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Abstract

:

The Qinghai-Tibetan plateau (QTP), also known as the Third Pole and the World Water Tower, is the largest and highest plateau with distinct and competing surface and subsurface processes. It is covered by a large layer of discontinuous and sporadic alpine permafrost which has degraded 10% during the past few decades. The average active layer thickness (ALT) increase rate is approximately 7.5 cm·yr−1 from 1995 to 2007, based on soil temperature measurements from 10 borehole sites along Qinghai-Tibetan Highway, and approximately 6.3 cm·yr−1, 2006–2010, using soil temperature profiles for 27 monitoring sites along Qinghai-Tibetan railway. In this study, we estimated the ALT and its AL thickening rate in the northern QTP near the railway using ALOS PALSAR L-band small baseline subset interferometric synthetic aperture radar (SBAS-InSAR) data observed land subsidence and the corresponding ALT modeling. The InSAR estimated ALT and AL thickening rate were validated with ground-based observations from the borehole site WD4 within our study region, indicating excellent agreement. We concluded that we have generated high spatial resolution (30 m) and spatially-varying ALT and AL thickening rates, 2007–2009, over approximately an area of 150 km2 of permafrost-covered region in the northern QTP.
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1. Introduction


Permafrost is defined as the perennially frozen soil that remains at or below the freezing point of water for at least two years [1]. The permafrost regions occupy approximately 24% (~23 × 106 km2) of the exposed land area in the Northern Hemisphere terrestrial region [2]. Permafrost is usually found in high latitude terrains, i.e., Alaska, Siberia (Russian Arctic region), and the North American continent, while the Qinghai-Tibetan plateau (QTP) region is classified as the high-altitude discontinuous permafrost, where the average altitude exceeds 5000 m and winter temperatures can drop to −40 °C.



Overlying the permafrost is the active layer (AL), which is the top layer of soil or other Earth materials that are subject to seasonal thawing during summer and freezing again during autumn. The AL plays an important role in the surface energy balance, carbon exchange, ecosystem, hydrological cycle, and landscape process in cold regions. The AL thickness (ALT), the thaw depth in permafrost regions due to solar heating of the surface, is extremely sensitive to climate change. It varies due to air temperature, the amplitude of ground surface temperature, the duration of summer, the thickness and thermal properties of alpine vegetation, and the snow cover, etc. [3]. It has been widely accepted that the amount of ice/frozen grounds on Earth is decreasing [4,5]. There is distinct evidence of permafrost thawing worldwide. The permafrost temperature in Northern Alaska has increased by 2–3 °C since the 1980s [6,7]. In the Russian Arctic region, the permafrost temperature increased about 1–2 °C during the last few decades [8]. On the QTP, the temperature of permafrost along the Qinghai-Tibetan highway (QTH) has been monitored from 1996 to 2006 with an average increase of about 0.43 °C during the past decades and the mean rate of permafrost temperature rise was approximately 0.02 °C·yr−1 from 2006 to 2010 along the Qinghai-Tibetan railway (QTR) [9,10,11]. Global warming and the subsequent rise in the geothermal gradient have caused the top of the permafrost layer to undergo secular degradation. The thawing of permafrost in QTP is more severe compared to other high latitude permafrost regions because the rate of warming is two times faster in QTP than elsewhere on Earth [12]. Prior studies have shown that during the past few decades, about 10% of permafrost has degraded over the QTP [13].



Traditional methods for measuring the long-term differences in ALT rely on ground-based field surveys, which are extremely labor-intensive and time-consuming. The measurements include mechanical probing [14], soil temperature monitoring [9,10,11], and frost or thaw tubes [15,16,17]. Based on a one-dimensional heat conduction model with phase change, Oelke and Zhang [18] estimated that the QTP ALT was thickening at a rate of approximately 1.4 cm·yr−1 from 1980 to 2001, with a larger rate, approximately 4 cm·yr−1, occurring in the northern QTP. Although these methods provide a good quality of data and information at a single site, or over a grid region with a scale up to 1 km2, these measurements have limited spatial coverage and temporal resolution. The mass variations of permafrost induced by seasonal thawing and refreezing cause a cycle of surface uplift and subsidence; thus, the surface deformation measurements can serve as another approach to detect the changes of permafrost [19,20,21].



