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Abstract


Soil water and soil temperature are important ecological factors and driving forces for ecosystem restoration and sustainable development, possessing great significance for climate modeling and prediction. The Hengduan Mountains in southeastern Tibet, China, are located in a climate-change-sensitive area, and the study of soil hydrothermal dynamics in this area is of great significance for local and global climatic change and water resource utilization. This study, based on the soil hydrothermal and meteorological data of the Hengduan Mountain area in Southeast Tibet, analyzes the dynamic change patterns of soil hydrothermal and meteorological factors and explores their influencing relationships. It was found that the dynamic change in soil water content affected by precipitation was “bimodal” type. Among the meteorological factors, soil water content has the strongest correlation with relative humidity. The intra-annual variation curve of soil temperature is similar to that of the atmospheric temperature, showing a “unimodal” type, and has the highest correlation with atmospheric temperature. Specifically, it takes 70 mm and 170 mm of precipitation to change the soil water content and soil temperature at the 150 cm depth. For every 20 °C change in atmospheric temperature, soil temperature above 150 cm changes by an average of 7.2 °C.
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1. Introduction


Soil hydrothermal refers to soil water content (SWC) and soil temperature (TS), which control the soil water cycle and the surface heat balance, respectively. They are important physical factors affecting the material transport and energy transfer between land and the atmosphere [1] and have a critical impact on the exchange of energy between the atmosphere and the soil. Soil water is an important ecological factor and is also holding great significance for climate modeling and prediction [2]. Soil water plays an important role in maintaining biodiversity, promoting vegetation growth, improving the surface environment, and revealing pollution migration [3,4,5,6]. TS is an important indicator of climate change [2] and is one of the key factors affecting the growth and development of plants and soil microorganisms. Only by maintaining suitable soil water and TS conditions can we ensure the health and stability of the ecosystem and promote ecological restoration and sustainable development [7]. TS and SWC are inextricably linked and interact with each other. SWC not only provides the water needed for plant growth but also influences TS. Similarly, TS affects water evaporation and transport, which further impacts water use efficiency and the water cycle of the ecosystem. The study of soil hydrothermal is critical in environmental, agricultural, and earth sciences, involving several disciplines such as hydrology, meteorology, soil science, and ecology.



Both SWC and TS are key variables in land–air interactions [8]. The influencing factors encompass several aspects, collectively contributing to the complexity and variability observed in soil hydrothermal changes. Changes in TS are usually caused by a combination of factors, mainly precipitation [9], air temperature [10], SWC [11], and vegetation [12], and, to a lesser extent, radiation, albedo, evapotranspiration rate [13], soil properties [14], and topographic changes [15]. Similarly, the factors affecting SWC mainly include precipitation intensity, duration [16], vegetation [11], soil texture [17], etc. There is an interaction between TS and SWC. On the one hand, changes in TS affect the evaporation and condensation of water and vary the heat capacity of the soil, thus regulating SWC. On the other hand, changes in SWC also affect TS by altering the heat capacity and heat transfer properties of the soil. In short, TS and SWC are influenced by both natural and anthropogenic factors. These factors are intertwined and jointly determine the physical and chemical properties of the soil, which significantly impacts the circulation of water resources, the maintenance of soil fertility, and the stabilization of the ecological environment.



Soil hydrothermal studies have been conducted in a variety of ways, mostly utilizing a combination of multiple data. For example, Meng et al. [18] used multi-source data (measured, reprocessed, and remotely sensed data) to provide a comprehensive analysis of soil water variability and related factors in the Mongolian Plateau by means of the empirical orthogonal function approach. Their study involved various aspects such as climate, vegetation, soil, and groundwater. Cho et al. [19] used the Kolmogorov–Smirnov test of variance considering meteorological and physical factors to analyze soil water changes and their relationship with meteorological factors in the Korean Peninsula. Fan et al. [20] analyzed soil water dynamics and influencing factors based on multi-source data from 100 stations in three climatic zones dispersed across the Tibetan Plateau. Wang et al. [21] used empirical orthogonal functions to analyze the spatial variability of SWC and its relationship with climate, soil, topography, and vegetation in three regions of the continental United States. In addition, hydrogen and oxygen isotopes [22,23,24], satellite remote sensing inversion [25,26], and numerical analysis methods [27,28,29] have also been employed in previous studies to analyze, simulate and predict water transport patterns and infiltration mechanisms. However, all these methods have limitations when being used individually [30,31], thus a combination of methods is needed to study the problem more deeply and clearly.



