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Melanie Fischer
On behalf of all co-authors



Reply to Referee #1 (RC1)

General comment #1:
The authors present interesting results, some of which are novel in a sense that
contradict assumptions of previous GLOF hazard assessment studies (e.g. the
assumption that fast-growing lakes are more susceptible to GLOF), but this is
only one part of the story (so far pretty much model-oriented) in my opinion. If the
overall aim is enhanced identification of potential future GLOF sites or so,
stronger linkages of investigated GLOF indicators to physical processes behind
as well as (at least brief) characterization of documented GLOFs (in terms of
triggers, mechanisms) are missing. For instance, how (process-wise) is the EDW,
glacier-mass balance or lake (catchment) area linked to documented GLOF?
What are triggers of historic GLOFs considered in this study? In fact, I'd expect
this to be taken into consideration in the very first step — selection and justification
of GLOF indicators.

We appreciate the reviewer's comment and elaborated in detail the choice of our predictors in
a new table (now Table 2). We rewrote large parts of Section 2.1 to make clear how we
selected each predictor. For example, we note that:

- “Larger and growing lakes offer more area for impacts from mass flows such as avalanches,
rockfalls, and landslides originating from adjacent valley slopes (Haeberli et al., 2017).” (L123-
124);

- “A larger upstream catchment area has been associated with an increased susceptibility to
GLOFs as more runoff from intense precipitation, together with glacier and snow melt, can lead
to sudden increases in lake volume (Allen et al., 2019; GAPHAZ, 2017).“ (L126-128);

- “These readily available data on regional glacier-mass balances are proxies for other, less
accessible, physical controls on GLOF susceptibility such as glacial meltwater input, either
directly from the parent glacier or from glaciers upstream, as well as permafrost decay in slopes
fringing the lake.” (L133-136);

- “Meteorological drivers entered previous qualitative GLOF hazard appraisals mostly as (the
probability of) extreme monsoonal precipitation events: the Kedarnath GLOF disaster, for
example, was triggered by intense surface runoff (Huggel et al., 2004; Prakash and Nagarajan,
2017). Heavy rainfall may also trigger landslides or debris flows from adjacent hillslopes
followed by displacement waves that overtop moraine dams (Huggel et al., 2004; Prakash and
Nagarajan, 2017). Elevated lake levels during the monsoon season also raise the hydrostatic
pressure acting onto moraine dams (Richardson and Reynolds, 2000). Furthermore, different
precipitation regimes and climatic preconditions may also influence moraine dam failure
mechanics (Wang et al., 2012).” (L137-143)

Background information on triggers is scant or conjectural for most GLOFs in our study region.
We now offer a more thorough discussion on possible triggers: “The triggering mechanism of
these studied GLOFs is reported in only seven cases, four of which are attributed to ice
avalanches entering the lake (e.g. Tam Pokhari, Nepal or Kongyangmi La Tsho, India; Ives et
al., 2010; Nie et al., 2018). Other triggers of the GLOFs studied here include piping (Yindapu
Co, China; Nie et al., 2018) and the collapse of an ice-cored moraine (Luggye Tsho, Bhutan;
Fujita et al., 2008).“ (L157-160). Please also see our response to general comment #2 in this
regard.

Contrary to the reviewer’s notion, the goal of our study is not to “identify potential future GLOF
sites or so”. Our goal is to explore possible predictors of historic GLOFs. We had stressed
this issue in the original Abstract: “We use a comprehensive inventory of 3,390 moraine-



dammed lakes and their documented outburst history in the past four decades to test whether
elevation, lake area and its rate of change, glacier-mass balance, and monsoonality are useful
inputs to a probabilistic classification model” (L13-15 of orig. manuscript); and: “We find that
mostly larger lakes have been more prone to GLOFs in the past four decades, regardless of
elevation band in which they occurred®(L17-18 of orig. manuscript), and in many other locations
in the manuscript.

General comment #2:
It would be interesting at least discuss how many of documented GLOFs were
actually triggered by processes associated with investigated GLOF indicators?
This is briefly touched in the introduction (L36-39) or study area section (L108),
but I'm convinced that bit deeper and more comprehensive elaboration (e.g. a
separate discussion section) would be beneficial for readers. Another example -
on L244-245 it is mentioned that ‘greater lakes are more likely to having had a
GLOF ...". I wonder what do primary data say about this — what proportion of
these 31 GLOF-producing lakes would be classified as large at the time of GLOF
and what this proportion is in the population of 3,390 moraine-dammed lakes?
And in the other way around - can a specific combination of values of GLOF
indicators infer about possible (likely) GLOF trigger and mechanism (if not
known)?

The reviewer may acknowledge that the link between mechanistic processes, choice of
statistical predictors, and the occurrence of GLOFs invites some interpretation. If we had
sufficient data to run adequately parameterised process-based, numerical models on past
GLOFs, we could go beyond the outputs of statistical models of outburst susceptibility. Our
motivation, however, is to choose predictors as proxies instead of physical parameters in a
deterministic model. Each of these proxies subsumes various physical processes that might
be relevant to producing GLOFs (now further stressed in our new Table 2 in L147 and in the
additions we made to Section 2.1 in L123-143). How well these proxies can describe the
presence or absence of a GLOF is what our probabilistic models predict. These models learn
from the data directly and inform us about the suitability of our predictors to hindcast historic
GLOFs. By design, the outputs are probabilities and less so physical triggers or mechanisms.
This probabilistic approach forms a cornerstone in modern hazard and risk analyses.

