Dear Editor,

We appreciate your coordination of two helpful and constructive reviews of our manuscript. We are
confident that the referees’ feedback and comments will help to eliminate imprecision and improve the
manuscript. Below, we reply to their comments point by point. The reviewer comments are highlighted
in black, while our responses are highlighted in blue. We numbered the reviewer comments to make it
easier to refer to a response to another specific comment. R1C1, for example, stands for referee 1,
comment 1. Figures and tables used in our response are included at the end of the document. We have
already implemented most of the comments in the revised manuscript. We look forward to your editorial
consideration of our response.

Best regards,
Xun Wang
On behalf of all authors

#1 Referee Comments

General comments

This paper combined gridded atmospheric data from HAR v2 with 87 landslides records from GLC and
GFLD to evaluate the critical condition that triggered landslides in Kyrgyzstan and Tajikistan. The
results show the significant role of snowmelt in landslide triggering processes. The optimal thresholds
of landslide for the sum of rainfall and snowmelt were assessed as well. Overall speaking, this paper is
well organized and the research results are valuable for understanding the landslide occurrence caused
by mixed triggering factors. However, some issues in my opinion need further clarification prior to it
can be considered for publication.

AR: We thank the referee for the review and the constructive comments. We address here all the points
raised in the review.

R1C1: The first issue is the limitation of landslide inventory, the landslide record extracted from GLC
and GFLD mainly based on media report (more concentrated in the populated area) and mixed-up new
landslides and recurrent landslides. This limitation will directly affect the representative of obtained
thresholds in the entire study area. In addition, the critical thresholds for different landslide type (new
landslide and recurrent landslide) should be discussed separately. Thus more solid and spatial
representative landslide inventory that can cover all study area obtained from remote sensing
identification is necessary.

AR: GLC and GFLD are, unfortunately, our only choice, since they are the only data sets in the study
area that contain the exact date of landslide occurrence. We are fully aware of the limitations of these
two data sets and their uncertainties are discussed transparently in L217-235 in the manuscript.

There are indeed other landslide inventories in our study region, such as the Tien Shan Geohazards
Database (Havenith et al., 2015a, b) and the multi-temporal landslide inventory from Behling and
Roessner (2020). But these two data sets do not have exact dates of landslide occurrence and therefore
cannot be applied in the specific purpose of this study. As stated in L31-33 in the manuscript: “Given
the highly dynamic nature of weather phenomena, at least a daily time stamp of landslide records is
required to investigate weather conditions that trigger landslides.”

If the referee is aware of any more solid and spatial representative landslide inventory that contains



exact dates of landslides, we would be very happy to include it in our study.

R1C2: The second issue is how to prove the spatial resolution (10 km) of the gridded atmospheric data
from HAR v2 is sufficient to precisely reflect the rainfall or snowmelt condition in each landslide site.
AR: Extracting data that can represent the weather condition in landslide sites has always been a
challenge. Traditionally, the nearest rain gauge is used, which is sometimes a few kilometers away.
Gridded data also do not represent the exact weather condition at landslide sites, but rather the grid-
mean condition. As also requested by referee #2, we have added a discussion of uncertainties stemming
from gridded data. Please see our response to R2C2 for further information.

Among all the available gridded data sets in our study region, we believe the HAR v2 10 km product is
the best choice. The accuracy and uncertainty of HAR v2 are discussed in detail in L236-248 in the
manuscript. Specifically, “Hamm et al. (2020) compared the HAR v2 with other gridded precipitation
data sets, including reanalysis data and satellite-based precipitation retrieval. It was concluded that
HAR v2 is the only product that can resolve orographic precipitation, which is a fundamental process
over complex terrain. Furthermore, the HAR v2 can capture more extreme precipitation events than
coarser product”.

Figure 5 in the manuscript shows that despite uncertainties, a grid spacing of 10 km is sufficient to
distinguish landslide triggering events from non-landslide triggering events. This indicates that although
landslide initiation itself is a highly local phenomenon, the weather processes that ensure sufficient
water input into the system and trigger landslides can be clearly identified at a larger scale.

R1C3: The third, the surface runoff, subsurface runoff and ground water caused by rainfall and
snowmelt have different time lag characteristic, why these two factors can directly be summed up?
Please plot the temporal hydrograph of rainfall and snowmelt respectively, make sure the individual
time lag then proceed further calculation.

