.​​simulation​​area,​​b)​​in​

​the E.U. simulation area​
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​3.4. Evaluation of modeled soil Hg​

​3.4.1. Median-based evaluation of modeled Hg soil concentrations and stocks.​

​From​ ​evaluation​ ​data,​ ​soil​ ​Hg​ ​concentrations​ ​in​ ​the​ ​U.S.​ ​(0–5​ ​cm​ ​layer)​ ​range​​from​​17​​to​

​176​ ​µg​​kg​​-1​​,​​with​​90%​​of​​values​​<​​128​​µg​​kg​​-1​ ​(median​​±​​MAD​​=​​34​​±​​20​​µg​​kg​​-1​​).​​In​​the​​EU​

​(0–20​​cm​​layer),​​they​​range​​from​​8​​to​​379​​µg​​kg​​-1​​,​​with​​90%​​of​​values​​<​​90​​µg​​kg​​-1​ ​(median​​±​

​MAD = 35  ± 23 µg kg​​-1​​).​

​Over​ ​the​ ​two​ ​simulation​ ​areas,​ ​modeled​ ​Hg​ ​concentrations​ ​are​ ​significantly​ ​different​

​(Wilcoxon-Mann-Whitney​ ​test,​ ​p.value​ ​=9x10​​-3​​)​ ​but​ ​on​ ​the​ ​order​ ​of​ ​magnitude​ ​of​ ​the​

​evaluation​ ​data​ ​set,​ ​see​ ​Fig.​ ​8a.​ ​However,​ ​simulated​ ​Hg​ ​concentrations​ ​are​ ​higher​ ​than​

​evaluation​​data​​in​​the​​U.S.​​area​​but​​lower​​in​​the​​EU​​area,​​see​​Fig.​​8b.​​Yet,​​in​​the​​U.S.​​and​​EU​

​areas,​ ​0%​ ​and​ ​80%,​ ​respectively,​ ​of​ ​modeled​ ​grid​ ​point​ ​concentrations​ ​fall​ ​within​ ​their​

​respective evaluation dataset MAD.​

​Figure​ ​8​​:​ ​Comparison​ ​of​ ​modeled​ ​and​ ​observed​ ​soil​ ​Hg​ ​concentrations.​ ​a)​ ​Hg​ ​soil​

​concentrations​ ​concatenated​ ​across​ ​both​ ​U.S.​ ​and​ ​Europe​ ​simulation​ ​areas.​ ​b)​ ​Hg​ ​soil​

​concentrations​​displayed​​as​​separate​​violin​​plots​​for​​each​​simulation​​area.​​For​​the​​U.S.​​area,​

​31​

​714​

​715​

​716​

​717​

​718​

​719​

​720​

​721​

​722​

​723​

​724​

​725​

​726​

​727​

​728​

​729​

https://doi.org/10.5194/egusphere-2026-5859
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.



​the​ ​presented​ ​Hg​ ​concentrations​ ​are​ ​in​ ​top​ ​4.5​ ​cm​​and​​5.0​​cm​​soil​​layers,​​respectively.​​In​

​Europe,​ ​the​ ​compared​ ​Hg​ ​concentrations​ ​are​ ​in​ ​top​ ​18.6​ ​cm​ ​and​ ​20​ ​cm​ ​soil​ ​layers,​

​respectively. The number of points are indicated in Table A4.​

​Soil​​Hg​​stocks​​from​​the​​evaluation​​dataset​​range​​from​​164​​to​​417​​g​​ha​​-​​¹​​(with​​90%​​of​​values​

​<​​351​​g​​ha​​-1​​;​​median​​±​​MAD​​=​​295​​±​​58​​g​​Ha​​-1​​)​​in​​the​​0–1​​m​​soil​​column​​in​​the​​U.S.​​area.​​In​

​the​ ​EU​ ​area,​ ​observed​ ​stocks​ ​range​​from​​5​​to​​731​​g​​ha​​-1​ ​(with​​90%​​of​​values​​<​​216​​g​​ha​​-1​​;​

​median​​±​​MAD​​=​​73​​±​​45​​g​​Ha​​-1​​)​​in​​the​​0–20​​cm​​soil​​column.​​With​​our​​estimation​​of​​~75%​​of​

​stocks​​in​​the​​0–20​​cm​​layer,​​Hg​​stocks​​in​​the​​U.S.​​evaluation​​dataset​​are​​roughly​​three​​times​

​larger​ ​than​ ​those​ ​in​ ​the​ ​EU​ ​dataset,​ ​despite​ ​the​ ​highest​ ​concentration​ ​values​ ​in​ ​the​ ​EU​

​evaluation dataset .​

​Across​ ​the​ ​two​ ​simulation​ ​areas,​ ​modeled​ ​Hg​ ​stocks​ ​differ​ ​significantly​ ​from​​those​​in​​the​

​evaluation​​dataset​​(Wilcoxon-Mann-Whitney​​test,​​p.​​value=​​0.01),​​see​​Fig.​​9a.​​Modeled​​Hg​

​stocks​ ​are​ ​lower​ ​than​ ​the​ ​evaluation​ ​dataset​ ​in​​the​​U.S.​​but​​higher​​in​​the​​EU,​​see​​Fig.​​9b.​

​Furthermore,​​only​​2%​​of​​modeled​​grid-cellHg​​concentrations​​in​​the​​U.S.​​fall​​within​​the​​MAD​

​of the U.S evaluation dataset, compared with 63% in the EU.​
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​Figure​ ​9​​:​ ​Modeled​ ​and​ ​evaluated​​Hg​​soil​​stocks​​respectively​​for​​modeled​​and​​observation​

​0-4.5​ ​cm​ ​and​ ​0-100​ ​cm​ ​for​ ​U.S.​ ​area,​ ​0–18.6​ ​cm,​ ​0-20​ ​cm​ ​for​ ​E.U.​ ​area.​ ​a)​ ​Hg​ ​soil​

​concentrations​ ​concatenated​ ​across​ ​both​ ​simulation​ ​areas.​ ​b)​ ​Hg​ ​soil​ ​concentrations​

​displayed​ ​as​ ​separate​​violin​​plots​​for​​each​​simulation​​area.​​The​​number​​of​​points​​used​​for​