In this context, we are unsure what the reviewer means by “primary data”. Our model learns
from all the data as stated in the Methods section. We also note that the role of lake area in
our model is that of a continuous predictor and not that of a response variable, as the reviewer
seems to suspect. The model summarises how the susceptibility to GLOFs changes with lake
area rather than vice versa.

General comment #3:
Let me also critically comment on some of the selected GLOF susceptibility
indicators (in general, I'm convinced it would be useful presenting these
indicators in a separate table with more detailed and comprehensive description
than stated in the overview Tab. 1, and in places of the text):

We appreciate this suggestion and split Table 1 into two new tables: Table 2 (L147) now
provides more detail on, and motivation for, our selected predictors.

Lake area change: I'm awatre this indicator is always tricky to define and employ;
according to what is written on L134-135, two intervals are used for lake are
change (1990-2005 and 2005-2018); considering GLOFs occurring throughout
the period 1981-2017, it means than these intervals may be pre-GLOF, post-



GLOF or the GLOF occurred somewhen during one of these intervals — please
comment on how this inconsistency was treated and whether it can explain that
no link was observed between lake area change and the occurrence of GLOF.

The data on lake-area changes are not yet resolved on an annual basis for our study area, so
that we had to resort to changes averaged over longer periods. However, we used our
forecasting model to test whether changes in lake size between two observation periods had
a credible effect on PeLor. Here we explored the weight of relative changes in lake area
between 1990 and 2005 to estimate the probability of observing GLOFs that happened in the
subsequent period 2005-2018. In other words, we trained the model on GLOF data that pre-
date the testing data, and thus offer a realistic and rigorous prediction and validation scenario.
We reported in our original manuscript, that “The weight of relative lake-area change in the 15
years before is ambiguous (Ba- = —0.04*976/067) [...]" (L245-246 of orig. manuscript) and that “In
the forecasting model, however, the influence of lake-area change remains negligible even for
<50% HDIs.” (L350 of orig. manuscript). This indicates with 95% probability that relative lake-
area change before the outburst is an inconclusive predictor. To further stress this result, we
added the following sentences in the Discussion: “However, in the forecasting model, in which
we tested whether differing data observation periods have any credible effects, the influence
of lake-area change remains negligible even for <50% HDIs. We thus conclude that relative
lake-area change before outburst is an inconclusive predictor. This result contradicts the
assumptions made in many previous studies that argued that rapidly growing lakes are the
most prone to sudden outburst (Aggarwal et al., 2016; Bolch et al., 2011; lves et al., 2010;
Mergili and Schneider, 2011; Prakash and Nagarajan, 2017; Rounce et al., 2016; Wang et al.,
2012).” (L382-387).

Glacier mass balance: similarly to my comment on lake area change - how can
2000-2016 glacier mass balance be used to explain GLOFs occurring throughout
the period 1981-2017? These characteristics (mass balance as well as lake area
change) are dynamic in nature and I’'m wondering how can a static information
from available datasets possibly blur a GLOF signal, especially for pre-2000
GLOFs?

The problem of limited data for lake-area changes is even more pronounced for glacier-mass
balances in our study area. Again, the data averaged from 2000 to 2016 are among the few
regionally consistent data sets that we considered as input for our model. The underlying
assumption is that the regional regime of prevalent glacier melting from 2000 to 2016 largely
follows a trend dating back to the late 1980s. This is in line with the review of Bolch et al. (2019)
who summarized that “glaciers [in High Mountain Asia] have thinned, retreated, and lost mass
since the 1970s, except for parts of the Karakoram, eastern Pamir, and western Kunlun® (p.
211).

To answer the reviewer’s question of “[...] how can a static information from available
datasets possibly blur a GLOF signal, especially for pre-2000 GLOFs?”, we curtailed our
glacier-mass balance model only to those lakes that had documented outbursts after 2000,
and hence that overlap with the study period of Brun et al. (2017). Table R1 shows the output
from this model:

Table R1: Posterior model parameter estimates for the glacier-mass balance model trained on a post-2000 GLOF
subset.

Model parameter Estimate Estimation Lower 95% CI Upper 95% ClI
error boundary boundary

Ozr -7.32 1.36 -10.40 -5.02

[gA*b (2005 10 2018) -0.62 0.29 -1.19 -0.06

Bc 0.88 0.22 0.44 1.32

Yr -2.87 3.00 -9.64 2.13




[ 0.48 0.42 0.02 1.53
O; 1.11 0.72 0.08 2.88

We find that:
e The parameter estimates at the population level changed only minutely: the weight of
catchment area (Bc) remains credibly positive and that of lake-area change from 2005
to 2018 (,-») remains credibly negative.

e At the group level, the standard deviation of intercepts of our grouping variable
elevation (o) is also similar to our previous results.

e Posterior estimates of o, the standard deviation of group level intercepts of glacier-
mass balance regions, increase from 0.811%/_ 75 to 1.11*77/_; o3, though with much
overlap. This further underlines our finding that the glacier-mass balance in a given
region credibly affects Pgior.