In recent years the synthetic aperture radar interferometry (InSAR) technique has been widely used to monitor vertical surface displacement caused by freezing and thawing process of the AL in permafrost regions, since it is able to sense surface deformation with several mm accuracy over 100 km wide swath, which makes it a promising tool to map the ALT and its changes [5,19,20,21,22,23,24,25]. Liu et al. [19] used InSAR-derived surface displacements to estimate ALT in the North Slope of Alaska. They fitted the InSAR observations during the thaw season by using a model that contains both a secular term and seasonal term with assumptions that the seasonal subsidence is proportional to the square root of the accumulated degree days of thaw (ADDT; °C days) to calculate the seasonal subsidence. Then they introduced a model, which was based on the vertical distribution of pore water within the AL, to convert thaw-season surface subsidence derived from InSAR measurements to ALT. This method was further validated by comparing InSAR-inferred ALT to ground penetrating radar (GPR) measurements of ALT around Barrow, Alaska [21]. Li et al. [25] proposed a new approach to estimate high-resolution ALT based on InSAR measurements and tested the methodology over a study region in the southern QTP. They introduced a sinusoidal model incorporating both long-term and seasonal deformations to calculate the amplitude of seasonal oscillations. Then they estimated ALT by exploiting the time lags between the periodic curves of InSAR observations and meteorologically-recorded temperatures, and the one-dimensional heat transfer model of soils. These studies demonstrated that InSAR can provide ALT estimates over large areas with a high spatial resolution of tens of meters [19,21,25]. In this paper, based on the models by Li et al. and Liu et al., we developed an approach to calculate the ALT and AL thickening rate over the study region along the QTR.




2. Study Region and Data


The QTR (black line in Figure 1a) is a high-elevation railway that connects Xining, Qinghai Province, to Lhasa, Tibet Autonomous Region, in the People’s Republic of China. The length of the railway is 1956 km with more than 25% of the railway (~550 km) laid on the sporadic and discontinuous permafrost, and the railway is exposed to seasonal and possible long-term vertical displacements (uplift or subsidence) which are driven by permafrost thawing and refreezing processes. The surface subsidence occurring during the thawing season is mainly because of the volume decrease in permafrost regions as the ice in the active layer melted and became liquid water. The volume expands when the inverse process of thaw settlement occurs, which means the water froze to ice. The secular surface subsidence is likely due to thawing of ice-rich permafrost directly beneath the active layer. Thawing of ice-rich permafrost near the permafrost table offers a possible explanation for the secular surface subsidence. The QTH, the portion of China National Highway 109 from Xining to Lhasa, parallel to the QTR and built on top of the permafrost, is also potentially at risk, depending on AL thickening rate at present and in the near future.



The overall mean ALT increase rate over the QTP was 1.4 cm·yr−1, 1980–2001 [18] based on a model study (background of Figure 1a). According to ground-based observations, the ALT on the QTP has increased by ~1 m along the QTH since the early 1980s. The AL thickening rate was about 7.5 cm·yr−1, from 1995 to 2007, based on the soil temperature (ST) measurements from 10 borehole sites along the QTH and approximately 6.3 cm·yr−1, from 2006 to 2010, according to ST profiles of 27 monitoring sites along the QTR [9,10,11]. Those borehole sites are approximately 30–80 m away from the centerline of the embankment of the QTR. All of the old sites are relatively shallow, usually approximately 6–8 m in depth, while the borehole depth in the new monitoring network is greater than 15 m [11]. ALT was estimated through linear interpolation of ST profiles and the rate of change in ALT for each site was estimated using linear regression with p < 0.05 [10,11].



