
1. Introduction
Northern permafrost regions contain approximately 1,460–1,600 Pg soil organic carbon(Schuur et  al.,  2022), 
and these regions will gradually shift from carbon sinks to carbon sources in this century (Miner et al., 2021; 
Turetsky et al., 2020). Under high emission scenarios (RCP 8.5 in IPCC 5, A2 in IPCC4), soil organic carbon 
loss from permafrost thaw ranged from 9 to 140 Pg (1 Pg = 10 15 g) carbon by 2100 (Burke et al., 2013; Deimling 
et al., 2012; Koven et al., 2011; Schaefer et al., 2011; Zhuang et al., 2006). Based on an expert assessment, the 
permafrost carbon loss was estimated at 120–195 Pg C by 2100 under the RCP 8.5 scenario (Schuur et al., 2013). 
An ensemble of 50 models projects CO2 release from permafrost to be 3–41 Pg C per 1°C of global warming by 
2100 (Masson-Delmotte et al., 2021). These studies highlighted the importance of permafrost-affected carbon 
and suggested that permafrost thaw will lead to considerable carbon loss. However, our knowledge is far from 
sufficient to draw conclusions about the carbon budget in the permafrost regions.

Abstract Climate warming increases carbon assimilation by plant growth and also accelerates permafrost 
CO2 emissions; however, the overall ecosystem CO2 balance in permafrost regions and its economic impacts 
remain largely unknown. Here we synthesize in situ measurements of net ecosystem CO2 exchange to assess 
current and future carbon budgets across the northern permafrost regions using the random forest model and 
calculate their economic implications under the Shared Socio-economic Pathways (SSPs) based on the PAGE-
ICE model. We estimate a contemporary CO2 emission of 1,539 Tg C during the nongrowing season and CO2 
uptake of 2,330 Tg C during the growing season, respectively. Air temperature and precipitation exert the 
most control over the net ecosystem exchange in the nongrowing season, while leaf area index plays a more 
important role in the growing season. This region will probably shift to a carbon source after 2,057 under 
SSP5-8.5, with a net emission of 17 Pg C during 2057–2100. The net economic benefits of CO2 budget will 
be $4.5, $5.0, and $2.9 trillion under SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. Our results imply that a 
high-emission pathway will greatly reduce the economic benefit of carbon assimilation in northern permafrost 
regions.

Plain Language Summary The permafrost regions account for approximately 22% of the land area 
in the northern hemisphere. The soil organic carbon stored in permafrost is about twice as much as currently 
contained in the atmosphere. Once permafrost thaws, the soil organic carbon will be utilized by microbes, 
and large amounts of CO2 will be released, further accelerating climate warming. On the other hand, warming 
significantly promotes vegetation growth and makes more carbon to be absorbed. The current and future carbon 
balance in northern permafrost regions remains largely unknown. Here, we calculated the carbon budget based 
on in situ observations of CO2 flux. Our results provide a deep insight into understanding how much carbon has 
been assimilated and released in northern permafrost ecosystems. Our findings have important implications for 
the future role of northern permafrost in regulating the ecosystem carbon cycle and economic benefit.
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•  Economic benefits of carbon sinks 
will be greatly reduced under a high 
emission pathway
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The total area of permafrost regions, including continuous, discontinuous, sporadic, and isolated permafrost 
zones, is about 21 million km 2 in the Northern Hemisphere, and the actual area underlain by permafrost is about 
14 million km 2 (Obu et al., 2019). Therefore, the carbon budget across the entire northern permafrost regions 
should be examined as an integrated system. Most previous studies modeled the carbon loss from thawing perma-
frost, while the effects of soil temperature increase on the carbon loss in non-permafrost regions are poorly 
estimated (Virkkala et al., 2021). Furthermore, the effects of plant growth on the carbon budget in permafrost 
regions are still controversially debated. There are declarative viewpoints that the permafrost carbon loss cannot 
be compensated for by increased plant growth in the growing season (Abbott et al., 2016; Schuur et al., 2015), 
while the results from an ensemble of general circulation models indicate that the positive feedback of permafrost 
carbon to the global climate will be small due to the increasing of vegetation carbon under a warming climate 
(Schaphoff et al., 2013).

