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Abstract: 
 

Arctic-boreal landscapes are experiencing profound warming, along with changes in 

ecosystem moisture status and disturbance from fire. This region is of global importance in terms 

of carbon feedbacks to climate, yet the sign (sink or source) and magnitude of the Arctic-boreal 

carbon budget within recent years remains highly uncertain. Here we provide new estimates of 

recent (2003–2015) vegetation gross primary productivity (GPP), ecosystem respiration (Reco), 

net ecosystem CO2 exchange (NEE; Reco - GPP) and terrestrial methane (CH4) emissions for the 

Arctic-boreal zone using a satellite data-driven process-model for northern ecosystems (TCFM-

Arctic), calibrated and evaluated using measurements from > 60 tower eddy covariance (EC) 

sites. We used TCFM-Arctic to obtain daily 1-km2 flux estimates and annual carbon budgets for 

the pan-Arctic-boreal region. Across the domain, the model indicated an overall average NEE 

sink of -850 Tg CO2-C yr-1. Eurasian boreal forests, especially those in Siberia, contributed to a 

majority of the net sink. In contrast, the tundra biome was relatively carbon neutral (ranging 

from small sink to source). Regional CH4 emissions from tundra and boreal wetlands (not 

accounting for aquatic CH4) were estimated at 35 Tg CH4-C yr-1. Accounting for additional 

emissions from open water aquatic bodies and from fire, using available estimates from the 

literature, reduced the total regional NEE sink by 21% and shifted many far northern tundra 

landscapes, and some boreal forests, to a net carbon source. This assessment, based on in situ 

observations and models, improves our understanding of the high latitude carbon status and also 

indicates a continued need for integrated site-to-regional assessments to monitor the vulnerability 

of these ecosystems to climate change.  
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1. Introduction 

Northern tundra and boreal ecosystems store over half of the global soil organic carbon (SOC) 

pool (Hugelius et al., 2013; Schuur et al., 2015; Schuur et al., 2022). Boreal ecosystems are 

estimated to account for 20% of the global forest carbon sink (Pan et al., 2011), with annual 

carbon uptake largely offsetting carbon dioxide (CO2) losses from respiration (Bradshaw & 

Warkentin, 2015). Some assessments of tundra indicate that arctic landscapes have been 

relatively near-neutral, varying between carbon sinks and sources (Belshe et al., 2013, Li et al., 

2021, Virkkala et al., 2021). Other studies indicate trends towards net carbon source activity, 

especially in more recent years (Christensen et al., 2017; Commane et al., 2017; Natali et al., 

2019; Watts et al., 2021; Schiferl et al., 2022). Additionally, boreal wetlands and many tundra 

environments are net emitters of methane (CH4; Ström & Christensen, 2007; Turetsky et al., 

2014; Kuhn et al., 2021), which has a global warming potential 28–36 times higher than CO2 

over a 100-year period (Balcombe et al., 2018; Forster et al., 2022) and likely impacts the net 

ecosystem carbon budget (NECB; CO2 + CH4).  

Given the rapid warming occurring at high latitudes (Box et al., 2019; Chylek et al., 2022; 

Rantanen et al., 2022), the widespread thaw of permafrost (Biskaborn et al., 2019), lengthening 

of the annual non-frozen period (Kim et al., 2014), persistent thaw of deeper soil layers in winter 

(Zona et al., 2016; Commane et al., 2017), and increases in vegetation stress stemming from 

temperature extremes and drought (Peng et al., 2011; Wrona et al., 2016; Phoenix & Bjerke 

2016; Pan et al., 2018), there is concern that northern ecosystems are shifting closer towards a 

net source of carbon to the atmosphere (Schuur et al., 2015; Abbott et al., 2016; Natali & Watts, 

et al., 2019; Natali et al., 2021; Zona et al., 2022). If just a fraction of the existing stored SOC is 

released (~1 trillion tonnes in the upper 1-3 m depth; Hugelius et al., 2013) through increased 

respiration and ecosystem disturbances, the magnitude could be comparable to global 
deforestation rates (> 200 billion tonnes C-CO2 eq by 2100; Le Quéré et al., 2015).  
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Simultaneously, increases in vegetation cover at high latitudes, driven by shrubification and 

the drainage of water bodies, has led to more gross primary productivity (GPP) within some 

arctic regions (Bruhwiler et al., 2021; Mekonnen et al., 2021). However, decreases in vegetation 

CO2 uptake, particularly in boreal forests following drought and disturbances, including fire, 

may substantially reduce these ecosystems’ capacity to offset CO2 losses from respiration 

(Bradshaw & Warkentin, 2015; Ribeiro-Kumara et al., 2020).  

Various efforts have been taken to quantify high latitude carbon budgets through field studies 

(e.g., Fox et al., 2008; Belshe et al., 2013; Ueyama et al., 2014; Euskirchen et al., 2017; Helbig et 

al., 2017; Hashemi et al., 2021), the statistical upscaling of in situ flux observations (Peltola et 

al., 2019; Jung et al., 2020; Virkkala et al., 2021), Earth system modeling (White et al., 2001; 

McGuire et al., 2012; Wang et al., 2019; Birch et al., 2021), and the combination of atmospheric 

observations and modeling (Ciais et al., 2010; Tan et al., 2016; Welp et al., 2016; Hartery et al., 

2018; Sweeney et al., 2020; Schiferl et al., 2022). In situ field studies provide the most direct 

approach for understanding and monitoring ecosystem carbon status. Yet field sites represent 

only a very small fraction of the vast Arctic-boreal domain (Pallandt et al., 2022), and few sites 

offer continuous longer-term (> 5 year) records of carbon flux (Schimel et al., 2015; Watts et al., 

2021; Virkkala et al., 2022). Upscaling of in situ carbon fluxes through statistical modeling can 

be useful for obtaining “first look” estimates of regional carbon budgets. However, this non-

mechanistic approach can be biased towards the underlying spatiotemporal representation of the 

input training data (limiting the ability of model extrapolation), and is often unable to represent 

dynamic shorter-term (i.e., daily to weekly) changes in carbon flux that might greatly influence 

seasonal and annual budget estimates.  

Unlike statistical upscaling approaches, ecosystem (land-surface) models provide 

mathematical representations of underlying system processes including thermal and hydrologic 

states, and carbon cycle components (i.e., photosynthesis, carbon allocation and storage, 

autotrophic and heterotrophic respiration), and are often considered the “holy grail” of models. 

Even so, mechanistic models can have difficulty accurately reproducing complex ecosystem 
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dynamics in arctic environments (McGuire et al., 2012; Chadburn et al., 2017; Ballantyne et al., 

2021) and, as a result, these models have largely disagreed about the sink or source status of high 

latitude carbon budgets (McGuire et al., 2012; Fisher et al., 2014; Natali et al., 2019; Euskirchen 

et al., 2022). Atmospheric inversion systems combine atmospheric transport models and 

observations of gas concentrations (e.g., point-based air samples from global flask networks and 

gas total column retrievals from satellites) to track carbon exchange and can be useful for 

indicating the overall carbon sink or source status across very large regions such as North 

American or Eurasian Arctic-boreal zones. However, these “top-down” models (often operating 

at resolutions > 1° and, rarely, down to 5-km when well-constrained by dense networks of 

regional observations, e.g., Ware et al., 2019) are unable to resolve more local patterns and 

ecosystem-level (< 1-km) contributions to carbon uptake or emission activity, and are unable to 

project future carbon status (Ciais et al., 2010; McGuire et al., 2012; Schimel et al., 2015; 

Commane et al., 2017; Ballantyne et al., 2021). As a result, there is a continued need for the land 

surface-based, “bottom-up” accounting of carbon fluxes.  