Figure 1b shows the study area (blue solid rectangle) using L-band ALOS PALSAR data to measure land subsidence due to thawing permafrost. We noticed that there is a new monitoring site with an observation period from 2006 to 2010, WD4 (longitude: 93.0420°E, latitude: 35.1384°N), within our study area [11], and we know that the time span of ALOS-1 data is from 2006 to 2011. So, in order to validate our methodology and result, we used the observations of this borehole site for validation. The rate of ALT change was 5.0 cm·yr−1 and the mean ALT at this point was 0.92 m, from 2006 to 2010 [11].



We combined 10 Japan Aerospace Exploration Agency’s (JAXA’s) Advanced Land Observing Satellite (ALOS) mission acquired Phased Array type L-band Synthetic Aperture Radar (PALSAR) Fine Beam (FB) mode scenes (Table 1) to cover our study region. All of the PALSAR scenes used in this study are all horizontal-transmit and horizontal-receive (HH) polarized with incidence angles approximately at 38.7°, and acquired during both thawing and refreezing seasons of the permafrost study region over the Tibetan Plateau.




3. Data Processing and Methodology


3.1. InSAR Processing


Repeat-pass InSAR is a geodetic imaging technique for measuring ground-surface deformation using two or more SAR scenes separated by a baseline in space and with time intervals spanned by the image acquisitions of the same area at the Earth’s surface. These scenes are collected from an orbiting satellite carrying the SAR instrument. Unlike optical and infrared waves, radar signals can penetrate water clouds and diffuse clouds owing to their longer radar wavelength. SAR sensors, Envisat C-band Advanced SAR (ASAR) has a 5.6 cm wavelength, ALOS-1/-2 L-band PALSAR has 23.6 cm wavelength, and X-band TerraSAR-X has 3 cm wavelength, are able to capture minute land deformations at several mm precision. Comparing with C-/X-band SAR imageries with shorter wavelengths, L-band imageries usually maintain high interferometer coherence, which can improve measurement accuracy [26].



In this study, we utilized the small baseline subset interferometry technique (SBAS-InSAR), which can reduce the errors caused by the spatial and temporal decorrelation and L-band SAR scenes acquired by the JAXA’s ALOS satellite to investigate the surface deformation of the study region. Before performing SBAS InSAR processing, a standard two-pass differential InSAR (DInSAR) method was applied to process the formed interferometric pairs and to generate differential interferograms. The phase difference between two SAR scenes (    ϕ  t 1 , t 2     ), called interferograms, can be expressed as the summation of five terms: phase difference from displacement (    ϕ  disp     ), topographic phase (    ϕ  topo     ), an atmospheric phase (    ϕ  atmo     ), a baseline error phase (    ϕ  baseline     ), and a noise phase (    ϕ  noise     ). To acquire     ϕ  disp     , the other four components have to be removed, which is called DInSAR processing. The     ϕ  topo      was simulated from digital elevation model (DEM) data and removed from the observed interferometric phase. In this study, we used the Shuttle Radar Topography Mission (SRTM) DEM data with a 30 m (1 arc-second) grid to remove the topographic phase. In each of the interferograms, the     ϕ  baseline      is shown as 1st- or 2nd-order polynomials, and a least squares adjustment is used to remove residual phases. The component of the     ϕ  topo      term is composed of turbulent mixing and vertical stratification contributions [26]. We used a linear regression between elevation and the phase components of vertical stratification to reduce this phase term, since the vertical stratification is expressed as a linearly variant fringe proportional to elevation. Since the turbulent mixing term is a random phase of interferograms in time and space, the temporal and spatial smoothing filters are used to reduce the turbulent mixing, and the last phase term from noise was suppressed by adaptive filtering [27].



