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Although the thermal regime and degradation of permafrost on the Qinghai-Tibet Plateau (QTP) have been widely documented, little information exists regarding the island permafrost in the area. Ground temperatures were therefore measured for 8 years (2013–2020) at a permafrost island and at two contrasting sites in the Xidatan region to elucidate the permafrost in this area. Results indicate that the ground temperatures in the island permafrost were markedly higher than those at the same depth in the nearby marginal permafrost and the interior continuous permafrost. In addition, a distinct increasing trend was observed in the ground temperature of the island permafrost over the past 8 years, and warming was signficanty faster in the deep soil than in the topsoil, indicating a bottom–up degradation pattern in the island permafrost. Moreover, due to the persistent increase in the thickness of the active-layer and the decrease in the depth of permafrost table, the permafrost island abruptly disappeared in 2018, which may be attributed to the anomalously high air temperatures that occurred in 2016 and 2017. The results of this study may provide references for understanding of the thermal regime and degradation process of island permafrost on the QTP.
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INTRODUCTION
The global degradation of permafrost has been confirmed by field measurements of the ground tempertures (Biskaborn et al., 2019). This degradation is the result of persistent increases in air temperature, which are likely to continue in the future decades (Serreze et al., 2000; Chadburn et al., 2017; Peng et al., 2018). The permafrost on the Qinghai-Tibet Plateau (QTP) is particularly sensitive to climate change and has undergone noticeable warming over the past several decades (Cheng and Wu, 2007; Ran et al., 2018; Xu et al., 2017; Zhao et al., 2020). Marginal and island permafrost is generally characterized by high ground temperatures and shallow depths. Several studies have pointed out that these types of permafrost degrade more quickly than continuous or discontinuous permafrost (Liu and Chen, 2000; Wu et al., 2005; Jin et al., 2006). The distribution and changes associated with marginal and island permafrost are generally considered important; however, the presence and thermal regimes of permafrost are also strongly affected by local conditions, such as topography, vegetation, and hydrologic factors, which cannot easily be estimated or mapped by the traditional simulation models that are used in the interior permafrost regions of the QTP (Cheng, 1984; Zhao et al., 2007; Zou et al., 2016). Several studies focusing on the variation and thermal regimes of the marginal permafrost of the QTP have recently been conducted (Luo et al., 2018; Liu et al., 2020), but investigations characterizing the island permafrost are still limited. A comprehensive investigation of the thermal state of island permafrost is, therefore, essential for a full evaluation of the degradation and changes occurring in the permafrost on the QTP.
The Xidatan region is located within the northern limit of the continuous permafrost on the QTP. The first investigation of the permafrost distribution in this region was conducted via borehole drilling and geophysical methods in 1975, and two permafrost islands were found on the west side of the Xidatan basin during this survey (Nan et al., 2003). Using ground penetrating radar (GPR) and borehole validation, the second reported investigation of the permafrost distribution in this region was accomplished in September 2012 (Luo et al., 2018). The results of the second investigation revealed that one of the permafrost islands observed in 1975 had disappeared, whereas the other one was still present; however, the area of the island had significantly decreased over the last four decades. Although the above studies have demonstrated the marked degradation of the island permafrost on the QTP, the specific variation and degradation pattern of the island permafrost and the mechanism by which it responds to climate changes are still unknown. Long-term field observation data are, therefore, required to clarify these issues.
In 2012, ground temperature monitoring boreholes were set up in the island permafrost and two contrasting regions in Xidatan. Using air temperature observations and ground temperature measurements taken between 2013 and 2020, the variation process and the ground thermal regime of the island permafrost can be detailed. The primary goals of this study are to 1) characterize the thermal regime of the island permafrost in the Xidatan region, 2) evaluate the variation process of the island permafrost and examine the differences between marginal and continuous permafrost, and 3) clarify the pattern by which island permafrost degrades and provide information about its response to climate change.
