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Abstract

:

Heat has been widely used as a groundwater tracer to determine groundwater flow direction and velocity in a way that is ubiquitous, low-cost, environmentally friendly, and easy to use. However, temperature observations are generally short-term and small-scale, meaning they may not be able to reflect long-term changes in the characteristics of groundwater movement. In this study, we utilize 515 days of temperature data, collected from four measurement points in the Kangding area of the eastern Tibetan Plateau, in order to determine the spatial and temporal distribution of groundwater flow velocities using different analytical heat tracing methods. An analysis is conducted to evaluate the impact of thermal parameter uncertainties on the calculation of flow velocity, and a comparison is undertaken between the results of the phase, amplitude, and combined amplitude-phase methods. We subsequently discuss the relationship between flow velocity changes and precipitation. The results show that the estimated flow velocity is more susceptible to the volumetric heat capacity of the saturated sediment than it is to thermal conductivity. The phase method is more suitable for use in calculations in the study area, indicating that precipitation significantly impacts the flow velocity and that this impact is more pronounced in areas with flat terrain compared to areas with significant variation in elevation. Our research provides a comparative study of the heat tracing methods in areas with varied terrains and offers new evidence for the impact of precipitation and topography on groundwater infiltration.
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1. Introduction


Quantifying groundwater fluxes to and from deep aquifers or shallow sediment is a critical task facing researchers from a variety of scientific disciplines, including hydrology, hydrogeology, climatology, and oceanography [1]. The traditional hydraulic method and isotope tracing method are commonly used for qualitative or quantitative estimations of groundwater migration characteristics. However, there are some limitations to these methods, including difficulties in accurately quantifying the hydraulic parameters, high monitoring costs, complex operations, and potential environmental pollution [2,3]. There is an urgent need for researchers to develop a low-cost, non-polluting, easy-to-use, and natural tracer method that can be monitored continuously. The movement of groundwater is always accompanied by heat transfer, resulting in significant disturbances of the temperature distribution under conditions of pure heat conduction. By utilizing the temperature profile variations with time, the direction and velocity of groundwater movement can be traced [1,4,5].



Early theoretical work in the 1960s showed that temperature measurements can be used in analytical solutions of the one-dimensional heat transport equation to solve for groundwater velocity [6,7]. Since then, researchers have conducted extensive research into the heat tracing method [5,8,9,10]. Hatch et al. proposed an analytical model for calculating groundwater flow velocities using the amplitude ratio and phase shift of periodic fluctuations in temperature at any two depths on a vertical profile [11]. Keery et al. [12] analyzed the temporal–spatial variability of water fluxes in the River Tern based on daily cycle variations in the temperature time series and proposed an analytical model for use in flux calculations. McCallum et al. [13] and Luce et al. [14] simultaneously used both the amplitude ratio and phase shift of the periodic temperature variations to calculate flow velocities. Later, Gordon et al. [15,16], on the basis of the above analytical solutions, published the MATLAB calculation program VFLUX which has since been widely used in water flux calculations. Most of these heat tracing studies have been based on diurnal temperature fluctuations that only exist <1 m, while only several studies have used annual cycle temperature data that could reach 20–30 m. Liu et al. [17] traced groundwater movement in a fault zone on the basis of annual temperature fluctuations at multiple measurement sites, providing new evidence for hydrothermal activity in the fault zone along the eastern margin of the Tibetan Plateau. Lu et al. [18] used continuous observations of bedrock temperature at multiple depths in the Kashgar region of Xinjiang, China, to obtain in situ thermal diffusivity measurements and shallow fluid transport characteristics. Chen et al. [19] compared the differences in the shallow flux exchange of a river after its calculation by VFLUX and 1DTempPro. They showed that temporal fluctuations and stratification in the temperature field and the hydrothermal exchange mainly occurred in the shallow region of the hyporheic zone. Previous studies have utilized temperature time series that mostly last for several or dozens of days and primarily focused on daily temperature fluctuations and small-scale infiltration characteristics. Long-term temperature records of multiple locations covering a sizeable area can assist in understanding regional groundwater movement differences over long timescales and in comparing the applicability of different heat tracing models.



