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A B S T R A C T   

Glacier recession in response to climate warming has resulted in an increase in the size and number of glacial 
lakes. Glacial lakes are an important focus for research as they impact water resources, glacier mass balance, and 
some produce catastrophic glacial lake outburst floods (GLOFs). Glaciers in Peru have retreated and thinned in 
recent decades, prompting the need for monitoring of ice- and water-bodies across the cordilleras. These 
monitoring efforts have been greatly facilitated by the availability of satellite imagery. However, knowledge gaps 
remain, particularly in relation to the formation, temporal evolution, and catastrophic drainage of glacial lakes. 
In this paper we address this gap by producing the most current and detailed glacial lake inventory in Peru and 
provide a set of reproducible methods that can be applied consistently for different time periods, and for other 
mountainous regions. 

The new lake inventory presented includes a total of 4557 glacial lakes covering a total area of 328.85 km2. In 
addition to detailing lake distribution and extent, the inventory includes other metrics, such as dam type and 
volume, which are important for GLOF hazard assessments. Analysis of these metrics showed that the majority of 
glacial lakes are detached from current glaciers (97%) and are classified as either embedded (i.e. bedrock 
dammed; ~64% of all lakes) or (moraine) dammed (~28% of all lakes) lakes. We also found that lake size varies 
with dam type; with dammed lakes tending to have larger areas than embedded lakes. The inventory presented 
provides an unparalleled view of the current state of glacial lakes in Peru and represents an important first step 
towards (1) improved understanding of glacial lakes and their topographic and morphological characteristics and 
(2) assessing risk associated with GLOFs.   

1. Introduction 

The recession of glaciers globally in response to climate warming has 
led to a dramatic increase in the size and number of supraglacial and 
proglacial lake systems (e.g. Rabatel et al., 2013; Haeberli et al., 2016; 
Shugar et al., 2020). In particular, post-Little Ice Age climatic warming 
has enhanced ice melt, leading to the development of a large number of 
glacial lakes behind ice dams, lateral and terminal moraines and within 

over-deepened de-glaciated valley bottoms (Quincey et al., 2007; Wilson 
et al., 2018). Glacial lakes are important globally and regionally as (1) 
they represent a considerable water resource (Loriaux and Casassa, 
2013), (2) when in contact with or dammed by glaciers, they can have 
negative impacts on glacier mass balance (e.g. King et al., 2019), and (3) 
they are the source of glacial lake outburst floods (GLOFs; Richardson 
and Reynolds, 2000; Carrivick and Tweed, 2016; Harrison et al., 2018) 
which are considered to be the largest and most extensive glacial hazard 
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in terms of disaster and damage potential (UNEP, 2007). 
Glaciers in Peru have retreated and thinned considerably over recent 

decades (INAIGEM, 2018), prompting the need for greater monitoring of 
ice- and water-bodies contained within glacierised basins. Such efforts 
are important as they help inform local and national mitigation policies 
concerning the impacts of glacier retreat on water resources, mountain 
development, tourism and hazards. The availability of multi-temporal 
satellite imagery has greatly improved our understanding of glacier 
change and lake distribution in countries like Peru (e.g. Drenkhan et al., 
2018), however, knowledge gaps remain, particularly in relation to the 
formation, temporal evolution, and drainage of glacial lakes. 

This study aims to robustly identify, describe, and analyse the glacial 
lakes of Peru. In this paper we discuss the new lake inventory in detail 
and provide statistics regarding the different dam types, extent, and 
topographic setting of the glacial lakes of Peru. The methods used here 
are designed to be reproducible (allowing them to be applied to map 
glacial lakes in other glacierised regions) and will form the basis for 
assessing the evolution of lakes through time, as part of nationwide 
GLOF hazard assessments in Peru. 

1.1. Glacial recession and GLOFs in the Peruvian Andes 

The Peruvian Andes are home to 70% of the world’s tropical glaciers 
covering an area of >1600 km2 (WGMS, 2021.). In line with other areas 
of the Andes (Masiokas et al., 2009; Davies and Glasser, 2012; Rabatel 
et al., 2013), glaciers in Peru have, in general, undergone a sustained 
period of retreat and thinning since reaching their Little Ice Age Maxi
mums (LIAMs) (Vuille et al., 2008; Hanshaw and Bookhagen, 2014; 
UGRG, 2014); with some cordilleras becoming completely deglaciated 
since the 1970s (e.g. Cordillera Barroso; INAIGEM, 2018; Supplemen
tary Information 4 Fig. S1). Marked by lateral and terminal moraines, 
studies suggest that LIAM glacier positions in Peru extended some 
>2000 m down valley of their 21st Century extent, with length varying 
according to localised topographic and climate settings (Drenkhan et al., 
2018; Emmer et al., 2021; Supplementary Information 5 Table S1). The 
extent of glacial retreat across the Peruvian Andes over recent decades 
has led to concerns that the deglaciation discharge dividend in this re
gion may have already peaked (Baraer et al., 2012); placing renewed 
emphasis on efforts to quantify both glacier health and lake distribution 
in the region. 

Glacial lake outburst floods (GLOFs) are known for their extreme 
peak discharges (e.g. Clague et al., 2012) and are among the most 
important geomorphic agents in deglaciating mountain ranges across 
the globe; presenting a serious natural hazard (Reynolds, 1992; Carri
vick and Tweed, 2016). As well as increasing the exposure of mountain 
societies to GLOF hazards, glacier retreat-induced formation and evo
lution of glacial lakes raises GLOF disaster risk concerns; especially in 
low-income countries of high Asia and South America (Emmer, 2018). 
While historical GLOF records, although incomplete, allow us to reveal 
general and regionally specific GLOF susceptibility indicators (e.g. lake, 
dam and surrounding geomorphic characteristics; see Kougkoulos et al., 
2018), reliable evaluation of GLOF susceptibility still requires up to date 
lake inventory data with quantitative as well as qualitative lake 
characteristics. 

