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Introduction: As a vital component within glacier systems, the occurrences of
glacial lake disasters in high mountain regions have progressively emerged as
one of the most destructive natural calamities amid the backdrop of global
warming. The swift advancement of glacial lake identification techniques offers a
pivotal perspective for forecasting and mitigating the perils of glacial lake
outburst disasters.

Methods: To evaluate the thematic evolution, research focal points, and
forthcoming directions within the glacier identification domain, a
comprehensive bibliometric analysis was conducted on glacial lake
identification-related literature from 1991 to 2023 in the Web of Science Core
Collection database.

Results: 1) The United States, the United Kingdom, and China stand as principal
nations propelling the field's advancement. The Chinese Academy of Sciences
demonstrates the highest activity in terms of article publications and
international collaborations. 2) Climate change, compilation of glacial lake
inventories, methodologies for risk assessment, glacial lake outburst floods,
comprehensive disaster management strategies, and hydrodynamic models
constitute the domain'’s research hotspots. It is a typical multidisciplinary field.
3) Persistently high-impact topics over an extended period include "hazard”,
“Late Pleistocene”, “environmental change”, “ice sheet”, and “lake sediments”.
Keywords indicating the present cutting-edge research encompass “inventory”,
“glacial lake outburst flood”, “risk”, “dynamics”, “Tibetan Plateau”, "evolution”, and
"high mountain Asia”.

Discussion: This paper delves into the current status and pivotal concerns of

glacial lake identification techniques, methodologies, and the scale of
identification research themes. Further Research should concentrate on
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avenues like “recognition methods grounded in machine learning and deep
learning”, “multisource data fusion datasets”, “novel algorithms and technologies
adaptable to scale transformation and data expansion”, as well as “enhancing
spatiotemporal data resolution”. This will ultimately enable precise, prolonged,
and multiscalar identification of glacial lakes. his study provides valuable

guidance and reference for future research in the field of glacial lake

identification.

KEYWORDS

glacial lake identification, bibliometric analysis, research focal points, climate change,
remote sensing, GLOF

1 Introduction

As glaciers melt and retreat, the resulting depressed terrains
gradually fill with meltwater, giving rise to glacial lakes. These lakes,
considered one of the most sensitive indicators of global climate
change, are widely distributed in regions featuring extensive glaciers
and active glacial processes, such as the Himalayas, the Andes, and
the Alps (Motschmann et al., 2020; Thompson et al., 2020). Similar
to the predisposing environments and consequences of debris flow
disasters, these areas often possess favorable conditions for glacial
lake formation (Yang et al., 2023a), including low latitudes, high
altitudes, steep slopes, and rugged terrain (Yang et al., 2023b; Allen
et al, 2019). In recent years, with the intensification of global
warming and glacier melting, glacial lakes have become increasingly
prevalent features within natural landscapes.

Glacial lakes primarily derive their water from the meltwater of
surrounding glaciers, often characterized by lower temperatures.
Many glacial lakes form at the moraine margins comprised of ice-
deposited sediments and fragments, potentially containing
suspended sediments that contribute to the unique natural
landscapes of these lakes (Frydrych and Rdzany, 2022). When the
structural integrity of an ice dam weakens or is compromised, ice
dam failure can lead to landslides, debris flows, or even glacial lake
outburst floods (GLOFs) (Pei et al., 2023). Over time, the size,
shape, and water levels of glacial lakes may fluctuate due to local
geological conditions, climate factors, and dynamic changes within
the glacier system (Begam and Sen, 2019). Glacial lakes pose
significant potential hazards, especially when they become
unstable and lead to downstream flooding. The rapid release of a
substantial volume of lake water during such events can have
catastrophic consequences for nearby infrastructure and human
safety (Cook et al, 2018; Emmer et al., 2020). GLOFs typically
involve a complex sequence of processes, including initial triggering
mechanisms, influences and feedback from surrounding terrain and
topography, variations in lake surface or snow cover, dam
overtopping, erosion and sediment deposition along the flood
path, and the spreading of floods or debris flows in the affected
area (Sattar et al, 2021; Sattar et al., 2023). In Nepal’s Kanchenjunga
region, at least six severe GLOF events have occurred historically.
Among these, remote sensing analysis of the Nangama GLOF event
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suggests that approximately 800,000 cubic meters of ice debris and
avalanches might have triggered an outburst of about 11.2 million
cubic meters 1.4 million cubic meters of water. Debris from the
flood formed a moraine-dammed lake called Chheche Pokhari Lake
on the Pabuk Khola River, around 2 kilometers downstream from
the lake (Byers et al., 2020). Statistics show about 80% of GLOF
events are triggered by glacier collapse or rockfall-induced ice
avalanches (Awal et al., 2011). In recent years, human activities
have intensified land resource development, and global warming
has amplified hydrological cycles. As one of the most notable
regions affected by global climate change, glacier-covered areas
are experiencing rapid changes in retreat and melting, an increase
in the frequency of extreme climate events. The frequency of
extreme climate events is increasing. In particular, the frequency
of GLOF outbreaks, the extent of disasters, and the scope of
disasters are on the rise (Yang et al.,, 2022; Domgaard et al., 2023;
Emmer, 2023). Therefore, assessing the historical and future risks
associated with glacial lakes is of paramount importance.
Traditionally, much of the research on GLOF risks has focused
on large glacial lakes and climate change-triggering factors.
However, there remains a gap in understanding mechanisms
related to wave overflow, erosion-induced dam failure, and
empirical data. The spatial and temporal distribution of GLOF
disasters is uneven (Dou et al, 2023). Spatially, due to specific
geological and glaciodynamic conditions, different regions might
exhibit localized hotspots, demonstrating significant spatial
heterogeneity (Yang et al., 2023¢; Dahlquist and West, 2022; Qi
et al., 2022). Temporally, the probability of disaster occurrence
increases during certain seasons or specific climate events, and
interannual variability suggests fluctuations in the frequency of
disasters each year (Taylor et al., 2022; Emmer, 2023). Long-term
trends describe changes in disaster frequency, scale, and timing,
often attributed to climate change and glacier retreats (Ahmed et al.,
2022a; Emmer et al., 2020; Zhao et al., 2022). It’s important to note
that GLOF disasters are sudden and are limited by the lack of
monitoring techniques and incomplete data resources, making it
challenging to directly observe their mechanisms and processes
(Worni et al., 2014; Williams et al., 2022; Ali et al., 2023). This
involves comprehensive analysis of multi-source data across
multiple time and spatial scales, making it difficult to accurately
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identify or predict the location and timing of disaster occurrences
(Hata et al., 2022). In contrast to mudslides and landslide disasters,
the prediction and monitoring of these events typically require
consideration of factors such as rainfall and mountain stability.
Various methods, including experimental research, erosion
monitoring, and numerical simulations, can be employed (Qiu
et al.,, 2022; Wang X. et al, 2022¢; Ma et al, 2023; Yang et al,
2023d; Zhao et al., 2023). On the other hand, the prediction and
monitoring of glacial lakes necessitate a focus on factors such as the
water level of the glacial lake and glacier meltwater volume. These
tasks often rely more on remote sensing technologies and sensor
monitoring methods. In recent years, with the advancement of
remote sensing and Geographic Information Systems (GIS)
techniques, various glacial lake identification methods have been
increasingly applied in identifying glacier lakes. By interpreting and
analyzing remote sensing images, researchers can identify
information about the number, location, morphology, and area of
glacial lakes, aiding in identifying potential risk areas (Begam and
Sen, 2019; Ahmed et al., 2022b). Additionally, GIS technology can
be used to analyze issues related to the spatial distribution, trends,
and potential risks of glacial lakes (Rawat et al., 2023; Ahmed et al,,
2022¢). As a critical component of warning systems, glacial lake
identification techniques have gradually evolved into important
ways of identifying potential risk areas and predicting disaster
situations. They offer scientific support for glacial lake
management, monitoring, ecological conservation, and
biodiversity protection, ultimately safeguarding people living in
potentially risky areas and creating a more stable environment for
sustainable development (Zhou et al., 2023; Wang L. Y. et al., 2022).
Despite the achievements in glacial lake identification, challenges
still exist. Such as the accuracy of remote sensing image
interpretation, long-term monitoring of glacial lake changes, and
the identification and risk assessment of potentially dangerous
glacial lakes (Kaushik et al., 2022; Gao et al., 2023; Zhang
et al., 2023).