This article estimates shallow groundwater flow velocities on the basis of a long time series and multi-site analysis. We use more than 500 days of high-precision bedrock temperature observations taken at four measurement points along the eastern margin of the Tibetan Plateau to estimate the groundwater flux via different analytical methods and compare their applicability in the study area. Then, the influence of precipitation and the geological environment on water fluxes are discussed. Overall, our study makes a comparative analysis of the heat tracing methods using long-term data, and offers insights into the effects of precipitation and topography on groundwater migration.




2. Data


2.1. Station Information


The four temperature observation sites used in this study are located in the Kangding area near the Xianshuihe Fault Zone at the eastern margin of the Tibetan Plateau (Figure 1) and were constructed by the State Key Laboratory of Earthquake Dynamics [20]. The shallow groundwater in the fault zone is mainly bedrock fissure water, which is mostly recharged by atmospheric precipitation [21]. The river systems are in parallel with mountain chains and primarily flow southward. Under the influence of terrain and monsoon circulation, the area possesses a subtropical climate. Local meteorological records show that the annual temperature ranges from −14 °C to 28 °C, with an average of 8 °C [22].



The temperature data were recorded in a period from 1 February 2014 to 1 July 2015 (XDQ was recorded from 1 February 2014 to 10 September 2014). The XDQ measurement site is on the edge of a cliff at the foot of a mountain near the river. The KDS measurement site is at the foot of the mountain between the west side of the Goda Mountains and the east side of the Yala River, at a distance of about 25 m from the river. The KDZ measurement site is located on the west side of the Zeduo River, and the terrain descends from northwest to southeast near the monitoring site. The DF measurement site is near Heishi Mountain and is approximately 30 m from a tributary of the Xianshui River. The details of the stations are shown in Table 1.




2.2. Temperature Data


Temperature observations were carried out in 89 mm diameter boreholes using Pt1000 platinum resistance temperature sensors (Heraeus M222, 20NIPt10, class A, made in Germany). The sampling interval was 15 min, with a resolution of 0.0001 K [23]. Observations were made at 0 m, 0.25 m/0.3 m, 0.8 m, and 3.0 m/3.2 m depths (see Figure 2 for specific depths). The data were recorded using a data acquisition system and then sent to the data center via a wireless communication mode called the general packet radio service.



The shallow temperature in all the sites was characterized by apparent daily and annual cycles, with the temperature gradually increasing to a maximum from February to September and decreasing in the period from September to January. The daily variation of the temperature was evident at depths of 0 m, 0.25 m, and 0.3 m. Therefore, this study mainly used the daily cycle features of the temperature at 0 m, 0.25 m, and 0.3 m to obtain groundwater flow characteristics.




2.3. Precipitation Information


Under the influence of terrain and monsoon circulation, the area belongs to a subtropical climate. The precipitation data utilized in this study were obtained from the Kangding Weather Station, located at 101.58° E, 30.03° N (refer to Figure 1 for the location). The precipitation data showed that precipitation in the Kangding area was not high throughout the year (Figure 3). Mean annual precipitation was found to be 876.6 mm, the majority of which is concentrated between April and September.





3. Method of Analysis


3.1. Analytical Solutions for Obtaining Groundwater Flow Velocities Based on Periodic Temperature Fluctuations


The flow of groundwater is accompanied by heat transfer. Thus, by monitoring changes in temperature distribution, we can obtain the direction and velocity of the groundwater flow. Stallman presented the heat and water transport equation for a one-dimensional homogeneous porous medium [7]:


      ∂ T   ∂ t   =   κ  e     ∂ 2  T   ∂  z 2    − q    C w   ρ w    C ρ     ∂ T   ∂ z      



(1)




where T is the temperature (°C), t is time (s), q is the velocity of the groundwater in the vertical direction (m s−1), Cw is the volumetric heat capacity of water (J m−3 °C−1), C is the volumetric heat capacity of the saturated sediment (J m−3 °C−1), z is the depth (m), ρ is the density of water (kg/m3), ρw is the density of the saturated sediment (kg/m3), and κe is the equivalent thermal diffusivity of the saturated sediment, calculated as follows:


    κ  e  =    λ 0   C  + β (    C w   q   C  )  



(2)




where λ0 is the thermal conductivity of the saturated bulk medium (W m−1 °C−1), and β (m) is the thermal dispersion.