 Eddy covariance (EC) flux tower systems (Baldocchi et al., 2001; Baldocchi & Koteen, 

2012), positioned across the Arctic-boreal region (see Celis et al., 2020), provide high-frequency 

continuous measurements of land-atmosphere CO2 and CH4 exchange. At present, EC systems 

remain the most effective way to observe carbon, water, and energy fluxes at the landscape level 

(Baldocchi, 2020). Because EC towers only provide local observations, these data are often 

incorporated within statistical (Ueyama et al., 2013; Peltola et al., 2019; Natali & Watts et al., 

2019; Jung et al., 2020; Virkkala et al., 2021), process-based (Watts et al., 2014a, b; Jones et al., 

2017; Birch et al., 2021), or data assimilation (Lopez-Blanco et al., 2019) model frameworks to 

obtain regional carbon estimates.  

In this study we used a satellite data-driven hybrid process-model for northern ecosystems, 

calibrated using observations from tower EC – i.e., the Arctic Terrestrial Carbon Flux Model 

(TCFM-Arctic). Unlike highly complex mechanistic land-surface models, TCFM-Arctic was 

developed to simulate carbon cycle processes without the need for computationally intensive 
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internal estimates of energy and moisture states. Instead TCFM-Arctic makes direct use of 

observations from remote sensing and reanalysis data to inform dynamic changes in ecosystem 

environmental conditions and their impact on CO2 and CH4 flux components. As a result, this 

deliberately simplified ecosystem model provides a powerful diagnostic tool for tracking 

contemporary carbon budgets across the high latitude regions, obtaining improved estimate 

accuracy with reduced computational expense.  

In this analysis our objectives were to: 1) obtain Arctic-boreal region estimates of terrestrial 

GPP, ecosystem respiration (Reco), net ecosystem CO2 exchange (NEE), and CH4 flux; and 2) 

identify the status of flux budgets and regional patterns in ecosystem carbon sink and source 

activity, focused on the 2003–2015 period.  

2. Material and methods 

2.1 Study domain 

Our study domain encompassed terrestrial landscapes within the Arctic-boreal zone, > 50°N 

(Figure 1). Most of this region remains frozen for more than half of the year (Kim et al., 2012, 

2014). Approximately 84% of the domain is underlain by permafrost: 44% continuous; 14% 

discontinuous; and 26% sporadic or isolated permafrost (Brown et al., 2002). The colder, far 

northern, and higher elevation regions are characterized by treeless tundra communities, 

including sedge wetlands, shrub, graminoids, moss, and more barren landscapes of herbs and 

lichen (CAVM, 2003). The warmer boreal region includes coniferous and deciduous forests of 

spruce, pine, aspen, birch, and larch (Supplemental Information, SI, Table 1). Much of the boreal 

understory is moss dominated, with wetter areas falling into the category of peat-forming fens 

and bogs (Vitt, 2006). Our full study domain encompassed 19.7 x 106 km2 (3.7 x 106 km2 in 

tundra regions, 6 x 106 km2 in boreal forests, 4.9 x 106 km2 in boreal wetlands, and 5.1 x 106 km2 

in boreal grassland/shrubland), extending into portions of the boreal zone that no longer have 

permafrost, and excluding open water, rock and ice, and barren lands.  
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For purposes of comparing estimated flux budgets with other regional analyses, we also 

considered the following sub-regions: 1) the far northern boreal and tundra RECCAP (REgional 

Carbon Cycle and Assessment Processes) domain (McGuire et al., 2012); 2) the NASA Arctic 

Boreal Vulnerability Experiment (ABoVE) domain that encompasses Alaska and northwestern 

Canada (Loboda et al., 2017); and 3) spatially distinct terrestrial biome regions (Dinerstein et al., 

2017). A map of the sub-regions is provided in SI Figure 1.   

2.2 Flux tower CO2 and CH4 datasets 

Flux data from EC towers were initially obtained for 35 tundra and boreal sites (Figure 1) 

across the Arctic-boreal region (SI Table 1). EC sites include ecosystems having permafrost 

classified as continuous (14 sites), discontinuous (6 sites) and sporadic/isolated (2 sites), and 

seasonal active layer thaw depths ranging from 20 cm (e.g., the more northern regions of 

Greenland, Russia, and North Slope Alaska) to > 70 cm (e.g., Scandinavia, boreal Alaska, and 

Canada). The remaining 13 tower sites are located outside the permafrost zone but experience a 

strong seasonal freeze of surface and subsurface soils. The EC boreal sites best represent forests 

and wetlands; we were unable to identify towers that represent mesic (non-forest, non-wetland) 

boreal shrubland/grasslands and, as a result, used an alternative model parameter assignment for 

this class (SI Section 1) that likely increased model estimate uncertainty.  

The EC flux records were obtained through AmeriFlux, FluxNet, AsiaFlux, and individual 

tower principal investigators (PIs; SI Table 1). The EC records included half-hourly gap-filled 

NEE measurements partitioned into GPP and Reco using methodology deemed appropriate by the 

tower PIs (e.g., Stoy et al., 2006; Lasslop et al., 2010; Reichstein et al., 2012). In addition to CO2 

flux, 15 of the sites also included half-hourly flux measurements of CH4. We used all of these 

tower observations for model calibration and verification, except for the NOAA Prudhoe tower 

(see SI 5.1.1). We also combined the GL-ZaF1 and GL-ZaF2 (wet fen tundra) fluxes because of 

their close spatial proximity. Thus, a total of 33 EC sites were used for model calibration and 

verification, representing over 56 site-years between 2003 and 2015. For independent model 

verification, we compared our model flux estimates against monthly-averaged EC observations 
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provided through the Arctic-boreal CO2 flux record (ABCFlux; Virkkala et al., 2022). ABCFlux 

provided us with 35 EC locations (11 tundra; 22 boreal forest; 2 boreal wetland; SI 5.1.2), after 

excluding EC sites (SI Table 1) that had been used for model calibration. 

2.3 The TCF model for Arctic-boreal ecosystems 

 The TCF model was developed as a precursor to the NASA Soil Moisture Active Passive 

(SMAP) mission Level 4 Carbon (L4_C) algorithms that are used to diagnose and reduce 

uncertainty, and to provide remote sensing and EC data-informed carbon flux estimates, for 

global terrestrial carbon budgets (Kimball et al., 2009, 2016; Jones et al., 2017). The TCF model 

(Watts et al., 2014b; and more recent versions, i.e., TCFM-Arctic) uses inputs from satellite 

optical remote sensing to infer changes in the fraction of photosynthetic active radiation 

absorbed by vegetation during carbon uptake. The model also incorporates satellite microwave 

retrievals that describe the daily surface frozen or unfrozen status (Kim et al., 2014). 

Meteorology inputs used in GPP and/or Reco modules include daily incoming shortwave solar 

radiation (W m−2), atmospheric vapor pressure deficit (Pa), near-surface (~2 m) wind velocity (m 

s−1), 2 m air and ~ 10 cm depth soil temperature (°C; Ta, Ts), and root zone (< 1 m depth) soil 

moisture (RZSM; m3 m−3) obtained from NASA Global Modeling and Assimilation Office 

(GMAO) 0.5° Modern-Era Retrospective analysis for Research and Applications (MERRA)  

Land fields (Reichle et al., 2011; Rienecker et al., 2011). The fraction of photosynthetic active 

radiation absorbed by vegetation through photosynthesis (FPAR) is obtained at a 1-km resolution 

from the Moderate Resolution Imaging Spectroradiometer (MODIS, MCD15A3H fields; Myneni 

et al., 2015). A more detailed description is provided in the SI (Section 2).  