The mountainous area of southeast Tibet is a sensitive and critical area of global climate change [32], and its unique alpine environment has become an important factor affecting the climate system in East Asia and even the Northern Hemisphere [33]. The study of SWC and TS in Tibet is a pragmatic topic in the fields of geography, ecology, and environmental science. The unique natural environment and ecological conditions of this region make related research of special significance and challenges. However, most of the current studies on soil water dynamics have focused on arid and semi-arid regions [34]. The depth and breadth of research on the interactions and effects of soil hydrothermal and atmospheric precipitation in alpine mountainous areas and high-altitude regions are still far from adequate [35,36,37]. In particular, the research on TS lags far behind that on SWC. Moreover, the natural environment in the Hengduan Mountains is harsh, and ground observations are difficult to implement; the uncertainty of satellite products [38] and model simulations need to be further enhanced. Therefore, further research on SWC and TS in the Hengduan Mountains of Southeast Tibet holds challenges but of great importance for local and global climate prediction and water utilization.



To the best of our knowledge, there are currently no direct ground observation methods to analyze the soil hydrothermal dynamics for the Hengduan mountainous area in southeast Tibet. In this study, we combine the kriging interpolation and correlation analysis methods, focusing on SWC and TS, to explore soil hydrothermal dynamics in the study area and their influence relationship with meteorological factors. This study provides important theoretical support for exploring the water vapor cycle in the Tibetan Plateau and its influence on the climate environment of surrounding areas.




2. Data and Methodology


2.1. Overview of the Study Area


The study area is located in Bomi County, Nyingchi City, Tibet Autonomous Region, belonging to the alpine valley section of the Hengduan Mountains in Southeast Tibet (95°5′24″~95°6′36″ E, 30°6′~30°6′6″ N) (Figure 1a). It is the most intensely eroded region of the Tibetan Plateau, with seasonal snow and ice covering the summit portion of the mountain. The highest elevation of the study area is 5818 m, and the lowest is 1910 m, with steep slopes. The landforms in the study area are predominantly mountainous, fluvial, and paleo-glacial landforms. The groundwater discharge datum mainly refers to the rivers within the study area, including the Parlung Zangbo River, Yigong Zangbo River, and Bide Zangbo River (Figure 1b).



The main outcrops in the study area are the Nuocuo Formation (C1n) and the Nianqing Tangula Group A Rock Formation (Pt2-3Nqa) [39,40]. The Nianqing Tangula Group A mainly consists of various kinds of gneisses, scattered interspersed with schists, plagioclase, hornblende, metamorphic rocks, and a small amount of marble. The Nuocuo Formation is mainly exposed on the high-altitude steep mountain beams along the north coast of the Parlung Zangbu River. The lithology is dominated by medium-thick layered variable quartz sandstone sandwiched with variable siltstone, slate, and a small amount of graywacke or marble. The Quaternary alluvial deposits in the area are mainly distributed in the river channels and river floodplains. The deposits are mainly silty and muddy layers mixed with sand and gravel layers. The main faults in the study area are the Jiali-Yigong Zangbu Fault (F3-6) and the Jiali–Palong Zangbu Fault (F3-8) (Figure 1c).



