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A B S T R A C T   

The Third Pole (TP) is the largest alpine mountains on the Earth. Its cryosphere is shrinking and collapsing and 
the hydrosphere has subsequently changed under the warming climate in recent decades, potentially affecting 
the biogeochemical cycle. In particular, the carbon cycle has undergone dramatic changes, primarily because of 
the alterations between the cryosphere and hydrosphere. Carbon emissions from melting glaciers and thawing 
permafrost can trigger climate change feedback. However, carbon dynamics linked to the changes of cryosphere 
and hydrosphere under climate warming on the TP still require clarification comprehensively. Herein, we 
reviewed the current state of carbon stocks in the changing TP cryosphere and hydrosphere, focusing on their 
variations in permafrost, glaciers, and related inland waters (headwater rivers, thermokarst lakes, and glacial 
lakes). We also revealed the carbon release pathways into aquatic ecosystems and the atmosphere. Finally, we 
recommended research priorities to address the dynamics of carbon cycling and its possible future impacts on the 
TP. This review highlights the importance of carbon cycle dynamics in the TP under future climate change.   

1. Introduction 

As an essential cryospheric region at mid-low latitudes, the Third 
Pole (TP), including the core region of the Tibetan Plateau, Tien Shan, 
Hindu Kush, Karakoram, and the Himalayan Mountain range, has the 
largest storage of frozen water after the polar regions (Fig. 1) (Yao et al., 
2012). With great areas of glaciers, permafrost, and high-altitude lakes, 
the TP cryosphere and hydrosphere are called the “Asian Water Tower” 
(Immerzeel et al., 2020; Immerzeel et al., 2010; Yao et al., 2022). 
Several prominent Asian Rivers (e.g., the Yellow, Yangtze, Brahmaputra, 
Ganges, and Indus) originate from meltwater on the TP and supply water 
to approximately one billion people in the downstream regions (Azam 
et al., 2021; Immerzeel et al., 2010; Li et al., 2022a; Nie et al., 2021). 

Recently, the TP cryosphere has experienced rapid shrinkage, resulting 
in enhanced glacial melting, abrupt permafrost thawing, increased river 
runoff, and extended lake areas (Brun et al., 2018; Farinotti et al., 2019; 
Gao et al., 2021b; Yao et al., 2022; Zhang et al., 2022). Such changes 
influence the regional hydrological cycle and water resources, causing 
the TP hydrosphere imbalance (Gao et al., 2021a; Huss and Hock, 2018; 
Immerzeel et al., 2010; Yao et al., 2022). More importantly, these 
changes profoundly affect carbon cycling across the entire TP recently 
(Chen et al., 2022; Wei et al., 2021b). 

TP glaciers and permafrost contain a large amount of carbon (Ding 
et al., 2019; Mu et al., 2020). Previous studies have estimated the dis
solved organic carbon (DOC) stored in glaciers (Li et al., 2018b; Liu 
et al., 2016). The permafrost soil organic carbon (SOC) stock over the TP 
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fluctuates significantly with high uncertainties and is impacted by the in 
situ observed SOC data, temperature, precipitation, vegetation, and the 
topographic landscape (Mishra et al., 2021b). Owing to rapid climate 
warming and cryospheric melting, carbon stored in glaciers and 
permafrost can be re-released into aquatic ecosystems and the atmo
sphere. However, determining the pathways and constraining the 
amount of carbon released into the hydrosphere and atmosphere remain 
large uncertainty. Modeling studies have attempted to project the 
quantity of DOC or SOC that will be released when glaciers melt or 
permafrost thaws (Hood et al., 2015; Natali et al., 2021). In particular, 
the dramatic abrupt thawing of permafrost (thermokarst landscapes) 
owing to climate warming can accelerate SOC release (Gao et al., 2021b; 
Liu et al., 2018; Turetsky et al., 2019; Yang et al., 2018). The degrada
tion of permafrost has complex consequences for greenhouse gases 
(GHGs) dynamics in the TP as well as in the Arctic climate system (Yang 
et al., 2018). The biogeochemical and physical processes of permafrost 
on the TP has been operated at various temporal and spatial scales, 
which can trigger large scale feedback and have interactions with the 
Earth system. It is critical to understand these processes and their in
teractions between the physical, biogeochemical, and human di
mensions on the TP (Chen et al., 2022). It is also a challenge to analyze 
and identify similarities and differences in the responses of TP perma
frost and climate systems to variability of temperature and moisture 
(Wang et al., 2023). Some feedback mechanisms, such as energy and 

water exchange operate at local to regional scales whereas others, 
particularly the mobilization and transformation of carbon, and the 
GHG fluxes from different types of thawing permafrost, have the po
tential to operate at regional and global scales (Liu et al., 2018; Yang 
et al., 2023; Yang et al., 2018). 

In addition to lateral carbon transport from glaciers and permafrost 
to the hydrosphere, a significant amount of carbon-related GHGs (i.e., 
CO2 and CH4) are emitted into the atmosphere from permafrost thawing 
and glacial basins (Karlsson et al., 2021; Serikova et al., 2019; Wadham 
et al., 2012). GHGs has been observed to be released from the deep 
permafrost in the northern Tibetan Plateau (Mu et al., 2018). The 
thermokarst lakes and permafrost collapse on the TP outgas large 
amounts of CH4 into the atmosphere (Mu et al., 2023; Mu et al., 2016; 
Wang et al., 2021b; Yang et al., 2018). A study on the Greenland ice 
sheet indicated that the ice sheet bed can continuously export CH4-su
persaturated water during the melt season (Lamarche-Gagnon et al., 
2019). Along the boundaries of the Arctic, permafrost thawing and 
glaciers melting can facilitate the transient expulsion of CH4 trapped by 
the cryosphere (Anthony et al., 2012), playing a potential effect on 
formation of the Arctic planetary atmospheric maximum for CH4 and 
CO2 (Semiletov, 1999). Glacial cryoconite holes on the TP may also play 
an important role in CH4 emissions (Zhang et al., 2021b). These emis
sions substantially influence the net ecosystem carbon balance over the 
TP (Chen et al., 2022; Wei et al., 2021b). 

Fig. 1. Distributions of glaciers, glacial lakes, permafrost, thermokarst lakes, and lakes and river basins across the Third Pole. The TP includes >90,000 glaciers, with 
a total area of approximately 97,590 km2 (Farinotti et al., 2019). Intense glacier retreat and melting have formed numerous glacial lakes on the TP, indicating the 
potential for 15,826 glacial lakes covering 2253.95 km2 with a water volume of 60.49 km3 (Zhang et al., 2022). The permafrost covers approximately 1.06–1.48 
million km2 (Zhao et al., 2018; Zou et al., 2017). Thermokarst lakes form and develop on the TP due to rapid permafrost thaw, yielding a total of approximately 
161,300 thaw lakes with sizes ranging from 500 m2 to 3 km2 and a total area of approximately 2825.45 ± 5.75 km2 (Wei et al., 2021c). The area of lakes (larger than 
1 km2) in 2018 was approximately 50,000 km2 (Zhang et al., 2019). Melting water from glaciers and permafrost is the source of several prominent rivers in Asia (e.g., 
Yellow, Yangtze, Brahmaputra, Ganges, and Indus) with a total runoff of 565 Gt yr− 1 (Wang et al., 2021c), which also results in the extension of lakes (Yao et al., 
2022). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Rivers and lakes are essential inland water bodies that release GHGs 
(Raymond et al., 2013; Rosentreter et al., 2021). Freshwater, brackish 
lakes, and headwater rivers on the TP are affected by glacial meltwater 
and permafrost thawing (Immerzeel et al., 2010; Nie et al., 2021; Wang 
et al., 2021c; Zhang et al., 2019). OC release from Tibetan permafrost 
thawing can be transported into aquatic systems, consequently affecting 
GHGs emissions (Qu et al., 2017a; Qu et al., 2017b). Generally, the fate 
of carbon entering rivers includes outgassing, burial, and downstream 
transport (to the ocean) (Ran et al., 2015). Headwater rivers are also a 
significant source of GHGs (Li et al., 2021a; Zhang et al., 2020). Lakes on 
the TP, which are substantially influenced by cryospheric melting, are 
atmospheric conduits of GHGs (Xun et al., 2022; Yan et al., 2018). 