The terrestrial ecosystem generally uptakes carbon in the growing season and releases carbon in the nongrow-
ing season (López-Blanco et al., 2019; McGuire et al., 2012). The net ecosystem exchange (NEE) represents 
the balance between CO2 uptake by photosynthesis and CO2 release by autotropic respiration and organic 
matter decomposition. There are great uncertainties in the NEE estimations using process and inversion models 
(Chaudhary et al., 2020; Keenan & Williams, 2018) due to the differences in the model structure, as well as 
disagreements on the timing and amount of permafrost carbon release and vegetation (McGuire et al., 2018). For 
example, based on the analysis of observations, process-based models, and inversion models, it was estimated that 
the carbon budget in the Arctic tundra ranged from −291 to 80 Tg C y −1 (McGuire et al., 2012). Field monitoring 
across high-latitude regions can provide detailed information about NEE at the site level, but these  measure-
ments have rarely extended beyond a decade (Belshe et al., 2013; Li et al., 2021; Schädel et al., 2018). Recently, 
machine learning and regression models have been used for predicting carbon fluxes based on the relationship 
between CO2 flux and predicting variables at the regional scale (Natali et al., 2019, 2022; Warner et al., 2019). 
Using the machine learning model, the carbon loss during the nongrowing season was estimated at 1,662 Tg per 
year (Natali et al., 2019). Nevertheless, due to a lack of comprehensive analysis of the carbon exchange in both 
nongrowing and growing seasons, the annual carbon budget over the high-latitude permafrost regions remains 
unknown. This knowledge gap represents a major hurdle to the improvement of carbon budget prediction in the 
permafrost regions and the corresponding economic impacts on the future (Natali et al., 2021; Schuur et al., 2015; 
Virkkala et al., 2021).

Here, we examine the patterns, processes and driving factors of CO2 budgets in the growing and nongrowing 
season. We also estimate the carbon fluxes by 2100 using meteorological data and carbon cycle drivers from 
ensembles of the Coupled Model Intercomparison Project (CMIP6) for shared socioeconomic pathways (SSPs) 
1–2.6, 2–4.5, and 5–8.5. Furthermore, we calculate the economic implications of the carbon budget under differ-
ent SSPs using the PAGE-ICE model. The workflow is shown in Figure S1 in Supporting Information S1. These 
efforts provide a temporally and spatially explicit carbon budget pattern and reveal important insights into future 
permafrost carbon–climate feedbacks and their economic implications in northern high-latitude regions in the 
future.

2. Data and Methods
2.1. Data Collection

We complied a dataset of in situ CO2 emissions and potential driving variables, including climatic and environ-
mental variables, during 2002–2017. We used a random forest (RF) machine learning approach to upscale these 
data to seasonal and annual average NEEs. We defined the nongrowing season from October to April (Natali 
et al., 2019; Schädel et al., 2018), and the growing season from May to September (Natali et al., 2014). The 
synthesized dataset includes sites in high-latitude permafrost regions from the literature (Natali et  al.,  2019) 
and the global carbon flux network including AmeriFlux (Novick et al., 2018), Asia Flux (Kim et al., 2016) and 
EuropeFlux database cluster (Paris et  al., 2012; Valentini, 2003) (Figure 1, Table S1 in Supporting Informa-
tion S1). In total, there are 135 sites that measured carbon fluxes in the nongrowing season (October to April) and 
55 sites that measured carbon fluxes in the growing season (May to September) (Table S2 in Supporting Infor-
mation S1). The dataset represents a total of 143 monitoring sites and comprises 608 aggregated monthly fluxes.

The climatic and environmental variables (Table S3 in Supporting Information  S1), including air tempera-
ture (Ta), soil temperature (Ts), precipitation (P), and leaf area index (LAI), were obtained from the NASA 
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Modern-Era Retrospective analysis for Research and Applications (MERRA-2) product (Gelaro et al., 2017). 
Gross primary productivity (GPP) data with a resolution of 0.01–0.05° were obtained from the global GPP data-
set (1982–2018), which was used in the research on climate change and carbon cycle (Wang et al., 2021). Soil 
organic carbon (SOC) contents at a depth of 0–30 cm were obtained from the Northern Circumpolar Soil Carbon 
Database (NCSCD, 0.1° resolution) (Hugelius et al., 2014). Land cover data were retrieved from the European 
Space Agency (ESA) Climate Change Initiative V.3 land cover classifications (300 m). Soil texture data, includ-
ing soil sand (Sd), volumetric soil water (Svwc) and soil clay (Sy), were obtained from the Global Soil Dataset for 
use in Earth System Models (GSDE). All geospatial data were regirded at a resolution of 0.1° prior to CO2 flux 
upscaling.

2.2. Data Filtering and Gap Filling

The nongrowing season CO2 flux data collected using chambers placed on soil, chambers placed on snow, and 
diffusion from snow were obtained from published literature (Natali et al., 2019). The CO2 eddy covariance (EC) 
flux data of nongrowing and growing seasons were downloaded from AmeriFlux, Asia Flux and EuropeFlux. 
The EC fluxes were calculated for each 30-min interval using the raw data processing software EddyPro (v7.0.6, 
LI-COR Inc.) (Wutzler et al., 2018). To obtain time series CO2 flux data, we filled the data gaps using the marginal 
distribution sampling (MDS) algorithm, implemented in the ReddyProc R package (Wutzler et al., 2018). The 
missing CO2 flux values were derived from a look-up table or from the mean diurnal course, depending on the 
length of the data gap and the availability of meteorological input variables, that is, radiation, air temperature, and 
water vapor deficit. The look-up table approach replaces the missing value with the average value under similar 
meteorological conditions within a certain time window (Falge et al., 2001). If the differences in solar radiation, 
temperature and vapor pressure deficit (VPD) were less than 50 W m −2, 2.5°C, and 5.0 hPa, the meteorological 
conditions were assumed to be similar, and the blank values were filled using the values under similar meteoro-
logical conditions (Nieberding et al., 2020). If there were no similar meteorological conditions within a certain 
time window, the missing value was replaced using the average value at the same time of the day (1 hr). For some 
sites that did not meet the criteria for EddyPro processing, we used RF machine learning to fill the gaps (Nemitz 

