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Abstract: Glacial lake outburst floods (GLOFs)
represent one of the most serious hazard and risk in
deglaciating high mountain regions worldwide and
the need for GLOF hazard and risk assessment is
apparent. As a consequence, numerous region- and
nation-wide GLOF assessment studies have been
published recently. These studies cover large areas
and consider hundreds to thousands of lakes,
prioritizing the hazard posed by them. Clearly, certain
simplification is required for executing such studies,
often resulting in neglecting qualitative characteristics
which would need manual assignment. Different lake
dam types (e.g., bedrock-dammed, moraine-dammed)
are often not distinguished, despite they control
GLOF mechanism (dam overtopping / dam breach)
and thus GLOF magnitude. In this study, we explore
the potential of easily measurable quantitative
characteristics and four ratios to approximate the lake
dam type. Our dataset of 851 lakes of the Cordillera
Blanca suggests that while variances and means of
these characteristics of individual lake types differ
significantly (F-test, t-test), value distribution of
different geometrical properties can’t be used for the
originally proposed purpose along the spectra. The
only promising results are obtained for extreme
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values (selected bins) of the ratios. For instance, the
low width to length ratio indicates likely moraine-
dammed lake while the high value of ratio indicating
round-shape of the lake indicates increased likelihood
of bedrock-dammed lake. Overall, we report a
negative result of our experiment since there are
negligible differences of relative frequencies in most
of the bins along the spectra.

Keywords: Alpine lake; High mountain lake; GLOFs;
Glacial lake; Moraine-dammed; Bedrock-dammed;
Negative result; Cordillera Blanca

1 Introduction

Glacial lake outburst floods (GLOFs) became
well-studied phenomenon in past decades (Emmer
2018), being driven by concerns about potentially
harmful socio-economic consequences (Carrivick and
Tweed 2016) and substantial land-forming effects
(Clague and Evans 2000; Emmer 2017; Cook et al.
2018). At the same time, changing climate conditions
and glacier retreat in high mountainous regions are
expected to further promote GLOF hazard (Harrison
et al. 2018), although some studies do not clearly
support this claim (Veh et al. 2019). Despite this



recent progress in our understanding to the timing of
GLOF occurrence on regional to global scale,
identification of a specific GLOF-prone lake and
estimating its hazard (i.e. the probability of GLOF
occurrence with specified magnitude in a strict sense),
is still a challenging task that is rarely addressed (e.g.
GAPHAZ 2017).

Due to the stochastic occurrence in space and
time, complex inter-linkages with various triggering
processes and complicated predictability, GLOF
hazard studies often do not estimate the probability,
but susceptibility of lakes to produce GLOF, usually
using a set of indicators, which are considered to
indicate increased likelihood of GLOF occurrence (e.g.
Huggel et al. 2004; Mergili and Schneider 2011;
Emmer et al. 2016; Aggarwal et al. 2017; Kougkoulos
et al. 2018; Yao et al. 2018). According to Emmer and
Vilimek (2013), these can be grouped as: (i)
characteristics of the lake (e.g., lake area, lake
volume); (ii) characteristics of the dam (e.g., dam type,
dam freeboard, dam geometry); (iii) characteristics of
the lake surroundings (e.g., topographical potential
for mass movements; potentially hazardous lakes
located upstream). Some of these characteristics can
be derived automatically from remotely sensed
images (e.g. quantitative characteristics such as lake
area), while others require manual expert assessment
(e.g. qualitative characteristics such as dam type).
Working on a regional- or national-wide scale,
recently published GLOF susceptibility assessments
often tend to be based on purely automatized
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procedures (e.g. Allen et al. 2019). Such approach has
certain advantages (e.g. repeatability, reproducibility,
objectivity, speed of the assessment procedure, large
spatial coverage), but on the other hand, often
naturally tends to simplify and neglect the
characteristics which can’t be derived automatically,
such as the lake dam type. While several studies are
devoted to (semi-)automatical identification and
mapping of glacial lakes (e.g. Chen et al. 2012; Li and
Sheng 2012; Zhang et al. 2019; Wangchuk and Bolch
2020; Shugar et al. 2020) or outburst flood paths
(Veh et al. 2018), automatic assignment of lake dam
types has not yet been explored.

