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ABSTRACT. Hubbard Glacier is a large fast-flowing tidewater-terminating glacier in the St. Elias Mountains and is connected 
at its terminus to Valerie Glacier. Although Hubbard Glacier has been shown to experience large intra-annual velocity changes 
and a long-term deceleration, previous seasonality studies have had limited timescale without a dense record of motion. 
Valerie Glacier’s variability has also been understudied, with only one study reporting its seasonal behaviour. The goal of this 
study was to combine ITS_LIVE, RADARSAT-2, RADARSAT Constellation Mission, and TerraSAR-X/TanDEM-X derived 
velocity data to create the densest record of motion ever constructed for Hubbard and Valerie glaciers from July 2013-April 
2022 in order to explore seasonal velocity variability of both glaciers. Air temperature (NCEP-NCAR Reanalysis) was used to 
estimate surface melt on the glaciers, which was explored as a potential driver for seasonal velocity changes. Valerie Glacier 
had a seasonal pattern of fast flow in May, with minimum flow between August-November before accelerating again. Hubbard 
Glacier displayed a unique seasonal pattern that has not been previously observed on this glacier, with two periods of fast 
motion: one in May and one in December-February. It is inferred that the spring peaks and late summer/fall minimums on both 
glaciers are due to meltwater reaching the glacier bed and influencing the subglacial hydrology. The cause of the winter peak 
and slight velocity drop before the spring peak on Hubbard Glacier has not been determined and should be a topic for future 
studies, although it is hypothesized to influenced by its geometry. 
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INTRODUCTION AND STUDY SITE

Hubbard Glacier, which originates on Mount Logan’s flank 
at 5959 m (Yukon, Canada) and shares névés and divides 
with other valley glaciers (such as Kaskawulsh and Logan 
glaciers), flows >120 km to sea level where it terminates 
in Disenchantment Bay and Russel Fjord (Yakutat Bay, 
Alaska) (Fig. 1; Clarke & Holdsworth, 2002; Ritchie et 
al., 2008; Stearns et al., 2015). It is significant globally as 
the largest tidewater glacier outside of the poles, with a 
grounded calving front previously measured to be 11.4 km 
wide (Meier & Post, 1987; Trabant et al., 2003; Ritchie et al., 
2008). Valerie Glacier is a smaller adjacent tributary glacier 
of Hubbard Glacier, contributing ice into the western edge 
of Hubbard Glacier’s terminus and with a medial moraine 
between the two glaciers marking their separation (Fig. 1; 
Mayo, 1988; Ritchie et al., 2008).

Understanding glacier dynamics and how they are 
evolving for Hubbard and Valerie glaciers is important 
because it can assist in the improvement of mass balance 
projections for mountain glaciers, which are limited 
due to tidewater glacier dynamics not being resolved or 
understood well (Burgess et al., 2013a). Improving the 
models can ultimately improve our current understanding 
of the glaciers’ impact on sea level rise. Hubbard Glacier 
is known for its high velocities and is one out of 12 fast-
flowing glacial systems in Alaska identified by Burgess 
et al. (2013a) with velocities higher than 1 m/d over much 
of its length due its linkage to high accumulation rates 
(Burgess et al., 2013a; Waechter et al., 2015; Van Wychen 
et al., 2018).  Although long-term velocity trends on 
Hubbard Glacier have been difficult to determine because 
of sparse measurements and large seasonal variation in 
flow speeds (Stearns et al., 2015), Hubbard Glacier was 
found to have decelerated from 7.7 m/d in 1978 to 6.0 m/d 
in 1997 when seasonal variability was removed (Trabant et 
al., 2003). Broadly, glacier dynamics in Alaska are known 
to vary interannually, and winter velocities have shown 
synchronicity throughout the region, which suggests 
that Alaskan glaciers likely have a common hydrological 
mechanism driving velocity changes (Burgess et al., 
2013b). In support of this idea, Yang et al. (2022) found 
that different glacier types within the Kenai Peninsula in 
Alaska showed similar seasonal flow patterns, suggested to 
be from regional-scale meteorological processes.

In terms of inter-annual velocity changes, Stearns et al. 
(2015) found that Hubbard Glacier experienced significant 
variability in f low speeds, ranging from ~4.1 to ~14 
m/d, with the faster flow occurring over most regions of 
Hubbard Glacier’s terminus in April/May and the slowest 
flow in October/November. Similarly, Trabant et al. (2003) 
determined large seasonal variability in Hubbard Glacier’s 
terminal lobe of up to ~2 m/d, with maximum flow speeds 
observed in May and June and minimum flow speeds 
in September and November. These general patterns of 
variability in ice motion follow the usual seasonality in 
Alaskan tidewater and land-terminating glaciers (Stearns 

et al., 2015; Armstrong et al., 2017). However, despite the 
work of Stearns et al. (2015) and Trabant et al. (2003), and 
the known large variability of flow speeds observed on 
Hubbard Glacier, the characterization of the seasonality 
of glacier motion for Hubbard glacier remains largely 
unresolved. 