1.2. Glacier lake inventories 

Globally, there has been a recent increase in the number of available 
lake inventories; partly due to the impact that lakes have on continental 
carbon cycles, biogeochemical processes, water resources and GLOF 
hazards (Emmer et al., 2020; Verpoorter et al., 2014). From the use of 
early aerial images (e.g. Emmer et al., 2016; Viani et al., 2016) to the 
availability of long time-series global satellite data (such as the Landsat 
missions from 1972 onwards; Shugar et al., 2020), open source and “big 
data” cloud computing has expedited the creation of lake inventories for 
individual basins (Mahdianpari et al., 2019; Kumar et al., 2020), wider 

regions (e.g. Mosquera et al., 2017; Wilson et al., 2018; Wang et al., 
2020; Worni et al., 2013), globally (Verpoorter et al., 2014; Shugar 
et al., 2020), and their evolution through time. This has allowed re
searchers to identify changes in lake size (and therefore estimate 
changes to lake volume) in order to better constrain and model the 
hydrological response of glaciers to climate change (e.g. Shugar et al., 
2020). 

A number of historic sub-national lake inventories exist for the 
Peruvian Cordilleras (e.g. Cordillera Blanca: Emmer et al., 2016, 2020, 
Vilímek et al., 2016; Vilcanota-Urubamba basin: Drenkhan et al., 2018), 
and provide some estimates of lake volume and lake area-depth-volume 
relationships (e.g. Cordillera Blanca: Muñoz et al., 2020) and future lake 
growth potential (e.g. Colonia et al., 2017; Drenkhan et al., 2018). The 
inventory of the Instituto Nacional de Investigación en Glaciares y 
Ecosistemas de Montaña (INAIGEM, 2021; henceforth the inventory is 
referred to as INAIGEM) is the only existing lake inventory to cover all 
20 glaciated cordilleras. This inventory covers an observation period of 
2016 and uses a variety of satellite sensors (Supplementary Information 
5 Table S2). The Autoridad Nacional del Agua inventory (ANA, 2014; 
henceforth referred to as ANA) covers 19 cordilleras (with the exception 
of Cordillera Barroso) and an observation period of 2001–2010. This 
inventory also uses a variety of different sensors, which vary across the 
cordilleras (Supplementary Information 5 Table S3). The lake inventory 
by Emmer (2016, henceforth referred to as Emmer) covers the Cordillera 
Blanca and was generated using a variety of remote sensing techniques, 
covering the period 1948–2018. These inventories (ANA, INAIGEM and 
Emmer) include many important metrics for understanding lake evolu
tion and GLOF potential (Table 1) and are presented in Supplementary 
Information 1 as they will be used as comparisons for this study. 

Although these previous inventories are very valuable, for robust 
quantification of glacial lake changes through time it is important for 
there to be internal consistency in the methods and data sources used to 
derive the lake outlines. This is the gap that the current study aims to fill. 

2. Methods 

This paper principally presents a new glacier lake inventory for the 
Peruvian Cordilleras (henceforth projectGLOP). A full account of the 
methods applied are summarised in Fig. 2 and detailed in Supplemen
tary Information 2. 

Initially, glacier lakes were defined as all lakes within 3 km of 
existing glaciers (using the GLIMS/Randolph Glacier Inventory v6.0; 
GLIMS, 2019). This 3 km buffer represents an assumed LIAM, which was 
obtained through substantial review of relevant literature (Supplemen
tary Information 5 Table S1; Supplementary Information 2.1.1). Lakes 
within the LIAM buffer were manually digitised using a combination of 
Landsat Thematic Mapper Tier 1 data (TMT1; Dykstra and Owen, 2017), 
derived Normalised Difference Water Index and Normalised Difference 
Snow Index data, as well as high resolution Quantum Geographic In
formation System QuickMapServices (NextGIS, 2015) satellite data 
(Fig. 2; Supplementary Information 2.1.2 and 2.1.3). Where available, 
2019 Landsat images with <10% cloud cover were used, in a number of 
limited cases data from 2018 and 2017 were used for lake digitisation 
(see Fig. 2, Supplementary Information 2.1.2 and Supplementary In
formation 4 Fig. S3). A lake digitisation uncertainty analysis was addi
tionally performed to ascertain the repeatability of the methods 
described; this analysis involved comparison of lake outlines mapped by 
three separate users (see Supplementary Information 2.1.3). Important 
metrics (Table 1) were recorded in order that the inventory is applicable 
across a range of future analyses. In terms of the lake dam type, we use 
broad definitions of “dammed” (which includes moraine dammed 
lakes), “embedded” (bedrock dammed lakes) and “unclassified” for lakes 
dammed by landslides, as well as lakes in which the dam type cannot be 
identified. We also differentiate between lakes in contact with existing 
glaciers, and those which are detached. 

Lake area was calculated for lakes in the projectGLOP inventory and 
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uncertainty analyses performed to estimate (1) by how much lake area is 
over/under-estimated using 30 m resolution Landsat TMT1 data, and (2) 
how many small lakes (<900 m2) are excluded (Supplementary Infor
mation 2.2.1). Statistical analyses were performed to gain a picture of 
lake elevation across Peru (Supplementary Information 2.2.2). We 
calculated lake volume based on derived scaling relationships (Supple
mentary Information 2.2.3). Finally, we compared the projectGLOP lake 
inventory with a number of existing inventories for the Peruvian Cor
dilleras (Supplementary Information 2.3). 

