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Abstract 

Marine-terminating glaciers are major contributors to sea-level rise, yet their frontal ablation—the 

combined loss from ice discharge and terminus retreat—remains poorly constrained. This study 

presents a monthly time series of ice discharge for 40 marine-terminating glaciers in Alaska from 2015 

to 2021, derived from Sentinel-1 velocity data, and reconstructed ice thickness information. Frontal 

ablation was calculated as the sum of ice discharge and terminus mass loss, from manually delineated 

terminus positions. The mean annual ice discharge was 11.81 ± 5.35 Gt a⁻¹, dominated by Hubbard, 

Columbia and Yahtse glaciers, which together accounted for ~70% of Alaska’s total ice discharge. 

Terminus retreat contributed an additional 1.30 ± 0.07 Gt a⁻¹, resulting in a total frontal ablation of 

13.11 ± 5.35 Gt a⁻¹. Most glaciers exhibited late-summer velocity minima likely indicating seasonal 

changes in subglacial drainage efficiency, while interannual variability corresponded with El Niño-

Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO) phases. These findings confirm 

that Alaska’s marine-terminating glaciers currently lose relatively little mass through frontal retreat 

compared to their regional mass balance, suggesting that most glaciers have passed their phase of 

rapid retreat. The presented analysis also provides fundamental information for refining sea-level 

rise projections. 

Keywords: ice discharge; frontal ablation; Alaska; marine-terminating glaciers   

 

1. Introduction 

Global atmospheric warming has accelerated over the past few decades [1–3]. Mountain regions, 

which rely on seasonal runoff from snow and glaciers, are particularly affected by warming rates of 

0.2 ± 0.1 °C per decade above the global average [4]. Rapid glacier mass loss has been observed outside 

the Greenland and Antarctic ice sheets [4–7], making glaciers important indicators of climate change 

[8–10].  

Although glaciers hold less than 1% of Earth’s land ice [11], they currently contribute 25 - 30% 

to global sea-level rise (SLR) [6,12]. During the last century, from 1902 to 2009, glaciers have lost 114 

± 5 mm sea-level equivalent (SLE) of mass [13]. Alaska and Arctic Canada have been identified as 

major contributors to this loss [14,15].   

For marine-terminating glaciers, mass balance not only includes surface accumulation and 

ablation processes but also frontal ablation, which is the mass loss along the glacier terminus due to 

iceberg calving, submarine melting, and subaerial sublimation [16–18]. Frontal ablation is defined as 

the sum of ice discharge and terminus mass change due to retreat or advance, and remains one of the 

least constrained processes in sea-level rise predictions [16,17,19].  

Compared to other regions in the Northern Hemisphere, ice discharge was suggested to be the 

most important driver for frontal ablation in Alaska [19], where marine-terminating glaciers, also 

called tidewater glaciers, play a central role in total glacier mass budget [16]. These glaciers were 

often believed to follow the tidewater glacier cycle, alternating between advance, rapid retreat, and 
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retracted stability [20–22]. While retreat was usually considered independent from climate [21], 

recent observations in Alaska show widespread retreat, suggesting that climatic warming has 

reached a point where it overrides stabilizing phases [18,23]. Columbia Glacier is one of the most 

prominent examples, having retreated more than 20 km since 1980 and losing 50% of its mass 

[16,20,23]. 

Frontal ablation, including ice discharge, is largely driven by glacier velocity, which is connected 

to retreat and terminus instabilities [18,24]. Seasonal variability in subglacial drainage systems 

modulates flow, with peak velocities typically occurring in spring and early summer [24,25]. 

Submarine melt, influenced by ocean temperature, can account for up to half of the incoming ice 

discharge at glacier termini during summer [26].  

Few studies have examined the impact of frontal ablation on glacier mass balance, which limits 

accurate predictions of SLR [16,27]. Two regional estimates of decadal frontal ablation from marine-

terminating glaciers exist for Alaska [16,19]. This study targets a more detailed temporal record by 

presenting a monthly series of ice discharge for all marine-terminating glaciers in Alaska between 

2015 and 2021. Additionally, an estimate of frontal ablation is given by including manually derived 

glacier terminus area changes throughout the observation period. Lastly, the results are discussed by 

correlating them to climate variables from reanalysis data. The study also aims to develop a 

methodology which can be adopted for other regions by using openly accessible data.  

2. Study Region 

Alaska contains 27,000 glaciers, covering nearly 87,000 km² [10,28]. The glaciers are located in 

the Brooks Range, Alaska Range, and Coast Mountains, reaching elevations above 6,000 m [10,29]. 

Land-terminating glaciers account for 67%, lake-terminating glaciers for 20%, and marine-

terminating glaciers for 13% of the total glacier area in Alaska [11].  

Marine-terminating glaciers are only found in southern Alaska. Consequently, the study region 

extends along the Gulf of Alaska from northwest British Columbia and the Coast Mountains to the 

western Chugach Mountains [30], between 56 and 61°N (Figure 1). It includes the three Randolph 

Glacier Inventory (RGI) version 7.0 o2-subregions: Western Chugach (01-04), Saint Elias (01-05), and 

North Coast Ranges (01-06), all of which are part of the Alaska RGI region (01) [30]. Most of the RGI 

7.0 glacier area did not change compared to the RGI version 6.0, making a comparison to previous 

studies easier [31].  

In the studied subregions of Alaska, marine-terminating glaciers represent 17.7% of the glacier 

area [30]. These glaciers have undergone significant retreat since the Little Ice Age, when most had 

reached their maximum extent between the early 18th and late 19th centuries [10,16,32,33]. 

Marine-terminating glaciers are particularly important because of their strong contribution to 

mass loss and SLR. Mc Nabb et al. [16] analyzed 50 of such glaciers with a total area of ~12,000 km², 

showing that just four glaciers - Columbia, Hubbard, Yahtse, and LeConte - accounted for 65% of the 

total frontal ablation between 1985 and 2013. Their incomplete understanding, including the role of 

fjord geometry and ocean forcing, remains a challenge for accurately predicting future contributions 

to SLR [16,34]. 

Alaska’s climate is characterized by strong spatial gradients in temperature and precipitation. 

The environment ranges from subpolar to polar zones, with tundra vegetation and widespread boreal 

forests [35]. Climatic variability is primarily governed by latitude, elevation, and ocean proximity, 

with maritime conditions along the Coast Mountains and more continental climates in the Alaska 

Range [10,36]. Precipitation varies strongly, from approximately 200 mm annually in the North to up 

to 8,000 mm in the southern Coast Mountains, which act as a barrier to Pacific air masses [11,37]. 

Large-scale atmospheric drivers include the Aleutian Low and the Pacific Decadal Oscillation (PDO), 

with positive PDO phases linked to warmer and wetter conditions [11,32]. Both long-term warming 

and increased precipitation have been observed in Alaska, accompanied by a shortening of the snow 

season and a longer persisting melt season [32,38,39]. 
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Figure 1. Overview of the study region in Alaska. Marine-terminating glaciers (white) and Randolph Glacier 

Inventory 7.0 [30] glaciers (lightgrey). Political boundaries (grey) and land areas (brown) are from GADM. RGI 

7.0 subregions (dotted) are from the Global Terrestrial Network for Glaciers (GTN-G). 