STUDY AREA AND METHODS
Study Area and Observation Sites
The Xidatan region is a down-faulted valley that is located on the northern side of the Eastern Kunlun Mountains, approximately 120 km southwest of Golmud (Figure 1). Some major transport arteries such as the Qinghai-Tibet Highway (QTH) and the Qinghai-Tibet Railway pass through this valley. The elevation in this region ranges from 4,000 m in the east to 5,700 m in the west. Except for the surrounding mountainous, the topographic relief in the majority of this region is minimal, with slopes lower than 5° accounting for more than 90% of the area (Yue et al., 2013). Several glaciers that are distributed on the northern slope of Kunlun Mountain form glacial runoffs in the region. The spatial heterogeneity of the surface conditions in this region mainly include flood land, alluvial fans, and alpine steppe. The vegetation is mainly sparse alpine grassland with numerous bare areas. According to observations taken at the meteorological station in the study area, the annual accumulated precipitation has been relatively stable over the last 10 years, with an average of 393 mm (±45 mm standard deviation) (Liu et al., 2020). Xidatan region is the northern boundary of the permafrost for the QTP (Luo et al., 2018). Isolated permafrost exists in this region (Figure 1) and is undergoing degradation (Luo et al., 2018).
[image: F1]FIGURE1 | Location of the study area and observation sites. The map of the permafrost distribution in Xidatan was revised from Luo et al. (2018).
Three 15 m-deep boreholes were drilled at site A (a permafrost island that is isolated from the continuous permafrost), site B (marginal to the continuous permafrost), and site C (within the interior of the continuous permafrost). Site A lies approximately 2 km from site C, and the relative difference in elavation at the two sites is almost 20 m. According to the borehole data, the soil in both site A and site B consists of fluvial sand that reaches a thickness of 10 m, which overlies sandy cobble that is 2–4 m thick. The soil profiles in site C are dominantly composed of sand, with some organic matter observed in the top 2.2 m, large amounts of ground ice between 2.2 and 7.0 m, clay from 7.0 to 9.0 m, and weathered mudstone below 9.0 m. Both site A and site B are covered by alpine grassland with a coverage of approxiamtely 40 and 20%, whereas site C is characterized by alpine meadow that covers more than 80% of the surface in this area.
Data Acquisition and Methods
Air Temperature Monitoring
A HOBO Pro v2 (U23-004) logger manufactured by the Onset Computer Corporation, Bourne, MA, United States was used to record the air temperature. The device was installed in a radiation shield near monitoring site C and mounted on a steel pipe at a height of 2.0 m. The logger is accurate to ±0.21°C from 0 to 50°C. Temperatures were recorded at 30 min intervals. The daily mean air temperatures were calculated by averaging the recordes in one day. To assess the changes of the summer and winter temperatures, the thawing degree days (TDDs/°C days, effective temperature sum of the daily temperatures above 0°C) and freezing degree days (FDDs/°C days, effective temperature sum of the daily temperatures below 0°C) were respectively calculated based on the daily temperatures (Frauenfeld et al., 2007).
Ground Temperature Measurements
Thermistor probes linked by cables were used to measure the ground temperature in each borehole, with data acquisition starting in November 2012. The thermistor probe was assembled by the State Key Laboratory of Frozen Soil Engineering, Chinese Academy of Sciences. Each thermistor cable consisted of 25 thermistor sensors at 0.5 m intervals from the surface to a depth of 10 m and at 1 m intervals from 10 to 15 m. A thermistor sensor was placed at a depth of 5 cm (where the impacts of weather and solar radiation can be removed) at each site to measure the ground surface temperature with an accuracy of ±0.05°C. A CR3000 data logger (Campbell Scientific, Edmonton, AB, Canada) with a solar panel capable of recharging a 12 V battery was used to acquire data at each site. Logging was carried out once every 4 h, and data was acquired from November 2012 to December 2020. In addition, the records were timely continuous. The daily, monthly, and mean annual ground temperatures were calculated based on this data.
Calculation of Active Layer Thickness, Permafrost Base, and the Depth of Zero Annual Amplitude
The depth at which the annual maximum ground temperature drops to 0°C is considered the active layer thickness (ALT). Linear interpolation was used to calculate the depth corresponding to 0°C as the ground temperature was measured at a 0.5 m or 1.0 m intervals, and this depth is regarded as the ALT for the year in which the measurement was made. Similarly, because the ground temperature generally presents a linear trend with increasing depth in permafrost, a linear fitting method was used to determine the depth at which the annual mean temperature was close to 0°C, and this depth is identified as the base of the permafrost.