3. Results and Discussion 

3.1. 3.1 projectGLOP lake inventory 

Our glacial lake inventory for the Peruvian Cordilleras, comprises a 
total of 4557 glacial lakes within 3 km of existing glaciers (based on the 
GLIMS/Randolph Glacier Inventory v6.0; GLIMS, 2019; Raup et al., 
2007). The majority of lakes are detached from current glaciers (97%; 
Table 2). If we consider all lakes, the majority of these are either 
embedded (~64%) or dammed (~28%) lakes, with the remaining 5% 
falling into the unclassified category (see Table 1). These unclassified 
lakes include 17 landslide dammed lakes (10 in the Cordillera Blanca, 

Table 1 
Metrics that were recorded in ANA, INAIGEM, Emmer and the new projectGLOP (described in this study) lake inventories.  

Metric Details Sample technique (projectGLOP) project 
GLOP 

Emmer INAIGEM ANA 

ID Unique ID for all mapped lakes ID automatically generated in QGIS using the field 
calculator 

yes yes yes yes 

lake_type Type based on dam type. We give broad definitions of 
“dammed” (which includes moraine dammed lakes), 
“embedded” (bedrock dammed lakes) and “unclassified” for 
lakes dammed by landslides, as well as lakes in which the dam 
type cannot be identified. 

Visual interpretation of remotely sensed imagery 
by the digitiser 

yes yes   

l_sub_type In contact or not in contact with ice Identified by contact with the GLIMS (2019) 
polygons 

yes yes   

Outflow Lake outflow Identified by the digitiser based on visible outflow 
on the ESRI, Google or Bing aerial images through 
QuickMapServices in QGIS 

yes yes   

Notes Any notes deemed important Identified by the digitiser yes yes   
Digitised Username of person digitising lake Signed by the digitiser yes  yes  
Year Year of image used Year (date) of imagery used yes  yes yes 
Sensor e.g. Landsat, ASTER, Liss III, etc Identified by the digitiser yes  yes yes 
area_utm18 Lake area (in m2; utm18) Calculated using the Field Calculator in QGIS yes size 

category 
yes yes 

area_utm19 Lake area (in m2; utm19) Calculated using the Field Calculator in QGIS yes yes yes 
area_utm Lake area (in m2; in either utm18 or utm19) Compilation of the area_utm18 and area_utm19 

data 
yes  yes yes 

volume_m3 Lake volume from Guardamino and Drenkhan (2016) and  
ANA (2014) to define scaling relationships. 

Calculated based on available data (see 
Supplementary Information 2.2.3) 

Yes   yes 

depth_m Lake depth from Guardamino and Drenkhan (2016) and ANA 
(2014) 

Manually input into the inventory Yes   yes 

ele30mean Lake ele30mean Calculated in QGIS using the raster Zonal Statistics 
tool 

yes yes yes yes  

Table 2 
Lake counts for each cordillera (please refer to Fig. 1) by dam type and sub-type (not/in contact with ice). “Dammed” includes moraine dammed lakes, bedrock 
dammed lakes are “embedded”. Lakes dammed by landslides are included in the “unclassified” category, as well as lakes in which the dam type cannot be identified due 
to unclear satellite images. Supraglacial lakes are not included in the inventory as they are influenced by seasonal variation in drainage.      

Lake type       

Embedded Dammed Unclassified   
Cordillera Lat/ Lon Total Lake sub-type Lake sub-type total 

in contact 
with ice 

not in 
contact 
with ice 

in contact 
with ice 

not in 
contact 
with ice 

in contact 
with ice 

not in 
contact 
with ice 

in contact 
with ice 

not in 
contact 
with ice 

Cordilleras 
del norte 

Blanca 77.87 W, 
8.06 S to 
76.78 W, 
10.67 S 

803 21 424 12 286 1 59 34 769 
Huallanca 69 3 55 0 9 0 2 3 66 
Huayhuash 129 5 46 2 72 0 4 7 122 
Raura 245 3 164 0 54 0 24 3 242 

Cordilleras 
del centro 

Huagoruncho 75.92 W, 
9.80 S 
to 
74.52 W, 
13.62 S 

145 1 74 0 65 0 5 1 144 
La Viuda 442 3 276 0 138 0 25 3 439 
Huaytapallana 373 6 244 3 115 0 5 9 364 
Central 509 18 340 2 98 0 51 20 489 
Chonta 212 0 188 0 22 0 2 0 212 

Cordilleras 
del sur 

Urubamba 72.53 W, 
12.61 S 
to 
69.40 W, 
14.88 S 

139 1 108 0 25 0 5 1 138 
Vilcabamba 183 7 107 0 59 0 10 7 176 
Vilcanota 490 13 233 28 199 2 15 43 447 
Carabaya 590 7 496 2 68 0 17 9 581 
Apolobamba 142 2 104 1 23 0 12 3 139 
Huanzo 54 0 42 0 9 0 3 0 54 
Chila 13 0 6 1 6 0 0 1 12 
Ampato 19 1 13 0 4 0 1 1 18 

Total 4557 91 2920 51 1252 3 240 145 4412  
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two in C. Central, and one in each of C. Apolobamba, C. Carabaya, C. 
Huallanca, C. La Viuda and C. Vilcanota), one ice dammed lake (in C. 
Vilcanota), with 222 lakes marked as unclassified as dam type was not 
identified using readily accessible (ESRI, Bing and Google) satellite 
imagery. Only 3% of lakes remain in contact with ice; 63% of these are 
embedded, 35% are dammed and the remaining 2% are unclassified 
(Table 2). The expansion of glacial lakes often occurs in response to 
glacial recession, when low gradient glacier termini retreat back into 
over-deepened basins. The fact that only 3% of lakes remain in contact 
with ice is of significance as it may limit the growth of current lakes into 
the future (see Wilson et al., 2018). 