The TCF model (Kimball et al., 2009) and SMAP L4_C model parameter Look-Up-Table 

(LUT) logic (Kimball et al., 2016; Jones et al., 2017), based on generalized plant functional types 

(PFTs), was originally designed for global applications. The global LUT is based on Moderate 

Resolution Imaging Spectroradiometer (MODIS) mission Land Cover (MCD12Q1 Type 5) 

classes (e.g., Friedl et al., 2010) that do not fully characterize vegetation communities in Arctic-

boreal ecosystems. For this study we applied the TCFM-Arctic, a variant of the TCF model 
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(adapted from Watts et al., 2014a) designed to better represent northern high latitude vegetation 

communities. The land cover products and classes used to guide TCFM-Arctic PFTs (SI Table 

1), and calibration of GPP, Reco and CH4 module parameters according to the PFTs, are described 

in the Supplement (Sections 1, 2). For TCFM-Arctic, we also improved representation of soil 

respiration processes during the cold season, by calibrating the model against a high latitude 

winter respiration dataset (Natali & Watts et al., 2019; SI Section 1.2).  

2.3.1 TCFM-Arctic site-level assessments 

Baseline carbon pools were initialized by continuously cycling (“spinning-up”) the model for 

>1,000 model years using a recent climatology from 1985 to 2002 (SI Section 1) to reach a 

dynamic steady-state between estimated net primary productivity (i.e., NPP = GPP - autotrophic 

respiration) and respiration from SOC stocks (following methods of Kimball et al., 2009; Watts 

et al., 2014a; Birch et al., 2021). The resulting baseline SOC pools were incorporated as a 

starting point for the 2003 to 2015 forward model simulations. TCFM-Arctic uncertainty was 

assessed according to mean residual error (MRE; EC flux observations - model flux estimates), 

root-mean-square-error (RMSE), normalized RMSE (NRMSE; RMSE/|ȳ|) and median/quartile 

differences. The resulting TCFM-Arctic EC tower site simulations were used to provide annual 

flux budgets for each site, which were summarized by tundra, boreal forest, and boreal wetland 

vegetation types for discussion purposes. We do not report site-level summary values for boreal 

grassland/shrublands because of lacking representation by the EC towers (SI Section 1.1). To 

gain an additional, independent, verification we evaluated our model estimates against 35 

ABCFlux EC site records (Virkkala et al., 2022) that were not used in the TCFM-Arctic model 

calibration process.  

2.3.2 Regional flux budgets & model comparisons 

The TCFM-Arctic simulations were extended to the Arctic-boreal domain, from 2003 to 

2015, at a 1-km spatial resolution using land cover maps representing high latitude vegetation 

communities (SI Section 2; Figure 1). Grid-cell flux estimates were aggregated to provide 

seasonal and annual carbon budgets over multiple regional domains. For the regional analyses, 
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we excluded any grid cells where the land cover did not represent vegetated tundra or boreal 

communities (i.e., cropland, developed or barren regions). TCFM-Arctic does not account for 

carbon emissions from non-terrestrial aquatic environments; accordingly, we removed open-

water areas when calculating terrestrial carbon budgets.  

For the CH4 emission budgets, we primarily focused on grid cells classified as tundra or 

boreal wetland. As with any land cover type, the status and frequency of soil saturation often 

depends on landscape position. This sub-grid variability in wetness is extremely difficult to 

resolve using available (and typically coarser-scale) soil moisture products. To address this, we 

further constrained CH4 emission budgets using a topographic wetness index (TWI)-based 

masking approach (SI Section 3). For the boreal region, we compared our CH4 estimates with 

and without including a boreal peatland class, in addition to the grid cells classified as boreal 

wetland. As our model does not yet estimate CH4 uptake because of lack of detailed regional 

uptake observations to inform process modeling, we provide an estimate of uptake for upland 
areas using recent synthesis estimates of this flux for high latitudes (SI Section 6). 

We compared the resulting TCFM-Arctic budgets with regional flux estimates (SI Section 8 

from an Arctic-boreal version of the Community Land Model Version 5 (CLM 5; Birch et al., 

2021); satellite-informed SMAP L4_C and MODIS (MOD17A2H) CO2 flux products (Kimball 

et al., 2014; Running et al., 2004); statistically upscaled CO2 estimates from Virkkala et al. 

(2021) and FluxCom (Jung et al., 2020); statistically upscaled CH4 estimates from Peltola et al. 

(2019), and results from atmospheric inversions – Atmospherically-enhanced Inversion (ACI) 

models (Liu et al., 2020; Liu et al., 2022) and the v10 Orbiting Carbon Observatory-2 inversion 

modeling intercomparison project (v10 OCO-2 MIP; Byrne et al., 2022a; 2022b) experiments. 

Additionally, we evaluated our terrestrial CH4 emission estimates against assimilation records 

from CarbonTracker-CH4 (Bruhwiler et al., 2014).  

We used FluxCom ensemble carbon flux products based on MODIS remote sensing (RS; 

0.5° spatial resolution) and based on MODIS plus meteorological data (RS+METEO; 0.5° spatial 

resolution) (Jung et al., 2020). Statistically upscaled CH4 estimates from Peltola et al. (2019) 
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were provided using three different wetland maps, including the static global wetland map 

PEATMAP (Xu et al., 2018), the dynamic wetland map based on DYPTOP (Dynamical Peatland 

Model Based on TOPMODEL; Stocker et al., 2014), and the Global Lakes and Wetlands 

Database (GLWD; Lehner and Döll, 2004).  

To identify patterns of multi-year (2003–2015) change in the regional Arctic-boreal flux 

records we applied the Yue Pilon (2002) monotonic approach which pre-whitens the data record 

to remove the effects of autocorrelation prior to applying a Mann-Kendall test for trend 

significance and calculating Sen’s slope (Watts et al., 2014a). This was performed using the R 

computing language (R Core Team, 2019) ‘Zyp’ package (Bronaugh & Werner, 2013). We 

report trends with caution, given the relatively short (13-year) study record. Lastly, to examine 

the impact of aquatic CH4 and terrestrial fire carbon emissions on the regional budgets, we 

included information from the Johnson et al. (2021, 2022) open water CH4 emissions products, 

and the Global Fire Emissions Database version 5 (GFEDv5; van Wees et al., 2022) for a more 

complete assessment of NECB.  

3.  Results  

3.1 Flux characteristics at EC sites  

3.1.1 Flux patterns & environmental constraints  

A summary of the flux characteristics for the EC sites is found in the SI (Section 5). The EC 

observations showed the annual start of boreal GPP beginning late March into mid-April (e.g., 

Scotty Creek and Lompolojänkkä boreal towers; SI Figure 2) and persisting until early 

November. The growing season in tundra was much shorter (e.g., Utqiaġvik and Ivotuk towers; 

SI Figure 2), beginning in late June and lasting into September or early October. Reco followed a 

similar pattern, but CO2 emissions were also substantial in spring (as the soils thawed) and 

autumn (as the soils froze), and often persisted into winter at more southern sites. Emissions of 

CH4 in tundra and boreal wetlands peaked in later (solar) summer (June – August) when soils 
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were warmest and more labile carbon was available from recent photosynthates or thawed soil 

organics. As with Reco, CH4 emissions were observed during the non-growing season.   

Figure 2 shows the observed, often non-linear relationships between primary environmental 

drivers and EC carbon fluxes. This non-linearity is also reflected in the TCFM-Arctic modules. 