3. Materials and Methods 

3.1. Ice Discharge Calculation  

Ice discharge is defined as the mass or volumetric flux of ice through a vertical cross section 

called ‘flux gate’, which is perpendicular to the flow of ice [17]. Precise estimation of ice discharge 

from marine-terminating glaciers is important for quantifying their mass loss [40].  

The volumetric ice discharge is calculated by multiplying ice velocity with the cross-sectional 

area (ice thickness), while integrating over a flux gate (see Figure 2) [28,40,41]. The formula after Rott 

et al. [42] was adapted to calculate the ice discharge rate (𝐷̇𝑖𝑐𝑒, in Gt a-1):  

𝐷̇𝑖𝑐𝑒 = ∑𝜌𝑤𝑛𝐻𝑛𝑢𝑛𝑐𝑜𝑠(𝛼𝑛)

𝑁

𝑛=1

 (1) 

where 𝑁 is the total number of flux gate segments, 𝜌 is the density of ice, 𝑤𝑛  is the width of a flux 

gate segment at flux gate point 𝑛, 𝐻𝑛  the ice thickness of the segment, 𝑢𝑛  is the mean velocity of the 

vertical ice column and 𝛼𝑛 is the angle between the velocity vector and the angle perpendicular to 

the flux gate for the respective segment. The surface velocity 𝑣  is used to estimate 𝑢𝑛 , which is 

assumed to represent 95% of the former –  leading to the expression: 𝑢𝑛 = 0.95𝑣 [19,42]. 

The ice volume flux is converted into the final mass flux by assuming an ice density 𝜌 of 917 kg 

m-3 [17]. Ice velocity and thickness are point sampled at 100 m intervals along the flux gate – defined 

as flux gate segments. Ice thickness from Millan et al. [12] was temporally corrected for each ice 

discharge calculation as ice thickness data was only available  from a reference date in July 2021. 

Surface elevation change data (dh/dt) from Hugonnet et al. [43] is taken for temporal ice thickness 

correction. Surface velocity magnitudes and flow angles are taken from the Sentinel-1 glacier flow 

database RETREAT [44].  

Angles where 𝛼𝑛 > 90° are assumed to be poorly constrained measurements and are set to the 

flux gate segment’s perpendicular angle with a velocity of 5 m a-1. Such angles likely indicate noisy 
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data or very slow flowing glacier segments. Final ice discharge values of the segments are linearly 

interpolated to fill gaps along each flux gate. 

The dataset from Friedl et al. [44] consists of surface velocities and flow angles derived from 

Sentinel-1 Synthetic Aperture Radar (SAR) images by applying intensity offset tracking. The resulting 

monthly or annually averaged scene-pair velocity fields have a spatial resolution of 200 m with an 

uncertainty < 0.08 m d-1. The angles are provided in degrees of displacement relative to true north. 

Monthly velocity magnitude and angle products are downloaded from the database between January 

2015 and September 2021. Several months have poor coverage, especially during 2015 and 2016, while 

January 2021 is completely missing.         

A recent glacier thickness dataset based on the shallow-ice approximation [45] is publicly 

available from Millan et al. [12]. The ice thickness dataset has a spatial resolution of 50 m with mean 

errors of 25 – 35% for ice thickness values >100 m [12].   

The flux gates are defined after Rott et al. [42]. Flux gates are usually chosen close to the calving 

front to avoid a correction of surface mass balance for the area between the calving front and the gate 

[41]. They also need to be positioned perpendicular to the flow direction of ice which can be difficult 

for glacier systems with a complex geometry, e.g. multiple glacier branches [40]. The flux gates were 

positioned for the year 2020 with the help of Landsat-8 optical imagery and have a length of ~100 km 

for the entire study region. While positioning the flux gate, it is paid attention to the coverage of ice 

thickness and velocity data to minimise data gaps in the following ice discharge calculation. 

However, some minor gaps remained in the data (Figure 2). All files included in the ice discharge 

calculation were projected into the coordinate system EPSG:32607 - WGS 84.  

 

Figure 2. Input variables, exemplarily for Yahtse glacier. a) Ice thickness in meters [12], b) ice velocity in meters 

per day [12] and c) north angles in degrees [12] from 2021-07 and d) glacier terminus with flux gate and sample 

points along the flux gate (yellow), Yahtse glacier Randolph Glacier Inventory 7.0 outline [30] (light-blue), stable 

area 𝑆𝑓  (purple), advanced area (green) and retreated area (red). Background is from Landsat 8 2020-10-10 

[49].  . 

The ice discharge is calculated for all distinct glacier termini contacting the ocean in 2020 – 

therefore a glacier may have multiple flux gates. In total, 45 flux gates are drawn for 40 glaciers. Two 

flux gates were drawn for Tsaa glacier and six for Columbia glacier with two for the eastern branch 
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and four for the western branch. Columbia glacier consisted of two branches since 2010 [24], which 

split up further before 2020. To stay consistent with naming, the four western flux gates are 

summarized as First Branch Columbia glacier and the two eastern flux gates as Columbia glacier, 

after RGI 7.0 [30].  

Ice discharge is estimated as previously described by using a flux gate near but not directly on 

the glacier terminus [42]. The climatic mass balance (CMB) – accumulation or ablation processes – on 

the area between flux gate and terminus is not considered within ice discharge and terminus mass 

change [17,46]. By neglecting this contribution, frontal ablation might be overestimated by up to 19% 

[16,41]. Concerning ice discharge and terminus mass change, the overestimation might be up to 20% 

and 9%, respectively, as reported by Kochtitzky et al. [19]. The CMB, 𝐵̇𝑐𝑙𝑖𝑚, is used to correct the 

terminus mass change (𝑀̇𝑡𝑒𝑟𝑚) and the ice discharge (𝐷̇𝑖𝑐𝑒). 𝐵̇𝑐𝑙𝑖𝑚 comprises processes such as snow 

accumulation and melt at the surface, refreezing of melt or rain at the surface and melt or refreezing  

below the surface [19]. The climatic mass balance rate 𝐵̇𝑐𝑙𝑖𝑚  can be estimated by only including 

surface mass balance, while the minor contribution from internal and basal mass balances can be 

neglected [16,19,41,47]. 𝐵̇𝑐𝑙𝑖𝑚 is approximated here by calculating the mass change due to elevation 

change with dh/dt data from Hugonnet et al. [15]. This estimate already contains mass change due to 

surface mass balance [47] and potential dynamic thinning is neglected. The mean elevation change 

from 2015 to 2020 was -4.14 ± 5.92 m a-1 on the area uninvolved in terminus retreat or advance (𝑆𝑓) 

below the flux gates [15]. Other studies [16,47] account for the surface mass balance by taking a fixed 

value of -10 m w.e. a-1 (m.w.e. = meters water equivalent) which corresponds to the highest value 

found on Columbia Glacier by Rasmussen et al. [48]. 𝐵̇𝑐𝑙𝑖𝑚 is estimated for all areas downstream of 

the fluxgate (including unchanged area, lost and gained area, see Figure 1d), by calculating the mass 

change from the mean elevation change for each glacier and converting those values into the mean 

specific climatic mass balance rate, given in kg m-² a-1. The corrected ice discharge (𝐷̇𝑖𝑐𝑒𝑐𝑜𝑟) was then 

calculated after Kochtitzky et al. [19]: 

𝐷̇𝑖𝑐𝑒𝑐𝑜𝑟 = 𝐷̇𝑖𝑐𝑒 + (𝑆𝑓 ∗ 𝐵̇𝑐𝑙𝑖𝑚)   (2) 

with the ice discharge rate 𝐷̇𝑖𝑐𝑒 (Gt a-1), the area below the fluxgate which did not retreat or advance 

(𝑆𝑓, in m²) and the mean specific climatic mass balance rate named 𝐵̇𝑐𝑙𝑖𝑚 (kg m-² a-1).  

