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Abstract

Satellite radar altimeters have been used to monitor sea level changes and ice sheet elevation changes for more than 3 decades.

Over mountain glaciers, radar altimetry has limited applications due to contaminated radar waveforms caused by complex glacier

surfaces and steep terrains. In this study, we develop a glacier-threshold method (GTM) to determine glacier elevation changes

over mountain glaciers in Alaska. The GTM can detect and remove invalid elevation observations from the TOPEX/Poseidon

(T/P) and Jason-2 (J2) altimeters, creating usable elevation observations from 16–92% of the raw observations. The selected

elevations are used to construct long-term time series of Alaskan glacier elevation changes over 1993–2002 (T/P) and 2008–2016

(J2) at 47 sites. A crossover analysis and a Lidar comparison confirm the result from T/P and J2. Our finding shows that most

of the Alaskan glaciers studied have continued to decline in recent years. The largest declining rate is -11.06 ± 0.35 m/yr over

Klutlan Glacier, followed by Chitina Glacier at -8.82 ± 0.12 m/yr. Glacier thickening occurred in some accumulation zones,

such as Hubbard Glacier and Logan Glacier, and also at some glacier terminuses. The mechanisms of these elevation changes

are discussed using climate datasets. It is suggested that changes in environmental factors such as precipitation, air temperature

and sea water temperature influence the shifts in the trends of glacier elevation changes. A sophisticated processing system and

altimeter data from repeat missions can facilitate long-term monitoring of small-scaled glaciers for a better understanding of

glacier dynamics.
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Abstract 24 

Satellite radar altimeters have been used to monitor sea level changes and ice sheet elevation changes 25 

for more than 3 decades. Over mountain glaciers, radar altimetry has limited applications due to 26 

contaminated radar waveforms caused by complex glacier surfaces and steep terrains. In this study, we 27 

develop a glacier-threshold method (GTM) to determine glacier elevation changes over mountain 28 

glaciers in Alaska. The GTM can detect and remove invalid elevation observations from the 29 

TOPEX/Poseidon (T/P) and Jason-2 (J2) altimeters, creating usable elevation observations from 16–30 

92% of the raw observations. The selected elevations are used to construct long-term time series of 31 

Alaskan glacier elevation changes over 1993–2002 (T/P) and 2008–2016 (J2) at 47 sites. A crossover 32 

analysis and a Lidar comparison confirm the result from T/P and J2. Our finding shows that most of 33 

the Alaskan glaciers studied have continued to decline in recent years. The largest declining rate is -34 

11.06 ± 0.35 m/yr over Klutlan Glacier, followed by Chitina Glacier at -8.82 ± 0.12 m/yr. Glacier 35 

thickening occurred in some accumulation zones, such as Hubbard Glacier and Logan Glacier, and 36 

also at some glacier terminuses. The mechanisms of these elevation changes are discussed using 37 

climate datasets. It is suggested that changes in environmental factors such as precipitation, air 38 

temperature and sea water temperature influence the shifts in the trends of glacier elevation changes. 39 

A sophisticated processing system and altimeter data from repeat missions can facilitate long-term 40 

monitoring of small-scaled glaciers for a better understanding of glacier dynamics. 41 

 42 

Plain Language Summary 43 

Satellite radar altimetry is an important observation technology to determine changes in surface 44 

elevations. However, altimeter measurement accuracy is very sensitive to terrain complexity, 45 

especially over mountain glaciers. Here we present a glacier-threshold method (GTM) to investigate 46 

the glacier elevation changes in Alaska, using TOPEX/Poseidon (T/P) and Jason-2 (J2) altimeter 47 
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measurements. Internal and external accuracy assessments show the GTM enables us to retrieve 48 

precise changes in glacier elevations and improve the usable rate of original radar observations. During 49 

the recent study period, the vast majority of Alaska glaciers are rapidly declining. The maximum 50 

declining rate reached 11.06 ± 0.35 m/yr near Klutlan Glacier. But in some glacier accumulation areas 51 

and glacier tongues, the glacier elevations were rising. A climate factor analysis shows that the changes 52 

in precipitation, air temperature and sea water temperature are responsible for the asynchronously 53 

spatio-temporal glacier elevation changes. All these findings from the repeat-track radar altimetry and 54 

the GTM help to improve our knowledge about Alaska glacier processes. 55 

 56 

Keywords: Alaska glaciers, Altimeter, Environmental change, Jason-2, TOPEX/Poseidon, Waveform 57 

retracking  58 

  59 
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1 Introduction 60 

There are more than 10,000 glaciers in Alaska, 98% of which are retreating and thinning (Molnia, 61 

2007). Glaciers in Alaska began to retreat as early as in the 18th century, and some small glaciers have 62 

disappeared in the 20th century (Molnia, 2008). A recent study shows that Alaska’s rapidly melting 63 

glaciers contributed to one third of the global sea level rise over the past half century (Zemp et al., 64 

2019). Mass losses associated with Alaska glacier melting have been detected by the Gravity Recovery 65 

and Climate Experiment (GRACE) data. Luthcke et al. (2008); (2013) first used GRACE mascon 66 

solutions to confirm significant mass losses in Alaska, similar to the results from the solutions using 67 

spherical harmonic expansions (Jacob et al., 2012; Gardner et al., 2013; Wouters et al., 2019). The 68 

latest time-varying gravity observations of GRACE and GRACE Follow-On show that the glacier-69 

induced mass losses are intensifying with a loss rate of -72.5 ± 8 Gt/yr (Ciracì et al., 2020). However, 70 

the GRACE gravimetry data over the Alaska mountain glaciers reflect only large-scale mass changes 71 

due to its coarse spatial resolution (~350 km) (Wang et al., 2012). In contrast, satellite imagery can 72 

provide small-scale, two-dimensional and three-dimensional changes of mountain glaciers, which can 73 

play a critical role in quantifying glacier discharge and the mass balance here (Berthier et al., 2010; 74 

Heid and Kääb, 2012; Brun et al., 2017; Dussaillant et al., 2019). However, the temporal resolution 75 

of satellite imagery can be easily altered by cloud covers, resulting in incomplete seasonal observations 76 

of glacier dynamics, and potentially incorrect long-term trends. In order to detect glacier changes at a 77 

smaller scale than GRACE, and to ensure the establishment of a continuous and robust time series, a 78 

different sensor, such as satellite altimetry, becomes necessary. 79 

At present, there are two types of satellite altimeters, namely laser and radar altimeters. A laser 80 

altimeter, such as Ice, Cloud, and land Elevation Satellite (ICESat), has a small illuminating footprint 81 

of about 70 m, which is less affected by rough terrains compared to radar altimeters. The ICESat 82 

altimeter can measure glacier heights at a near-repeat spot for about 3–4 times a year, but only limited 83 

observations has been made over Alaska (Muskett et al., 2008). Kääb et al. (2012) measured the 84 
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variations in mountain glacier elevations over the Himalayas using ICESat. Gardner et al. (2013) 85 

estimated glacier mass changes using ICESat and showed the contribution of global glacier melting to 86 

sea level rise. Current studies using GRACE or ICESat showed that most mountain glaciers in Alaska 87 

were melting during 2003–2009. ICESat-2, launched in 2018, continues ICESat observations to extend 88 

the elevation records of global glaciers (Neumann et al., 2019). Despite the high-accuracy heights in 89 

mountainous areas from ICESat/ICESat-2, the rates of glacier elevation change estimated from the two 90 

altimeters still contain large uncertainties due to their non-repeat ground tracks. 91 

An altimeter with an exact repeat orbit (but subject to roughly 1-km offset relative to the nominal 92 

orbit) is typical for oceanographic applications. Examples of exact-repeat altimeters are Geosat, ERS-93 

series of altimeters and TOPEX/Poseidon (T/P)–series of altimeters. The T/P-series altimeters include 94 

the T/P, Jason-1, 2 and 3 altimeters, which measure surface elevations along their repeated ground 95 

tracks every 10 days. In theory, the exact-repeat radar altimeters can provide long-term and continuous 96 

observations for glacier monitoring. However, radar altimeters have much larger footprints than those 97 

of ICESat/ICESat-2, despite the recent improvement using the delay Doppler technique (Raney, 1998) 98 

that can result in a 300-m resolution in the along-track direction (McMillan et al., 2019). Such large 99 

footprints make most radar-based altimeters difficult to observe precise elevations over mountain 100 

glaciers, where the terrain can be rugged and sloping, and radar signals can suffer from volume 101 

scattering and radar penetration (Lee et al., 2013). These surface conditions over glaciers can 102 

contaminate radar waveforms to result in low-precision range measurements over mountain glaciers. 103 

