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1Abstract

2Elevation-dependent warming (EDW) is a well-documented feature of climate change in mountain 

3regions, yet how it influences elevation-dependent permafrost change (EDPC) remains poorly 

4understood. Here, we combine multi-forcing ensemble simulations, a novel block-sampling 

5approach, and in-situ observations to investigate regional EDPC on the Qinghai-Tibet Plateau 

6(QTP) over the past four decades. The simulations reveal a robust seesaw-like EDPC: in low-

7elevation warm permafrost (3800–4600 m), active layer thickness (ALT) thickens more rapidly 

8(−0.06 to −0.24 m 10a⁻¹ per 1000 m), whereas in high-elevation cold permafrost (4800–5600 m), 

9temperature at the top of permafrost (TTOP) warms more rapidly (0.05–0.20 °C 10a⁻¹ per 1000 

10m). This pattern is consistently supported by observations from 54 permafrost stations, which show 

11a similar temperature-dependent seesaw relationship. We demonstrate that the seesaw-like EDPC 

12is dominated by subsurface surplus heat partitioning, governed primarily by initial permafrost 

13temperature through the soil freezing characteristic curve, rather than by external EDW or local 

14environmental factors. The pattern remains stable across the full range of historical and most 

15projected future EDW scenarios, indicating that it represents a fundamental mode of alpine 

16permafrost degradation. These findings provide a new thermodynamic framework for 

17understanding regional permafrost change and highlight the critical role of internal heat 

18partitioning in shaping the response of high-mountain permafrost to climate warming.

19

20Keywords

21Permafrost change; Elevation-dependent warming; Elevation-dependent permafrost change, 
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23

241 Introduction

25Permafrost underlies approximately 15% of the Northern Hemisphere land surface (Obu, 2021), 

26with major occurrences in circum-Arctic regions and the Qinghai-Tibet Plateau (QTP). As a 

27critical component of cold-region systems, permafrost regulates ecosystems, hydrological cycles, 

28and infrastructure stability. Ongoing atmospheric warming is driving widespread permafrost 

29degradation (Smith et al., 2022; Zhao et al., 2021), manifested primarily as rising temperature at 
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1the top of permafrost (TTOP) and thickening of the active layer (ALT). These changes have 

2profound implications for the terrestrial carbon budget (Bao et al., 2025; Mu et al., 2025), water 

3resources (Xiang et al., 2016; Xu et al., 2024), runoff generation (Del Vecchio et al., 2024; Wang 

4et al., 2023), and geomorphological processes (Li et al., 2021; Luo et al., 2019). Given its 

5fundamental role, understanding regional patterns of permafrost baseline conditions and their 

6temporal evolution remains a high priority in permafrost science. 

7The QTP is the world’s largest alpine permafrost region. Since the 1980s, Cheng (1984) 

8established the zonation of alpine permafrost, primarily governed by elevation, latitude, and aridity, 

9with the lower permafrost limit showing a strong elevational dependence attributed to the 

10atmospheric lapse rate (~6.5 °C per 1000 m). This permafrost elevation model has been repeatedly 

11validated and forms a cornerstone of our understanding of alpine permafrost distribution (Cheng 

12& Francesco, 1992; Harris et al., 2017; Riseborough et al., 2008). Nevertheless, consensus on 

13regional-scale patterns of permafrost change has yet to emerge due to the complexity itself and the 

14limitation in current methodology. 

15Permafrost functions as a thermodynamic system whose long-term evolution is governed by 

16climate-induced anomalies in surface heat input, termed “surplus heat”. Under the simplifying 

17assumption of spatially uniform surplus heat input, the response of permafrost, a system involving 

18ice-water transition, is determined by how this surplus heat is partitioned between sensible (raising 

19ground temperature) and latent heat (melting ground ice). This partitioning is well described by 

20the soil freezing characteristic curve (SFCC), which relates unfrozen water content to subzero 

21temperature (Kurylyk & Watanabe, 2013; Painter & Karra, 2014; Romanovsky et al., 2010). Near 

22the freezing point, a greater fraction of surplus heat is consumed as latent heat, favoring ALT 

23thickening; farther below the freezing point, more heat contributes to sensible warming, favoring 

24TTOP rise. Consequently, warm permafrost tends to exhibit higher sensitivity in ALT, while cold 

25permafrost shows higher sensitivity in TTOP. Given the pronounced elevational gradient in 

26permafrost temperatures across the QTP (Cheng, 1984; Cheng & Francesco, 1992), this 

27mechanism implies a potential “seesaw-like” elevation-dependent permafrost change (EDPC): 

28faster ALT thickening at lower elevations (warm permafrost) and faster TTOP warming at higher 

29elevations (cold permafrost), with the two trends crossing along the elevation gradient. 

30In reality, however, surplus heat is rarely uniform. Numerous studies document elevation-

31dependent air warming (EDW) in mountain regions worldwide, including the QTP, typically 
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1characterized by amplified warming rates at higher elevations (i.e., positive EDW) (Byrne et al., 

22024; Pepin et al., 2015; You et al., 2020). Positive EDW would introduce heterogeneous surplus 

3heat inputs, potentially reinforcing the positive elevation gradient in TTOP change rates while 

4compensating for the lower ALT sensitivity of cold permafrost, thereby weakening or even 

5eliminating the negative elevation gradient in ALT change rates. Under strong EDW (positive or 

6negative), both TTOP and ALT change rates could exhibit unidirectional elevational trends, 

7precluding a seesaw-like EDPC. Additionally, local factors such as snow cover, vegetation, soil 

8texture, and moisture influence heat and water transfer (Clayton et al., 2021; Fu et al., 2025), 

9potentially modulating or overriding the regional signal of EDPC. Specifically, these local factors 

10have nontrivial impacts on the shape of SFCC (Painter & Karra, 2014; Stuurop et al., 2021) and 

11thus the surplus heat partitioning. Therefore, the existence or non-existence of a regional seesaw-

12like EDPC depends on the outcome of competition among external surplus heat input (modulated 

13by EDW), subsurface heat transfer (related to local factors), and internal heat partitioning 

14(manifested as SFCC).