The study area has a humid subtropical climate in the southern Himalayas, influenced by the Indian Ocean maritime southwest monsoon. According to the statistics of Bomi County from 1971 to 2000, the average sunshine duration is about 2000 h (the time of the day when the sunlight hits the ground directly without being blocked by clouds), the annual frost-free period is 176 days, the average annual temperature is 8.5 °C, and the average annual precipitation is 977 mm. The maximum temperature during the study period is 24.5 °C, and the minimum temperature is 2.0 °C. The average annual rainfall is 977 mm. The maximum temperature during the study period was 24.9 °C, and the minimum temperature was 2.9 °C. The maximum precipitation for a single day was 52 mm, and the maximum precipitation for a single event was 190.8 mm. The atmospheric temperature and precipitation show obvious seasonal changes, which are mainly reflected in the high temperature and high precipitation in summer and low temperature and low precipitation in winter. The terrain slope varies greatly, ranging from 0 to 55°, mainly 15 to 55°. The study area is well-vegetated with trees, shrubs, and herbs. The main plant types are plantain and calyx aconite, with a coverage of about 60% and a clear vertical zoning. The plant root system ranges from a few centimeters to several meters, and the water content of the vegetation ranges from 20% to 90%, with the moisture content of most vegetation ranging from 50% to 60%.




2.2. Sites and Data Acquisition


A 10 m × 10 m area located in the Hengduan Mountains of Southeast Tibet was selected as the monitoring site. Monitoring devices include a main borehole, an exploratory pit, a small meteorological station, corresponding equipment for soil water content monitoring and meteorological data monitoring, and a data transmitter (Figure 1d). We excavated a 150 cm depth probe pit at the observation site location and installed detection probes at the layer depths of 30 cm, 60 cm, 90 cm, 120 cm, and 150 cm, respectively. Soil particle size analysis yielded a soil type of sandy loam at 0–30 cm depth and a soil type of sand at 30–150 cm depth (Figure 1e).



A full year of observational data spanning from 1 July 2022 to 30 June 2023 was obtained. SWC and TS data covered the depths from 30 cm to 150 cm and were monitored every 15 min using the CS655 Soil Moisture Sensor. Meteorological data, such as atmospheric precipitation, was collected every 15 min using the WS-16 Modular Automatic Weather Station. Groundwater depth and temperature data were recorded every 4 h. All collected data were transmitted wirelessly to the online platform via the CR1000x Data Acquisition Module. Precipitation data were statistically analyzed on a daily basis, and meteorological data such as soil hydrothermal and groundwater temperature and depth were calculated on a daily average basis.





3. Test Results


3.1. Dynamic in Meteorological Factors


The influence of meteorological factors on soil hydrothermal cannot be ignored. Six meteorological factors, i.e., atmospheric temperature, wind speed, wind direction, solar radiation, atmospheric precipitation, and relative humidity, were obtained from the meteorological stations. The annual dynamic fitting curves can be mainly categorized into “unimodal” type and “bimodal” type (Figure 2). The “unimodal” type includes atmospheric temperature, solar radiation, wind direction, and wind speed. The atmospheric temperature, wind speed, and solar radiation ranged at 3–24 °C, 0–5.5 m/s, and 7–53 MJ/m2, respectively, all of which began to decrease from the maximum value in July and reached the minimum in January. The range of wind direction was 36–281°, suggesting that the wind direction in the study area was mostly easterly, southerly, and southeasterly. The “bimodal” type includes precipitation and relative humidity. Daily precipitation and relative humidity varied in the range of 0–54 mm and 43–96%, respectively, with both peaks appearing simultaneously in September–October and March–June. The bimodal dynamic curves of precipitation and relative humidity in the study area represent the regional precipitation pattern in the study area, i.e., the timing of the occurrence of the dry and rainy seasons. The peaks occur in spring and fall, which may be related to factors such as cold air activity or the onset and recession of the Indian Ocean monsoon. In conclusion, the six meteorological factors monitored in the study area are highly variable but still show seasonal correlation and similar variations.




3.2. Dynamic of Groundwater, SWC, and TS


3.2.1. Groundwater Dynamics


The overall trend of groundwater depth is firstly decreasing, then increasing, and then fluctuating slightly (Figure 3). From July to mid-September 2022, the groundwater depth decreased sharply from 31.78 m to 33.88 m due to the dewatering of the tunnel project. Because of the large amount of precipitation during the rainy season, the groundwater depth increased slightly in November, and there was a significant hysteresis effect in the variation in groundwater level. Since then, the depth of groundwater has fluctuated slightly between 33.7 m and 34 m. The groundwater temperature remained unchanged at 17 °C (Figure 4) and was not affected by external factors. The groundwater temperature was close to the average TS.