We now highlight these findings in our results: “On the basis of higher standard deviations, we
learn that effects of glaciological regions vary more than those of elevation bands (or =
0.81"1%%_4 75 and o, = 0.48"11%/_4 47). When training this model on a subset of glacial lakes with
documented GLOFs that happened after 2000 (i.e. including only those in the interval covered
by glacier-mass balance data), posterior estimates of o; increase to 1.11*%77/_; o3, further
underlining our result that glacier-mass balance credibly affects PeLor.” (L304-308).

Monsoonality: using climate indicators in GLOF research is promising, but
proportion of summer precipitation doesn’t tell you about the extremity; for
instance, the proportion will be lower in areas where extreme rainfalls occur in
summer, but also some precipitation in winter, but will be super-high in generally
dry areas with some precipitation during the summer and no precipitation in
winter. But process-wise, the first area will have much higher potential to trigger
GLOF in my opinion.

We are unsure about whether the reviewer offers an opinion here or whether their statement
is supported by data. Our analysis shows that the proportion of summer precipitation is highest
in areas with strong monsoonal influence (Fig. 1). We are unaware of any GLOFs that have
been reported in winter. For example, ice cover on lakes and freezing moraine dams have
been thought to make glacier lakes resilient against outbursts, even during strong seismic
shaking (Kargel et al., 2015). Most of the heavy rainstorms are tied to the South Asian summer
monsoon, and some reported GLOFs were triggered by such storms (Allen et al., 2016; Liu et
al., 2014). The drier areas of our study area usually receive higher amounts of precipitation
during winter via westerlies (Bolch et al., 2012; Bookhagen and Burbank, 2010), so we think
that monsoonality remains a useful predictor and did not change our manuscript in this regard.

Detail comment #1:
L11: yes, the approach is quantitative, but selection of GLOF indicators in this
study is also expert judgement-based as the authors are GLOF experts

We rephrased this sentence to “Estimating regional susceptibility of glacial lakes has largely
relied on qualitative assessments by experts, thus motivating a more systematic and
quantitative appraisal.” (L10-12).

Detail comment #2:
L34: see also Cook et al., 2018, Science



We thank the reviewer for suggesting this useful reference, which we added to our
manuscript (L35).

Detail comment #3:
L36-37: this needs deeper elaboration in relation to selected GLOF susceptibility
indicators (see also my general comment)

We refer the reviewer to our reply on General Comment #3.

Detail comment #4:
L103: | suggest to use ‘GLOF susceptibility indicators’ instead of ‘diagnostics of
GLOF potential’ or ‘diagnostics of GLOF hazard’ (L125); similarly, ‘controls’ and
‘predictors’ are used throughout the manuscript, please define a difference or

unify

We decided to now consistently use the term “predictor”, in line with the common terminology
in the statistics literature. Our use of “diagnostic” is also appropriate, as the regression model
has a bivariate outcome. Yet to make things more clear, we replaced “diagnostic” by “predictor”
throughout the manuscript. We avoid the term “indicator”, as it may be confusing in the model
context. In regression models, an indicator variable is often a logical binary [0, 1] or dummy
variable, whereas we mostly use continuous variables.

Detail comment #5:
L111-112: lake deepening increases hydrostatic pressure, not areal or volumetric
growth

This is physically more correct, though we fail to see how any change in lake area or volume
could not affect hydrostatic pressure eventually. To be more clear, we rewrote our statement
to: “Lake area scales with lake volume and depth (Huggel et al. 2002), and growing lake depths
increase the hydrostatic pressure on moraine dams, thus raising the potential of failure
(Rounce et al., 2016).“ (L119-121).

Detail comment #6:
L115-116: the authors usually argue that larger lakes are more susceptible
because large lake areas are more exposed to slope movements potentially
triggering GLOFs; large area is also correlated with larger depth (and so
hydrostatic pressure acting on a dam)

We added this reasoning to the text: “Larger and growing lakes offer more area for impacts
from mass flows such as avalanches, rockfalls, and landslides originating from adjacent valley
slopes (Haeberli et al., 2017).” (L123-124).

Detail comment #7:
L130: how is different date of GLOF and input data for model treated? (how
possibly different environmental conditions at the time of GLOF and at the time of
datasets acquisition can influence your results?) see also my general comments

We used the reported dates of historic GLOFs where available. We acknowledge that our
predictor variables can only approximate the environmental conditions at the time of lake
outburst, but this is the point of a statistical predictor in a data-driven model. Please see our
replies to General Comments #1-3 in this regard.



Detail comment #8:
L136-139: | suggest to move this to L133

We moved and slightly rephrased this text passage accordingly: “These variables are
correlated with elevation because of the same underlying interpolation technique so that we
limited our models to those with poorly correlated predictors. This meant omitting other
predictors such as mean annual temperature, annual precipitation totals and annual
temperature and precipitation variability.” (L163-165).

Detail comment #9:
L166: delete ‘s’

Deleted accordingly.

Detail comment #10:
L176: delete *’

Deleted accordingly.

Detail comment #11:
L207: what is meant by ‘common susceptibility’?

For clarification, we rephrased this sentence to “In essence, this varying-intercept model
acknowledges that glacial lakes in the same elevation band may have had a common baseline
susceptibility to GLOFs in the past four decades.” (L239-240).