Terminus mass change was estimated following Kochtitzky et al. [19] by manually digitizing 

glacier fronts from Landsat 8 images for 2015 and 2020 [49]. The area lost or gained was combined 

with mean ice thickness and 𝐵̇𝑐𝑙𝑖𝑚  to compute mass loss rates [16,19,47]. Terminus mass loss is 

indicated by a negative sign and terminus mass gain by a positive sign according to Kochtitzky et al. 

[19]. Frontal ablation was then calculated as the sum of ice discharge and terminus mass change after 

Cogley et al. [17] and Kochtitzky et al. [19]. 

3.2. Uncertainty  

Ice discharge uncertainty is estimated by computing velocity and angle errors from Friedl et al.  

[44] ice velocities and angles. Ice thickness errors are provided in the dataset from Millan et al. [12]. 

From the ice discharge term (Eq. 1) similar to Kochtitzky et al. [19] follows:     

𝜎²𝐷̇𝑖𝑐𝑒 = 𝜌∑((
𝜕𝐷̇𝑖𝑐𝑒
𝜕𝐻𝑛

𝜎𝐻𝑛)

2

+ (
𝜕𝐷̇𝑖𝑐𝑒
𝜕𝑢𝑛

𝜎𝑢𝑛)

2

+ (
𝜕𝐷̇𝑖𝑐𝑒
𝜕𝛼𝑛

𝜎𝛼𝑛)

2

)

𝑛

 (3) 

and for the corrected ice discharge 𝜎𝐷̇𝑖𝑐𝑒𝑐𝑜𝑟  with 𝜎𝐵̇𝑐𝑙𝑖𝑚:    

𝜎²𝐷̇𝑖𝑐𝑒𝑐𝑜𝑟 = (𝜎𝐷̇𝑖𝑐𝑒)
2
+ (𝑆𝑓 ∗ 𝜎𝐵̇𝑐𝑙𝑖𝑚)

2
+ (𝜎𝑆𝑓 ∗ 𝐵̇𝑐𝑙𝑖𝑚)

2

 (4) 

where 𝜎𝐻𝑛  and 𝜎𝑢𝑛  are the uncertainties for ice thickness and velocity at flux gate point 𝑛 , 

respectively. 𝜎𝛼𝑛 is the angle uncertainty. 𝜎𝐵̇𝑐𝑙𝑖𝑚 is the uncertainty of the mean specific climatic mass 

balance rate which is calculated by taking the elevation change error from Hugonnet et al.  [15]. 𝜎𝑆𝑓 

is the uncertainty of gained or lost area below the flux gate, determined from its perimeter multiplied 

by the width of one pixel, which is 30 m for Landsat [19,47,50].        

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 April 2026 doi:10.20944/preprints202604.0745.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0745.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 22 

 

Millan et al.  [12] report an uncertainty of 30% for their modelled glacier thickness. 

Uncertainties are primarily related to the surface slope, ice velocity, and for several glaciers exhibiting 

surge type behaviour [12]. The study by Millan et al.  [12] identified four surging glaciers in Alaska 

from 2015 to 2019 for which they increased their uncertainty estimate up to 75%. However, no further 

evaluation of potentially surging glaciers during the study period was carried out.    

The uncertainty of ice velocity can be estimated by calculating ice velocity over ice free land 

areas, which are assumed to be motionless, or by in-situ measurements [51,52]. Since the latter was 

not available, the median ice velocity for all pixels classified as land was taken as an uncertainty 

value. Sánchez-Gámez and Navarro  [41] concluded that the angle uncertainty can be neglected due 

to a low contribution to the ice discharge uncertainty. However, here, the angle uncertainty 𝜎𝛼𝑛 was 

estimated with the formula after Mouginot et al. [51]:  

𝜎𝛼𝑛 =
𝜎𝑢𝑛
2 ∗ 𝑢𝑛

 (5) 

with the uncertainty in velocity 𝜎𝑢𝑛 and the velocity 𝑢𝑛.  

3.3. Atmospheric Data 

Atmospheric data from the fifth generation of European ReAnalysis (ERA5) is used to 

investigate the glacier-climate relationship for marine-terminating glaciers in Alaska. ERA5 is 

produced by the European Centre for Medium-Range Weather Forecasts (ECMWF), which is 

embedded within the Copernicus Climate Change Service (C3S) from the European Commission [53].  

Monthly averaged data from the ERA5-Land dataset is used from the Copernicus Climate Data 

Store [53]. The ERA5-Land monthly averaged dataset contains air temperature 2 m above ground (K), 

snowfall (m w.e.) and total precipitation (m), which were downloaded for the study period spanning 

from 2015-01-01 to 2021-09-01 [54]. The data is extracted for each glacier location at the flux gate and 

mean values from all glaciers are calculated. The air temperature above 2 m (further referred to as 

surface temperature) is converted into degrees Celsius. Correlation analysis was carried out using 

Spearman’s rank correlation test because the data is not normally distributed [55]. Trends are 

analysed first by decomposing the timeseries data with Seasonal Decomposition of Time Series by 

Loess (STL) after Cleveland et al. [56], before applying a linear regression [55].     

3.4. Ocean Temperature Data 

The Global Oceanic and Sea-Ice Reanalysis (GLORYS12) dataset is used for further analysis 

regarding ocean-glacier interaction, as it includes a three dimensional dataset of ocean temperature 

and is available at 1/12 degrees horizontal resolution [57]. GLORYS12 covers 50 vertical levels from 

1993 onward and is part of the Copernicus Marine Environment Monitoring Service (CMEMS) [58]. 

The dataset was produced by using in situ and satellite observations, numerical modelling and data 

assimilation [57]. 

The GLORYS12V1 monthly product was downloaded from the Marine Data Store [58] for the 

period 2015-01-01 to 2021-06-01. The variable sea water potential temperature (°C), from now on 

referred to as ocean temperature, is used for further analysis. As coverage was not always available 

close to the glacier termini, a buffer of 50 km distance was placed around the flux gates and the mean 

of those pixels is taken from the GLORYS12 data for each glacier. For that reason, some glaciers are 

sampled with similar or identical ocean temperature samples because they are located in the same 

fjord. Some glaciers have to be sampled further away due to poor coverage. For Columbia glacier for 

example, coverage starts 16 km south of its terminus.  