15However, investigating EDPC at the plateau scale is challenging for three reasons. First, in-situ 

16observations of both EDW and EDPC are sparse and unevenly distributed due to logistical 

17constraints, limiting their representativeness for regional conditions (Miao et al., 2024). Second, 

18model simulations, while offering spatially comprehensive insights, are sensitive to uncertainties 

19in meteorological forcing datasets, which often exhibit cold and wet biases over the rugged QTP 

20terrain (Lun et al., 2021; You et al., 2015). Different forcing products can yield conflicting EDW 

21signals (positive, negative, or absent), with unclear propagation into simulated permafrost changes 

22(Guo et al., 2021; You et al., 2020). Third, the QTP spans broad elevational (3000–7000 m), 

23longitudinal (75–105 °E), and latitudinal (25–40 °N) gradients; variations in surface energy 

24balance and subsurface properties along longitude and latitude can confound pure elevational 

25signals (Wang et al., 2016). 

26To address these challenges and resolve the existence and controls of regional EDPC, we (1) 

27performed multi-forcing ensemble simulations using a modified Noah Land Surface Model (Noah-

28Tibet) to generate robust historical permafrost changes; (2) applied a block-sampling method to 

29isolate elevational signals from longitudinal and latitudinal interference; (3) developed a 

30hypothesis-testing framework to identify the dominant controls on surplus heat partitioning; and 

31(4) conducted targeted EDW scenario experiments to obtain the marginal conditions under which 
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1the seesaw-like EDPC persists. These efforts reveal a robust historical seesaw-like EDPC on the 

2QTP, advance mechanistic understanding of its controls, and clarify its sensitivity to EDW.

32 Materials and Methods

4 2.1 Study area

5The QTP, located in Central Asia (75–105 °E and 25–40 °N), covers an area of 2.45×106 km2 with 

6a mean elevation exceeding 4000 m (Figure 1a). Major mountain ranges, including the Himalayas, 

7Karakoram, and Gangdise, create strong elevational gradients. Mean annual air temperature 

8(MAAT) ranges from −8.2 °C to 4.9 °C (10th–90th percentile), and decreases markedly with 

9elevation. Permafrost typically occurs where MAAT is below −2 °C, corresponding to elevations 

10above approximately 3500–4000 m (Cheng & Francesco, 1992). Under present climate conditions, 

11permafrost underlies about 1.08×106 km2 of the QTP (Cao et al., 2023; Zou et al., 2017). The 

12observed ALT generally ranges from 1.8 to 4.6 m regionally (see Figure S2 for distribution), with 

13a mean annual ground temperature (MAGT) of approximately −1.6 °C (Wu et al., 2015; Zhao et 

14al., 2021). In contrast to the circum-Arctic permafrost region, the QTP features thin snow cover 

15and sparse vegetation (Che et al., 2015; Hou & Zhang, 2021). In the cold season (October–

16February), mean snow depth rarely exceeds 3 cm (Figure 1b1), and alpine grassland and barren 

17land dominate the land cover (Figure 1b2).

18 2.2 Dataset and preprocessing

19The in-situ monitoring network comprises weather and permafrost stations. Observations from 

20weather stations were obtained from the Station-Based Serially Complete Earth (SC-Earth) Dataset 

21(Tang et al., 2021). These stations are primarily located in seasonally frozen ground at low 

22elevations, with only 69 stations publicly available (Figure 1a). For permafrost observations, we 

23used the dataset compiled by Fu et al. (2025), which integrates records from Wu et al. (2015), 

24Zhang et al. (2020) and Zhao et al. (2021). This dataset provides ALT and TTOP for 54 long-term 

25stations along the Qinghai-Tibet Highway during 2001-2020. These in-situ data were used to 

26evaluate the representativeness of regional climate and permafrost conditions and to validate 

27Noah-Tibet. Additionally, air temperature change rates (1980–2018) from 416 meteorological 

28stations across the QTP (69 stations) and its adjacent regions (70–110° E, 20–45° N, 347 stations) 

29were extracted from the SC-Earth dataset to compare with gridded EDW signals. 
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1Given the large uncertainties in meteorological data over the QTP, four forcing datasets were 

2employed to drive Noah-Tibet: the China Meteorological Forcing Dataset from the Institute of 

3Tibetan Plateau Research (ITP-Forcing, 0.1 °, 1979–2018, 3-hourly) (He et al., 2020), the Third 

4Pole High-Resolution Precipitation Dataset (TPHiPr, 1/30 °, 1979–2020, Hourly) (Jiang et al., 

52023), the enhanced land component of the fifth European Centre for the Medium-Range Weather 

6Forecasts reanalysis (ERA5-Land, 0.1°, 1950-present, hourly) (Muñoz-Sabater et al., 2021), and 

7the MODIS-based bias-corrected reanalysis downscaled dataset for daily mean air temperature 

8(MBRD, 1 km, 1980–2014, daily) (Zhang et al., 2021). These datasets generally agree with station 

9observations (Hu et al., 2019; Yuan et al., 2021), although discrepancies remain in data sparse 

10high-elevation areas. The ITP-Forcing was selected as the baseline forcing dataset because it 

11provides all required meteorological variables and is widely used in QTP studies (Wang et al., 

122023; Wu et al., 2018). Four forcing datasets for the Noah-Tibet were constructed by replacing air 

13temperature and/or precipitation components in ITP-Forcing with those from the other datasets 

14(see Table S2 for details). All datasets were aggregated or truncated to align with the 

15spatiotemporal resolution and coverage of ITP-Forcing. For MBRD, the diurnal cycle of air 

16temperature was reconstructed using the pattern from ITP-Forcing while preserving the daily mean 

17from MBRD. In addition, a high-resolution Coupled Model Intercomparison Project 6 downscaled 

18daily Climate Projections over China dataset (Yuan et al., 2024) was used to determine the possible 

19EDW range on the QTP, serving the design of EDW scenario simulation. Details of these and 

20auxiliary datasets (e.g., snow depth, soil texture, elevation) are provided in Table S1.

21 2.3 Numerical simulation

22 2.3.1 Historical simulation

23In our previous work (Chen et al., 2015; Wu et al., 2018), the Noah LSM (Ek et al., 2003) was 

24modified to better represent permafrost processes on the QTP, resulting in the Noah-Tibet model. 

