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Many terrestrial glaciers are sensitive indi-
cators of past and present climate change as 
atmospheric temperature and snowfall mod-
ulate glacier volume. However, climate inter-
pretations based on glacier behavior require 
careful selection of representative glaciers, 
as was recently pointed out for surging and 
debris-covered glaciers, whose behavior 
often defies regional glacier response to cli-
mate [Yde and Paasche, 2010].

Tidewater calving glaciers (TWGs)—
mountain glaciers whose termini reach the 
sea and are generally grounded on the sea-
floor—also fall into the category of non-
representative glaciers because the regional-
scale asynchronous behavior of these gla-
ciers clouds their complex relationship with 
climate. TWGs span the globe; they can be 
found both fringing ice sheets and in high-
latitude regions of each hemisphere. TWGs 
are known to exhibit cyclic behavior, char-
acterized by slow advance and rapid, unsta-
ble retreat, largely independent of short-term 
climate forcing. This so-called TWG cycle, 
first described by Post [1975], provides a 
solid foundation upon which modern inves-
tigations of TWG stability are built. Scien-
tific understanding has developed rapidly 
as a result of the initial recognition of their 
asynchronous cyclicity, rendering greater 
insight into the hierarchy of processes con-
trolling regional behavior. This has improved 
the descriptions of the strong dynamic feed-
backs present during retreat, the role of the 
ocean in TWG dynamics, and the similarities 
and differences between TWG and ice sheet 
outlet glaciers that can often support float-
ing tongues. 

The Tidewater Glacier Cycle

The original identification of cyclic behav-
ior in TWGs was made in Alaska, where 
present-day examples of each phase of the 
cycle (advance, retreat, transition) exist 
among the more than 50 TWGs draining 
Alaska’s coastal mountains. A complete 

cycle includes a phase of prolonged, stable 
advance (10–50 meters per year) followed 
by a shorter period of drastic retreat (100–
1000 or more meters per year) and dynamic 
instability [Meier and Post, 1987].

TWG advance is characterized by moder-
ate ice flow and low iceberg calving rates. Sta-
bility of the terminus is provided by develop-
ment of a submarine terminal moraine, which 
reduces buoyancy forces near the ice cliff, 
keeps the glacier grounded, and insulates the 
ice from warm, erosive seawater. Therefore, 
advance rate is limited by sediment supply 
and the rate at which the glacier can erode 
its terminal moraine and redeposit sediment 
on the downstream side [Motyka et al., 2006]. 

Advances are abetted by the geometry of the 
glacierized basin, best parameterized by accu-
mulation area ratio (AAR), the ratio of the 
area of the accumulation zone (region of mass 
gain) to the total glacier area. Advance is gen-
erally favored, regardless of atmospheric cli-
mate forcing, when the AAR exceeds about 
0.8. Because retreats remove large portions 
of the ablation zone (the region of mass loss), 
a retreat will increase the AAR and may sub-
sequently initiate advance in any climate. 
Sustained advance inherently enlarges the 
ablation zone, reducing the AAR and slowly 
increasing the glacier’s sensitivity to climate 
cycles and regimes. Advances can persist for 
centuries, but eventually an extended geom-
etry is attained, rendering the glacier suscep-
tible to retreat, even with only small changes 
in climate.

TWG retreats are rapid and catastrophic, 
generally resulting in the loss of a substantial 
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Fig. 1. This oblique photo, taken in 1993, shows the evolution of Columbia Glacier through its 
20-kilometer retreat. Although length change slowed during transition through a 2-kilometer-wide 
channel constriction (1999–2006), mass loss rates were continuously high. Photo by R. M. Krimmel, 
U.S. Geological Survey.
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portion of the glacier over a matter of 
decades. The best studied example is Colum-
bia Glacier, which entered retreat phase in 
the early 1980s [Meier and Post, 1987] and 
has since calved back 20 kilometers, thinned 
more than 500 meters, and delivered approxi-
mately 150 cubic kilometers (25%–40% of orig-
inal volume) of ice to the Pacific Ocean [Wal-
ter et al., 2010]. Glacial-geological observa-
tions chronicle similar past retreats including 
the 120-kilometer opening of Alaska’s Glacier 
Bay [Motyka et al., 2007] and the 40-kilometer 
opening of Icy Bay [Calkin et al., 2001].