3.2.2. SWC Dynamics


Soil water is an important component of the water cycle, and the main hydrologic recharge of soil water comes from the atmosphere and groundwater. Based on the soil and atmospheric precipitation monitoring data from July 2022 to June 2023, the correlation between atmospheric precipitation and SWC was analyzed (Figure 3). From the results, the SWC dynamics showed a “bimodal” type, with peaks occurring in September–October and April–June when there was more precipitation. In addition, the SWC at 30 cm depth was higher than that of deeper soil, with a larger range of 0.04–0.28. This is because the soil layer at a depth of 30 cm was the closest to the external environment and was most affected by the replenishment of atmospheric precipitation and condensation water. In addition, most of the plant roots in the study area were distributed in the 0–30 cm soil layer, and the plant roots have a certain ability to lock water.



The SWC trends observed at a depth of 60–150 cm were largely consistent. The overall fluctuation is also a “bimodal” type. Compared with the SWC at 30 cm depth, the fluctuation range of SWC at 60–150 cm depths was narrower, only between 0.01 and 0.08. The fluctuation trend remained basically the same; however, as the depth increased, the SWC peak appeared later. For example, the SWC peaks of 30–120 cm occurred on September 8th, 9th, 14th, 15th, and October 2nd, with the value of 0.26, 0.04, 0.037, 0.032 and 0.07, respectively. When the second peak of other soil layers appeared, the corresponding SWC first peak at the 150 cm depth also appeared.




3.2.3. TS Dynamics


Changes in TS are basically due to a combination of three factors: solar radiation, soil heat balance, and soil thermal properties. The overall TS variations in the soil layer at different depths from the monitoring sites were similar to those of the atmosphere. TS was high in summer and low in winter, showing a “unimodal” type. The maximum values of atmospheric temperature and TS at 30–150 cm depths occurred on August 12th, 13th, 18th, 19th, 20th, and 21st, with temperatures of 25.7 °C, 26.4 °C, 24.1 °C, 23.17 °C, 22.4 °C, and 22.1 °C, respectively. Atmospheric temperature varied considerably, ranging from 2.9 to 25.9 °C, while TS varied from 9.6 to 27.3 °C. The magnitude of TS variations decreased with depth. In winter, the shallow TS was lower than the deeper layer, and in summer, the shallow TS was higher than the deeper layer (Figure 4a). That is, the variation range of TS is wider in the surface layer and narrower in the deep layer.



From May to August, the 30 cm TS was greater than the deep soil temperature, and there was a constant heat flux; the opposite was true from September to April. To further investigate the interaction between TS and the atmosphere, 15 min intervals of data in July (Figure 4b), December (Figure 4d), and September (Figure 4c) in the transition period were selected for further analysis in both time periods.



The overall variations in these three months are similar, with the atmospheric temperature changing rapidly with sunrise and sunset, and the variations are large. The variations in July, September, and December are 24.1 °C, 22.6 °C, and 21.5 °C. The overall variations in TS are small, with the average variations in July, September, and December being 3.3 °C, 3.1 °C, and 2.2 °C. Only 30 cm of the TS produced small changes with sunrise and sunset.



It is noteworthy that the daily trends of TS at 30 cm depth were opposite to atmospheric temperature in the study area. The phenomenon of TS decreasing during the daytime and increasing at night is mainly due to the combined effect of solar radiation, soil heat transfer properties, and heat exchange conditions between the atmosphere and the soil. During the daytime, solar radiation is the main source of soil heat. When the sun strikes the soil, the soil surface layer receives solar radiation and heats up. The soil heat conduction is slow, and heat cannot be immediately transferred to the deeper soil layers. In addition to this, the soil evaporates during the daytime when the temperature is high, and the soil consumes heat in the process. Moreover, the evaporation process increases the soil air content, which reduces the thermal conductivity and temperature conductivity. Consequently, it is more difficult to transfer heat from the upper layers to the deeper layers. At night, the solar radiation disappears, and the soil surface begins to dissipate heat to the atmosphere through long-wave radiation. At this time, the deep soil begins to gradually transfer heat to the surface soil due to the heat accumulated during the daytime. As the atmospheric temperature is lower than the TS at night, the soil releases heat to the atmosphere, which also contributes to the increase in the TS.






