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Glacier lake outburst floods (GLOFs) and related debris flows are among the most significant natural threats in
the Tien Shan Mountains of Kyrgyzstan and have even caused the loss of life and damage to infrastructure in
its capital Bishkek. An improved understanding of the occurrence of this process is essential so as to be able to
design reliable disaster risk reduction strategies, even more so in view of ongoing climate change and scenarios
of future evolutions. Here, we apply a dendrogeomorphic approach to reconstruct past debris-flow activity on the
Keywords: Aksay cone (Ala-Archa valley, Kyrgyz range), where outbursting glacier lakes and intense rainfalls have triggered
Debris flow huge debris flows over the past decades.

GLOF A total of 96 Picea abies (L.) Karst. trees growing on the cone and along the main channel have been selected based

Tree rings on the evidence of past debris-flow damage in their trunks; these trees were then sampled using increment
Dendrogeomorphology borers. The dating of past events was based on the assessment of growth disturbances (GD) in the tree-ring re-
Glacier cords and included the detection of injuries, tangential rows of traumatic resin ducts, reaction wood, and abrupt
Aksay growth changes. In total, 320 GD were identified in the tree-ring samples. In combination with aerial imagery and
:iy;gy z rta“ge geomorphic recognition in the field, reactions in trees and their position on the cone have allowed reconstruction
yigyzstan of the main spatial patterns of past events on the Aksay cone.

Our findings suggest that at least 27 debris flows have occurred on the site between 1877 and 2015 and point to
the occurrence of at least 17 events that were not documented prior to this study. We also observe high process
activity during the 1950s and 1960s, with major events on the cone in 1950, 1966, and 1968, coinciding with
phases of slight glacier advance. The spatial analyses of events also point to two different spatial patterns, sug-
gesting that quite dissimilar magnitudes probably occurred during glacier lake outburst floods and rainfall-
induced debris-flow events. The results presented here represent the longest, annually resolved GLOF series in
the region, which in turn has key implications on risk assessment, not just in the Ala-Archa valley, but also in

the entire Kyrgyz range (northern Tien Shan).
© 2016 Elsevier B.V. All rights reserved.
1. Introduction 2005; Wy, 2015). Very huge debris flows can form as a result of glacial

lake outburst floods (GLOFs; Richardson and Reynolds, 2000), which are

Debris flows are rapid mass movements in which a combination of
loose debris, rocks, organic matter, air, and water mobilizes as a slurry
which then flows downslope (Varnes, 1978; O'Connor et al., 2001).
This natural process is considered one of the most common natural haz-
ards in mountain environments and is responsible for significant dam-
age to infrastructure and even loss of life (Fuchs et al., 2013; Borga
etal., 2014). The causative factors of debris flows as well as their behav-
ior, rheology, and geomorphic imprint have been described extensively
in the literature (e.g., Costa, 1984; Rickenmann, 1999; Jakob and Hungr,
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typically formed from the breakage (e.g., seepage, piping) or the
overflowing of moraine- or ice-dammed lakes (Worni et al., 2012,
2013a, 2014). These extreme events are able to shape debris cones
and to produce intense changes in depositional forms (Breien et al.,
2008) but also to affect environments located a long distance down-
stream of the source area of flows by disrupting networks and causing
damage to populated valleys (Erochin and Cerny, 2009; Jansky et al.,
2010; Schwanghart et al., 2016).

Over the past decades, numerous GLOFs have been documented in
many mountain ranges worldwide. Examples of recent and large GLOF
events are found in the Andes (Reynolds et al., 1998; Hegglin and
Huggel, 2008), Central Asia (Aizen et al., 1997; Narama et al., 2006,
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2010; Mergili and Schneider, 2011), the Himalayas (Richardson and
Reynolds, 2000; Allen et al., 2009; Xin et al., 2009; Worni et al.,
2013b), the Rocky Mountains (Jakob and Bovis, 1996; Clague and
Evans, 2000; Kershaw et al., 2005), the European Alps (Haeberli et al.,
2001), and in the Mount Everest region (Cenderelli and Wohl, 2001,
2003). It is believed that the occurrence of these phenomena may in-
crease over the next decades in many of the high mountain environ-
ments caused by (i) the formation of new unstable glacial and
subglacial/englacial lakes as a result of glacier retreat and/or (ii) increas-
ing slope destabilization in the cryosphere domain as a result of changes
in the precipitation and temperature patterns (Aizen et al., 1996; Stoffel
and Huggel, 2012; Stoffel et al., 2014). In the northern Tien Shan region,
the IPCC projects a moderate increase in temperatures (IPCC, 2007),
which is supposed to contribute or even to intensify current glacier re-
treat (Sorg et al., 2012, 2014). These changes may also cause significant
modifications of the cryosphere (Sorg et al., 2015) and related instabil-
ities at or around glacier termini and may thus impact on the actual for-
mation or outburst of glacier lakes (Stoffel and Huggel, 2012). The
widespread lack of long-term observations and more robust projections
of climate change at the regional level have so far prevented more ro-
bust conclusions about possible changes in GLOF activity in the region.

