Geomorphology 422 (2023) 108552

e 4

ELSEVIER

journal homepage: www.journals.elsevier.com/geomorphology

Contents lists available at ScienceDirect

Geomorphology

Vanishing evidence? On the longevity of geomorphic GLOF diagnostic

Check for

updates

features in the Tropical Andes

Adam Emmer

Institute of Geography and Regional Science, University of Graz, Graz, Austria

ARTICLE INFO

Keywords:

Glacial lake outburst flood
GLOF

Geomorphic imprints, Andes
Cordillera Blanca

ABSTRACT

Trends in occurrence of glacial lake outburst floods (GLOFs) in space and time as well as frequency-magnitude
relationships are typically derived from inventories of past GLOFs. Searching for geomorphic evidence (GLOF
diagnostic features) in remote sensing images is a commonly used method for building GLOF inventories. In this
study, I examine the longevity of geomorphic GLOF diagnostic features and thus the reliability of GLOF in-
ventories that build on them. A set of 160 GLOFs documented from the Tropical Andes of Peru and Bolivia is
analyzed, focusing on four GLOF diagnostic features: (i) breached dams; (ii) pre-GLOF water levels; (iii) outwash
fans; (iv) impact areas. A total of 359 GLOF diagnostic features are identified and their evolution is analyzed from
multi-decade remote sensing images, with special focus on GLOF diagnostic features that vanished in time.
Building on these data, the expected longevity of GLOF diagnostic features is outlined, revealing long persistence
of breached dams (>10? years), long persistence of pre-GLOF water levels (up to 102 years) and comparably
more intense degradation and vanishing of outwash fans and impact areas. The main degradation processes of
GLOF diagnostic features are identified, including the succession of vegetation, geomorphic reworking and
anthropogenic activities. Further, the implications for building GLOF inventories are discussed, highlighting that
vanishing geomorphic evidence of GLOF diagnostic features may lead to: (i) underestimated spatial extent of
GLOF impact areas; and (ii) underestimated total numbers of GLOFs in GLOF inventories. Considering the
number of major GLOFs as predictors of the number of minor GLOFs, an example of the Tropical Andes shows
that the total number of GLOFs in the post-LIA period may be underestimated by up to 40 % (reference period
2011-2020).

1. Introduction

GLOFs globally, far exceeding previous attempts (Vilimek et al., 2014;
Carrivick and Tweed, 2016).

In recent decades, glacial lake outburst floods (GLOFs) became a
phenomenon studied in glacierized regions all over the world (Emmer
et al., 2022a). One of the branches of GLOF research focuses on building
GLOF inventories for understanding their occurrence in space and time
and frequency-magnitude relationships with clear utilization in disaster
risk reduction efforts (e.g., Ikeda et al., 2016; Wang and Zhou, 2017;
Motschmann et al., 2020; Haeberli and Drenkhan, 2022) as well as
climate change attribution studies (Harrison et al., 2018). A number of
updated GLOF inventories has been published, focusing on High
Mountain Asia (Nie et al., 2018; Veh et al., 2019; Zheng et al., 2021),
Iceland and Greenland (Carrivick and Tweed, 2019), Tropical Andes
(Bat’ka et al., 2020; Emmer et al., 2022b) as well as Patagonian Andes
(Jacquet et al., 2017). Those regional GLOF inventories fuelled a recent
global inventory compiled by Veh et al. (2022), containing >2800

Building GLOF inventories is a challenging task that requires the
integration of various data sources (e.g., Emmer et al., 2016). Typically,
a GLOF inventory exploits existing scientific literature (journal papers,
books) and documentary data sources (e.g., archival research reports,
disaster risk management technical reports, newspaper articles, chron-
icles; e.g., Emmer (2017); Carrivick and Tweed (2019)), in combination
with manual or semi-automatic analysis of remote sensing images with
field validation (e.g., Veh et al., 2018; Bat’ka et al., 2020), discharge
gauge analysis (Carrivick et al., 2017) or sedimentologic analysis
(Vandekerkhove et al., 2021; Piret et al., 2022). While comprehensive
documentary as well as discharge data are only available for a few GLOF
regions (e.g., Alps (Richard and Gay, 2004), Iceland (Carrivick and
Tweed, 2019), Alaska (Abdel-Fattah et al., 2021)), sedimentologic an-
alyses are demanding and traditionally rather used for exploring the
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A. Emmer

occurrence of GLOFs on longer (e.g., Holocene) timescales (Rothe et al.,
2019; Monegato et al., 2020). As such, the analysis of remote sensing
images is the most frequently used approach employed in building GLOF
inventories nowadays.

