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Abstract. Retrogressive Thaw Slumps (RTS) are slope failures triggered by permafrost thaw -eceurring-in-ground-icerich
regions—in—that occur in ground-ice-rich regions of the Arctic and en-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 SOC

and 1

isenhancing 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 (BEMDEMs) 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. In
contrast, optical data provides-provide higher spatial resolution and more frequent observations, but tacks-lack elevation in-
formation. We-evaluated-the-mass-wasting-of RTS-througheut-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 #mages-imagery and
geophysmal soil property data to estimate erosion volume, ground ice loss, and SOC mobilisation. By-combining-medelled
i we-We estimated that RTS activity in-the-QTP-between—on the
QTP during 201 lanrd- - 2020 relocated &GWSOZ%NM 107 m previously frozen material, eontributed-to
3685558 i iised-2- resulting in a loss of 3.583%%% x10° m? of ground ice, and mobilised
%}OS kg C of organic carbon. We found a reliable powertaw—sealing-between-the-power-law scaling relationship
between RTS area in the optical RTS inventory and the-calculated volume change, with a=-—-values ranging from 1.20 + 0.01
and 1.30 £ 0.01 (R#? = 0.87, p < 0.001) i : depending on the regression
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model used, which may readily transform planimetric RTS area into volume estimates fortarge-seale-and-comprehensive
i tgati g ilisation—in-at scale on the QTP. Despite the eemparably-relatively recent
initiation and smaller size of RFS+-RTSs on the QTP, material erosion and SOC mobilisation i-over the past decade strpassed
some-regions-in-the-Sibertan-Aretie-exceeded levels in some Siberian Arctic regions, but remained up to 10 times lower than

hotspots in the Canadian High Arctic. Altheugh-the-eurrentimpaetof 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 fess-than—tapproximately

0.1 % to the regional carbon budget, the inereasing-accelerating rates of RTS activity suggest-indicate that this phenomenon
could become more-increasingly significant in the future. Our study-underseores-findings highlight the importance of regional
studies in understanding the impactof permafrost-thaw-on-advancing our understanding of permafrost thaw-driven changes to
the carbon dynamics of QTPrapidly 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—temperatares—rise-increase in
air temperatures (Smith et al., 2022) and is further amplified by various short-term disturbances, such as periods of extreme
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 observations
and the complexity of the-permafrost thaw processes, climate models do not account for the potential of permafrest-thaw
processes—when-estimating-petential-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).

The largest high-altitude permafrost zone is the Qinghai-Tibet Plateau (QTP) is-the-largest-high-altitudepermafrostzone
with a total extent of 1.06-x-10° km? at mean elevations greater than 4000 m altitade-(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 * (Yao etal.. 2019). The warming trend affects the thermal state of the permafrost:
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 farge-ametnts-of SOE-
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{Ran-etal;2022-Chen-etal2024a;Yietal2028)e- QFP-is susceptible to permafrost thaw processes thatstrong

form can expand successively upslope with time due to continuous exposure and thawing of massive and segregated groun
ice, thus eroding steep headwalls and mobilising thawed material downslope and potentially into nearby streams and rivers
(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), whithezan

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

review), but alsgarticularlyin-the QTP manifestingitself with-increasedmbe es-andfasterretreatrates—especia

However, due to their complex spatiotemporal dynamics, monitoring RTS activity and asséssivr 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:
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 expams@rentyears(Xia et al., 2022). Nevertheless,
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additional datasets asgill-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 photogrammetryor 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., 2@2@Jjrom the GermanTanDEM-X

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 coas
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 nc

lj etal. (2021)and

basedn OLS andpre-disturbanceerrainreconstructiorfuntil 2018).A recentstudyestimateda scalingcoef cient of 1.20

regional-scalgestimateson material grosionan

Iresolutionof the elevationdataimpair the
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of multimodal and multltemporal datasets allows for a more detailed analysis of RTS mass wasting dynamics and further

increases our understanding of the regional carbon budget impacts.