4. Analysis and Discussions


4.1. Correlation Analysis


4.1.1. Soil Hydrothermal Correlation


Soil hydrothermal correlation analysis allows for a more in-depth and accurate study of the coupled relationship between TS and SWC in each soil layer (Figure 5). Statistics revealed a significant positive correlation between SWC at different depths, and the correlation coefficient decreased with the increasing distance between soil layers. For example, the Pearson correlation coefficient between the SWC at 30 cm and the SWC at 60–150 cm were 0.82, 0.69, 0.58, 0.55. The main reason is that the SWC was influenced by atmospheric precipitation, and the soil water recharge by the atmospheric precipitation was reduced with the increase in the depth. Similarly, the correlation coefficients between TS at different depths also showed a significant positive correlation and decreased with the increasing spacing between soil layers. This decline is attributable to the diminishing heat transfer to the soil from atmospheric temperature, and solar radiation decreases as depth increases.



SWC and TS were positively correlated, and the correlation coefficient passed the test of significance (p ≤ 0.01), indicating that SWC is significantly and positively correlated with TS. That is, when the water (or temperature) in the soil increases or decreases, the TS (or SWC) also increases or decreases, which is the hydrothermal synchronization phenomenon [41]. The correlation coefficient decreased with increasing soil depth because the influence of meteorological factors on SWC and TS decreased with the increase in soil depth.




4.1.2. Correlation between Soil Hydrothermal and Meteorological Factors


There are many factors affecting soil hydrothermal, such as vegetation [42], soil texture [43], topography [44], climate [45], etc. In particular, the influence of meteorological factors cannot be overlooked. In this study, six types of meteorological data monitored by meteorological observatories were used to analyze the interrelationship of meteorological factors with SWC and TS.



By analyzing the correlation between TS and meteorological factors, the average correlation coefficients of atmospheric temperature, wind speed, precipitation, solar radiation, wind direction, and humidity with TS at each depth were 0.872, 0.772, 0.187, 0.325, 0.213, and 0.174, respectively (Figure 6a). Atmospheric temperature is the meteorological factor with the strongest correlation with TS, followed by wind speed, and other meteorological factors have weaker correlations with TS. Solar radiation affects atmospheric temperature, which in turn leads to barometric pressure differences and affects wind speed. These heat-related factors mainly affect the shallow TS, transferring heat to the deeper soils where heat is lost in the downward transfer process. Therefore, the correlation between solar radiation, atmospheric temperature, wind speed, and TS decreased with depth. In addition, the correlation between precipitation, relative humidity, wind direction, and TS increased with depth. This is mainly due to a combination of the effect of precipitation on the heat capacity and thermal conductivity of the soil, as well as the properties of soil heat transfer.



The correlation pattern of SWC with meteorological factors is more complex (Figure 6b). The results showed that the average correlation coefficients of SWC with atmospheric temperature, wind speed, precipitation, solar radiation, wind direction, and humidity were 0.116, 0.107, 0.078, −0.046, 0.037, and 0.298, respectively. That is, the meteorological factor with the strongest correlation with SWC is the relative humidity, while the rest of the meteorological factors have weak correlations with SWC. The main source of soil water is atmospheric precipitation, but the correlation between precipitation and SWC is not significant. This is because atmospheric precipitation data are non-continuous, while SWC, TS data, and other meteorological data are continuous. Moreover, meteorological data have a cumulative effect that can bias statistical results to some extent. In addition, not all atmospheric precipitation can infiltrate into the soil due to factors such as vegetation interception, evaporation, and soil infiltration rates, which can also affect the statistical results.



The correlation between meteorological factors and SWC was weaker compared to its correlation with TS. This discrepancy arose from the relatively limited variation range of SWC, particularly below 30 cm, where the variation range was only 0–0.1 cm3·cm−3. This limited range of variation in SWC resulted in insufficient data during the analysis process, leading to less accurate and less relevant results compared to those obtained for TS.