Retrackers for remedying contaminated waveforms include offset center Gravity retracker (Wingham 104 

et al., 1986), beta retracker (Martin et al., 1983), ICE-2 retracker (Legresy and Remy, 1997), threshold 105 

retracker (Davis, 1997), modified threshold retracker (Lee et al., 2008) and sub-waveform threshold 106 

retracker (Yang et al., 2012). Improved radar ranges over glaciers have been used to calculate glacier 107 

heights and their changes (Wingham et al., 2009; Lee et al., 2013; Forsberg et al., 2017). In particular, 108 

Lee et al. (2013) showed that the glacier elevation change from T/P and Envisat are able to detect the 109 

1993–1995 and 2008–2011 surge events over Alaska glaciers. 110 
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The objective of this paper is to demonstrate the implementation of a glacier-threshold method 111 

(GTM) to generate precise elevation measurements from T/P and J2 radar altimeters, then detect and 112 

analyze trends of elevation change of glaciers at 47 sites (Figure 1 and Table A1) in Alaska. This paper 113 

is organized as follows. Section 2 shows the satellite altimetry data, airborne Lidar data and the digital 114 

elevation model (DEM). Section 3 presents the GTM and demonstrates the method step by step.  115 

Section 4 shows the long-term glacier elevation changes detected by GTM, which are then verified 116 

and analyzed, taking into account the impact of regional Alaska environmental factors on glacier 117 

changes. Section 5 concludes this study. 118 

 119 

Figure 1. Ground tracks (black fine lines) of T/P and J2 over Alaska glaciers, with the 120 

pass numbers (P). An ID is a glacier site with elevation changes from the altimeters. Here 121 

only selected glacier IDs are shown (see Table A1 for the full list of glacier names, longitudes, 122 

latitudes and elevations). 123 
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2 Data 124 

2.1 TOPEX/Poseidon and Jason-2 altimeter data 125 

The main measurements to detect elevation changes over Alaska mountain glaciers are T/P and 126 

J2. T/P and J2 belong to a family of radar altimeters, and repeat the same ground tracks every 10 days 127 

on 254 passes. Figure 1 shows the ground tracks of the 21 passes of the two satellites. Each of the T/P 128 

data records contain 10-Hz elevation measurements, spaced at an interval of 660 m. The orbit heights, 129 

range measurements, and geophysical corrections were acquired from the geophysical data records 130 

(GDRs), and 64-sample radar waveforms are acquired from the sensor data records (SDRs). Following 131 

the approach of Lee (2008), we re-sampled the original 128 waveforms of T/P into 64 waveforms for 132 

retracking. The T/P mission lasted from October 1992 through August 2002 (cycles 1–364). Unlike 133 

T/P, the J2 dataset contains 20-Hz measurements, corresponding to an interval of 330 m. The orbit 134 

heights, range measurements, geophysical corrections, and the 104-sample waveforms were acquired 135 

from sensor geophysical data records (SGDRs).  136 

Due to the design of the Jason-1 satellite radar altimeter, and several problems in data processing, 137 

the elevation measurements of Jason-1 over land are not usable (Frappart et al., 2006; Hwang et al., 138 

2016). Therefore, we only used the measurements from T/P and J2. Jason-3 are not used because of 139 

the limited time of research. The altimeter-derived elevation time series span two periods: 1992-2002 140 

(T/P) and 2008-2016 (J2). Over Alaska’s mountain glaciers, the wet tropospheric delays were corrected 141 

using the European Center for Medium-Range Weather Forecasts (ECMWF) model. All the altimeter 142 

data used in this paper were downloaded from the web site of the French Archiving, Validation and 143 

Interpretation of Satellite Oceanographic data (AVISO) at http://www.aviso.altimetry.fr/. 144 

2.2 IceBridge UAF Lidar data 145 

We used airborne Lidar datasets to verify the altimeter-derived Alaskan glacier elevation time 146 

series. The Lidar dataset is obtained from the Airborne University of Alaska Fairbanks (UAF) Glacier 147 
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Lidar System and contains surface elevations of Alaskan glaciers. The dataset is a result from the 148 

NASA Operation IceBridge program. The Lidar observations were collected using laser ranging to 149 

glacier surfaces on a fixed wing aircrafts that was positioned by the Global Positioning System with 150 

attitude corrections from the inertial measurement unit (GPS/IMU) (Larsen, 2010). The footprint of a 151 

laser pulse is about 20 centimeters in diameter. The average along-track and cross-track spacings are 152 

1 m by 1 m. The average accuracy of the elevation measurements is better than 30 cm. We used high-153 

resolution and high-precision repeated elevation observations from this dataset to assess our altimeter 154 

result. The web site of the Lidar data is https://nsidc.org/data/ILAKS1B/versions/1.  155 

2.3 Digital elevation model  156 

A digital elevation model (DEM) is needed when applying the GTM method in this paper. The 157 

DEM was used to correct for the terrain gradient effect and remove erroneous land surface heights 158 

(LSH) from the altimeters. The DEM used in this paper is from SRTM_plus (Becker et al., 2009), 159 

which is on a 15˝×15˝ grid. This DEM was constructed from the measurements of the Shuttle Radar 160 

Topography Mission (SRTM), augmented by elevation data from other satellite missions. Note that 161 

there are several versions of DEM from SRTM with the finest spatial resolution being 3˝×3˝ (90 m). 162 

However, the SRTM DEMs provide elevations only within latitudes ± 55° without covering Alaska 163 

mountain glaciers (> 55°N). To use a unified DEM, we decided to choose the SRTM_plus DEM. We 164 

converted the elevations from T/P and J2 to the elevations with respect to the WGS84 ellipsoid (used 165 

by the SRTM_plus), based on the differences in the ellipsoidal parameters for T/P and the WGS84. 166 

The SRTM_plus DEM was downloaded from ftp://topex.ucsd.edu/pub/srtm15_plus/.  167 

3 Methods 168 

A radar altimeter can measure precise glacier elevations over flat, open areas in polar ice sheets, 169 

but not in mountain glaciers without careful data processing. In the study, we present the glacier-170 

threshold method (GTM) to generate robust glacier elevation changes over Alaska mountain glaciers. 171 

https://nsidc.org/data/ILAKS1B/versions/1
ftp://topex.ucsd.edu/pub/srtm15_plus/
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The procedure of the GTM for T/P and J2 data is shown in Figure 2. Some of the steps in the procedure 172 

were shown in (Hwang et al., 2021). To avoid repetitions, the steps given by (Hwang et al., 2021) will 173 

only be briefly described in the following subsections. The five steps in the GTM are: 174 

a) Determine the optimal waveform retracking algorithm to retrack waveforms; 175 

b) Select valid altimetry observations; 176 

c) Correct terrain slope and terrain gradient effect; 177 

d) Calculate the linear trend of each site laying on glaciers; 178 

e) Assess the detected elevation change by crossover analysis. 179 
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 180 

Figure 2. Flowchart of the GTM for retrieving precise glacier elevation changes. 181 
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3.1 Waveform Retracking 182 

The glacier elevation (𝐻𝐻𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ) from altimeter measurements at a given nadir point can be 183 

expressed as: 184 

 𝐻𝐻𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝐻𝐻𝑠𝑠𝑔𝑔𝑠𝑠 − 𝐻𝐻𝑔𝑔𝑔𝑔𝑠𝑠 − 𝐻𝐻𝑔𝑔𝑐𝑐𝑔𝑔 − 𝐻𝐻𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑡𝑡 − 𝐻𝐻𝑔𝑔𝑔𝑔𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑟𝑟 (1) 185 

where 𝐻𝐻𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is the height of glacier; 𝐻𝐻𝑠𝑠𝑔𝑔𝑠𝑠 is the satellite altitude; 𝐻𝐻𝑔𝑔𝑔𝑔𝑠𝑠 is the range measurement 186 

(for T/P and J2); 𝐻𝐻𝑔𝑔𝑐𝑐𝑔𝑔 is the integration of geophysical corrections (in the GDR product of the T/P 187 

satellite and the SGDR product of the Jason-2); 𝐻𝐻𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑡𝑡  is the terrain correction, which will be 188 

described in subsection 3.4; 𝐻𝐻𝑔𝑔𝑔𝑔𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑟𝑟 is the range correction from waveform retracking. 189 

 190 

Figure 3. Glaciers over Alaska (top, white-shaded areas) and radar altimeter waveforms A-F over 191 

different surface types along pass 123 of J2. 192 
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Altimeter radar waveform retracking is an important part for generating precise range 193 

measurements from complex waveforms. A radar altimeter generated returned waveforms from the 194 

reflecting radar pulses to determine the two-way travel times for range measurements. Over a rough 195 

or uneven land surface, returned waveforms of radar altimeters can be different from the default Brown 196 

model (Brown, 1977). Figure 3 shows sample J2 waveforms along pass 123 over six different types of 197 

surfaces in Alaska: ocean (A), coastal area (B), flat terrain(C), ice (D), steep slope (E), and complex 198 

terrain (F, mixed rock and ice). The waveform the ocean surface is the closest to the Brown model (see 199 

waveform A in Figure 3). As the altimeter approaches land from the oceans, the waveforms become 200 

irregular due to waveform contamination. In particular, the waveforms become more complex over 201 

rough ice surfaces (see waveform D and F in Figure 3) or steep-sloped terrains (see waveform E in 202 