However, relying on the analysis of remote sensing images is asso-
ciated with a number of limitations, despite the recent improvements in
resolution and availability of various products (Kirschbaum et al., 2019;
Taylor et al., 2021). First, the period covered by broadly available
remote sensing images is relatively short (typically not going before
1980s in remote mountain regions), limiting the understanding of the
wider temporal context of low frequency events such as GLOFs. Second,
the spatial as well as temporal resolution of remote sensing data has
historically been relatively coarse, favoring only major events to be
identified and limiting precise dating of their occurrence. Third, the
evidence of GLOFs is presumably preserved in the landscape for only
limited time period and may be a subject of vanishing.

While the first and second points are not in the scope of this study, I
focus on examining how long the geomorphic evidence of GLOFs (GLOF
diagnostic features) is identifiable in the landscape (i.e., what is the
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longevity of GLOF diagnostic features). Building on the example of
Topical Andes (Fig. 1) and recent inventory of 160 GLOFs that occurred
in this region since the Little Ice Age (Emmer et al., 2022b), this study is
the first attempt to quantify the longevity and expected longevity of
geomorphic GLOF diagnostic features. The guiding questions of this
study are: (i) Which GLOF diagnostic features are associated with GLOFs
of different magnitudes and lake dam types?; (ii) How long do
geomorphic GLOF diagnostic features persist in the landscape?; (iii)
What are the processes behind the evolution (degradation) of developed
GLOF diagnostic features?; (iv) What are the implications for existing
GLOF inventories?

2. Data and methods
2.1. Defining and identifying geomorphic GLOF diagnostic features
Glacial lake outburst floods are associated with substantial

geomorphic imprints that vary in nature, form as well as scale (Emmer,
2017; Jacquet et al., 2017; Maurer et al., 2020; Tomczyk et al., 2020)
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Fig. 1. The location of analyzed GLOFs and the sites referred in the text. Data: Emmer et al., 2022b (GLOF location and magnitude), USGS (GTOPO30 DEM),

INAIGEM, 2018 (borders of individual Cordilleras).
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and assumably also longevity. Four types of geomorphic GLOF diag-
nostic features are in the spotlight of this study. These are: (i) breached
dam (Fig. 2A); (ii) evidence of pre-GLOF water level (Fig. 2B); (iii)
outwash fan (Fig. 2A); (iv) impact area further downstream (Fig. 2C).
Those are GLOF geomorphic features typically associated with GLOFs in
the area of the Tropical Andes (Emmer, 2017; Bat’ka et al., 2020; Emmer
et al., 2022b).

While a number of (semi-)automated approaches have been devel-
oped to monitor lake areas (e.g., Wang et al., 2020; Field et al., 2021)
and to identify GLOF impact areas (Veh et al., 2018) with the use of
medium-resolution multispectral images, these couldn’t be applied in
this work for two main reasons. First, remote sensing images of different
origin, quality and resolution (see Section 2.3) are integrated in this
work, substantially reducing meaningful applicability of (semi-)auto-
mated approaches. Second, these approaches can only be successfully
employed if a pre-GLOF image is available (change detection), which
would reduce the number of analyzable GLOFs considerably (see Section
2.2). Therefore, the identification of four studied types of GLOF diag-
nostic features is done by visual interpretation of optical remote sensing
images, despite this procedure bears certain subjective component. The
whole analysis has been done by a single person, ensuring the inter-
pretation consistency. The visual interpretation of remote sensing im-
ages has been validated during repeated field visits in selected valleys in
the Peruvian Cordillera Blanca, Cordillera Huayhuash and Cordillera
Vilcabamba (10 months in total in between 2012 and 2022).

2.2. A set of examined GLOFs

Geomorphic imprints of GLOFs which are listed in the GLOF in-
ventory of Peru and Bolivia prepared by Emmer et al. (2022b) are
analyzed in this study. The inventory includes details about the total of
160 GLOFs that occurred from 151 lakes, while different lake dam types
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(moraine-dammed, bedrock-dammed, combined dams, ice-dammed)
and GLOF mechanisms (dam breach, dam overtopping, piping) are
represented (Fig. 1). Each GLOF in the inventory is described by a
number of qualitative and quantitative characteristics and the reader is
referred to the original study of Emmer et al. (2022b) for more details.
The characteristics that are used in this study include: (i) the location of
source lake (longitude and latitude); (ii) GLOF magnitude (major or
minor); (iii) the timing of GLOF occurrence. GLOF magnitude was
assigned by Emmer et al. (2022b) based on the reach of the flood
(geomorphological imprints traceable >1 km from the source lake
indicate major GLOF). At the same time, all GLOFs mentioned in
documentary data sources are considered major events.