4.2. Effect of Meteorological Factors on Soil Hydrothermal


4.2.1. Temporal Changes in Soil Hydrothermal


The previous section has concluded that atmospheric precipitation, relative humidity, and atmospheric temperature are most strongly correlated with SWC and TS. However, due to the continuous relative humidity and atmospheric temperature, and TS usually has a memory [46], there is no better blank control group to compare. The precipitation data are not continuous, but they are highly comparable before and after precipitation. Therefore, this section focuses on atmospheric precipitation to investigate the influence of meteorological factors on soil hydrothermal dynamics.



In order to better analyze the effect of precipitation on SWC and TS, we treated precipitation intervals greater than 24 h as two independent precipitation events. These events were then classified based on precipitation amount [47], as detailed in Table 1.



The source of soil moisture recharge in the study area is mainly atmospheric precipitation, and the dynamic changes in SWC are closely related to atmospheric precipitation. The 190 mm heavy rainstorm (Figure 7a,d), 50 mm heavy rain (Figure 7b,e), and 10 mm light rain (Figure 7c,f) in the study area were selected to analyze the spatial distribution of SWC and TS under the influence of precipitation. According to the changes in the action force and the characteristics of water movement, the water infiltration process can be divided into three stages. At the early stage of precipitation, the precipitation intensity is low, and the SWC and TS are almost unchanged (Figure 7c,f). This phenomenon occurs because that part of the water enters the shallow soil, which is adsorbed by soil particles under the action of molecular and capillary forces, forming thin film water and capillary water. Consequently, the other part is dispersed due to evaporation. When the precipitation intensity is slightly higher, water infiltration enters the seepage stage, the deeper soil is wetted, and water starts to move along the soil pore instability under the combined effect of capillary force and gravity. As a result, the SWC and TS increase (Figure 7b,e). The more precipitation, the greater the change in SWC; the soil reaches a saturated state, all pores are filled with water, and the infiltration stage is reached.



Comparing the SWC and TS under different precipitation intensities, it was found that the larger the precipitation amount, the greater the changes in SWC and TS, and the faster and more significant the response of shallow SWC and TS to precipitation. Specifically, 190 mm of precipitation increased the SWC at 30–150 cm depths by 0.21, 0.04, 0.01, 0.01, and 0, respectively. After precipitation, the water remained on the surface beyond the infiltration capacity of the soil and continued to infiltrate. Infiltration into soil depths of 60 cm and 90 cm occurs within one day and three days, respectively. At 50 mm of precipitation, it took 1, 2, and 3 days for water to infiltrate 90 cm, 120 cm, and 150 cm, respectively. However, a smaller precipitation event of 10 mm does not induce changes in SWC due to evapotranspiration and dissipation. A substantial precipitation event of 190 mm fails to penetrate the 150 cm soil layer even after three days, while a 50 mm precipitation event achieves infiltration. This discrepancy may be due to the initial lower SWC in the former case, leading to water initially being converted into immobile forms such as bound water and capillary water upon infiltration. In addition, there is a cumulative effect of precipitation, with the 50 mm precipitation selected from October 2022 during the region’s rainy season when precipitation levels were higher.



When precipitation is small, and the duration is short, water can only enter the shallow soil or evaporate before it enters the soil. Some studies have shown that precipitation less than 10 mm cannot effectively replenish soil water [48]. When precipitation is large, and the duration is long, precipitation enters the deeper soil, and the infiltration depth and the increment of SWC increase with the increase in precipitation. When precipitation intensity is large, and the duration is short, the amount of precipitation infiltration depends on the infiltration capacity of the soil. Part of the rainfall is also intercepted by the vegetation canopy during its descent [49], affecting the infiltration of precipitation. Secondly, the plant root system affects soil porosity and soil texture. Therefore, vegetation type and cover are important factors affecting precipitation infiltration. Finally, soil composition and particle size determine soil porosity, which in turn determines the time and amount of water infiltration. The soil in this study area is clay, with a small permeability coefficient and a long water infiltration time. The deeper the depth, the longer the lag time in response to precipitation (Figure 7).