GPP, Reco and NEE increased exponentially with temperature. Emissions of CO2 and CH4 were 

observed at temperatures well below freezing, and the CH4 flux rose substantially when soil 

temperatures exceeded 0°C. The relationships between soil moisture and CO2 flux components 

(i.e., GPP and Reco) were more variable relative to temperature and fluxes were generally higher 
under mesic soil conditions, whereas CH4 emissions increased with soil wetness. 

3.1.2 Comparison of model simulations with EC fluxes  

The daily 1-km2 TCFM-Arctic simulations, driven using relatively coarse reanalysis and 

satellite inputs, provided reasonably accurate estimates (SI Figure 3) of daily fluxes relative to 

the EC observations (SI Table 1), with the RMSE for NEE averaging 0.8 g CO2-C m-2 d-1 (SI 

Table 5). The average RMSEs for GPP and Reco were 1.2 and 0.86 g CO2-C m-2 d-1, respectively. 

Accounting for large differences in flux magnitudes between boreal and tundra showed a slightly 

larger GPP NRMSE (i.e., standardized RMSE) in tundra (0.8) relative to boreal (0.6), primarily 

because TCFM-Arctic indicated an earlier (by ~ 1 week) annual start of growing season (where 

GPP > 0) in tundra relative to the EC records. Reco NRMSE values were similar between boreal 

and tundra (~ 0.8). RMSE for CH4 was 23 mg CH4-C m-2 d-1, with higher uncertainty observed in 

boreal wetlands relative to tundra (NRMSE 1.4 vs 1). Evaluating TCFM-Arctic against 

independent CO2 observations from ABCFlux (SI Table 5) indicated NEE RMSEs (g CO2-C m-2 

d-1) of: 0.7 for tundra; 0.8 for boreal forests; and 0.6 for boreal wetlands. Associated NRMSEs 

for the ABCFlux comparisons were 2.5 (tundra), 3.8 (boreal forests), and 5.4 (boreal wetlands). 

TCFM-Arctic was unable to account for episodic CO2 and CH4 emissions that occurred 

during spring thaw and autumn freeze events, particularly in tundra (e.g., see SI Figure 2, 

Ivotuk). This contributed to lower TCFM-Arctic estimates of total annual Reco and NEE relative 

to annual budgets based on EC observations. For example, Reco for tundra sites in autumn 
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(September, October) and spring (April, May) was, on average, 82% and 73% less than the EC 

flux-derived estimates. The model underestimated CH4 emissions from boreal wetlands in 

summer (June – August) and autumn by, on average, 28% and 49%, most likely due to the 

difficulty of estimating ebullitive flux during the non-frozen period and diffusive flux during soil 
freeze. The model also underestimated tundra CH4 emissions by 40% during the autumn freeze.  

3.2 TCFM-Arctic flux budgets  

3.2.1 Annual carbon budgets at EC tower sites 

Based on the (SI Table 1) EC records, the annual across-site NEE budget averages (+ across-

site stdev) were -46 + 245 g CO2-C yr-1 (boreal forests), -86 + 133 g CO2-C yr-1 (boreal 

wetlands), and 75 + 104 g CO2-C yr-1 (tundra). The NEE budgets (g CO2-C yr-1) from TCFM-

Arctic were -47 + 112 (boreal forests), -48 + 72 (boreal wetlands), and 36 + 57 (tundra). Because 

of the 1-km2 TCFM-Arctic footprint, the model estimates are likely to encompass trees adjacent 

to wetlands, which results in larger CO2 uptake relative to EC tower estimates. The EC-estimated 

(TCFM-Arctic) CH4 emissions were 9.7 + 6 (6.9 + 4) g CH4-C yr-1 (boreal wetlands) and 5.7 + 5 
(3.2 + 2.5) g CH4-C yr-1 (tundra). See SI Table 6 for corresponding seasonal budgets. 

According to TCFM-Arctic, the largest forest NEE sinks were at a large site in Siberia (RU-

Skp; -86 g CO2-C m-2 yr-1), followed by a mature aspen forest in Canada (CA-Oas; -83 g CO2-C 

m-2 yr-1). In comparison, a NEE source occurred in southern old growth jack pine (CA-Ojp; 12 g 

CO2-C m-2 yr-1) and spruce (RU-Fyo; 7 g CO2-C m-2 yr-1) stands. The boreal wetland sites were 

net sinks, with the largest NEE occurring in a southern peatland (CA-WP1; -97 g CO2-C m-2 yr-1) 

and the lowest in a northern bog (CA-SCB; -34 g CO2-C m-2 yr-1). NEE activity at the tundra 

sites varied from sink to source. NEE sink was highest at the US-ICT and US-Ivo tussock tundra 

sites in Alaska (-13 and -11 g CO2-C m-2 yr-1) whereas the largest source occurred in the far 

northern Siberian tundra (RU-Sam; 7 g CO2-C m-2 yr-1). Two warmer boreal fens in Finland (FI-

SII and FI-Lom) had the highest CH4 emissions (~14 and 13 g CH4-C m-2 yr-1); the lowest 

emissions (~ 0.5 to 0.6 g CH4-C m-2 yr-1) were in far-northern tundra (RU-Sam and US-Beo).  
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3.2.2 Annual carbon budgets for Arctic-boreal domain 

Our regional model estimates (Table 1; Figures 3 – 5) indicated a NEE budget of -601 + 

1138 Tg CO2-C yr-1 when including boreal forests, boreal wetlands, and tundra. This uncertainty 

is based on RMSE using independent monthly-average EC tower observations from ABCFlux 

(SI Section 7). The associated RMSE-based uncertainty using the daily-average Table 1 EC 

fluxes was 744 Tg CO2-C yr-1. When we included the boreal shrubland/grassland class, for which 

we have lower confidence due to absent coverage by EC towers, the Arctic-boreal sink was -850 

Tg CO2-C yr-1. The tundra region had a small average CO2 sink status (Figure 4; -16 Tg CO2-C 

yr-1; -4 g CO2-C m-2 yr-1), and was carbon neutral when considering the range of uncertainty (+ 

84 to 270 Tg CO2-C yr-1; based on RMSEs from SI Table 1 and ABCFlux sites). Boreal regions 

were CO2 sinks of -311 Tg CO2-C yr-1 (-52 g CO2-C m-2 yr-1) in forests and -274 Tg CO2-C yr-1 

(-56 g CO2-C m-2 yr-1) in wetlands, with uncertainties of + 396 to 546 and + 256 to 322 Tg CO2-

C.  

Across the full domain, winter (November to March) and autumn (September, October) 

seasons were net CO2 sources (NEE of 875 and 69 Tg CO2-C yr-1 respectively), while spring 

(April, May) and summer (June to August) seasons were net CO2 sinks (NEE of -223 and -1,572 

Tg CO2-C yr-1). Eurasia contributed to most (74%) of the annual Arctic-boreal NEE sink (SI 

Table 9a), primarily within the eastern boreal zone, whereas North America only contributed to 

26% of the total NEE sink. At the ecosystem level (SI Section 9; SI Table 10), the East Siberian 

Taiga, the West Siberian Taiga, and the Scandinavian and Russian Taiga had the largest 

contributions (i.e., 27%, 8%, and 7%) to the total Arctic-boreal NEE sink. The East Canadian 

Shield Taiga Ecoregion had the largest NEE sink in North America. On a per-m2 basis, the 

Chinese Da Hinggan-Dzhagdy Mountains bordering Russia, and the Kamchatka-Kurile 

Meadows in the Russian Far East, had the highest NEE uptake (~ -73 g CO2-C m-2 yr-1), and 

were characterized by moist, mild summers, and an absence of permafrost.  

