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The Qinghai–Tibet Plateau (QTP) is characterized by its extreme climate and dominated by periglacial processes. Permafrost conditions vary greatly, and the recent changes on the QTP are not well known in the hinterland. Here, we examine the changes in climate and permafrost temperatures in several different regions. Climate data were obtained from three weather stations from 1957 to 2019. Annual mean air temperature (Ta) has gradually increased at .031°C/yr–.039°C/yr. Climate warming has been more rapid in the past two decades, particularly during the cold season (November to February). Precipitation has also been slowly increasing during the instrumental record. However, there is pronounced heterogeneity in the seasonal distribution of precipitation, with very little falling between October and April. Ground temperatures and active-layer thickness (ALT) have been investigated over ∼20 years at five sites representative of the hinterland of the QTP. These sites are located along the Qinghai–Tibet Highway, which crosses the permafrost zone and traverses the mountainous area and basin areas. Annual mean ground temperatures within the active layer (Tal ∼ 1 m depth) indicate recent ground warming at all sites, at rates near .05°C/yr. The ALT at five sites has been increasing steadily by 2–9 cm/yr, with an average of 4.6 cm/yr. The temperature near the permafrost table (Tps) has been increasing at .01°C/yr and .06°C/yr, with an average of .03°C/yr. Permafrost temperatures at 15 m depth (Tg) have been increasing by about .01°C/yr–.02°C/yr. The southern boundary (AD site) of the permafrost has warmed the least among the five locations. In high mountainous areas where permafrost temperatures are low (e.g., KLS site), the annual mean Tg has increased by nearly .02°C/yr. The rate of permafrost warming at a basin site (BLH), with relatively high ground temperatures, was approximately .01°C/yr. The GIPL2.0 model simulation results indicate that the annual mean permafrost temperature at 1 m depth at these sites will increase by .6°C–1.8°C in the next 100 years (to 2100) and that ALT will increase by ∼40–100 cm. We also discuss the impacts of permafrost changes on the environment and infrastructure on the QTP. This study provides useful information to understand observed and anticipated permafrost changes in this region, under different shared socioeconomic pathways, which will allow engineers to develop adaptation measures.
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INTRODUCTION
Permafrost is ground that remains at or below 0°C for at least 2 years and is primarily a consequence of climate (Henry and Smith, 2001; Smith and Riseborough, 2002). Permafrost constitutes a critical component of the global cryosphere and underlies approximately 24% of the land surface of the Northern Hemisphere (Anisimov and Nelson, 1996). Permafrost terrain comprises a seasonally thawed active layer underlain by perennially frozen ground. Permafrost is particularly sensitive to climate change due to the presence of ground ice (Haeberli and Hohmann, 2008; Chen et al., 2021). Climate warming increases the active-layer thickness and ground temperature (Wolfe et al., 2000; Smith and Burgess, 2004). Consequently, permafrost thaw may cause disequilibrium in terrestrial hydrologic cycles (Serreze et al., 2000; Hinzman et al., 2005; Walsh et al., 2005; White et al., 2007; Fedorov and Konstantinov, 2008), significant landscape and ecosystem changes (Lewkowicz, 1992; Osterkamp et al., 2000; Jorgenson et al., 2001; Pullman and Shur, 2007; Luo et al., 2019), and damage to infrastructure (U.S. Arctic Research Commission Permafrost Task Force, 2003). Changes in permafrost conditions associated with climate warming have also resulted in widespread thermokarst development (Lin et al., 2010; Niu et al., 2011; Luo et al., 2015), thaw slump (Niu et al., 2014b; 2016), and increased rates of solifluction. During the 20th century, permafrost warming was documented in the mountains of Eurasia (Harris et al., 2003; Isaksen et al., 2007), Northern Canada (Mackay, 1975; Kwong and Gan, 1994; Burn and Zhang, 2009), and Alaska, USA (Lachenbruch and Marshall, 1986; Osterkamp, 2007; Osterkamp and Romanovsky, 2015).
The Qinghai–Tibet Plateau (QTP) (Figure 1) is the largest body of permafrost at high elevation and low latitudes on the earth (Wang and French, 1994; Qiu and Cheng, 1995; Zhou et al., 2000). In the 1950s, the Qinghai–Tibet Highway was built across the plateau to Lhasa, and between 2001 and 2006, a single-track railway (Qinghai–Tibet Railway) was also built up to and over the QTP to Lhasa (Zhang et al., 2008). The total length from Golmud to Lhasa is about 1,120 km; ∼630 km are underlain by permafrost, with around 550 km in continuous permafrost and 80 km in discontinuous permafrost. The plateau is characterized by high elevation, periglacial processes, and a cold and arid continental climate (Li et al., 1996; Jin et al., 2008).
[image: Figure 1]FIGURE 1 | Locations of the five permafrost monitoring sites and three weather stations along the highway (A) and the topography conditions at the five permafrost monitoring sites along the highway (B–F).