Precipitation lowers the atmospheric temperature, which exchanges heat with the soil, thus reducing the TS. For example, 190 mm of precipitation lowered the atmospheric temperature by 4.37 °C and lowered the TS by an average of 3.4 °C. Three days after the precipitation ended, the temperature increased by an average of 1 °C, and the TS increased by an average of 1.25 °C. In addition, the precipitation enters the soil, exchanges heat with the soil water, and removes some of the heat, resulting in a decrease in TS. After the end of precipitation, the shallow TS recovers slightly. The effect of precipitation on TS decreases with depth but affects deeper layer TS with time. For example, TS above 90 cm gradually increased after 190 mm of precipitation, while TS below 90 cm continued to decrease due to the continuous infiltration of water and the removal of heat. Fifty millimeters of precipitation decreased TS by an average of 0.9 °C.



The variation in TS under 50 mm of precipitation exhibited similarities to that under 190 mm of precipitation. However, factors such as the intensity of evaporation and precipitation contribute to smaller changes in TS, with the transition occurring primarily within the 60 cm soil layer. Ten millimeters of precipitation could not enter the soil below 30 cm and could not exchange energy with precipitation, so the change in TS here was determined by the atmospheric temperature. In summary, the more precipitation, the more significant the change in SWC and TS, and the greater the soil depth, the less it is affected by precipitation.



Air temperature mainly affects TS through solar radiation. Solar radiation heats the surface soil and drives heat downward, resulting in heat loss during the process. Vegetation cover can influence TS by shading and reducing solar radiation absorption, leading to lower TS [50]. The distribution, thickness, and size of the vegetative root system affect the soil porosity and structure, thus causing heat transfer in the soil. Soil water also has a significant effect on TS because the specific heat capacity and thermal conductivity of water are higher than that of soil. Therefore, when moisture increases, the soil needs more heat to raise TS.




4.2.2. Spatial Variation in Soil Hydrothermal


The temporal variation in soil hydrothermal can well reflect the response time of soil hydrothermal to precipitation. However, to quantify the degree of influence of meteorological factors on soil hydrothermal, it is also necessary to study the spatial variation pattern of soil hydrothermal. Therefore, based on the precipitation events within the year and the SWC and TS increment data before and after precipitation, the spatial changes and increments of SWC and TS under different precipitation intensities were analyzed (Figure 8).



The results showed that the greater the precipitation, the deeper the soil SWC and TS can be affected. According to the precipitation classification, light rainfall (<10 mm) can only enter the soil layer less than 20 cm depth at the surface; medium rainfall (<25 mm) can enter the soil layer around 30 cm for recharge; 50 mm of precipitation can infiltrate and replenish 60 mm soil; and precipitation above 70 mm can recharge the soil depth of 150 mm or deeper.



The effect of precipitation on TS is similar to the spatial variation in SWC under the influence of precipitation. Precipitation events with 50 mm or less can only reduce the temperature of up to 60 cm depth soil layer, while a precipitation amount of 100 mm can affect the temperature of the soil layer up to 120 cm depth. Changes in TS at deeper depths require more than 100 mm of precipitation.



Comparing the effects of precipitation on SWC and TS, it can be found that the larger the precipitation, the greater the soil water and heat increment. The shallower the soil layer the greater the increment under the same precipitation conditions. Secondly, SWC is more sensitive to the response of precipitation, suggesting that the same precipitation intensity affects the depth of SWC more than TS.



The spatial variation in TS can help us to understand more effectively the extent of the effect of atmospheric temperature on SWC and TS. Therefore, based on the single rise and fall of the atmospheric temperature in the study area and the corresponding SWC and TS changes, Kriging interpolation was used to investigate the spatial variation in SWC and TS and the response to different atmospheric temperature variations in the study area (Figure 9). Atmospheric temperatures varied considerably during the study time, reaching ±20 °C. The average change in TS was 2.2 °C. The average change in TS for atmospheric temperature changes of 10 °C and 20 °C was 2.5 °C and 7.2 °C, respectively. It can be seen that a change of 1 °C in TS at a depth of 30 cm requires the atmospheric temperature to change by at least 3 °C. At a depth of 150 cm, the change in TS by 1 °C needs the atmospheric temperature to change by 10 °C. This shows that the effect of atmospheric temperature on TS decreases with depth. The change in TS in the shallow layer is more obvious than that in the deep layer, and the decrease in TS requires more change in atmospheric temperature than the increase. In addition, there is no significant regularity in the incremental change in SWC at different atmospheric temperatures, indicating that atmospheric temperature has little effect on SWC.