Therefore, an improved understanding of past GLOF occurrences and
their magnitude could indeed be a valuable baseline against which hy-
potheses about their relations with glacier dynamics could be tested
and from which potential hazard zones at the level of fans and farther
downstream in the valley could be drawn (Worni et al., 2014). So far,
however, efforts have been focused primarily on the description of im-
pacts of specific events causing disasters and not on hazard potential;
and a longer-term perspective on the process has been clearly missing,
such that the capacity of local authorities to perform sustainable hazard
and risk assessments has been rather hampered.

Here, we combine an assessment of time series of aerial pictures, a
detailed study of historical archives, field-based surveys, and tree-ring
analyses to build the longest, annually resolved history of GLOF and
debris-flow activity in northern Tien Shan. This paper therefore aims
at improving our knowledge about the spatiotemporal dynamics of

these processes on the Aksay fan, as a basis for future hazard assess-
ments, at the site and within the larger study region. The well-
preserved forest covering the Aksay fan allows studying impacted
trees with dendrogeomorphic approaches (Stoffel and Corona, 2014).
This approach has been used widely to analyze past debris flow events
(see Bollschweiler and Stoffel, 2010b for a recent review) at local and re-
gional scales (Bollschweiler and Stoffel, 2007; Mayer et al., 2010; Stoffel
etal,, 2010; Procter et al., 2012; Silhan et al., 2015) but has not been ap-
plied to understand GLOF activity in the past. In an attempt to distin-
guish GLOFs from debris flows, we hypothesize that the signs left and
the spatial patterns would be different (Bollschweiler and Stoffel,
2007) and that the position of trees on the cone would help us in
distinguishing dissimilar events with quite dissimilar magnitudes but
operating in the same catchment. The hypothesis was first tested with
available historical records.

2. Study site

The Aksay cone (42°33'N; 74°29’E) is the largest debris-flow fan in
the Ala-Archa National Park (Fig. 1). It is located on the northern slope
of the Kyrgyz range at only 35 km from Bishkek. The catchment size is
ca. 28.3 km?, and ranges from 4895 to 2250 m a.s.l. In the upper part
of the catchment (above 3600 m a.s.l.), two valley glaciers can be
found: (i) the Uchitel Glacier with an accumulation area on the western
slopes of the Semenov Tianshanskiy (4895 m a.s.l.) and Korona
(4691 m a.s.l.) summits; and (ii) the Aksay Glacier, with an accumula-
tion area located on the southwestern slopes of Korona and the western
slope of Dvurogaya (4814 m a.s.l.) summits. The terminus of Uchitel
Glacier is located at 3640 m a.s.l. and that of Aksay Glacier is at an eleva-
tion of 3330 m a.s.l. The lower parts of both glacier snouts are debris
covered and seem to be stagnant. Roughly 1 km upslope of its terminus,
Aksay Glacier exhibits an icefall with a slope of 52% and a vertical drop of
up to 200 m.

The debris-flow cone extends from 2200 to 2350 m a.s.l. and is cov-
ered by Picea abies in the areas where somewhat older sediments pre-
dominate and Betula in those sectors which have been affected by

Fig. 1. (A) The study area is located close to the Kyrgyz capital Bishkek, north of the main divide of the Kyrgyz range, within the Ala-Archa National Park, Aksay valley. (B) View of the cone
from west to east and (C) from east to west. (D) Satellite image (QuickBird, 2014) of Aksay cone; distance over main contours is 100 m.
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debris flows in the more recent past. The average slope on the fan is
16% for a cone area of 41.3 ha. The catchment has a Melton's rugged-
ness index of 0.5 and a Gravellius compactness index of 0.6. As a re-
sult of past debris-flow activity, several channels have been activated
in the past and still are active today, whereas we also recognize fea-
tures that have been more active in the past and can now be consid-
ered abandoned. On the hillslopes of the catchment and up to the
treeline, located at ca. 2300 m a.s.l., vegetation is primarily formed
by Picea abies trees.

