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Glaciers around the world are retreating at increasing rates, prompting concerns
over sea level rise and the future of the cryosphere. In southern Alaska, some have
retreated while their neighbors have advanced, indicating that local atmospheric
conditions are not the only influence on glacier retreat. One possible factor is the
interaction of ocean water with the glacier at the terminus. However, fjord geometry can
alter the ocean water that interacts with the terminus, and the interaction of fjord
geometry and ocean temperature anomalies has not been investigated in Alaska thus far.
To investigate the interaction of fjord geometry and glacier retreat, we used bathymetry,
air temperature (AT), sea surface temperature (SST), and terminus position data. Here we
show that high SST anomalies may enhance glacial retreat in fjords with shallow sills.
During a high SST anomaly, some glaciers in shallow-silled fjords retreated rapidly from
a point of relative stability. It is possible that shallow sills influence fjord water
circulation where only the warmest part of the water column can enter the near terminus
region, potentially leading to enhanced glacier retreat after high SST anomalies. Many
glaciers also showed enhanced retreat in the two years after a high AT anomaly. Though
other factors can also contribute, understanding the processes and interactions that lead to
glacier retreat is becoming increasingly important as climate change alters the

atmosphere and environment.
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Introduction

Understanding tidewater glacier retreat is becoming increasingly important
because they have a large influence on global sea level rise (Gardner et al., 2013). A
number of glaciers in southeast Alaska have experienced short lived yet significant
retreats that neighboring glaciers have not experienced. These retreats are not consistent
temporally or geographically, but some have occurred after summers that have had
anomalously high sea surface temperatures (SST) (McNabb & Hock, 2014). Reasons
for these retreats are poorly constrained as this is an emerging area of research, with
studies published as recently as 2018 and 2020 starting to understand these mechanisms
(Catania et al., 2018; Eidam et al., 2020). One direction of study is the interactions
between ocean water and ice at the ice-ocean boundary at the terminus of tidewater
glaciers. One gap in the knowledge is understanding how geometric constraints, such as
shallow sills in glacial fjords, impact water circulation near the glacier terminus and the
repercussions for subsurface melt of the glacier.

Current research is largely aimed at understanding the global ice mass budget in
order to be better able to understand the impacts of melting ice on global sea level rise.
Melt from glaciers that are not part of the Greenland Ice Sheet (GIS) and the Antarctic
Ice Sheet (AIS) contribute a disproportionately large amount to global sea levels.
Though comprising a smaller quantity of ice, melt quantities from non-Greenland or
Antarctic Ice Sheet glaciers were found to be comparable to melt quantities from the
GIS and AIS (Gardner et al., 2013). The group of glaciers outside of the GIS and AIS is
largely composed of land-terminating mountain glaciers and marine-terminating

tidewater glaciers. There has been a large quantity of research conducted about air



temperature and its impacts on mountain glacier surface mass balance, as air
temperature is one of the only ways to influence land-terminating glaciers. Applying
some of this knowledge to tidewater glaciers will help us understand the controls on
tidewater glacier retreat.

A large number of the tidewater glaciers that are melting and are distinct from
the GIS and AIS are found in Alaska. Some of these glaciers experience retreats that are
not linear through time and are instead observed to be in a stepwise fashion (McNabb &
Hock, 2014). Reasons for these step retreats are unknown but it is theorized that
transported sediment or changes in ocean temperature are triggers to the phenomenon
(Brinkerhoff et al., 2017; McNabb & Hock, 2014). Glacier terminus positions change
over time and are influenced by a number of different factors, both environmental and
physical (Fahrner et al., 2021; McNabb & Hock, 2014). The rate of retreat is different
for each glacier due to a number of factors including cross-sectional area and ice
thickness (McNabb et al., 2015). Changes in glacier length can be described by the
following equation where dL/dt is the change in length over time, U;., is mass entering

from up the glacier, and U p;4¢i0n 18 mass loss at the terminus from melt and calving.

— = Uice = Uapiation (1)
There are many different influences on tidewater glacier melt, including ice and
ocean interactions at the terminus, and the melt that leaves the glacier in the subglacial
discharge plume (Brinkerhoff et al., 2017; Catania et al., 2018; Eidam et al., 2020;
Matthews, 1981; McNabb & Hock, 2014). Understanding and quantifying the

subsurface melt of the world’s tidewater glaciers is important because the melt may



trigger a change in ice dynamics, potentially resulting in a retreat or significant
contributions to global sea level rise (Gardner et al, 2013).

As glaciers flow, they scour the bedrock beneath them resulting in a channel.
This sediment is then deposited by the glacier at its furthest reach, the terminus. Large
deposits can accumulate at the terminus when the glacier remains at a relatively
constant length (Winkler & Matthews, 2010). These terminus deposits are known as
“terminal moraines” when on land or as “sills” when submerged. These sills or
moraines are only visible as the glacier retreats and exposes them. The landform is not a
product of the retreat but can only be seen once the glacier has moved back. Depending
largely on the length of time that the glacier was at a stable length, sills can range in
height from less than 10 meters below sea level to many hundreds of meters below sea
level. They are relatively narrow deposits that cross fjords perpendicularly to the
direction of water flow and have an influence on the circulation of the water that is in
contact with it (Hager et al., 2022).

Some tidewater glacier termini move in a pattern known as the tidewater glacier
cycle, which is characterized by fast retreat, long stable periods, and slow advances
(Meier and Post, 1987; Post et at al., 2011). In this scenario, the terminus can rapidly
retreat from a stable position through an area of low stability then slow its retreat as it
gets “pinned” in another area of high stability - such as a constriction in the fjord or
shallow section like a sill (Amundson, 2016; McNabb & Hock, 2014).