The TP cryosphere constitutes a critical linkage between the terres
trial, aquatic, and atmospheric carbon fluxes. In the TP cryosphere, 
glaciers and permafrost can be characterized by the long-term accu
mulation of carbon through dry and wet deposition (Ding et al., 2019). 
Under rapid climate warming and cryosphere retreat, lateral and verti
cal transport and carbon emissions have increased in recent decades. 
Thermokarst lakes and headwater rivers in the TP are hotspots for car
bon transport downstream and into the atmosphere (Mu et al., 2023; 
Zhang et al., 2020). This indicates that cryospheric and hydrospheric 
changes have profoundly impacted the regional carbon cycles (Chen 
et al., 2022). However, studies have yet to comprehensively combine 
carbon stocks and release from glaciers, permafrost, lakes, and head
water rivers across the TP. Their contributions to the net ecosystem 
carbon balance over the TP must be further analyzed based on detailed 
data. Therefore, to improve our understanding of the impacts of cryo
spheric melting on regional carbon cycles, it is critical to forecast re
sponses to current and future climate changes. 

In this review, we have synthesized current cryosphere related car
bon data over the TP and highlight the significance of carbon stocks and 
releases associated with changes in the cryosphere and hydrosphere 
across the TP. Specifically, based on the literature and datasets of DOC, 
particulate organic carbon (POC), black carbon (BC), and GHGs from 
glaciers, as well as data on SOC, POC, and GHGs from permafrost re
gions, and GHG emissions data from headwater rivers and lakes, we 
review the state of knowledge on carbon stocks in glaciers, permafrost, 
and thermokarst lakes. We discuss the release of carbon into rivers and 
the atmosphere on the TP. We also evaluate how cryosphere and hy
drosphere changes likely affect carbon cycling over the TP. Furthermore, 
based on current knowledge, we recommend future research directions 
for integrated cryospheric and hydrospheric changes and carbon dy
namics. To fill these critical gaps, a collective effort is required to 
quantify the climate effects of carbon released from permafrost and 
glacier melting in the future. 

2. Permafrost carbon storage and release 

Permafrost is the ground with a temperature at or below 0 ◦C for at 
least two consecutive years. The Earth’s permafrost carbon is mainly 
distributed in the Arctic and TP regions, depending on regional and 
global climate conditions, ecosystem dynamics, and anthropogenic ac
tivities in permafrost regions (Mishra et al., 2021b; Nitze et al., 2018). 
The permafrost contains a massive frozen storage of organic carbon 
(approximately 1600 Pg of carbon and 1079 Pg C in the top 3 m of the 
soil), which is equal to the amount of carbon in the Earth’s atmosphere 
(Hugelius et al., 2014; McGuire et al., 2016; Mishra et al., 2021b; Schuur 
et al., 2015; Wu et al., 2022; Zimov et al., 2006). The warming and 
thawing of permafrost promote the decomposition of frozen organic 
carbon, threatening regional climate change and carbon cycles (Natali 
et al., 2021; Olefeldt et al., 2016; Turetsky et al., 2020). Previous studies 
have indicated that the lateral transport of thawed permafrost carbon 
from land to rivers and oceans translocates GHGs released from thawing 
sites (Abbott and Jones, 2015; Vonk et al., 2015). Meanwhile, perma
frost thawing is one of only a few processes that can move significant 
quantities of SOC into the aquatic ecosystem and atmosphere in 

response to a changing climate on short timescales (Miner et al., 2021; 
Schuur et al., 2015; Turetsky et al., 2020). Substantial permafrost car
bon releases and emissions provide a rapid and significant positive 
feedback loop for climate change (Miner et al., 2022; Natali et al., 2021; 
Vonk et al., 2015), which has been further highlighted by the Sixth 
Assessment Report of Intergovernmental Panel on Climate Change (IPCC 
AR6) (IPCC, 2021). 

2.1. Carbon storage in TP permafrost 

Recent studies have examined the distribution and amount of 
permafrost SOC in the TP. Accurate estimations of the storage and dis
tribution of permafrost SOC are vital for investigating the regional 
carbon cycle and its potential impacts on climate and the environment 
(Mu et al., 2020; Wang et al., 2023). Previous studies have conducted 
large-scale field-scaling observations of soil pits and cores (Fig. S1) 
(Wang et al., 2021a). The spatial distribution of SOC stocks at different 
depth intervals reveals an overall decreasing trend from the southeast to 
the northwest of the TP (Fig. 2a and b) (Ding et al., 2019; Wang et al., 
2021a). Wetland regions in the eastern TP hold the greatest SOC stocks 
for soil depths of 0–3 m (> 32 kg m− 2), whereas the northern TP (the 
Qiangtang and Qaidam basins) had the lowest SOC stock (< 8 kg m− 2). 
Generally, SOC stocks decrease with increasing soil depth (Gao et al., 
2021b; Wang et al., 2021a). Approximately half of the SOC has been 
predicted to occur in surface soils with depths of 0–1 m (Mishra et al., 
2021b). The uppermost 30 cm soil accounts for 34.26% of SOC storage 
at depths of 0–3 m, with only approximately 17% stored at depths of 
2–3 m (Mishra et al., 2021b; Wang et al., 2021a). Diverse environmental 
factors, including surface air and soil temperatures, soil wetness, pre
cipitation, topographic attributes, elevation, and slope angle, pro
foundly influence the heterogeneity of SOC stocks in different 
permafrost regions and depth intervals (Mishra et al., 2021b). 

Permafrost on the TP covers an area of approximately 1.06 ×
106–1.086 × 106 km2 (Zou et al., 2017). TP permafrost contains 
approximately 14.4–40.9 Pg SOC in the top 3 m of soil based on different 
methods (Table S1 and Fig. 2c). For example, the modern soil carbon 
storage in permafrost is estimated to be approximately 36.6 Pg C at 
depths of 0–3 m based on machine learning techniques that account for 
paleoclimatic effects; this data is triple that predicted result by the 11 
ecosystem models (11.5 Pg C) (Ding et al., 2019). A machine learning 
approach provided an estimate of carbon storage of approximately 
21.69–24.49 Pg C at depth of 0–3 m (Wang et al., 2021a). Upscaled by 
soil classification, the permafrost SOC is estimated to be approximately 
40.9 Pg C (Jiang et al., 2019). The SOC calculated using the Random 
Forest and regression− kriging methods is 21.8 and 14.4 Pg C, respec
tively (Mishra et al., 2021b; Wu et al., 2022). The contributions of POC, 
mineral-associated organic carbon (MAOC), and iron-bound organic 
carbon (Fe-OC) are approximately 6.34%, 40.81%, and 6.78%, respec
tively (Liu et al., 2022a). Therefore, estimated storage is approximately 
0.91–2.59 Pg C − POC, 5.88–16.69 Pg C − MAOC, and 0.98–2.77 Pg C −
Fe − OC. 

The alpine permafrost of the TP is formed under very different cli
matic conditions compared with the Arctic permafrost. The Arctic 
permafrost is formed by weak solar radiation, particularly in winter. In 
contrast, alpine permafrost is formed at high altitudes and with much 
lower latitudes, that is 25–45◦N, where there is strong solar radiation. 
Consequently, this unique climate determines alpine permafrost carbon. 
For example, strong solar radiation on the TP induces higher gross pri
mary productivity (~700 g C m− 2 yr− 1) (Wei et al., 2021a), compared 
with that in the Arctic (~400 g C m− 2 yr− 1) (Li et al., 2021c). The active 
layer thickness is 203 cm on the TP and ~ 100 cm on Arctic permafrost 
(Wang et al., 2022b). Strong solar radiation also causes a rapid turnover 
time and shallow soil depth of the alpine permafrost on the TP (You 
et al., 2021), largely determining its carbon content, that is the soil 
carbon density of the TP accounts only 20% of its Arctic counterparts for 
the 0–3 m soil column (Mishra et al., 2021a). The most carbon-rich soil 
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layer (0–1 m) of the TP (6–9.5 kg C m− 2) is even less dense than the 2–3 
m soil layer of the Arctic permafrost (6–10 kg C m− 2). The 0–2 m soil 
layer accounts for 87% of SOC storage at depths of 0–3 m on the TP 
(Wang et al., 2021a), indicating that most SOC is within the range of 
active soil layers (203 cm on the TP), whereas <13% SOC is buried in the 
deep-frozen soil layers. In the Arctic, over 50% of SOC is buried in 
permafrost soil layers (~1 m). The difference in the soil profile with 
respect to SOC inevitably affects its feedback on climate warming. 