Due to differing spacing between each depth level, the depth weighted mean is calculated from 

the ocean temperature data. A maximum of 32 depth levels, equal to a depth from 0.49 to 541.09 m is 

chosen, accounting for typical fjord depth and ice thickness. The mean thickness at the flux gates was 

248 ± 72 m [12]. The mean fjord depth at all glacier termini is 241 m, which was retrieved from the 
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southern Alaska coastal relief model [59]. Finally, a correlation analysis was performed as described 

in Section 3.3.  

3.5. Seasonal Patterns 

Seasonal effects have strong controls on submarine melt and subglacial discharge, and thus 

glacier velocities [26,60]. Marine-terminating glaciers show different seasonal velocity patterns which 

can be determined either by terminus position change or meltwater [61].  

Therefore, seasonal variability is analysed according to Moon et al. [61] and glaciers are assigned 

into three categories of behaviour. Type 1 behaviour is characterized by a glacier velocity speedup 

between late spring and early summer. Velocity remains high until it decreases in late winter or early 

spring. For Type 2, velocity strongly increases during early summer and decreases during mid-

summer. Winter velocities can be higher than during spring and fall but mostly remain lower than 

during summer. Type 3 is distinguished by a late summer minimum. Over the winter, velocity 

steadily increases before it begins slowing down during mid-summer [61].  

For the seasonal characterization, the mean glacier velocity from Friedl et al. [44] is taken at the 

flux gates and linearly detrended. The mean velocity is computed for each month and glacier. This 

seasonal velocity variability is then used to manually identify the type of behaviour for each glacier 

after Moon et al. [61].                      

4. Results 

Table 1. Results for each glacier between 2015 and 2021. For Glacier location see Figure 1. 

ID-

Numb

er 

Glacier               

Name 

Area 

Change 

[km²] 

Frontal 

Ablation      

[Gt a⁻¹] 

Ice Discharge           

[Gt a⁻¹] 

Terminus Mass 

Change     [Gt a⁻¹] 

01 LeConte 

Glacier 

-0.09 ± 0.06 0.04 ± 0.05 0.03 ± 0.05 -0.0044 ± 0.0002 

02 Dawes 

Glacier 

-2.47 ± 0.24 0.70 ± 0.19 0.54 ± 0.19 -0.1626 ± 0.0055 

03 South Sawyer 

Glacier 

-0.98 ± 0.13 0.50 ± 0.17 0.45 ± 0.17 -0.0515 ± 0.0038 

04 Sawyer 

Glacier 

-0.02 ± 0.03 0.01 ± 0.09 0.01 ± 0.09 -0.0009 ± 0.0003 

05 McBride 

Glacier 

-1.27 ± 0.15 0.10 ± 0.06 0.06 ± 0.06 -0.0433 ± 0.0031 

06 Lamplugh 

Glacier 

-0.55 ± 0.14 0.03 ± 0.02 0.02 ± 0.02 -0.0158 ± 0.0010 

07 Gilman 

Glacier 

-0.06 ± 0.03 0.01 ± 0.01 0.004 ± 0.008 -0.0009 ± 0.0001 

08 Johns 

Hopkins 

Glacier 

-0.19 ± 0.09 0.21 ± 0.08 0.21 ± 0.08 -0.0020 ± 0.0002 

09 Margerie 

Glacier 

-0.42 ± 0.13 0.14 ± 0.07 0.13 ± 0.07 -0.0091 ± 0.0010 

10 Grand Pacific 

Glacier 

-0.04 ± 0.09 0.02 ± 0.11 0.02 ± 0.11 -0.0004 ± 0.0001 

11 La Perouse 

Glacier 

0.00 ± 0.10 0.04 ± 0.13 0.04 ± 0.12 0.00 ± 0.03 

12 Hubbard 

Glacier 

-0.77 ± 0.22 4.51 ± 1.30 4.49 ± 1.30 -0.0274 ± 0.0023 
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13 Turner 