Many tidewater glaciers in southern Alaska have experienced rapid and short-
lived retreats after a period of high summer SST anomalies (McNabb & Hock, 2014).

These retreats are called “step change retreats” and have been identified as an area of



future study, especially in relation to the observed high SST anomalies (McNabb &
Hock, 2014). One proposed mechanism for step change retreats is that an ice-sediment
feedback loop creates cyclic glacial advance and retreat patterns, meaning that as the
glacier deposits sediment it is then impacted by that dropped sediment (Brinkerhoft et
al., 2017).

Near-terminus water circulation also has impacts on the melt rate of tidewater
glaciers (Hager et al., 2022; Matthews, 1981; Slater et al., 2017). There are two main
driving factors of near-terminus circulation: the presence of a subglacial discharge
plume, and fjord geometry (Figure 1a) (Carroll et al., 2017; Hager et al., 2022;
Matthews, 1981; Slater et al., 2015; Slater et al., 2017). Fjord geometry, such as the
presence of sills and depth of the grounding line of the glacier (the deepest part of the
terminus), changes the flow of water through the fjord (Carroll et al., 2017; Matthews,
1981). The ratio of sill depth to grounding line depth is a primary control on the renewal
of water near the terminus of a tidewater glacier (Carroll et al., 2017).

Ocean water is stratified by both temperature and salinity. At cooler
temperatures salinity is a driver of density, resulting in some systems, such as
Greenlandic fjords or near Antarctica, having their warmest conditions at depth. Other
systems, such as in Alaska, are different. In the Alaskan summer, ocean water entering
the fjord is warmer toward the surface and cooler at depth (Hager et al., 2022). Due to
this stratification, the presence of a sill, or lack thereof, may also impact water

circulation (Figure 1b) (Merrifield et al., 2018).
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Figure 1: Fjord Water Circulation

(a) Water circulation in a fjord with no sill present. The subglacial discharge plume
rises buoyantly and entrains ocean water into the near terminus region. (b) Water
circulation in a fjord with a sill. The subglacial discharge plume entrains ocean water

but only the top of the water column travels over the sill into the near terminus region.

Another summertime impact on water circulation is the presence of a subglacial
discharge plume (Carroll et al., 2017; Hager et al., 2022; Slater et al., 2015). In summer
there is significantly more melt occurring along the surface of the glacier that is then
channeled to the terminus where it rises up the face of the terminus and drives fjord
water circulation (Hager et al., 2022). The plume rises to the surface of the fjord

because it is composed of fresh water and is more buoyant than saltwater. As it does so,



it pulls in ocean water from outside the fjord near the glacier terminus (Figure 1a)
(Carroll et al., 2015; Slater et al., 2015).

This plume has the potential to undercut the terminus and create an overhanging
geometry. The undercutting process does not have a large impact on ice melting but
glaciers that are already undercut have larger melt rates due to their greater surface area
(Slater et al., 2017). The degree to which subglacial melt contributes to terminus melt is
not entirely quantified, but it has been found that melt is increased when subglacial
discharge occurs in many smaller channels rather than one larger one (Slater et al.,
2017). The differences in the spatial distribution of melting have different magnitude
impacts on fjord water circulation, as water circulation is largely driven by the
subglacial discharge plume (Hager et al., 2022).

Fjord geometry and subglacial topography have also been found to have an
impact on glacial retreat (Brinkerhoff et al., 2017; Catania et al., 2018; Eidam et al.,
2020). A previous study characterized the retreats of 15 tidewater glaciers in Greenland
and found that there is a relationship between the topography under a glacier and its
retreat rate. This relationship is such that glaciers will retreat rapidly through wide over-
deepened areas. The retreats through such areas are heightened when the bed has a
slope that trends downhill from the terminus away from the ocean, also known as a
retrograde slope (Amundson & Carroll, 2018; Catania et al., 2018). In Alaska, the
Columbia Glacier has exhibited this behavior since 1952, when it started to retreat
rapidly through a deepened area. The glacier then then sat pinned at a constriction
between 2000 to 2004, dramatically slowing the retreat rate for these years (McNabb &

Hock, 2014).



Glaciers are also able to create pinning locations by the sediments they carry
(Brinkerhoff et al., 2017; Eidam et al., 2020). The growth of a new moraine at the
terminus of the glacier may delay glacier retreat by providing stability at the terminus
(Eidam et al., 2020). Dynamic combinations of geometry of the fjord floor and walls are
evidence that the atmosphere isn't the only factor driving glacial melt and it is highly
likely that the fjord geometry and ocean have some impact (Catania et al., 2018;

McNabb & Hock, 2014.

Research Question

This project aims to address the question: does sea surface temperature control
glacier terminus retreat in Alaska? To do this, we look at sea surface temperature and
fjord geometry to see if there is a connection between shallow sills within the fjord and
anomalously high sea surface temperatures with tidewater glacier step retreat events.
We also investigate another mechanism that may have an impact: anomalously high air
temperature. This is because SST analogies may not be the only driver and the
interaction of anomalously high air temperatures with tidewater glaciers may have an
impact on the timing of Alaskan tidewater glacier retreat. This study combines fjord
geometry, sea surface temperature, and air temperature with terminus position data.
Through the combination of these data, we aim to provide a possible contributing factor

for the non-uniform retreats of Alaskan tidewater glaciers.