Thermokarst dynamics combined with SOC characteristics control 
the release of carbon from permafrost soil (Weiss et al., 2016). Sedi
mentary SOC storage in thermokarst lakes and ponds across the TP 
permafrost region is significant because of the rapid increase in their 
number and area (Wei et al., 2021c). However, they are highly vulner
able to climate change. The estimated top 3 m of sedimentary soil in 
thermokarst lakes across the TP, with data from 152 1-m-deep cores and 
32 0.5-m-deep cores, indicates that the sedimentary SOC stock is 
approximately 52.62 Tg in the top 3 m, with 53% of the SOC stored in 
the upper 1 m (Wei et al., 2022). The sedimentary carbon density of 
these thermokarst lakes is higher than that of the surrounding perma
frost soil at different depths (Wei et al., 2022). 

2.2. SOC loss due to permafrost thawing 

With climate warming, substantial carbon loss due to permafrost 
thawing has been observed during the past decade (Schuur et al., 2009; 
Turetsky et al., 2020). Under RCP4.5 and RCP8.5, Northern Hemisphere 
permafrost thawing will induce carbon emissions ranging from 6 to 33 

Pg and 23 to 174 Pg C by 2100, respectively (Anthony et al., 2018; 
MacDougall et al., 2012; Schuur et al., 2015). Such emissions will 
potentially offset the global land carbon sink by approximately 160 Pg 
by 2100 (Friedlingstein et al., 2006). 

Rapid permafrost degradation occurs on the TP under climate 
warming, with the deepening active layer, increases soil temperature, 
and more frequent thermokarst occurrences (Gao et al., 2021b; Shen 
et al., 2023; Wang et al., 2021a; Wei et al., 2022; Yang et al., 2019; Zhao 
et al., 2020). In particular, the active layer depth over the TP permafrost 
region is projected to increase by 0.71 and 1.53 m by the 2090s under 
RCP4.5 and RCP8.5, respectively (Wang et al., 2020). Meanwhile, sig
nificant decreases in permafrost areas (22% to 64%) are projected under 
future climate warming scenarios in the TP permafrost region (Lu et al., 
2017). With continuous warming, permafrost thawing is projected to 
result in ~1.86 ± 0.49 Pg and ~ 3.80 ± 0.76 Pg of carbon loss by 2100 
under RCP4.5 and RCP8.5, respectively (Wang et al., 2020). 

The dramatic abrupt thawing of permafrost (e.g., permafrost 
collapse, gully erosion, or thermokarst lakes) due to climate warming is 
accelerating carbon release. In the eastern TP, permafrost collapses have 
lost approximately 23%–37% of their SOC concentrations per decade 
since the early 2000s, corresponding to an approximately 15%–20% 
reduction in the carbon stock of the top 30 cm of soil (Fig. 3a and b) (Gao 
et al., 2021b). Permafrost collapses in the northeastern TP have resulted 
in a 21% decrease in the SOC concentration and a 32% reduction in the 
carbon stock in the top 15 cm of soil over past 16 years (Fig. 3c and d) 
(Liu et al., 2018). A recent study on the permafrost thaw sequence and 
thermokarst impacted sites on the TP topsoil reveals that the thermos- 

Fig. 2. Distribution of soil organic carbon across the core region of the Third Pole. (a) Locations and soil organic carbon density (SOCD) of the top 30 cm layer for the 
1114 sampling sites (Ding et al., 2019), (b) modeled spatial distribution of soil organic carbon stocks (SOCS) at a depth of 0–3 m (Wang et al., 2021a), and (c) carbon 
storage by different analysis methods and s permafrost areas on the Third Pole (Table S1). 
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erosion gully-induced particulate organic carbon content has substan
tially decreased. In contrast, the mineral-related organic carbon content 
remain stable and iron− bound organic carbon (OC-Fe) accumulates 
because of the enrichment of Fe oxides after permafrost thawing (Liu 
et al., 2022a). The degradations have significantly affected the hydro
logical processes (Gao et al., 2018; Li et al., 2020b), carbon cycles (Chen 
et al., 2022; Gao et al., 2021b; Mu et al., 2020), and thermodynamic 
processes (Zhao et al., 2021). These consequences will provide vital 
feedback on future regional climate change (Wang et al., 2021c; Zhang 
et al., 2020). 

2.3. GHG emissions 

Most permafrost-thawed carbon can be converted to GHGs, such as 
CO2 and CH4, which can be a substantial carbon source to the atmo
sphere (Turetsky et al., 2020). In the northern TP, GHG production in 
deep permafrost is mainly related to the C:N ratios and stable isotopes of 
SOC (Mu et al., 2018). Other studies have indicated that CO2-C release 
from both the active layer and permafrost deposits is significantly 
associated with environmental variables (soil moisture, soil pH, and 
temperature), microbial abundance (bacterial phospholipid fatty acids 
(PLFAs), fungal PLFAs, and actinomycin PLFAs), and carbon quality 
(described by a matrix of C:N, lignin-, cutin-, and suberin-derived 
compounds, as well as different carbon fraction pool sizes) (Chen 
et al., 2016; Qin et al., 2021). During an 80 d laboratory incubation 
period, the CO2-C release rate from the active layer and permafrost 

deposits on the TP ranged from 116 to 223 μg CO2-C g− 1 OC d− 1 (Chen 
et al., 2016). By 2100, either 111–146 Tg C (RCP4.5) or 281–369 Tg C 
(RCP8.5) could be released into the atmosphere as CO2 from TP 
permafrost (Schuur et al., 2013). At permafrost thaw sequence on the TP 
during peak growing season, CH4 emission ranges from 0.2 to 1.33 mg 
CH4 m− 2 h− 1, with a relatively high emission rate in the late thaw stage 
(Yang et al., 2018). The number and area of permafrost retrogressive 
thaw slumps (including permafrost thaw sequences and collapses) in the 
permafrost regions of the TP have significantly increased over the last 
12 years (2008–2020) (Gao et al., 2021b; Luo et al., 2022). Active 
permafrost retrogressive thaw slumps are mainly concentrated in the 
central TP, with 2669 items and a total area of 38.4336 km2 based on 
Gaofen satellite images (Luo et al., 2022). Estimated CH4 emissions from 
permafrost retrogressive thaw slumps are approximately 0.037–0.245 
Gg C yr− 1 (Table S2). Together, these results suggest that carbon release 
from the TP permafrost to the atmosphere could outweigh the potential 
carbon gain by plants in the TP permafrost region. 

Thermokarst lakes are hotspots of CH4 emissions (Schuur et al., 
2022). On the TP, thermokarst lakes have shown significant spatial 
variations in CH4 emissions, ranging from 0.02 to 1680 mg C m− 2 d− 1 

(average of 110.4 mg C m− 2 d− 1), with the highest emissions in alpine 
meadows (Wang et al., 2021b). A recent study on TP 163 thermokarst 
lakes from May to October indicates carbon emissions are 45 mg C-CH4 
m− 2 d− 1 and 392.4 mg C-CO2 m− 2 d− 1, respectively (Mu et al., 2023). 
Current thermokarst lakes cover an approximate area of 2825.45 ± 5.75 
km2 based on the random forest model and manual visual vectorization 
methods that extracted thaw lake boundaries on the TP based on 
Sentinel-2 images (Wei et al., 2021c). Therefore, the total CH4 emissions 
are estimated to be approximately 0.03–0.06 Gg C yr− 1, while the total 
CO2 emissions from TP thermokarst lakes is estimated to be about 0.22 
Gg C yr− 1 (Text SI and Table S2). Despite their importance in climate 
change, current estimates of thermokarst lake CH4 and CO2 emissions 
are highly uncertain. Nevertheless, this permafrost carbon-climate 
feedback, to some extent, may accelerate climate warming (Koven 
et al., 2011; Natali et al., 2021; Vonk and Gustafsson, 2013). 

2.4. Human impacts on permafrost carbon 

Population growth on the TP in recent decades has exerted tremen
dous pressure on fragile alpine ecosystems, leading to local grassland 
degradation in the Three-River-Source region and Qilian Mountains 
(Wei et al., 2020). Therefore, ecological protection and construction 
projects have been deployed across the Tibetan Autonomous Region, 
Three-River-Source Region, Qilian Mountains, Hengduan Mountains 
and Gannan-Zoige Ecological Reserves. These projects include forest 
protection and construction, grassland protection and construction, 
water and soil erosion control, and desertification land management. 
These projects can be classified into three stages, namely exploration 
(1989–2003), rapid growth (2004–2014), and comprehensive develop
ment (2015 − present). By conducting massive ecological projects, the 
TP is becoming one of the largest ecological projects implemented in a 
single natural geographical unit in China and even the world. 

