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Abstract. Retrogressive Thaw Slumps (RTS) are slope failures triggered by permafrost thaw , occurring in ground-ice rich

regions in
:::
that

:::::
occur

:::
in

:::::::::::::
ground-ice-rich

:::::::
regions

::
of

:
the Arctic and on the Qinghai-Tibet Plateau (QTP). A strong warm-

ing trend has amplified RTS activity on the QTP in recent years. Although the region currently acts as a carbon sink, its

::::::::::::::::
permafrost-covered

::::
area

:
(40 % permafrost-covered area holds )

::::::::
contains substantial soil organic carbon (SOC) stocks. In-

tensifying thaw-driven mass wasting may transform the QTP into a net carbon source by mobilising previously frozen SOC5

and increasing decomposition. Despite this
::::::::
enhancing

:::::::::::::
decomposition.

:::
Yet, regional remote sensing studies have not yet quan-

tified RTS mass wasting, including material erosion volumes and
:::::::::
associated SOC mobilisation. Analysing time-series data

from digital elevation models (DEM
:::::
DEMs) enables direct observation of RTS activity by measuring changes in active area,

volume of eroded material
::::::
eroded

:::::::
material

:::::::
volume, and the overall magnitude of surface change. However, most available

DEM sources lack sufficient
::
the

:
spatial resolution and temporal frequency

::::::
required

:
for comprehensive RTS monitoring. In10

contrast, optical data provides
::::::
provide

:
higher spatial resolution and more frequent observations, but lacks

:::
lack

:
elevation in-

formation. We evaluated the mass wasting of RTS throughout
:::::
Here,

:::
we

::::::::
evaluated

::::
RTS

:::::
mass

:::::::
wasting

::::::
across the QTP from

2011 to 2020 by combining DEMs
::::::
derived from bistatic Interferometric Synthetic Aperture Radar (InSAR) observations of the

TanDEM-X mission with annual RTS inventories derived
::::::::
generated

:
from high-resolution optical satellite images

::::::
imagery

:
and

geophysical soil property data to estimate erosion volume, ground ice loss, and SOC mobilisation. By combining modelled15

soil property datasets with multimodal remote sensing data, we
:::
We

:
estimated that RTS activity in the QTP between

::
on

:::
the

::::
QTP

::::::
during 2011and

:
-
:

2020 relocated 5.02 25.35
0.75 ×

::::::::
5.0225.350.75 ×107 m3 formerly

::::::::
previously

:
frozen material, contributed to

3.58 28.20
0.28 × loss of ground ice and mobilised 2.78 7.98

0.11 ×:::::::
resulting

::
in

::
a

:::
loss

::
of

::::::::::
3.5828.200.28 ×106 m3

::
of

::::::
ground

:::
ice,

:::
and

:::::::::
mobilised

::::::::
2.787.98

0.11×:
108 kgC

:
of

:
organic carbon. We found a reliable power law scaling between the

::::::::
power-law

:::::::
scaling

::::::::::
relationship

:::::::
between RTS area in the optical RTS inventory and the calculated volume change

:
, with α =

::::::
-values

::::::
ranging

:::::
from

::::
1.20

::
±

::::
0.0120

:::
and 1.30 ± 0.01 (R22 = 0.87, p < 0.001) that potentially allows future research to transform the

::::::::
depending

:::
on

:::
the

:::::::::
regression
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:::::
model

:::::
used,

::::::
which

::::
may

::::::
readily

:::::::::
transform planimetric RTS area into volume estimates for large-scale and comprehensive

investigations on RTS mass wasting and SOC mobilisation in
:
at

:::::
scale

::
on

::::
the QTP. Despite the comparably

:::::::
relatively

:
recent

initiation and smaller size of RTS in
::::
RTSs

:::
on

::
the

:
QTP, material erosion and SOC mobilisation in

:::
over the past decade surpassed

some regions in the Siberian Arctic
::::::::
exceeded

:::::
levels

::
in

:::::
some

:::::::
Siberian

:::::
Arctic

:::::::
regions,

:
but remained up to 10 times lower than25

hotspots in the Canadian High Arctic. Although the current impact of RTS in QTP is
:::::
While

::::::
current

::::
RTS

:::::::
impacts

::
on

:::
the

:::::
QTP

::
are

:
relatively modest, affecting only 0.006

::
<

::::
0.01 % of the total permafrost area and contributing less than 1

::::::::::::
approximately

:::
0.1 % to the regional carbon budget, the increasing

::::::::::
accelerating rates of RTS activity suggest

:::::::
indicate that this phenomenon

could become more
::::::::::
increasingly

:
significant in the future. Our study underscores

::::::
findings

::::::::
highlight

:
the importance of regional

studies in understanding the impact of permafrost thaw on
::::::::
advancing

:::
our

::::::::::::
understanding

::
of
::::::::::
permafrost

::::::::::
thaw-driven

:::::::
changes

::
to30

the carbon dynamics of QTP
::::::
rapidly

:::::::
changing

::::::::::
permafrost

:::::::::
ecosystems.

1 Introduction

Permafrost regions are rapidly warming, causing widespread thaw and degradation (Biskaborn et al., 2019; Farquharson et al.,

2019; O’Neill et al., 2023). Permafrost
:::
The

::::::::::
permafrost thaw is triggered by

:
a
:
long-term air temperatures rise

::::::
increase

:::
in

::
air

:::::::::::
temperatures

:
(Smith et al., 2022) and is further amplified by various short-term disturbances, such as periods of extreme35

summer temperatures, high-intensity rainfall, hydrological changes, wildfires, and anthropogenic impacts (Grosse et al., 2011;

Hjort et al., 2022; Holloway et al., 2020; Bernhard et al., 2022b; Kokelj et al., 2015). Although approximately half of the global

soil organic carbon (SOC) stock is stored in permafrost soils in the northern hemisphere (Mishra et al., 2021; Schuur et al.,

2022), ongoing permafrost decline is expected to accelerate SOC decomposition and greenhouse gas emissions, potentially

triggering significant climate feedbacks (Schuur et al., 2022; Yi et al., 2025). Due to the lack of large-scale observations40

and the complexity of the
:::::::::
permafrost

::::
thaw

:
processes, climate models do not account for the potential of permafrost thaw

processes when estimating potential
::::
such

::::::::
processes

:::::
when

:::::::::
simulating

:
permafrost carbon feedbacks (Yi et al., 2025; Schuur

et al., 2015, 2022). Existing Earth system models exhibit significant limitations in the accounting of soil organic carbon (SOC)

and in the prediction of future changes
::
for

::::::
global

:::::::::
permafrost

::::::
regions

:
(Turetsky et al., 2020; Virkkala et al., 2021; Nitzbon et al.,

2020).45

The
:::::
largest

:::::::::::
high-altitude

:::::::::
permafrost

:::::
zone

::
is

:::
the Qinghai-Tibet Plateau (QTP) is the largest high-altitude permafrost zone

with a total extent of 1.06 × 106 km2 at mean elevations greater than 4000 m altitude (Wang and French, 1994; Liu and

Chen, 2000; Zou et al., 2017). Similarly to high-latitude permafrost regions,
::
the

:::::
QTP

::
is

:::
one

:::
of

:::
the

:::::
most

::::::::::::::
climate-sensitive

::::::
regions

::
on

:::::
Earth

:::::::::::::::::::
(Liu and Chen, 2000)

:::
and

:::
has

::::::::::
experienced

::
a

::::::::::
pronounced

:::::::
warming

:::::
trend

::
in

::::::
recent

:::::::
decades,

::::
with

:::
an

:::::::
average

:::::::
increase

::
in

::
air

:::::::::::
temperatures

::
of

::::::
0.035�

:
Ca�1

::::::::::::::
(Yao et al., 2019).

::::
The

::::::::
warming

::::
trend

::::::
affects

:::
the

:::::::
thermal

::::
state

::
of

:::
the

::::::::::
permafrost:50

::::
both

:::::
active

:::::
layer

::::::::
thickness

::::::
(ALT)

:::
and

:::::::
ground

:::::::::::
temperatures

::::
have

:::::::::
increased,

::
as

::::
the

:::::::
regional

:::::::::
permafrost

::::::
extent

:::
has

::::::::
declined

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Cheng and Wu, 2007; Wu and Zhang, 2008; Zhao et al., 2021; Ran et al., 2022)

:
.
::::::
Hence,

:::
the QTP stores large amounts of SOC,

but exhibits different characteristics from the Arctic, including a thicker active layer, higher ground temperatures, and relatively

low ground ice content (Wang et al., 2022). These properties, together with an observed trend of climate warming over the past
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severaldecades,makeQTP a potentiallargecarbonsourceandan importantregion to monitor permafrostthaw processes55

(Ran et al., 2022; Chen et al., 2024a; Yi et al., 2025). The QTP is susceptible to permafrost thaw processes thatcaststrong

impactsfrom permafrostdegradation
:::
have

::
a

:::::::::
substantial

::::::
impact

::
on

:::
the

:::::::::::
environment

:::
and

:::::::::::
communities, including threats to local

transport and energy infrastructureandecosystems,
::::::::::
ecosystems

:::
and

:::::::::
hydrology, as well asto regionalclimate

:::::::
regional

::::::
carbon

::::::
budgets

:
and water storage(Luo et al., 2019; Li et al., 2022; Mu et al., 2017; Zhao et al., 2020; Kokelj and Jorgenson, 2013).

A common,highly visual,anddynamicexampleof a permafrostthawprocessis RetrogressiveThawSlumping
::::::::
capacities60

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Luo et al., 2019; Li et al., 2022; Mu et al., 2017; Zhao et al., 2020; Yi et al., 2025; Chen et al., 2024b).

::::::::::
Permafrost

::::
thaw,

:::::::
together

::::
with

:::
the

:::::
large

::::
SOC

:::::::
stocks,

:::::
makes

::::
the

::::
QTP

::
a

:::::::::
potentially

:::::::::::
considerable

::::::
carbon

::::::
source

::::
and

:::
an

::::::::
important

::::::
region

:::
to

:::::::
monitor

:::::::::
permafrost

::::
thaw

::::::::
processes

:::::::::::::::::::::::::::::::::::::::::::
(Ran et al., 2022; Chen et al., 2024a; Yi et al., 2025).

:

:::::::::::
Retrogressive

:::::
Thaw

:::::::
Slumps (RTS), de�ned asa landslidingprocess

::
are

:::::::::
permafrost

:::::::::
landforms

::::
that

:::::
occur

:
in ice-rich per-

mafrost terrainthatinvolvesthethawingof groundice, thecollapseof sur�cial material,andtheslidingand�owing downslope65

::::
when

::::::
ground

:::
ice

::
is

:::::::
exposed,

::::::::
allowing

::
for

:::::
rapid

::::
thaw

:::
and

:::::::::
downslope

:::::::::
movement of the resulting debris(Nesterova et al., 2024; Harris, 1988; CPA et al., 2024)

. Thismasswastingprocessleadsto theformationof thawslumpsasathermokarstlandform(Burn and Lewkowicz, 1990; Kokelj and Jorgenson, 2013)

.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Burn and Lewkowicz, 1990; Kokelj and Jorgenson, 2013; Nesterova et al., 2024; Harris, 1988; CPA et al., 2024).

:
The land-

form can expand successively upslope with time due to continuous exposure and thawing of massive and segregated ground

ice, thus eroding steep headwalls and mobilising thawed material downslope and potentially into nearby streams and rivers70

(Nesterova et al., 2024; Kokelj et al., 2021). A gradual decline in headwall height with upslope growth and material accumula-

tion can also result in stabilisation and senescence (Burn and Lewkowicz, 1990; Van Der Sluijs et al., 2023), which canfurther

reactivateagain
::::::::
reactivate

:
in complex polycyclic ways(see,e.g.,Krautblatter et al. (2024); Tunnicliffe et al. (in preparation)

)
:::::::::::::::::::::::::::::::::::::::::::::::
(Krautblatter et al., 2024; Tunnicliffe et al., in preparation). Climate warming and human disturbance have intensi�ed RTS

activity not only in the Arctic (Lantz and Kokelj, 2008; Bernhard et al., 2022a; Van Der Sluijs et al., 2023; Young et al., in75

review), but alsoparticularlyin theQTP,manifestingitself with increasednumbers,sizes,andfasterretreatrates, especially

in the last decade(Xia et al., 2024; Luo et al., 2022; Huang et al., 2021; Yang et al., 2025a).
::
on

:::
the

::::
QTP.

:::
In

:::::
recent

::::::
years,

:::
the

::::::
plateau

::::::::::
experienced

::::::
strong

::::::::
expansion

::::
and

:::::::
initiation

:::::
rates

::
of

::::
RTS

::::::
mainly

:::
on

:::::
gentle

:::::::::::
north-facing

:::::
slopes

::::
with

::::::::::
�ne-grained

:::::
soils

:::
and

::::
high

::::::
ground

:::
ice

:::::::
content.

:::::
More

::::
than

::
30

:::
%

::
of

::
all

::::
RTS

:::::::
activity

::
is

::::::::
observed

::
in

:::
the

::::::
Beiluhe

:::::
River

:::::
Basin

:::::::
located

::
in

:::
the

::::::
central

::::
QTP,

::::::
where

::::
most

:::::::
activity

::::::
started

:::::
after

::::
2010

::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Luo et al., 2019, 2022; Huang et al., 2020; Xia et al., 2022, 2024)

:
.

::::
RTS

::::::
retreat80

::::
rates

:::
are

::::::::
relatively

:::::
high,

::::
with

:::::
mean

::::
rates

:::
up

::
to

:::
25 m a� 1

:::::
(2017

:
-
:::::
2019)

:::::::::::::::::
(Huang et al., 2021)

:
,

::::::
though

::::::
similar

::
to

:::::
other

::::::
highly

:::::
active

::::
RTS

::::
sites

::
in

::::::
Alaska,

:::::::::
northwest

:::::::
Canada,

:::
the

::::::::
Canadian

::::
High

::::::
Arctic,

::::
and

::::::
Siberia

::::::::::::::::::
(Hall et al., in review).

:

However, due to their complex spatiotemporal dynamics, monitoring RTS activity and assessingits
::::
their

:
impact on re-

gional carbon cycling remains challenging and is still associated with considerable uncertainties. Most studies have focused

on thermokarst hotspots in the central and northeast regions of the QTP, conducting local to subregional analyses using high-85

resolution satellite imagery and (semi)automatic detection algorithms (Luo et al., 2022; Huang et al., 2021; Xia et al., 2022).

A recent study provided an annual inventory of more than 3,000 RTS features across the QTP from 2016 to 2022, using high-

resolution optical PlanetScope imagery and a semiautomatic detection approach. This effort represents the �rst high-quality

regional-scale dataset that describes RTS initiation and planimetric expansionin recentyears(Xia et al., 2022). Nevertheless,
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to quantify RTS-induced mass wasting and evaluate the potential implications on permafrost carbonemissions
::::::::::
mobilisation,90

additional datasets arestill required - particularly those capturing lateral and vertical change and soil properties. By deriving

elevation change from pairs of high-resolution digital elevation models (DEMs) with a temporal baseline within the affected

planimetric RTS boundary, volume changes of the eroded material can be obtained by air- or spaceborne LiDAR, stereo opti-

cal photogrammetry
:
, or bistatic Interferometric Synthetic Aperture Radar (InSAR) measurements (Lantuit and Pollard, 2005;

Van Der Sluijs et al., 2018; Ramage et al., 2018; Dai et al., 2024; Bernhard et al., 2020).
::::
Data

:::::
from

:::
the

:::::::
German

::::::::::
TanDEM-X95

::::::::
mission's

::::::
X-band

::::::
bistatic

:::::
SAR

::::::
enables

:::
the

:::::::
creation

::
of

:::::
global

::::::::::::
multitemporal

::::::
DEMs

::::
with

::::::::::::
approximately

::
10

:
m

:::::
spatial

:::::::::
resolution

:::
and

:
2
:::
-3 m

::::::
vertical

::::::::
accuracy

::::::::::::::::::
(Krieger et al., 2007)

:::
and

:::
has

::::
been

::::::
shown

::
to

:::
be

::::::
suitable

:::
for

:::::::::
pan-Arctic

::::::::::
monitoring

::
of

::::
RTS

:::::
mass

::::::
wasting

:::::::::::::::::::::::::::::::::::
(Bernhard et al., 2022b; Maier et al., 2025)

:
.
:
Using in-situ measurements or modelled estimates of SOC stocks and

ground ice content, we can combine this information with volumetric change estimates to estimate the amount of formerly

frozen organic carbon that has been mobilised. Such approaches have been applied to assess carbon mobilisation due to coastal100

erosion and slumping in Canada (Ramage et al., 2018), a severe heat wave in Siberia (Bernhard et al., 2022b), and more re-

cently at large thaw-driven mass wasting sites across the pan-Arctic (Dai et al., 2025). However, to date, there have been no

regional-scale
:::::::
empirical

:
estimates of either material erosion volume or SOC mobilisation for the QTP.