25Key modifications included improved parameterizations of surface roughness length, soil thermal 

26and hydraulic conductivities, and extension of the soil column to 15.2 m depth with 18 layers. A 

27500-year spin-up is required for a realistic simulation of multi-decadal permafrost change (Ji et al., 

282022). Details of the model modifications and validation against in-situ observations are provided 

29in Text S1, Text S2 and Figure S1. 

30Four ensemble experiments (EXP1–4) were conducted for the historical period (1980s–2010s) to 

31account for forcing uncertainty (Table S2). EXP1 used the full ITP-Forcing. EXP2 replaced 

Page 8 of 82



manuscript submitted to Permafrost and Periglacial Processes

1precipitation in ITP-Forcing with TPHiPr to address potential overestimation of wetting trends. 

2EXP3 and EXP4 were based on EXP2 but replaced air temperature with ERA5-Land and MBRD, 

3respectively.

4 2.3.2 EDW scenario simulation

5To explore the competition between EDW and surplus heat partitioning in shaping EDPC, we 

6designed a suite of idealized 40-year warming scenario experiments using Noah-Tibet. Building 

7on the conceptual framework presented in the Introduction, strong EDW could disrupt the seesaw-

8like pattern by altering the elevational gradients of the change rate of TTOP (TTOPCR) and the 

9change rate of ALT (ALTCR). Specifically, positive EDW may compensate for the lower climate 

10sensitivity of ALTCR in cold permafrost at high elevations, while negative EDW may compensate 

11for the lower climate sensitivity of TTOPCR of warm permafrost at low elevations. 

12Eleven EDW scenarios were constructed, ranging from −0.25 to 0.25 °C 10a−1 per 1000m at 

13intervals of 0.05 °C 10a−1 per 1000m, informed by climate model projections (Table S3). It should 

14be noted that climate projection data were introduced solely to define plausible EDW scenarios, 

15rather than to predict future EDPC, which would require more computationally intensive transient 

16simulations. Within each scenario, ten elevation bands (200 m intervals from 3800 m to 5600 m) 

17were defined. Baseline climate for each window was derived from the early 1980s conditions (to 

18avoid potential bias associated with anomalous conditions in a single year) within ±100 m of the 

19target elevation band. Warming rates were applied such that the domain-wide average warming 

20rate remained 0.4 °C 10a−1 (referencing the regional average warming rate) while satisfying the 

21prescribed EDW gradient. A total of 110 simulations (11 EDW scenarios × 10 elevation bands) 

22were performed. Details of the experimental design are given in Text S3.

23The seesaw-like EDPC was considered disrupted when the elevational gradient of ALTCR (for 

24positive EDW) or TTOPCR (for negative EDW) lost statistical significance at the 95% confidence 

25level based on linear regression. This approach quantifies the marginal EDW conditions under 

26which surplus heat partitioning no longer dominates the pattern. Note that atmospheric warming 

27remains the primary driver of permafrost degradation; the scenario experiments only examine the 

28relative influence of EDW versus heat partitioning in shaping the mode of permafrost change. 

29 2.3.3 Model output processing
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1Daily profiles of soil temperature, moisture, and unfrozen water content were output for all 18 

2layers. Permafrost was identified in each grid cell when at least one soil layer remained frozen (≤ 

30 °C) for both the current and previous year (van Everdingen, 1998). ALT was defined as the 

4maximum seasonal thaw depth, with TTOP taken as the mean annual soil temperature at that depth.

5 2.4 Quantifying surplus heat partitioning

6Surplus heat partitioning between sensible and latent heat near the base of the active layer was 

7diagnosed from simulated soil temperature and moisture fields using the energy balance 

8formulation (Equations 1–3). Sensible heat consumption (|𝐻𝑆|) for a given soil layer is calculated 

9as:

10 |𝐻𝑆| =
𝑘2

𝑘1

𝐶𝑠𝑜𝑖𝑙(𝑘) ∙ |∆𝑆𝑇(𝑘)| ∙ 𝑍(𝑘)
86400         (1)

11 𝐶𝑠𝑜𝑖𝑙(𝑘) =
𝑖
𝜃𝑖(𝑘) ∙ 𝐶𝑖(𝑘)         (2)

12where 𝐶𝑠𝑜𝑖𝑙 is the volumetric heat capacity of the soil (J m−3 °C−1), ∆𝑆𝑇 is the daily change in soil 

13temperature (°C), and 𝑍 is the layer thickness (m). 𝐶𝑠𝑜𝑖𝑙 is calculated as the volumetrically 

14weighted average of soil constituents (Equation 2): 𝐶𝑙𝑖𝑞=4.2×106 J m−3 °C−1, 𝐶𝑖𝑐𝑒=2.1×106 J m−3 

15°C−1, 𝐶𝑠𝑜𝑙𝑖𝑑=2.0×106 J m−3 °C−1, 𝐶𝑎𝑖𝑟=1004 J m−3 °C−1. 𝜃𝑖 (m3 m−3) was extracted from model 

16outputs. Latent heat consumption (|𝐻𝐿|) is given by:

17 |𝐻𝐿| =
𝑘2

𝑘1

𝐿 ∙ 𝜌𝑙𝑖𝑞 ∙ |∆𝐼𝐶𝐸(𝑘)| ∙ 𝑍(𝑘)
86400         (3)

18where 𝐿 is the latent heat of fusion (3.34×105 J kg−1), 𝜌𝑙𝑖𝑞 is the density of liquid water (1000 kg 

19m−3), and ∆𝐼𝐶𝐸 is the daily change in ice content (m3 m−3).

20To avoid cancellation effects arising from daily warming/cooling and freezing/thawing cycles, 

21absolute values of 𝐻𝑆 and 𝐻𝐿 were used. Without taking the absolute values, summing the daily 

22sensible and latent heat would merely approximate the difference between the first and last day, 

23thus losing substantial information on surplus heat consumption and resulting in highly unstable 

24outcomes. Finally, the ratio of sensible heat consumption, |𝐻𝑆|/(|𝐻𝑆| + |𝐻𝐿|), was then calculated 

25to quantify the partitioning of surplus heat. Given the regional distribution of ALT (typically 1–4 

26m; Figure S2), layers 8–10 of the model (𝑘1 and 𝑘2, corresponding to depths of 1.5–4.2 m) were 

27selected to represent conditions near the base of the active layer across most of the QTP permafrost 
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1region. This depth range ensures robust coverage of the active layer bottom under varying local 

2ALT conditions.

