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Abstract: An oceanic radar altimeter such as TOPEX/Poseidon (T/P) is typically for observing 15 
elevation changes over the open oceans or large inland lakes/rivers, with limited applications over 16 
solid earth due to its large footprint and susceptibility to waveform contamination and slope 17 
effect. Here we demonstrate that it is possible to construct a long-term time series of glacier 18 
elevation change from T/P-series radar altimeters over two flat surfaces near a glacier terminus 19 
and an icefield (Sites A and B, with slopes of 2° and 0.8°) in Mt. Tanggula, Tibet, at elevations over 20 
5400 m. We retracked radar waveforms using the subwaveform threshold algorithm, selected 21 
quality altimeter data (1/4 of the original) with nearly the same slope and adjusted the original 22 
elevations by fitting with a time-varying, 2nd order surface. The glacier elevation changes at the 23 
two sites from T/P (1993-2002) show seasonal elevation oscillations with linear rates at about -3 24 
m/year and abnormal seasonal changes around the 1997-98 El Niño. Site A is over a deep valley in 25 
southern Tanggula. Its elevation dropped about 30 m over 1993-2002 (from T/P) and the glacier 26 
almost disappeared by 2016 (from altimeters and satellite images). Despite the sporadic Jason-2 27 
and Jason-3 altimeter data, we also derived long-term rates of glacier elevation change over 1993-28 
2017. Landsat-derived glacier area and elevation changes near the two sites confirm the rapid 29 
glacier thinning from the altimeters. The glacier meltwater near Site A supplied increasing source 30 
water to Chibuzhang Co west of Mt. Tanggula, contributing partially to its accelerated rising lake 31 
level. The glacier thinning at Site B (icefield) was correlated with the increased discharge of the 32 
Tuotuo River in eastern Mt. Tanggula, a source region of the Yangtze River. The successful 33 
detection of glacier thinning at the two sites shows that T/P-series altimeters can serve as a virtual 34 
station at a flat glacier spot to monitor long-term glacier elevation changes in connection to climate 35 
change. This virtual station concept is particularly useful for inaccessible glaciers, but its 36 
implementation faces two challenging issues: increasing the volume of quality altimeter data and 37 
improving the ranging accuracy over a targeted mountain glacier spot.  38 
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 41 

1. Introduction 42 
Tanggula Mountains (Mt. Tanggula), at an average elevation of more than 5400m above sea 43 

level, are located at the borders of Tibet and Qinghai, largely covered with glaciers, seasonal snow 44 
and permafrost. Mt. Tanggula is the host to summer-accumulating mountain glaciers, and its 45 
meltwater flows into neighboring lakes such as Chibuzhang Co and Dorsoidong Co [1,2]. The 46 
glacier meltwater of Mt. Tanggula also contributes to the source water of the Yangtze River, the 47 
largest river in China [3]. Recent rises of temperature around Mt. Tanggula have accelerated 48 
melting of glacier here and raised the concern of lost water storage capacity in Yangtze’s source 49 
regions [3,4]. The melting of Tanggula glaciers is a typical example of worldwide glacier melts 50 
caused by global warming. Glacier melts can raise sea level [5], modify ecosystems and alter 51 
downstream hydrological systems, among other effects [6].  52 

There have been several studies on the glacier state of Mt. Tanggula using satellite imagery. 53 
For example, Pu et al. [7] examined the mass balance of the Dongkemadi glacier located near Mt. 54 
Tanggula, concluding that the trend of mass balance was positive during the period of 1989-1993, 55 
and was negative from 1994 onward, except for the large positive snow accumulation in 1997. In 56 
particular, the Dongkemadi glacier experienced a sharp decline since 1998, which was attributed to 57 
the increased glacier melt in summer. Furthermore, Qiao [1] used satellite imagery, digital elevation 58 
models (DEMs), and glacier inventories to analyze glacier area changes around Dongkemadi over 59 
different time spans, showing that the glacier area over the Dongkemadi glacier had declined 60 
persistently since the beginning of their data records. 61 

Satellite imagery is useful for detecting glacier area change, but it is limited in providing 62 
volume change when no elevation information is available. Satellite altimeter is one of many 63 
remote-sensing sensors that support the opposite function of satellite imagery: it can detect glacier 64 
elevation change, but not volume change without area information. There are two kinds of satellite 65 
altimeters, one based on radar and the other based on laser. There have been numerous radar-based 66 
satellite altimeters since the Seasat mission of 1978; information about these missions can be largely 67 
found on the popular altimeter web pages of the European Space Agency (ESA; 68 
https://www.esa.int/), Archiving, Validation and Interpretation of Satellite Oceanographic data 69 
(AVISO; https://www.aviso.altimetry.fr/) and the Jet Propulsion Laboratory (JPL; 70 
https://www.jpl.nasa.gov/). In contrast, there are only two laser-based altimeters to date, which are 71 
the Ice, Cloud, and Land Elevation Satellite (ICESat) mission 72 
(https://www.nasa.gov/mission_pages/icesat) and its successor ICESat-2 (launched in September 73 
2018). Both radar- and laser-based altimeters have been used to measure elevations over ice-covered 74 
surfaces. Because of its small footprint (about 70 m), ICESat has been used in several studies of 75 
mountain glacier elevation changes [4,8-10]. In comparison to a laser altimeter, a radar-based 76 
altimeter has much larger footprints, depending on the surface roughness. Because of the large 77 
footprints, radar altimeters are largely used over ice sheets, which are sufficiently flat for an 78 
altimeter to measure precise elevations. For example, Wingham et al. [11] measured elevation 79 
changes over Antarctic glaciers from 1995 to 2006 using the ERS-2 and Envisat radar altimeters. By 80 
contrast, only few radar altimeter studies of non-polar glaciers exist. One such example is Lee et al. 81 
[12], who used TOPEX/Poseidon (T/P) and Envisat altimeters to detect glacier elevation changes 82 
over the Bering Glacier system in Alaska. However, the glacier surfaces studied by Lee et al. [12] 83 
were flat and with favorable conditions for precise elevation measurements by the T/P and Envisat 84 
altimeters. In addition, over flat croplands in California’s Central Valley, North China Plain, and 85 
central Taiwan, radar altimeters have been used to determine land subsidence rates at the cm/year 86 
accuracy [13,14]. 87 

Compared to a radar altimeter like T/P that has an exact repeat period, ICESat’s repeat periods 88 
are not exact over Tibet. Thus, ICESat and T/P measure glacier elevation changes in different ways. 89 
This is illustrated in Figure 1. At an earlier epoch (marked in black), the three elevation differences 90 (∆ℎ௔ଵ, ∆ℎ௔ଶ, ∆ℎ௔ଷ) are the differences between the ICESat-measured elevations and the elevations 91 
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derived from a DEM such as one from the Shuttle Radar Topography Mission (SRTM; 92 
http://srtm.csi.cgiar.org/SELECTION/inputCoord.asp, see Section 3.1). The mean of the three 93 
elevation differences is the representative difference (or glacier elevation anomaly) for this epoch. 94 
At a later epoch (marked in red), the glacier surface has declined, resulting in another three 95 
elevation differences (∆ℎ௔ଵ, ∆ℎ௔ଶ, ∆ℎ௔ଷ) at different locations and a new representative difference. 96 
ICESat uses such representative differences to estimate the rate of glacier elevation change. Figure 97 
1b shows the ground tracks of T/P at an earlier epoch (in black) and a later epoch (in red). The two 98 
T/P tracks can have a lateral offset of up to 1 km (from P1 to P2), which is much less than the cross-99 
track distances of ICESat (Figure 1a). Although P2 is not exactly identical to P1 (the measured 100 
elevation at P1 is ℎଵ), the measured elevation at P2 (ℎଶ) can be easily reduced to an elevation at P1 101 
(P2’) using the terrain slope around here. Such slope-corrected elevation measurements (ℎଵ, ℎଶ ⋯) 102 
can be used to estimate the rate of glacier elevation change. Unlike the T/P tracks (Figure 1b), the 103 
ground tracks of ICESat (Figure 1a) are not repeated and the ICESat-derived elevation changes rely 104 
on both the ICESat measurements and a DEM. Thus, errors in the DEM, which may exceed 10 m in 105 
mountainous area [15], could propagate to errors in the ICESat-derived elevation changes.   106 