Bibliometrics is a crucial method for evaluating the current
status, forefront trends, and developmental trajectories of scientific
research. In the context of glacial lakes, bibliometrics finds
applications primarily in glacier mass balance research
identification and monitoring, evolution of glacial lake outburst
processes, and assessment of disaster risks based on remote sensing
techniques (Liu et al., 2023). Through bibliometric and data
visualization analysis of glacial lake literature related to remote
sensing technology in the Web of Science (WOS) database from
1990 to 2021. China and the United States are major countries in
the application of remote sensing technology to glacial lake
research. The Chinese Academy of Sciences stands out as the
most productive research institution. Current research hotspots

» o«

include keywords such as “Climate change,” “Inventory,” and
“Dynamics” (Yu et al,, 2023). Bibliometric methods have played a
significant role in the overview studies of glacial lake-related fields,
particularly in studies regarding glacier retreat and glacial lake
outbursts. For instance, bibliometric analysis of literature on
GLOFs has helped to identify research characteristics,
geographical distribution, and trends on a global scale (Emmer,

2018). The intrinsic connection between dynamic changes in glacial
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lakes and climate change, as well as natural disasters such as glacial
lake outbursts, have a huge impact on the environment and society.
This makes the study of glacial lakes a hot topic that arouses strong
interest among scientific researchers and society. Despite the
substantial progress made by numerous researchers in this field,
there is still a lack of comprehensive statistics and analysis of the
literature. Therefore, it’s essential to systematically review and
summarize the current state of glacial lake identification research.
This approach will provide a deeper understanding of the
developmental trajectory of this research. At the same time, we
will enhance comprehension of the mechanisms behind glacial lake
outburst disasters and predictive warning technologies, identify
pressing scientific issues, and grasp current research hotspots and
future trends. Such a review study will contribute to guiding and
referencing further research in the field of glacial lake identification.

This study employs a research approach that combines
literature review, knowledge graph analysis, and bibliometrics.
The primary analytical methods utilized include citation analysis,
co-citation analysis, and bibliographic coupling analysis.
Techniques such as clustering analysis, visualization analysis, and
change-point detection analysis are employed. Through these
methods, the study aims to comprehensively analyze the main
achievements, research hotspots, cutting-edge directions, and
future research trends in the field of glacial lake identification
based on authoritative literature data. Diverging from previous
research, this study integrates traditional literature reading
methods with bibliometric visualization analysis (Hengst et al,
20215 Veettil and Kamp, 2021). This integration offers an
objective and systematic overview of research based on glacial
lake identification. Focusing on literature in the field of glacial
lake identification published on the WOS database, the study
summarizes and analyzes research accomplishments over the past
32 years. It specifically emphasizes the application of identification
techniques in the early detection of glacial lake outburst disasters,
extending beyond the realms of GIS and remote sensing technology.
The research objectives encompass: (1) Identifying representative
countries, institutions, and collaboration patterns within the field.
(2) Uncovering valuable information contained in core literature.
(3) Highlighting current research hotspot themes. (4) Revealing
trends in glacial lake identification literature globally, encompassing
the past, present, and future. (5) Summarizing the developmental
trajectory of the field, pointing out shortcomings, challenges, and
frontiers of research. Through the integration of diverse analytical
methods, this study provides a holistic understanding of the glacial
lake identification field, shedding light on its evolution, challenges,
and promising research directions.

2 Data source and methods
2.1 Research methodology

This research is based on the fundamental theories of
bibliometrics. It utilizes a literature knowledge graph generated

from a sample of literature, employing quantitative statistics, co-
occurrence analysis, and visualization methods. The objective is to
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reveal the progress and hot topics in the field of glacial lake
identification-related research and predict future research trends
and focal points. For quantitative analysis of data, various software
tools were used, including VOSviewer (version 1.6.19, Centre for
Science and Technology Studies, Leiden University), CiteSpace
(6.1.R6 Advanced), Pajek (version 2008), and Origin, among
others. Using VOSviewer and CiteSpace, all essential functions
required for literature data visualization were realized. These tools
offer powerful capabilities in terms of literature data statistics, co-
occurrence word clouds, network clustering, density analysis, and
interactive relationships, along with efficient graphical user
interfaces (Zhang et al., 2022a). Through different algorithms for
standardization, mapping, and clustering, the study constructs and
visualizes keyword cluster analyses of glacial lake identification,
relationships among countries’ publications, as well as co-
occurrence analyses in the field. This generates interactive
visualizations of the structural and temporal patterns and trends
in the scientific field, allowing for a comprehensive overview of the
glacial lake identification domain. This approach enables
researchers to closely and widely track the development of the
field, discern prominent shifts in knowledge, and identify focal
topics (Li et al., 2022a). The analysis in this paper includes various
aspects: (1) Research progress and hot directions across different
periods and countries. (2) Clustering of collaborative relationships
among countries and institutions. (3) Evolution of thematic paths.
(4) Co-occurrence clustering of keywords. (5) Keyword emergence
graphs, among others.

2.2 Data sources

We employed the Web of Science Core Collection (WOSCC)
database for literature retrieval and data collection to obtain a
sample of literature related to the field of glacial lake identification.
WOS is one of the earliest and most widely used databases globally,
renowned for its reputable and widely recognized literature data,
along with its rich literature organization and statistical features
(Liu, 2019; Singh et al., 2021). Precisely defining the search formula
is a key prerequisite for successfully collecting sample literature
data. We used the following search formula to filter relevant
literature: (TS = (Glacial Lake) and TS = (Identify) or TS
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(Glacial Lake) and TS = (Identification) or (TS = (Glacier Lake)
and TS = (Identify) or TS = (Glacier Lake) and (Identification)). The
retrieval date was May 20, 2023, resulting in 2,143 relevant
documents. After refining the data by literature type, we retained
three types of articles: research papers, conference papers
(meetings), and review papers. Subsequently, we exported the
data in plain text format. Using the built-in deduplication and
merging functions in the CiteSpace software, we further processed
the data by removing duplicates and eliminating literature unrelated
to the main topic terms. This resulted in a final dataset of 2,121
sample documents relevant to the topic of glacial lake identification.

3 Bibliometric analysis

3.1 Analysis of publication quantity, citation
count, and journal distribution

Global annual publication counts can directly reflect the
research activity and scientific development trends in a particular
academic field (Wang et al., 2021). By utilizing the citation analysis
report from the WOS, we can gather key data indicators for
analyzing the development of the glacial lake identification
research domain. According to the provided citation analysis
report: There are 46,472 citing documents, reduced to 45,296
after excluding self-citations; the total citations count is 66,326,
reduced to 62,537 after excluding self-citations; the average citations
per paper is 31.27, and the h-index is 105. Considering that data for
the year 2023 is incomplete, it’s not included in Figure 1. To gain a
comprehensive understanding of the glacial lake identification
research field, a slice analysis of retrieval data from 1991 to 2022
was performed with a time interval of 1 year. This analysis reflects
the patterns of both the total number of articles (TP) and annual
article impact (H) changing over time (where H represents the
number of citations received by the most cited article in a year,
reflecting its influence) (Mansur et al., 2021). Figures 1, 2 illustrate
the global volume of publications and their citation
impact, respectively.

During the period from 1991 to 2023, despite fluctuations in the
number of published papers related to glacial lake identification (n
2121) in certain years, the overall trend of global publication

Number of citations

Fitted Y of number of citations

O Cumulaitve number of citations.

Fitted Y of cumulaitve number of citations

- 60000

- 45000

00 p = 0.0586x° - 2341237 + 234018x

R?=10.9797

2005

4 30000

Number of citations

- 15000

Cumulaitve number of citations

190 1995 2000 2010 2015 2020

Year

Temporal variation in the number of published literature and citations on glacial lakes from 1991 to 2022. (A) Quantity of published literature.

(B) Citation count. Curves represent exponential fits based on the data

Frontiers in Ecology and Evolution

04

frontiersin.org


https://doi.org/10.3389/fevo.2023.1296111
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Liu et al.

FIGURE 2

10.3389/fevo.2023.1296111

Number of publications

< 600
@ 200

cluster

Q1
o2

3
o4

Publication quantity classified by country or region and its collaborative relationships.

volume and citation count has been on the rise (Figure 2). The
quantity of publications and citations is mainly concentrated after
1998, with the highest number of articles published after 2013,
showing the most significant growth. Through statistical analysis, it
was found that the total number of published articles in the 9 years
after 2014 is approximately 1.4 times that of the 23 years before
2014. This suggests that research in this field has garnered
widespread attention from the academic community in recent
years, which might also reflect the severity of GLOF risks. The
citation impact of articles in the field of glacial lake hazards has
exhibited an exponential growth trend since 2000. This indicates, on
one hand, that new technologies like remote sensing, GIS, and deep
learning have provided more data sources and analytical tools for
glacial lake identification research (Lu et al., 2020; Sawi et al., 2022).
On the other hand, in recent years, topics such as the interaction
between glacial lakes and climate change, glacial lake water
resources management, and glacial lake-related disasters have
increased in frequency. Disaster early warning, glacial lake change
monitoring and evolution mechanism, glacial lake flood and
outburst risk assessment, glacial lake and ecological environment
impact, glacial lake disaster prevention and risk management
urgently need to carry out in-depth and detailed research
(Mulsow et al., 2015; Viani et al., 2022).

