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A B S T R A C T

In this study, we analyze the dynamic process of ice-dam formation by the Glaciar Perito Moreno (GPM), located
on the Argentinean side of the southern tip of South America. When this glacier advances through the waters
Lago Argentino and reaches the Península de Magallanes (PM), it has been regularly producing an ice-dam
between the Brazo Rico (BR) and Canal de los Témpanos (CT-LA) since the early twentieth century; the last
registered episode was in February 2016. Using the Advance-Close-Open-Retreat (ACOR) concept, we analyze
the oscillation cycle of GPM, the feedback mechanism. From limnimetric scales observations during the
1994–2015 time period, it can be demonstrated that GPM exhibits different behaviors during the charge and
discharge processes, classified by three types of outburst: sudden, progressive, and minor. The maximum dis-
charge rate of a sudden event goes up to 8000 m3 s−1, while a minor event may be as low as 123 m3 s−1. To
obtain detailed shape information of ice-dam formation at high temporal resolution, daily time-lapse images
were acquired by two professional DSLR cameras from April 2012 to April 2013. The daily data allows for
accurate estimation of the position and its rate of change in the terminus area of the glacier where the ice-dam
develops, including the estimation of the height and width of the drainage tunnel forming at the base of the ice-
dam. The glacier is advancing between June and December, and retreating between December and April. Based
on the time-lapse image measurements, the forward and retreat motion of the glacier was estimated to be
0.53 m day−1 and −1.1 m day−1 with an estimation error of± 0.04 m day−1 between April to October (2012)
and January and April (2013), respectively. The seasonal variation in the position of the glacier was found to
be± 65 m in this period. The results obtained by the methods and techniques implemented have clearly de-
monstrate that the annual advance of the glacier front typically leads to an ice-dam formation, which is a
complex process, and there is a feedback mechanism between GPM and LA that primarily controls the oscilla-
tions of the glacier front around the otherwise quite stable position.

1. Introduction

Numerous types of dams can be formed by natural processes, such
as landslides, glacial ice and late-neoglacial moraines (Costa and
Schuster, 1988). Glacial outburst floods may result from the failure of
ice-dams (Westoby et al., 2014). Ice-dammed lakes can cause con-
siderable geomorphologic changes in glacial environments because of
the repeated or irregular release of the water stored within them
(Tweed and Russell, 1999), and eventually have a potential hazard to
downstream environments (Jacquet et al., 2017). Sometimes, the origin
of ice dams in the margin or terminus of a glacier is linked to glacier

front advances (Björnsson, 1998). The frequency of these events may
increase along with larger magnitude if the atmospheric temperature
rises (Iribarren Anacona et al., 2015). To understand the complex ice-
dam evolution, the relation between the glacier morphology, terrain
and runoff sources are important (Hewitt and Liu, 2010). The char-
acteristics of outburst floods, and the deposits and landforms they
produce, depend on the dam failure process, the rate and duration of
flow out of the lake, and downstream interactions with sediment and
the valley floor (Clague and O'Connor, 2015). Ice-dammed failures are
complicated phenomena, driven by different factors, and may often
occur periodically with a period of 1 to> 10 years (Costa and Schuster,
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1988).
There are many glaciers whose advance produces the damming of

lakes around the world, each one of them displaying different char-
acteristics; most of them are located in the Northern Hemisphere. Fig. 1
shows a global inventory of ice-dammed lakes, containing a total of 69
glaciers (Hewitt, 1982; Haeberli, 1983; Walder and Costa, 1996;
Narama et al., 2010; Vincent et al., 2010; Margold et al., 2011; Loriaux
and Casassa, 2013; Fitzpatrick et al., 2014; Iribarren Anacona et al.,
2015; Lo Vecchio et al., in review). 60% of the identified glaciers are
located in maritime environments, and their fronts are in direct contact
with seawater and/or proglacial lake. These glaciers are mostly found
at latitudes higher than 50°, such as the Patagonian Andes, Western
Canada, Southern Alaska, the peninsular area of Northeastern Canada,
Greenland, Iceland and the northern region of Norway. The rest of the
glaciers are in continental environments, near mountain ranges, such as
the Andes, the Alps, and the Himalayas. In the Central Andes of Ar-
gentina, the Nevado del Plomo has produced enormous damage to
human settlements and infrastructure due to the failure of a glacier lake
formed after a glacier surge in the XXth century (Bruce et al., 1987;
Fernández et al., 1985; Leiva et al., 1989; Fernández et al., 1991;
Harrison et al., 2015). On the Argentinean side of the Southern Pata-
gonia Ice field, the Glaciar Perito Moreno (GPM) is an outlet glacier,

been observed since 1897 (Aniya and Skvarca, 1992), has undergone
numerous collapses since the early twentieth century, and, when the
GPM abuts the Peninsula de Magallanes (PM), an ice-dammed lake is
produced. The last of these episodes took place on March 12, 2016
when a new rupture of the ice-dam at the Peninsula de Magallanes
occurred. The GPM, resting on its bedrock, generates front oscillations,
leading to recurrent cycles of advance, closure, damming, flood, failure
and subsequent retreat of the glacier front (Sersic, 1988). The glacier
begins to retreat in early summer (typically in December) and then
turns to advance in mid-autumn (typically in April) (Minowa et al.,
2017). Over the past decade (Minowa et al., 2015), GPM has shown
short-term advances and retreats, though the mechanisms of the sea-
sonal variation is not yet understood (Minowa et al., 2017). Numerous
studies have been conducted on GPM, mostly focussing on surface ve-
locities, geophysical investigations and mass balance at the terminal
part during the last decades (Rott et al., 1988; Skvarca, 2002; Aniya
et al., 2007; Stuefer et al., 2007; Ciappa et al. 2010; Sugiyama et al.,
2011; Minowa et al., 2015; Minowa et al., 2017, etc.). However, little is
currently known about the triggering factors and mechanisms at the
ice-dam or understanding the seasonal cyclic oscillations (Sersic, 1988;
Skvarca and Naruse, 1997; Skvarca and Naruse, 2005; Pasquini and
Depetris, 2011; Minowa, 2017). The range of topographic settings, in

