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Mapping Glacier Elevations and Their Changes in the
Western Qilian Mountains, Northern Tibetan Plateau,

by Bistatic InSAR

1

2

3

Yafei Sun, Liming Jiang, Lin Liu, Qishi Sun, Hansheng Wang, and Houtse Hsu4

Abstract—Accurate measurements of glacier surface topogra-5
phy and their changes play an essential role in various glaciologi-6
cal studies related to glacier dynamics and mass balance. The focus7
of this study is on mapping glacier digital elevation model (DEM)8
and elevation changes in the western Qilian Mountains, northern9
Tibetan Plateau, by synergistically using the TanDEM-X (TDX)10
bistatic Interferometric Synthetic Aperture Radar (InSAR) data11
in 2013 and Shuttle Radar Topography Mission (SRTM) DEM in12
2000. The first high-resolution and high-precision glacier DEM is13
derived in this region by a TDX InSAR procedure with a non-14
local (NL) filter. Validated against the Ice, Cloud, and land Ele-15
vation Satellite height references, the absolute height error of the16
TanDEM-X DEM derived with the NL filter and the Goldstein fil-17
ter with the parameters investigated is, respectively, 1.493 ± 0.74718
and 1.857 ± 1.709 m. Further, four combinations of differential19
phase method (DiffPha) and DEM differencing method (DiffDem)20
with Goldstein filter and NL filter are applied to estimate glacier21
elevation changes between 2000 and 2013. The synergistic use of22
the DiffPha method and the NL filter is superior to other three23
combinations in terms of uncertainty and noise reduction. Gener-24
ally, a clear surface thinning can be found in most glacier tongue25
regions, the maximum value of elevation lowering up to approx-26
imately −40 m, whereas a slight thickening is detected in accu-27
mulation areas, which are in agreement with the height difference28
results between GPS measurements and SRTM DEM over Lao-29
hugou Glacier No.12. This study demonstrates the potential of the30
TanDEM-X bistatic InSAR in mapping surface topography and31
elevation changes of valley glaciers in the Tibetan Plateau.32
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Index Terms—Bistatic InSAR, glacier DEM, glacier elevation 33
change, Tibetan plateau, western Qilian mountains. 34

I. INTRODUCTION 35

ACCURATE measurements of glacier surface topography 36

play an essential role in various glaciological studies 37

related to glacier dynamics and mass balance. The applications 38

of digital elevation models (DEMs) for glacier topographic Q139

parameters calculation, ice-flow velocity extraction, debris- 40

covered glacier detection are widely discussed in literatures 41

[1]–[3]. In particular, the advent of advanced remote sensing 42

techniques enables glacier DEMs generation from space with 43

high resolution, global coverage, and low cost. Therefore, 44

multitemporal glacier DEMs acquired at different times are 45

increasingly required for a robust estimation of glacier thickness 46

change and mass balance in mountain glaciated regions at local 47

through global scales [4], [5]. 48

Over the past decades, high-resolution remote sensing data 49

acquired by various aerial and satellite platforms have been con- 50

siderably exploited to generate and update topographic informa- 51

tion over glaciated regions. They are basically grouped into three 52

categories: 1) optical stereo image pairs, 2) laser scanning (Li- 53

DAR) point clouds, and 3) Interferometric Synthetic Aperture 54

Radar (InSAR) imagery. Terrestrial, aerial, and satellite optical 55

stereo image pairs from different viewing angles can be uti- 56

lized to derive DEMs with digital photogrammetric techniques, 57

which depend on knowledge of the exact image and terrain 58

geometries at the time of acquisition. A large number of stud- 59

ies have reported on the generation of DEMs and topographic 60

changes from optical stereo pairs for glaciological applications, 61

especially from satellite remote sensing images including Terra- 62

ASTER [4], [6], SPOT5-HRS [7], ALOS-PRISM [8], Corona 63

series [4], [8], and ZIYUAN-3 [9]. A major challenge in us- 64

ing digital photogrammetry to map glacier surface topography 65

is that the glacier surface should have sufficient radiometric 66

and/or topographic heterogeneity in image pairs. Otherwise, it 67

can cause either null values or erroneous elevation estimates es- 68

pecially over debris-free ice or firn areas. In addition, frequent 69

cloud cover is another obstacle to optical remote sensing of 70

mountainous and cold areas [10]. Ground-based and airborne 71

LiDAR systems, producing extremely dense three-dimensional 72

point clouds, are important operational tools for measuring 73

1939-1404 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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high-resolution glacier surface topography and have been in-74