Long-term hydrometeorological records exist at Baytik (42°42.8'N;
74°32.6'E; 1300 m a.s.l.), a station located at roughly 10 km down-
stream of Aksay valley. Annual records (covering the period
1916-2015) report mean precipitation totals of 517 mm, ranging be-
tween 18.1 mm in January and 87.1 mm in May. Mean annual temper-
ature is 6.5 °C, with mean maximum values in summer (18.1 °C) and
lowest mean values in winter (—4.8 °C). On average, snow covers the
debris-flow cone between September and April.

According to records of the Kyrgyz Hydrometeorological Agency and
the State Agency of Geology, past debris flows at Aksay cone have been
triggered either by GLOF processes (and more precisely the outburst of
englacial water pockets; Mavlyudov, 2005) or occurred as a result of in-
tense rainfalls (Erochin et al., 2009). Also, existing records point to in-
tense process activity on the cone during the second part of the
twentieth century (Erochin and Dikih, 2003), but this clustering of
events could also reflect the keen interest in and close monitoring of
debris-flow processes by researchers of the USSR system. In addition,
analyses of sediments and lichenometry suggest that large events
have also been frequent at Aksay cone prior to the onset of systematic
monitoring by USSR staff in the second half of the twentieth century
and presumably even during the last centuries, including the Little Ice
Age (Solomina et al., 1994).

3. Material and methods
3.1. Geomorphic mapping and tree-ring sampling

Geomorphic mapping was done through the interpretation of ae-
rial pictures and satellite imagery interpretation (using pictures
from 1960, 1971, 1978, and 2014) and field surveys, with the aim
to characterize and distinguish passive from active debris channels
as well as to map the main depositional areas and changes in forest
cover. The most significant geomorphic features, namely debris-
flow channels and depositional zones (i.e., lobes, levees) were man-
ually digitized and incorporated into a geodatabase using ArcGIS™.

In a subsequent step, field recognition was carried out to identify the
main landforms in the field and to locate trees bearing evidence of past
events. Disturbed trees — and in particular wounded, tilted, decapitated,
or buried trees (Stoffel and Bollschweiler, 2008) — were sampled if they
were located on the cone and/or in exposed positions along the
channels, lobes, and other depositional features. Sampling was realized
following standard procedures in dendrogeomorphic research as de-
scribed in Stoffel and Corona (2014) and consisted of the extraction of
one or two increment cores per tree. Sampling was conducted according
to the flow direction of events and at heights ranging between 20 and
100 cm.

Sampling was restricted to the central and upper parts of the cone
so as to limit the inclusion of noise in the reconstruction as a result of
anthropogenic activities (i.e., tourist facilities) in its lower part. Sam-
ples from wounded trees were taken at the contact between the scar
and intact wood so as to make sure that the entire tree-ring record
was obtained (Schneuwly et al., 2009a, 2009b; Ballesteros-Canovas
et al., 2010a, 2010b; Stoffel and Corona, 2014). Sporadically, cross
sections and wedges were also taken using a handsaw. Additionally,
undisturbed trees were sampled on a hillslope located close to the
cone so as to build the reference chronology representing normal,

climate-driven growth in the area and for the purpose of cross-
dating.

3.2. Tree-ring analysis and spatiotemporal debris flow reconstruction

Samples were prepared and measured following standard dendro-
chronological procedures (Stoffel and Corona, 2014). Tree rings were
first counted and then measured with a precision of 0.01 mm using a
digital LINTAB positioning table connected to a Leica stereomicroscope
and the TSAPWin software (Rinntech, 2011). Tree rings from undis-
turbed trees were converted into width indices by standardizing raw
data so as to detect characteristic common years with narrow or wide
rings for visual and statistical cross-dating of the tree-ring series from
disturbed trees (Stoffel and Bollschweiler, 2008). Growth disturbance
(GD) induced by past debris-flow activity were then identified in the
tree-rings records. Accordingly, following Stoffel and Corona (2014),
GDs were attributed to three different reaction classes according to
the evidence found in the tree-ring records: (i) strong reactions
(i.e., injuries, intense tangential rows of traumatic resin ducts, or
TRDs); (ii) medium reactions (i.e., callus tissues, compression wood,
or intense abrupt growth changes); and (iii) weak reactions (i.e. moder-
ate growth increases and/or growth suppressions). In those samples
from Picea abies, the occurrence of TRDs was used as an indirect indica-
tor of scars (Stoffel and Bollschweiler, 2008). The seasonality of events
was assessed, whenever possible, based on historical records and on
the position of wound borders and TRD on wedge samples (Stoffel
et al,, 2005, 2008). Owing to the lack of studies describing the response
of trees to geomorphic disturbances in this region, and in an attempt to
minimize noise and to maximize signal, we have exclusively included
intense TRDs in our assessment but disregarded intermediate and
weak TRDs.