From 1991 to 2023, the number of cited papers in glacial lake
identification research has shown two significant leaps. Based on the
growth trends of publications and their citations, the publication
history in this field can be divided into three phases. The first phase
(1991-1997) was constrained by limited remote sensing technology
and data accessibility, focusing on preliminary exploration
primarily in specific glacier regions and types of glacial lakes
(Knox, 1996). The second phase (1998-2013) witnessed noticeable
progress compared to the first phase, with a steady increase in
annual publications and citations. During this phase, a focus was
placed on processing multi-source remote sensing data, improving
feature extraction algorithms, establishing diverse datasets, and
monitoring glacial lake evolution and trends (McKillop and
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Clague, 2007; Bolch et al., 2011; Wang et al, 2012). The third
phase (2014 to present) saw rapid developments in numerical
models and machine learning. The number of publications and
citations increased from 103 and 3,163 in 2014 to 168 and 7,838 in
2022, respectively. As of May 20, 2023, the publication count and
citation count for the year 2023 are 54 and 3,467, respectively.
Additionally, the rate of citation growth has outpaced the growth of
publications, indicating a significant lag effect and the increasing
interest of researchers in the glacial lake identification field over the
past three decades. This can be attributed to interdisciplinary
technology integration and application, the launch of more
satellites, the establishment of hydrological models, faster
computing platforms, and more accurate artificial intelligence
models. It provides abundant high-precision, large-scale data
support for glacial lake identification research (Thakur et al,
2016; Motschmann et al., 2020). Furthermore, international peer
communication and knowledge sharing have played a crucial role in
the rapid advancement of research in this field (as discussed further
below) (Zdorovennova et al., 2021).

Academic journals are essential platforms for the public
dissemination of research findings and serve as crucial channels
for researchers to gain new knowledge, theories, and discoveries in
specific fields or topics (Bondi and Cacchiani, 2021). Research
outcomes in the field of glacial lake identification are distributed
across 621 different journals, with 344 of them having published
only one paper each. The relevant information for the top 10
journals in terms of publication count is provided in Table 1.
Upon analysis, it becomes evident that most of these journals
belong to the category of Earth Sciences, covering various
disciplines such as natural sciences, environmental sciences, and
paleobiology. These journals encompass fields including disaster
science, geography, remote sensing, and environmental science,
demonstrating the diversity and interdisciplinary nature of glacial
lake research topics. From Table 1, it can be observed that the 5-year
impact factors of the top 10 journals range from 2.1 to 5.6, showing
a significant span. However, the number of high-impact factor
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TABLE 1 Top 10 academic journals by quantity of published literature in WOS.

No. Country/Region Journal Title 5-year impact factor Number Proportion Hindex
1 England Quaternary Science Reviews 4.5 178 8.39 164
2 Denmark Boreas 22 84 3.96 67
3 England Quaternary International 23 73 3.44 93
4 Netherlands Geomorphology 4.2 69 3.25 136

Palaeogeography
5 Netherlands Palaeoclimatology 3.0 63 297 134
Palaeoecology
6 England Journal of Quaternary Science 2.5 58 2.73 86
7 Netherlands Journal of Paleolimnology 2.1 56 2.64 76
8 United States Quaternary Research 24 39 1.83 104
9 Switzerland Frontiers in Earth Science 3.3 34 1.60 30
10 Switzerland Remote Sensing 5.6 34 1.60 81

5-year impact factor data is sourced from the 2022 edition of the journal citation reports. No. = Number.

journals is relatively small, indicating that there is a scarcity of high-  countries hold a leading position in glacial lake
quality articles in the field of glacial lake identification research. The  identification research.

quality of papers varies, and there is a need to further enhance the

overall research quality. Over 32 years, the journal “Quaternary

science reviews” has published the highest number of papers (178), 3.2 Analysis of cou ntry/ region and

followed by “Boreas” (84), “Quaternary international” (73), and institutional relationships

“Geomorphology” (69). “Quaternary science reviews” is recognized

as one of the most authoritative and academically influential This study aims to provide a comprehensive overview of the
journals in the field of earth sciences. It has a high 5-year impact  publication status of countries or regions that rank highly in terms
factor and H-index. Although “Frontiers in earth science” has a  of the number of published articles, revealing the distribution of the
high publication count and impact factor, its relatively low H-index  global glacial lake identification field. The paper quantity from the
suggests that there is still room for improvement in terms of top 10 ranked countries is summarized (Figure 2 and Table 2),
academic influence for the papers it publishes. When considering  encompassing all countries mentioned in the literature. The spatial
the locations of journal publishers, the top 10 journals are all based  distribution of literature publication reflects the academic research
in developed countries. Among them, three are based in the United  activity level within a particular field for countries or regions,
Kingdom and the Netherlands, indicating that these developed  offering insights into regional strengths, and influence, as well as

TABLE 2 Top 10 countries by quantity of published literature on glacial lake identification and relevant data.

\[e} Country/Region Continent Link AC APY
1 USA N. America 24 ‘
2 England Europe 24
3 China Asia 24
4 Canada N. America 24
5 Germany Europe 24 -
6 Switzerland Europe 24 2013.78
7 France Europe 22
8 Russia Asia 20
9 Australia Oceania 21
10 Norway Europe 22 2014.79

TLS, Total Link Strength; NP, Number of Publications; PR, Publication Ratio; AC, Average Citations per article; APY, Average Publication Year. The color temperature from warm to cold
respectively represents the strength to weakness of the corresponding country’s data in this category.
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international exchange and collaboration. The collaboration
network graph (Figure 2) displays the level of cooperation among
countries, with the thickness of connections reflecting the frequency
of collaboration—thicker lines signify closer cooperation. Over 100
countries or regions have published papers related to glacial
lake identification.

From Figure 2, it can be observed that the United States engages
in the most frequent international collaboration, followed closely by
the United Kingdom, Germany, France, and China. China
maintains significant exchanges with countries like the United
States, Canada, Australia, and Japan. Sweden, Norway, Belgium,
France, the Netherlands, and Germany also exhibit close
collaboration. The combined publication count of the top ten
countries is 2,727 papers, accounting for 128.57% of the global
total, the top 5 countries collectively contribute to 99.67%. Despite
variations in publication volume among different countries, it
reflects wide attention from researchers across multiple nations to
the field of glacial lake identification. This underscores the vital role
of international collaboration in advancing this field’s academic
progress, with global cooperation and exchanges exerting a positive
influence. In terms of publication count by country, the United
States holds a leading position in the global glacial lake
identification field. According to statistics from the WOSCC
database, the United States has published a total of 649 articles,
constituting 30.60% of the overall total (2,121 articles), the United
Kingdom has published 510 articles, China has published 406
articles, Canada has published 283 articles, and Germany has
published 266 articles. Considering citation counts, the United
States has accumulated a total of 20,677 citations, averaging 38.94
citations per paper, the United Kingdom has 20,241 citations,
averaging 41.82 citations per paper, China has 10,174 citations,
averaging 25.06 citations per paper, Canada has 21,758
citations, averaging 29.39 citations per paper, and Germany has
9,142 citations, averaging 34.37 citations per paper. Notably,
China’s average publication year is 2017, in stark contrast to
other countries whose average publication years fall around 2013.

10.3389/fevo.2023.1296111

This indicates China’s rapid increase in attention to this field in
recent years, suggesting a potential ongoing growth in scientific
influence. Among the top 10 countries for article publication, only
China and Russia are developing countries, with relatively lower
average citation rates per article. In summary, research in the glacial
lake identification field centers around the United States, the United
Kingdom, and China, with significantly higher publication
quantities and citation counts compared to other countries. This
highlights their substantial contributions in the research domain,
potentially linked to their advantages in education, research
investment, and technological innovation. Other developed
nations also play important roles in the field, while developing
countries complement these efforts, making crucial contributions to
progress through their strengths in science, technology, talent
cultivation, and socio-economic development.