Ecological restoration projects may directly (like CO2 and CH4 up
takes) and indirectly (cool soil temperature and reduce lateral carbon 
loss) affect permafrost carbon storage. Grassland restoration on the TP 
can significantly increase CO2 sinks by 40%–60% (Liu et al., 2021). 
However, the duration of ecological restoration matters, given that its 
positive effect is saturated approximately 5–8 years after restoration. 
Alpine meadows and steppes are considerable CH4 sinks (Wei et al., 
2015), and grassland restoration promotes CH4 uptake by approxi
mately 20% via increasing soil permeability and reducing available ni
trogen (Wei et al., 2012). Alpine wetlands are generally weak sources of 
CH4, and wetland restoration would reduce CH4 emissions by >50% via 
increasing vascular plant transport and oxidation. Ecosystem restoration 
may also affect soil thermal regime by enhancing evapotranspiration 
(Miehe et al., 2019; Shen et al., 2015), i.e., grassland restoration 

Fig. 3. Changes in the soil carbon by year since permafrost collapse on the 
Third Pole. SOC (g kg− 1) data in (a) and (b) from (Gao et al., 2021b); SOC and 
SOC density (kg m− 2) data in (c) and (d) from (Liu et al., 2018). 
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significantly reduces soil temperature (0.3–2 ◦C) and increases soil 
moisture content (1%–4%), which would benefit permafrost carbon 
storage. 

3. Glacier melting enhanced carbon release 

Glaciers can store organic and inorganic carbon from local and 
distant sources (Hood et al., 2015). Under climate warming, most TP 
glaciers are losing mass at an unprecedented rate (Miles et al., 2021; Yao 
et al., 2022). The most significant glacier mass loss has occurred in the 
Tienshan, Himalayas, and Nyainqengtanglha Mountains, whereas gla
ciers in the Pamir, Karakoram, and western Kunlun Mountains have 
remained stable over recent decades (Farinotti et al., 2020; Yao et al., 
2012). Glacial shrinkage has resulted in regional environmental impacts 
and biogeochemical responses (Chen et al., 2022; Nie et al., 2021; Yao 
et al., 2022). In particular, melting glaciers have caused changes in 
carbon status through runoff transport to the hydrosphere and GHG 
emissions to the atmosphere. 

3.1. Carbon storage from TP glaciers 

The TP hosts the most significant number of glaciers and most sig
nificant ice volume outside the polar regions (7.02 ± 1.82 × 103 km3) 
outside the polar regions (Farinotti et al., 2019; RGI, 2017). The 

distribution of the TP glacier ice storage volume indicates that the ice 
volume in Karakoram (~2130 km3) is greater than that in the Himalayas 
(~1200 km3) (Farinotti et al., 2019). Other concentrated glacier ice 
volumes are distributed in Hindu-Kush/Pamir (987 km3), Kunlun (784 
km3), Tienshan (750 km3), and Nyainqengtanglha (405 km3) (Fig. S2 
and Table S3). In the inner TP, glaciers are primarily distributed in the 
Qiangtang Plateau region (including the Tanggula and Qilian Moun
tains), with an ice volume of 854 km3 (Miles et al., 2021). 

Previous studies have reported the current BC, POC, and DOC con
centrations in glaciers across the TP (Kang et al., 2019; Kang et al., 2022; 
Li et al., 2018b; Li et al., 2021b; Zhang et al., 2017a; Zhang et al., 
2017b). The average BC and POC concentrations of the glaciers are 
significantly higher in aged snow than that in snow pits and fresh snow 
(Fig. S3; Table S4) (Kang et al., 2022). The average BC concentrations in 
glacial snow and ice range from several to thousands of nanograms per 
gram (ng g− 1), with marked differences between glaciers. The DOC 
concentrations in surface snow are usually lower than those in snow pits 
or fresh snow (without the impact of the post-deposition process) (Niu 
et al., 2018). This is because DOC in surface snow usually undergoes 
scavenging or leaching, especially in the ablation zone, which cannot 
represent the original status when carbon deposited on the glaciers. 
Therefore, in this study, we used carbon data from snow pits or fresh 
snow as the average concentration to estimate the carbon storage. 
Meanwhile, ice core BC records indicate that BC concentrations have 

Fig. 4. Carbon storage and release from glaciers in subregions across the Third Pole. (Refer to Table S5 in SI for the glacier ice volume data and glacier mass balance 
data. See Text S2 in SI for the calculated carbon storage and release data.) 
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increased approximately three-fold from 1840 to 1940 (Kaspari et al., 
2011; Wang et al., 2021d). Therefore, the minimum estimation was 
based on carbon data before the 1950s (three-fold lower than the current 
carbon concentrations), when anthropogenic activities played a minor 
impact on carbon emissions. 

Based on glacier volume and carbon concentrations (Brun et al., 
2018; Farinotti et al., 2019; Kang et al., 2022; Miles et al., 2021) (Text S2 
and Table S4), the carbon storage of glaciers on the TP has been esti
mated (Fig. 4). The results indicate that the storage of BC, POC, and DOC 
for the entire TP is 1.27–5.61, 2.45–8.54, and 3.80–6.25 Tg, respec
tively, with higher storage in the Karakoram and Kunlun Mountains, 
mainly owing to the large glacier ice volume. The results also provide 
estimation of carbon storage in different subregions (Fig. 4 and 
Table S5). Our estimate of DOC storage in TP glaciers is comparable to 
previous studies (3.96 Tg C, (Liu et al., 2016)) but lower than estimates 
by Li et al. (2018b), with an estimate of 8.8–13.8 Tg C. Approximately 
35% of the glaciers across the TP are highly unhealthy and expected to 
lose at least half their volume by 2100 without additional climate 
warming (Miles et al., 2021). The decline of ice volume will substan
tially decrease the carbon storage. The most significant reduction of 
carbon storage will occur in the Himalayan and Nyainqengtanglha 
Mountains, with the larger glacier mass loss in these regions. 

3.2. Carbon release due to glacier mass loss 

Glacier melting leads to carbon release through glacial runoff. Pre
vious studies revealed an accelerating rate of glacier mass loss across the 
entire TP (Yao et al., 2012), which has been estimated to be approxi
mately − 16.3 ± 3.5 Gt yr− 1 between 2000 and 2016 (Brun et al., 2017), 
− 19.0 ± 2.5 Gt yr− 1 between 2000 and 2018 (Shean et al., 2020), and −
21.1 ± 4.8 Gt yr− 1 between 2000 and 2019 (Hugonnet et al., 2021). The 
total glacier mass loss from 2000 to 2018 was approximately 340 Gt 
(Yao et al., 2022). For different subregions, the glacier mass balance 
shows a more significant deceleration in the Himalayan and Nyain
qentanglha Mountains (Fig. S4) (Brun et al., 2017; Miles et al., 2021), 
with glacier mass lost at a rate of 0.37–0.40 m yr− 1 during the past two 
decades. 

Carbon release into downstream freshwater ecosystems is difficult to 
constrain. Previous studies estimated that glacier-stored DOC was 
approximately 3.96 Tg C in Chinese glaciers (Liu et al., 2016), with a 
glacially derived DOC release of 12.7–13.2 Gg C yr− 1 from the TP and 
15.4C yr− 1 from the Chinese Territory (Liu et al., 2016; Yan et al., 2016). 
For Asian mountain glaciers, the estimates of storage and associated 
release of DOC are 8.8 to 13.8 Tg C and 0.19 Tg C yr− 1, respectively (Li 
et al., 2018b). Combining the average BC, POC, and DOC concentrations 
from glaciers with the glacier mass loss data (Tables S2 and S3), the 
release rate of BC, POC, and DOC from glacial melting is estimated to be 
3.89–14.33, 8.74–23.14, and 6.82–23.71 Gg yr− 1, respectively (Fig. 4; 
Table S5). During the past two decades, the total carbon release has been 
calculated to be 389–1224 Gg C. 

3.3. GHG emissions from glacial basins 

Glaciers on the TP contain large reservoirs of organic carbon that can 
influence glacial ecosystems under rapid melting (Li et al., 2018b). We 
estimated the lateral export of carbon from glaciers melting water, as 
described in the previous section. A preliminary study found that cry
oconite holes on the surface of glaciers in the southern and southeastern 
regions of the TP are possibly strong sources of carbon with positive 
fluxes of CH4 and CO2 during the strong ablation season; however, 
cryoconite holes may constitute a weak sink of atmospheric CH4, as 
evidenced by the observed flux at the Dongkedima glacier in the central 
TP (Zhang et al., 2021b). Without accurate information on the areas of 
cryoconite holes distributed on glaciers and systematic observations of 
GHG emissions from cryoconite holes in different seasons, we cannot 
quantify the actual emissions at current. 