In this study,we presentthe �rst regionalempirical analysison RTS masswastingquantifying how much materialhas

beeneroded,how muchgroundice hasbeenlost andhow muchSOChasbeenmobiliseddueto RTS activity on the QTP105

during the last decade.Data from the German
:::
The

:::::::
volume

::
of

::::::
eroded

::::::::
material

::
of

:::
an

::::
RTS

::::::
scales

::::
with

:::
its

::::
area

:::::::::
following

::::::::
power-law

::::::::
relations

::::
that

::::::::::
characterise

:::
its

::::::
growth

:::::::::
dynamics.

:::::::
Several

::::::
studies

:::::::
adapted

:::
the

::::::::
so-called

:::::::::::
area-volume

::
or

:::::::::
allometric

::::::
scaling

::::
from

:::::::::
temperate

::::::::
landslide

:::::::
research

::::::::::::::::::::
(Jaboyedoff et al., 2020)

:
.
::::::::::
Commonly,

:::::::::::
area-volume

::::::
scaling

::
is

:::::::::
performed

:::::
using

:::
an

:::::::
ordinary

::::
least

:::::::
squares

:::::
(OLS)

::::::::
approach

:::
to

::
�t

:
a
::::::
linear

:::::
model

::
to

::::
the

:::::::::::::
log-transformed

::::
RTS

::::
area

::::
and

::::::
volume

::::::::
(change)

::
to

::::::
obtain

::::::
scaling

::::::::::
coef�cients.

::::::::
However,

::::::
distinct

::::::::::
differences

::
in

::
the

:::::::::
estimated

::::::
scaling

::::
laws

:::
can

::
be

:::::::
present

:::::::
between

:::::::::
geographic

::::::
regions

::::
and110

:::::
based

::
on

:::
the

:::::::::::::
methodological

::::::::
approach

:::::
used.

::::::::::::::::::::
Bernhard et al. (2022a)

::::
used

::::::
instead

::
of

:::::
OLS

::
an

::::::::::
orthogonal

:::::::
distance

:::::::::
regression

::::::
(ODR)

:::::::::::::::::::::
(Boggs and Rogers, 1989)

::
to

::
�t

:::
the

::::::
straight

::::
line

::
to

::
the

::::::::::::::
log-transformed

::::
RTS

:::
area

::::
and

::::::
volume

::::::
change

:::::
based

::
on

:
TanDEM-

X mission'sX-bandbistaticSAR enablesthecreationof multitemporalDEMs with approximately10 spatialresolutionand

2 -3 verticalaccuracy(Krieger et al., 2007), suitablefor
:::::
DEM

::::
pairs

:::::
(2010

:
-
::::::
2016)

::::::::
assuming

:::
that

::::
both

:::
�V

::::
and

:::
�A

:::
are

:::::::
affected

::
by

:::::::::::
measurement

:::::
error.

:::
The

:::::::
authors

:::::
report

::
a

::::::
scaling

:::::::::
coef�cient

::
of

::::
1.15

::
for

:::::::
several

:::::
Arctic

:::::
sites.

::::::::::::::
Dai et al. (2025)

::::::
reported

::
a pan-115

Arctic monitoring of RTS masswasting(Bernhard et al., 2022b; Maier et al., 2025). Combiningthe annualhigh-resolution

RTSdelineationsof Xia et al. (2024)and
:::::
scaling

:::::::::
coef�cient

::
of

::::
1.30

:::::
based

:::
on

::::
OLS

::::
and

::::::::::
ArcticDEM

::::
pairs

:::::
(2012

::
-

:::::
2022)

:::::
while

::::::::::::::::
Kokelj et al. (2021)

:::
and

:::::::::::::::::::::::
Van Der Sluijs et al. (2023)

:::::
report

::::::::::
coef�cients

::
of

::::
1.36

:::
and

:::::
1.41,

:::::::::::
respectively,

::
in

:::
the

::::::::
Canadian

::::::
Arctic

:::::
based

::
on

::::
OLS

::::
and

::::::::::::
pre-disturbance

::::::
terrain

::::::::::::
reconstruction

:::::
(until

:::::
2018).

::
A

::::::
recent

::::
study

:::::::::
estimated

:
a

::::::
scaling

:::::::::
coef�cient

::
of

::::
1.20

:::
for

:::::
almost

:::::
1500

::::
RTS

:::
on theelevationchangefrom

:::
QTP

:::::::::::::::
(Ma et al., 2025)

::::
based

:::
on

:::::
DEM

:::::::
mosaics

:::
and

::::::::::
commercial

::::::::::::
stereo-optical120

:::::
DEMs

::::
with

:::::::
varying

:::::
dates

:::::
(until

::::
2021

::
-

::::::
2025).

::::::
Robust

::::::::
empirical

::::::
scaling

:::::::::::
relationships

::::
can

::
be

::::::
helpful

:::
to

:::::::::
potentially

::::::::
constrain

:::::::::::
regional-scale

::::::::
estimates

:::
on

::::::::
material

::::::
erosion

::::
and

::::::
carbon

:::::::::::
mobilisation

:::::
when

::::
only

::::::::
optically

:::::::
derived

::::
RTS

::::
area

::::::::
estimates

::::
are

::::::::
available.

::::::::
However,

::::::::::
differences

::
in

:::
the

:::::::
scaling

::::::
model

:::
and

::::::::
temporal

::::
and

::::::
spatial

:::::::::
resolution

::
of

:::
the

::::::::
elevation

::::
data

::::::
impair

::::
the

::::::::::::
(inter-)regional

::::::::::::
transferability

::
of

:::
the

::::::::
estimated

::::::::::
coef�cients.

:
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::
In

:::
this

:::::
study,

:::
we

:::::::
present

:::
the

:::
�rst

:::::::
regional

:::::::::
empirical

:::::::
analysis

::
on

::::
RTS

:::::
mass

:::::::
wasting

:::
due

::
to

::::
RTS

:::::::
activity

:::
on

:::
the

::::
QTP

::::::
during125

::
the

::::
last

::::::::
decade.

:::
The

::::::::
elevation

::::::
change

:::::
from

:
TanDEM-X-derived DEMs between2011and

::::
2011

:::
and

:
2020, we estimatedthe

volumechangeof the erodedmaterialinducedby RTS activity on ,
:::

in
::::::::::
combination

:::::
with

:::
the

::::::::::
high-quality

::::
RTS

:::::::::::
delineations

::
of

::::::::::::::
Xia et al. (2024)

:::
and

:::
soil

::::::::
property

:::::::
datasets

:::
for the QTP.Basedon recentlypublisheddatasetson the permafroststateand

soil conditionsincludingactivelayer thickness,volumetricwater/ groundice (GI)content,andSOCstocks,we modelledthe

materialerosionvolumesintomobilisedSOC�uxes for all RTSpresentontheQTPuntil 2020(Ran et al., 2022; Zou et al., 2024; Wang et al., 2021)130

. We evaluatedtheuncertaintyin theestimatederosionvolumeandthederivedproperties,examininghow spatialresolution

affectserrorsin materialerosionestimates.Similarly to temperatelandslides,scalinglawsbetweentheplanimetricareaand

the erosionvolume havebeenusedto improve our understandingof the variability in geomorphology,processdynamics,

andthedriversandcontrolsof RTS(Kokelj et al., 2021; Bernhard et al., 2022a; Van Der Sluijs et al., 2023). By examiningthe

allometricscalingof areaandvolumeof RTS-inducedmaterialerosionin QTP we providea basisfor (1) the (sub)regional135

comparisonof RTSdynamicsand(2) providingempiricalscalingrelationshipsto potentiallyconstrainregional-scaleestimates

on materialerosionand carbonmobilisation
::::
QTP,

:::::::
allowed

::
us

:::
to

:::::::
estimate

::::
the

::::::
volume

:::
of

::::::
eroded

:::::::
material

::::
and

:::
the

:::::::
related

::::::::
allometric

::::::
scaling

:::::::::::
coef�cients,

:::::::::
associated

::::::
ground

:::
ice

::::
loss,

::::
and

:::::::::::
mobilisation

::
of

:::::
SOC. We aim to show that the combination

of multimodal and multitemporal datasets allows for a more detailed analysis of RTS mass wasting dynamics and further

increases our understanding of the regional carbon budget impacts.140

2 Data and methods

2.1 Study site

Our study region, theQinghai-TibetPlateau(QTP)
:::
QTP, is located between 26� N and 38� N in the south-west of China at

average elevations higher than 4000m above sea level (Fig. 1 a). Permafrost covers 40 % of the plateau (Wang and French,

1994; Liu and Chen, 2000; Zou et al., 2017). The permafrost ground ice content averages around 30 %, decreasing spatially145

from north to south and west to east, holdingatotalwatervolumeof 3330in thetop10(Zou et al., 2024) (Fig. 1 b). Compared

to the Arctic, thethicknessof theactivelayer(ALT )
:::
ALT

:
is high (ALT = 2.34m) (Ran et al., 2022), while permafrost thickness

is relatively low (<
:
60 - 350m) (Zhao et al., 2020). A dry and cold climate in the northwest transitions to a warmer and wetter

climate in the southeast of the plateau (Chen et al., 2015). The QTP permafrost also stores large amounts ofsoil organiccarbon

(SOC)
::::
SOC

:
with a median estimate of 1.41� 1013 kg C (or 14.1Pg C) for the top 3m and 4.92� 1013 kg C (or 49.2Pg C)150

for the upper 25m of soils (Wang et al., 2020; Chen et al., 2024a). The SOC stocks increase from west to east and from north

to south (Wang et al., 2021; Chen et al., 2024a) (Fig. 1 c).

Similarto theArctic, theQTPis oneof themostclimatesensitiveregionsonEarth(Liu and Chen, 2000)andhasexperienced

a pronouncedwarmingtrendin recentdecades,with anaverageincreasein air temperaturesof 0.035� (Yao et al., 2019). The

warmingtrendaffectsthethermalstateof thepermafrost:bothALT andgroundtemperatureshaveincreased,astheregional155

permafrostextentdeclines(Cheng and Wu, 2007; Wu and Zhang, 2008; Zhao et al., 2021; Ran et al., 2022). In addition, the

ice-rich terrain in the QTP hasbecomemore proneto thermokarstdevelopment,likely to affect regionalcarbonbudgets
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Figure 1. (a) Distribution
:::::::
Overview

:
of RTSon the

::::
study

::::::
region,

:::
the Qinghai-Tibet Plateau (QTP)Xia et al. (2024).

::
All

::::
data

:
is

::::::
gridded

::::
into

:::
50�

:::
50km2

:::
units

:::
for

:::::::::
visualisation

::::::::
purposes.

:::
(a)

:::::::::
Distribution

:::
and

:::::
spatial

::::::
density

::
of

::::
RTS

:::::::::::::
(Xia et al., 2024).

:
We divided the QTP into �ve

subregions (West, West-Central, Central, East, Northeast)basedon spatialRTS clusters(Xia et al., 2024)and distributed validation sites

(400km2) across the QTP.Distribution
:::
The

:::::::::
background

::::::
depicts

::
the

::::::
spatial

::::::::
distribution

:
of permafrostandseasonallyfrozenground

:::::
terrain

on the QTPfrom Zou et al. (2017)
:::::::::::::
(Zou et al., 2017).(b) Volumetric

:::
The

:
ground ice contentbetween

::
on

:::
the

::::
QTP

:::
for

::
an

::::::::
exemplary

:::::
depth

::::
layer

:
(2and

:
- 3 mdepthmodelledwith a randomforestalgorithmbasedon climate,terrainandsoil variablesand> 600boreholerecords

:
)

:
is

::::::
highest

::
in

:::
the

::::::
central

:::
part

::
of

:::
the

::::::
plateau (Zou et al., 2024).(c) Soil organic carbon (SOC) stocks aggregated for the �rst 3m depth

derivedwith asetof machinelearningalgorithmstogetherwith environmentalvariablesandsoil pro�le datafrom > 500�eld measurements

(Wang et al., 2021)show an increasing trend from
::
the northwest to

::
the southeast QTP

::::::::::::::
(Wang et al., 2021).

andwaterstoragecapacities(Yi et al., 2025; Chen et al., 2024b). In recentyears,thePlateauexperiencedstrongexpansionand

initiation ratesof RTSmainlyongentlenorth-facingslopeswith �ne-grainedsoilsandhighgroundicecontent.Morethan30%

of all RTSactivity isobservedin apartof thecentralQTP,namelytheBeiluheRiverBasin(Luo et al., 2022; Huang et al., 2020; Xia et al., 2022, 2024)160

(Fig. 1 a). Observationsand inventoriesof RTS activity andhistoricaldevelopmentarestill scarce,but subregionalstudies

focussingmainlyonthermokarsthotspotsin centralQTPindicatethatmostRTSactivitystartedaround2010(Luo et al., 2019, 2022; Xia et al., 2024)

. RTSretreatratesarerelativelyhigh,with meanratesupto25(2017- 2019)(Huang et al., 2021), thoughsimilartootherhighly

activeRTSsitesin Alaska,northwestCanada,theCanadianHigh Arctic, andSiberia(Hall et al., in review).
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2.2 Work�ow and data processing165

Based on the spatial clustering of RTS identi�ed by Xia et al. (2024), we divided the study area into �ve subregions,which

include the
::::::::
including:

:
West, West-Central, Central,Northeastand East

::::
East,

::::
and

::::::::
Northeast

:
(Fig. 1) to analyse

:::
a).

::::::
These

:::::::::
subregions

:::
are

::::
used

::
to

:::::::
analyse

:::
the

:
spatial patterns of material erosion and mobilisation of SOC induced by RTS activityin

:
,

:::
and

:::::::::::::::::
area-volume-scaling

:::::
across

:
the QTP. To validate the estimated volumes of RTS material erosion derived from integrated

optical and elevation remote sensing data, we establishedseveralvalidationsitesthatwerespatiallydistributedthroughoutthe170

QTP
::
the

:::::::::
following

::::::::
validation

::::
sites

::::::::
covering

::::
each

::::
400km2

::::
(Fig.

::
1

:::
a):

:::::::
Western

:::::::
Kunlun,

::::::
Gaize,

:::::::
Southern

::::::
Nima,

:::::::
Beiluhe

:::::
River

:::::
Basin,

::::
and

:::::
Qilian

:::::::::
Mountain.

:::
We

::::::::
selected

::::
sites

:::::
based

:::
on

:::
(1)

:::
the

:::::::
presence

:::
of

::::
RTS

:::::::
activity

::::::
located

::::::
within

::::::
diverse

::::::::::
geographic

:::
and

::::::
terrain

:::::::::
conditions

::::::::
identi�ed

::
by

::::::::::::::
Xia et al. (2024)

:
,

::
(2)

::::
the

:::::::::
availability

::
of

::::
�eld

::::::::::::
observations,

:::
and

:::
(3)

:::
the

::::::::
suf�cient

::::::::
coverage

::
of

::::::::::
TanDEM-X

::::::::::
observations

::
to

::::::
ensure

:::::::::
consistent

:::
data

::::::
quality

:::
for

:::::::::
validation

:::::::
purposes.

2.2
::::::::
Work�ow

::::
and

::::
data

:::::::::
processing175

We used bistatic TanDEM-X SAR observations to generate multi-temporal DEMs thatspan
::::
cover

:
all RTS locations in the

RTS inventory of Xia et al. (2024).Theelevationchangebetween
::
By

:::::::::::
differencing

:::::
DEMs

:::::
from 2011 and 2020wasretrieved

by a seriesof processingsteps(e.g., Fig. 2 a). The active erosionarea� A was estimatedafter Xia et al. (2024), where

high resolutionmultispectralsatelliteimagerywasusedto detectanddelineateRTSboundaries
:::
and

:::::::::
combining

:::
the

::::::::
resulting

:::::::
elevation

:::::::
change

::::
with

:::
the

::::::
annual

:::::::::::::
high-resolution

:::::
RTS

::::::::
inventory,

::::
we

::::::::
estimated

:::
the

:::::::
volume

::::::
change

:::
of

:::
the

::::::
eroded

::::::::
material180

::::::
induced

:::
by

::::
RTS

::::::
activity

:::
on

:::
the

::::
QTP (Fig. 2

::
a, b).Theseareas,in combinationwith soil propertydatasetsfor theQTP,allowed

usto estimatethevolumeof erodedmaterial,associatedgroundice loss,andmobilisationof SOC
:::::
Based

::
on

:::::
recent

:::::::
datasets

:::
on

::
the

::::::::::
permafrost

::::
state

:::
and

:::
soil

:::::::::
conditions

::::::::
including

:::::
active

:::::
layer

::::::::
thickness

::::::
(ALT),

:::::::::
volumetric

:::::
water

:
/

::::::
ground

:::
ice

::::
(GI)

::::::
content,

::::
and

::::
SOC

::::::
stocks,

:::
we

::::::::
modelled

:::
the

:::::::
material

:::::::
erosion

:::::::
volumes

::::
into

::::::
annual

::::
SOC

:::::::::::
mobilisation

::::
rates

:::
for

:::
all

::::
RTS

:::::::
present

::
on

:::
the

:::::
QTP

::::
until

::::
2020

:
(Fig. 2 c).185

We validatedour approach(1) by manuallydelineatingactivelyerodedsectionsof theRTSfrom elevationchangeproducts

andcomparingtheirspatialoverlapwith opticallyderivedRTSdelineations;and(2) by comparingmaximumelevationchanges

from TanDEM-X DEMs with averageheadwallheightsderivedfrom very high-resolution(VHR) DEMs from 6 RTS in the

BeiluheRiver Basin in CentralQTP, obtainedfrom dronephotogrammetricsurveysconductedin the summerof 2020
:::
We

::::::::
evaluated

:::
the

:::::::::
uncertainty

::
in

:::
the

::::::::
estimated

:::::::
erosion

::::::
volume

:::
and

:::
the

:::::::
derived

:::::::::
properties,

:::::::::
examining

::::
how

:::::
spatial

:::::::::
resolution

::::::
affects190

:::::
errors

::
in

:::::::
material

::::::
erosion

::::::::
estimates

:
(Fig. 2 d).