After we removed or reduced the other four phase terms, the remaining phase is the interferometric phase caused by ground deformation. However, this interferometric phase from the differential interferogram is a wrapped phase or modulo 2π phase value, so it is necessary to unwrap the phase to reconstruct the actual phase from the wrapped phase. A minimum cost flow (MCF) phase unwrapping technique [28] was used for unwrapping the phase corresponding to the land deformation in this study. Then, the traditional SBAS-InSAR technique and the unwrapped interferometric phase were used to generate the deformation time series corresponding to SAR scenes with the first acquired SAR scene as a reference. The key feature of SBAS-InSAR is that it can effectively reduce the random atmospheric phase from many InSAR pairs [29]. We calculated the residual interferograms by subtracting the modeled low-pass (LP) component from the original interferograms, and applied a spatial and temporal filtering to separate the possible atmospheric artifacts. In the analysis, a total of 10 ascending PALSAR images (path 493), spanning from March 2007 to March 2009, were included and the first SAR scene at 4 March 2007 was used as reference in the SBAS-InSAR processing. The spatial coverage of the PALSAR scenes is shown in Figure 1b. These SAR scenes were used to produce 45 interferograms with temporal baseline smaller than 750 days and spatial baseline smaller than 3000 m. The interferogram network (Figure 2) shows that all of the InSAR pairs are in one subset.




3.2. Models of InSAR Observations and Time Series of Surface Deformation


As the surface deformation in the permafrost area exhibits characteristics of both long-term linear deformation and seasonal undulation [25], the observed vertical displacement from SBAS-InSAR (D) between two observation dates t1 and t2 is modeled as the summation of a secular term and seasonal terms:


   D = R × t +  a 1  +  a 2  × sin  (    2 π  T  × t  )  +  a 3  × cos  (    2 π  T  × t  )  + e   



(1)




where   D   is the InSAR observed displacement with respect to the reference SAR image (subsidence or uplift, units: centimeters); t is the time interval between two SAR scenes (t1 and t2); and T is the period of the seasonal undulations (assuming to be one year in this study). R is the linear subsidence rate from SBAS-InSAR result (units: centimeters per year).     a 1    ,     a 2    ,     a 3     are estimated parameters and    2 ×    a 2 2  +  a 3 2       is the peak-to-peak amplitude of seasonal oscillations (units: centimeters). The last term,   e  , is the residual between the observation and the fitted model. We hypothesized that the observed secular subsidence is due to the thawing of ice-rich permafrost directly beneath the active layer and the AL thickening can cause the secular subsidence. We estimated     a 1    ,     a 2    , and     a 3     for each pixel from the set of interferograms by finding the least-squares solution to a linear system of equations:


    [       D 1       ⋮       D N       ]  −  [       R 1  ×  t 1       ⋮       R N  ×  t N       ]  =  [     1    s i n  (    2 π  T  ×  t 1   )      c o s  (    2 π  T  ×  t 1   )       ⋮   ⋮   ⋮     1    s i n  (    2 π  T  ×  t N   )      c o s  (    2 π  T  ×  t N   )       ]    



(2)




where N is the number of SBAS-InSAR observations.




3.3. Converting Surface Displacement to ALT Changes


Zhang et al. [2] reported that the permafrost in the QTP is either discontinuous (50%–90% coverage; mainly the northern half of the permafrost region), or sporadic (10%–50% coverage; mainly the southern half of the region). Due to the discontinuous or sporadic distribution of the permafrost, laterally averaged values of removal rates are expected to be correspondingly smaller. In addition, rock beds usually bear about 10%–20% pore spaces filled with ice [2,30]. Assuming that the surface subsidence is caused purely by the volume change of pore ice to water in the AL, then the model that is used to calculate ALT from InSAR observed surface subsidence is [19]:


   H =    ρ i    P × S  (   ρ w  −  ρ i   )    h   



(3)




where    h = 2 ×    a 2 2  +  a 3 2       is the peak-to-peak amplitude of seasonal oscillations (units: meters), P is the soil porosity, S is the soil moisture fraction of saturation,     ρ i     and     ρ w     are the density of ice and water, respectively (units: kilograms per cubic meter), and H is the ALT (units: meters). Here we assumed saturated soil (   S = 1.0   ) in the frozen portion of the AL in our study region, and used    P = 15 %   , an average of 10% and 20%, for porosity.