In terms of Valerie Glacier, much of the previous 
research has been related to pulsing activity (in 1986, 
August 1993-August 1995, and July 2000-September 
2002), where velocities reached higher than ~36 m/d in 
1986 (Mayo, 1988; Mayo, 1989; Ritchie et al., 2008). Few 
studies have investigated the seasonal flow patterns of 
Valerie Glacier, although Trabant et al. (1991) analyzed 
Valerie Glacier’s velocity from ~1986-1989, which found 
large seasonal variations (flow speeds near the confluence 
to Hubbard Glacier in this period ranged from ~2.74 m/d 
to ~5.48 m/d). Stearns et al. (2015) investigated seasonality 
at different sections along Hubbard Glacier’s terminus 
and found the region with ice flowing in from Valerie 
Glacier had a slightly different pattern than other regions 
of Hubbard Glacier’s terminus, with the highest velocities 
in July/August. A long-term flow pattern of Valerie Glacier 
was not reported in previous work.

Over the past few decades, remote sensing data has 
become increasingly available with the launch of new 
sensors. For example, RADARSAT-2 and TerraSAR-X 
launched in 2007 (Government of Canada, 2021; Airbus 
Defence and Space, 2014), TanDEM-X in 2010 (Airbus 
Defence and Space, 2014), Sentinel-1A in 2014, Sentinel-1B 
in 2016 (The European Space Agency, 2021), and 
RADARSAT Constellation mission in 2019 (Government 
of Canada, 2021). With more remote sensing data available, 
velocity trends of Hubbard and Valerie glaciers can now 
be resolved in a higher temporal resolution than has been 
analyzed in the past. Given this background, the goals of 
this work are to utilize a large catalogue of remote sensing 
data in order to:

build a dense record of ice motion for Hubbard and 
Valerie glaciers that can be used to resolve the seasonality 
of both glaciers over the last decade;

utilize records of climate data to explore the seasonal 
drivers of ice dynamics at Hubbard and Valerie glaciers. 

DATA AND METHODS

Velocity Data

GAMMA Remote Sensing Data: Velocity 
measurements over Hubbard and Valerie glaciers were 
generated from intensity offset tracking of Synthetic 
Aperture RADAR (SAR) data (TerraSAR-X/TanDEM-X 
(TSX/TDX), RADASAT-2 (R2), and RADARSAT 
Constellation Mission datasets (RCM) using the 
GAMMA RS software. The GAMMA software reads 
SAR Single Look Complex (SLC) images and utilizes an 
intensity cross correlation algorithm to determine the 
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FIG. 1. Hubbard Glacier and Valerie Glacier, with Hubbard Glacier’s centerline shown, with locations of data extraction marked at 1 km, 5 km, and 10 km from 
the terminus (in WGS 1984 UTM Zone 7N). Two points on Valerie Glacier near the confluence of Hubbard Glacier and further up-glacier show the locations of 
data extraction. Inset: Alaskan glaciated regions (RGI Consortium, 2017) with the red box showing the location of Hubbard Glacier (Esri World Topographic 
Map, in WGS 1984 Web Mercator). Optical imagery: Sentinel-2 from 11 June 2021.
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displacement between a reference and secondary image 
(Strozzi et al., 2002). For further details on the creation of 
velocity products from GAMMA (see the Supplementary 
Appendix). 

Once completed, the GAMMA workflow outputs the 
calculated displacements in a geocoded GeoTIFF file which 
are scaled to meters of displacement between the two 
images that were then transformed to the common unit of 
m/d. 

The uncertainty of glacier velocities from offset tracking 
is provided in Table 1, with the values of the uncertainty 
negligible compared to changes to glacier velocity 
described in the following sections.