:::::
Similar

:::
to

::::::::
temperate

:::::::::
landslides,

::::::
scaling

::::
laws

::::::::
between

:::
the

:::::::::
planimetric

::::
area

::::
and

::
the

:::::::
erosion

::::::
volume

:::::
have

::::
been

::::
used

::
to

:::::::
improve

::::
our

:::::::::::
understanding

:::
of

:::
the

::::::::
variability

::
in

::::::::::::::
geomorphology,

:::::::
process

::::::::
dynamics,

::::
and

::
the

::::::
drivers

::::
and

:::::::
controls

::
of

::::
RTS.

:

2.2.1 Digital Elevation Model generation and processing

The
::
We

::::
used

:::::::
satellite

:::::::::::
observations

::::
from

:::
the

:
German Synthetic Aperture Radar (SAR)satellitemission TanDEM-Xallowsus195

to generate temporally resolved digital elevation models based on bistatic SAR interferometry (InSAR) (Krieger et al., 2007;
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Figure 2. Data processing and validation:(a) DEM generation from TanDEM-X SAR observations based on bistatic interferometric SAR

(InSAR) processing and post-processing with data tiling, averaging, and differencing including coregistration routines resulting in elevation

change maps between time T1 and T2.(b) We extract the elevation change (T2-T1) within the boundaries of the temporally matching optical

RTS labels of Xia et al. (2024) divided into negative elevation change (ablation) and positive elevation change (deposition of thawed material)

within the RTS delineation.(c) Estimation of the properties of RTS mass wasting including material erosion calculated from negative

elevation change within the RTS boundary, ground ice (GI) lossbasedon groundice contentfrom Zou et al. (2024)and the ALT dataset

from Ran et al. (2022), and SOC mobilisationincorporatingSOC stocksfrom Wang et al. (2021)and an extrapolationapproachadapted

from Bernhard et al. (2022b)andRamage et al. (2018). (d) Validation at selected sites by (1) evaluating how accurately we can estimate
::
the

::::
active

::::::
erosion

:::
area

:
� A and

::
the

:::::::
material

:::::
erosion

::::::
volume� V based on the opticallabels

:::
RTS

:::::::::
delineations

:
and (2) by comparing

:::::::::
approximate

headwall heights obtained from
:::::::::::::::
very-high-resolution

:
(VHR)

:
DEMs of six RTS in the Beiluhe River Basin from photogrammetric drone

surveysin 2020to our results.

Bojarski et al., 2021). We excluded observations with height-of-ambiguity (HoA) values below 15 and above 80m to guaran-

tee a vertical accuracy between 2 and 3m in �at areas (Martone et al., 2012; Bernhard et al., 2020).Bernhard et al. (2020)

found in Arctic thermokarstlandscapesthat observationsduring summercan challengeRTS monitoring due to increased

elevationuncertaintiesand errorsattributedto late winter snow, as well as denseand wet tundravegetationthat changes200

the dielectricpropertiesof signals.Therefore,studiesrelying on SAR-basedDEMs for RTS monitoring typically useonly

winter observations(Bernhard et al., 2022a; Maier et al., 2025), wherethe assumptionis that X-bandradarwavespenetrate

dry snowpacksup to severalmetres(Leinss and Bernhard, 2021; Millan et al., 2015). However,in the QTP,we canonly
:::
We

::::
used

::::::::::
TanDEM-X

::::::::::
observations

:::::::::
throughout

:::
the

::::
year

::
to achieve full spatial coverageif weuseyear-roundobservations.Compared
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to Arctic permafrostregions,the QTPischaracterisedby different climateandvegetationthat mitigatessomeproblems.For205

example,the maximumaccumulationof snowon the QTP betweenDecemberandFebruaryhasa low meansnowdepthof

< 1 to 11 (< 1 standarddeviation(SD)) anda maximumaccumulationof < 2 (Che et al., 2008; Yang et al., 2020)which is

well belowtheheightsensitivityof TanDEM-X DEM. ThecentralQTP,wheremostRTSarelocated,hasthe lowestaverage

snowdepthobservedin recentdecadeson thePlateau(Ma et al., 2023). In addition,thevegetationcharacteristicssupportour

approachof incorporatingyear-roundTanDEM-X observationsfor DEM generation.The vegetationin which mostRTS are210

locatedis characterisedby
::
on

:::
the

:::::
QTP,

:::::::
although

:::::::
previous

::::::
studies

::
in

:::
the

::::::
Arctic

::::
have

::::
used

::::
only

:::::
winter

::::
data

::
to

:::::
avoid

:::::
errors

::::::
caused

::
by

:::::
dense

:::
and

:::
wet

::::::
tundra

:::::::::
vegetation

:::::
during

:::
the

:::::::
growing

::::::
season

::
or

::::::
melting

:::::
snow

:::::
packs

:::::::::::::::::::::::::::::::::::::::
(Bernhard et al., 2020, 2022a; Maier et al., 2025)

:
.

:::
The

::::::::
potential

:::::
errors

:::::::::
introduced

:::
by

:::::::::
vegetation

::::::::::::
characteristics

:::
and

:::::
snow

:::::
cover

:::
are

:::::
likely

::
to

:::
be

::::::::
negligible

:::
in

:::
this

:::::
study

::::
due

::
to

::
the

::::::::::
commonly low canopy heights, suchasalpinemeadowsandsteppes

::
of

:::
the

:::::
local

::::::::
vegetation

:::::::
(alpine

::::::::
meadows, arid desert,

or evenbareground(Wang et al., 2016; Xia et al., 2024)
::::
bare

:::::::
ground)

:::::::::::::::::::::::::::::
(Wang et al., 2016; Xia et al., 2024),

::::
and

::::::
shallow

:::::::
average215

::::
snow

::::::
depths

::::
well

:::::
below

:::
the

::::::
height

::::::::
sensitivity

::
of

:::
the

::::::::::
TanDEM-X

::::::
DEMs

:::::::::::::::::::::::::::::
(Che et al., 2008; Yang et al., 2020).

Using the global 12m spatial resolution TanDEM-X DEM as a reference, pairs of bistatic SAR observations were processed

with the GAMMA Remote Sensing software (Werner et al., 2000)following astandardInSARprocessingwork�ow, to generate

a series of DEM products
::::::::
following

::
a

:::::::
standard

::::::
InSAR

:::::::::
processing

::::::::
work�ow

:
(Fig. 2 a).

:::
Key

::::
steps

:::::::
include

:::
the

:::::::::
generation

::
of

::
a

:::::::::
differential

::::::::::::
interferogram,

:::::
phase

:::::::::::
unwrapping,

:::::::::::::
phase-to-height

::::::::::
conversion,

::::::
update

::
of

::::
the

::::::::
reference

:::::
DEM

::::
with

:::
the

:::::::::
computed220

:::::
height

:::::::::
difference,

:::
and

:::
the

:::::::::::::::
orthorecti�cation

::
or

:::::::::
geocoding

::
of

:::
the

:::::::
resulting

:::::
DEM

::
to

::::
map

::::::::::
coordinates.

:::::::
Further

::::::::::
information

:::::
about

::
the

:::::
DEM

:::::::::
generation

:::::::
pipeline

:::
can

:::
be

:::::
found

::
in

::::::::::::::::::
Bernhard et al. (2020)

:::
and

::::::::::::::::
Maier et al. (2025).

:
SAR shadow and layover areas, as

well as the regions in the SAR images that experienced low coherence (< 0.3), were not considered in subsequent processing

(Bernhard et al., 2020; Maier et al., 2025).Basedontheinterferometriccoherence,theobservation'sHoA andthemultilooking

window (4 � 4 pixels),we
::
We

:
estimated the associated random elevation error� h of each pixel for all generated DEMs

:::::
using225

::
the

:::::::::::::
interferometric

::::::::::
coherence,

:::::
height

:::
of

:::::::::
ambiguity,

::::
and

:::
the

::::::::
multilook

::::::::
window

::
of

::::
4� 4

::::::
pixels

:
(Krieger et al., 2007; Rosen

et al., 2000; Rodriguez and Martin, 1992).Following Maier et al. (2025), we
:::
We

:
reprojected all DEM products to a common

horizontal coordinate system, WGS 84 / NSIDC EASE-Grid 2.0 Global (EPSG:6933) with
::
an ellipsoidal vertical reference,

resampled to 10m spatial resolution
:
,
:
and split all data into100

:::
100-km2 tiles

::::
-tiles

:
with a small spatial overlap to avoid

:::
any

edge effects. We corrected the DEMs for vertical offsets and tilts and co-registered the DEM pairs using the Python package230

xDEM (Hugonnet et al., 2021). Due to the non-uniform temporal coverage of TanDEM-X observationsin
::
on

:
the QTP, we

decided to calculate the elevation change�h between two time periods. We averaged all available DEMs for the time period

T1 that spans one summer period (01/2011 - 04/2012) and for T2 that spans two summer seasons (09/2017 - 01/2020). In case

of the existence of several DEMs in the same location during the same time period, we calculated a weighted average per pixel

based on interferometric coherence before computing the elevation difference T2
:
- T1 for each tile with RTS activitybased235

on the RTS inventory of Xia et al. (2024). The
:
.

:::
For

::::::
stable

::::::
terrain,

:::
the

:
resulting elevation changemapsare

:::::::
products

:::::
were

normally distributed around zero with aSD
:::::::
standard

::::::::
deviation

:
representing the achievable vertical accuracy of the DEM

pair. �h � 0 m indicates stable terrain, while negative and positive values re�ect material ablation and deposition of thawed

materials, respectively.
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2.2.2 Multimodal RTS mass wasting quanti�cation240

Xia et al. (2024) created a high-quality regional inventory of annual RTS delineations between 2016 and 2022 based on a

semi-automated deep learning approach with
::::::
optical high-resolution PlanetScope imagery (Xia et al., 2022) (Fig. 2 b).The

DEMs of T2 consistof up to two summerseasonsof RTS activity, dependingon the availability andspatialdistributionof

theobservations.If thedatafrom T2 consistedonly of observationsfrom oneyear,theopticalRTS label from thematching

yearwasselectedasRTSdelineationfor masswastingcalculations.If observationsfrom severalyearscontributedto theDEM245

of T2, we assignedthe optical RTS shapethat matchedthe last observationyear to ensurea conservativeestimationof the

erodedvolume.Spectral information in optical images distinguishes undisturbed from disturbed terrain, using differences in

::::::::::
bare-ground

:::
and

:
vegetation cover. RTS delineations derived from optical imagery oftenencompass

:::::::::
incorporate a broader area

than the active ablation zone, including zones of recent activity and depositional sections of the slump �oor (i.e., features

not directly involved in ongoing material loss), while excluding stable zones of past disturbance masked by lush vegetation250

growth. Therefore, we calculated the volume of eroded material�V for each RTS by summing only the negative elevation

changes�h < 0 m :::::::
�h < 0 m multiplied by the area of the DEM pixel (Fig. 2 c).

�V =
X

� h < 0 m < 0
:::

m � 100 m2100::: m2 (1)

Adaptedfrom temperatelandslideresearch,weappliedarelationshipbetweenareaandmaterialerosionvolume, theso-called

area-volumeor allometric scaling , to investigateRTS propertiesand to be able to comparemorphologicalenlargement255

characteristicswith otherstudies(Jaboyedoff et al., 2020; Kokelj et al., 2021; Bernhard et al., 2022a; Van Der Sluijs et al., 2023)

. Following themethodologyof Bernhard et al. (2022a), weuse

:::
The

::::::
DEMs

:::
of

:::
T2

::::
may

::::::
consist

:::
of

::
up

:::
to

:::
two

::::::::
summer

::::::
seasons

:::
of

::::
RTS

:::::::
activity,

:::::::::
depending

:::
on

:::
the

::::::::::
availability

::::
and

::::::
spatial

:::::::::
distribution

::
of

:::
the

:::::::::::
observations.

::
If

:::
the

::::
data

:::::
from

::
T2

::::::::
consisted

::
of

:::::::::::
observations

::::
from

:::::
only

:::
one

::::
year,

:::
the

::::::
optical

::::
RTS

::::::::::
delineation

::::
from

:::
the

::::::::
matching

::::
year

::::
was

:::::::
selected

:::
as

:::
the

::::
RTS

:::::::::
delineation

:::
for

::::
the

::::
mass

:::::::
wasting

::::::::::
calculation.

::
If

:::::::::::
observations

::::
from

:::::::
several260

::::
years

::::::::::
contributed

::
to

:::
the

:::::
DEM

:::
of

:::
T2,

:::
we

:::::::
assigned

::::
the

::::::
optical

::::
RTS

:::::::::
delineation

::::
that

:::::::
matched

::::
the

::::
most

::::::
recent

:::::
DEM

::
to

::::::
ensure

::
we

::::::::
captured

:::
the

::::
full

:::::::::
planimetric

::::::
extent

::
of

:::
the

:::::
RTS.

::::::::::::
Nevertheless,

::
if

:::::::
multiple

:::::::::::
observations

::::::::::
contributed

::
to

:::
the

:::
T2

::::::
DEM,

:::
the

::::::::
multi-year

::::::::
averaged

::::::
erosion

:::::::
volume

::::
may

:::::::::::
underestimate

:::
the

::::::
actual

::::::
volume

::
of

:::::::
erosion.

:

::::
Since

::::::::
previous

::::::
studies

:::
on

:::::::::
allometric

::::::
scaling

::::
use

:::::::
different

::::::::
methods

::
to

::
�t

::
a

:::::::
straight

:::
line

:::
to

:::
the

:::::::::::::
log-transformed

:::::
RTS

::::
area

:::
and

:::::::
volume

:::::::
change,

:::
we

:::::
apply

::::
two

:::::::
common

:::::::
models:

::::
We

:::
use

:::
(1)

:
an orthogonal distance regressionmodel to �t a straight265

line in log space(Boggs and Rogers, 1989)and
::::::
(ODR)

:::::
model

::::::::::::::::::::::
(Boggs and Rogers, 1989)

::::
used

:::
by

:::::::::::::::::::
Bernhard et al. (2022a)

:::
for

::::::
several

:::::
North

::::::::
American

::::
and

:::::::
Siberian

::::
RTS

:::::
sites,

::::
and

:::
(2)

::
an

::::::::
ordinary

::::
least

:::::::
squares

:::::
(OLS)

::::::::
approach

:::::::
applied

:::
by,

:::
for

::::::::
example,

::::::::::::::::
Kokelj et al. (2021),

:::::::::::::::::::::::
Van Der Sluijs et al. (2023),

::::
and

:::::::::::::
Dai et al. (2025)

:
,
::
to

:
predict the eroded volume�V based on the plani-

metric area�A with an exponential scaling coef�cient� and a scaling factorc (Jaboyedoff et al., 2020) for the time interval

T1 - T2.
:
:270

�V = c� �A � : (2)
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Notably
::
In

:::::::::
particular,�A stands for the RTS area that undergoes a negative elevation change or ablationand, therefore,is

actively erodingwithin the monitoring period ofT1-T2. Instead,the RTS delineationsof Xia et al. (2024)basedon optical

imagerydistinguishedbetweendisturbedzonesandintactvegetation.
::
T1

:
-
:::
T2.

:
To test the in�uence ofslightly different de�ni-

tions of the RTS area
::::::
between

::::::::::
delineations

:::
on

::::::
optical

::::::
images

::::
and

:::
the

:::::::
elevation

::::::
change

:::::
maps, we also performed area-volume275

scaling with the entire RTS delineation area AXia , which does notincludepurely activeerosion,but
::::
only

::::::
include

:::::
zones

:::
of

::::::
ablation

:::
�A

:::
but

:::::
often also bare soils disturbed by mud �ows and the deposition of thawed material in the slump �oor (Fig. 2 b).

To estimate how much SOC is stored in the previously frozen permafrost soils mobilised by RTS activity during the study

period, ground conditions must be known or modelled (Fig. 2 c). Therefore, we integrate existing datasets for
:::
the QTP that

de�ne (1) ALT
::::::::::::::
(Ran et al., 2022), (2) GI content between 2 and 10m

::::::::::::::
(Zou et al., 2024), and (3) SOC stocks between 0 and 3m280

depth
:::::::::::::::
(Wang et al., 2021). All datasets are sampled in1

::
1-km2cells.(1)

:::::
-cells. Ran et al. (2022) estimated permafrost thermal

state variables
:
, including ALT for the pan-Arctic permafrost region and

::
the

:
QTP with 452 �eld measurements with statistical

learning models that achieve a root mean square error (RMSE)< 1 m . (2)
::
(1).