While lake location and GLOF magnitude are conclusively assigned
to each GLOF in the inventory, the timing is only known for a subset of
89 GLOFs (56 %). All these GLOFs occurred in the post-Little Ice Age
(post-LIA) period (i.e., palaeo-GLOFs are not a subject of this work). The
main phase of the LIA is dated to culminate from mid-17th to early 18th
Century in the Tropical Andes, with occasional regional re-advances
later (Jomelli et al., 2008; Rabatel et al., 2013). The list of 89 GLOFs
with known timing includes GLOFs with known exact year of occurrence
(n = 69, i.e.,, 43 % of all) and GLOFs with the year of occurrence
calculated from the closest pre-GLOF image and post-GLOF image (e.g.,
GLOF which occurred between 1962 and 1970 aerial image is consid-
ered to happen in 1966 in the analysis). This calculation has been used
for 20 GLOFs (13 %).

Only open time interval is known for remaining 71 GLOFs (typically
referring to the occurrence before the first available image, for example
before 1948). Based on the location of the vast majority of GLOF-
producing lakes within the LIA limits, not dated GLOFs are also
assumed to occur in the post-LIA period (Emmer et al., 2022b). GLOFs
with known year of occurrence (dated GLOFs) and GLOFs with unknown
year of occurrence (not dated GLOFs) are treated differently in the

Fig. 2. Examples of different types of studied GLOF
diagnostic features as seen from the ground and from
the space. Part (A) shows the breached dam (BD) and
outwash fan (OF) of the Lake Milluacocha, C. Blanca,
Peru; shown diagnostic features are associated with
the 1952 GLOF (satellite image: CNES / Airbus, 9th
August 2021, available from Google Earth Pro
collection); Part (B) shows well-preserved evidence of
the pre-GLOF water level (WL) associated with the
1951 GLOF from the Lake Artesoncocha, C. Blanca,
Peru (satellite image: Maxar technologies, 8th
September 2003, available from Google Earth Pro
collection); part (C) shows part of the impact area of
the 2020 GLOF from the Lake Salkantaycocha (see
also Vilca et al., 2021), C. Vilcabamba, Peru (satellite
image: Sentinel-2, 16th July 2022, available from
Sentinelhub EO browser collection).
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analysis. The age of existing GLOF diagnostic features and the longevity
of vanished GLOF diagnostic features are calculated for dated GLOFs
while the minimum age of existing or vanished GLOF diagnostic features
is calculated for not dated GLOFs (see Section 2.4 for details).

2.3. Remote sensing data

Remotely sensed optical images of various origin, spatial and tem-
poral coverage and resolution were integrated in this study in order to
shed light on the longevity of GLOF diagnostic features (see Table 1).
These include aerial images and medium to very high-resolution satellite
images. Considering the aim and scope of this study, the integration of
various data sources is preferred over being ultimately consistent in
terms of data used (consistent in temporal coverage and spatial resolu-
tion in different parts of the study area).

2.4. Workflow and the calculation of longevity, age and minimum age of
GLOF diagnostic features

The workflow of this study has three consecutive steps which are
depicted in Fig. 3. In the first step, developed GLOF diagnostic features
were searched for each GLOF in the inventory (see Section 2.2). For this
purpose, the first available post-GLOF images were used. The outcome of
this search was a list of developed GLOF diagnostic features. In the
second step, GLOF diagnostic features identified in the first step were
sought in the most recent available images.

GLOF diagnostic features found in the first as well as last image
formed a list of existing GLOF diagnostic features. The age of existing
GLOF diagnostic features was calculated as the difference between the
date of the last image and GLOF date, if known (for instance, the age of a
breached dam associated with the 1941 GLOF, which is visible on 2021
image, is 80 years). In case of not dated GLOF, the minimum age of
existing GLOF diagnostic feature was calculated as the difference
between the date of the last image and the utmost GLOF date (for
instance, the minimum age of a breached dam associated with the GLOF
that occurred before 1948, which is visible on 2021 image, is 73 years).

GLOF diagnostic features that vanished in between the first post-
GLOF image and the last image formed a list of vanished GLOF diag-
nostic features. In the third step, all GLOF diagnostic features from this
list have been sought in multitemporal images in order to specify when
they vanished. If the vanished diagnostic feature was associated with
dated GLOF, the longevity was calculated as the difference between the
date of the first image where a vanished GLOF diagnostic feature is not
identifiable anymore and the GLOF date (for instance, the longevity of
impact area associated with the 1959 GLOF, that vanished in between
1970 and 1985 image, is 26 years). In case of a not dated GLOF, the
minimum age of vanished GLOF diagnostic feature was calculated as
the difference between the first image where vanished GLOF diagnostic
feature is not identifiable anymore and the utmost GLOF date (for
instance, the minimum age of a breached dam associated with the GLOF
that occurred before 1948, which vanished between 1962 and 1970
image, is 22 years).