With recent climate warming and steadily increasing human activities (Jin et al., 2008; Lin et al., 2011), the permafrost along the highway and railway has been warming rapidly (Wang, 1993; Wang et al., 2000; Wu and Zhang, 2008; Luo et al., 2019). Mean annual ground temperature (MAGT) in seasonally frozen soil and sporadic permafrost has increased by .3°C–.5°C and by .1°C–.3°C in continuous permafrost from the 1970s to 1990s (Wang et al., 2000; Cheng and Wu, 2007). The permafrost distribution has retreated .5–1.0 km at the northern boundary and 1–2 km at the southern boundary from 1975 to 1995 (Niu et al., 2008). Wu and Zhang (2008; 2010) also reported permafrost warming along the Qinghai–Tibetan Highway from 1996 to 2006. The results showed that mean annual permafrost temperatures at 6.0 m depth have increased by .12°C–.67°C and the maximum active-layer thickness (ALT) with an average increasing rate of ∼7.5 cm/yr over the same period. However, long-term climate and permafrost changes in recent decades are unclear. In addition, owing to the vast area and complex terrain conditions on the QTP, the climate and permafrost changes have great spatial heterogeneities under the influence of high mountains, plains, valleys, etc.
Therefore, we analyzed the long-term climate and permafrost temperatures in different terrain regions on the QTP. Based on the records of meteorological and ground temperature, the objectives of this study are to (I) define the climatic changes in the past ∼60 years in the hinterland of the QTP; (II) examine permafrost changes in the past 20 years at five typical sites; (III) estimate the potential change in permafrost temperature in the next 100 years, and (IV) discuss the possible negative influences of permafrost warming on the environment and engineering in this area.
NATURAL ENVIRONMENTS ON THE QTP
Periglacial Geomorphology
The topography in the hinterland of the QTP is generally complex. Over 90% of the railway underlain by permafrost is above 4,500 m a.s.l. Three major east–west mountain ranges (Kunlunshan, Fenghuoshan, and Tanggula) and three major rivers (Chumaerhe, Tuotuohe, and Tongtianhe) cross the region, dividing it into five general geomorphological units: high mountain areas, foothills or moderately high mountainous areas, upland plateaus, valleys, and basins. Periglacial landforms are widely distributed due to the severe climatic conditions. Near the base of many higher-elevation slopes, strong frost action causes downslope mass movements and creeping gelifluction. Many retrogressive thaw slumps were found on the slopes of lower mountains and hills, and the recorded maximum retrogression rate was 4.5 m/yr in 2000–2002 (Niu et al., 2005; Niu et al., 2012). At upland plains and basins between 4,500–4,700 m elevation, e.g., the Beiluhe Basin and Tuotuohe Basin, there are thousands of thermokarst lakes covering approximately 2–3% of the land surface, and about 1/3 of thermokarst lakes on the high plateau have dried up (Niu et al., 2014a). Climate warming and increasing permafrost temperatures have coincided with an increase in frequency and magnitude of thermokarst in permafrost regions (Luo et al., 2015). Near river valleys and on gentle piedmont slopes, ice domes and frozen mounds are common periglacial landforms in winter.
Vegetation and Soil
Most plants in the permafrost regions are herbaceous perennials less than .15 m tall. Alpine grassland covers about 50% of the land surface, and alpine meadow comprises about 20%. Stipa purpurea, Carex moorcroftii, and Littledalea racemose are the dominant species in alpine grassland, while Kobresia pygmaea and Kobresia littledalea are dominant in alpine meadows (Li et al., 1996; Wang et al., 2016; Chen et al., 2020). Alpine grassland is distributed in dry environments on mountains, hills, and upland plains at higher elevation, and the vegetation cover is generally less than 30%. Alpine meadows with >50% of vegetation coverage are found in valleys or basins with higher soil moisture content (Wang et al., 2004; Jin et al., 2008).
The climate here is cold and dry. The surface soil is loose, so there is little resistance to erosion by runoff or aeolian processes. Freeze–thaw cycles also facilitate erosion. Consequently, soil erosion and desertification are common in the hinterland of the QTP. A soil sample test from the Beiluhe Basin shows that the ground surface is typically covered by gravel or sandy silt. Most of the near-surface soil were sand dominated (>60%), with only ∼40% silt and clay combined. The soil organic matter (SOM) content is very low (Liu et al., 2014).
Permafrost Conditions
The permafrost in the hinterland of the plateau has a relatively warm temperature and is characterized by high ground ice content. Permafrost with >20% volumetric ice content underlies about 221 km of the region (∼40% of the total length), while the portion with MAGT > −1.0°C is 227 km in length. Warm and ice-rich permafrost underlies 124 km of the line (∼25%) (Niu et al., 2008). The mean annual ground temperature (MAGT) in most high plains or valleys is reported as above −1.5°C, and the permafrost thickness is less than 70 m (Wu and Zhang, 2010). In hills and mountains at higher elevations, the MAGT is less than −1.5°C and permafrost thickness exceeds 130 m (Zhou et al., 2000). The active layer thickness in most areas is between 1.5 and 3 m, with a maximum of ∼5.0 m below or near the roadbed (Wu and Zhang, 2010). The warm permafrost on the QTP commonly includes 2–3 m thickness massive ground ice below the active layer to depths of 5 m (Lin et al., 2015).
METHODS AND DATA ACQUISITION
Climate Record
Three weather stations (WDL, TTH, and AD) record the climatic conditions along the QTP (Figure 1). WDL and TTH weather stations have been operating since October 1956, and the AD station has been operating since November 1965. All weather data are managed by the China Meteorological Data Sharing Service System and available to users for downloading (http://cdc.cma.gov.cn/home.do). The data were provided as monthly averages. Data in May 1958 at the TTH station was missed, and the gap was filled by using linear regression.
