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Ongoing climate warming has been demonstrated to impact the

cryosphere in the Indian Himalayas, with substantial consequences

for the risk of disasters, human well-being, and terrestrial ecosystems.

Here, we present evidence that the warming observed in recent

decades has been accompanied by increased snow avalanche frequency

in the Western Indian Himalayas. Using dendrogeomorphic techniques,

we reconstruct the longest time series (150 y) of the occurrence and

runout distances of snow avalanches that is currently available for the

Himalayas. We apply a generalized linear autoregressive moving

average model to demonstrate linkages between climate warming

and the observed increase in the incidence of snow avalanches.

Warming air temperatures in winter and early spring have indeed

favored the wetting of snow and the formation of wet snow

avalanches, which are now able to reach down to subalpine slopes,

where they have high potential to cause damage. These findings

contradict the intuitive notion that warming results in less snow, and

thus lower avalanche activity, and have major implications for the

Western Himalayan region, an areawhere human pressure is constantly

increasing. Specifically, increasing traffic on a steadily expanding road

network is calling for an immediate design of risk mitigation strategies

and disaster risk policies to enhance climate change adaption in the

wider study region.

Himalayas | climate change | cryosphere | tree rings | snow avalanche

Climate warming at the Third Pole and the ongoing melting
of snow and ice (1) are anticipated to change the magnitude

and frequency of cryospheric hazards in ways that will per-
manently change high mountain landscapes and associated so-
cioeconomic systems (2). In the Himalayas, ice and snow
avalanches have left strong environmental footprints, but both
past and present activity, and the associated risks, remain
poorly documented (3, 4). In the Western Himalayan region,
snow avalanches often block critical transport corridors (5, 6)
and cause human, property, livestock, and/or infrastructure
losses (7, 8), which, in turn, disrupt the status quo of com-
munities and may put the future welfare of people living in
mountain valleys at risk.
Snow avalanche activity is controlled by the variability of snow

and weather conditions and their interactions with topography.
Avalanche release is often spontaneous, but it is sometimes
caused by an external loading (e.g., by humans or animals) (9). In
addition, avalanche activity is intrinsically variable in terms of the
frequency, magnitude, seasonality, and typology of events, which
are all dependent upon snowpack characteristics, such as snow
type, thickness, and stratigraphy (10). For instance, powder snow
avalanches tend to occur after intense snow precipitation during
cold winter conditions, whereas wet and dense flows often co-
incide with warm spells, typically toward the end of the winter
and early spring (11, 12). As a consequence, changing climatic
conditions may modify avalanche activity. Land cover changes,
such as afforestation and deforestation, are also likely to play a
role (13). In recent decades, several studies have demonstrated
decreasing trends in snowfall and snow cover duration in low- to

middle-elevation regions of mountainous areas in both North
America and Europe (14–17). These changes have led to an
upslope retreat of the areas affected by large avalanches (18) and
to the occurrence of wet snow avalanches at places where ava-
lanches were mostly dry before (19). At higher altitudes, espe-
cially in the world’s highest regions, relationships between
climate and snow avalanching remain unclear due to the general
lack of long-term observations. The ongoing warming and re-
lated changes in precipitation, in combination with the threshold
effect of the freezing level, will add further complexity to changes
in snowpack and snow avalanching at critical elevations (20–22).
One can thus assume that more intense heavy snowfall (22) and/
or increasing winter temperature variability (23) will likely lead
to an increase in high-altitude snow avalanche activity (24, 25).
Here, we reconstruct a snow avalanche history for the Indian

Himalayas and investigate whether ongoing climate warming has
had an impact on the frequency and magnitude of snow ava-
lanching in the recent past. We hypothesize that the observed
positive trends in air temperature during winter and spring im-
pact snow avalanche occurrence on subalpine slopes in the
Himalayas. The study focuses on a site in the Western Indian
Himalayas (Fig. 1 and details are provided in Materials and
Methods), where damage has been reported repeatedly along the
only reliable transport corridor linking the lowlands of the Indian
subcontinent to the remote mountain regions of Lahaul-Spiti
and, ultimately, Leh (Ladakh). Due to the key strategic role of
the Rothang Pass and its closure in winter, the Government of