The definition of past debris flow event was based on the weighted
index value (W;) as defined by Kogelnig-Mayer et al. (2011) as well
as the number of GD:

Wie= (3, Tix7 + 30, Ts x5+ Tnx3 + >0 Tw))
Z:‘;R[ )
Z;At

X

where the weighting factors of 7, 5, 3, and 1 are multiplied by the sum of
trees containing GDs of decreasing intensity (T; > Ts > T;,, > Ty, ), respec-
tively. This is multiplied by the ratio of trees containing a GD in year t
(R¢) and the total number of trees alive in year t (A).

This index considers the number, intensity, and typology of GDs
within each tree-ring series and the total number of trees available for
the reconstruction. The Wj, is calculated for each year of the reconstruc-
tion and considers differences in the intensity of tree reactions to
mechanic disturbance. Based on the existing bibliography, we defined
the thresholds for the event identification according to the processes
as well as the number of sampled trees (Stoffel et al., 2011;
Schneuwly-Bollschweiler et al., 2013; Corona et al., 2014). We used
the following thresholds to define debris flows: W;, > 1.2; for certain
events; 1.2 > W;, > 0.8 for a possible event; W;; < 0.8 no event.

The position of all disturbed trees as well as the geomorphic features
mapped on the images and in the field were displayed in ArcGIS™. We
then performed a visual analysis of simultaneous reactions in trees to
assess the possible clustering of disturbed trees or other spatial patterns
pointing to damage induced by debris flows of varying magnitude. We
therefore excluded years for which a limited number of trees were con-
centrated in very small areas (i.e., <5 m) or years for which reacting
trees were highly dispersed and without defining a clear channel pat-
tern (Lopez Saez et al.,, 2011; Schneuwly-Bollschweiler and Stoffel,
2012; Stoffel et al., 2013). Finally, we interpret the spatial patterns of ac-
tivity in current and past channels.
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4. Results
4.1. Geomorphic features and vegetation changes at Aksay cone

The field survey and interpretation of aerial and satellite images re-
vealed the existence of 11 well-formed debris-flow channels on the
Aksay cone, as well as numerous accumulation forms in the form of le-
vees and lobes. Fig. 2 illustrates the geomorphic evolution and shifts in
vegetation between the 1960s and today and points to intense debris-
flow activity over the last few decades. The southern part of the cone,
which has been affected by debris flows throughout the period investi-
gated, is characterized by deposits consisting mostly of boulders with
sizes of up to 1-2 m and a clear lack of vegetation. The central part of
the cone was seriously affected by debris flows between 1960 and
1971 and is characterized by the presence of huge boulders of up to
10-14 min length, as well as by the existence of many affected trees be-
hind the thick heaps of coarse sediment. In the northern part of the
cone, some evidence exists for relatively recent channel activity, but
the dense vegetation cover in this area points to more stable conditions
here as compared to the central and southern parts of the cone. Never-
theless, we can observe several, yet old, disturbances of past debris-flow
processes in trees as well as the presence of moderate to large boulders
with block sizes ranging from 1 to 10 m on the present-day cone surface.
The mapping and subsequent quantification of active channels and for-
est cover on the Aksay cone are shown in Fig. 3. The largest number of
active channels was detected on the aerial image in 1971 (with seven
active channels), when forest cover was much smaller than today
(—33.6%). By contrast, only three active channels (located in the south-
ern sector) as well as a young forest stand in the central sector are iden-
tified on the satellite image of 2014 and confirmed during field
inspection in 2015.

4.2. Temporal reconstruction of past events at Aksay cone

A total of 320 GDs were found in the 156 samples selected from 96
P. abies trees affected by past debris-flow activity. Among these GDs,
6% were in the form of injuries (n = 18), 25% were classified strong
(n = 80), and 33% had medium (n = 105) and 36% had weak (n =
117) reactions. The oldest trees growing on the cone date back to CE

1850 and are located in the northern parts of the cone, whereas the
youngest tree sampled within this study was located close to the cur-
rently active channels in the southern part of the cone; it attained sam-
pling height in 1987.