In theory, a repeat radar altimeter series such as T/P, Jason-1 (J1), Jason-2 (J2) and Jason-3 (J3) 107 
can provide along-track, long-term (1992 to present) glacier elevation changes at mountain glacier 108 
sites where elevations can be measured precisely and repeatedly. However, so far there is only one 109 
such study [12] over mountain glaciers. The rareness in radar altimetry study of mountain glacier 110 
gives rise to two questions: (1) can a radar altimeter like T/P detect elevation changes over alpine 111 
glaciers such as those over Mt. Tanggula? (2) if T/P can, how should its data be selected and 112 
processed to construct a reliable time series of glacier elevation change?  113 

As it happens, a pass of T/P #155 travels through glaciers in southeastern Mt. Tanggula. 114 
Another pass #242 flies over Chibuzhang Co, whose source water is at Mt. Tanggula (see Section 115 
4.1). The state of Mt. Tanggula glaciers may have affected the state of Chibuzhang Co lake level [3]; 116 
the latter can be assessed by the altimeter measurements from pass 242. Thus, the T/P altimeter data 117 
from these two passes are ideal for carrying out experiments to answer these two questions and to 118 
assess the consequence of Mt. Tanggula glacier change. This paper will also show the links between 119 
the rapid glacier decline of Mt. Tanggula, the rising lake level of Chibuzhang Co and the increased 120 
river discharge in the source region of the Yangtze River. Because there is no ground truth and no 121 
crossover point to validate glacier elevation changes from the T/P-series altimeters near Mt. 122 
Tanggula, we will use changes in glacier elevation and glacier area from Landsat images to assess 123 
the altimeter-derived result. 124 
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   125 
Figure 1. (a) Three non-repeat ICESat tracks and ICESat-derived elevation changes at an earlier epoch (in 126 
black) and at a later epoch (in red) over a glacier, (b) two ground tracks of TOPEX/Poseidon (T/P, from 127 
two cycles) belonging to the same repeat pass, with the measured elevations at P1 and P2. See the text for 128 
the explanations of the symbols in this figure.   The elevations and distances are not to scale. 129 

2. Satellite Data 130 

2.1 Radar Altimeter Data from the T/P-Series Satellites   131 
In this paper, we used the altimeter data along passes 155 and 242 of the T/P-series altimeters. 132 

The data were downloaded from the AVISO website (see Section 1). The original elevations from 133 
AVISO were improved using the waveform retracking method in this paper. A short introduction 134 
to the altimeter data we used and the waveform formats is given below. The T/P mission, launched 135 
in August 1992, is the first of the T/P-series satellites. We used T/P data only from cycles 11 to 364 in 136 
this study. The T/P data consist of geophysical data records (GDRs) at 10 Hz (~660 m along-track 137 
sampling interval) and sensor Data Records (SDRs) with 64 waveform gates. The retracking gate is 138 
24.5 for T/P. We also attempted to use data from the J1 mission, which was launched in September 139 
2002 and is the second of the T/P series. However, only few Jason-1 data over Chibuzhang Co can 140 
be used in this study, probably because the pre-set heights around Mt. Tanggula were not within 141 
the tracking windows of J1’s radar altimeter. In addition, several problems in the data processing of 142 
J1 rendered unreliable data over land [13-16]. In this study, the J1 altimeter data were used to fill 143 
lake level data gaps over Chibuzhang Co between the T/P and J2 records. 144 

The J2 mission was launched in July 2008 and is the third satellite in the series. We used J2 data 145 
from cycles 1 to 320 in this study. Like J1, J2 data consist of sensor geophysical data records 146 
(SGDRs) at 20 Hz (~330 m along-track sampling interval). A waveform of J2 has 104 gates and its 147 
default tracking gate is 32.5. Finally, the J3 mission was launched in January 2016 and is the fourth 148 
of the T/P-series satellites. We used J3 data from cycles 1 to 51 in this study. The waveform format 149 
of J3 is the same as that of J2. 150 

 151 
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2.2 Satellite Images from The Landsat-5/7 and Sentinel missions 152 
In this study, the satellite images for estimating glacier area changes are from Landsat-5 and -7. 153 

The Landsat-series missions provide satellite images at a 16-day interval. Landsat-5 was launched 154 
by NASA on 1 March 1984, and ended on 21 December 2011. Landsat-5 carried the Thematic 155 
Mapper to collect images with 7 wave bands ranging from 0.45µm to 12.5µm. Landsat-7 was 156 
launched on 15 April 1999 and continues its operation to date. Landsat-7 provides images with 8 157 
wave bands. However, the Scan Line Corrector of Enhanced Thematic Mapper Plus on Landsat-7 158 
malfunctioned on 31 May 2003, causing strips in the images acquired after this date. 159 

All Landsat-5/-7 images were downloaded from the EarthExplorer website of the U.S. 160 
Geological Survey (USGS; http://earthexplorer.usgs.gov/) in the GeoTiff format. In this study, the 161 
images covering Chibuzhang Co and Tanggula glaciers are in Landsat-7’s frames 139/37 and 138/37 162 
(path/row), respectively, given on the Word Reference System 2 grid. To transform planar 163 
information of glacial area change into vertical elevation change comparable to altimeters (Section 164 
3.3), we adopted a SAR-derived DEM as a proxy for conversion.   This DEM was constructed using 165 
two SAR images from Sentinel-1A (ESA, Section 1; the method is given in Section 3.3) around Mt. 166 
Tanggula. The two SAR images were acquired on Feb 19 and March 14, 2016, respectively, from a 167 
Sentinel-1 descending track. Their orbits are from the Copernicus POD Service [17,18] and have an 168 
average accuracy of 5 cm [19].  169 
 170 

 171 
3. Methods 172 

3.1 Detecting Glacier Elevation Change by T/P-Series Altimeters 173 
As stated in Section 1, pass 155 of the T/P-series satellites is over Mt. Tanggula. In theory, this 174 

pass can provide repeated, along-track glacier elevation measurements every 10 days over many 175 
glacier spots around Mt. Tanggula. But the reality is that, we can obtain reliable glacier elevation 176 
changes only at glacier spots where the slopes are sufficiently small and the selected elevation 177 
measurements can meet the conditions described below. In this paper, we identified two such 178 
spots, called site A and site B, to determine glacier elevation changes (Table 1). Figure 2 shows the 179 
locations of these two sites, the terrain and three catchment areas that provide source water to lakes 180 
and rivers around Mt. Tanggula. The terrain in Figure 2 is based on the Shuttle Radar Topography 181 
Mission (SRTM) DEM (in the EGM96 orthometric height system). SRTM DEMs are available at grid 182 
resolutions ranging from 1” to 15’. In Tibet, the finest grid resolution is 3” in version 2 prior to 2015. 183 
From our visual inspections of optical satellite images on Google Earth, Landsat images and the 184 
contours in Figure 2c and 2d, we conclude that Site A is close to a glacier terminus and site B is over 185 
an icefield. Table 1 shows the geodetic coordinates and the orthometric heights of the reference 186 
points for the two sites (see below for the definition of a reference point) and the elevation of 187 
Chibuzhang Co. In addition, the mean along-track terrain slopes at Sites A and B are 2.3° and 0.8°, 188 
respectively. Such small slopes make possible a successful construction of a time series of glacier 189 
elevation change at each of the two sites.   190 