In the case of pure thermal conduction, the amplitude of the periodic temperature series decays exponentially with depth, and the phase is linearly delayed as heat transfers downwards from the surface. However, the groundwater movement can alter this pattern of amplitude and phase variation with depth compared to the conditions of pure thermal conduction [17,22,24]. Therefore, information on groundwater movement can be effectively determined by analyzing the amplitude and phase characteristics of periodic temperature variations at different depths.



Hatch et al. [11] derived an analytical solution for the quantitative calculation of vertical groundwater flow velocities in saturated porous media using the amplitude ratio or phase difference of temperature fluctuations at any two depths. The formula based on the amplitude ratio (Ar) is as follows:


  q =  C   C w        2  κ e    Δ z   ln  A r  +     α +  v t 2   2       



(3)




where Δz is the sensor spacing, α is calculated by   α =    v t 4  +   (   8 π  κ e   / P  )  2     , P is the period of the temperature signal (s), and vt is the velocity of the thermal front (m s−1), which is defined as    v t  =   q C w  C   . The formula based on the phase shift (  Δ ϕ  ) is as follows:


   q  =  C   C w      α − 2       4 π Δ ϕ  κ e    P Δ z      2     



(4)







The amplitude method is most sensitive at low flow velocities, while the phase method continues to obtain relatively good results at high flow velocities. However, the phase-based method can only calculate the flow magnitude but cannot confirm the flow direction [11,25].



Later, Keery et al. [12] proposed another analytical solution for calculating groundwater flow velocity from the amplitude and phase of the periodic variations, where the formula based on the amplitude ratio (Ar) is as follows:


       H 3  ln  A r    4 Δ z      q 3  −     5  H 2    ln  2   A r    4 Δ  z 2       q 2  +     2 H   ln  3   A r     z 3      q +     π C    λ 0  P     −     ln  4   A r     z 4    = 0  



(5)







The formula based on the phase shift (  Δ ϕ  ) is as follows:


   q  =         C Δ z   Δ ϕ  C w       2  −       4 π Δ ϕ  λ 0    P Δ z  C w       2     



(6)




where   H =    C w   /   λ 0     . Just as occurred with the model of Hatch et al. [11], the phase-based approach in the model of Keery et al. [12] failed to identify the flow direction. However, unlike the approach of Hatch et al. [11], this model did not incorporate consideration of thermal dispersivity. In addition, Keery et al. [12] quantified the spatial and temporal variability of groundwater flow velocities on the basis of temperature time series analysis using dynamic harmonic regression (DHR) signal processing techniques.



McCallum et al. [13] derived a method for calculating the vertical groundwater flow velocity by combining the amplitude and phase of temperature changes:


  q = −  C   C w        Δ z    P 2    ln  2   A r  − 4  π 2  Δ  ϕ 2      Δ ϕ   16  π 4  Δ  ϕ 4  + 8  P 2   π 2  Δ  ϕ 2    ln  2   A r  +  P 4    ln  4   A r         



(7)







This method allows the equivalent thermal diffusivity of the medium to be calculated simultaneously. Its use, therefore, does not require a priori knowledge of the thermal conductivity of the medium, which is an advantage over the previous two models. Furthermore, the method of McCallum et al. [13] has the potential to be used in the detection of erroneous data in the temperature time series based on anomalies in the temporal variation of the thermophysical parameters. However, using the method may result in significant errors under transient flux conditions, but it works well in low-flux regions (e.g., <0.1 m/d) and at points where the thermal parameters are uncertain [13,25].