Fig. 1. World map of ice-dammed areas; the listing is organized by regions in alphabetic order.
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which general type of ice-dammed lakes can be found, identifying the
type of lake and the likely flood routing, are given by Tweed and Russell
(1999), providing a basis for discussion of the controls on the ice-dam
characteristics, including outlet type, tunnel, peak discharge, hydro-
graph type, etc., The advance of the GPM into an existing water body,
however, is an exception to the general classification (Walder and
Costa, 1996), though it is not conceptually different. For this reason, it
is relevant to improve our understanding by studying the GPM.

Reliable measurements for ice-dam monitoring require the use of
data acquisition techniques with an adequate spatial and temporal re-
solution to cover the dynamics of the changes. Regrettably, glaciers are
usually located in geographically complex and hard to access areas with
challenging weather conditions. Optical sensors on satellite platforms
may often have limitations to observe terrain in mountain regions
(Gleitsmann and Kappas, 2006), such as the Southern Patagonian Andes
where cloud cover is particularly persistent. Therefore, using ground
and near ground platform based remote sensing, a rapidly advancing
technology, mainly driven by imaging sensor developments (Toth and
Jóźków, 2016), represents an attractive approach to study these areas.
A wide range of digital cameras can easily acquire high-resolution
images, and then using terrestrial digital photogrammetry (TDP) tech-
nique (Pitkänen and Kajuutti, 2004) accurate geospatial information
can be extracted. TDP methods enable data analysis from a different
perspective compared to data provided by airborne remote sensing
methods (Gance et al., 2014), and offers a potentially rapid, useful and
complementary research tool for deriving surface roughness metrics
over space and time at scales critical to the dynamics of the glacier and
ice-dam (Irvine-Fynn et al., 2014). Techniques using non-metric cam-
eras for spatial measurement have become well established, with many
notable contributions to the development of analytical photogram-
metric methods in the 1980s (Chandler et al., 2005). In addition, the

application of accurate time-lapse (TL) imagery with calibration is of
great interest to study glaciers since it provides the temporal and spatial
resolution needed to adequately detect glacier changes. Both, mono-
scopic and stereoscopic TDP methods have been successfully used in
glaciological applications since the 90s (e.g. Harrison et al., 1992;
Hashimoto et al., 2009; Ahn and Box, 2010; Svanem, 2010; Maas et al.,
2010; Rivera et al., 2012; Danielson and Sharp, 2013; Lenzano et al., in
press).

The main objective of this study is to analyze the oscillation cycle of
the GPM glacier, characterized by the Advance-Close-Open-Retreat
(ACOR hereafter) processes. The investigation is based on processing
two datasets with specific methods. The first one is the TDP processing
of stereoscopic TL images, acquired by non-metric professional DSLR
camera systems, daily from April 2012 to April 2013, capturing the
evolution of an ice-dam (tunnel formation) and its collapse on January
19, 2013. This allowed deriving daily data of front positions and ve-
locities in the ice-dammed area, including the height of the calving
front above lake level and tunnel dimensions. The second data stream,
provided by lake level measurements of Brazo Rico (BR) and Lago
Argentino (LA) from 1995 to 2015 characterizes the charge and dis-
charge processes, which are essential to analyze the interaction of GPM
and PM. Combining both datasets provides a strong base to understand
the oscillatory behavior of GPM.

2. Area description and history of ice-damming

The Southern Patagonian Ice field (SPI) is located at the border of
Argentina and Chile in the southern tip of South America. It covers an
area of 13,000 km2 and glaciers have an average length of approxi-
mately 30–40 km; the mean altitude is 1191 m ASL (Aniya, 2013).
Presently, it is the third largest reservoir of fresh water on land after

Fig. 2. Map of the study area; the detail map shows the camera locations (C1 and C2) with the observed area (red square). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Antarctica and Greenland. The Glaciar Perito Moreno is located at
50°28′ S, 73°02′ W, within the Los Glaciares National Park, in the
province of Santa Cruz, Argentina. This is an important calving glacier
in the region due to its size and its unusual behavior exhibited by only
minor fluctuations of the glacier front for about 80 years, when most of
the SPI glaciers have retreated during the last 50 years (Stuefer et al.,
2007). When perched against the Magallanes Península, the terminus of
GPM divides Lago Argentino into the Canal de los Témpanos to the
north, and Brazo Rico to the southeast, see Fig. 2.

The GPM has registered numerous front advances at irregular in-
tervals since the end of the nineteenth century. Since then, the glacier
front has repeatedly fluctuated by hundreds of meters, though not
suffering large changes (Stuefer, 1999). Between 1934 and 1988 the
events were frequent and also increased their magnitude with each
closure. During fifteen years, until 2003, no events were registered,
while six episodes have occurred since then. The last event was regis-
tered on March 2016. Table 1 shows the timing of damming, rupture
and discharge date of GPM from 1917 to present, according to various
authors (see also Section 3.2 and Fig. 6).