Table 1. The geodetic coordinates of the reference points for Sites A and B and Chibuzhang Co 191 

Location Longitude, latitude  
(°)   

Elevation 
(m) 

Slope  
(°) 

Terrain type 

A 91.15, 33.17 5404 2.3 Glacier terminus 

B 91.21, 33.26 5594 0.8 Icefield 

Chibuzhang Co 90.21, 33.46 4941 0 Lake 
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 192 
Figure 2. (a) The terrain over Mt. Tanggula, Chibuzhang Co and its sister lake Dorsoidong Co. The 193 
glaciers, shaded in white, are defined by the Global Land Ice Measurements from Space (GLIMS) 194 
database (https://www.glims.org). The lakes (blue-shaded) are defined by GMT and Google Earth. (b) 195 
The ground tracks of T/P pass 155 (over Sites A and B) and 242 (over Chibuzhang Co). The red points 196 
show Sites A and B in Table 1. (c) The elevation contours and T/P pass 155 at Site A, and (d) Site B. The 197 
red polygons represent catchment basins around Mt. Tanggula. Partially, Basin I supplies source water to 198 
Chibuzhang Co, Basin II to the Yangtze River, and Basin III to Selin Co in Tibet (at about 31.81°N, 199 
89.01°E).   200 

A glacier height (in the orthometric height system, compatible with that of SRTM DEM) from 201 
altimeter measurements can be expressed as 202 𝐻௚ = ℎ௦௔௧ − 𝑅௔௟௧ − 𝑁ாீெ଴଼ − 𝐶  (1) 

where 𝐻௚  is the glacier elevation,  ℎ௦௔௧  is satellite’s geodetic height,  𝑅௔௟௧  is the radar range 203 
measurement, 𝑁ாீெ଴଼  is the geoidal undulation and 𝐶  is a term containing the following 204 
corrections: 205 𝐶 = 𝐶௖௢௚ + 𝐶௪௘௧ + 𝐶ௗ௥௬ + 𝐶௜௢௡௢ + 𝐶௦௢௟௜ௗ + 𝐶௣௢௟௘ + 𝐶௥௘௧௥௔௖௞ + 𝐶௦௟௢௣௘ + 𝐶௥௘ௗ  (2) 

The first six terms on the right-hand side of Equation (2) are corrections for center of gravity, 206 
wet tropospheric delay, dry tropospheric delay, ionosphere, solid earth tide and pole tide, which 207 
are provided in the GDRs of T/P and the SGDRs of the Jason series of satellites. The last three 208 
corrections are the radar range correction by waveform retracking (𝐶௥௘௧௥௔௖௞), the slope correction 209 
(𝐶௦௟௢௣௘) and height reduction for the geographical distribution of observation points (𝐶௥௘ௗ), which 210 
are determined in this paper and are explained in the methods below. (In fact, because a major 211 
uncertainty with 𝐶௦௟௢௣௘, this correction is not used, see below) 212 

We used two methods to determine glacier elevation changes at sites A and B from the T/P-213 
series satellites. Method 1, called the standard processing method, uses the approach of Lee et al. 214 
[12]. Method 2 is called the improved method, in which altimeter-measured elevations over glaciers 215 
are improved by waveform retracking, data selection and other extra steps (see below). Figure 3 216 
shows the procedures for both methods for processing the T/P-series altimeter data described in 217 
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Section 2.1. In Figure 3, the algorithms for “surface gradient correction” and “smoothing” for 218 
Methods 1 and 2 are the same. However, Method 2 adds few extra steps to select quality elevation 219 
measurements.  220 
  221 
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 222 
Figure 3. Flowchart for constructing time series of glacier elevation from T/P-series altimeters by two 223 
methods. The steps marked in blue and red cause major differences between the two time series. 224 
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It turns out the slope corrections over Mt. Tanggula are too large to be reliable. Thus, both 225 
Methods 1 and 2 do not apply slope correction. This is explained below.  First, the slope 226 
correction,𝐶௦௟௢௣௘, is [20] 227 𝐶௦௟௢௣௘ = 𝑅௔௟௧ − 𝑅௔௟௧𝑐𝑜𝑠 (𝛼)  (3) 

where 𝑅௔௟௧ is explained in Equation (1), and 𝛼 is the slope of the glacier surface. Around Sites A and 228 
B, we have determined the slopes around the radar measurement points using the 3” SRTM DEM 229 
(Table 1 and Figure 2). We found that the 𝐶௦௟௢௣௘ values at the raw radar measurement points (for all 230 
repeat cycles) can easily exceed 1000 m around Sites A or B. Other rugged terrains around Mt. 231 
Tanggula glaciers can have terrain slopes much larger than 2°, which result in unrealistically large 232 𝐶௦௟௢௣௘ values. Because 𝐶௦௟௢௣௘ may create huge uncertainties in the radar-measured glacier elevations, 233 
we decided not to apply this correction in this paper. Instead, we carefully select elevation 234 
measurements that have the same slopes around the reference points of Sites A and B.  Such 235 
elevation measurements have nearly the same slopes and nearly the same slope corrections (at a 236 
site), thus their slope effects can be reduced or even cancelled when differencing such elevation 237 
measurements for glacier elevation changes. This reduction of slope effect is an assumption that can 238 
be challenged but is useful for determining elevation change from repeat radar altimeter 239 
measurements with nearly the same slope over a mountain glacier spot.  240 

The height reduction 𝐶௥௘ௗ assumes that the difference between the elevation at a radar 241 
measurement point and that at the reference point (Table 1) is equal to the difference between the 242 
corresponding DEM-derived elevations [12-22]. Under this assumption, the height reduction is (for 243 
both Methods 1 and 2): 244 𝐶௥௘ௗ = 𝐷𝐸𝑀(𝜙଴, 𝜆଴) − 𝐷𝐸𝑀(𝜙, 𝜆) 

 (4) 

where 𝐷𝐸𝑀(𝜙଴, 𝜆଴) and 𝐷𝐸𝑀(𝜙, 𝜆) are the elevations at the reference point (at latitude 𝜙଴  and 245 
longitude 𝜆଴) and the measurement point (at 𝜙, 𝜆) from a DEM, respectively, directly provided in 246 
the GDRs and SGDRs without considering the off-nadir effect to the coordinates. In this paper, we 247 
chose to use the 3˝×3˝ (90 m) version of the SRTM DEM for the height adjustment in Equation (4). 248 
The needed elevations were computed from this SRTM DEM by the bilinear interpolation. Over 249 
high mountain glaciers like those in Mt. Tanggula, snowfall may affect the surface roughness and a 250 
radar’s penetration depth, which will in turn affect the precision of elevation measurements from 251 
the T/P-series satellites [12,14,16,21,23]. Hwang et al. [14] and Frappart et al. [16] pointed out that 252 
Ku-band backscattering coefficients from T/P may be used to correct for the backscattering effect on 253 
radar-measured elevations. However, Lee et al. [12] showed that there was no strong correlation 254 
between glacier elevation changes and T/P-series satellites’ Ku-band backscattering coefficients. As 255 
such, this study did not consider the effects of elevation change caused by variations in 256 
backscattering coefficient. The last step of data processing in Figure 3 is smoothing. Both Methods 1 257 
and 2 use the Gaussian filter with a window size of 0.5 years to smooth the time series of glacier 258 
elevation change from the T/P-series altimeters.  259 