The Arctic-boreal CH4 budget was estimated at 35 Tg CH4-C yr-1 (see SI Section 6 for a 

discussion of CH4 budgets when including peatlands). A majority of emissions (> 82%, SI Table 
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8) were from the boreal zone. Eurasia (particularly the vast wetlands in Russia) contributed 55% 

of total CH4 emissions (Figure 4). Our estimate of CH4 uptake (-4 Tg CH4-C yr-1; SI Section 6) 

was relatively minimal.   

The TCFM-Arctic GPP budget for the full domain remained relatively stable over the 2003–

2015 period, with short-term increases observed in 2007, 2009, 2011–2012, and 2014 (Figure 5). 

A significant GPP decline (SI Section 9.5) was detected for North America tundra, primarily 

driven by lower summer GPP, and for North America forests in spring and summer. A small but 

significant increase in annual GPP was detected for boreal wetlands in Eurasia. Eurasia tundra in 

spring and North America tundra in autumn had a small increase in annual NEE sink. A 

significant increase in the boreal forest annual NEE sink was detected for Eurasia, driven by 

strong sink activity in spring. In contrast, North America boreal forests had reduced NEE sink 

strength driven by lower summer NEE. For wetland CH4, there was a small but significant 

increase in emissions for Eurasia tundra, particularly in summer and autumn. A decrease in 

annual CH4 emissions was detected for tundra in North America. In boreal wetlands, an increase 

in CH4 emissions was identified in Eurasia during spring, which was countered by lower 

emissions in autumn.  

3.2.3 Comparison of TCFM-Arctic NEE with other modeled budgets 

The TCFM-Arctic results compared with estimates from other bottom-up models and 

atmospheric inversions (SI Tables 9B-9I) showed large variability in the sign and magnitude of 

NEE activity for the tundra region (see SI Figure 7– 9 for NEE, GPP and Reco budgets). SMAP 

L4_C and CLM 5.0 indicated a small NEE source (8 and 21 Tg CO2-C yr-1), relative to a much 

larger source (245 Tg CO2-C yr-1) estimated by FluxCom RS. Whereas TCFM-Arctic, the ACI 

ensemble (Liu et al., 2020), the OCO-2 MIP experiments (Byrne et al., 2022a, b), FluxCom 

RS+METEO and Virkkala et al. (2021) showed a small to moderate NEE sink (-16, -21, -45 to -

32, -80, -97 Tg CO2-C yr-1, respectively).  

Variability in NEE estimates was also observed within the boreal zone. For Eurasia forests, 

five models (FluxCom RS, FluxCom RS + METEO, TCFM-Arctic, OCO-2 MIP, Virkkala et al., 
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2021, ACI ensemble) indicated a relatively strong NEE sink (-398, -303, -248, -377 to -196, -

154, -122 Tg CO2-C yr-1) compared to a more moderate sink reported by CLM 5.0 (-99 Tg CO2-

C yr-1). Whereas, SMAP L4_C showed a source of 51 Tg CO2-C yr-1. Across the North 

American boreal forests, FluxCom RS, OCO-2 MIP, FluxCom RS+METEO, ACI ensemble, 

Virkkala et al. (2021), TCFM-Arctic, and CLM 5.0 models reported a strong to moderate NEE 

sink (-243, -211 to -144, -153, -75, -69, -63, -42 Tg CO2-C yr-1), while SMAP L4_C showed a 

much smaller NEE sink (-3.6 Tg CO2-C yr-1).  

Most of the models (TCFM-Arctic, OCO-2 MIP, FluxCom RS+METEO, Virkkala et al. 

2021, ACI ensemble, and CLM 5.0) indicated various levels of NEE sink strength in boreal 

wetland complexes (-274, -253 to -97, -161, -122, -103, -44 Tg CO2-C yr-1), except for two 

models (SMAP L4_C and FluxCom RS) indicating NEE sources (45, 77 Tg CO2-C yr-1). The 

Virkkala et al. (2021), TCFM-Arctic, OCO-2 MIP, FluxCom RS+METEO, ACI ensemble, and 

CLM 5.0 models estimated a NEE sink for boreal grassland/shrublands (-343, -249, -254 to -21, 

-142, -96, -39 Tg CO2-C yr-1); whereas, SMAP L4_C and FluxCom RS estimated a NEE source 

(46, 85 Tg CO2-C yr-1).  

Results from the CH4 comparisons (for terrestrial tundra and boreal wetlands, excluding open 

water aquatic areas) indicated annual emissions of 4 – 6 Tg CH4-C yr-1 from Eurasian tundra 

according to TCFM-Arctic and CLM 5.0, compared to the Peltola et al. (2019) machine- learning 

model estimates which were ~0.45 Tg CH4-C yr-1 (SI Figure 10). In North American tundra, the 

emission estimates ranged from around 2 Tg CH4-C yr-1 (TCFM-Arctic, CLM 5.0) down to 1–

0.05 Tg CH4-C yr-1 for the Peltola et al. (2019) results. The TCFM-Arctic estimate for Eurasian 

boreal wetlands was 19 Tg CH4-C yr-1, which is higher than the other bottom-up models (around 

3 to 8 Tg CH4-C yr-1). For boreal wetlands of North America, the TCFM-Arctic estimates were 

also higher (9.7 Tg CH4-C yr-1) compared to the other bottom-up models (2.6 to 5 Tg CH4-C yr-

1). For the entire Arctic-boreal region, our results were very similar to CarbonTracker-CH4 

(averaging 35.5 Tg CH4-C yr-1), though the TCFM-Arctic results were 34% higher than 

CarbonTracker-CH4 over the North America domain and 19% lower in Arctic-boreal Eurasia.  
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3.3 Regional NECB emission status  

The TCFM-Arctic NECB for the tundra and boreal wetland regions (terrestrial NEE plus 

wetland CH4 emissions) averaged -9 TgC yr-1 and -246 TgC yr-1, respectively, over the 2003–

2015 period (Table 1). For this study, lands classified as boreal forests and boreal 

grasslands/shrublands were considered to have non-hydric soil status and therefore non-CH4 

emitting surfaces. Altogether, the Arctic-boreal terrestrial NECB was -566 TgC yr-1 for tundra, 

boreal forest and boreal wetlands, and -815 TgC yr-1 when also including boreal 

grassland/shrublands (Figure 6). Adding in estimates of annual aquatic CH4 emissions from open 

water bodies across the tundra and boreal zone (Johnson et al., 2021, 2022; totaling 5.3 TgC-CH4 

yr-1), our estimate of regional CH4 uptake (-3.9 TgC-CH4 yr-1), and regional emissions of CO2, 

CH4 from fire (average of 170 TgC yr-1, based on van Wees et al., 2022), modified the NECB 

sink status by 21% (totaling -644 TgC yr-1). Overall, the Eurasian boreal forest region had the 

largest NECB sink (~ -199 TgC yr-1).  

4.  Discussion  

4.1 TCFM-Arctic simulations of EC tower flux 

This study investigates recent (yrs. 2003–2015) changes in Arctic-boreal carbon budgets 

using flux observations obtained from high latitude EC tower sites and a 13-yr record of daily 1-

km resolution NEE, GPP, Reco, and CH4 simulations from TCFM-Arctic. The resulting model 

RMSE uncertainty for NEE at high latitude flux tower sites is an improvement over a previous 

pan-Arctic model analysis (Watts et al., 2014a), and a global assessment of the SMAP L4_C 

product (Jones et al., 2017). The RMSE uncertainty for CH4 is comparable to values reported in 

other studies (Watts et al., 2014a, b), however we acknowledge a bias towards underestimating 

terrestrial CH4 emissions at EC sites dominated by boreal wetlands and graminoid/sedge/shrub 

tundra (an across-site median underestimate of 25%). Although coarser reanalysis inputs can 

track regional moisture status reasonably well, they are unable to identify more localized areas of 

wetness or dryness (Yi et al., 2011), which would lead to higher uncertainties in estimated fluxes 

especially in soil respiration and CH4 modules. We also recognize that under very wet conditions 
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it is possible that some land surfaces in boreal forests and grassland/shrublands might have a 

CH4 emitting status, which we did not account for in our model. Additionally, TCFM-Arctic 

does not currently track CH4 uptake activity that may exist under drier surface conditions, 

especially in shrub-dominated environments (Kuhn et al., 2021).  