Significance

Climate warming is impacting the cryosphere in high mountain

ranges, thereby enhancing the probability for more and larger

mass-wasting processes to occur. This tree-ring–based snow

avalanche reconstruction in the Indian Himalayas shows an

increase in avalanche occurrence and runout distances in re-

cent decades. Statistical modeling suggests that this increase

in avalanche activity is linked to contemporaneous climate

warming. These findings contradict the intuitive assumption

that warming results in less snow, and thus fewer snow ava-

lanches in the region, with major implications for disaster risk

management and risk mitigation in a region with steadily in-

creasing human occupation.
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India is currently finalizing construction of the longest tunnel (26)
in the Hindukush-Karakoram-Himalayan (HKH) region to allow
year-round access to Ladakh.
To overcome the striking lack of data and to put recent snow

avalanching into perspective, we used growth-ring records of
trees on a forested avalanche slope to develop the longest ava-
lanche reconstruction available for the HKH region. Tree-ring–
based snow avalanche reconstructions have been shown to be a
highly accurate means to retrospectively date the occurrence of
snow avalanches in time and space and with annual-to-seasonal
precision (27, 28). The use of tree rings has a long tradition in
snow avalanche reconstructions in North America and Europe
(29, 30), but information is not yet available for the Indian Hi-
malayan range (3). To analyze snow avalanche/climate linkages,
we use data from climate reanalyses and an innovative mod-
eling strategy that takes into account year-to-year memory,
namely, a generalized linear autoregressive moving average
model [GLARMA (31)] (Materials and Methods).

Long-Term Snow Avalanche Reconstruction in the Western
Himalayas

Tree-ring analyses of 144 trees growing on the avalanche slope
allowed detection of 521 growth anomalies induced by past snow
avalanches (Fig. 2 and SI Appendix, Tables S1 and S2) and 38 y
since 1855 CE in which snow avalanches occurred. We find a
long-term average occurrence ratio of 0.24 avalanches per year
(Fig. 3). Our snow avalanche reconstruction reveals evident
contrasts in activity over time; trend analyses indeed point to
phases with virtually no activity between the 1940s and 1960s. By
contrast, we observe very high activity between 1970 and
1977 and from 1989 to 2003 (with occurrence rates >0.875 y−1).

Spatial analyses of the areas affected by snow avalanches point to
large spatial footprints during the 1970s and 1990s, and especially
in the years 1991, 1974, and 2006. By contrast, snow avalanches left
smaller spatial footprints before the 1970s. The minimum width of
the area affected by snow avalanches in any given year is 132 m,
which is much larger than the minimum distance between analyzed
trees (SI Appendix, Fig. S1).
Hence, the tree-ring–based snow avalanche reconstruction

reveals quite substantial changes in process activity since the
1970s, both in terms of the area affected and the frequency of
snow avalanching. The robustness of these patterns of change is
clearly supported by the increase in the number of intermediate
and strong growth anomalies in the tree-ring records since the
1970s (SI Appendix, Fig. S2). These changes in reconstructed
snow avalanching can be explained neither by changes in sample
size (i.e., trees available for analysis in any given year) nor by the
distribution of trees sampled on the slope (32, 33). In fact, the
snow avalanche reconstruction is based on a substantial number
of trees covering the entire 20th century (>85 disturbed trees)
and on a homogeneous ratio between conifer and broadleaved
trees (∼1.26; SI Appendix, Fig. S3). A possible masking of old
scars (SI Appendix, Fig. S4) after several decades (34, 35) cannot
explain the detected trends in activity either, as scars occurred in
around 60% of all cases since the 1870s, indicating that our
sampling strategy minimized the risk of missing old, overgrown
scars. Thus, and even if we cannot rule out the possibility that
some avalanches may have passed at the site unnoticed (36),
especially during the first half of the 20th century, the recon-
structed change in snow avalanching is indeed reflecting changes
in process behavior.
More generally, the recent intense snow avalanche activity

reconstructed from tree rings is fully supported by direct observa-
tions of snow avalanching at adjacent sites, even if these records are
too diffuse in space and time to allow sound time series analysis (5).
Indeed, during the 1990s, avalanches were recorded in most years in
the wider study region (Kullu district), and during the 2000s, more
than 15 events were noted, with the largest ones on record in March
2002, March 2003, January 2006, and January 2008 (37). The high
snow avalanche frequency reconstructed over the past four decades
also matches with 21st century avalanche records from the nearby
Lahaul (∼40 km) (38), Chamba, and Kinnaur regions (37). By
contrast, to avalanche time series reconstructed from tree-ring evi-
dence, such direct observations provide additional information re-
garding the timing and nature of recent events. Notably, many of
the reported avalanches occurred in late winter and/or early spring,
and wet snow avalanche deposits predominated in recent observa-
tions (39). The above core of evidence supports our findings that a
substantial shift in snow avalanche activity occurred over recent
decades, not only on the studied slope but also on similar slopes in
the surrounding region. Recent climate warming is therefore the
most plausible explanation for the drastic increase in process activity
at the bottom of slopes, where events are nowadays being felt and
hence recorded.