Figure 3).  203 

We retrack waveforms to detect the gates of the actual midpoint of the waveform leading edge to 204 

correct for range errors over Alaskan mountain glaciers. For a given waveform, range correction from 205 

waveform retracking is: 206 

 𝐻𝐻𝑔𝑔𝑔𝑔𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑟𝑟 = (𝐺𝐺𝑔𝑔 − 𝐺𝐺𝑠𝑠) × 0.46875 (2) 207 

where 𝐺𝐺𝑔𝑔 is the retracked gate, 𝐺𝐺𝑠𝑠 is the default tracking gate (the default is 24.5 and 32.5 for T/P and 208 

J2, respectively, unitless), and 0.46875 m is the length of a gate for the Ku-band altimeter.  209 

Several algorithms for waveform retracking can improve the precision of radar range 210 

measurement, such as off-center of gravity (Wingham et al., 1986), the threshold algorithm (Davis, 211 

1997), and the Sub-waveform algorithm (Yang et al., 2012). To determine the optimal algorithm of 212 

waveform retracking in this study, we experimented with these three algorithms (including various 213 

threshold values) for waveform retracking. The best retracker used in this paper is described and 214 

assessed in Section 3.5. 215 

216 
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Table 1. Rates of glacier elevation change (in m/yr) from J2 data at the crossover of 217 

passes 123 and 180 from different retracking methods 218 

Retracking algorithm 
Pass  

Difference 
123 180 

OCOG -2.54 -1.88 0.66 

Threshold（50%） -2.47 -1.72 0.75 

Sub-waveform（10%） -1.87 -1.56 0.31 

Sub-waveform（20%） -2.18 -1.8 0.38 

Sub-waveform（30%） -1.5 -1.7 0.2 

Sub-waveform（50%） -1.57 -1.56 0.01 

3.2 Altimeter data selection 219 

Selecting usable waveforms and retracking them for precise elevations is a crucial part of the 220 

GTM. We follow the selection criteria presented in (Hwang et al., 2021) to select the needed 221 

waveforms. The waveforms over Alaska glaciers are specular like the D waveform in Figure 3, 222 

consistent with the view of Lee (2008) and other studies over ice sheets and glaciers. A returned 223 

waveform is not only related to characteristics of the radar-illuminated surface, but also to the distance 224 

between the radar altimeter and the surface. Over ice surfaces, the automatic gain control (AGC) 225 

onboard T/P and J2 can theoretically help to maintain suitable returned powers (Fu and Cazenave, 226 

2000), but the AGC cannot guarantee preventing the return powers from becoming fully saturated. 227 

Hwang et al. (2016) showed that the range errors can reach 100 m if altimeter radar waveforms were 228 

damaged by complex surface. 229 

Therefore, we first identify whether altimetry footprints are over glaciers by using Global Land 230 

Ice Measurements from Space (GLIMS) and Google Earth images. The criterion for the identification 231 

is that the measurements are within the polygons of glaciers defined by GLIMS and also over an 232 

ice/snow surface on Google Earth images. We then classify the waveforms to identify valid waveform 233 
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measurements and for each waveform we computed the peak power of waveform, and removed the 234 

value of peak power smaller than 1.8. More details can be found in Peacock and Laxon (2004), Lee 235 

(2008), and Yang et al. (2012). Additionally, we applied a cluster analysis method and the algorithm 236 

of Dabo-Niang et al. (2007) to distinguish between useful and bad waveforms. But it turns out that 237 

glacier heights corrected by waveform retracking cannot automatically yield useful time series of 238 

glacier elevation change without further data screening. Therefore, we used the SRTM_plus DEM to 239 

remove outliers of measurement over mountain glaciers: The LSH is regarded as an outlier when the 240 

difference between the LSH and the DEM elevation exceeds 150 m (Hwang et al., 2021). 241 

It is challenging to obtain precise LSHs from radar altimeters over steep slopes due to high 242 

uncertainty (Brenner et al., 2007), and the rate of elevation change is not consistent at different 243 

altitudes. For example, over the Greenland Ice sheet, the elevation changes from the Envisat altimeter 244 

(2002-2010) varied with altitude. The results represent positive trend in high altitude area, and 245 

represent negative trend in low altitude area (Forsberg et al., 2017). Thus, for a given site in this paper 246 

we used 15˝×15˝ SRTM to select suitable altimeter measurements in a bin with a 1-km radius, centered 247 

at the location of a reference point. The reference point is determined by individual inspections of all 248 

sites. In this step, the altimeter measurements falling into the 100 m contour (like the red points in 249 

Figure 4) are candidate measurements for a bin. Figure 4 shows an example of how altimetry 250 

measurements are selected over different altitudes (black points) in a bin. 251 
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 252 

Figure 4. An example showing selected altimeter measurements (red dots) from J2 around 253 

Sites 24 and 33 (see Table A1 for coordinates) near the crossover of passes 123 and 180. The 254 

selected measurements have elevations ranging from 1500 to 1600 m over a gently sloping 255 

glacier surface, where the effects of lateral offset in repeated tracks and terrain gradient can be 256 

reliably corrected. Compared to a rugged surface, the measurements at the black points are over 257 

steep slopes (rugged terrain) and thus are excluded. 258 

3.3 Correction for terrain effect 259 

Corrections for terrain effect include the slope correction and terrain gradient correction. The 260 

slope-induced error is caused by the difference between sub-satellite point and the closest point on a 261 

sloping surface (Brenner et al., 1983). The terrain gradient error due to the lateral shift of repeated 262 

tracks in the cross-track direction (about ± 1 km). Below we show how these corrections are applied.   263 

(a) Outlier removal, elevation adjustment   264 

First, we fitted the following least-squares model to the selected measurements from repeat cycles 265 
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at a bin (Hwang et al., 2021): 266 

 𝐻𝐻𝑔𝑔
𝑗𝑗(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) + 𝑣𝑣𝑔𝑔

𝑗𝑗 = 𝑎𝑎0 + 𝑎𝑎1(𝑡𝑡 − 𝑡𝑡0) + 𝑎𝑎2(𝜑𝜑 − 𝜑𝜑0) + 𝑎𝑎3(𝜆𝜆 − 𝜆𝜆0) +
𝑎𝑎4(𝜑𝜑 − 𝜑𝜑0)2 + 𝑎𝑎5(𝜆𝜆 − 𝜆𝜆0)2 + 𝑎𝑎6(𝜑𝜑 − 𝜑𝜑0)(𝜆𝜆 − 𝜆𝜆0)

 (3) 267 

where 𝐻𝐻𝑔𝑔
𝑗𝑗(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) is the LSH from altimeter at geodetic latitude (𝜑𝜑), longitude (𝜆𝜆), and measured time 268 

(𝑡𝑡), included range correction from waveform retracking, j is the repeat cycle, i is the ith measurement 269 

from repeat cycle j at this bin, 𝑣𝑣𝑔𝑔
𝑗𝑗 is the residual of 𝐻𝐻𝑔𝑔

𝑗𝑗(𝜑𝜑, 𝜆𝜆, 𝑡𝑡), 𝜑𝜑0 and 𝜆𝜆0 represent the location of 270 

reference point in this bin, 𝑎𝑎0 is the mean height at this bin, 𝑎𝑎1 is the initial rate of elevation change, 271 

𝑎𝑎2, 𝑎𝑎3, 𝑎𝑎4, 𝑎𝑎5 and 𝑎𝑎6 are coefficients of 2nd order surface fitting from all repeat cycles at this bin.  272 

In the least-squares adjustment, the weight of an observation is the inverse distance between the 273 

measurement point and reference point. After the first-round of adjustment, the residuals (𝑣𝑣𝑔𝑔
𝑗𝑗) for all 274 

measurements and the a posteriori variance of unit weight is computed. If a residual (𝑣𝑣𝑔𝑔
𝑗𝑗) is two times 275 

larger than the squared root of the a posteriori variance, we need to remove the corresponding 276 

measurement and perform the next-round of adjustment without the removed measurements and stop 277 

the adjustment when no measurements are removed. According to Flament and Rémy (2012), the 278 

coefficients of 2nd order surface can reduce the effects of terrain. More details of the coefficients of 2nd 279 

order surface also can be found in Remy and Parouty (2009) and Hwang et al. (2021). An adjusted, 280 

outlier-free elevation can be expressed as: 281 

𝐻𝐻�𝑔𝑔
𝑗𝑗(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) = 𝐻𝐻𝑔𝑔

𝑗𝑗(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) + 𝑣𝑣𝑔𝑔
𝑗𝑗        (4) 282 