​evaluation are indicated in Table A4.​

​Part​​of​​the​​mismatch​​with​​U.S.​​stocks​​between​​our​​model​​and​​the​​evaluation​​dataset​​could​

​be​ ​related​ ​to​ ​the​ ​SOC​ ​vertical​ ​profiles.​ ​Indeed,​ ​Olson​ ​et​ ​al.​ ​(2022)​ ​report​ ​comparable​​Hg​

​concentrations​​between​​20​​cm​​and​​1​​m​​depth,​​thus​​implying​​higher​​Hg​​stocks​​over​​the​​0​​-​​1​

​m​​soil​​column,​​whereas​​our​​simulated​​concentrations​​decrease​​by​​approximately​​50%​​over​

​this​​depth​​range​​in​​agreement​​with​​the​​vertical​​SOC​​profile​​for​​various​​soils​​types​​(Grimaldi​

​et al., 2008; Ma et al., 2022; Richardson et al., 2013)​​.​

​3.4.2. Grid point residuals analysis​

​3.4.2.a. Hg concentrations residuals​

​Over​ ​the​ ​two​ ​simulations,​ ​Hg​ ​concentration​ ​residuals​ ​(observation​ ​-​ ​model)​ ​range​ ​from​

​-304​​to​​364​​µg​​kg​​-1​ ​(median​​±​​MAD​​=​​-8​​±​​45​ ​µg​​kg​​-1​​).​​The​​absolute​​maximum​​residual​​value​

​33​

​746​

​747​

​748​

​749​

​750​

​751​

​752​

​753​

​754​

​755​

​756​

​757​

​758​

​759​

​760​

​761​

https://doi.org/10.5194/egusphere-2026-5859
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.



​is​​249​​µg​​kg​​-1​​,​​after​​excluding​​the​​more​​concentrated​​evaluation​​data​​point​​situated​​at​​11°E,​

​43°N,​ ​where​ ​Ballabio​ ​et​ ​al.,​ ​(2021)​ ​already​​identified​​the​​very​​highly​​contaminated​​site​​of​

​Mt​ ​Amiata.​ ​In​​the​​U.S.​​area,​​~12%​​of​​the​​modeled​​Hg​​concentrations​​are​​underestimated,​

​with​​a​​median​​residual​​of​​-62​​±​​43​​µg​​kg​​-1​ ​and​​a​​MAE​​of​​86​​µg​​kg​​-1​ ​.​​In​​the​​EU​​area,​​~54%​​of​

​the​​modeled​​Hg​​concentrations​​are​​underestimated,​​with​​a​​median​​residual​​of​​6.4​​±​​32​​µg​

​kg​​-1​ ​and​​a​​MAE​​of​​36​​µg​​kg​​-1​​,​​see​​Fig.​​10a.​​Compared​​with​​the​​dispersion​​of​​the​​evaluation​

​data,​​38%​​of​​the​​model​​residuals​​fall​​within​​the​​observation​​±​​MAD​​range​​(53%​​within​​the​

​±1.5​ ​MAD​ ​interval).​ ​This​ ​indicates​ ​that​ ​the​ ​model​ ​performes​​relatively​​well​​with​​a​​bias​​of​

​the​​same​​order​​of​​magnitude​​as​​the​​evaluation​​data​​range,​​except​​for​​highly​​contaminated​

​points (soil Hg concentration > 200 µg kg​​-​​¹); see​​Fig. 10a.​

​3.4.2.b Hg stocks residuals​

​Hg​​stock​​residuals​​range​​from​ ​-280​​to​​693​​g​​ha​​-1​ ​(median​​±​​MAD​​=​​42​​±​​139​​g​​Ha​​-1​​),​​with​​an​

​absolute​​maximum​​value​​of​​344​​g​​ha​​-1​ ​after​​excluding​​the​​11°E,​​43°N​​grid​​point.​​In​​the​​U.S.​

​area,​​modeled​​Hg​​stocks​​are​​consistently​​underestimated,​​with​​a​​median​​residual​​of​​186​​±​

​64​​g​​ha​​-​​¹​​and​​a​​MAE​​of​​182​​g​​ha​​-​​¹.​​In​​the​​EU​​area,​​residuals​​are​​roughly​​equally​​distributed​

​between​​under-​​and​​overestimation,​​with​​a​​1​​st​ ​quartile​​of​​-58​​g​​Ha​​-​​¹,​​a​​median​​of​​-1​​g​​Ha​​-​​¹,​​a​

​3rd​ ​quartile​ ​of​ ​44​ ​g​ ​Ha​​-​​¹,​ ​and​ ​a​ ​MAE​ ​of​ ​82​​g​​Ha​​-​​¹.​​Across​​the​​two​​simulations,​​42%​​of​​the​

​residuals​ ​lie​ ​within​ ​the​ ​±​ ​MAD​ ​interval​ ​of​ ​the​ ​evaluation​ ​data,​ ​but​ ​from​ ​the​ ​U.S.​ ​area​

​output,​ ​only​ ​2%​ ​are​ ​within​ ​this​ ​range​ ​due​ ​to​ ​the​ ​large​ ​0–1​ ​m​ ​stocks​ ​in​ ​the​ ​evaluation​

​dataset, see Fig. 10b.​

​Although​ ​our​ ​model’s​ ​MAE​ ​is​ ​comparable​ ​to​ ​median​ ​soil​ ​Hg​ ​concentrations,​ ​its​

​performance​ ​remains​ ​consistent​ ​with​ ​that​ ​of​ ​reference​ ​evaluation​​products.​​For​​instance,​

​Ballabio​​et​​al.​​(2021)​​kriged​​residuals​​from​​a​​Hg​​gridded​​product​​over​​the​​EU​​predominantly​

​fall​ ​within​ ​the​ ​-60​ ​to​ ​-6​ ​µg​ ​kg​​-1​ ​range​ ​or​ ​within​ ​the​ ​1​ ​to​ ​38​ ​µg​ ​kg​​-1​ ​range,​​compared​​to​​a​

​median​​Hg​​concentration​​(excluding​​hotspots)​​of​​38​​µg​​kg​​-1​​.​​Besides,​​even​​with​​an​​extensive​

​set​​of​​tested​​variables,​​the​​authors​​could​​not​​account​​for​​the​​high​​concentrations​​observed​