2 Data and methods
2.1 Study site

Our study region, th&inghai-FibetPlateal(QTFPQTP, is located between 28 and 38 N in the south-west of China at
average elevations higher than 40080above 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 spatially

from north to south and west to easldingatotalwatervolumeof-3330inthetop10(Zou et al., 2024) (Fig. 1 b). Compared
to the Arctic, thethicknes®ftheactivelayerfALT-}ALT is high (ALT =2.34m) (Ran etal., 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 ameaitiatgaticearben
{SOC)-SOCwith a median estimate of 1.41-10" kg C (or 14.1Pg C) for the top 3m and 4.92 -10'3 kg C (or 49.2Pg C)

for the upper 25n 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).
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165 2.2 Woerk-ew—and-dataprocessing

Based on the spatial clustering of RTS identi ed by Xia et al. (2024), we divided the study area into ve subregias,
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We selectedsitesbasedon (1) the presenceof RTS activity locatedwithin diversegeographic
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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 validatiofa) 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 {i8.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 (Gl)

from-Ran-etal—+{(2022)and SOC mobilisatian
#%%M&%ﬂ%%%&mag&%ﬂ%%d) Validation at selected sites by (1) evaluatlng how accurately we can estineate

surveysna-2026to our results.

Bojarski et al., 2021). We excluded observations with height-of-ambiguity (HoA) values below 15 and albove §0aran-
tee a vertical accuracy between 2 anth3n at areas (Martone et al., 2012; Bernhard et al., 20E}rhard-et-al—(2020)
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well as the regions in the SAR images that experienced low coheren@e3], were not considered in subsequent processing
(Bernhard et al., 2020; Maier et al., 202Bp [ i

et al., 2000; Rodriguez and Martin, 199ZpHewing Maier-et-at{2625)we We reprojected all DEM products to a common
horizontal coordinate system, WGS 84 / NSIDC EASE-Grid 2.0 Global (EPSG:6933pwittlipsoidal vertical reference,
resampled to 1@n spatial resolutiopand split all data int&@@;:OOka%'%sﬁtiles with a small spatial overlap to avo@hy

edge effects. We corrected the DEMs for vertical offsets and tilts and co-registered the DEM pairs using the Python package
XDEM (Hugonnet et al., 2021). Due to the non-uniform temporal coverage of TanDEM-X observiationshe QTP, we

decided to calculate the elevation chanlgebetween 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 cas
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 differenc&IT'or each tile with RTS activityased

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 cation

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

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 vegetation
growth. Therefore, we calculated the volume of eroded matevriafor each RTS by summing only the negative elevation

metric areaA with an exponential scaling coef cient and a scaling factar (Jaboyedoff et al., 2020) for the time interval
T1-T2-

V=c A : 2

10
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To estlmate 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 databetXoP that

state varlablesncludlng ALT for the pan-Arctic permafrost region athie QTP with 452 eld measurements with statistical

learning models that achieve a root mean square error (RMSE)m -2)(1). Zou et al. (2024) estimated the volumetric

water / ground ice content up to bddepth with a random forest algorithm based on climate, terrain and soil variables and 664
borehole records witR2>—0:8R? > 0.8 for all depth layers (Fig. 1)b(3), (2)). Wang et al. (2021) applied a set of machine
learning algorithms together with environmental variables and soil pro le data from 572 eld measurements to predict the
spatial distribution of SOC in the uppem3, including an uncertainty layer-onthe QTP. The model achieveRHRZ: values

between 0.66 for the upper 30n and 0.54 for the rst metre (Fig. 1,¢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 - 3 (Bernhard et al., 2022b). Based on the assumptions that (1) ground ice starts at the depth where the active
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

X X
SOGars = ()" M) Wl [SOC( < arr )+ SOC > ar J1100 -~ GI)] 100 P @3)

100

We report the total estlmates 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

biased since we cannot distinguish between RTS that have been active for the entire study period and those that may have onl

11



305 been active for a shorter period of time (Bernhard et al., 2022b). We normalise our resihiésizeof the study area anithe

310 the RTS delineation instead of being entirely contained. We chose to rasterise the optical RTS delineations into two parts:
an upper-bound RTS are&—— A ™ that includes all intersected pixels, and a lower-bound akea- A with only fully
contained pixels. Together with the estimated elevation ersoof the DEM wethercompute the upper and lower volume

timits—VV==—changebounds
X
V+: (h<0m h) 100”? (4)
.................. n(An)
315 and

