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to estimate the winter mass balance on the Bering, Hubbard, 
Kaskawulsh, Logan, Seward, Walsh, and Yahtse glaciers. Along-track 
snow water equivalent measurements for the winter accumulation period 
range from 0 to 3 m in 2018, 0.2 to 3.4 m in 2021, and 1.1 to 3.3 m in 
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values from other Alaskan glaciers. We observed that the maritime 
glaciers Yahtse, Bering, Hubbard, and Seward receive significantly more 
accumulation than the more inland glaciers
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ABSTRACT. Quantifying the input mass from snow accumulation on rapidly14

changing glaciers is critical to establishing baseline states and predicting re-15

sponses to climate change. Some of the largest glaciers in the world are located16

in the St. Elias Mountains in Southeast Alaska and Southwest Yukon; how-17

ever, the input mass to these glaciers is poorly constrained. Here we used18

airborne radar sounding combined with in situ measurements of snow prop-19

erties, and satellite imagery from Landsat 8/9 and Sentinel 1, to estimate the20

winter mass balance on the Bering, Hubbard, Kaskawulsh, Logan, Seward,21

Walsh, and Yahtse glaciers. Along-track snow water equivalent measurements22

for the winter accumulation period range from 0 to 3 m in 2018, 0.2 to 3.4 m23

in 2021, and 1.1 to 3.3 m in 2023. On-glacier measurements from the Seward24

and Kaskawulsh glaciers provided a mean seasonal snow density of 438 ˘ 2225

kg m´3 which leads to a real dielectric permittivity of 1.86 ˘ 0.12, similar to26

values from other Alaskan glaciers. We observed that the maritime glaciers27

Page 2 of 46

Cambridge University Press

Journal of Glaciology



For Peer Review

Daniel and others: St. Elias snow water estimates 2

Yahtse, Bering, Hubbard, and Seward receive significantly more accumulation28

than the more inland glaciers.29

1 INTRODUCTION30

The most commonly used indicator of glacier health is mass balance, which is the difference between mass31

gain (primarily snowfall) and mass loss (primarily surface melt and/or calving) over a period (Cogley and32

others, 2011). Successive years of negative mass balance are the sign of a retreating glacier. Although33

the mass balance for Alaskan glaciers has some constraints from long-term repeat altimetry measurements34

that show a thinning of most glaciers (Larsen and others, 2015), the individual mass loss and gain terms35

are not well constrained. Complicating input mass retrieval is that measuring snowfall in mountainous36

terrain is currently one of the most challenging problems in snow hydrology (Dozier and others, 2016). It37

has already been observed that snow accumulation patterns in Alaska have been changing since the onset38

of industrialization (Winski and others, 2017). Thus, determining baseline mass accumulation rates for39

glaciers is critical for defining their current states and predicting responses to climate change.40

The Randolph Glacier Inventory (RGI) Region 1, called Alaska, includes glaciers in Alaska, Southwest41

Yukon, and Western British Columbia. RGI Region 1 contains 13% of the world’s glacial ice, excluding42

the Greenland and Antarctica ice sheets but including their peripheral glaciers (Millan and others, 2022).43

For 2000-2019, RGI Region 1 was the largest non-ice sheet contributor to global sea level rise (Hugonnet44

and others, 2021) and is expected to continue being a key source through 2100 (Rounce and others, 2023).45

Our study focuses on seven glaciers in the heavily glaciated St. Elias Mountains of Southeast Alaska and46

Southwest Yukon (Fig. 1): Bering, Hubbard, Kaskawulsh, Logan, Seward, Walsh, and Yahtse. We use47

the convention of Seward to include both the Seward and Sít’ Tlein (Malaspina) Glaciers, as Seward is the48

accumulation area for Sít’ Tlein and shares a RGI shape file. These seven glaciers cover 15% of the total49

RGI Region 1 glacier surface area (RGI Consortium, 2023) and have ice coverage from sea level to 5959 m50

a.s.l. at the summit of Mt. Logan (Fig. S1) (OpenTopography, 2021). Also of note is that Seward, Bering,51

and Hubbard are among the ten largest glaciers in the world (Windnagel and others, 2023), yet there are52

very few contraints on the total accumulation for these major glaciers.53

In situ measurements (i.e. snow pits and cores) on glacier surfaces are critical to constrain snow density,54

radar wave velocities, and interpretations of ground penetrating radar (GPR) data, but are generally55
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Fig. 1. Airborne radar data coverage, in situ measurement locations, and long-term weather station locations.
Glacier outlines are from the Randolph Glacier Inventory v7 (RGI Consortium, 2023). Glaciers are labeled by their
first letter; B: Bering, H: Hubbard, K: Kaskawulsh, L: Logan, S: Seward, W: Walsh, and Y: Yahtse. The 2018 core
site (green) is from Ochwat and others (2021) and the 2023 core site (magenta) is from our work. This map, and all
others in this work, are projected to NAD83/Alaska Albers EPSG:3338.
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very sparse (McGrath and others, 2015; Zeller and others, 2022). There are only a few Snow Telemetry56

(SNOTEL) sites in Southeast Alaska (U.S. Department of Agriculture, 2025), and as these stations are57

not located to monitor glacier accumulation they are only found off-glacier at low elevations. Where in58

situ measurements are sparse, end-of-winter GPR surveys are commonly used to measure seasonal snow59

accumulation on glaciers by detecting the last summer surface (Gusmeroli and others, 2014; McGrath and60

others, 2015; Li and others, 2023). Snow accumulation for Alaskan glaciers generally occurs from the61

beginning of October to the end of May (McGrath and others, 2018), with variations due to elevation and62

local climate.63

Li and others (2023) reported snow depths from the St. Elias Mountains in May 2018 and 202164

from airborne frequency modulated continuous wave (FMCW) radar (henceforth airborne radar) with a65

focus on comparing the snow stratigraphy with a snow/ice core at Mount Wrangell. Due to a lack of66

in situ measurements, they used a real part of the dielectric permittivity (real permittivity, ϵ1) of 1.8967

(v “ 0.218 m ns´1) derived from Alaskan glaciers outside of the St. Elias Mountains (McGrath and68

others, 2015). A real permittivity of 1.5 ´ 2 pv “ 0.245 ´ 0.212 m ns´1) is generally accepted for snow (Wu69

and Liu, 2012) and is related to the radar wave speed through v “ c{
?

ϵ1 where v is the radar wave speed70

in the material and c is the speed of light in a vacuum. In situ methods for retrieving the real permittivity71

include hyperbolic analysis (Ni and others, 2010) and empirical relationships between snow density and real72

permittivity (Sugiyama and others, 2010). Additionally, while Li and others (2023) reported along-track73

snow depths and snow water equivalent (SWE), their paper’s scope did not include winter mass balance74

estimates. SWE has units of meters water equivalent (m w.e.), and is the equivalent water depth for a75

column of snow. It is calculated by multiplying the snow depth by the bulk density ratio of snow and water76

(Beaudoin-Galaise and Jutras, 2022).77

Here we estimate the accumulation area winter mass balance in both units of glacier average SWE78

and mass of water for each the Bering, Hubbard, Kaskawulsh, Seward, Walsh, and Yahtse glaciers for79

2018, 2021, and 2023. This is achieved through a combination of airborne radar, in situ measurements,80

surface-coupled GPR (henceforth surface GPR), and satellite imagery. We used processed airborne radar81

data collected in 2018 and 2021 as part of NASA’s Operation IceBridge (Li and others, 2023; MacGregor82

and others, 2021), and a new dataset from 2023 using the same radar system on a different aircraft. In83

situ measurements of snow density from 2018 and 2023 were used to determine the radar wave speed and84

to convert from snow depth to SWE. This radar wave speed was used to convert the last summer surface85
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time delay measured by the radar to physical snow depth. Verification of the airborne radar stratigraphy is86

completed from comparison to surface GPR collected in 2023 on the Seward Glacier. Accumulation areas87

for each glacier are determined using end-of-summer snow lines digitized from Landsat 8/9 imagery. We88

also conducted an analysis of Sentinel 1 radar reflectivity to better understand surface melt and how it89

impacts the airborne radar penetration and airborne radar stratigraphy.90

2 DATA SETS AND ANALYSIS METHODS91

We first discuss the methods of airborne radar data collection and interpretations followed by the estimates92

of accumulation area winter mass balance in units of glacier average SWE and mass of water. These93

estimates are calculated using the input mass to the accumulation area of each glacier. Next, we discuss94

the methods used for snow density measurement and surface GPR measurements. Lastly, we discuss the95

determination of equilibrium line altitudes (Landsat 8/9), and surface melt from satellites and weather96

stations. We discuss the airborne radar first to emphasize that work, though the methods and results from97

the other data sources are key to the airborne interpretations.98

2.1 Airborne radar data99

This study used three frequency modulated continuous wave (FMCW) airborne radar datasets. The first100

two were collected using a radar-equipped Single Otter aircraft from May 20 to 30, 2018 and May 2 to 13,101

2021 as part of NASA’s Operation IceBridge (Li and others, 2023; MacGregor and others, 2021). These102

datasets are accessible from the National Snow and Ice Data Center (Paden and others, 2014). The third103

dataset was collected from May 23 to 24, 2023 using a Cessna 206 aircraft with the radar electronics104

placed inside its main cabin and with a different antenna configuration compared to what was used in105

2018 and 2021. For 2023, The transmit antenna was a high-gain horn (Steatite Qpar QWH-SL-2-18-S-106

HG-R) mounted on a nadir port available in the aircraft. The receive antenna was a smaller horn (A-info107