Glacier* 

0.90 ± 0.17 0.000 ± 0.055 0.012 ± 0.055 0.012 ± 0.001 

14 Tyndall 

Glacier 

0.15 ± 0.09 0.02 ± 0.03 0.02 ± 0.03 0.00002 ± 0.00012 

15 Yahtse 

Glacier 

-0.69 ± 0.08 0.78 ± 0.30 0.76 ± 0.30 -0.0167 ± 0.0007 

16 Grotto 

Glacier 

-0.03 ± 0.02 0.01 ± 0.04 0.01 ± 0.04 -0.00001 ± 0.00003 

17 Guyot Glacier -0.34 ± 0.08 0.06 ± 0.08 0.06 ± 0.08 -0.0005 ± 0.0009 

18 Shoup Glacier -0.03 ± 0.02 0.01 ± 0.06 0.01 ± 0.06 -0.0003 ± 0.0001 

19 Columbia 

Glacier 

-14.30 ± 0.72 3.43 ± 0.94 2.70 ± 0.94 -0.7333 ± 0.0191 

20 Meares 

Glacier 

0.03 ± 0.04 0.17 ± 0.08 0.17 ± 0.08 0.00016 ± 0.00004 

21 Yale Glacier -0.19 ± 0.07 0.11 ± 0.04 0.11 ± 0.04 -0.0058 ± 0.0005 

22 Harvard 

Glacier 

0.15 ± 0.11 0.48 ± 0.22 0.48 ± 0.22 0.0001 ± 0.0002 

23 Smith Glacier -0.12 ± 0.06 0.003 ± 0.007 0.002 ± 0.007 -0.0014 ± 0.0004 

24 Bryn Mawr 

Glacier 

0.0005 ± 

0.0094 

0.01 ± 0.02 0.01 ± 0.02 0.00001 ± 0.00002 

25 Barry Glacier -0.12 ± 0.06 0.14 ± 0.08 0.14 ± 0.08 -0.0026 ± 0.0008 

26 Cascade 

Glacier 

0.003 ± 0.012 0.003 ± 0.014 0.003 ± 0.014 0.000003 ± 0.000019 

27 Coxe Glacier -0.01 ± 0.02 0.01 ± 0.02 0.01 ± 0.02 -0.00004 ± 0.00005 

28 Surprise 

Glacier 

-0.80 ± 0.12 0.19 ± 0.12 0.16 ± 0.12 -0.0252 ± 0.0027 

29 Harriman 

Glacier 

-0.12 ± 0.12 0.03 ± 0.13 0.03 ± 0.13 -0.0013 ± 0.0002 

30 Beloit Glacier -0.01 ± 0.02 0.05 ± 0.04 0.05 ± 0.04 -0.00008 ± 0.00004 

31 Blackstone 

Glacier 

-0.003 ± 

0.020 

0.03 ± 0.03 0.03 ± 0.03 -0.000001 ± 0.000010 

32 Northland 

Glacier 

-0.01 ± 0.02 0.002 ± 0.009 0.002 ± 0.009 -0.00004 ± 0.00005 

33 Chenega 

Glacier 

-0.70 ± 0.21 0.58 ± 0.21 0.56 ± 0.21 -0.0203 ± 0.0025 

34 Tiger Glacier -0.04 ± 0.05 0.04 ± 0.03 0.04 ± 0.03 -0.0007 ± 0.0003 

35 Bainbridge 

Glacier 

-0.51 ± 0.11 0.04 ± 0.05 0.03 ± 0.05 -0.0151 ± 0.0010 

36 Aialik Glacier -0.24 ± 0.11 0.08 ± 0.08 0.07 ± 0.08 -0.0037 ± 0.0008 

37 Holgate 

Glacier 

0.22 ± 0.06 0.05 ± 0.03 0.05 ± 0.03 0.0025 ± 0.0004 

38 McCarty 

Glacier 

-0.11 ± 0.04 0.03 ± 0.08 0.03 ± 0.08 -0.0012 ± 0.0005 

39 First Branch 

Columbia 

Glacier 

-5.31 ± 0.36 0.40 ± 0.18 0.23 ± 0.18 -0.1681 ± 0.0186 

40 Tsaa Glacier -0.17 ± 0.09 0.04 ± 0.10 0.04±0.10 -0.0026 ± 0.0006 

 Total -29.24 ± 4.19 13.11 ± 5.35 11.81±5.35 -1.30 ± 0.07 

* Turner glacier had higher correction values than ice discharge, therefore, uncorrected frontal 

ablation and ice discharge values are shown instead of the CMB corrected values. 

4.1. Ice Discharge 
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For all 40 glaciers within the study region, the average ice discharge from January 2015 to 

September 2021 was 11.81 ± 5.35 Gt a-1. Per glacier, the yearly ice discharge was 0.05 ± 0.07 Gt a-1 on 

average (median: 0.04 ± 0.07 Gt a-1) and with a standard deviation of 0.81 ± 0.24 Gt a-1. The glaciers 

which had the highest contributions were Hubbard glacier (4.49 ± 1.30 Gt a-1), Columbia glacier (2.93 

± 1.12 Gt a-1; both branches together) and Yahtse glacier (0.76 ± 0.30 Gt a-1). These three glaciers 

together represented ~70% of the entire ice discharge (Table 1).   

4.2. Terminus Mass Loss 

The total manually derived area change at the glacier termini from Juli 2015 to October 2020 is -

29.24 ± 4.19 km², indicating an overall area loss (Table 1). La Perouse glacier did not change during 

the study period (Figure 3a), 7 glaciers gained area (Turner, Tyndall, Meares, Harvard, Bryn Mawr, 

Cascade and Holgate glacier), and 32 of the glaciers lost area. The area gained on the terminus 

accounts for 2.07 ± 1.02 km² while the lost area contributes -31.31 ± 4.23 km². It is clearly visible (Figure 

3 a) that both branches of Columbia glacier contribute the most by losing 19.62 ± 1.08 km², explaining 

two thirds of the total area change. The mean area change is -0.73 ± 0.10 km² (median change: -0.11 ± 

0.08 km²) with a standard deviation of 2.37 ± 0.12 km². 
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Figure 3. a) Glacier area changes in km² from 2015 to 2020. Blue denotes area gain and red area loss. One glacier 

area did not change (La Perouse) indicated by yellow. b) Frontal ablation as the sum of ice discharge and 

terminus mass loss (Gt a-1) between 2015 and 2021. c) Geographical distribution of Type 1 (green triangle), Type 

2 (blue cross) and Type 3 (red square) classified after Moon et al. [61].  . 

The net terminus mass loss during the study period was 1.30 ± 0.07 Gt a-1. Some glaciers 

advanced (Turner, Tyndall, Meares, Harvard, Bryn Mawr, Cascade and Holgate glacier), and one 

glacier was stable (La Perouse). However, 32 of 40 glaciers (80%) retreated at the terminus from 2015 

to 2021. The mass loss of 1.33 ± 0.07 Gt a-1 exceeded the mass gain from advance of 0.028 ± 0.003 Gt a-

1 (Table 1).  

The largest contributors were Columbia glacier with -0.73 ± 0.02 Gt a-1, First Branch Columbia 

glacier with -0.17 ± 0.02 Gt a-1 and Dawes glacier with -0.163 ± 0.006 Gt a-1. The mean terminus mass 

change was -0.033 ± 0.002 Gt a-1 (median: -0.0012 ± 0.0004 Gt a-1) with a standard deviation of 0.118 ± 

0.004 Gt a-1.    

4.3. Frontal Ablation 

The total frontal ablation from 2015 to 2021 was 13.11 ± 5.35 Gt a-1. The mean frontal ablation was 

0.33 ± 0.13 Gt a-1 (median: 0.04 ± 0.07 Gt a-1). On average, ice discharge explains ~89% of the entire 

frontal ablation. For several glaciers, and for example Turner glacier, terminus mass loss contributed 

more to frontal ablation than ice discharge. The results for all glaciers are summarized in Table 1.  

Hubbard and Columbia glacier are the largest contributors to frontal ablation. While ice 

discharge made up 99.6% of Hubbard glacier’s frontal ablation, it accounted for 78.7% of Columbia 

glacier’s and 57.5% of the First Branch Columbia glacier’s frontal ablation. Turner glacier received a 

negative ice discharge value because the CMB correction value (Eq. 2) was higher than the 

uncorrected ice discharge, which seems to be unrealistic. This would also result in a negative frontal 

ablation value. Consequently, the uncorrected ice discharge value for Turner glacier of 0.012 ± 0.055 

Gt a-1. is used for further analysis. Turner glacier’s terminus, however, advanced and gained 0.012 ± 

0.001 Gt a-1 which means that the frontal ablation results to zero (Table 1). For area change, ice 

discharge and terminus mass loss, see Figure 3.  

4.4. Seasonality 

Four glaciers (8.9%) were assigned to Type 1 behaviour, thirteen (28.9%) were classified as Type 

2 and twenty-seven (60%) as Type 3 (Figure 3c). Turner glacier was not clearly distinguishable as 

velocity decreases from January onwards reaching a low in July (Figure 4d). Afterwards, velocity 

shortly peaks in September and decreases again in October. Glacier velocity data was analysed for 

each flux gate, with the multiple flux gates of Tsaa and Columbia glaciers considered separately. For 

both Tsaa gates and all Columbia gates, Type 3 behaviour was observed. Overall, Type 3 was the 

dominant category representing ~60% of all glaciers. 

All types are scattered across the study region, and therefore no clear geographical pattern is 

visible (Figure 3c). Dawes glacier for example (Figure 4a), located in the North Coast Ranges, was 

assigned to Type 1 as it shows a late winter/spring velocity deceleration followed by a late 

spring/early summer acceleration. Chenega glacier (Figure 4b) is characterized by an early summer 

speedup and mid-summer slow-down and was for that reason classified as Type 2. Winter velocity 

is elevated but it remains lower than the summer maximum. Type 3 behaviour is observed e.g. for 

Harvard glacier (Figure 4c), whose seasonal velocity is governed by a mid-summer slowdown which 

leads to a pronounced late summer minimum. After that, velocity steadily increases again. 
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Figure 4. Seasonal velocity patterns with examples for a) Type 1, b) Type 2 and c) Type 3 behaviour after Moon 

et al. [61]. Turner glacier d) was not assigned to any type.  . 