Permafrost Monitoring
For this study, we selected five typical sites at four locations (Table 1; Figure 1A) with ∼20 boreholes in undisturbed ground at least 20 m from the road. From the north to the south, the XDT site is near the northern boundary of permafrost, which is the discontinuous permafrost island with a relatively high ground temperature (Figure 1B). The KLS site on the south slope of the Kunlun Mountains represents the middle-to-high mountainous area with low permafrost temperature (<−3°C) (Figure 1C). The BLH1 and BLH2 sites are in the basin with high permafrost temperature (>−1.5°C). The difference between them is that BLH1 drilled early in a sparse vegetation cover ground, and BLH2 is in a alpine meadow area with good vegetation (Figures 1D,E). Both KLS and BLH sites lie in the continuous permafrost zone. The AD site is located near the southern boundary of permafrost, where the degraded melting area or discontinuous permafrost zone is present (Figure 1F).
TABLE 1 | Locations of permafrost monitoring sites and weather stations and their surface conditions in the study region [P-t: permafrost thickness (m)].
[image: Table 1]Boreholes at each site were drilled to monitor the ground thermal regime from the surface to a depth of 15 m. Thermistor cables with sensors were cased in a steel tube (D = 3–5 cm) and installed in each borehole. The tube was sealed at the bottom and top to prevent moisture from entering and reduce air convection. The boreholes were filled with dry sand to provide conductive contact between the tubes and the ground. The depth interval of the sensors was .5 m in the upper 5 m of the ground, 1 m between 5 and 10 m, and 2 m below 10 m. The cables were assembled at the State Key Laboratory of Frozen Soil Engineering, Chinese Academy of Sciences (CAS). The measurement accuracy of the sensors, calibrated in the laboratory, was estimated at ±.05°C. Several cables were replaced in 2015 because the sensors were damaged during the long work. The data were recorded on a CR3000 logger (Campbell Scientific, Edmonton, AB, Canada) powered by solar-charged batteries. Temperatures were recorded every 4 h, and instrument malfunction caused some data loss (<10%) during the study period. The treatment was by linear regression estimation completion. Mean annual values were calculated for each sensor to determine soil temperature, active layer thickness, freezing degree days, etc.
The ground temperature record from the borehole profile was divided into three critical layers. The first was characterized by the temperature within the active layer. Here, the temperatures from the upper sensors (∼1 m depth) at five sites were used to examine thermal conditions within the active layer (Tal). The second critical layer was described by the ground temperature at near the permafrost surface or bottom of the active layer (Tps). This temperature is important in characterizing the thermal state of permafrost, and the depth was generally around 2–2.5 m in this study. The third layer was called the depth of zero annual amplitude, and the temperature at this depth represents the annual mean permafrost temperature (Tg). We generally consider the ground temperature at ∼15 m as Tg on the QTP because the annual thermal cycle generally penetrates to a depth of 15–20 m. Although the larger perturbation in surface temperature may penetrate much deeper, it takes much longer periodicity to do so (such as a hundred-year scale or longer). Therefore, the variations in annual mean Tg provide a record of the recent permafrost temperatures.
In mountain permafrost regions, the geothermal profiles are generally in a transient state, continually adjusting to changes in the upper boundary temperature that propagate downward into the ground (Beltrami and Harris, 2001; Harris et al., 2009). Therefore, the interpretation of measured temperature profiles should be undertaken carefully, with particular attention being paid to the strong effects of complex surface geometry and rugged alpine topography (Gruber et al., 2010).
The active layer is the layer of ground above the permafrost that freezes and thaws each year. The base of the active layer is at the maximum depth of penetration of the 0°C isotherm (Burn, 1998). In this study, the maximum ALT during each thaw season was estimated by linear interpolation of the daily ground temperatures records obtained in each borehole (Lin et al., 2015).
Estimating Possible Permafrost Warming
We used the Geophysical Institute Permafrost Laboratory (GIPL2.0) transient numerical model to assess the possible permafrost temperature (T, °C) change over time (t, s) and depth (z, m) in the next 100 years (Marchenko et al., 2008; Jafarov et al., 2012). The core of the GIPL2.0 model is based on the one-dimensional heat conduction equation (Sergueev et al., 2003):
[image: image]
where k(z, t) (W m−1 K−1) denotes the soil thermal conductivity, C(T, z) (J m−3 K−1) is the volumetric heat capacity, and [image: image] (%) represents the volumetric water content. L is the volumetric latent heat of freeze/thaw (334 M J m−3). In this study, the frozen and thawed C and k are assigned to each soil layer based on the field measurements (Xu et al., 2010). The [image: image] is simulated by empirical experiments and has the following form:
[image: image]
where a and b are empirical constants for specific soil (Xu et al., 2010) and n(z) is the soil water content. [image: image] changes with depth and depends on the soil type and ground temperature.
The solution domain of the model in each site was a one-dimensional soil profile from 0–100 m depth containing 139 computational grid nodes. The node spacing increased from .001 m at the ground surface to 10 m at the bottom of the simulation. The model input parameters were the mean monthly air temperature, thermal properties of the soil column, and water content for each site. Snow was not considered in the simulations because there is negligible snow cover along the highway in winter (Lin et al., 2015). Ground thermal properties, including thermal conductivity and volumetric water content, were assigned to each soil layer according to the observed borehole stratigraphy. The volumetric water content was considered a constant.