5. Conclusions


This study was carried out in the Hengduan Mountainous area of Southeast Tibet. Six meteorological factors, groundwater temperature and depth, SWC, and TS were monitored from 1 July 2022 to 29 June 2023 in the study area. Through the analysis and reprocessing of measured data using correlation analysis and kriging interpolation techniques, coupled with software such as Origin 2022, IBM SPSS statistics 26, and Surfer 23, this study investigated groundwater, soil water heat, and meteorological factors in the Hengduan Mountainous area of Southeast Tibet. The groundwater was not analyzed in depth because of its large burial depth and weak connection with SWC and TS. The dynamic changes in SWC and TS and the influence of meteorological factors on them were explored, and the main conclusions are as follows:



(1) The dynamics of SWC from July 2022 to July 2023 in the Hengduan Mountains of Southeast Tibet is of a “bimodal” type, with peaks occurring in September–October and April–June. The change in SWC in the shallow layer is greater than that in the deep layer. The dynamic change in TS is “unimodal” type, with the peaks occurring in July–August. The change in TS in the shallow layer is larger than that in the deep layer. The shallow layer TS is higher than the deep layer in summer, and the deep layer TS is higher in winter. TS and atmospheric temperature varied opposite on the daily scale.



(2) The data for the study area from July 2022 to June 2023 show that there is a significant positive correlation between SWC and TS, i.e., the same period of water heat. SWC has the highest correlation with relative humidity, and TS has the strongest correlation with atmospheric temperature.



(3) SWC is mainly affected by atmospheric precipitation, and shallow SWC responds to it faster and to a greater extent. Data from July 2022 through June 2023 in the study area show that without considering the cumulative effect of precipitation, more than 70 mm of precipitation can affect soil layers deeper than 150 cm. Less precipitation is needed when the cumulative effect is considered. The atmospheric temperature has little effect on SWC.



(4) TS in the study area is mainly influenced by atmospheric temperature. Changes in shallow TS during the study period were more pronounced than changes in deep TS, and more changes in atmospheric temperature were required for TS to fall than to rise. When the atmospheric temperature changes by 20 °C, the TS changes by an average of 7.2 °C. In addition, 170 mm of precipitation has the ability to change the TS at depths greater than 150 cm.



The shortcoming of this paper is that one year of data is not enough to deeply understand the impacts of climate change on soil hydrothermal and to predict global climate change. In the future, we will work on multi-point, multi-year studies of hydrothermal dynamics with the aim of making constructive contributions to global climate change and water resource management.
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Figure 1. (a) Location of the study area; (b) locations of the field experimental site and major rivers; (c) hydrogeological section of the study area; (d) meteorological monitoring devices in the study area; (e) soil hydrothermal monitoring devices at different depths. 
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Figure 2. Dynamics of meteorological factors over the study period. (a) Wind direction (b) Wind speed (c) Wind direction (d) Solar radiation (e) Precipitation (f) Relative humidity. 
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Figure 3. Dynamics curve of atmospheric precipitation-SWC-groundwater depth over the study period. 
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Figure 4. Dynamics among TS and atmospheric temperature over the study period. (a) July 2022–June 2023 (b) July (c) September (d) December. 
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Figure 5. Soil hydrothermal correlation thermogram. 
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Figure 6. Correlation analysis between TS (a) and SWC (b) with meteorological factors at the monitoring site. 
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Figure 7. Redistribution of SWC before and after precipitation (a–c), and redistribution of TS before and after precipitation (d–f). 
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Figure 8. Increments of SWC (a) and TS (b) at 0–150 cm soil depth. 
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Figure 9. Increments of TS (a) and SWC (b) at 0–150 cm soil depth. 
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Table 1. Classification of precipitation events.
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	Category
	Precipitation (mm)





	light rain
	0–9.9



	moderate rain
	10–24.9



	heavy rain
	25–49.9



	rainstorm
	50–99.9



	heavy rainstorm
	100–199.9



	very heavy rainstorm
	>200
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