Glacier retreat has also led to the exposure of subglacial sediments. 
The observations have revealed that the CH4 and CO2 fluxes from sub
glacial sediments average to be approximately 0.06 mg C m− 2 d− 1 and 
24.12 mg C m− 2 d− 1, respectively, serving as a possible carbon source 
(Zhang et al., 2021b). Over the past two decades, glacial areas have 
decreased by approximately 15%, resulting in approximately 14,600 
km2 of subglacial sediment exposure (Guo et al., 2015; IPCC, 2019). As a 
result, the estimated CH4 and CO2 emissions from these subglacial 
sediments are approximately 0.42 Gg C yr− 1. However, this estimation 
has significant uncertainties because there are only four sites for 
measuring carbon emissions from subglacial sediments (Zhang et al., 
2021b). 

The measured CH4 and CO2 concentrations from proglacial river 
runoff in the northern TP demonstrate that meltwater is a source of CH4 
because the average saturation is over 100%. However, CO2 saturations 
vary significantly; the CO2 fluxes exhibit positive (released CO2) or 
negative (absorbed CO2) values because the water and atmospheric 
conditions are variable (Du et al., 2022). Another study found that the 
average value of the observed CH4 flux from Tibetan river runoff is 26.7 
mg C m− 2 d− 1, indicating this as a significant source of CH4 (Qu et al., 
2017a). The CH4 flux of Tibetan proglacial river runoff was significantly 
lower than that from Tibetan rivers (142.8 mg C m− 2 d− 1) (Zhang et al., 
2020), which also departs from the global range reported for river 
streams. Meanwhile, proglacial river runoff serves as a significant sink of 
atmospheric CO2 (− 155 mg C m− 2 d− 1) (Zhang et al., 2021b). This may 
be due to the elevated chemical weathering rates (Li et al., 2022c), 
which will change the capacity of carbon sources or sinks in glacial 
basins. 

Given current climate warming, we must further investigate and 
understand the impact of glacial shrinkage on CH4 and CO2 fluxes on the 
TP. Specifically, CH4 and CO2 fluxes from cryoconite holes, subglacial 
sediments, and proglacial rivers must be thoroughly investigated to 
enhance our understanding of the carbon cycle. 

4. Carbon emissions from TP rivers 

Headwater rivers are important inland waters on the TP and are 
critical for carbon transport and emissions, further impacting the 
regional carbon cycle (Chen et al., 2022). They are considered signifi
cant sources of carbon emissions (Lin et al., 2023; Xun et al., 2022; 
Zhang et al., 2020). Changes in glacier and snow melting, permafrost 
thawing, and divergent changes in the strength of the Westerlies and 
Indian monsoon have led to significant changes of river runoff on the TP 
(Yao et al., 2022). Rivers originating from the TP have exhibited wide
spread changes from 1980 to 2018, significantly affecting the hydro
logical processes and water supply capacity in key Asian basins (Li et al., 
2022a; Nie et al., 2021). Recently, DOC and GHG field observation sites 
for rivers are mostly distributed in the eastern and southern TP (Fig. S5). 

4.1. Riverine DOC transport 

Riverine carbon transport can connect terrestrial, oceanic, and at
mospheric carbon pools, which will influence global and regional car
bon cycles (Raymond and Bauer, 2001; Raymond et al., 2013). The 
mean DOC yield of global rivers is approximately 1.08 g C m− 2 yr− 1 (Li 
et al., 2019a). Spatial and temporal variations in the riverine DOC fluxes 
have been examined in several rivers on the TP (Table S6). For the 
Yellow River, the mean annual concentrations of riverine DOC ranged 
from 2.03 to 2.34 mg C L− 1 (average of 2.21 mg C L− 1), with the highest 
concentrations in spring and summer and the lowest in winter (You and 
Li, 2021). For the Yangtze River, riverine DOC concentrations ranged 
from 0.2 to 2.8 mg C L− 1 with the highest concentrations in July and the 
lowest in October (You et al., 2022). In another study, DOC concentra
tions from the Yellow, Yangtze, Langcang, and Nu rivers are approxi
mately 5.45, 6.79, 4.42, and 4.43 mg C L− 1, respectively (Zhang et al., 
2020). The average DOC concentrations for the Yarlung Tsangpo and 
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Indus rivers are approximately 1.16 and 0.99 mg L− 1, respectively (Qu 
et al., 2017a; Qu et al., 2017b). For the Upper Heihe River in the 
northern TP, DOC concentrations range from 0.25 to 12.2 mg L− 1 

(average of 0.82 mg L− 1) (Gao et al., 2019). The average DOC yield of TP 
rivers is approximately 0.41 g C m− 2 yr− 1, which is lower than most 
other rivers due to the low DOC concentrations (Qu et al., 2017b). Based 
on previous studies, we conclude that the average riverine DOC ranges 
from 0.82 to 6.79 mg C L− 1, which is lower than that reported from 
rivers in Sayan–Altai Mountain Region of Tyva (about 2–6 mg C L− 1) 
(Byzaakay et al., 2023). The annual discharge of the TP glacier runoff 
from the initially glacierized area is estimated to be approximately 169 
× 109 m3 from 2011 to 2020 (under RCP2.6) (Huss and Hock, 2018). 
Therefore, the total DOC transported by river runoff from the TP is 
calculated to be approximately 0.1378–1.1414 Tg C yr− 1 (Table S8). In 
most rivers, riverine DOC is mainly derived from the surrounding 
terrestrial ecosystem (Hansell et al., 2004). SOC can be degraded into 
DOC via microbial activity and leached into streams and rivers through 
the soil water (Stanley et al., 2012). A positive correlation between the 
radiocarbon age and permafrost watershed coverage has been observed, 
indicating that 14C depleted/old carbon is exported from the TP 
permafrost regions during periods of high flow (Qu et al., 2017b). 

BC is also an essential component of the riverine carbon exported to 
the ocean (Coppola et al., 2022; Jaffe et al., 2013). Riverine BC can be 
divided into particulate and dissolved BC with different environmental 
transport mechanisms, residence times, and fates. The global riverine 
flux of BC accounts for 43 Tg C yr− 1, which is 4–32% of the global annual 
BC emissions (Coppola et al., 2022; Coppola et al., 2018). However, no 
related studies on riverine BC have been reported on the TP. Therefore, 
measurements of BC export rates from downstream TP rivers and 
quantification of their legacy BC sources are required to close the 
regional BC budget. 

4.2. GHG emissions from TP rivers 

Despite their role in transporting water and carbon from the terres
trial environment to the ocean, rivers play a major biogeochemical role 
in the global carbon cycle and act as hotspots for CO2 and CH4 emissions 
to the atmosphere (Raymond et al., 2013). Global rivers can emit 
approximately 6.6 Pg CO2 yr− 1 and 29.5 Tg CH4 yr− 1, almost equivalent 
to the CO2 emitted into the atmosphere (Li et al., 2021a). Furthermore, 
headwater rivers contribute to more than two− thirds of the GHGs 
emissions from global rivers, indicating that headwater rivers are an 
essential source of GHGs to the atmosphere (Li et al., 2021a). 

Studies on the eastern and southern TP (Fig. S5) reveal that, most 
rivers are supersaturated with CO2 and CH4, with calculated fluxes of 
3452 mg C m− 2 d− 1 and 26.7 mg C m− 2 d− 1, respectively (Qu et al., 
2017a) (Table S9 in SI). In the source region of the Yangtze River in the 
central TP, small headwater streams are CO2 hot spots that show 
significantly higher CO2 partial pressures (52% higher) and CO2 fluxes 
(792% higher) than larger rivers (Song et al., 2023). In the northern TP 
(Qinghai Lake Basin), CH4 concentrations in rivers range from 25 to 
1239 nmol L− 1, with diffusion fluxes of 41.2–78.8 mg C m− 2 d− 1; 
meanwhile, surface river water was super-saturated with CO2 (average 
of 528.89 μatm), indicating a high diffusion flux of CO2 during spring 
(2633 mg C m− 2 d− 1) and low values during winter (693 mg C m− 2 d− 1) 
(Lin et al., 2023). An up-scaled estimation based on third- to seventh- 
order waterways in the eastern TP indicates that TP river outgassing is 
approximately 1.27 Tg CH4 yr− 1 and 17.5 Tg CO2 yr− 1 (Zhang et al., 
2020). These studies suggest that the TP rivers could be sources of GHGs 
for delivery to the atmosphere. Particularly in summer, high rainfall and 
more thaw-released water yield high discharges, which can increase the 
water velocity, gas exchange rate, and thus the carbon emissions flux 
(Song et al., 2023). A latest study in Central Asia (Sayan–Altai Mountain 
Region, Tyva) revealed that CO2 emissions from the surface of rivers are 
quite low (50–150 mg C m− 2 d− 1), and they are impacted by the 
complexity of the external and internal factors controlling the CO2 

exchange between water surfaces and the atmosphere (Byzaakay et al., 
2023). 