The depth of the zero annual amplitude (DZAA) is defined as the depth at which the seasonal amplitude of the ground temperature is almost zero. However, in most cases, the approximate DZAA is equivalent to the depth at which the seasonal amplitude is diminished to 0.1°C (Isaksen et al., 2007; Liu et al., 2020). In this study, the DZAA is determined as the depth at which the difference between the maximum and minimum annual ground temperature is less than 0.1°C.
RESULTS
Variation in Ground Temperature
Ground Surface Temperatures and Relation With Climate
According to the monitoring results from the HOBO device near site C, the mean annual air temperature at a height of 2 m varied from −3.58 to −2.61°C from 2013 to 2020, with a mean value of −3.26°C. The variations in the daily mean air temperature are presented in Figure 2A, with results indicating that there has been a slight increasing trend in the air temperature over the last eight years. In addition, based on the ground temperatures obtained via monitoring during the period 2013–2020, the calculated mean annual ground surface temperatures (at 0.05 m depth) were −1.85, −1.91, and −2.08°C at site A, site B, and site C, with results in a surface offset of 1.41, 1.35, and 1.08°C, respectively, for the three sites. Moreover, the calculated TDDs shown an increasing trend while the FDDs shown a decrasing trend during the period from 2013 to 2020 (Table 1), which futher demonstrated the gradual warming in the study area.
[image: Figure 2]FIGURE 2 | Daily mean air temperature at the study site (A), and mean monthly ground surface temperature (0.05 m depth) vs. mean monthly air temperature during the period from December 2012 to November 2020 at (B) Site A, (C) Site B, and (D) Site C. The linear regression coefficients and coefficient of determination (R2) are also shown in this figure.
TABLE 1 | Thawing degree days (TDDs/°C days) and freezing degree days (FDDs/°C days in the study area from 2013 to 2020.
[image: Table 1]The relationship curves between the monthly ground surface temperature at a depth of 0.05 m and monthly air temperatures at a height of 2 m at each site are shown in Figures 2B–D. The results indicate a strong correlation between the ground surface temperature and the air temperature at all sites. The coefficients of determination (R2) at sites A, B, and C are 0.94, 0.95, and 0.92, respectively. Snow cover and ground surface conditions are the two main factors that can influence the thermal conduction between the air and surface. However, lower amounts of snowfall and strong winds can lead to an absence of snow or a short period of snow cover in the study area. Therefore, the differences in the correlation between these three sites may result from differences in the type of ground surface present. The higher correlation in site B can be explained by the fact that this site is nearly vegetation free with gravel of different grain sizes covering the surface. The lower correlation at site C may result from the existence of a significant boundary layer consisting of vegetation and organic material. The considerable vegetation cover and negligible amounts of organic matter in the ground surface layer at the permafrost island area (site A) may result in the moderate correlation observed at this site.
Ground Temperature in Active Layer
The variations in the annual mean ground temperatures observed within the active layer at depths of 1.0 and 2.0 m are shown in Figure 3. Although the air temperature was nearly the same at the three sites, the ground temperature in the active layer varied significantly, with the mean value in the island permafrost (site A) being markedly higher than that in the marginal permafrost (site B) and the interior continuous permafrost area (site C), which might be attributed to the difference in the ground surface conditions and the thermal regime of the underlying permafrost. The results in Figure 3 also indicate that, except for site C, the ground temperature at different depths of the active layer at site A and site B all appear to follow an increasing trend for the period 2013–2020. In addition, the annual variation in the trend of the ground temperature within the active layer at all three sites is significantly influenced by air temperature, and such influence appeared to decrease with depth.
[image: Figure 3]FIGURE 3 | Annual mean ground temperatures in the active layer at the three sites from 2013 to 2020. (A) 1.0 m depth, and (B) 2.0 m depth. The annual mean air temperatures during the same period are also shown.
Ground Temperature Near the Permafrost Table and at the Depth of Zero Annual Amplitude
The variations in mean annual ground temperatures near the permafrost table and the DZAA are two important indicators that are usually used to estimate the degradation and the thermal state of permafrost. The monthly and annual mean ground temperatures at depths near the permafrost table (4.0 m at site A, 3.0 m at site B, and 2.5 m at site C) and the DZAA (11.0 m at site A, 13.0 m at site B, and 12 m at site C), based on the ground temperature at each site, are shown in Figure 4 and Table 2.