:
Zou et al. (2024) estimated the volumetric

water / ground ice content up to 10m depth with a random forest algorithm based on climate, terrain and soil variables and 664

borehole records withR2 > 0:8
:::
R2

::
>

:::
0.8 for all depth layers (Fig. 1 b). (3),

::::
(2)).

:
Wang et al. (2021) applied a set of machine285

learning algorithms together with environmental variables and soil pro�le data from 572 �eld measurements to predict the

spatial distribution of SOC in the upper 3m, including an uncertainty layerin
::
on

:
the QTP. The model achievedR2

::
R2

:
values

between 0.66 for the upper 30cm and 0.54 for the �rst metre (Fig. 1 c
:
,

:::
(3)). Since the SOC stocks dataset is limited to the

upper 3m, we apply an exponential decay model to extrapolate the values to lower depths where we propagate the uncertainty

estimates of 2 - 3m (Bernhard et al., 2022b). Based on the assumptions that (1) ground ice starts at the depth where the active290

layer ends and (2) SOC is not present in any form in the massive ground ice, we sampled the negative elevation change within

each RTS label to calculate the SOC mobilisation per RTS

SOCRTS =
X

n ( �A )
n ( �A )
::::

X
d

n =10
d=1:::

[SOC(d < ALT ) + SOC(d > ALT )(1100::: �
GI
100

GI:: )] 100 m2 (3)

with the number of pixelsn, the RTS ablation area�A
:::
[m],

:::
the

:::::
depth

::
of

:::
the

:::::
active

::::
layer

::::
ALT

:::
(>

::
0 m

:
),

::::::
ground

:::
ice

::::::
content

:::
GI

:::
[%] and soil depthd

::
(0

::
<

::
d

::
<

::
10

:
m

:
). If the depthd is lower

:::::
higher

:
than the ALT, then only the part of the eroded material that295

is not massive ground ice is added to the total SOC mobilisation. Similarly, we estimate the volume of RTS-induced ground

ice loss across the depth layers bymultiplying
:::::
scaling

:
the eroded material by1� GI

100 .
::::::::
100� GI.

:::
To

::::::::
illustrate,

::
if

:::
we

::::::
sample

::
at

::
an

:::::::::
exemplary

::::
RTS

:::::::
location

::
an

:::::
ALT

:
=

:::
1.8

:
m

:::
and

::::::::
GI2� 3 m :

=
:::
31

::
%

:::
we

:::::
round

:::
the

:::::
ALT

::
to

:
2

:
m

:
.
:::
For

::
0

:
-
::
2 m

:::::
depth,

:::
we

::::::::
compute

::
the

:::::
SOC

:::::::::::
mobilisation

::::::
without

::::::
scaling

:::
for

:::::::
ground

:::
ice

::::
since

:::
we

:::::::
assume

::
no

::::::::
presence

::
of

:::::::
massive

:::
ice

::
in

:::
the

:::::
active

:::::
layer.

::::
For

:::
the

::::
depth

:::::
layer

:
2
::
-

:
3

:
m

::
we

::::::
reduce

:::
the

::::
SOC

:::::::::::
mobilisation

::
by

:::
31

::
%.

:
300

We report the total estimates of the volume of eroded material, the mobilisation of SOC, and the loss of ground ice as the

sum over all RTS in the study region and throughout the study period. By dividing SOC mobilisation by the number of years

between T1 and T2, we estimateSOC�uxes peryear
:
a

::::::
yearly

::::
SOC

:::::::::::
mobilisation

:::
rate. However, the values might be partially

biased since we cannot distinguish between RTS that have been active for the entire study period and those that may have only
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been active for a shorter period of time (Bernhard et al., 2022b). We normalise our results by
::
the

::::
size

::
of

:::
the study area and

:::
the305

number of RTS to ensure comparability
::
to

:::
the

:::::
results

:::
of

:::::::
previous

::::::
studies.

2.2.3 RTS material erosion error assessment and validation

Since we aim to integrate two datasets withdistinctly different spatial resolutions (DEM
:::::
raster: 10m, optical RTS inventory

::::::
vectors: 3m), we have to account for the ambiguity produced. Negative elevation change pixels might only partially intersect

the RTS delineation instead of being entirely contained. We chose to rasterise the optical RTS delineations into two parts:310

an upper-bound RTS area�A + ::::
�A +

:
that includes all intersected pixels, and a lower-bound area�A � ::::

�A � with only fully

contained pixels. Together with the estimated elevation error� h of the DEM wethencompute the upper and lower volume

limits �V+ =� ::::::
change

::::::
bounds

:

�V + =
X

n ( �A + )

(�h < 0m � � h ) � 100 m2

::::::::::::::::::::::::::::::

(4)

:::
and315

�V � =
X

n ( �A � )

(�h < 0m + � h ) � 100 m2

::::::::::::::::::::::::::::::

(5)

that indicate the uncertainty induced by differences in spatial resolution, boundary mismatch, and vertical DEM error.

�V + =
X

n ( �A + )

(�h < 0m � � h ) � 100 m2

�V � =
X

n ( �A � )

(�h < 0m + � h ) � 100 m2320

Together with the uncertainty estimates of the SOC stocks, we propagate the error bounds to all reported quantities.Thelower

spatialresolutionof theDEMsderivedfrom TanDEM-Xtogetherwith atypicalheightsensitivityof approximately2 to 3 on�at

terrain(Krieger et al., 2007)couldcreatediscrepanciessincethesizeanddepthof smallRTSapproachmonitoringlimitations.

If an RTS that is presentin the optical RTS inventory is smalleror shallowerthana certainthresholdrelatedto the spatial

resolutionandvertical sensitivityof theDEM, the resultingelevationchangewould not showanydistinguishabledifference325

from theDEM backgroundnoise.Moreover,manuallydelineatingtheRTSboundariesdependson the level of expertiseand

(�eld-based)familiarity, aswell asthedatasourceandontologicalde�nitions (Maier et al., 2025; Van Der Sluijs et al., 2023; Nitze et al., 2024b)

. In optical imagery,annotatorsusea snapshotin time anddistinguishdisturbedgroundfrom intact vegetationto de�ne the

boundariesof anRTS; on elevationchangemaps,we identify thecumulativeRTSactivity overtime by theregionsthatshow

ablation(= negativeelevationchange)
::
We

:::::::
assume

:::
the

::::
RTS

::::
area

:::::
AXia :

is
:::::::::
error-free,

::::::
despite

::::::
biases

:::
and

:::::::::
subjective

:::::::::
in�uences

::
in330

::::
both

::::::::
automated

::::
and

::::::
manual

::::
RTS

::::::::::::
segmentation,

:::::
which

:::
are

:::::::
dif�cult

::
to

:::::::
measure

::::::::::::::::::::::::::::::::
(Nitze et al., 2024b; Maier et al., 2025).
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To understandthe impactof thesepotentialdrawbackson our proposedmultimodalRTSmonitoringmethod
:
In

::::::::
addition

::
to

:::::::
reporting

::::
data

:::::::::::
uncertainties, we performed a two-fold validation at �vesitesspreadover the QTP

::::::::
validation

::::
sites

:
(Fig. 1 a).

First, we
:
:

:::
(1)

:::
We

:
manually delineated the RTS ablation

::::
area

:
in the elevation change maps, where a distinct pattern of

negative elevation change is visible to the human eye.All
::
At

:::
all

:::::::::
validation

:::::
sites,

:::
the

:
elevation change mapsconsistof335

:::::::
consisted

:::
of

::::::::::
TanDEM-X

:
DEMs from 2011 and 2019. We statistically compared theRTS labelsfrom the optical inventory

of Xia et al. (2024)
:::::::::
delineations

:::
of

:::
the

::::
RTS

::::::::
inventory

::::::::::::::
(Xia et al., 2024) from the same year (2019), the year before (2018) and

the year after (2020) to theDEM-baseddelineations
::::::::
manually

:::::::::
delineated

:::::::
ablation

:::::
zones

::
to

:::::::::
investigate

:::
the

:::::::::
agreement

:::::::
between

::
the

:::::::
datasets

:
in terms ofabsolutenumbers,

::::
RTS

:::::::::
quantities,

::::::::
(ablation)

:
area, andderivedmaterial erosion volume (Fig. 2 d).

Furthermore,we performeda comparisonbetween
:::
(2)

::
At

:::
the

:::::::
Beiluhe

:::::
River

:::::
Basin

::::
site,

:::
we

::::::::
compared

:::
the

:
TanDEM-X-derived340

DEMsandveryhigh resolution
:::::::
elevation

::::::
change

::::
with

::::
very

:::::::::::::
high-resolution (VHR) photogrammetric DEMs fromin situdrone

campaignsof a totalcoverageof 68520
::
an

:::::
in-situ

:::::
drone

:::::::::
campaign

:::::::
covering

::
in

::::
total

:::
six

:::::
RTSs in August 2020.Weuseda

:
A

:
DJI

P4 Multispectral
:::
was

::::
used to obtain the multispectral drone images. The resultingDEM has

:::::
DEMs

::::
have

:
a spatial resolution of

< 1 m and a georeferencing accuracy of 0.2m RMSE. Since no VHR DEM was available for T1, we could not perform DEM

differencing and directly validate our volume change estimates.Furthermore,only datafrom six RTSin thecentralclusterwere345

availablefor independentvalidation.Based on theVHR DEM andits hillshadeversion
:::::::
hillshade

:::::
VHR

::::::
DEMs, we manually

delineated the approximate location of the headwall with the help of transect pro�les.
::::
(Fig.

::
2

::
d).

:
We de�ned small buffer zones

(� 5 m) and randomly distributed points (n = 100 per RTS) on both sides of the headwalls that represent the elevation of stable

ground hstable and the RTS slump �oor hRTS , respectively. We computed the average headwall heighthVHR :::::
hVHR per RTS as

thedifferencemedianof
::::::
median

:::::::::
difference

:::::::
between hstable and hRTS (Fig. 2 d) . We comparetheVHR headwallheights

:::
The350

::::::::
monitored

::::
RTS

:::::
were

::::::::
relatively

:::::
small

::
(<

::::
104 m2

:
)

:::
and

:::::::
shallow

::::::::::
(hVHR < 4 m

:
).

::::::::
De�ning

:
a

::::::::
headwall

:::::::
position

:::
and

::::::::
applying

:::
the

::::
same

:::::::::::
methodology

::::
with

::::::::::
TanDEM-X

::::::
DEMs

::
is

:::
not

:::::::
feasible

::::
due

::
to

:::
the

::::::
coarser

:::::::::
resolution.

:::::::::
Therefore,

:::
we

:::::
chose

::
to

::::::::
compare

:::
the

::::::::
estimated

:::::::
headwall

:::::::
heights

:::::
based

:::
on

:::
the

::::
VHR

::::::
DEMs

:
with the maximum negative elevation change�h max that we estimated

based on TanDEM-XDEMs.

3 Results355

After we presentregionalestimatesof RTS-inducedmaterialerosionand carbonmobilisation,and the spatialdistribution

within QTP,we providea detailedanalysisof theheterogeneityof RTSactivity on subregionalscale.We reporttheresultsof

thearea-volumescalingperformedbetweentheRTSareaandtheerosionvolumeandinvestigatetheaccuracyof theproposed

methodwith independentdataat severaltestsitesdistributedthroughouttheregion
:::::::
elevation

:::::::
change

:::::
maps,

::::::::
assuming

::::
that

:::
the

:::::
largest

::::::
height

:::
loss

::::::
aligns

::::
with

:::
the

:::::
largest

::::::::
material

::::::
ablation

::::
and

::
is

::::::
located

:::::
close

::
to

:::
the

:::::::
headwall.360
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3
::::::
Results

3.1 RTS mass wasting on the QTP between 2011 and 2020

Out of 3,613
::::
3613

:
RTS delineations of Xia et al. (2024) that we matched with the generated elevation change maps, we

excluded 2 % (71 RTS) from further analysis due to low SAR coherence or SAR layover / shadow regions. For these discarded

RTS, reliable erosion volume estimatesarenotpossibledueto
::::
were

:::
not

:::::::
possible

::
to

:::::::
achieve

:::
due

::
to

:::
the

:
low con�dence in DEM365

quality.

Figure 3. Total RTS mass wastingin
:
on

:
the QTP between2011-2020:RTSmasswastingactivity is thehighest

::::
2011

:
-
:::::
2020.

::
All

::::
data

:::
are

::::::::
aggregated incentralQTP

:::::
50� 50km

:
-

:::
tiles

:::
for

:::::::::
visualisation

:::::::
purposes.

::
For

::
all

::::
mass

::::::
wasting

::::::::
quantities

:::::::
including(a) Material

::::::
material erosion

volumefrom RTSactivity. ,
:
(b) Total

:::
total GI lossfrom RTSactivity. ,

:::
and

:
(c) Total

:::
total

:
SOC mobilisationfrom RTSactivity,

:::
the

:::::
central

::::
QTP

::::
shows

:::
the

::::::
highest

:::::
values.All dataareaggregatedin 50-km-gridsfor visualisationpurposes.

We estimated a total volume of eroded material�V between2011and2020
::
of

:::::::::
5.0225:35

0:75 � 107 m3 induced by RTS activityin

QTPof 5.0225:35
0:75 �

::
on

:::
the

::::
QTP

:::::::
between

:::::
2011

:::
and

:::::
2020 (Fig. 3

:
a). Approximately50%

:::
half of the volume change originates

from 0 -1m, 28 % from 1 - 2m, and 13 % from 2 - 3m depth. On average, 65 % of thedelineatedRTSareasfrom theoptical

inventoryof Xia et al. (2024)haveactively eroded
::::
entire

:::::::::
delineated

:::::
areas

:::::
AXia ::

of
:::
the

::::
RTS

::::::::
inventory

:::::
were

:::::::
actively

:::::::
eroding370

between 2011 and 2020. The medianactiveerosion
:::::::
ablation area�A per RTS was 5200m2 compared to theentireopticalRTS

delineationarea
:::
full

::::::::::
delineation AXia (including the accumulation and inactive parts of an RTS) of 8000m2. We estimated a

median volume loss of 6534� 2284m3correspondingto a relativeerrorin elevationchangeof � 35%.Themedianelevation

lossthatroughlyindicatestheRTSheadwallheightwas1.2� 0.4. When �tting a linear model to the log-transformed area�A
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and material erosion volume�V
::::
based

:::
on

:::
(1)

::::
OLS

:::
and

:::
(2)

:::::
ODR, we founda powerlaw relationship

::::::::
power-law

:::::::::::
relationships375

for the area-volume scaling of RTS on the QTPof

�V = 0 :09� �A 1:30� 0:01

with R2 = 0.87(p< 0.001,
:
(Fig. S1 a). We

::
of

�VODR = (0 :09� 0:01) � �A 1:30� 0:01 with R 2 = 0 :87 (p < 0:001)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::

(6)

:::
and380

�VOLS = (0 :22� 0:01) � �A 1:20� 0:01 with R 2 = 0 :87 (p < 0:001):
:::::::::::::::::::::::::::::::::::::::::::::::::::::::

(7)

:::
For

:::::
ODR,

:::
we obtain the same scaling coef�cientto predictvolumechangebasedon

:::::
(� ODR ::

=
::::
1.30,

::
c

:
=

:::::
0.05,

:::
Fig.

:::
S6

::
a)

:::::
when

::
we

:::
use

:
the entire area of the RTS delineationsAXia (

::::
AXia ::::::

instead
::
of

::::::
solely

:::
the

:::::::
ablation

:::
area

:::
�A

:::
yet

::
a

:::::
lower

::::::
scaling

:::::::::
coef�cient

::
for

::::::::::::
computations

:::::
based

::
on

::::
OLS

::::::
(� OLS ::

=
::::
1.11,

:
c
::
=

::::
0.29,

:
Fig. S3

::
S6 a). However, the �t is slightly noisier and manifests itself in

a lower con�dence (R2
::::
2
ODR = 0.75,

::::::
R2

ODR :
=

::::
0.77). An� valueof

::::::
between

::::
1.11

::::
and 1.30 indicates that RTSin QTPduringthe385

lastdecade
::
on

:::
the

:::::
QTP followed a relationship betweenlineargrowth

:
a

:::::::
growing

::::
scar

::::
zone

::::
with

:::::::
constant

:::::
depth

:
(� = 1.0) and

exponentialgrowth(� >
::::::
growth

::::
with

:
a

:::::::
constant

::::::::::
width-depth

::::
ratio

:::::
(� = 1.5)

:::::
during

:::
the

::::
last

:::::
decade

:
and falls in the range of soil

landslides (1.1 - 1.4) based on the investigated scaling relations of landslides in temperatelocations(Jaboyedoff et al., 2020)

::::::
climate

::::::
regions

::::::::::::::::::::::::::::::::::::::::::
(Jaboyedoff et al., 2020; Van Der Sluijs et al., 2023).