Global GHG measurements from rivers indicate that the concentra
tions of riverine GHGs decrease continually with increasing stream order 
(Li et al., 2021a). Headwater streams of the first- to third-order usually 
have low dissolved oxygen, massive terrestrial carbon and nitrogen in
puts, and large gas exchange velocities, resulting in high GHG emissions 
(Li et al., 2021a). The ebullitive CH4 fluxes from TP rivers decrease 
exponentially with increasing stream order, whereas diffusive fluxes 
decrease linearly; CO2 fluxes decrease from third- to fifth-order streams 
but increase in sixth- and seventh-order rivers (Zhang et al., 2020). 
However, estimations of GHG emissions from TP rivers are lacking for 
Strahler stream orders of 1–3, which are significantly influenced by 
glacier and permafrost meltwater. GHG emission from proglacial runoff 
(first-order waterway) reveal that the average CO2 flux is − 155 mg C 
m− 2 d− 1 (Zhang et al., 2021b), indicating a possible sink of CO2, con
trary to the previous consumption. The CH4 flux from proglacial river 
runoff in the TP is 0.10 mg C m− 2 d− 1; however, in the Kuoqionggangri 
Glacier Basin (southern TP), the CH4 flux is − 0.41 mg C m− 2 d− 1 (Zhang 
et al., 2021b). Limited data on GHGs from rivers directly affected by 
glacier melting and permafrost thawing have hampered our discussion 
on emissions associated with the stream orders, which yields significant 
uncertainties in estimating the total GHG emissions from rivers. The 
divergent variations in GHG emissions from proglacial river runoff and 
their causes require further investigation. 

5. GHG emissions from TP lakes 

Lakes are also essential inland waters and critical sources of GHG 
emissions (Sanches et al., 2019; Zheng et al., 2022). Earlier studies es
timate that CH4 emissions from lakes are 8–48 Tg, accounting for 
approximately 6–16% of global natural emissions (Bastviken et al., 
2011). In Chinese lakes and reservoirs, a study has revealed diffusive 
emissions of 1.56 Tg C − CH4 yr− 1 and 25.2 Tg C − CO2 yr− 1, with the 
highest GHGs emissions from TP lakes (Li et al., 2018a). On the TP, the 
number and area of lakes have increased from 1080 to 1424 and from 
40,124 to 50,323 km2 during 1976–2018, respectively (Zhang et al., 
2019). These changes can substantially affect regional carbon cycles. In 
the northern TP (Fig. S5, Table S7 in SI), the fluxes of CO2 and CH4 in the 
Qinghai and Hala lakes range from − 15.48 to − 62.88 and 0.07 to 0.42 
mg C m− 2 d− 1, respectively, indicating that high-altitude lakes act as 
sinks of CO2 (Wang et al., 2022a). On the southern TP, the fluxes of CO2 
in freshwater lakes (approximately − 93.3 mg C m− 2 d− 1) are signifi
cantly lower than that in brackish lakes (approximately 197 mg C m− 2 

d− 1) (Wen et al., 2017). The CH4 flux at the water− air interface in 
freshwater lakes (0.54 mg C⋅m− 2⋅s− 1) is 15 − fold higher than that in 
brackish lakes (0.04 mg C⋅m− 2⋅s− 1) (Xun et al., 2022). The average 
diffusive fluxes of CO2 and CH4 from lakes across the eastern and 
southern TP are 884 and 62.4 mg C m− 2 d− 1, respectively (Yan et al., 
2018). Usually, permafrost thawing exerts the largest impact on lake 
water hydrochemistry and carbon pattern including CO2 exchange with 
the atmosphere (Byzaakay et al., 2023). Besides, salinity is another 
important factor regulating lake GHGs. The results indicated that, with 
salinity gradients across lakes, CO2 flux enhancement could be 
compensated for by decrease in diffusive CH4 flux at the water-air 
interface (Xun et al., 2022). 

The lake area on the TP is approximately 50,323 km2 in 2018 (Zhang 
et al., 2019). Most lakes on the TP have significant temporal variations 
in CO2 release during different periods, such as the ice-free, freeze, fully 
frozen and thawed periods in Qinghai Lake (Li et al., 2022b). The gen
eral CH4 fluxes range from 0.07 to 62.88 mg C m− 2 d− 1 (Table S10 in SI). 
The number of free-ice days per year is approximately 200 days. Then 
the estimated annual CH4 emissions are approximately 0.66–633 Gg C 
yr− 1, averaged to approximately 211 Gg C yr− 1. Therefore, CO2 emis
sions are estimated to be approximately 1.565 Tg C yr− 1. However, these 
measured fluxes lack winter observations, resulting in estimations with 
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significant uncertainties. Meanwhile, even for the same lake, CO2 flux 
measurements fluctuate significantly (Wang et al., 2022a). Therefore, 
we must strengthen long-term high-resolution observations of lake GHG 
emissions. 

6. Impacts of TP cryospheric and hydrospheric changes on 
carbon dynamics 

6.1. Contributions of cryospheric and hydrospheric changes to TP carbon 
balance 

In the “Global Carbon Budget 2022” (Friedlingstein et al., 2022) and 
“Global Methane Budget 2000− 2017” (Saunois et al., 2020), few esti
mations have discussed the coupling impact of cryospheric and hydro
spheric changes, except for the permafrost (IPCC, 2021). Recently, ice 
sheets export high rates of CH4 into the atmosphere, which should be 
considered in the CH4 budget (Lamarche-Gagnon et al., 2019; Wadham 
et al., 2012). Previous studies have also estimated carbon stocks in the 
water, biomass, and soil of different ecosystems (Chen et al., 2022). 
However, knowledge of the links between cryospheric and hydrospheric 
changes and carbon variability across the TP is still lacking. Fig. 5 
summarizes carbon storage and release related to changes in the cryo
sphere and hydrosphere over the TP. Changes in the cryosphere and 
carbon cycle are complete and cannot be separated. In particular, the 
impact of glacier and permafrost ablation on carbon loss and emissions 
under continued climate warming cannot be ignored. 

In recent decades, the TP glaciers have experienced rapid retreat 
(Farinotti et al., 2019; Miles et al., 2021; Yao et al., 2012). The observed 
glacier mass balance has shown a continuous negative trend since the 
mid-1990s (Zhang et al., 2021a). For instance, the glacier mass balance 
of Xiaodongkemdi Glacier in the central TP and Urumqi Glacier No. 1 in 
Tienshan was positive until the early 1990s and subsequently increased 
negative over time (Yao et al., 2012; Zhang et al., 2021a). This 
decreasing trend is projected to continue until the year of 2100 (IPCC, 

2019). The total glacier mass loss over the TP from 2000 to 2018 was 
estimated to be approximately 340 Gt (Yao et al., 2022), which in
fluences the seasonality and total discharge of river runoff (Immerzeel 
et al., 2010). Glacier melting also contributes to carbon loss from legacy 
carbon stored in glaciers (Li et al., 2018b). Our estimated results indicate 
that TP glacier melting contributed to the lateral carbon loss of 
0.37–1.16 Tg during 2000–2018 based on the annual release rates of BC, 
POC, and DOC. Melting glaciers on the TP are a potential source of 
carbon-related GHGs (Zhang et al., 2021b). Meanwhile, the total TP 
glacial runoff is likely to reach its peak water between 2029 and 2056 
under different RCP climate scenarios (Huss and Hock, 2018; Zhao et al., 
2023). 

Consequently, the number and area of glacial lakes in the TP are 
growing rapidly owing to climate arming, glacier retreat and permafrost 
thawing (IPCC, 2019; Zhang et al., 2022). The latest study reported the 
GHG emissions from several TP glacial lakes with CH4 emission range of 
0.05–49.0 mg C m− 2 d− 1; whereas the daily average CO2 flux was − 61.2 
mg C m− 2 d− 1, and the CO2 consumption could reach 38.9 Gg C yr− 1 by 
all glacial lakes in the TP (Yan et al., 2023). However, it is still difficult to 
systematically estimate GHG emissions through the entire TP glacial 
lakes owing to limited observation data. Therefore, the impact of glacier 
shrinkage on CH4 and CO2 fluxes in this region requires further inves
tigation. In particular, we must address, in detail, the CH4 and CO2 
fluxes from cryoconite holes, subglacial sediments, proglacial rivers, and 
glacial lakes. 