[image: Figure 4]FIGURE 4 | Variation in monthly mean ground temperatures near the permafrost table and the depth of zero annual amplitude. (A) Ground temperatures near the permafrost table (site A: 4.0 m, site B: 3.0 m, site C:2.5 m); (B) Ground temperatures at the depth of zero annual amplitude (site A: 11.0 m, site B: 13.0 m, site C:12 m).
TABLE 2 | Annual mean ground temperatures near the permafrost table (site A: 4.0 m, site B: 3.0 m, site C: 2.5 m) and the depth of zero annual amplitude (site A: 11.0 m, site B: 13.0 m, site C:12 m) from 2013 to 2020.
[image: Table 2]The mean annual ground temperature near the permafrost table is −0.09°C for the island permafrost (site A), which is obviously higher than that observed in the marginal permafrost (site B, −0.39°C) or the interior continuous permafrost (site C, −1.27°C) (Table 2). In addition, the soil near the permafrost table in site A warms at a faster rate than that at site C but at a slower rate than the soil at site B. The reason for the diversity in the warming rate among the three sites may be the low vegetation cover that accelerates the warming process at site B and the high ice content near the permafrost table that absorbs much of the heat produced when the permafrost thaws at site C. The results in Figure 4A indicate that the temperature of the permafrost lying near the permafrost table undergoes obvious seasonal fluctuations in response to changes in the air temperature. The fluctuations were less obvious at site A than at the other two sites, which can be attributed to the much deeper permafrost table. Moreover, the difference in the maximum temperature near the permafrost table at site A, as compared to the other two sites, varied within 0.5°C, whereas the difference in the minimum ground temperature was significantly higher (nearly 3.0°C). Therefore, the high ground temperature in the cold season resulted in the high mean annual ground temperature that was observed near the permafrost table at site A.
The DZAA at site A lies at a depth of approximately 11.0 m, which exceeds the depth of the permafrost base at this site, whereas the DZAA lies within the permafrost at sites B and C. Therefore, the mean annual ground temperature at the DZAA is positive at site A and is noticeably higher than that at sites B and C (Figure 4B, Table 2). Moreover, the long-term variation in the monthly mean ground temperatures in Figure 4 indicates that the soil warmed faster at site A than at the other two sites over eight years. The specific warming rate at site A is 0.027°C a−1, which is nearly twice the rate at sites B and C (Table 2).
Ground Temperature Profiles
A similar pattern is observed in the annual mean ground temperature profiles between 2013 and 2020 for all three sites (Figure 5). The annual mean ground temperature in the island permafrost (site A) showed an increasing trend in the top soil layers (0–2 m) in 2013, after which it decreased with depth between 2 m and 4 m. The annual mean ground temperature from 4 to 15 m in site A noticeably increased with depth. Such patterns in the ground temperature profile indicate a net input of heat from both the top and bottom soil layers and resulted in the degradation of the permafrost in the permafrost island. However, except for the top layer, the annual mean ground temperature at site A was obviously higher in 2020 than it was in 2013, especially the negative temperature at 3–8 m, which increased toward 0°C, accompanied by permafrost degradation, over the eight years.
[image: Figure 5]FIGURE 5 | Annual mean ground temperature profiles for (A) 2013 at the three sites, and (B) 2020 at the three sites.
The annual mean ground temperatures at site B and site C in the two years 2013 and 2020 all show a markedly increasing trend with depth in the top soil layers (0–3 m) and remain constant or show a slight increase with depth from 3 to 15 m. The annual mean ground temperatures in the upper part of the soil profile were generally lower than those in the lower parts at these two sites, which is indicative of relatively stable permafrost. When comparing the annual mean ground temperature profiles between 2013 and 2020, the deep soil temperatures in site B and site C increased by 0.02–0.08°C from 2013 to 2020, which is significantly lower than the value observed at site A (0.1–0.2°C).