3. Data collection

3.1. Camera system

To support the field acquisition of time-lapse images, two cameras
suitable for field deployment and digital photogrammetry applications
(Chandler et al., 2005) were selected. One integrated data acquisition
system was built around the CANON EOS Mark II DSLR camera (C2);
pixel size: 7.2 μ, objective focal length: 50 mm; and FOV: 46°. Prior to
field installation, the C2 was calibrated, initially by the United States

Geological Survey (USGS), and then prior to field deployment. The
second system was based on a NIKON D3 camera (C1), calibrated by
Rollei metric; pixel size: 8.5 μ, objective focal length: 35 mm; and FOV:
62°. The cameras were installed 165 m far from each other to achieve
the stereoscopic sensor geometry. The systems are powered by 12 V/
7 Ah lead acid batteries, charged by two 38 W solar panels for each
camera. The cameras with the supporting electronic systems are pro-
tected by a waterproof enclosure. An inspection port in the rear of the
enclosure provides visual access to the camera status display. The image
acquisition systems were installed on rigid metal structures, fixed to
rock outcrops of the shoreline of Brazo Rico, at the terminus of GPM.
The location of the cameras, chosen in accordance with National Park
requirements, provides a good side view of PM, see Fig. 2. The data
acquisition of both systems started on April 17, 2012 and lasted until
April 5, 2013. Note that the systems were not able to work properly for
19 days due to adverse climatic conditions during June and July of
2012. Images for a total of 352 days were captured at 11 am, when the
Sun has the highest position, in order to minimize errors due to varying
illumination angles (Gance et al., 2014). In addition, during the
summer season, January–March in the Southern Hemisphere, images
were also taken at 10 pm local time because of the longer sunlight in-
terval during these months.

In addition, the relative and absolute orientation of the cameras was
performed by conventional surveying measurements using total station.
First, the cameras were leveled, making the image sensor vertically
positioned and the optical axis horizontal. Then, both camera were
oriented towards north, with a final azimuth of 90°19′02″, see Fig. 4, in
order to facilitate the photogrammetric processing. Finally, the pro-
jection center of the cameras was determined by GPS measurements;
WGS coordinates were converted to a local mapping frame (C1:

Table 1
Ice-dammed events and studies of Glacier Perito Moreno.
The table is modified from Stuefer (1999).

Date of damming Rupture date Discharge date Damming height (m) Source

1917 1917 – – Liss, 1970
1934/35 1934/35 – – Liss, 1970
(Austral) winter 1939 February 17, 1940 – 10.5 Liss, 1970
(Austral) winter 1941 March 21, 1942 – 14.9 Liss, 1970
December 1946 – – – Aniya et al., 1992
(Austral) winter 1947 (Austral) spring 1947 – 2.6 Liss, 1970
November 1947 – – – Aniya et al., 1992
April–December 1948 – – – Aniya et al., 1992
July 1951 March 2, 1952 – 12.7 (11.3b) Liss, 1970
September 1952 March 30, 1953 – 14.4 (12.8b) Liss, 1970
July 1954 September 14, 1956

October 10, 1956a
– 26.7 (26b)

25.6
Liss, 1970

August 1959 February 15, 1960
March 31, 1960a

– 13.1
11.6

Liss, 1970

September 1962 February 25, 1963 – 15.7 Liss, 1970
August 1964 February 10, 1966

February 25, 1966a
– 28.4

27 approx.
Liss, 1970

– 1970 – – Stuefer, 1999
– 1972 – – Stuefer, 1999
– 1975 – – Stuefer, 1999
– 1977 – – Stuefer, 1999
– 1980 – – Stuefer, 1999
– 1984 – – Stuefer, 1999
– February 17, 1988 – – Stuefer, 1999
October 1, 2003 March 14, 2004 March 11, 2004 9.35 Skvarca and Naruse, 2005

March 13, 2006 March 10, 2006 – Stuefer et al., 2007
August 1, 2005 5.4 Present study

July 9, 2008 – Pasquini and Depetris, 2011
August 3, 2007 July 4, 2008 8.1 Present study
November 5, 2011 March 4, 2012 February 29, 2012 5.8 Present study
October 1, 2012 January 19, 2013 November 21, 2012 2.4 Present study
September 10, 2013 December 30, 2013 December 18, 2013 3.7 Present study
October 26, 2015 March 10, 2016 March 10, 2016 8.4 Present study

a 2nd rupture.
b Heinsheimer 1958 (after Raffo, Colqui and Madejski).
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6075.47 m N-S; 6289.43 m W-E; 216.38 m H; C2: 6076.39 m N-S;
6123.33 m W-E; 215.81 m H).

3.2. Lake level measurements

The time series of daily limnimetric scales of heights at Lago
Argentino and Brazo Rico from 1994 to 2015 were obtained from
Argentina's Subsecretaría de Recursos Hídricos de la Nación record, see
Fig. 6.

3.3. Satellite images

Landsat images were used to map the outlines of Brazo Rico (BR),
Brazo Sur (BS) and Lago Roca (LR) from 2000 to 2015. The images were
selected according to their availability in the Glovis data poll archive
(https://glovis.usgs.gov/), resulting in a total of 19 images adequate for
processing. The lake areas were manually digitized (Nuth et al., 2013);
the horizontal average error was 1.1 pixels per coordinate. The max-
imum error in area estimation was 4.4 km2, representing< 5% of the
total area. The water body outlines were used to characterize the hy-
drological processes and the discharge from BR to CT due to the GPM
ice-damming, discussed in Section 4.2.