Methods

To start out, geometric features were compared across two subregions, KPWS
and Archipelago. These included the distribution of sills and sill depths in the 17 fjords.
The majority of sills were less than 100 meters deep, with some as shallow as 2 meters.
Glacial retreats were then assessed at the subregional level. Retreats were then assessed
by sill depth, to see if there is a connection between shallow-silled fjords and enhanced
glacier retreat, and then by temperature anomalies to get an understanding of the
atmosphere’s impact on glacier retreat. Both SST and AT anomalies were broken into

categories by subregion and sill depth.



Study Area

Figure 2: Study Area

Google Earth image of southern Alaska with the included tidewater glaciers marked by
yellow stars. Pins with letters inside indicate studied areas (K: Kenai Peninsula, P:
Prince William Sound, A: Archipelago) or places mentioned as potential future study
sites (I: Icy Bay, Y: Yakutat Bay, G: Glacier Bay). Blue boxes show where SST data

were taken from and red boxes show where AT data were taken from.

The mountainous state of Alaska is home to many glaciers, both alpine and
tidewater terminating. The southern coast of Alaska is home to 59 glaciers, 50 of which
terminate into tidewater (McNabb & Hock, 2014). This study focuses on a subgroup of
the 50 tidewater glaciers in the region.

We investigated 17 Alaska tidewater glaciers divided into two regions in the
southern and southeastern portion of the state (Figure 2). There were six possible areas
of interest: Kenai Peninsula, Prince William Sound, Icy Bay, Yakutat Bay, Glacier Bay,

and the Archipelago. These are labelled on the map above. Of these six potential areas,
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we studied three: Kenai Peninsula, Prince William Sound, and the Archipelago. We
grouped Kenai Peninsula and Prince William Sound into a subregion to get our final
two subregions: KPWS and the Archipelago. We studied these areas in particular
because we had both terminus position and bathymetry data for them which made it
viable to investigate these areas.

The glaciers studied range in area from tens of square kilometers (Beloit
Glacier, 22.93 km?) to hundreds of square kilometers (Columbia Glacier, 943.68 km?).
Glacier lengths vary over the time series, with a minimum length of 8.8 km (Holgate
Glacier in 1980) to a maximum of 66.9 km (Columbia Glacier in 1975) (McNabb &
Hock, 2014).

The fjords these glaciers terminate into were of varying length, ranging from
4.38 km to 50.8 km with an average fjord length of 21.4 km from glacier terminus to
where the fjord joined either the Pacific Ocean or other main channel or body of water.

The area was divided into two subregions, Prince William Sound (PWS) and
Kenai Peninsula to the north, and the Archipelago to the southeast (Figure 2). Dividing
the two subregions was necessary because there are approximately four degrees latitude
between them. We also compared results to the whole Gulf of Alaska in order to
explore the systems as a whole. These regions are shown on Figure 2 above.

Prince William Sound is a large sound on the south coast of Alaska that opens to
the Pacific Ocean. The PWS region has 13 tidewater glaciers in total, though we focus
on 10 of those systems here. One notable glacier within PWS is Columbia Glacier,
which has seen a dramatic retreat since 1957 (McNabb & Hock, 2014). Also in this

subregion, the Kenai Peninsula contains the westernmost glaciers investigated. It is a
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200+ km long peninsula in southern Alaska with 11 tidewater glaciers, three of which
were included in the study (McNabb & Hock, 2014). The glaciers here terminate in
fjords that have direct contact with the Pacific Ocean. Due to the proximity with PWS
(resulting in the two regions having very similar climates) and the small sample size,
the two areas were combined into one called KPWS. The other subregion, the
Archipelago, contains the most southerly and most eastern glaciers examined here. Of
the 14 tidewater glaciers in SE Alaska, we focus on four specific systems (McNabb &
Hock, 2014). One notable glacier in this area is LeConte Glacier, which is the
southernmost tidewater glacier in the Northern Hemisphere (McNabb & Hock, 2014).
These systems help provide an understanding of how southern tidewater glaciers are

reacting to the changing climate.

Data Collection

Bathymetry

Fjord bathymetry data were from a combination of single beam and multibeam
echosounder surveys compiled by the National Oceanic and Atmospheric
Administration's National Centers for Environmental Information (National Centers for
Environmental Information, 2021). The data were gridded at resolutions between 5 and
20 meters. Bathymetry data for LeConte Bay were gathered during August 2016 by a
multibeam echosounder survey at a resolution of 5 meters. Data gaps for LeConte Bay
were interpolated using two 20-meter resolution fathometer surveys conducted during

August 1999 and September 2000 (Eidam et al., 2020).
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The calculation of thalweg transects was estimated by selecting a geographic
region encompassing a specified fjord, then manually tracing the deepest part of each
fjord in order to create a thalweg profile (Figure 3a). The thalweg sections provided
geometric information including the fjord length, depth, and sill location(s), with an
example bathymetry and thalweg transect for Columbia Glacier shown in Figure 3. This
figure shows the fjord transect with the glacier on the left and ocean to the right. There
are two sills highlighted, one much shallower than the other. The glacier terminus can
be seen on the left side of the profile as a rapid shallowing-out of a 400 m deep area.
Many fjords contain multiple sills, such as this one, which show up clearly on the
thalweg transect. Across-fjord profiles were obtained at each sill to determine sill depth
and fjord width. In fjords with multiple sills, sills were labeled numerically with
increasing values indicating distance away from the glacier terminus and toward the

occan.
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Figure 3: Columbia Glacier thalweg transect.
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a) Bathymetry for section of Prince William Sound that Columbia Glacier terminates
into with thalweg line in white, darker colors indicate greater depths below sea level. b)
Fjord depth profile along the thalweg in front of Columbia Glacier with sills
highlighted in orange. The two sills in this fjord sit at approximately 50 m and 275 m
below sea level. Some thalweg profiles show a rapid rise in topography near the glacier,
which is actually the face of the terminus, highlighted in green. The ocean is on the
right and the glacier flows from left to right. On the y-axis, 0 m shows the sea surface

with other elevations taken from that reference.