LB-20180-SF) enclosed in a fiber glass fairing, which was attached to the wing-strut (port side) as done108

priorly on a Cessna 172 (Rodriguez-Morales and others, 2021). The overall antenna feed cable run used in109

this configuration was shorter, which resulted in „1 dB higher received power than previous years. The110

different antenna configuration in 2023 compared to 2018 and 2023 did not significantly change the airborne111

radar performance. The airborne radar operated over a frequency range of 2–8 GHz (2018) and 2–6 GHz112

(2021, 2023), with respective vertical resolution in free space of 2.5 cm and 3.75 cm (Li and others, 2023).113
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The along-track resolution for the three datasets were „1.3 m (Li and others, 2023).114

For 2023, the radar waveform deconvolution was derived from specular echoes acquired from the smooth115

surface of Malaspina Lake at the toe of Seward Glacier. The snow surface was determined from the peak116

of the deconvolved waveform. Detailed descriptions of the radar development, general configuration, and117

data processing are discussed in existing publications (Li and others, 2019, 2023; Rodriguez-Morales and118

others, 2021). The 2023 radar data were processed using the same steps as the 2018 and 2021 data.119

The Radar Analysis Graphical Utility (Tober and Christoffersen, 2023), an open source Python tool,120

was used for all airborne data interpretations. We manually interpreted the top of the first prominent121

reflector below the surface reflection, representing the previous summer’s surface. Where context from122

snow cores, continuous reflectors, and crossing survey lines exist, we incorporate these constraints to our123

last summer surface interpretations. Based on data from cores, this can result in the last summer surface124

corresponding to a reflector below the first prominent subsurface reflector. Where needed, we reinterpret125

the last summer surface to match with core data. The two-way travel time was converted to snow depth126

using a constant real permittivity across the region of study following Li and others (2023).127

2.1.1 Crossover analysis of snow depth128

To validate that interpretations were consistent, we compared intersecting ("crossover") radar tracks to129

verify that the same reflector was selected in both radargrams. We used a horizontal threshold distance130

of 50 m for when a crossover occurs and found the difference between the two closest points (Tober and131

others, 2023). Crossover values were calculated for both physical depth difference and relative difference.132

The relative difference was used to remove potential biases that could occur when comparing the crossover133

results between areas of high and low snow thickness. We defined the relative difference as 100 times the134

absolute difference between the two interpretation depths, divided by the shallower depth. The mean of all135

crossover points from each year was used as a constraint on the uncertainty of the radar interpretations.136

Additionally, we performed a crossover analysis between the 2023 surface GPR and airborne radar to137

analyze differences between the two systems.138

2.1.2 Comparing interpreted depths139

Another mechanism of validating our interpretations was through comparison with those previously pub-140

lished by Li and others (2023) for 2018 and 2021. Locations with differing interpretations between unique141
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interpreters are indicative that those areas need additional analysis to infer the last summer surface. We142

calculated the relative thickness difference between each of the picks from Li and others (2023) to the near-143

est point in our analysis. By our convention, negative values correspond to our study having deeper (i.e.144

thicker snow layer) interpretations than those of Li and others (2023). As Li and others (2023) reported145

snow thickness, not two-way travel time, we recalculated the snow depth using the same real permittivity of146

1.89 to facilitate direct comparisons with their interpretations. All other airborne radar and surface GPR147

comparisons in our work use a real permittivity 1.86 which is calculated in our work from snow density148

measurements (Sections 2.2.3 and 3.2.3).149

2.1.3 Comparison to cores150

Once a consistent airborne radar interpretation set was generated, those near the 2018 and 2023 cores were151

compared to the in situ snow depths. The 2018 cores acquired by Ochwat and others (2021) were located152

2.4 km from the nearest 2018 radar data. The 2023 cores were located along or up to approximately 200153

meters from the 2021 and 2023 airborne survey lines (Fig. 2). These are the same cores that were used for154

snow densities measurements and estimating the radar wave speed (Sections 2.2.1 and 3.2.1).155

2.1.4 Glacier average SWE and mass estimates156

For estimating the accumulation area winter mass balance we constrained the SWE values derived from157

airborne radar to only those above the ELA. Due to most ice in the St. Elias Mountains being temperate,158

we assume that all snow falling below the ELA would completely ablate during the summer and won’t159

refreeze (Cuffey and Paterson, 2010; Tober and others, 2023) and therefore do not account for it in our160

estimates (also due to a lack of data below ELAs).161

We first calculated the along-track SWE by multiplying snow depth by the ratio of the column-average162

snow density to liquid water. Then, for each surface elevation bin above the equilibrium line altitude163

(ELA), the mean SWE was calculated from all airborne radar interpretations within that elevation bin164

range. If an elevation bin between the highest and lowest surface elevations with radar measurements was165

missing data, we linearly interpolated between the two nearest bins with values. We then multiplied the166

mean SWE at each elevation bin by the fraction of the glacier area at that elevation bin. Next, we sum167

all elevations bins with data together. To account for the non-sampled part of the accumulation area,168

we assumed that the previously calculated mean SWE was representative of the non-sampled area and169
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multiplied it by a factor of one over the fraction of the accumulation area sampled. The resulting value is170

the winter mass balance glacier average SWE. Hypsometry data from the Randolph Glacier Inventory v7171

(RGI Consortium, 2023) was used for the area of each elevation bin and the total glacier area.172

As a sensitivity test, we performed a linear interpolation for each glacier from the highest surface173

elevation bin with airborne radar data to core measurements acquired from Mt. Logan in the early 2000’s174

at King Col (4135 m a.s.l., 0.917 m w.e.) and Prospector Russel Col (PRCol) (5350 m a.s.l., 0.596 m w.e.)175

(Fisher and others, 2006). While the measurements by Fisher and others (2006) are prior to our data176

collection, they represent the the only high elevation accumulation measurements currently available for177

Mt. Logan. As our airborne radar surveys did not reach the highest surface elevations, this sensitivity test178

investigates the importance of high elevation regions where accumulation is expected to decrease. This test179

also results in an increase in glacier area being sampled due to the interpolation across the high elevation180

regions of each glacier.181

To convert from SWE to the mass of water, we first estimated the mass from the sampled elevation by182

summing the elevation bin SWE values multiplied by the bin area, and then converted from units of m w.e.183

m´2 to gigatons of water using the density of water. To account for the area of each glacier not sampled by184

the airborne radar surveys, we assumed the sampled mass was representative of the non-sampled area and185

multiplied it by a factor of one over the fraction of the accumulation area sampled. As we do not calculate186

the summer ablation in this study, our winter mass balance estimates are the maximum possible input187

mass for each glacier. Additional work should be done to incorporate our winter mass balance estimations188

with melt models to refine the annual mass balance.189

2.2 In situ and surface-coupled measurements190

In situ and surface-coupled measurements were collected on the Seward Glacier between May 14 and 22,191

2023 (magenta star in Fig. 1) and are shown in further detail in Fig. 2 and Table S1. Snow density,192

hyperbolic analysis surveys, and common offset radar data were acquired with the primary motivation193

to support the 2023 airborne data. Cores were acquired around 1650 m a.s.l. Surface GPR sampled the194

elevation range of 1600 to 1700 m a.s.l. Snow densities from the Seward Glacier are supplemented by two195

cores drilled 60 cm apart on the Kaskawulsh Glacier (green star in Fig. 1) between May 20 and 24, 2018196

at 2640 m a.s.l. (Ochwat and others, 2021).197
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Fig. 2. (a) Seward Glacier with the black box showing the area of panel (b). (b) In situ measurement locations
on the Seward Glacier from 2023 shown with the 2023 surface GPR lines and nearby 2021 and 2023 airborne lines.
Hyperbolic analysis surveys were collected at Snow Pit 1 (1 m and 1.5 m deep probe) and Snow Pit 3 (1.2 m deep
probe).

2.2.1 Snow density198

Snow density measurements were acquired on the Seward Glacier on May 15 and 17, 2023. These mea-199

surements were taken one week prior to the 2023 airborne radar data, and in the same month of the year200

as the 2018 and 2021 airborne radar data. They represent the only known snow density measurements201

from the Seward Glacier since the 1960s. Snow pit sites were located along surface GPR lines, and near or202

on airborne radar lines from 2021 and 2023 (Fig. 2). We supplemented our acquired densities with those203

published by Ochwat and others (2021) for the Kaskawulsh Glacier from 2018.204

Three snow pits were dug, with two cores drilled in Snow Pit 1, and one core in each of the other snow205

pits (Fig. 2). Snow pit density measurements were acquired using a 1,000 cc wedge sampler every ten206

vertical centimeters in the wall with each sample weighed using an A&D HT1000 digital scale. Snow cores207

were acquired from the bottom of each snow pit using a Kovacs coring system. The cores were segmented208

by natural breaks or cut into lengths 10 to 32 cm long, with a mean and median of 20 cm. Each segment209

of the core was weighed using the same digital scale as for the the pit measurements. An uncertainty of210

9% for each density measurement was used, based on work comparing snow density measuring techniques211

(Proksch and others, 2016). This uncertainty encompasses lost snow when the measuring device was212

removed, variation in snow density at the top and bottom of the sample, and the presence of ice layers.213

Column mean densities were calculated by performing a weighted mean using each segment’s density and214

its length as the weighting parameter. The column mean density uncertainty was calculated from the root215
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mean square of the individual density uncertainties (Ochwat and others, 2021).216

2.2.2 Surface GPR data collection and processing217

All surface GPR data were collected using a 400 MHz Geophysical Survey Systems Inc. (GSSI) shielded218

antenna and a SIR 4000 controller. Radar settings for collection were set to continuous mode at 24 scans219

per second, 2408 samples per scan, and 32 bits per sample. We collected approximately 60 km of common220

offset data between May 14 and 21, 2023, and hyperbolic analysis surveys on May 17 and 20, 2023.221

Common offset data (green lines in Fig. 2) were collected by skiers towing a sled that contained the222