ITS_LIVE Data: Pre-derived glacier velocity products 
for Hubbard and Valerie glaciers were retrieved from 
NASA MEaSUREs Inter-Mission Time Series of Land 
Ice Velocity and Elevation (ITS_LIVE) widget (https://
itslive-dashboard.labs.nsidc.org/; Gardner et al., 2022). 
This program provides global data on the surface velocity 
and elevation change of glaciers and ice sheets derived 
from Sentinel-1, Sentinel-2, and Landsat-7, 8, and 9 image 
datasets (Gardner et al., 2021). Image-pair velocities of 
Alaska and Western North America are determined using 
the autonomous Repeat Image Feature Tracking (auto-
RIFT) algorithm between repeated acquisitions, with 
Sentinel-2 and Landsat satellite imagery used if cloud 
cover was ≤ 60% (Gardner et al., 2021). Gardner et al. 
(2018) provides full documentation on the methods used 
for this dataset and provide an uncertainty estimate of 
~0.055-0.082 m/d. These products have a pixel resolution 
of 120 m and were constrained to a time separation between 
images of 7-30 days, which allowed for a sub-monthly 
temporal resolution of the dynamics of both Hubbard and 
Valerie glaciers to be obtained between July 2013 and 
April 2022. Data is more scarce towards the beginning of 
the ITS_LIVE record, with the density of velocity products 
in the dataset increasing at the end of 2016, as a result of 
the launch of additional sensors (European Space Agency, 
2020;  European Space Agency, 2021; Gardner et al., 2021; 
U.S. Geological Survey, 2022). 

Hubbard Glacier data was downloaded at three points 
corresponding to 1 km (60.0137, -139.5069), 5 km (60.027, 
-139.4402), and 10 km (60.0458, -139.3594) from its 
terminus along its centerline (determined from manual 
selection while using optical imagery as a reference) to 
show how its velocity behaviour changed when moving 
up-glacier, away from the terminus. Valerie Glacier data 
was downloaded at two locations, the ‘near confluence’ 
point (60.0758, -139.4337) and the ‘up-glacier’ point 

(60.1018, longitude -139.4687) to evaluate the velocity 
fluctuations near the confluence of Valerie Glacier and 
Hubbard Glacier and at a location further removed from the 
influence of Hubbard Glacier (points shown in Fig. 1). 

Glacier Velocity Extraction for Hubbard and Valerie 
Glaciers: To provide a detailed determination of the 
seasonal variability of both Hubbard and Valerie glaciers, 
the velocity data from all sources (ITS_LIVE data and 
GAMMA RS data) were analyzed at five locations - three 
locations on Hubbard Glacier and two locations on Valerie 
Glacier (as described for the ITS_LIVE data) - from July 
2013-April 2022. The combined velocity dataset resulted in 
1296 velocity samples at Hubbard Glacier’s 1 km location, 
1407 velocity samples at Hubbard Glacier’s 5 km location 
and 923 velocity samples at Hubbard Glacier’s 10 km 
location. For Valerie Glacier, 1273 velocity samples were 
obtained confluence location and 994 velocity samples at 
the up-glacier point.

Melt Analysis

Climate was analyzed using reanalysis data from NCEP-
NCAR reanalysis 1 (Kalnay et al., 1996) provided by 
NOAA PSL, Boulder, Colorado, USA (from  https://psl.
noaa.gov/data/gridded/data.ncep.reanalysis.html). Mean 
daily surface air temperatures (sigma level 995) were 
downloaded for 2013-2022, and were used to calculate 
the number of Positive Degree Day (PDD) sums for each 
month. The reanalysis surface air temperature products 
are provided on a 2.5° x 2.5° grid, and the grid cell located 
at 60, -140 was chosen to capture the climate at Hubbard 
Glacier (60.045, -139.39). To calculate monthly PDD 
sums, if the mean surface air temperature of individual 
days within the month was above 0°C, those values were 
cumulatively summed. 

RESULTS

Spatial Velocity Structure of Hubbard and Valerie Glaciers 

Figure 2 provides the general velocity structure of 
Hubbard and Valerie glaciers. With respect to Hubbard 
Glacier, higher velocities are found close to its terminus 
where the glacier front meets the ocean. Moving up-glacier 
from the terminus, glacier velocities decrease to reach a 
minimum ~5.6 km from the terminus. After this point, 
velocities increase again and reach a maximum ~11.4 km 
from the terminus, where the glacier is constricted between 
valley walls and has a relatively steep slope. Although this 
spatial pattern of ice motion is observed at all times, there 
is a large amount of temporal variability in glacier motion. 
Valerie Glacier experiences faster velocities up-glacier, 
away from its terminus, although large seasonal variations 
in its velocity are also observed. A further description of 
the seasonality of both glaciers is provided in the following 
sections.  

TABLE 1. Errors of TSX (Samo, 2022), RCM (Van Wychen et al., 
2023) and R2 (Van Wychen et al., 2016) used in offset tracking.