VFLUX2 is a program designed to calculate groundwater flow velocity based on one-dimensional heat transport equations. Developed by the models of Hatch et al. [11], Keery et al. [12], McCallum et al. [13], and Luce et al. [14], this was the primary program used in this study. The daily cycle temperature fluctuations at depths of 0 and 0.3 m (0.25 m in the KDZ) were used in the calculations of this study. The thermal physical parameters of the soil were referenced by Lapham [26] and Fetter [27]. Table 2 contains the specific parameter settings.




3.2. Data Processing Methods


3.2.1. Data Completion


Temperature records of long time series usually encounter issues with missing data. Among the observations in this calculation, the temperature data at the DF and KDS sites were missing for up to 6 h, an issue which mainly occurred around midnight. By comparing the trends before and after the missing periods, linear variation was found to be prominent during this period. Consequently, a linear interpolation method was used to complete the missing data [28].




3.2.2. Noise Reduction


The temperature observation data are often contaminated with various types of noise, which can lead to errors in the subsequent analysis. We employed a one-dimensional discrete wavelet analysis method to address this issue and filtered out high-frequency random noise with periods below three hours from the raw temperature time series [29]. This filter helped to reduce the noise level and improve the accuracy of our calculation.




3.2.3. Daily Precipitation Data Processing


Ground temperature monitoring in this study mainly covered the foothill areas, which feature a gentle terrain. The precipitation events could influence subsequent infiltration [30]. In order to undertake comparisons with the calculated groundwater flow velocities, we used the average precipitation of the previous three days as the current day’s precipitation reference value. This approach was adopted to consider the impact of earlier precipitation on the current day’s groundwater movement without altering the precipitation trend or affecting the subsequent trend analysis.






4. Results


4.1. Transient Changes in Groundwater Flow Velocities


The calculated groundwater flow velocities and their relationship with precipitation at the four measurement sites in the Kangding area are shown in Figure 4. As there was little difference between the results calculated by the models of Hatch et al. [11] and Keery et al. [12] in terms of the phase shift or amplitude ratio methods, only the amplitude-based data from the work of Hatch et al. [11] and the phase-based data from Keery et al. [12] were used for the comparison of the calculation results.



The mean groundwater flow velocities of the XDQ, KDS, KDZ, and DF measurement points obtained via the phase method were 1.26 × 10−5, 5.89 × 10−6, 7.35 × 10−6, and 7.85 × 10−6 m s−1. The mean values of the flow velocities calculated via the amplitude method were 3.35 × 10−6, 4.57 × 10−7, 6.99 × 10−7, and 2.12 × 10−6 m s−1 for the XDQ, KDS, KDZ, and DF measurement points. The results calculated by the combined amplitude-phase method were 1.38 × 10−6, 1.06 × 10−6, 1.72 × 10−6, and 1.28 × 10−7 m s−1 for the four measurement points. The results show that the groundwater flow velocities calculated by the phase and combined amplitude-phase methods at the XDQ site vary significantly during the rainy season, with several peaks occurring between April and October, followed by gentle flow velocities between November and February, while the results from the amplitude method are relatively smooth overall (Figure 4a). Overall, the results obtained from the KDS site using the phase method and the combined amplitude-phase method show similar trends. The flow velocity increases in May and then decreases in June and July, followed by several peaks from July to October, and becomes almost stable from November to February. However, the flow velocity, as calculated via the amplitude method, generally remains steady (Figure 4b). The groundwater flow at the KDZ site shows a significant fluctuation in velocity, with significantly changed velocity in June and July each year for all the methods. However, during the rainy season, using the amplitude method results in lower velocities, whereas employing the phase and combined amplitude-phase methods show higher velocities (Figure 4c). The results of the three methods were similar during the short period during which the DF site was observed, with peak velocities between June and September, but gentle changes for the remaining time (Figure 4d).