Detail comment #12:
L262-263: this step is not clear to me? Please explain

To clarify our approach, we added more details on our predictor catchment area in the new
Table 2 (L147). We explain our choice of this predictor and why we use it instead of the static
lake area A in the glacier-mass balance and monsoonality models: “We also tested the impact
of upstream catchment area C (m?) on GLOF susceptibility. A larger upstream catchment area
has been associated with an increased susceptibility to GLOFs as runoff from intense
precipitation as well as glacier and snow melt can lead to sudden increases in lake volume
(Allen et al., 2019; GAPHAZ, 2017).” (L126-128).

Detail comment #13:
L263: please provide details about this correlation

We find that catchment area C has a strong linear correlation with lake area A (Pearson’s
correlation coefficient of 0.446), such that we preferred C over A in two of our models, as C is
invariant at the timescale of our study. We also added this to the text: “We find that
catchment area C correlates with lake area A (Pearson’s p = 0.45) and, thus preferred C over
A in two of our models, as C is invariant at the timescale of our study.” (L128-130).

Detail comment #14:
L272: what is meant by ‘average lake’?

The average lake is defined by the combination of all average predictor values. We added this
definition to the text: “This model has the highest values of PcLor for average lakes (i.e. all



average predictor values combined) in the Nyaingentanglha Mountains and the Eastern
Himalaya (Fig. 4).“ (L209-311).

Detail comment #15:
L352-354: this can be true for a specific period in long-term evolution of a
mountain range (considering gradual glacier retreat and overall shift of all rapid
processes including GLOFs to higher elevation zones; i.e. the general shift of
morphoclimatic zones)

The point we wanted to make here was that stratifying by elevation hardly helped to inform us
more about GLOF susceptibility in this context. In essence, GLOF susceptibility is aptly
represented by the pooled model here. We did not change our manuscript in this regard.

Detail comment #16:
L365: so why not to consider this indicator in your model?

We ran a number of models that used the distance from the parent glacier as a predictor,
though obtained no credible posterior weights. However, we found that this distance is most
likely the most prone to highly dynamic changes in historic times. We thus added to the text:
“However, systematically recorded time series of glacier fronts are even harder to come by
when compared to systematic measurements of changes in glacial-lake areas.” (L403-404).

Detail comment #17:
L373: are ‘minute’? Please check

We clarified this: “[...] deviations from a pooled model for the HKKHN are minute when
compared to the spread of posterior group-level intercepts in the other models (Fig. 4).” (L411-
412).

Detail comment #18:
Tab 2: what is PDF?

The abbreviation PDF stands for probability density function. We changed the column header
in Table 3 (former Table 2) accordingly (L227).

Detail comment #19:
Tab. 4: please also consider presenting false positives and false negatives

We accordingly added false positives and false negatives in a separate column to the table
(now Table 5, L364).

Detail comment #20:
Fig. 2: three lake inventories are mentioned (ICIMOD, Veh et al., 2019 and Wang
et al., 2020); please make clear how these were integrated; these 3,390 lakes
(L131) are from which inventory?

The 3,390 lakes forming our database are a subset of the ICIMOD inventory published by
Maharjan et al. (2018). We changed Figure 2 to better show this. We also clarified in the text
that “Second, we identified from an independent regional GLOF inventory (Veh et al. 2019) 31
lakes that had at least one outburst between 1981 and 2017 and that are listed in the ICIMOD
inventory.” (L155-157).



Detail comment #21:
Fig. 3: how about green color in Many Models part?

We modified our figure to clarify this and also changed the colour scheme (as requested by
referee #2) for improved contrasts.

Detail comment #22:
Fig. 10: please consider highlighting GLOF-producing lakes; switch a-d in the
panel (e)

We modified the figure accordingly.



Reply to Referee #2 (RC2)

General comment #1:
Hazard concept: The article is strictly focusing on GLOF susceptibility and using
this term consistently throughout the manuscript. Nevertheless, | think regarding
some aspects of the study, concepts and terminologies are mixed at some
places. According to international standards from UNISDR, IPCC etc., hazard is a
function of probability (of occurrence) and intensity (or magnitude). Susceptibility
in turn ‘is a relative measure of the likelihood (or probability) that a hazard will
occur or initiate from a given site, based on intrinsic properties and dynamic
characteristics of that site’ and ‘has an inverse relationship with stability’
(GAPHAZ, 2017). l.e., susceptibility can be considered as probability of
occurrence and is one factor of hazard. It is determined by conditioning factors
(=inherent and more or less static factors) on the one hand, and triggering factors
(=factors that directly initiate an outburst) on the other. The factors (predictors)
analyzed in this paper, are limited (for good reasons!) to conditioning factors. In
other words, the result of an analyses based on the parameters used in the
present study, is mainly a lake stability assessment.