Warming Temperatures Increase Probability of Snow
Avalanching

A GLARMA model was used to investigate relationships be-
tween monthly climate covariates (40) and the occurrence of
snow avalanches since the beginning of the 20th century. Unlike
previous work, which relied mostly on logistic regression of
classification trees (41–43), we applied a model that explicitly
includes an autoregressive component to explain the nonlinear
nature of predisposing factors of snow avalanches, such that an
avalanche occurrence in 1 y can influence the likelihood of
subsequent avalanches via, for example, changes in vegetation
patterns (44, 45). Principal component analysis (PCA; details
provided in Materials and Methods) was applied to the set of
available standardized climate variables and supports a pre-
dominant contribution of cumulated precipitation during February
andMarch (PCA axis1 = 24.4%; SI Appendix, Fig. S5). The second
component of the PCA is represented by warming air temperatures

Fig. 1. Avalanche slope in the Western Himalayas used for the reconstruction
of changes in avalanche frequency. Red dots indicate the locations of sampled
trees. Potential release areas are indicated with semitransparent white surfaces
and have been detected using the approach suggested by Bühler et al. (26).
The access road to the new Rothang tunnel crosses the lower part of the slope.
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between December and March (PCA axis2 = 16%). The third
component of the PCA describes the variability of air temperatures
in January (PCA axis3 = 14.8%). It is noteworthy that if combined,
the three principal axes of the PCA are able to explain 55.2% of the
total variance of climate variables (relative contributions are pro-
vided in SI Appendix, Table S3).
A closer look at the GLARMA model outcomes suggests

that snow avalanche probabilities are highest if warmer tem-
peratures persist during these months. Thus, the only signifi-
cant influence on the onset probability of snow avalanche is
given by PCA axis2, as shown by the z-ratio tests on parameter
estimates (Table 1). The Akaike information criterion (AIC;
Materials and Methods) supports the statistical model based
exclusively on this first-order autoregressive parameter (AIC =

106.1) against two- or even three-order parameter models
(AIC = 116.2 and 115.4, respectively). This finding is consistent
with existing significant influences from previous-year condi-
tions on present-year probabilities of snow avalanche occur-
rence. Interpretation of a GLARMA process is also supported
by both the likelihood-ratio test (LRT) and Wald test (SI Ap-
pendix, Fig. S6 and Table S4). The fact that this model only
points to a first-order term is explained by the intense snow
avalanche activity at the study site, which could thus be strong
enough to erase longer time-scale memory effects.
Interestingly, model predictions point to an increased proba-

bility of snow avalanches toward the second half of the 20th
century, which coincides with warming trends observed between
December and March, as well as with an increase in accumulated
precipitation totals in January and February (Fig. 4A). Both of
these tendencies clearly increase the probability of snow ava-
lanching. Nevertheless, any increase in snow avalanche proba-
bility above a given threshold of 0.5 will also require notable
departures from mean temperatures and cumulated pre-
cipitation totals, as shown in Fig. 4B. It is worth noting that all of
the assumptions of the GLARMA model are met, as shown by
the graphical analyses of residuals (SI Appendix, Figs. S7 and S8).
In addition, the fitted GLARMA model shows a high goodness
of fit with a deviance-based R2 of 0.88. These outcomes are also
consistent with the performance of the GLARMA model when
applied only to the period 1950–2010 (SI Appendix, Tables