As shown in the result section (Section 4.1), the glacier elevation changes from the two 260 
methods (Figure 3) are substantially different. The causes of the differences are attributed to the two 261 
different steps marked in blue (retracking) and red (quality data selection) in the methods. The 262 
causes are explained below.    263 
(a) Waveform Retracking 264 

Method 1 uses the threshold algorithm [24] to improve the range precision of the T/P-series 265 
altimeters. This algorithm is based on the OCOG method [25], which is a purely statistical method. 266 
Lee [22] suggested that a threshold value of 50% should be used over ice surfaces in the OCOG 267 
method. In contrast, Method 2 uses the subwaveform threshold algorithm [26] for waveform 268 
retracking. The subwaveform algorithm first determines a subwaveform of the full waveform that 269 
has the maximum correlation with a reference waveform [27]. The selected subwaveform is then 270 
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used to determine the retracking gate by the threshold algorithm [24]. We experimented with three 271 
threshold values, 10%, 20% and 50%, in the threshold algorithm. The use of a 50% threshold value is 272 
consistent with the suggestion of Lee [22] and results in glacier elevation changes that have 273 
minimum fluctuations, clear seasonal signals and trends of glacier elevation change correlated with 274 
the trends of glacier area change (Section 4.2). Thus 50% is the adopted threshold value for our final 275 
altimeter result. More details about the subwaveform threshold algorithm can be found in Yang et 276 
al. [26]. 277 
(b) Quality data selection 278 

The quality data selection in Method 1 is based on a simple 3-sigma criterion to remove 279 
outliers in the raw radar elevation measurements. That is, the standard deviation of the radar-280 
measured glacier elevations and their mean elevation for each cycle in a bin around the reference 281 
point (Table 1) are computed. An elevation measurement is rejected if its residual (raw elevation 282 
minus mean) exceeds three times of the standard deviation. A new standard deviation and mean 283 
are then determined without the outliers to detect more outliers. The detection is iterated until no 284 
outliers are found.  285 

In comparison to Method 1, Method 2 selects quality data in three steps: (1) removing 286 
erroneous elevation measurements, (2) selecting only elevation measurements on the same slope as 287 
that at the reference point (Table 1) (3) fitting the selected measurements by a 2nd order surface 288 
while removing outliers. The three steps are explained as follows. 289 

Step 1: removing erroneous measurements 290 
This step is based on the recommendations of Kääb et al. [8] and Chao et al. [4], who compared 291 

altimeter-measured elevations with those from a SRTM DEM to identify erroneous elevation 292 
measurements. Following their recommendations, an elevation measurement is considered 293 
erroneous and is removed if its absolute difference with the 3” SRTM DEM-derived elevation 294 
exceeds 150 m.   295 

Step 2: selecting only elevation measurement on the same slope  296 
In this step, we selected radar elevation measurements that are on the same slope, so that the 297 

slope effect can be canceled (see Equation (3)). In addition, glaciers not on the same slope may not 298 
have the same rate of elevation change [28] and they should not be used for a time series that is 299 
assumed to have a uniform changing rate. As shown in Figure 2c and 2d, pass 155 of T/P is not 300 
parallel to the directions of the steepest descents of the glacier terrains around Sites A and B. It is 301 
known that T/P’s repeat tracks can be off by 1 km with respect to a mean track. Thus, a raw 302 
elevation measurement can be over a spot where the slope (and slope correction) is substantially 303 
different from that near the reference point (Table 1), making the elevation measurement unsuitable 304 
for constructing an elevation time series.   We experimented with several methods to select same-305 
slope elevations. We reached a simple method for this as follows. Let 306 𝐻ଵ଴଴ = 𝑖𝑛𝑡[𝐻௥௘௙100 ] 

 
(5) 

be the integral number of the elevation of the reference point divided by 100 m. At a radar 307 
measurement point i, if  308 𝑖𝑛𝑡[ 𝐻௜100] =  𝐻ଵ଴଴  (6) 

then the altimeter elevation measurement is selected for further processing. In Equations (5) and (6), 309 𝐻௥௘௙ is the elevation of the reference point at Site A or B (Table 1) and 𝐻௜  is the elevation 310 
interpolated from the 3˝×3˝ SRTM DEM at point i.  311 
Step 3: Surface fitting and outlier removal 312 
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 In this step, each of the selected raw elevations (after step 2) from all repeat cycles in a bin is 313 
fitted by a function in time and space in the following observation equation [29, 30]: 314 𝐻௜௝(𝜙, 𝜆, 𝑡) + 𝑉௜௝ = 𝑎଴ + 𝑎ଵ(𝑡 − 𝑡଴) + 𝑎ଶ(𝜙 − 𝜙଴) + 𝑎ଷ(𝜆 − 𝜆଴) + 𝑎ସ(𝜙 − 𝜙଴)ଶ  + 𝑎ହ(𝜆 − 𝜆଴)ଶ + 𝑎଺(𝜙− 𝜙଴)(𝜆 − 𝜆଴) 

 

(7) 

where 𝐻௜௝(𝜙, 𝜆, 𝑡)  is glacier elevation from repeat cycle j at point i with geodetic latitude (𝜙 ), 315 
longitude (𝜆) (same as those in Equation (4)), and measurement time (𝑡), 𝑉௜௝ is the residual, 𝜙଴ and 316 𝜆଴ are the latitude and longitude of the reference point in a bin (Table 1), 𝑎଴  is the mean elevation of 317 
the bin, 𝑎ଵ is the initial rate of elevation change, and 𝑎ଶ 𝑡𝑜 𝑎଺ are the coefficients of a 2nd order 318 
surface model. In Equation (7), we assume that the altimeter elevation measurements from all 319 
repeat cycles must fall into a 2nd order surface that linearly changes with time. The 7 coefficients in 320 
Equation (7) were estimated by the method of least-squares requiring that the weighted sum of the 321 
squared residuals be a minimum. The weight for a raw measurement 𝐻௜௝(𝜙, 𝜆, 𝑡) is the inverse 322 
distance of this point to the reference point (Table 1). The actual least-squares method we used is 323 
robust and iterative. That is, after initially least-squares estimating the 7 coefficients in Equation (7), 324 
for every measurement we examined whether 𝑉௜௝ is three times larger than the a posteriori standard 325 
deviation. If this happened, the measurement was considered anomalous and was removed. After 326 
all such anomalous measurements were removed, we estimated the coefficients again. This process 327 
of parameter estimation and outlier removal was iterated until no outliers were found. After the 328 
surface fitting, the adjusted elevation for 𝐻௜௝(𝜙, 𝜆, 𝑡) was computed as 329 𝐻෡௜௝(𝜙, 𝜆, 𝑡) = 𝐻௜௝(𝜙, 𝜆, 𝑡) + 𝑉௜௝  (8) 

All the adjusted elevations in a repeat cycle j were then reduced to the elevations at the reference 330 
point using the height reduction in Equation (4): 331 𝐻௜௝(𝜙଴, 𝜆଴, 𝑡) = 𝐻෡௜௝(𝜙, 𝜆, 𝑡) + 𝐶௥௘ௗ  (9) 