The medianGI contentat the RTS locationsextractedfrom Zou et al. (2024)was31 %. We alsoestimatedthat 3:5828:20
0:28390

�
:::
We

::::::::
estimated

:::
that

::::::::::
3:5828:20

0:28 � 106 m3
:
of

:
massive ground ice has been lost

::
on

:::
the

:::::
entire

:::::
QTP during the last decade (Fig. 3 b).

We calculatedthat �
::::::::::::
Approximately 64 % of the thawed ground ice was located in the �rst metre under the active layer (2 -

3 m), 32 % between 3 and 5m and the remaining 4 % below 5m depth. Based ondataon SOCstocksof Wang et al. (2021)

::
the

:::::
SOC

::::::
stocks

::::::
dataset

:::::::::::::::::
(Wang et al., 2021), we calculated a total SOC mobilisationfrom RTS erosionof 2:787:98

0:11 �
::
of

::::::::
2:787:98

0:11� 108 kg C (Fig. 3 c). WefoundannualRTS-inducedSOC�uxes
:::
and

::::::
annual

::::
SOC

::::::::::
mobilisation

::::
rates

:
of 0.35� 108 kg C a� 1.395

The �rst metre of soil contributed�
:::::::::::
approximately

:
76 %, the second� 14 %, and the third� 8 % to the total SOC mobilisation.

Xia et al. (2024) foundthe highestnumberof RTS (� 75 % )
::
of

::::
RTS

:::::::
activity

:
in the centralPlateau

::::
QTP, including the

highest area expansion rates. Figure 4displays
:::::
shows

:
a similar pattern of 78 %

::
of material erosion volume, 89 %

:
of

:
ground

ice loss and 81 %
:
of

:
SOC mobilisation attributed to theCentral

::::::
central QTP. Wenormalisedthetotal quantitiespersubregion

by RTS countandanalysedthe distributionsto ensurebettercomparability.We found that even though the central Plateau400

exhibited the highest absolute amounts due to the highest density of RTS, the volume distribution per RTS was highest in the

northeast QTP (Fig. 4 a). The scaling coef�cients range from�
:::::
� ODR = 1.27 -1.29 (R2

::::
1.34

:::
(R2 = 0.77 - 0.89, p<

:
0.001)

:::
and

::::::
� OLS :

=
:::::

1.11
:
-
:::::

1.23
:::
(R2

::
=

:::::
0.79

:
-
:::::
0.90,

::
p

::
<

::::::
0.001)

:
in the West, West-Centraland Central subregionsto �

:
to

:::::
East

:::::::::
subregions

::
to

:::::
� ODR = 1.47� 0.05 (R2

::
R2

:
=

:
0.87, p< 0.001)in NortheastQTP.This pointsto a greaterelasticdistortion

in the degreeto which the concavityincreasesvolumetricallywith changingareafor the mountainousnortheastQTP (see405

Van Der Sluijs et al. (2023)for coef�cient interpretation,Fig. S1andFig. S3)
:::
and

:::::
� OLS::

=
::::
1.34

::::::
� 0.04

:::
(R2

::
=

:::::
0.87,

:
p

::
<

::::::
0.001)
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Figure 4. RTS mass wasting quantities
::
in

:::
the

::::
QTP

::::::::
subregions

:
between 2011 and 2020in QTP subregions:First

:::
The

:::
�rst

:
row displaysa

box plot of the quantity'sdistributionper
:::
plots

:::
for

:::::
values

::::::::
associated

::::
with

::::::::
individual RTS, the second row

::
bar

:::::
charts

:::
for the totalquantity

persubregion
:::::::
quantities

:::::
across

:::
the

::::::::
subregions, and the third row additional data

:::
that

:::
vary

:::::::
between

:::
the

::::::
columns.

:::
For

::
all

::::
plots,

:::
the

::::::::
computed

::::::::
uncertainty

::
is

::::::
reported

::::
with

::::
error

::::
bars.

:
(a) RTS material erosion and area-volume scaling coef�cients for the subregions with R2

::::::
2-values

between 0.77 /
::::
0.79 (p< 0.001, West) and 0.89 /

::::
0.90 (p< 0.001, Central)

:::::::
computed

:::::
based

::
on

::::
ODR

:::::
(black

::::
dots)

:
/

::::
OLS

:::::
(purple

::::
dots).(b) RTS

groundice
::
GI loss and the distribution of GI content (Zou et al., 2024).(c) RTSinduced

:::::::::
RTS-induced SOC mobilisation and the distribution

of SOC stocks 0 - 3m (Wang et al., 2021). Number of RTSnRT S per subregion: West = 170, West-Central = 523, Central = 2688, East = 76,

Northeast = 140.

::
in

:::
the

::::::::
northeast

::::
QTP. Based on Zou et al. (2024), the GI content is highest in the central subregions (median of 32.8 % in

central and 32.6 % in
:::
the west-central QTP)andlowest,

::::::
where

:::
we

:::
also

::::::
found

:::
the

::::::
highest

::::
total

::::
and

:::::::
average

::::::
ground

:::
ice

::::
loss

::::
(Fig.

:
4
:::
b).

::::
The

::::::
lowest

::
GI

:::::::
content

::::
was

::::::
present

:
in the northeast (median of 0 %, mean of 10.7 %).We found thehighesttotal

andper-RTSlossin groundice in thecentralsubregion,but thetotal amountis relatively low for theentireQTPcomparedto410
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theerodedvolume(Fig. 4 b). The total amount of SOC mobilised from RTS activity for the QTP subregions shows a pattern

similar to material erosion and ground ice loss:Central
::
the

::::::
central

:
QTP dominates all RTS mass wasting quantities through

the largest number of RTS present.However,thedistributionof SOCmobilisationfollows thespatialtrendpresentin theSOC

stocksfrom Wang et al. (2021)andthe
:::
The average SOC mobilisation per RTS increases from the west to the northeastof the

QTP (Fig. 4 c). Details can be found in the Supplement (Table S1 and S2).415

3.2 Assessment of InSAR DEM- and optical-based monitoring of RTS mass wastingin
::
on

:
the QTP

We manuallydelineatedthe ablationzonesfor 307 RTS scarson
::
For

::::
the

::::::::
validation

:::::
sites,

:::
we

:::::::::
compared

:::
the

:::::::::::
delineations

:::::
(2018

:
-
:::::
2020)

:::
of

:::
the

::::
RTS

::::::::
inventory

:::::::::::::::
(Xia et al., 2024)

::
to

:::
the

:::::::
ablation

:::::
zones

:::
we

::::::::
manually

:::::::::
identi�ed

::
on

:::
the

:
elevation change

maps
::::
based

:::
on

::::::::::
TanDEM-X

::::::
DEMs (2011 - 2019)at all validationsitesandstatisticallyanalysedthepotentialdifferencesfrom

theRTSlabels(2018,2019,2020)in theopticalinventoryof Xia et al. (2022). For theopticalRTSlabelsfrom 2019(n = 445),420

wefoundanoverallgoodagreementfor thetotal numberof RTSfoundin bothdatasetswith
:
.
:::
Out

:::
of

:
a

::::
total

::
of

::::
445

::::
RTS

::
in

:::
the

::::
RTS

::::::::
inventory,

:::
we

::::::::
identi�ed

::::
290

::
in

:::
the

:::::::::::::
lower-resolution

::::::::
elevation

::::::
change

::::::
maps,

:::::
which

::::::::
accounts

:::
for an F1 score of 0.63.290

RTSwerepresentin bothdatasets,17couldonly bedetectedin theDEMs,whereas
::
17

::::
RTS

::::
were

::::::
missed

::
in

:::
the

::::
RTS

:::::::::
inventory,

::::
while

:
155 RTS

::::::
present

::
in

:::
the

::::
RTS

::::::::
inventory

:
were not distinguishable from background noise in the elevation change mapsand

only presentin theoptical inventory. Most of the validation sites showedgoodagreement(
:
a

::::
good

:::::::::
agreement

:::::::
between

:::
the

::::
two425

:::::::
datasets.

::::::::
However,

::
in

:::::::
Western

:::::::
Kunlun

::
(A

:::
in Fig. 5

:
1 a)exceptfor thesite in westernQTPwhereonly 55 % of the RTSwere

visible in bothdatasets
:
in

:::
the

::::
RTS

::::::::
inventory

:::::
were

::::::::
detectable

:::
in

:::
the

:::::::
elevation

:::::::
change

::::
maps. More details on individual results

at the test sites can be found in the Supplement
::
S3 (Table S3). Figure5 b showsanexampleRTSin theBeiluheRiver Basin

in CentralQTPincludingthedelineationsof theoptical inventory(Xia et al., 2022)of thesummersoneyearbefore,thesame

yearandoneyearafter theSAR observationusedfor theDEM generation,aswell asthemanuallydelineatedablationzone430

visible on theelevationchangemap
::
a,

::
b).

A RTSdelineationbasedonmultispectralimageryde�nestheboundaryof thethawfeatureby thedifferencein thespectral

signalbetweendisturbedandintact vegetation,whereaselevationmapsshowcaseRTSactivity by elevationloss(ablationat

theheadwall)andgain(accumulationat the�oor). Typically, a largerplanimetricareais presentin RTSdelineationsbasedon

opticalimagesthatoftencomprisemostof therecentlyactiveslump�oor andaccumulationzonecomparedto theDEM-based435

boundaries.However,theoverlapat theheadwallbetweenthetwo delineationsis adequate,and
:::::::
Visually,

:::
the

::::::::::
delineations

:::::
from

::
the

:::::
RTS

::::::::
inventory

::
�t

::::
well

::::
with

:::
the

::::::
spatial

:::::::
patterns

::
of

:::
the

::::::::::
TanDEM-X

::::::::
elevation

::::::
change

::::
map,

:::::
with most of the ablationis part

of the optical label
::::
zone

:::::
being

:::::::
covered. Due to the lower spatial resolution of the DEM, the differences between theoptical

delineations
::::::::::
delineations

::::
from

:::
the

::::
RTS

::::::::
inventory of 2018, 2019, and 2020 are rather small in this example (Fig 5 b).Comparing

theRTSdelineation
:::
The

::::
total

::::
RTS area AXia with theactiveerosionareavisible on theelevationchangemap,we seethat the440

delineationsfor 2019
:::::::
consists

::
of

:::
the

:::::::
material

::::::
erosion

::::
zone

::
(=

::::::::
negative

:::::::
elevation

:::::::
change)

:::::
which

::::
was

:::::::
growing

:::::::
between

::::
2018

:
and

2020includesubstantiallymoreablationareathanwhatis distinguishableasRTS-inducederosionontheelevationchangemaps

(Fig.5 b,c) ,
:::
and

:::
the

:::::::
material

:::::::::::
accumulation

:::::
zone

::
(=

::::::
positive

::::::::
elevation

:::::::
change)

:::::
which

::::::
stayed

::::::::
relatively

:::::::
constant

:::::
across

:::::
time.

:::
For

::
all

::::::::
analysed

:::::
years,

:::
the

::::
total

::::
RTS

::::
area

::::
was

::::::::
distinctly

:::::
larger

::::
than

:::
the

::::
sum

::
of

:::
the

::::::::
manually

:::::::::
delineated

::::::
erosion

:::::
areas.

::::::
When

::::
only
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:::::::::
considering

:::
the

:::::::
ablation

:::::
zone

:::::
within

:::
the

::::
RTS

::::::::::
delineation,

:::
the

:::::::::
difference

:::
was

:::::::
smaller

:::
(Fig.Thedistributionof theablationarea445

of theopticalRTSlabelsis rathersimilardespitethedifferencein observationtime(Fig 5d
:
b). Themedianactivelyerodedarea

perRTSin thevalidationsamplebasedon manualdelineationsin theelevationchangemapsis 12, 978,
:::::
actual

:::::::
average

::::
RTS

::::::
ablation

::::
area

:::::
based

:::
on

:::
the

::::::
manual

:::::::::
delineation

::::
was

:::::
1.29� 104 m2

:
, which is relatively close to theopticalRTSlabels:9,748

::::
RTS

::::::::
inventory:

::::::
0.98� 104 m2 in 2018,11,325

:::::
1.13� 104 m2 in 2019, and13,512

:::::
1.35� 104 m2 in 2020

:
, accounting for 62 to 64 % of

the totalopticaldelineationarea. Thelower thresholdfor distinguishinganRTSfrom backgroundnoiseis substantiallyhigher450

in theelevationchangemapsbasedon10--resolution
::::
RTS

::::
area

:::::
AXia .

::::::::
However,

::
in

:::
the

::::::::::::
high-resolution

:::::::::::
PlanetScope

::::::
images

::::
used

::
as

:::
the

::::
basis

:::
for

:::
the

::::
RTS

:::::::::
inventory,

:::::::::::
considerably

::::::
smaller

::::
RTS

::::
can

::
be

::::::::
identi�ed

:::::::::
compared

::
to

:::
the

:
TanDEM-X DEMs(redsolid

line in .
::::
This

:::::
leads

::
to

::
a

:::::
lower

::::
limit

::
of

::::
RTS

:::::::
ablation

:::::
areas

::
of

:::::::::::::
approximately

::
< 103 m2

::
for

::::::::::
TanDEM-X

:::::
based

::::
RTS

::::::::::
monitoring

:
(Fig 5 d, 1100)thanin the3--resolutionPlanetScopeimages(Xia et al., 2022). In

:
).

::::::::
However,

::
in

:
our analysis of the entire QTP,

only 6 % of 3613 RTS have ablation areas below thisthreshold.455

:::::
value.

:
The total volume of material erosion(

::::::::
computed

::::
with

::::
the

::::
RTS

::::::::
inventory

::::::
differs

::::
only

:::::::::
minimally

:::::
from

:::
the

:::::::
volume

::::::::
calculated

:
based on theablationarea)divergesin both directionsfor the delineationsof different years

:::::
manual

:::::::::::
delineations

(Fig. 5 e). We estimated a total volume�V basedontheablationareacoveredby opticallabelsof 8.47
::
� 106 m3, 9.98

:
� 106 m3,

and 10.97� 106 m3 for
:::
the

::::
RTS

::::::::
inventory

::::::::::
delineations

::
of

:
2018, 2019, and 2020, respectively. Comparedto theactualtotal

volumebasedonthemanualdelineationof theablationareasin theelevationchangemapsof ,
:::::::::
compared

::
to

::
an

::::::
erosion

:::::::
volume460

::
of 9.94� , theoptical labelof 2019showsthebest�t 106 m3

::::::
de�ned

:::
by

:::
the

::::::
manual

::::::::::
delineations. The uncertainty ofvolume

changeisgreaterfor opticalRTSlabels
::
the

:::::::::
estimated

:::::::
material

::::::
erosion

:::::::
volume

::
is,

::::::::
however,

:::::
larger

:::
for

:::
the

::::::
results

:::::
based

:::
on

:::
the

::::::::::
delineations

::
of

:::
the

::::
RTS

::::::::
inventory

:
compared to thevalidation

:::::
results

:::::
based

:::
on

::::::::
manually

:::::::::
delineated

:::::::
ablation

::::
areas

:
(Table S3).

For all regionsthat did not undergoany erosionin the RTS scaror in the vicinity, we assumethat the elevationchangeis

normallydistributedaroundzerowith astandarddeviationof approximately2 - 3 in �at terrainfor TanDEM-X-derivedDEMs465

. Forvolumeestimationbasedonopticaldelineations,stableareascontainingnoisearelikely includedsincemostopticalRTS

boundariesarelargerthantheactualactiveerosionarea.Althoughthisminimally affectsthetotal volumechangeestimatedue

to thelow magnitudein negativeelevationchange,it addsadditionalrandomerrors,thuscontributingto theoveralluncertainty

budget.
:::
b).

:

To
::
We

::::
used

:::::
VHR

::::::
DEMs

::
to

:
further validate our results, we usedvery high-resolution(VHR) DEMs generatedon thebasis470

of dronestereophotogrammetryfrom August 2020. .
:

Fig. 5 f showsa reasonable
::
an

::::::::
adequate

:
�t between the maximum

elevation changeswithin the6 RTSbasedon thecombinationof
:::::
�h max ::::::::

computed
::::
with

:
TanDEM-XderivedDEMsandoptical

RTSdelineations
::::::
DEMs and

:::
the

::::::::::
delineations

::
of

:::
the

::::
RTS

:::::::::
inventory

:::
and the average headwall height calculated from the VHR

DEM
::::::
DEMs

::
at

:::
six

::::
RTS

::::::::
locations. Details can be found in the Supplement in Table S4. However, the small sample size does

not allow meaningful statistical analysis and, therefore, only allows for a qualitative comparison.475
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4 Discussion

4.1 Comparing RTS activityand
:
, material erosionin QTP to Arctic thermokarst ,

::::
and

:::::::::::
area-volume

:::::::
scaling

:::::
across

::::::::::
permafrost regions

We presentthe �rst regionalstudy that estimatesthe volume of materialerosion,groundice loss, and SOC mobilisation

from RTS activity in the QTP over the last decadeto improveour knowledgeof the characterisationof RTS masswasting480

and its in�uence on the permafrostcarboncycle. Somesite-speci�c and regionalstudieshaveinvestigatedthe volume of

RTS materialerosion
:::::::
Previous

:::::::
research

:::
has

:::::::::::
investigated

:::::::
material

::::::
erosion

::::::::
volumes (Lantuit and Pollard, 2005; Kokelj et al.,

2015; Günther et al., 2015) andthe allometricscalingrelations
:::::::::
allometric

::::::
scaling

:::::::::::
relationships for thaw-driven mass wast-

ing (Kokelj et al., 2021; Van Der Sluijs et al., 2023), most of them for
:::::::
primarily

::
in

:
regions< 10,000. Instead,104 km2

::
in

::
the

::::::
Arctic

:::::::::::::::::::::::::::::::::::::::
(Kokelj et al., 2021; Van Der Sluijs et al., 2023)

:::
and

:::::::
recently

::
on

:::
the

:::::
QTP

::::::::::::::
(Ma et al., 2025).