S5 and S6), therefore underlining the robustness of conclusions,
even if, hypothetically, our sampling strategy would have added
uncertainties or biases to the reconstruction during the first half
of the 20th century.
Finally, our results confirm that ongoing climate warming has

been responsible for a shift in snow avalanching on subalpine
slopes in the Western Indian Himalayas in recent decades (9, 10,
46). According to direct observations, this influence concerns wet
snow avalanche activity in particular. Process-based studies also
highlight that increasing air temperature would lead to a rise in
liquid water content of the snowpack and an increase in its shear
deformation rate, which, in turn, favor increased strain at the
interface of slab and/or weak layers, and thus, ultimately, the
release of wet snow avalanches (12). The increased avalanching
in the Western Indian Himalayas is thus likely to result from the
preservation of a sufficiently thick snow cover in high-elevation
avalanche release areas combined with more frequent crossing of
the melting point of snow, which, in turn, results in more fre-
quent, mostly wet, snow avalanches. The transformation of dry
snow packs into wet snow packs is decisive for the release of
snow avalanches in the region, as the reconstructed increase in
process activity occurred even in the absence of increased
snowfall. This conclusion for the Western Himalayas is in line
with observed changes in the typology and timing of avalanche
activity in the European Alps (19), as well as with existing, yet
still scarce, data on any related elevation-dependent change in
these patterns (24, 25).
Also, above a certain threshold, the increase in the liquid

water content of snow in motion will tend to reduce friction,
increasing avalanche runout distances (47), while conserving
high-impact pressures even close to the point of rest (48),
thereby smoothing the avalanche path (9, 12). The documented
increase in the extent of avalanches and the severe damage
observed in trees (SI Appendix, Figs. S2–S4) further support the
fact that the current late-winter and/or early-spring warming
has enhanced the occurrence of wet snow avalanches that are
able to reach the bottom of subalpine slopes in the Western
Indian Himalayas. Given the potentially dramatic conse-
quences of such high-magnitude events with larger extent and
higher pressures, we conclude that ongoing climate warming is

Fig. 2. (A) General view of the investigated avalanche slope. (B) Trees disturbed by snow avalanches with characteristic avalanche scars on their stem surface.
(C) Sampling of avalanche-damaged trees with an increment borer.

Fig. 3. Snow avalanche reconstruction based on
tree-ring records from 144 broadleaved and conifer
trees. (Upper) Chronology of 38 reconstructed snow
avalanches. N, no; Y, yes. (Lower) Wit index (blue
columns), the number of GDs (gray columns) ob-
served each year, the sample depth (i.e., number of
trees available for analysis in any given year), and
the related Wit and number of GD thresholds (blue
and red lines, respectively) used to distinguish ava-
lanche signal from noise.
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currently exacerbating avalanche risk in the study region. This
finding therefore calls for well-coordinated actions aimed at im-
proving risk management of snow avalanches and disaster risk pol-
icies to enhance climate change adaption in the wider study region.

Material and Methods

Sampling was conducted on a characteristic east-facing snow avalanche slope
in the Western Himalayas, located between the villages of Solang and
Dhundi, Kullu district, Himachal Pradesh, India (longitude/latitude: 32.33° N/
77.14° E; Fig. 1). The slope includes different, rather unconfined, avalanche
paths with the highest release areas (26) at 4,200 m above sea level (masl)
and lowest runout locations at 2,600 masl. The avalanche path and runout
zones are covered by a loose-forest stand growing on a rather homogeneous
slope with an average angle of ∼35°. The transport zone is partially vege-
tated and has a mixed forest of maple and spruce, with an average slope of
∼20° and a maximum slope width of ∼1,500 m. The runout zone ends at the
contact of the slope with the Beas River at ∼2,600 masl. Precipitation in
winter is controlled primarily by western disturbances.

Due to the lack of reliable long-term climate data in the area, we used
gridded temperature and precipitation records from the University of East
Anglia, Climatic Research Unit Climatic Research Unit TS3.2 dataset (49) and

the Global Precipitation Climatology Centre (gpcc.dwd.de). The selection of
these particular gridded datasets was based on (i) their temporal coverage
(i.e., 1900–2010) and (ii) significant positive correlations with available re-
cords of the Indian Meteorological Department (IMD) at the monthly scale.
Reliability of datasets was validated with meteorological records from the
Manali station and with NASA’s Tropical Rainfall Measuring Mission (https://
trmm.gsfc.nasa.gov/) data (SI Appendix, Fig. S9). We also used the IMD’s
long-term records from the Shimla station to detect trends in different time
windows (SI Appendix, Fig. S10).