3 2.5 Statistical methodology

4Elevation bands from 3800 to 5600 m were defined using 200 m intervals (±100 m), yielding 10 

5bins (3800±100 m, 4000±100 m, …, 5600±100 m) that encompass the majority of permafrost 

6regions on the QTP (Figure 1b3). For each variable (e.g., MAAT change rate or MAATCR, 

7TTOPCR, ALTCR), grid-cell trends were first calculated via linear regression, after which the 

8median value within each bin was used to represent that elevation band. Elevational gradients were 

9then quantified by regressing these bin medians against elevation.

10To minimize confounding effects from longitude and latitude on detected elevational signals, a 

11block-sampling method was applied (Figure S3). For each of the four historical simulations, 500 

12permafrost grid cells were randomly selected as centers to construct 2×2° (about 400 km2) 

13windows (~400 grid cells per window).  Only windows containing more than 25% permafrost cells 

14were retained to ensure adequate representativeness. Within each valid window, anomalies were 

15computed by subtracting the window mean from each grid-cell value. These anomalies were then 

16aggregated by elevation band. The median across all valid windows was used to characterize the 

17regional EDPC signal. This anomaly-based procedure effectively isolates the elevational gradient 

18from biases associated with areal weighting. When analyzing the evolution of the elevation 

19dependence of permafrost states over the past four decades, the elevation zoning across the entire 

20study was utilized to present the elevational gradient of raw values rather than anomaly values, as 

21well as facilitating comparison with future studies.  

223 Results

23 3.1 Revisiting in-situ observations

24Only 69 weather stations and 54 permafrost stations are available across the vast QTP (2.45×106 

25km2) and its permafrost region (1.08×106 km2) (Figure 1a). Their limited and uneven distribution 

26severely constrains their representativeness for regional climate and permafrost conditions. Joint 

27analysis of elevation-MAAT (Figure 1c1, c3) and longitude-MAAT (Figure 1c2, c4) distributions 

28further reveals this limitation. Most weather stations are located at lower elevations in seasonally 

29frozen ground, with very few above 4600 m or west of 90 °E, where permafrost is most extensive. 

30The 54 permafrost stations are heavily clustered between 4600–5200 m and near 93 °E, far from 
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1the continuous permafrost zones (Figure 1a). Although additional local weather stations exist, they 

2are generally less accessible and predominantly situated at low elevations, offering limited 

3improvement in regional representativeness. In recent decades, new permafrost monitoring 

4networks have been established through field campaigns, particularly in data-scarce regions (Zhao 

5et al., 2021). However, their relatively short record lengths preclude robust long-term trend 

6analysis. Consequently, existing in-situ observations cannot adequately capture the spatial patterns 

7of climate and permafrost changes (e.g., EDW and EDPC) across the entire plateau.

8

9Figure 1  Overview of the study area, in-situ observation network, and their representativeness. (a) Spatial distribution of 

10permafrost (based on Noah-Tibet ensemble simulations), weather stations (teal dots, n=69), permafrost stations (purple dots, 

11n=54), and elevation across the Qinghai-Tibet Plateau (QTP). (b) Environmental characteristics of QTP: (b1) variations in cold-

12season (October–February) mean snow depth, (b2) dominant land cover types (grassland and bareland), and (b3) the number of 

13permafrost/land cells along elevation within the permafrost region. P5, P50, and P95 denote the 5th, 50th, and 95th percentiles of 

14snow depth during the cold season. (c) Joint distributions of elevation versus mean annual air temperature (MAAT) and longitude 
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1versus MAAT, showing the limited representativeness of the in-situ stations. Red shading indicates the density of grid cells across 

2 the entire QTP or permafrost region (darker colors for higher density). MAAT was derived from the ITP-Forcing climatology 

3 (1979–2018). (d) Relationships between the change rates of MAAT, temperature at the top of permafrost (TTOP), and active layer 

4 thickness (ALT) versus decadal mean TTOP at the 54 permafrost stations (2001–2020). MAAT change rates were averaged from 

5 three gridded datasets (ITP-Forcing, ERA5-Land, and MBRD).

6Despite these limitations, the in-situ records still offer valuable insight into permafrost responses 

7to climate change. At the 54 permafrost stations during 2001–2020, TTOPCR and ALTCR did not 

8exhibit a clear seesaw-like elevational dependence, largely because the elevational range across 

9these sites is only ~ 600 m and local heterogeneity (aspect, geomorphic unit, soil text, and 

10vegetation) is strong. However, both change rates exhibited a distinct seesaw-like relationship with 

11decadal mean TTOP: ALTCR was larger in warm permafrost (higher mean TTOP), whereas 

12TTOPCR was larger in cold permafrost (lower mean TTOP). Notably, MAATCR showed only weak 

13correlation with mean TTOP, suggesting limited differences in surplus heat input among the sites. 

14The pattern suggests that surplus heat partitioning outweighed the influence of atmospheric forcing 

15and local environmental factors at the site scale. A similar seesaw-like relationship between 

16permafrost change rates and mean ground temperature has also been observed across northern 

17hemisphere permafrost regions (Smith et al., 2022). 

18Although the site-level seesaw pattern occurs along the temperature gradient rather than elevation 

19per se, it suggests that a regional-scale seesaw-like EDPC may exist on the QTP, given the strong 

20elevational dependence of permafrost temperature (Cheng, 1984) (Figure 1c3). Model simulations 

21are therefore essential to test whether this pattern holds at the plateau scale after accounting for 

22EDW and other confounding factors. 

23 3.2 Simulated historical EDPC

24The Noah-Tibet model accurately reproduces the spatial pattern and temporal evolution of 

25permafrost conditions on the QTP, including the observed seesaw-like relationship between 

26TTOPCR, ALTCR, and mean TTOP (Text S1, Text S2 and Figure S1). This provides confidence in 

27using the ensemble simulations to examine the regional scale EDPC.

