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Abstract: A huge amount of carbon (C) is stored in permafrost regions. Climate warming and
permafrost degradation induce gradual and abrupt carbon emissions into both the atmosphere and
hydrosphere. In this paper, we review and synthesize recent advances in studies on carbon stocks
in permafrost regions, biodegradability of permafrost organic carbon (POC), carbon emissions, and
modeling/projecting permafrost carbon feedback to climate warming. The results showed that: (1) A
large amount of organic carbon (1460–1600 PgC) is stored in permafrost regions, while there are large
uncertainties in the estimation of carbon pools in subsea permafrost and in clathrates in terrestrial
permafrost regions and offshore clathrate reservoirs; (2) many studies indicate that carbon pools in
Circum-Arctic regions are on the rise despite the increasing release of POC under a warming climate,
because of enhancing carbon uptake of boreal and arctic ecosystems; however, some ecosystem model
studies indicate otherwise, that the permafrost carbon pool tends to decline as a result of conversion
of permafrost regions from atmospheric sink to source under a warming climate; (3) multiple
environmental factors affect the decomposability of POC, including ground hydrothermal regimes,
carbon/nitrogen (C/N) ratio, organic carbon contents, and microbial communities, among others;
and (4) however, results from modeling and projecting studies on the feedbacks of POC to climate
warming indicate no conclusive or substantial acceleration of climate warming from POC emission
and permafrost degradation over the 21st century. These projections may potentially underestimate
the POC feedbacks to climate warming if abrupt POC emissions are not taken into account. We
advise that studies on permafrost carbon feedbacks to climate warming should also focus more on
the carbon feedbacks from the rapid permafrost degradation, such as thermokarst processes, gas
hydrate destabilization, and wildfire-induced permafrost degradation. More attention should be
paid to carbon emissions from aquatic systems because of their roles in channeling POC release and
their significant methane release potentials.

Keywords: climate warming; carbon stocks; permafrost; atmosphere; aquatic systems

1. Introduction

A large quantity of carbon (C) (1460–1600 Pg C) is stored in permafrost regions
in the northern hemisphere [1,2]. Permafrost organic carbon (POC) amounts to nearly
twice the size of the carbon pool in the atmosphere (~730 Pg C), or about thrice that
of terrestrial vegetation C [3,4]. Clathrates in terrestrial and subsea permafrost are also
included in this permafrost C inventory. Carbon stocks in permafrost regions are a globally
important C pool in climate-sensitive cold regions, such as the arctic, boreal, alpine, and
high-plateau regions [5]. In recent decades, persistent climatic warming at an average rate
of 0.060 ◦C·yr−1 has been extensively reported in high-latitudinal regions, which is twice
faster than that of the global average [6]. On the Qinghai-Tibet Plateau (QTP), the largest
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expanse of elevational permafrost on Earth, the average rate of climate warming was at
0.045 ◦C·yr−1 (1980–2018) [7].

Climate warming will unlock organic carbon and nitrogen sequestered in permafrost,
emitting large quantities of greenhouse gases, such as CO2, CH4, and N2O, by microbial
decomposition, into the atmosphere, and forming positive feedback to climate warm-
ing [2,3,8]. Currently, carbon fluxes in Arctic permafrost regions are estimated as a CO2
sink at rates of 0.3–0.6 Pg C·yr−1 and a CH4 source at rates of 23–75 Tg C·yr−1 and they
are projected to be both CO2 and strengthened CH4 sources by 2100 [9]. Another portion
of POC will be delivered into the aquatic ecosystems in forms of particulate organic C
(PTOC) and dissolved organic C (DOC) (e.g., [10–12]). Released POC will go into fluvial
systems and eventually be deposited into deep oceans, altering the terrestrial–oceanic C
distribution. Organic C in aquatic systems can also be further microbially converted into
CO2 or CH4 [13–15].

Configurations of permafrost degradation can be characterized by gradual degra-
dation or abrupt permafrost thaw [16]. The former, such as the top-down degradation,
shrinkage of permafrost extent, and others, will induce relatively slow, yet extensive C
emissions from permafrost regions [2]. By pooling observations from more than 100 Arctic
field sites, Natali et al. (2019) estimated an average release of 1662 Tg C (2003–2017) from
permafrost each winter, double that of past estimates [17]. However, abrupt permafrost
degradation will induce imminent C release to both the atmosphere and aquatic systems.
A mega-slump in Bataigaika, upper Yana River Basin, Eastern Siberia, may have emitted
millions of tons of CH4 into the atmosphere over a very short time [18]. Arctic coastal
lowlands consist of organic- and ice-rich permafrost and are endowed with a significant
DOC storage [19]. Tanski et al. (2019) pointed out that the erosion and recession of these
coasts could release a large amount of permafrost carbon directly into the Arctic Ocean [14].