4. Geospatial data processing and analytical ice-dammed
behavior

The main processing workflow is shown in Fig. 3; all the algorithms
and data handling processes were implemented in Matlab. The input
datasets include the DSLR camera images, measurements of BRL (Brazo
Rico Level), LAL (Lago Argentino Level), and a reference value (RV), to

adjust both height levels, and Landsat satellite images. The overall
procedure is divided into camera data processing and charge-discharge
analytical assessment. The first one is the stereo photogrammetric
processing of the time-lapse image sequences from April 2012 to April
2013. The stereo technique was partially validated by comparing the
results to results obtained from a monoscopic camera processing; for
more details, see Lenzano et al. (2014). The final results of the time-
lapse image processing provide the glaciological dynamics for the area,
including the movements and behavior of the glacier terminus. In
parallel, the measurements of lake levels and the satellite images were
used to estimate the difference of the height level between BR and CT,
and the rate of discharge, visualized by hydrograph for the 1995–2015
period. Finally, combining the results from processing thread, a concept
(ACOR) was developed to characterize the GPM oscillation.

4.1. Stereo processing of images sequences

The fixed stereo configuration of the cameras and their known ex-
terior orientation make the photogrammetric processing fairly
straightforward. Furthermore, the alignment of the cameras provides
very favorable condition for 3D point extraction, as the depth changes
along the horizontal axis of the stereo model. The image acquisition was
synchronized accurately enough with respect to the dynamics in the
observation place, so motion artifact exists. During the processing 3D
object points are extracted by manual measurements. The computation
is based on ray intersection, lines of sight from both cameras, C1 and C2,
by identifying the same location on the ice. The approximate location of
a point could be computed, as illustrated in Fig. 4. The intersection
point P projected onto the focal plane of the any camera, P′, say for
camera C2, can be described by image coordinates, see for example,

Fig. 3. Workflow of the study.
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Corripio (2004) and Rivera et al. (2012), as Eq. (1):

′
⎯ →⎯⎯⎯⎯⎯⎯

= + +fN K U K VC P x y2 2 (1)

where: f denotes the focal length, Kx and Ky are the x and y photo co-
ordinates, the number of pixels in the X and Y direction multiplied by
the pixel size, respectively. Taking into account the favorable geome-
trical condition of the cameras, both cameras have the same azimuth
and photo coordinate system, the computation is simplified with re-
spect to a generic stereo model. Note that the optical axis points to
north, N , the vectors U and V sensor axes are parallel, thus ≡N Y
(19′02″ offset to the north direction); ≡V Z (nadir direction), and
U = N ×V . Applying Eq. (1) both cameras, the direction of the in-
tersecting lines, ̂u and ̂v , can be computed as

̂ = ′
⎯ →⎯⎯⎯⎯⎯

′
⎯ →⎯⎯⎯⎯⎯

u
C P

‖ C P ‖

1 1
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2 2

2 2 (3)

Since the absolute position and orientation of the two cameras are
known, it is simple to calculate the 3D coordinates of any point visible
on both photographs, using the intersection process. The coordinates of
P1 and P2 are obtained by calculating the interception of two rays in 3D
(Dunn and Parberry, 2002) as

̂
̂

̂ ̂
̂=

− × ∙ ×

×

v u v
u v

t [(C C ) ] ( )
‖ ‖1

2 1
2 (4)

̂ ̂
̂

̂
̂=

− × ∙ ×

×

u u v
u v

t [(C C ) ] ( )
‖ ‖2

2 1
2 (5)

̂= + vP C t1 1 1 (6)

̂= + uP C t2 2 2 (7)

where C1 and C2 are the known camera positions. The point P (X, Y, Z)
in the object space is defined by the positions P1 and P2. As the esti-
mated P1 and P2 usually produce different coordinate's locations (space
intersection), conventionally, the average coordinate is computed using
the mean value of Eqs. (6) and (7); though, other methods are available
too.

Since the base/height (B/H) ratio is rather small compared to usual
photogrammetric practice, multiple resections were performed based
on different image measurements, so the 3D positions could be aver-
aged to improve accuracy. The mean GSD at 1600 m was
0.40 m ± 0.03 m. Note that the base was 165 m and the depth ranges
between 1000 m and 1600 m. Thus, the estimated accuracy of depth
estimation was in the range of 0.30 m and 0.75 m (Chang and
Chatterjee, 1992).

4.1.1. Glacier parameter estimation
To model the glacier evolution from April 2012 to April 2013, the

key parameters, including frontal positions, velocities, height, and
tunnel dimensions, were computed from the stereoscopic data. The
front position of GPM was estimated in three areas, P1, P2, P3 (see
Fig. 9), in order to analyze the behavior of the front. In addition, the
height of GPM at two sites were also evaluated, so the tunnel char-
acteristics, width and height, can be analyzed. Note the stereo camera
based results in the tunnel height estimation were also validated by
monoscopic, image sequence based results, shown in Fig. 9.

4.2. Charge-discharge process assessment

The oscillatory nature of ice-damming at GPM was analyzed and
characterized in terms of the charge and discharge flows for ten years,
by estimating the lake level difference between BR and CT (BR − CT h
(t)) and the discharge hydrograph (Qout1) of the channel that commu-
nicates the water bodies. The selection was based on assessing the
events shown in Table 1. Four years were selected between 1994 and
2003 when GPM did not produce an ice-dam (1994, 1995, 1996, 1997).
Then six were selected corresponding to years where events with dif-
ferent intensities occurred (2004, 2006, 2008, 2012, 2013a, 2013b).