creasingly utilized in glacial geo-morphological investigations75

[11]. However, it is difficult for these LiDAR systems to acquire76

topographic datasets over large-scale glaciated regions, because77

of political sensitivities (e.g., Karakoram), high costs, and poor78

archiving.79

SAR interferometry has been proven to be one of the most80

valuable remote sensing technologies for mapping the earth81

topography, by exploiting the phase difference between two in-82

dependent SAR image acquisitions that is very sensitive to topo-83

graphic variations to derive DEMs with very high accuracy [12].84

Glacier DEMs have been successfully derived using a range of85

SAR sources mostly acquired with repeat-pass imaging modes,86

including ERS-1/2 [13], Radarsat-1/2 [14], ALOS/PALSAR87

[15], and sensors onboard fixed-wing aircraft [16]. However,88

this repeat-pass InSAR is still challenging for glacier applica-89

tions because it commonly suffers from atmospheric disturbance90

(mainly due to variations of the troposphere and the ionosphere91

between the repeat-pass SAR acquisitions), as well as tempo-92

ral decorrelation induced by ice melting, snow accumulation93

and glacier movement between acquisitions [17]. In contrast,94

a bistatic interferometric system can overcome the limitations95

in repeat-pass interferometry. The Shuttle Radar Topography96

Mission (SRTM) flown in February 2000, which was the first97

single-pass space-borne InSAR system, provided highly valu-98

able DEM products covering continental areas from 56°S and99

60°N with 1 and 3 arcsec spatial resolutions (approximately 30100

and 90 m, respectively) [18]. It is noteworthy that the TanDEM-101

X mission, launched in 2010 by the German Aerospace Center102

(DLR), opens a new era in single-pass satellite SAR remote sens-103

ing. The TanDEM-X (TDX) mission employs a bistatic interfer-104

ometric configuration of the two identical satellites TerraSAR-X105

(TSX) and TDX flying in a closely controlled formation, the pri-106

mary objective of which is to generate a global, high-accurate,107

and homogeneous DEM following the high standard accuracy108

HRTI-3 [19]. Recently, several previous studies have used the109

TanDEM-X bistatic SAR data to investigate ice surface topog-110

raphy and mass balance in the Tibetan Plateau [20]–[23], the111

central Tien Shan [24], the western Alps [25], and the Antarctic112

Peninsula [26].113

This study aims to quantitatively evaluate the potential of114

the TDX bistatic SAR data for measuring glacier surface to-115

pography and elevation changes over mountain regions. A case116

study was carried out over valley glaciers in the western Qilian117

Mountain, northern Tibetan Plateau. A high-resolution and high-118

precision glacier DEM was derived from a pair of TSX/TDX119

bistatic SAR data acquired in 2013 and validated by Ice, Cloud,120

and land Elevation Satellite (ICESat) elevation data. Addition-121

ally, we employed a differential phase method (hereinafter re-122

ferred to as DiffPha) and a DEM differencing method (here-123

inafter referred to as DiffDem) to this TDX DEM and the124

SRTM DEM in 2000 to estimate 2000–2013 glacier elevation125

changes in the study area. Finally, the results were compared126

with elevation differences between GPS measurements and the127

SRTM DEM.128

Fig. 1. Location of study area and data used. The TDX/TSX SAR images
and the glacial boundary coverage are represented with white rectangle and
black polygon, respectively. The Yema and Danghe rivers are shown as blue
solid lines. ICESat points and GPS-RTK points are indicated as red dots and
blue dots, respectively. The illustration of GPS measurement distribution in the
Laohugou No.12 is shown in the inset left part. The location of GPS base station
is shown as red pentagram. The location of the test site for radar penetration
estimation is also shown in Fig. 1, which is located 90 km southeast of the study
area. The background is an optical image acquired from Google Earth.

II. STUDY AREA AND DATA 129

A. Study Area 130

The study area (39°12’–39°36’ N, 96°18’–96°45’ E), located 131

in the western Qilian Mountains (see Fig. 1), northern Tibetan 132

Plateau, is home to a total of 216 glaciers with an area of more 133

than 134.9 km2 and an ice volume of about 7.6 km3 [27]. The 134

glacier elevations range from 4000 to 5500 m a.s.l. with a mean 135

equilibrium-line altitude of 4830 m a.s.l. [28]–[30]. Laohugou 136

Glacier No.12 is the longest and largest valley glacier in this 137

region that stretches approximately 10.8 km and covers a total 138

area of more than 20.4 km2 [28]. 139

The continental, arid climate of the study area is dominated 140

by the Siberian anticyclone and by westerlies [28], [31]. An- 141

nual mean air temperature and snow surface temperature are 142

−12.0 °C and −16.9 °C, respectively. Monthly air temperature 143

and precipitation data show strong seasonal variation, with more 144

than 70% of precipitation falling from May to September [28]. 145

On 21 November 2013 when the TanDEM-X bistatic data were 146

acquired for this study, the average daily air temperature and 147

relative humidity are −15.6 °C and 47% recorded by the auto- 148

matic weather station on the Laohugou Glacier No.12, which is 149
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TABLE I
MAIN PARAMETERS OF THE TSX/TDX DATA PAIR USED