Figure 1. Field stations for CO2 flux eddy covariance in the northern permafrost regions. There are 42 chamber sites 
indicated by red triangles (Natali et al., 2019), 80 eddy covariance sites indicated by yellow circles in the growing season and 
nongrowing season, and 21 sites measured using chambers placed on snow or based on diffusion from snow are indicated by 
purple rectangles. The permafrost map was obtained from the literature (Obu et al., 2019).

 19449224, 2023, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

B
007750 by Purdue L

ibraries A
nd T

he School O
f Inform

ation Studies, W
iley O

nline L
ibrary on [13/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Global Biogeochemical Cycles

MU ET AL.

10.1029/2023GB007750

4 of 13

et al., 2018). There were 80 eddy tower sites in this study, of which 23 sites were already processed in the liter-
ature (Natali et al., 2019), and 11 sites did not require gap filling. A total of 46 sites need to be interpolated, in 
which 20 sites were filled up using the look-up table approach of ReddyPro, and the others were processed using 
RF. The time span of each site that needs to be interpolated is different, which depends on the missing data. All 
the interpolated data are processed into the monthly data of the corresponding site for spatial upscaling. The 
gap-filled data met the USTAR criteria through the database processing pipeline. To assess the accuracy of the 
missing data-filling methods, we randomly selected five sites to compare the data-filling methods using RF and 
Reddypro. The results showed that relative error (RE), the root mean square error (RMSE) and mean squared 
error (MAE) values from RF were lower than those of Reddypro (Table S4 in Supporting Information S1), indi-
cating that filling the missing data at the sites using RF was appropriate.

2.3. Random Forest

We used an RF machine learning method to fill the missing data for the 20 sites. The RF model can be run on 
the R platform. For the model training, the “caret” package was selected to optimize the random forest model. 
Based on the main factors that affect NEE, we selected inputting parameters for RF: air temperature (Ta), Ts is 
the soil temperature (Ts), precipitation (P), leaf area index (LAI), and gross primary production (GPP). All of 
these data were monthly average values. We also included the land cover type (Lc), soil sand (Sd), soil clay (Sy), 
volumetric soil water content (Svwc) and soil organic carbon content (SOC) in the model (Table S3 in Support-
ing Information S1). We used a 10-fold cross-validation method to evaluate the accuracy, and the accuracy was 
evaluated by the root mean squared error (RMSE), mean absolute error (MAE), and coefficient of determination 
(R 2). The results show that the monthly average R 2 value is 0.388, with RMSE and MAE values of 0.267 and 
0.218 g C−CO2 m −2 d −1 (Table S5 in Supporting Information S1). When the training function is used to improve 
the performance of the RF model, there will be 3 n models, and n is the number of parameters adjusted in the RF. 
Then, the RF model automatically selects the best model based on the above three parameters and calculates the 
relative importance of each driving variable to the NEE.

2.4. Spatial Upscaling of CO2 Fluxes

We scaled the modeled CO2 flux data using RF methods to the northern permafrost areas (>45°N) with a total 
land area of 15.86 × 10 6 km 2 excluding major lakes. For upscaling these CO2 fluxes during 2002–2017, the 
environmental data were extracted from the geographic raster dataset as the driving variables. This multilayer 
raster dataset was created using the “dismo” package. The total NEE of the growing and nongrowing seasons 
was simply calculated from the monthly NEE of the entire high-latitude terrestrial ecosystem by summing all 
the cells. The monthly mean daily CO2 fluxes (g C–CO2 m −2 d −1) were generated for each grid at a resolution of 
0.1°. The total high-latitude CO2 budget was calculated according to the monthly fluxes in the terrestrial area for 
each grid cell by subtracting the water body fractions (ESACCI-LC-L4-Water Body) from each grid cell area. 
The calculation method is as follows:

𝑆𝑆NEE =

∑𝑛𝑛

𝑖𝑖
NEE𝑖𝑖 × 𝑆𝑆cell × 𝑑𝑑 

where SNEE is the summed NEE in all high-latitude permafrost regions, NEEi is the monthly mean estimated value 
of each grid pixel (g C-CO2 m −2 d −1), i and n are the ordinal and number of pixels, Scell is the area of each grid 
cell, and d is the day number. To access the uncertainty of the upscaled result, the average root mean square error 
(RMSE) values outputted by the final model and then the summed RMSE of the entire region were calculated 
based on the assumption that all the grids had the same RMSE values.