SAR Sensor	 Error

TSX	 ~0.016 m/d
RCM	 ~0.018 m/d
R2	 ~0.024 m/d

https://itslive-dashboard.labs.nsidc.org/
https://itslive-dashboard.labs.nsidc.org/
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
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Seasonality of Hubbard and Valerie Glaciers

Figure 3a-e presents the velocity structure of Hubbard 
and Valerie glaciers from July 2013 to May 2022 from 
the extracted remote sensing derived displacement maps 
at five distinct locations (identified with teal dots on Fig. 
1). Seasonality of glacier motion is much more detailed 
after 2016 due to the wider availability of glacier velocity 
maps after this time, and 2022 data does not cover the full 
year. As such, the description and quantification of glacier 
motion that follows focuses on the time period of January 
2017 to January 2022.

Seasonally, two velocity peaks and two velocity drops 
were observed each year at all three locations on Hubbard 
Glacier (Fig. 3a-c). This velocity pattern was most evident at 
the location 1 km from the terminus, with the same pattern, 
albeit with a much smaller amplitude, also observed at the 5 
km and 10 km points. Therefore, this discussion is focused 
on the 1 km point. At this location, one velocity peak 

occurred in the winter months (varying between December 
and February in different years) before velocities dropped 
slightly and reached a minimum between the end of 
January-April (again, varying between years). At 1 km from 
the terminus, maximum velocities during this winter peak 
occurred in January 2020, when Hubbard Glacier’s velocity 
exceeded ~13 m/d. In this study period, the minimum 
values in the drop after this peak reached lower than ~5.0 
m/d (as seen in March 2021). The relative decrease between 
this winter peak and following minimum was generally 
less than ~5.2 m/d, although velocities decreased as much 
as ~7.9 m/d from January-April 2020. Velocities increased 
after this minimum to a second velocity peak that occurred 
in the spring (fastest velocities in May), where velocities at 
1 km from the terminus reached higher than ~9.6 m/d at its 
maximum (May 2019). After this spring peak, velocities 
dramatically decreased, with this drop often larger than 
what occurred after the winter velocity peak, to reach 
minimum velocities in the late summer/fall (between 
August-October). These were the slowest velocities of the 
year, reaching as low as 0.77 m/d at 1 km from the terminus 
(September 2018). This relative decrease in velocity was 
always larger than ~5.5 m/d and decreased more than ~8.2 
m/d in 2018. It was variable if the winter peak was higher 
than the following spring peak each year.

Unlike Hubbard Glacier, Valerie Glacier (Fig. 3d,e) only 
experienced one seasonal velocity peak and velocity decrease 
each year. The velocity peak occurred in spring (generally in 
May) after a gradual acceleration from the winter until this 
peak. Velocities were observed to reach higher than ~4.4 m/d 
at the near confluence point and ~4.8 m/d at the up-glacier 
point. Following this peak, velocities decrease rapidly until 
dropping to its minimum velocities, then plateauing at this 
low flow speed in late the fall, with velocities as low as ~0.055 
m/d at the near confluence point (September-November) and 
~0.22 m/d at the up-glacier point (August/September). After 
the minimum velocities, flow speeds gradually increase 
until the spring peak was reached again. This pattern was 
consistent in all years analyzed.

Positive Degree Days and Climate Analysis 

Figure 3f shows the PDD sums from 2013-2022, with 
this analysis also focusing on January 2017-December 
2021 to allow for a direct comparison to seasonal velocity 
trends. The general PDD sum seasonal cycle is described 
here, although some years may have differences in the 
timing of increases and decreases of values. Generally, 
January-March had minimal PDD sums (<10°C), with 
March/April PDD sums increasing but still small (<25°C). 
The increasing PDDs coincides with increasing velocities 
on Valerie Glacier until its peak velocities around May. 
Similarly, Hubbard Glacier’s velocities began to increase 
around April until the peak in May. After April, PDD sums 
continued to increase until the maximum was reached 
in July/August (maximum values in July 2019 reaching 
~370˚C), with minimum velocities following close after 

FIG. 2. Glacier velocities of Hubbard and Valerie glaciers from TSX data on 
21 August 2015 to 01 September 2015 (optical imagery: Sentinel-2 imagery 
from 11 June 2021, in WGS 1984 UTM Zone 7N).
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these maximum PDD sum values are reached (August-
October for Hubbard Glacier, August-November for Valerie 
Glacier). After the maximum PDD sums are reached, 
values begin to decrease but are still relatively high until 
September/October (>100˚C). Following this until the end 
of the year, values keep decreasing and become minimal 
again around November/December (<6˚C, although 
maximum December PDD sum of ~17˚C occurred in 2017).

DISCUSSION

Seasonality of Hubbard Glacier 

Figure 4 displays a general conceptual presentation 
of the seasonal patterns Hubbard Glacier experienced, 
including its inferred subglacial hydrology, ice motion, and 
melt, which are described throughout the following section.