:::
At

:
a

:::::
larger

::::::
spatial

:::::
scale,485

:::::::::
comparable

:::
to

:::
our

:::::
study,

:
Bernhard et al. (2022a) estimated annual material erosion rates for tenregionsspreadthroughout

the Pan-Arcticpermafrostregion in
::::
sites

::::::
across

:
Canada, Alaska, and Siberiawith a total study ,

::::::::
covering

::
a

::::
total

:
area of

220,000km2,
:
using DEMs derived from TanDEM-X observations, while .

::::::::
Similarly,

:
Dai et al. (2025) used ArcticDEM time

series to assess volumetrics, scalingrelationships,andSOCmobilisationfor largethaw-drivenmasswastingsitesacrossthe

Arctic , but not QTP.In
:::
and

::::::::::
area-volume

::::::
scaling

::::::
across

:::::
other

:::::
Arctic

:::::
sites.

:::
On

:::
the QTP, we found RTS material erosion rates490

of 6.3632:1
0:95 �

::::
32:1
0:95� 106 m3 a� 1. Bernhard et al. (2022a)estimatederosionratesbetween

:
,

:::::::
whereas

::::::::::::::::::::
Bernhard et al. (2022a)

::::::::
estimated

::::
rates

:::::::
ranging

::::
from

:
< 0.5 � 106 m3 a� 1 in Alaska (Fig. 6, locationA

:
5) and the Siberian Arctic (F

:
6 - H) and

::
8)

::
to

7.16� 106 m3 a� 1 in the Canadian Arctic (A
:
1 - D

:
4) between 2010 and 2017. With 5.2RTS per 100km2 between 2010 and

2020,
::
the

:
QTP has an RTS density approximately half ofwhatBernhard et al. (2022a)

:::
that

:
observed between 2010 and 2017 on

Banks Island (locationB) , however,
::
2)

::::::::::::::::::::
(Bernhard et al., 2022a),

:::
yet more than double that of all other Arctic sites investigated.495

Normalisedby studyarea,the RTS in QTP relocated
::::
Over

:::
the

::::
past

:::::::
decade,

::::
RTS

:::
on

:::
the

:::::
QTP

::::::::
displaced

:
101.8m3 a� 1 km2

materialduring the last decade, which ismorethan
::::::
roughly

:
4, 6, and 10 times less than the Canadianhotspotsfor hillslope

RTS(Lewkowicz and Way, 2019)on
:::::::
hillslope

::::
RTS

::::::::
hotspots,

:::
the

:
Peel Plateau (D

:
4), Ellesmere Island (A

:
1), and Banks Island

(B
:
2), respectively(Fig 6 b). All

:::::::::::::::::::::::
(Lewkowicz and Way, 2019)

:
.
::::
The remaining sites investigated by Bernhard et al. (2022a) in

the Canadian (C) , Alaskan(E),
:
3)

:
and Siberian (F

:
6 - H) Arctic showedlessthanhalf the magnitudeof the volumechange500

ratesobservedin theQTP.Most of thesesitesaremainly
::
8)

:::::
Arctic

:::
are

:
characterised by smaller and shallower RTS located on

lake shores in relatively �at terrain(Nesterova et al., 2020)
:::
and

::::::::
exhibited

:::
less

::::
than

::::
half

:::
the

:::::::
volume

::::::
change

::::
rates

::::::::
observed

:::
on

::
the

:::::
QTP

::::
(Fig

:
6

::
b).

Allometric scalinghasrecentlybeenappliedto thaw-drivenmasswastingto improveunderstandingof the
:::::::::::
Area-volume

::
or

::::::::
allometric

::::::
scaling

:::::::::::
relationships

:::::::
describe volumetric enlargement characteristics of RTS and their potential drivers.

:::
such

::
as

::::
that505

:::::
higher

::
�

::::::::::
coef�cients

:::::::
indicate

:::::
larger

::::::::
headwalls

::::
and

::::::::
concavity

:::::
depth

:::
per

::::
unit

::::
area

::::::
growth

:::::::::::::::::::::::
(Van Der Sluijs et al., 2023).

:::::::
Several

::::::
studies

::::
have

::::::::::
investigated

:::
the

::::::::
power-law

::::::::::
relationship

:::::::
between

::::
RTS

::::
area

:::
and

:::::::
volume

:::::
using

:::::::
different

::::::::::::
methodologies

:::
and

::::::::
datasets,

::::::::::
complicating

::::::
direct

::::::::::::
transferability

:::::::
between

:::::::
results.

:::::::
Similar

::
to

::::
our

::::::::
approach,

::::::::::::::::::::
Bernhard et al. (2022a)

:::
and

:::::::::::::::
Dai et al. (2025)

::::::::
calculated

::::::::
elevation

:::::::
change

::::
over

::
a

::::
time

::::::
period

:::
T1

::
-

:::
T2,

::::::::
whereas

:
Kokelj et al. (2021) and Van Der Sluijs et al. (2023)
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calculatedthematerialerosionvolumebasedon thedifferencebetweena
::::::
derived

:::::::
erosion

:::::::
volumes

:::
by

:::::::::
subtracting

:
a
:::::::::
simulated510

::::::::::::
pre-disturbance

:::::
DEM

::::
(T1)

:::::
from

:::
the high-resolution DEMcapturing

:
of

:
the disturbed state (T2)andasimulated"

:::::
using

:::::::
masking

:::
and

:::::::::::::
re-interpolation

::::::::::
techniques.

::::::::::::::
Ma et al. (2025)

:::::::
followed

::
a

:::::::
similar

::::::::
approach

:::
yet

:::::
used

:::
30-m

:::::::::
-resolution

::::::
mosaic

::::::
DEMs

:::
as

::
the

:
pre-disturbance" DEM that representsthe terrain before a RTS landform developed

::::
state

:
(T1)through maskingand

re-interpolationof theT2 high-resolutionDEM. Basedonthe�tting of aOrdinaryLeastSquaremodel, thestudiesestimated�
:
.

:::
The

::::::
studies

::::
also

::::
used

:::::::
different

:::::
model

:::::
�tting

::::::::::
approaches:

:::::
OLS

::::::::::::::::::::::::::::::::::::::::::::::::::::
(Kokelj et al., 2021; Van Der Sluijs et al., 2023; Dai et al., 2025)515

:::
and

:::::
ODR

:::::::::::::::::::
(Bernhard et al., 2022a)

:
.
::::::::::::::
Ma et al. (2025)

:::
did

:::
not

::::::::
explicitly

:::::
report

:::
the

::::::
model

::::::
choice.

::::
We

:::::::
therefore

:::::::
assume

::::
that

:::
the

::::::
authors

::::
used

:::
the

:::::
more

:::::::
common

:::::
OLS.

::::::::::::::::::::
Bernhard et al. (2022a)

:::::::
estimated

:::
an

::::::
overall

:::::
Arctic

::::::
� ODR ::

=
:::::
1.15�

::::
0.01

::::::
(nRTS ::

=
:::::
1854)

::::
while

:::::::::::::::
Dai et al. (2025)

::::
found

::::
with

:::::
� OLS::

=
::::::
1.30�

::::
0.01

:::::
(nRTS ::

=
:::::
2747)

:
a
:::::::::
noticeably

::::::
higher

:::::::::
coef�cient.

:::::::::::::::::
Kokelj et al. (2021)

:::
and

::::::::::::::::::::::
Van Der Sluijs et al. (2023)

::::::::
estimated

:::::
� OLS -values of 1.41 (nRT S :::::

nRTS = 71)for activeRTSand 1.36� 0.01 (nRT S ::::
nRTS = 1,522)

for all RTS (including inactive and old landforms)in the NorthwesternTerritories,Canada(C and D),
::::
1522)

:::
in

:::
the

::::
low520

::::::::
Canadian

::::::
Arctic,

:
respectively (Fig. 6 c). The RTS in the investigatedsites,PeelPlateau(D) and TuktoyaktukCoastlands

(c), havesigni�cantly differentmorphologiesandmasswastingcharacteristics(Fig. 6 b). However,thetwo studieshave�tted

only onemodelfor all RTS in bothsites,while ,
::
3

::
+

:::
4). Bernhard et al. (2022a) calculated thepowerlaw scalingseparately

with �
:::::::::
power-law

::::::
scaling

:::::::::
separately

:::
and

::::::
found

:::::
� ODR = 1.26� 0.02for PeelPlateau(nRT S :::::

(nRTS = 438)and�
:::
for

:::
the

::::
Peel

::::::
Plateau

:::
(3)

:::
and

::::::
� ODR = 1.16� 0.03for theTuktoyaktukCoastlands(nRT S :::::

(nRTS = 212). Thatstudy,similar to our method,525

calculatesthechangein thevolumeof materialerosionbetweentwo DEMs from time T1 andT2 andtheablationareavisible

in the elevationchangemaps.Exceptfor BanksIsland (B, � = 1.37 � 0.01,nRT S = 679) , Bernhard et al. (2022a)found

scalingcoef�cients below � < 1.3 for all other Arctic sites.The power scalingrelationshipbetweenareaand volume for

RTSin the
:::
for

:::
the

::::::::::
Tuktoyaktuk

:::::::::
Coastlands

::::
(4).

::::
This

:::::
range

::
of

::::::
scaling

::::::::::
coef�cients

:::
for

::::::
similar

::::::
regions

:::
as

::::
well

::
as

:::
our

::::::
results

:::
for

QTP (
:::
Fig.

::
4

:
a
::::
and

:::
S1)

:::::::::
highlights

:::
the

::::::::
challenge

::
in

::::::::::
comparing

::::::
scaling

::::::
studies

:::::
based

:::
on

:::::::
different

:::::::::::::
methodologies

:::
and

::::::::
datasets.530

::::::::
Moreover,

::::::
minor

:::::::::
differences

::
in

:::
the

::::::
scaling

:::::::::
coef�cient

::::
have

::::::
strong

:::::::
impacts

::
on

:::
the

:::::::
scaling:

::
A

::::::::
difference

:::
of,

:::
for

::::::::
example,

:::
0.1

::
in

� = 1.30� 0.01,nRT S = 3, 043)is relativelyhighcomparedto mostof theArctic sites(Fig. 6 c). Xia et al. (2024)foundthat

::::
leads

::
to

::
a

::::::::
factor-two

:::::::
increase

::
in

:::
the

:::::::
volume

:::::::::
estimation

:::::::::::::::::::::::
(Van Der Sluijs et al., 2023).

:

::
On

::::
the

::::
QTP,

:
more than half of the RTS

::
in

:::
the

::::::::
inventory

:::
of

::::::::::::::
Xia et al. (2024) initiated in 2016 (Fig. S2), the �rst yearof

the studyperiod,while Luo et al. (2022) found that> 80 % of theinvestigatedRTS in
:::
RTS

::
in

:::
the

:
central QTP formedin535

2010 and 2016 during extremely warm summers. This would indicate
:
in

:::::
2010

::::
and

:::::
2016.

::::
This

::::::::
indicates

:
that our scaling

results are based on planimetric areas and volumes representingthe full
::::
rather

::::
the

:::::
entire

:
RTS landform and its lifecycle

:
,

similar to the methodology used by Kokelj et al. (2021)andVan Der Sluijs et al. (2023). Sincewecomputethescalingrelation

in a log-scale,the computationis very sensitiveto only slight differencesin the scalingcoef�cient. A differenceof 0.1 in

� leadsto a factor two increasein the volume estimation(Van Der Sluijs et al., 2023). The areasaffectedby RTS in this540

study are generallysmaller than in the Arctic (Liu et al., 2024), and haveshalloweddepth,wherebythe resolutionof the

DEM producedmight not correctlycapturetheareaandvolumechangefor thesesmallareasskewingthescalingmodels.In

temperatelandslides,it is knownthatscalingrelationshipschangedependingon theaveragedepthof thelandslidepopulation

(Chen et al., 2019). Furthermore,thementionedpermafrostthawstudiesusedDEM datafrom differentstudyperiods,asmaller
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numberof samples,andevendifferentmethodologiesto computeRTSerosionvolumes.Area-volumescalingalsodependson545

how theactivelyerodingRTSscarzoneis delineated.While therearecommonlyacceptedde�nitions of RTSgeomorphology

(CPA et al., 2024; Harris, 1988), different datasourcesshowdifferent aspectsof RTS activity, andevenexpertsworking on

similardatacandiffer stronglyin theirdelineationsbasedon theirownontologicalunderstandingsof whatconstituteRTSand

their pastprojectgoalsandprocedures(Nesterova et al., 2024; Nitze et al., 2024b; Maier et al., 2025).

Therefore,we shouldonly seetheseresultsandcomparisonsasanotherindicatorthatRTSdevelopmentin theQTPis on a550

levelsimilar to theknownhotspotsin theArctic permafrostregion.Moreresearchis needed,especiallyon thesubregionaland

local scale,to validateourscalingcoef�cientswith theRTSmaterialerosiondatafrom QTP.
:
,
:::::::::::::::::::::::
Van Der Sluijs et al. (2023)

:::
and

:::::::::::::
Ma et al. (2025).

:::::::::
Compared

::
to

::::::
Arctic

:::::::::
permafrost

:::::::
regions,

:::
our

::::::
results

::::::
(� ODR :

=
::::::
1.30�

::::
0.01,

:::::
� OLS::

=
::::::
1.20�

::::
0.01,

:::::
nRTS ::

=
:::::
3043)

::
are

::::::
higher

::::
than

::::
the

::::::
scaling

::::::::::
coef�cients

:::::::
reported

:::
by

::::::::::::::::::::
Bernhard et al. (2022a)

::
yet

:::::
lower

::::
than

:::
the

:::::::::
estimates

::
of

::::::::::::::
Dai et al. (2025)

:
,

::::::::::::::::::::::
Van Der Sluijs et al. (2023)

:
,

:::
and

::::::::::::::::
Kokelj et al. (2021)

:
. When comparing material erosion and area-volume scalingwithin

::
in555

the QTP subregions, we see almost asstrong
:::::::::
pronounced

:
differences as between the QTP and the Arctic (Fig. 4 a).As

Xia et al. (2024)found the highestnumbersof RTS clusteredin the centralQTP , this region also dominatesthe volume

of materialerosion
:::
The

::::::
central

:::::
QTP

::::::::
dominates

:::
the

:::::::
number

::
of

::::
RTS

::::
and

:::
the

::::::::
associated

:::::
total

:::::::
material

::::::
erosion

::::::::::::::
(Xia et al., 2024).

However, thewesternandnortheasternregionshavesubstantiallyhigher� coef�cients
:::::::
northeast

::::
QTP

:::
has

::
a

::::::::::
substantially

::::::
higher

::::::
scaling

:::::::::
coef�cient, indicating larger headwalls andconcavitydepthper unit areagrowth. Terrain slope increasestowards560

the west and northeastat RTS locations(Xia et al., 2024), potentially favouring
:::::
hence,

:::::::::
potentially

:::::
more

:::::::
ef�cient

::::::::
material

::::::::::
mobilisation

::
at

:::
an

::::::::
individual

:::::
RTS

:::::
level.

:::
The

:::::::::::
mountainous

:::::::::::
northeastern

::::::
plateau

::::::::::
potentially

::::::
favours

:
the development of rela-

tively larger and deeper RTS.
:::
(see

:::::::::::::::::::::::
Van Der Sluijs et al. (2023)

:::
for

:::::::::
coef�cient

:::::::::::
interpretation,

::::
Fig.

:::
S1

:
f

:::
and

::::
Fig.

::
S6

:::
f). However,

the driving factors underlying the observed differencesbetweenthe QTP andthe Arctic
:::::
across

:::::::::
permafrost

::::::::::::
(sub-)regions are

likely multifaceted, including variations in RTS longevity and lifecycle stage,groundice
::
GI

:
content, vegetation and soil prop-565

erties,or
:::
and proximity to water bodies. Detailed investigations into these factors remain the subject of prospective research.