By averaging all such elevations, we computed a representative elevation for the repeat cycle j: 332 𝐻ഥ(𝜙଴, 𝜆଴, 𝑡) = 1𝑛 ෍ 𝐻௜௝(𝜙଴, 𝜆଴, 𝑡)௡
௜ୀଵ  

 
(10) 

where n is the number of measurements. The elevation𝐻ഥ(𝜙଴, 𝜆଴, 𝑡) was used to construct the time 333 
series of glacier elevation change in this paper.  334 

3.2 Detecting Lake Level Change by T/P-Series Altimeters 335 
Pass 242 of T/P travels through Chibuzhang Co, where we computed lake level changes to see 336 

the hydrological consequence of Mt. Tanggula’s glacier melt (from pass 155) in Basins I and III 337 
(Figure 2). Our data processing procedure for lake level change is the same as the one used in 338 
Hwang et al. [2], and is summarized in four steps below.  339 
Step 1: Selecting altimeter data over Chibuzhang Co 340 

First, the GMT-defined lake polygon was used to determine Chibuzhang Co’s coverage and 341 
then a window was set for data selection. According to the experience in Hwang et al. [2], the 342 
altimeter data for a best result of lake level change should be those located as close as possible to 343 
the center of the lake to avoid land interference on altimeter waveforms. Thus, we selected only 344 
altimeter data that are 2 km away from Chibuzhang Co’s shores. 345 
Step 2: Determining lake elevations from T/P-series altimeters 346 

Like glaciers, a lake’s ellipsoidal height at a spot is the difference between the ellipsoidal height 347 
of the altimeter and the altimeter’s range measurement. To improve the ranging accuracy over 348 
Chibuzhang Co, we also used the same subwaveform threshold algorithm (see Method 2, Figure 3; 349 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 November 2018                   doi:10.20944/preprints201811.0347.v1

http://dx.doi.org/10.20944/preprints201811.0347.v1


 

 

Section 3.1) to determine the range corrections for the selected elevation measurements. However, a 350 
20% threshold value was used over Chibuzhang Co, instead of 50% that was used over glaciers. The 351 
use of 20% is based on the result of Hwang et al. [2] over many Tibetan lakes.   352 
Step 3: Excluding outliers using the 3-sigma criterion 353 

 To obtain reliable lake elevation measurements, we applied the 3-sigma criterion to exclude 354 
outliers. First, the standard deviation and the simple mean of the selected elevations in Step 2 were 355 
computed. We then examined the residual of each selected elevation. If the residual exceeded three 356 
times of the standard deviation, the elevation was disregarded and a new mean and a new standard 357 
deviation were computed. This iteration stopped when outlier was no longer found.  358 
Step 4: Averaging lake elevations 359 

 For each repeat cycle, the selected, outlier-free lake elevation measurements were used to 360 
compute an elevation at the center of the lake (its position is the same for all cycles). Because the 361 
length of pass 242 over Chibuzhang Co is short (Figure 2b) and the selected altimeter data are near 362 
the lake center, we neglected geoidal differences when averaging the elevation measurements to 363 
obtain the mean elevation. 364 

3.3 Detecting Glacier Area Change and Elevation Change by Landsat Imagery 365 
For comparison with the altimeter-derived glacier elevation changes, we determined area and 366 

elevation changes around Sites A and B using superimposed Landsat images. First, the two 367 
Sentinel-1A SAR images were used to construct a DEM using the procedure given in Figure 4.  368 
From each of the two Interferometric Wide Mode images, we selected one sub-swath image and 369 
then aligned the resulting images. Next, we performed the interferometry process to obtain phase 370 
differences, debursted the images and applied the Goldstein filtering to the interferograms. Then, 371 
we used the SNAPHU software [31-33] to unwrap the phases. The unwrapped phases were 372 
converted to elevations, which were then corrected for the range-Doppler terrain effect to obtain the 373 
final DEM.   374 

 375 
 376 

Figure 4. The numerical procedure for generating a DEM from two Sentinel-1A SAR images for 377 
Landsat derivation of glacier elevation near Sites A and B. 378 
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 379 
We determine whether a Landsat image pixel is over glacier using the steps below. 380 

Step 1：Computing the Top-of-Atmosphere (ToA) reflectance 381 
We selected cloud-free images over Mt. Tanggula to compute pixel-wise glacier coverages. For 382 

each pixel, first we computed the Top-of-Atmosphere (ToA) reflectance using [34] 383 𝐿ఒ = 𝑔𝑎𝑖𝑛 × 𝐷𝑁 + 𝑏𝑖𝑎𝑠  (11) 

where 𝐿ఒ is the radiance, 𝑔𝑎𝑖𝑛 and 𝑏𝑖𝑎𝑠 are the gain and bias for the Green or the mid-infrared 384 
band, and 𝐷𝑁 is the digital number of the pixel. Then we determined 385 𝜌ఒ = 𝜋 × 𝐿ఒ × 𝑑ଶ𝐸𝑆𝑈𝑁ఒ × 𝑐𝑜𝑠𝜃௦  (12) 

where 𝜌ఒ is the ToA reflectance (unitless), 𝑑 is the distance between the Earth and Sun, 𝐸𝑆𝑈𝑁ఒ is the 386 
mean solar exoatmospheric irradiance, and 𝜃௦  is the solar zenith angle.  387 
Step 2：Computing Normalized Difference Snow Index 388 

The ToA reflectance was used to compute the Normalized Difference Snow Index (NDSI) 389 
using  390 𝑁𝐷𝑆𝐼 = 𝜌ீ − 𝜌ெ𝜌ீ + 𝜌ெ  (13) 

where 𝜌ீ  and 𝜌ெ  are the reflectances in the green and mid-infrared bands from Equation (12). 391 
Following the recommendation of Cea et al. [35], we decided that if NDSI ≧0.4, then the pixel is 392 
over glacier. The resulting image was then compared with the original image to ensure the glacier 393 
coverage is correct.  In total, 58 Landsat images were used. The determinations of area change and 394 
elevation change were carried out in the following two separate steps: 395 
 396 
(1) Area change 397 
As shown in Figure 5c, for each image the glacier edge is detected using NDSI and the edge defines 398 
the glacier coverage at the image-acquiring time.  We selected the smallest glacier-coverage area 399 
during the dry season of a year to construct time series of glacier area change (Section 4.2). 400 
(2) Elevation change 401 
As shown in Figure 5d, we co-register the glacier edge with the DEM from Sentinel-1A. For each 402 
image, the glacier elevations at the pixels near the glacier edge are determined and averaged to 403 
produce a mean glacier elevation. The mean glacier elevations from the 58 Landsat images form a 404 
time series of imagery-derived glacier elevation changes, for comparison with altimeter-derived 405 
elevation changes in Section 3.1  406 
 407 
  408 
 409 
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 410 
Figure 5. The workflow that identifies glacier area and elevation in each Landsat image covering 411 
Site A (glacier terminus). (a) The Landsat-5 image without cloud cover in 1986 (for example). (b) 412 
NDSI map of a typical glacier (see Eq. 13). Warmer color indicates higher possibility of ice surfaces. 413 
(c) The glacier edge (white line) delineated from NDSI. (d) DEM derived from Sentinel-1A SAR 414 
images in 2016, overlapped with the glacier edge to approximate the height around the terminus. 415 

4. Results 416 

4.1 Glacier Elevation Changes from T/P-Series Altimeters 417 
First, we compare the glacier elevation changes derived from T/P-series altimeters by Method 1 418 