4.2. Uncertainty Analysis


The thermal parameters for calculating groundwater flow rates in the study were quoted from the literature. There were potentially some uncertainties in this information, which would lead to errors in flow rate calculations. Therefore, it was necessary to investigate the influence of the thermal parameter uncertainties on the calculation results [2,8,24,31,32]. In order to analyze the influence of the uncertainty in the thermal parameters on the results, we took the XDQ site as an example on which to carry out uncertainty analysis for the two thermal parameters, namely, the volumetric heat capacity and thermal conductivity of the saturated sediment.



Firstly, we reduced and increased the thermal conductivity by 10% relative to the reference value (i.e., 1.692 and 2.068 (W m−1 °C−1)). The calculated results were compared with the results in Section 4.1, shown in Figure 5.



As the thermal conductivity changed, the flow velocity calculated using phase and amplitude methods fluctuated to a small extent. However, the trend in flow velocity did not change. The results of the combined amplitude-phase method did not change with the thermal conductivity, which is consistent with the fact that the model of McCallum et al. [13] does not rely on thermal conductivity. As can be seen from the analysis, the uncertainty in the thermal conductivity does not change the trend in flow velocity. While it does, cause a slight fluctuation in the magnitude of the calculated flow velocity, this has little effect on our trend analysis.



Subsequently, we reduced and increased the saturated sediment volumetric heat capacity by 10% relative to the reference value (i.e., 1.8819 × 106 and 2.3001 × 106 (J m−3 °C−1)) to compare with the results in Section 4.1.



As can be seen from the results above (Figure 6), changing the sediment volumetric heat capacity affects the results of the case of flow velocity for all the methods. The effect is particularly significant for the amplitude method. However, similar to the thermal conductivity, changing the volumetric heat capacity does not affect the trend of the flow velocity variations or significantly affect the subsequent analysis. The effect of sediment volumetric heat capacity on the calculations is greater than that of thermal conductivity. Overall, the flow velocity calculated using the combined amplitude-phase method is minimally impacted by the thermal physical parameters.





5. Discussion


5.1. Comparison of Flow Velocity Calculation Methods


This article used three models (amplitude ratio, phase shift, combined amplitude-phase) to calculate the groundwater flow velocity in the study area. In this study, we compared the results from different methods. The high-altitude Kangding area possesses a complex geological environment and continually displays both a variety of faults in the surrounding area and frequent fluid activity. From the calculation results, it can be asserted that the groundwater flow velocities at all four measurement points are relatively high (>0.1 m/d), meaning that the amplitude and combined amplitude-phase methods may not have good sensitivity to flow velocity variations. The overall trend in the results of these two methods is relatively gentle and does not illustrate the impact of precipitation, meaning that it may not accurately reflect the groundwater flow conditions. On the other hand, the phase method is more sensitive to higher flow velocities and more accurate at high flow velocities than the other methods, giving it a unique advantage in areas of high flux [25]. However, the phase method can only be used to estimate the magnitude but not the direction of the flow, as shown in Equation (4). The calculations in this article also show that the phase method obtains more significant changes in groundwater seepage velocities during the rainy season. Overall, the results calculated by the amplitude method are comparable to those of the combined amplitude-phase method, overall yielding more reliable results at a low flow velocity. The phase method obtains a flow velocity with greater fluctuation. It seems that the phase method is more effective when used to conduct a long-term trend analysis of the four high flow velocity sites in this study.




5.2. Comparison of Flow Velocities and Precipitation


There are two primary perspectives on the effect of precipitation on infiltration. The first view is that heavy precipitation causes an enormous rush of rainwater, resulting in an effective infiltration rate [33,34]. The other view is that the disintegration of soil aggregates by rainwater impact and concentration of translocated silt and clay particles creates a dense layer immediately below the surface, resulting in a lower infiltration rate [35,36]. Both views are somewhat applicable, with differences in the study areas leading to different conclusions [37]. The greater the depth and the smaller the groundwater flow velocity, the less effective the temperature is at portraying the groundwater flow velocity [38]. The data used in this study were mainly observed at depths of 0 m, 0.25 m, and 0.3 m, meaning points that belong to shallow groundwater in depth. The relationship between precipitation and infiltration can be reflected in the groundwater flow velocity [39,40].