2.5. Comparison of RF With Terrestrial Biosphere Models and Projection of CO2 Budget

We compared our results in the nongrowing and growing seasons to outputs from 15 Terrestrial Biosphere 
Models in the Multiscale Synthesis and Terrestrial Model Intercomparison Project (MsTMIP) in the North Amer-
ican Carbon Project (NACP), including the BIOME-BioGeochemical Cycles Model (BIOME-BGC), Commu-
nity Land Model (CLM), CLM4VIC, the Canadian Land Surface Scheme and Canadian Terrestrial Ecosystem 
Model (CLASS-CTEM), the Dynamic Land Ecosystem Model (DLEM), the Global Terrestrial Ecosystem 
Carbon Model (GTEC), the Integrated Science Assessment Model (ISAM), Lund–Potsdam–Jena model (LPJ), 
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the Organizing Carbon and Hydrology In Dynamic Ecosystems Land Surface Model (ORCHIDEE), the Simple 
Biosphere Model (Version 3) (SIB3), the combined Simple Biosphere/Carnegie-Ames-Stanford Approach Model 
(SIBCASA), the Terrestrial Ecosystem Model (Version 6.0) (TEM6), TRIPLEX-GHG, the Vegetation-Global 
Atmosphere-Soil Model (VEGAS), and the Vegetation Integrative Simulator for Trace gases Model (VISIT) 
(Jeong et al., 2018). For the projected CO2 flux, inputs for the RF model of future scenarios of CO2 budget in 
nongrowing and growing seasons were obtained from ensembles of Earth System Models (ESM) outputs from 
the Sixth Coupled Model Intercomparison Project (CMIP6) for SSP1-2.6, SSP2-4.5, and SSP5-8.5. The input 
variables included the mean monthly winter near-surface air temperature (Ta) and soil temperature (Ts) at 30 cm 
depth (October-April), annual GPP, mean summer LAI (July and August), and mean monthly summer precipi-
tation (June-August). These data were generated by ensemble r1i1p1f1, derived from 9 models under SSP1-2.6, 
SSP2-4.5, and SSP5-8.5 (Table S6 and Figure S2 in Supporting Information S1). Ensemble mean SSP1-2.6, 
SSP2-4.5, and SSP5-8.5 predictor fields were re-projected to the Equal Area Scalable Earth (EASE) 2.0 format 
of 25 km grids. The output data are the monthly mean NEE (g m −2 d −1). The uncertainty of the projected NEE 
was calculated using a bootstrap method with 1,000 replications, and the 95% confidence interval was generated 
by the bootstrap method using the “boot” package in R language. The projected NEE from CMIP6 was obtained 
from the website https://esgf.nci.org.au/search/cmip6-nci/. We searched the data by “nep” as the keyword, which 
is also called as Net Carbon Mass Flux out of Atmosphere due to Net Ecosystem Productivity (NEP) on Land on 
the website of CMIP6. We treat the absolute values of NEP and NEE as equivalent (NEE = −NEP). Finally, we 
selected the NEE data of the models and used the average value as the projected NEE from CMIP6.

2.6. PAGE-ICE Integrated Assessment Model

The latest version of the PAGE-ICE (Aldy et al., 2016; Hope & Schaefer, 2016) model is widely used to assess 
the potential socio-economic impact that would result from carbon losses from the Arctic permafrost (Chen 
et al., 2019; Hope & Schaefer, 2016). PAGE-ICE consists of four main modules: emission, climate, discount, and 
impact. We utilized NEE predictions based on the CMIP6 model and anthropogenic emissions from the Shared 
Socioeconomic Pathways Database (Riahi et al., 2017) as inputs for the PAGE-ICE emission module to simulate 
the impact of permafrost carbon sinks on atmospheric greenhouse gas concentrations under future scenarios. 
Hence, the estimation is primarily influenced by the cross-model uncertainty of NEE simulations. Over time, 
the estimated impacts of climate change on society are based on an “impact function” that relates gross domestic 
production losses to global and regional average temperature changes and sea-level changes. PAGE-ICE divides 
the economic impacts of climate change into four categories, including direct and indirect damages to the overall 
economy, damages to non-economic sectors such as ecosystem services and public health, the effects of sea-level 
rise, and large-scale damages associated with tipping points. Based on simulations of future economic and demo-
graphic data, the economic impact of NEE changes in permafrost regions is estimated after taking into account 
the development of climate change adaptation technologies and the cost of emission reductions. The discounting 
module, taking into account the utility rate of interest and pure time preference rate, compressed future climate 
damages into a net present value. The parameters of PAGE-ICE adhere to the recommended settings(Yumashev 
et al., 2019), ensuring consistency and reliability in assessing uncertainty. All results were simulated and run 
100,000 times to perturb various model parameters and fully explore the economic impacts.