Table 1
RS data employed in this work.
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2.5. Degradation processes of geomorphic GLOF diagnostic features

Based on the analysis of the evolution of GLOF diagnostic features
(see Section 2.4), common degradation processes were identified and
described in Section 3.3, based on the visual interpretation of multi-
temporal optical remote sensing images. Each GLOF diagnostic feature
from the list of developed GLOF diagnostic features was assigned
dominant degradation process (if any) in order to reveal which processes
are effective agents for individual types of studied GLOF diagnostic
features. Finally, the effectiveness of degradation processes in vanishing
GLOF diagnostic features is outlined.

3. Results
3.1. Developed GLOF diagnostic features

Out of the 160 analyzed GLOFs, 156 GLOFs developed one or more
diagnostic features (Fig. 4) identifiable from post-GLOF remote sensing
images. A total of 359 individual GLOF diagnostic features were
observed and further analyzed. The most frequently occurring GLOF
diagnostic features are outwash fans found in 128 (80 %) cases, followed
by impact areas found in 114 (71 %) cases. Breached dams were
observed in 80 (50 %) cases and the evidence of pre-GLOF water level
was found in 37 (23 %) cases. The most common combination of two
GLOF diagnostic features were outwash fan + impact area (43 cases; i.e.,
27 %), while the most frequent combination of three GLOF diagnostic
features were breached dam + outwash fan + impact area (30 cases; i.e.,
19 %). All four studied GLOF diagnostic features were observed in 16
(10 %) cases. Three or four GLOF diagnostic feature were typically
developed when the GLOF originated from moraine-dammed lake while
GLOFs originating from bedrock-dammed lakes are typically only
associated with outwash fans and impact areas (see Section 4.2). No
GLOF diagnostic features were observed in 4 cases. Those are GLOFs
mentioned in documentary data sources which exhibited no geomorphic
GLOF diagnostic features in the post-GLOF remote sensing images. This
is either because GLOF diagnostic features were not developed (all 4
GLOF occurred before the first available image) or because they van-
ished before the first image was taken.

Fig. 5 shows a comparison of GLOF diagnostic features associated
with major GLOFs (n = 71) and minor GLOFs (n = 89). More than three
out of four major GLOFs (76 %) developed outwash fans together with
impact areas (including combinations with other two studied GLOF
diagnostic features) while these two (4+-combinations) developed in less
than half of minor GLOFs (48 %). More than a quarter of all minor GLOFs
(27 %) developed only one GLOF diagnostic feature while less than one
in eight major GLOFs (12 %) is characterized by only one GLOF diag-
nostic feature. On the other hand, the four GLOFs which developed no
diagnostic feature (none were found in the available post-GLOF images)
are classified as major events. Three GLOF diagnostic features were
developed in 40 % of major GLOFs and 21 % minor GLOFs. All four
GLOF diagnostic features were evident in 15 % of major and 6 % of
minor GLOFs.

Data Temporal resolution Temporal

coverage

Spatial resolution

Spatial
coverage

Availability

Google Earth Pro Irregular (months to 2002-2009 to 2 m to submetric”

collection years)” present”
Landsat images 8 days 1982-2022 15 m to 30 m (visible
spectra)
Sentinel 2 images 2 to 4 days 2015 - present 15 m (visible spectra)
Aerial images NA 1948, 1962, 1970 2m

Whole study
area

Whole study
area

Whole study Available online from: https://apps.sentinel-hub.com/eo-brows
area er/

Cordillera Original aerial images are available in the archive of the
Blanca Autoridad Nacional del Agua, Huaraz, Peru

Desktop version available from: https://www.google.com/intl/
cs/earth/versions/
Available online from: https://landsatlook.usgs.gov

? The resolution as well as the temporal coverage of images in the Google Earth Pro collection vary across the study area.


https://www.google.com/intl/cs/earth/versions/
https://www.google.com/intl/cs/earth/versions/
https://landsatlook.usgs.gov
https://apps.sentinel-hub.com/eo-browser/
https://apps.sentinel-hub.com/eo-browser/
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Fig. 3. Schematized workflow of deriving longevity, age and minimum age of GLOF diagnostic features. Input data, steps of the analysis, intermediate outcomes and
final outcomes are shown.
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Fig. 4. An overview of developed GLOF diagnostic features and their combinations (based on the first available post-GLOF images) of 160 analyzed GLOFs. (A)
shows absolute numbers. Each number in the graph represents the number of GLOFs which developed given combination of GLOF diagnostic features, 4 GLOFs which
developed no diagnostic features are displayed outside the Venn diagram. (B) shows the share of GLOFs with given combinations of GLOF diagnostic features