Although TCFM-Arctic was able to capture most of the temporal variability observed in the 

tower EC records, it was unable to account for episodic emissions during spring thaw – when 

gasses trapped in frozen soils are released following surface ice and snow melt – and episodic 

releases of CO2 and CH4 from soil pore spaces during the autumn freeze (e.g., Mastepanov et al., 

2008; Raz-Yaseef et al., 2017). This episodic activity appears more often in environments 

affected by near-surface permafrost. Because of this, TCFM-Arctic (as with other models, see 

Byrne et al., 2022b) is likely underrepresenting regional CO2 and CH4 emissions during spring 

and autumn periods across the tundra-dominated continuous permafrost zone (Arndt et al., 2019; 

Watts et al., 2021). Based on our comparisons with the EC tower records, TCFM-Arctic may be 

missing up to 78% (CO2) and 40% (CH4) of the episodic emissions from tundra environments 

during the shoulder seasons, which is considerable especially since field studies in northern 

Alaska (Raz-Yaseef et al., 2016; Arndt et al., 2020) have found, at some locations, the amount of 

built-up CO2 released from soil during the spring snowmelt period can offset up to 41–46% of 

summer CO2 uptake. Additionally, regional studies (Commane et al., 2017; Byrne et al. 2022b, 

Schiferl et al., 2022) have documented a shift towards more respiration in autumn, that might 

increasingly offset summer GPP. This emphasizes the need for models to effectively account for 

the mechanisms driving shoulder season emissions. Including multi- layer heat transfer and 

permafrost hydrology modules within the TCFM-Arctic framework would likely improve 

shoulder season emission estimates, but at the expense of greater model complexity and 
computational burden. 

4.2 Regional NEE & CH4 flux budgets 

4.2.1 Terrestrial CO2 
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Our model-based analysis indicates that for the 2003–2015 study period the Arctic-boreal 

region, as a whole, was a NEE sink (-850 Tg CO2-C y-1, with an associated uncertainty of + 744 

to 1138 Tg CO2-C y-1). This finding is closely aligned with atmospheric budgets from the OCO-2 

MIP LNLGIS experiment (Byrne et al., 2022a, b), which used satellite-retrieved column-

averaged dry-air atmospheric mole fractions (providing finer-spatial tracking of CO2), in addition 

to in situ CO2 measurements. For bottom-up models, our results were most closely within the 

range of two EC tower and remote-sensing informed machine learning approaches – FluxCom 
RS+METEO (Jung et al., 2020) and Virkkala et al. (2021).  

We found boreal systems (forests, wetlands, and shrublands/grasslands) accounted for nearly 

all (98%) of the NEE sink, with the remainder provided by tundra. We also found some evidence 

of an increasing annual NEE sink within the Eurasian boreal, which has also been observed 

elsewhere (Welp et al., 2016). Eurasia contributed to a majority (74%) of the boreal NEE sink, 

and the largest CO2 sink by area was observed in the larch-dominated East Siberian Taiga. 

Although the geographically extensive Eastern Siberian Taiga remains largely underrepresented 

by EC tower monitoring sites (Pallandt et al., 2022), this region has been identified as an 

important, perhaps increasing, carbon sink (Schulze et al., 2006; Sato et al., 2016; Lin et al., 

2020; Byrne et al., 2022b). However, elevated fire activity here in recent years (post-2015) 

(Veraverbeke et al., 2021) might now be offsetting more of the carbon uptake. Further study of 
the East Siberian Taiga should be a high priority for future research.  

Over the study period we observed contrasting changes in Eurasian vs North American 

boreal NEE status, as indicated by the TCFM-Arctic simulations. The Eurasian boreal zone 

showed a strong significant increase in annual NEE sink, whereas the North American boreal 

showed the opposite pattern (a weakening NEE sink) primarily driven by a decrease in GPP. The 

strong contrast in NEE activity between Eurasia and North America has been reported elsewhere 

(Bi et al., 2013; Tagesson et al., 2020; Lin et al., 2020; Byrne et al., 2022b). Much of this 

difference is likely driven by more frequent and severe wildfire activity in North America 

relative to Eurasia (Wang et al., 2020; Zhao et al., 2021), and sustained periods of drought 
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leading to tree mortality (Peng et al., 2011; Girardin et al., 2016; Rogers et al., 2018; Sulla-

Menashe et al., 2018; Berner & Goetz, 2022). In northern Canada, loss of NEE uptake has also 

been reported due to wetland expansion following rapid permafrost thaw, and the subsequent 

loss of established forests (Helbig et al., 2017).  

In contrast to the boreal zone, a majority of the models evaluated here (including TCFM-

Arctic) indicated the tundra domain as being, on average, neutral or a small source for NEE. 

However, adjusting the TCFM-Arctic tundra NEE budget to account for a potentially large 

underestimation of episodic CO2 emissions during spring and autumn shoulder seasons 

(Commane et al., 2017; Arndt et al., 2020; Byrne et al., 2022; Liu et al., 2022; Schiferl et al., 

2022) would shift tundra NEE status more towards an annual carbon source.  

Overall, our estimate of NEE sink activity for boreal forests and wetlands (-585 Tg CO2-C) is 

close to an inventory-based estimate of the annual boreal forest carbon sink (~ 500 Tg CO2-C; 

Pan et al., 2011). Our estimate of boreal forest NEE (-311 + 405 Tg CO2-C yr-1) is also within 

the range of the other evaluated bottom-up models (-641 to 47 Tg CO2-C yr-1) and atmospheric 

inversions (-459 to -81 g CO2-C yr-1). In contrast, for the boreal wetlands, the TCFM-Arctic 

simulations indicated a stronger NEE sink (-274 + 255 Tg CO2-C yr-1) relative to the other 

bottom-up models (-161 to 95 Tg CO2-C yr-1) and inversion results (-181 to -103 Tg CO2-C yr-1). 

That the NEE sink strength we observed for boreal wetlands was nearly on par with the forest 

sink activity was unexpected. However, some field observations have also shown a negligible 

difference between NEE sinks in boreal forests and boreal wetland systems intermixed with trees 

(Helbig et al., 2017). We acknowledge that the strength of the boreal wetland sink may largely 

vary across the region, with local hydrology being a key factor. Field studies indicate that boreal 

wetlands, including bogs and fens, can shift between strong annual NEE sink (when soils remain 

very wet) and source (when soils are warm and less wet) (e.g., Schulze et al., 1999; Euskirchen 

et al., 2014; Olefeldt et al., 2017; Laine et al., 2019; Rinne et al., 2020) depending on water table 
depth and soil wetness.  
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      In this study, we identified the grassland/shrubland class as contributing a large source of 

NEE uncertainty for the boreal zone. The exact characteristics of this class are relatively 

unknown, though within North America, shrubland and grassland communities tend to establish 

after severe fire disturbances in forests, particularly in warmer and drier regions (Berner & 

Goetz, 2022). Our TCFM-Arctic estimate of the NEE sink for shrublands/grasslands was -249 

Tg CO2-C yr-1 (-255 to 85 Tg CO2-C yr-1 in the other models), slightly lower than the boreal 

wetland class. Because reference EC data explicitly representing this vegetation class (which 

tends to be more mesic relative to wetlands) were not available for model calibration and 

uncertainty assessments, it is possible TCFM-Arctic is overestimating NEE sink activity, but 
new EC observations specific to shrublands/grasslands are needed for further verification.  