​in​ ​58%​ ​of​ ​the​ ​Hg​ ​hotspots,​ ​highlighting​ ​the​ ​difficulty​ ​in​ ​representing​ ​multi-source​ ​point​

​contamination sites.​
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​Figure​​10:​​Residuals​​of​​Hg​​concentrations​​(a)​​expressed​​in​​µg​​kg​​-1​ ​and​​stocks​​(b)​​expressed​

​in​​g​​Ha​​-1​ ​for​​the​​two​​simulations​​area​​(U.S.​​in​​black,​​E.U.​​in​​red).​​±​​MAD​​of​​evaluation​​data​

​and​​±​​1.5​​MAD​​of​​the​​evaluation​​dataset​​are​​represented​​to​​scale​​residuals.​​The​​number​​of​

​points used for evaluation are indicated in Table A4.​

​Further​ ​exploration​ ​of​ ​the​ ​potential​ ​environmental​ ​drivers​ ​of​ ​these​ ​biases​ ​will​ ​be​

​conducted​​in​​a​​second,​​companion,​​study.​​Given​​the​​tight​​coupling​​of​​the​​Hg​​and​​C​​cycles​​in​

​ORCHIDEE-Hg​ ​v1.0,​ ​we​ ​complement​ ​our​ ​evaluation​ ​by​ ​examining​ ​Hg/C​ ​ratios​ ​as​ ​an​

​additional metric.​

​3.4.3. Evaluation of modeled Hg/C​

​Simulated​​Hg/C​​ratios​​of​​the​​top​​0-20​​cm​​ranges​​from​​0.2​​µg​​g​​-1​​in​​-9°E,​​43°N,​​Galicia,​​Spain​

​to​​3​​µg​​g​​-1​ ​in​​-5°E;​​41°N,​​Castile​​and​​Léon,​​Spain​​with​​median​​(±​​MAD)=​​1​​(​​±​​0.5​​µg​​g​​-1​​),​​see​

​Fig. A13a.​

​The​​Hg/C​​ratio​​of​​the​​evaluation​​dataset​​ranges​​from​​0.06​​µg​​g​​-1​​in​​-3°E,​​41°N,​​Guadalajara,​

​Spain​​to​​10.9​​µg​​g​ ​-1​ ​in​​-5°E,​​39°N​​Hg​​mining​​in​​Estrémadure,​​Spain​​with​​median​​(​​±MAD)=​

​1.06​​(+- 0.66) µg g​​-1​​, see Fig. A13b.​
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​Overall,​ ​the​​model​​reproduces​​the​​observed​​range​​of​​Hg/C​​ratios​​reasonably​​well,​​with​​55​

​%​​of​​simulated​​values​​falling​​within​​the​​evaluation​​dataset​​MAD​​and​ ​67%​​within​​1.5​​MAD​

​(see Fig. A14), indicating a generally consistent representation of Hg-C associations in soils.​

​4. Discussion​

​4.1. Limitations of evaluation dataset​

​Our​ ​study​ ​presents​ ​ORCHIDEE-Hg​ ​v1.0,​ ​the​ ​first​ ​mechanistic​ ​ecosystem​ ​Hg​ ​model​ ​to​ ​be​

​extensively​ ​evaluated​ ​against​ ​both​ ​fluxes​ ​(litterfall,​ ​throughfall)​ ​and​ ​soil​ ​Hg​ ​observational​

​datasets.​​Although​​the​​evaluation​​was​​primarily​​limited​​to​​temperate​​regions​​with​​available​

​datasets,​ ​the​ ​model​ ​reproduces​ ​median​ ​values​ ​of​ ​litterfall,​ ​throughfall​ ​fluxes​ ​and​ ​soil​ ​Hg​

​stocks​ ​of​ ​observational​ ​databases.​ ​However,​ ​the​ ​lack​ ​of​ ​observation​ ​of​ ​Hg​ ​concentration​

​and​ ​litterfall​ ​flux​ ​for​ ​uncontaminated​ ​sites​ ​across​ ​several​ ​PFTs,​ ​such​ ​as​ ​croplands​ ​and​

​grasslands,​ ​limited​ ​our​ ​evaluation​ ​to​ ​forest​ ​ecosystems.​ ​Furthermore,​ ​the​ ​scarcity​ ​of​

​observations​ ​of​ ​Hg​ ​concentrations​ ​in​ ​roots​ ​and​ ​trunks​ ​limited​ ​the​ ​robustness​ ​of​ ​our​

​evaluation,​ ​despite​ ​the​ ​critical​​role​​of​​woody​​tissues​​in​​accurately​​representing​​vegetation​

​Hg​ ​stocks​ ​their​ ​response​ ​to​ ​environmental​ ​changes,​ ​including​ ​land​​use​​change​​and​​forest​

​fires.​

​The​ ​spatial​ ​and​ ​temporal​ ​resolution​ ​of​ ​the​ ​evaluation​ ​databases​ ​introduce​ ​additional​

​limitations.​​We​​simulated​​regions​​for​​which​​a​​large​​number​​of​​vegetation​​and​​concentration​

​data​ ​points​​are​​available​​(see​​Fig.​​2)​​but​​we​​evaluated​​the​​model​​against​​all​​available​​data​

​from​ ​uncontaminated​ ​sites,​ ​including​ ​data​ ​from​ ​East​ ​Asia​ ​and​ ​South​ ​America​ ​to​​cover​​as​

​many​ ​PFTs​ ​as​ ​possible.​ ​This​ ​introduces​ ​potential​ ​biases,​ ​as​ ​the​ ​environmental​ ​drivers​ ​of​

​litterfall​ ​and​ ​vegetation​ ​Hg​ ​concentrations​ ​(​​e.g.​​,​ ​temperature,​​evapotranspiration​​and​​soil​

​moisture,​​wind​​speed​​(Chen​​et​​al.,​​2024b;​​Jia​​et​​al.,​​2026)​​)​​may​​differ​​significantly​​between​

​these regions, leading to mismatches in model-performance comparisons.​

​We​​chose​​to​​conduct​​soil​​Hg​​evaluation​​against​​regional​​gridded​​observational​​products​​for​

​two​ ​reasons.​ ​First,​ ​this​ ​ensures​ ​a​​common​​sampling​​and​​interpolation​​procedure​​for​​each​

​continental​​area,​​and​​second,​​it​​allows​​point-to-point​​comparisons.​​However,​​by​​derivating​

​high​ ​resolution​ ​maps​ ​from​ ​soil​ ​sampling​ ​and​ ​auxiliary​ ​covariates,​ ​gridded​ ​products​ ​can​

​introduce​ ​supplementary​ ​bias.​ ​For​ ​instance,​ ​comparison​ ​of​ ​two​ ​observational​ ​products​

​36​

​809​

​810​

​811​

​812​

​813​

​814​

​815​

​816​

​817​

​818​

​819​

​820​

​821​

​822​

​823​

​824​

​825​

​826​

​827​

​828​

​829​

​830​

​831​

​832​

​833​

​834​

​835​

​836​

​837​

​838​

https://doi.org/10.5194/egusphere-2026-5859
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.