Terminus Positions

Terminus position data were sourced from McNabb and Hock (2014), who
calculated terminus positions for 50 Alaska tidewater glaciers from 1948 to 2012. For
years prior to 1972, terminus positions were assembled from manually digitized U.S.
Geologic Survey topographic maps. For years after 1972, images from the National
Aeronautics and Space Administration and United States Geological Survey’s joint
Landsat program were compiled and used to find terminus positions (McNabb & Hock,
2014). These data were organized into plots of total length change and relative length
change for each glacier. We show two examples of relative length change in Figure 4,
one for South Sawyer Glacier and the other for LeConte Glacier. Relative length change
was taken with respect to the earliest measurement for each glacier which was 1948 + 1
year. Using the relative change in length for each glacier meant that it was easier to
compare between glaciers because we were able to look at the distance the terminus had

retreated rather than the length change of the glacier as a whole.
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Figure 4: Length Change for South Sawyer and LeConte Glaciers

Relative length change (km) for South Sawyer (left) and LeConte (right) glaciers from
1948 to 2012. Step change retreat events can be seen for South Sawyer in the mid
2000s and LeConte in the mid 1990s. The y-axes differ for each glacier, with 0 km
representing the glacier terminus position at the earliest measured date. Data were
sparse before approximately 1970, which is why the retreat between the initial date and

then is a straight line.

Sea Surface Temperature and Air Temperature

Sea surface temperature (SST) and air temperature (AT) data were downloaded
from the European Centre for Medium-Range Weather Forecasts (ECMWF).
Specifically, the data came from the ECMWF Reanalysis v5 (ERAS) which is produced
by the Copernicus Climate Change Service, a section of the ECMWEF. ERAS provides
climate information in a 30 km grid updated hourly. It uses a combination of historical
and gathered data (both satellite and in-situ) as inputs for the ECMWEF’s climate model
(Copernicus Climate Change Service, 2022).

The ERAS dataset begins in 1979, which we used as the start of the observed
time period, and we extend our study until 2012, the last year of available terminus
positions from McNabb and Hock (2014).

Sea surface and air temperatures were each averaged over one year in order to

remove seasonal variations. The removal of seasonal variations was necessary because
15



we were looking at interannual and longer-term trends, not the difference between
summer and winter temperatures and behaviors. Temperature anomalies were calculated
by subtracting the mean annual temperature from 1979-2012 from the annual mean
temperature for each year. Significant anomalies were then defined as temperature
anomalies greater than 0.25°C from the mean of the study period.

Temperature data were specified for three regions: the Gulf of Alaska, Kenai
Peninsula/Prince William Sound, and the Archipelago regions (Figure 2), resulting in
three separate time series. To count glacier retreat events within each subregion, retreat
events were compared to SST and AT anomalies for their subregion. We also compared
SST and AT anomalies across all regions in the Gulf of Alaska, for which we used SST

and AT averaged over the entire gulf.

Data Organization and Analysis

Selecting Representative Glaciers

In total, we used 17 of the 50 glaciers with terminus positions in McNabb and
Hock (2014). We selected these glaciers because they fit two criteria: (i) remained
tidewater glaciers for the entire study period and (ii) had adequate and available
bathymetry data.

A number of glaciers in the region had retreated onto land during the study
period which, because there would no longer be any interaction with the ocean, resulted
in their elimination from analysis here. Other glaciers were omitted due to a lack of
adequate bathymetry data. This included the region near Glacier Bay as well as Icy Bay

and Yakutat Bay (Figure 2).

16



Defining A Retreat Event

Glacier retreat events were defined by the following equation in which dL is the
length change of the glacier, u is the mean length change, N is the number of standard
deviations, and o is the standard deviation of length change.

dL < —(u+ No) (2)

This equation describes the process in which we defined a glacier retreat first by
calculating the mean and standard deviation of annual glacier length change for each
glacier over the entire time series. This provided an understanding of the natural
variability and seasonal fluctuations in terminus position for each glacier. Then, if the
retreat was greater than a specified number of standard deviations, the behavior was
considered to be “outside of normal” and recorded as a retreat event. Consecutive
retreat years were counted as one coherent retreat by only recording the first year of
retreat. Example retreat events can be seen in Figure 4 where South Sawyer Glacier has
a relatively constant length from 1975 to 2003. The glacier then retreated 1 km rapidly
in 2003 before restabilizing once more. This process can also be seen in the same figure
for LeConte Glacier but with a brief period of stability from 1995-1997.

The number of standard deviations away from the mean varied depending on the
glacier in question but was between 1 and 2. Though not constant, this variability is not
unexpected due to the natural variability between glaciers. Retreat events were
manually crosschecked to verify the success of this method. There was at least one
occasion where this method provided a less than ideal result but those were few and
overall this method provided accurate dates for step retreats for the given glaciers. It

was more reliable and repeatable than finding retreats by eye or by our other attempted
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methods. Despite this method being the best we tried, it would have been preferable to

have one standard deviation value for all glaciers.