4.2.2 Wetland CH4 

We estimated an annual loss of 35 Tg CH4-C for the Arctic-boreal domain, with tundra 

contributing 18% of the emissions compared to 82% from boreal wetlands. Approximately 54% 

and 28% of respective emissions were from boreal wetlands in Eurasia and North America. In 

our model, we detected a slight increase in CH4 emissions from tundra regions in Eurasia (which 

was also reported in Thompson et al., 2017), possibly stemming from a period of warming and 

wetting. However, this change was countered by a decrease in North America tundra emissions. 

We did not detect significant changes in CH4 emissions for boreal wetlands, which concurs with 
a recent report (Bruhwiler et al., 2021).  

Even though TCFM-Arctic underestimated CH4 emissions at boreal EC sites, for the full 

Arctic-boreal region our estimates are higher than the other bottom-up assessments directly 

evaluated in this study (i.e., Birch et al., 2021 and Peltola et al., 2019; 6 to 20 Tg CH4-C yr-1). 

Our results are slightly above the range of optimized CH4 emission estimates (9 to 22 Tg CH4-C 

yr-1) from bottom-up informed high-resolution inversion models for the pan-Arctic domain (see 

Tan et al., 2016) which focused on lands > 60° (compared to > 50° in our study). However, our 

results were very similar to the atmosphere-informed CarbonTracker-CH4 records examined in 

this analysis. As has been reported elsewhere (Melton et al., 2013), much of the differences in 
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bottom-up estimates (and inverse estimates informed by priors from bottom-up models) stem 

from how CH4 emitting regions and wetland extent are identified (e.g., Melton et al., 2013; 

Zhang et al., 2017). As with most models, our accounting of CH4 was terrestrially focused and 

did not provide estimates for rivers (see Stanley et al., 2022), open water lakes and ponds.  

4.2.3 Regional NECB 

Our estimate of Arctic-boreal NECB, when considering terrestrial NEE and CH4 emissions 

(and not factoring in CH4 uptake) was -815 TgC yr-1 with boreal wetland and tundra CH4 

offsetting the NEE sink by only 4%. Accounting for aquatic CH4 emissions from open water 

(using recent estimates from Johnson et al., 2021, 2022), and emissions from fire (van Wees et 

al., 2022), reduced the NECB sink status by 21%.  

Although we found the full region to be a NECB sink (based on average NECB, with a large 

range of uncertainty), we also observed NECB local source areas. These source areas included 

portions of the Alaskan Interior (primarily within burned landscapes), Yukon–Kuskokwim Delta 

(YKD), and North Slope coastal regions where CH4 emissions from wetlands and open water 

contributed to the net carbon source status. In Canada, NECB source areas included Nunavvut, 

the Northwest Territories, northern regions of Saskatchewan and Manitoba, and northwest 

Quebec which have experienced substantial drought and fire disturbance (Whitman et al., 2019; 

Zhao et al., 2021). In Siberia, NECB source occurred primarily across the tundra, driven by Reco 

outpacing GPP, and within the southern boreal zone which has been impacted by drought and 

fire (Sun et al., 2021; Veraverbeke et al., 2021).  

We acknowledge a very large uncertainty in high latitude aquatic emission budgets (for CH4, 

and CO2 which was not included in our budget estimates; Billett et al., 2015; Webb et al., 2019); 

this may contribute to substantial underestimation of regional carbon emissions. Additionally, 

small ponds are largely unaccounted for in water body maps, and are not well represented in CO2 

and CH4 emissions budgets. Not accounting for emissions from small ponds has been shown to 

result in substantial overestimation of net carbon uptake in tundra (Beckebanze et al., 2022). 

Further, we recognize possibly substantial CO2 and CH4 emission contributions stemming from 
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rapidly thawing and collapsing permafrost landscapes and the release of older carbon from 

deeper soil reservoirs (Turetsky et al., 2019; Miner et al., 2022), which remains largely 
unaccounted for by EC towers, ecosystem models, and regional carbon budgets.  

 

5.  Conclusions and Implications for Future Work 

Our study indicates that the Arctic-boreal region contributed to substantial NEE sink activity 

over the 2003–2015 period, with most of the CO2 sink driven by forests across the Siberian 

boreal zone. Conversely, the tundra region ranged from neutral to a small NEE source and, in 

many areas, was a stronger NECB source when considering CH4 and fire emissions. Accounting 

for CH4 and fire emissions in the boreal region resulted in a NECB source in some wetland 

complexes (e.g., the Alaska YKD) and in landscapes disturbed by drought and wildfire. 

As with this assessment, other reports have highlighted the importance of the boreal CO2 sink 

– perhaps on par with the tropical forest sink (Tagesson et al., 2020) – and indicate a large 

unrealized potential of boreal forests to sequester additional carbon (approximately 46 PgC total) 

through protection and restoration (Walker et al., 2022). Although some studies estimate that this 

NEE sink will continue to increase through 2100 (White et al., 2001; Holmberg et al., 2019), it is 

very likely that an increase in fire activity, already observed in more recent years, will threaten 

historic carbon gains (Walker et al., 2019). Fire disturbances are often identified as the primary 

driver of changing carbon budgets across the Arctic-boreal region (Bond-Lamberty et al., 2007), 

with added effects from extreme water stress – drought and inundation (Peng et al., 2011; Helbig 

et al., 2017). Fire activity in permafrost systems is also an added threat because it can accelerate 

soil thaw, and the release of older carbon (Schädel et al., 2016; Turetsky et al., 2019). Given the 

considerable boreal carbon sink observed in this study, and the threat of increased disturbance 

reducing the forest sink, we recommend the urgent protection of highly productive boreal regions 

through targeted fire management and limits to human disturbances (Shvetsov et al., 2021; 
Phillips et al., 2022).  
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Although we observed similarities in reported NEE between TCFM-Arctic and other bottom-

up models (especially those calibrated for high-latitude regions), for some models there was 

substantial disagreement in the estimated sign and magnitude of NEE. Discrepancies in modeled 

carbon budgets have also been identified elsewhere (e.g., McGuire et al., 2012; Melton et al., 

2013; Fisher et al., 2014; Natali et al., 2019; Virkkala et al., 2021), and this issue remains 

problematic in the science community’s attempt to reconcile the status and trajectory of high 

latitude ecosystem carbon budgets (Euskirchen et al., 2022). However, we did find the regional 

TCFM-Arctic estimates to align closely with those from top-down models (i.e., especially 

CarbonTracker-CH4 and OCO-2 MIP LNLGIS), providing some consensus. Moving forward, 

coordinated efforts between bottom-up and top-down (atmospheric) communities to identify key 

model assumptions and sources of agreement and uncertainty – including the representation of 

soil hydrology and its influence on uncertainty (de Vrese et al., 2022) –  must be prioritized to 

close the gap in Arctic-boreal carbon budget estimates. Increasing atmospheric sampling (e.g., 

flasks, tall towers, airborne) networks within high-priority Arctic-boreal sub-regions, while also 

leveraging trace gas observations from satellites, would allow for top-down vs bottom-up model 

comparisons at more local scales (Lauvaux et al., 2012; Schuh et al., 2013; Parazoo et al., 2016).  