3. Results
3.1. Effects of Temperature and Other Driving Variables on NEE

Based on the RF model, the relative importance of each driving variable to NEE is shown (Figure 2). Air temper-
ature and precipitation had the most important influence on NEE in the nongrowing season, while leaf area index 
(LAI) had the most important influence on NEE in the growing season. The air temperature (relative influence 
14.6%) and precipitation (14.4%) played much more important roles in the NEE in the nongrowing season. While 
LAI (13.8%) and air temperature (13.3%) also influenced the CO2 emissions in the growing season. Air temper-
ature and LAI had the strongest influence on the fluxes with a combined relative influence of 27.0% and 27.8% 
in the growing and nongrowing seasons, respectively (Figure 2).

Soil temperature significantly influences the NEE in the high-latitude permafrost regions (Figure S3 in Support-
ing Information S1). During the nongrowing season, CO2 emissions showed small changes, ranging from 0 to 
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1 g C−CO2 m −2 d −1 when the soil temperature was below −5°C. When the soil temperature increased from −5°C 
to 5°C, CO2 emissions increased rapidly. During the growing season, CO2 uptake increased with soil temperature. 
The CO2 uptake varied from 0 to 1 g C−CO2 m −2 d −1 when the soil temperature was lower than 5°C. The CO2 
uptake increased slightly when the soil temperature was from 5°C to 10°C and increased rapidly when the soil 
temperature exceeded 10°C. The temperature sensitivity of NEE (Q10) was 9.97 in the nongrowing season and 
1.82 in the growing season, respectively (Figure S3 in Supporting Information S1).

3.2. CO2 Flux During the Growing and Nongrowing Seasons

The NEE in the high-latitude permafrost regions has a high spatial heterogeneity (Figure 3, Table S7 in Support-
ing Information S1). The total annual CO2 uptake is 2,330 Tg C−CO2, with an uncertainty of 960 Tg C−CO2 
during the growing season. The CO2 uptake is relatively low at latitudes of 65°–75°N with an NEE of −95 to 
−65 g C−CO2 m −2 yr −1, with the highest uptake values in the low latitudes of Northern America and Siberia. 
CO2 uptake during the growing season largely decreases with latitude (Figure 3a). During the nongrowing season, 
the total annual CO2 emissions are 1,539 Tg C−CO2, with a corresponding flux uncertainty of 392 Tg C−CO2 
during the nongrowing season. The CO2 emissions largely decrease with latitude, with the NEE in the nongrow-
ing season ranging from 20 to 69 g C−CO2 m −2 yr −1 at latitudes of 60°N–75°N and 55–85 g C−CO2 m −2 yr −1 at 
the latitudes of 45°–60°N (Figure 3b). Furthermore, the spatial uncertainties of NEE are shown in Figure S4 in 
Supporting Information S1.

3.3. Projected CO2 Flux Under Future Climate Warming

We calculate the future growing and nongrowing season CO2 exchanges using the RF model with environmen-
tal factors from the sixth Coupled Model Intercomparison Project (CMIP6) earth system model. Both the CO2 
uptake during the growing season and CO2 emissions during the nongrowing season significantly increase under 

Figure 2. The relative importance of each driving variable to NEE through RF during the non-growing seasons (NGS) (a) 
and growing seasons (GS) (b). Ta is air temperature, P is precipitation, LAI is leaf area index, Ts is soil temperature, Sy and 
Sd are soil clay and sand contents, SOC represents soil organic carbon contents, Lc represents land cover types, Svwc is 
volumetric soil water content, and GPP is gross primary production.
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the three emission pathway scenarios (Figure S5 in Supporting Information S1). The annual average estimate 
calculated by the RF in the nongrowing season was lower than the average estimates of 1,950 ± 1,019 Tg C per 
year for the same study area from the models in MsTMIP (Figures S6 and S7 in Supporting Information S1). 
Compared with the carbon budget during 2002–2017, both the CO2 uptake during the growing season and CO2 
emissions during the non-growing season increase under different emission pathways (Figure 4).

From 2018 to 2100, we estimated cumulative CO2 emissions of 180 Pg C, 196 Pg C, and 242 Pg C during the 
nongrowing season for SSP1-2.6, SSP2-4.5, and SSP5-8.5 (Figure S8a in Supporting Information S1). While 
during the growing season, the cumulative CO2 uptake was 234 Pg C, 235 Pg C, and 243 Pg C for SSP1-2.6, 

Figure 3. The spatial distribution of NEE during the growing season (a) and nongrowing season (b) in the northern 
permafrost regions for the baseline years 2002–2017.
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SSP2-4.5, and SSP5-8.5 (Figure S8b in Supporting Information S1). Based 
on the RF model, the annual NEE represents a carbon sink with a weakening 
trend under all the SSPs, indicating that climate warming will reduce the 
carbon sink of the northern permafrost regions. For the SSP5-8.5, the NEE 
represented a carbon source after 2057. The total CO2 uptake is approxi-
mately 18 Pg C during 2020–2056, and carbon release is approximately 17 
Pg C during 2057–2100 (Figure 4).