Fig. 5 shows a schematic of the hydrology-topography-glacier
system that is involved in the ACOR oscillation process of GPM. Overall,
the system is represented by a water reservoir (R1) and the corre-
spondent Qin1 and Qout1 input and output flows. R1 includes Brazo Rico
(BR), Brazo Sur (BR) and Lago Roca (LR) (see Fig. 2). A second reservoir
R2 is represented by Lago Argentino (LA); lake level is LAL and the
input and output flows are Qin2 and Qout2, respectively. Water levels LA
and CT are assumed to be equal. Between R1 and R2, GPM may intrude,
causing the closure and then opening of the channel that separates
them. This channel and its area of discharge (ad) are controlled by the
position of the GPM front during the oscillation cycle. The closing of the
channel creates a difference h(t) between R1 and R2 which impacts the

Fig. 4. Stereo camera arrangement.

Fig. 5. Schematic graph of the hydrographic system at GPM.
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water flow from BR to CT. h(t) and, consequently, Qout1, depend on
Qin1, which is the input water flow provided by precipitation and
snowmelt entering R1. On the other side, Qin2 represents the water flow
input sources entering R2, including La Leona river and other outlet
glaciers calving into LA such as Upsala, whereas Qout2 is determined by
the Santa Cruz river, which drains LA to the Atlantic Ocean. All of these
water inputs and outputs have seasonal variations (Pasquini and
Depetris, 2011), though they show a largely integrated impact at the
Canal de los Témpanos level (CTL).

4.2.1. Charges cycles
Estimating and characterizing the charge-discharge processes is re-

levant, since they are defined by the potential energy that accumulates
during the approximation and advance of GPM over the PM in the os-
cillation cycle. This potential energy is mainly determined by the lake
level differences between BR and CT. Because the BRL and CTL values
are not altimetrically referenced, an adjustment using a reference value
RV is needed. Hence, these levels are corrected (RV) based on the
elevation difference as measured on December 14, 2003 by Skvarca and
Naruse (2005). After the altitudinal adjustment, the lake level differ-
ence h(t) can be used to estimate and characterize processes by hy-
drographs. h(t) is calculated following Eq. (8) as,

= − +h(t) CTL(t) (BRL(t) RV) (8)

Fig. 6 shows LCT(t), LBR(t), and the level difference h(t) calculated
by Eq. (8).

4.2.2. Discharges cycles
From the estimation of the charge processes, the Qout1 (hydrograph

of discharge) to the CT is obtained. The discharge flow into CT (Qout1) is
represented by Eq. (9):

= − +Q (t) A(BRL(t)) dh(t)
dt

Q (t)out1 in1 (9)

where A(BRL(t)) is the area of R1 which is a function of BRL; obviously,
A(BRL(t)) depends on the bathymetry of lake area. This function is
approximated by a two degree polynomial, using the R1 area mea-
surements and the BR lake level (Fig. 7).

Since streamflow in the region has a seasonal variation, a similar
trend for Qin1 is to be expected. Thus, for the calculation of Qin1, we
considered the charge periods when Qout1(t) → 0, and R1 and R2 are
disconnected due to the CT closure by GPM. This condition is docu-
mented in the ice-damming events registered in 2004, 2006, 2008,
2012, 2013a–b. The mean annual flow Qin1 was calculated using Eq. (9)
and A(LBR(t)) was approximated by a polynomial function, see Fig. 7.
Taking into account the temporal match (annual cycle) between h(t)
and Qin1, the discharge hydrographs Qout(t) were calculated for the five
charge processes with ice-dammings and two other oscillatory processes
with no closure (see Fig. 6). From these results, we classified three types

of outburst at GPM: sudden and progressive (Haeberli, 1983), and minor,
depending on the magnitude of the potential energy accumulated in the
BR and the intensity of the discharge hydrographs.

5. Results

5.1. GPM movement and derived parameters

5.1.1. Advancing to PM
From the images captured daily, the evolution of the frontal area of

GPM at three different positions (P1, P2 and P3) was estimated, as
shown in Fig. 8a. Note that point P3 is defined by the GPM front po-
sition at the height of the BR-channel at the intersection of ice, water
and air. The elevation changes at the GPM front were also estimated as
the glacier reached PM during the 2012–2013 study period, see Fig. 8b.
Before April 2012, the glacier front was 111 m away from PM. P1, P2
and P3 all have a similar advancing trends; note that the front of GPM
was nearly vertical. From April to October the glacier front moved
forward at 0.53 m day−1 ± 0.04 m day−1 rate. Noteworthy, the gla-
cier front was elevated by 10.3 m (H2) towards the end of July; mainly,
due to the proximity of PM, see Fig. 8b. During the same period, the
glacier velocity decelerated from 0.59 m day−1 to 0.44 m day−1. The
glacier front maintained approximately a constant height, 88 m on
average, until November, just before the formation of the tunnel. The
annual mean height of the glacier front was estimated at 86 m (H1) and
71 m (H2).

5.1.2. Ice-dam formation and persistence
As the GPM front reached PM, P1, P2 and P3 responded differently

and the glacier front acquired a convex shape. During the period of
tunnel formation, H1 diminished from 90 m to 76 m.

Formation of the tunnel in the ice-dam started on November 26,

Fig. 6. The time series of daily limnimetric scales of heights at Lago
Argentino and Brazo Rico. (For interpretation of the references to
color in this figure, the reader is referred to the web version of this
article.)