4.5. Climate-Glacier Relationship 

Ice discharge and surface temperature showed a moderate negative Spearman correlation of ρ = 

–0.37 (p < 0.001). The relationship between precipitation and ice discharge was not significant 

(Spearman ρ = –0.20, p = 0.07). Rainfall was moderately negatively correlated with ice discharge, with 

ρ = –0.54 (p < 0.001). Snowfall, on the other hand, showed a weak positive correlation with ice 

discharge (ρ = 0.26, p < 0.05), compare Figure 5.   

 

Figure 5. a ) Mean surface temperature in degrees Celsius (red line), b) mean precipitation (blue) in meters, c) 

mean rainfall (blue) in meters and d) mean snowfall (blue) in meters water equivalent (m w.e.) d) of all glaciers 

with ice discharge (black line) in Gigatons per year (Gt a-1) are depicted. The spearman correlation coefficient ρ 

and the significance p are shown for each variable.   . 

The strongest relationship was found with ocean temperature (Figure 6). Weighted mean ocean 

temperature was strongly and negatively correlated with average ice discharge, with ρ = –0.72 (p < 

0.001). Hubbard and Columbia glacier exhibited strong negative correlations of -0.62 (p < 0.001) and 
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-0.65 (p < 0.001). Ocean temperature at Yahtse glacier conversely showed a low positive correlation 

with ice discharge (Spearman ρ = 0.23, p < 0.05). This relationship was most prominent during 

September. Compared to 2015, ocean temperatures for 2016, 2019 and 2020 are warmer. However, 

during 2017 and 2018, temperatures dropped, especially below 50 m depth. Overall, mean ocean 

temperatures increased by 0.16 °C (0.002 °C per month) from January 2015 to June 2021.   

 

Figure 6. Weighted mean ocean temperature (red) and ice discharge (black) with spearman correlation 

coefficient ρ and significance level p indicating high significance.   . 

In contrast to ocean temperature, all other variables showed decreasing trends (Figure 8). 

Simultaneously, the PDO switched from positive to negative. Surface temperature decreased by 1.26 

°C (0.02 °C per month), total precipitation by 1.1 mm (0.014 mm per month), snowfall by 0.000550 m 

w.e. (0.000007 m w.e. per month) and rainfall by 0.5945 mm (0.0073 mm per month). All trends, PDO 

excluded, were found to be highly significant (p < 0.001). 

 

Figure 7. Vertical profiles of ocean temperatures between 2015 and 2020 a) for all glaciers averaged, b) Hubbard 

glacier, c) Columbia glacier and d) Yahtse glacier.     . 
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Figure 8. Trends of climate variables after seasonal decomposition with STL (line) and after linear regression 

(dotted) for surface temperature a) in red, ocean temperature b) in dark-red, precipitation c) in blue, snowfall d) 

in light blue, rainfall e) in dark blue and Pacific Decadal Oscillation (PDO) f) in black.       . 

5. Discussion 

5.1. Comparison to Other Studies 

Several studies have quantified frontal ablation of Alaskan glaciers over different periods, 

glacier types, and using varying methodological approaches [16,19,47]. Although these studies 

broadly agree that frontal ablation represents a major component of glacier mass loss, substantial 

differences exist in reported rates of frontal ablation and ice discharge. These discrepancies can 

largely be attributed to differences in study period, glacier type (marine- vs. lake-terminating), ice 

thickness and velocity data, treatment of CMB between flux gate and terminus, and dominant glacier 

contributions.  

McNabb et al. [16] reported a mean frontal ablation rate of 15.11 ± 3.63 Gt a⁻¹ and a total ice 

discharge of 15.4 Gt a⁻¹ for the period 1985-2013, compared to 13.11 ± 5.35 Gt a⁻¹ of frontal ablation 

and a mean ice discharge of 11.81 ± 5.35 Gt a⁻¹ found here for the period 2015–2021. The study [16] 

investigated frontal ablation of 27 marine-terminating glaciers in Alaska, representing 96% of the 

total marine-terminating glacier area. Frontal ablation was computed by taking the sum of calving 

and submarine melt at the terminus while using a flux gate approach. Thickness variations were 

accounted for, while surface mass balance between the flux gate and terminus was approximated 

using a CMB of −10 m w.e. a⁻¹ for all glaciers, corresponding to the maximum value observed at 

Columbia Glacier. This assumption is considerably more negative than the average CMB of −3.72 ± 

5.33 m w.e. a⁻¹ estimated for the same area in this study, and likely contributes to higher frontal 

ablation estimates for McNabb et al. Differences are further influenced by the study period, as 

McNabb et al. include years of particularly rapid retreat, especially at Columbia Glacier, which alone 

accounted for ~25% of total frontal ablation. 
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Kochtitzky et al. [19] estimated frontal ablation and ice discharge of Northern Hemisphere 

marine-terminating glaciers from 2000 to 2010 and 2010 to 2020, including 42 glaciers in Alaska. For 

Alaska, frontal ablation rates decreased from 11.59 ± 0.39 Gt a⁻¹ during 2000–2010 to 10.68 ± 0.33 Gt 

a⁻¹ during 2010–2020, while ice discharge declined from 11.49 ± 0.35 Gt a⁻¹ to 9.79 ± 0.18 Gt a⁻¹ over 

the same periods. In contrast, terminus mass loss increased nearly tenfold. Compared to Kochtitzky 

et al., this study finds higher frontal ablation, ice discharge, and terminus mass loss for 2015–2021, 

which may reflect both methodological differences (e.g. thickness assumptions and velocity datasets) 

and differences in the observation periods. Nevertheless, both studies consistently show that frontal 

ablation is dominated by ice discharge (≈89–92%) and that a small subset of glaciers contribute 

disproportionately to total mass loss. Frontal ablation was defined consistently in Kochtitzky et al. 

and in this study as the sum of ice discharge and terminus mass change. Ice velocity data was mainly 

taken from annual displacement mosaics generated from Landsat of the Inter-mission Time Series of 

Land Ice Velocity and Elevation (ITS_LIVE). The study [19] used directly measured thickness data 

from the Glacier Thickness Database (GlaThiDa) 3.0.3 and accounted for thickness change during the 

study period by incorporating elevation change data from Hugonnet et al. [15]. Where no 

observations were available, they incorporated modelled ice thickness from Millan et al. [12]. 

Kochtitzky et al.  [19] report that the modelled ice thickness was on average 135 m higher than 

observations on the fluxgate. Unlike McNabb et al. [16], they explicitly modelled the CMB between 

the flux gate and terminus rather than applying a constant value. Similar to this study, glacier 

terminus positions were mapped manually, primarily by using optical imagery (Landsat or ASTER) 

to calculate mass change due to terminus retreat or advance.   