AR: It is common to directly sum up rainfall and snowmelt to represent the total water input into a
system (e.g., Meyer et al., 2012; Bi et al., 2016; Penna et al., 2016; Krogli et al., 2018; Hammond and
Kampf, 2020). The sum of rainfall and snowmelt is also referred to as “water supply” (Meyer et al.,
2012; Kregli et al., 2018 ) and “total water content” (Bi et al., 2016), and was applied to establish
thresholds for landslide triggering (Meyer et al., 2012; Bi et al., 2016; Krogli et al., 2018).

We agree that rainfall and snowmelt have different time lag characteristics. But investigating the
detailed hydrological response to total water input is out of the scope of our study and is also not feasible
since our study area is too large. Detailed hydrological conditions, along with other information, such
as lithological, morphological, and soil characteristics, are usually considered in studies applying
physically based, process-driven models over smaller study areas (Guzzetti et al., 2007; Giannecchini
et al, 2016).

R1C4: Except the current thresholds evaluated for the mixed-up landslide occurrence, I suggest the
authors further discussing the occurrence thresholds for different landslide types (new landslide and
recurrent landslide), and the relation with landslide scale (area) in order to strengthen the contribution
of this paper.

AR: Information of whether a landslide is new or recurrent is unfortunately not included in GLC or
GFLD. Therefore, we are not able to investigate the thresholds for different landslide types. But we will



discuss the uncertainty in this regard in the revised manuscript.

GLC provides six categorized landslide sizes: unknown, small, medium, large, very large, and
catastrophic (Kirschbaum et al., 2015). Landslide events in Kyrgyzstan and Tajikistan fall into the
following categories:

1) Small: small landslide affecting one hillslope or small area; minimal impacts to infrastructure
and roads, no fatalities;

2) Medium: moderately sized landslide that could be either a single event or multiple landslides
within an area, and involves a large volume of material; moderate impact to infrastructure and
roads, may result in fatalities;

3) Large: large landslide or series of landslides that occur in one general area but cover a wide
area; substantial impacts to infrastructure and roads, likely moderate to high number of fatalities;

4) Unknown.

GFLD does not contain information about landslide size. Therefore, for landslide events from GFLD,
we set the landslide size as “unknown”. Table 1 and Table 2 present the calibrated thresholds and
corresponding statistical scores for these categories for entire events and UTL events, respectively.
Interestingly, the thresholds for landslides with small sizes are higher than other categories and have
the best predictive performance. All these 5 small-sized landslide events are snowmelt contributed
events that occurred from March to May. The worse predictive performance for landslides with larger
sizes could indicate that for those events, the triggering mechanism is much more complicated than
small-sized events, and other non-atmospheric factors might also play a role. However, the sample size
of small-sized landslide events is too small to draw a robust conclusion. The number of small-sized
landslides is expected to be underreported since media reports are biased towards events with more
severe impacts. We have added a new section in the discussion part in the revised manuscript to discuss
the relation with landslide sizes.

Specific comments

R1CS: P. 5,Ln 117-118, “....landslide event occurred during or one day after a rainfall event....” Why
limit to only one day, please give more explanation or references.

AR: In event-based analysis of rainfall threshold, a rainfall event is usually defined as a landslide
triggering event if a landslide occurs during or immediately after the rainfall event (e.g., Giannecchini
et al., 2016; Leonarduzzi et al., 2017 and 2020). We followed this definition and since the temporal
resolution of our atmospheric data is daily, we set the time relaxation to one day.

R1C6: P. 6, Ln 144, “...events were randomly split into k folds with k=8...” Why select k=8?

AR: The choice of k is usually 5 or 10 (Kuhn and Johson, 2013). The value for k should be chosen such
that (1) each train/test group of data samples is large enough to be statistically representative of the
broader dataset; (2) it can separate the dataset as evenly as possible. We have in total 87 landslide events,
therefore, k=8 is a good compromise that can fulfill both conditions.

R1C7: P. 7, Ln 161-162, “...Nine landslides events did not occur within any rainfall event, snowmelt
event or rainfall + snowmelt event....” This “not detected” uncertainty comes from landslide inventory
or observed atmospheric data need more explanation.