We assumed that the linear deformation velocity is possibly the result of thawing of permafrost directly beneath the AL, and then we related the AL thickening rate (    R  ALT     , units: centimeters per year) and secular surface subsidence rate from SBAS-InSAR (R, units: centimeters per year) as:


    R  ALT   = −    ρ i    P × S  (   ρ w  −  ρ i   )    R   



(4)




where the surface displacement rate from SBAS-InSAR is R, the AL thickening rate is RALT, the other parameters are the same as described in Equation (3).





4. Results


We applied the SBAS-InSAR technique, which is described in Section 3, to monitor the secular land surface deformation along the QTR in the northern QTP. The total time series deformation of the study area is presented in Figure 3, where the positive displacement means surface uplift, while negative displacement means ground subsidence. As shown in these figures, the relative vertical surface displacements over the QTP study region of borehole site WD4 are observed by SAR scenes acquired from 2007 to 2009 using the SBAS-InSAR technique, depicting thaw-inferred subsidence, uplift by frost heave, or annual subsidence due to the active layer depth change. We found that the surface deformation in the frozen soil area was characterized by a cycle in each year, which means that subsidence (thaw settlement) and uplift (frost heave) occurred alternately within one year. The land surface subsided significantly from July to October and uplifted from November to March in the next year. The maximal seasonal settlement in summer and uplift in winter were nearly 2 cm, with the reference epoch at 4 March 2007.



Figure 4 shows the peak-to-peak amplitude seasonal surface displacement    h = 2 ×    a 2 2  +  a 3 2      , where     a 2     and     a 3     were estimated using Equation (2), and the surface deformation rate over our study region from SBAS-InSAR results during 2007–2009. The areas in gray are areas with decorrelation problems, which are mainly due to temporal changes in the dielectric characteristics of surface scatters (e.g., related to vegetation growth cycles, snow cover). Figure 4 (left) shows the peak-to-peak amplitude of seasonal oscillations of the study region ranging from 0 to 2 cm. We noticed that the amplitudes of areas along the QTR and QTH were generally large, due to the surface disturbance associated with railway or highway engineering construction. We also observed that the amplitude of seasonal surface displacement of the rifted basins on both sides of the QTR was larger than that of the area with high elevation. As observed in Figure 4 (right), the estimated linear deformation rates of most of the study areas are from −2 to 0 mm·yr−1, which is possibly the result of permafrost thawing beneath the AL caused by temperature rise. Our linear trend result shows strong spatial variability, as we observed inversion surface displacement (uplift) in valleys. Then the ALT and AL thickening rate were estimated using Equations (3) and (4), respectively. The calculated results are represented in Figure 5. Due to the linear relationship between ALT and InSAR observed surface displacement that we used in this study, Figure 4 and Figure 5 show the same spatial pattern.



The uncertainty in observations (D) is due to the residuals between our fitted model and the observed D (Section 3.2) can be expressed as the following equation:


    σ D  =    (     e T  × e   N − r a n k  ( A )     )    1 / 2   ,   



(5)




where   e   is the residual between observation and fitted model, N is number of the SBAS-InSAR observations and    r a n k  ( A )     is the rank of design matrix A. Then we calculated the uncertainty in the peak-to-peak amplitude of seasonal subsidence (    σ  a m p     ) and uncertainty for estimated ALT (    σ  A L T     ) by propagating the uncertainties for observations (    σ D  )   . Figure 6 shows     σ  a m p      and     σ  A L T      for the entire domain. Large fitting residuals are caused by noise in the deformation measurements, a small number of SBAS-InSAR observations [25]. It can be seen that the ALT ranges from 0 to 2 m with uncertainty of less than 0.3 m and the AL thickening rate varies along the QTR ranging from 0 to 25 cm·yr−1. The difference of the ALT change can cause significant damage to the QTR since many former studies already demonstrated that approximately 85% of the damage that QTH/QTR currently experiences is due to the differential thaw settlement of permafrost in the QTP [9,31,32].