We thank the reviewer for this observation and these definitions. However, we would have
hoped for some guidance as to where exactly we might have mixed concepts and
terminologies in this regard. The referee’s specific comments do not pick up this issue as
promised. Perhaps some of the confusion arises from both qualitative and quantitative uses of
the term “hazard”. We echo the reviewer's comments on hazard and susceptibility in principle.
Yet we wish to stress that our model is far from a stability assessment of moraine dams. The
reviewer may agree that such appraisals frequently hinge on hard classes such as “stable” or
“unstable”. Even if such a geotechnical or engineering geological appraisal would be feasible,
it would require data on the internal structure and geometry of moraine dams, including grain-
size distribution, presence and size of ice cores, the volume, width, height, and slope of
moraine dams, pore water pressure in the dam, armouring of the outlet channel, presence and
opening of tension cracks, rates of subsidence, and many others. Such parameters have been
likely prone to change during our study period and are difficult to obtain for a single lake, and
so even less feasible for the size of our regional study. To avoid an elusive feeling of stability,
and hence, safety, we refrain to call our approach a dam-stability assessment.

Strictly speaking, our analysis estimates the probability of correctly detecting historic lake
outbursts from a set of predictors. The referee may acknowledge that this probability is
indeed a likelihood of GLOF outburst conditioned on reporting. In this sense one could see this
metric as a “relative measure of the likelihood (or probability) that a hazard will occur or initiate
from a given site” as the referee suggests. Our forecasting model in particular addresses this
scenario. To further stress this point, we added the following definitions and statements to our
introduction: “Our method estimates the probability of correctly detecting historic GLOFs from
a set of predictors, which act as proxies subsuming various physical processes described as
being relevant to GLOFs. Triggering mechanisms of these GLOFs are rarely reported,
however. Thus, we discuss what we can learn more about how these historic GLOFs were
linked to readily available measures of topography, monsoonality, and glaciological changes.
Our model results provide a posterior probability of outburst conditioned on detection, and this
may be used as a relative metric of GLOF release from a given lake. Therefore, our approach
is an alternative to a formal assessment of moraine-dam stability, which is (geo)technically
feasible only at selected sites and at scales much finer than our regional and decadal focus.”
(L75-81).
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In contrast to this, most of the mentioned regional glacial lake assessment
approaches with more expert based, and probably subjective, parameter
weightings, follow a hazard assessment approach, rather than a
stability/susceptibility assessment.

From the literature that we compiled in this and our previous work on GLOFs, we infer that
very few, if any, of these so-called hazard assessments offer probabilistic metrics that satisfy
the formal quantitative definition of hazard, as the referee clearly points out. During our review,
we found that most of these studies deal with hazard in a qualitative or semi-quantitative way.
We now acknowledge this in our manuscript: “Specifically, we tested how well some of the
more widely used predictors of GLOF susceptibility and hazard fare in a multi-level logistic
regression that is informed more by data rather than by expert opinion.” (L72-73).

The reasons why these other studies consider factors like lake area or volume, or
regional glacier mass balance, is not mainly because these factors directly
influence lake stability, but because they have an impact on hazard potentials.
Larger lake volumes (area is often used as a proxy for volume) and lake growth
imply higher potential flood volumes, and therefore increase the hazard due to
higher intensities, without affecting GLOF susceptibility. For similar reasons
glacier masse balance is included in such models: Negative regional mass
balances lead to glacier retreat and the formation of new and growth of existing
lakes. Both processes increase the GLOF hazard potential in a region, but only
have minor effects on GLOF susceptibility of individual lakes.

We agree with the referee in principle here. Yet we found it difficult to trace objectively any
increases (or even changes) in hazard in the literature due a distinct lack of the necessary
probabilistic metrics.

Further, unfavorable conditioning factors do not lead to a lake outburst
immediately. It of course increases GLOF susceptibility, but requires still a
triggering event to initiate an outburst. Clague and Evans (2000) and Emmer et
al. (2020) present concepts about the timing of the causal chain of climate
change, glacier retreat, glacial lake formation, and glacial lake outburst and
conclude, based on empirical data from British Columbia and the Cordillera
Blanca, that there is a lag between lake formation and outburst of up to several
decades. The fact that a lake did not have an outburst event in the periods
investigated in this study, does not automatically imply that the lake has a low
GLOF susceptibility. It is indeed possible, that the lake is actually unstable (i.e.
has a high susceptibility) but an outburst simply has not been triggered (yet).

We reiterate our point above and state that our method is set out to detect reported GLOFs,
as now further stressed in the added introductory definitions in L75-81. The referee’s comment
on dam stability is important and should be considered in geotechnical assessments, but is
tangential to our objectives. Nowhere did we state that we wanted to quantify or estimate the
stability of moraine dams. We also do acknowledge the concept of lag times between lake
formation and outburst: every lake has a life span, but the question is whether an outburst
needs to end it. This concept of lag time is thought provoking, but hinges on data similar to the
models that we present here. One major advantage in our models is that we can fully capture
the underlying uncertainties, something that we have so far yet to see for any lag-time model.

General comment #2:
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Used data and parameters: Data availability for the entire study region is of
course an important criterion for the selection of predicting parameters. But in
addition to the parameters investigated in this study, there are candidates for
other parameters which are often and successfully applied in other regional
assessment approaches cited in the study, such as the Steep Lake front Area
(SLA) developed by Fujita et al. (2013) and used by Rounce et al. (2016), or the
topographic potential for rock or ice avalanches (cf. Allen et al., 2019), one of the
most frequent GLOF triggers in High Mountain Asia. Considering this, | suggest
to include more details about the selection of the predicting parameters.