(b) Correction for lateral offset of ground track 283 

As mentioned earlier, the actual tracks of the satellite do not repeat exactly. This can introduce 284 

the terrain gradient effect. Before retrieving glacier elevation changes at each site, the along-track 285 

heights should be reduced to the heights along reference tracks. Here, we use a 15´´×15´´ SRTM to 286 

correct the terrain gradient as (Lee, 2008): 287 

 𝐻𝐻𝑔𝑔
𝑗𝑗(𝜑𝜑0,𝜆𝜆0, 𝑡𝑡) = 𝐻𝐻�𝑔𝑔

𝑗𝑗(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) + 𝐷𝐷𝐷𝐷𝐷𝐷(𝜑𝜑0,𝜆𝜆0) − 𝐷𝐷𝐷𝐷𝐷𝐷(𝜑𝜑, 𝜆𝜆) (5) 288 

where 𝐻𝐻𝑔𝑔
𝑗𝑗(𝜑𝜑0, 𝜆𝜆0, 𝑡𝑡) is the ith LSH after terrain gradient correction at reference point (𝜑𝜑0,𝜆𝜆0) 289 

from repeat cycle j in this bin,  𝐷𝐷𝐷𝐷𝐷𝐷(𝜑𝜑0,𝜆𝜆0) and 𝐷𝐷𝐷𝐷𝐷𝐷(𝜑𝜑, 𝜆𝜆) are the elevations from the 15˝×15˝ 290 
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DEM at the reference point and the observation point. 291 

3.4 Altimeter-derived elevation changes    292 

After the elevation measurements from all cycles in a bin were treated using the methods 293 

described in Section 3.2-2.4, for each cycle we averaged the measurements to form a representative 294 

height: 295 

 𝐻𝐻�𝑗𝑗(𝜑𝜑0, 𝜆𝜆0, 𝑡𝑡) =
∑ 𝐻𝐻𝑖𝑖

𝑗𝑗(𝜑𝜑0,𝜆𝜆0,𝑠𝑠)𝑛𝑛
𝑖𝑖=1

𝑡𝑡
 (6) 296 

where �̄�𝐻𝑗𝑗(𝜑𝜑0,𝜆𝜆0, 𝑡𝑡) is the representative height at reference point (𝜑𝜑0,𝜆𝜆0) for cycle j, n is the number 297 

of measurements in the bin.  298 

In order to reduce high-frequency noises, a Gaussian filter was used to smooth the time series of 299 

glacier elevation change. Then, we compute the trend of elevation changes at (𝜑𝜑0, 𝜆𝜆0)  from the 300 

altimeter-derived time series by the model as follows: 301 

 𝛥𝛥𝐻𝐻�𝑗𝑗(𝜑𝜑0,𝜆𝜆0, 𝑡𝑡) = 𝑎𝑎 + 𝑏𝑏𝑡𝑡 + 𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐( 2𝜋𝜋𝜋𝜋𝑡𝑡) + 𝑑𝑑(2𝜋𝜋𝜋𝜋𝑡𝑡) (7) 302 

where 𝛥𝛥𝐻𝐻𝑗𝑗(𝜑𝜑0,𝜆𝜆0, 𝑡𝑡)  is the altimeter-derived elevation change of mountain glacier, t is the time 303 

relative to the average time, a is the mean, 𝑏𝑏 is a linear trend (rate of elevation change), √𝑐𝑐2 + 𝑑𝑑2 is 304 

the amplitude of the annual oscillation, and 𝜋𝜋 is the annual frequency (one cycle per year). 305 

A robust least-squares method is used to estimate the four parameters (a, b, c, and d), with equal 306 

weights for all measurements. We also estimated the uncertainty of rate (b) in Eq. 7. In this paper, an 307 

estimated rate of elevation change is accepted only when it meets the following two criteria: 1) The 308 

absolute value of elevation change rate is larger than its standard error; 2) The ratio between the number 309 

of elevation measurements in a time series and the number of all cycles is larger than 15% (see column 310 

3 of Table A2 and Table A3). This ratio is also defined as the usable data percentage in this study.  311 

3.5 Method validation by an internal accuracy assessment at a crossover  312 

Due to a lack of in situ glacier elevation measurements (such as elevations from GPS, total station 313 

and Lidar observations), it is challenging to assess the uncertainties of elevation changes from T/P and 314 
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J2 over Alaska glaciers. Here, we use a crossover analysis to assess the “internal” accuracies of 315 

elevation changes from the T/P and J2 altimeters. An external accuracy analysis using Lidar 316 

measurements is made in Section 4.1. The selected crossover point is at the intersection of pass 123 317 

(ascending track) and pass 180 (descending track), located around ID 24 and ID 33 (Figure 1 and Table 318 

A1). Here, we compare two time series of glacier elevation change from pass 123 and 180. We 319 

experimented with different waveform retracking algorithms to obtain different elevation change rates 320 

at this crossover point. As shown in Table 1, the sub-waveform algorithm with a 50-% threshold results 321 

in a minimum difference between the elevation change rates from pass 123 and 180.  322 

Figure 5a and b compares the time series from T/P and J2 for pass 123 and 180, resulting from 323 

the use of the sub-waveform retracker with a 50-% threshold value. From the T/P data (1992–2002), 324 

the difference between the rates from the two passes is 0.21 m/yr and the difference is 0.01 m/yr from 325 

the J2 data (2008–2016). The patterns of elevation change from pass 123 and 180 at this crossover are 326 

consistent, despite some differences in the two time series. These differences may be caused by spatial 327 

and temporal factors, such the 2-day difference between the time of measurement from 123 and that 328 

from 180. Another explanation may be that the automatic gain control (AGC) reacted to the surface 329 

elevations differently for pass 123, which traveled from ocean to land pass and for pass 180, which 330 

traveled from land to ocean.   331 
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 332 

Figure 5. (a) The time series of glacier elevation change and their rates from T/P data at 333 

the crossover point, corresponding to ID 24 if data from pass 123 are used (blue dots), to ID33 334 

if data from pass 180 are used (red dots), (b) same as (a), but from J2 data. The elevations are 335 

corrected by the sub-waveform retracking with a 50% threshold (Table 1). 336 

4 Results and Discussion 337 

4.1 External assessment using Lidar measurements 338 

An external accuracy assessment of the glacier elevation changes determined in this study is made 339 

using the airborne Lidar data described in Section 2.3. In order to avoid the impact of the systematic 340 

bias between the Lidar measurements and the altimeter measurements (J2 only), we calculated the 341 

differences of elevations detected by the two kinds of sensors, named DL (the difference of the 342 

elevations at a spot from the two airborne Lidar surveys) and DJ2 (similar to DL, but from J2 with a 343 

slightly different time span). At a given site, the DL and DJ2 value and their associated time spans can 344 

be used to compute the rates of elevation change in the respective time spans (the time spans are nearly 345 

the same), and the difference between the two rates is called Dr. At a given site, the elevation from 346 
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Lidar is defined as the mean of the elevations within a radius of 300 m to the site (Trantow and Herzfeld, 347 

2016), and the elevation from J2 is obtained by spline interpolation from the J2-derived time series. 348 

Due to the rapid seasonal and interannual changes of glaciers, only the sites with dense and robust time 349 

series of J2 are used for comparison with the Lidar measurements. Ultimately, we selected seven sites 350 

(ID 4, 5, 18, 20, 31, 37 and 47) over six glaciers (Walsh, Logan, Klutlan, Tazlian, Hubbard and Kahiltna 351 

Glacier) for this comparison. 352 

Table 2 shows the values of DL, DJ2 and Dr at the seven sites. From Table 2, in general the patterns 353 

(signs) of the glacier elevation changes from Lidar (DL) and J2 (DJ2) at each site are consistent, but 354 

with varying discrepancies from one site to another. At Site 31 and Site 47, the Dr values are the 355 

smallest because of the stable change of glaciers, dense time series of J2, and the flat terrains at these 356 

sites. The largest Dr (absolute value) occurs at Site 5, followed by Sites 4, 18 and 20. Because the time 357 

spans for each DL and DJ2 are only slightly different, temporal glacier variabilities around the sites 358 

with large differences (Dr values) are unlikely to be a dominant for the large differences. Table 2 shows 359 

the Dr values are correlated with the slopes. This correlation may result from relatively large 360 

uncertainties in the Lidar and J2 elevation measurements over glaciers with large slopes. In general, 361 

the Lidar elevation measurements confirm the elevation changes from J2, but the result in Table 2 362 

shows a mean discrepancy of 1.15 m/yr (average of absolute Dr) and a standard deviation of 0.84 m/yr 363 

in the differences of the rates from Lidar and J2 at the seven sites. Both the Lidar and J2 measurements 364 

show rising glacier elevations at Site 37, despite a discrepancy in the two rates. At Site 5, the rate of 365 

elevation change from Lidar is -20.22 m/year, compared to -12.48 m/year from J2. Thus, both Lidar 366 

and J2 show large glacier elevation drops near Site 5 in the 2010s. 367 

 368 

 369 

 370 

 371 
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Table 2. A comparison of differenced heights and resulting rate difference at 7 sites 372 