Widespread permafrost thawing is projected to occur by 2100, 
releasing tens to hundreds of billions of tons of permafrost carbon as CO2 
and CH4 into the atmosphere, further exacerbating climate change 
(IPCC, 2019). Permafrost degradation, especially thermokarst, will 
hasten carbon emissions. Observations of carbon release from thermo
karst lakes or permafrost collapses over the TP still remain sparse. Pre
vious studies have revealed carbon loss from permafrost degradation 
through the lateral loss of SOC or GHG emissions to the atmosphere (Gao 
et al., 2021b; Mu et al., 2020). Permafrost carbon cycling and its climate 

Fig. 5. A summary of cryospheric and hydrospheric changes and carbon release and transport over the Third Pole region. The storage and release data are sum
marized and calculated in this study. 
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feedback are essential foci of research on global change. The need for 
more sufficient knowledge of the critical process of permafrost carbon 
cycling (e.g., active layer dynamics and thermokarst erosion) has 
impeded any consensus on permafrost carbon feedback (Ding et al., 
2022). Establishing systematic observations and effective projections 
requires an accurate estimation of emissions. 

As important inland waters, rivers and lakes on the TP are also 
affected by glacier melting and permafrost degradation. The synthesized 
observations and model projections showed that accelerated trans
formations of snow and ice core into liquid water on the TP has resulted 
in changes in river runoff and lake expansion (Yao et al., 2022),with 
water gains in endorheic basins and water losses in exorheic basins. 
(Chen et al., 2022) also pointed out that changing hydrology and 
landscapes can directly or indirectly alter regional carbon cycle. Un
derstanding how cryospheric-related changes affect the hydrosphere 
and water quality and their related carbon emissions requires more 
detailed monitoring networks. 

6.2. Carbon release from glacier cryoconite holes and thermokarst lakes 

Cryoconite holes (Fig. 6) are small water bodies formed when dark 
organic and inorganic debris attaches to glacier ice surfaces and 
consequently decreases the local albedo. They play essential roles in 
glacier mass balance, glacial geochemistry, and carbon cycling (Anesio 
et al., 2009; Bellas et al., 2020; Cook et al., 2016; Fountain and Tranter, 
2008). They are mostly perennially ice-lidded and unique ecosystems on 
glaciers with abundant mineral and organic components that can form 
biological consortia with archaea, algae, cyanobacteria, fungi, and 
heterotrophic bacteria (Cook et al., 2016; Hodson et al., 2008). Cry
oconite holes usually experience nutrient limitation at near-freezing 
temperatures and possess a highly truncated food chain (Sawstrom 
et al., 2002). The morphological characteristics of cryoconite vary 
significantly among different glaciers, which may be caused by differ
ences in the sizes and types of inorganic mineral particles, as well as the 
types of cyanobacteria and other microorganisms (Cook et al., 2016; Liu 

et al., 2017). However, few studies have examined cryoconite formation 
process. In the Yushugou Glacier cryoconite of Tienshan, a study 
revealed that the organic (blue− green algae and organic matter) and 
inorganic (inorganic mineral particles) components combine to form a 
spherical polymer (likely a biofilm), indicating that its growth varies 
seasonally and has an alternative cycle of growth and decomposition (Xu 
et al., 2014). 

Glacier microorganisms are widely involved in the biogeochemical 
cycles of glacial ecosystems and are the main drivers of the regional 
carbon cycle (Liu et al., 2022b). Cryoconite bacterial communities are 
dominated by Cyanobacteria, Chloroflexi, Betaproteobacteria, Bacter
oidetes, and Actinobacteria, which vary by geographical location and 
exhibit significant differences among glaciers (Liu et al., 2017). For 
riverbed sediments on the TP (Zhang et al., 2020), approximately 48.5% 
of the sequences were methanogens, exhibiting a close phylogenetic 
relationship with the psychrotolerant species of Methanomicrobiales 
detected in glacial habitats in the polar regions (Boetius et al., 2015). A 
relatively high methanogen mcrA gene abundance in alpine waterways 
on the TP (8.1 × 104 copies per gram of dry sediment on average) in
dicates a great microbial potential for net CH4 production (Zhang et al., 
2020). 

Globally, the percentage of organic matter in cryoconite samples 
ranges from 1.8% to 18.3% (Cook et al., 2016). The total OC content in 
cryoconites in TP glaciers varies from 0.1 (Muztag glacier in west TP) to 
6.7% (Yulong Snow Mountain in southeastern TP), with higher values in 
the southeastern TP (Li et al., 2019b). Measurements of the cryoconite 
holes yielded CH4 fluxes of 7.25 and 2.79 μmol m− 2 d− 1 in the melting 
season in the southeastern and northern TP, respectively (Zhang et al., 
2021b). We also found that when the bubbles on the cryoconite holes 
break, the CH4 and CO2 concentrations rapidly increase by approxi
mately 20 ppbv and 5 ppmv, respectively (Zhang et al., 2021b). 
Therefore, cryoconites may play a complex yet uncertain role in 
supraglacial climate processes. However, the ability to constrain GHG 
emissions with the function of the methanogen mcrA gene abundance 
and OC concentrations from cryoconite holes remains unclear. The 

Fig. 6. Cryoconite distributed on the Renlongba glacier in southeast Tibet. (photos by Yulan Zhang).  
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effects of morphological characteristics and the cryoconite formation 
process on CH4 emissions require careful investigations. Quantifying 
CH4 emission pathways and their production from cryoconite holes will 
improve our understanding of the response of CH4 emissions over the TP 
to climate change. 

GHG emissions, particularly CH4 emissions from thermokarst lakes, 
have been analyzed over the Arctic regions. Typically, thermokarst lakes 
are supersaturated in CO2 and CH4 in west Siberia; diffusive and ebul
lition emissions are the main pathways of CH4 emitted to the atmo
sphere (Serikova et al., 2019). Groundwater discharge and lake drainage 
are also important drivers of CH4 emissions from the Arctic lakes (Olid 
et al., 2022). On the TP, high methane emissions from thermokarst lakes 
are primarily attributed to ebullition fluxes (Wang et al., 2021b). 
However, previous studies have not addressed the relationship between 
the physiochemical variables of sediment and CH4 production under 
different temperatures and vegetation types. A latest study reveals 
thermokarst lake sediment microbial abundance and hydrochemistry 
explain 51.9% and 38.3% of the total variance in CH4 diffusive emis
sions (Mu et al., 2023). The characteristics of methanogens in sediments 
and their functions in CH4 production must be illustrated in detail. There 
are several complex interactions between the biology and chemistry of 
permafrost lake sediments. However, their interactions with climate and 
anthropogenic pollutants remain a limitation of the current state of 
science. 

6.3. Climate response of carbon emissions to changing cryosphere and 
hydrosphere 

The IPCC AR6 has comprehensively illustrated the new under
standing of the permafrost carbon cycle and its feedback to climatic 
warming (IPCC, 2021). In Arctic permafrost regions, the nonlinear 
process of abrupt permafrost thawing can increase carbon emissions 2–4 
fold (Natali et al., 2021). Carbon emissions from permafrost thawing 
may exacerbate climate change (IPCC, 2021; Koven et al., 2011; Schuur 
et al., 2015). 

As illustrated in Fig. 7, the possible interactions between cryosphere 
and hydrosphere changes and carbon dynamics on the TP is described. 
Accompanying rapid climate warming (You et al., 2021), the TP cryo
sphere is predicted to continuously retreat (Huss and Hock, 2018; Yao 
et al., 2022; Zhao et al., 2023), further changing the hydrosphere. 
Recently, the distribution and frequency of thermokarst lakes and 
retrogressive thaw slumps across the TP have been reported based on 

high-resolution satellite image interpretations and global position sys
tem (Gao et al., 2021b; Luo et al., 2022; Wei et al., 2021b). Based on 
findings of many studies across the TP, thawing permafrost has signifi
cantly increased carbon loss (Gao et al., 2021b; Mu et al., 2016; Wang 
et al., 2021b; Yang et al., 2018). However, the estimation of GHG 
emissions at the regional scale still needs to be improved for simulation, 
mainly because of the diversity of GHG sources in permafrost regions, 
including thermokarst lakes, ponds, and collapses. In particular, the 
thermokarst landscape can expose deep permafrost, accelerate thawing 
and amplify carbon emissions from the permafrost. However, with suf
ficient consideration of key permafrost and glacier carbon processes and 
observational data constraints, predictions of the feedback between the 
cryospheric carbon cycle, climate, and the relative contributions of CO2 
and CH4 are more reliable than those of the TP. 