(rounded to integers).
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Fig. 5. The share of GLOFs with given combinations of GLOF diagnostic features associated with 71 major GLOFs (A) and 89 minor GLOFs (B). All values are rounded

to integers.
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3.2. Longevity, age and minimum age of GLOF diagnostic features

The results presented in Fig. 6 are structured in two categories. Part
(A) shows the longevity of vanished GLOF diagnostic features, i.e., a
period between a dated GLOF and the first image where the GLOF
diagnostic feature is not identifiable anymore. A total of 58 data points is
generated for this category, most of which relate to impact areas (n = 37
i.e., 32.5 % of all developed impact areas) and outwash fans (n = 16, i.e.,
12.5 % of all developed outwash fans). The interquartile range of the
longevity of these diagnostic features is 10-44 years, respectively 14-39
years, with median longevity being 18 and 25 years, respectively.
However, substantial differences are observed when GLOF magnitude
(major or minor) is taken into consideration. Maximum, quartile as well
as minimum longevity is higher for major GLOFs for both diagnostic
features. This difference is statistically significant for impact areas (p <
0.01; based on the two sample F-Test for variances and two sample t-test
for means). Only two data points (15 and 121 years) were derived for
breached dams and three data points (3, 6 and 11 years) for pre-GLOF
water levels, indicating that their persistence is beyond the period of
analyzed remote sensing images (1948-2021).

Part (B) shows the age of existing GLOF diagnostic features of dated
GLOFs (196 data points). The age of existing breached dams (27 data
points) varies from 2 to 120 years, with interquartile range 23-71 years
and median age of 55 years. Only one data point is available for existing
breached dam associated with a minor GLOF, corroborating that dam
breaches are rather associated with major GLOFs. The age of existing
pre-GLOF water levels varies from 0 to 89 years (17 data points), with
interquartile range 2-55 years and median age of 10 years. The age of
pre-GLOF water levels associated with major GLOFs (1 to 89 years,
median age 29 years) and minor GLOFs (0 to 10 years, median age 4
years). The interquartile range of the age as well as median age of
existing outwash fans (75 data points) and impact areas (77 data points)
is in both cases smaller compared to the vanished outwash fans and
impact areas (compare Fig. 6A and Fig. 6B). A statistically significant
difference (p < 0.01; based on the two sample F-Test for variances and
two sample t-test for means) is observed between the age of GLOF
diagnostic features associated with minor and major GLOFs for pre-
GLOF water levels, outwash fans and impact areas.

The data on minimum age of existing GLOF diagnostic features
derived from not dated GLOFs (163 data points) indicates that the
maximum minimum age of all types of GLOF diagnostic feature can
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demonstrably exceed 80 years. Those are GLOF diagnostic features
associated with GLOFs which occurred before the first set of aerial im-
ages in 1948. However, these are extreme values for all GLOF diagnostic
features with the exception of breached dams. The median value of
minimum ages of diagnostic features associated with not dated GLOFs
varies between 25 and 37 years and strongly reflects on the date of the
first available images throughout the study area. The utilization of the
minimum age is, therefore, only limited and observations are informa-
tive rather than conclusive.

Most importantly, the analysis of development of GLOF diagnostic
features in time reveals that: (i) only few breached dams vanished
during the analyzed period, suggesting their generally long persistence
(longevity); (ii) pre-GLOF water levels exhibit long persistence but also
less frequent occurrence (less than one in four GLOF); (iii) outwash fans
and impact areas are GLOF diagnostic features which experienced the
most intense degradation; (iv) the longevity of diagnostic features
associated with major GLOFs is higher compared to diagnostic features
associated with minor GLOFs. Synthesizing these observations with
quantitative data from the analysis of the longevity and the age of
existing GLOF diagnostic features allowed to outline the expected
longevity of GLOF diagnostic features (Table 2). The expected longevity
of breached dams of major GLOFs is expected to exceed 102 years, while
the expected longevity of other diagnostic features associated with
major GLOFs is 10! to 102 years. In the case of minor GLOFs, the ex-
pected longevity of breached dams is 10" to 102 years, while the ex-
pected longevity of other diagnostic features is <50 years.

Table 2
The synthesis of expected longevity of GLOF diagnostic features for minor and
major GLOFs.