The late-spring/early-summer velocity speedup on Hub-
bard Glacier follows the expected velocity response of a 
glacier to inputs of melt water into an inefficient subglacial 
drainage network (Willis, 1995; Nienow et al., 1998). For 
example, each year Hubbard Glacier’s velocities increased 
until a velocity peak was observed in May (Figs. 3a-c, 4) 
which coincides with the increasing monthly PDD sums 
throughout the spring/summer (Fig. 3f). The velocity peak 
coinciding with melt suggests that early in the melt sea-
son (April – May each year; Fig. 3f), when PDD sums were 
increasing from month-to-month, the generated melt was 
drained to the glacier bed and into an inefficient sub-glacial 
drainage network. Input of melt to the bed led to increased 
glacier velocities (Figs. 3a-c, 4) as the glacier can slide more 
easily over a well lubricated bed (hard-bedded) or have 
more bed deformation (soft-bedded) (Willis, 1995). 

The velocities of Hubbard Glacier decelerate each year 
after the May peak and reached the lowest velocities of the 
year in late summer/fall (Fig. 3a-c) over a period of time 
when monthly PDD sums were diminishing from their July/
August peak until December (Fig. 3f). This evolution in 
dynamic response to air temperatures and, by proxy sur-
face melt, is likely explained by a switch to an efficient 
subglacial drainage system that is able to quickly trans-
port surface meltwater through the englacial and subglacial 
drainage networks (Fig. 4). The efficient subglacial drain-
age system leads to less lubrication between the glacier and 
its bed, thereby increasing friction or decreasing till defor-
mation, and causing flow speeds to decrease (Willis, 1995). 
This hypothesis is supported by the findings of Ritchie et 
al. (2008) who examined imagery and found that 50% of 
summers had embayments located on the terminus at Dis-
enchantment Bay. These were likely caused by increased 
calving at the terminus front as a result of increased sub-
glacial drainage, where from the summer to the fall the 
openings were visible, but were closed during the winter 
(Ritchie et al., 2008). 

Each year, the flow speeds of Hubbard Glacier rebounded 
relatively quickly towards the winter peak after the annual 

velocity minimum was observed in late summer/fall (Fig. 
3a-c). To account for this behaviour, it is argued that the 
overall fast movement of Hubbard Glacier may quickly 
cause ice deformation and destruction of the efficient sub-
glacial channels that were developed during the summer, 
causing the distributed sub-glacier system to rapidly reform 
again (Nienow et al., 1998). The only way for efficient chan-
nels to enlarge or be maintained is if the amount of surface 
meltwater reaches the bed in appreciable quantities (Willis, 
1995). Although PDD sums were greater than zero over this 
period, albeit diminishing from month to month after July/
August each year (Fig. 3f), it is unlikely the amount of melt 
that was generated was sufficient to maintain this efficient 
subglacial drainage network. 

An interesting aspect of Hubbard Glacier is the relatively 
high flow speeds that were reached during the winter sea-
son (between December-February annually; Figs. 3a-c, 4). 
From a purely remote sensing-based approach, it is difficult 
to determine the exact cause of the high winter velocities, 
but a few theories are presented here. The cause of the win-
ter speedup may be due to trapped water existing at high 
pressures in the subglacial channels, which can decrease 
friction at the bed (hard-bed) or facilitate bed deformation 
(soft-bed) and allow sliding to occur throughout the win-
ter (Willis, 1995).  It is also possible that increasing glacier 
thickness due to snow accumulation can increase defor-
mation and/or basal motion, as was observed on Hintere-
isferner in Austria, which had slower summer velocities 
than annual speeds, even with little to no meltwater reach-
ing the bed (Blümcke & Finsterwalder, 1905; Willis, 1995). 
Another possibility is that liquid precipitation in the fall is 

FIG. 4.  Hubbard Glacier’s hypothesized seasonal patterns. The velocity plot 
shows the fast winter and spring peaks, and the minimums after each peak 
(a). The subglacial hydrology is described as distributed or efficient (b), ice 
motion describes if sliding of the glacier on its bed is increasing or decreasing 
(c), and melt describes how much melt was observed from the PDD sums (d).
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reaching the bed of the glacier and increasing winter flow 
speeds (Yang et al., 2022). However, there are other possi-
ble mechanisms that can cause velocity changes (for exam-
ple, ocean-ice interaction at the calving front, draining of 
supraglacial lakes, etc.) that cannot be dismissed until 
further exploration of Hubbard Glacier’s velocity pattern 
allows the cause to be determined.