Our
:::
RTS

:::
on

:::
the

:::::
QTP

:::
are

:::::::
reported

::
to

:::
be

::::::::
generally

:::::::
smaller

:::
and

:::::
more

:::::::
shallow

::::
than

::
at

::::::
Arctic

:::::::
hotspots

::::::::::::::
(Liu et al., 2024)

:
.

::
It

::
is

:::::::
therefore

:::::::
possible

::::
that

:::
the

::::::
coarse

::::::::
resolution

::
of

:::
the

::::::::::
TanDEM-X

:::::
DEM

::::::
might

:::
not

:::::::
correctly

:::::::
capture

:::
the

::::
area

:::
and

:::::::
volume

::::::
change

::
for

:::::
these

:::::
small

::::::
areas,

:::::::
skewing

:::
the

:::::::
scaling

:::::::
models.

::::::::
However,

:::::
using

:::::::::::::
high-resolution

::::::::::::
stereo-optical

:::::::
DEMs,

::::::::::::::
Ma et al. (2025)

:::::
found

:
a
:::::::
scaling

:::::::::
coef�cient

::::::
similar

::
to

::::
our

:::::
� OLS ::

of
::::
1.20

:::
�

::::
0.01

:::::
(nRTS::

=
::::::
1429).

:::::::::::
Area-volume

:::::::
scaling

::::
also

:::::::
depends

:::
on

::::
how570

::
the

:::::::
actively

:::::::
eroding

:::::
RTS

::::
scar

::::
zone

::
is

::::::::::
delineated.

:::::
While

:::::
there

:::
are

::::::::::
commonly

:::::::
accepted

::::::::::
de�nitions

::
of

::::
RTS

::::::::::::::
geomorphology

:::::::::::::::::::::::::
(CPA et al., 2024; Harris, 1988)

:
,
:::::::
different

::::
data

:::::::
sources

:::::
show

:::::::
different

:::::::
aspects

::
of

::::
RTS

:::::::
activity,

::::
and

::::
even

:::::::
experts

:::::::
working

:::
on

::::::
similar

::::
data

:::
can

:::::
differ

:::::::
strongly

::
in

:::::
their

::::::::::
delineations

:::::
based

:::
on

::::
their

::::
own

::::::::::
ontological

:::::::::::::
understandings

::
of

::::
what

::::::::::
constitutes

::::
RTS

::::::::::::::::::::::::::::::::::::::::::::::::::
(Nesterova et al., 2024; Nitze et al., 2024b; Maier et al., 2025).

:::::
More

::::::::
research

:
is

:::::::
needed

::
in

:::
this

:::::::
regard,

:::
and

::::
our novel dataset

offers a critical resource for future investigations into the mechanisms driving RTSmasswasting
::::::
material

:::::::
erosion on the QTP.575

Our results are consistent withpreviousobservationsshowingamarked
:::::
other

::::::
studies

:::::::
showing

:
a

:::::::
notable increase in RTS

:::::
(mass

:::::::
wasting) activity across the QTP, particularly over the past decade(Xia et al., 2024, 2022; Luo et al., 2022), but thesizesare

:::::::::::::::::::::::::::::::::::::::::
(Ma et al., 2025; Xia et al., 2022; Luo et al., 2022)

:::
with

:::::
RTS

::::
sizes

:::::
being

:
generally smaller andthe headwall retreat ratesare

lower than those found in other Arctic regions (Yi et al., 2025; Luo et al., 2022; Lewkowicz and Way, 2019; Runge et al., 2022;
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Nesterova et al., 2024; Huang et al., 2021). The magnitude of newly formed RTSduringthelastdecadepotentially offsets the580

relatively low concavity depths, so that the total mass-wasting activity and material erosion volume during the last decade show

a magnitude comparable to the thermokarst landscapes in the high Arctic.

4.2
::::::
Setting

::::
into

::::::::
context: Magnitude of

::::
RTS

:
SOC mobilisation andeffectson the regional carbon budgetof

QTP
::::::
ground

:::
ice

::::
loss

To placeour researchin context,we compareour estimatesof SOC mobilisationwith someregional-scalestudieson the585

TaymyrPeninsulain theSiberianArctic (Bernhard et al., 2022b)andontheYukoncoastin NorthAmerica(Ramage et al., 2018)

. Ramage et al. (2018)investigatedSOCmobilisationfrom 49 coastalRTS between1972and2011 from a high-resolution

airborneLiDAR DEM andthereconstructionof apre-disturbancesurface(Ramage et al., 2018)while Bernhard et al. (2022b)

, similar to this study, processedmulti-temporalstacksof TanDEM-X-derivedDEMs for the time periods2010 - 2016

(nRT S = 76)and2017- 2020(nRT S = 1404)to investigatetheimpactof asummerheatwaveonhillslopeRTS(Table??).590

Comparisonof QTPestimatesonannualSOCmobilisationrateswith similarremotesensingstudies:Bernhard et al. (2022b)

founda strongincreasein RTSinitiations(17-fold)andSOCmobilisation(28-fold)dueto a summerheatwavein 2020on the

Taymyr peninsulain Siberia(Fig. 6 a, locationG) between2011and2020.Ramage et al. (2018)investigatedthe impacton

SOCmobilisationfrom RTSto oceanexportin partsof theYukoncoastin theCanadianArctic between1972and2011.

ThematerialerosionvolumeandSOCmobilisationinducedby RTSactivity in theQTPshowmagnitudesrelativelysimilar595

to the masswastingof RTS in the SiberianArctic beforethe summerwhenthe extremeheatwaveoccurred.The heatwave

triggereda surgein RTSactivity with anincreasein newinitiations(17 times),in theaveragevolumechangerate(2.3 times),

andin SOCmobilisation(28 times)andresultedin quantitiesmuchhigherthanthoseobservedin theQTP.Comparisonwith

theresultsof Ramage et al. (2018)is moredif�cult dueto differentDEM differencingmethods,time frames,SOCstocks,and

the de�nition of the studysite.Although the averagematerialerosionrateandthe SOCmobilisationrateper RTS is lower600

thanin theQTP,theSOC�uxes normalisedby thestudyareaare7 � higherfor theYukon coast.However,this canprobably

be explainedby the substantiallysmallersize of the study areawherethe authorsonly accountedfor small coastalstrips

excludingthe hinterlandswhile our studyandBernhard et al. (2022b)focuson broaderinland regions.Anothersubstantial

differenceis the contributionof the uppermostsoil layer (0 - 1 ) to the SOC mobilisation.In both QTP and the Taymyr

Peninsula,approximatelythreequartersof theestimatedmobilisationof SOCcomesfrom theuppermostmetreof soil. On the605

Yukon coast,approximatelyhalf of the mobilisedSOCcanbe accountedfor in the upperlayer.Possibly,deeperRTS form

in the landscapesettingsof theCanadianArctic, whereRTSactivity is tightly interconnectedwith coastalerosionprocesses,

groundice distributions,andoverall landscapecon�guration.Furthermore,studieshaveuseddifferent typesof datafor SOC

stocksthatlikely haveastrongin�uence on theRTS-inducedSOCmobilisationestimates.

To our knowledge,no studyhasquanti�ed the mobilisationof SOCfor RTS in QTP. Jiao et al. (2022) investigated one610

large RTS in the Beiluhe River Basin between 2021 and 2022 and found 1.9m a� 1 vertical deformation at the headwall and

a total volume change of1412
:::::
1.41� 103 m3 a� 1. The active layer at the RTS location was 1.95m with a ground ice layer

between 2.2 and 3.5m depth and an ice content of 68 to 88 % at depths of 2.2 to 4m obtained at a borehole near the RTS.
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Compared to our results in the central QTP (Fig. 4, Table S1), the investigated RTS has a typical headwall height and material

erosion volume (�h = 1.45m, �h max :::::
�h max = 2.35m, �V = 1,971

:::::
1.97� 103 m3 a� 1). The measured GI content near the RTS is615

substantially higher than the average GI content we used in our estimations (GI = 32.4 %).Zou et al. (2024)estimatedaground

ice reserveof 3330between2 and10 depthpeakingin west-centralQTP.The GI content is strongly related to the landscape's

geomorphologyand85 %
:
.

:::
The

::::::::
majority

::
of

:::
GI

::
on

:::
the

:::::
QTP is found on gentle shaded slopes at elevations between 4400 and

5100m (Fan et al., 2023) typical for central subregions and most RTS locations (Fig.S2
::
S5 b - d). However, some studies also

found GI content higher than 80 % in
:::
the northeast QTP (Wang et al., 2018; Fan et al., 2023) and a mean GI content of� 16 %620

in the Beiluhe River Basin (Lin et al., 2020). RTS only form in locations where massive ground ice is present in depths that

can be exposed by, for example, active layer detachments (Nesterova et al., 2024). We might underestimate local ground ice

conditions, aswe baseour calculationson a datasetwith a spatialresolution(of 1 ) too coarseto capturetheheterogeneities

presentin local groundice conditionsandmicrotopography(Yi et al., 2025), which in turn couldleadto anoverestimationof

SOCmobilisation.625

Partsof themobilisedSOCbecomeavailablefor microbial decompositionandarereleasedascarbondioxideor methane

into theatmosphere(Bröder et al., 2021; Vonk et al., 2013), while aconsiderableproportionmayremainstabilisedby mineral

interactionand is further sequesteredwithin the redistributingand accumulatingsediments,for example,debris tongues

(Thomas et al., 2023). Althoughearthsystemmodelsdo not accountfor thepotentialcarbonfeedbacksfrom permafrostthaw

today,theincreasingintensityof Arctic RTSmasswastingis projectedto haveconsiderablepotentialfor largecontributionsto630

permafrostcarbonfeedbackby theendof thecentury(Turetsky et al., 2020). However,theseprojectionsarehighly uncertain,

asmorerecentinvestigationsof largeRTSacrossthepan-Arcticshowthattheproportionof carbonreleasedby RTSoverthe

lastdecadeis considerablylowerthantheinitial modelestimates(Dai et al., 2025). From1961to 2010,thealpinegrasslandsin

theQTPactedasacarbonsinkwith ameanannualbudgetof 101to 118� (or 10.1to 11.8) (Piao et al., 2012; Yan et al., 2015)

. Due to the increasein greeningandwetting of the QTP, recentstudiesevenestimatethat the QTP regionis a carbonsink635

of 344 � (or 34.4 ) (Chen et al., 2024a; Wang et al., 2023). Our resultsindicatethat RTS-inducedSOC mobilisationonly

accountedfor under1 % of thetotalcarbonbudgetin theQTP.AlthoughmostRTSin theQTParerelativelysmallandshallow

comparedto their Arctic counterparts,their rapidly increasingnumbercould becomea signi�cant factor in the thawingof

previouslyfrozenSOCstocks,especiallyfrom thethick carbon-richactivelayer,resultingin substantialregionalcarbonlosses.

In situ observationsfrom northeastQTPshoweda 23 to 37 % lossin surface(> 20 ) (Mu et al., 2017, 2020; Liu et al., 2018)640

and slightly less(� 20 - 28 %) for SOC stocksin deepersoils (Wu et al., 2018; Yi et al., 2025). Furthermore,vegetation

restorationappearsto be slower in the QTP than in the Arctic, and exposedareasdisturbedby thermokarstcan remain

barefor decades(Liu et al., 2018; Mu et al., 2017; Li et al., 2025). Wang et al. (2020)estimatedfor QTP 0.19 to 0.38 � (or

1.9 - 3.8 ) from formerly frozenSOCwill besubjectto decompositionuponpermafrostthawuntil 2100undermoderateand

high-emissionclimatescenariosthatcouldswitchQTPfrom acarbonsinkto asource.However,thesemodel-basedestimations645

comewith largeuncertainties,asdoourSOCmobilisationestimatesfor theQTP.Large-scale
::::
since

:::::::::
large-scale datasets that es-

timateSOCstocksandgroundicecontent
:::
soil

::::::::
properties

:
in permafrost regions are based on limited observations andalsohave

coarsespatialresolutions
:::::
coarse

:::::
spatial

:::::::::
resolution that typically do not

:::
well

:
represent �ne-scale soil conditionswell (Hugelius
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et al., 2014; Mishra et al., 2021; Wang et al., 2021; Zou et al., 2024). With increased soil depth, estimates of soil properties

become even more scarce (Chen et al., 2024b; Ding et al., 2019). Since we observed negative elevation changes of more than650

3 m in RTS in
::
on

:::
the QTP, we used a simple exponential model to extrapolate SOC stocks to deeper soil layers. Probably,

this model is too simple and does not capture the spatial variability of soil conditions in the complex permafrost landscape

(Bernhard et al., 2022b). However,we foundthatonly 2 % ofSOCmobilisedby RTSactivity contributedto thetotal lossof

SOCstocksat soil depths
::
the

::::
total

:::::::::
estimated

::::::::
mobilised

::::
SOC

:::::
came

::::
from

:::::
soils below 3m

:::::
depth.

Furthermore,the
:::
The processes and fate of theunfrozenmobilised SOC remain highly uncertain as multiple complex ecosys-655

tem interactions and hydrothermal processes are involved (Yi et al., 2025). Parts of mobilised SOC remain
::::::::
potentially

:
on the

slump �oor and are available for microbial decomposition and release as greenhouse gases (Wang et al., 2024)or deposited

andevenstabilised(Thomas et al., 2023; Liu et al., 2021, 2018; Mu et al., 2017), while other.
:::::
Other

:
parts, together with

:::
the

thawed material, are
::::::::
deposited

:::
and

::::::::
stabilised

::
at

:::
the

::::::
slump

::::
�oor

::::::::::::::::::::::::::::::::::::::::::::::::::
(Thomas et al., 2023; Liu et al., 2021, 2018; Mu et al., 2017)

::
or laterally transported downslope into adjacent river and lake systemsandSOCcanundergo

:::::::::
undergoing

:
complex water chem-660

istry processes such as dissolution or sedimentation (Lewkowicz and Way, 2019). We only quanti�ed the magnitude of SOC

mobilised by RTS activityin QTP over the last decade,andexploring the
:::
and

:::
its

::::::
spatial

::::::
pattern

::::::
which

::::::
closely

:::::::
follows

:::
the

:::::
spatial

:::::
trend

::
of

:::::::
existing

:::::
SOC

:::::
stocks

:::
on

:::
the

:::::
QTP

:::::::::::::::
(Wang et al., 2021)

:
.
:::::::::
Exploring

:::
the complex pathways of mobilised SOC is

beyond the scope of this study. However, based on the results of our study, we recommend further research into the fate of the

mobilised SOC. Figure 5 b clearly shows areas of material ablation, but also regions of material deposition on the slump �oor665

are visible. In future investigations, insights could potentially be generated into how much relocated material and SOC are

deposited within an RTS and how much is transported laterally into hydrological networks. In addition, the balance between

areas of negative and positive elevation change might be another avenue to improve spatially explicit GI information for the

QTP.

::
To

:::
our

::::::::::
knowledge,

:::
no

:::::
study

::::
has

::::::::
quanti�ed

::::
the

::::
SOC

:::::::::::
mobilisation

:::::
based

:::
on

::::::::
empirical

:::::
RTS

::::::
erosion

::::::::
material

::::::::::
volumetrics670

::
for

:::
the

::::::
entire

::::
QTP.

::::::::::::::
Ma et al. (2025)

::::::::
modelled

:
a

::::
total

::::::
annual

:::::
SOC

:::
loss

:::
of

:::::
4.12� 107 kg C a� 1

:::::
(95%

:::
CI:

::::::
3.06� 107 kg C a� 1

::
–

:::::
5.12� 107 kg C a� 1)

:::::
from

::::
RTS

::::
mass

:::::::
wasting

:::::::
between

:::::
1989

:::
and

:::::
2022

:::::
based

::
on

::::::
optical

::::
RTS

::::::::::
inventories

:::
and

:::::::::
allometric

::::::
scaling

:::::::
relations,

::::::
which

::
is

::
of

::
a

::::::
similar

:::::::::
magnitude

:::
as

:::
our

::::::
results

:::::
(3.53

::::::
10:13
0:15 � 107 kg C a� 1

:
).

:::::::::::::::::::
Bernhard et al. (2022b)

:
,

::::::
similar

::
to

::::
this

:::::
study,

::::::::
processed

:::::::::::::
multi-temporal

::::::
stacks

::
of

:::::::::::::::::
TanDEM-X-derived

::::::
DEMs

:::
for

::::
the

::::
time

:::::::
periods

:::::
2010

:
-

:::::
2016

::::::
(nRTS ::

=
:::
76)

::::
and

::::
2017

:
-
:::::
2020

::::::
(nRTS ::

=
:::::
1404)

::
to

:::::::::
investigate

:::
the

:::::::
impact

::
of

:
a
::::::::

summer
::::
heat

::::
wave

:::
on

::::
RTS

:::::
mass

:::::::
wasting

:::
and

:::::
SOC

:::::::::::
mobilisation675

::
on

:::
the

:::::::
Taymyr

::::::::
Peninsula

::
in

:::::::
Siberia.