3.2. Lake inventory statistics 

The following sections present an analysis of the projectGLOP lake 
inventory in terms of important characteristics and distributions; spe
cifically, lake area (3.2.1), lake elevation (3.2.2), lake bathymetry 
(3.2.3), and finally we contextualise this new inventory alongside three 
existing inventories for Peru (3.3.4). Within each section we consider (1) 
variation across the Peruvian Cordilleras; (2) lake connectivity to 
existing glaciers; and (3) variation relating to differences in dam type. 
We consider each of these to have important implications for both water 
resources and GLOF hazards. 

3.3. projectGLOP lake area 

Knowledge regarding the areal extent of existing glacial lakes in Peru 
is important, in respect to GLOFs, as it provides a basis for calculating 
the effective water volume of individual lakes (which can influence the 
magnitude and duration of GLOF events) and assessing potential like
lihood of GLOF trigger and threshold parameters related to the lake dam 
and the surrounding geomorphic features (Reynolds, 2014; Kougkoulos 
et al., 2018). Overall, we found that the Cordilleras Vilcanota, Carabaya, 
La Viuda and Blanca account for >50% of glacial lake area across Peru 
(Table 3). In terms of dam type, embedded lakes cover the largest area 
(Table 3), but this varies across the cordilleras. In general, we found that 
cordilleras that contained a larger extent of dammed lakes than 
embedded lakes tended to be more glacierised (INAIGEM, 2018; Sup
plementary Information 4 Fig. S1). 

Between the cordilleras, the distribution of lake size varies (Fig. 3A); 
pairwise Wilcox tests show that area distributions are statistically 
different between some cordilleras (e.g. Carabaya and Blanca), while 
others present similar distributions (e.g. Blanca and Central; Fig. 3A; 
Table S5). There are a number of larger lakes that represent outliers in 

the distribution of lake areas across the majority of the cordilleras 
(Fig. 3A). In total, there are 33 lakes which are greater than 1 km2 in 
area. They lie in Vilcanota (n = 3), Raura (n = 3), La Viuda (n = 5), 
Huaytapallana (n = 1), Chonta (n = 2), Central (n = 7), Carabaya (n =
6), Blanca (n = 1) and Apolobamba (n = 4). Two of these lakes (one in 
Vilcanota and one in Apolobamba), are greater than 10 km2, and are 
recorded here as they lie (at least partly) within the 3 km buffer 
(described in Supplementary Information 2.1.1). It is likely that these 
lakes are older than the LIAM, however, they are located in close 
proximity to existing glaciers (i.e. <3 km) and so have been included 
within the inventory. 

Cordilleras which have seen the biggest loss of glacier extent (by 
>80% since the 1950’s) include La Viuda, Chonta, Huanzo, Chila and La 
Raya (INAIGEM, 2018; Supplementary Information 4 Fig. S1); Huanzo 
and Chonta are the only cordilleras in which all glacier lakes are de
tached from current glaciers (Table 3 and Fig. 3B). For each cordillera, 
Kruskal-Wallis rank sum tests were performed to see if there is a sig
nificant difference between lake area and contact with existing glaciers. 
Where a significant difference was found, larger lakes were in contact 
with existing glaciers in Cordilleras Vilcanota and Blanca, whilst lakes in 
La Viuda are larger when detached from glaciers (Fig. 3B and Supple
mentary Information 5 Table S5); for all other cordilleras, no significant 
difference was found between the two groups, possibly due to low 
recorded lake numbers in contact with ice (Table 2). 

Lake dam type was investigated to see if there was a significant 
difference between lake size recorded between different dam types 
(Fig. 3C). Most of the significant differences in lake size were between 
embedded and dammed lakes (in 11 of the cordilleras; Supplementary 
Information 5 Table S7). In all cases, dammed lakes are significantly 
bigger than embedded lakes (for the 11 cordilleras where significant 
differences were found; Fig. 3C and Table S7); this is an important 
finding for understanding future GLOF potential and hazard in these 
cordilleras. 

3.4. projectGLOP lake elevation 

Lake elevation was found to vary depending on the topography of the 
respective cordilleras. Overall, lakes were not found at the highest ele
vations of any cordillera due to limited topographic opportunity from 
the presence of both glaciers and steep slopes (Fig. 4A). Instead, the 
majority of lakes were found to be constrained within a limited elevation 
range of between ≅ 4500 m asl and ≅ 4800 m asl (Fig. 4A). The highest 
elevation recorded for any lake is an embedded lake in Ampato (5660 m 
asl) whilst the lowest elevation lake is in Carabaya (at 3686 m asl). 
Statistically, there is a significant difference between the lake elevation 
distribution and the random sample of points across the cordilleras 
(Kruskall-Wallace test; p-value <0.01; Fig. 4A). 

In terms of lake sub-types, lakes in contact with ice were found to be 
at higher elevations in all cordilleras in which they are present. There is 
a significant difference in elevation between lakes in contact with gla
ciers and those which are glacier-detached in the Cordilleras Blanca, 
Carabaya, Vilcanota, Central, Vilcabamba, Huayhuash, La Viuda, Raura 
and Huallanca (p-value <0.01) and Apolobamba (p-value <0.05) 
(Fig. 4B and Table S8). 

In terms of dam type, results reveal a significant difference in lake 
elevation between embedded and dammed lakes in nine of the glaciated 
cordilleras (Fig. 4C and Table S9). In Vilcanota and Huaytapallana, 
dammed lakes are found at significantly higher elevations than 
embedded lakes; whilst embedded lakes are found at higher elevations 
than dammed lakes in Huayhuash, La Viuda, Raura, Huallanca, Hua
goruncho and Urubamba (Fig. 4C and Table S9). Some of these cordil
leras have shown a > 70% reduction in glacial extent since the 1960s: La 
Viuda (>85% loss in glacial area), Huallanca (~75%), Huagoruncho and 
Urubamba (<70%); this rapid deglaciation is potentially associated with 
the difference in elevation between the dammed and embedded lakes 
observed (Fig. 4C) but the relationship between dam type and elevation 

Table 3 
Calculated lake areas for each of the studied cordilleras in Peru and separated by 
dam type.   