The high winter velocities of Hubbard Glacier were 
consistent in all years in this study, but this pattern was 
not found on Valerie Glacier (Fig. 3d-e), meaning that 
the process that was causing high flow rates for Hubbard 
Glacier at this time is likely influenced by the geometry 
of Hubbard Glacier. If the process was being driven solely 
by climate conditions, a similar winter velocity peak for 
Valerie Glacier would also be expected. The geometry 
of Hubbard and Valerie glaciers causing differences in 
seasonal flow speeds is supported by the hypothesis of 
Enderlin et al. (2018) stating that seasonal variations 
in flow speeds and basal drag are controlled through a 
glacier’s geometry, which has a connection to its subglacial 
hydrology. Although the study by Enderlin et al. (2018) was 
focusing on the geometry of retreating tidewater glaciers, it 
is possible this also applies to advancing tidewater glaciers 
due to the evidence shown in this study.

After the velocity peak between December-February on 
Hubbard Glacier, the velocities dropped slightly to reach 
a low point between February and April. Similar to the 
winter velocity peak, the cause of the velocity decrease was 
not possible to determine using remote sensing. However, it 
is possible that the subglacial hydrologic network may have 
experienced a minor re-organization where water found 
preferential paths to create some channels, which lead to 
the drop in velocity. Alternatively, if precipitation events 
were the cause of the winter velocity increase (as put forth 
by Yang et al. (2022)), then this decrease in flow occurs 
because in the late winter/early spring water from rainfall 
no longer reaches the bed. 

It is important to note that the seasonal variations on 
Hubbard Glacier are most pronounced 1 km from the 
terminus, meaning this process may be linked to ocean 
processes at the calving front. It is also possible that the 
increased velocity variability further down-glacier may be 
caused by pressure variations from variations in surface 
water input (Willis, 1995). These pressure variations can 
be the result of higher melt rates in the lower ablation 
area, having thinner snowpacks further downglacier (this 
decreases the attenuating influence), and an increased 
chance of the creation of an efficient englacial hydrologic 
system down-glacier (Willis, 1995). However, this efficient 
system was stated to be from lower ice-deformation rates 
in the down-glacier region, which was not observed on 
Hubbard Glacier (Willis, 1995).  The water pressure down-
glacier is more probable to be a higher percentage of the ice 
overburden pressure compared to regions further up-glacier 
(Willis, 1995).

Comparison of Hubbard Glacier’s Seasonal Flow with 
Previous Studies

The large amount of velocity data provided in this 
study has provided a significant improvement on the 
understanding of the seasonality of flow of Hubbard Glacier 
compared to previous studies. Previous studies by Stearns 
et al. (2015) and Trabant et al. (2003) both found highest 
flows in spring, and slowest flows in fall, however, neither 
of those works described the fast overall motion during 
the winter months that is reported here. The differences 
in the seasonal pattern may arise from our study using 
data with a higher temporal resolution, as the velocity 
data used in Stearns et al. (2015) may be averaging out the 
winter velocity peak due to their winter velocities being 
determined through averaging fall to spring data. As 
well, Trabant et al. (2003) analyzed two different velocity 
datasets, one of a fixed location consisting of 22 image 
pairs, and one set on a moving location with 11 velocity 
measurements. Through the limited amount of speed 
measurements, this pattern may not have been captured in 
the Trabant et al. (2003) study. The amount of data used in 
this study was not available until SAR become popular and 
an increased number of sensors were launched, allowing 
this study to characterize seasonality on Hubbard and 
Valerie glaciers in a way that was not possible in the past. 

Moon et al. (2014) provided one of the largest 
characterizations of seasonal patterns of ice motion using 
records of tidewater glacier motion albeit from Greenland, 
with the characterizations further supported by Solgaard 
et al. (2022). Hubbard Glacier’s seasonal flow (Fig. 4) does 
not fit exactly into any of the categories identified by Moon 
et al. (2014), which further demonstrates the uniqueness 
of this behaviour. This difference might arise from the 
number of observations used, where the glaciers studied 
by Moon et al. (2014) only had 3-6 measurements annually 
from 2009-2013, although a few glaciers had more frequent 
measurements. Kehrl et al. (2017) found that Kangerlussuaq 
Glacier in Greenland behaved similarly to what is presented 
here for Hubbard Glacier, with a velocity peak in the 
summer due to temperatures increasing meltwater that 
reaching the bed, and a velocity peak in the winter due to 
retreat of the iceshelf. 