Long-Term Variation in the Permafrost Thermal Regime
Ground temperature contour maps for depths between 0 and 15 m below the surface at the three sites are shown in Figure 6. The thermal regime of the soil layer in the island permafrost (Site A) has changed significantly over the eight year period (Figure 6A). Although the maximal depth of the 0°C isotherm near the permafrost table in the summer season remained almost unchanged from 2013 to 2017, the location of the 0°C isotherm near the base of the permafrost markedly increased during this period, resulting in the gradual reduction of the area, demonstrating negative ground temperatures. However, this negative ground temperature area disappeared in the warm seasons of 2018–2020, which was accompanied by the disappearance of the permafrost from Site A in the year 2018. In addition, the gradual rise of the 0.5°C isotherm indicated noticeable warming in the deep soil layers at site A, and the rate of warming somewhat increased after the permafrost layer disappeared in 2018. This may be a result of the heat in the warm season after 2018 being fully utilized to heat the deep soil layers rather than being consumed by the hydrothermal phase change associated with the thawing of permafrost.
[image: Figure 6]FIGURE 6 | Ground temperatures (°C) as a function of time and depth in (A) island permafrost (site A), (B) marginal permafrost (site B), and (C) interior continuous permafrost (site C). Red isolines represent 0°C and the blue areas represent ground temperatures that are lower than 0°C with time and depth.
Permafrost warming also occurred in the marginal permafrost and the interior continuous permafrost during this period, as seen in the ground temperature contour maps in Figures 6B,C. The variation in the 0.2°C isotherm in the marginal permafrost (site B) indicates that the thermal regime of the permafrost at this site is the result of slight warming at the top of the permafrost and more noticeable warming in the deep permafrost. However, clear permafrost warming occurred at both the surface and at depth in the interior continuous permafrost permafrost at site C from 2013 to 2020, especially after 2018.
Variations in Active Layer Thickness and Permafrost Base
According to the results of ground temperature monitoring, the ground surface in the study area begins to thaw at the beginning of May and reaches the maximum thaw at the end of August. Therefore, the ALT in this study was determined by linear interpretation from the ground temperature at the end of August at each site. Table 3 shows the calculated ALT for the three sites from 2013 to 2020. The average ALT in the island permafrost (site A) is 4.26 m, which is significantly higher than the value observed in the marginal permafrost (2.95 m) and the interior continuous permafrost (2.38 m). Figure 7A indicates a measurable increasing trend over the last several years at the three sites. The rate of increase at site A is 3.5 cm a−1, which is slightly higher than that at site C and markedly lower than that at site B. In addition, the extremely high air temperature in 2016 meant that the maximum increase in ALT also occurred at all three sites in this year, with the specific increases in ALT from 2015 to 2016 reaching 10 cm at site A, 20 cm at site B, and 11 cm at site C.
TABLE 3 | Thickness of the active layer and the base of the permafrost at the three sites (Site A, Site B, and Site C) from 2013 to 2020. Due to the disappearance of permafrost at site A from 2018, neither the thiclness of the active layer or the depth of the permafrost base are available for the period 2018 to 2020 in the table.
[image: Table 3][image: Figure 7]FIGURE 7 | Changes in the thickness of the active layer (A) and the depth of the permafrost base (B) at the three sites (Site A, Site B, and Site C) from 2013 to 2020. The linear regression coefficients and coefficient of determination (R2) are shown in figure.
The variation in the depth of the permafrost base at the three sites over the period 2013 to 2017 or 2020 are shown in Table 2 and Figure 7B. The depth of the permafrost base ranged from 8.42 to 7.64 m with an average of 7.88 m in the island permafrost (site A), whereas the mean depths of the permafrost base at sites B and C were 17.13 and 80.37 m, which are considerably deeper than that observed at site A (Table 3). The variation in the depth of the permafrost base is shown in Figure 7B, and the results of this figure show a significant linear decreasing trend in the depth of the permafrost base at all three sites. The decreasing rate of permafrost base was 0.187 m at site A, which is less than that observed at sites B and C.