Dammed 
(km2) 

Embedded 
(km2) 

Unclassified 
(km2) 

Total 
(km2) 

Blanca 19.64 15.41 3.68 38.72 
Huallanca 0.77 0.82 0.10 1.68 
Huagoruncho 6.53 5.09 0.70 12.33 
Huayhuash 5.55 1.27 0.11 6.92 
Raura 6.17 9.65 0.54 16.36 
La Viuda 22.22 23.93 0.40 46.56 
Huaytapallana 7.50 11.19 0.08 18.77 
Central 14.40 20.50 3.02 37.92 
Chonta 0.29 10.69 0.08 11.06 
Urubamba 0.72 2.49 0.11 3.32 
Vilcabamba 1.77 2.93 0.11 4.81 
Vilcanota 13.07 5.59 30.67 49.33 
Carabaya 12.63 23.90 10.33 46.86 
Apolobamba 9.17 6.80 14.91 30.88 
Huanzo 0.13 1.34 0.17 1.64 
Chila 0.59 0.39 – 0.97 
Ampato 0.02 0.71 0.01 0.73 
Total 121.15 142.68 65.03 328.86  
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is complex, with distributions varying between cordillera (Fig. 4C and 
Table S9). 

3.4.1. Bathymetry and lake volume 
Bathymetry data for the Cordillera Blanca (Guardamino and 

Drenkhan, 2016; ANA, 2014) were used to explore existing scaling re
lationships (Table 4) between lake depth and width (Fig. 5A) and lake 
area and volume (Fig. 5B). Both area-depth (AD) and area-volume (AV) 
scaling relationships were calculated for all lakes through the applica
tion of log-linear models in R Statistical Software; scaling relationships 
were calculated for all lakes (Fig. 5A and B), and were then a subset 
based on dam type (see Supplementary Information 4 Fig. S4). 

Relationships derived for the AD scaling tend to be weak (low R2; 
Table 4), and the AD scaling exponents calculated for this study (for all 
lakes) is significantly different to those derived from similar studies 
(outside of the 95% confidence interval; Fig. S5). When lakes are subset 
by dam type (Fig. S4), the AD relationship (here judged by the R2 value) 
improves for unclassified and embedded lakes (although this is largely a 
function of lower lake numbers in the case of embedded lakes). 

The AV scaling relationship calculated for all lakes was slightly 
weaker than similar studies (R2 = 0.825; Table 4 and Fig. 5B), however 
the scaling exponents were similar to that of other similar studies 
(falling largely within the 95% confidence interval; Fig. 5C). A recent 
study for the Cordillera Blanca (Muñoz et al., 2020) found the AV 
approach less effective than deriving volume from area and a ratio be
tween mean lake depth and width; as mean lake depth observations 
were not available for this study, we have relied on estimates of widely 
applied existing relationships (e.g. Shugar et al., 2020). 

The calculated AV scaling exponents (Table 4) were applied across 
the entire projectGLOP inventory (1) for all lakes irrespective of dam 
type (Fig. 6), and (2) using the calculated exponents for dammed, 
embedded and unclassified lakes (Supplementary Information 4 Fig. S5; 
Table 4). As with calculated lake area (3.2.1), there are a number of 
outliers in the data. From the calculated estimates of lake volume, lakes 
in the Cordillera Vilcanota contain the highest volume of water, with 
Apolobamba containing the second highest volume (Table 5); however, 
one large lake in Vilcanota (4.5 km3) accounts for ~90% of the total 
water volume; in Apolobamba the largest lake (1.7 km3) accounts for 
~70% of the total; both lakes were possibly formed pre-LIAM but are 
located within 3 km of existing glaciers. 

3.5. Lake inventory comparisons 

The projectGLOP database provides a current (2019) picture of the 
nature of lakes across the Peruvian cordilleras, but there are also a 
number of other existing inventories for Peru. INAIGEM covers all 20 

Table 4 
A selection of scaling relationships used to estimate lake volume and the esti
mates for this study; a full discussion of the results and error can be found in 
Cook and Quincey (2015) and Muñoz et al. (2020). Where D is the mean lake 
depth (in metres; for Muñoz et al., 2020 see notes); A is the surface area of the 
lake (in m2); V is lake volume (in m3).  

Study Region Estimation 
of lake depth 
(m) 

Estimation 
of lake 
volume (m3) 

Notes 

Evans 
(1986) 

Canada D = 0.035 
A0.5 

V = 0.035 
A1.5 

Cited in Muñoz 
et al. (2020). 

O’Connor 
et al. 
(2001) 

British 
Columbia  

V = 3.114 A 
+ 0.0001685 
A2 

Cited in McKillop 
and Clague (2007) 
and Cook and 
Quincey (2015). 

Huggel 
et al. 
(2002) 

Global D = 0.104 
A0.42 

V = 0.104 
A1.42 

Huggel et al. 
(2002) show lake 
depth and area are 
correlated for a 
combination of ice 
dammed, moraine- 
dammed and 
thermokarst lakes. 
D/A R2 = 0.916. 
Established 
relationship which 
has been applied 
directly (or 
modified) to 
estimate lake 
volume; but not 
over a range of lake 
dam types. 