Inter-institutional collaboration relationships provide insights
and evaluations of collaboration patterns, effectiveness, and
innovation capabilities among institutions, serving as references
and guidance for the development of institutional partnerships. We
considered the clarity of the institutional collaboration network
diagram, setting a minimum publication threshold of 20 to select
and focus on active and influential institutions within the research
domain. Figure 3 illustrates the collaboration network diagram of
these institutions. Based on calculations from VOSviewer software,
the Chinese Academy of Sciences has collaborated with other
institutions to publish the most articles in glacial lake
identification research (154 papers). It is followed by the
University of Chinese Academy of Sciences (52 papers), Russian
Academy of Sciences (48 papers), University of Bergen (48 papers),
and United States Geological Survey (42 papers)—these 5
institutions have the highest publication volume. In terms of
citation counts, the Chinese Academy of Sciences has the highest
number of citations in the WOS, totaling 5,369. It is followed by the
University of Zurich (1,966 citations), University of Sheffield (1,785
citations), US Geological Survey (1,700 citations), and University of
Colorado (1,640 citations). Looking at the total link strength, the
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top 5 institutions are the Chinese Academy of Sciences (115), the
University of Chinese Academy of Sciences (62), the University of
Bern (42), the University of Oxford (39), and University of
Colorado (38). It’s evident that the Chinese Academy of Sciences
not only leads in terms of article publications but also possesses an
extensive collaborative network in international peer relationships
(highest total link strength). The Chinese Academy of Sciences, the
University of Chinese Academy of Sciences, and the University of
Colorado serve as key institutions in the glacial lake identification
field, playing significant roles in research within the domain. It’s
worth noting that although institutions like the Russian Academy of
Sciences, the University of Copenhagen, and the Australian
National University demonstrate impressive research
achievements, cross-national or cross-regional institutional
collaboration appears relatively low. Therefore, enhancing
knowledge sharing, collaboration, resource sharing,
complementarity, and expanding the impact and sustainability of
research are aspects that require strengthening in the future
international cooperation within the glacial lake identification field.

10.3389/fevo.2023.1296111

3.3 Analysis of research hotspots
based on co-citation

Literature co-citation clustering analysis is a method of
literature analysis aimed at identifying and analyzing groups of
literature that share similar citation patterns and citation networks.
Using the co-citation network analysis method, a total of 33 clusters
were identified in the field of glacial lake identification. This study
primarily focuses on the 4 most representative clusters among these
33, as illustrated in Figure 4. Modularity Q and silhouette values
represent the quality of the clustering results. In this study, the
network modularity (Q=0.9006) is greater than 0.3, and the
silhouette value (0.9618) is greater than 0.7. This indicates that
the co-citation clusters exhibit characteristics of large clusters and
that the performance of the network clustering is favorable (Chen,
2006). The study primarily delves into the top 4 major clusters.
Tables 3, 4 provide information about these clusters, including
silhouette, size, representative terms, and exemplary literature.
Based on the clustering analysis, the top 4 clusters are as follows:
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TABLE 3 Documentation of co-citation knowledge graph.

Cluster ! . . Representative
Silhouette | Size Clusters Representative Terms P
ID Documents
f: s h s iologi 1
#0 0.943 68 debris-covered glaciers surface ponds; hazard assessment; glaciological natura 2011 (Benn et al., 2012)
hazards
lacial lak t laci tion floods; glof h: ; i ickness glaci )
“ 0917 56 glacial lake outburs glacier eruption floods; glo .azard ice thickness glacier 2019 (King et al., 2018)
flood velocity
#2 0.996 52 climate Last Glacial Maximun; glacial geomorphologys 2010 (Barrell et al., 2013)
Switzerland
P 0.982 9 glacial lake lake mapping; Eastern HirTlalayas; hydrodynamic 2014 (Cook and —Quincey,
modeling 2015)
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TABLE 4 Top 5 highly cited references in the top 4 categories.

10.3389/fevo.2023.1296111

Cluster o
D Source Citation = Reference
Bolch et al.,
#0 The State and Fate of Himalayan Glaciers Science 1,418 ( 02:;1 ;) :
e Response of debris-covered glaciers in the Mount Everest region to recent warming, and Earth-Science 302 (Benn et al,,
implications for outburst flood hazards Reviews 2012)
- Contrasted evolution of glacial lakes along the Hindu Kush Himalaya mountain range between Global and o (Gardelle et al.,
1990 and 2009 Planetary Change 2011)
o6 Glacial lakes in the Indian Himalayas - From an area-wide glacial lake inventory to on-site and = Science of the Total @ (Worni et al.,
modeling based risk assessment of critical glacial lakes Environment 2013)
An integrated socio-environmental framework for glacier hazard management and climate L (Carey et al.,
#0 X . Climatic Change 150
change adaptation: lessons from Lake 513, Cordillera Blanca, Peru 2012)
Nature Climat Shugar et al.,
#1 Rapid worldwide growth of glacial lakes since 1990 ature Himate 173 (Shugar ct a
Change 2020)
Cook et al.,
#1 Glacial lake outburst floods as drivers of fluvial erosion in the Himalaya Science 165 ( 020012) :
. . . i Nature Climate
#1 Unchanged frequency of moraine-dammed glacial lake outburst floods in the Himalaya Change 103 (Veh et al,, 2019)
An inventory of historical glacial lake outburst floods in the Himalayas based on remote .
#1 . ) . . Geomorphology 102 (Nie et al., 2018)
sensing observations and geomorphological analysis
Earth Syst Wang et al.,
#1 Glacial lake inventory of high-mountain Asia in 1990 and 2018 derived from Landsat images a' ystem 82 (Wang et a
Science Data 2020)
Clark et al.,
#2 The Last Glacial Maximum Science 2,318 (ke
2009)
\(
#2 Methods and code for ‘classical’ age-modeling of radiocarbon sequences Quaternary 1,673 (Blaauw, 2010)
Geochronology
t Sci Ivy-Ochs et al.,
#2 Latest Pleistocene and Holocene glacier variations in the European Alps Qua ernax"y clence 344 (Ivy-Ochs et a
Reviews 2009)
. Synchronisation of palaeoenvironmental records over the last 60,000 years, and an extended Quaternary Science 2l (Blockley et al.,
INTIMATE(1) event stratigraphy to 48,000 b2k Reviews 2012)
o Rapid climatic changes and resilient vegetation during the Lateglacial and Holocene in a Global and 16 (Aranbarri et al.,
continental region of south-western Europe Planetary Change 2014)
Global and Carrivick and
#3 A global assessment of the societal impacts of glacier outburst floods oba an 279 (Carrivick an
Planetary Change Tweed, 2016)
. An inventory of glacial lakes in the Third Pole region and their changes in response to global Global and P (Zhang et al.,
warming Planetary Change 2015)
. . Lo Quaternary Science (Carrivick and
# P lakes: ch: , beh: 1 22
3 roglacial lakes: character, behavior and geological importance —— 6 Tweed, 2013)
. A regional-scale assessment of Himalayan glacial lake changes using satellite observations from Remot.e Sensing of 7l (Nie et al, 2017)
1990 to 2015 Environment
o Inventory and recently increasing GLOF éusceptibility of glacial lakes in Sikkim, Eastern Geomorphology 7 (Aggarwal et al,,
Himalaya 2017)

Different clusters are distinguished by colors.

Cluster #0 - Debris-Covered Glaciers, Cluster #1 - Glacial Lake
QOutburst Floods, Cluster #2 - Climate, and Cluster #3 -
Glacial Lakes.

As shown in Figure 4, the most prominent cluster topic is #0
“Debris-Covered Glaciers”. This cluster comprises 68 articles with
an average publication year of 2011 and a Silhouette value of 0.943.
The cluster theme is related to the formation of glacial lakes. The
most representative article within this cluster is “response of debris-
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covered glaciers in the Mount Everest region to recent warming and
implications for outburst flood hazards”. This article highlights that
climate warming may intensify the melting of debris-covered
glaciers in the Everest region, potentially leading to severe GLOF
disasters (Benn et al., 2012). The main thematic terms within this
cluster include “surface ponds”, “hazard assessment”, and
“glaciological natural hazards”. “Surface ponds” refer to surface
water bodies on debris-covered glaciers, playing a critical role in the
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field of glacial lake identification. These ponds are a result of
accumulated meltwater on the debris-covered ice surface and
significantly impact glacier dynamics, such as melt rates and the
formation of surface water pools (Miles et al, 2017). “Hazard
assessment” and “glaciological natural hazards” emphasize the
natural disasters related to glacier dynamics, particularly in cases
where the glacier surface is covered with debris. These natural
hazards encompass a variety of phenomena, including glacier floods
and ice avalanches. In such contexts, conducting hazard
assessments is a crucial step in eval-uating the likelihood of global
glacier meltwater disasters. Understanding the hazards posed by
debris-covered glaciers is essential for assessing risks associated
with glacial lakes and implementing disaster mitigation strategies
(Ye et al, 2022). Within this cluster, the themes of important
articles predominantly cover the impacts of global warming on the
current state and prospects of glaciers in the Himalayan region,
compiling comprehensive inventories of glacial lakes and risk
assessment methods, as well as integrated strategies for managing
glacial lake disasters (Bolch et al., 2012; Lesi et al., 2022; Viani et al.,
2022; Rinzin et al., 2023; Singh et al., 2023).