​across​ ​Europe​ ​(GEMAS​ ​(Reimann​ ​et​ ​al.,​ ​2018)​ ​and​ ​LUCAS​ ​(Ballabio​ ​et​ ​al.,​ ​2021)​​)​ ​reveals​

​significant​ ​discrepancies​ ​in​ ​spatial​ ​patterns:​ ​in​ ​Scandinavia,​ ​Ballabio​ ​et​ ​al.’s​ ​(2021)​

​observational​​product​​shows​​a​​strong​​Hg​​anomaly,​​while​​Reimann​​et​​al.,​​(2018)​​depict​​a​​low​

​background.​​Similarly,​​Reimann​​et​​al.​​(2018)​​show​​patches​​of​​high​​concentrations​​in​​central​

​Germany​ ​and​ ​western​ ​Austria,​ ​while​ ​Ballabio​ ​et​ ​al.,​​(2021)​​predict​​a​​larger​​area​​of​​higher​

​concentrations​ ​from​ ​northern​ ​Italy​ ​to​ ​Germany.​ ​However,​ ​positive​ ​residuals​ ​in​ ​Ballabio’s​

​product,​ ​indicating​ ​underestimation​ ​of​ ​Hg​ ​concentrations,​ ​align​ ​with​ ​our​ ​own​ ​findings​ ​in​

​regions​​such​​as​​Northern​​Spain,​​mining​​areas,​​the​​United​​Kingdom,​​and​​Italy.​​This​​highlights​

​that​​even​​the​​highly​​parametrized​​statistical​​model​​used​​to​​construct​​observation​​products​

​underestimated​ ​Hg​ ​concentrations​ ​in​ ​these​ ​regions,​ ​without​ ​identifying​ ​clear​ ​missing​

​factors in nearly half of the cases.​

​4.2. Current model limitations and parametrization gaps​

​Vegetation Hg concentrations:​

​For​ ​the​ ​first​ ​time,​​plant​​woody​​tissues​​and​​roots​​are​​explicitly​​represented​​in​​a​​large-scale​

​Hg​ ​model,​ ​and​ ​simulations​ ​capture​ ​observed​ ​patterns​ ​reasonably​ ​well​ ​(see​ ​Fig.​ ​3).​ ​This​

​approach​ ​allows​ ​us​ ​to​ ​estimate​​Hg​​concentrations​​in​​woody​​tissue​​and​​litterfall.​​However,​

​the​ ​current​ ​parameterization​​remains​​oversimplified​​in​​several​​respects.​​First,​​only​​leaf​​Hg​

​uptake​ ​is​ ​mechanistically​ ​parameterized,​ ​while​ ​Hg​ ​concentrations​ ​in​ ​other​ ​tissues​ ​are​

​estimated​ ​as​ ​a​ ​proportion​ ​(which​ ​can​ ​exceed​ ​1)​ ​of​ ​leaf​ ​Hg.​ ​Furthermore,​ ​due​ ​to​ ​data​

​constraints​​(e.g.,​​some​​PFTs​​have​​observations​​only​​for​​twigs),​​heartwood​​and​​sapwood​​and​

​fruits, reserve carbon, and leaves are grouped together.​

​Then,​ ​the​ ​current​ ​framework​ ​does​ ​not​ ​account​ ​for​ ​progressive​ ​tree​ ​growth.​ ​By​ ​explicitly​

​accumulating​​only​​leaf​​Hg​​and​​computing​​branch,​​trunk,​​or​​root​​Hg​​as​​a​​proportion​​of​​leaf​

​Hg,​ ​the​ ​model​ ​assumes​ ​that​ ​an​ ​abrupt​ ​increase​ ​in​ ​atmospheric​ ​Hg​ ​concentrations​

​immediately​​affects​​the​​entire​​tree.​​In​​reality,​​only​​the​​most​​recent​​tree​​ring​​should​​reflect​

​such​ ​changes,​ ​as​ ​Hg​ ​uptake​ ​occurs​ ​over​ ​time.​ ​This​ ​is​ ​critical​ ​for​ ​accurately​ ​capturing​ ​Hg​

​transfer to litter pools, which are essential when designing future scenarios.​

​Finally,​ ​the​ ​vegetation​ ​Hg​ ​uptake​ ​parameterization​ ​is​​based​​on​​observations​​from​​a​​single​

​deciduous​​forest​​in​​the​​U.S.​​(​​Rea​​et​​al.,​​2002)​​and​​currently​​only​​accounts​​for​​LAI​​and​​Hg​​dry​
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​deposition​ ​fluxes,​ ​neglecting​ ​variations​ ​in​ ​plant​ ​uptake​ ​capacity​ ​in​ ​response​ ​to​

​environmental​​factors​​such​​as​​atmospheric​​CO₂,​​temperature,​​leaf​​age,​​or​​plant​​type​​(Chen​

​et​​al.,​​2024b;​​Jia​​et​​al.,​​2026;​​Zhou​​et​​al.,​​2021)​​.​​Future​​scenarios​​will​​incorporate​​changes​​in​

​CO₂,​ ​temperature,​ ​precipitation,​ ​and​ ​other​ ​drivers.​ ​Therefore,​ ​their​ ​explicit​ ​inclusion​ ​in​

​ORCHIDEE-Hg​ ​is​ ​essential​ ​to​ ​accurately​ ​simulate​ ​evolving​ ​plant​ ​Hg​ ​uptake​ ​and,​