Parameters Description

Acquisition Modes Bistatic Mode
Imaging Modes Strip-map
Product format CoSSC
Polarization HH
Orbit direction Descending
Looking direction Right
Temporal baseline (s) 0
Perpendicular baseline (m) 154.85
Height of ambiguity (m) 33.03
Central incidence angle (°) 33.83
Range resolution (m) 3.2
Azimuth resolution (m) 3.3
Number of multilooks 5
Average coherence 0.86
Interferogram resolution (m) 10

located in the ablation area at 4550 m a.s.l. [32]. Personal com-150

munication with Wang, 2016 and his published study suggest151

that in November (the beginning of the accumulation season) the152

glacier surface is usually covered by shallow dry snow which is153

underlay by compacted snow or firn layer [33]. In addition, the154

fresh snow depths in the specific period of the SAR acquisitions155

ranged from 10 to 50 cm recorded by stake measurements which156

were located in an elevation span of 4355–4990 m a.s.l. [33],157

and were generally depended on altitudes. The glaciers in this158

region are relatively stable compared to glaciers in Himalayan159

Mountains, however, recent studies have shown that the regional160

climate tends to become warmer and moister, and the glaciers161

are shrinking [34]. The area of the Laohugou Glacier No.12162

gradually diminished from 1957 to 2009 [35]. And this glacier163

experienced significant thinning but slight thickening in part of164

the accumulation zone [28].165

B. Dataset Used166

1) TanDEM-X Bistatic SAR Data: In this study, one pair167

of TSX/TDX SAR data in bistatic strip-map mode acquired168

on 21 November 2013 was used to generate high-resolution169

and high-precision TDX DEM. The data format is Coregistered170

Single-look Slant-range Complex (CoSSC), which has already171

been processed by Integrated TanDEM Processor from DLR172

[36]. The bistatic SAR data were acquired in a descending track173

and HH polarization with a central incidence angle of 33.83°.174

The spatial resolution in range and azimuth direction is 3.2 and175

3.3 m, respectively. The two satellites have a temporal baseline176

of approximately 0 s flying in a close helix formation. The main177

parameters of the TSX/TDX data were summarized in Table I.178

2) SRTM DEMs: The SRTM employed two SAR systems,179

one C band system (wavelength of 5.6 cm, SRTM-C radar) and180

another X band system (wavelength of 3.1 cm, SRTM-X radar).181

SRTM-C radar generated DEMs of contiguous mapping cover-182

age with 1 and 3 arc s spatial resolution (about 30 and 90 m),183

however, SRTM-X radar only acquired DEMs along discrete184

swaths 50 km wide with 1 arc s spatial resolution [18]. Over185

nonglacierized areas, the initial mission specifications in terms186

of vertical accuracy (±16 m linear error at the 90% confidence 187

level) are fulfilled [37]. Only a few studies considered SRTM in 188

a glacial environment, for the Gruben area (Swiss Alps), Kääb 189

(2005) found a standard deviation of ±20 m for SRTM (3 arc s) 190

and indicated that the 1 arc s DEM might have an accuracy of 191

7 m on average [38]. Recently, a mean and standard deviation 192

of elevation differences of 1.03 ± 15.20 m over glacier areas in 193

the eastern Tibetan Plateau by comparing ICESat and SRTM-C 194

(3 arc s) elevation measurements in this literature [39]. 195

In this study, the SRTM-C DEM with 1 arc s spatial resolu- 196

tion (about 30 m) was used to generate simulated topographic 197

phase and to estimate glacier elevation changes with TanDEM-X 198

InSAR data. This DEM version was released in 2015 by 199

U.S. Geological Survey (USGS) and can be downloaded from 200

https://lta.cr.usgs.gov/SRTM1Arc. Since the SRTM-X DEM is 201

not available over our study area, a pair of SRTM-C/X DEMs 202

over glacier areas, which located at 90 km southwest of the study 203

area, were selected to statistically estimate DEM differences of 204

the C-band and X-band radar signals into snow and ice. This 205

radar penetration difference was used to correct the elevation 206

changes derived from the SRTM-C and TDX DEMs. 207

3) Height Reference Datasets: ICESat laser altimeter data 208

were used as height reference data to assess vertical accuracy 209

of the InSAR-derived TDX DEM in 2013. The geographic dis- 210

tribution of the ICESat footprints was shown in Fig. 1. The 211

geo-science laser altimeter system instrument aboard the ICE- 212

Sat measures land elevations with the footprints of 70 m in 213

diameter and 170 m intervals in along-track [40]. ICESat ele- 214

vation data have an accuracy on an order of 0.1 m (1 σ) in the 215

region of flat bald, but it can degrade to values on an order of 216

1 m (1 σ) in the region of irregular and rugged land surface [41]. 217

In this study, 90% of the ICESat measurements from 2003 to 218

2009 were located in flat and bald regions, whereas the other 219

10% in irregular and rugged areas. Moreover, although a few of 220

ICESat footprints were situated on glacier surface, possible ice 221

elevation changes occurred during the period from 2009 to 2013. 222

Therefore, only ICESat measurements located in flat off-glacier 223

areas were utilized for accuracy assessment (see Fig. 1). 224

In addition, we carried out a GPS-RTK (real-time kine- 225

matic) surveying campaign over Laohugou Glacier No.12 in late 226

September of 2012. The GPS instruments we used are the dual- 227

frequency South Lingrui S82 and Trimble 5700, and the location 228

of base station was shown in Fig. 1. A total of 121 GPS points 229

(see Fig. 1) were surveyed and obtained high-accuracy glacier 230

elevation measurements (vertical precision of ±0.2 m). These 231

GPS measurements were employed to estimate glacier eleva- 232

tion changes compared with SRTM-C DEM in 2000 to evaluate 233

elevation changes between the SRTM-C and TDX DEMs. 234

III. METHODS 235

A. DEM Generation With TanDEM-X InSAR 236

Interferometric phase (ϕint) can be schematically expressed 237

as the sum of components [see (1)] contributed by the topogra- 238

phy (ϕtopo), the line of sight surface motion between the two 239

acquisition times (ϕdisp), the atmospheric distortions (ϕatm), 240

the inaccurate orbit state vectors (ϕorbital), and a random noise 241
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Fig. 2. Flowchart of TanDEM-X DEM generation and glacier elevation
change estimation. The processing steps of TanDEM-X DEM generation are
shown with the dotted box, and two different methods to estimate glacier ele-
vation changes are labeled in the flowchart.