Carbon emission in responding to permafrost degradation is impacted by a synergy
of multiple environmental factors (e.g., [3,8,20–22]). Mutual interactions between these
environmental factors and microbial activities in the soil are complex [23]. Without an
adequate understanding of the mechanisms of microbial activities in responding to (cryo-)
pedogenesis, it is difficult to accurately model, simulate, and predict C emission under
scenarios of permafrost thawing [24]. Thus, in this paper, we review and synthesize
recent studies on and research advances in C stock and its stability in permafrost regions,
biodegradability of organic C in permafrost regions, C emission impacted by permafrost
degradation, and model projecting/modeling of permafrost C feedback to climate warming.
This study can help provide a baseline understanding on POC stock and its positive
feedbacks to climate warming and close the research gaps on permafrost C dynamics.

2. Carbon Stocks in Permafrost Regions
2.1. Soil Organic Carbon (SOC) Stocks in Permafrost Regions

Soil is the largest organic C pool in terrestrial ecosystems. It is also the most important
terrestrial organic C pool in permafrost regions. Stocks of soil organic carbon (SOC) in
permafrost regions have been intensively studied in recent years (e.g., [1,25–35]). With dif-
ferent estimation methods or models, associated soil depths or horizons, recent geological
time, and ecosystem types, SOC stocks have been estimated in different permafrost regions.
Parts of these estimations are listed in Table 1.
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Table 1. Distribution of soil organic carbon (SOC) in permafrost regions.

Regions Soil Horizons
or Depths (m)

Time
Period

Areal Extent
(106 km2)

Soil Organic
Carbon Density

(kg·m−3)

Carbon Stock
(Pg C) References

Latitudinal permafrost regions (1460–1600 Pg C)

Arctic/Antarctic

Arctic 0–0.25 present 5.6 18.81 ~26.33 [26]

High Arctic 0–0.3 present 1.068 31.21 10 ± 3 [1]

High Arctic 0–1 present 1.068 22.47 24 ± 8 [1]

High Arctic 1–2 present 1.068 6.55 7 ± 5 [1]

High Arctic 2–3 present 1.068 2.81 3 ± 3 [1]

Yedoma 1 >3 present 1.387 4–17 58–371 [27]

Yedoma >3 LGM 2 1.32 16.32 390–446 [28]

Siberian yedoma >3 present 1 18 450 [4]

Siberian yedoma >3 present 1 18.5 ~407 [29]

Deltaic deposits >3 present 0.08 8.3–56.2 91 ± 52 [1]

Antarctic <1 present 0.495 0.725 [30]

Antarctic Peninsula <1 present 0.1 0.6 [30]

Circumpolar/boreal/Sub-Arctic regions

Circum-Arctic regions 0–0.3 present 18.782 33.95 191.29 [29]

Circum-Arctic regions 0–0.3 present 17.8 40.64 217 ± 12 [1]

Circum-Arctic regions 0–1 present 18.782 26.40 495.8 [29]

Circum-Arctic regions 1–2 present 17.8 19.94 355 ± 81 [1]

Circum-Arctic regions 2–3 present 17.8 11.63 207 ± 42 [1]

Circum-Arctic regions 0–3 present 18.782 18.17 1024 [29]

Circum-Arctic regions 0–3 present 17.8 19.38 1035 ± 150 [1]

Circum-Arctic regions 0–3 present 17.8 1084 [31]

Circum-Arctic regions 0–3 LGM 1 29.3 790 [31]

Boreal forest 0–3 present 12.0 4.17 150 [32]

Boreal and subarctic peatland 0–1.1 present 3.46 70.9–97.2 270–370 [33]

Boreal and subarctic peatland 0–2.3 present 3.345 59.14 455 [32]

Boreal and subarctic peatland 0–3 present 3.46 457–683 [31]

Boreal and subarctic peatland 0–3 LGM 0.87 30 [31]

Elevational permafrost regions (21.7–42.7 Pg C)

Qinghai Tibet Plateau (QTP)

QTP 0–1 present 1.35 12.81 17.3 ± 5.3 [34]

QTP 0–2 present 1.35 7.85 27.9 ± 8.0 [34]

QTP 0–3 present 1.35 3.78 33.3 ± 9.4 [34]

QTP >3 present 1.35 3.77 127.2 ± 37.3 [34]

QTP 0–2 present 1.48 6.20 18.34 ± 7.0 [36]

QTP 0–3 present 1.06 11.45 36.4 ± 2.5 [37]

QTP 0–3 present 1.72 4.20 21.69 [38]
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Table 1. Cont.

Regions Soil Horizons
or Depths (m)

Time
Period

Areal Extent
(106 km2)

Soil Organic
Carbon Density

(kg·m−3)

Carbon Stock
(Pg C) References

Alpine/mountain regions

Alps 0–1 present 5 × 10−3 7–35 0.04–0.18 [39]

Urals 0–0.5 present 0.13 7.7–39.3 0.50–2.55 [40]

Andes 0–1 present 2.6 × 10−2 [1] 5.2–88.3 0.1–2.3 [41]

Altai (Russia) 0–1 present 5.1 × 10−5 2.0–3.2 [42]
1 Yedoma is an ice-rich loess, with volumetric ice content of 50–90% and organic carbon content of 2–5%, mainly distributed in the
northeastern part of North Siberia, Alaska, and Canada; 2 LGM: Last Glacial Maximum (ca. 30–20 ka BP).