3.4. Economic Implications of Carbon Budget

Under the SSP1-2.6 and SSP2-4.5 pathways, the net ecosystem benefits 
show a slowing increase due to the gradual decline in the carbon sink. This 
suggests that the capacity of ecosystems to sequester carbon may diminish 
over time under these scenarios. However, the economic benefits remain 
similar upward trends because the changes in NEE and global gross domes-
tic production (GDP) are similar under the two pathways. This implies that 
the economic gains from other factors offset the decreasing carbon sink. In 
contrast, the SSP5-8.5 pathway portrays a concerning trend in ecosystem 
benefits. Around 2070, these benefits start to decline, indicating a poten-
tial deterioration of ecosystem services due to the exacerbation of climate 
change. The economic consequences are also notable, as the mean economic 
benefit decreases from $87.5 billion/yr in 2070 to $58.9 billion/yr in 2100. 
This suggests that the economic losses resulting from becoming a carbon 

source outweigh the growth of GDP. Such a situation implies the need for stringent measures to mitigate green-
house gas emissions and limit the adverse economic impacts associated with high-emission pathways. To assess 
the long-term economic implications, we incorporated the concepts of time value of money and discounting to 
provide an estimate of the total net economic benefits over the period 2021–2100. The results indicate that the 
SSP1-2.6 pathway is projected to yield total net economic benefits of $4.5 (5%–95% range: $2.6–$10.5) trillion. 
Similarly, the values for the SSP2-4.5 and SSP5-8.5 pathways are projected to be $5.0 (5%–95% range: $1.9–9.2) 
trillion and $2.9 (5%–95% range: $1.0–4.3) trillion, respectively (Figure 5).

4. Discussion
Our framework is unique in that it compiles a new dataset of growing and nongrowing seasons using chamber 
data and eddy covariance and investigates their respective drivers of these fluxes. CO2 emissions in the nongrow-
ing season increased by a factor of 9.97 per 10°C soil temperature increase (Q10) and by a factor of 1.82 for CO2 
uptake in the growing season. The differences in Q10 both in the nongrowing and growing seasons show that 

Figure 4. Projected annual NEE of CO2 using a random forest model under 
the shared socioeconomic pathways (SSPs) 1–2.6, 2–4.5, and 5–8.5.

Figure 5. Predicted annual economic impact due to the NEE under SSP1-2.6, SSP2-4.5 and SSP5-8.5.
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CO2 exchange is more sensitive to the nongrowing season warming. Thus, it further confirms that enhanced soil 
carbon loss due to winter warming may offset growing season CO2 uptake under future climate warming (Natali 
et al., 2019). CO2 emissions are relatively low below −5°C because cold temperature and low unfrozen water 
content limit microbial decomposition (Mu et  al.,  2016). When the temperature increases from −5°C to 5°C 
during the nongrowing season, there is a drastic increase in CO2 emissions. It has been demonstrated that when 
the soil temperature is around the freezing point, organic matter decomposition is mainly controlled by temper-
ature (Mikan et al., 2002; Mu et al., 2016). During the growing season, the NEE shows small changes when 
the temperature increases from −5°C to 5°C. This can be explained by the fact that increasing temperature can 
accelerate soil organic matter decomposition, while the plants are also able to recover and uptake carbon (Schädel 
et al., 2018). When the soil temperature is above 10°C, the CO2 uptake increases with temperature, suggesting 
that CO2 emissions are overwhelmed by vegetation growth during the growing season (Emmerton et al., 2016; 
Forkel et al., 2016; Mu et al., 2017). Thus, the negative relationship between NEE and temperature could be 
explained by the fact that high temperature can promote vegetation growth, thereby improving the photosynthesis 
and carbon uptake (Yao et al., 2022).

Air temperature is the most important driver of NEE, followed by leaf area index and precipitation. In the 
non-growing season, soil temperature controls soil respiration (Natali et al., 2019). In the growing season, soil 
temperature, air temperature, and leaf area index are closely associated with plant growth (Walker et al., 2003). 
GPP plays a less important role in NEE during the nongrowing season because the NEE is dominated by soil 
respiration in the CO2 uptake period (Watts et al., 2021). Another possible explanation is that GPP across large 
scales is dependent on the temperature in the growing season, length of season, and radiation, which regulate and 
provide resources for plant growth (López-Blanco et al., 2017; Virkkala et al., 2021). In general, we found that 
warmer and wetter conditions and better vegetation with high LAI and GPP increased the magnitude of annual 
NEE. The CO2 budget in the growing and nongrowing seasons is latitude dependent within the northern perma-
frost domain (>45°N), with higher carbon uptake and carbon emission in the low-latitude permafrost areas. This 
is in agreement with the decreased trends of annual NEE with increasing latitude for both deciduous broadleaf 
forests and evergreen needleleaf forests (Yuan et  al., 2009). This is because air temperature was the primary 
influencing factor.