term (ϕnoise) related to temporal decorrelation, image misreg-242

istration and other random instrumental noises [42]243

ϕint = ϕtopo + ϕdisp + ϕatm + ϕorbital + ϕnoise . (1)

For TSX/TDX satellites flying in close formation that uses244

either TSX or TDX as a transmitter to illuminate a radar signal245

on the earth’s surface, the scattered radar signals are recorded246

by both satellites simultaneously. This simultaneous data ac-247

quisition can minimize the interferometric phase of temporal248

decorrelation and atmospheric disturbance. Additionally, rain-249

fall (particularly heavy precipitation in a weather event) might250

affect X-band radar signal, however, for our case very little pre-251

cipitation occurs in the study area in winter [28]. Therefore, the252

influence of phase terms of ϕdisp and ϕatm can be neglected in253

TSX/TDX bistatic interferometry. Also, the impact of the phase254

ϕorbital can be reduced by the step of baseline refinement in the255

data processing [43].256

In this study, unlike a common InSAR method widely used257

to generate a DEM in which an interferogram is directly258

unwrapped and then surface height is calculated from the259

unwrapped phase, a differential interferometric strategy is260

employed for DEM generation [44]. This interferometric data261

processing strategy can reduce unwrapping errors and increase262

calculation efficiency particularly in case dense interferogram263

fringes [45].264

Fig. 2 shows the flowchart of TanDEM-X DEM generation (as265

shown in dotted box) and glacier surface elevation changes esti-266

mation. Since the TDX data (CoSSC) were already coregistered,267

the main steps for TDX DEM generation are the following.268

1) Step 1: Interferogram Generation and Topographic Phase269

Simulation: The interferogram (ϕint) is generated through270

the conjugate multiplication of two SLC SAR images. The271

interferogram can be multilooked for coherence estimation. The 272

topographic phase (ϕSRTM) is simulated based on the resulted 273

height map and precise baseline product. In particular, since 274

the TanDEM-X InSAR data is acquired in bistatic mode, the 275

simulating interferometric phase for TSX/TDX configurations 276

is different from repeat-pass configuration, and the simulated 277

topographic phase from SRTM-C DEM can be calculated using 278

the bistatic mode parameters. The differential phase (ϕdiff ) is 279

generated by removing the priori topographic phase (ϕSRTM) 280

from the interferogram using the following equation: 281

ϕdiff = ϕint − ϕSRTM . (2)