AR: The “not detected” events are due to the information mismatch between landslide inventory and
the atmospheric data, which stems from the uncertainty in landslide location and timing, as well as the



uncertainty in rainfall and snowmelt simulated in HAR v2. We will add this discussion in section 4.1
“Source of uncertainty”.

R1C8: P. 7, Figure 2, what are the subtitle (DJF, MAM, JJA, SON) on the left top means?

AR: They stand for seasons as commonly defined in meteorology, spanning three months each: winter
(December-February, DJF), spring (March-May, MAM), summer (June-August, JJA), and autumn
(September-November, SON). We have added this explanation in section 3.1 after the first sentence
and in the caption of Figure 2 in the original manuscript.

R1C9: P. 9, Figure 4, since daily-based atmospheric data were used in this study, and the exact date of
landslide occurrence is available. Please select some landslide cases to plot the event-based temporal
process of rainfall and snowmelt.

AR: Thanks for the advice! We selected four landslide events with landslide triggers defined as
“rainfall”, “snowmelt”, “mixed” and “not detected” by the method described in section 2.2.1 in the
manuscript. We then plotted the temporal process of rainfall and snowmelt from two weeks before the
landslide occurrence date (Figure 1). We will include this figure in the revised manuscript in the

appendix.

R1C10: P. 10, Ln 184-185, ““...Predictive performance is better when using the entire period than just
using the UTL period...” Why? The rainfall properties calculated in the period up to the day of landslide
occurrence should have more direct contribution to landslide initiation.

AR: The entire period performing better than the UTL period was also concluded in Leonarduzzi et al.
(2017). The reasons could be by considering a longer period, Imean, Imax, and especially Q of landslide
triggering events (LTEs) generally increase, making it easier to distinguish LTEs from non-landslide
triggering events (NLTEs). This can be seen from the empirical cumulative distribution function (eCDF,
we have changed the name from CDF to eCDF according to R2C4) curves in Figure 5 in the manuscript,
the eCDF curves of UTL events are closer to the NLTE curve than eCDFs of the entire events. The
better performance by considering the entire period could also indicate that there exists some
uncertainty of landslide timing reported in GLC and GFLD. Therefore, in the revised manuscript, we
will present the results of both entire events and UTL events in the main text and discuss the reasons
behind it transparently. In addition, we will produce climatic disposition maps using thresholds defined
by both entire events and UTL events. Since those thresholds are quite similar (entire events: Imean=4.95
mm d ™, I;nax=12.80 mm d!, Q=17.15 mm; UTL events: Inean=5.05 mm d™', I;nax=14.05 mm d!, Q=15.56
mm), our conclusions regarding climatic disposition stay valid.

RI1C11: P. 16, Figure 7, numbers of historical landslides located in the zone with low to moderate
susceptibility. Please give more explanation.

AR: As stated in L223 - L224 in the manuscript, “there is large uncertainty in landslide location because
most media reports do not contain the exact location where landslides initiated, but rather just the name
of the village, road, or city affected by landslides”. Landslide events located in zones with low
susceptibility (e.g., valleys in southwestern Tajikistan, the eastern and southern rims of the Fergana
Basin) are very close to slopes with high susceptibility, which could be the actual locations where these



landslide events were initiated.

Technical corrections
R1C12: P. 11, Ln 212, “... from median report.....” should be “media”.
AR: Thanks for the comment! We have corrected it.

#2 Referee Comments

The paper is well written and structured. There are a couple of things that need to be further specified.
AR: We thank the referee for the positive feedback and constructive comments. We address here all the
points raised in the review.

R2C1: I would suggest using different terms instead of "climatic disposition/climatic disposition maps".
Perhaps "climatic predisposition to landslides/climatic predisposition maps" better explain the concept.
AR: The concept “disposition” is commonly used in the context of natural hazards (e.g., Keller and
Atzl, 2014; Gill and Malamud, 2014; Theilen-Willige, 2016). The occurrence of natural hazards
depends on the disposition and the triggering events. The former refers to “the general setting that favors
the specific process”, while the latter “leads to threshold crossing of a factor relevant for the hazard
incidence” (Malet et al., 2010). Therefore, we think “climatic disposition” is a suitable term to describe
the general climatic settings that make slopes prone to failure without actually initiating it. In the revised
manuscript, we will explain our concept better in the introduction.