GSSI radar system. Individual data files were collected for approximately 45 minutes to keep files under 1223

GB and to avoid data loss if the controller batteries died. Processing and interpretation were accomplished224

using the commercially available GSSI software RADAN 7. Data were first processed by applying a time225

zero correction, followed by clipping out sections of the data when the antennas were stationary. Next, a226

Finite Impulse Response boxcar filter with a length of 201 scans was applied for background removal. We227

then applied a horizontal stacking of 20 scans, and lastly a deconvolution. The RADAN 7 deconvolution228

used four variables, which were: operator length of 31, prediction of five, prewhitening of eight, and overall229

gain of three. After each file was processed, we combined the individual files from each day into a single file230

for more consistent interpretations of reflectors. The reflectors were then interpreted using the RADAN 7231

layer selection tools. Radar interpretations were performed by manually digitizing ("interpreting") point232

measurements at the top of the reflector associated with the last summer surface reflector’s two-way travel233

time. This reflector was then compared to the winter snow depth identified in the snow cores.234

Hyperbolic analysis surveys are performed over buried objects, such as pipes and poles to measure235

their depth. As the radar is moved perpendicularly across the pole, changes in the time delay for the radar236

wave to reflect off the pole create a range hyperbola with the vertex corresponding to the radar directly237

overhead (Ni and others, 2010). The hyperbolic analysis data were collected near snow pit walls with a238

metal snow probe inserted 3 m horizontally into the wall. Each survey was 10–12 m in length and crossed239

perpendicular to the probe at a distance of 2.5 m from the pit wall. Time windows of 100 and 500 ns were240

used. We used probe depths of 1 and 1.5 m in Snow Pit 1 and 1.2 m in Snow Pit 3. Each hyperbolic241

analysis file was time zeroed to adjust the top of the scan to the snow surface. The two-way travel time242

for the interpreted parabola vertex was then exported to be used in radar wave speed calculations.243
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2.2.3 Real permittivity and liquid water content244

Snow density impacts the real permittivity, with higher densities corresponding to a higher real permittivity245

(Sugiyama and others, 2010). Measurements at 14 sites during a 1965 May and June transect of the Seward,246

Hubbard, and Kaskawulsh glaciers showed no trend of density to snow layer depth (R2 “ 0.0003) and a247

slight trend of increasing density with increasing elevation (R2 “ 0.2205) (Marcus and Ragle, 1970). Based248

on the work by Marcus and Ragle (1970) and due to the extremely sparse in situ constraints on radar wave249

speed across the study region we assume a spatially constant density and thus a constant real permittivity.250

We calculated the real permittivity from empirical relationships of snow density, and from the hyperbolic251

analysis two-way travel times. As no empirically derived relationships have been defined for Alaskan snow,252

we used the mean of nine relationships defined in Table 3 of Sugiyama and others (2010). These empirical253

relationships were determined under a range of frequencies, snow conditions, and locations. The real254

permittivity of snow is approximately independent of frequency, especially below 1 GHz, though it is255

dependent of the water content of the snow (Bradford and others, 2009). An increase of snow density or256

liquid water content will increase the real permittivity (Bradford and others, 2009; Sugiyama and others,257

2010). As such, we used the mean result of the all empirical relationships in Sugiyama and others (2010)258

to minimize the impacts of local conditions on the density-real permittivity relationship rather than using259

the relationship with the closest frequency range to our data. The corresponding standard deviation from260

these nine empirical relationships were used as the uncertainty. Hyperbolic analysis surveys determine real261

permittivity from the two-way travel time to the parabola vertex and the known depth of the surveyed262

pole. We calculated the real permittivity using ϵ1 “ ppc ˚ tq{p2 ˚ dqq2 where c is the speed of light, t is the263

two-way travel time, and d is the depth of the pole.264

Estimates of the liquid water content in the 1, 1.2, and 1.5 m snow columns were achieved by comparing265

the real permittivity from the hyperbolic analysis results with those derived from the empirical snow density266

relationships for the same snow column. We used Equation 2 from Sihvola and Tiuri (1986) as this is an267

empirical relationship that estimates wetness by volume. For the real permittivity values in this equation,268

we used the mean value derived from the empirical relationships in Sugiyama and others (2010) for the dry269

snow, and the value from the hyperbolic analysis for the wet snow.270
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2.3 Surface properties from satellites and weather stations271

We used Landsat 8/9 imagery to retrieve end-of-summer snowlines to estimate the ELA for each glacier.272

Sentinel 1 reflectivity and extrapolated temperature data from weather stations were used to further un-273

derstand surface properties and melt behavior to enhance our understanding of the radar results.274

2.3.1 Equilibrium line altitudes275

ELAs were derived using visual identification and manual digitization of the snow to ice transition from276

Landsat 8 and 9 satellite imagery (Young and others, 2021) from August and September for 2017 through277

2023. Snow line interpretations were done at the point where lower elevations were completely (or nearly278

completely) snow free, similar to the lower snow line bounds in Robinson and others (2025). For each279

glacier, the mean of all snow lines during this period was used as the ELA due to the frequently overcast280

study area which causes annual repeat imagery on the same day to be challenging.281

2.3.2 Sentinel 1 Reflectivity Analysis282

Sentinel 1 is a satellite-based C-band (center frequency 5.4 GHz) synthetic aperture radar instrument283

which we used to investigate the presence of wet snow (Torres and others, 2012; Nagler and others, 2016).284

Reflectivity decreases (images appear darker) when wet snow is present (Turbé and others, 2024b). While285

wet snow can be identified from Sentinel 1 imagery, the bulk liquid water content is not, since when water286

is present the C-band radar wave only penetrates a few centimeters (Turbé and others, 2024a; Rott and287

Nagler, 1993). The VV reflected power from accumulation areas has been observed to significantly drop288

with the onset of melting (Turbé and others, 2024a; Gagliano and others, 2023). We used the Sentinel 1A289

single-look complex (SLC) product in interferometric wide (IW) swath mode, retrieved from the Alaska290

Satellite Facility Vertex Data Portal (ASF DAAC, 2024). A descending orbit frame was selected with path291

number 116 and frame number 391 for the period September 2017 to September 2023 with a nominal repeat292

time of 12 days. We opted to use a single descending frame as this footprint covers the area of interest at293

a single capture time (15:48 UTC; 6:48 am local time) removing the need to factor in variable acquisition294

times when comparing reflectivities. Images were radiometrically terrain corrected based on topography295

using the built-in processing from the Alaska Satellite Facility. We only included DEM matching for the296

optional processing. We used the VV polarization gamma power levels and converted to decibels using297

dB “ 10 log10(gamma). A value of -26 dB was used for the noise equivalent sigma zero (systematic image298

Page 13 of 46

Cambridge University Press

Journal of Glaciology



For Peer Review

Daniel and others: St. Elias snow water estimates 13

noise), wherein we set all lower values to -26 dB (Torres and others, 2012; Kellndorfer and others, 2022).299

Then, we used circles of 6 km in diameter to create a time series of the VV reflectivity at different locations300

for the September 2017 to September 2023 period. We used the VV reflectivity as it has a higher returned301

power, and unlike VH did not go below the noise equivalent sigma zero value for extended periods (Fig.302

S2).303

2.3.3 Weather station data304

In situ measurements of temperature data are sparse in the study region. We used data from the Yakutat305

airport (59.5033˝ N, 139.6603˝ W, 10 m a.s.l.) (National Weather Service, 2024) and Tana Knob automated306

weather station (69.9081˝ N, 142.6978˝ W, 1050 m a.s.l.) (Western Regional Climate Center, 2024) to307

complement the Sentinel 1 results. While these sites are off-ice and at low elevations, they represent the308

highest elevation, long-term, accessible, in situ temperature data from the region. Temperatures in the309

accumulation areas were estimated by applying a lapse rate to the weather station values. We primarily310

used the Yakutat weather station as Tana Knob had missing data for several days prior to and during the311

2018 airborne data acquisition. Temperature lapse rates over glaciers range seasonally between -4 and -10312

˝C km´1, with typical values between -5 and -7 ˝C km´1 (Cuffey and Paterson, 2010). We use the lapse313

rate range of -5 and -7 ˝C km´1 to estimate temperatures at elevations of 1200 m a.s.l. and 2000 m a.s.l.314

1200 and 2000 m a.s.l. respectively approximate the bottom and top elevations of the main accumulation315

area of the Seward Glacier, which is the glacier with the most data in our study.316

3 RESULTS317

3.1 Airborne radar data318

Interpretations of the airborne radar data provide measurements of the last summer surface and overlying319

snow depth across the region of study. The last summer surface was interpreted for 350 line-km in 2018,320

1,214 line-km in 2021, and 312 line-km in 2023. The amount of surveyed line-km and glacier coverage321

varied between the survey years due to time constraints and target objectives. An example of the airborne322

radar data near the Seward cores is shown in Fig. 3c.323
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Fig. 3. (a) Sample radar data tracks on the Seward Glacier near the 2023 core sites. The inset shows the Seward
Glacier with the extent of panel (a) marked by the black box. Radargrams for (b) surface GPR and (c) airborne
radar. Both are read left to right from x/y to x’/y’ as marked in (a). The yellow arrows mark the seasonal snow
layer. In both radargrams, a layer is present above what we mark as the last summer surface. Based on context
from the nearby cores, the reflector marked by the yellow arrows is a better fit for the last summer surface depth
than the shallower reflector (Section 3.1.3). The layer above the last summer surface reflector may be related to a
surface-wetting event in Fall 2022. Both radargrams are flattened so that the surface is at zero depth.
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3.1.1 Crossover analysis of snow depth324