2) Step 2: Coregistration Between SRTM DEM and 282

TanDEM-X Data: The step of coregistration between SRTM-C 283

DEM and TanDEM-X SAR images should be carried out be- 284

fore the processing of interferogran difference and filtering. 285

Here we adopt the similar coregistration methods described in 286

these literatures [22], [46]. First, an initial transformation func- 287

tion between the geographic coordinates of the SRTM-C DEM 288

and the SAR coordinates of the TDX image, e.g., a geocoding 289

lookup table of each grid, is established by using the imag- 290

ing parameters and orbit information of the TDX scene, and a 291

simulated SAR intensity image is generated from the SRTM-C 292

DEM. Then, a bilinear polynomial model of horizontal off- 293

sets between the SRTM-simulated intensity and the TDX SAR 294

intensity is generated using a cross-correlation optimization al- 295

gorithm [47]. Third, the resultant polynomial model is used to 296

refine the initial lookup table to accurately translate the SRTM-C 297

DEM from the geographic coordinates to the respective TDX 298

SAR coordinates. As results, the range shift and azimuth shift 299

are 0.989 and 0.816 pixels, and the corresponding registration 300

accuracy are 0.043 and 0.053 pixels according to a least-squares 301

fit, respectively. 302

3) Step 3: Nonlocal (NL) Filtering of Differential Interfero- 303

gram: The NL filter has been proven superior in noise suppres- 304

sion, resolution enhancement, and better coherence estimation 305

for InSAR filtering [48]. In order to reduce noise influences on 306

interferometric phase, the NL filter [48], comparing with Gold- 307

stein filter [49] used commonly, is applied to the differential 308

interferogram. As the main parameters in the NL filter method, 309

the equivalent number of looks, the radius of the search win- 310

dow size, and the half-width of the patches are set to 1, 12, and 311

5 in this paper, respectively. In addition, for the Goldstein fil- 312

ter method, the parameters of filtering window size, processing 313

step, and exponent for nonlinear filtering are set to 32, 4, and 314

0.4, respectively. Then, differential phase unwrapping is car- 315

ried out by using the minimum cost flow algorithm [50]. After 316

differential phase is unwrapped, an updated topographic phase 317

(ϕTDXtopo) from TDX InSAR is generated by adding the pri- 318

ori topographic phase (ϕSRTM) back to unwrapped differential 319

phase (Δϕunw ). 320

4) Step 4: TDX DEM Correction With ICESat Elevation Mea- 321

surements: Since there is still a linear ramp in the ϕTDXtopo 322

after the step of baseline refinement [44], a linear height ramp 323

need to be removed. Therefore, in this study, independent ICE- 324

Sat elevation references with high vertical accuracy are used for 325

this purpose. The selection criteria are fully detailed in [41]. The 326
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Fig. 3. Glacier elevation changes (a) before and (b) after the coregistration.
Some statistics (mean, median, std. deviation) of two results of elevation changes
are shown on this figure. This area is located at the blue dotted rectangle of Fig. 6.

height differences between the ICESat points and the raw TDX327

DEM are employed in a polynomial height correction model328

to acquire a linear ramp with a common least-squares solution.329

Furthermore, this linear height ramp in the raw TDX DEM can330

be removed to acquire the corrected TDX DEM.331

B. Estimation of Glacier Elevation Changes332

In this study, we use two different methods to estimate glacier333

elevation changes, named DiffDem and DiffPha. Fig. 2 shows334

processing flows of the two methods. Note that accurate coreg-335

istration between the SRTM DEM and the TDX datasets is336

mandatory before applying both methods, which is described337

more detailed in Section III-A. As an example, Fig. 3 illustrates338

a comparison of elevation changes results over a nonglacierized339

area before and after the coregistration. The statistical param-340

eters of the elevation changes (see Fig. 3) show that the DEM341

coregistration process can improve the elevation change estima-342

tion, although residuals still exist in the results due to both the343

impact of SAR geometric distortion and the different resolution344

between two DEMs.345

Once accurately coregistered, both DEMs in SAR coordinates346

have the same grid posting and are horizontally aligned, then the347

DiffDem method is applied to obtain glacier elevation changes348

between 2000 and 2013.349

In addition, another method that directly exploits the un-350

wrapped differential phase (Δϕunw ), named the DiffPha351

method, is proposed to estimate elevation changes. The ele-352

vation change (ΔH) for each pixel can be computed using a353

simple algorithm based on the following equation:354

ΔH = − λ

2π

R sin (θi)
B⊥

· Δϕunw (3)

where λ is the radar wavelength, B⊥ is the perpendicular base-355

line for TSX/TDX, R is the slant range, and θi is the incidence356

angle for each pixel.357

Finally, we use a statistical estimate of SRTM-C/X DEMs358

differences in adjacent glaciers, as a proxy of penetration depth359

difference between C-band and X-band radars, to correct ele-360

vation change results from SRTM-C and TanDEM-X DEMs,361

due to no SRTM-X DEMs or in-situ data available in our study362

area. Specifically, a total of 75 glaciers in Danghenan Moun-363

tains covered by 30 m SRTM-C DEM and SRTM-X DEM are364

selected for this purpose. This test site for radar penetration365

Fig. 4. Comparison of the coherence estimates with the Goldstein filter and
NL filter. (a) The coherence result of TanDEM-X bistatic InSAR. (b) Histograms
of the coherence results from different filters. (c) Coherence values along the
profile line [blue line in Fig. 4(a)] for the results of two filters. (d) and (e) The
coherence maps of Laohugou Glacier No.12 [red rectangle in Fig. 4(a)] with
the Goldstein filter and the NL filter, respectively.

estimation is located 90 km southwest of the study area (see 366

Fig. 1). The penetration differences between C-band SRTM 367

DEM and X-band SRTM DEM are estimated using a com- 368

mon method of DEM differencing [7]. In the penetration dif- 369

ference analysis, we excluded glacier areas with slopes higher 370

than 20°, resulting in a relatively reliable estimation of pene- 371

tration depth difference. Consequently, the mean and standard 372

deviation (1.470 ± 3.01 m) of the X-C-band SRTM penetration 373

difference observed over glacier areas is used for correction of 374

glacier elevation changes in this study. 375

C. Error Analysis 376

1) Accuracy Assessment of the TDX DEM: In order to quan- 377

titatively assess the TDX-derived DEM accuracy, we utilize 378

a total of 1238 ICESat points from 2003 to 2009 which are 379

located in off-glacier area (see Fig. 1). These ICESat measure- 380

ments are independent from those used to correct TDX DEM 381

during TanDEM-X DEM generation in Section III-A. 382

2) Uncertainty of Elevation Changes: In case of no in-situ 383

measurements available, a common method for the overall error 384

evaluation of elevation changes is used to calculate statistical 385

errors of the elevation differences over nonglacier regions ac- 386

cording to the following equation [51]: 387

e =
√

NMAD2 + wRMSE2 (4)

where e, NMAD, and wRMSE are the overall error of the 388

derived surface glacier elevation changes, the random part of 389

the error, and the systematic part of the error, respectively [22]. 390
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Fig. 5. 10 m resolution TanDEM-X DEM generated by TDX bistatic InSAR (left). Comparisons of the 10 m TanDEM-X DEM, 30 m SRTM-C DEM, and 90 m
SRTM-C DEM are shown in the right part.