(Figure 6) and Method 2 (Figure 7). Figure 6 shows that the year-to-year variations in glacier 419 
elevation by Method 1 at Sites A and B are up to 500m, which are too large to be reasonable. By 420 
contrast, the elevation variations by Method 2 (Figure 7) are much smaller and the glacier 421 
elevations at the two sites declined at a steady rate. Therefore, we believe that only Method 2 can 422 
produce a reliable rate of glacier elevation change at the two sites. Method 1 uses a more relaxing 423 
selection criterion (see Figure 3) that results in more elevation observations, as compared to Method 424 
2. In addition, the number of raw J2 data points at Site A was small and there were only few J2 data 425 
points at Site B (not shown in Figure 7b). Because of the problem with Method 1, we process only 426 
T/P data. Thus, Figure 6 shows only the T/P result. In the following, we will only discuss the result 427 
from Method 2. 428 

Table 2 shows the rates of glacier elevation change by Method 2 and the rates of lake level 429 
change (the discussion about lake level change will be presented in Section 5.1). The rates of glacier 430 
elevation change from T/P at Sites A and B are close and both show that on average the glacier 431 
elevations dropped about 3 m per year during 1993-2002. Table 2 shows that only 22-27% of the raw 432 
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T/P altimeter data were selected at the two sites. The percentages of the usable J3 data are slightly 433 
lower than those of T/P, but J3’s data period (early 2016 to late 2017) is too short to draw a 434 
conclusion on J3’s usable data percentage. Again, only few raw J2 elevation measurements were 435 
found near the two sites. The low percentages (about 1/4 of the original) of the usable T/P and J3 are 436 
mainly due to the quality data selection procedure given in Section 3.1 (see Method2, Figure 3). In 437 
comparison to the low percentages of the usable T/P data over the two glacier sites, the percentage 438 
over Chibuzhang Co is much higher (69%, Table 2). 439 

Despite the data volumes with J2 and J3 data at Site A, we estimate the rate from T/P, J2 and J3 440 
over 1993-2017 and the resulting rate is -3.57±0.15 m/year, which is consistent with the T/P-only rate 441 
(-3.71±0.30; Table 2) over 1993-2002.  At Site B, the rate from T/P and J3 is -1.45±0.17 m/year over 442 
1993-2017 (no J2 data were used), compared to -3.08±0.20 m/year from T/P only. There was no 443 
winter glacier high in 1997-1998 at Site A and there were large glacier elevation fluctuations at Site 444 
B in the spring of 1998 (by T/P) and in the summer and fall of 2017 (by J3). A possible link of such 445 
abnormal glacier elevation changes to the 1997-1998 El Niño and the lake level of Chibuzhang Co 446 
will be discussed in Section 5.1.  447 
  448 
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 449 
Figure 6.  Glacier elevation changes from T/P over 1993-2002 by Method 1 at Site A (blue line), same, but 450 
at Site B (red line). 451 

  452 
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 453 
Figure 7. (a) Glacier elevation changes from altimeters over 1993-2017 by Method 2 at Site A, and (b) Site 454 
B.  455 

 456 

Figure 8. A 2016 Google Earth image with an added coordinate frame, showing that Site A (red dot) is 457 
over a deep valley, where glaciers below the T/P ground track (in green) almost disappeared by 2016. 458 
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 459 

Site A is over a deep valley (see Figure 8), where the Google Earth images over 1984-2016 show that 460 
glaciers below the footprint of T/P at Site A almost vanished by 2016. That is why the J3-derived glacier 461 
elevations in Figure 7a are flat: the observed elevations near 2016 are almost over non-glacier surface, 462 
thus showing no continuous declines as seen over a surface with melting glacier. By contrast, Site B is 463 
over a large icefield with fluctuating elevations affected by glacier melt. Again, at Site B, there were large 464 
elevation fluctuations in 1997-1998 and 2017 (Figure 7b), which require more investigations about the 465 
potential causes. One likely cause of the large oscillations in glacier elevation is the rising temperature 466 
and increased rain that may have roughened the glacier surfaces; such surfaces may have led to 467 
contaminated waveforms beyond repair by the subwaveform retracking (Section 3.1). Altimeter-detected 468 
large oscillations over Bering Glacier in Alaska were also reported by Lee et al. [36].  469 

 470 

Table 2. Altimeter-derived rates of glacier and lake elevation changes   471 

Site 
Usable data 

(T/P, %) 
Rate 1993-2002 

(m/year) 
Rate 1993-2017 

(m/year) 
Amplitudea    

1993-2002 (m) 

A 27 -3.71±0.30  -3.57±0.15 6.61±1.18 

B 22 -3.08±0.20 -1.45±0.17  1.10±0.83 

Lake 69  0.15±0.05b 0.41±0.01c 0.73±0.02 

aAmplitude of annual variation 472 
bRate from T/P for Chibuzhang Co only 473 
cRate from J1, J2 and J3 over 2003-2017 for the Chibuzhang Co-Dorsoidong Co lake system (see Section 5.1) 474 

4.2 Comparison with the Landsat-Derived Area and elevation Changes  475 
The Method 2 altimeter results at Site A and B are compared with the Landsat-derived area 476 

and elevation changes (see Section 3.3). Figure 9 shows two Landsat images in 1986 and 2015 over 477 
Mt. Tanggula. These two images show that Site A is near a retreating glacier terminus to its south 478 
and Site B is over an icefield (see also Figure 2d) and near a retreating glacier to its northeast. 479 
Several other glacier terminuses on these two images also show signs of glacier area losses. Table 3 480 
shows the glacier area changes over different periods from 1986 to 2015 from the Landsat imagery. 481 
The glacier area changes near Site A in all periods of 1986-2015 were negative, but the area changes 482 
near Site B fluctuated between -0.4 km2 and 0.3 km2. In the processing of Landsat-series imagery, we 483 
calculated the minimum of the annual snow/ice area from as many cloud-free images as possible. 484 
We assume that this minimum area was not affected by snow cover. However, some satellite 485 
images failed to deliver results over Site A due to cloud covers that made it difficult to identify 486 
snow coverages using Equation (13). 487 

Because the footprints of the T/P altimeters at Sites A and B are not right at the glacier edges 488 
(note that Landsat-based elevation changes are based on glacier edges), we computed elevation 489 
changes at two sub-regions of A (A1 and A2) and B (B1 and B2), as shown in Figure 10(a).  Figure 10 490 
b, c, and e show the yearly changes in glacier elevation derived from Landsat. Both Landsat-based 491 
elevation changes at A and B show declining trends since 1986, but with magnitudes of thinning 492 
smaller than those from altimeters (Figure 7). For example, the Landsat-derived thinning rate is -493 
1.20 m/year (A2), compares to -3.71 m/year (from T/P). The Landsat-derived rates at B are smaller 494 
than those at A1 and A2 and have larger fluctuations. Furthermore, both the Landsat and altimeter-495 
derived rates show larger elevation oscillations at Site A than B. The potential causes of the 496 
differences between the rates from satellite altimetry (Figure 7) and Landsat imagery (Figure 10) 497 
are: (1) An altimeter-derived rate of glacier elevation change is the rate over footprints with a 1-km 498 
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radius [37], whereas the Landsat-derived rate is near glacier edges with elevations from glacier-499 
depleted ground to the border of the area under consideration (see Figure 11a. In summary, both 500 
the satellite altimetry and imagery result in this paper show thinning of glaciers at Sites A and B, 501 
despite different rates of thinning caused by the natures of these two sensors. 502 
 503 