In the circumpolar permafrost regions (17.8 × 106 km2), 15% of global land area, SOC
storage at depths of 0–3 m is estimated at 1035 ± 150 Pg C, equal to nearly one-third of
global SOC storage at the same depths of 0–3 m [2]. Nearly half of this SOC is stored
at depths of 0–1 m in permafrost regions (472 ± 27 Pg C), and SOC density declines
downwards [11,34]. About 58–371 Pg C is found in the ice- and organic-rich and thick
yedoma permafrost (at depths of 0–20 m) with an area extent less than 1.4 × 106 km2 [27].
In the High Arctic of 1.1 × 106 km2 in areal extent and comparable to that of yedoma
regions, SOC is estimated at 34 ± 16 Pg C (0–3 m in depth). The Antarctica is extensively
covered with ice and with only a 0.35% ice-free area (49,500 km2). An SOC of 0.725 Pg C
is estimated for Antarctic soils [30]. Spatial distribution of SOC in latitudinal permafrost
regions indicates huge surface organic C stocks (<1 m) and yedoma permafrost C at depth
and boreal/subarctic peatlands with the highest C density (59.1–97.2 kg·m−3) among per-
mafrost regions; this may potentially act as future C sources for the atmosphere and aquatic
systems. Since the Last Glacial Maximum (LGM at 30–20 ka B. P.), permafrost areal extents
have declined substantially from the LGM to present, while the total SOC has increased
by ~300 Pg C, with limited peatlands (0.87 × 106 km2) having been developed, forming a
major atmospheric C sink and sequestrating 427–653 Pg C from the atmosphere [31]. The
SOC in yedoma permafrost regions during the LGM is estimated at 390–446 Pg C (>3 m in
depth), in comparison with that of the present at 58–371 Pg C [27,28]. They may suggest a
substantial carbon transfer (ca. 75–332 Pg C) from the pedosphere and cryosphere to the
atmosphere and hydrosphere. Therefore, permafrost C has not been a net C source since
the LGM, but an internal C transfer has occurred within northern permafrost C pools [31].

Elevational permafrost covers an area of 2.5 × 106–4.9 × 106 km2 [43]. The areal extent
of the QTP (ca. 2.6 × 106 km2), about one-half of which is underlain by alpine and high-
plateau permafrost, accounts for nearly 70% of the areal extent of elevational permafrost
in the world [44–47]. The SOC stock at depths of 0–3 m in plateau permafrost regions
is estimated at 21.69–42.7 Pg C [34,37,38]. On the QTP and in other alpine/high-plateau
permafrost regions, SOC content is generally low, with an average of 15.2 ± 1.3 kg m−2,
due to thin, sedimentary, or overburdened strata and poorly developed soil [43].

2.2. Subsea Permafrost Carbon Storage

During the LGM, the global sea level was ~125 m (120–150 m) lower than that of
the present [48]. The continental shelf of the Arctic Ocean, especially in Eastern Siberia
and Alaska, is among the globally shallowest continental shelves, with an area extent of
~3.0 × 106 km2 [2]. Under intermittent warming climates since the Late Pleistocene to the
early Holocene, the rising of sea levels has resulted in frequently inundated arctic tundra
ecosystems in the coastal terrains. In the Last Interglacial Stage (127–116 ka BP), global sea
level was 9–11 m higher than that of the present [48]. As a result of submerging extensive
LGM permafrost, a large stock of carbon is stored in the subsea permafrost domains.
Sayedi et al. (2020) reported an organic carbon pool of 560 Pg C (170–740, 90% confidence
level) in subsea permafrost and of 45 Pg C (10–110) as methane hydrates [49]. The subsea
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permafrost has undergone degradation, transferring POC into both the atmosphere and
the Arctic Ocean by coastal erosion [2]. An annual CO2 emission of ~29 Tg C from the
subsea permafrost in Arctic Siberia (9.87 × 105 km2) [50] and 38 Tg C (13–110) from the
subsea permafrost has been estimated. Annual CH4 emission ranges from 3–18 Tg C
from the subsea permafrost [49,51,52]. Insufficient measurements of subsea permafrost
largely increase uncertainties of estimates in subsea carbon storage and a wide range of
carbon emission rates. Current assessments of C emission from subsea permafrost are
more focused on atmospheric C emission, and they largely neglect the lateral C emission
as dissolved/particulate organic carbon (DOC/PTOC) into the Arctic waters, which may
underestimate the magnitude of subsea permafrost domains as a carbon source.