28To minimize confounding effects from longitude and latitude, the block sampling was applied to 

29both the meteorological forcing datasets and the simulation outputs (Figure S3). Analysis of the 

30meteorological forcing datasets revealed a weak negative EDW signal across the QTP permafrost 

31region (−0.01–−0.04 °C 10a−1 per 1000 m; Figure 2a); that is, air warming depresses at higher 

32elevations. This pattern contrasts with the positive EDW commonly reported from low-elevation 
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1weather stations (You et al., 2020), but agrees with some recent studies at higher elevations on the 

2QTP (Guo et al., 2019; Zhang et al., 2022) as well as in-situ observations (as detailed in Section 

34.1).

4Under the weak negative EDW, the multi-forcing ensemble simulations (EXP1–4) produced a 

5clear seesaw-like EDPC (Figure 2b, c): TTOPCR was faster at high elevations (0.05–0.20 °C 10a−1 

6per 1000 m), whereas ALTCR was faster at low elevations (−0.06–−0.24 m 10a−1 per 1000 m). 

7These results indicate that surplus heat partitioning between sensible and latent components 

8surpassed the influence of EDW as well as environmental factors in controlling the trajectory of 

9regional permafrost degradation over recent decades. 

10

11Figure 2  Simulated elevation-dependent permafrost change (EDPC). (a) Elevational dependence of the change rate of mean 

12annual air temperature (MAATCR) derived from the three meteorological forcing datasets (ITP-Forcing, ERA5-Land, MBRD). (b, 

13c) Elevational dependence of the change rate of TTOP (TTOPCR) and ALT (ALTCR) from the multi-forcing ensemble simulations 
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1 (EXP1–4). (d, e) Elevational dependence of decadal mean TTOP and ALT. In (a–e), the elevational gradients (per 1000 m) are 

2 labeled, with significance levels marked as *** (p<0.001), ** (p<0.01), * (p<0.05), NS (p≥0.05). In (d, e), ensemble means are 

3shown for simplicity, and direct elevational binning was applied to present actual values, whereas block sampling was used in 

4 (a–c) to minimize longitudinal and latitudinal interference.

5Over the past four decades, the seesaw-like EDPC has weakened the elevational dependence of 

6TTOP (from −1.05 °C per 1000 m in the 1980s to −0.96 °C per 1000 m in the 2010s; Figure 2d) 

7but enhanced that of ALT (from −0.25 m per 1000 m in the 1980s to −0.52 m per 1000 m in the 

82010s; Figure 2e). In the low-elevation (3800–4600 m) warm permafrost regions, TTOP increased 

9by 1.01 °C, ALT thickened by 0.22 m, whereas in high-elevation (4800–5600 m) cold permafrost, 

10TTOP increased by 0.67 °C and ALT thickened by 0.38 m. Conceptual diagrams illustrating the 

11contrasting responses of warm permafrost at lower elevations (latent heat-dominated ALT 

12thickening) and cold permafrost at higher elevations (sensible heat-dominated TTOP warming) are 

13shown in Figure 3.

14

15Figure 3  Conceptual diagram of the seesaw-like EDPC. The gradient shading from red to blue represents the transition from low 

16 to high elevation and the corresponding decrease in permafrost temperature. The two inserts illustrate the contrasting permafrost 

17responses in low-elevation (3800–4600 m) warm permafrost and high-elevation (4800–5600 m) cold permafrost. Solid curves 

18depict the movement of the thawing front, where the deepest depth corresponds to the ALT and mean soil temperature at that depth 

19 is TTOP. The straight lines with arrows and plus/minus signs indicate the direction and relative magnitude of temperature change 

20 (positive for warming). Note that the downward orientation of these arrows is intended for layout clarity and does not represent 
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1physical depth. The schematic is intended for conceptual illustration and does not imply that the seesaw-like EDPC occurs at the 

2slope scale, as it was derived from regional simulations.

3 3.3 Underlying mechanism

4Both station observations (Figure 1d) and regional simulations (Figure 2b,c) demonstrate that the 

5partitioning of surplus heat governs the “seesaw-like” permafrost change, validating our 

6theoretical deduction. However, this does not imply that permafrost temperature (e.g., mean TTOP) 

7is the sole determinant, as non-thermal factors can also influence surplus heat partitioning by 

8modulating the morphology of the SFCC. To identify the dominant controls on surplus heat 

9partitioning, a hypothesis-testing framework was established based on SFCC (Kurylyk & 

10Watanabe, 2013; Romanovsky et al., 2010) and regional environments. Three candidate factors 

11were examined: ground ice content near the base of the active layer, soil porosity (as a proxy for 

12soil texture), and TTOP (Figure 4a-c). With increasing elevation, the simulated ground ice content 

13increases, corresponding to lower TTOP and smaller soil porosity (i.e., coarser soil texture). The 

14simulated relationship between ground ice and elevation aligns with recent ground ice mapping 

15studies (Wang et al., 2026; Zou et al., 2024), both suggesting that thermal conditions remain the 

16primary determinant of ground ice content on the QTP.

17These factors lead to three corresponding hypotheses (Figure 4d). Hypothesis 1 is predicated on 

18the principle that ground ice content determines the upper limit of latent heat consumption, 

19corresponding to the increment along the vertical axis of the SFCC (Figure 4d). For an identical 

20ALT increment, lower elevations with lower ice content require less total heat for melting. Under 

21relatively uniform surplus heat input, ALT at lower elevations would change more rapidly, thereby 

22favoring a negative elevation gradient for ALTCR. Hypothesis 2 posits that soil texture influences 

23water retention capacity and heat capacity, corresponding to the maximum unfrozen water content 

24in the SFCC (Figure 4d). Soils at lower elevations exhibit higher porosity and lower coarse-grained 

25content, leading to better water retention and wetter soil conditions generally. Within the wetter 

26active layer, a considerable portion of heat is consumed as latent heat during seasonal freeze-thaw 

27cycles, leaving only a small fraction to alter soil temperature and propagate into the deeper layer. 

28This seasonal-scale surplus heat partitioning is expected to persist under climate change. 