The ground surface temperature (Ts) was used as the upper boundary condition in the simulations, determined using the air temperatures (Ta) and surface n-factors (Lin et al., 2019; Yin et al., 2021). Monthly air temperatures for each site over the period 1979–2018 were obtained from three weather station records. Concerning the future air temperature series for the model projections, we used the latest two Shared Socioeconomic Pathways (SSP) (O’Neill et al., 2016): 2–4.5 (hereafter SSP245, representing the midrange of future pathways) and 5–8.5 (hereafter SSP245, high end) from the global climate model (GCM) EC-Earth3-Veg (Zhu and Yang, 2020). Monthly GCM air temperatures from 2015 to 2100 were first downscaled to the site location based on the monthly atmospheric lapse rates (ALR, .5°C/100 m; Guo and Wang, 2016; Zhang et al., 2018). The monthly air temperatures were then modified according to the linear regressions between measured monthly temperatures during 2015 and 2018 and the downscaled data for each corresponding location. Finally, we obtained the monthly ground surface temperature series based on the n-factors for the modeling runs. The geothermal gradient (g, ∼.14°C m−1) was set as the lower boundary condition (Wu et al., 2000).
Simulations were initialized from the observed ground temperature profiles. The observed ground temperature data were separated into two stages: the first period (2001–2005) was for model calibration, and the second (2005–2018) was for model verification. The model was calibrated and verified using annual borehole temperatures measured at different depths. The simulated values reasonably reproduced the measured values (R2 > .85). For most of the boreholes, the difference between simulated and measured ground temperature was <.5°C.
RESULTS
Climatic Regime
The plateau has a continental climate, characterized by a long cold season and short warm season. The mean monthly air temperatures were above 0°C from June to September at three weather stations in most years over the last 60 years. Over 90% of the annual precipitation arrives between May and September, so the hinterland of the QTP is cold and dry in the winter (Figure 2).
[image: Figure 2]FIGURE 2 | Monthly mean air temperature and precipitation for WDL, TTH, and AD weather stations in 2019. The mean annual temperatures at WDL (1957–2019), TTH (1957–2019), and AD (1966–2019) were −5.1°C, −3.8°C, and −2.4°C, respectively, and mean annual precipitation totals were 299, 293, and 445 mm in the same period (China Meteorological Data Sharing Service System, http://cdc.cma.gov.cn/home.do).
In 1957–2019, the air temperature at WDL was on average 1.3°C lower than at the TTH station (WDL–TTH). The average differences in monthly mean temperature were lower between November and January (below 1.0°C) than in other months (over 1.0°C). Between 1966 and 2019, the air temperatures at WDL were on average 2.7°C lower than at the AD station (WDL–AD), despite the higher elevation of AD. There were large temperature differences (close to 2–3°C) between the sites in all months of the year (Table 2). Air temperatures at the AD station were higher (∼1.4°C) than at the TTH station, so the air temperatures gradually increase along the QTP from the north to the south.
TABLE 2 | Mean monthly, mean annual (MAAT), cold season (CS), and warm season (WS) air temperature (°C) at WDL and TTH stations over January 1957 to December 2019 and the AD station over January 1966 to December 2019.
[image: Table 2]The monthly mean air temperatures at three stations are highly correlated:
[image: image]
[image: image]
where Twdl, Ttth, and Tad are the monthly mean air temperatures at WDL, TTH, and AD stations, respectively; n is the total number of months in the study period.
The precipitation regime varies along the QTP. Annually, the AD (445 mm) receives more precipitation than both TTH (293 mm) and WDL (299 mm) stations. Precipitation is generally related to the air temperature. On average, only 5–8% of the annual precipitation at three stations falls as snow between October and April, and the most rain falls between May and September (Figure 2).
Long-Term Climate Changes
Precipitation along the QTP has fluctuated and generally increased over the record. Annual precipitation at WDL and TTH stations is correlated for 63 years (r2 = .59, p < .01). In 1957, the annual precipitation at WDL (302 mm) and TTH (309 mm) was similar, but in 2019, the values were greater (457 and 327 mm, respectively). The average rate of precipitation increase was ∼2.0 mm/yr at the WDL station and 1.1 mm/yr at TTH. Annual precipitation at WDL and AD was less strongly correlated over the 54-year record overlap (r2 = .26, p < .01). The annual precipitation at AD in 1966 was 354 mm, and in 2019, it was 468 mm, a total increase of [image: image] mm at an average rate of ∼1.3 mm/yr (Figure 3).
[image: Figure 3]FIGURE 3 | Long-term records in annual total precipitation at WDL and TTH (1957–2019) and AD (1966–2019) weather stations.
The climate along the railway has been steadily warming over the past 60 years. Annual mean temperatures at WDL and TTH stations were highly correlated for the 63 years of common record between 1957 and 2019 (r2 = .87, p < .01). In 1957, the annual mean air temperatures at WDL and TTH stations were −6.6°C and −5.1°C, respectively, but rose to −4.5°C and −2.7°C after 63 years. The increase in annual mean air temperature at WDL and TTH between 1957 and 2019 was ∼2°C, with an average rate of ∼32°C/yr. Annual mean air temperatures at WDL and AD stations were also well correlated over 54 years from 1966 to 2019 (r2 = .88, p < .01). The annual mean air temperatures at the AD station in 1966 and 2019 were −3.0 and −1.2°C, respectively, a total increase of ∼1.8°C with an average rate of ∼0.038°C/yr. The warming rates at WDL and TTH near the northern end of the permafrost were lower than those at AD further south (Figure 4).