The CO2 emission in our result (1,539 ± 392 Tg C per year) in the nongrowing season (October to April) was 
similar to the previous study (1,662 ± 813 Tg C per year) based on boosted regression tree analysis (Natali 
et al., 2019). Our study involved more field site data than previous reports, and more efforts in the future should 
be made to measure fluxes over the entire year in as many sites as possible in order to obtain better upscal-
ing results. Although the uncertainties introduced by gap-filling remain, the variation in annual CO2 emissions 
between multiple methods was small(Desai et al., 2008). Since this study is not designed for the explorations of 
how the different gap-filling approaches influence fluxes, understanding the uncertainties caused by gap-filling 
remains an important research priority (Virkkala et al., 2021). The differences between the RF and models in 
MsTMIP (Figures S6 and S7 in Supporting Information S1) can be attributed to the different upscaling meth-
ods and the number of monitoring sites. To decrease the differences between our simulation and the Terrestrial 
Biosphere Models, some areas with few monitoring sites such as central Siberia, European Russia, Canada and 
Mongolia should pay more attention to understanding the sink-source patterns of permafrost regions.

During the growing season (May to September) in 2002–2017, our results have a similar pattern with the esti-
mates from the models in MsTMIP (Figure S7 in Supporting Information  S1). We estimated approximately 
−2,330 Tg C per year with a flux uncertainty of 960 Tg C per year, which is much higher than that derived from 
process-based terrestrial models (−687 to −1,647 Tg C) (Natali et al., 2019). The carbon assimilation during 
the growing season in our study is comparable with the results (−1,261 to −3,566  Tg  C per year) from the 
MsTMIP models (Figure S7 in Supporting Information S1). These differences can be attributed to the differ-
ent parameterization schemes and structures in the models, and different environmental gradients (Pastorello 
et al., 2020). Predictions based on machine learning methods have been shown to have higher model accuracy 
and transferability (Tramontana et al., 2016). Furthermore, it performed well when predicting to the same data 
that the models were trained with (Virkkala et al., 2021). Therefore, our results were comparable to those of the 
Terrestrial Biosphere Models in the non-growing seasons and growing seasons. Compared to the nongrowing 
season, higher uncertainties and lower predictive performance existed in the growing season because the variable 
growing season measurement periods were used in the NEE across the studies (Virkkala et al., 2021). Therefore, 
it is urgent to build models at a finer temporal resolution, especially in the growing season, so that we can better 
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estimate the NEE and capture rapidly changing transition periods. There are greater heterogeneities in the spatial 
distribution of NEE, which can be attributed to the comprehensive effects of influential factors, including the 
soil temperature and water content, soil carbon content, vegetation and snow cover (Forkel et al., 2016; Jafarov 
& Schaefer, 2016; Loranty et al., 2018). Both the CO2 emissions in the non-growing season and CO2 uptake in 
the growing season changed with latitude, with higher values in forests and grasslands at lower latitudes (Xue 
et al., 2021).

The projected annual NEE in our study shows that the terrestrial ecosystem will shift to a carbon source after 2057 
under the SSP5-8.5. In a previous report, the results from several models suggested that the substantial net losses 
of ecosystem carbon would not occur until after 2100 (McGuire et al., 2018). The projected carbon emissions 
in the nongrowing season are similar to projections from the CMIP6 ESM ensemble (Figure S8 in Supporting 
Information S1), which suggests that our data-driven RF model may offer good NEE estimates in the nongrowing 
season. The projected CO2 uptake during the growing season is substantially lower than the values from ESMs 
in CMIP6 (Figure S8 in Supporting Information S1). Since the increasing trends of the effects of climate warm-
ing and CO2 fertilization on vegetation photosynthesis will slow (Piao et al., 2017; Wang et al., 2020), the CO2 
uptake in the growing season may decrease. The RF model may provide more conservative estimates because 
current in situ observations may not adequately reflect future environmental responses to substantially warming 
growing seasons. However, the present ESMs are possibly missing the permafrost thawing processes and mecha-
nisms that might lead to current uncertainties in the estimates of growing and nongrowing CO2 exchange (Natali 
et al., 2019; Turetsky et al., 2020). Although there are still great uncertainties in future prediction, we highlight 
the importance of the responses of NEE in nongrowing and growing seasons to warming in the future ESMs when 
predicting permafrost carbon dynamics in a changing environment.