​consequently,​ ​to​ ​establish​ ​robust​ ​Hg​ ​cycling​ ​projections.​ ​Additionally,​ ​PFT-specific​

​parameterization​​of​​atmospheric​​Hg​​uptake​​should​​be​​developed​​to​​capture​​processes​​such​

​as​ ​needle-specific​ ​processes.​ ​However,​​the​​multiplicity​​and​​non-linearity​​of​​environmental​

​drivers​ ​of​ ​leaf​ ​Hg​ ​uptake​ ​significantly​ ​hinder​ ​our​ ​ability​ ​to​​represent​​these​​processes​​in​​a​

​mechanistic model​​(Jia et al., 2026)​​.​

​Soil processes:​

​The​​proposed​​model​​parameterization​​successfully​​reproduces​​soil​​Hg​​stocks​​across​​the​​U.S.​

​and​​EU​​by​​linking​​soil​​Hg​​dynamics​​to​​soil​​OC​​dynamics.​​Yet,​​while​​this​​coupling​​allows​​us​​to​

​leverage​ ​the​ ​numerous​ ​developments​ ​in​ ​soil​ ​processes,​ ​it​ ​also​ ​introduces​ ​a​ ​strong​

​dependency​ ​of​ ​the​ ​model’s​ ​OC​ ​performance,​ ​both​ ​in​ ​terms​ ​of​ ​environmental​​drivers​​and​

​pool​ ​kinetics.​ ​Besides,​ ​to​ ​account​ ​for​ ​reduced​ ​Hg⁰​ ​evasion​ ​compared​ ​to​ ​soil​ ​OC​

​decomposition,​​we​​introduced​​fd​​Hg​​.​​However,​​this​​parameter​​was​​fitted​​using​​a​​single​​value​

​based​​on​​the​​European​​Hg/C​​ratio,​​raising​​questions​​about​​whether​​all​​Hg​​pools​​share​​the​

​same​​affinity​​for​​different​​OC​​pools.​​Given​​that​​fd​​Hg​ ​governs​​the​​partitioning​​of​​Hg​​between​

​pools​​with​​different​​turnover​​times,​​the​​sensitivity​​and​​relaxation​​time​​of​​soil​​Hg​​are​​highly​

​dependent​ ​on​ ​its​ ​value.​ ​Yet,​ ​the​ ​conceptual​ ​nature​ ​of​ ​the​ ​pools,​​combined​​with​​the​​very​

​long​ ​turnover​ ​times​ ​of​ ​slow​ ​and​ ​passive​ ​pools,​ ​makes​ ​direct​ ​calibration​ ​based​ ​on​

​re-emission​ ​fluxes​ ​challenging.​ ​Therefore,​ ​extensive​ ​sensitivity​ ​testing​​must​​be​​conducted​

​before any prospective simulations to ensure robust projections of soil Hg dynamics.​

​4.3. Potential applications of ORCHIDEE-Hg​

​ORCHIDEE-Hg​ ​v1.0​ ​is​​directly​​based​​on​​the​​land​​surface​​model​​ORCHIDEE.​​This​​framework​

​facilitates​ ​future​ ​integration​ ​of​ ​advanced​ ​developments​ ​regarding​ ​e.g.​​,​ ​the​ ​routing​ ​of​

​dissolved​​species​​(Bowring​​et​​al.,​​2019)​​,​​erosion​​and​​transport​​of​​particulate​​species​​(Zhang​

​et​ ​al.,​ ​2022)​​,​ ​effects​ ​of​ ​forest​ ​fires​ ​on​ ​biogeochemical​ ​cycling​ ​(Yue​ ​et​ ​al.,​ ​2013,​ ​2015)​​,​

​improved​​representation​​of​​vegetation​​dynamics​​by​​forest​​age​​cohorts​​(Yue​​et​​al.,​​2018)​​,​​or​
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​parametrisation​ ​of​ ​new​ ​PFTs​ ​such​ ​as​ ​lichen​ ​and​ ​mosses​ ​(Druel​ ​et​ ​al.,​ ​2017)​​,​ ​mangroves​

​(Zhao et al., 2025)​​or peatland vegetation​​(Qiu et​​al., 2026)​​.​

​Besides,​ ​this​ ​integration​ ​unlocks​ ​the​ ​complete​ ​toolkit​ ​to​ ​investigate​ ​the​ ​interconnected​

​impacts​​of​​climate​​variability,​​land-use​​changes,​​and​​vegetation​​type​​distributions.​​It​​allows​

​for​ ​analysis​ ​of​ ​how​ ​environmental​ ​drivers​ ​influence​ ​soil​ ​OC​ ​stability,​ ​thus​ ​Hg​ ​retention​​in​

​soils,​​as​​well​​as​​the​​Hg​​cycle​​itself,​​including​​critical​​processes​​such​​as​​vegetation​​uptake​​and​

​litterfall​​deposition.​​Furthermore,​​ORCHIDEE-Hg​​is​​the​​first​​terrestrial​​Hg​​model​​to​​produce​

​an​ ​explicit​​Hg​​budget​​integrated​​across​​vegetation,​​soil,​​atmosphere,​​and​​inland​​waters​​by​

​explicitly​​representing​​dissolved​​Hg​​species​​in​​soil​​solution,​​although​​their​​routing​​to​​rivers​

​is​ ​not​ ​yet​ ​included.​ ​Furthermore,​​while​​not​​explored​​in​​this​​work,​​the​​model​​incorporates​

​fire​​parameterizations​​that​​will​​enable​​future​​estimation​​of​​Hg​​emissions​​to​​air,​​particularly​

​through​​the​​combustion​​of​​Hg​​stored​​in​​woody​​tissues,​​thereby​​closing​​an​​important​​gap​​in​

​the representation of Hg fluxes between terrestrial ecosystems and the atmosphere.​

​5. Conclusion​

​This​ ​study​ ​introduces​ ​ORCHIDEE-Hg​ ​v.1.0,​ ​a​ ​process-based​ ​terrestrial​​Hg​​model​​evaluated​

​against​ ​observations​ ​across​ ​large​ ​temperate​ ​regions.​ ​We​ ​demonstrate​ ​its​ ​ability​ ​to​

​reproduce​​patterns​​of​​Hg​​deposition​​and​​soil​​Hg​​stocks​​at​​the​​regional​​to​​continental​​scale.​