DISCUSSION
Factors Contributing to the Thermal Differences at the Three Sites
The above results indicate significant variation in the distribution of the permafrost and the thermal regime among the three sites (island permafrost, marginal permafrost, and the interior continuous permafrost). Possible reasons for these differences include differences in the elevation and the local conditions. Elevation is a key factor that determines the permafrost temperatures on the QTP, and the statistical results from 190 boreholes along the Qinghai-Tibet Highway/Railway revealed that the mean annual permafrost temperature at 15 m depth generally decrease by 0.57°C when elevation increases by 100 m (Wu et al., 2010). However, the maximum difference in the elevation of the island permafrost (site A) and the interior continuous permafrost (site C) is approximately 20 m. Such minor differences in altitude cannot explain the signficant differences observed in the ground temperature, 2.38°C at 15 m depth, and the permafrost depth of approximately 74 m between the two sites. Therefore, besides the influence of elevation, the local conditions could might be the main reason that explain the diversity in the permafrost thermal regime observed between the permafrost island and the other sites.
The results of the GPR profiles in the field investigation together with the borehole verification in 2012 indicate that the lowest elevation at which permafrost occurs is 4,369 m in the Xidatan region (Luo et al., 2018), whereas the elevation of site A (within the island permafrost) of approximately 4,490 m is significantly higher than the lowest permafrost limit in this region. Therefore, the permafrost island as well as the nearby seasonally frozen ground at site A should be susceptible to continuous permafrost if the local conditions do not change. The presence of rivers or running water will exert thermal degradation on the permafrost and may result in the permafrost thawing after a long period. According to our investigation, a seasonal river is located at the north side of site A, and a dried-up channel lies between site A and site B. In addition, the seasonal river has led to the formation of a vast area of banked floodplain in this region. Flooding of the floodplain is beneficial to the input of heat into permafroat (Brosten et al., 2009). Therefore, the thermal influence of the river and the fluvial affected surface conditions are key factors that may have contributed to the significant difference in the distribution of the permafrost and the thermal regime at the three sites. Meanwhile, warm water of the seasonal river can transport laterally or vertically heat into permafrost, leading to the warming and thawing of permafrost beneath and around the river (Zheng et al., 2019). The thermal impacts of groundwater flow on permafrost is often assumed to be negligible on the QTP. However, presence of groundwater flow may enhance permafrost degradation (Mckenzie and Voss, 2013), especially the lateral heat transfer to isolated permafrost bodies (McClymont et al., 2013; Kurylyk et al., 2016; Sjöberg et al., 2016).
Moreover, differences in the vegetation cover might also have significant effects on the permafrost thermal regime. Vegetation can prevent solar radiation from reaching the topsoil; thus, ground surfaces with high vegetation cover on the QTP are generally at lower temperatures than ground surface with sparse vegetation in summer (Jin et al., 2008). In addition, the existence of organic matter beneath the vegetation cover also reduces the thermal conductivity of shallow soil in summer, thereby reducing the amount of heat reaching the deep soil. However, vegetation becomes withered and organic matter is frozen in winter, which provides a channel for cold air to enter the lower soil layers. Therefore, the high coverage of alpine meadow and the layer of considerable organic material at site C might result in the low ground temperature observed in this region as compared to the other two sites. This is a result of the ground surface at both site A and site B being covered only by sparse alpine grassland with gravelly soil in the top layer.
Possible Reasons for the Abrupt Disappearance of the Permafrost Island
According to the borehole data, the soil layers within the permafrost island are mainly dominated by fluvial deposits, and it can therefore be inferred that the permafrost island formed when the river erosion process weakened or the river courses altered. The permafrost island was discovered in 1972 and existed for more than 40 years until its disappearance in 2018. The surface conditions and hydrological process within and near the permafrost island area have not changed noticeably during the past few decades, especially in the last 10 years. Moreover, the seasonal river at the north side of the permafrost island moved northward by approximately 10 m from 2012 to 2020, according to field observations. Therefore, local conditions may not be the main reason for the degradation and ultimate disappearance of the permafrost island.