Crossover analysis shows that our interpretations are self-consistent. The 2018 data contained eight325

crossover points with a median difference of 5.8% (21.6 cm) and a mean difference of 6.4% ˘ 4.8% (22.1 ˘326

17.1 cm). The 2021 data contained 120 crossover points with a median difference of 3.6% (11.0 cm) and327

a mean difference of 5.5% ˘ 6.3% (15.5 ˘ 16.2 cm). The 2023 data contained 43 crossover points with a328

median difference of 1.9% (8.2 cm) and a mean difference of 4.1% ˘ 7.2% (17.6 ˘ 32.1 cm). For the 2021329

and 2023 data, two thirds of the crossover points had a relative difference less than the mean (Figs. S3-S5).330

The mean from all crossover results (2018, 2021, and 2023) in two-way travel time is 1.49 ns.331

Comparison between the 2023 surface and airborne data supports that the two systems detected the332

same last summer surface. There were 23 crossover points with a median difference of 6.2% (33.1 cm) and333

a mean difference of 8.1 ˘ 9.0% (34.3 ˘ 24 cm) (Fig. S6). This crossover result shows a larger difference334

between the systems than those from within a year’s airborne data. This difference is further explored in335

the Discussion (Section 4.2). At all but two crossover points, the surface GPR detected a deeper reflector336

than the airborne radar.337

3.1.2 Comparing interpreted depths338

Our interpretations are deeper than those of Li and others (2023) for 2018 by a median difference of -2.5%339

(-9.4 cm) and a mean of -3.0 ˘ 8.7% (-8.3 ˘ 30.2 cm); and for 2021 a median difference of -3.7% (-11.4 cm)340

and a mean of -6.4% ˘ 30.8% (-17.6 ˘ 34.3 cm). Spatial distribution is shown for 2018 (Fig. 4a) and 2021341

(Fig. 4b). Both the mean and median shows that our study has a slight systematic bias toward deeper342

interpretations than Li and others (2023). The upper Kaskawulsh and the Seward-Bering divide in 2021343

are two locations where interpretations continuously diverged. An example of the divergent interpretations344

is shown for the upper Kaskawulsh (Figs. 4c, 4d). Further analysis of these difference in interpretations345

are explored in the Discussion (Section 4.2).346

3.1.3 Comparison to cores347

Ochwat and others (2021) identified the last summer surface at a depth of 4.2 m in their 2018 Kaskawulsh348

cores. The nearest „600 radar samples to the core have a mean two-way travel time of 33.9 ˘ 0.73 ns. The349

1.49 ns mean result from the crossover analysis is added into the uncertainty propagation when converting350

to snow depth. Using ϵ’ “ 1.86 ˘ 0.12 (calculated in the in situ measurement results) a depth of 3.73 ˘351
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Fig. 4. Comparison between our interpretations and those of Li and others (2023) for (a) 2018 and (b) 2021 show
that ours tend to be deeper (negative values) or near zero difference. (c) Radargram from 2021 on the Kaskawulsh
Glacier and (d) with annotations. The radargrams are flattened so that the surface is at zero depth. The blue lines
are our interpretations, and the orange lines are those from Li and others (2023). Inset in (d) is the radargram path
from x to x’ with. The gray shading in (a) and (b) is the composite of the glacier outlines in Fig. 1.
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Fig. 5. (a) Snow thickness for the closest 2018 airborne radar data to the Kaskawulsh core (black star). The inset
shows the Kaskawulsh Glacier with the extent of panel (a) marked by the black box. (b) Radargram segment with
the seasonal snow layer marked by the yellow arrows, and the closest approach to the core marked by the green line.
The radargram is read from x to x’ in (a) and is flattened so that the surface is at zero depth.

Table 1. Along-track SWE minimum, 1st and 3rd quartiles, and maximum value for each year in units m w.e.

Year Minimum 1st Quartile 3rd Quartile Maximum

2018 0 1.3 1.9 3.0

2021 0.2 1.3 2.0 3.4

2023 1.1 1.6 2.0 3.3

0.27 m was obtained for the closest radar approach (Fig. 5a).352

We identified the last summer surface at a depth of 4.4 m from our 2023 in situ work (Section 3.2.1.).353

The mean two-way travel time for the airborne data within one kilometer of any of the 2023 cores was 42.45354

˘ 2.12 ns. The 1.49 ns mean result from the crossover analysis is added into the uncertainty propagation355

when converting to snow depth. Using ϵ’ “ 1.86 ˘ 0.12, a depth of 4.67 ˘ 0.42 m was obtained. The snow356

pit depth falls within the airborne radar snow depth uncertainty. This result supports our selection of the357

chosen reflector to be the last summer surface, and indicates that the shallower reflector visible in both358

surface and airborne radar data (Fig. 3) is more recent than the last summer surface.359

3.1.4 Glacier average SWE and mass estimates360

Spatial visualizations of our along-track SWE values are shown in Fig. 6 for each survey year. We typically361

observed higher along-track SWE values closer to the coast. We summarize the along-track SWE value362

ranges, and the first and third quartiles in Table 1.363

The SWE values and uncertainty for each 50 m elevation bin are shown in Fig. 7. Uncertainty364

propagation is discussed in detail in the Supplementary material section 4.2. Bering, Seward, and Hubbard365
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Fig. 6. Along-track SWE from airborne radar for (a) 2018, (b) 2021, and (c) 2023 and the (d) surface GPR. All
panels use the same color scale. Panels (a)-(c) use the same extent as in Fig. 1. Background in (d) is PlanetLab
satellite imagery from May 16, 2023.
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Fig. 7. SWE values for each elevation bin. Shading represents the uncertainty, derived from the standard deviation
of all SWE values at that bin, the value of the crossover analysis, and the uncertainty on the the snow density. Here we
used 2σ for the uncertainty shading. The glacier average SWE value distributes the input mass to the accumulation
area over the total glacier area, which causes the this value to be lower than most elevation bin values. Vertical lines
mark the ELA, where the total amount of glacier elevation at or below that elevation bin is 90% and 100%. Fig. S7
shows the equivalent figure including the interpolation to the Mt. Logan cores for the sensitivity test while Fig. S8
shows only the radar data with no interpolation between elevation bins.
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show intervals of significant SWE decreases with increasing surface elevation, likely due to orographic366

shadowing. These glaciers have significant mountains to their southern, more coastal side, with peaks up367

to „3 km higher than the major accumulation areas (Fig. S1). Logan, Walsh, and Kaskawulsh in 2021368

show a consistent trend of increasing SWE with elevation, which was not seen on the other glaciers. We369

hypothesize that Logan, Walsh, and Kaskawulsh are less likely to be impacted by orographic shadowing370

due to their increased distance from the coast. We further discuss orographic shadowing in the Discussion371

(Section 4.4).372

We report the winter mass balance glacier average SWE for each glacier in Fig. 8 and Table S2. The373

highest glacier average SWE was found at Yahtse in 2021 at 2.4 ˘ 0.1 m w.e. The lowest glacier average374

SWE occurred for Walsh (0.59 ˘ 0.12 m w.e) and Logon (0.52 ˘ 0.08 m w.e) in 2021. We also observed375

that the SWE per elevation bin (Fig. 7) was lower for Walsh and Logan than the other glaciers for the same376

elevation. Walsh and Logan are the two most inland glaciers in the study area, which due to the distance377

from the Gulf of Alaska and blocking mountains, containing some of the steepest coastal mountains in the378

world, results in less available moisture. Due to the relatively small range of surface elevation sampled379

by the airborne radar, especially for Walsh, these two glaciers may also be less well constrained by our380

measurements.381

The winter mass balance in units of mass of water (Figs. 9, S9, and Table S2) revealed a similar trend382

as the glacier average SWE values. Yahtse, Bering, Seward, and Hubbard have significantly higher input383

mass than Kaskawulsh, Logan, and Walsh.384

The sensitivity test including the Mt. Logan core data did not have a significant impact on the majority385

of the results. While several of the glaciers reach much higher elevations than the range sampled by the386

radar, those high elevations zones represent a small portion of the total glacier area (Figs. 7, S10, Table387

S4). Walsh is the only glacier where the sensitivity test had results that were outside the 2σ uncertainty388

of the radar only estimation. This was probably due to the 2018 Walsh data where only 150 meters of389

vertical extent were sampled by the airborne radar (Fig. 7). The limited vertical extent that was sampled390

likely caused the 2018 Walsh estimates to be more sensitive to the Mt. Logan core data than the other391

glaciers. In 2021, for Walsh, the sensitivity test was within the 2σ uncertainty of the radar only estimation.392

For the mass of water, the sensitivity test result for Walsh (Fig. 9) was slightly outside the radar only 2σ393

uncertainty. For the other six glaciers, the sensitivity test result fell within the radar only estimation 2σ394

uncertainty. If a large enough elevation range and surface area is sampled by airborne surveys, capturing395
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Fig. 8. (a) Glacier average SWE for each glacier and survey year (b) and corresponding percent of accumulation
area sampled. Glaciers are ordered roughly by their distance from coast, closest (left) to further (right). In this plot
we show the 2σ uncertainty for the radar only estimation. The percent of the accumulation area sampled is the sum
of the areas for each hypsometry elevation range that contains radar-derived SWE values divided by the glacier area
above our defined ELAs. For the Mt. Logan core inclusion estimation, the percent of accumulation area sampled
includes the glacier area above the highest surface elevation with radar data.
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Fig. 9. Input mass of water for each glacier’s accumulation area. Glaciers are ordered roughly by their distance
from the coast, closer (left) to further (right). The values on the plot for each glacier are the difference between the
radar only estimation and the estimation when including the Mt. Logan core data. The estimations that include
the interpolation to the Mt. Logan core record lie within the uncertainty of the radar only estimation. Values are
reported in Table S3 and the yearly mass estimates are shown in Fig. S9. In this plot we show the 2σ uncertainty
for the radar only estimation.

the highest glacier elevation snow depth/SWE is not critical for constraining the winter mass balance.396

3.2 In situ and surface-coupled measurements397

3.2.1 Snow densities398

Pits were dug to 1.6–2.4 m deep with cores drilled in the bottom of snow pits for a total depth of 5.84–7.41399

m (Fig. S11, Table S1). All cores were depth limited by an ice layer that neither the drill or a snow probe400

could penetrate. The ice layer that stopped the drilling was likely the 2021 summer surface. No annual401

dust layers were visible in the cores. However, an ice layer at approximately 4.4 m deep in pit two was402

found to be very hard, but penetrable. We used this ice layer depth as the estimation of the last summer403

surface depth. Thin ice lenses of varying thickness and horizontal spread were also observed at several404

locations in the snow pits, and were especially concentrated around a depth of approximately 50 cm (Figs.405

S12, S13).406
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Table 2. Real permittivity (ϵ1) from the 2023 hyperbolic analysis surveys and snow densities, along with the
estimated snow wetness by volume. We calculated the real permittivity from snow densities for the snow pit each
hyperbolic analysis was collected in (survey pit), and when using the mean snow density from all three snow pits
(all pit). The all pit real permittivity was used for estimating the volumetric wetness. Uncertainties on the real
permittivity are from the standard deviation of the nine empirical relationships from Sugiyama and others (2010)
and the standard deviation of the density.