(h<om+ n) 100 n? (5)

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

X

V= (h<om n) 100n?
n(A*)

320 V = (h<om+ 1) 100 n?
n(A )

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

12



In_additionto
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345

delineated the approximate location of the headwall with the help of transect pr¢Hes 2 d). We de ned small buffer zones
( 5m) and randomly distributed points (n = 100 per RTS) on both sides of the headwalls that represent the elevation of stable
ground Riapie and the RTS slump oor s , respectively. We computed the average headwall héight-hyur per RTS as

350 thedifferencemedianet-mediandifferencebetween Rape and hkrs (Fig—2-€)-. We-cemparghe VHR headwaliheightsThe

based on TanDEM-0EMs-

355 3 Resdits

360 largestheightlossalignswith the largesimaterialablationandis locatedcloseto the headwall.

13



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
365 RTS, reliable erosion volume estimatesnetpeossibleduete werenot possibleto achievedueto thelow con dence in DEM

quality.

We estimated a total volume of eroded mateNalbetweer201tand20200f5,023%2°5 10" m3 induced by RTS activit}ﬂ

370 WWG#%!&GP&I—QOQ%&V&&G%NGI%GF@G‘GGGHUre.de“neateﬁb.l’eaSAxm of the RTS___l_n_ventorywere_a__ctlvely_e_r_odmg

lessthatreughlyindicateghe RTFSheadwalheightwas1.2—0-4-. When tting a linear model to the Iog -transformed aréa

14
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for the area-volume scaling of RTS on the QéﬁP

V =0:09 Al:30 0:01

with-RZ-=-0-87{p<0-001(Fig. S1 a)-Weof

:01) A 130 001 withR2 = 0:87 (p < 0:001) (6)
and
Vors =(0:22 0:01) AY20 001 withR? = 0:87 (p < 0:001): (7

ity We-found that even though the central Plateau
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 fronbpr = 1.27 - 1%9(!%1 34(R2 =0.77 - 0.89, p< 0.001)

15



Figure 4. RTS mass wasting quantitiés the QTP subregionsetween 2011 and 2028QFPsubregiensirst The, rst. row displaysa

box plet-ef-theguantity'sdistributionperplots for valuesassociategvith individual RTS, the second rolar chartsfor the totalguantity

of SOC stocks 0 - 8 (Wang et al., 2021). Number of RT&rs—per subregion: West = 170, West-Central = 523, Central = 2688, East = 76,
Northeast = 140.

Yoip-foundthehighesttotal

(Fig. 4 b). The lowestGl contentwaspresenin the northeast (median of 0 %, mean of 10.7

allal heto m N o vehdow o
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theerodedvolume(Fig—4-b)-The total amount of SOC mobilised from RTS activity for the QTP subregions shows a pattern

stoeksfrom-Wang-et-al{(2621gndthe The average SOC mobilisation per RTS increases from the west to the nogthtsst
QTP (Fig. 4 c). Details can be found in the Supplement (Table S1 and S2).

3.2 Assessment of INSAR DEM- and optical-based monitoring of RTS mass wastimg-on the QTP

17
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budget. b).

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

of 6. 3(%29%—329% 106 m3 1~Bemhmeke%al+292%&)sfematederes+eﬂﬁa{esbetweeﬂ whereasBernhard et al. (2022a)

7.16 —106 m3 alin the Canadlan ArcticA1 - B4) between 2010 and 2017. With 5RTS per 10km? between 2010 and
2020,theQTP has an RTS density approximately halfatBernhard-et-al{2022dhatobserved between 2010 and 2017 on
Banks IsIandl@ea%meB%heweveFZ),,(,B,e,mh,ard etal., 2022gyet more than double that of all other Arctic sites investigated.

1 km2



510

state (T 1)through-maskingand

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

authorsusedthe morecommonOLS, Bernh

520
2a) calculated thewerlaw-sealingseparately
525 R:IateaL:{3):§nq::::ODR =1.16 OO3#GHH9¥HkEGy&kHﬂk€Ga§H&F}d$H‘RT§(nRTS = 212). Thatstudy,similarto-ourmethod,
530 QTP (ig. 4 a andS1) highlightsthe challengein_comparingscalingstudieshasedon different methodologiegnddatasets.
535 thestudyperiod;while Luo et al. (2022) found that 80 % of theinvestigateeRTSi-RTS in the central QTP formedr
2010-ane-2016-during extremely warm summetsthis-woutd-ndieatein 2010 and 2016, This indicatesthat our scaling
540
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565 likely multifaceted, including variations in RTS longevity and lifecycle stagegneice Gl content, vegetation and soil prop-
erties,er-and proximity to water bodies. Detailed investigations into these factors remain the subject of prospective research.