Columbia and Post glaciers are tidewater glaciers located 
in Alaska that also experience interannual velocity changes 
in a similar way to Hubbard Glacier, with seasonal velocity 
patterns assumed to be caused by changes to the subglacial 
hydrological network, and both glaciers had larger 
variations in flow speeds closer their termini than further 
up-glacier (Enderlin et al., 2018). Enderlin et al. (2018) 
used 89 velocity fields from 2012-2016, and despite the 
similarities of Columbia Glacier and Hubbard Glacier, the 
first half of their study period showed Columbia and Post 
glaciers generally having maximum velocities in May/June, 
then a rapid drop in velocities to reach minimum velocities 
in October/November (Enderlin et al., 2018). However, in 
2014, Post Glacier showed unusual flow behaviour with 
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increased flow speeds and two velocity peaks, which is 
similar to the pattern we observed on Hubbard Glacier 
(Enderlin et al., 2018). The behaviour of Post Glacier 
differed from Hubbard Glacier as that anomalous year 
also had much higher flow speeds than average before 
dropping to much lower flow speeds than average for the 
2015 minimum, which is not observed on Hubbard Glacier 
as the pattern of two velocity peaks occurred in all years 
analyzed from January 2017 to January 2022 (Enderlin 
et al., 2018). Although there are differences between the 
results of Enderlin et al. (2018) and what is reported here, 
it would be interesting for future work to study Columbia 
and Post glaciers in the same resolution of Hubbard and 
Valerie glaciers to determine if Hubbard Glacier’s unique 
seasonal pattern is also observed on similar glaciers (i.e. 
large size, tidewater) when the density of data allows the 
observation. The seasonal behaviour of Hubbard Glacier 
would have previously been considered unusual for Alaska, 
although it is likely that previous studies never observed 
this seasonal pattern due to their data density being much 
sparser compared to what is presented here. 

Yang et al. (2022) found that within the Kenai Peninsula 
in Alaska, the glaciers flowed in a similar way to that 
observed by Hubbard Glacier, with a velocity peak in 
May, decreasing velocities until a September/October 
minimum, and increasing velocities until a secondary 
peak in November. This velocity pattern was observed 
across many glaciers and different glacier types (land-
terminating, tidewater-terminating, lake-terminating), 
although with varying amplitudes (Yang et al., 2022). 

Similar to what is presented here, Yang et al. (2022) suggest 
changing subglacial drainage systems from meltwater to be 
the cause of the spring speedup and following slowdown. 
However, Yang et al. (2022) attribute regional-scale 
high precipitation rates that occur in the fall as the cause 
of increased glacier motion in the early winter across 
the entire peninsula. Precipitation was not analyzed for 
Hubbard and Valerie glaciers, although, it is possible 
that regional-scale precipitation is the cause of the winter 
speedup on Hubbard Glacier. However, analyzing the 
effect of precipitation on these glaciers should be the focus 
of future work, as neighbouring and connected Valerie 
Glacier does not show the same pattern of winter ice motion 
as Hubbard Glacier (possibly due to differences in glacier 
geometry, as discussed in the previous section), contrasts 
with the synchronous short-term speed patterns of glaciers 
across the Kenai Peninsula (Yang et al., 2022). However, 
this pattern of seasonal glacier behaviour may be more 
common in Alaska than previous studies have shown, as 
a temporally dense velocity dataset throughout the entire 
year was needed to display this on Hubbard Glacier, and 
with similar findings now shown on Post Glacier (Enderlin 
et al., 2018) and in the Kenai Peninsula (Yang et al., 2022).

Seasonality of Valerie Glacier

Valerie Glacier’s seasonal behaviour is summarized 
in Figure 5, showing the seasonal changes to its velocity, 
inferred subglacial hydrology, ice motion, and melt. Valerie 
Glacier showed a very traditional melt-induced f low 
variability signal and can be explained in the same way 
as the spring peak on Hubbard Glacier; through changes 
to subglacial hydrology (Willis, 1995). The velocities 
of Valerie Glacier increased until the spring peak was 
reached, coincident with warming temperatures that 
increased melt that is inferred to be delivered to the glacier 
bed and increased basal water pressure. During this time, 
the discharge of water out from beneath the glacier is likely 
low to moderate, leading to the lubrication of the bed of the 
glacier and a short-term increase in flow speeds (Willis, 
1995). As the melt season progresses, the distributed 
network that leads to the spring velocity peak evolved into a 
channelized/efficient system by the end of the melt season, 
leading to the termination of fast spring velocities, and was 
followed by intermediate summer velocities and minimum 
velocities in later summer/fall (Nienow et al., 1998; 
Armstrong et al., 2017). The melt driving velocity change 
is supported by the distribution of PDD sums (Fig. 3f), with 
peak melt conditions occurring with velocity minimums. 
Valerie Glacier experienced Gradually increasing velocities 
following the minimum fall velocities, suggesting the 
efficient channels evolved back to a distributed system 
because of ice deformation (Nienow et al., 1998). 