Defining Sill Depths

Fjords were categorized into groups by sill depth, since we expect sills to
influence fjord circulation and the amount of heat that is available to melt the glacier
front. Sills were divided into three depth categories: shallow (0-10 m), intermediate (10-
100 m), and deep (>100 m). An example fjord profile showing multiple sills is LeConte
Bay (Figure 5), which shows the three sill depth categories used. Many fjords had
multiple sills at varying depths, such as in Figure 5, which meant that we had to decide
which value to use as our representative sill depth for the system. The shallowest sill
depth was chosen because we were looking at the passage of the external water column
over sills and considered the shallowest sill to be the greatest constricting factor in

water passage through the fjord.
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Figure 5: Sill Depths at LeConte Glacier

This thalweg shows the three sill depths, shallow (0-10 m) in orange, intermediate (10-
100 m) in green, and deep (>100m) in blue. The glacier is on the left and ocean to the

right. Flow of LeConte is left to right.
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Results

Sill Distribution

Many fjords in the Gulf of Alaska contain sills that are relics of previous glacial
extent. Sill depths vary across the region from 2 meters to 120 meters below sea level.
In the study area there are five shallow-silled fjords, 10 fjords with intermediate sills,
and two deep-silled fjords (Table 1). The KPWS subregion contained 13 glaciers
terminating in fjords with varying geometry. Of the 13 glaciers in this subregion, four
terminated in fjords with shallow sills. The remaining nine terminated in fjords with
intermediate sills. The Archipelago subregion contained four of the 17 glaciers. Of these
four, one (LeConte Glacier) terminated in a fjord with a shallow sill, one (Sawyer
Glacier) terminated in a fjord with an intermediate sill, and two (Dawes and South

Sawyer Glaciers) terminated in fjords with deep sills (Table 1).
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Glacial Retreats by Subregion
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Figure 6: Number of Retreats per Year

Cumulative number of retreat events per year for the study period.

Glacier Subregion  Number of sills Deepest Fjord Depth ~ Shallowest Sill (m) Sill Depth Category Retreat Date(s) 1979-2012

Beloit PWS 3 -134 -1.6 Shallow 1984
Blackstone PWS 1 -134 45 Shallow nfa
Chenega PWS 1 -336.6 -40.4 Intermediate 1976, 2000
Columbia PWS 2 -404 -32 Intermediate 1993, 2009
Harvard PWS 1 -232 -42.7 Intermediate 1992
Meares PWS 1 -335.6 -22 Shallow nfa
Tiger PWS 1 -149 -36.1 Intermediate nfa
Yale PWS 2 -232 -342 Intermediate 1977
Surprise PWS 3 -131 -19 Intermediate nfa
Barry PWS 1 -113.8 -175 Intermediate 2009
Alalik KP 2 -293 -10.4 Intermediate 1982, 1992
Holgate KP 4 -293 63 Shallow 1576, 1992, 2009
Northwestern kP 2 -304.8 -109 Intermediate 1994
Dawes Archipelago 1 -329.2 -1189 Deep 1980, 1989
LeConte Archipelago 3 -320.1 5.1 Shallow 1994, 1997
Sawyer Archipelago 1 -175 -30.1 Intermediate 1992, 2006, 2009
South Sawyer Archipelago 1 -209.1 -114.1 Deep 2003,

Table 1: Retreat Data

Location, number of sills, deepest fjord depth, depth of the shallowest sill in the fjord,
classification as shallow/intermediate/deep, and retreat year(s) between 1979 and 2012

for the systems studied.

During the time period 1979 to 2012, 13 of the 17 glaciers studied retreated with
a total of 19 distinct retreat events (Table 1). Notably, in 2009, a total of 5 glaciers
experienced retreat events, which was the highest number of retreat events recorded in

one year. The year containing the second highest number of retreat events was 1992
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(Figure 6). The majority of glaciers experienced two retreat events, with a range of 0-3
per system (Table 1).

In the KPWS subregion, 10 glaciers retreated, and three glaciers advanced
during the time period (Figure 7a). Glacier retreats varied from 170 meters (Blackstone
Glacier) to 20,110 meters (Columbia Glacier) (Figure 7b). Three glaciers advanced with
a maximum advance of 1290 meters (Harvard Glacier) and a minimum advance of 4
meters (Chenega Glacier). Four glaciers in this subregion did not experience stepwise
retreat events while nine experienced either one or more events. Found, but not shown
here, was that there was no correlation between net length change or sill depth and the

occurrence of one or more retreat events.
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Figure 7: KPWS Length Changes
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(a) Relative length change (km) for KPWS glaciers from 1979 to 2012 with 0 length
fixed to 1948. (b) Same as in a, but for the Columbia Glacier relative length change
(km). The dramatic retreat of this glacier required an expanded y-axis scale. We did not
classify this retreat as a step change retreat but did classify the years 1993 and 2009 as
having step retreats. The retreat events were found by our method described earlier.
Using this method, we were able to find either the 1993 and 2009 step retreats or
neither of them, at a standard deviation of 1.7. It would have been preferable to be able
to exclude the 1993 result and describe the 2009 result as a relatively weak step retreat,
especially in comparison to some other events such as for South Sawyer (Figure 8), but

with our method we were unable to achieve this distinction.

Archipelago

All glaciers in the Archipelago subregion retreated. The maximum retreat
distance was 4350 meters (Dawes Glacier), and the minimum retreat distance was 1360
meters (LeConte Glacier). All glaciers in this subregion experienced at least one retreat

event (Figure 8).
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Figure 8: Archipelago Relative Length Changes

The relative length changes for the Archipelago subregion from 1979 to 2012.
Distances taken with respect to 0 in 1948. Step retreat events can be seen in 1980 and
1989 for Dawes Glacier, 1994 and 1997 for LeConte Glacier, 1992, 2006, and 2009 for
Sawyer Glacier, and in 2003 for South Sawyer Glacier.