GLOF diagnostic feature Major GLOFs Minor GLOFs

Breached dam >10? years 10'-10? years

Pre-GLOF water level 10°-102 years <50 years
Outwash fan 10'-10? years <50 years
GLOF impact area 10'-102 years <50 years

(B) breached water
dam level

120
100
80 o o
§
Y . .
> 8 8 _8 .
8 | 8
40 : ’ i
20 !
o L1 WTE TIT TTY
SaE WoE SaE SaE
s s s S s s s s

Fig. 6. The longevity of vanished GLOF diagnostic features (A) and the age of existing GLOF diagnostic features of dated GLOFs (B). Separate boxplots for all, major
and minor GLOFs are shown. The boxes show a range between the 1st and the 3rd quartile (interquartile range, IQR) and the median (2nd quartile), individual data
points are displayed as circles, while (virtual) mean value is displayed as x. Vertical lines show data points within the range up to +/— 1.5*IQR from the box.
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3.3. Degradation processes of geomorphic GLOF diagnostic features in
time

3.3.1. Observed degradation processes

The analysis of the development of geomorphic GLOF diagnostic
features in time revealed three main degradation processes. These are:
(i) succession of vegetation; (ii) geomorphic reworking; and (iii)
anthropogenic activities. The succession of vegetation (grass, shrubs,
trees) was observed especially on diagnostic features with flatter sur-
faces (outwash fans, impact areas and exposed, previously submerged
areas). The location of GLOF diagnostic feature below or close to the tree
line facilitates overgrowing and areas with fine-grained deposits (e.g.,
sand, debris) experienced faster overgrowing that boulder deposits
(Fig. 7A). This explains why outwash fans and impact areas associated
with major GLOFs capable to transport and deposit large boulders
persist longer than those associated with minor GLOFs (Fig. 7A).

Various geomorphic processes were involved in reworking GLOF
diagnostic features. Steep-sided inner slopes of breached dams were a
subject to erosion and slope processes, while the evidence of pre-GLOF
water levels (e.g., exposed fine-grained lake sediments, linear features
associated with the abrasion of the lake shore) has been erased by water
and wind erosion. The impact areas of GLOFs were frequently a subject
of reworking by fluvial processes, bank erosion and meander shift. In
rather exceptional cases, GLOF diagnostic features such as outwash fans
and impact areas were overprinted by GLOF diagnostic features of latter,
higher-magnitude GLOF. This is the example of Artizon / Santa Cruz
valley in the Cordillera Blanca (see also Mergili et al., 2018). The first
GLOF occurred in 1997 and left behind well-developed GLOF diagnostic
features (outwash fan and impact area; see Fig. 8A,B). In 2012, the same
area was impacted by another GLOF, overprinting still existing GLOF
diagnostic features of the 1997 GLOF (Fig. 8C,D).

The anthropogenic activities can play specific but important role in
degrading geomorphic GLOF diagnostic features. For instance, the
geomorphic evidence of breached moraine dam of the lake Rajucolta
(Cordillera Blanca) was erased in 2004 when the dam was remediated
and equipped with artificial constructions. Another example of anthro-
pogenic reworking of GLOF diagnostic features is the post-GLOF
development of the impact area of the 1941 GLOF from the Lake Pal-
cacocha in the Cordillera Blanca (Fig. 9A). Despite this notorious case in
GLOF studies claimed at least 1800 fatalities in Huaraz, spontaneous
development and spread of the city into the GLOF impact area have
occurred in coming decades (see also Carey, 2010; Huggel et al., 2020).
The part of the impact area near the confluence with the Rio Santa (area
~ 0.7 km?) has been gradually built-up and exhibits no evidence of
GLOF impacts anymore (Fig. 9B).

Interesting insights are gained from the oldest GLOF in the inventory
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— the 1725 Rajururi GLOF which is documented to claim many lives in
the Ancash village, Cordillera Blanca. While the magnitude of this event
was likely extreme and the development of all GLOF diagnostic features
is likely, no geomorphic evidence is found in the 1948 images, i.e., 223
years after the GLOF. Presumably, breached moraine dam was remod-
elled by advancing glaciers during the second phase of the Little Ice Age
in the second half of 19th century (Thompson et al., 2000; Solomina
et al., 2007), while outwash fan and impact area vanished as a result of a
combination of succession of vegetation, fluvial and slope processes and
anthropogenic activities. This case suggests the upper bound of the
longevity of GLOF diagnostic features in the region and corroborates the
assumption that most of the GLOFs in the recent GLOF inventory of
Emmer et al. (2022b) are attributable to the post-LIA period.

3.3.2. Relative occurrence of degradation processes

Table 3 shows the occurrence of observed degradation processes in
relation to individual types of GLOF diagnostic features. It is shown that
the most frequently observed were the succession of vegetation (grass,
shrubs, trees) over outwash fans (see example in Fig. 7 and impact areas
(see the development in between Fig. 8B and Fig. 8C) and geomorphic
reworking of impact areas (see the development between Fig. 8C and
Fig. 8D). The succession of vegetation and geomorphic reworking were
observed to degrade effectively all studied types of GLOF diagnostic
features while anthropogenic activities only impacted breached dams by
dam remediations and impact areas by agricultural cultivation and
urban development (see examples in Section 3.3.1). The succession of
vegetation exhibits gradual but often high change rate. The impact areas
of some of the minor GLOFs were observed to be vanished within years
(i.e., the reduction of identifiable impact area extent >10 % per year).