Dating of Snow Avalanche Events. We used snow avalanche damage in tree-
ring records to date past snow avalanches in this study with annual resolution
(36). In the field, trees disturbed by past snow avalanche activity were
screened along the avalanche path for (i) scars induced by material trans-
ported in snow avalanches, (ii) trees tilted by avalanche pressure, (iii) trees
decapitated by avalanches, as well as (iv) surviving neighboring trees
growing along the snow avalanche track (28, 32, 50). Disturbed trees record
growth disturbances (GDs) in their tree-ring series in the form of (i) injuries
and callus tissues, (ii) tangential rows of traumatic resin ducts, (iii) reaction
wood, (iv) abrupt growth decreases, or (v) abrupt growth releases. In addi-
tion to the impacted trees, we sampled undisturbed trees from a nearby
slope to build a reference chronology representing “normal” growth at the
site. The reference series was used for visual cross-dating of disturbed
samples and for the detection of avalanche-induced growth anomalies.
Trees were sampled with increment borers and a handsaw. We recorded
additional information, such as the typology of GDs, geographical location,
and graphical information. In the laboratory, samples were analyzed fol-
lowing standard protocols (29, 36), which involved (i) sample preparation
(polishing and sanding), (ii) tree-ring width measurement, (iii) cross-dating
of series using so-called “pointer years” [i.e., years with remarkable growth
responses at the stand level (51)] from the reference chronology, as well
as (iv) identification of growth anomalies in the tree-ring series of
“avalanche trees.”

Past snow avalanches were reconstructed on the basis of (i) the number of
GDs observed for any particular year and (ii) the relative number of trees
showing a GD (compared with all trees available for analysis in that year)

Table 1. Model terms for the period 1900–2010

Model terms Estimate SE Z-ratio Pr(>jzj)

(Intercept) −1.46975 0.75416 −1.949 0.0513
PCA1 0.28107 0.26049 1.079 0.2806
PCA2 0.64892 0.29461 2.203 0.0276*
PCA3 −0.02726 0.23955 −0.114 0.9094
ɸ1 0.93906 0.04106 22.87 <2e-16***

Null deviance is 137.61 on 109° df, residual deviance is 15.57 on 105° df, and
the AIC is 106.1154. Pr(>jzj) is the probability of finding the observed Z-ratio in
the normal distribution of Z with a critical point of jzj. *P = 0.05; ***P = 0.001.

Fig. 4. (A) Snow avalanche predictions based on the retained generalized linear mixed model (gray line) vs. the retained GLARMA model (colored sur-
faces) for the 20th and early 21st centuries using the same covariates. Circles represent information gathered from tree-ring records. Red dots indicate
years with snow avalanche activity according to our reconstruction, and blue dots mark years without snow avalanche activity according to our re-
construction. Similarly, the red-colored areas given by the GLARMA represent avalanche probabilities exceeding 0.5. (B) Predictions for the probability of
snow avalanches to occur as a function of PCA2. Principal climatic variables in terms of their individual contribution with the PCA2 are included below the
plot. Min, minimum; Prec., precipitation; Temp., temperature.
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and the intensity of GDs in that year [i.e., weighted index (36)]. To take
account of the increasing number of samples available for analysis and the
intensity of GDs, we computed the weighted, Wit, index as follows (52):
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where the sum of trees with injuries (Ti) was multiplied by a factor 7, the sum
of trees with a strong GD (Ts) was multiplied by a factor 5, and the sum of
trees with an intermediate GD (Tm) was multiplied by a factor 3. R represents
the number of trees showing GDs as a response to a snow avalanche in year
t, and A represents the total number of trees alive in year t. The threshold
used for the GDs and Wit index was defined dynamically according to the
existing literature (32). A given year was accepted as an avalanche event
year when both the GD and Wit indices passed their threshold. The location
of disturbed trees was used to estimate the relative runout distance and
magnitude of each avalanche. To this end, the width of the snow avalanche
is given by the maximum orthogonal distance between affected trees. The
relative runout during each snow avalanche year is given by the maximum
orthogonal distance between the lowest tree showing avalanche damage
and a reference line located at the level of the highest tree affected by the
snow avalanche. The relative total affected area was defined by the bi-
variate assessment of the width and relative runout. Finally, to differentiate
between large, moderate, and low size events, we performed a cluster
analyses on the relative total affected area.

Statistical Analyses. We identified trends in the climate data, both temper-
ature and precipitation, using the Mann–Kendall test applied to moving
arbitrary time windows of 10 y (53). Then, we looked at the statistical re-
lationship between climate and snow avalanche events. For this analysis, we
considered temperature and precipitation variables at a monthly scale,
specifically, maximum and minimum average monthly temperature, as well
as accumulated precipitation and anomalies for December, January, Febru-
ary, and March. The following equation was applied to estimate monthly
anomalies in the series:

Xref
ji ðtÞ=

Xij − μref

σref

where μref and σref are the mean and SD for the reference period and Xij is
the value for each specific month, respectively. The reference period con-
sidered here was 1980–2010.