The lake dam type (Fig.1) has been, however,
identified to be a key characteristic controlling
mechanism of water release (dam failure vs. dam
overtopping) and GLOF magnitude. It was shown that
GLOFs originating from dam failures have
comparably larger volume of released water and
might also have higher peak discharge comparing to
GLOFs resulting from dam overtopping (see Emmer
2017). The formation of different lake dam types is
associated with different processes and we assume
that the shape of the lake is controlled by the
interaction of forming process with default
geomorphic, geologic, hydrologic and glaciologic
setting. Keeping this in mind, the main objective of
this study is to explore whether quantitative
characteristics of alpine lakes can be used to derive
likely dam type without the need for expert manual
assessment, using Peruvian Cordillera Blanca as the

Combined dam

Fig.1 Examples of different lake dam types present in the study area of the Cordillera Blanca.
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study area. To this end, we explore geometrical
characteristics of lakes and the relationship to
different lake dam types.

2 Materials and Methods

The 2018 lake inventory of the Cordillera Blanca
is used in this study (Emmer et al. 2020). Lake
polygons were drawn manually in Google Earth
Digital Globe environment over the latest satellite
images CNES / Astrium / Airbus (2018 for the major
part of the study area) with turned of terrain option
(2D) and with the scale defined by the view height ~2
km. Each lake in the inventory is described by several
characteristics including the lake dam type. Six
different lake dam types are distinguished (see Figure
1): (i) bedrock-dammed; (ii) moraine-dammed; (iii)
combined dam; (iv) not specified lake; (v) landslide-
dammed; and (vi) ice-dammed (supraglacial). These
dam types were assigned manually, based on a visual
interpretation of high resolution satellite images
available at Google Earth Digital Globe (Google Inc.
2015) and field validation.

Emmer et al. (2020) inventory consists of a total
of 909 lakes. In this study, we only considered the

lake dam types which are represented with 100 or
more lakes in the database, i.e. dam types (i) - (iv), a
total of 851 lakes. Four quantitative characteristics of
lake polygons were then derived in ESRI ArcGIS v10.6
environment (see Table 1). These are: (i) Lake area
(A); (ii) Lake perimeter (P); (iii) Lake length (L); and
(iv) Lake width (W). Four geometric ratios have been
calculated from these characteristics to quantitatively
describe the geometry of a lake polygon: (i) W/L ratio;
(ii) P/A ratio; (iii) A/(LxW) ratio; and (iv) 2(;tA)o5/P
ratio (see schematic examples in Table 2).

Pairs of quantitative characteristics measured as
well as ratios used are plotted and R2 values (squared
value of Pearson corellation coefficient) are calculated
to show possible interdependencies (see Appendix 1
and Appendix 2). It is shown that strong (R>0.6 to
0.8) to very strong positive linear corellation (R>0.8)
exist between individual quantitative characteristics
(Appendix 1) while no linear corellation (R<0.4) exist
between individual ratios used. The exception is a
strong positive linear corellation (R=0.709) between
2(;tA)o5/ P ratio and A/(LxW) ratio and weak positive
linear corellation (R=0.558) between W/L ratio and
2(;tA)05/P ratio. Bin with 20 equal categories across
the variability of individual ratios was used to create
histograms.

Table 1 The list of quantitative characteristics and ratios used in this study.

Quantitative characteristics Description Unit
Lake area (A) The area of the lake polygon m?2
Lake perimeter (P) The length of the lake polygon perimeter m
Lake length (L) The distance between two distal points of the lake polygon m
Lake width (W) The width of a minimum bounding rectangle m
Geometric ratios Description Unit
W/L ratio The lower W/L ratio indicates more prolonged shape of the lake polygon -
P/A ratio The higher P/A ratio indicates more rugged lake shoreline m!
A/(LxW) ratio The ratio between lake polygon area A and a rectangular with dimensions L*W; -

. The ratio between the perimeter of a circle with the area equal to the lake areaand -
2(7tA)°-5/P ratio

lake perimeter; the lower 2(;14)°5/P ratio indicates less circular shape of the lake

Table 2 Schematic examples of geometric characteristic and ratios of three fictional lakes.

Lakes
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A P L w  W/L P/A A/(LxW) 2(mtA)o5/P
250 83 73  0.880 0.052 0.790 0.981
354 147 45 0.306 0.067 0.798 0.728
3,347 390 118 44 0.373 0.117 0.645 0.526



In order to quantify statistical difference between
characteristics of two most common lake types
(bedrock- and moraine-dammed lakes), we first
employed F-test to test the hypothesis that the
variances of two data series are equal or differ
statistically, and t-test (two sample t-test assuming
equal or unequal variances, based on the result of the
F-test; two-tailed) to test whether means of these data
series are equal or differ statistically.