[image: Figure 4]FIGURE 4 | Long-term records in annual mean, coldest month (January), and warmest month (July) air temperatures at three weather stations. (A) and (B) WDL and TTH (1957–2019), and (C) AD (1966–2019).
The results of linear regression analysis indicate that the air temperature warming rate in the coldest month was significantly more rapid than that in the warmest month and mean annual value at the three stations. The warming rate along the highway in the warmest month steadily remained at .022°C/yr–.025°C/yr. However, the increase rate in the coldest month closed to .03°C/yr–.04°C/yr, even up to .058°C/yr at the AD station (Figure 4).
Climate change rates may change across time periods, which are mainly influenced by the intensity of human activity. Therefore, we have divided the past 60 years into three stages (e.g., before 1979, 1980–1999, and 2000–2019) to estimate decadal-scale patterns in climate change. Mean monthly, mean annual, cold season, and warm season air temperatures from three stations during three periods of the record are presented in Table 3. We evaluate the periodic warming of the air temperature by the increment of the latter stage subtracting the previous stage (Figure 5). It is very obvious that the second stage (S2, 1980–1999) increased less than 1°C than the first stage (S1, before 1979) (Figure 5A) and even did not show a significant increase in some months (e.g., April). By contrast, the increase in air temperature was very surprising in the last 20 years (S3, 2000–2019) than the previous 20 years (S2, 1980–1999), and the air temperature warming rate in most months was over 1°C, even up to 2–3°C in November–January (Figure 5B). These data indicate that climate warming has been more rapid in the recent 20 years.
TABLE 3 | Mean monthly, mean annual (MAAT), cold season (CS), and warm season (WS) air temperatures (°C) for three periods at WDL, TTH, and AD weather stations.
[image: Table 3][image: Figure 5]FIGURE 5 | Periodic changes in mean monthly, mean annual (MAT), cold season (CS), and warm season (WS) air temperature at the three weather stations. (A) Temperature changes from stage 1 (S1, before 1979) to stage 2 (S2, 1980–1999) and (B) from stage 2 (S2, 1980–1999) to stage 3 (S3, 2000–2019). Periodic changes in mean monthly and total precipitation (Tot) at the three weather stations. (C) Precipitation changes from stage 1 (S1, before 1979) to stage 2 (S2, 1980–1999) and (D) from stage 2 (S2, 1980–1999) to stage 3 (S3, 2000–2019).
The precipitation change of three stages was similar to the air temperature (Figure 5). Except for the AD station, the precipitation from stage 1 (before 1980) to stage 2 (1980–1999) did not increase significantly; on the contrary, a dry warm season was seen in July–August (Figure 5C). By comparison, the precipitation moderately increased from stage 2 (1980–1999) to stage 3 (2000–2019) and increased by ∼10 mm in May–September (Figure 5D). There was still little precipitation between October and April over the period of record. Overall, the warm and wet summers actually occurred only in the last 10–20 years. Although the plateau has been warming in winter, the dry situation remains unchanged.
Variations in Maximum Active Layer Thickness
The maximum ALT has been consistently increasing at almost all sites and boreholes during the past 20 years (Figure 6; Table 4). In general, the active layer near the boundary of the permafrost (XDL and AD sites) was thicker than that in the continuous permafrost zone (e.g., BLH and KLS sites). The ALT varied between 4.2–5.5 m at the AD site in 2002–2015 owing to the warm air temperature and more rainfall. The increase of maximum ALT at the AD site was ∼9 cm/yr, showing the strong permafrost degradation near the southern limit of the permafrost. The increase rate of maximum ALT at the XDT site was ∼2 cm/yr near the northern limit of the permafrost, which is the minimum value among five sites. At the moderately high or alpine areas with the thinnest active layer, such as the KLS site, the increase rate of the maximum active layer was ∼4 cm/yr. In the Beiluhe Basin, the boreholes were drilled more at the natural surface. Although the maximum ALT at both sites of BLH1 and BLH2 differed approximately by 20–30 cm, the increase rate of 3–4 cm/yr was basically similar during the past nearly 20 years (Figure 6; Table 4).
[image: Figure 6]FIGURE 6 | Recent variations in active layer thickness (ALT) at four sites for nearly 20 years. The data are an average value of several boreholes (n) at each site.
TABLE 4 | Maximum active layer depths recorded for nearly 20 years at the five sites in the permafrost areas of the hinterland QTP.
[image: Table 4]Overall, for all ∼20 boreholes at the five sites, the mean increase rate of maximum ALT was 4.6 cm/yr, the median value was 4.2 cm/yr, and the maximum and minimum values were 9.1 and 1.8 cm/yr, respectively.