For the statistical modeling of the avalanche/climate linkage, we first
reduced redundant dimensionality in the set of climate variables by using PCA

with all climatic variables centered and standardized by the norm (54). Once

the climatic information was conveniently summarized, a GLARMA was

fitted to analyze the relationship between the binary response variable (i.e.,

occurrence of snow avalanche events at an annual time scale from 1900 to

2010) and the first three axes of the PCA analysis as orthogonal predictor

variables. GLARMA models are a class of observation-driven state-space

models where the state vector consists of a linear regression component

plus an observation-driven component consisting of an autoregressive-

moving average filter of past predictive residuals. The model estimates

GLARMA parameters using a Newton–Raphson iterative process. The linear

prediction of the response is as follows:

LogitðμtÞ=XT
t β+Zt ,

where Zt is the infinite moving average assessed using the autoregressive
moving average recursions:

Zt =  

X

p

i=1

ϕi   ðZt−i +  et−iÞ

where ϕi is the autoregressive parameter and p is the order of the autor-
egressive term. To validate the inclusion of the autoregressive parameters

in the model, we tested the null hypothesis that autoregressive parame-

ters do not have any relevant contribution. Two independent tests were

applied to test the aforementioned null hypothesis: (i ) a likelihood ratio

test and (ii ) a Wald test. P values equal or lower than 0.05 suggest the

rejection of the null hypothesis; thus, a GLARMA model is supported. We

used the AIC with a correction for small sample sizes (AICc) to select the

appropriate autoregressive order in the GLARMA model. AICc criteria

combine a measure of goodness of fit with a penalty term based on the

number of parameters (k) used in the model. The influence of fixed pa-

rameters (e.g., parameters associated with PCA components as explanative

variables) in the linear model was tested using a z-ratio with a threshold

probability of 0.05 for rejection of the null hypothesis that a given pa-

rameter is equal to zero. GLARMA models were conducted with package

“glarma” in the R environment (31).

ACKNOWLEDGMENTS. We thank P. Morel for her help in the laboratory and
A. Bhattacharyya and M. Shekhar for their support during fieldwork, as well
as the editor-in-chief Inder M. Verma and two anonymous referees for
their valuable suggestions. We thank the Indian Himalayas Climate
Adaptation Programme (www.ihcap.in) of the Swiss Agency for Develop-
ment and Cooperation for financial support.

1. Bolch T, et al. (2012) The state and fate of Himalayan glaciers. Science 336:310–314.
2. Schwanghart W, Worni R, Huggel C, Stoffel M, Korup O (2016) Uncertainty in the

Himalayan energy–water nexus: Estimating regional exposure to glacial lake outburst
floods. Environ Res Lett 11:074005.

3. Sharma SS, Ganju A (2000) Complexities of avalanche forecasting in western Hima-
laya–An overview. Cold Reg Sci Technol 31:95–102.

4. McClung DM (2016) Avalanche character and fatalities in the high mountains of Asia.
Ann Glaciol 57:114–118.

5. Ganju A, Dimri AP (2004) Prevention and mitigation of avalanche disasters in western
Himalayan region. Nat Hazards 31:357–371.

6. Singh A, Srinivasan K, Ganju A (2005) Avalanche forecast using numerical weather
prediction in Indian Himalaya. Cold Reg Sci Technol 43:83–92.

7. Rheinberger CM, Bründl M, Rhyner J (2009) Dealing with the white death: Avalanche
risk management for traffic routes. Risk Anal 29:76–94.

8. Leone F, et al. (2014) The snow avalanches risk on Alpine roads network. Assessment
of impacts and mapping of accessibility loss. J Alp Res 102-4:1–18.

9. McClung D, Schaerer PA (2006) The Avalanche Handbook (The Mountaineers Books,
Seattle).

10. Schweizer J (1999) Review of dry snow slab avalanche release. Cold Reg Sci Technol

30:43–57.
11. Baggi S, Schweizer J (2009) Characteristics of wet-snow avalanche activity: 20 years of

observations from a high alpine valley (Dischma, Switzerland). Nat Hazards 50:
97–108.