Glacial Retreat by Sill Depth

The 17 glaciers cumulatively experienced 19 retreat events. Across the three
depth categories, the majority of retreat events occurred in fjords with intermediate sills.
13 of the 17 glaciers retreated during the study period and four advanced. Both of the
two glaciers that terminated in fjords with deep sills retreated during this time. Dawes
Glacier and South Sawyer Glacier make up this category and retreated approximately
3.5 and 1.5 km respectively in the study period. There was a total of three retreat events

between these two glaciers which can be seen in Figure 8. Shown in blue (Dawes
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Glacier) and purple (South Sawyer Glacier) in Figure 8, retreat events are clear,
beginning in 1980, 1989, and 2003. Five glaciers terminated in fjords with shallow sills.
Three of these glaciers experienced step retreats within the time period while two
glaciers did not. There were five total retreat events for glaciers with shallow sills. The
two glaciers in this category that did not retreat were Blackstone and Meares Glaciers,
both of which showed erratic behavior but not step retreats (Figure 7a). Ten glaciers
terminated in fjords with intermediate sill depths. Of these ten glaciers, seven
experienced retreat events during the time period for a total of 11 retreat events. The
three that did not experience step retreat events were Yale Glacier, which retreated
fairly consistently for the entire time, Surprise Glacier, which advanced, and Tiger
Glacier, which rapidly advanced approximately 300 m in the 1990s then retreated
approximately that distance in the early 2000s. The behavior of these three glaciers can
be seen in Figure 7a which depicts the relative length change for glaciers in the KPWS

subregion.

Temperature Anomalies

Temperature anomalies varied for both subregions over the study period of
1979-2012. SST anomalies varied from -1°C to +1.1°C for the KPWS subregion and
from -0.75°C to slightly over +1°C for the Archipelago subregion (Figure 9). AT
anomalies tended to be greater in magnitude, ranging from -2.6°C to +2.4°C for the

KPWS subregion and from -3.1°C to +2.5°C for the Archipelago subregion (Figure 9).
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Figure 9. Sea Surface Temperature and Air Temperature Anomalies

Y-axes differ between SST and AT.

Top: Annual SST anomalies for KPWS and Archipelago subregions 1979-2012.

Bottom: Annual AT anomalies for KPWS and Archipelago subregions 1979-2012.

Sea Surface Temperature and Glacier Retreat

Through the entrainment of warmer water over a sill, high SST anomalies may
impact glacial melt at the terminus and retreat. The Gulf of Alaska experienced seven
above average sea surface temperature anomalies between 1979 and 2012. The highest
anomaly was greater than 1°C above average, in 2004. Across the Gulf of Alaska, 3

retreat events (16%) were experienced during SST anomalies and 5 (26%) occurred

within two years after (Figure 10a).
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Retreats During SST Anomalies by Region

Of the 13 glaciers in the KPWS subregion, one (9%) retreat event occurred
during the same year as an SST anomaly. There were no retreat events one year or two
years after and including an anomalous year (Figure 10b). In the Archipelago subregion,
two (25%) glaciers retreat events occurred in the year of an SST anomaly and three
(38%) retreats occurred within one year of an SST anomaly with no increase two years

after an anomaly (Figure 10c).
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Figure 10: Retreat events plotted with SST anomalies

SST anomalies are in blue with retreat event occurrence in various colors on right axis
shown in black dots denoting number of glaciers that experienced a retreat event in the
given year. (a) shows this for the Gulf of Alaska, (b) for KPWS subregion, and (c) for

the Archipelago subregion. Vertical lines denote end of study period (2012).

Retreats During SST Anomalies by Sill Depth

Two out of five (40%) retreats in shallow-silled fjords occurred within the same
year as an SST anomaly. There were no further retreats within one or two years of an
SST anomaly. No glaciers with intermediate sills retreated in the same year as an SST
anomaly. This increased to 1 (9.1%) retreat within one year of an anomaly and did not
change within two years. One third of retreats (1 retreat) in deep-silled fjords occ  ed
in the same year as an SST anomaly with no further retreats occurring within the year

after or two years after a temperature anomaly (Table 2).
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Retreats during Retreats within 1 year Retreats within 2 years

Sill Depth SST anomaly of SST anomaly of SST anomaly

All Glaciers 16% 26% 26%
0-10 meters 40% 40% 40%
10-100 meters 0.00% 9.10% 9.10%
100+ meters 33.30% 33.30% 33.30%

Table 2: SST anomalies and Sill Depths.

Sill depth, percent of retreats during an SST anomaly, percent of retreats within one and

two years of an anomaly. Expressed in percentage of retreats of total.

Air Temperature and Glacier Retreat

Air temperature interacts with a glacier at the surface and may increase melt
along the length of the glacier. Increases in air temperature can affect the surface mass
balance of the glacier, resulting in thinning if not compensated for by additional
accumulation. Increases may also increase surface melt that can lead to higher
subglacial discharge at the glacier terminus. Increased subglacial discharge increases
the temperature and salinity of the near terminus region which can impact water
circulation. There were 13 positive air temperature anomalies in the Gulf of Alaska over
the course of the study period. The highest anomaly was 1.7°C above average in 2004.
Of the 19 retreat events, eight (42%) occurred during anomalous years. A further four
occurred during the year after an AT anomaly, increasing the percentage of retreats to
63% (12 retreats) within one year (Table 3). Within two years of an AT anomaly, an
additional one glacier retreated leading to a total of 13 retreat events (68% of retreats)

occurring within two years of an AT anomaly (Figure 11a).