Analysis of the temporal clustering of reactions and the spatial pat-
terns of affected trees allowed reconstruction of 27 GLOF or rainfall-
induced debris flows covering the last 140 years, thus pointing to the oc-
currence of 17 events that have not been known prior to this study. At
the same time, the dendrogeomorphic study of debris flows on the
Aksay cone has not only allowed confirmation of the events registered
in USSR archives but also provided valuable insights into their lateral ex-
tent and reach. Table 1 and Fig. 5 provide specific details of these events
and illustrate the temporal reconstruction of past debris flows on the
Aksay cone. The oldest reconstructed event was dated to 1877, whereas
the most recent events were observed during fieldwork on 23 July 2015.
Our reconstructions point to a phase of very intense debris-flow activity
on the cone between 1960 and 1970 (0.54 events y~': 1960, 1961,
1965, 1968, 1969, and 1970) and a sharp decrease in process activity
after the 1970s to the present day (0.15 events y~ ': 1973, 1975, 1977,
1980, 1993, 1999, and 2015). Based on the available archival records
from the USSR, nine of the dated debris flows were in fact caused by
GLOFs (Table 2; i.e., 1960, 1961, 1965, 1966, 1968, 1969, 1970, 1975,
and 1980). By contrast, only two events were released through the com-
bined effect of intense rainfall and glacier thawing, namely in 1999 and
2015.

When comparing the weighted index (W;,) values obtained in differ-
ent years (Fig. 4), we realize that the largest W;, indices are in fact ob-
tained in those years for which GLOFs have been recorded in the USSR
database. These are, by way of example, 1980 (W;, = 22.3), 1960
(W = 12.8), or 1969 (W;; = 10.6). We attribute these high values to
(i) very intense, (ii) large-magnitude processes affecting (iii) substan-
tial parts of Aksay cone and (iv) therefore leaving a larger number of ev-
idence in trees. By contrast, the most recent events, known to be debris
flows induced by rainfall and/or enhanced glacier melting, were charac-
terized by much smaller Wi, indices, as for instance in 1993 (W;; = 14)
or 1999 (W;; = 2.1). By analogy, one can thus assume with fairly high
confidence that the previously unknown debris flows dated to 1928
(Wj = 15.6), 1936 (W;; = 9.1), and 1950 (W;, = 11.8) must have
been triggered by outbursting lakes and not by torrential rainfalls.

Fig. 2. Changes at the level of the Aksay debris-flow cone: aerial image were taken on (A) 11 Aug. 1960; (B) 1 Sept. 1971; (C) 8 Aug. 1978; and the (D) satellite image (QuickBird, 2014)

dates back to 30 Aug. 2014.
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Fig. 3. Changes in land cover and process relevant parameters at Aksay cone since 1960: (A) Number of active and passive debris flow channels as observed in the images. (B) Forest cover

for each year, with area in 2014 representing 100%.

In terms of the seasonal timing of debris flows, the intraseasonal po-
sition of injuries and TRDs within tree-ring records indicates that more
than two-thirds of the events would have occurred in summer and that
only 30% of the events were released in late spring (Table 1).

4.3. Reconstructed spatial patterns of debris flows

The localization of trees showing simultaneous GD to a specific event
have then allowed assessment of spatial patterns of debris-flow activity
on the cone and for the 27 events identified between 1877 and 2015.
Table 2 provides data on channel activity; results indicate quite clearly
that channels 1, 2, 3, and 6 have been affected most often during past
events (with up to 13 events being recorded in a single channel). The

Table 1

Overview of growth disturbances (GD) and weighted index (W;;) values of dated events.
Years given in bold are those which were documented in archives, years given in italics
were not previously known MAM - March, April, May; JJA - June, July, August. (*) The ex-
act dates of events are based on historical records, the seasonality of unrecorded events is
estimated from scars and tangential rows of resin ducts (TRDs) in trees. (**) Observed
event.

Year Seasonality/Date (*) Wi, #GD
1877 JJA 1,1 2
1885 JJA 2,3 4
1916 JJA 09 3
1918 MAM 12 5
1922 JJA 75 9
1924 MAM 53 10
1928 JJA 15,5 17
1934 JJA 45 9
1936 JA 9,1 11
1941 JJA 1,7 6
1943 MAM 3,6 9
1950 JA 11,7 15
1955 MAM 08 5
1960 05th July 12,7 19
1961 29th July 1,2 6
1965 21st August 2,0 8
1966 18th June 14 7
1968 24th July 2,6 9
1969 24th July 10,6 14
1970 18th July and 2nd August 7,7 14
1973 JA 1 6
1975 MAM 1,5 6
1977 MAM 12 5
1980 18th July and August 22,2 25
1993 MAM 14 6
1999 June 21 7
2015 (**) 23rd July - -

most recent events in channels 3 and 8 were dated to 1999 and ob-
served during fieldwork in 2015. By contrast, far less activity (only 3
events) has been observed in channel 9, with the last event on record
in 1969. Analysis of the spatial distribution of GD in trees during specific
events also allowed identification of two main flow or process patterns,
which are described and illustrated in the following (Fig. 5):