Probe depth (m)
Hyperbolic

analysis

survey ϵ1

Survey pit

density (kg m´3)
Survey pit ϵ1

All pit

density (kg m´3)
All pit ϵ1

Estimated

wetness

by volume %

1 3.52 ˘ 0.09 353 ˘ 32 1.69 ˘ 0.13 364 ˘ 33 1.71 ˘ 0.13 11.7 ˘ 0.7

1.2 2.74 ˘ 0.07 375 ˘ 34 1.73 ˘ 0.13 371 ˘ 34 1.72 ˘ 0.13 7.8 ˘ 0.8

1.5 2.75 ˘ 0.02 369 ˘ 33 1.72 ˘ 0.13 382 ˘ 35 1.75 ˘ 0.14 7.7 ˘ 0.8

Using the seasonal snow layer depth of 4.4 m, the mean seasonal snow density from all Seward data was407

estimated to be 425 ˘ 38 kg m´3. As a sensitivity test we also calculated the mean snow density to depths408

of 3.9 m (420 ˘ 39 kg m´3) and 4.7 m (430 ˘ 38 kg m´3). The small variability in mean snow depth for409

these different column depths shows that error in measuring or estimating the physical snow depth does410

not significantly change the estimated seasonal snow density. Our snow layer depth of 4.4 m (1.9 m w.e.)411

compares well to measurements from Marcus and Ragle (1970) collected on the Seward Glacier from May412

21 to 22, 1965 of 4.6 m (1.7 m w.e.) at 1370 m a.s.l. and 5.8 m (2.1 m w.e.) at 1765 m a.s.l. The SWE from413

our cores are also consistent with a physical model-based approach to estimating surface mass balance from414

spatiotemporally sparse observations of surface speed and ice geometry also provides a similar estimate for415

annual average mass accumulation rates (Brinkerhoff and others, 2025).416

3.2.2 Surface GPR417

Table 2 summarizes the results from the hyperbolic analysis surveys and the corresponding estimations from418

the empirical relationships using the mean density to that depth. The density and thus real permittivity419

varied only slightly between the survey pit and the three-pit mean. The real permittivity used for converting420

the airborne radar/surface GPR two-way travel time to snow depth was calculated from the mean density421

from all snow pits. The permittivity from the 1 m probe depth hyperbolic analysis result was higher than422

that for the 1.2 and 1.5 m probe. This was unexpected from a dry snow estimation as the 1 m depth had423

a lower column density. Additionally, the 1 m probe had a significantly higher real permittivity than that424

derived from the density. The increased real permittivity for the 1 m probe was likely due to near surface425

Page 24 of 46

Cambridge University Press

Journal of Glaciology



For Peer Review

Daniel and others: St. Elias snow water estimates 24

Fig. 10. Hyperbolic analysis surveys for the probe at depths of (a) 1 m and (b) 1.5 m. The vertex of each hyperbola
caused by the probe is marked by a red star. The column of parabolas at roughly scan 400 in (a) and 500 in (b) did
not change as the probe depth was changed. Thus we attribute these parabolas to the snow pit wall.

meltwater, which is further explored in the Discussion (Section 4.3). We show examples of the hyperbolic426

analysis data in Fig. 10. As expected, no significant difference in radar speed arose from the different time427

windows. The two-way travel time and the corresponding real permittivity for each survey are reported in428

Tables S5-S7.429

We identified the last summer surface for approximately 47 of the 60 line-km of collected common430

offset surface GPR. The last summer surface tended to not be retrievable from snow-bridged crevasses431

and when descending steeper slopes (only impacted a few line-kilometers of surface GPR to the northeast432

of the 2023 cores). While reflectors were observed over snow bridges they were not clear or consistent433

enough to be interpreted. We show an example of the surface GPR and in Fig. 3b. The along track SWE434

estimates derived from the common offset data are shown in Fig. 6d. The surface GPR returned a depth of435

approximately 4.52 ˘ 0.19 m at the closest approach to Snow Pit 2 (uncertainty calculations shown in the436

Supplementary material section 4.1), where the last summer surface depth of 4.4 m was identified via snow437

probe. This implies that the surface GPR interpretations are correct and that a dry snow approximation438

is fair as the depth of 4.4 m falls within the surface GPR uncertainty. The snow column stratigraphy for439

the surface GPR was similar to that of the airborne radar (Fig. 3).440

3.2.3 Real permittivity and liquid water content441

The seasonal snow density for Seward was 425 ˘ 38 kg m´3 from our work providing ϵ’ “ 1.83 ˘ 0.14,442

and for Kaskawulsh was 450 ˘ 21 kg m´3 from Ochwat and others (2021) corresponding to ϵ’ “ 1.89 ˘443

0.13. We used the mean of these two surveys, which was 438 ˘ 22 kg m´3 resulting in ϵ’ “ 1.86 ˘ 0.12,444

as our characteristic density and real permittivity. These values were used to convert the radar two-way445
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travel times to snow depth and SWE. Our mean value was within the accepted values for dry snow of 1.5–2446

(Wu and Liu, 2012). The similar densities for the snow column on the Kaskawulsh (more inland) to that447

on Seward (more maritime) support the use of a single value. Our real permittivity also compares well448

to the values determined by McGrath and others (2015) of 1.78–2.06, with a mean of 1.89, derived from449

measurements on six Alaskan glaciers outside of the St. Elias Mountains.450

We report the liquid water content estimates from each of the hyperbolic analysis surveys in Table 2.451

They show a decrease in liquid water content by volume with increasing depth, with the largest decrease452

occurring between 1 and 1.2 m, implying that the liquid water was mostly restricted to the upper section453

of the snow column. The liquid water content is further explored in the Discussion (Section 4.3).454

3.3 Surface properties from satellites and weather stations455

3.3.1 Equilibrium line altitudes456

ELA elevations were observed to be lower for glaciers closer to the coast (Fig. S10 and Table S8). The457

two tidewater glaciers in our study, Yahtse (ELA: 912 ˘ 91 m a.s.l.) and Hubbard (ELA: 1061 ˘ 24 m458

a.s.l.) have the lowest ELAs. The most inland glaciers (Kaskawulsh, Logan, and Walsh) have the highest459

ELAs around 2100–2200 m a.s.l. Many late-summer snowlines such as on Yahtse, Hubbard, Seward, and460

Kaskawulsh occurred in or near crevasse fields/ice falls, challenging the retrieval of the late summer snow461

lines and increasing uncertainty in the interpretations.462

For Kaskawulsh and Hubbard, existing ELA estimates allow for comparison which show that our ELA463

estimates are robust and suitable for restricting the radar data to the accumulation area. For Kaskawulsh,464

we calculated a mean of 2106 ˘ 100 m a.s.l., similar to a mean of 2261 ˘ 151 m a.s.l. for 2013-2019465

estimated by Young and others (2021). For Hubbard, we calculated a mean of 1061 ˘ 24 m a.s.l., similar466

to „1000 m a.s.l. from the late 1960s from Trabant and others (2003).467

Further support for our ELA estimations arose from the airborne radar data where dipping reflectors468

were observed near the ELAs. We show one such example from the Logan Glacier in 2018 in Fig. 11.469

These dipping reflectors showed a decreasing layer thickness as they approached the ELA. Below the470

winter’s snow accumulation, the previous year’s firn layer was observed. The interpretable firn layer ends471

before the ELA, likely due to near ELA snow properties and radar interpretation limits. The selected472

ELA lines were where the majority of the glacier width was covered by snow, though in places it was473

patchy snow, which could result in less clear radar stratigraphy when observed as firn the following year.474
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Fig. 11. (a) 2018 airborne radar data on the Logan Glacier prominently shows the 2017 firn layer thinning and
disappearing near the (b) 2017 end-of-summer snow line. The radargram is read from x to x’ in (b). Radargram
is flattened so that the surface is at zero depth. Background is a Landsat 8 image acquired on August 6, 2017. (c)
Context map for panel b using the same color shading as in Fig. 1. Subset of (b) is the black box.
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Additionally, as the firn layers approach the ELA, they thin. Very thin layers are not easily interpretable475

as they reach the resolvability limit of radar. We observed thinning firn layers near the ELA for Logan476

in 2018 and 2021, Kaskawulsh in 2021, and Bering in 2021, but not for Walsh in 2021. No other glaciers477

exhibited last summer surface reflectors crossing their ELA.478

3.3.2 Sentinel 1 Reflectivity Analysis479

We show the Sentinel 1 spatial reflectivity for the chosen path and frame image (Fig. 12) and the time480

series for two locations on the Seward Glacier (Fig. 13). The reflectivity power was higher during the May481