Long-Term Ground Temperature Dynamics
Annual mean ground temperatures at 1 m depth (Tal) at five sites over the last nearly 20 years are shown in Figure 7A; Table 4. Although the temperatures fluctuated, the increased pattern can still be noticed. The annual mean Tal at the BLH1 site did not show an increase over 2002–2013, and a relatively constant temperature of ∼−.6°C was maintained for more than 10 years. However, the BLH2 site showed a continuous and rapid warming pattern, and the increase rate exceeds .08°C/yr. At the northern and southern limit of the permafrost, the annual mean Tal has been gradually increasing at a moderate rate of .03–.05°C/yr. Although the ground at KLS is the coldest, the increase rate of annual mean Tal (∼.06°C/yr) also reached twice the climate warming rate. The annual mean Tal has been increased at four sites among the total five sites, showing an incontestable changing pattern within the active layer. The data series of both sites (BLH1 and BLH2) at the Beiluhe Basin have the longest period of record (19 years) and so may more reliably represent climatic warming rather than interannual temperature fluctuations. The variation in annual mean Tal did not faithfully follow the pattern of air temperature changes because it may be influenced by changes in local surface conditions and soil moisture content at the sites.
[image: Figure 7]FIGURE 7 | Recent variations in annual mean Tal (A), Tps (B), and Tg (C) at the five sites for nearly 20 years. The data are an average value of several boreholes (n) at each site.
Annual mean Tps during the past nearly 20 years at five sites is shown in Figure 7B; Table 4, and the patterns of continued increase were still significant at almost all sites. The warming rates of the annual mean Tps at the northern (XDT site) and southern (AD site) limit of the permafrost were approximately .02°C/yr. At moderately high or alpine areas with the coldest permafrost (KLS site), the warming rate was ∼.05°C/yr. At the Beiluhe Basin (BLH1 and two sites), the change of annual mean Tps was similar to the pattern of the Tal. The result of monitoring was that annual mean Tps at the BLH1 site basically remained constant and a rapid increase rate of ∼.06°C/yr was seen at the BLH2 site. For all five sites and 19 boreholes in the center of the QTP, the mean increase rate of annual mean Tps was .03°C/yr, the median was .02°C/yr, and the maximum was ∼.06°C/yr.
Unlike the fluctuant variations of Tal and Tps, the annual mean Tg has been steadily increasing at the five sites (Figure 7C; Table 4). At the northern (XDT) and southern (AD) limit of the permafrost, the increase rates in annual mean Tg were approximately .01°C/yr–.02°C/yr, and it was a little greater at XDT than at the AD site. In moderately high or alpine areas of the Kunlun Mountains, the annual mean Tg warming was about .02°C/yr, which was the most rapid warming rate among the five sites. At Beiluhe Basin, the warming rate of annual mean Tg at both sites was ∼.01°C/yr. For all five sites, the mean increase rate of annual mean Tg was .012°C/yr, the median was .011°C/yr, and the maximum and minimum values were .016°C/yr and .004°C/yr, respectively.
Annual Mean Geothermal Profiles
The profiles clearly show increasing annual mean ground temperatures over time at all sites, although the temperature profiles are highly disturbed by topography on the QTP (Figure 8). However, the profiles exhibit significantly different characteristics between the sites. At the XDT site near the northern limit of the permafrost, the near-surface ground temperatures changed little, but warming of about .2°C/yr occurred from 2–14 m depth over 10 years (Figure 8A). Here, the permafrost degradation showed an upward pattern and the temperature gradient below 2 m was close to zero. In contrast, at the AD site near the southern limit of the permafrost, the warming was in the upper 5 m, while almost no change was registered deeper into the ground (Figure 8E). This difference is probably due to the lower air temperatures, lower precipitation, and thicker permafrost near the northern limit than at the southern limit. At the KLS site in moderately high or alpine areas, the increase of ground temperature was also more significant in shallower than deeper layers (Figure 8B). Approximately 1–2°C total warming happened mainly within the active layer (above 2.5 m depth), and the warming rate was close to .15°C/yr. The thermal profiles from the KLS site suggest a general common effect, that is, a warming of the upper permafrost surface.
[image: Figure 8]FIGURE 8 | Ground temperature profiles at the five sites. (A) XDT, the northern limit of the permafrost, (B) KLS, the moderately high or alpine areas, (C,D) BLH1-2, the Beiluhe Basin, and (E) AD, the southern limit of the permafrost.
At the BLH1 site in Beiluhe Basin, the near-surface ground temperatures were lower than at depth, indicating thermal equilibrium with surface conditions (Figure 8C). The mean warming rate was ∼.02°C/yr from the ground surface to a depth of 15 m. However, the profile shows a reversed thermal offset near the ground surface (∼1 m depth) so that the mean annual surface temperature is lower than annual mean ground temperatures at both the permafrost surface and between 10–15 m depth. By comparison, the profile at the BLH2 site did not show the reversed thermal offset over 10 years (Figure 8D), and it may be related to the well-vegetated alpine meadow and wet soil environment. The profile at BLH2 also implies a process of a heat absorption state because the obvious feature is that the ground temperature descends with the depth and a negative thermal gradient above the depth of zero annual amplitude. Although the profiles at BLH sites were different, the gradual increase of ground temperature (∼.02°C/yr) was similar over 10–20 years.
Simulation of Permafrost Response to Climate Change in Future
The potential response of the permafrost to climate change in the hinterland of the QTP in the future has been simulated using the GIPL2.0 model. The simulated maximum ALT, the mean annual Tal, and the mean annual Tg under the SSP5-8.5 situation were first compared to measured mean data from boreholes at each site of the four sites, and the results are exhibited in Figure 9. There is close correspondence between the measured and simulated values from 2001 to 2020. Unfortunately, the maximum ALT is slightly underestimated when the active layer thickness is large, as in the AD site (Figure 9A). In contrast, the simulated ground temperature was very close to the measured values, with the RMSE < 1, and R2 > .9 for all sites (Figures 9B,C).