The second major cluster topic is #1 “Glacial Lake Outburst
Flood” with 56 articles. The average publication year is 2019, and
the silhouette value is 0.917. This cluster emphasizes an
understanding of GLOF disasters. The key thematic terms within
this cluster include “glacier eruption floods”, “GLOF hazard”, and
“ice thickness glacier velocity”. This underscores that GLOF
disasters are frequently discussed topics in the field of glacial lake
identification. In this cluster, considerable attention is given to the
frequency and severity of glacial lake outburst events, especially
detailed studies concerning factors driving erosion and scouring
along their paths. Scholars employ techniques like remote sensing
interpretation and historical record analysis to study the frequency
and severity of GLOFs (Shan et al., 2021; Domgaard et al., 2023).
This analysis helps identify regions prone to frequent global climate
change-induced occurrences, assess potential hazards of GLOFs to
human communities, infrastructure, and the environment, and
identify environmentally vulnerable areas. This, in turn,
prioritizes monitoring, disaster prevention, and mitigation efforts
in these regions for decision-makers and stakeholders. Additionally,
some researchers explore the significant role of erosion in the
formation and evolution of glacier lakes. They study various
erosion processes, including glacial erosion, water flow scouring,
and sediment transport (Tomczyk and Ewertowski, 2021).
Furthermore, certain scholars investigate variables such as glacial
lake flow velocity, glacier morphology, and potential topographic
conditions to determine how these driving factors impact the
formation and expansion of glacial lakes (Wang W. C. et al,
2022). These studies provide crucial insights into understanding
the mechanisms and influencing factors of GLOF disasters in
greater depth.

The third major cluster topic is #2 “Climate,” comprising 52
articles. The average publication year for this cluster is 2010, and its
silhouette value is 0.996. The main thematic terms within this

» o«

cluster include “Last Glacial Maximum?”, “glacial geomorphology”,
and “Switzerland.” This indicates that climate change as a

significant driving factor for glacial lake formation is frequently
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mentioned in the field of glacial lake identification, particularly
when exploring sensitive areas highly influenced by climate. Some
scholars conduct research on glacial lakes within their study areas at
long-term climate scales, including interannual and decadal scales
(Morriss et al., 2013; Harrison et al, 2019). Research findings
suggest that rising temperatures and changes in precipitation
patterns contribute to glacier retreat and glacier meltwater,
providing a water source for glacial lakes and resulting in changes
in glacial lake dynamics (Allen et al., 2016; Gao et al., 2023). Certain
researchers simulate future climate scenarios to assess potential
impacts on glacial lakes (Allen et al., 2022). These studies offer
insights into understanding how glacial lakes respond to climate
change. Future research will likely focus on quantifying the effects of
these interactions on glacial lake formation, development, and
outburst. This cluster highlights the importance of investigating
how climate change influences glacial lake dynamics and how
glacial lakes respond to changing climate conditions. Such
research is crucial for understanding the broader implications of
climate change on glacial landscapes and associated hazards.

The fourth major cluster topic is #3 “Glacial Lake”
encompassing 49 articles. The average publication year for this
cluster is 2014, and its silhouette value is 0.982. The key thematic
terms within this cluster include “lake mapping”, “Eastern
Himalayas”, and “hydrodynamic modeling”. This cluster
emphasizes the significance of glacial lake monitoring, remote
sensing, and hydrological modeling as crucial technical
approaches in the field of glacial lake identification. This is
particularly notable for specific regions like the Eastern
Himalayas. In terms of lake mapping, some researchers employ
techniques such as satellite imagery, aerial photography, and LIDAR
scanning to identify and delineate glacial lakes (Dhote et al., 2022).
They analyze the spectral and spatial characteristics of these lakes to
distinguish their natural features from other bodies of water. Lake
mapping studies also focus on detecting and monitoring temporal
changes in glacier lakes. By comparing historical imagery with
current data, researchers track fluctuations in lake area, volume,
and extent (Kellerer-Pirklbauer et al., 2021). This information aids
in understanding how glacial lakes respond to climate change,
glacier dynamics, and other environmental factors. Furthermore,
some scholars have developed comprehensive databases for glacial
lakes, including their locations, areas, and other relevant
information. These inventories serve as valuable resources for
monitoring changes, assessing hazards, and managing glacier
lakes (Shugar et al., 2020). In the cluster with the theme
“hydrodynamic modeling” mathematical models are primarily
applied to simulate and understand the hydrodynamic behavior
of glacial lakes. Research in this area includes model development
and validation, assessment of lake stability and potential hazards,
and predictions of future changes in glacial lake behavior. The focus
is on the physical processes and dynamics of glacial lakes, such as
water flow, sediment transport, and lake level fluctuations. This
cluster underscores the importance of employing advanced
techniques like remote sensing and mathematical modeling to
comprehensively study glacial lakes’ physical characteristics,
behavior, and responses to changing environmental conditions
(Sattar et al., 2021; Duan et al., 2023).
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3.4 Scientific classification

The WOSCC database categorizes papers from various journals
precisely and integrates them based on specific scientific fields. This
categorization assists researchers in gaining in-depth insights into
the unique contributions of various subfields within a specific
research area, aiding academic assessment, research orientation,
and identifying collaboration opportunities. By mapping these
scientific categories onto the comprehensive dataset of glacial lake
identification literature, a more targeted and comprehensive
research perspective is provided to analyze the subfields and
research hotspots involved in this research domain. To reveal the
disciplinary characteristics of the research field more visually, this
study has created an overlay map of the research domain (Figure 5)
based on the Global Science Map, which is derived from the
summarized literature data of the WOS database (Leydesdorff
et al,, 2013; Leydesdorff et al., 2019).

The collection divides all WOS research fields into 5 clusters: #1
Biology & Medicine, #2 Chemistry & Physics, #3 Ecology and
Environmental Science & Technology, #4 Engineering &
Mathematics, and #5 Psychology & Social Sciences. According to
these results, the majority of literature on glacial lake identification
research falls under the “Chemistry & Physics” scientific field

»

(cluster #2). Within this, the “spectroscopy” scientific category
stands out, indicating the pivotal role spectroscopic techniques
play in glacial lake identification and research. Spectroscopic
techniques, predominantly employed in remote sensing and
satellite image analysis, play a critical role in accurately
identifying and monitoring glacial lakes. By studying unique
spectral features like glacial lakes and shape and texture features,
researchers can differentiate glacial lakes from other substances.
This wide application of spectroscopy enables large-scale detection
and mapping of glacial lakes, providing valuable data for
inventorying and monitoring (He et al., 2021). Spectroscopy is
also crucial for assessing the temporal evolution of glacier lakes,
including expansion or retreat, causes of GLOFs, climate change
impacts, and potential hazards. These pieces of information are vital
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for an in-depth understanding of dynamic changes within glacial
systems (Ahmed et al., 2022b; Kumar et al., 2021). In this scientific
field, the second most significant scientific category is “green &
sustainable science & technology” which plays a vital role in glacial
lake identification through various technological applications. One
important application is powering glacial lake monitoring systems
using renewable energy sources. By utilizing solar energy and other
renewables, researchers can reduce carbon emissions and ensure
continuous monitoring of glacial lakes without relying on fossil
fuels. Furthermore, green and sustainable technologies aid in
comprehending the environmental impacts of GLOFs and the
role of climate change. Through sustainable monitoring
techniques, researchers have been able to gather data on global
warming and its consequences, such as downstream flooding and
infrastructure damage, providing support for risk mitigation
strategies related to GLOFs (Viani et al., 2022). Moreover, green
and sustainable technologies underscore the importance of
preserving glacier ecosystems and their biodiversity (Viani et al,
2020). With sustainable methods, researchers can minimize
disturbances to these fragile ecosystems, promoting long-term
protection and conservation of glacial lakes.

The second most prominent scientific field is “Ecology and
Environmental Science & Technology” (cluster #3). Within this
field, the most representative scientific categories are
“environmental sciences” and “ecology” which have important
applications in glacial lake identification. One significant
application is the study of the physical and chemical
characteristics of glacial lakes. Researchers analyze factors such as
water temperature, pH, and sediment composition to understand
the characteristics of the glacial lake itself and its surrounding
environment. This information aids in identifying and categorizing
different types of glacial lakes, allowing for the assessment of their
vulnerability to climate change (Qu et al., 2022; Steffen et al., 2022).
This understanding of the interaction between glacial lakes and
their environment contributes to the scientific basis for protecting
and managing these fragile ecosystems. Another application of
environmental science in glacial lake identification is the study of
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glacial lake dynamics. Researchers utilize hydrological models and
field measurements to explore the processes of glacial lake
formation, expansion, and retreat. These applications are crucial
for predicting the future changes in glacial lakes and their potential
impacts on downstream communities’ safety, ecology, and economy
(Ogier et al., 2021).