Caldwell et al. [47] focused on 55 lake-terminating glaciers in Alaska from 2009 to 2018 using a 

flux-gate approach like McNabb et al. [16]. The authors reported a total frontal ablation of 6.1 Gt a⁻¹ 

for all lake-terminating glaciers combined, with a median frontal ablation rate of 0.04 Gt a⁻¹, which 

closely matches the median value found in this study (0.04 ± 0.07 Gt a⁻¹). In contrast to marine-

terminating glaciers, ice discharge values and total frontal ablation were substantially lower. 

Caldwell et al. [47] show that nearly all lake-terminating glaciers retreated over recent decades, with 

higher mean retreat rates than marine-terminating glaciers yet lost substantially less mass overall. 

This contrast highlights the importance of the terminus environment: marine-terminating glaciers 

experience enhanced mass loss due to calving dynamics and submarine melt, even if retreat rates are 

lower on average. The dominance of individual glaciers, such as Columbia Glacier, also strongly 

influences mean retreat and mass loss statistics across all studies. Caldwell et al. [47] used ice 

thickness and velocity data from Millan et al. [12]. CMB between flux gate and terminus was 

approximated using a constant value of −10 m w.e. a⁻¹ as in the study of McNabb et al. [16]. Terminus 

retreat was also determined by manually delineating glacier terminus positions between 1984 and 

2021 from annual Landsat imagery [47].   

5.2. Drivers 

Glacier retreat is initiated if there is an imbalance between ice discharge and terminus mass loss 

[46]. Caldwell et al. [47] define two types of frontal ablation. The first one is active frontal ablation, 

where the incoming ice discharge is higher than the terminus mass loss. The other type is passive 

frontal ablation, which is characterized by low ice discharge rates but high terminus mass loss. Both 

of these types can lead to high frontal ablation rates but active frontal ablation may let the whole 

glacier react to terminus conditions with positive feedbacks [47]. In this study, ice discharge was 

found to be the most important driver of mass loss (see Section 4), and therefore, active frontal 

ablation dominates. However, it remains unclear how far a comparison of lake- and marine 

terminating glaciers is suitable.    

5.2.1. Glacier Velocity 

Ice discharge greatly depends on ice velocity [46], which is seasonally controlled [24] and tends 

to be higher under maritime climatic conditions [34]. Typically, velocities of glaciers in Alaska reach 
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their maximum somewhere around spring and their minimum during late summer or fall [16,24,62]. 

We found Type 3 (see Section 3.5. and 4.4.) behaviour for most of the glaciers (60%) in the study area. 

This velocity pattern has been described for glaciers in Alaska by previous studies [16,24,34,62–64].    

However, some glaciers may show characteristics of more than one pattern, e.g. Chenega glacier. 

Moon et al. [61] suggest that melt plays an important role for the Type 1 behaviour, where meltwater 

increases the velocity from spring to summer. High velocities through late summer and fall, 

combined with the observation that this pattern occurred for a few glaciers and not continuous over 

the years, indicated that Type 1 behaviour mostly depends on the glacier terminus position [61]. From 

the four Type 1 glaciers, Dawes glacier retreated the most (compare Table 1), while the others (Barry, 

LeConte and Yale glacier) did not retreat considerably.   

Type 2 glaciers are associated with increasing runoff which accelerates ice velocity during early 

summer [61]. Some glaciers accelerated earlier or decelerated during late summer/spring. It is unclear 

whether those glaciers should be classified as Type 3 as of Type 2. A comparison with runoff data 

might help to better understand the dynamics, but this was beyond the scope of this study. 

Nevertheless, Type 2 behaviour implies that most of those glaciers do not have or only possess a 

weak drainage system [61].  

The Type 3 pattern indicates that there is a change from an inefficient to an efficient drainage 

system due to decreasing velocity when runoff is high [61]. A majority of glaciers show this pattern 

clearly (e.g., Harvard glacier, see Figure 4c), with a pronounced maximum during spring and a 

minimum that most often appears in September or October (late summer/early fall). Turner glacier, 

which was not assigned to any type, could arguably be considered a Type 1 glacier, because terminus 

mass change was comparably high. 

Enderlin et al. [23] also stated that the subglacial drainage system has greater effects on glacier 

velocity than terminus retreat or advance. Therefore, meltwater induces changes in basal motion 

depending on the evolution of the drainage system [62]. This leads to an offset between ice discharge 

and temperature. While the drainage channels for meltwater have not developed yet, the increasing 

availability of meltwater raises the pressure below the glacier, which induces basal motion and leads 

to a speedup in ice velocity [64]. As soon as the system is developed, meltwater starts draining and 

pressure is released which slows down the glacier’s velocity [62]. Drainage channels start to close at 

the beginning of winter, and hence velocity starts increasing because of remaining summer meltwater 

[24] and rainwater entering the drainage system [62]. The correlation of ocean temperature and ice 

discharge indicates that this relationship is highly significant (Figure 6).  

Glacier surges, defined as periodical changes in flow with exceptionally high velocities [18,34], 

can bias mass loss estimates and lead to higher frontal ablation rates [15,19]. The RGI 7.0 [30] suggests 

that only La Perouse glacier is known to surge in the study region. La Perouse glacier had very low 

mean velocities at the flux gate of 5.5 ± 1.5 m a-1 and did not advance or retreat. This indicates that La 

Perouse glacier was possibly in a quiescent phase [34,65]. 

5.2.2. Terminus Retreat 

Terminus retreat can increase glacier velocities [23], but this happens on interannual timescales 

rather than seasonal. Retreat can be triggered by thinning, which reduces friction at the glacier bed 

resulting in a velocity increase [24]. And indeed, thinning was observed on most of the glaciers during 

the study period with a mean elevation change of -1.59 ± 0.32 m a-1 (median: -0.94 ± 0.31 m a-1) [15]. 

This also matches the finding that most of the glaciers retreated from 2015 to 2020. Retreat, however, 

was dominated by Columbia glacier, which retreated even further while splitting into separate glacier 

tongues and thinning annually by -3.20 ± 0.19 m [15].   

Terminus retreat also depends on other conditions such as (1) whether the glacier tongue is 

grounded or not, (2) whether the terminus is buttressed by an ice mélange and (3) submarine melt 

[46]. (1) and (2) would need further investigation as this was beyond the scope of this study. (3) can 

be related from ocean temperature variation. Submarine melt either results from ambient melt due 

to warm ocean waters or from discharge driven melt where meltwater is discharged through the 
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subglacial drainage system and forms plumes that enhance melt [26,60]. The latter is hypothesized to 

be the most important driver [16,26,60].  

Jackson et al. [26] also state that submarine melt is the primary driver of terminus retreat during 

summer and glacier dynamics are the primary driver during winter. The observed strong negative 

correlation between ice discharge and ocean temperature (Figure 6) suggests a link between 

subglacial discharge and ice discharge. As ocean temperature decreases at the end of summer, ice 

discharge starts increasing again. When air and ocean temperature drop in fall, the subglacial 

channels change from efficient to inefficient, which leads to an increase in ice discharge [16,24].    