During retreat, rapid mass loss is facilitated 
by strong increases in the tightly coupled 
rates of ice flow (resupply) and calving. Over-
deepened basins typically found behind ter-
minal moraines support highly pressurized 
subglacial hydraulic systems, which increase 
the buoyancy near the terminus and foster 
accelerated retreat driven by high basal water 
pressures. This classic geometry of a slippery 
bed and poorly grounded calving front allows 
reinforcing feedbacks between dynamic pro-
cesses to control the retreat [Meier and Post, 
1987; Amundson and Truffer, 2010]. Little evi-
dence links these retreats to atmospheric cli-
mate forcing—calving losses greatly exceed 
surface melt losses. Feedbacks between ice 
flow calving and drawdown of the parent ice 
field nonlinearly combine to accelerate ice 
delivery to the sea [Pfeffer, 2007]. Substantial 
drawdown of the upstream ice field reservoir 
is the end result of retreat, and stability of the 
TWG can be regained only by reduced buoy-
ancy in the waters surrounding the terminus, 
e.g., at the shallow headwaters of the fjord. 

Although quantitative understanding of 
the switch between the advance and retreat 
phases is of paramount importance for pre-
dictive modeling, it remains poorly under-
stood. A dynamic transition occurs when 
the glacier terminus recedes from the stabi-
lizing moraine into deeper water behind it. 
Destabilization can be triggered by climate-
related glacier thinning (which alters flow 
and calving), oceanic forcing, or both. 

TWG Climate Sensitivity

The climate system to which glaciers 
respond is traditionally thought to be com-
posed of atmospheric processes (snow 
accumulation and ice melt). In this regard, 
Alaska’s Chugach Mountains, where a sin-
gle ice field houses glaciers in all phases of 
the TWG cycle, provides an excellent exam-
ple of TWG insensitivity to climate forcing. 
The shores of Alaska’s Prince William Sound 
are home to Columbia Glacier, which is in 
drastic retreat (Figure 1); Meares and Har-
vard glaciers, which are stably advancing; 
and Yale and Shoup glaciers, which are in 
stable, postretreat retracted positions. Simi-
lar observations exist worldwide. For exam-
ple, Chilean Patagonia is home to rapidly 
retreating Marinelli Glacier [Warren and 
Aniya, 1999]. Meanwhile, the calving glaciers 

located at the head of adjoining Brookes Bay 
either terminate in their retracted positions 
or are slowly advancing into forested fjords.

Such regional-scale asynchronous behav-
ior complicates the TWG-climate relation-
ship, at least over decadal to centennial 
time scales. Records of TWG size and/or 
health are not robust indicators of climate 
and should not be used indiscriminately to 
interpret current or previous climate forcing. 
However, climate does appear to play a role 
over multicentury time scales, as evidenced 
by the preponderance of retreating TWGs 
in today’s climate. In the complete absence 
of climatic control, the global distribution 
of TWGs would be dominated by advance 
phase, owing to the comparatively slow 
advance versus retreat rates.

The long-term influence of climate is sup-
ported by Alaskan TWGs; the last major cli-
mate shift, the Little Ice Age (LIA), which 
occurred roughly between the sixteenth and 
nineteenth centuries, resulted in widespread 
TWG advance as documented in the geo-
logic record [Calkin et al., 2001]. Expansion 
of large, low-elevation ablation areas during 
this advance phase rendered TWGs sensitive 
to climate change, and a northward progres-
sion of retreat ensued at the end of the LIA. 
With two important exceptions (Hubbard 
and Columbia glaciers), all of Alaska’s TWGs 
retreated from their LIA moraines during the 
late eighteenth and nineteenth centuries. 
Some of these glaciers continue their retreat 
phase today, others have stabilized, and still 
others are now advancing. The two outliers 
to post-LIA retreat demonstrate how basin 
geometry can override climate in the TWG 
cycling process. The best example is Hub-
bard Glacier (AAR = 0.95), which continues 
to advance in a region where climate is not 
supportive of glacier growth [Barclay et al., 
2001]. It is unlikely that presently advancing 
glaciers will match historical advance posi-
tions, as recent warming trends will result in 
smaller extended geometries.