The results of the flow velocities calculated by the phase method show that during times of significantly increased precipitation, such as 1 April 2014, 27 August 2014, 3 September 2014, and 17 May 2015, the groundwater flow velocities at XDQ, DF, and KDS corresponded to several peaks compared to other times. In contrast, from December 2014 to March 2015, when there was almost no precipitation, there was no significant change in groundwater flow velocities. Even at the KDZ measurement site, where the peaks in precipitation and flow velocity did not coincide very well, flow velocities were gentle when there was no precipitation. We can thus conclude that, although there is no strict one-to-one correspondence between the two, precipitation affects shallow groundwater flow velocity.




5.3. Comparison of Flow Velocities and Topography


Some tests have shown that groundwater infiltration decreases as the slope increases [41,42,43,44,45,46,47]. Zhu et al. showed that each effect factor on the seepage field plays the strongest role on the slope toe, a weaker role on the middle part of the slope, and the weakest role on the top slope [48]. Hou et al. found that the infiltration is more sensitive to the 0° to 5° slope than to the 5° to 10° slope [46]. Some studies indicated no relationship between slope and infiltration. Hao et al. conducted artificial rainfall experiments, showing that infiltration rate does not demonstrate obvious differences between different slopes [44]. It can be seen that the different methods and experimental conditions used result in different conclusions [49]. Thus, it is necessary to discuss different areas specifically. Our analysis of the topography and flow velocity for the four measurement points shows that (Figure 7), with the exception of the KDZ measurement point, the infiltration at the other points correlated with the slope. The XDQ site is close to the river and located at the foot of the hill, with gentle terrain on one side facilitating rainwater retention and significant flow velocity increasing responses to precipitation. The KDS site is located at the confluence of the river, with high terrain on all sides and low land in the middle. These factors may lead to a long rainwater retention time and a significant effect of precipitation on groundwater flow velocities. The DF site is at the highest elevation but is behind the Black Rock Mountain, with the Xianshui River flowing nearby. The surrounding terrain is gentle, meaning that precipitation has a long retention time and significantly affects groundwater flow velocities. However, the KDZ site is located halfway up the hill, and the river flows from west to east near the point and does not converge with it, showing a significantly different environment from the other areas assessed. Therefore, the impact of precipitation on the groundwater flow velocity at this measuring point would be much smaller than that of other measuring points. In addition, the raw data of the KDZ site show that the fluctuations in shallow ground temperature are very pronounced compared to the other three sites, which directly contributes to the wide range of fluctuations in the flow velocity.



In summary, the differences in flow velocities among the four measurement sites are likely primarily related to their geographical location. Areas with low and gentle topography, where rainwater is retained for extended periods, more significantly affect groundwater flow velocities than areas with high and steep topography.





6. Conclusions


In this study, the groundwater flow velocity variations in four measurement sites in the Kangding area at the southeastern edge of the Tibetan Plateau were obtained from long-term (515-day) temperature observations. We compared the calculated flow velocity using several analytical heat tracing models and analyzed the impact of thermal parameter uncertainties on the results. The influences of precipitation and topography on the flow velocity were discussed. The key findings can be summarized as follows:




	
The groundwater flow velocities at all four measurement points are relatively high, being in the order of 10−6~10−5 m s−1. The phase method is more suitable for use in the calculation in these areas because of its sensitivity to changes in high flow velocity. However, the phase method can only be used to estimate the magnitude and cannot distinguish the direction of the flow. The results of the amplitude method are comparable to those of the combined amplitude-phase method, with an overall gentle variation in flow velocity and no significant changes after the precipitation.