​While​ ​the​ ​current​ ​framework​ ​does​ ​not​ ​yet​ ​account​ ​for​ ​permafrost​ ​regions​ ​or​ ​mining​

​hotspots,​​we​​estimate​​global​​Hg​​soil​​re-emissions​​of​​648​​Mg​​yr​​-​​¹​​and​​global​​soil​​Hg​​stocks​​of​

​1138 Gg, providing a baseline for investigating Hg dynamics at the global scale.​

​By​ ​establishing​ ​this​ ​baseline,​ ​this​ ​work​ ​provides​ ​a​ ​foundation​ ​for​ ​further​ ​investigation​ ​of​

​environmental​ ​drivers​ ​and​ ​parametric​​uncertainties.​​The​​next​​evaluation​​steps,​​conducted​

​in​ ​a​ ​companion​ ​paper,​ ​will​ ​examine​ ​model​ ​sensitivity​ ​to​ ​atmospheric​ ​Hg​ ​deposition,​

​environmental​ ​factors,​​and​​key​​parameters​​such​​as​​fd​​Hg​​.​​This​​analysis​​will​​help​​identify​​the​

​parameters​ ​that​ ​control​ ​short-​ ​and​ ​long-term​ ​soil​ ​Hg​ ​storage​ ​and​ ​improve​ ​projections​ ​of​

​soil Hg stock evolution under changing environmental conditions.​
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​6. Appendix​

​Table​ ​A1​​:​ ​Allocation​ ​parameter​ ​of​ ​Hg​ ​in​ ​ligneous​​tissues​​for​​the​​different​​plant​​functional​

​types​​(PFT)​​derived​​from​​(Zhou​​and​​Obrist,​​2021)​​,​​table​​1),​​k​​alloc_ba​ ​allocation​​coefficient​​for​

​aboveground​ ​brown​ ​tissues​ ​(aboveground​ ​sapwood,​ ​aboveground​​heartwood)​​and​​k​​alloc_bb​

​allocation​​coefficient​​for​​belowground​​brown​​tissues​​(belowground​​sapwood,​​belowground​

​heartwood and roots).​

​PFT​ ​k​​alloc_ba​ ​k​​alloc_bb​

​Tropical broadleaf​
​evergreen forest​

​0.23​ ​0.71​

​Tropical broadleaf​
​raingreen forest​

​0.23​ ​0.71​

​Temperate needleleaf​
​evergreen forest​

​0.59​ ​1.4​

​Temperate broadleaf​
​evergreen forest​

​0.23​ ​0.71​

​Temperate broadleaf​
​summergreen forest​

​0.29​ ​0.17​

​Boreal needleleaf​
​evergreen forest​

​0.59​ ​1.4​

​Boreal needleleaf​
​deciduous forest​

​0.29​ ​0.17​

​Boreal broadleaf​
​summergreen forest​

​0.38​ ​0​

​Boreal needleleaf​
​deciduous forest​

​0​ ​2.1​

​Temperate natural​
​grassland C3​

​0​ ​2.1​

​Natural grassland C4​ ​0.75​ ​1.5​

​Crops C3​ ​0.75​ ​1.5​

​Crops C4​ ​0.75​ ​1.5​
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​Tropical natural grassland​
​C3​

​0.31​ ​1.0​

​Boreal natural grassland C3​ ​0.27​ ​0.6​

​Table​ ​A2​​:​ ​Number​ ​of​​data​​points​​per​​plant​​functional​​type​​(PFT):​​model​​output​​(N​​model)​

​and​ ​evaluation​ ​data​ ​(N​ ​eval.)​ ​for​ ​Hg​ ​concentrations​ ​([Hg])​ ​in​ ​vegetation​ ​tissues,​ ​litterfall​

​fluxes,​​and​​litterfall/throughfall​​ratios.​​Spatial​​coverage​​of​​the​​different​​PFTs​​can​​be​​found​​in​

​https://orchidas.lsce.ipsl.fr/dev/lccci/​​as indicated​​in Table 1.​

​PFT​ ​N.​

​model​

​N eval.​

​leaves​

​[Hg]​

​N eval.​

​sapwood​

​[Hg]​

​N eval.​

​roots [Hg]​

​N eval.​

​litterfall​

​Hg flux​

​N eval. Hg​

​throughfall​

​flux​

​N eval.​

​litterfall Hg​

​/​

​throughfall​

​Hg​

​Tropical​

​broadleaf​

​evergreen​

​forest​

​2​ ​1​ ​-​ ​-​ ​2​ ​1​ ​1​

​Tropical​

​broadleaf​

​raingreen​

​forest​

​4​ ​-​ ​7​ ​-​ ​3​ ​2​

​Temperate​

​needleleaf​

​evergreen​

​forest​

​201​ ​61​ ​2​ ​2​ ​113​ ​69​ ​48​

​Temperate​

​broadleaf​

​55​ ​8​ ​2​ ​-​ ​61​ ​16​ ​13​
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​evergreen​

​forest​

​Temperate​

​broadleaf​

​summergre​

​en forest​

​130​ ​242​ ​8​ ​1​ ​192​ ​54​ ​40​

​Boreal​

​needleleaf​

​evergreen​

​forest​

​42​ ​38​ ​-​ ​6​ ​-​ ​-​

​Boreal​

​broadleaf​

​summergre​

​en forest​

​14​ ​4​ ​-​ ​6​ ​-​ ​-​

​Temperate​

​natural​

​grassland​

​(C3)​

​37​ ​129​ ​-​ ​17​ ​-​ ​1​ ​-​

​C3 Crop​ ​115​ ​-​ ​-​ ​-​ ​-​ ​-​ ​-​

​C4 Crop​ ​28​ ​-​ ​-​ ​-​ ​-​ ​-​ ​-​

​Total​ ​628​ ​495​ ​49​ ​32​ ​377​ ​107​ ​149​
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​Table A3​​: Number of soil grid points modeled and used​​for evaluation​

​Number of​
​modeled grid points​

​Number of Hg​
​concentrations​
​evaluation grid​

​points​

​Number of Hg​
​stocks evaluation​

​grid points​

​U.S. area​ ​100​ ​38​ ​45​

​EU area​ ​177​ ​97​ ​97​

​Table​ ​A4​​:​ ​Median​ ​soil​ ​Hg​ ​stocks​ ​(0-38m)​ ​and​ ​soil​ ​Hg​​0​ ​evasion​ ​flux​ ​per​ ​m​​2​ ​of​ ​PFT​ ​and​