4.3.1. Pattern A: large debris flows affecting the entire cone, likely induced
by GLOFs

At least 15 events have affected the entire cone, namely in 1885,
1922, 1928, 1936, 1950, 1955, 1960, 1961, 1965, 1966, 1968, 1969,
1970, 1977, and 1980. In general terms, these events have been charac-
terized by high-magnitude flow energies and large amounts of sedi-
ment being transported. Boulders during these events typically are
>1 m in diameter (Fig. 6A, B), and breakouts from the main channels
(1,2, and 4) usually occurred right at the cone apex. Based on historical
records, at least the events in 1960, 1961, 1965, 1966, 1968, 1969, 1970,
and 1980 were caused by outburst floods from lakes located on or next
to Aksay glacier and should thus be considered GLOF events. Available
historical records show that the deposition of large amounts of sedi-
ments has caused the formation of small lakes at the confluence of the
Aksay torrent with the Ala-Archa River. This was particularly the case
in 1968 when the outburst of an englacial water pocket and subsequent
GLOF activated channels 1, 9, and 10, and debris-flow material covered
the entire cone. In 1968, the foremost important impacts were recorded
in the central part of the cone where tourist facilities have been con-
structed since.

The same pattern has been observed for the five following debris-
flow events reconstructed in this study, namely 1922, 1928, 1936,
1950, and 1955 (Fig. 5B, C). During these events the spatial distribution

Table 2
Debris-flow channels and periods of activity.

Channel First event Last event Number of event
1 1922 1970 15
2 1928 1980 13
3 1924 2015 18
4 1924 2015 13
5 1877 1977 10
6 1877 1970 13
7 1885 1977 10
8 1918 2015 7
9 1960 1969 3
10 1960 1969 5
11 1960 1969 4
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Fig. 4. Reconstructed frequency of debris flows on Aksay debris-flow cone. The reconstruction of debris flows was not always possible with the same accuracy, such that we distinguish
between events and possible events. For the latter, the number of reacting trees is smaller and the nature of disturbances (and their intensity) less evident. For details see text.

of GD is mostly in channels 1, 9, 10, and 11; and damage in trees can be
observed down to the confluence with the Ala-Archa River, pointing to a
spread and extent similar to that observed during recent GLOF events.

4.3.2. Pattern B: smaller debris flows being restricted to the southern parts
of the cone

Pattern B describes somewhat smaller debris flows and can be de-
scribed with the spatial distribution of trees affected by 12 past events,
namely in 1877, 1916, 1918, 1924, 1934, 1941, 1943, 1973, 1975, 1993,
1999, and 2015. The two most recent events on record (1999 and 2015;
Table 1) are also known from documentary sources, such that their trig-
gers are known. In both cases, debris flows were released by a combina-
tion of intense rainfall and glacier melting.

During pattern B events, debris flows exclusively affected channels
12 and 13, which are located in the southern part of the cone
(Fig. 5D), but did not activate the channels in the central and northern
parts of the cone. This difference in flow behavior can be explained by
the smaller volumes of sediment and more limited availability of
water during these flows which does not hence allow debris flows to
favor avulsion processes at the apex of the cone. As a further conse-
quence, the capacity of these events to produce temporal dams in the
Ala-Archa River is also minimal, as most of the solid charge typically is
being deposited on the cone itself. As pattern B events are restricted to

the currently active channel (at least under present-day conditions),
they also do not affect existing infrastructure on the Aksay cone.

5. Discussion and conclusions

In this paper, growth ring records from 96 Picea abies (L.) Karst. trees
have allowed reconstruction of 27 debris-flow events covering the peri-
od CE 1877-2015. In addition, we were able to attribute possible trig-
gers to the occurrence of debris flows and thus distinguish between
(i) rather small, rainfall-induced debris flows and (ii) larger events oc-
curring during glacier lake outburst floods (GLOFs).