The observed increasing trend in ocean temperature presumably elevates ambient melt. This 

might also partly explain the higher rate of terminus mass loss compared to Kochtitzky et al. [19]. The 

ocean temperature increase can be seen for most years and depths (Figure 7). Two years are the 

exception, 2017 and 2018, where temperatures are significantly lower between ~50 m and ~200 m 

depth. It is also notable that this difference is more pronounced for Yahtse (Figure 7d) than for 

Hubbard (Figure 7b) and Columbia (Figure 7c) glaciers. We observed this drop in mean ocean 

temperatures over the entire study region (Figure 8b). 

5.2.3. Atmospheric Drivers 

During the study period, the PDO index became increasingly more negative [66], coinciding 

with lower temperatures and precipitation (Figure 8). This might explain the decreasing trends for 

most of the analysed ERA5 variables, as a negative PDO phase is usually associated with lower 

temperatures and precipitation [11]. Short-term peaks in surface temperature and snowfall during 

2015/2016 and 2018/2019 corresponded to El Niño events, while colder phases aligned with La Niña 

years [67]. These ENSO-driven variations also coincided with the ERA5 data, suggesting a 

considerable effect of ENSO on glacier mass balances in Alaska over the study period [45]. 

However, compared to previous studies in Alaska (Chapter 5.1), this does not seem to have 

impacted ice discharge. Surface temperature was weakly correlated (Figure 5a), but the comparison 

also reveals that ice discharge decrease happens shorty before surface temperatures reach a 

maximum in July. This means that the drainage system needs at least one or two months to develop, 

but once fully developed, it results in an ice discharge reduction of up to ~60%.  

Precipitation had the lowest correlation of all variables and was not significant (Figure 5b). 

Snowfall showed no strong positive relationship (Figure 5d). The moderate negative correlation of 

rainfall might indicate efficient drainage during summer while ice discharge is low (Figure 5c). High 

amounts of rainfall, coinciding with an ice discharge increase during late summer, might indicate an 

accelerating effect from remaining summer rainfall in the drainage system [68]. This happens around 

August to October (Figure 5c) where ice discharge abruptly increases, also suggesting that the 

drainage system becomes inefficient again.   

5.2.4. Glacier Geometry and Mass Balance 

Compared to other regions and land terminating glaciers, marine-terminating glaciers in Alaska 

have experienced less mass loss [15]. A possible explanation is the coastal setting of these glaciers 

within high altitude, accompanied by high accumulation [34]. The response of a glacier, reflected in 

its mass balance, is determined by the glacier’s geometry and the local climate variability [22]. Glacier 

geometry (width, surface and bed topography) is a first-order control on glacier dynamics [23,46].  

Zeller et al. [69] recently published an inventory of accumulation area ratios (AAR) and 

equilibrium line altitudes (ELA) for over 3,000 glaciers in Alaska (88% of regional area) between 2018 

and 2022. The study observed that maritime glaciers had lower ELAs compared to continental 

glaciers. ELAs were maximized during 2018 and 2019, which resulted from extraordinary high 

summer temperatures [69]. This was clearly coinciding with the observed rising temperatures on all 

marine-terminating glaciers during this study (Figure 8a).  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 April 2026 doi:10.20944/preprints202604.0745.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0745.v1
http://creativecommons.org/licenses/by/4.0/


 17 of 22 

 

For regions with marine-terminating glaciers, Zeller et al. [69] reported greater surface elevation 

loss than for other regions with the same AAR. This might be due to mass loss from frontal ablation 

which cannot be constrained with AAR variability [19,69].  

Many glaciers still had low ELAs and AARs >0.5 on average from 2018 to 2022. Glaciers with 

comparably low AAR are e.g., Turner glacier (AAR = 0.21), Northland glacier (AAR = 0.28) and First 

Branch Columbia glacier (AAR = 0.24).  

Therefore, comparably low ice discharge values can be explained by such low AARs. Depending 

on glacier size and the sensitivity of ELA increase [70], glaciers with higher AAR ratios tend to show 

higher rates of ice discharge. This is especially the case for Hubbard glacier, which had the highest 

AAR (0.87) and the highest ice discharge of all glaciers (4.49 ± 1.30 Gt a-1).                   

These findings show that in Alaska, increasingly negative surface mass balances and ice 

dynamics are the main reasons for mass loss [16]. Larsen et al. 2015 [22] demonstrated that marine-

terminating glaciers contributed less to the mass loss in Alaska than land- or lake-terminating 

glaciers. It is believed that most marine-terminating glaciers have already slowed or stopped 

retreating, which would explain why the observed ice discharge is the primary contributor to frontal 

ablation [16]. 

6. Conclusions 

This study provides a monthly series of ice discharge from marine terminating glaciers in 

Alaska. Ice discharge is combined with long-term terminus mass loss to give an estimate of the total 

frontal ablation over the same period. The mean yearly ice discharge rate of all glaciers from 2015 to 

2021 was 11.81 ± 5.35 Gt a-1. Hubbard glacier had the highest ice discharge with 4.49 ± 1.30 Gt a-1. 

Glaciers also lost 1.30 ± 0.07 Gt a-1 due to terminus retreat, resulting in a total frontal ablation of 13.11 

± 5.35 Gt a-1. Overall, ice discharge was the main contributor to frontal ablation accounting for 89%.  

Seasonality in ice discharge of most glaciers (~89%) is likely controlled by the evolution of the 

subglacial drainage system. Most of the glaciers experienced a late summer decrease in ice discharge, 

which can be associated to a switch from an inefficient to an efficient drainage system. Maritime 

conditions with high amounts of snowfall and sufficient AARs might explain high rates of ice 

discharge. There was, however, a decreasing trend of precipitation and surface air temperature. 

Variability and trends of the ERA5 reanalysis data coincided with ENSO events and a switch from 

positive to negative PDO. Contrarily, ocean temperature still increased from 2015 to 2020. 

Terminus mass loss only contributed ~11% to frontal ablation, which indicates that ambient melt 

from elevated ocean water temperature is not the primary driver for frontal ablation and that many 

glaciers possess quite stable front geometries. Although surface melt might have been less due to 

decreasing surface temperatures and rainfall, it is evident in most studies that surface melt is the main 

cause of glacier mass loss in Alaska.  

Compared to other regions, marine-terminating glaciers in Alaska loose comparably low 

amounts by terminus mass loss. There were only a few cases where frontal ablation was elevated. 

Except for Columbia glacier, which experienced rapid retreat, most of the glaciers have already 

passed drastic terminus retreat.  

The findings of this study aim to address the existing gap in frontal ablation estimates. The 

proposed methodology is adaptable to other regions and offers a systematic approach, facilitating 

the calculation of frontal ablation through ice discharge and terminus mass loss. Glacier surface mass 

balance observations or an automated glacier front detection could be implemented for more 

temporally detailed future studies. Further effort is needed to integrate the controlling mechanisms 

of retreat, e.g. subglacial topography and submarine melt.  
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