The third most active scientific field is “Engineering &
Mathematics” (cluster #4), with the most representative scientific
categories being “computer science, interdisciplinary applications”
and “engineering, multidisciplinary”. Computer science has
multiple important applications in glacial lake identification. One
primary application is remote sensing and image processing
techniques. Computer scientists develop algorithms and models
to analyze satellite images and aerial photographs of glacial lakes,
determining and mapping features such as their location, size,
shape, and depth (Li et al., 2022b). Furthermore, GIS play a
crucial role in glacial lake identification within the realm of
computer science. Researchers use GIS software to integrate and
analyze various spatial data, such as topographic maps, elevation
models, and hydrological data (Viani et al, 2016). This helps
understand the spatial relationships between glacial lakes and
their surrounding environment, as well as predict potential risks
of GLOFs. Another important application of computer science in
glacial lake identification is the development of automated and
efficient recognition methods. Leveraging machine learning and
artificial intelligence technologies, researchers have been able to
train algorithms to identify and classify glacial lakes from large
datasets. This significantly enhances the speed and accuracy of
glacial lake identification, thereby improving the monitoring and
management of these dynamic environments (Bazilova and Kéib,
2022). Additionally, computer science plays a critical role in the
development of decision support systems for glacial lake
management. By integrating diverse data sources and utilizing
modeling techniques, valuable insights and technical support are
provided for glacial lake management decisions, aiming to mitigate
risks associated with GLOFs and climate change (Rinzin et al,
2023). Glacial lake identification research exhibits typical
interdisciplinary characteristics. Through the integration of
various scientific categories such as environmental science,
computer science, geology, hydrology, and climatology,
researchers can gain a more comprehensive understanding of
glacial lakes and their dynamics. This multidisciplinary approach
highlights the complex interactions and feedback mechanisms
between glacial lakes and their surrounding environment. By
considering factors such as climate change, glacier dynamics,
hydrological processes, and human activities, researchers can
better comprehend the driving factors and impacts of glacial lake
formation and changes (Prakash and Nagarajan, 2018). Moreover,
interdisciplinary approaches aid in the development of early
warning systems for GLOFs and decision support tools,
contributing to the improved management and protection of
these fragile ecosystems (Gu et al., 2023).

The fourth most active scientific field is “Biology & Medicine”
(cluster #1), with a significant and representative scientific category
being “mathematical & computational biology”. The application of
mathematical and computational biology in this field includes: (1)
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Quantitative modeling of glacial lake dynamics: Mathematical
modeling is employed to describe the physical, chemical, and
biological processes that control the formation, growth, and decay
of glacial lakes. These models integrate various parameters such as
glacier melting rates, precipitation, and temperature (Lencioni,
2018; Ogier et al., 2021). (2) Species distribution models:
Computational biology techniques are used to establish species
distribution models for biological entities within glacial lakes.
These models are built based on environmental and ecological
data, predicting the spatial distribution and potential habitat
suitability for different species within glacial lake ecosystems
(Medeiros et al., 2022). By simulating the response of biological
communities and habitats to changing environmental conditions,
these models help predict the impact of climate change on glacial
lake ecosystems. This aids in assessing potential changes in species
ranges and ecological disruptions, enabling the development of
effective strategies for the protection and management of glacial
lake ecosystems. It also facilitates the identification of priority
conservation areas within glacial lake ecosystems, allowing
targeted conservation efforts to maintain crucial habitats and
species. The application of mathematical and computational
biology enhances our understanding of the complex interactions
between glacial lakes and their biological components, and it
contributes to informed decision-making for the conservation and
sustainable management of these unique ecosystems.

In our study, we have discovered that the field of “Psychology &
Social Sciences” (cluster #5) exhibits the lowest level of activity
among scientific domains. All the scientific categories within this
field have fewer than 70 documents each, with “social sciences,
interdisciplinary” (62 documents), “social issues” (57 documents),
and “environmental studies” (53 documents) being the most
significant ones.

3.5 Analysis of phased research
trends and frontiers

By employing the clustering analysis technique within the
CiteSpace software, researchers can visually depict the
evolutionary process of various research topics over different
periods, thereby unveiling research hotspots and future trends in
the field’s development (Abbas et al., 2018). In this study, we
harnessed CiteSpace’s distinctive functionalities, namely Timeline
and Burstness, to process the foundational data of the literature.
The time range was set from 1991 to 2023, with a time slice length of
1, enabling the detection of burst keywords within each time slice.

The research outcomes are presented in Figures 6, 7. Figure 6
illustrates ten timelines, while Figure 7 showcases 25 keywords, with
high-frequency keywords predominantly appearing before 2010.
The forefront of glacier lake identification research manifests
significantly in three distinct research stages, each characterized
as follows.

(1) The period from 1991 to 2010 marked the primary stage of
research in the field of glacier lake identification. Emerging
keywords during this phase include “Canada”, “British

Columbia”, “age”, “record”, “Younger Dryas”, “island”,

frontiersin.org


https://doi.org/10.3389/fevo.2023.1296111
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Liu et al.

1991 1995

2000

2010

10.3389/fevo.2023.1296111

2015 2020 2023

#0 hazard
#1 late pleistocene

#2 subglacial lakes

#3 environmental change
#4 ice sheet

#5 lake sediments

FIGURE 6

#6 outburst flood
#7 water

O e © @ #8 climate change

7@ o
g

N

@+ #9glacial lakes

Visual timeline clustering of research topic evolution from 1991 to 2023. Curves indicate literature citation relationships, with warmer colors
indicating closer research time frames. Larger keyword clusters signify research hotspots for a specific period.

»

“Antarctica”, “vegetation history”, “Lake Vostok”, and “calibration”.
Additionally, high-frequency keywords associated with this period
encompass “climate change”, “Last Glacial Maximum”, “lake
sediment”, “environmental change”, and “ice sheet” among
others. The timeline chart and burst keywords of this period
exhibit a substantial number of terms, indicating a strong
academic interest in the glacier lake identification domain and the
emergence of numerous new research concepts. The research
direction is relatively diverse, encompassing a wide range of

scientific inquiries, warranting continuous and profound

attention. The primary research themes during this phase pertain
to glacial lake formation and evolution, exploration, and research of
paleoclimate and paleoenvironment, and lake sediment analysis
(Bajracharya and Mool, 2009; Corbett and Munroe, 2010; Sionneau
et al., 2010).

(2) The period from 2011 to 2018 witnessed the emergence of
keywords such as “catastrophic drainage”; “Pleistocene”, “glacial
lake”, “subglacial lake”, “flood”, “stream”, “volume”, and
“conservation”. High-frequency keywords closely related to this
era also encompassed “hazard”, “glacial geomorphology”, and

Top 25 Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin End 1991 - 2023
canada 1998 71998 2008
british columbia 1998 5931998 2015
age 1998 4.891998 2003
record 1996 5431999 2008
younger drya 2000 6.24 2000 2005
island 2000 4.72000 2009
antarctica 2001 5412001 2011
vegetation history 2002 6.852002 2005 L —————
lake vostok 2003 6.332003 2009 I —
calibration 1999 5142007 2012
catastrophic drainage 2008 8.172011 2018 —
pleistocene 2001 5592014 2016
glacial lake 2013 6.932016 2020 . —
subglacial lake 2016 5592016 2018 e
flood 2011 4912016 2017 e
stream 2017 8362017 2020 —
volume 2017 4.77 2017 2020 —
conservation 2018 4.86 2018 2019 PR
inventory 2006  11.452019 2023 —
glacial lake outburst flood 2016 5412020 2023 —
risk 2020 4.852020 2023 —
dynamics 2006 4.77 2020 2023 —
tibetan plateau 2014 947 2021 2023 ——
evolution 2007 5.93 2021 2023 —
high mountain asia 2021 5352021 2023 fa—
FIGURE 7
Keywords burst analysis from 1991 to 2023.
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“mass balance” among others. Building upon the foundation of
1991 to 2010, this stage led to the emergence of several new specific
research directions within the GLOF domain, contributing to the
enrichment and further development of glacier lake identification
research. The primary research themes during this phase
encompass glacial lake hazards and risk assessment and glacial
lake dynamics. The theme of glacial lake hazards and risk
assessment primarily involves the evaluation of potential risks
associated with glacial lake disasters, as well as the development
of warning systems and disaster management strategies (Petrakov
et al,, 2012; Aggarwal et al., 2016). On the other hand, the glacial
lake dynamics theme focuses on the study of glacier lake volume
and dynamics, involving keywords such as “volume”, “glacial
geomorphology”, and “mass balance”. This research content
encompasses measurements and monitoring of glacier lakes,
along with investigations into the mechanisms underlying
interactions between glacier lakes and factors such as climate and
topography (Li and Sheng, 2012; Emmer et al,, 2015).