IV. RESULTS AND ANALYSIS391

A. Comparison of Coherence Estimation From Different392

Filters393

Since coherence is one of the key parameters to evaluate394

interferometric performance, which represents a noise level in395

the interferogram, we analyze and compare the TDX InSAR396

conference results from the NL and Goldstein filters as shown397

in Fig. 4. Overall, the mean value of coherence reaches 0.88,398

even in glacier area up to 0.80, although the coherence in shadow399

regions is slightly lower due to very low backscatter.400

A comparison of coherence results indicates that the NL fil-401

ter can present a better performance of coherence estimation402

than the Goldstein filter. Statistically, the coherence value is403

mainly concentrated in the ranges of 0.8–1.0 using the NL fil-404

ter, whereas ranging from 0.6 to 1.0 for the Goldstein filter, see405

Fig. 4(b). Moreover, coherence values along a profile line in406

the Laohugou Glacier No. 12 [a blue line in the red rectangle407

in Fig. 4(a)] clearly show that most of coherence values of the408

NL filter are 0.2 higher than the Goldstein filter, see Fig. 4(c).409

In order to further compare the ability of phase noise reduc-410

tion and fine detail preservation, Fig. 4(d) and (e) illustrates411

Laohugou Glacier No.12 subset of coherence maps of the two412

filters, respectively. Visually, the NL filter presents generally413

higher coherence (brighter) and more details than the Goldstein414

filter.415

B. TDX-Derived DEM and Validation416

Fig. 5 illustrates the hillshade map of the TDX DEM de-417

rived by bistatic InSAR with the NL filter. In order to visually418

compare differences between TDX and SRTM-C DEMs, the419

10 m TDX, 30 m, and 90 m SRTM-C DEMs (located in the red420

rectangle in Fig. 5) are shown from top to bottom on the right421

side of Fig. 5, respectively. As a consequence, the 10 m TDX422

TABLE II
STATISTICAL RESULTS OF DIFFERENCE BETWEEN THE ICESAT

HEIGHT MEASUREMENTS AND THE TDX DEMS

DERIVED WITH TWO DIFFERENT FILTERS

Statistical parameters Goldstein filter NL filter

Min (m) −17.343 −1.554
Max (m) 13.928 2.510
Mean (m) 1.857 1.493
RMSE (m) 1.709 0.747

DEM represents much more detailed topographic information, 423

such as clear river channel, than the SRTM DEM. Moreover, 424

quantitative accuracy assessments of the InSAR-derived TDX 425

DEMs using the two different filters have been performed. Ta- 426

ble II shows the statistical result of DEM accuracy assessment 427

for TanDEM-X DEM with ICESat measurements. We find a 428

mean and root mean square error (RMSE) of 1.493 ± 0.747 m 429

for the NL filter, whereas 1.857 ± 1.709 m for the Goldstein 430

filter. In addition, much higher error ranges (from –17.343 to 431

13.928 m) are found in the Goldstein filter’s results. 432

Overall, for this study, the TDX DEM can reach the HRTI-3 433

standards with the resolution of 10 m and the vertical accu- 434

racy of 0.75 m for off-glacier regions [19], which is the first 435

high-resolution and high-accuracy DEM in the western Qilian 436

Mountain glaciated terrain, although the elevation in high-relief 437

areas appears coarse due to the shadow influences. Theoreti- 438

cally, the vertical accuracy of the TDX DEM in glacier regions 439

is worse than that of off-glacier regions, due to the interfero- 440

metric bias induced by X-band radar penetration into snow and 441

ice [52]. 442

C. Glacier Elevation Changes 443

In this study, glacier elevation changes between 2000 and 444

2013 over the western Qilian Mountain are calculated from 445
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Fig. 6. Glacier elevation changes in the western Qilian Mountain derived by synergistic use of the DiffPha method and the NL filter. The white-dotted rectangle
indicates the location of the glacier G096497E39455N, elevation changes of which are illustrated in Fig. 8. The correlation between the elevation changes
and the altitudes along profile lines of the selected four glaciers in the right part. (A) G096497E39455N; (B) G096544E39436N; (C) G096580E39402N; and
(D) G096697E39350N.