Fig. 7. Approximated A(BRL(t)) as a function of BRL. Note that A(BRL(t)) is the area of
R1, and BRL is the Brazo Rico Level.
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2012. The lake continued to fill up until the date of rupture on January
19, 2013. The width and height of the tunnel were measured and the
data is presented in Fig. 8c. The shape of the tunnel was roughly an
ellipse. During the tunnel's life, the height increased to a maximum
value of 22.3 m, only two days before collapsing. The tunnel width
progressively increased to a maximum value of 51.8 m, due to lateral
undermining and erosion of the tunnel's interior walls. This was fol-
lowed by rapid changes in the tunnel geometry until the final collapse
event. Interestingly, the glacier front had retreated 52 m immediately
after collapse, which represents 50% of the total glacier oscillation. The
results of the tunnel evolution, as obtained by stereo camera processing
were also compared to the data from the single camera processing (see
Lenzano et al., 2014). The r Pearson correlation coefficient between

both methods was 0.96 (width) and 0.88 (height), showing a good
match between time-lapse stereo and single data.

5.1.3. Aperture and retreat
Between January 19 and April 2013, GPM retreated at the mean

rate of −1.1 m day−1, twice as fast as the advancing rate. By April
2013, GPM roughly reached the initial position of the previous year,
114 m away from PM. The twice as fast retreat rate with respect to the
advance rate is in agreement with the findings of Minowa et al. (2017),
who determine advance and retreat velocities of 0.3 m day−1 (June–-
December 2012) and −0.7 m day−1 (December–April 2013) showing
similar pattern. It must be noted, however, that the rates determined by
Minowa et al. (2017), were surveyed in two different sections of the

Fig. 8. Parameter estimation results from TL
stereo technique (2012–2013 period). a: Front
position (P1, P2 and P3), black ellipse indicates
the calving process. b: Glacier daily height evo-
lution at front and side. c: Tunnel dimensions
during the ice-dam formation, including results
of monoscopic processing.
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GPM front, one of them calving into BR and the other into CT. In
contrast, our velocity measurements refer to the ice-dammed channel
area that is bounded by both reservoirs. Consequently, the observed
discrepancies are likely due to the different data acquisition methods,
processing techniques and temporal scales.

After the collapse of the tunnel, the evolution of the GPM front in
time shows a highly variable response due to the calving process.
Initially, the glacier front tends to advance, which is hampered by the
calving process, preventing further advance of the glacier front. This
back and forth condition, seen as “peaks” of similar duration in Fig. 8a,
marked by black ellipse, eventually gets broken and GPM retreats to its
initial position. In April, GPM reaches the initial calving front position
that it had the previous year, 114 m from PM. Similarly to the behavior
of the GPM front, changes in frontal and lateral height (H1 and H2) are
also oscillatory, since they also decreased to their initial value in April
2013 after having reached a maximum within the annual cycle. On the
other hand, the pattern of the seasonal variations of the glacier front
was± 65 m in the 2012–2013 period according to our study, and±
80 m in the 1999–2014 period (Minowa et al., 2017); again, it can be
partially explained by the use of different data acquisition locations and
processing methods.

5.2. ACOR: analytical assessment

According to the topographic characteristics of the site where GPM
is located (see Fig. 2), the charge process is closely linked to the shape
of the reservoirs (BR-BS-LR) that comprise them, but also the hydro-
logical dynamics of those basins. In addition, another key factor is the
GPM interaction with PM and LA.

Drainage can be supraglacial, englacial or ice marginal but is
commonly subglacial (Tweed and Russell, 1999), when the hydrostatic
pressure of the stored water exceeds the structural capacity of the
damming body, or when the stored water is connected to an area of
lower hydraulic potential, or when englacial channels are progressively
enlarged in an unstable manner, and/or when catastrophic glacier
buoyancy occurs (Fountain and Walder, 1998; Richardson and
Reynolds, 2000; Gulley and Benn, 2007). When an ice-dam is generated
at GPM, the flow of water from BR (R1) passes through the channel that
connects both reservoirs (see Fig. 5), generating a type of subglacial
drainage with tunnel formation. According to Tweed and Russell
(1999), tunneled drainage tends to be characterized by a prolonged
approach of peaking discharge followed by a rapid decrease in flow,
and the flooding lasting anywhere from hours to days. In this study, the
discharge processes showed different behaviors at GPM.

Fig. 9 shows the various hydrographs: the input flow Qin1(t), dis-
charge Qout1(t), the level difference h(t), and the front position P3. The
P3 position was selected to characterize the cycles of the front move-
ment, charge and discharge as well as retreat. Analyzing the relation-
ship of these patterns over the full cycle is essential to study the be-
havior of GPM, including advance in June–December and retreat in
April–June.

5.2.1. Progressive outburst of 2013a
Fig. 9a and b shows that the charge process in BR started on Sep-

tember 9, as indicated by the slope change of the h(t) curve, when the
GPM front was 30 m away from PM. The charge process reached a
maximum level of 2.2 m (green line in Fig. 6) on November 21, which is
close to the formation of the tunnel on November 26; note that the
latter was directly observed from the TL imagery. Consequently, we can
infer that the discharge process started earlier (5 days before) with the
formation of a subaqueous tunnel. From that point on, the discharge
flow from BR to CT is clearly evident, and is coincident with the for-
mation and break-up of the tunnel and the subsequent glacier front
retreat. The discharge process was not fully completed even after the
failure of January 19, as evidenced by the TL sequences, where a fully
opened channel cannot be observed. The discharge process was

progressive and lasted for 85 days. The grey dashed and grey lines in
Fig. 9 show the input and output flows Qin1 and (Qout1(t)), respectively.
When (Qout1(t)) exceeds Qin1 on February 4, the discharge flow reaches
a maximum value of 205 m3 s−1. At the beginning of March, the po-
sition of the glacier front lies at a distance > 100 m from PM, and the
lake levels BRL and LAL tend to pair.