2.3. Methane Hydrate Storages in Permafrost Regions

Methane hydrates in permafrost regions have high potentials of CH4 emission due
to the warming climate and greater unit warming power of CH4 in the atmosphere in
comparison with that of CO2 [53]. An early estimation of CH4 hydrates in the Arctic
permafrost regions was reported as 580 Pg C [54]. Later, a more conservative estimation
yielded a stock of 20 Pg C sequestered in Arctic permafrost regions [55]. Methane hydrates
in subsea permafrost domains are 45 Pg C [49]. Methane hydrates on the QTP amount to
175.4 ± 39.2 Pg C [56]. However, this estimate awaits further confirmation and is highly
uncertain. Methane hydrates in permafrost regions are mostly present in coastal areas
in the Circum-Arctic regions [57]. Due to the high vulnerability to external alterations
of temperature and pressure for the stabilization zone of methane hydrates [58], climate
warming and natural disasters, such as volcanic abruption, submarine earthquake, subsea
landslides, and large tsunami, can possibly destabilize methane hydrates and result in
abrupt C emissions.

The carbon emission of destabilizing methane hydrates has been started [2]. Kretschmer
et al. (2015) predicted an 0.03% loss of global inventory of methane hydrates (473 Tg C)
in the coming 100 years by melting hydrates [59]. Ruppel and Kessler (2017) emphasized
that the large burial depth and high density of overlying materials of methane hydrates
will relieve and retard the responses of methane hydrates to the warming climate [58].
Jin and Cheng (1997) noted that the CH4 emission from melting methane hydrates will
not cause a significant impact on the global climate by 2100 [57]. However, Maslin et al.
(2010) suggested disastrous positive feedbacks by abrupt CH4 emissions from destabilizing
methane hydrates [53]. As shown in Figure 1d, the explosion of permafrost mounds on the
Yamal Peninsula possibly has abruptly released a large amount of methane carbon into the
atmosphere, and more than 400 sealed craters was recently found and reported from more
than 7000 Arctic permafrost mounds [60].
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Figure 1. Thermokarst landscapes, which may also play important roles in carbon cycles in perma-
frost regions. Notes: (a) Thermokarst ponds near the Hudson Bay, Canada (Source: http://com-
mons.sikimedia.org/wiki/File: Permafrost thaw ponds in Hudson Bay Canada near Greenland. Jpg, 
accessed date (13 May 2021)); (b) thermal erosion gully near the Wanlong Worma Lake to the south 
of the Gyaring Lake in the southcentral Headwater Area of Yellow River on the northeastern Qing-
hai-Tibet Plateau, Southwest China (Photo by Dr. Qingfeng Wang); (c) coastal erosion and thermal 
slumps on the Qikiqtaruk-Herschel Island, Arctic Canada [14]; and (d) giant crater or sinkhole pos-
sibly formed by methane explosion on the Yamal Peninsula, northwestern Siberia (Source: https://si-
beriantimes.com/science/casestudy/news/n0415-danger-of-methane-explosions-on-yamal-penin-
sula-scientists-warn/). 
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incubation have indicated a high biodegradability of POC. By pooling the incubation data 
sets from 121 observation sites and 23 ecosystems, Schädel et al. (2014) concluded that 20–
90% of POC could be potentially mineralized within 50 incubation years [61]. Plaza et al. 
(2019) reported on the post-degradation organic C content in permafrost soils and found 
an annual rate of carbon loss as high as 4.5% yr−1 [22]. In peatlands permafrost regions in 
Western Canada, newly thawed permafrost can result in a carbon loss rate ranging from 
0.2% to 25% by 2100 [62]. 

Biodegradability of POC is determined by the properties of permafrost C, per se, as 
well as environmental factors, such as the microbial community (e.g., microbe abundance, 
community structure, and microbial types), SOC compositions, soil C/N ratio, soil hydro-
thermal conditions, and Eh and pH, among others [61,63–65]. The incubation experiment 
is widely adopted to examine the mechanisms of POC biodegradation [61,63,66]. Mackel-
prang et al. (2011) analyzed impacts of permafrost thaw on functional genes and CH4 
emission in incubation experiments, highlighting a rapid shift in functional genes and 
methanogenesis from frozen to thawed permafrost soils [67]. Xue et al. (2016) conducted 
an 1.5-year field warming condition/treatment and found markedly increased microbial 
richness and ecosystem respiration (38%) in a tundra ecosystem underlain by permafrost 
[68]. Kwon et al. (2019) noted that the microbial community composition would be 
changed, and species richness were closely related to subsequent C emissions upon thaw-

Figure 1. Thermokarst landscapes, which may also play important roles in carbon cycles in per-
mafrost regions. Notes: (a) Thermokarst ponds near the Hudson Bay, Canada (Source: http:
//commons.sikimedia.org/wiki/File: Permafrost thaw ponds in Hudson Bay Canada near Green-
land. Jpg, (accessed date 13 May 2021)); (b) thermal erosion gully near the Wanlong Worma Lake
to the south of the Gyaring Lake in the southcentral Headwater Area of Yellow River on the north-
eastern Qinghai-Tibet Plateau, Southwest China (Photo by Dr. Qingfeng Wang); (c) coastal ero-
sion and thermal slumps on the Qikiqtaruk-Herschel Island, Arctic Canada [14]; and (d) giant
crater or sinkhole possibly formed by methane explosion on the Yamal Peninsula, northwestern
Siberia (Source: https://siberiantimes.com/science/casestudy/news/n0415-danger-of-methane-
explosions-on-yamal-peninsula-scientists-warn/) (accessed on 21 September 2021).