The time series of the SBAS-InSAR observed and modeled subsidence at pixels located nearest to the monitoring site WD4 (less than 30 m) are shown in Figure 7. In this figure, the relative vertical displacements measured from Figure 3 are shown as black cross signs. The displacements are all referenced to the earliest date of SAR acquisition (4 March 2007). Additionally, the solid black line is the fitted displacement model using Equation (2) combining the SBAS-InSAR observations. The red dashed line represents the long-term relative surface subsidence rate for the borehole site WD4. Then the estimated secular surface deformation rate is converted to AL thickening rates using Equation (3) and the peak-to-peak amplitude of seasonal deformation is converted to ALT using Equation (4). The converted AL thickening rate at borehole site WD4 was 4.6 cm·yr−1 and the ALT was 0.81 m, 2007–2009, with an estimated uncertainty <0.18 m.



The root mean square error (RMSE) of the deformation fitting of WD4 is 2.2 mm, and the correlation coefficient around 0.9. These indicate the fitting performs very well and the deformation follows the periodic model. The permafrost region in the QTP can be distinguished as warm permafrost with MAGT (mean annual ground temperature at a depth of zero amplitude, usually at 10–15 m depth below the ground surface on the QTP) above −1 °C and cold permafrost with MAGT below −1 °C [11]. The mean MAGT at a depth of 12 to 15 m over borehole site WD4 is −2.56 °C, which means that this monitoring site is located at a cold permafrost area. Our fitting model shows that the maximum thaw depth can be reached around September, which is close to the conclusion from in situ observations that the maximum thaw depth occurred at the end of September [11]. The absolute difference between RALT, InSAR and RALT, ST is 0.4 cm·yr−1 and the difference between ALTInSAR and ALTST is 0.11 m. The differing periods used for the time average may contribute to small differences between RALT, InSAR (2007–2009) and RALT, ST (2006–2010). At the same time, although we used the estimated results of the closest pixel to the borehole site, the spatial difference between the selected pixel and location of the monitoring site may also cause the variations between these two variables.




5. Discussion


5.1. Causes of SBAS-InSAR Observed Displacement


In this study, we focused on regional ALT estimation and AL thickening rate monitoring using SBAS-InSAR-observed ground-surface displacement, including secular and seasonal deformation (uplift and subsidence). We suggested that the seasonal subsidence is due to thaw settlement in the active layer during the thawing season since the ice in the active layer melts into liquid, water which causes a volume decrease. The frost heave occurs in the freezing season as the melted water transforms back to ice during late autumn resulting in a volume expansion. In general, a similar amount of ground surface subsidence and uplift happens during the thaw-freeze cycle annually in the permafrost area. Along the QTR, the average ALT is approximately 3.1 m with a range of 1.1 to 5.9 m based on observations from 27 borehole sites over five years (2006–2010) [11]. The mean ALT for monitoring site WD4 in our study region is 0.92 m with a range of 0.86 to 1.05 m, from 2006 to 2010, which is close to our estimation 0.81 m from 2007 to 2009 [11].



On the other hand, the observed secular subsidence is probably due to thawing of ice-rich permafrost near the active layer table. When enough heat transfer from the surface through the active layer to the permafrost underneath it, ground ice in the ice-rich permafrost may melt to liquid water, which causes the surface subsidence and the increase of ALT. It has been widely accepted that ALT is increasing due to global warming and the principal control on the increase of ALT is air temperature in summer months [20]. Our results from SBAS-InSAR measurements, and several other studies in permafrost areas along QTR, observed a small increase in ALT [9,10,11,25]. From 2006 to 2010, ALT has increased at a rate of approximate 6.3 cm·yr−1 along QTR [11]. The ALT thickening rate for borehole site WD4 from our SBAS-InSAR result is 4.6 cm·yr−1, while the in situ observation is 5 cm·yr−1 [11], indicating excellent agreement.