Retreats During AT Anomalies by Region
In the KPWS subregion, two (18%) retreats occurred during a year with an AT

anomaly and four (36%) retreats occurred within that year and the year after (Figure
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11b, Table 3). In the Archipelago subregion, two (25%) retreats occurred within the
same year as an AT anomaly. Four retreats (36%) occurred within the same year and the

following year, and six (75%) of retreats occurred up to two years after an AT anomaly

(Figure 11c, Table 3).
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Figure 11: Retreat events plotted with AT anomalies

AT anomalies are in blue with retreat event occurrence in various colors denoting
number of glaciers that experienced a retreat event in the given year. (a) shows this for
the Gulf of Alaska, (b) for KPWS subregion, and (c) for the Archipelago subregion.
Vertical blue lines denote end of study period (2012).

Retreats During AT Anomalies by Sill Depth

Table 3 shows that in shallow-silled fjords, one (20%) glacier retreat occurred
within the same year as an AT anomaly. Two (40%) retreats occurred within the
anomalous year and during the following two. In fjords with intermediate sills, two
(18.2%) retreats occurred during an anomalous year. Four (36.4%) retreats occurred
within the same year and the year after an AT anomaly, and five (45.5%) retreats
occurred up to two years after an anomaly. Deep-silled fjords experienced no retreats
within the same year as an AT anomaly. This rose to two (66.7%) retreats occurring
within the year after an anomaly and there were no retreats in the second year after an

AT anomaly (Table 3).
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Retreats during Retreats within 1 year Retreats within 2 years

Sill Depth AT anomaly of AT anomaly of AT anomaly

All Glaciers 42% 63% 68%
0-10 meters 20% 40% 40%
10-100 meters 18.20% 36.40% 45.50%
100+ meters 0% 66.70% 66.70%

Table 3: AT anomalies and Sill Depths. Expressed in percentage of retreats of total.
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Discussion

Tidewater glacier retreat in Alaska is non-uniform over time and geography,
making it difficult to accurately quantify the total melt of the systems and their
contribution to global sea level rise (Eidam et al., 2020; McNabb & Hock, 2014). To try
continue to understand what these driving factors are, we investigated the interaction of
tidewater glacier retreat with the environment. Specifically, how fjord geometry and
SST anomalies interact to impact water temperature at the terminus of marine
terminating glaciers. We also investigated how AT anomalies impact the start of step
retreat events for tidewater glaciers. Many other factors can impact the timing of
tidewater glacier retreat, notably including the tidewater glacier cycle (Meier and Post,
1987; Post et at al., 2011). In these cases, the retreats are possibly unrelated to
environmental forcings. By comparing the data we have with each other, we can
suggest that SST anomalies may have an impact on the timing of retreat of tidewater
glaciers that terminate in fjords with shallow sills.

Glacier retreat during years of anomalously high SST may be impacted by sill
depth in the fjord. A higher percentage of retreats occurred in the same year as a high
SST anomaly in fjords with shallow sills than in fjords with intermediate or deep sills
(40% of retreat events in shallow-silled fjords compared to 0% in intermediate and 33%
in deep-silled fjords). This higher percentage of retreats may indicate that when the sill
impacts water circulation during a high SST anomaly, glacier termini are impacted. The
water column in Alaska is stratified with warmer water near the surface and cooler
water at greater depths (Hager et al., 2022). Only permitting the topmost part of the

water column into the near terminus region would raise the temperature of the rest of
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the water in the near terminus region. This higher temperature could result in an
increased rate of melt of the face of the terminus and possibly prompt a retreat from a
point of relative stability in years of anomalously high SST (McNabb & Hock, 2014).
There were only five glaciers with shallow sills; however, so it may be valuable to
compare with a higher number of shallow-silled fjords. The low percentage of glacial
retreats from intermediate-silled fjords indicates that it is possible that shallow sills
enhance glacier retreat by changing water circulation in the fjord.

The number of retreats that occurred within a high SST anomaly and within the
two years after were approximately the same. This indicates that SST only has an
impact in the same year as the anomalously high temperature. The effects of SST only
act at the terminus, where the water touches the glacier. This means that, as SST
changes year to year, the interactions of ice and ocean with each other are also on a year
to year timescale, unlike AT which interacts with more of the glacier.

Though SSTs corresponded with the trigger of some retreat events, they did not
account for all, indicating that there must be other influences on tidewater glacier
retreat. A possible other influence is AT. The percentage of retreat events within the
following two years after an AT anomaly tended to increase, particularly in the first
year following the anomaly. Higher AT anomalies may lead to enhanced melting along
the length of the glacier. Higher quantities of melt may contribute to liquid water
running between the base of the glacier and the ground. This has been shown to increase
the speed at which the glacier travels and could be linked to enhanced retreat
(Alexander et al., 2013). Increased melt could have impacts lasting longer than one year

which would explain the occurrence of increased retreat events within two years after
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an AT anomaly. This may also mean that AT has a larger impact on glacier retreat than
SST, which has been observed in Greenland (Fahrner et al., 2021). In Alaska, the
impacts appear to be particularly strong in the first year after a high AT anomaly.

Air temperatures tended to have a greater impact on glacier retreats in the
Archipelago subregion than in KPWS. This may have been due to the nature of the
anomalies, the Archipelago subregion had three anomalies greater than two degrees
Celsius whereas KPWS had two anomalies greater than two degrees. The Archipelago
subregion is further south than KPWS by ~4 degrees. The subregion may already be
warmer and closer to 0°C, so an anomaly of 1-2 degrees may have a greater impact for
the Archipelago. KPWS on the other hand may not be as impacted by a 1-2°C anomaly
because 1-2°C from a lower initial starting point does not take the area as close to the
melting point.