Site ID Pass Period DL (m) DJ2(m) Dr (m/yr) Slope (°) 

ID 4 2 2015/08 – 2016/08 -3.77  -5.32  -1.67  0.9 

ID 5 2 2013/08 – 2016/08 -20.22  -12.48  2.64  3.1 

ID 18 123 2013/08 – 2014/08 -8.84  -12.21  -1.67  1.2 

ID 20 123 2013/08 – 2014/08 -9.21  -11.55  -1.16  0.5 

ID 31 180 2009/08 – 2012/03 -1.23  -1.94  -0.28  0.5 

ID 37 199 2011/08 – 2014/05 1.72  0.28  -0.52  0.5 

ID 47 251 2010/05 – 2013/05 -4.59  -5.02  -0.14  0.1 

4.2 Patterns of glacier elevation changes from T/P and J2 373 

The T/P and J2 altimeter observations spanned nearly two decades (from January 1993 to 2016 374 

in this paper), resulting in various patterns of glacier changes over Alaska. Here we classify the 47 375 

sites to three categories of patterns: (I) those with similar trends in glacier elevation changes with 376 

evident elevation discontinuities (Figure 6), (II) those with reverse trends and evident elevation 377 

discontinuities (Figure 7), (III) those with similar trends and no clear elevation discontinuities (Figure 378 

8). Evident elevation discontinuities might be caused by a number of factors, including T/P-J2 inter-379 

altimeter biases, terrain effect, and changes in climate pattern.  380 

Previous studies showed that there are inter-altimeter biases in monitoring inland water and ocean 381 

dynamics using similar types of radar altimeters (Beckley et al., 2004; 2010; Hwang et al., 2016). Such 382 

systematic differences are associated with the different levels of measurement accuracy and 383 

topographic complexity. In some cases, constants were applied to correct for the biases (Wingham et 384 

al., 2006; Fricker and Padman, 2012). However, over ice surfaces, inter-altimeter biases usually have 385 

distinct spatial patterns (Frappart et al., 2016). The inter-altimeter biases of a tandem mission can be 386 

estimated through a collinear difference of simultaneous measurements at a small scale (Wingham et 387 

al., 2006; Schröder et al., 2019). Since J2 was launched several years after T/P and they used different 388 
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altimeters, identifying range biases over glacier surfaces between them is difficult. A method based on 389 

long-term rate reference has been used to eliminate this offset (Schröder et al., 2019), but the premise 390 

of a stable trend of glacier elevation change must be met. For the sites with similar trends but with 391 

evident elevation discontinuities (Figure 6), the rate-reference correction method seems feasible for 392 

bias corrections. However, the method is invalid for the sites with reverse trends and evident elevation 393 

discontinuities (Figure 7). Because of the lack of reliable reference observations, it is challenging to 394 

remove the biases between the glacier elevations from T/P and J2. Thus, we decide not to correct for 395 

any potential inter-altimeter biases between T/P and J2, and the result in this paper genuinely reflects 396 

the capabilities of T/P and J2 in observing glacier elevation changes over Alaska.  397 

J2 obtains elevations at a frequency of 20 Hz with an along-track spacing of ~330 m, which is 398 

half that of T/P. Terrain undulations within the footprints of T/P and J2 can also cause different ranging 399 

biases that introduce elevation discontinuities between the two altimeters. Moreover, the inherent 400 

different ranging techniques of the radar altimeters used by T/P and J2 can result in different usable 401 

data rates at a given glacier site. For example, the J2 altimeter (called Poseidon-3 altimeter) used an 402 

open-loop tracker mode that can successfully track backscatter signals over rapidly varying terrains 403 

(Martin-Puig et al., 2016). Furthermore, large terrain slopes can introduce greater uncertainties in the 404 

observed glacier elevation changes. In this study, the SRTM_plus was employed to reduce the error of 405 

terrain effect. The ice topography from this DEM product results from different ICESat acquisitions in 406 

different seasons and years (Becker et al., 2009), and the profiles measured by ICESat represents the 407 

full topography.     408 

During the study period (1993–2016), the changes in the rates of glacier elevation change in 409 

Figure 6, 7 and 8 may also reflect shifts in climate pattern. Wendler et al. (2017) showed that the Pacific 410 

Decadal Oscillation (PDO) had substantial impacts on the climate of Alaska. After 1998, the PDO has 411 

changed from a positive phase to a negative phase, leading to colder temperatures and lower 412 

precipitations. The inter-annual fluctuation in the PDO index in the negative phase has lasted for 413 

decades before the index changed from negative values to positive ones in 2014. These inter-decadal 414 
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climate phase shifts occurred just across the mission period of T/P and J2 (1993–2016). More analyses 415 

about the spatially heterogeneous responses of Alaskan glaciers to PDO will be discussed in Section 416 

4.4. 417 

 418 

Figure 6. Glacier elevation changes at Sites 13, 16, 26 and 38, with similar trends but 419 

with evident elevation discontinuities. 420 
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 421 

Figure 7. Glacier elevation changes at Sites 15, 22, 28, 31, 44, 45, 46 and 47, with 422 

reverse trends and evident elevation discontinuities. 423 

 424 

Figure 8. Glacier elevation changes at Sites 24, 25, 33 and 34 with similar declining 425 

trends and negligible elevation discontinuities. 426 
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4.3 Recent rates of Alaska glacier elevation changes from J2 427 

Here, we discuss recent glacier elevation changes rates over Alaska glaciers using the J2 result 428 

over 2008–2016. Figure 9 shows the rates at the 47 sites from J2 given in Table A3. In total, 25 glaciers 429 

are included (Sites 24 and 33 are at a crossover point, thus the same glacier). Most sites are located in 430 

St. Elias mountains, Kenai Mountains, Chugach Range, Coast Range and Wrangell Mountains. 431 

Glaciers thinning and retreat in these regions contributed 90% of the freshwater discharge into the Gulf 432 

of Alaska (Neal et al., 2010). Few sites are distributed in central Alaska range. At most sites, the glacier 433 

elevations were falling (negative rates of elevation change), but at some sites the glacier elevations 434 

experienced positive rates. The varying patterns of glacier elevation changes may be caused by glacial 435 

dynamics, atmospheric circulation and climate sensitivity (Berthier et al., 2010; Menounos et al., 436 

2019). Below we analyze selected groups of glaciers to discuss such heterogeneous elevation changes.  437 

 438 

Figure 9. Rates of glacier elevation change from J2 over 2008–2016. Red (blue) arrows 439 

show positive (negative) rates. The inserted chart shows the site IDs and glacier names with 440 

absolute rates > 1 m/year (see Table A1). 441 

Klutlan Glacier (Figure 10) is located in the St. Elias Mountains and has experienced repeated 442 
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surges during the past hundreds of years (Wright, 1980) and in recent times (Altena et al., 2019). Thus, 443 

this glacier is highly dynamic. Four Sites (Sites 17, 18, 19 and 20 in Figure 10) are near the terminus 444 

of Klutlan Glacier. At Sites 17 and 20, the rates of elevation change are about -3 m/yr, but the rate at 445 

Site 18 is much larger, reaching -11 m/yr. Potential causes of the large thinning rate at Site 18 and the 446 

positive rate at Site 19 (1.32 m/yr) can be explained as follows. A large tributary joins Klutlan Glacier 447 

near Sites 19 and 20. At the junction of glaciers, debris flows from the tributary have deposited near 448 

Site 19 to raise the elevations. Furthermore, between Sites 18 (altitude 1260 m) and 17 (altitude 1237 449 

m), there is a nunatak at an altitude of about 1320 m. Site 17 is located in the northern side of the 450 

nunatak and is less affected by glacier surges. Thus, the presence of the nunatak results in a large 451 

difference between the rates at Site 17 and 18. Although the glacier thinning rates at Site 17 and Site 452 

20 are close, the thinning patterns at the two sites are different. The annual variation of glacier elevation 453 

changes at Site 20 are much larger than that at Site 17. 454 

 455 

Figure 10. Glacier elevation changes at Sites 17, 18, 19 and 20 near Klutlan Glacier   456 

Kennicott Glacier is the largest glacier in the Wrangell Mountains, covered with continuous debris 457 
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(Anderson et al., 2019). Figure 11 shows the J2-derived elevation changes at Sites 2, 14 and 15 around 458 

this glacier. The elevations experience seasonal fluctuations with rapid increases in the thickness of 459 

glacier increases in spring and summer, and decreases in autumn and winter. Compared with the 460 

terrains in the upstream tributaries, the terrain around Sites 2 and 15 is flat. Armstrong et al. (2016) 461 

showed that, the glacier velocity of Kennicott in the early summer is the highest, and the velocity 462 

begins to slow down from autumn onward. The glacier growth in the lower reaches at Sites 2 and 15 463 

should be mainly caused by the ice discharge from the upstream glaciers. At the same elevation zone, 464 

there are significant differences in the elevation change of the glaciers measured on different tributaries 465 