5.2. Spatial Variability of ALT/ALT Change


As the ALT is influenced by soil thermal properties and microclimate condition at the local scale, many ground-based and InSAR studies already observed large spatial variations in ALT/ALT change within a small area along the QTR [9,10,11,25]. Our ALT result also shows strong spatial variability. We observed that the ALT of the rifted basins on both sides of the railway was larger than that of the area right near the valleys. The possible reason is an excess heat-positive accumulation in these rifted basins due to the rich soil water content resulting from moist sediments, higher air temperature, and local thermal balance change caused by more anthropogenic activities [25]. Although it is widely hypothesized that ALT is increasing in response to global warming, such a response may be complex and our secular ALT changing result shows that the ALT thickening rates have extensive spatial differences in the study region along the QTR. The spatial variation of the secular trend may be caused by varying feedbacks of permafrost change to climate change that are controlled by local effects [11]. The spatial changes in soil moisture could lead to an increase or decrease of radar penetration depth. In valleys, high soil moisture can cause an apparent ground uplift signal on interferograms that is opposite to our observed subsidence in other areas [20]. Several other factors may also cause this large spatial variation, including the surface roughness, and different soil types in the study region.




5.3. Advantages and Limitations of the InSAR-Based Methodology


Comparing with traditional methods that are based on field surveys of sparse points, this InSAR-based methodology is able to estimate ALT/ALT change over a large area with a high spatial resolution of approximately 30 m. As such, in this study we estimated the ALT and the AL thickening rate (Figure 5) based on SBAS-InSAR observations over a large area of northern QTP with 30 m spatial resolution. This method can be easily extended to cover other large, remote, and unreachable permafrost areas, and even larger regions, e.g., the entire QTP, since this methodology does not depend on a large number of datasets of ground surface temperature or soil moisture measurements, which are generally unavailable over most regions of the QTP, especially remote and depopulated areas. The large-scale ALT and ALT change products with high spatial resolution derived from SBAS-InSAR observations by using the methodology in this study provide more information of the active layer, e.g., spatial and temporal variations of ALT, and improve our understanding of permafrost and the active layer, which will be good for ecosystem and environmental research, design, and planning of engineering construction in the QTP.



A sinusoidal model was adopted by Li et al. [25] to compute the long-term linear deformation velocity and amplitude of seasonal oscillation over a study region of Dangxiong County area in the southern QTP and proved that this function is able to model well the ground surface deformation of the frozen soil. In this study, we also used a similar approach to fit InSAR-observed surface deformations in our study area in the QTP. However, as Li et al. mentioned in their research, and we discussed in Section 5.2, that the InSAR-derived surface deformation is affected by many factors such as precipitation, temperature, water content, heat flow, and other local factors, which may or may not be in accordance with the sinusoidal model [25]. Then we converted the InSAR observations to ALT based on a linear model under the following assumptions: (i) ground surface subsidence is caused purely by the volume change of pore ice to water and melted water did not run away; (ii) saturated soil in the frozen portion of the active layer; and (iii) without considering the differences of the permafrost conditions, we assumed a homogeneous ground of the entire study area. These assumptions may cause bias to the estimated ALT/AL thickening rates.





6. Conclusions


In this study, we applied the SBAS-InSAR technique using the ALOS PALSAR data spanning 2007–2009 to detect ALT and the AL thickening rate over the selected permafrost region along the QTR in the northern QTP. The estimated subsidence rates, resulting from thawing of ice-rich permafrost near the permafrost table in response to increasingly warmer permafrost temperature, were converted to active layer thickening rates over a large area along the railway. We also estimated the peak-to-peak amplitude of seasonal subsidence and converted the result to ALT in our study region. In our result, the peak-to-peak amplitude of seasonal subsidence ranged from 0 to 2 cm with uncertainty of less than 4 mm, and the ALT ranged from 0 to 2 m with uncertainty of less than 0.3 m. At the same time, we showed that the InSAR observations are in excellent agreement with the fitted model with RMSE approximately 2 mm and correlation coefficient approximately 0.9 for borehole site WD4, while there are still small differences between ground-based observations and InSAR estimated results. The improvement and testing of the fidelity of the time series model to regress InSAR observations to estimate ALT and the AL thickening rate will remain a topic of future studies. Other future studies include conducting additional InSAR studies covering the rest of the published borehole sites of the new monitoring network along the railway, as well as extending the InSAR observation data span, and experimenting with alternate models to convert InSAR subsidence to active layer thickening rates.