29Furthermore, the specific heat capacity of water is significantly higher than that of soil particles or 

30air, facilitating slower soil warming. Consequently, this favors a positive elevation gradient for 

31TTOPCR. Hypothesis 3 is based on the premise that temperature determines the operating position 

32on the SFCC; the closer the temperature is to the freezing point, the steeper the curve, meaning an 
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1identical temperature change corresponds to a greater change in unfrozen water content (i.e., ice 

2melt) (Figure 4d). As elevation increases and mean TTOP decreases, a larger proportion of surplus 

3heat is utilized to change soil temperature, leading to faster TTOP changes (a positive elevation 

4dependence). Correspondingly, the elevation dependence of ALT change is negative. 

5The ratio of sensible heat consumption (relative to the total surplus heat consumption) at the active 

6layer bottom can effectively test these three hypotheses. As elevation increases, the ratio increases 

7(Figure 4e), which contradicts Hypothesis 1 but supports Hypotheses 2 and 3. If Hypothesis 1 were 

8valid, then the latent heat effect would be weak in low elevations with the low ice content, resulting 

9in a higher ratio of sensible heat consumption. In contrast, Hypotheses 2 and 3 predict that an 

10active layer with either fine soil texture (high porosity) or near-freezing temperature should exhibit 

11a lower ratio of sensible heat consumption. To further distinguish between Hypotheses 2 and 3, a 

12partial correlation analysis was conducted among the sensible heat consumption ratio, TTOP, and 

13soil porosity. The results (Figure 4f) reveal that the partial correlation coefficient with TTOP 

14ranges from −0.88 to −0.79, while the absolute value of the correlation with soil porosity does not 

15exceed 0.11. Although TTOP may influence soil texture or porosity through altering the frequency 

16and magnitude of freeze-thaw cycles, given the weak correlation between the two at the regional 

17scale, these partial correlation results strongly support Hypothesis 3. In summary, initial 

18permafrost temperature, through its regulation of the intensity of ice-water phase change along the 

19SFCC, is the primary factor governing surplus heat partitioning and thereby shaping the seesaw-

20like EDPC on the QTP.
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1

2Figure 4  Hypothesis-testing framework for identifying the dominant factor controlling surplus heat partitioning. (a–c) Elevational 

3dependence of the three candidate factors: ground ice content, soil porosity, and TTOP. (d) Schematic diagrams illustrating how 

4 these factors affect surplus heat partitioning through the soil freezing characteristic curve. (e) Elevational dependence of the ratio 

5of sensible heat consumption to total surplus heat consumption. (f) Partial correlation analysis among the ratio of sensible heat 

6consumption, TTOP, and soil porosity. In (a–d), circled numbers are shared: odd numbers correspond to low-elevation warm 

7permafrost (low ice content, fine soil texture, and relatively high subfreezing temperature), and even numbers are for high-elevation 

8cold permafrost (high ice content, coarse soil texture, and low subfreezing temperature). In (a, c, e), elevational gradients (per 

91000 m) are labeled, with statistical significance marked as *** (p<0.001), ** (p<0.01), * (p<0.05), NS (p≥0.05). Results from 

10 the four ensemble experiments (EXP1–4) are used.

114 Discussion

12 4.1 Anomalous negative EDW at high elevations

13A central and unexpected finding of this study is the persistence of a weak negative EDW signal 

14across the QTP permafrost regions (−0.01 to −0.04 °C 10a⁻¹ per 1000 m; Figure 2a). This contrasts 

15sharply with the positive EDW commonly observed at low elevations and reported across mid-

16latitude mountain ranges (Byrne et al., 2024; Pepin et al., 2015; You et al., 2020). Station-based 

17observation reinforces that the negative signal is a genuine regional feature rather than an artifact 

18of gridded forcing products (Figure 5). The observations across 416 weather stations exhibit that 

19EDW is positive in the 0–4800 m range (gradient of 0.04 °C 10a−1 per 1000m; Figure 5b), aligning 

20with current consensus (Byrne et al., 2024). However, within the key permafrost one (3800–4800 
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1m), observations across 27 weather stations show a subtle negative EDW (−0.01 °C 10a−1 per 1000 

2m; Figure 5b), which closely matches the gridded datasets in the overlapping elevation range 

3(Figure 5c). 

4

5Figure 5  Elevation-dependent air warming (EDW) on the QTP and its adjacent regions (70-110 °E, 20-45 °N). (a) Spatial 

6distribution of the 416 weather stations used in the analysis, including 69 stations located on the QTP, with data derived from SC-

7Earth dataset (Tang et al., 2021). (b) Elevation variation in the change rate of MAAT (MAATCR) and the number of stations. (c) 

8Same as (b) but zoomed in on the permafrost domain (above 3800 m). In (b), elevational gradients (per 1000 m) are labeled, with 

9statistical significance indicated as *** (p<0.001), ** (p<0.01), * (p<0.05), NS (p≥0.05). To facilitate comparison, MAATCR 

10anomalies were calculated by removing the regional mean (0-4800 m for panel (b) and 3800-4800 m for (c)). 

11We interpret this anomalous EDW as a consequence of the exceptionally high baseline elevations 

12(mostly above 3800 m) of the QTP permafrost region. At such elevations, the snow-albedo 

13feedback, which typically drives positive EDW at mid-to-high elevations by reducing snow cover 

14and lowering surface albedo with warming (Rangwala et al., 2016), may be less effective or even 

15reversed due to increased winter precipitation leading to greater snow accumulation and higher 

16albedo (Guo et al., 2021; Zhang et al., 2022). Additionally, enhanced cloud cover, changes in 

17atmospheric water vapor, or local topographic and circulation effects specific to the plateau’s high 

18interior cloud introduce cooling influences or dampen warming (Abbas et al., 2024; Hua et al., 

192018). Other mechanisms, such as increased evapotranspiration or aerosol effects (Rangwala et 

20al., 2010), might also play a role but are likely secondary. Although these mechanisms require 

21targeted process studies, the finding demonstrates that EDW is not a universal feature of mountain 
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1regions but is highly sensitive to elevation range and geographic context. This has important 

2implications for understanding climate feedbacks in the highest alpine permafrost zones and 

3challenges the direct extrapolation of mid-elevation EDW relationships to extremely high-

4elevation environments.