(Das et al., 2014). The J2-derived declining rate of glacier elevations at Site 14 (-0.72 m/year) is larger 466 

than that of the entire Kennicott Glacier during 2000-2007 (Das et al., 2014). 467 

 468 

Figure 11. Glacier elevation changes at Sites 2, 14 and 15 near Kennicott Glacier  469 
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 470 

Figure 12. Glacier elevation changes at Sites 6, 13 and 37 near Hubbard Glacier  471 

Hubbard Glacier is the largest temperate tidewater glacier spanning 123 km from North to South, 472 

and the glacier changes here are asynchronous with respect to the ice losses at its nearby glaciers 473 

(Trabant et al., 2003a; Stearns et al., 2015). Figure 12 shows that, the upstream of Hubbard Glacier 474 

thickened at a rate of 1.83 m/yr (Site 37), which was closely related to climate forcing (Motyka and 475 

Truffer, 2007; Ritchie et al., 2008). In contrast to the previous understanding, the glacier elevations at 476 

the middle and lower reaches of Hubbard declined significantly (the rate at Site 6 is -4.74 m/yr), and 477 

the glaciers at the west end of Hubbard tend to thin slightly (the rate at Site 13 is -0.5 m/yr). The J2 478 

results show a local variability of the glacier around Hubbard Glacier not reported in earlier studies. 479 

Logan Glacier, Walsh Glacier and Chitina Glacier are tributaries of a large trunk that occupies the 480 

upper Chitina River Valley. More than 40 years ago, these glaciers and Anderson Glacier (next to 481 

Chitina Glacier) were connected to each other (Ommanney, 2002). In recent years, a large number of 482 

glaciers around this region have shrunk, leading to the retreats of glacier terminuses for up to tens of 483 

kilometers. As shown in Figure 13, the glacier elevations at Sites 3, 4 and 5 declined at the maximum 484 

rate of up to -8.82 m/yr at the terminuses). However, the glacier is thickening at Site 38, which is in 485 
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the upper reaches of the Logan Glacier. These asynchronous glacier elevation changes are consistent 486 

with the measurements of Larsen et al. (2015). The measurements from T/P and J2 provide more 487 

details about the seasonal variations of the glacier fronts which are useful to the hydrological change 488 

research in the lower reaches of these glaciers. Due to the growth of glaciers at Logan Glacier’s 489 

upstream (at Site 38), these three glaciers can sustain the water supply to the downstream river, despite 490 

the retreats of the terminuses of these three glaciers.  491 

 492 

Figure 13. Glacier elevation changes at Sites 3, 4, 5 and 38 near Logan Glacier, Walsh 493 

Glacier, and Chitina Glacier 494 

Steller Glacier and Waxell Glacier are located in the west of St. Elias Mountains. Figure 14 shows 495 

the glacier elevation changes at Sites 22, 23, 24, 33 and 34 over the west of Waxell Glacier and at Sites 496 

25 and 26 near the upper reaches of Steller Glacier. The elevation changes suggest that the glaciers 497 

near Steller Glacier and Waxell Glacier were thinning with varying rates and their elevations 498 

experienced asynchronous interannual variations. A watershed divide between Waxell Glacier and 499 
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Steller Glacier results in two different drainage systems for the two glaciers (Beedle et al., 2008). 500 

Waxell Glacier contributes to the surging Bering Glacier system, while Steller Glacier advances to the 501 

downstream Steller lobes along the main trunk to the south (Bruhn et al., 2010). Compared with the 502 

rapid ice loss of Waxell Glacier, the interannual variation of Steller Glacier is relatively stable. This is 503 

consistent with the conclusion of (Herzfeld and Mayer, 1997). Site 27 is over an unknown frontal lake 504 

in the downstream of Steller Glacier. The elevations at Site 27 underwent distinct seasonal fluctuations 505 

and a trend reversal from a negative rate to a positive rate in late 2012. The seasonal fluctuations at 506 

Site 27 are reflected the variations in the stream flows originating from Steller Glacier.  507 

 508 

Figure 14. Glacier elevation changes at Sites 22, 23, 24, 25, 26, 27 and 34 near Steller 509 

Glacier and Waxell Glacier   510 

The thickness of the accumulation zone of Tazlina Glacier can reach 1030 m, which is the thickest 511 

in Alaska glaciers (Rignot et al., 2013). Figure 15 (Site 46) shows the elevation changes near an upper 512 
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reach of Tazlina Glacier and its terminus (Site 31). Glaciers at Tazlina Glacier’s upper reach thinned 513 

at a rate of -5.58 m/yr, but Tazlina’s terminus gained mass at a rate of 0.26 m/yr (Site 31). The airborne 514 

Lidar measurements in the mid-1990s showed an average thinning rate of about -0.69 m/yr over 515 

Tazlina Glacier (Molnia, 2006), which is smaller compared to the rate at Site 46. Although J2 can only 516 

detect elevation changes at a single site (Site 31) over Tazlina Glacier’s upper reaches, the large rate 517 

(-5.58 m/yr) suggests that the ongoing global warming may have accelerated glacier melt at Tazlina 518 

Glacier. 519 

 520 

Figure 15. Glacier elevation changes at Sites 31 and 46 near Tazlina Glacier 521 

Last, we discuss the J2-derived elevation changes over glaciers in the Central Alaska Range.  522 

Glaciers here have experienced rapid thinning and retreating in the early 2000s (Adema et al., 2007). 523 

Figure 16 shows the glacier elevation changes from J2 at Sites 28, 29, 30 and 47 near Kahiltna Glacier, 524 

Ruth Glacier, and Muldrow Glacier around the Central Alaska Range. Instead of thinning, the glaciers 525 

at these sites were growing at rates ranging from 0.39 to 4.28 m/year. These rising glacier elevations 526 

indicate mass gains around the four sites. One explanation of the increased elevations at the lower 527 

reaches of the three glaciers is that the rapid melting of glaciers in the Central Alaska Range discharged 528 
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more ice into the lower reaches. The excessive ice discharges accumulated and expanded the glaciers 529 

at the lower reaches due to basal roughness, bed topography and change in basin dimension (Adema 530 

et al., 2007; Molnia, 2007; Campbell et al., 2012; Turrin et al., 2014).  531 

 532 

Figure 16. Glacier elevation changes at Sites 28, 29, 30 and 47 over the central Alaska 533 

Range 534 

4.4 The response of glaciers to environmental changes 535 

The types of glaciers at the 47 sites with the T/P and J2 elevation measurements include mountain 536 

glaciers, valley glaciers, tidewater glaciers, rock glaciers, among others. In the previous sections, we 537 

show the distinctive patterns of elevation changes associated with regional climates, orographic 538 

conditions, surface and substrate characteristics that might control the presences and evolutions of the 539 

studied glaciers. The altimeter result shows that neighboring glaciers can have asynchronous elevation 540 

change patterns. Below we examine various environmental factors that can cause such spatial and 541 

temporal changes in the glacier elevations.  542 

First, we discuss the potential impact of the Pacific Decadal Oscillation (PDO) on Alaska glaciers. 543 

The PDO is a pattern of ocean-atmosphere climate variability, defined as the leading empirical 544 
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orthogonal function of sea surface temperature (SST) anomalies over the North Pacific north of 20°N. 545 

In general, a positive phase of the PDO is associated with high precipitation and warming along the 546 

coast of Alaska and a negative phase leads to decreases in temperature and precipitation (Arendt et al., 547 

2009). During the study period (1992–2016), the phases of PDO underwent two notable shifts in 1998 548 

and 2014 (Figure 17 a), respectively. The meteorological station records at the National Oceanic and 549 

Atmospheric Administration (NOAA, https://gis.ncdc.noaa.gov/maps/ncei) show that the impact of the 550 

PDO on annual winter precipitation and summer temperature in Alaska are spatially heterogenous. 551 

Specifically, the mountainous areas along the coast of Alaska experienced a significant decline in 552 

winter precipitation since 1999–2000 at the stations shown in Figure 17 b, c and d. As the PDO shifts 553 

from a negative phase to a positive in the summer 2014, the precipitation began to increase. However, 554 

the precipitation pattern on the northeast side of the Gulf of Alaska only shows stable, and small 555 

interannual fluctuation (Figure B1, a and b). At the stations near the Central Alaska Range (Figure 17 556 

e, f and g), the summer temperature rose by a rate up to 0.061°C/year, compared to the negligible  557 

temperature change near Alaskan coastal areas (Figure B1, c and d). 558 

The anticlockwise Alaska coastal current and the Alaska current (Figure 1) are responsible for the 559 

marine climate of the coast of Alaska (Maraldo, 2020). The ocean currents driven by strong wind, 560 

resulting in a large amount of precipitation on the windward side of the coastal mountains, especially 561 

in winter (2-6 m/yr) (Weingartner et al., 2005). Due to the rain shadow effect, the heavy moisture stays 562 

on the windward side of the mountain, while the precipitation is rare on the leeward side. Since 1998, 563 

with the PDO phase changing from positive to negative, the precipitation along the coast of Alaska has 564 

experienced a distinct decline (Figure 17 b, c and d). The J2 result shows that the elevations of most 565 

glaciers in coastal mountainous area were rapidly declining (Table A2 and Table A3, Sites 13, 22, 24, 566 