Through the entrainment of the topmost part of the water column, shallow sills
alter the temperature regime at the terminus of a tidewater glacier (Hager et al., 2022).
In years of anomalously high SST, the fjord geometry and water circulation may result
in these anomalously warm ocean waters reaching the terminus region, potentially
triggering the step retreat of the glacier. Thus, it seems that SST anomalies have some
forcing on the timing of Alaskan tidewater glacier retreat for glaciers terminating in
fjords with shallow sills. However, SST anomalies do not account for the triggering of
all step retreats, leading us to believe that other factors, including AT anomalies, have

an impact as well.
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Limitations

One limitation of this study is the sample size. In order to get representative
glaciers, many that data exist for had to be removed for various reasons, such as no
available bathymetry or that the glacier ceased being a tidewater glacier during the
study period. The included glaciers cover a large area, but there are gaps in geographic
coverage and distribution such as the region of the Southeastern Alaskan coast between
the two subregions where Icy Bay, Yakutat Bay, and Glacier Bay are. From Figure 2,
one can see how these three locations would help fill in the void between the two
studied subregions.

Another limitation is that air temperature and sea surface temperature co-vary
but were treated as independent variables. This may mean that patterns between the two
unintentionally confounded some aspects of the interpretation. Because air and ocean
meet at a boundary, heat can be transferred from one to the other. A large difference
between SST and AT may drive thermal transport between the two, resulting in SSTs
influenced by ATs and vice versa. This could possibly lead to confusion in the results in
which it is not clear which temperature factor was the initial controller of a glacial
retreat.

In this study, we used SST to represent the temperature for the topmost layer of
the ocean. SST is not indicative of the whole water column temperature, and it is
unclear to what depth our values of temperature remain accurate. This gap could be
remedied by having a better understanding of the relationship of SST to temperature at

depth.
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There were also features of glaciers that were out of the scope of this study but
may contribute to glacier retreat. One such factor is the amount of debris on the surface
of the glacier. Higher quantities of debris lower the albedo (reflection of solar radiation
from a surface back into space) by changing the color of the surface from white or near
white to darker, rockier colors. The darker surface would absorb more solar radiation
which would heat the glacier more than if the radiation was reflected (Ming et al.,
2015).

Another feature not included is glacier size. Glacial retreat rates vary for each
glacier for a number of reasons including cross-sectional area and ice thickness. These
features contribute to the rate of mass loss or gain, particularly through the rate of
frontal ablation. Generally, thicker glaciers will have a larger cross-sectional area at the
terminus than a thinner glacier, meaning they have larger calving fronts and tend to

move faster than smaller, thinner glaciers (McNabb et al., 2015).

Future Directions

A next step for this project would be to include more regions with tidewater
glaciers, such as Glacier Bay, Yakutat Bay, and Icy Bay as these locations would help
fill the geographical gap between the KPWS and Archipelago subregions (Figure 2).
Another aspect to include in future work would be to include a higher number of
shallow-silled fjords. This may have been possible with the inclusion of Glacier Bay or
other regions in the initial study.

Increasing the sample size would also help eliminate problems relating to

glacier-to-glacier variation. Variables such as size, thickness, or albedo could have
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smaller impacts with a larger number of glaciers. The average value for each category
would be more representative or applicable by lowering the impact of outlier variables.

Another aspect to include in future work is the statistical comparison of retreat
magnitude to SST, AT, and sill depth. This could provide a statistical backing to
findings from this research. Unfortunately, it was out of the scope of the study in terms
of resources and time.

Further enhancing the scope of this study, it would be valuable to compare SST
to the temperature at depth in the ocean. Comparing these would create a more holistic
understanding of the water column which would enrich the understanding of how water
circulation occurs in silled fjords and how it interacts with glacier termini. As well as
understanding more about the water column, another approach to consider would be to
study the sills in more depth. Deciding upon what constitutes a “shallow” sill or an
“intermediate” sill could change the results and by understanding the temperature
stratification of the water column better, one would be able to create these depth
distinctions more accurately.

Another valuable aspect to consider would be investigating the relationship
between SST and AT. Out of the scope of this study, looking at the connection between
these two driving variables would allow for a better understanding of how step retreats

are triggered in tidewater glacier systems.
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Conclusion

We aimed to find contributing factors to glacial retreat by comparing glacial
retreat event timing to the geometry of the fjords they terminate in and to sea surface
and air temperature anomalies. This study indicates that there may be a relationship
between fjord geometry and glacier retreat. In fjords with shallow sills, some glaciers
retreated rapidly from a point of stability after a year with anomalously high SSTs. This
may be due to the entrainment of only the topmost, warmest section of the water
column into the near-terminus region. This may explain why some glaciers (such as
Yale and Harvard Glaciers) have experienced different retreat activity to their neighbors
when exposed to the same atmospheric impacts (McNabb & Hock, 2014).

Air temperatures tend to have a larger impact on glacier retreat than sea surface
temperatures. ATs also seem to have a longer-range over time impact than SSTs, with
more glaciers retreating in the two years after an anomalously high AT year than in the
year of the AT anomaly.

The process of quantifying ice loss is ongoing, but by studying the relationships
of fjord geometry to SST anomalies, as well as studying AT anomalies, and the impacts
on the timing of retreats, we can help to understand the contribution of non-ice sheet ice
loss into the world’s oceans. The retreat of glaciers has been accelerated by climate
change, and as these glaciers melt, they eventually release their ice as water into the
ocean, adding to sea level rise. By understanding more about glacial retreat, we can

improve the estimates of glacial contributions to sea level rise.
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