We wish to refer the reviewer to the changes that we have made following the suggestions of
referee #1. We rewrote large parts of Section 2.1 to make clear how we selected each
predictor. For example, we note that:

- “Larger and growing lakes offer more area for impacts from mass flows such as avalanches,
rockfalls, and landslides originating from adjacent valley slopes (Haeberli et al., 2017).” (L123-
124);

- “A larger upstream catchment area has been associated with an increased susceptibility to
GLOFs as more runoff from intense precipitation, together with glacier and snow melt, can lead
to sudden increases in lake volume (Allen et al., 2019; GAPHAZ, 2017).“ (L126-128);

- “These readily available data on regional glacier-mass balances are proxies for other, less
accessible, physical controls on GLOF susceptibility such as glacial meltwater input, either
directly from the parent glacier or from glaciers upstream, as well as permafrost decay in slopes
fringing the lake.” (L133-136);

- “Meteorological drivers entered previous qualitative GLOF hazard appraisals mostly as (the
probability of) extreme monsoonal precipitation events: the Kedarnath GLOF disaster, for
example, was triggered by intense surface runoff (Huggel et al., 2004; Prakash and Nagarajan,
2017). Heavy rainfall may also trigger landslides or debris flows from adjacent hillslopes
followed by displacement waves that overtop moraine dams (Huggel et al., 2004; Prakash and
Nagarajan, 2017). Elevated lake levels during the monsoon season also raise the hydrostatic
pressure acting onto moraine dams (Richardson and Reynolds, 2000). Furthermore, different
precipitation regimes and climatic preconditions may also influence moraine dam failure
mechanics (Wang et al., 2012).” (L137-143)

Fujita et al. (2013) used the SLA approach to derive Potential Flood Volumes (PFVs) of
Himalayan lakes as a proxy for GLOF susceptibility. We assume that PFVs are largely
represented by our predictor lake area, given that larger lakes should produce larger floods. A
major critique of the SLA concept is that lakes can have zero PFV despite large lake volumes.
This issue was observed, for example, at Imja Lake in the Mt. Everest region, Nepal, that stores
78.4 x 10° m® of water surrounded by steep slopes (Haritashya et al., 2018). Fuijita et al. (2013)
also point towards an issue that the reviewer had cautioned against above (p. 1834): “PFVs
were simply calculated from the topography surrounding the moraine-dammed lakes and thus
the robustness of the dam could not be evaluated. As the existence of ice within the damming
moraine may alter the dam’s vulnerability, understanding the distribution and degradation of
permafrost will be an important factor for the further assessment of GLOF probability”.
Furthermore, SLA depends on user-defined cutoffs, for example a 1-km search radius for steep
slopes around lakes (Fujita et al., 2013), or a minimum slope threshold (Rounce et al., 2016).
Such thresholds introduce additional subjective bias that we wished to avoid in our appraisal.
Finally, errors in digital elevation models in high mountains remain unaccounted for in these
slope-based metrics, though have been acknowledged for many years (Fujita et al., 2008). For
example, Mukul et al. (2017) reported that “vertical accuracy of the data decreases with
increase in slope and elevation due to presence of large outliers and voids. Therefore, studies
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using SRTM data “as is”, especially in regions like the Himalaya, are not statistically
meaningful”. In summary, these findings motivated us to keep the influence of potentially error-
prone model inputs at a minimum.

Then, the influence of overlapping time periods of the different data sets used
should be discussed in more detail, as also mentioned in the review of A. Emmer
(Emmer, 2021). In particular the fact that the lake area change period overlaps
the period which is investigated for GLOF occurrence, in my view disqualifies this
parameter to be considered, as actually discussed in L340-344.

We again wish to refer the referee to our reply to referee #1:

The data on lake-area changes are not yet resolved on an annual basis for our study area, so
that we had to resort to changes averaged over longer periods. However, we used our
forecasting model to test whether changes in lake size between two observation periods had
a credible effect on Pglor. Here we explored the weight of relative changes in lake area
between 1990 and 2005 to estimate the probability of observing GLOFs that happened in the
subsequent period 2005-2018. In other words, we trained the model on GLOF data that pre-
date the testing data, and thus offer a realistic and rigorous prediction and validation scenario.
We reported in our original manuscript that “The weight of relative lake-area change in the 15
years before is ambiguous (Ba- = —0.049-76/_o67) [...]" (L245-246 of orig. manuscript) and that “In
the forecasting model, however, the influence of lake-area change remains negligible even for
<50% HDIs.” (L350 of orig. manuscript). This indicates with 95% probability that relative lake-
area change before the outburst is an inconclusive predictor.

To further stress this result, we added the following sentences in the Discussion: “However, in
the forecasting model, in which we tested whether differing data observation periods have any
credible effects, the influence of lake-area change remains negligible even for <50% HDIs. We
thus conclude that relative lake-area change before outburst is an inconclusive predictor. This
result contradicts the assumptions made in many previous studies that argued that rapidly
growing lakes are the most prone to sudden outburst (Aggarwal et al., 2016; Bolch et al., 2011;
Ives et al., 2010; Mergili and Schneider, 2011; Prakash and Nagarajan, 2017; Rounce et al.,
2016; Wang et al., 2012).” (L382-387).