3. Biodegradability of Permafrost Organic Carbon (POC)

The biodegradability of POC determines the responsiveness and intensity of the
feedback of permafrost C stocks to climate warming. Both field observations and laboratory
incubation have indicated a high biodegradability of POC. By pooling the incubation data
sets from 121 observation sites and 23 ecosystems, Schädel et al. (2014) concluded that
20–90% of POC could be potentially mineralized within 50 incubation years [61]. Plaza et al.
(2019) reported on the post-degradation organic C content in permafrost soils and found
an annual rate of carbon loss as high as 4.5% yr−1 [22]. In peatlands permafrost regions in
Western Canada, newly thawed permafrost can result in a carbon loss rate ranging from
0.2% to 25% by 2100 [62].

Biodegradability of POC is determined by the properties of permafrost C, per se,
as well as environmental factors, such as the microbial community (e.g., microbe abun-
dance, community structure, and microbial types), SOC compositions, soil C/N ratio, soil
hydrothermal conditions, and Eh and pH, among others [61,63–65]. The incubation exper-
iment is widely adopted to examine the mechanisms of POC biodegradation [61,63,66].
Mackelprang et al. (2011) analyzed impacts of permafrost thaw on functional genes and
CH4 emission in incubation experiments, highlighting a rapid shift in functional genes
and methanogenesis from frozen to thawed permafrost soils [67]. Xue et al. (2016) con-
ducted an 1.5-year field warming condition/treatment and found markedly increased
microbial richness and ecosystem respiration (38%) in a tundra ecosystem underlain by
permafrost [68]. Kwon et al. (2019) noted that the microbial community composition would
be changed, and species richness were closely related to subsequent C emissions upon
thawing of permafrost [69]. Soil C/N ratio is also an important controller of POC [61,65].

http://commons.sikimedia.org/wiki/File
http://commons.sikimedia.org/wiki/File
https://siberiantimes.com/science/casestudy/news/n0415-danger-of-methane-explosions-on-yamal-peninsula-scientists-warn/
https://siberiantimes.com/science/casestudy/news/n0415-danger-of-methane-explosions-on-yamal-peninsula-scientists-warn/
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Assembling and analysis of the data of aerobic soil incubations from 23 ecosystems in
northern permafrost regions, it was evident that the slow cycling pool size was closely
related with the soil C/N ratios, an index for upscaling biodegradability of POC across the
northern permafrost regions [61]. Ecosystem types and terrestrial vegetation biomes also
influence the biodegradability of SOC and POC in permafrost regions by impacting com-
positions of SOC, increased alkyl C, and decreased recalcitrant aromatic C (lignin-derived)
compounds [65,70,71]. After classifying the biodegradability of SOC in permafrost regions
according to landscape classes and soil geochemical parameters (e.g., C/N ratio and SOC
content), Kuhry et al. (2020) also upscaled the potential greenhouse gas release from
POC [65]. Soil hydrothermal conditions can also determine the decomposability and forms
of C emissions due to the aerobic or anaerobic environments [2,63,72]. Treat et al. (2015)
collected the results from incubation experiments all over the northern permafrost regions
and compared the results from different landscapes (vegetation types), soil properties (e.g.,
pH and soil types), and environmental factors (e.g., water table and temperature) to project
the biodegradability of SOC emitted as methane [73].

Current data sets on incubation experiments are essential to quantify the biodegrad-
ability of POC across the northern permafrost regions. With a more comprehensive envi-
ronmental factor data set of laboratory incubations for upscaling potential greenhouse gas
release from POC, in addition to the processive knowledge of mechanisms of potential
greenhouse gas release from POC, C emission can be projected more accurately under
uncertain future environmental conditions.

4. Carbon Emissions in Regions of Degrading Permafrost
4.1. Atmospheric CH4 and CO2 Emission Induced by Permafrost Degradation

Permafrost degradation can be manifested by a gradual mode, such as deepening
active layer, shrinking areal extent of permafrost, and gradually thinning permafrost,
and/or in an abrupt manner, such as the development of thermokarst, retrogressive thaw
slumping, frozen debris flows, landslides due to active-layer detachment failures, and
coastal thermal erosion, landslides, and collapses.