[image: Figure 9]FIGURE 9 | Comparison between the measured and simulated values in one of borehole at the four sites. (A) Relationship of the measured and simulated ALT, (B) annual mean Tal, and (C) annual mean Tg.
We also simulated the possible changes in maximum ALT and annual mean temperature for depths of 1 m (Tal) and 15 m (Tg) to 2100 years (Figure 10). The simulation shows that, at the XDT site with island discontinuous permafrost, the max ALT will increase by over 1 m (3–4 m, Figure 10A), while the mean annual temperature at 1 m depth was greater in 2100 than in 2020 by ∼1.7°C (−.8°C–.9°C, Figure 10B). The increase in annual mean Tg appears to be slower than in the previous 20 years, with a rising of ∼.5°C (−.7°C to −.2°C, Figure 10C). At the KLS site with a continuous and cold permafrost area, the max ALT will increase by about 60 cm, with ∼.6°C increase in annual mean Tal and ∼.4°C increase in annual mean Tg. Meanwhile, at the BLH site with a continuous and warm permafrost area, the max ALT will possibly increase by about 50 cm, with ∼1.8°C increase in annual mean Tal and ∼.2°C increase in annual mean Tg. However, for the AD site of the permafrost south boundary, this is a lower estimate for the change in maximum ALT because the variations in soil moisture clearly have a significant impact on the temperature in the permafrost at a warm and wet region. Even so, the simulated results indicate that the max ALT will increase by about 40 cm, with ∼1.5°C increase in annual mean Tal and ∼.2°C increase in annual mean Tg.
[image: Figure 10]FIGURE 10 | Simulated possible changes of ALT (A), annual mean Tal (B), and Tg (C) at the four sites over the next 100 years under the SSP585 climate change situation. Circles represent the measured values before 2020.
DISCUSSION
Climate Change in the Hinterland
The climate of the QTP is characterized by low mean annual temperatures (<0°C), large daily temperature variability, and low seasonal temperature variability. Climate warming on the plateau was more rapid than the global average (IPCC, 2013). There is little interannual variation in annual mean air temperatures, making the QTP a good region to assess climate change. It has experienced significant warming since the 1950s (Zhao et al., 2004), with temperatures increasing at an average rate of .021°C/yr–.025°C/yr. Air temperatures from 1970 to 2019 show rapid warming, and the most dramatic warming occurred in the 1990s (Gao et al., 2015). The warming trend accelerated after 1997 (.025°C/yr), compared to the warming rate during 1980–1997 (.021°C/yr) (Duan and Xiao, 2015; Bibi et al., 2018). The warming trend of the minimum temperature (.041°C/yr) was about twice as high as that of the rate of maximum temperature (.018°C/yr) (You et al., 2016). The QTP has experienced a slight increase in precipitation since the 1960s (Bibi et al., 2018). Summer precipitation at the QTP increases with altitude (1,000–4,500 m) at a rate of .83% decade−1km−1 (Li et al., 2017; Zhang et al., 2017).
Air temperatures at the three stations were highly correlated throughout the year, with coefficients of determination (r2) above .9 for all months. The increasing trend of precipitation along the highway is 1.1–2.0 mm/yr, with the highest being 2 mm/yr at WDL. The trend is consistent with the increasing trend of rainfall at higher altitudes (Li et al., 2017; Zhang et al., 2017), which also shows the warming and humidification process at the QTP (Yao et al., 2018). The increase in air temperature has been concentrated mainly in the cold season, and the warming rate was above .05°C/yr in November–January. The result is consistent with other studies on the QTP (Zhao et al., 2004) and in Yukon Territory, Canada (Burn and Zhang, 2009). Measured and simulated results both indicate the climate has been warming rapidly in the hinterland of the QTP, which is also consistent with the climate change in the QTP and globally.
Permafrost Change in the Hinterland
The permafrost warming is primarily because of a disruption of the thermal equilibrium of the permafrost. This is usually the result of an increase in active-layer depth and ground temperature. Cheng et al. (2019) found an average warming rate of .048°C/yr at the base of the active layer and .002°C/yr–.031°C/yr at a depth of 10 m based on borehole observation studies along the highway from 2004 to 2018. In all five sites and 19 boreholes in the central QTP, the average annual mean Tps growth rate was .003°C/yr, with a maximum of about .006°C/yr. The near-surface ground temperature fluctuated significantly because of the strong influence from the air temperature, precipitation, and surface conditions, and the changed trend in decadal scale was not significant. Therefore, our results show a small bias.
Hu et al. (2019) found that the ALT increased by 1.95 cm/yr. The changes in the active layer showed spatial heterogeneity, and the steady increases in maximum ALT have coincided with climatic changes. Although the boreholes at each site were at similar elevation and had similar permafrost conditions, the ALT changes varied, likely due to site-specific variation in microtopography, the presence of rock grids, and moisture content. Also, along the railroad line, the ALT increased by nearly 1 m on average since 1980 (Zhao et al., 2004). The fastest increase in active layer thickness was observed at the southern boundary of the permafrost, and the result was documented by Wu and Zhang (2010).