Increased temperature and changing precipitation further enhance 
hydrological connectivity between glaciers, permafrost, and aquatic 
ecosystems (Yao et al., 2022). The warming rate on the TP was 
approximately 0.42 ◦C per decade during 1980–2018, almost twice the 
global average (Yao et al., 2022). Global warming has increased glacier 
melting, altering hydrological processes in the primary source regions of 
13 major river systems and 1424 lakes with an area larger than 1 km2 in 
Asia (Zhang et al., 2019). The projected increase in precipitation during 
the warm season (May to October) yields a total lake expansion of 
approximately 8000 and 9000 km2 from 2015 to 2050 under scenarios 
SSP2–4.5 and SSP5–8.5, respectively (Liu and Chen, 2022). As a result, 
the lake area of Yamzhog Yumco (including Kongmu Co) will expand 
under all three scenarios (RCP2.6, RCP4.5, and RCP8.5) for three pe
riods (short-term during 2016–2035, medium term during 2046–2065, 
and long term during 2081–2100) (Sun et al., 2021). Meanwhile, the 
rising temperature in the cold season (November to April of the 
following year) would lead to a decrease in the TP lake ice duration by 
22 and 29 d by 2050s (35 and 71 days by 2100 s) under SSP2–4.5 and 
SSP5–8.5, respectively (Liu and Chen, 2022). 

In addition, the total glacier runoff contributing to river runoff varies 
significantly from basin to basin and throughout the year over the TP. 
Peak water glacial runoff is expected to occur over two to three decades 
(Huss and Hock, 2018). It reveals that the peak water of 11 drainage 
basins on the TP will potentially occur before the 2050s, whereas the 
others will likely reach peak water between 2030 and 2080 (Zhao et al., 
2023). During 1980–2018, the annual river runoff across most of the TP 
shows a significant increase in rivers (Yao et al., 2022). For example, 
mean annual runoff on the southeastern TP will increase by 11–13% 

Fig. 7. Sketch map of interactions between cryosphere and hydrosphere changes and carbon dynamics on the Third Pole region under ongoing climate warming. The 
warming rate of 0.42 ◦C/10a during 1980–2018 across the TP cited from (Yao et al., 2022). 
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under a 1 ◦C increase in global mean air temperature (Li et al., 2013); 
The upper Indus River runoff will increase by 3.9 Gt per decade (Yao 
et al., 2022). However, river runoff has declined in the Yellow River 
(Yao et al., 2019). A previous study indicates that river discharge ac
counts for >95% of the annual CH4 sea-to-air emissions from the estuary 
in Cambridge Bay, Canada (Manning et al., 2020). The freezing and 
melting of river ice is closely related to climate change, hydrology, and 
ecosystem conditions (Shiklomanov and Lammers, 2014). CH4 concen
trations in the river and ice-covered estuary reach up to 240,000% 
saturation and 19,000% saturation, respectively, but quickly drop by 
>100-fold flowing ice melt in Cambridge Bay (Manning et al., 2020). In 
the northern TP, the average area of river ice shows a weak decreasing 
trend from 1999 to 2018 and a negative trend with air temperature (Li 
et al., 2020a). 

The rate of GHG fluxes and water surface areas play an essential role 
in total GHG emissions in the hydrosphere. DOC sequestered in glaciers 
and permafrost is primarily exposed and transported to the hydrosphere, 
converting dissolved carbon to CO2 and CH4 (Vonk et al., 2015), 
increasing CO2 and CH4 fluxes from the hydrosphere on the TP. There
fore, climate warming will significantly increase river runoff and lake 
extent, accelerating the CO2 and CH4 fluxes from the TP hydrosphere in 
the coming decades (Fig. 7). In addition, the impact of enhanced cryo
spheric melting on river and lake water quality and subsequently, the 
potential impacts on lateral carbon transport still need further investi
gated, especially in a warming climate. 

7. Conclusions 

The TP plays an essential role in water sustainability for a large 
proportion of the Asian population. However, marked climate warming 
in recent decades has caused cryosphere retreat and altered the hydro
sphere and regional carbon cycles on the TP. Owing to its critical role in 
ecosystems and climate, the carbon cycle and dynamics on the TP have 
attracted significant attention. Based on a literature review, we provide 
an integrated understanding of cryospheric and hydrospheric changes 
and carbon cycling over the TP, highlighting carbon storage and release 
pathways from permafrost and glaciers. Estimating the carbon release 
from headwater rivers and lakes has also revealed the possible impact of 
cryospheric changes. 

The synthesized analyses indicate that permafrost SOC stocks show 
an overall increasing trend from the southeast towards the northwest TP, 
with the most extensive SOC stocks in the wetland regions. The storage 
of SOC in the TP permafrost ranges from 15.3 to 40.9 Pg C at depths of 
0–3 m based on different methods. Among the permafrost SOC, the 
contribution of POC is estimated to be approximately 6.34%. Sedi
mentary SOC from permafrost thaw lakes has been estimated to be 52.62 
Tg C. Owing to abrupt permafrost thawing, approximately 23–37% of 
permafrost SOC has been removed and transported into aquatic envi
ronments (including rivers and lakes). Significant GHG emissions result 
from TP permafrost thawing. The estimated CH4 emissions from 
permafrost thaw slumps and thermokarst lakes are 0.04–0.25 and 0.06 
Gg C − CH4 yr− 1, respectively. 

For TP glaciers, the carbon storage of BC, POC, and DOC has been 
calculated to be 1.27–5.61, 2.45–8.54, and 3.80–6.25 Tg, respectively. 
Although carbon storage is less than that in permafrost, OC from glaciers 
is labile and tends to be released through lateral export or vertical GHG 
emissions. The estimated release of BC, POC, and DOC from glacier 
runoff was 3.89–14.33, 8.74–23.14, and 6.82–23.71Gg C yr− 1, respec
tively, with a total carbon loss of 389–1224 Gg C during the past two 
decades. GHG measurements in typical glacial basins on the TP revealed 
that cryoconite holes and subglacial sediments are strong GHG sources. 
GHG emissions from subglacial sediments are estimated to be approxi
mately 0.42 Gg C yr− 1. Proglacial river runoff can also serve as a sig
nificant sink for atmospheric CO2. 

Cryospheric melting has also changed the regional water balance 
(hydrospheric changes), as evidenced by increasing river runoff and 

continuous lake extension, further influencing the regional carbon dy
namics. On the TP, DOC transported by river runoff is calculated to be 
approximately 0.14–1.14 Tg yr− 1, serving as an essential link between 
carbon in the cryosphere and that in downstream regions. Riverine 
GHGs concentrations vary significantly among previous studies. An 
upscaled estimation indicates that TP river outgassing is approximately 
1.27 Tg CH4 yr− 1 and 17.5 Tg CO2 yr− 1. For TP lakes, the estimated 
annual CH4 emissions are approximately 0.66–633 Gg C-CH4 yr− 1, and 
CO2 emissions are estimated to be approximately 1.565 Tg-CO2 yr− 1. 
However, CH4 and CO2 fluxes from rivers and lakes lack extensive 
winter survey observations, which results estimation uncertainties. 

The warming-induced melting of the cryosphere and changing hy
drosphere, as well as their relationships with the carbon cycles on the 
TP, pose a challenge for ecosystem and climate projections. In partic
ular, systematic observations, release pathways, and accurate estima
tions of GHG emissions from glaciers and lakes, rivers, permafrost 
thermokarst lakes, and collapses must be strengthened. Furthermore, we 
must constrain how the cryosphere interacts with other ecosystems (e.g., 
grasslands and wetlands) under climate warming. The study of molec
ular fingerprints in TP river systems might fill a gap and lead to better 
understanding of the processes responsible for the molecular trans
formation of natural organic matter across different landscapes, which 
can be considered a powerful instrument to identify distinct trends both 
in molecular composition and diversity of natural organic matter along 
large TP rivers. 

The impact of the synergistic effects between cryospheric and hy
drospheric changes and other pollutants (e.g., mercury) and how to 
accurately simulate and predict the climate and environmental impacts 
of carbon release under different climate change scenarios require 
further investigation. To achieve an integrated understanding of the role 
of the cryosphere in future carbon dynamics, we suggest building a 
framework that includes biogeochemistry, glaciology, hydrology, and 
climatic processes on the TP. 
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