44, 45 and 46), or the glacier growth rates were slowing down significantly (Table A2 and Table A3, 567 

Sites 27 and 31). These changes in glacier elevations coincided with the significant decline of winter 568 

precipitation during this period (Figure 17 b, c and d). At the same time, the glacier elevations in the 569 

accumulation zone of Hubbard Glacier and Logan Glacier (Table A2 and Table A3, Sites 37 and 38) 570 
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were increasing at a steady rate during the mission periods of T/P and J2. These glacier growths agree 571 

well with the estimates from surface mass balance (Larsen et al., 2015) in the spatio-temporal pattern. 572 

For the thickening glaciers like Hubbard Glacier and Logan Glacier, the supply of new firn and 573 

refreezing processes play more dominant roles than climate change (Trabant et al., 2003b).  574 

  575 

Figure 17. (a) The time series of Pacific Decadal Oscillation (PDO) from NOAA, and 576 

annual winter (October–April) precipitation changes in (b) Port San Juan, (c) Yakutat, and (d) 577 

Elfin Cove, and annual summer (May–September) temperature changes in (e) Chulitna River, 578 

(f) Puntilla, and (g) McKinley Park. The locations of meteorological stations are shown in 579 

Figure 1. 580 
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In the past half century, the temperature in the Central Alaska Range has increased by 3 °C, second 581 

only to that in northern Alaska (3.3 °C) (Wendler et al., 2017). These above-average rises in 582 

temperature in Alaska are the result of the polar amplification of global warming (Stone et al., 2002). 583 

Due to the large altitudinal range of Alaska, the glaciers here span a wide range of climate regimes, 584 

resulting in different responses of glaciers to different regional climate changes (Young et al., 2018). 585 

For example, the cumulative mass balance recorded by the field sites indicate that Traleika Glacier, a 586 

major ice supply tributary at the upstream of Muldrow Glacier, experienced rapid ice loss, while the 587 

adjacent Kahiltna Glacier was growing slightly (Adema, 2006). Later, Kahiltna Glacier experienced 588 

ice loss, and by 2000 its mass balance was similar to that of Traleika Glacier (Adema, 2016). During 589 

our study period, a larger shift in rates of glacier elevation changes occurred in the Central Alaska 590 

Range (Site 28 and 47). In the T/P era (1993–2002), the terminuses of Muldrow Glacier and Kahiltna 591 

Glacier were thinning at rates of -6.43 ± 0.36 m/yr and -2.34 ± 0.35 m/yr, respectively, but the rates 592 

became positive in the J2 era (Muldrow Glacier: 2.47 ± 0.04 m/yr, Kahiltna Glacier: 0.39 ± 0.20 m/yr). 593 

The significant warming in the ablation season since 2000 (Figure 17 e, f, and g) may contribute to 594 

this sudden shift in the rates.  595 

Unlike land-terminating glaciers, tidewater glaciers are very sensitive to SST variations (Motyka 596 

et al., 2003; Maraldo, 2020). In this study, Sites 42 and 43 are near Guyot Glacier and Aialik Glacier, 597 

which are typical tidewater glaciers around the Gulf of Alaska. At the outlets of these two glaciers, 598 

SST rose by ~ 2 °C from 2008 to 2016, according to data from JPL at https://podaac.jpl.nasa.gov. 599 

Figure 18 compares the J2-derived glacier elevation changes and temperature changes (from) at Sites 600 

42 and 43. From 2008 to 2016, the glacier elevations at Site 42 (near Guyot Glacier) dropped at a rate 601 

-0.53 m/year, and at Site 43 (near Aialik Glacier) the rate is -0.70 m/year. The elevations at the two 602 

glaciers are negatively correlated with summer SST changes with a 2-year lag. A significant rise of 603 

water temperature may be a driving factor for the recent collapse and retreat of these tidewater glaciers 604 

(Site 42: from early 2011 to late 2014, Site 43: from early 2011 to mid-2016). At present, we do not 605 

have enough evidence to explain this time lag. A hypothesis is that the native cycles and morphometric 606 
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characteristics of tidewater glaciers, the depth and geometry of the fjords may have affected patterns 607 

of glacier elevation changes (McNabb et al., 2015; Brinkerhoff et al., 2017; Maraldo, 2020). Previous 608 

studies have shown that ocean forcing can lead to a stable retreat of calving glaciers (Holland et al., 609 

2008; Motyka et al., 2011) and to a smaller retreat rate of nonclimatic-control tidewater glaciers than 610 

that of terrestrial glaciers (Larsen et al., 2015; Maraldo, 2020). The altimeter result in this study shows 611 

large interannual variabilities of tidal glaciers and fast shifts in elevation patterns (e.g., glaciers at Sites 612 

42 rose before 2011, then fell and rose again in 2014). These short to long-term glacier variabilities 613 

are observed from the 10-day repeat, usable T/P and J2 data, which may overcome the problems of 614 

underestimation or overestimation of the long-term trend of a tidewater glacier mass budget based on 615 

observations with a low temporal resolution (such as those from airborne Lidar or stereo imagery 616 

measurements). 617 

 618 

Figure 18. Glacier elevation changes at Site 42 and 43 (blue), and the annual summer 619 

(May–September) sea surface temperature (SST, red) near Sites 42 and43. 620 

5 Conclusion 621 

In the extreme terrain conditions of mountain glaciers, it is a challenge for satellite radar altimeters 622 
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to monitor glacier elevation changes. In this study, we develop the GTM to extract glacier elevation 623 

changes based on the repeated and usable altimeter measurements. The GTM is an integrated 624 

processing system that includes the selection of the optimal waveform retracking algorithm, glacier 625 

footprint extraction, terrain correction and crossover analysis. An internal and external assessment 626 

confirm that the GIM can retrieve robust and precise glacier elevation changes over Alaska. The usable 627 

rates of the 10-day repeat altimeter observations range from 16% to 92%.  628 

The T/P and J2 observations show that most glaciers in Alaska near the 47 sites in this study 629 

(1993–2016) are thinning. The maximum thinning rate reached -11.06 m/yr near Klutlan Glacier, 630 

followed by Chitina Glacier at -8.82 ± 0.12 m/year. Fan glacier has the largest rising rate of 5.99 ± 631 

0.92 m/year, followed by Logan Glacier, which was rising at 4.30 m/year over 1993–2016. In addition, 632 

alternating rates in glacier elevation changes were also detected. Our result shows that that the thinning 633 

and thickening status of glaciers in St. Elias mountains are relatively stable in the two T/P–J2 periods, 634 

while larger rate shifts occurred over Muldrow Glacier, Kahiltna Glacier, Frank Mackie Glacier, 635 

Tazlina Glacier, and Kennicott Glacier.  636 

With a phase change in the PDO in 1998 from positive to negative, a drop in winter precipitation 637 

for more than a decade occurred along the coast of Alaska. The precipitation drops in this area resulted 638 

in increasing glacier melts and slowed down the glacier growth rates in the accumulation zones. In the 639 

Central Alaska Range, the sharp increase in summer temperatures in 1998 intensified the long-term 640 

warming to accelerate glacier melts here. As a result, ice discharges from the mountains increased and 641 

then raised the elevations at the glacier terminuses, as evidenced by the altimeter observations. At two 642 

tidewater glaciers (Guyot Glacier and Aialik Glacier) in the Gulf of Alaska, we find that their 643 

interannual responses to summer SST anomalies are more significant than previously known. Warming 644 

waters may have increased their frontal ablations. 645 

Despite the low spatial coverage of the T/P and J2 altimeters over Alaska mountain glaciers, the 646 

two missions’ continuous 10-dy repeat and usable observations can provide information to better 647 

understand the short- and long-term complex dynamics of a mountain glacier if the glacier is 648 
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sufficiently flat, wide and along a pass of the missions. The raw data from the T/P-series altimeter 649 

missions cannot be automatically used for detecting glacier elevation changes without a sophisticated 650 

processing system like the GTM. A capable altimeter processing system and repeat altimeter missions 651 

can facilitate the study of the physics of a small-scale glacier and provide data for verifying glacier 652 

measurements from other remote sensing technologies.   653 
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 897 

Appendix A: Site IDs and rates of altimeter-derived glacier elevation changes 898 