General comment #3:
Statistical significance: Bayesian approaches are certainly most suitable for this
type of research question where a large number of lakes (3,390) had relatively
few (31) GLOF events. But still this is a very limited data basis, in particular since
for the Forecasting, the Glacier-mass balance, and the Monsoonality models,
only 11 GLOF events were recorded in the relevant 2005 to 2018 period. Even
more, these 11 events are split over four to seven groups, depending on
elevation, region, or monsoonality. Over the western half of the study region, only
3 GLOFs are found. This leads to very few (often only 1 or 2) or even zero GLOF
events per subgroup (cf. boxes for Hindu Kush, Karakoram and Western
Himalayas in Fig. 7). | wonder, how any predictor weights can be found in these
cases.

The problem of highly imbalanced data (few GLOF reports out of several thousand lakes) was
a major motivation for us to use Bayesian models. The low prior probability of detecting a
reported GLOF can be compared directly with the posterior probability, a strategy that we
showed in our original Fig. 9. Classical rare-events logistic regression penalises the model

13



likelihood, and this step is done naturally via the prior distributions in the Bayesian setting. The
low number of data points in some groups is even less of an issue in a hierarchical model, as
this always draws strength across each group and the pooled model of all data taken together.
The high posterior uncertainties tied to some model groups clearly underline the effect of fewer
data points. To further emphasise these points, we added that: “The small number of reported
GLOFs introduces strong imbalance to our data, given that some regions, and hence levels,
had few or no reported GLOFs. Although this would be problematic in most other modelling
approaches, Bayesian multi-level models are well suited for this kind of imbalanced training
data (Gelman and Hill, 2007; Shor et al., 2007; Stegmueller, 2013).“ (L208-211) and in the
Discussion that: “In the forecasting model, however, the contributions of lake elevation to Pgor
are devoid of any systematic pattern and likely reflect several, potentially combined, drivers
(Fig. 4). This model was trained on fewer GLOFs and the imbalance in the data introduces
more uncertainties in terms of broad 95% HDIs.” (L391-393).

A very recent study from Zheng et al. (2021) on a slightly larger study region
found evidence for a total of 215 GLOF events that presumable have happened
since 1900, 176 thereof so far unreported. This does not contradict any of the
data used here, but offers at least a potential alternative of a database with much
more GLOF evidences (in turn posing challenges on the predictor data of
course).

We checked the study by Zheng et al. (2021) but found mostly GLOFs without timestamps that
are difficult to align with our predictors, some of which are averaged over specified time
periods. We, thus, decided not to add this source to our study. Please also see our reply to
referee #1 with respect to the validity of predictors that change over time.

Detail comment #1.:
L11: I suggest to include something like ‘regional-scale’ (hazard estimations),
because at the level of individual lakes, there are many quantitative assessments
available, including numerical modeling, geophysical measurements etc.

We rephrased this sentence accordingly to: “Estimating regional susceptibility of glacial lakes
[...].” (L11-13).

Detail comment #2:
L21: Maybe change ‘with respect to’ to ‘compared to’?

We changed the phrasing as requested (L21).

Detail comment #3:
L81: Indicate the version number of the RGI

We added the version number 6.0 (L89).

Detail comment #4:
L112: Hydrostatic pressure acting on the dam depends mainly on lake depth, not
area.

We acknowledge that this is physically more correct, though we fail to see how any change in

lake area or volume could not affect hydrostatic pressure eventually. We accordingly
rephrased our statement to: “Lake area scales with lake volume and depth (Huggel et al.,

14



2002), and growing lake depths increase the hydrostatic pressure acting on moraine dams,
thus raising the potential of failure (Rounce et al., 2016).“ (L119-121).

Detail comment #5:
L263: The statement that upstream catchment area is well correlated with lake
area is not clear to me. This needs further explanations of references. Also | do
not understand why lake area is replaced by upstream catchment area in these
model (Glacier-mass balance and Monsoonality), but not in others. This requires
some more explanation.

We thank the reviewer for this suggestion and added more details on our predictor catchment
area. We refer to our replies to referee #1’s detail comments #12 and #13:

To clarify our approach, we added more details on our predictor catchment area in the new
Table 2 (L147). We explain our choice of this predictor and why we use it instead of the static
lake area A in the glacier-mass balance and monsoonality models: “We also tested the impact
of upstream catchment area C (m?2) on GLOF susceptibility. A larger upstream catchment area
has been associated with an increased susceptibility to GLOFs as runoff from intense
precipitation as well as glacier and snow melt can lead to sudden increases in lake volume
(Allen et al., 2019; GAPHAZ, 2017).” (L126-128).

We find that catchment area C has a strong linear correlation with lake area A (Pearson’s
correlation coefficient of 0.446), such that we preferred C over A in two of our models, as C is
invariant at the timescale of our study. We also added this to the text: “We find that catchment
area C correlates with lake area A (Pearson’s p = 0.45) and, thus preferred C over A in two of
our models, as C is invariant at the timescale of our study.” (L128-130).

Detail comment #6:
L285: In the Forecasting and Glacier-mass balance models, A* represents lake-
area change between 2005 and 2018. Is A* here also referring to this period (and
not 1990 — 2018, as written)? If so, please correct, if not, another symbol should
be used (AA?).