​estimated​​soil​​Hg​​stocks​​(0-​​38m)​​and​​soil​​Hg​​0​​evasion​​flux​​at​​the​​global​​scale​​in​​respect​​with​

​PFT spatial coverage.​

​PFT​

​Surface of​

​PFT​

​[Mkm​​2​​]​

​Median soil​

​Hg​

​[mg m​​-2​​]​

​Median​

​soil Hg​

​evasion​

​[ng h​​-1​​]​

​Soil Hg​

​stocks​

​[Gg]​

​Soil Hg​​0​

​evasion​

​[Mg yr​​-1​​]​

​Bare soil​ ​29.6​ ​0.1​ ​0.0​ ​0.3​ ​0.0​

​Tropical​

​broadleaf​

​evergreen​

​forest​

​14.6​ ​178.6​ ​1.6​ ​261.0​ ​205.2​

​Tropical​

​broadleaf​

​raingreen​

​forest​

​8.5​ ​62.4​ ​0.4​ ​53.1​ ​29.2​
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​Temperate​

​needleleaf​

​evergreen​

​forest​

​6.5​ ​2375​ ​1,5​ ​153.2​ ​83.5​

​Temperate​

​broadleaf​

​evergreen​

​forest​

​3.3​ ​139.2​ ​1.1​ ​46.4​ ​31.9​

​Temperate​

​broadleaf​

​summergreen​

​forest​

​7.3​ ​72.5​ ​0.3​ ​52.9​ ​22.2​

​Boreal​

​broadleaf​

​summergreen​

​forest​

​3.3​ ​61.5​ ​0.3​ ​20.4​ ​9.9​

​Boreal​

​needleleaf​

​evergreen​

​forest​

​6.8​ ​254.6​ ​1.4​ ​173.0​ ​82.9​

​Temperate​

​natural C3​

​grassland​

​forest​

​9.3​ ​120.5​ ​0.9​ ​112.2​ ​75.8​

​C3 Crop​ ​16.5​ ​814​ ​0.6​ ​134.2​ ​82.0​

​C4 Crop​ ​4.4​ ​69.5​ ​0.7​ ​30.9​ ​25.7​

​Total​ ​144.1​ ​79.0​ ​0.5​ ​1138.7​ ​640.0​
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​Table​​A5​​:​​Statistical​​description​​(min,​​median,​​max​​and​​median​​average​​deviation​​(mad))​​of​

​depth aggregated Hg soil stocks in g Ha​​-1​ ​for the​​two simulations area.​

​Hg stocks 0 - 18cm​ ​Hg stocks 0 - 75 cm​ ​Hg stocks 0 - 38 m​

​min​ ​median​ ​mad​ ​max​ ​min​ ​median​ ​mad​ ​max​ ​min​ ​median​ ​mad​ ​max​

​U.S.​
​area​

​19.1​ ​82.3​ ​39.9​ ​307.8​ ​23.0​ ​99.4​ ​48.4​ ​371.4​ ​24.1​ ​104.3​ ​50.8​ ​389.8​

​EU​
​area​

​11.9​ ​78.3​ ​42.3​ ​300.4​ ​14.4​ ​94.5​ ​50.9​ ​362.5​ ​15.1​ ​99.1​ ​52.4​ ​380.4​
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​Figure​​A1:​​Spatial​​and​​latitudinal​​comparison​​of​​modeled​​and​​observed​​atmospheric​​Hg(0)​

​concentrations.​​a)​​Spatial​​distribution​​of​​modeled​​Hg(0)​​concentrations​​(color​​shading;​​year​

​2015)​​and​​observed​​concentrations​​(circles;​​2013–2015​​average).​​b)​​Modeled​​and​​observed​

​Hg(0)​​concentrations​​as​​a​​function​​of​​latitude,​​with​​model​​results​​and​​observations​​shown​

​in blue and red, respectively.​
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​Figure​ ​A2:​ ​Spatial​ ​distribution​ ​of​ ​modeled​ ​and​ ​observed​ ​atmospheric​ ​Hg​ ​wet​ ​deposition​

​fluxes​ ​(year​ ​2015).​ ​Color​ ​shading​ ​represents​ ​modeled​ ​wet​ ​deposition​ ​fluxes​ ​while​ ​circles​

​indicate observed values.​
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​Figure​​A3​​:​​Kinetic​​of​​pools​​equilibrium​​during​​the​​spin-up​​period​​illustrating​​the​​stability​​of​

​the​​different​​pools​​after​​24,360​​years​​of​​simulations.​​Vertical​​dashed​​lines​​represent​​runs​​of​

​the C and Hg soil modules in insolation for 3000 years.​

​Figure​​A4​​:​​Evaluation​​concentrations​​Hg​​data​​a)​​0​​-5​​cm​​soil​​depth​​in​​the​​U.S.​​area,​​b)​​0​​-20​

​cm depth in the E.U. area​
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​Figure​ ​A5​​:​ ​Evaluation​ ​Hg​ ​soils​ ​stocks​ ​a)​ ​0-100​ ​cm​ ​soil​ ​depth​ ​in​ ​the​ ​U.S.​ ​area,​ ​b)​ ​0-20​​cm​

​depth in the E.U. area​

​Figure​ ​A6​​:​ ​Map​ ​of​ ​available​ ​vegetation​ ​(Zhou​ ​and​ ​Obrist,​ ​2021)​​,​ ​litterfall,​ ​throughfall​

​evaluation​​data​​from​​(Sereni​​et​​al.,​​2026)​​(symbolic​​points)​​and​​soil​​surveys​​with​​associated​

​digital​ ​mapping​ ​evaluation​ ​data​ ​(colored​ ​area)​ ​(Ballabio​ ​et​ ​al.,​ ​2021;​ ​Olson​ ​et​ ​al.,​ ​2022)​
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​zoomed​​over​​the​​two​​simulation​​area​​represented​​with​​the​​s​​quare(68-88°W,​​30-50°N)​​and​