The observed permafrost warming at each site is linked to recent climate change. The results of statistics indicate that the permafrost warming was also significantly correlated with the local factors, e.g., elevation, ice content, or vegetation coverage. The change of annual mean Tg is negatively correlated with the temperature of the permafrost itself, indicating that the permafrost is warming more rapidly in regions with colder permafrost (KLS site) than warmer permafrost regions (BLH site). The significant correlation between the annual mean Tg change and ice content indicates that ground temperature increases are more rapid in regions with less ground ice. The positive correlation between annual mean Tg increase and elevation indicates that warming is greater at sites with higher elevation. Finally, vegetation cover was negatively correlated with the annual mean Tg change, and the more the vegetation is, the less the warming due to buffering effect.
Influences of Permafrost Warming on the Environment and Engineering
Considering the driving factors of permafrost warming on the QTP, in general, the causes are classified as natural and human-induced factors (Figure 11). The natural factors on the QTP include mainly the increasing annual mean air temperature and precipitation, the rising water of rivers or lakes caused by glacial meltwater, coverage reduction caused by vegetation degradation, surface erosion, and earthquake disturbance. Undoubtedly, the most important causes of permafrost warming are associated with long-term changes of climate (Shur and Osterkamp, 2007). The increase of air temperature and precipitation plays a direct and major role, and it was also confirmed by the climate records of 60 years on the QTP. The effect of natural factors on the permafrost warming is usually a large-scale, long-term, and slow process. The water increase of rivers or lakes supplied by glacial meltwater is gradually becoming another dominant natural factor affecting permafrost warming (Luo et al., 2015; Xie et al., 2020).
[image: Figure 11]FIGURE 11 | The driving factors that caused permafrost warming and degradation and its impacts on the engineering and environment in a high-altitude permafrost area, the QTP.
The human factors mainly include cuts or destruction by construction projects (e.g., Qinghai–Tibet Railway, highway, oil products pipeline, and fiber-optic cables), disturbance of vehicle movement on road, town or village hot island effect, increasing tourists, CO2 emission, and overgrazing. In contrast, the anthropogenic perturbations are characterized by the short-term, quick, and regional scale. It can also be demonstrated by an example of construction of the Qinghai–Tibet Highway in the 1970s. The cut in both sides of the road led to the rapidly developing thermokarst processes, vegetation degradation, and significant permafrost warms (Niu et al., 2014b; 2016).
The result of the permafrost warming is rapid permafrost degradation. In continuous permafrost areas, such as the KLS and BLH sites in this study, the permafrost degradation has mainly four modes, e.g., downward, upward, lateral, and composite (Jin et al., 2021). The prominent features indicate mainly the increase of ALT and the rising of annual mean ground temperature, while in discontinuous, sporadic, or island permafrost areas, such as the XDT and AD sites located at the permafrost boundary, the permafrost degradation is mainly in the lateral mode with the characteristics of permafrost continuity decrease and shrinking permafrost area (Figure 11).
Permafrost degradation often causes thermal inequilibrium and disequilibrium in hydrologic cycles within the active layer, the seepage of suprapermafrost water, the thaw of ground ice, the increase of unfrozen water content in the permafrost layer, and the decrease of bearing capacity (French 2018; Jin et al., 2021). These changes usually result in serious damage to the infrastructure stability and environment in permafrost areas. For the existing engineering, the ground subsidence or compaction caused by permafrost warming will decrease the subgrade stability and increase the frequency of subgrade secondary disease, leading to requirement of expensive maintenance. Meanwhile, the difficulty of line design and planning will increase for new projects.
The impact of permafrost degradation on the environment also involves many aspects. The melting of ground ice caused by permafrost warming often induces a series of thermokarst activities, such as thermokarst lake, thaw slump, and thaw pit (Lin et al., 2010; Niu et al., 2012). The thermokarst process may release chemical solute previously preserved in the permafrost, resulting in higher ionic concentration and pH value of soil in a degenerative area (Lantz et al., 2009). Under the influence of thermokarst processes, the ground temperature status, vegetation structure, and biological community in the adjacent area will be changed (Mesquita et al., 2010). Moreover, the occurrence of thermokarst will also lead to the release of carbon from the near-surface into the atmosphere, which will then affect the regional carbon cycle process and climate change (Woods et al., 2011).
CONCLUSION
1) A 60-year meteorological record from three weather stations in the hinterland of the Qinghai–Tibet Plateau indicates that the climate is becoming warmer and wetter. The air temperature warming rate of ∼.03°C/yr–.04°C/yr is two times the mean global value during the same period. Warming has been most pronounced during winter in the last two decades.
2) Ground temperature measurements were recorded over nearly 20 years at ∼20 boreholes at five sites. The top of the permafrost has warmed at ∼.03°C/yr, and active layer thickness has increased on average by 4 cm/a. Ground temperature profiles indicate rapid permafrost degradation.
3) Numerical simulations indicate that permafrost temperatures will increase by ∼1.7°C in the next 100 years under the SSP5-8.5 climate change scenario. The model indicates that ALT will increase by 1 m.
4) The results of this study indicate the necessity of i) strengthening the monitoring of permafrost change and hazards associated with thawing and ii) carrying out studies for adapting to permafrost changes along this critical transportation corridor.
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