(3) The period from 2019 to 2023 brought forth keywords such
as “inventory”, “glacial lake outburst flood”, “risk”, “dynamics”,
“Tibetan Plateau”, “evolution”, and “high mountain Asia”.
Concurrently, high-frequency keywords included “Himalaya”,
“moraine dammed lake”, “evolution”, “permafrost”, and
“precipitation” among others. During this phase, the glacier lake
identification research domain exhibited a rapid increase in annual
publications, entering a phase of heightened research activity.
Various research branches gradually evolved into more specific
directions, yet fewer new research directions emerged. Instead,
researchers focused on in-depth investigations building upon the
foundation of the preceding phase. Notable research themes in the
hotspot literature included the drawing of inventories for lakes in
the Qinghai-Tibet Plateau using remote sensing techniques, GLOF
risk assessment, precipitation variation and its impact on glacial
lake response, and the evolution of glacial lakes in high mountain
Asia (Allen et al., 2019; Dwivedi et al., 2022; Zhang et al., 2022b;
Compagno et al., 2022).

4 Discussion

4.1 Current research themes
and further research

In recent years, the field of glacier lake identification has made
significant progress, yet it still faces a range of critical technical
challenges. These challenges encompass limitations in spectral
resolution, objective factors related to climate change, interference
from shadows and ice, as well as constraints on the accuracy of
automated algorithms. These factors restrict the depth and breadth
of research and also impede the accuracy and applicability of
relevant applications (Wangchuk et al., 2019; Hao et al., 2023). In
the domain of glacier lake identification, accurate identification of
glacier lakes holds extensive academic and practical value in
reducing the environmental impact of these lakes. Therefore, this
study delves into two research themes—identification techniques
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and methods, and identification scales—providing insight into the
future directions of glacier lake identification research.

(1) In the realm of glacier lake identification techniques and
methods, significant strides have been made, giving rise to various
remote sensing technologies, GIS, and machine learning approaches
(Kaushik et al., 2022; Wangchuk et al., 2022). These include feature
extraction and classification methods based on synthetic aperture
radar (SAR) and satellite multispectral data, as well as applications
of deep learning models. These methods not only accurately identify
the spatial distribution of glacier lakes but also distinguish between
different types of glacier lakes, allowing researchers to determine the
morphology of glacier lakes with unprecedented precision. This
offers an effective means for studying glacier lake characteristics.
However, despite these advancements, challenges persist. One of the
most crucial challenges is the environmental complexity of glacial
lakes. Factors like distinct topographic features, spectral differences
due to regional water forms, and the transient nature of glacier lakes
introduce complexities that existing algorithms struggle to address.
This complexity results in potential ambiguities in satellite-derived
datasets (Jiang et al., 2023). For instance, small and shallow glacier
lakes are often obscured by surrounding vegetation or debris,
posing a considerable obstacle. Additionally, while higher-
resolution datasets enhance the accuracy of lake identification,
they are also susceptible to increased noise, necessitating more
intricate processing algorithms to extract accurate information.
Existing models and algorithms still simplify the intricate
interactions between glacier lakes and their surroundings to a
certain extent. To achieve more accurate assessment results,
further integration of multidisciplinary data from ecology,
meteorology, geology, and more is needed to account for the
complex interactions (Emmer and Curin, 2021). Lastly, while
many existing models excel in identifying glacier lakes in specific
geographical locations or under certain conditions, their
applicability across different times and spaces remains a
challenge. Investigating the applicability and scalability of these
models requires deeper research to ensure their utility across diverse
temporal and spatial contexts.

Drawing upon the comprehensive overview presented earlier,
we proffer 5 pivotal research topics to steer the trajectory of future
glacier lake identification research. To begin, in light of the
burgeoning influx and diversification of remote sensing data,
researchers must prioritize the advancement of more potent,
adaptable, and efficient algorithms. In forthcoming investigations,
precedence should be granted to the development of adaptive
algorithms capable of dynamic adjustments based on the
distinctive characteristics of diverse study areas. Such an
approach would markedly enhance the accuracy of models across
varying terrains and conditions. Moreover, the exploration of
advanced algorithms rooted in machine learning and deep
learning offers a propitious avenue to seamlessly identify and
further refine glacier lake features within intricate backdrops.
Mustratively, Convolutional Neural Networks (CNNs) hold the
promise to discern nuanced spectral differentials through
meticulous training. Secondly, cognizant of the intricate tapestry
characterizing glacier lake regions, it becomes apparent that reliance
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on a solitary data source might prove inadequate to satiate the
exigencies of accurate identification. Prospective inquiries could
envisage the assimilation of data originating from optical, Synthetic
Aperture Radar (SAR), and even on-site sensors, coalescing into an
amalgamated multi-source data fusion dataset. This dataset, by
amalgamating diverse streams of data, engenders a holistic image of
the glacier lake landscape. Thirdly, the establishment of a systematic
approach to trace the dynamic trajectory of glacier lake’s evolution
assumes paramount significance. Such a methodological construct
facilitates a comprehensive analysis of the evolution of glacier lakes,
their latent perils, and the broader repercussions associated with
climate fluctuations. Fourthly, the construction of integrative
models, harnessing the unique strengths of each constituent
model, offers a prudent stratagem to counterbalance the inherent
limitations of individual models. Collaborative algorithms across
models present the promise of engendering outcomes of heightened
applicability, thereby impelling the ubiquity of glacier lake
assessment models across a global expanse. Concludingly,
notwithstanding the vantage point proffered by remote sensing
techniques, the role of field research remains indispensable in the
schema of validation and calibration. Future research endeavors
should, in particular, be attuned to the exigency of on-site
measurements, employing tools such as unmanned aerial vehicles
or unmanned boats for the procurement of on-site data. This
pivotal validation of remote sensing outcomes bolsters the
credence of glacier lake identification.

(2) Concerning the issue of glacier lake identification scales,
researchers have explored various scales, encompassing the
microscale (such as glacier lake morphology and internal
structure), mesoscale (such as geomorphic features of glacier
lakes), and macroscale (such as regional distribution of glacier
lakes), to delve into the complexity of glacier lake systems
(Dahlquist and West, 2022; Li et al., 2022¢; Zhang et al., 2022c).
Nevertheless, despite headway being made, several outstanding
challenges persist. Firstly, the challenge of data matching and
fusion across disparate scales remains pivotal. How to organically
integrate microscale glacier lake features with the macroscale spatial
distribution poses a question that necessitates further inquiry.
Secondly, scale conversion and data extrapolation stand as pivotal
technical challenges. The translation of microscale data into
analyses on a larger scale, as well as effective scale expansion
when data is limited, demands comprehensive exploration.
Moreover, the potential incongruities across various data sources
and interpretations introduce complexity into comparative analyses
and global assessments. Factors such as spatial resolution, the
diverse geomorphic features of glacial environments, and the
manifold physical attributes of glacier lakes themselves,
collectively compound the difficulty in interpreting data.

Based on the preceding synthesis, we posit three pivotal
research topics for the next phase. Firstly, the development and
adoption of a unified standard framework assume paramount
significance. Pioneering novel algorithms and techniques
applicable to scale conversion and data extrapolation is
indispensable to enhancing the precision and reliability of data
translation across disparate scales. Such an endeavor would
engender a standardized perspective for the observation, analysis,
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and comparison of glacier lakes, thereby ensuring the congruence of
research outcomes. Secondly, concomitant with the escalating
demand for heightened glacier lake identification accuracy, the
requisition for data of elevated spatial resolution is concurrently
mounting. Strategic investment and integration of these monitoring
tools will contribute to refining the spectrum of identification scales
and bolstering accuracy. Thirdly, cross-scale data fusion constitutes
the linchpin in resolving the quandary of multi-scale glacier lake
identification. Effectively amalgamating microscale and macroscale
data through cross-scale data fusion empowers a more
comprehensive apprehension of the complexity underpinning
glacier lake systems. Such an approach holds the potential to
furnish a more precise depiction and analysis of glacier lake
changes by holistically integrating data across scales.

4.2 Limitations of the research

Against the backdrop of accelerated glacier retreat and
intensified global warming, the identification and study of glacier
lakes geomorphic features characterized by rapid change and
pivotal environmental significance have assumed an increasingly
urgent tenor. In such a context, bibliometrics emerges as a potent
tool to assess the development of literature and research trends,
furnishing invaluable insights for the glacier lake identification
domain. Admittedly, the bibliometric approach employed in this
study is not devoid of limitations. By unveiling these limitations, we
can more accurately appraise the current research landscape within
glacier lake identification and glean valuable insights to inform the
design and methodologies of future research endeavors.