3 Results, Discussion and Conclusions

3.1 Statistics of the whole dataset

Basic geometric characteristics of investigated
lakes are shown in Table 3. The lake area A varies
from 403 m?2 to 1,725,186 m2 for the whole dataset.
Mean area of different lake dam types varies from
13,386 m2 (not specified lakes) to 22,810 m2 (lakes
with combined dams), 28,376 m2 (bedrock-dammed
lakes), to 56,060 m2 (moraine-dammed lakes).
Accordingly, moraine-dammed lakes also have higher
average lake perimeter P (769.2 m). The W/L ratio
reaches similar values for different lake dam types,
with average values ranging from 0.536 (moraine-
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dammed lakes) to 0.571 (not specified lakes).

3.2 Statistical difference between bedrock-
and moraine-dammed lakes

Comparing the variances of geometric
characteristics of bedrock- and moraine-dammed
lakes (Table 4), it is seen that the H, (variances of
geometric chatacteristics do not differ between
bedrock- and moraine-dammed lakes) has been
rejected for most of the characteristics and ratios,
indicating  that these characteristics differ
significantly between bedrock- and moraine-dammed
lakes. Similarly, statistically significant difference
between means of geometric characteristics and ratios
have been documented for most of the characteristics
and ratios. Less distinct differences are observed
when only the large lakes (A > 50,000 m2) are
considered (Table 5).

3.3 Relationship between geometric ratios and
lake dam types

Different geomorphological processes lead to the
formation of different lake dam types. While
morphometric characteristics and ratios differ
significantly (see Tables 3-5; section 3.2), our data

Table 3 Statistics of geometric characteristics of individual lake dam types.

Lake dam type (no. of lakes)

Characteristic Moraine-dammed
(315)

A mean (stdev) 56,930 (168,763)
(m2) max 1,725,186

min 674
P mean (stdev) 769.2 (949.1)
(m) max 9,019.8

min 123.2
L mean (stdev) 201.3 (366.3)
(m) max 3,556.3

min 46.3
w mean (stdev) 137.1 (144.0)
(m) max 1,247.6

min 20.0
W/L mean (stdev) 0.536 (0.167)
) max 0.892

min 0.174
P/A mean (stdev) 0.054 (0.035)
(m™) max 0.199

min 0.003
A/(LxW) mean (stdev) 0.664 (0.081)
-) max 0.842

min 0.331
2(7tA)o-5/P mean (stdev) 0.783 (0.114)
Q) max 0.956

min 0.315

Bedrock-dammed Combined dam Not Specified
(289) (142) (104)

28,376 (78,227) 22,810 (48,055) 13,386 (34,795)
943,126 357,860 228,221

402 523 1,237

588.6 (600.2) 526.0 (513.8) 378.8 (324.4)
5,855.0 3449.1 1918.3

92.3 92.0 143.7

216.3 (227.6) 196.0 (191.3) 143.7 (120.8)
2,101.0 1403.0 713.9

34-4 37-9 531

111.9 (98.7) 102.7 (85.5) 80.7 (73.8)
721.7 476.6 429.6

18.7 18.0 26.4

0.547 (0.163) 0.561 (0.147) 0.571 (0.154)
0.888 0.898 0.896

0.149 0.186 0.276

0.065 (0.042) 0.060 (0.036) 0.072 (0.032)
0.229 0.211 0.145

0.006 0.009 0.008

0.636 (0.094) 0.667 (0.083) 0.652 (0.089)
0.842 0.852 0.809

0.340 0.437 0.397

0.760 (0.129) 0.807 (0.114) 0.808 (0.099)
0.964 0.965 0.975

0.340 0.432 0.490
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Table 4 Statistical test of difference between variances (F test) and means (t test) of geometric characteristics of
bedrock- and moraine-dammed lakes (all lakes, i.e. 281 bedrock- and 315 moraine-dammed lakes).

Test

F

F critical
p

t

t critical

p

A
4.654
1.210
<0.001
2.703
1.965
<0.01

P
2.500
1.210
<0.001
2.819
1.964
<0.01

L
2.501
1.210
<0.001
3.050
1.964
<0.01

w
2.130
1.210
<0.001
2.530
1.964
<0.05

W/L

1.042
1.209
0.362
0.806
1.964
0.421

P/A
1.437
1.209
<0.001
3-350
1.964
<0.001

A/(LxW)
1.370
1.209
<0.01
3.854
1.964
<0.001

2(mA)o5/P
1.282
1.209
<0.05
2.330
1.964
<0.05

Table 5 Statistical test of difference between variances (F test) and means (t test) of geometric characteristics of
bedrock- and moraine-dammed lakes (lakes > 50,000 m2, i.e. 38 bedrock- and 63 moraine-dammed lakes).