 504 
Figure 9. Two sample images of Landsat over Mt. Tanggula. (a) Landsat-5 image in 1986 and (b) Landsat-505 
8 image in 2015. These two images show reductions of glacier areas near sites A and B and other glacier 506 
terminuses between 1986 and 2015. 507 

Figure 11a and 11b show the time series of annual minimum glacier area around Sites A and B. 508 
At Site A, the glacier areas declined almost monotonically, except the slight increases in 1987, 1998-509 
1999 and 2010-2016. At Site B, the pattern of glacier area changes is different from that at Site A: the 510 
mean rate of glacier area change at Site B was negative before the spring of 2005 and the mean rate 511 
became positive over 2005-2015. However, the mean rate of area change at Site B over 1986-2015 512 
was negative. In addition, the glacier area changes at Site B have larger oscillations than those at 513 
Site A.   514 

The Landsat imagery delivers only yearly minimum glacier areas without seasonal area 515 
changes (see Section 3.3). In contrast, the T/P-series altimeters can produce clear seasonal elevation 516 
changes because of its 10-day repeated observations (subject to the usable data due to the quality 517 
data selection). From Figure 7 and 11, we can draw the following conclusions: (1) the glacier 518 
elevation changes at Site A from the T/P-series altimeters (Figure 7a) were positively correlated 519 
with the Landsat-derived glacier area changes (Figure 11a); (2) At Site B, the glacier elevation 520 
changes from T/P (1993-2002) were positively correlated (Figure 7b) with the glacier area 521 
changes(Figure 11b), but it is not clear how the correlation behaved after 2003 because there was no 522 
J1 and J2 altimeter data and the J3 record was short. In summary, the Landsat result has largely 523 
confirmed the glacier elevation declines at Sites A and B detected by the T/P-series altimeters. 524 

Table 3. Estimated glacier area changes (km2) from Landsat imagery over different periods   525 

Site  1986-2015 1986-1993 1993-2002 2001-2015 1999-2000 
A -0.9 -0.2 -0.3 -0.4 -0.6 
B  0.0  0.0 -0.2  0.3 -0.4 
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 526 
Figure 10. (a) The locations of sub-areas A1, A2 (for Site A), B1 and B2 (for Site B) where rates of glacier 527 
elevation change are determined by Landsat images, (b) (c) Rates at A1 and A2 over Site A, (d) (e) Rates 528 
at B1 and B2 over Site B.                                            529 
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 530 
Figure 11. Glacier area changes around (a) Site A, and (b) Site B. Inserted are sample Landsat glacier 531 
images (in white) at the two sites. 532 

 533 

5. Discussion 534 

5.1 Glacier declines and rises of Chibuzhang Co Lake Level and Tuotuo River Discharge 535 
Chibuzhang Co and Dorsoidong Co are located west of Mt. Tanggula (Figure 2; the two lakes 536 

are jointly named Chibuzhang Co in this paper). It is known that the levels of two lakes were 537 
affected by the glacier melt of Mt. Tanggula [3, 38, 39]. This study also used the T/P-series altimeter 538 
data to detect lake level changes of Chibuzhang Co (Section 3.2); the result is shown in Figure 12. 539 
Both the time series of glacier elevation change (Figure 7, T/P only) and lake level change (Figure 540 
12, T/P, J2 and J3) show clear seasonal variations, but the two time series have opposite trends. In 541 
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general, the glacier elevation of Mt. Tanggula is the highest in late winter (northern hemisphere), 542 
and the lowest in late summer. In contrast, the lake level of Chibuzhang Co is the highest in 543 
summer and the lowest in winter. The summer lake level highs of Chibuzhang Co are partially 544 
caused by Mt. Tanggula’s glacier melt and partially caused by rain in Basin I (Figure 2a).   545 

As shown in Figure 2b, the distance between T/P pass 242 (lake center) and a nearest 546 
equilibrium line of Mt Tanggula glaciers in Basin I is about 92 km, and the distance between this 547 
nearest equilibrium line and Site A is about 16 km. Although Site A belongs to Basin III (Figure 2b), 548 
rather than Basin I, Site A’s short distance to Basin I implies that the glacier elevation variations 549 
observed at Site A (Basin III) should be highly correlated with those in Basin I. That is, the T/P-550 
observed glacier melts at Site A may signify glacier melts in Basin I that in turn led to the increase of 551 
Chibuzhang Co’s lake level seen in Figure 12.  552 

 553 
Figure 12. Time series of lake level change of Chibuzhang Co from T/P-series altimeters over 1993-2017, 554 
overlapped with glacier elevation changes at Site A. 555 

The result in Figure 12 shows that the rate of lake level rise in Chibuzhang Co is 0.15±0.05 556 
m/year over 1993-2002 (T/P only), increasing to 0.41±0.01 m/year over 2003-2017 (Table 2). That is, 557 
the rate in the latter period (2003-2017) is almost three times the rate in the former period (1993-558 
2002), implying an accelerated supply of source water to Chibuzhang Co. This result supports the 559 
hypotheses of Tseng et al. [3] and Jiang et al. [38], who proposed that global warming has increased 560 
the snowmelt of Tanggula glaciers, which then led to the connection between Chibuzhang Co and 561 
Dorsoidong Co between 2006 and 2008. From Figure 12, we speculate that Mt. Tanggula’s persistent 562 
glacier melt at Site A (Figure 7a) has caused a steady increase of Chibuzhang Co’s lake level and 563 
flooded Dorsoidong Co to make the two lakes connected (the elevation of Chibuzhang Co was 564 
higher than that of Dorsoidong Co before 2006). Figure 12 seems to show that the lake level of 565 
Chibuzhang Co dropped some time in 2003 when the J1 record began. This drop may indicate the 566 
merger of Chibuzhang Co and Dorsoidong Co in 2003 (note: not 2006-2008 as proposed by Tseng et 567 
al. [3] and Jiang et al. [38]). Furthermore, the large lake level fluctuations from T/P (1993-2002) can 568 
be explained by the merger of the two lakes. That is, before the two lakes were merged, only 569 
Chibuzhang Co received meltwater from Mt. Tanggula, resulting in large lake level fluctuations 570 
due to a relatively small lake volume. As the total lake volume increased by the merging, the same 571 
amount of meltwater caused less lake level oscillations in the Chibuzhang Co-Dorsoidong Co lake 572 
system. To quantify the effect of lake volume change on the lake level fluctuations, we determined 573 
the areas of the three lakes, which are 438, 120, and 393 km2 for   Dorsoidong Co, the middle lake 574 
(with pass 242, Figure 2b) and Chibuzhang Co, respectively. This implies that the middle lake is 575 
about 23% of Chibuzhang Co. The channel from this lake to the main body of Chibuzhang Co may 576 
be blocked occasionally to become an independent lake. It is suspected that, during 1992-2002, the 577 
channel was blocked and the middle lake was isolated from main Chibuzhang Co. Because of the 578 
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relatively small area of the middle lake and the potential isolation from Chibuzhang Co, the middle 579 
lake has experienced large lake level fluctuations in the T/P era seen in Figure 12.   580 

It is likely that increased rain and temperature-induced glacier melt have contributed to the 581 
rises of lake levels of Chibuzhang Co (Figure 12). This is discussed in several studies. For example, 582 
Pu et al. [5] and Chao et al. [4] showed that rain increased at rates of 2.714 and 2.285 mm/year over 583 
1988-1999 and 1966-2013, respectively, at the Tuotuo River meteorological station near Mt. 584 
Tanggula.  In addition, Chao et al [4] showed an increasing rate of 0.032 °C/year in temperature over 585 
1979-2007 at the Tuotuo River station. 586 