​-10-26°E, 35-55°N.​

​Figure​ ​A7​​:​ ​Mean​ ​annual​ ​Hg​ ​litterfall​ ​flux​ ​per​ ​m​​-2​​,​ ​calculated​ ​as​ ​a​ ​PFT-weighted​ ​average​

​based on the PFT coverage within each grid cell.​

​Figure​ ​A8:​ ​Mean​ ​annual​ ​Hg​ ​throughfall​​flux​​per​​m​​-2​​,​​calculated​​as​​a​​PFT-weighted​​average​

​based on the PFT coverage within each grid cell.​
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​Figure​ ​A9​​:​ ​Mean​ ​annual​ ​Hg​ ​LF/TF​ ​per​ ​m​​-2​ ​calculated​ ​as​​a​​PFT-weighted​​average​​based​​on​

​the PFT coverage within each grid cell.​

​Figure​ ​A10​​:​ ​Litterfall/Throughfall​ ​Hg​ ​ratio​ ​[g​ ​L​​-1​​]​ ​for​ ​the​ ​different​ ​PFTs​ ​represented​ ​in​​the​

​simulation​​area​​(red)​​compared​​to​​litterfall/throughfall​​flux​​from​​evaluation​​data​​(Sereni​​et​

​al.,​ ​2026)​ ​(blue).​ ​The​ ​number​ ​of​ ​samples​ ​is​​indicated​​Table​​A3.​​Temp-C3-G:​​temperate​​C3​
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​grass;​​C3​​crops:​​C3​​crops;​​C4​​crops:​​C4​​crops;​​Trop-EBF:​​Tropical​​evergreen​​broadleaf​​forest;​

​Trop-RBF:​ ​Tropical​ ​raingreen​ ​broadleaf​ ​forest;​​Temp-ENF:​​Temperate​​evergreen​​needleleaf​

​forest;​ ​Temp-EBF:​ ​Temperate​ ​evergreen​ ​broadleaf​ ​forest;​ ​Temp-SBF:​ ​Temperate​

​summergreen​ ​broadleaf​ ​forest;​ ​Bor-ENF:​ ​Boreal​ ​evergreen​ ​needleleaf​ ​forest;​ ​Bor-SBF:​

​Boreal summergreen broadleaf forest.​

​Figure​ ​A11​​:​ ​Vertical​ ​distribution​ ​of​ ​modeled​ ​Hg​ ​soil​ ​stocks​ ​(expressed​ ​as​ ​a​​percentage​​of​

​the​​total​​column​​stock).​​Points​​are​​centered​​on​​each​​soil​​layer.​​a)​​Entire​​soil​​column,​​b)​​Top​

​2 m.​
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​Figure​​A12​​:​​Soil​​Hg​​[µg​​kg​​-1​​]​​in​​purple​​and​​C​​[g​​kg​​-1​​]​​in​​brown​​concentrations​​over​​the​​0-20​

​m​ ​soil​ ​column​​for​​the​​different​​plant​​functional​​types.​​Temp-C3-G:​​temperate​​C3​​grass;​​C3​

​crops:​ ​C3​ ​crops;​ ​C4​ ​crops:​ ​C4​ ​crops;​ ​Trop-EBF:​ ​Tropical​ ​evergreen​ ​broadleaf​ ​forest;​

​Trop-RBF:​ ​Tropical​ ​raingreen​ ​broadleaf​ ​forest;​​Temp-ENF:​​Temperate​​evergreen​​needleleaf​

​forest;​ ​Temp-EBF:​ ​Temperate​ ​evergreen​ ​broadleaf​ ​forest;​ ​Temp-SBF:​ ​Temperate​

​summergreen​ ​broadleaf​ ​forest;​ ​Bor-ENF:​ ​Boreal​ ​evergreen​ ​needleleaf​ ​forest;​ ​Bor-SBF:​

​Boreal summergreen broadleaf forest.​
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​Figure A13​​: Hg/C ratio in µg g​​-1​​, a) from model output,​​b) from JRC evaluation data.​

​Figure​​A14:​​Residuals​​of​​Hg/C​​ratios​​for​​the​​E.U​​simulation​​area.​​±​​MAD​​of​​evaluation​​data​

​and ± 1.5 MAD of evaluation data are represented to scale residuals.​
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​7. Code availability​

​The​ ​ORCHIDEE-Hg​ ​v1.0​ ​source​ ​code​ ​is​ ​publicly​ ​available​ ​through​ ​the​ ​ORCHIDEE-Hg/code​

​repository​ ​and​ ​is​ ​archived​ ​on​ ​Zenodo​ ​(​​https://doi.org/10.5281/zenodo.22811755​​,​ ​Sereni​ ​and​

​Angot,​ ​2026b​​).​ ​The​ ​repository​ ​contains​ ​the​ ​ORCHIDEE-Hg​ ​v1.0​ ​code,​ ​including​ ​the​ ​Hg​

​module​ ​stored​ ​at​

​Orchidee_files/travail/ORCHIDEE-Hg_v1_0/ORCHIDEE/src_stomate/stomate_Hg.f90.​ ​The​

​code​ ​used​ ​to​ ​generate​ ​the​ ​figures​ ​and​ ​perform​ ​the​​model​​evaluation​​is​​available​​through​

​the​ ​ORCHIDEE-Hg/figure_code​ ​repository,​ ​also​ ​archived​ ​on​ ​Zenodo​

​(​​https://doi.org/10.5281/zenodo.22814362​​,​​Sereni and Angot, 2026c​​).​

​8. Data availability​

​The​​datasets​​associated​​with​​this​​study​​are​​publicly​​available​​through​​Zenodo​​(single​​entry​

​point:​ ​(​​https://doi.org/10.5281/zenodo.22811840​​,​ ​Sereni​ ​and​ ​Angot,​ ​2026a​​)​​.​ ​The​

​ORCHIDEE-Hg/input_data​ ​repository​ ​contains​ ​the​ ​input​ ​datasets​ ​required​ ​for​ ​the​

​simulations,​​including​​atmospheric​​Hg​​deposition​​fields​​generated​​with​​GEOS-Chem.​​Model​

​outputs​ ​from​ ​the​ ​simulations​ ​over​ ​Eastern​ ​US,​ ​Western​ ​Europe,​ ​and​ ​Eastern​ ​Europe​ ​are​

​provided in the ORCHIDEE-Hg/output_data repository.​
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