R2C2: Then, it could be useful to describe the limitations in the use of gridded products in detecting
atmospheric triggering conditions.
AR: We have added the following discussion in section 4.1:

“Extracting weather data that can represent the exact weather condition at landslide sites is always a
challenge in studies investigating rainfall threshold for landslide triggering. Rain gauges are the main
source of rainfall information (Segoni et al.,2018), and traditionally, the nearest gauge is used, which
sometimes can be kilometers away from the landslide site. Therefore, other more complicated
interpolation methods have been developed and their added value has been discussed (Nikolopouloset
al., 2015). Using gridded data can avoid this allocation problem (Leonarduzzi et al., 2017). But
uncertainties still exist since gridded data only represents the grid-mean value but not the "true" weather
condition at landslide sites. Nevertheless, it is still essential that the gridded data used in our study can
accurately represent the grid-mean value, especially when landslide locations are reported with some
uncertainty.”

R2C3: About section 2.1.2 Atmospheric data, I recommend including a more detailed description on
how the amount of snowmelt has been calculated using the Surface Energy Balance (SEB) and how the
thickness of the existing snow is calculated/taken into account in the snowmelt evaluation.

AR: We are not sure what the reviewer is asking for. In section 2.1.2, we already gave detailed equations
of how snowmelt is calculated using variables that can be directly acquired from the HAR v2. These
variables are net radiation, sensible heat flux, latent heat flux, ground heat flux, and snow water
equivalent. If the reviewer wants to know how these variables are simulated by the Noah Land Surface
Model (LSM) in WRF, we will add a brief description of Noah LSM in the revised manuscript.

R2C4: Section 3.2 presents Cumulative distribution function (CDF) curves of mean intensity (Imean),



maximum intensity (Imax), and accumulated amount (Q) of non-landslide triggering event (NLTE),

landslide-triggering entire event (LTE entire), and landslide-triggering up-to-landslide event (LTE UTL)
for rainfall, snowmelt, and rainfall+snowmelt. What is the probability density function used to calculate

the CDF? Please describe.

AR: Fig. 5 actually presents the empirical cumulative distribution function (eCDF), which is based on

observations of the data sample. It is not the theoretical cumulative distribution function. We have

renamed it to “empirical cumulative distribution function (¢CDF)” in the revised manuscript to prevent

misunderstandings.

R2CS: Please check line 177-178, the colours of the poins, probably, have been inverted.

AR: The colors of the points are not inverted, but the sentence is not clear and confusing. We wanted
to say that orange points in Fig. 3 represent landslide events that cannot be detected by rainfall only,
and blue points are landslide events that cannot be detected using snowmelt alone. We have revised this
sentence as follows:

“Rainfall and snowmelt have a high percentage of events with Imean = 0, Imax = 0, and Q = 0. This is
because, for landslide events that cannot be detected by rainfall alone (orange points in Fig. 3), Imean,
Imax, and Q of rainfall for these events were all set to zero. The same procedure was conducted for events
that cannot be detected by snowmelt alone (blue points in Fig. 3).”

R2C6: About figure 5, can you please comment on the fact that for very small values (0,1) of snowmelt
for Imax, Imean, Q, there is around 60% probability of having LTE and UTL. It could be useful to
exclude from the analysis the rainfall and snowmelt events with Imean = 0, Imax =0, and Q = 0.

AR: Using only snowmelt as a predictor, only 40% of landslide events (35 out of 87) can be detected.
For the remaining 52 events, we set Imean, Imax, and Q to zero. Therefore, in Figure 5, there is 60%
probability of having LTE and UTL events with Imean, Imax, and Q equal to zero. We did not exclude
those events with Imean = 0, Imax = 0, and Q = 0 because we want to keep the sample size of LTE the
same for rainfall, snowmelt, and rainfall+snowmelt such that their skill scores are comparable to each
other.

R2C7: About the indicators used to evaluate the thresholds performance, it could be interesting to
calculate the efficiency index (TP+TN/TP+FP+FN+TN; please check literature in this regard). It can
be seen as a single indicator for quantifying the correct predictions over the total. It could be used in
replacement of HR and FAR and compared with the AUC.