The annual mean air temperature and accumulated precipitation recorded at a national weather station (Wudaoliang station) near the Xidatan region is shown in Figure 8A, with results indicating that both the air temperature and the amount of precipitation in the area have noticeably increased over the past 40 years. Recent studies have demonstrated that the occurrence of a wet climate on the QTP can reduce the thermal responses of permafrost to warming, thereby preventing the degradation of permafrost, especially in arid and semiarid zones (Zhang et al., 2021), however, the extreme precipitation events in summer can have a thermal impact on permafrost (Zhu et al., 2017). Meanwhile, persistent climate warming is also the reason for the enhanced permafrost degradation in this region. The monitored air temperatures in Xidatan indicate that the years 2016 and 2017, immediately before the disappearance of the island permafrost, were both anomalously warm years with annual mean air temperatures that were significantly higher than the average over the period 2013 to 2020 (Figure 8B). Such anomalously high air temperatures may have accelerated the phase change in the island permafrost, resulting in the rapidly increasing soil temperature in 2018. Therefore, seasonal climatic changes and extreme events combinatively impact the permfrost thermal dynamics (Marmy et al., 2013).
[image: Figure 8]FIGURE 8 | Changes in the local climatic conditions over time. (A) Annual mean air temperature and annual accumulated precipitation at Wudaoliang national weather station from 1980 to 2019; (B) Annual mean air temperature in the Xidatan region from 2013 to 2020.
Degradation Pattern and Warming Rate of the Island Permafrost
The results in Figure 6 show that the deep soil in the island permafrost warmed more than the top soil, with a specific warming rate of 0.016°C a−1 at 4.0 m depth (near the permafrost table), whereas warming rate is 0.027°C a−1 at a depth of 11.0 m (the DZAA) (Table 1). However, a much smaller difference was observed in the warming rate between the shallow and deep soil in marginal permafrost and interior continuous permafrost than that observed in the island permafrost, especially in the interior continuous permafrost area, which warmed by only 0.002°C a−1. The above analysis indicates that warm island permafrost mainly degrades from bottom to top, which might be attributed to the existence of ground-ice in the top permafrost that obsorbs lots of heat when it melt and the lateral thermal impacts of the season river near the permafrost island.
In addition, when comparing the warming rate of shallow permafrost (6.0 m depth) in the island permafrost with the interior continuous permafrost on the QTP, the warming rate of the island permafrost (0.008°C a−1) is much smaller than that in the other regions of the QTP (Wu et al., 2012). Several studies have confirmed that an increase in the ground temperature of warm permafrost will induce phase change and that a considerable proportion of the heat produed is then absorbed by melting ground ice during this process, resulting in the lower warming rate in warm permafrost (Riseborough, 1990; Romanovsky et al., 2010; Sun et al., 2020). The lower warming rate of the shallow island permafrost can be explained by the above mechanism. Such phenomena have also been also widely reported in many other permafrost regions, such as Northern Europe, southern Siberia, the Mackenzie corridor, and the Tien Shan mountains (Marchenko et al., 2007; Christiansen et al., 2010; Romanovsky et al., 2010; Smith et al., 2010).
CONCLUSION
A case study of a permafrost island in the Xidatan region was conducted based on ground temperature measurement and air temperature observation to reveal variations in the thermal regime and the degradation process of island permafrost on the QTP with persistent climate warming. According to the results presented herein, the following conclusions can be drawn:
1) Field observation results from 2013 to 2020 indicated that both the ground temperature near the ground surface, within the active layer, near the permafrost table and the DZAA were notably higher in the island permafrost than that in the marginal permafrost and the interior continuous permafrost, which may be attributed to the difference in ground surface conditions and the thermal regime of the underlying permafrost.
2) The patterns of mean ground temperature profiles revealed that a net input of heat from both the top and bottom soil layers resulted in the degradation of the permafrost in the permafrost island. However, the annual mean ground temperatures in the upper permafrost were generally lower than that in the lower areas of marginal permafrost and the interior continuous permafrost, which is indicative of relatively stable permafrost.
3) The ALTs in the island permafrost showed a measurable increasing trend over the past few years, and the average ALT in the island permafrost is significantly higher than the value in the marginal permafrost and the interior continuous permafrost. However, the depth of the permafrost base in the island permafrost showed significant linear decreasing trends from 2013 to 2017, and is shallower than in the depths observed in the marginal permafrost and the interior continuous permafrost.
4) Long-term climate warming has contributed to the persistent degradation of the island permafrost, and the anomalously high air temperatures in 2016 and 2017 accelerated the phase change and resulted in the abrupt disappearance of the permafrost island. In addition, the degradation pattern of the island permafrost is characterized as bottom to top, and the warming rate in the deep soil was obviously higher than that in the topsoil.
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