The event at the end of December 2013 (2013b, see Fig. 6) is also
considered progressive due to similar characteristics, as the h(t)
reached a level of 3.7 m and discharge flow peaked at 220 m3 s−1. The
discharge lasted 65 days.

5.2.2. Sudden outburst of 2006
Fig. 9c shows an example of sudden discharge, as on March 10,

2006 the lake level difference between BRL and LAL reached a max-
imum value of 5.4 m. Three days later, the ice-dam collapsed and the
discharge rate got up to 5850 m3 s−1. The discharge period lasted for
four days until March 14, when the BRL and LAL lake levels paired.

Similar to the 2006 ice-dam, the 2004, 2008 and 2012 events
showed sudden discharge episodes lasting for approximately four days,
with the exception of the 2012 event, which lasted for 14 days. The
discharge flow peak rates had values of 5000 and 8000 m3 s−1 for the
2004 and 2008 events, respectively, whereas the 2012 event had a peak
rate of approximately 2000 m3 s−1. The 2004 ice-dammed event was
studied by Skvarca and Naruse (2005), obtaining similar results, and
the minor differences observed are related to methodological aspects
such as the input flows calculation.

5.2.3. Minor outburst of 1996
Fig. 9d shows the charge-discharge process for periods with small

lake level differences (< 1 m). Although this is a period without an ice-
dam, GPM was close enough to prevent water from freely passing
through the channel between BR and CT. From October, the charge
over BR increases until the end of the month, when the discharge
process begins. The discharge flow maximum peak occurs at the end of
January with a value of 123 m3 s−1. At the beginning of April, h(t)
reaches similar values to the start of the charge process as Qin1 equals
Qout1(t).

Note that the h(t) levels and the discharge rates of 1994, 1995, 1997
present behaviors and magnitudes similar to those analyzed for 1996.

6. Discussion

The formation and persistence of many ice-dammed lakes are
strongly linked to glacier oscillations (Tweed and Russell, 1999), which
was confirmed by the obtained results here and the subsequent analyses
that the front position of GPM shows oscillations with an annual peri-
odicity. The primary control of this behavior is related to the ablation
rates at the calving front rather than changes in flow velocity of the
glacier. Minowa (2017) showed that the magnitude of the seasonal
variation in frontal ablation rates in his study was five times greater
than the ice speed. The frontal ablation rate is driven by many processes
where the seasonal variation of air and/or lake temperatures are likely
to impact the oscillatory behavior, as these variables may influence the
calving and/or subaqueous melting rates (Minowa, 2017). From this
study, we infer that the frontal ablation rate and the Glaciar Perito
Moreno oscillations are primarily driven by water-topographic inter-
action during the charge and discharge of water due to the PM and LA
communication.

According to recorded data at GPM from the beginning of the
twentieth century, the frontal position experienced a sustained advance
until 1917, when the glacier front reached PM and then acquired a
relatively stable behavior, showing slight variations of oscillatory
nature (Skvarca and Naruse, 1997) ever since. Therefore, we can define
that the GPM front position shows an annual net advance, attributed to
the large up-glacier ice flux due to the relatively large accumulation
area and the elevated bedrock topography near the glacier front such as
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suggested by Stuefer et al. (2007), Minowa et al. (2015), and Aniya
et al. (1992) and Skvarca and Naruse (1997). Nonetheless, this positive
advance is held back due to the approaching glacier front to PM and the
LA separation through the channel, which defines a natural barrier that
controls the front position in an oscillatory process. The narrowing of
the channel causes a decrease in the effective area of discharge. Hence,
the minimum value of this effective area of discharge will create a lake
level difference between BR and CT, defined by the water flow entering
to the BR, the lake levels of both reservoirs and the position of the front
of the glacier. When GPM advances, and the channel area decreases, the
difference between the BR and CT lake levels increases. This increase in
potential energy becomes a boost in the discharge water velocity from
BR to CT (increased kinetic energy), which raises the ablation rates at
the glacier front (Sersic, 1988). Following this process, GPM will

approach to PM as long as the balance between the glacier advance and
ablation remains positive. The glacier front advance will continue until
the water level increase and the narrowing of the channel reach a
threshold, beyond which the water velocity increase causes a retreat of
the glacier front.

This system, which is driven by the described feedback mechanisms,
defines a cyclic approach-charge-discharge-retreat process (ACOR),
which, depending on the magnitude of the original net advance, may
determine different discharge patterns. If the initial net advance is not
strong enough to overcome the retraction caused by the increased ab-
lation before the glacier reaches PM, the glacier front will experience
oscillations coinciding with the minimum area of discharge. Examples
of this latter case are the variations experienced by the glacier in the
1995, 1996, 1997, 1998, characterized by the lack of ice-dam formation