Wang et al. 
(2012) 

Himalayas D = 0.087 
A0.434 

V = 0.0354 
A1.3724 

Cited in Muñoz 
et al. (2020). 
D/A R2 = 0.503; V/ 
A R2 = 0.919 

Loriaux and 
Casassa 
(2013) 

Global D = 0.2933 
A0.3324 

V = 0.2933 
A1.3324 

Cited in Muñoz 
et al. (2020). 
V/A R2 = 0.96. 

Cook and 
Quincey 
(2015) 

Global D = 0.1217 
A0.4129 

V = 0.1217 
A1.4129 

Based on the re- 
plot of data 
presented in  
Huggel et al. 
(2002). D/A R2 =

0.38; V/A R2 =

0.91. 
Kapitsa 

et al. 
(2017) 

Kazakhstan D = 0.036 
A0.49 

V = 0.036 
A1.49 

Cited in Munõz 
et al. (2020). 

Muñoz 
et al. 
(2020) 

Cordillera 
Blanca 

d = 0.041 * 
W + 2 

V = A * d Where d is the 
linear regression 
between 
mean lake depth 
and width (Md_Wi 
in Muñoz et al., 
2020); Wis the lake 
width. 

This study Cordillera 
Blanca 

D = 0.38 
A0.394 

V = 0.126 
A1.412 

All lakes: D/A R2 =

0.374; V/A R2 =

0.825. 
D = 0.685 
A0.345 

V = 0.249 
A1.364 

Dammed: D/A R2 

= 0.333; V/A R2 =

0.848. 
D = 0 A3.047 V = 0 A4.65 Embedded: D/A R2 

= 0.964; V/A R2 =

0.98. 
D = 0.004 
A0.765 

V = 0.006 
A1.643 

Unclassified: D/A 
R2 = 0.886; V/A 
R2 = 0.824.  

Table 5 
Estimates of total lake volume for each cordillera based on the scaling exponents 
derived for this study (Fig. 5). Presented here are the volume estimates derived 
from all lakes irrespective of dam type (All lakes), with these data also separated 
by dam type (Dammed lakes, Embedded lakes and Unclassified lakes).  

Cordillera Volume (km3) 

All 
lakes 

Dammed 
lakes 

Embedded 
lakes 

Unclassified 
lakes 

Blanca 0.79 0.44 0.27 0.08 
Huallanca 0.02 0.01 0.01 0.00 
Huagoruncho 0.25 0.13 0.10 0.02 
Huayhuash 0.14 0.12 0.02 0.00 
Raura 0.49 0.19 0.29 0.01 
La Viuda 1.87 1.03 0.84 0.00 
Huaytapallana 0.40 0.20 0.19 0.00 
Central 1.12 0.46 0.60 0.07 
Chonta 0.42 0.00 0.42 0.00 
Urubamba 0.04 0.01 0.03 0.00 
Vilcabamba 0.06 0.02 0.04 0.00 
Vilcanota 5.06 0.43 0.08 4.55 
Carabaya 1.73 0.52 0.45 0.77 
Apolobamba 2.42 0.52 0.24 1.66 
Huanzo 0.02 0.00 0.02 0.00 
Chila 0.02 0.02 0.01  
Ampato 0.02 0.00 0.02 0.00 
Total 14.87 4.09 3.62 7.17  
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cordilleras, ANA covers 19, and Emmer provides an inventory for the 
Cordillera Blanca (Fig. 1). The methods and satellite imagery (see Sup
plementary Information 5 Tables S1 and S2) used to collate these in
ventories differ, which has implications for the applicability of the 
inventories over different time periods as it will depend greatly on the 
availability of similar resolution satellite imagery to understand past 
lake fluctuations. Here, we use consistent methods (Supplementary In
formation 2.1) and data (Landsat missions) in order that the project
GLOP inventory is directly comparable through time (back to 1972). In 
terms of lake numbers, the INAIGEM dataset, which was digitised using 
high resolution satellite images (Supplementary Information 5 
Table S2), has the highest number of recorded lakes (Table 6), whilst the 
ANA inventory consistently records the lowest lake numbers (Table 6) 
despite using a combination of both low (30 m) and high (10 m) reso
lution satellite images (Supplementary Information 5 Table S3). 

The range of lake areas between each inventory is consistent with the 
different methods and satellite imagery used to compile each of the 
different lake inventories (Fig. 7). Lakes in the INAIGEM inventory are 
consistently smaller than the ANA and projectGLOP inventories due to 
the higher resolution imagery being used for lake digitisation; which is 
matched by the higher number of lakes recorded (Table 6). Despite using 
a range of both high- and low-resolution satellite images, the lake areas 
recorded in the ANA inventory are consistently larger than the other 
inventories; further shown by the significant difference between the 
ANA inventory and most other inventories (Table 7). 

Lake elevation was available within the ANA and Emmer inventories. 
Lake elevation distributions for these and the projectGLOP inventory 
were compared using Wilcoxon rank sum tests; elevation was found to 
be significantly different between the three inventories (Fig. 8). Reasons 
for this could include the different methods used to compile the in
ventories, differences in the number of lakes recorded (Table 6) or as a 
result of lakes having changed shape, size, emerged or been drained 

throughout the different time periods covered by each of the inventories. 
Comparisons between these inventories highlight the impact of 

differing methodologies on the mapping of glacial lakes in the same 
area. For the purposes of GLOF hazard assessments, it is important that 
temporal records of glacier lake changes are available, which are cross- 
comparable (e.g. Wilson et al., 2018). We would therefore recommend: 

(1) A clearly defined glacial lake sampling strategy. This needs to be 
based on an appropriate understanding of the glacial history of the re
gion (which we propose based on previous literature; Supplementary 
Information 5 Table S1). It was clear from comparing the inventories 

Fig. 1. Of the 20 Peruvian cordilleras shown, only 17 are currently glaciarised (GLIMS, 2019; La Raya, Volcanica and Barroso are not currently glacierised). For this 
paper, lakes in the unknown regions (i.e. lakes that fall outside of the 20 named cordilleras; n = 309) have been removed from the presented analyses. 