SRTM-C DEM and TanDEM-X bistatic data, by using four ap-446

proaches in terms of different combinations of elevation change447

estimation methods (DiffDem method and DiffPha method) and448

filtering algorithms (Goldstein filter and NL filter). Here we il-449

lustrate the elevation change results derived by synergistic use450

of the DiffPha method and the NL filter (see Fig. 6), as this451

method is superior to other three ones examined by a perfor-452

mance comparison described in the next paragraph. The glacier453

boundaries (the black solid lines in Fig. 6) generated from the454

Second Glacier Inventory Dataset of China [27] are used to455

clearly exhibit elevation changes over glacier regions. Gener-456

ally, we detected a clear surface thinning pattern in most glacier457

tongue regions, with a maximum elevation lowering up to ap-458

proximately –40 m, whereas a slight thickening was detected in459

accumulation areas. In order to examine this elevation change460

pattern in more details, we calculate height differences between461

the GPS measurements at Laohugou Glacier No.12 collected462

in 2012 and the SRTM-C DEM at corresponding locations.463

Fig. 7 illustrates altitude dependence of two groups of elevation464

change results derived from TDX DEM minus SRTM DEM465

(TDX-SRTM) and GPS minus SRTM DEM (GPS-SRTM), re-466

spectively. The two groups of results have a consistent trend467

over the past decades, in which more significant glacier melt-468

ing occurred in the ablation areas with lower altitudes, whereas469

glacier surface change was less at higher elevation. This could470

be interpreted as a result of increased mean temperature in sum-471

mer and decreased annual total precipitation that were recorded472

by field measurement in the western Qilian Mountains during473

the past decades [53], [54]. In addition, there are still slight474

differences between two groups of elevation change results,475

which might be attributed to the data sets of different time476

Fig. 7. Relation between altitude and elevation changes of the Laohugou
Glacier No.12 derived from TDX DEM minus SRTM DEM and GPS minus
SRTM DEM, respectively.

periods as well as the accuracy differences of differing instru- 477

ments. Furthermore, we estimate the mean elevation change of 478

−2.823 ± 1.065 m for the whole glacier area, and the rate of 479

mass depletion is –195.44 ± 73.82 mm w.eq.a–1 with the ice 480

density of 900 ± 17 kg m–3 [22]. 481

We evaluate uncertainty of these four different approaches 482

used for elevation change estimation, by calculating the statisti- 483

cal errors of elevation changes over the nonglacier regions with 484

(4), as shown in Table III. In general, the DiffPha method slightly 485

surpasses the DiffDem method, since the former has smaller 486

statistical values of three error parameters (see Table III). This 487

might be due to the DiffPha method directly estimate the ele- 488

vation changes from unwrapped differential phases and there- 489

fore it is not or less influenced by error sources involved in 490

DiffDem method such as absolute height offset correction and 491
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TABLE III
STATISTICAL ERRORS OF ELEVATION CHANGES OVER NONGLACIER REGIONS

FOR FOUR APPROACHES

Methods wRMSE (m) NMAD (m) e (m)

DiffPha with the Goldstein filter 1.014 0.591 1.174
DiffPha with the NL filter 0.912 0.550 1.065
DiffDem with the Goldstein filter 1.350 0.845 1.593
DiffDem with the NL filter 1.213 0.715 1.408

Fig. 8. Comparison of elevation change results of the glacier
G096497E39455N (the location is shown in Fig. 6). (a) DiffPha method with
the Goldstein filter; (b) DiffPha method with the NL filter; (c) DiffDem method
with the Goldstein filter; (d) DiffDem method with the NL filter; (e) profiles of
elevation change results of four methods used in this study from glacier terminus
[the blue line in (a) is the location of profiles].