As discussed in Section 1, the mass balance of Xiao Dongkemadi glacier (near Mt. Tanggula) 587 
has been studied by Pu et al [5], who found that the elevation of Xiao Dongkemadi’s snow 588 
equilibrium line increased in 1997, but decreased suddenly in 1998. Pu et al. [7] speculated that the 589 
dramatic elevation oscillations of the snow equilibrium line were caused by the 1997-98 El Niño. 590 
The lake level time series in Figure 12 has an anomalously high value in the summer of 1998. This 591 
high may be associated with the sudden elevation rise of the snow equilibrium line in the summer 592 
of 1998, which implies more meltwater to enter Chibuzhang Co.  In addition, Figure 7 shows 593 
several anomalous glacier elevation changes around 1997-1998. First, at Site A (Figure 7a) the 594 
glacier elevation was especially large in the winter of 1996-1997, and there was no glacier high in 595 
the winter of 1997-1998. Instead, the peak glacier elevation at Site A occurred in the spring of 1998 596 
(in a regular spring the glacier should be low). Furthermore, at Site B (Figure 7b) there was a large 597 
glacier elevation drop in the spring of 1998, concurring with a sudden increase of the Chibuzhang 598 
Co lake level (see Figure 12). The difference between the patterns of glacier elevation change at Sites 599 
A and B around 1997-1998 could be due to the fact that Site B is on the windward side of the east 600 
Asia monsoon winds in spring and Site A is on the leeward side. The windward side (Site B) may 601 
have experienced large fluctuations in temperature and precipitation around 1997-1998 that led to 602 
large glacier elevation oscillations, which in turn roughened the glacier surfaces to increase T/P’s 603 
ranging noise level.  These episodic elevation changes in glacier and lake over Mt. Tanggula are 604 
more likely to be detected by a series of repeat altimeter missions than by a non-repeat mission like 605 
ICESat.   606 

Our final discussion is on river discharge affected by the glacier melt of Mt. Tanggula. In 607 
Figure 13, we overlap the glacier elevation changes (Figure 5b) with the annual discharges [4] of the 608 
Tuotuo River collected at the Tuotuo River gauge station (at 34.22°N, 92.44°E) up to 2012; beyond 609 
2012, no river discharge is available to this study. A detailed discussion on the Tuotuo River 610 
discharges and ICESat-derived elevation changes of Geladandong glaciers over 2003-2009 has been 611 
given by Chao et al. [4]. The river discharges in Figure 13 show an increasing trend that is likely due 612 
to the increased glacier meltwater from Mt. Tanggula, as explained by Chao et al. [4]. However, 613 
ICESat provided glacier elevations only between 2003 and 2009. On the other hand, T/P has 614 
provided continuous glacier elevation changes from 1993 to 2002 (Figure 13) that were negatively 615 
correlated with the river discharges. That is, T/P has filled the missing glacier elevation records 616 
before 2002 and helped ICESat to explain the increased river discharges of the Tuotuo River from 617 
1993 to 2009, potentially due to global warming. If we had glacier elevation changes from J1 and J2 618 
(2003-2016), a long-term relation between glacier melt and river discharge could have been 619 
established.  620 
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 621 
Figure13. Annual river discharges from 1990 to 2012 at the Tuotuo river station near the source region of 622 
the Yangtze River (Basin II, Figure 2a), overlapped with the glacier elevation changes at Site B (Figure 7b). 623 

5.2 Effective Elevation Measurements From T/P and ICESat Over Mt. Tanggula 624 
The T/P-series altimeters are radar-based altimeters originally designed for oceanic studies. In 625 

this study, we extend their oceanic function to detecting elevation changes near a glacier terminus 626 
and an icefield over Mt. Tanggula. Although these radar altimeters have shortcomings compared to 627 
ICESat, they have detected glacier elevation changes over terrains like those at Sites A and B; such 628 
results could be achieved by ICESat only if ICESat had a repeat pass there. Here we briefly compare 629 
the results of lake level and glacier height monitoring by the T/P-series radar altimeters and by the 630 
ICESat laser altimeter. First, ICESat has the advantages of wide spatial coverage, small illuminated 631 
footprint, and high ranging accuracy. However, the GLAS laser onboard ICESat had problems in 632 
2003, so that ICESat had no repeat measurements over Tibet during its entire mission. Thus, one of 633 
ICESat’s weaknesses is its coarse temporal resolution in Tibet. For example, Chao et al. [4] used 634 
ICESat to detect glacier elevation of the entire Mt. Tanggula, resulting in only 17 time-lapsed 635 
elevations that were used to determine rates of glacier elevation change from 2003 to 2009. In 636 
addition, some regions in Tibet may be visited by ICESat in only one season in a year.  637 

In comparison to ICESat, the T/P-series altimeters delivered 96 effective elevations at site A, 638 
which show clear seasonal glacier elevation changes (Figure 7a). Although ICESat was able to 639 
detect lake level changes over Chibuzhang Co and Dorsoidong Co [3,39], ICESat delivered only 17 640 
effective lake level observations over 2003-2009 and was unable to detect seasonal lake level 641 
oscillations in the two lakes. In contrast, the T/P-series altimeters delivered 246 effective 642 
observations over Chibuzhang Co from 1993 to 2017. Thus, if a flat glacier spot or a lake is visited 643 
by the T/P-series altimeters, elevation changes here at time scales from months to years can be 644 
detected. Finally, by our quality data selection criteria we selected ¼ of the raw T/P measurements 645 
for our glacier study. Thus our usable T/P data rate is one observation every 40 days, similar to the 646 
data rate of Envisat (one observation every 35 days if all Envisat data are usable over mountain 647 
glaciers). 648 

 649 
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6. Conclusions 650 
This study is the first of this kind to detect glacier elevation changes and long-term trends over 651 

a difficult terrain like Mt. Tanggula by oceanic radar altimeters. The implication is that, with an 652 
improved data processing technique, we can use radar altimeters to observe seasonal, inter-annual 653 
and secular changes over inaccessible glaciers in regions such as the Himalayas, the Pamirs, the 654 
Karakoram, and many other regions covered with mountain glaciers. Such glacier elevation 655 
changes will be useful in examining the consequences of regional climate changes and help to 656 
analyze the trends of glacier source water for regions that depend on glaciers for water supplies. At 657 
Sites A and B, the T/P-series altimeters are like virtual stations that provide continuous, long-term 658 
glacier elevation changes in connection to climate change, and help to explain the variations in lake 659 
level and river discharge.  660 

Obtaining the result reported in the paper is not without effort: every effort should be made to 661 
select the best altimeter data, retrack waveforms for better ranging precisions and correct for the 662 
terrain effect. About ¼ of the raw T/P elevation measurements at Sites A and B can be used for 663 
glacier elevation determination, but only a small amount of J2 data can be used for this purpose. 664 
The usable data volume of J3 is improved over J2, but is still less than that of T/P. T/P’s success in 665 
yielding sufficiently large usable data volumes at Sites A and B suggests that the responsible agency 666 
of a future altimeter mission should consider using an altimeter similar to TOPEX and fine-tuning 667 
the altimeter’s tracking and retracking algorithms to maximize the number of effective elevations 668 
over a difficult terrain like the glaciers of Mt. Tanggula. In summary, increasing the volume of 669 
quality altimeter data and improving the radar ranging accuracy remain two challenging issues 670 
when implementing the concept of altimeter-based, virtual glacier station. 671 
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