Table A1: Information about the 47 Sites with glacier elevation changes and glacier 899 

names 900 

Site ID Glacier name 
Longitude, 

Latitude 

Approximate 

altitude (m) 

Approximate 

slope (degree) 

T/P Pass 

number 

1 Long -144.026, 61.824 1133 0.7 2 

2 Kennicott -142.998, 61.511 749 0.5 2 
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3 Chitina -141.389, 60.986 839 0.5 2 

4 Walsh -141.184, 60.918 1153 0.9 2 

5 Logan -141.002, 60.857 1383 3.1 2 

6 Hubbard -139.439, 60.304 1479 8.2 2 

7 Tweedsmuir -138.628, 59.997 1272 5.7 2 

8 Tweedsmuir -137.998, 59.754 327 1 2 

9 Carroll -136.823, 59.278 1150 3.4 2 

10 Carroll -136.766, 59.254 1089 0.1 2 

11 Baird -132.404, 57.24 1152 0.5 2 

12 Baird -132.345, 57.209 1204 1.1 2 

13 Hubbard -138.842, 60.125 1448 0 21 

14 Kennicott -142.995, 61.609 1131 3.6 47 

15 Kennicott -143.057, 61.59 991 1.3 47 

16 ——a -138.152, 59.276 102 3.7 97 

17 Klutlan -140.602, 61.47 1237 0.1 123 

18 Klutlan -140.621, 61.464 1260 1.2 123 

19 Klutlan -140.691, 61.442 1353 0.6 123 

20 Klutlan -140.74, 61.426 1415 0.5 123 

21 Barnard -141.494,61.183 1366 0.5 123 

22 Waxell -142.963, 60.686 1316 4.1 123 

23 Waxell -143.07, 60.648 1660 4.9 123 

24 Waxell -143.144, 60.621 1520 0.7 123 

25 Steller -143.195, 60.604 1526 1.7 123 

26 Steller -143.278, 60.575 1587 0.1 123 

27 ——b -143.907, 60.348 52 0.5 123 

28 Muldrow -150.449, 63.376 884 2 175 

29 Muldrow -150.414, 63.384 964 3.4 175 

30 Ruth -150.623, 62.846 854 0 180 

31 Tazlina -146.471, 61.704 680 0.5 180 

32 Fan -143.697, 60.806 1120 1.8 180 

33 Waxell -143.144, 60.621 1520 0.7 180 

34 Waxell -143.08, 60.59 1485 1.9 180 

35 Bering -142.697, 60.452 904 0.8 180 
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36 Kluane -139.324, 60.963 1491 0.4 199 

37 Hubbard -140.076, 60.704 2235 0.5 199 

38 Logan -140.205, 60.659 2231 0.8 199 

39 Seward -140.808, 60.444 2097 2.4 199 

40 Seward -140.91, 60.407 2162 3.6 199 

41 Bering -140.963,60.388 2035 1.8 199 

42 Guyot -141.567, 60.165 48 4.7 199 

43 Aialik -149.98, 60 1334 0.4 206 

44 Frank Mackie -130.083, 56.343 529 0.5 223 

45 Frank Mackie -130.093, 56.336 575 5.7 223 

46 Tazlina -146.496, 61.399 1562 0 225 

47 Kahiltna -151.219, 62.498 320 0.1 251 

aNameless 901 

bSite 27 is located on a frontal lake, 902 

 903 

Table A2: Rates of glacier elevation change from T/P (1992-2002). 904 

Site ID 
Elevation change 

rate (m/yr) 

Usable data 

percentage (%) 

Amplitude of 

annual change (m) 

13 -0.46 ± 0.29 19 1.54 ± 0.81 

15 -2.06 ± 0.28 16 1.96 ± 1.16 

16 -0.44 ± 0.39 21 5.07 ± 1.53 

22 2.13 ± 0.43 40 3.6 ± 1.98 

24 -0.64 ± 0.23 19 1.73 ± 0.89 

25 -0.81 ± 0.17 19 0.92 ± 0.65 

26 -4.51 ± 1.2 16 3.92 ± 4.82 

27 0.5 ± 0.18 39 0.53 ± 0.79 

28 -6.43 ± 0.36 29 4.24 ± 1.53 

31 5.92 ± 0.3 50 0.39 ± 1.12 

33 -0.43 ± 0.15 27 0.76 ± 0.64 

34 -1.04 ± 0.15 35 1.77 ± 0.60 

35 1.6 ± 0.24 21 2.56 ± 1.06 
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37 0.48 ± 0.21 45 1.98 ± 0.94 

38 4.03 ± 0.31 24 4.06 ± 1.11 

42 -0.48 ± 0.32 33 4.42 ± 1.26 

44 13.19 ± 0.74 17 3.11 ± 3.41 

45 11.33 ± 1.19 16 19.9 ± 5.44 

46 1.82 ± 0.58 19 2.00 ± 2.34 

47 -2.34 ± 0.35 26 6.59 ± 1.37 
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Table A3: Rates of glacier elevation change from J2 (2008-2016). 906 

Site ID 
Elevation change 

rate (m/yr) 

Usable data 

percentage (%) 

Annual amplitude 

(m) 

1 -3.64 ± 0.53 30 7.53 ± 1.78 

2 1.39 ± 0.13 34 0.32 ± 0.48 

3 -8.82 ± 0.12 42 0.7 ± 0.38 

4 -6.13 ± 0.14 56 1.06 ± 0.46 

5 -4.17 ± 0.11 57 1.20 ± 0.38 

6 -4.74 ± 0.81 31 2.51 ± 2.55 

7 -3.64 ± 0.39 41 4.35 ± 1.43 

8 -3.72 ± 0.42 30 2.05 ± 2.02 

9 -1.21 ± 0.33 37 1.40 ± 1.34 

10 -0.86 ± 0.06 23 0.80 ± 0.22 

11 -2.43 ± 0.19 35 3.41 ± 0.71 

12 -2.43 ± 0.33 43 3.29 ± 1.14 

13 -0.55 ± 0.08 53 0.73 ± 0.29 

14 -0.72 ± 0.15 36 2.01 ± 0.64 

15 3.27 ± 0.11 46 0.98 ± 0.53 

16 -0.35 ± 0.26 42 2.37 ± 0.91 

17 -2.97 ± 0.05 40 0.49 ± 0.18 

18 -11.06 ± 0.35 39 3.57 ± 1.54 

19 1.32 ± 0.26 36 0.86 ± 0.82 

20 -2.95 ± 0.66 31 12.52 ± 3.21 

21 1.14 ± 0.65 23 6.39 ± 5.07 
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22 -2.58 ± 0.55 22 2.81 ± 1.91 

23 -0.77 ± 0.33 27 1.25 ± 1.35 

24 -1.57 ± 0.14 43 0.62 ± 0.65 

25 -0.45 ± 0.11 35 0.43 ± 0.45 

26 -0.52 ± 0.38 29 1.32 ± 1.23 

27 0.35 ± 0.08 92 0.50 ± 0.27 

28 2.47 ± 0.04 74 0.38 ± 0.15 

29 4.28 ± 0.07 76 0.61 ± 0.25 

30 2.79 ± 0.07 81 0.46 ± 0.24 

31 0.26 ± 0.07 61 1.15 ± 0.24 

32 5.99 ± 0.92 20 9.02 ± 3.20 

33 -1.56 ± 0.09 48 0.59 ± 0.40 

34 -0.60 ± 0.19 31 3.59 ± 0.74 

35 3.99 ± 0.13 25 2.05 ± 1.23 

36 0.97 ± 0.23 53 3.28 ± 0.72 

37 1.83 ± 0.22 52 2.56 ± 0.74 

38 4.60 ± 0.22 25 1.86 ± 0.76 

39 -0.64 ± 0.19 33 1.44 ± 0.64 

40 -1.13 ± 0.29 40 1.52 ± 1.06 

41 -1.41 ± 0.33 48 1.60 ± 1.24 

42 -0.48 ± 0.11 74 0.99 ± 0.38 

43 -0.42 ± 0.07 31 0.48 ± 0.26 

44 -0.49 ± 0.16 40 0.82 ± 0.59 

45 -1.42 ± 0.29 34 2.93 ± 0.82 

46 -5.58 ± 0.41 41 2.85 ± 1.29 

47 0.39 ± 0.20 37 2.12 ± 0.70 
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Appendix B: Precipitations and temperatures  908 
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Figure B1: Annual winter (October–April) precipitation changes in (a) Beaver Creek, 910 

(b) Burwash, and annual summer (May–September) temperature changes in (c) Little Port 911 

Walter, and (d) Port San Juan. The locations of meteorological stations are shown in Figure 912 

1. Note: when there are missing daily records (< 7 days), the values in this figure are linearly 913 

interpolated from neighboring values. If the time gap is more than 7 days, the missing values 914 

are from the monthly averages. 915 
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