(1) We acknowledge that the utilization of WOSCC in this
study, while a widely employed literature repository with abundant
scholarly information, may still fall short in comprehensively
encompassing all publications within the glacier lake
identification domain. This could result in our analysis not fully
encapsulating important literature from other databases or non-
academic channels, such as CNKI and Scopus databases, thereby
raising concerns about data incompleteness. Additionally, specific
types of literature like books, doctoral theses, and patents, among
others, might not be entirely incorporated in these databases,
potentially influencing our grasp of the field’s entirety. Such gaps
may emanate from the chosen literature search strategies and a
subset of studies confined to English-language publications.
Furthermore, errors or omissions could potentially arise during
data retrieval and indexing processes within the WOS. Despite
deploying well-formulated strategies for data retrieval and indexing
using the WOS, we cannot guarantee the accurate classification and
indexing of all relevant literature. Moreover, it is pertinent to
recognize that the WOS primarily encompasses literature in the
natural sciences, which could introduce a certain degree of bias in
the glacier lake identification field, especially in interdisciplinary
studies. This might lead to a partial interpretation of research within
the glacier lake identification domain due to the potential omission
of research from diverse disciplines.

(2) The analysis of countries and institutions carries inherent
limitations. The countries and institutions contributing to the
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glacier lake identification field indicate that the United States, the
United Kingdom, and China have the highest publication and
citation counts, with each producing over 300 papers. From the
perspective of the threat posed by glacial lake hazards, scientists
from New Zealand and the UK have emphasized the significant
challenges that global socio-economics faces due to GLOFs.
Notably, in the high mountain Asia region alone, approximately
one million people reside within a 10-kilometer radius of glacial
lakes. The Himalayan region in Asia (including countries like India,
Pakistan, and China) and the Andes region in South America
(encompassing Peru and Bolivia) face even greater threats (Taylor
et al., 2023). Regarding international collaboration, for instance,
collaboration between the United States, the United Kingdom, and
China has shown deeper engagement, primarily spanning Europe,
North America, and East Asia. However, the level of international
collaboration among South American and South Asian nations
remains relatively low, exemplified by countries such as India,
Pakistan, Peru, and Bolivia. This phenomenon underscores the
close connection between research activities in the glacier lake
identification field and the economic capabilities of each country.
Developed nations, owing to their resource and technological
advantages, are more inclined to invest in specialized fields like
glacier lake identification within the realm of scientific research. On
the other hand, developing countries may allocate resources to
more pressing issues. In light of these considerations, it is essential
to recognize that the aforementioned analysis, while informative,
should be interpreted with the understanding that the distribution
of research activities is influenced by complex economic and
regional dynamics.

(3) There are certain limitations to the co-citation analysis
employed in this study. Co-citation clustering, as a quantitative
analytical tool, holds significant advantages in revealing citation
relationships and trends in research fields. However, it is important
to acknowledge the following challenges: Firstly, co-citation
clustering heavily relies on citation relationships between
documents, but these relationships may not always accurately
reflect the actual knowledge structure within the research field.
Citation relationships can be influenced by various factors such as
citation practices and the evolution of citation networks.
Consequently, this method may suffer from citation bias,
potentially affecting the accuracy and reliability of clustering
outcomes. Secondly, co-citation clustering primarily utilizes
citation data for analysis, often overlooking the semantic content
of the documents. This oversight could lead to the erroneous
aggregation of documents from different topics or research areas
due to citation relationships, resulting in misleading clustering
results. Furthermore, the co-citation clustering method typically
neglects the temporal factor’s impact on citation relationships.
Research fields evolve and develop over time, yet this method
may not fully account for the dynamic changes in citation
relationships across different periods. As a result, the method
might provide an incomplete understanding of research trends
and evolution. In conclusion, while co-citation analysis offers
valuable insights, its limitations highlight the need for a
comprehensive approach that integrates multiple analytical
methods to obtain a more accurate and nuanced perspective on
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the development and trends within the glacier lake
identification field.

5 Conclusions

This study leveraged the strengths of software tools such as
VOSviewer 1.6.19 and CiteSpace 6.1.R6 to employ bibliometric and
quantitative analysis methods. Focusing on glacier lake
identification as the research theme, an in-depth visual analysis
was conducted on 2,121 publications from the WOSCC database
spanning the years 1991 to 2023. This analysis encompassed
research progress and trends across different periods, national
collaboration networks, thematic evolution pathways, and more,
providing a comprehensive overview of the field’s developmental
trajectory, shortcomings, and prospective research directions.
Several significant research findings were derived from
this investigation.

(1) Regarding the annual distribution of publications and
citation counts, both indicators exhibit a clear trend of rapid
growth, signaling the increasing scholarly attention toward the
field of glacier lake identification. From a national or regional
perspective, the involvement of countries, journals, and
institutional affiliations in the glacier lake identification domain is
predominantly concentrated in Europe and North America.
Notably, the United States, the United Kingdom, and China stand
at the forefront in terms of publication volume, citation impact, and
international collaboration efforts.

(2) Literature co-citation analysis focuses on the citation
relationships between documents, serving as a means to assess
and analyze the influence, significance, and collaborative networks
of research literature within the academic community. Research
findings indicate that significant clusters of research topics in the
glacier lake identification domain include “debris-covered glaciers”,
“glacial lake outburst flood”, “climate”, and “glacial lake”. Based on
the analysis of the most frequently co-cited documents, research
hotspots in the field encompass climate change, compilation of
glacier lake inventories, methodologies for risk assessment, GLOFs,
strategies for comprehensive disaster management, and
hydrodynamic modeling. Notably, Switzerland and the Eastern
Himalayas emerged as prominent focal areas in the realm of
glacier lake identification.

(3) A detailed analysis of scientific categories and thematic
clusters unveils the diversity and interdisciplinary nature of the
glacier lake identification domain. Research in this field spans
multiple scientific categories, primarily stemming from
“Chemistry & Physics” and “Ecology and Environmental Science
& Technology.” Noteworthy specific disciplines encompassed are

» «

“spectroscopy”, “environmental sciences”, “ecology,” “computer
science, interdisciplinary applications”, “engineering,
multidisciplinary”, and “mathematical & computational biology”.

(4) The analysis of keyword timelines and burst terms has
unveiled the developmental trajectory of the glacier lake
identification field over the past 32 years. Themes such as

» o«

“hazard”, “Late Pleistocene”,

»

environmental change”, “ice sheet”,

and “lake sediments” have sustained heightened interest over an
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extended temporal span. The evolution of research themes can be
distinctly categorized into three phases: Firstly, during the period
from 1991 to 2010, which marks the nascent stage of glacier lake
identification research, numerous novel concepts emerged.
Research orientations exhibited a degree of dispersion,
accompanied by a prevalence of scientific queries warranting
long-term investigation. Key emergent terms encompassed
“Canada”, “record”, “Younger Drya”, “vegetation history”, “Lake
Vostok”, and “calibration” among others. Research themes centered
on “glacial lake formation and evolution”, “exploration and
research of paleoclimate and paleoenvironment”, and “lake
sediment analysis”. Secondly, spanning from 2011 to 2018, this
phase witnessed a deeper enrichment and expansion of the glacier
lake identification domain. Bursting keywords included
“catastrophic drainage”, “Pleistocene”, “glacial lake”, “subglacial
lake”, “flood”, “stream”, “volume”, and “conservation”. Research
themes predominantly encompassed “glacial lake hazards and risk
assessment” as well as “glacial lake dynamics”. Thirdly, the phase
from 2019 to the present has seen the glacier lake identification field
assume a progressively specialized trajectory, with a rapid escalation
in annual publications and citations. Eminent keywords during this
period comprise “inventory”, “glacial lake outburst flood”, “risk”,

»

“dynamics”, “Tibetan Plateau”, “evolution”, and “high mountain

» o«

Asia”. Noteworthy appearances also include “Himalaya”, “moraine

» o«

dammed lake”, “evolution”, “permafrost”, and “precipitation”. The
focal literature gravitates toward research avenues such as “utilizing
remote sensing techniques for the compilation of Qinghai-Tibet
Plateau lake inventories”, “glacial lake outburst flood risk”,
“precipitation variation and glacial lake response”, and “evolution
of glacial lakes in high mountain Asia”.

(5) Building upon the synthesis of preceding research
accomplishments, further exploration into the challenges inherent
in glacier lake identification methodologies and techniques, as well
as the dimensionality of recognition scales, has been undertaken.
This endeavor is then complemented by a prospective delineation of
forthcoming research trajectories within the glacier lake
identification domain. Noteworthy among these trajectories are
the “recognition methods based on machine learning and deep
learning”, the “integration of multi-source data fusion datasets”, the
“emergence of novel algorithms and techniques tailored for scale
transformation and data expansion”, alongside the “advancement of
remote sensing technologies with elevated spatial resolution”.
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