Contrasting the use of ground-based measurements to characterize ALT and the AL thickening rate over the QTP, InSAR technology has an advantage of monitoring surface deformation over a much larger permafrost in remote and inaccessible regions. Based on excellent validation studies with ground truth data, we concluded that we have characterized the ALT and AL thickening rates with high spatial resolution (30 m) over a large area (>150 km2) over the north QTP near the QTR, spanning 2007–2009.
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Figure 1. (a) QTP modeled permafrost AL thickening rate [18]; the black line shows the QTR and the blue square denotes the location of the study area; (b) the zoom-in pseudo-color optical image of the study region, made from Landsat TM false color image (http://earthexplorer.usgs.gov, R: band 4, G: band 3, B: band 2). The blue dashed and solid rectangle represents the spatial coverage of the selected ALOS PALSAR images and the study area, respectively. Figure (b) also shows the locations of the monitoring borehole sites: CM6, CM7, WD3, WD4, and HR3. 
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Figure 2. The temporal and spatial baselines of the 45 interferograms from 10 PALSAR scenes. 
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Figure 3. ALOS PALSAR observed relative vertical displacement between the reference SAR imagery acquisition date (4 March 2007) and slave SAR scenes acquisition dates, which represented as (a−i), in the study region, 2007–2009. In these figures and the following images, the validation point WD4 is shown as black-white circles. 
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Figure 4. (Left) The peak-to-peak amplitude of the seasonal surface displacement; and (right) the linear deformation velocity of the study area from the SBAS-InSAR result. 
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Figure 5. The ALT of the study area (left); and the AL thickening rate estimated from the SBAS-InSAR result (RALT, InSAR cm·yr−1) over study region (right). 
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Figure 6. Uncertainty of the peak-to-peak amplitude of seasonal subsidence (left); and uncertainty of estimated ALT (right) over our study region. 
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Figure 7. Time series of observed relative vertical displacements from InSAR (black plus sign) and modeled ground motions (black curved line) at borehole site WD4, 2007–2009. The red dashed line shows the estimated subsidence rate calculated from SBAS-InSAR. 
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Table 1. The list of ALOS PALSAR scenes.
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Date

	
Sensor

	
Path

	
Beam

	
Band

	
Direction

	
Incidence Angle (°)






	
4 March 2007

	
PALSAR

	
493

	
Fine

	
L-band

	
Ascending

	
38.7245




	
20 July 2007

	
PALSAR

	
493

	
Fine

	
L-band

	
Ascending

	
38.7306




	
4 September 2007

	
PALSAR

	
493

	
Fine

	
L-band

	
Ascending

	
38.7270




	
20 October 2007

	
PALSAR

	
493

	
Fine

	
L-band

	
Ascending

	
38.7307




	
21 April 2008

	
PALSAR

	
493

	
Fine

	
L-band

	
Ascending

	
38.7239




	
6 June 2008

	
PALSAR

	
493

	
Fine

	
L-band

	
Ascending

	
38.7278




	
22 July 2008

	
PALSAR

	
493

	
Fine

	
L-band

	
Ascending

	
38.7335




	
6 September 2008

	
PALSAR

	
493

	
Fine

	
L-band

	
Ascending

	
38.7323




	
22 October 2008

	
PALSAR

	
493

	
Fine

	
L-band

	
Ascending

	
38.7374




	
9 March 2009

	
PALSAR

	
493

	
Fine

	
L-band

	
Ascending

	
38.7414
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