Improved Understanding

A critical step in developing a modern 
understanding of calving glaciers was the 
important realization that glacier length, 
although easily measured, is not a robust 
indication of retreat or stability. Restrictions 
or pinning points in the channel, such as 
narrows, abrupt turns, or bedrock shoals, 
may slow or even stop retreat; nonetheless, 
mass loss can still continue unabated due 
to glacier thinning and upstream drawdown 
[Mercer, 1961]. For example, Columbia Gla-
cier retreated into a prominent constriction 
in its channel in the late 1990s (Figure 1), 
which stabilized the terminus for 6–8 years. 
Although length changes were minimal, sur-
face lowering and rapid calving continued or 
accelerated, resulting in sustained mass loss 
rates [Walter et al., 2010]. Strong similarities 
exist between Columbia Glacier’s dynamics 

and the recent northward propagation of 
dynamic instability at Greenland’s outlet gla-
ciers. Feedbacks documented between thin-
ning, calving, and fast flow [e.g., Howat et al., 
2007] are resulting in rapid mass loss from 
the ice sheet. The importance of calving is 
underscored, as discharge from these gla-
ciers currently forms a primary constituent 
in global sea level rise [Pfeffer et al., 2008], 
demonstrating a need to fully understand the 
calving glacier link with climate.

Feedbacks responsible for volume change 
and reservoir drawdown during retreat can 
ultimately manifest a second instability. 
When drawdown lowers the accumulation 
zone below the regional equilibrium eleva-
tion, the ice body will stagnate and disap-
pear [Bödvarsson, 1955]. The ongoing col-
lapse of Alaska’s Yakutat ice field and the 
stranding of ice masses in Glacier Bay fol-
lowing the post-LIA calving retreat are good 
examples of this effect [Motyka et al., 2007].

Although the ice-ocean boundary has 
traditionally evaded study, due in part to 
its inaccessible nature, recent emphasis 
has revealed surprisingly strong coupling 
between these two physical systems, pro-
viding richer understanding of the TWG 
system. Data from Alaska and Greenland 
demonstrate that ocean water temperature 
drives submarine melting, which is a sub-
stantial component of TWG and outlet gla-
cier mass budgets [Motyka et al., 2003]. 
Oceanic processes appear to exhibit strong 
control over the calving glacier stability 
[Holland et al., 2008; Motyka et al., 2011], 
in contrast to the terrestrial termini, where 
atmospheric processes steer the dynamics 
[Bartholomew et al., 2010].

Sensitivity to ocean forcing increases dra-
matically when floating tongues exist at the 
terminus of a TWG, a situation common 
in Greenland but rare in Alaska. A strong 
response to the loss of floating ice appears 
ubiquitous: From Greenland to Alaska and 
the Antarctic Peninsula, flow accelerations 
occur when floating ice tongues or shelves 
disappear [Scambos et al., 2004; Joughin 
et al., 2008; Walter et al., 2010], and even 
though flow speeds increase, the glaciers 
generally retreat. Additionally, the presence 
or absence of shallow sills that block fjord 
entrances and the depths of existing sills are 
likely critical controls on fjord circulation. 
Fjord circulation, through submarine melt, 
is intimately connected to glacier mass bal-
ance [Rignot et al., 2010; Straneo et al., 2011].

Better understanding of how TWGs 
respond to climate forcing, and the transi-
tions between advance and retreat, may 
come from a shift in conceptualization of 
climate, where oceanic forcing is included 
as a strong control on glacier health. 
Recent work highlights the close coupling 
and strong feedbacks between glaciological 
atmospheric and oceanographic processes. 
As quantitative understanding improves, so 
will our ability to understand and forecast 
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the evolution of these systems in a warming 
climate and their role in related socioeco-
nomic issues, especially sea level rise.
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