Table 6 
Lake counts for each inventory by cordillera. Data for the ANA, INAIGEM and 
Emmer inventories have been subset from the original data to include only lakes 
which occur within the 3 km buffer (Supplementary Information 2.1.1).  

Cordillera ANA Emmer INIAGEM projectGLOP 

Blanca 385 711 882 803 
Huallanca 28 – 74 69 
Huagoruncho 102 – 206 145 
Huayhuash 72 – 172 129 
Raura 133 – 513 245 
La Viuda 212 – 583 442 
Huaytapallana 192 – 614 373 
Central 266 – 490 509 
Chonta 96 – 127 212 
Urubamba 81 – 241 139 
Vilcabamba 100 – 269 183 
Vilcanota 187 – 1250 490 
Carabaya 366 – 661 590 
Apolobamba 47 – 179 142 
Huanzo 32 – 54 54 
Chila 10 – 19 13 
Ampato 7 – 39 19 
Total 2316 711 6373 4557  
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that the number of glacier lakes included depended on the different 
strategies used; this needs to be consistent to facilitate future glacial lake 
hazard investigations. 

(2) Both the spatial and temporal resolution of the satellite data need 
to facilitate cross-comparability. Ideally, high resolution imagery should 
be used, however, the temporal and spatial coverage of these data are 
limited compared to low resolution imagery, such as Landsat. For 
adequate assessment of changes in lakes through time, individual in
ventories need to represent distinct time stamps. To compile the ANA 
inventory, for example, 10 years of mixed high- and low-resolution data 
were needed to map 19 of the cordilleras (Supplementary Information 5 

Table S3). As such we feel Landsat offers the best option in terms of both 
resolution and longevity, and its applicability can be augmented with 
the use and consultation of high-resolution options available (e.g. within 
Google Earth Engine). 

(3) Lake inventories in high-mountain regions should use a manual 
mapping approach. Our use of NDWI and NDSI highlighted the advan
tages of automated classification methods, as they allow for the rapid 
mapping of large areas. However, these often require extensive and 
time-consuming manual correction due to issues with (e.g.) cloud cover, 
shadow and snow/ice effects (Shugar et al., 2020), with the potential to 
miss lakes altogether. Due to these issues, manual methods continue to 

Fig. 2. Flow chart showing the lake identification and manual digitisation. The bottom inserts (A-F) centre over lake #4822, Cordillera Vilcabamba, to provide an 
example of the Landsat data (A; Supplementary Information 2.1.2), NDSI and NDWI calculations (E; semi-transparent 70% over the Landsat data; Supplementary 
Information 2.1.2 Eq. 1 and 2 respectively). Secondary datasets used for lake identification include the QGIS QuickMapServices plugin (B, C and D) used during lake 
digitisation. Also shown is an example of the digitised lakes (F; Supplementary Information 2.1.3). 
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represent the most accurate and cross-comparable mapping method for 
long-term lake monitoring. Additionally, important metrics (Table 1), 
such as dam type, can only be mapped manually. 

(4) The number of digitisers operating on an inventory should be 

limited and mapping procedures clearly communicated. To address this 
issue, we analysed digitised lakes from a number of different expert 
users for intercomparison, and produced training sites in order to reduce 
errors prior to lake digitisation. Our analysis of this technique 

Fig. 3. Lake area for the 17 glaciated cordilleras as recorded in the projectGLOP lake inventory for (A) all lakes (number of lakes included is detailed to the right of 
the figure); (B) lake contact with existing glaciers (total number of lakes is 145; Table 2 and Table S6); (C) lake dam type (see also Table S7). In all plots the length of 
the boxes (whiskers) encompass 50% (95%) of the data, points denote outliers. 

Fig. 4. Lake elevation for lakes recorded in the projectGLOP inventory for (A) all lakes, with elevation estimates for each cordillera based on a random sample of n =
10,000 points within the 3 km glacier buffer; (B) connectivity to existing glaciers (see also Table 1 and Table S8); (C) lake dam type. The length of the boxes 
(whiskers) encompass 50% (95%) of the data, points denote outliers. 

Fig. 5. Scaling relationships for lakes were derived and applied across the projectGLOP inventory to estimate lake volume using the Guardamino and Drenkhan 
(2016) and ANA bathymetry dataset. In all figures grey bars represent 95% confidence intervals. (A) The relationship between lake depth and area (data were 
available for 31 lakes with a total of 117 measurements made through time). (B) Relationship between lake area and volume (data were available for 56 lakes with 
170 measurements for different time periods). (C) Comparison of the scaling relationships between lake area and lake volume for this study and for other similar 
studies (for specific details of the relationships presented see Table 4). 
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highlighted the need to reduce inconsistencies in mapping between 
users, which is why we recommend that the number of digitisers is 
limited (for further information see Supplementary Information 4 
Fig. S2). 