4. Discussion: implications for building GLOF inventories
4.1. Are we underestimating GLOF counts?

Emmer et al. (2022b) showed the imbalance among the major and
minor GLOFs in the inventory through time. While major GLOFs have
been occurring since the 1930s, minor GLOFs have been occurring since
1970s. Considering the results of this study, it is suggested that minor
GLOFs occurred also before 1970s, but they were not recorded in
documentary data sources and their geomorphic evidence vanished.
Accepting this assumption, it can be approximated how many minor
GLOFs remained undetected. Taking the sample of 89 dated GLOFs, 52
(58 %) are classified as major while the remaining 37 (42 %) are clas-
sified as minor. However, the ratio between minor and major GLOFs
varies substantially in time (Fig. 10). While major GLOFs dominated in
early decades, minor GLOFs have increased share in recent decades with

Fig. 7. An example of a degradation of GLOF diag-
nostic feature by the succession of vegetation. Part
(A) shows the outwash fan (spatial extent highlighted
in orange) associated with the 1945 Lake Chacru-
cocha GLOF in the C. Blanca in 1948, i.e., 3 years
after the GLOF (aerial image: archive of the Autor-
idad Nacional del Agua, Huaraz, Peru); part (B)
shows the same area in 2021, i.e., 76 years after the
GLOF (satellite image: CNES / Airbus, 9th August
2021; available from the Google Earth Pro
collection).
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(A) June 1996

(

Table 3

The occurrence of various degradation processes for different types of GLOF
diagnostic features (4 refers to rare occurrence (< 10 % of cases), + + refers to
common occurrence (from 10 % to 25 % of cases), + + + refers to frequent
occurrence (> 25 % of cases); — refers to no occurrence).

Succession of Geomorphic Anthropogenic
vegetation reworking activities
Breached + + +
dam (grass, shrubs) (slope processes, (dam remediation)
erosion, glacier re-
advance)
Pre-GLOF + + + + -

water level (grass, shrubs) (slope processes,

erosion, glacier re-
advance)

+++ + -

(grass, shrubs) (fluvial processes,

Outwash fan

another GLOF)
GLOF impact ~ + + + +++ + +
area (grass, shrubs, (fluvial and slope (land cultivation,
trees) processes, another building-up
GLOF) floodplains)

69 % in 2011-2020. If 2011-2020 is considered reference period, and
the number of minor GLOFs is calculated based on the number of major
GLOFs, the expected total of GLOFs increases by 90 % compared to
observation. If 2001-2020 is considered reference period, the expected
total of GLOFs increases by 36 % compared to observations.

(B) August 1997 _«
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Fig. 8. An example of a degradation of GLOF diag-
nostic features by geomorphic reworking. Part (A)
shows central part of the Santa Cruz valley with
Artizon valley in June 1996, blue arrow indicates
stream direction (image: Landsat, June 1996, avail-
able from the USGS LandsatLook collection); part (B)
shows the same area in August 1997 (3 months after
the GLOF) with clearly visible outwash fan (OF) and
impact area (IA) (image: Landsat, August 1997;
available from the USGS LandsatLook collection);
part (C) shows the same area in July 2009; while the
1997 GLOF impact area has been largely overgrown
by vegetation, outwash fan is still identifiable in the
scene (image: Landsat, July 2009; available from the
USGS LandsatLook collection); part (D) shows the
same area affected by another GLOF in 2012 as seen
in June 2013 (image: Landsat, June 2013; available
from the USGS LandsatLook collection). Any
remaining evidence of the 1997 GLOF has been
overwritten by the larger 2012 GLOF in the land-
scape. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)

Fig. 9. An example of a degradation of GLOF diag-
nostic feature by anthropogenic activities. Part (A)
shows part of the impact area (spatial extent high-
lighted by red dashed line) associated with the 1941
Lake Palcacocha GLOF in the C. Blanca as seen in
1948, i.e., 7 years after the GLOF (aerial image:
archive of the Autoridad Nacional del Agua, Huaraz,
Peru); part (B) shows the same area in 2021, i.e., 80
years after the GLOF, with superimposed 1941 GLOF
impact area (satellite image: Maxar Technologies,
24th July 2021; available from the Google Earth Pro
collection). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 10. The number and share of major and minor GLOFs in time (based on
the 89 dated GLOFs).