12. Ancey C, Bain V (2015) Dynamics of glide avalanches and snow gliding. Rev Geophys

53:745–784.
13. García-Hernández C, et al. (2017) Reforestation and land use change as drivers for a

decrease of avalanche damage in mid-latitude mountains (NW Spain). Glob Planet

Change 153:35–50.
14. Falarz M (2002) Long-term variability in reconstructed and observed snow cover over the

last 100 winter seasons in Cracow and Zakopane (Southern Poland). Clim Res 19:247–256.
15. Laternser M, Schneebeli M (2002) Temporal trend and spatial distribution of ava-

lanche activity during the last 50 years in Switzerland. Nat Hazards 27:201–230.

16. Marty C (2008) Regime shift of snow days in Switzerland. Geophys Res Lett 35:L12501.
17. Durand Y, et al. (2009) Reanalysis of 47 years of climate in the French Alps (1958–

2005): Climatology and trends for snow cover. J Appl Meteorol Climatol 12:
2487–2512.

18. Eckert N, Baya H, Deschatres M (2010) Assessing the response of snow avalanche
runout altitudes to climate fluctuations using hierarchical modeling: Application to
61 winters of data in France. J Clim 23:3157–3180.

19. Naaim M, et al. (2016) Impact du réchauffement climatique sur l’activité avalancheuse
et multiplication des avalanches humides dans les Alpes françaises. Houille Blanche 8:
12–20. French.

20. Rangwala I, Miller JR (2012) Climate change in mountains: A review of elevation-
dependent warming and its possible causes. Clim Change 114:527–547.

21. Morán-Tejeda E, López-Moreno JI, Beniston M (2013) The changing roles of tem-
perature and precipitation on snowpack variability in Switzerland as a function of
altitude. Geophys Res Lett 40:2131–2136.

22. López-Moreno JI, Goyette S, Beniston M (2009) Impact of climate change on snow-
pack in the Pyrenees: Horizontal spatial variability and vertical gradients. J Hydrol

(Amst) 374:384–396.
23. Beniston M (2005) Mountain climates and climatic change: An overview of processes

focusing on the European Alps. Pure Appl Geophys 162:1587–1606.
24. Castebrunet H, Eckert N, Giraud G, Durand Y, Morin S (2014) Projected changes of

snow conditions and avalanche activity in a warming climate: The French Alps over
the 2020-2050 and 2070-2100 periods. Cryosphere 8:1673–1697.

25. Lavigne A, Eckert N, Bel L, Parent E (2015) Adding expert contribution to the spatio-
temporal modeling of avalanche activity under different climatic influences. J R Stat

Soc Ser C Appl Stat 64:651–671.
26. Bühler Y, Kumar S, Veitinger J, Christen M, Stoffel A (2013) Automated identification

of potential snow avalanche release areas based on digital elevation models. Nat
Hazards Earth Syst Sci 13:1321–1335.

27. Christophe C, Georges R, Lopez-Saez J, Markus S, Pascal P (2010) Spatio-temporal
reconstruction of snow avalanche activity using tree rings: Pierres Jean Jeanne ava-
lanche talus, Massif de l’Oisans, France. Catena 83:107–118.

3414 | www.pnas.org/cgi/doi/10.1073/pnas.1716913115 Ballesteros-Cánovas et al.

http://www.ihcap.in
www.pnas.org/cgi/doi/10.1073/pnas.1716913115


28. Corona C, et al. (2012) Seven centuries of avalanche activity at Echalp (Queyras massif,

southern French Alps) as inferred from tree rings. Holocene 23:292–304.
29. Stoffel M, Butler DR, Corona C (2013) Mass movements and tree rings: A guide to

dendrogeomorphic field sampling and dating. Geomorphology 200:106–120.
30. Butler DR, Sawyer CF (2008) Dendrogeomorphology and high-magnitude snow ava-

lanches: A review and case study. Nat Hazards Earth Syst Sci 8:303–309.
31. Dunsmuir WTM, David JS (2015) The glarma package for observation-driven time

series regression of counts. J Stat Softw 67:1–36.
32. Corona C, Lopez Saez J, Stoffel M (2014) Defining optimal sample size, sampling

design and thresholds for dendrogeomorphic landslide reconstructions. Quat

Geochronol 22:72–84.
33. Butler D, Malanson G, Oelfke J (1987) Tree-ring analysis and natural hazard chro-

nologies: Minimum sample sizes and index values. Prof Geogr 39:41–47.
34. Trappmann D, Stoffel M (2013) Counting scars on tree stems to assess rockfall haz-

ards: A low effort approach, but how reliable? Geomorphology 180:180–186.
35. Ballesteros-Cánovas JA, Stoffel M, Guardiola-Albert C (2015) XRCT images and var-

iograms reveal 3D changes in wood density of riparian trees affected by floods. Trees