	
The results show that the estimated flow velocity is more influenced by the volumetric heat capacity of the saturated sediment than thermal conductivity, but the uncertainties in the thermal parameters do not affect the flow trend. The results of the combined amplitude-phase method are relatively insusceptible to thermal parameters compared to the phase and amplitude methods.



	
The results show a clear relationship between groundwater flow velocity variation and local precipitation in the Kangding area. The stronger the precipitation, the higher the flow velocity of shallow groundwater. When the precipitation is low, there is almost no significant fluctuation in groundwater flow velocity.



	
The variation in groundwater flow velocities at the four measurement sites may be affected by the topography, as the topography can influence the duration of rainwater retention. Gentle terrain has a higher tendency to retain rainfall, a factor which, combined with the water gathering from surrounding rivers, significantly affects groundwater flow velocities (e.g., XDQ, KDS, and DF). Conversely, areas with high relief are less susceptible to rainwater retention, and the infiltration velocity does not vary significantly after precipitation (e.g., KDZ).
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Figure 1. Distribution of the temperature measurement stations. DEM data source: https://www.gscloud.cn/ (accessed on 1 April 2023), 30 m resolution. 
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Figure 2. Raw temperature records of the measurement stations. 
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Figure 3. Daily precipitation. 
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Figure 4. Groundwater flow velocities calculated for the measurement points using different methods. The blue bars in the graph show the average precipitation values for the previous three days. The red and purple curves show the results of the amplitude method of Hatch et al. [11] and Kerry et al. [12]. The green and blue curves show the results of the phase method of Hatch et al. [11] and Kerry et al. [12]. The yellow curves show the combined amplitude and phase method of McCallum et al. [13]. 
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Figure 5. Uncertainties in flow velocity estimation resulting from the uncertainty in thermal conductivity of the saturated sediment. The bands show the range of flow velocity calculated at ±10% thermal conductivity. (a) Results of the amplitude ratio method. (b) Results of the phase shift method. (c) Results of the combined amplitude-phase method. 
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Figure 6. Uncertainties in flow velocity estimation resulting from the uncertainty in volumetric heat capacity of the saturated sediments. The bands show the range of flow velocity calculated at ±10% volumetric heat capacity. (a) Results of the amplitude ratio method. (b) Results of the phase shift method. (c) Results of the combined amplitude-phase method. 
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Figure 7. Topography of the measurement sites. (a) The white point is the XDQ site, located at the foot of the mountain with high terrain on both sides. (b) The white point is the KDS site, located at the gathering of three rivers, surrounded by high terrain but with low terrain near the point. (c) The white point is the KDZ site, located halfway up the mountain with higher terrain than the surrounding area and a terrain that decreases from west to east. (d) The white point is the DF site, located in a gentle area, with rivers nearby, high terrain in the east and low terrain in the west. Data source: https://www.gscloud.cn/ (accessed on 1 April 2023). 
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Table 1. Information about the temperature measurement stations in the study area.
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	Station
	Town
	Longitude (°E)
	Latitude (°N)
	Altitude (m)
	Slope (°)





	XDQ
	Xinduqiao, Kangding
	101.53
	30.02
	3419.0
	17.34



	KDS
	Lucheng, Kangding
	101.96
	30.06
	2460.5
	12.92



	KDZ
	Zheduotang, Kangding
	101.90
	29.99
	3084.0
	8.32



	DF
	Zhonggu, Daofu
	101.56
	30.41
	3626.3
	9.47







Note: Slope information is calculated by ArcGIS.
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Table 2. Parameters for flow velocity calculation.






Table 2. Parameters for flow velocity calculation.





	Parameter
	Value





	Porosity, n
	0.28



	Dispersivity, m
	0.001



	Volumetric heat capacity of the sediment, C (J m−3 °C−1)
	2.09 × 106



	Volumetric heat capacity of the water, Cw (J m−3 °C−1)
	4.18 × 106



	Thermal conductivity of the sediment, λ0 (w m−1 °C−1)
	1.88
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