Test A P L w W/L P/A A/(LxW)  2(mA)°5/P
F 3.428 1.874 1.815 2.555 1.450 1.742 1.786 1.355
F critical 1.658 1.658 1.658 1.658 1.658 1.658 1.658 1.658
p <0.05 <0.05 <0.05 <0.01 0.113 <0.05 <0.05 0.161
t 1.900 2.131 2.206 1.625 1.677 1.023 0.081 1.224
t critical 1.984 1.985 1.985 1.984 1.984 1.986 1.986 1.984
§2) 0.060 <0.05 <0.05 0.107 0.097 0.309 0.936 0.224
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Fig.2 Histograms (relative frequencies) of four geometric ratios for different lake dam types.

suggest that these have similar histograms of values
when individual geometric ratios are plotted (see
Fig.2). Pearson correlation coefficient between each
pair of different lake dam types show strong positive
correlation (>0.8) for the wvalue frequencies
(histograms) of all geometric ratios, indicating similar
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frequency distribution along the spectra. The
likelihood of certain lake dam type is, therefore, quite
similar for different values of individual ratios and
our data suggest that these ratios, thus, can’t be
employed to approximate the lake dam type.
Considering only the lakes with A > 50,000 m?
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Fig. 3 Histograms of four geometric ratios for large (> 50,000 m2) bedrock- and moraine-dammed lakes.

and two dominant lake dam types (38 bedrock- and whole dataset (compare to Fig.2). More visible
63 moraine-dammed lakes), resulting histograms (see differences in histograms of individual lake dam types
Fig.3) have similar shape to the histograms for the are, however, observed for the subset of large lakes

619



J. Mt. Sci. (2021) 18(3): 614-621

(see Fig.3). An example is increased share of moraine-
dammed lakes with the W/L ratio 0.2 - 0.3. This
observation can be explained by the location of large
moraine-dammed lakes in the relatively flat main
valleys, thus having prolonged shape and comparably
lower W/L ratios. Similarly, increased share of
bedrock-dammed lakes is observed for the highest
values (>0.9) of the 2(;tA)?5/ P ratio, indicating almost
circular shape of some of the large bedrock-dammed
lakes. These are thought to be a circle-shaped lakes
occupying glacier-free cirque depressions. These
findings are also supported by the histograms of P/A
ratio, suggesting increased occurrence of large
moraine-dammed lakes with lower P/A ratio (0.005-
0.010) and increased occurrence of large bedrock-
dammed lakes with higher P/A ratio (>0.025).
Increased share of moraine-dammed lakes is
observed with higher A/(LxW) ratio.

If the likelihood of specific lake dam type
(moraine- or bedrock-dammed) is approximated by
relative frequency within a specific bin, we can
summarise our finding as follows: (i) there is a 92.9%
likelihood that the lake is moraine-dammed if W/L
ratio is 0.2-0.3; (ii) there is 67.2% likelihood that the
lake is moraine-dammed if the P/A ratio is < 0.02 and
79.6% likelihood that the lake is moraine-dammed if
the P/A ratio is < 0.01; (iii) there is 64.2% likelihood
that the lake is moraine-dammed if the A/(LxW) ratio
is 0.70 or large and 77.8% likelihood that the lake is
moraine-dammed if the A/(LxW) ratio is > 0.73; (iv)
there is a 60.0% likelihood that the lake is bedrock-
dammed if the 2(;tA)05/P ratio is 0.9 or larger. Clearly,
likelihoods of moraine-dammed lakes are higher (and
the differences in relative frequencies are more
amplified), because there are 63 large moraine-
compared to 38 large bedrock-dammed lakes in the
dataset. However, only little difference in relative
frequencies (<0.05) is observed for most of the bins
(Fig.3) and possibly limited number of lakes also has
to be considered when approximating likelihood from
relative frequencies.

3.4 Concluding remarks

Despite some promising observations, our
general findings are not sufficient for introducing
robust and consistent methodology for approximating
lake dam type based on the lake polygon geometry
only. Therefore, we report a negative result of our
experiment, suggesting that manual assignment of
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lake dam type is still necessary to be done, based on
the visual interpretation of high-resolution images
and — optimally — field validation. As for the future
research directions, we opine that multi-criteria
analysis of lake geometries with other automatically
derivable information (e.g. 3D morphological
characteristics of lake dam and lake surrounding,
employment of multispectral data, utilizing
supervised classification algorithms, etc.) could lead
to better results and deserves further attention in
recent efforts in automatization of lake detection and
classification procedure (e.g. Zhang et al. 2019;
Wangchuk and Bolch 2020).
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