Atmospheric CH4 and CO2 emissions have been studied in permafrost regions in
the arctic, subarctic, and boreal regions and on the QTP, with varied ecozones, including
tundra, taiga forest, wetlands, peatlands, meadows, and steppes undergoing gradual
permafrost degradation (e.g., [22,74–76]. In the arctic tundra ecosystem, based on the
projected climate warming, Hollesen et al. (2011) reported a rate of CO2 emission at
~40 g C m−2 yr−1 at present and at 120–213 g C m−2 yr−1 in the future. In low boreal wet-
lands [77], Roulet et al. (1992) reported CH4 emission rates up to 5.7 g C m−2 yr−1 in beaver
ponds and 3.6 g C m−2 yr−1 in thicket swamps [74]. In boreal taiga permafrost regions,
the average rate of CO2 emission was estimated at 19 g C m−2 yr−1 [78]. In permafrost
regions on the QTP, an early report on the amount (rate) of CH4 emission from the cold
wetlands on the QTP was estimated at 0.7–0.9 Tg C·yr−1 (5.3–6.8 g C m−2 yr−1) [75]. This
estimation was later updated as 0.215–0.412 Tg C·yr−1 (2.4–4.5 g C m−2 yr−1) based on
more extensive and sophisticated studies [79]. Tao et al. (2007) reported rates of CO2 emis-
sion at 191.23 g C m−2 yr−1 for alpine meadows in permafrost regions on the northeastern
QTP [80].

An inconsistent regional estimation of carbon sink and/or source potentials under
a warming climate has been reported for regions of degrading permafrost with varied
ecosystem types. Virkkala et al. (2021) estimated the boreal regions as a carbon sink based
on a net ecosystem exchange (NEE) of −46 g C m−2 yr−1, because of the photosynthetic
offset of the released CO2 (soil respiration) [81] and the Arctic tundra served as a carbon
source at 10 g C m−2 yr−1 [82]. In the High-Arctic semi-desert regions, the carbon sink could
strengthen by an order of magnitude under a warmer-wetter climate, but the summer
carbon sink could be reduced by 55% under just a warming treatment [83]. In arctic
peatlands permafrost regions, a low water table on peatlands under dry conditions had
enhanced the POC feedback by adding atmospheric CO2 emissions. When the peatland
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water table remained low, Arctic peatlands would continue to serve as a potent C sink [84].
Alases are mature thermokarst landscape covering 17% central Yakutia lowland [85]. Alases
ecosystem with forest landcover is a reported small CH4 sink (0.01–0.3 C m−2 yr−1), with
wet-grass and ponded surface (1.7–86.4 g C m−2 yr−1) [85,86].

In contrast to gradual permafrost degradation, abrupt permafrost degradation, such
as thermokarst lakes (Figure 1a), thermal erosion gullies (Figure 1b), giant sinkholes
(Figure 1c), active layer detachment landslide offshore in the Arctic Canada (Figure 1d), and
retrogressive thaw-slump (Figure 2), occurs in periods of days to several years. Walter et al.
(2007) found CH4 bubbling from northern lakes at a rate of 0.06 ± 0.02 g CH4 m−2 d−1

to the atmosphere [87]. In interior Alaska, methane emission from a thermokarst lake is
reported at a rate of 0.15 ± 0.02 g CH4 m−2 d−1 [88]. CH4 emissions from thermokarst
lakes from typical alas landscape are the reported highest rates in Arctic and subarc-
tic regions [89]. Tanski et al. (2019) claimed that, when seawater eroded each gram of
permafrost, 4.3 ± 1.0 mg CO2 would be released into the atmosphere [14]. Parker et al.
(2021) simulated the abrupt thaw of excess ice and found excess-ice meltwater is effective
in high CH4 emission; once ice melt is connected to a subsurface flow, CH4 efflux is lim-
ited [90]. With an areal extent of 3.6 × 106 km2, Circum-Arctic thermokarst landscapes
cover about 20% of the northern permafrost region, with a similar POC feedback com-
parable to the extensive and overall permafrost degradation in a gradual manner [91,92].
Increased wildfire frequency and scales also contribute to abrupt carbon emission [6,93].
In 2020, an ever highest temperature (38 ◦C) was recorded in the Arctic and 35% more
CO2 was released by wildfires in comparison with that in 2019 and earlier recorded since
2003 [94].
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4.2. Lateral Carbon Flux in Regions of Degrading Permafrost

Under a warming climate, the lateral carbon flux, mainly in the form of dissolved organic
carbon (DOC), particulate organic C (PTOC), and dissolved inorganic carbon (DIC), is also an
important pathway of carbon emissions in regions of degrading permafrost [10,12,95–98].

After studying DOC concentrations in the rooting zone and groundwater in an Arctic
taiga permafrost region, MacLean et al. (1999) reported a higher DOC in the rooting zone
and a lower DOC in groundwater and springs [95]. This implies higher DOC fluxes in
watersheds underlain by extensive permafrost in comparison with those by a limited
presence of permafrost. This is probably due to the constrained water infiltration by
permafrost. Walvoord and Striegl (2007) investigated changes in streamflow patterns in the
Yukon River basin undergoing permafrost degradation and found a boosted groundwater
contribution to streamflow (0.7–0.9% yr−1), but without a pervasive change in annual flow
regimes and subsequently a decreased DOC flux and increased DIC flux [99]. Giesler et al.
(2014) studied long-term (1982–2010) aquatic DOC and DIC exports from permafrost-
dominated tundra catchments in northern Sweden and found a 9% increase in DIC and no
clear trend in DOC [100]. Guo et al. (2015) studied permafrost in a wetland catchment in
northeastern China and suggested an increased DOC export from the catchment due to
the warming-wetting climate [101]. By integrating the riverine chemistry coupled with a
decadal data set of discharge, Tank et al. (2016) reported increasing trends of DOC (+39.9%)
and DIC (+12.5%) fluxes in the Mackenzie River basin [102].