Fig. 9. Hydrographs showing charge and dis-
charge processes of GPM. a: P3 daily position of
GPM during the 2012–2013 period. b: The grey
dashed line shows the mean annual flow (Qin1),
Qout1(t) is represented by a green line, h(t) in blue
line for the 2013a ice-dammed condition. c: Idem
for the 2006 ice-dam. d: Idem for a period
without ice-dam (1996). (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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and an oscillatory fluctuation of the BR-CT levels (amplitude: ~1.1 m,
sampling frequency: 365 days−1). On the contrary, if the glacier ad-
vance overtakes the ablation during the approach process, a complete
closure of the channel occurs and an ice-dam is formed. Once the dam is
established, the water flow velocity tends to decrease to zero and the
ablation is significantly reduced, favoring the filling of the BR and the
future formation of an ice tunnel. As water begins to find it as way
under the ice-dam, flow localizes in either a single channel or a small
number of channels. The energy dissipated by flowing water melts the
surrounding ice, resulting in channel enlargement. As the lake drainage
proceeds, water pressure in the channel falls, and ice will creep (which
strongly depends on the difference between ice and water pressure) to
dominate melting (Walder and Costa, 1996). In this case, the sustained
increase in the level of the BR relative to the CT, will end in a process of
rupture of the ice reservoir.

The characteristics of the rupture depend on the magnitude of the
original net advance at the PM, which, in turn, defines the robustness of
the ice-dam. Strong advances with large magnitudes generate robust
approaches that can resist great lake level differences between BR and
CT. This type of ice-dam culminates in failure processes and sudden
discharge flows, characterized by high calving rates and abrupt retreat
of the glacier front. Examples of this behavior are the ice-dammed years
of 2004, 2006, 2008, 2012, with BR-CT level differences > 5.5 m and
flow rates of thousands of m3 s−1, see Fig. 9. The noticeable and sudden
increase in the ablation rate makes the glacier retreat to positions fur-
ther away from the minimum area of discharge, causing BR and CT to
level until a new advance overcomes retraction, see Fig. 6, black circles.
In addition, there are leading to the ice-dam formation but processes
where the magnitude of the net advance is not large enough to generate
robust dams. Despite, these processes, when the GPM reaches PM, the
formation of ice tunnels occurs. In general, these dams are not robust
enough to store sufficient potential energy to generate sudden ruptures.
The ice-dams formed during the 2013a and b periods (see Fig. 6),
characterized by average BR-CT charge levels (~3 m), formation of an
ice tunnel, lower discharge hydrographs (~200 m3 s−1), and important
retractions of the front (~120 m) due to the prolonged process of dis-
charge.

In summary, we may conclude that GPM cycle is based on a pattern
of ice-dammed lake activity in response to general climate change and
local factors such as Evans and Clague (1994) mentioned in other cases,
and also may depend on the characteristics of the previous event. This
condition would explain the non-periodic stochastic nature of the ice-
dam formation and rupture events over time, as shown in Table 1. The
magnitude and frequency of outbursts can be effectively linked to the
phases of the outburst cycle (Tweed and Russell, 1999). As glaciers
recede, ice-dams become thinner resulting in progressively decreasing
lake levels, resulting in less water required to initiate an outburst flood
(Costa and Schuster, 1988; Evans and Clague, 1994; Clague and Evans,
1997). The magnitude of the GPM front advance has an annual peri-
odicity component associated with seasonal processes such as air and
lake temperature, melting, lake level, incoming flows, etc., that are
independent from glacier interaction with PM and LA. Nevertheless, the
annual net advance of the glacier front leads to a recurrent approach to
the PM, where the greatest influence on this process is provided by the
austral winter, when the seasonal component presents the most ad-
vance positive value. When PM and LA are included in this complex
process, a feedback mechanism is formed, which has the primary con-
trol of the oscillations around the stable position. The system is driven
by the charge and discharge processes of BR, where the annual oscil-
lation cycle is synchronized by the advance phase (June–December),
and the retreat phase (December–April), respectively.

7. Conclusions

In this study, the feasibility of time lapse terrestrial photogrammetry
for glaciological applications was demonstrated. The proposed

technique is cost effective, and the simple data acquisition and sub-
sequent processing provide adequate spatial/temporal resolution to
monitor glaciers. The technique was correlated and validated in the
changes of the tunnel geometry was compared to a monoscopic pho-
togrammetric method, resulting in a Pearson coefficients of 0.96 and
0.88 for width and height, respectively, indicating a good match be-
tween the estimated parameters.

The results from time-lapse technique have shown acceptable
quality and accuracy estimation of the geometric parameters of the
glacier terminus in the 2012–2013 period. The analysis of daily velo-
cities suggests that Glaciar Perito Moreno moves forward from April to
November/December with a velocity rate of 0.53 m day−1, and after
that the glacier starts to move back (retreat process) until April
reaching −1.1 m day−1, completing a cycle. The amplitude of this
oscillation is approximately± 65 m.

The ACOR analytical assessment at Glaciar Perito Moreno for the
1995–2015 period provided good information to classify three types of
outburst: sudden, progressive, and minor. The potential energy accu-
mulated in the charge process is transformed into kinetic energy in the
discharge process due to the circulation of the water through the
channel, which has the primary control over the front retreat with a
noticeable increment of the calving rate. The outburst characteristics
define the intensity of net advance of the glacier for a given year, and it
is controlled by non-seasonal variables that may be dependent on the
climate and the characteristic of the channel closure of the previous
year. This may explain the aperiodic nature of ice-dammed events.

In summary, we may conclude that the Glaciar Perito Moreno shows
a seasonal oscillatory cycle, controlled by the interaction of the glacier
front with Península de Magallanes and Lago Argentino, creating a
feedback mechanism of advance, close, open and retreat. The oscilla-
tion phase is impacted by advances from the winter (southern hemi-
sphere), related to the seasonality of ablation processes, such as water
and air temperature, etc.
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