2021 airborne data acquisition compared to the other years of data, implying that the snow was drier and482

the melt had not yet reached the major accumulation areas. This was likely due to the earlier survey dates483

in 2021.484

A significant decrease in returned power was observed from the start of the in situ work on May 14,485

2023 (imagery May 11, 2023) to the end of the airborne data acquisition on May 24, 2023 (imagery May486

23, 2023) at the 2023 core sites (Fig. 13). This drop, though with a smaller magnitude, was also observed487

at the Bering-Seward ice divide. Thus by the time of airborne data acquisition in 2023, the whole Seward488

Glacier area that was sampled by the airborne radar had experienced some melting. Furthermore, at the489

Seward core site, the time series reveals an increase in reflectivity power in late September 2022, which is490

then followed by a „4 dB drop in reflectivity power between October 7, 2022 to October 31, 2022 (Fig.491

13). No Sentinel 1 image for the specific frame and path was available from the Alaska Satellite Facility492

for mid-October 2022.493

Based on the increase and then decrease of the reflectivity at the Seward core sites (Fig 13), and weather494

station data during late September/early October 2022 (Section 3.3.3), we infer that there was a major495

snowfall event that was then followed by temperatures warm enough to cause melting. As seen by the496

Sentinel images (Fig.12), the darkening (decrease in reflected power) during October of 2022 was especially497

prevalent in the lower elevations of the Seward accumulation area. This results in a reflector at shallower498

depths than the last summer surface reflector (Fig. 3) in the area near the Seward core sites. The reflector499

we attribute to this melt event was not observed at high elevations, nor did it taper to the reflector we500

attributed to the last summer surface.501
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Fig. 12. Sentinel 1 gray scale browse images from the Alaska Satellite Facility approximately during airborne radar
acquisition in (a) 2018 and (b) 2021, (c, d) during early Fall 2022, (e) during 2023 surface GPR acquisition, and (f)
during the 2023 airborne radar acquisition. The spatial scale and color bar is the same between all panels so we only
include them in panel (a). Darker colors represent lower reflectivity. The two points marked on all panels are the
sampling locations in Fig. 13 at the 2023 Seward core site and the Seward-Bering ice divide. The black outline is
included to mark the edge of the Sentinel 1 image. ASF DAAC 2015, contains modified Copernicus Sentinel data
2015, processed by ESA.
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Fig. 13. Reflectivity over six water years for the (a) 2023 Seward core sites at „1600 m a.s.l. and (b) subset from
April 1 to June 30. Same period for the (c) Seward–Bering ice divide at „2000 m a.s.l. and (d) subset from April
1 to June 30. Error bars are single standard deviation of the power in the sampling area. Vertical lines are labeled
with context dates for improved understanding of the time series around May. (e) Context map of the location of
the two Sentinel 1 sample sites and the water year color legend.
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Table 3. Mean temperatures prior to and during airborne data collection derived from hourly data at Yakutat,
Alaska. We also include the estimated temperature at 1200 and 2000 m a.s.l. for the week prior to data collection
using a lapse rate of -5 to -7 ˝C km´1 as a range from the minimum to maximum temperature based on the lapse
rate range.

Temperature (˝C) for: 2018 2021 2023

Two weeks prior mean 8.6 ˘ 3 5.6 ˘ 4.9 9.6 ˘ 3.8

Two weeks prior hourly max 20.6 17.8 23.9

One week prior mean 8.2 ˘ 2.8 5.2 ˘ 3.7 10.0 ˘ 4.4

One week prior mean (1200 m a.s.l.) -2 – 2.2 -3.2 – -0.8 1.6 – 4

One week prior mean (2000 m a.s.l.) -5.8 – -1.8 -8.8 – - 4.8 -4 – 0

One week prior hourly max 20.6 13.3 23.9

During data collection mean 8.4 ˘ 1.8 6.3 ˘ 2.1 8.2 ˘ 2.6

During data collection hourly max 12.2 11.7 12.2

3.3.3 Weather station data502

We report the mean temperature for the two weeks prior, one week prior, and during the airborne data503

acquisition for each year. Using typical lapse rates (-5 to -7 ˝C km´1) for glaciers, the temperatures on504

Seward were 6–8.4 ˝C colder at 1200 m a.s.l., and 10–14 ˝C colder at 2000 m a.s.l. than at Yakutat.505

Despite the similar airborne survey dates in 2018 and 2023, the temperatures in 2023 were roughly 2 ˝C506

warmer in 2023 for the week preceding data collection. From these estimated temperatures for Seward,507

melt likely occurred across the radar sampled area of the Seward Glacier during the day in 2023 prior to508

the airborne data collection, while in 2021, due to the earlier surveys, melt was restricted to elevations509

below the ELA. The temperature time series at Yakutat and Tana Knob reveal similar patterns (Figs.510

S14, S15), including intense temperature peaks on May 18 in 2018 and 2023. However, the higher mean in511

2023 likely caused more significant melting which contributed to the lower quality airborne data retrieval.512

These temperature results agree with the Sentinel 1 results of more liquid water at the snow surface in513

2023. The higher temperature in 2018 than 2021 likely had less of an impact on the 2018 surveys, as that514

year higher surface elevations were sampled by the airborne radar.515

Data derived estimates of melt extent are validated from field observations in May, 2023. Surface516

melt was observed during the surface data collection, along with sunny and calm daytime conditions.517

Additionally, while leaving the Seward Glacier on May 23, 2023, several small pools of meltwater were518

observed to have started forming in the accumulations areas around 1600 m a.s.l. on the Seward and519
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Hubbard glaciers.520

Weather station records provide collaborating evidence to Sentinel 1 data that snowfall occurred, fol-521

lowed by snow compaction and/or melt that caused a secondary ice layer that could be observed by the522

airborne radar during the 2022-2023 winter. The Tana Knob snow depth measurements showed a signifi-523

cant increase in the daily average snow depth from 103 mm to 594 mm between October 11 to 13, 2022.524

By October 17, 2022, the average snow depth had reduced to 198 mm. (Fig. S16). Then, snow depths525

had a fluctuating but increasing trend of depth to 338 mm by October 31. Additionally, temperatures in526

mid-October were likely high enough to cause melt at the lower elevations in the Seward accumulation527

basin, consistent with where the Sentinel 1 reflectivity decrease were observed. Using the lapse rate of -5528

to -7 ˝C km´1, the Yakutat weather station had a mean daily temperature of „10 ˝C from October 15-19,529

2022 (Fig. S17), which would allow for melting in the region of the 2023 snow cores and surface GPR data530

collection (1650 m a.s.l., estimated temperatures of 1.75 to -1.55 ˝C). The Tana Knob temperatures on531

October 16, 2020 with a mean of „3 ˝C at 1050 m a.s.l. (Fig. S17) also support that melt could have just532

started to occur at the 2023 snow core sites (1650 m a.s.l., estimated temperatures of 0 to -1.2 ˝C).533

4 DISCUSSION534

4.1 Mass input trends535

We observed that more maritime glaciers received higher accumulation than the more inland glaciers (Fig.536

9, Table S2). The three largest glaciers in our study, Seward (3363 km2), Bering (3025 km2), and Hubbard537

(2834 km2) (RGI Consortium, 2023) are maritime and have the highest mass input of water in our study538

area. While high winter accumulation can be counteracted by increased ablation rates, it is logical for539

the largest glaciers to receive the highest input masses. We also observed that tidewater glaciers (Yahtse,540

Hubbard) had especially high accumulation compared to non-tidewater glaciers of similar size. The higher541

input mass of water occurring for the tidewater glaciers is likely in part due to the higher accumulation542

area to total area ratio compared to non-tidewater glaciers.543

Our results determined that Hubbard had the overall highest input mass of all glaciers in our study544

region, despite not being the largest glacier (third behind Seward and Bering). We do not believe that545

Hubbard’s high input mass is due to a sampling bias that may have resulted from a lack of measurements546

near the ELA. In 2021, SWE was retrieved to a lower elevation ( 1500 m a.s.l.) than in 2018 and 2023 ( 1800547

m a.s.l.) and showed increasing SWE in lower elevation bins (Fig. 7), rather than decreasing. Therefore,548
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assuming spatial trends are consistent across years, extrapolating SWE from our sampled elevations to the549

zone near the ELA should not lead to an overestimate of the input mass.550

Furthermore, as Hubbard is a tidewater glacier while Bering and Seward are land/lake terminating, the551

main method of mass loss is different. Due to the high frontal ablation rates, tidewater glaciers require high552

input mass to maintain the same area as a land-terminating glacier. Trabant and others (1991) estimated553

that 95% of Hubbard’s mass loss is due to frontal ablation. We estimated Hubbard’s accumulation area554

to total area ratio to be 0.96, which is much greater than that of the Seward (0.53) and Bering (0.55).555

Hubbard’s high accumulation area to total area ratio supports that it will lose significant mass from frontal556

ablation rather than surface melting, and will need a higher input mass the Bering and Seward to maintain557

its large extent.558

Yahtse, like Hubbard, is a tidewater glacier that has a higher input mass compared to non-tidewater559

glaciers of similar size in our study. Though Yahtse had the highest glacier average SWE, due to its smaller560

size the input mass of water is lower than Bering, Seward, and Hubbard. Also, Yahtse’s glacier average561

SWE of „2.4 m w.e. was lower than that of other maritime Alaskan glaciers such as Wolverine and Scott562

which have mean SWE of „2.5–4 m w.e. depending on the estimation method (McGrath and others, 2015).563