DEM coregistration. Additionally, the NL filter is superior to492

the Goldstein filter, and the least overall error of 1.065 m is493

found in the glacier elevation change result by synergistic use494

of the Diffpha method and the NL filter. This might benefit from495

better performances of noise reduction, detail preservation, and496

coherence estimation from the NL filtering [48].497

Moreover, Fig. 8 illustrates the results over a glacier498

(No.G096497E39455N) from the four approaches of elevation499

change estimation, which is located in the dotted white rect-500

angle in Fig. 6. First, the results of the DiffPha methods [see501

Fig. 8(a) and (b)] are better than those of the DiffDem meth-502

ods [see Fig. 8(c) and (d)] in the aspect of noise reduction. The503

DiffDem methods seem to preserve more details in the glacier504

interior than the DiffPha methods, however, these false details of505

elevation changes in Fig. 8(c) and (d) might be the noise from506

the lower resolution of SRTM-C DEM which is used twice507

again after the differential phase is filtered (see Fig. 2). How-508

ever, in the DiffPha-based approaches, the filtered unwrapped509

differential phases are directly translated to elevation changes510

and are less affected by this SRTM-C DEM noises. Second, 511

through comparison of Fig. 8(a) and (b), the NL filter has a 512

better performance for noise reduction than the Goldstein filter. 513

This superior of the DiffPha method along with the NL filter 514

is also illustrated in comparisons of elevation changes along a 515

profile of the glacier, as shown in Fig. 8(e). 516

D. Correlation Between Glacier Elevation Changes and 517

Altitude 518

The local response of individual glaciers differs (see Fig. 6) 519

and the elevation changes show moderate spatial variations 520

that are mainly determined by glacier altitude, glacier slop, 521

glacier aspect, and glacier dynamics [55]. In order to ana- 522

lyze the correlation between glacier elevation changes and 523

altitude, we selected four largest glaciers in this study area 524

as shown in Fig. 6, which are the glaciers numbered with 525

G096497E39455N, G096544E39436N, G096580E39402N, 526

and G096697E39350N, respectively. Fig. 6 in the right part 527

shows the glacier elevation changes with the altitude along the 528

profiles for each selected glacier. We can find a definite trend of 529

negative correlation between glacier elevation changes and cor- 530

responding altitudes for each glacier, inferring that the glacier 531

altitude is one of key local controls on glacier mass balance in 532

this area. 533

V. DISCUSSION 534

The penetration of the radar signals into snow and ice remains 535

one of the major sources of uncertainty when using InSAR- 536

derived DEMs to estimate geodetic glacier mass balance [7], 537

[56]. Recently, an analysis of elevation changes derived from 538

radar and optical DEMs suggests that at accumulation areas 539

above 4000 m a.s.l. the TDX penetration can reach 4 m on 540

average in October and February, corresponding to a geodetic 541

mass balance bias of ∼1.66 m w.e. in an alpine glacier [25]. It 542

implies that this systematic error due to the radar penetration 543

might limit the use of the TDX DEM to derive glacier annual 544

mass balances when compared with DEM products from other 545

sources, e.g., optical stereo images or Lidar point clouds. 546

In this study, our focus is mainly on correction of the inter- 547

ferometric penetration difference between C-band and X-band 548

radar signals into glacier areas. Actually, a quantitative analysis 549

of elevation change uncertainty caused by this radar penetra- 550

tion difference is a large challenge when comparing the DEMs 551

generated from InSAR data acquired with different-wavelength 552

radars. A usual method is that a penetration depth value for 553

a certain wavelength of radar signal reported in literatures is 554

used as a proxy to reduce the influence of radar penetration 555

on glacier elevation change estimation [37]. In this study, we 556

adopted a more realistic method for compensating the penetra- 557

tion difference between SRTM-C and TDX radar signals. Due 558

to no X-band SRTM DEM available in the study area, a pair 559

of SRTM-C/X DEMs over the Danghenan Mountain glaciers 560

which was located 90 km southwest of the study area, was se- 561

lected to statistically estimate penetration differences. Indeed, 562

this penetration depth of radar signals might be influenced by 563

the various terrain and snow conditions over different areas. 564
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However, the two glaciated regions have similar glacier terrain565

and morphologic features (e.g., altitude ranges, glacier aspect)566

as well as comparable climatic conditions (annual precipitations567

and temperatures) [57], therefore it might imply a similar influ-568

ence of radar penetration on elevation change estimation for569

the two sites. Consequently, the mean value (1.470 m) of radar570

penetration differences was used for correcting glacier elevation571

change in this study. This statistical estimation is generally con-572

sistent with the literature [7], who reported mean values (vary-573

ing from 1.4 to 3.4 m) of the penetration difference between the574

X-band and C-band SRTM DEMs for different glaciers in the575

Pamir–Karakoram–Hengduan Shan regions.576

In addition, we estimate the standard deviation of approxi-577

mately± 3.01 m for the penetration differences between X-band578

and C-band radars over the observed glacier areas, which agreed579

generally with those reported in the previous studies [58]–[60].580

In most cases of mountain glaciers, this standard deviation might581

be relatively high which value is usually in order of some me-582

ters, due to highly variable penetration depths which strongly583

depend on glacier zone (altitude) and snow/firn/ice properties584

[61]. Therefore, if the variation of penetration difference is con-585

sidered as a term of uncertainty estimation for elevation changes,586

the uncertainty value should be larger than that in case of not587

considered. For instance, in our study the uncertainty value of588

elevation change increases to 3.17 from 1.01 m as obtained589

only according to (4). This also implies that the uncertainty of590

mass balance might be underestimated in several studies which591

neglected this term in their uncertainty estimation for glacier592

thickness changes [7], [62], [63].593

VI. CONCLUSION594

The presented study demonstrates that TSX/TDX bistatic In-595

SAR is a promising satellite remotely sensing method for mon-596

itoring surface topography and elevation changes in mountain597

glacierized regions. The first high-resolution and high-precision598

glacier surface topography in the western Qilian Mountain has599

been measured by using the TanDEM-X InSAR dataset ac-600

quired in November 2013. The accuracy assessment of the TDX-601

derived DEM with ICESat elevation data in flat off-glacier areas602

demonstrates that the NL filter is superior to the Goldstein filter603

in InSAR DEM generation and the absolute height accuracy604

is improved from 1.857 ± 1.709 m to 1.493 ± 0.747 m. Note605

that this superiority of the NL filter versus the Goldstein filter606

is only for the parameters investigated in this study and more607

assessment investigations are needed. In addition, the DiffPha608

method and the DiffDem method have been applied to estimate609

glacier elevation changes between the derived TDX DEM and610

the C-band SRTM DEM. Results show that the former surpasses611

slightly the later and the overall error is found to be 1.065 m in612

the results of glacier elevation change derived by synergistic use613

of the DiffPha method and the NL filter. We estimate mean eleva-614

tion change of−2.823± 1.065 m for the whole glacier area, and615

the rate of mass depletion is –195.44 ± 73.82 mm w.eq.a–1 .616

A clear surface thinning pattern can be found in most glacier617

tongue regions, with a maximum value of elevation lowering618

up to approximately −40 m, whereas a slight thickening was619

detected in accumulation areas. The glacier changes are gen- 620

erally in agreement with the height difference results between 621

GPS measurements and SRTM-C DEM. 622
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