(Berl) 29:1115–1126.
36. Stoffel M, Corona C (2014) Dendroecological dating of geomorphic disturbance in

trees. Tree Ring Res 70:3–20.
37. Chandel VBS (2015) Snow avalanche as disaster in mountain environment: A case of

Himachal Pradesh. Int J Geomt Geosci 6:1578–1584.
38. Laxton SC, Smith DJ (2009) Dendrochronological reconstruction of snow avalanche

activity in the Lahul Himalaya, Northern India. Nat Hazards 49:459–467.
39. Malik A (2009) Snow avalanche runout modelling in Solang-Dhundi area of Manali,

Himachal Pradesh, India, using a numerical model (RAMMS). PhD thesis (International

Institute for Geoinformation Science and Earth Observation, Enschede, The Nether-

lands).
40. Schläppy R, et al. (2016) Can we infer avalanche–climate relations using tree-ring

data? Case studies in the French Alps. Reg Environ Change 16:629–642.
41. Casteller A, Villalba R, Araneo D, Stöckli V (2011) Reconstructing temporal patterns of

snow avalanches at Lago del Desierto, southern Patagonian Andes. Cold Reg Sci

Technol 67:68–78.

42. Martin J-P, Germain D (2016) Dendrogeomorphic reconstruction of snow avalanche
regime and triggering weather conditions: A classification tree model approach. Prog
Phys Geogr 40:527–548.

43. Jomelli V, et al. (2007) Probabilistic analysis of recent snow avalanche activity and
weather in the French Alps. Cold Reg Sci Technol 47:180–192.

44. Mundo IA, Barrera MD, Roig FA (2007) Testing the utility of Nothofagus pumilio for
dating a snow avalanche in Tierra del Fuego, Argentina. Dendrochronologia 25:19–28.

45. Kulakowski D, Rixen C, Bebi P (2006) Changes in forest structure and in the relative
importance of climatic stress as a result of suppression of avalanche disturbances. For
Ecol Manage 223:66–74.

46. Mcclung DM, Schweizer J (1999) Skier triggering, snow temperatures and the stability
index for dry-slab avalanche initiation. J Glaciol 45:190–200.

47. Naaim M, Durand Y, Eckert N, Chambon G (2013) Dense avalanche friction coeffi-
cients: Influence of physical properties of snow. J Glaciol 59:771–782.

48. Sovilla B, Kern M, Schaer M (2010) Slow drag in wet-snow avalanche flow. J Glaciol 56:
587–592.

49. Harris IPDJ, Jones PD, Osborn TJ, Lister DH (2014) Updated high‐resolution grids of
monthly climatic observations–The CRU TS3.10 Dataset. Int J Climatol 34:623–642.

50. Corona C, et al. (2012) How much of the real avalanche activity can be captured with
tree rings? An evaluation of classic dendrogeomorphic approaches and comparison
with historical archives. Cold Reg Sci Technol 74–75:31–42.

51. Schweingruber FH, Eckstein D, Serre-Bachet F, Bräker OU (1990) Identification, pre-
sentation and interpretation of event years and pointer years in dendrochronology.
Dendrochronologia 8:9–38.

52. Kogelnig-Mayer B, Stoffel M, Schneuwly-Bollschweiler M, Hübl J, Rudolf-Miklau F
(2011) Possibilities and limitations of dendrogeomorphic time-series reconstructions
on sites influenced by debris flows and frequent snow avalanche activity. Arct Antarct
Alp Res 43:649–658.

53. Hannaford J, Buys G, Stahl K, Tallaksen LM (2013) The influence of decadal-scale
variability on trends in long European streamflow records. Hydrol Earth Syst Sci 17:
2717–2733.

54. Ter Braak CJF, Smilauer P (2002) CANOCO Reference Manual and User’s Guide to
Canoco for Windows: Software for Canonical Community Ordination (Wage-
ningen, The Netherlands), Version 4.5.

Ballesteros-Cánovas et al. PNAS | March 27, 2018 | vol. 115 | no. 13 | 3415

E
N
V
IR
O
N
M
E
N
T
A
L

S
C
IE
N
C
E
S

S
U
S
T
A
IN
A
B
IL
IT
Y

S
C
IE
N
C
E