AR: Thanks for the suggestion. However, we do not think the efficiency index is a suitable skill score
in our case. The efficiency index represents the proportion of correct predictions, which contains two
parts: true positive (TP) and true negative (TN). With the increase of threshold values, the value of TN
increases, while the value of TP decreases. In our case, take rainfall+snowmelt as an example, there are
55730 non-landslide triggering events (NLTEs), but only 87 landslide triggering events (LTEs). The
number of NLTEs takes up more than 99% of the total number of events. Thus, by setting up a large
enough threshold, all the NLTEs can be categorized as TN, leading to an efficiency index larger than
99% but a very low value of TP. Due to this huge difference between the numbers of NLTEs and LTEs,
we chose the Peirce Skill Score (PSS) as a reference to select thresholds since it is trail-independent,
which means it is unbiased even when the numbers of LTEs and NLTEs are not equally presented



(Woodcock, 1976).

R2CS8: In section 4. Discussion, could be useful to comment also about the lack of information on the
landslide types. Also this aspect increases the uncertainty of the results.
AR: The same concern was also raised by referee #1. Please see our response to R1C4.
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Table 1. Calibrated thresholds of mean intensity Imean (mm d™'), maximum intensity Imsx (mm d), and
accumulated amount Q (mm) for entire events of the sum of rainfall and snowmelt (rainfall+snowmelt),
and corresponding performance statistics for different categories of landslide size. n refers to the number
of landslides in each category.

Landslide  property threshold ~ HR FAR d PSS AUC
size
Small Inean 10.05 1.00 0.06 0.06 0.94 0.96
(n=35)

Iinax 22.4 1.00 0.07 0.07 0.93 0.98

Q 218.35 1.00 0.03 0.03 0.97 0.99
Medium Inean 4.75 0.71 0.25 0.39 0.45 0.74
(n=41)

Iinax 6.75 0.76 0.30 0.39 0.46 0.78

Q 9.05 0.83 0.36 0.40 0.47 0.79
Large Inean 8.10 0.55 0.11 0.47 0.44 0.76
(n=11)

Iinax 21.75 0.55 0.05 0.46 0.49 0.77

Q 75.60 0.55 0.04 0.46 0.51 0.77
Unknown  Imean 4.05 0.83 0.34 0.38 0.49 0.80
(n=130)

Iinax 13.25 0.77 0.17 0.29 0.60 0.83

Q 17.15 0.83 0.25 0.30 0.58 0.83




Table 2. Calibrated thresholds of mean intensity Imean (mm d™'), maximum intensity Imax (mm d), and
accumulated amount Q (mm) for UTL events of the sum of rainfall and snowmelt (rainfall+snowmelt),
and corresponding performance statistics for different categories of landslide size. n refers to the number
of landslides in each category.

Landslide  property threshold ~ HR FAR d PSS AUC
size
Small Iimean 9.85 1.00 0.07 0.07 0.93 0.97
(n=35)

Iimax 21.55 1.00 0.07 0.07 0.93 0.97

Q 124.25 1.00 0.04 0.04 0.96 0.98
Medium Iimean 4.80 0.63 0.25 0.44 0.39 0.71
(n=41)

Iimax 14.05 0.49 0.12 0.53 0.37 0.73

Q 9.65 0.73 0.35 0.44 0.38 0.72
Large Iimean 8.10 0.55 0.11 0.47 0.44 0.72
(n=11)

Iimax 21.75 0.45 0.05 0.55 0.40 0.73

Q 2.85 1.00 0.63 0.63 0.37 0.73
Unknown  Inean 5.25 0.77 0.26 0.35 0.51 0.80
(n=30)

Iimax 13.25 0.73 0.17 0.32 0.57 0.81

Q 16.90 0.77 0.25 0.34 0.51 0.79




(a) Event at 2011-05-11; Trigger: rainfall

(b) Event at 2017-01-04; Trigger: snowmelt
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Figure 1. Event-based temporal process of rainfall and snowmelt for selected landslide events with
landslide triggers defined as (a) “rainfall”, (b) “snowmelt”; (c) “mixed”; and (d) “not detected”
according to the method described in section 2.2.1 in the manuscript.