The net economic benefit will be reduced by about 50% under SSP5-8.5 in comparison with SSP1-2.6 path-
ways. Under the SSP1-2.6 and SSP2-4.5 pathways, the slowing increase trends of the net ecosystem benefits 
are similar to the gradually decreasing CO2 uptake rates. For the SSP5-8.5 pathway, the CO2 uptake during 
2020–2056 (18 Pg) is similar to the CO2 emissions during 2057–2100 (17 Pg). As a result, although the north-
ern permafrost regions shift to a carbon source since 2057, the overall economic effects are still positive. These 
results are different from the previous results that the permafrost carbon emissions in the northern permafrost 
will cause serious economic loss (Chen et al., 2019; Hope & Schaefer, 2016). The main reason for this differ-
ence is that previous studies focused on the economic impacts of the carbon loss from permafrost-affected soils 
(Chen et al., 2019; Hope & Schaefer, 2016), while our study considered the NEE from the permafrost regions. 
Our findings underscore the importance of considering both ecological and economic factors when formulating 
climate change mitigation and adaptation strategies. The analysis reveals that pursuing low-emission pathways 
(SSP1-2.6) can potentially lead to higher net economic benefits, whereas high-emission pathways (SSP5-8.5) 
may result in economic losses due to carbon emissions and NEE changes in permafrost regions. Policymakers 
and stakeholders should take these projected economic impacts into account and prioritize actions that align with 
sustainable development goals, balancing environmental protection and economic growth.

There are great uncertainties in the carbon cycle in the northern permafrost regions among different terrestrial 
biosphere models (Fisher et al., 2014; McGuire et al., 2018). Our results show that the annual NEE will change 
from a CO2 uptake to a release in the 2060s under the SSP5-8.5, while we stress that the northern permafrost 
regions will be likely to act as carbon sources much earlier than that. This is because the NEE value is much 
lower than the net biome productivity (NBP), which represents a long-term carbon storage. Globally, disturbance 
or harvest accounts for a very important part of the NEE (Schuur et al., 2022; Wilkinson et al., 2023). It has been 
reported that the soil carbon pool during 2000–2009 is almost static in the northern permafrost regions (Abbott 
et al., 2016). Therefore, although the negative NEE in our results indicates carbon assimilation by plants, some of 
the carbon may be released back into the air through other mechanisms (Raymond et al., 2013; Schuur et al., 2022; 
Wik et al., 2016; Wilkinson et al., 2023). For example, wildfires led to a carbon loss of approximately 260 Tg C per 
year in the 2010s (Abbott et al., 2016), riverine-exported carbon reached 40 Tg C per year (Karlsson et al., 2021; 
Mu et al., 2019; Serikova et al., 2018), and CO2 emissions from rivers were much higher than the exported values 
(Raymond et al., 2013). In addition, CO2 emissions from lakes (Elder et al., 2018; Wik et al., 2016), thermokarst 
landscapes (Turetsky et al., 2020) and coastal erosion (Nielsen et al., 2022) are not negligible. Abrupt thaw and 
wildfire disturbance are not simulated in any Earth System Model, which results in large uncertainties in future 
Arctic permafrost carbon budgets due to climate change (Miner et al., 2022; Turetsky et al., 2020). Furthermore, 
permafrost regions have a great potential to emit much more CH4 (Treat et al., 2018; Zona et al., 2016). It was 
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estimated that regional CH4 emissions from tundra and boreal wetlands were approximately 35 Tg CH4-C year −1 
using a satellite data-driven process-model for northern ecosystems (Watts et al., 2023). Similar to CO2 emis-
sions, understanding CH4 emission magnitude and its driving factors in the growing and nongrowing seasons still 
requires more in situ observations to narrow the uncertainties of the carbon budget.

5. Conclusions
Our results showed that the current carbon release is 1,539 Tg C (with an uncertainty of 392 Tg C) per year in 
the northern permafrost regions during the non-growing seasons (October-April) and uptake is 2,330 Tg C (with 
an uncertainty of 960 Tg C) per year during the growing seasons (May-September). The terrestrial ecosystem 
would be a carbon sink by 2100 under SSP1-2.6 and SSP2-4.5, but it will shift to a carbon source after 2057 
under SSP5-8.5. Since there are other disturbances such as wild fire and development of thermokarst terrains can 
release carbon, there is a high risk that permafrost ecosystems will shift from carbon sinks to sources in the future. 
Without considering other processes of carbon loss, the cumulative economic impacts of the carbon budget 
changes during 2020–2100 are largely positive, while the economic benefits under SSP5-8.5 will be only half 
that of SSP1-2.6. Our results provide a deep insight into understanding how much carbon has been assimilated 
and released in northern permafrost ecosystems. Our findings have important implications for the future role of 
northern permafrost in regulating the ecosystem carbon cycle and economic benefit.

Data Availability Statement
All the data and the code are available at Zenodo via https://zenodo.org/record/8185908 (Mu et al., 2023).
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