::::::::
Compared

:::
to

::::
rates

::
on

:::
the

:::::
QTP,

::::
RTS

::
on

:::
the

:::::::
Taymyr

::::::::
Peninsula

:::::::::
mobilised

:
a

::::::
similar

:::::::
amount

::
of

:::::::
material

:::
on

:::::::::
individual

::::
RTS

::::
level

:::::
prior

::
to

::::
the

::::::::
heatwave

:::
yet

:::::::
already

::
14

::::::
times

::::
more

::::::
SOC.

::::::::
Following

::::
the

::::::::
heatwave,

:::::
both

:::::::
material

:::
and

::::
SOC

:::::::::::
mobilisation

::::::::
increased

::::::
further.

::::
The

::::::::
heatwave

::::::::
triggered

:
a

:::::
surge

::
in

::::
RTS

:::::::
activity,

::::::::
including

:
a
:::::::
17-fold

:::::::
increase

::
in

:::
new

:::::::::
initiations,

::
a

:::::::
2.3-fold

:::::::
increase

::
in

:::
the

::::::
average

:::::::
volume

::::::
change

::::
rate,

:::
and

:
a
:::::::
28-fold

:::::::
increase

::
in

::::
SOC

:::::::::::
mobilisation,

::::::::
resulting

::
in

::::::::
quantities

:::
far

::::::::
exceeding

:::::
those

::::::::
observed

::
on

:::
the

:::::
QTP.680

:::
Due

:::
to

:::
the

:::::::
increase

::
in

::::::::
greening

::::
and

:::::::
wetting

::
of

:::
the

:::::
QTP,

::::::
recent

::::::
studies

:::::::
estimate

::::
that

:::
the

:::::
QTP

::
is

:
a
:::::
large

::::::
carbon

::::
sink

:::
of

:::::
344� 108 kg C a� 1

::
(or

::::
34.4

:
Tg C a� 1)

::::::::::::::::::::::::::::::::
(Chen et al., 2024a; Wang et al., 2023)

:
.

::::::::
However,

::::::
several

::::::
studies

::::
that

:::::::::
conducted

::::
soil

:::::::
sampling

::::::
within

:::::::::
disturbed

:::::::::
permafrost

:::::
areas

:::
for

:::::::
several

::::::::::
consecutive

:::::
years

:::::
found

::::
that

:::
up

::
to

:::::::::
one-third

::
of

:::
the

:::::::
surface

:::::
SOC

24



::::::
content

:::
(<

::
40

:
cm

:
)

:::
has

:::
the

::::::::
potential

::
to

::
be

::::
lost

:::
due

::
to

:::::
rapid

:::::::::
permafrost

::::
thaw

:::::::::::::::::::::::::::::::::::::::::
(Mu et al., 2017; Liu et al., 2018; Wu et al., 2018)

:
.

:::::::::::
Furthermore,

::::::::
vegetation

::::::::::
restoration

::::::
appears

::
to

:::
be

::::
slow

:::
on

:::
the

::::
QTP,

::::
and

:::::::
exposed

:::::
areas

::::::::
disturbed

::
by

::::::::::
thermokarst

::::
can

::::::
remain685

:::
bare

:::
for

::::::::
decades

:::::::::::::::::::::::::::::::::::::::
(Liu et al., 2018; Mu et al., 2017; Li et al., 2025)

:
.

::::
Even

:::::::
though

:::
our

::::::
results

:::::::
indicate

::::
that

:::::::::::
RTS-induced

:::::
SOC

::::::::::
mobilisation

::::
only

:::::::::
accounted

::::
for

::
�

:::
0.1

:::
%

::
of

::::
the

::::
total

:::::
QTP

::::::
carbon

::::::
budget

::::::
during

::::
the

:::
last

:::::::
decade

:::
and

:::
is

:::::::::::::
proportionately

::::::::::
insigni�cant

::
to

:::::
many

::::::
Arctic

:::::::
regions,

:::
the

:::::::
sharply

:::::
rising

:::::::
number

::
of

::::
RTS

:::
on

:::
the

:::::
QTP

:::
and

::::
the

:::::::
majority

::
of

:::::
SOC

:::::::::::
mobilisation

::
in

::
the

::::::::::
uppermost,

::::::::::
carbon-rich

:::::
layers

::
of

:::
soil

:::
can

:::::::
become

:::::
more

::::::
relevant

:::
for

:::::::
regional

::::::
carbon

:::::::
budgets

::
in

:
a

::::::::
warming

:::::
future

:::::::
climate.
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4.3 Limitations and Potential of a Multimodal Data Approach for RTS Mass Wasting Monitoring

Compared to the Arctic where the ArcticDEM strip data (Porter et al., 2018) offers an open source and high-resolution multi-

temporal DEM source based on stereo-optical satellite images (� 3m) that is suitable for RTS monitoring(Dai et al., 2024; Nitze et al., 2021; Yang et al., 2023)

::::::::::::::::::::::::::::::::::::::::::::::::
(Dai et al., 2024, 2025; Nitze et al., 2021; Yang et al., 2023), on the QTP no similar high-resolution temporally resolved DEM

exists - except for the data from the TanDEM-X mission. Bistatic TanDEM-X observations uniquely enable DEM generation695

on a global scale. Even in regions with adverse geographic or climatic conditions for satellite remote sensing,e.g.
::
for

:::::::
example,

a high percentage of cloud cover or long periods of snow cover, bistatic radar observations can be used to produce high-quality

DEMs with acceptable spatial resolution for RTS monitoring (Krieger et al., 2007; Bojarski et al., 2021; Bernhard et al., 2022a;

Maier et al., 2025). However, the temporal resolution of
:::
the TanDEM-X observations is not equal for all regions of the world.

Somepermafrostregionsin theArctic havebeenfocusareasandDEMs of two to threetime stepsin thelastdecadeexist.In700

:::
We

:::
can

:::::::
assume

:::
that

::::
RTS

:::::::
activity

::::
only

::::::
occurs

::
in

:::
the

:::::
warm

:::::::
summer

:::::::
months

:::
and

::
a

:::::
phase

::
of

::::::::
stability

:::::
occurs

::::::::
between

:::::::
October

:::
and

:::::
April

:::
due

::
to

:::
low

:::::::::::
temperatures

:::::::::::::::::::::::::::::::::::::::::::
(Chen et al., 2015; Che et al., 2008; Ma et al., 2023).

::::
Due

::
to

::::::
limited

::::
data

:::::::::
availability

:::
on the

QTP,dataavailability waslimited andwe had to aggregate observations from several years and seasons to ensure suf�cient

coverage. For T1, we used observations between mid-winter 2011 and end of winter 2012
:::::::::
accounting

:::
for

::::::
exactly

::::
one

:::::::
summer

::
of

::::
RTS

::::::
activity, while for T2 we had to acceptaneven

:
a
:
larger time span (end of summer 2017 to mid-winter 2020). We can705

assumethatRTSactivity only occursin thewarmsummermonthsanda phaseof stability occursbetweenOctoberandApril

dueto low temperatures(Chen et al., 2015; Che et al., 2008; Ma et al., 2023)sofor T2 wehavetwo combinedsummers(2018

and2019).However,
::::::::::
accumulating

:::
the

:::::
RTS

::::::
activity

:::
of

:::
two

:::::::
summer

:::::::
seasons,

::::::
which

:::::::::
potentially

::::::::
increased

::::::::::
imprecision

:::
in

:::
the

::::
mass

:::::::
wasting

::::::::
estimates.

:
Xia et al. (2024) found that the highest

:::
RTS

:
activity occurred before2020;afterward

::::
2020.

:::::
Until

::::
2022,

only 59 new RTS were detected on the PlanetScope images. This could indicate that we captured most of the RTS activity710

that has occurred on the QTP during the last decade.However,to
::
For

:::::::
volume

:::::::::
estimation

:::::
based

:::
on

::::::::::
delineations

::
of

::::
the

::::
RTS

::::::::
inventory,

:::::
stable

:::::
areas

:::::::::
containing

::
no

::::::::
elevation

::::::
change

:::
but

::::::::::
background

:::::
noise

:::
are

:::::
likely

::::::::
included,

::::
since

:::::
most

::::::::::
delineations

:::::
based

::
on

::::::
optical

::::::
images

:::
are

:::::::
broader

::::
than

:::
the

:::::
actual

:::::
active

::::::
erosion

:::::
area.

::::::::
Although

:::
this

:::::::::
minimally

::::::
affects

:::
the

::::
total

::::::
volume

::::::
change

::::
due

::
to

::
the

::::
low

:::::::::
magnitude

::
in

:::::::
negative

::::::::
elevation

::::::
change,

::
it

::::
adds

::::::::
additional

:::::::
random

:::::
errors,

::::
thus

::::::::::
contributing

::
to

:::
the

::::::
overall

::::::::::
uncertainty

::::::
budget.715

::
To

:
monitor the dynamic lifecycles of these complex thermokarst features and understand their drivers and future devel-

opment, yearly records of RTS-induced material erosion volumes are highly desirable (Nesterova et al., 2024; Kokelj et al.,
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2021). The general scarcity of suitable DEM, as well as the temporal limitations, makes monitoring of RTS material erosion

and impact on carbon cycles solely based on DEM data challenging. Allometric or area-volume scaling relations, as presented

and discussed in this study, are typically used to investigate landscape evolution or RTS activity change over time, but can also720

be used to enable the investigation of not only planimetric area expansion from optical RTS inventories but also transform the

area change into volume change of eroded material and expand the analysis to yearly or even seasonal temporal scales.Our

studycould for the �rst time derive
:::
We

:::::::
derived a statistically robust

::::::::::
area-volume

:
scaling relation for the

::::
entire

:
QTP region,

similar to regions elsewhere (Bernhard et al., 2022a; Van Der Sluijs et al., 2023; Dai et al., 2025). However, a small difference

in the scaling coef�cient� has a large impact on the resulting volume change�V . We see substantial differences in the scaling725

relations between the different QTP subregions (Fig. S1 andS3b - f
::
S6). When comparing our scaling results with the small

number of existing studies on allometric scaling of RTS in the Arctic, wecouldalsosee
:::
saw

:
distinct differences between our

results and studies investigating similar regions in the Arctic (Bernhard et al., 2022a; Van Der Sluijs et al., 2023; Kokelj et al.,

2021). On theQTP,no study, to our bestknowledge,hasattempteda similar approachdueto thelack of high-resolutionand

multi-temporalDEM data.Theselimitations highlight that applyingsucha scalinglaw to optical RTS inventories
::
yet

:::::
clear730

:::::::::
similarities

::
to

:::
the

::::
only

:::::::
existing

:::::
study

:::
on

:::
the

::::
QTP

::::::::::::::
(Ma et al., 2025)

:
.
::::::::
Applying

:::::::::::
area-volume

::::::
scaling

:::::::::
especially

::
to

::::::::::
multimodal

::::
RTS

::::::
datasets

:
should be done carefullyandratherto obtain regional estimates on material erosion volume and mass wasting

derivatives such as ground ice loss or SOC mobilisation. For subregional scale or even feature level, this approach has its clear

limitations due to the heterogeneity of RTS across large but even local scales. However, large-scale and even pan-Arctic RTS

inventories based on optical satellite images become more available and may allow for a similar approach of �nding scaling735

relations for Arctic thermokarst regions if delineations coincide well ontologically, spatially and temporally with measured

elevation change(Yang et al., 2025b; Nitze et al., 2024a). We couldshowthatremotesensingdatawith a spatialresolutionof

� 10
::::::::::::::::::::::::::::::
(Yang et al., 2025b; Nitze et al., 2025)

:
.

:::::
Here,

:::
we

::::::
present

:
a
::::::
scaling

::::::::::
relationship

:::
for

:::
the

:::::
QTP

:::::
based

::
on

:::::::::
commonly

:::::::
applied

::::
OLS

::::::::
regression

:

�VOLS = (0 :29� 0:01)�
:::::::::::::::::::

AXia::::

1:11� 0:01 with R 2 = 0 :77 (p < 0:001)
::::::::::::::::::::::::::::::::

(8)740

:::
that

::::
may

::::::
readily

:::::::::
transform

:::::::::
planimetric

:::::
RTS

:::
area

:::::::
derived

:::::
from

::::::::
vegetation

::::::::::
disturbance

:::
on

::::::
optical

::::::
remote

:::::::
sensing

::::::
images

::::
into

::::::
volume

::::::::
estimates

::
at

:::::
scale.

::::
We

::::::
showed

::::
that

::::
RTS

::::::::::
monitoring

::
on

::::::::
elevation

::::::
change

:::::
maps

::::::
based

::
on

::::::
DEMs

::::
with

::
a

:::
10-m misses

�
::::::::
resolution

:::::
omits

::::::::::::
approximately

:
35 % ofRTS featuresthat couldbe found in higherresolutionPlanetScopeimageswhich,

however,only accountedfor a differenceof
:::
the

::::::
present

:::::::
features

:::::::::
compared

::
to

:::::::::
monitoring

::::
RTS

::::
with

::
3-m

::::::::::
multispectral

:::::::
images.

::::::::
However,

:::
the

::::::::
difference

::
in

:::::::::
estimated

:::::::
material

::::::
erosion

:::::::
volume

::::
from

:::
the

::::
two

:::::::
datasets

::
is < 1 % of theerodedmaterialvolume745

::::
since

:::::
most

::
of

:::
the

::::::
missed

::::
RTS

:::
are

:::::
small

:::
and

:::::::
shallow

:
(Fig. 5 c). Open-source and multi-temporal images, such as from ESA's

Sentinel-2 satellites, with a similar spatial resolution as TanDEM-X DEMs could havea great potential to continuously mon-

itor RTS activity from the mid of the last decadeto answer questions about volumetricsand ,
:
permafrost thaw impacts on

hydrological systems,
:
and carbon cycles based on reliable area-volume scaling laws.
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5 Conclusions750

RTS landforms are typically complex and highly dynamic, often remaining active for several years before stabilising and, in

some cases, reinitiating. To adequately capture their temporal evolution and interactions with changing climate, high-temporal-

resolution remote sensing data are essential. By combining modelled soil property datasets with multimodal remote sensing

data, we estimated that RTS activityin theQTPbetween2011and2020relocated 5.0225:35
0:75 �

::::::
25:35
0:75 � 107 m3 formerly frozen

material, contributed to a loss of 3.5828:20
0:28 �

::::::
28:20
0:28 � 106 m3 ground ice and mobilised 2.787:98

0:11 �
:::::
7:98
0:11� 108 kg C SOC.

::
on

:::
the755

::::
QTP

:::::::
between

::::
2011

::::
and

:::::
2020. Interregional comparisons of RTS dynamics are challenging due to varying spatial, temporal, and

methodological factors. However, RTSin
::
on the QTP exhibit mass-wastingactivity

::::::::
dynamics comparable to Arcticregionsof

highRTSactivity
:::
RTS

::::::::
hotspots. Despite their comparably recent initiation and smaller size,QTPerosion and SOC mobilisation

::
on

:::
the

::::
QTP

:
in the past decade surpassed some regions in the Siberian Arctic, but remained up to 10 times lower thanCanadian

high-Arctichotspots
::::::::::
well-known

::::::::::
thermokarst

::::::
regions

::
in

:::
the

::::
high

::::::::
Canadian

::::::
Arctic. Although RTS-induced carbon mobilisation760

representslessthan1
:::
only

::::::::
accounts

:::
for

::::::::::::
approximately

:::
0.1 % of

::
the

:
QTP's carbon budget, the acceleration of RTS activity

since thelastdecadecould
::::::::
beginning

::
of

:::
the

:::
last

:::::::
decade

:::
can contribute to the anticipatedshift of theregion

::::::
region's

::::
shift

:
from

a carbon sink to a source. By integrating remote sensing data with varying spatial and temporal resolutions and different

information layers, we demonstrated that erosion volumes can be accurately estimated, even when the delineations of the RTS

erosion-affected area vary. We found a reliablepowerlaw scalingbetweenthe
::::::::
power-law

:::::::
scaling

:::::
based

::
on

:::::::::
commonly

:::::::
applied765

::::
OLS

:::::::::
regression

:::::::
between

:::
the

::::::::
computed

::::::::
material

::::::
erosion

:::::::
volume

::::::
change

::::
and

:::
the

::::::::
(ablation)

:
area in the optical RTS inventory

andthecomputedmaterialerosionvolumechangeof � = 1.30� 0.01(R2 = 0.87for �A andR2 = 0.75for AXia , p< 0.001)

thatpotentiallyallows
:::::::::::::::::::::::
(�V = 0 :05 � �A 1:20 � 0:01,

::::
Fig.

::
S1

::
a,

::::
and

::::::::::::::::::::::::
�V = 0 :29 � AXia

1:11 � 0:01,
:::
Fig.

:::
S6

::
a)

::::
that

::::::
enables

:
future

research to transform the planimetric area of RTS delineations into regional estimates of erosion volume and constrain RTS-

induced SOC mobilisation on the QTP. Improved estimates and allometric relationships will help close the knowledge gap in770

understanding the impact of permafrost thaw on the permafrost carbon cycle for the QTP and globally.
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https://github.com/kathrinmaier/qtp-rts-mass-wasting. TanDEM-X CoSSC data can be requested from the German Aerospace Centre (DLR).775
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