Among the 71 not dated GLOFs, nineteen (37 %) are classified as
major while remaining 52 (63 %) as minor. Considering all 160 GLOFs
together (no matter whether dated or not), the is 71 major to 89 minor
GLOFs. By applying expected proportional share of major and minor
GLOFs derived from 2011 to 2020 reference period, it suggests that the
GLOF total is underestimated by 44 %, while reference period
2001-2020 suggests that the GLOF total is underestimated by only 4 %.
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Although this estimation is very rough and rather approximative, it gives
a notion about the hiatus GLOF inventories might be facing and corre-
sponds well with the lower bound of the estimation of Veh et al. (2022)
who found out that two to four out of five GLOFs might have gone un-
noticed in the pre-satellite era. Considering rather rich documentary
data sources and well-developed GLOF inventory in the Andes of Peru
and Bolivia, those estimates align well.

4.2. The role of lake dam types and GLOF mechanisms

The development of GLOF diagnostic features is influenced by glacial
lake dam type (moraine-dammed, bedrock-dammed, ice-dammed,
combined dams) and GLOF mechanisms (dam breach, dam overtopping)
which in turn influence GLOF magnitude. For instance, the only plau-
sible mechanism of GLOF from a bedrock-dammed lake is dam over-
topping, because its bedrock dam is generally stable and — as a result — a
breached dam cannot be developed in such a case. GLOFs originating
from bedrock-dammed lakes are characterized by lower flood volumes
and resulting faster flood attenuation compared to GLOFs originating
from moraine dam failures. In the Emmer et al. (2022b) inventory used
in this work, 76 % of major GLOFs are associated with moraine-dammed
lakes while this number drops to 50 % in case of minor GLOFs, partly
explaining differences in developed GLOF diagnostic features (Fig. 5).
On the other hand, minor GLOFs originated from lakes with combined
dams in 30 % while major GLOFs in <10 % cases (Emmer et al., 2022b).

In the study focusing on the Peruvian Cordillera Blanca, Emmer et al.
(2020) observed increased share of GLOFs from bedrock-dammed lakes
in recent decades. Apart from observed shift from moraine- to bedrock-
dammed lakes among the proglacial lakes, this increased share can also
be (partly) explained by various GLOF mitigation measures imple-
mented especially to moraine-dammed lakes (e.g., Reynolds, 1992;
Portocarrero, 2014; Emmer et al., 2018) and/or weaker geomorphic
evidence of GLOFs originating from bedrock-dammed lakes. Glacial lake
outburst floods from bedrock-dammed lakes are typically associated
with outwash fans and impact areas — the least persistent GLOF diag-
nostic features. At the same time, dam overtopping is less likely to
generate major GLOF (Emmer et al., 2022b). For these reasons, minor
GLOFs from bedrock-dammed lakes are especially likely to be missed in
remote sensing image analysis-based GLOF inventories.

5. Conclusions

Glacial lake outburst floods are assuredly characterized by their
capability to produce long-persistent geomorphic imprints. Building on
the observations from the Andes of Peru and Bolivia, this study presents
the first attempt to quantify how long are different types of GLOF
diagnostic features (expected to be) preserved in the landscape. This
question is of special importance for building GLOF inventories and
estimating the number of possibly missed GLOFs, especially in the pre-
satellite period. A total of 359 GLOF diagnostic features associated
with 156 GLOFs are analyzed in this work, revealing their relative
occurrence among different GLOF magnitudes, mechanisms and lake
dam types involved. Further, degradation processes responsible for
vanishing GLOF diagnostic features are analyzed. It is shown that
especially breached dams are long-lasting GLOF diagnostic features
unlikely to vanish in the post-LIA timeframe while outwash fans and
impact areas may vanish within decades, even in the case of a major, far-
reaching GLOF. As such, the geomorphic evidence of GLOFs associated
with moraine dam breaches is considered stable in given temporal
context. This assumption allowed to estimate the number of possibly
missed GLOFs in the inventory, using the number of major GLOFs as a
predictor of the number of minor GLOFs. It is concluded that up to 40 %
of GLOFs (especially minor GLOFs originating from bedrock-dammed
lakes) may be missing in the record, if 2011-2020 is taken as the
reference period. This estimation is in line with the lower bound of the
global GLOF reporting hiatus estimation of Veh et al. (2022). However,
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considering specific climatic and environmental conditions of the study
area (and so possibly specific types and intensity of degradation pro-
cesses and longevity of GLOF diagnostic features), these findings may
not be directly transferred to different geographical contexts without
essentially analyzing the specific factors of the longevity of GLOF
diagnostic features there, which I call for. The integration of various
data sources and especially the exploitation of existing sets of archival
aerial photographs in combination with satellite products with
increasing spatial and temporal resolution are recommended to tackle
this challenging task of quantifying possible biases that are associated
with vanishing GLOF evidence in existing GLOF inventories.
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