This behaviour differed from Hubbard Glacier as 
Valerie Glacier only experienced one velocity peak and 
one velocity drop each year, unlike Hubbard Glacier that 
had two velocity peaks and drops. The winter velocity 

FIG. 5. Valerie Glacier’s hypothesized seasonal patterns. The velocity plot 
shows the maximum velocity in the spring, followed by minimum velocities 
in the fall (a). The inferred subglacial hydrology describes if the system is 
distributed or efficient (b), ice motion describes if the glacier is increasing 
or decreasing sliding on its bed (c), and melt describes how much melt was 
observed from the PDD sums (d).
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peak observed on Hubbard Glacier did not exist on Valerie 
Glacier, although they both had a spring peak around the 
same time each year, and late summer/fall minimums. 
Valerie Glacier’s fastest velocities were in the spring, as 
opposed to Hubbard Glacier’s fastest velocities commonly 
observed in the winter. Also, Valerie Glacier did not 
rebound to faster velocities after its minimum velocities 
were reached as quickly as Hubbard Glacier did, and in 
comparison, it had a more gradual speedup until its spring 
peak was reached again. The slower acceleration of Valerie 
Glacier may have been caused by its slower velocities than 
Hubbard Glacier, which would have taken longer to destroy 
the efficient drainage network.

CONCLUSIONS

This study examined the seasonality of Hubbard and 
Valerie glaciers at a higher temporal resolution than 
previously possible and provided the densest velocity record 
of Hubbard and Valerie glaciers ever created. This record 
reveals that the seasonal variability of ice flow on Hubbard 
Glacier increases when moving towards its calving front, 
and it experiences two velocity peaks and drops throughout 
the year, one peak in the spring (May) before dropping to 
minimum velocities in late summer/fall (August-October), 
peaking again in the winter (December-February), before 
dropping slightly between February-April. Hubbard 
Glacier’s behaviour is different from that of Valerie 
Glacier, which experiences one velocity peak in the spring 
(May) before dropping to minimum flow speeds between 
August-November. The summertime velocity peak of both 
glaciers was argued to be caused by rising air temperatures 
increasing meltwater and raising water pressure at the 
bed, which allows enhanced basal sliding (Willis, 1995). 
Once seasonal melt increases enough, efficient channels 
form, leading to minimum velocities in late summer/fall, 
generally around when PDD values are decreasing, but still 
high (Nienow et al., 1998; Armstrong et al., 2017). On both 
glaciers, it is argued that the efficient drainage channels 
shift back to a distributed system due to ice deformation, 
leading to both glaciers speeding up, although Hubbard 
Glacier at a faster rate than Valerie Glacier, likely due to 
its faster velocities (Nienow et al., 1998). Although there 
are similarities between Hubbard and Valerie glaciers and 
Columbia and Post glaciers, there are differences between 
their seasonality, whereas similar velocity patterns have 
been observed in the Kenai Peninsula (Enderlin et al., 2018; 
Yang et al., 2022). The work by Enderlin et al. (2018), Yang 
et al. (2022), and this study show that this “double peak” 
velocity pattern may be more common in Alaska than 
previously thought. 

The cause of this wintertime velocity peak observed on 
Hubbard Glacier was not determined, but a few methods 
for fast velocities were hypothesized. First, this may be 
due to water trapped beneath the glacier, although the 
method of increased velocities differs depending on if 
Hubbard Glacier has a hard of soft bed (Willis, 1995). If 
a hard bed exists, fast winter velocities may result from 
water increasing lubrication beneath the bed, while if it 
has a soft bed, it might have fast winter velocities from 
water causing bed deformation or till failure (Willis, 1995). 
Second, fast winter velocities may be caused by increased 
ice deformation and/or basal motion by increased basal 
deformation and regelation due increasing thickness from 
snow accumulation (Blümcke & Finsterwalder, 1905; 
Willis, 1995). Lastly, it is possible that rainwater in the 
fall increased winter flow speeds (Yang et al., 2022). Due 
to fast winter velocities not found on neighbouring Valerie 
Glacier, it is likely the driver of the winter velocity peak is 
affected by the geometry of Hubbard Glacier. This study 
can not draw any firm conclusions to the cause of the 
velocity drop after the winter velocity peak, although it is 
hypothesized that water may be finding preferential paths 
and increasing the efficiency of the subglacial drainage 
before being destroyed by the fast velocities and becoming 
fully distributed again to reach the spring peak, or due to 
decreased rainwater input reaching the bed. Future work 
could focus on the causes of the winter velocity peak 
and the subsequent velocity drop, as no firm conclusions 
can currently be made and it is possible that other causes 
besides the hydrologic network are influencing Hubbard 
Glacier’s seasonal velocity trend (for example, ocean-
ice interaction at the calving front or supraglacial lake 
drainage). It is possible that other glaciers are behaving in a 
similar way, although their velocity data was not temporally 
dense enough to see this pattern.
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