Our value for Yahtse was calculated using solely the snowfall to the accumulation area while those from564

McGrath and others (2015) included the snowfall to the ablation areas. However, Yahtse’s accumulation565

area ratio of 0.93 means that an estimate of the glacier average SWE that includes the ablation area566

snowfall will result in only a slightly higher glacier average SWE value, though it would still be on the low567

end of values reported in McGrath and others (2015).568

We hypothesize that the glacier size may impact the end-of-winter glacier average SWE as Scott (141.1569

km2) and Wolverine (16.7 km2) are respectively one and two orders of magnitude smaller than Yahtse570

(1019.1 km2) (RGI Consortium, 2023). Topographic features such as aspect and slope are likely more571

influential and pronounced on smaller glaciers as small changes in these parameters can greatly impact572

snow deposition, especially though avalanches and wind drifting. While our airborne radar surveys did not573

sample the edges of glaciers, due to the significant widths (up to „5 km), the processes occurring at the574

edges should have minimal impact on the overall glacier input mass and accumulation trends.575
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4.2 Uncertainties in airborne interpretations576

Here we discuss differences between the airborne radar, the 2018 Kaskawulsh core, interpretations from Li577

and others (2023), and the 2023 surface GPR.578

The closest 2018 airborne radar data depth (3.73 ˘ 0.27 m) to the Kaskawulsh core was slightly579

shallower than the measured snow depth in the core (4.2 m) (Section 3.1.3). We assumed that the airborne580

radar detected the same last summer surface as identified in the core and that the difference in depth is a581

physical difference. Core stratigraphy from Ochwat and others (2021) does not show prominent ice layers582

above the last summer surface, so it is unlikely that a shallower ice layer was detected by the airborne583

radar. If we were to constrain the airborne radar snow depth at closest approach to the core to be 4.2 m,584

it would imply a real permittivity of 1.47 ˘ 0.19, which corresponds to a snow density of approximately585

250 kg m´3, which is significantly less than the 450 kg m´3 observed from the core. We believe that it is586

more probable that there are variations in snow depth at scales of several kilometers than the snow density587

varying by a factor of nearly two. Because most of the 2018 airborne data could be continuously detected588

and interpreted from the closest approach to the Kaskawulsh core, we therefore assumed that the reflector589

elsewhere was also the last summer surface. Discontinuous reflectors, such as on the Bering Glacier, had590

similar appearances to that of the one near the core, so we also assume those reflectors are the last summer591

surface.592

Comparing our interpretations to those of Li and others (2023), we identified two areas with significant593

differences in the 2021 data: upper Kaskawulsh and the Seward-Bering ice divide (Fig. 4) (Section 3.1.2).594

At the Seward-Bering ice divide, multiple radar tracks were acquired in 2021, and only one radar track595

was significantly different in interpretation between the two studies. We favor this study’s interpretations596

at the Bering-Seward ice divide due to our interpretations having better depth consistency between the597

multiple radar tracks.598

For the upper Kaskawulsh in 2021, due to the lack of constraints from other radar data tracks and599

in situ data, it was not clear which reflector corresponded to the last summer surface. It is known that600

rain on snow events can cause uncertainties in detecting the last summer surface (McGrath and others,601

2015), but this disagreement zone occurs at high elevations where we expect rain on snow events to be602

less likely to occur. Another possibility was that a late summer/early fall snow event occurred on the603

upper Kaskawulsh which was then followed by warmer temperature causing multiple ice layers to form,604

complicating the stratigraphy similar to Fall 2022 at the lower elevations on the Seward Glacier. However,605
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we did not observe a decrease in Sentinel 1 reflectivity in the fall of 2020 at the Kaskawulsh core site that606

would have indicated liquid water that later formed an ice layer (Fig. S18). Currently, we do not have607

a compelling argument for whether our study’s interpretations, or those from Li and others (2023) are608

the correct ones for this section of the Kaskawulsh Glacier in 2021. Our interpretations are of a brighter609

reflector (Fig. 4) than the interpretations from Li and others (2023), however brightness of a reflector610

is not conclusive evidence for indicating the last summer surface. The upper Kaskawulsh in 2021 is a611

good example of the subjectivity that is necessarily involved when interpreting such radar without in situ612

constraints.613

Li and others (2023) also showed that the airborne radar system can retrieve multi-year to multi-decadal614

layering of snow. While we observed some reflectors deeper than our interpreted last summer surface at the615

higher elevations in our study, such as the Seward-Bering ice divide and the upper Kaskawulsh Glacier, we616

do not include these reflectors in our analysis as they were not interpretable throughout the accumulation617

areas. Our in situ data gives us confidence that our interpretations represent the last summer surface and618

not the deeper reflectors which would represent multiple years of accumulation.619

Comparison of the 2023 airborne radar to the surface GPR showed that the airborne radar has the620

capability of detecting the last summer surface at similar depths to the surface GPR. Crossover analysis621

between the airborne radar and surface GPR showed a mean difference of 34.3 ˘ 24 cm (Section 3.1.1).622

This is similar to the mean crossover difference in depth for each year of airborne data (Section 3.1.1)623

with 2018 at 22.1 ˘ 17.1 cm, 2021 at 15.5 ˘ 16.2 cm, and 2023 at 17.6 ˘ 32.1 cm. Therefore, within624

the accuracy of our interpretations, the airborne radar and surface GPR were the same feature. The625

difference in interpreted depths may be in part due to to melt and compaction which lowered the surface626

„25 cm, as observed with bamboo stakes during the 2023 surface work (May 14–22). However, for two627

crossover locations the airborne radar returned a larger depth. When excluding these two points, there628

was a weak correlation of R2 “ 0.09 between the number of days between the surface and airborne data629

and the difference in measured depths. If the surface melt and compaction were the key contributor to the630

different depths, we would have seen a strong correlation between the difference in interpreted depths and631

the time between observations. Compaction from the surface GPR system during measurements is unlikely632

to cause significant changes to the measured snow column, as there was minimal change (on the order of633

a few centimeters) in snow depth from the ski and sled track compared to the undisturbed adjacent snow.634

While light rain and snow occurred on May 19th, 2023, it resulted in minimal accumulation and could635
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not counteract the surface compaction/lowering. The difference in depths is also unlikely to be due to the636

vertical radar resolutions. The 400 MHz radar had a resolution of „14 cm (1/4 wavelength, with an in-snow637

wavelength of „55 cm (Knight and others, 2004)) using ϵ’ “ 1.86 (v “ 0.22 m ns´1). Both the surface638

GPR, and the airborne radar with the vertical resolution of „3 cm (Li and others, 2019; Rodriguez-Morales639

and others, 2021), have vertical resolutions less than the crossover mean, so the resolvability was likely not640

the cause of the different depths.641

Therefore, we predict that the difference in interpreted depths was due to changing snow properties642

between the observations or from the accuracy in the radar interpretations. Future studies with data643

collection on the same day, and ideally time, between the systems will continue improving the validation of644

this airborne radar systems as it will reduce the uncertainties caused by temporal snow property changes645

(which impact the real permittivity). Due to logistics, our 2023 airborne radar was not able to be flown646

concurrently with the surface GPR data collection.647

4.3 Near surface meltwater648

The real permittivity for each hyperbolic analysis depth was higher than the density-derived estimates. For649

the 1 m probe depth, the hyperbolic analysis resulted in a real permittivity of ϵ1 “ 3.52 ˘ 0.09, higher than650

ice (ϵ1 „ 3.15) (Section 3.2.2). We predict that the differences between real permittivity measurements and651

values higher than ice were due to near-surface meltwater. This near-surface meltwater also impacted the652

amount of interpretable airborne radar data in 2023.653

We observed a drop in the real permittivity from the hyperbolic analysis surveys when the probe depth654

increased, indicative of near surface meltwater. The 1 and 1.5 m surveys were taken within minutes of655

each other so changes in snow properties between the measurements were not the cause for the drop in656

real permittivity. For the 1.5 m deep probe, we predict that there was drier snow below the top one meter657

which reduced the impact of the near surface meltwater on the bulk permittivity. Thawing by radiation658

does not extend deeper than 50-75 cm into the snow pack (Sharp, 1951), which supports a hypothesis of659

drier snow deeper in the snow column. As the extremely warm temperatures in 2023 were observed for a660

limited period, not enough melt water might have been generated to uniformly saturate the snow column.661

For our study, we assumed a dry snow column for our real permittivity as we did not have sufficient662

data to determine the full snow column wetness across the region of study. Additionally, the snow depths663

from both the airborne radar and surface GPR when using a dry snow real permittivity were similar to664
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the probe depth for the last summer surface (Sections 3.1.3 and 3.2.2). Assuming the full snow column665

was dry will lead to an overestimation of depth if there is near surface meltwater. For example, using a666

snow density of 438 kg m´3, water content increasing from 0 to 10% will decrease the velocity from 0.2 to667

0.16 m ns´1 (ϵ’ “ 2.25 to 3.52) (Bradford and others, 2009). Near the 2023 Seward cores, by assuming668

the full snow column was dry, we overestimated the snow depth by „0.3 m (0.13 m w.e.). This calculated669

overestimation assumed dry snow underneath the top 1.5 m of wet snow with a real permittivity observed670

by the hyperbolic analysis. The possible overestimation of depth is within the calculated uncertainties671

assuming a uniform dry snow column and real permittivity from empirical relationships of snow density672