PTOC is also a major form of organic C in rivers/streams in permafrost regions.
McClelland et al. (2016) investigated PTOC flux from major Arctic rivers (e.g., Yenisey,
Lena, Ob¢, Mackenzie, Yukon, and Kolyma) and found annual a PTOC export mainly
concentrated in the spring (May and June) and winter PTOC export was less than 5% of
annual fluxes [103]. Lamoureux and Lafrenière (2014) confirmed their results, noting most
annual PTOC flux was exported in the snow-melting season and permafrost disturbances
dominated summer PTOC flux [104]. Other research reported dominance of vegetation
and fluvial erosion on fluvial PTOC (e.g., [105]). McClelland et al. (2016) presumed that
topographical inclination and water velocity impacted fluvial PTOC export [103]. The
change trends of lateral DOC, PTOC, and DIC fluxes in some individual northern or eleva-
tional permafrost regions were collected and sketched in Figure 3. Evidently, there were no
consistent change trends of in-stream DOC, PTOC, or DIC fluxes in permafrost catchments.
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Figure 3. Changes in fluvial dissolved organic carbon (DOC), particulate organic carbon (PTOC), and
dissolved inorganic carbon (DIC) exports in permafrost catchments. Note: The states of permafrost
degradation in each estimated catchment are classified as High degree of permafrost degradation
(HD), Low degree of permafrost degradation (LD), and Stable permafrost (SP) (data cited from [9,
101,105–112]).

Lateral C flux in regions of degrading permafrost is regulated and complicated by
many geo-environmental factors (e.g., vegetation and snow cover, permafrost disturbances,
hydrological pathways, and fluvial erosions). Discrepancy in estimates and/or predictions
of changes in the permafrost environment in individual catchment and future climatic
conditions lead to large uncertainties for changes in lateral C dynamics in permafrost
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regions. However, several recent studies have pointed out the significance of atmospheric
C emission from aquatic systems, probably due to important conduits of POC and methane
emission potentials (e.g., [15,113,114]). Under a warming climate, permafrost degradation
will alter the lateral flux of organic C to aquatic systems. Thus, neglecting this lateral
carbon flux will substantially underestimate the strength and channels of POC feedback to
climate warming.

5. Modeling and Projecting Permafrost Carbon Feedback to Climate Warming

Permafrost C stocks, biodegradability, and emission of permafrost carbon are baselines
of simulating permafrost C feedback to climate warming. Their studies can help make
alerts for the risks of environmental changes and assure the economic and productive
safety for policy makers [115–129].

Currently, studies on the model assessments of permafrost C feedback to climate warm-
ing include Earth system models or coupled assessment models, and simulations on abrupt
degradation feedback for climate warming are starting to be paid more attention. Wael-
broeck et al. (1997) coupled hydrological and thermal models with a net-CO2 flux model for
simulating the C accumulation/emission in a tundra ecosystem [115]. Khvorostyanov et al.
(2008) integrated a 1-D soil model with a permafrost model for investigating carbon flux
from yedoma terrains [116]. Koven et al. (2011) employed the Organising Carbon and
Hydrology In Dynamic Ecosystems (ORCHIDEE), a terrestrial ecosystem model coupled
with methanogenesis processes, and simulated the potential of permafrost carbon feedback
to climate warming [117]. MacDougall et al. (2012) adopted an oceanic and terrestrial
carbon circulation model by coupling the freeze–thaw processes, including permafrost
carbon, to assess the additional warming by permafrost degradation [118]. By coupling the
Lund–Potsdam–Jena managed Land (LPJmL), a global vegetation model, and permafrost
modules, Schaphoff et al. (2013) examined the carbon sink and/or source functions in
northern permafrost regions [119]. Von Deimling et al. (2015) developed a multi-pool
permafrost carbon model based on the observed permafrost carbon properties and by
taking into account of the abrupt permafrost degradation, e.g., formation of thermokarst
lakes and landslides [120]. Burke et al. (2017) integrated the Joint UK Land Environ-
ment Simulator (JULES) and the ORCHIDEE-MICT (aMeliorated Interactions between
Carbon and Temperature) with the Integrated Model of Global Effects of climate aNomalies
(IMOGEN) to compare with the simulation results with and without permafrost carbon
and quantify the additional warming from permafrost carbon [121]. Walter et al. (2018)
integrated the Community Land Model (CLM) with a physically based thermokarst lake
model for simulating permafrost carbon emission by taking into account of abrupt-thaw
carbon emissions [122]. Detailed information on some examples of models for evaluating
the feedback of permafrost carbon to climate warming are listed in Table 2.