5 4.2 Robustness of the seesaw-like EDPC

6We designed a suite of idealized 40-year warming scenario experiments to identify the critical 

7EDW thresholds at which the elevation dependence of either TTOPCR or ALTCR reverses, 

8essentially defining the conditions under which the seesaw-like EDPC ceases to exist. The 

9experiments reveal that the seesaw-like EDPC is remarkably robust (Table 1). The pattern persists 

10across a wide range of EDW intensities (−0.15 to +0.10 °C 10a⁻¹ per 1000 m), encompassing both 

11historical conditions (−0.04 to −0.01 °C 10a−1 per 1000m) and most CMIP6-projected future 

12scenarios for the QTP. Only under strongly negative or strongly positive EDW do the elevational 

13gradients of TTOPCR or ALTCR lose statistical significance.

14Specifically, for TTOPCR, the surplus heat partitioning mechanism inherently favors a positive 

15elevation dependence. The scenario simulations demonstrate that a negative elevation dependence 

16for TTOPCR only emerges when the EDW is less than or equal to −0.20 °C 10a−1 per 1000m. 

17Moreover, its positive elevation dependence loses statistical significance (p > 0.05) when the EDW 

18reaches −0.15 °C 10a−1 per 1000m, which we define as the critical EDW for reversing the TTOPCR 

19trend. Conversely, for ALTCR, where surplus heat partitioning typically drives a negative elevation 

20dependence, the critical EDW that renders this trend non-significant at the 95% confidence level 

21is 0.10 °C 10a⁻¹ per 1000m. Although these scenario experiments are not intended as specific 

22projections under future climate change, based on projected EDW ranges (Table S3), it can be 

23inferred that the seesaw-like EDPC is likely to persist.

24This result carries significant implications. It indicates that the seesaw-like EDPC is not a transient 

25phenomenon but a fundamental mode of alpine permafrost response under climate change. As the 

26QTP continues to warm at more than 1.5 times the global average rate, the persistence of this 

27pattern will have profound implications for regional hydrology, carbon cycling, and the resilience 

28of high-altitude ecosystems and infrastructure, issues that warrant urgent attention in both 

29scientific research and climate adaptation planning.
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1Table 1  Simulated elevation gradients of the change rate of TTOP (TTOPCR) and ALT (ALTCR) under idealized EDW scenarios. 

2Bold p-values indicate non-significant trends (p≥0.05). 

EDW
(°C 10a−1 per 

1000m)

Elevation-dependent 
TTOPCR

(°C 10a−1 per 
1000m)

p-value
Elevation-dependent 

ALTCR
(m 10a−1 per 1000m)

p-value

−0.25 −0.04 0.602 −0.08 0.009
−0.20 −0.01 0.754 −0.07 0.016
−0.15 0.08 0.210 −0.06 0.016
−0.10 0.10 0.007 −0.05 0.016
−0.05 0.12 < 0.001 −0.05 0.016
0.00 0.18 < 0.001 −0.05 0.029
0.05 0.20 < 0.001 −0.03 0.048
0.10 0.23 < 0.001 −0.01 0.602
0.15 0.26 < 0.001 0.02 0.348
0.20 0.29 < 0.001 0.03 0.175
0.25 0.32 < 0.001 0.03 0.118

3 4.3 Strengths and limitations

4This study makes two broader contributions to permafrost science. Methodologically, the 

5integration of multi-forcing ensembles with a novel block-sampling technique provides a 

6transferable framework for isolating elevational signals in complex mountain terrain, an approach 

7applicable to other high-mountain permafrost regions. Conceptually, we introduce a unified 

8thermodynamic framework that treats permafrost degradation as the outcome of competition 

9among surplus heat input (modulated by EDW), transfer (influenced by local factors), and 

10partitioning (governed by the SFCC). This framework explains why heat partitioning, regulated 

11primarily by initial permafrost temperature, emerges as the dominant control on the form of 

12degradation (latent heat-dominated thawing at lower elevations versus sensible heat-dominated 

13warming at higher elevations). By demonstrating that this partitioning-driven seesaw pattern holds 

14across observational and modeling scales, the study advances beyond descriptive accounts toward 

15a process-based understanding that can inform both regional assessments and global modeling 

16efforts.

17Despite this, the limitations of the Noah-Tibet model must be acknowledged. Same with most land 

18surface and permafrost models (e.g., CLM, CoLM, Noah-MP, and SHAW), the Noah-Tibet 

19permits only pore ice rather than excess ice. The primary challenge in integrating excess ice lies 

20in the fact that the fixed-layer soil schemes used in classical process-based models are no longer 
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1applicable. Several modeling efforts have attempted to address this. For instance, CryoGrid 3 Xice 

2(Westermann et al., 2016) employs a one-dimensional redistribution scheme that swaps meltwater 

3and overlying solid material, leading to subsidence or thermokarst ponding depending on lateral 

4drainage conditions. Sun et al. (2022) developed a moving-mesh permafrost model that treats soil 

5and ice layers as a deformable elastomer. However, due to the lack of regional-scale information 

6on excess ice distribution, these integrated models are not yet feasible for large-scale simulations. 

7Consequently, the omission of excess ice may reduce the reliability of simulated changes in ice-

8rich permafrost regions.

9On the QTP, excess ice is dominated by segregated ice (Lin et al., 2020), which is primarily 

10concentrated near the permafrost table as pure or sediment-rich ice layers ranging from several 

11centimeters to several meters in thickness. Compared to soil layers containing only pore ice, the 

12presence of segregated ice significantly enhances thermal conductivity (Ji et al., 2024), leading to 

13more pronounced seasonal variations in soil temperature. Over longer timescales, the substantial 

14latent heat effects of segregated ice allow it to act as a thermal buffer. Surplus heat must first melt 

15the pure ice layers before the ALT can deepen (whereas the reference baseline only requires 

16melting ice-bearing soil). As a result, models that neglect segregated ice tend to systematically 

17overestimate both ALTCR and TTOPCR. This is supported by scenario simulations; for instance, 

18Lee et al. (2014) demonstrated that excess ice could reduce the projected increase in soil 

19temperature at a 1 m depth by 0.35 °C during the 1860–2100 period. Regarding ALT, if measured 

20from the ground surface, the associated subsidence partially compensates for the increase in ALT 

21(O’Neill et al., 2023). Therefore, the latent heat-related response of permafrost to climate change 

22encompasses both the increase in ALT and the magnitude of subsidence.