3.6. Wider implications for glacial lake research 

Our paper produces the most complete inventory to date of glacial 
lakes in the Peruvian glaciated mountains and we have provided a clear 
set of recommendations for the construction of similar glacier lake in
ventories (Section 3.3). This new inventory for Peru represents an 
important step towards a more complete understanding of the GLOF risk 
in Peru. While an assessment of the spatiotemporal GLOF pattern is 
beyond the scope of this paper, unpublished data (Emmer et al., in 
preparation) show that GLOFs only affect a small number of glacial lakes 

in Peru (n = 150 out of 4557 lakes). This is surprising given that Peru is 
seen as a global hotspot for GLOF events (e.g. Harrison et al., 2018), is in 
a region with a considerable record of damaging earthquakes and glacier 
detachment slides, and an area where sub-decadal climate events such as 
ENSO are common. Despite this, the vast majority of the lakes described 
and listed in this inventory have not produced GLOFs. There are several 
hypotheses that could be tested to explain this potential anomaly. First, 
the low number of GLOF-producing lakes may be due to the relatively 
small proportion of glacial lakes in the region dammed by unstable 
moraines (~28%); a consequence of factors driven by climate or debris 
supply. Second, it may also reflect the small percentage (~3%) of lakes 
that are still attached to present glaciers. This might follow from the low 
latitude in which the glaciers have developed, and therefore the strong 
response of glaciers to recent climate change (e.g. Vuille et al., 2008, 
2018; Jomelli et al., 2009). This means that such lakes may still be 

Fig. 6. Lake volume for the 17 glaciated cordilleras calculated from the scaling exponents (V = 0.126 A1.412) derived for all lakes (Fig. 5B and Table 4). Estimated 
lake volume is shown for (A) all lakes; (B) lakes depending on glacial connectivity; (C) lakes by dam type. 

Fig. 7. Across the different inventories, pairwise comparisons using Wilcoxon rank sum tests show a significant difference in lake areas recorded (p-value <0.05 for 
all inventories), although this varies between cordilleras due to low numbers of lakes recorded (see Table 1 and Table 7). 
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unstable and have a higher probability of failure than others; but given 
the small numbers of such lakes it may also suggest that the GLOF peak 
has passed. Third, it may be that glacier-lake systems have evolved in the 
region to be ‘stress-hardened’ to extremes such as ENSO and to earth
quakes; what we are seeing now at the end of the present glacial- 
interglacial cycle is just the remaining lakes that have managed to sur
vive in such an unstable environment. 

Overall, the pattern of few lakes producing GLOFs may therefore 
highlight the likely stability of such systems to external and internal 
perturbations, and it calls into question the assertions from some re
searchers and policymakers that GLOFs will necessarily increase in 
frequency and magnitude in glacial mountains (see Harrison et al., 2018 
for further discussion). 

Finally, we now have the dataset to obtain an enhanced under
standing of how glacier-lake systems evolve under conditions of climate 
change. While the use of such systems provides only an incomplete 
analogue for past deglaciation (the Peruvian Andes are tropical glacier 
systems which therefore provide only limited insight into other glaci
ated mountains which underwent deglaciation) our lake inventory will 

allow us to interrogate the patterns and timing of lake development. 

4. Conclusions 

In this paper we have presented a new glacial lake inventory for Peru 
which details lake distribution, extent and other important metrics, such 
as dam type. This dataset represents the most comprehensive inventory 
currently available for the Peruvian Andes. Covering an observation 
period between 2017 and 2019, the inventory includes 4557 glacier 
lakes distributed across each of the glaciated cordilleras, covering a total 
area of 328.86 km2. Further analysis of these lakes revealed that the 
majority are now detached from current glaciers (97%) and are classi
fied as either embedded (~67%) or (moraine) dammed (~28%) lakes, 
with the remaining 5% falling into the unclassified category. In terms of 
distribution, we found that the largest number of lakes exist in the 
Cordilleras Blanca and Carabaya (representing 18% and 13% of the 
total, respectively), whilst the Cordilleras Vilcanota and Carabaya 
contain the largest lake extent (representing 15% and 14% of the total, 
respectively). Overall, lake number, extent and type were found to vary 
significantly between each cordillera, which likely highlights differing 
topographic settings and glacier responses to recent climatic warming. 
Analysis of lake elevations revealed that the majority of lakes are found 
within a limited elevation range of between ≅ 4500 m asl and ≅ 4800 
m, however, again this was shown to vary between the cordilleras. The 
information provided by this new inventory represents an important 
first step towards a better understanding of current glacial environments 
across the Peruvian Cordilleras. 

Comparisons of the new inventory presented here with existing lake 
inventories available for Peru reveal a number of inconsistencies related 
to differences in the source imagery used and the mapping methodology 
applied. Such differences represent a significant challenge when 
attempting to monitor lake changes through time using different data 
sources. To address this challenge, this paper presents a robust and 
easily reproducible mapping methodology that facilitates the consistent 
recording of glacier lakes for other locations and time periods, using 
freely available satellite imagery (e.g. Landsat). The continual 

Table 7 
The majority of cordilleras in Peru show a significant difference (p-value <0.05) 
in lake area between the different inventories (ANA, INAIGEM, Emmer and 
projectGLOP). There are only four cordilleras (Urubamba, Huanzo, Ampato and 
Chila) where there is no significant difference, possibly due to low lake numbers 
recorded (see also Table 6).  

Urubamba ANA INAIGEM 

INAIGEM <0.01 – 
projectGLOP 0.15 <0.01 
Huanzo ANA INAIGEM 
INAIGEM <0.01 – 
projectGLOP <0.05 0.21 
Ampato ANA INAIGEM 
INAIGEM <0.01 – 
projectGLOP 0.19 <0.01 
Chila ANA INAIGEM 
INAIGEM <0.05 – 
projectGLOP 0.48 0.1  

Fig. 8. The ANA and Emmer inventories both include lake elevation. Lake elevation is significantly different between the different inventories (p-value <0.05).  

J.L. Wood et al.                                                                                                                                                                                                                                 



Global and Planetary Change 204 (2021) 103574

11

monitoring of glacial lakes in a standardised manner is of particular 
importance for the assessment of current and future risks associated with 
glacial hazards, such as GLOFs, which represent a significant socio- 
economic risk in Peru as well as in other mountainous regions globally. 
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