Models of permafrost carbon emission have evolved from simulations of hydrothermal
processes integrated with terrestrial carbon cycle models to Earth system models for
climate modeling. However, there are still large uncertainties in modeling and projection
results. Considerations of simulating the thermokarsting processes largely constrain the
feedback of real-time permafrost carbon release to climate systems, which is a major part
of permafrost carbon transmitted to the atmosphere [92,122]. Moreover, fire-induced
permafrost degradation may be another major source of permafrost C feedback to climate
warming [72,124]. To date, this source from abrupt permafrost degradation is still missing
from these carbon or ecosystem models.
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Table 2. Models’ information on permafrost carbon feedback on climate warming.

Coupled Models Modeling Objectives Spatial
Resolution

Temporal
Resolution Reference

Hydrological and thermal model and
biogeochemical model net-CO2 flux 1.9◦ × 1.2◦ 1 day [115]

Permafrost model and 1-D soil model CO2 & CH4 fluxes by
degrading permafrost 0.5◦ × 0.5◦ 5 days [116]

ORCHIDEE (Organizing Carbon and
Hydrology in Dynamics Ecosystems) model

and CH4 module
net-CO2 and CH4 fluxes 1.0◦ × 1.0◦ 3 h [117,123]

UVic ESCM (University of Victoria Earth
System Climate Model) and permafrost model

CO2 flux by
permafrost degradation 3.6◦ × 1.8◦ 5 days [118]

LPJmL (Lund–Potsdam–Jena managed Land)
model and permafrost module Net ecosystem carbon exchange 0.5◦ × 0.5◦ 1 day [119]

Two-dimension multi-pool model CO2 and CH4 flux by
permafrost degradation 2.0◦ × 2.0◦ 1 day [120]

IMOGEN (Integrated Model Of Global Effects
of climatic aNomalies) net-CO2 flux 2.5◦ × 3.75◦ 30 min [121]

CLM4.5BGC coupled with 3-D thermokarst
lake model

CO2 and CH4 flux by
degrading permafrost 0.5◦ × 0.5◦ 1 month [122]

6. Summary, Inadequacies, and Prospects

Estimations of permafrost C stocks have been intensively studied and data collection
and computational procedures have been systematically and rapidly improving. There
are still large uncertainties in estimating for the subsea permafrost C and gas hydrates in
permafrost regions due to the scarce data in these regions. Emission rates of permafrost
carbon in response to climate warming largely depend on the biodegradability of per-
mafrost carbon. The practical biodegradability of POC is a synergy of soil properties (e.g.,
C/N ratio and SOC compositions) and geo-environmental factors (e.g., hydro-thermal
conditions, pH and Eh, and microbial community, among others). Permafrost C stocks and
biodegradability data sets in Circum-Arctic regions have been developed and constructed.
Projections of permafrost C feedback to climate warming reveal an accelerated C emission
in permafrost regions from abrupt permafrost degradation and intensified or intensifying
wildfires in permafrost regions.

Despite quantitative studies on organic carbon stocks and emissions in permafrost
regions, the strength and timing of C emission from northern permafrost regions in the
future remain evasive. Inadequacies in the estimation of carbon stocks, particularly in
subsea permafrost and gas hydrates in and under permafrost, tangle up the extents and
rates of permafrost C emissions. Laboratory incubation results for model upscaling are
essential to constrain the potentials of permafrost carbon emissions under a warming
climate, which are inadequate for current data sets on the decomposability of permafrost
carbon. Knowledge of POC decomposability mechanisms seems inadequate. Present-day
CO2 and CH4 emissions from northern permafrost regions have not been fully examined,
which would be useful to verify modeling results and parameterization. Abrupt permafrost
degradation contributes to a large amount of C emission. Aside from thermokarst processes,
methane hydrate explosions and wildfire-induced abrupt C feedbacks are also missing
from current models. Aquatic systems contribute to one-half of C emissions, of which the
stocks of organic carbon and release potentials are often neglected from the existing studies.

According to those mentioned above, several prioritizations of the impact of per-
mafrost degradation on carbon stocks and emissions are underlined here. (1) We suggest
to greatly and rapidly improve the reliability for the estimation of C stocks, especially in
subsea and gas-hydrate permafrost regions. (2) Laboratory incubation should be widely
conducted and related to environmental factors (e.g., microbial abundance and composi-
tions) to establish and improve the permafrost carbon monitoring and incubation network
and the associated databanks. (3) Observations of carbon emission in permafrost regions,
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including through remote sensing and data-miming techniques (e.g., machine learning
algorithms) and in situ observations, are essential to verify the modeling performance; and,
thus, should be greatly promoted and enhanced. (4) We propose to rapidly and extensively
develop observation and modeling networks for abrupt permafrost degradation, such as
those involving methane hydrate explosion and wildfire-induced permafrost degradation.
(5) We advise to estimate the C loads in aquatic systems and their release potentials for
additional carbon feedback to climate warming.
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