Our predictor relative lake-area change A™ (not to be confused with net lake-area change AA)
is calculated for three different time windows: 1990 to 2005 in the forecasting model, 2005 to
2018 in the glacier-mass balance model, and 1990 to 2018 in the monsoonality model. In order
to avoid confusion and correctly refer to each respective time interval of relative lake-area
change, we now assigned each with its own superscript: relative lake-area change between
1990 to 2005 is A*?, relative lake-area change between 2005 and 2018 is A* | and relative
lake-area change between 1990 and 2018 is A*. We explain this notation in our new Table 2
and in the respective model descriptions in the Results section 3 (L269-340).

Detail comment #7:
L321/Fig. 9: Why are the log-odds ratios negative for the first (few) lakes? Would
be interesting to describe in the text.

The negative log-odds ratios indicate lakes for which the posterior probability of a reported
GLOF is lower than the prior probability. To further clarify this, we rephrased this in the text to:
“A positive log-odds ratio means that we obtain a higher posterior probability of attributing a
historic GLOF to a given lake compared to a random draw. Negative log-odd ratios indicate
lakes for which the posterior probability of a reported GLOF is lower than the prior probability.”
(L347-349).
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Detail comment #8:
L323/324 (Caption Fig. 9): “..in the past four decades’ applies only to the lakes in
the x-axes of (a) and (c), for the other panels it's 2005-2018. | suggest to replace
this with ‘in the period 1981 — 2018 (a and c) and 2005 — 2018 (b and d-h). (Or
change panel letters, see suggestion below).

We changed panel labelling and added information on used time periods for lake subsets on
the x-axis to the figure caption accordingly (L356-361).

Detail comment #9:
Table 1: This is a pretty large table for only presenting the 6 predictor parameter
selected for this study. | suggest to present the 6 parameters used here in
separate table, giving some more details as well. (By the way, | think dam type
could be ticked as well, at least a tick in brackets. As only moraine-dammed lakes
are investigated here, this criteria is inherently considered). If the authors wish to
keep having a table with other potentially relevant parameters for GLOF hazard
assessment, this could be done in a more compressed format. But in this case,
further geotechnical and geomorphic parameters would need to be included,
such as permafrost conditions, lithology, seismicity, etc. The annex tables of the
GAPHAZ guidelines (GAPHAZ, 2017) might give some indications for this.

To meet the requests from both referees, we split our former Table 1 into two separate tables
with an overview table listing the predictors for HKKHN lakes described in the literature (now
labelled as Table 1, L83) and a comprehensive table listing our predictor choices (now labelled
as Table 2, L147). We added a number of additional parameters to Table 1 and more details
(used notation and selection reasoning) to Table 2. Now the indicator “dam type” is also ticked
in Table 1.

Detail comment #10:
Fig. 1: According to the caption, white triangles represent GLOFs since 1935. But
as the study only deals with GLOFs that have occurred on the periods 1981-2018
and 2005-2018, respectively, only these should be shown here. Preferably with
two colors, one for 1981-2005 and another for 2005-2018 to discriminate these to
reference data sets. Please also indicate the spacing of the lake bubbles.

We thank the reviewer for this suggestion and changed the figure accordingly.

Detail comment #11.:
Fig. 3: Blue-green combinations are hardly readable in the bubbles. | can see it in
the text, slightly see it in the middle (‘mulit-level’) bubble, but do not see any
green in the right (‘many models’). Colors to be adjusted.

We modified Fig. 3 to make the principles of multi-level modelling more clear. We also chose
a green-purple-yellow colour combination to improve contrast.

Detail comment #12:
Figure 4: | suggest to sort sub-groups from highest (top) to lowest (bottom) in (a)
and (b), West to East (or East-West) in (c) and highest monsoonality on top to
lowest monsoonality in (d). (Same as ordering in Figs. 5-8).
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We appreciate this suggestion. However, the point of the figure is to highlight better the ranked
deviations of the group-level coefficients from the pooled mean (at the bottom of the stack).
We believe that this ranking allows a better visual assessment of which groups deviate most
from the pooled means and, thus, made no changes to Figure 4.

Detail comment #13:
Figs. 5-8 (general): In none of the figures | can see the middle (blueish) line. |
only see the purple and orange lines. Similar for the color shades, | guess | only
see the purple and the orange and the overlap of the two. Is this middle line
represented in the Figures? If so, please adjust coloring, if not please add (or
remove from the legend). For all figures it would be very nice to also have a panel
for the pooled data, similar to Fig. 4.

The middle line is grey in the original Figs. 5-8 and lies between the orange and purple lines.
We acknowledge that this may be hard to decipher and changed the colour scheme to provide
more contrast. Adding a panel for pooled data is a good suggestion and we altered the figures
as requested.

Detail comment #14:
Figs. 5 and 6: It would be helpful to indicated elevation bands in m a.s.l.

This is a good suggestion and we modified the figures as requested.

Detail comment #15:
Fig. 9: To me it would make more sense to number the TP a-d and the TN e-h.

We thank the reviewer for this suggestion and changed the figure accordingly.

Detail comment #16:
Fig. 10: In the legend (e) (the letter e is not needed in my view) swap ordering,
that a is on top and d at the bottom, as in the main panels. Ad ‘%’ to the numbers
at the bottom. In the panels it would be helpful to include the locations with a
recorded GLOF (for 1990-2018 in (a) and 2005-2018 in (b), (c) and (d)).

We thank the reviewer for this suggestion and changed the figure accordingly.
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