Over the last few decades, glaciers of northern Tien Shan have
shown a significant retreat and related mass losses as a result of climate
warming, a process that has been enhanced by intensive melting be-
cause of significant summer warming (Aizen et al., 1997; Glazirin,
2010; Sorg et al., 2012; Bolch, 2015). This fact has led to the formation
of a multitude of new and potentially unstable glacier lakes in the larger
study area. As a consequence, local authorities are also confronted with
potentially larger discharge volumes in case that the newly formed gla-
cial lakes should eventually burst (Erochin et al., 2009). In this paper, we
have put the recent developments into perspective by presenting a
multicentennial debris-flow time-series for one of the more active
sites in the Ala-Archa National Park near Bishkek. Besides the
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Fig. 5. (A) Maps of Aksay cone with indication of channel activity and spatial patterns of past debris-flow events as recorded in the tree-ring records; as well, forest cover at the time of the
event and localization of trees sampled: (B) Debris flow affecting the northern and southern parts of the cone during an event in 1936 (pattern A; for details see text). (C) The debris flows
in 1968 affected most parts of the cone and occupied channels in the northern, central, and southern parts of the cone. In some cases debris flows in channels 1,9, and 10 even reached Ala-
Archa River (pattern A). The event of 1968 is known from archives and was triggered by the outburst of an englacial water pocket. (D) During pattern B events, debris flow volumes are
smaller and events more limited to some channels, as observed during the debris flow in 1999, which was recorded in channel 8 (central part of the cone) and in channels 3 and 4 (current

Aksay channel).
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Fig. 6. (A) Past GLOFs have transported very large boulders in the central part of the cone, as illustrated with this example having a diameter of around 13 m. (B) Fresh debris-flow deposits

of the event observed on 23 July 2015.

reconstruction of past debris flows, we have also analyzed hazards that
might originate from the occurrence of GLOFs at the cone level and
discussed possible linkages with glacier changes over the last decades.

The reconstruction of debris flows was based on standard
dendrogeomorphic techniques (Bollschweiler and Stoffel, 2010a), with
a focus on the analysis of injuries, strong TRD, reaction wood, and sudden
growth reductions, as suggested by Stoffel and Corona (2014). The utility
of these indicators has been proven for a large suite of hydrogeomorphic
process reconstructions worldwide such as in the European Alps
(Bollschweiler and Stoffel, 2010b; Procter et al., 2011, 2012), Carpathian
Mountains (Silhdn, 2014; Ballesteros-Canovas et al., 2015a, 2015b), in
the Central Spanish System (Ballesteros-Canovas et al., 2010b, 2011a,b;
Ruiz-Villanueva et al, 2010; Ballesteros-Canovas et al., 2015c;
Rodriguez-Morata et al., 2016), Patagonian Andes (Casteller et al.,
2015), and in the Kazakh Tien Shan Mountains (Winchester et al., 2015) .

The position of affected trees was then used to investigate the spatial
variability of reconstructed events (as in Bollschweiler et al.,, 2007) and
to speculate about potential triggers of reconstructed events. Two
different event patterns can be observed in the field, which allow hy-
pothesizing that these differences also reflect the differing nature of
geomorphic processes operating in the catchment. During pattern A,
events affected the entire cone with large-sized deposits; whereas pat-
tern B events exclusively affected the southern portions of the cone with
smaller-grained debris flows. Based on the analysis of historical docu-
ments and the interpretation of aerial pictures, pattern A corresponds
to past GLOF events, whereas imprints left by pattern B are induced by
debris flows triggered by intense rainfall or snowmelt events. The dis-
tinction of triggers is also supported by the substantial differences ob-
served in process magnitudes. During the events of 1968 and 1969,
local authorities recorded peak discharge values of almost 900 and
800 m> s~ !, whereas discharge during the debris flows observed during

Table 3
Historical events on Aksay debris flow cone (Erochin and Dikih, 2003).

fieldwork on 23 July 2015 was estimated to be between 90 and
150 m> s~ ! (Table 3). By using the spatial patterns and block size distri-
butions of the 27 reconstructed events, we assume that 15 of them were
indeed GLOFs originating from either the Uchitel or Aksay glaciers,
whereas the remaining 12 debris flows (of much smaller size) would
have been triggered by rainfall or snowmelt processes.

The temporal reliability of our reconstruction is well supported by
existing records obtained from the State Agency of Geology and the Kyr-
gyz Hydrometeorological Agency, at least during Soviet time (1960-
1980), for which data on events are very precise. We have therefore
used the seasonality of damage in trees, mostly by means of the intra-
position of TRD within growth rings (Stoffel et al., 2008, 2010) to con-
firm the reliability of our reconstruction and to further test the previ-
ously formulated assumptions. The (intraseasonal) dating of events
did not only match with direct observations in 10 cases but furthermore
allowed subseasonal reconstruction of 17 events that were not previ-
ously known. The fact that our study site was much more active than an-
ticipated also confirms the conclusions of Solomina et al. (1994), who
reported highly active process dynamics of the Aksay cone over the
course of the Holocene, but also allows us to present unique data with
unprecedented detail, not only for the region, which will greatly help
understanding GLOF process dynamics and activity in northern Tien
Shan and over the course of the last centuries.