570 found a scalingcoef cient similar to.our . os

575 offers a critical resource for future investigations into the mechanisms drivingriiRESwastingmaterialerosion on the QTP.
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Nesterova et al., 2024; Huang et al., 2021). The magnitude of newly formediRFSsthelastdecadeotentially offsets the
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.

P-Jiao et al. (2022) investigated one
large RTS in the Beiluhe River Basin between 2021 and 2022 and fourd 4.9 vertical deformation at the headwall and

between 2.2 and 3.5, depth and an ice content of 68 to 88 % at depths of 2.2no@btained 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

substantially higher than the average Gl content we used in our estima@bassQ.4 %) Zeu-et-al{(2024pstimatedhground
i Ve Obetweer2-and10-depthpeakingin-west-eentraRFP-The Gl content is strongly related to the landscape’s

5100m (Fan et al., 2023) typical for central subregions and most RTS locationsS£&#$. b - d). However, some studies also

found GI content higher than 80 % 1he northeast QTP (Wang et al., 2018; Fan et al., 2023) and a mean Gl conteh6df

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

conditionsaswe-baseocurcaleulationon-a-datasetwith-aspatialreselution(e oo-coarseo-capturethe-heterogeneities
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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 tha
3 min RTSinonthe 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). Howeverefoundthatonly 2 % of SOCmebilisedby-RTSactivity-contributedio-the totaHossof
SOCstecksatsoitdepthghetotal estimatednobilisedSOCcamefrom soils below 3m depth.

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 oor
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 Gl information for the
QTP.
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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 imag@sx) that is suitable for RTS monitoringpai-etal-2024:Nitze-et-al;2

exists - except for the data from the TanDEM-X mission. Bistatic TanDEM-X observations uniquely enable DEM generation
on a global scale. Even in regions with adverse geographic or climatic conditions for satellite remote segfsingxample,

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 resolutionhaf TanDEM-X observations is not equal for all regions of the world.

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; Kokel;j et al.,

25
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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 also
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 tempé}mL scales.
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 chaMjeWe see substantial differences in the scaling
relations between the different QTP subregions (Fig. S1Sie—S6). When comparing our scaling results with the small
number of existing studies on allometric scaling of RTS in the Arcticeaigidalseseesawdistinct 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.,

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

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

SentlneI-Z satelhtes, Wlth a S|m|Iar spatlal resolutlon as TanDEM-X DEMs could fagveat potential to contmuously mon-
itor RTS activity from-the-mid-of-the lastdecadeto answer questions about volumeteas-, permafrost thaw impacts on
hydrological systemsand carbon cycles based on reliable area-volume scaling laws.
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5 Conclusions

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 activitythe QTP betweer20ttand2026relocated 5.08%25— 2535 10" m® formerly frozen

material, contributed to a loss of 38Bg%—2%2° 10° m® ground ice and mobilised 2.788—(9% 10° kg C SOC-onthe

since thelastdeeadesouteheginningof the lastdecadecan contribute to the anticipatettift-of theregiorregion'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 RT

a
i O o oHa C O O v otd

thatpetentiallyallows(V =0:05 A 120 tenableduture
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 in

understanding the impact of permafrost thaw on the permafrost carbon cycle for the QTP and globally.

Code and data availability.The dataset containing all RTS boundaries of Xia et al. (2024) including the computed active erosion areas,
material erosion volumes, ground ice loss, and SOC mobilisation can be found under (https://doi.org/10.3929/ethz-b-000735734. The code
and example data for the RTS mass-wasting calculations based on the optical RTS inventory, the validation, and plotting can be found at

https://github.com/kathrinmaier/qgtp-rts-mass-wasting. TanDEM-X CoSSC data can be requested from the German Aerospace Centre (DLR).
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