(Fig. 7) and thus should not greatly impact the estimated winter mass balances. However, including a673

more robust wet snow estimate would further refine the uncertainty analysis. We achieved some constraints674

on where the snow was wet from Sentinel 1 reflectivity and temperature lapse rates, however, the amount675

of liquid water content in the full snow column was still uncertain, so we did not include snow wetness in676

our calculated uncertainties.677

Furthermore, we hypothesize that the initiation of melt prior to the 2023 airborne data acquisition678

caused a lower percentage of successful snow depth measurements due to attenuation of the radar in wetter679

snow. This was especially apparent on the Seward Glacier where interpretable reflectors were sparse for680

survey lines below „1600 m a.s.l. Lower elevations are more likely to be impacted by meltwater due to681

warmer temperatures. This was especially relevant for the 2018 and 2023 surveys which occurred in late682

May and thus experienced higher temperatures than in early May (Table 3, Figs. S14, S15). As seen on683

the Hubbard Glacier, the earlier survey dates in 2021 supported data retrieval to lower surface elevations684

than either the 2018 or 2023 surveys. Additional evidence of water impacting where the airborne radar685

interpretations were possible is that the upper Kaskawulsh data (Fig. 14) in 2023 had a much more686

prominent last summer surface than the Seward data (Fig. 3). This could be due to drier snow above687

the last summer surface on the upper Kaskawulsh, compared to area near the Seward core sites, which688

provides a stronger contrast between the dry winter snow and the last summer surface and thus a clearer689

reflector.690

The Sentinel 1 reflectivity had yet to decrease at the higher elevation Kaskawulsh core location during691

the 2023 data acquisition compared to the Seward core location, implying drier snow on the Kaskawulsh692

(Fig. S18) (Section 3.3.2). The returned airborne radar amplitude from the last summer surface inter-693

pretations in 2023 data were also higher for the upper Kaskawulsh than near the Seward core sites (Fig.694
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Fig. 14. Sample radargram from 2023 on the center arm of the Kaskawulsh Glacier with the extent of the inset
box being the same as the inset in Fig. 4d. Radargram surface elevation was „2700 m a.s.l. In the inset we include
the path of the radargram in Fig. 4 as the black line, while this radargram is the red section. The radargram is
flattened so that the surface is at zero depth and is read from x to x’.

S19c). Increased snow depth and survey altitude will also reduce the returned radar power from the last695

summer surface. However, there were similar interpreted snow depths between the upper Kaskawulsh and696

Seward glaciers, and the upper Kaskawulsh had a higher survey altitude. Therefore, it is more likely that697

the higher returned amplitude on the upper Kaskawulsh for the last summer surface was due to lower loss698

in the snow column. Our assumption of the dry snow column for calculating the real permittivity will699

result in an overestimation of depths at low elevations where melt has occurred, but shouldn’t impact the700

dry, high elevation areas.701

Due to the extreme topography in the St. Elias Mountains, the timing of future data acquisition should702

be carefully considered as lower elevations need earlier survey dates. Future studies, especially those with703

large spatial scale (Holt and others, 2024) should further explore and utilize historic Sentinel 1 reflectivity704

data to estimate surface snow wetness before and during planned data acquisition. This may require surveys705

to begin before the end of the accumulation period to better capture spatial patterns instead of attempting706

to fully measure the maximum depth of snow, which might result in data gaps. Such efforts should also707

obtain more constraints on snow wetness through: direct measurements of water content, a combination708

of snow density and hyperbolic analysis, radar wave velocity methods such as wide angle reflection and709
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Fig. 15. Two-way travel times to the last summer surface on the Seward Glacier for the (a) 2021 and (b) 2023
airborne radar data, in addition to the (c) surface GPR data. To emphasize the 1000–2200 m elevation range, the
Copernicus GLO-30 DEM background uses discrete steps of 100 m between 1000–2200 m, with single colors for
2200-3000 m and >3000 m. The three pit sites from 2023 are marked by black stars.

refraction or common mid-point, or developing melt models to retrieve snow column liquid water content.710

4.4 Orographic shadowing711

A major feature of interest was identified on the Seward Glacier which shows a spatially limited decrease712

of two-way travel times with increasing elevation along the main trunk of the glacier. The red circle in713

Fig. 15 shows the general area of decreased two-way travel time to the last summer surface, up to „15714

ns („30%) quicker in this area than at the Seward throat and the Seward-Bering ice divide. This feature715

was apparent in all three Seward radar datasets. Areas of lower two-way travel time are also visible in the716

northeast and east edges of the Seward accumulation area.717

In our work we assume that this decrease in two-way travel time is due to shallower snow depths in the718

region of the red circle (Fig. 15). However, two key snow properties, liquid water content and density, will719

also impact the radar wave speed and thus the two-way travel time (Section 2.2.3, 3.2.3). Here we asses720

whether the red circle marks a region of decreased snow depth, or changes in the liquid water content or721

Page 39 of 46

Cambridge University Press

Journal of Glaciology



For Peer Review

Daniel and others: St. Elias snow water estimates 39

density. For this assessment, we assumed that the snow depth did not decrease across the red circle and722

would be the same depth as at the Seward throat and the Seward-Bering ice divide.723

The first possible explanation is spatial variability in liquid water content across the Seward glacier.724

However, this is unlikely, as it would require increased liquid water content at both higher and lower surface725

elevations compared to the area of the red circle (Fig. 15). A decrease in liquid water at mid-elevations726

compared to higher elevations during the initiation of melt is not probable based on temperature patterns727

and the area of interest was not shadowed from solar radiation. Additionally, assuming the snow in the728

red circle was completely dry, the liquid water content at the Seward throat and Seward-Bering ice divide729

would need to be as high as „13%. Based on the 1 to 1.5 m snow wetness constraints from the 2023 pits,730

the snow in the mid-glacier was not completely dry (Section 3.2.2) and would thus require that higher731

and lower surface elevations to have liquid water content exceeding „13%. Furthermore, 13% liquid water732

content exceeds the maximum value of „10% used in studies investigating the impact of liquid water on733

radar (Lundberg and Thunehed, 2000; Bradford and others, 2009), potentially meaning higher liquid water734

content is unlikely to be encountered. Lastly, this feature was also observed in 2021, prior to significant735

melt, which further implies the decrease in two-way travel time is not caused by liquid water changes.736

The second possible explanation, variability in snow density, is also unlikely to explain the quicker737

two-way travel times in the red circle. For there to not be a decrease in snow depth in the red circle, based738

on the equations from Sugiyama and others (2010), the snow density would need to be „200 kg m´3 in739

this region (Fig. 15) and 1000 kg m´3 elsewhere. Not only will seasonal snow not reach a density of 1000740

kg m´3, as this exceeds the density of ice, 200 kg m´3 is less than half of the observed density in the 2023741

Seward cores.742

We therefore hypothesize that the decrease in snow depth emphasized by the red circle in Fig. 15743

was primarily due to an orographic precipitation shadow, causing this area to receive less snowfall than744

elsewhere along the center line of the Seward Glacier. High mountains >3000 m a.s.l. directly south of the745

red area in Fig. 15 are more than 1000 m higher than the accumulation area, possibly blocking storms.746

Parts of the upper Kaskawulsh appear to also experience both orographic enhancement and shadowing747

(Fig. 6). The strong reflector observed in Fig. 14 has a depth that increased by „50% in 5 km. As748

this change in two-way travel time is similar to the Seward Glacier changes in the orographic shadow, the749

changes in depth on the Kaskawulsh Glacier are also likely due to variable snow depth. These significant750

changes in snow depth in a few kilometers also support that the snow depth changed between the 2018751
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airborne radar data and the Kaskawulsh core, rather than changes in snow density. These short distance,752

kilometer-scale, variabilities in snow depth should be considered when planning future in situ and airborne753

surveys.754

5 CONCLUSION755

Airborne surveys combined with spatial limited in situ measurements provide a mechanism for regional756

assessment of winter mass balance SWE and mass of water in the St. Elias Mountains. In situ measurements757

are best used as validation of seasonal snow depths and providing critical density measurements to improve758

the accuracy of snow depth and SWE conversions. Glaciers in more maritime glaciers, such as Yahtse,759

Bering, Hubbard, and Seward were calculated to have significantly higher input masses than more inland760

glaciers such as Kaskawulsh, Walsh, and Logan. Hubbard had the highest input mass in our study. Based761

on our sensitivity test that used Mt. Logan core data, airborne surveys should focus on sampling the large762

regions of the accumulation areas rather than ensuring measurements reach the top of glaciers. A seasonal763

snow density of 438 ˘ 22 kg m´3 and a real permittivity of 1.86 ˘ 0.12, derived from in situ measurements764

on the Seward and Kaskawulsh glaciers agree well with values from more intensively studied Alaskan765

glaciers such as Wolverine and Gulkana. Additional in situ measurements should be undertaken in the766

future to further validate the real permittivity and snow density across this large and topographically varied767

region. Future work involving large-scale studies should consider using Sentinel 1 imagery for planning the768

timing of surveys to identify when the target areas began to experience large scale melting. Additionally,769

future work will also benefit from an increase in snow wetness measurements for the seasonal snowpack770

through in situ measurements and/or modeling of liquid water content.771

6 DATA AVAILABILITY STATEMENT772

The processed airborne data is retrievable from the CReSIS data archive for 2018 (https://data.cresis.773

ku.edu/data/snow/2018_Alaska_SO/), 2021 (https://data.cresis.ku.edu/data/snow/2021_Alaska_774

SO/), and 2023 (https://data.cresis.ku.edu/data/snow/2023_Alaska_Cessna206/).775

All other data, radar interpretations, and code are available on reDATA. The dataset is available776

at https://figshare.com/s/2683591e0397f3c56f8b during the review process. After the article is ac-777

cepted, it will be available at https://doi.org/10.25422/azu.data.29473529.778
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7 SUPPLEMENTARY MATERIAL779

The supplementary material as a single PDF for this article can be found at https://github.com/780

danielmf-1729/StEliasSnowRadar.git.781
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