In terms of system dynamics, our results also point to dissimilar
event activity over the course of the last centuries. The temporal recon-
struction of debris flows provides hints on three different activity
phases and highlights an increase of process activity during the 1960s
and 1970s. The reconstructed temporal frequency of events was only
0.25 event y~ ! between 1916 and 1960, whereas more than one
event in two years (~0.55 event y~!) was observed for the period
1960-1980, predominantly in the form of GLOF-induced debris-flows.

Valley Reasons of debris flow Date of outburst Initial outburst discharge, m*/s Debris-flow discharge, m®/s
Aksay Outburst of Aksay englacial water pocket 08.07.1960 5-10 -
07.1961 5-10 -
21.07.1965 5-10 -
18.06.1966° 55
10.08.1968 7.5 70
25.07.1969 5 900
18.07; 2.08.1970 5-10 800
18.07.1980° 33
3.08.1980% 3,6 40
45
Sharkyratma (side valley) Rainfall 1999 - 70
Aksay Intensive melting 23.07.2015 90-150

¢ Estimation of discharge in 1980 was visually measured in the lower part of the cone, near the confluence with the Ala-Archa river; in 1966, discharge estimates were visually done by

alpinists during the event and again in the lower parts of the cone.
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Fig. 7. (A) The Aksay Glacier complex is formed by two glaciers, Aksay (3) and Uchitel (2), and contains a significant icefall zone (1) and a subglacial lake (4). (B) Frontal view of Aksay

icefall and subglacial lake. (C) Glacier movement, based on aerial image (1971).

During the most recent period (1980-2015), activity has become scarce
with only ~0.11 events y~ !, mostly in the form of rainfall or snowmelt-
induced debris flows.

Comparable shifts in process activity and in the nature of triggers —
with a clustering of GLOF-induced debris-flows in the 1960s-1980s —
has also been reported for glacierized debris-flow catchments in
Kazakhstan (Baimoldayev and Vinokhodov, 2007; Medeu, 2011). The
reconstructed increase of event activity also matches well with the
close-to-zero glacier mass balance of Golubin Glacier (reconstructed)
in the Ala-Archa in the 1950s to the early 1970s (Aizen, 1988) or that
of Tuyuksu Glacier (directly measured) in Kazakhstan (Dyurgerov and
Mikhalenko, 1995).

The differences in triggers (and hence magnitudes) of debris flows at
Aksay cone may thus well reflect predominating glaciological controls
of glacier lake formation and/or outburst processes. It is possible that
the state of glaciers in the Aksay catchment may have favored the
blocking of englacial channels during this period of stagnant glacier
mass balance, even more so as in the case of the Uchitel and Aksay gla-
ciers where numerous crevasses are concentrated in the lower part of
icefall (Fig. 7A, B). After 1960, Aksay Glacier has experienced rapid
downwasting with an average reduction in mean surface elevation by
almost 25 m and maxima in the lower parts of the snout of up to 60 m
(Bolch, 2015). This significant thinning of the snout has not only caused
terminus retreat and stagnation of ice in most areas of the snout below
the icefall (Fig. 7C) but may also have impeded the formation of
englacial channel blockage such that the accumulation of large meltwa-
ter masses has become insignificant and even hardly possible.

The hazard assessment on the cone highlights intense process activ-
ity, especially during summer. The highest probability for debris flows
to occur thus coincides with the peak of the tourist inflow at Aksay dur-
ing the summer season. Although old aerial pictures reveal that debris
flows occurred throughout the period covered by images, pointing to
frequent process activity in the central and northern parts of the cone,
several tourist infrastructures have been constructed on the cone over
the last decades. Even if the most recent debris flows of 1993, 1999,
and 2015 were rather small in nature and restricted exclusively to the
current main channel in the southern part of the cone, it is very likely
that future GLOFs triggered by the outburst of englaciated lakes will

avulse in the cone apex and reactivate currently abandoned channels
in the central part of the cone. In addition to causing damage to infra-
structure on the cone, these events may also result in the formation of
a new temporary dam blocking Ala-Archa River and subsequently in
catastrophic breakout floods farther downstream. The findings of this
paper should thus be used for a critical reconsideration of the hazard zo-
nation at the study site as well as for an implementation of disaster risk
reduction strategies between the cone and the Kyrgyz capital Bishkek.
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