23While the absence of segregated ice may introduce systematic biases in model simulation, ground 

24ice content across the study area is relatively limited. According to a recently published distribution 

25map of volumetric ice content (VIC) within the top 5 m of Northern Hemisphere permafrost (Wang 

26et al., 2026), the VIC of permafrost in China (dominated by the QTP) mostly ranges between 20% 

27and 40%, with a mean of 32.25%, only about half of the values typical in circum-Arctic regions. 

28Ground ice mapping by Zou et al. (2024) specifically for the QTP shows VIC values of 28.4%, 

2930.2%, and 29.2% at depths of 2–3 m, 3–5 m, and 5–10 m, respectively. Compared with the 

30circum-Arctic, this regional discrepancy stems primarily from the relatively warm and arid climate, 

31coarse soil textures, and low organic matter content of the QTP, which result in thermodynamic 

32and hydraulic conditions less conducive to ground ice formation.
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1Note that both Wang et al. (2026) and Zou et al. (2024) provide estimates of total volumetric ice 

2content (including both pore ice and segregated/excess ice) and do not distinguish between the two 

3components. Therefore, these datasets offer only an indirect indication of segregated ice 

4abundance on the QTP. Based on the current understanding of ground ice occurrence, fine-grained 

5soils, poorly drained lowlands, or relatively flat terrains are more favorable for ice enrichment 

6under suitable thermal conditions (Lin et al., 2020; Wang et al., 2026; Zou et al., 2024). At the 

7hillslope scale, variations in these environmental factors may lead to significant spatial anomaly 

8in ice content; however, at the regional scale, where elevation differences are primarily driven by 

9tectonics, such local heterogeneity is unlikely to exert a systematic influence on large-scale 

10patterns, that is, the seesaw-like EDPC. 

11In addition, the 0.1 ° resolution and one-dimensional structure of Noah-Tibet inherently cannot 

12resolve local-scale topographic and ecological heterogeneity (Clayton et al., 2021; Smith et al., 

132022) or lateral heat and water transfer. Given that most reanalysis products remain limited to 

140.25° or coarser (Hu et al., 2019; Muñoz-Sabater et al., 2021; You et al., 2015), a 0.1° resolution 

15represents the practical limit for multi-forcing ensemble simulations, achieved in this study by 

16integrating disparate high-resolution datasets. Observations from a permafrost island on the QTP 

17show that lateral thawing rates driven by horizontal thermal gradients can be nearly five times 

18higher than vertical thawing rates (Jin et al., 2006). Similarly, Hamm and Frampton (2021) 

19demonstrated using the Advanced Terrestrial Simulator that subsurface runoff can create 

20pronounced differences in permafrost temperature and ALT between downhill and uphill positions 

21over distances of less than 100 m. Although approaches such as lateral tile coupling (Aas et al., 

222019) have been proposed to adapt one-dimensional models to small-scale permafrost processes, 

23these methods are not yet implemented in Noah-Tibet.

24Nevertheless, because this study focuses on regional-scale patterns, these resolution limitations are 

25unlikely to affect the robustness of the seesaw-like EDPC identified across the QTP. We 

26emphasized that the regional seesaw-like EDPC should not be directly extrapolated to the hillslope 

27scale (Figure 3). Future work should quantify the spatial scale at which the seesaw-like EDPC 

28transitions or diminishes. This would not only deepen our understanding of the competition 

29between surplus heat input, transfer and partitioning, but also help reconcile discrepancies between 

30in-situ observations and model simulations. Establishing intensified observation networks would 

31greatly advance permafrost scaling research (Schneider von Deimling et al., 2021), similar to 

32progress made in the field of soil moisture. More broadly, the extent to which the seesaw-like 

Page 23 of 82



manuscript submitted to Permafrost and Periglacial Processes

1EDPC on the QTP shapes regional hydrological cycles, ecological processes, carbon budgets, and 

2thermokarst hazards warrants further investigation. For instance, Ji et al. (2026) showed that 

3vegetation expansion in this region follows a pattern of both upward and downward migration. 

4Exploring the coupling between permafrost changes and vegetation expansion/greening along 

5elevation gradients remains a compelling scientific frontier.

64 Conclusions

7This study provides the first robust demonstration of a seesaw-like elevation-dependent permafrost 

8change (EDPC) across the QTP. By integrating multi-forcing ensemble simulations, a novel block-

9sampling approach, in-situ observations, and targeted EDW scenarios experiments, we reveal that 

10permafrost degradation on the QTP follows a clear elevational pattern: TTOP warms more rapidly 

11at higher elevations, while ALT thickens more rapidly at lower elevations. This pattern is primarily 

12controlled by internal surplus heat partitioning governed by initial permafrost temperature through 

13the soil freezing characteristic curve, rather than by external elevation-dependent atmospheric 

14warming (EDW) or local environmental factors. The key conclusions are as follows: 

15(1) Over the past four decades, the QTP has exhibited a robust seesaw-like EDPC. Quantitatively, 

16TTOP warmed by 0.67 °C and ALT thickened by 0.38 m in low-elevation (3800–4600 m) warm 

17permafrost, compared with 1.01 °C and 0.22 m in high-elevation (4800–5600 m) cold permafrost. 

18This pattern is consistently supported by both regional simulations and site-level observations 

19showing a similar temperature-dependent seesaw relationship.

20(2) The historical seesaw-like EDPC is dominated by subsurface surplus heat partitioning, which 

21outweighs the influences of surface energy budget changes associated with EDW and 

22environmental factors. Heat partitioning is primarily regulated by initial permafrost temperature, 

23far exceeding the effects of ground ice content and soil texture. A new thermodynamic framework 

24treating permafrost degradation as competition among surplus heat input, transfer, and partitioning 

25successfully explains the observed elevational divergence in degradation modes.

26(3) The seesaw-like EDPC is robust. It persists across a wide range of EDW intensities (−0.15 to 

27+0.10 °C 10 a⁻¹ per 1000 m), encompassing both historical conditions and most CMIP6-projected 

28future scenarios. Only under extreme EDW does the pattern break down, indicating that the 

29seesaw-like EDPC is likely to remain the dominant mode of alpine permafrost degradation on the 

30QTP in the coming decades.
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