At present, spaceborne monitoring systems are unable to track changing emission 

contributions in winter (Parazoo et al., 2016), which is a period of substantial carbon emission 

(Natali et al., 2019; Watts et al., 2021; this study), but are increasingly able to monitor changing 

atmospheric CO2 and CH4 concentrations in shoulder and summer seasons at relatively fine 

spatial resolutions (1 - 10 km), improving the detection of regional shifts in the NECB (Byrne et 

al., 2022b; Miner et al., 2022). Investments in future satellite missions that provide the capacity 

for year-round detection of CO2 and CH4 (e.g., such as the planned Methane Remote Sensing 

Lidar Mission, MERLIN; Ehert et al., 2017) should be a high-priority, as well as investments in 

combined active and passive microwave spaceborne sensors for finer-resolution, year-round 

detection of soil thermal and moisture states (building upon lessons learned from NASA’s 

SMAP mission).  However, even with improvements in spaceborne detection and inversion 
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modeling, bottom-up approaches (i.e., in situ monitoring sites and model simulations) will be 

needed to diagnose local trajectories of change, and to identify how various ecosystem 

components and feedbacks are amplifying or mitigating observed changes in the carbon cycle 

(Schuur & Mack, 2018).  

Based on our analysis, we identify a pressing need for new investments in local EC tower 

and regional atmospheric monitoring networks that target: 1) larch-dominated ecosystems, 

especially those in eastern Siberia; 2) poorly characterized boreal grasslands/shrublands; 3) 

boreal and tundra landscapes undergoing severe ground thaw following fires and thermokarst; 4) 

aquatic ecosystems, including small ponds (focusing on CH4 and CO2 emissions). We also 

emphasize an immediate need for continued investments that support, and expand, year-round 

EC monitoring at all tower sites across the domain. Acquiring these observations is crucial in 

determining the primary drivers of uncertainties in bottom-up and top-down models, and the 

overall status and trajectory of this rapidly changing region.  
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Table 1 Annual total carbon budgets (TgC yr-1) across the Arctic-boreal domain considering TCFM-Arctic informed NEE and NECB in terms of: 
NEE + terrestrial (non-aquatic wetland) CH4 emissions; NEE + terrestrial CH4 emissions + aquatic open water CH4 emissions (Johnson et al., 
2021; 2022), and carbon emissions from wildfires (GFEDv5; van Wees et al., 2022).  
 

Region NEE NEE + CH4 
NEE + CH4 + Open 

Water CH4 

NEE + CH4 + Open 
Water CH4 + Fire 

All Tundra & Boreal (EU + NA) -850 -815 -810 -640 

Tundra (EU + NA) -16 -9.4 -8.2 -6.2 

                   Tundra (EU) -10.5 -6.7 -6.3 -5.2 

                   Tundra (NA) -5.1 -2.7 -1.9 -1 

Boreal Forest (EU + NA) -311 -311 -310 -216 

                   Boreal Forest (EU) -248 -248 -247 -199 

                   Boreal Forest (NA) -63 -63 -62 -17 

Boreal Wetland (EU + NA) -274 -246 -244 -204 

Boreal Wetland (EU) -190 -171 -171 -149 

Boreal Wetland (NA) -84 -75 -74 -56 

Boreal Grasslands/Shrubland (EU + NA) -249 -249 -248 -213 

           Grasslands/Shrublands (EU) -181 -181 -181 -158 

           Grasslands/Shrublands (NA) -68 -68 -67 -55 
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Figure Captions 

 
 
 
Figure 1 Land cover for high latitude regions (shown here extending down to 45°N) as derived 
from the merged ESA CCI-LC 2010 (Kirches et al., 2014) and Circumpolar Arctic Vegetation 
Map (CAVM; Walker et al., 2005). Yellow circles s EC flux tower sites from SI Table 1; orange 
circles denote EC sites from ABCFlux. Land cover classes include dwarf shrub tundra, non-
tussock (NT) sedge/shrub tundra, tussock (T) sedge/shrub tundra, wet sedge/moss tundra, boreal 
wetland, boreal evergreen needleleaf forest (ENF), boreal deciduous needleleaf and broadleaf 
forests (DNF, DBL), boreal mixed forest, boreal grassland/shrubland, managed lands 
(developed, croplands), and sparse/barren lands.  
 

Figure 2 Relationships between monthly average carbon fluxes obtained from EC tower records; 
in situ temperature, soil moisture, and thaw depth (for permafrost environments) from EC site 
measurements for different land cover classes (tundra (T), boreal wetlands (BW), and boreal 
forest (BF)). The carbon flux components are NEE, GPP (provided as negative values here to 
indicate carbon uptake), Reco, and CH4 in units of gC m-2 month-1. Shown here are the 
relationships of NEE vs a) air temperature, b) soil temperature at 5 cm depth, c) soil moisture, d) 
thaw depth, e) land cover class; GPP vs f) air temperature, g) soil temperature, h) soil moisture, 
i) thaw depth, j) land cover class; Reco vs k) air temperature, l) soil temperature, m) soil moisture, 
n) thaw depth, o) land cover class; CH4 vs p) air temperature, q) soil temperature, r) soil 
moisture, s) thaw depth, t) land cover class. Corresponding equations for the fitted lines are 
found in SI Table 3. We did not examine relationships between carbon fluxes and in situ 
observations of deeper soil temperatures and depth of water table because these were not 
available across sites. Negative values for thaw indicate depth below surface.  

 
 
Figure 3 Average TCFM-Arctic annual budgets (TgC yr-1) by region for a) net ecosystem CO2 
exchange (NEE) and b) CH4 emissions. In addition, annual budgets normalized by area (gC m-2 

d-1) are provided for NEE (c) and CH4 (d). Regions are defined as tundra, boreal forests, boreal 
wetlands, or boreal shrublands/grasslands within Eurasia (EU) or North America (NA). 
  
 
 
Figure 4 Average annual carbon flux (all units g m-2 yr-1) across the Arctic-boreal domain from 
2003–2015 as informed by daily 1-km TCFM-Arctic simulations: a) GPP; b) Reco; c) NEE; d) 
tundra and boreal wetland CH4 emissions with TWI masking.  
 
 
Figure 5  Comparisons of total annual fluxes across the full Arctic-boreal domain for years 
2003–2015, estimated from the TCFM-Arctic and other models: the satellite- informed SMAP 
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L4C flux product (Kimball et al., 2014); statistically upscaled CO2 estimates from FluxCom 
(Jung et al., 2020; RS and RS+METEO) and Virkkala et al. (2021); an arctic variant of the 
Community Land Model Version 5 (CLM 5; Birch et al., 2021); results from six atmospheric 
CO2 inversions (ACI; Liu et al. 2020); v10 Orbiting Carbon Observatory inversion IS, LNLG, 
and LNLGIS experiment results (OCO-2 MIP; Byrne et al., 2022a, b); statistically upscaled CH4 
estimates from Peltola et al. (2019); CarbonTracker-CH4 from Bruhwiler et al. (2014). Annual 
flux budgets are shown for a) GPP, b) Reco, c) NEE, and d) CH4. Negative values of GPP indicate 
uptake of CO2 from the atmosphere. Negative values of NEE indicate net carbon sink (where the 
magnitude of GPP > Reco).  
 
 
Figure 6 Maps of a) average annual NEE + terrestrial CH4 from 2003–2015; b) NEE + terrestrial 
CH4 + aquatic open water CH4 sources; c) NEE + terrestrial CH4 + carbon sources from fire; d) 
NEE + terrestrial CH4 + aquatic open water CH4 + fire.  Units are in g C m-2 yr-1. 
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