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ABSTRACT: Large magnitude avalanches (size ≥D3) impact settlements, transportation corridors, 

and public safety worldwide. In Colorado, United States, avalanches have killed more people than any 
other natural hazard since 1950. In March 2019, a historically large magnitude avalanche cycle occurred 
throughout the entire mountainous portion of Colorado resulting in more than 1000 reported avalanches 
during a 2-week period. Nearly 200 of these avalanches were size D4 or larger with at least three D5 
avalanches. The extensive number of downed trees from this avalanche cycle allowed us to collect 
1188 cross-sections and cores from 1023 unique trees within 24 avalanche paths across the state. We 
recorded 4135 growth disturbances in these samples. These data comprise the largest known 
avalanche tree-ring dataset in the world. We employed a strategic nested sampling design to account 
for scale by including several individual avalanche paths within a given drainage to create sub-regions 
and then sampled six major sub-regions (counties) throughout the greater region (state). We identified 
76 avalanche years within 24 individual avalanche paths from 1698 to 2020. Large magnitude empirical 
avalanche event frequency varied across paths and sub-regions. Our results indicate the most 
widespread avalanche cycle in our study area prior to 2019 occurred in 1899, where 12 avalanche 
paths show evidence of large magnitude avalanche activity. Historical records also highlight 1899 as a 
year with widespread and large magnitude avalanche activity. These results indicate the avalanche 
cycle of March 2019 was of similar magnitude. Understanding the spatial extent and return frequency 
of large magnitude avalanche cycles across multiple spatial scales, from individual paths to an entire 
state, helps avalanche forecasters improve their products and mitigation strategies and assists 
infrastructure planners when designing and planning in avalanche terrain. 
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1. INTRODUCTION 

Large magnitude avalanches impact settlements, 
transportation corridors, and public safety 
worldwide. In Colorado, United States, 
avalanches have killed more people than any 
other natural hazard since 1950. In March 2019, 
a historically large magnitude avalanche cycle 
occurred throughout the entire state. In late 
October and early November of 2018, Colorado 
received abundant early-season snow. An 
extended dry period followed, and faceted 
crystals (depth hoar) developed at the base of the 
snowpack. In early 2019, snow depth increased 
to average and above-average levels across the 
state.  

Following mainly small storms throughout 
January and February, a series of warm and wet 
Pacific storms brought heavy snowfall to many 
parts of Colorado in early March. Over 14 inches 
of snow water equivalent (SWE) accumulated 
across the wettest areas of Colorado with six to 
12 inches across most other areas. Throughout 
the season the depth hoar layer gained strength 
and was less of a concern prior to this storm. 
However, the snowfall during this early March 
storm cycle eventually reached the critical weak 
layer strength limit, resulting in the largest 
avalanche cycle throughout Colorado in recent 
memory. 

The Colorado Avalanche Information Center 
(CAIC) recorded over 200 avalanches size D4 or 
larger during the early March cycle. For 
reference, the CAIC only recorded 25 D4 or 
larger avalanches over the previous nine 
winters. The March 2019 avalanche cycle 
impacted transportation and commerce across 
the state. Avalanches buried several vehicles 
along State Highway 91 and forced closures 
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along Interstate 70 and U.S. Highway 550, and 
the latter was closed for 18 days. In early March 
23 people were caught in avalanches, killing two 
and severely injuring four others. Avalanches 
damaged powerlines in at least five counties and 
impacted 10 other structures. The CAIC found 
no historical evidence of an avalanche cycle as 
destructive and widespread as the March 2019 
cycle through observational records, historical 
publications, and interviews with longtime 
avalanche workers. 

Our objective in this study was to place the March 
2019 avalanche cycle in historical context using 
tree-ring data to reconstruct a chronology of large 
magnitude avalanches within each avalanche 
path and across the state. Here, we define large 
magnitude avalanches as avalanches of size D3 
or greater (Greene et al., 2022). Avalanches can 
cause mechanical damage to a tree in its path 
and result in a growth response within the tree 
ring for that year (Stoffel et al., 2010), and 
subsequent years as the tree responds to the 
disturbance. Using tree-ring data allows us to 
develop an annual time series of avalanches in 
areas with few or no observational records and 
provides an opportunity to extend avalanche 
records back in time beyond existing 
observational records. As such, we aimed to 
answer the question: How does the March 2019 
avalanche cycle in Colorado compare to previous 
widespread large magnitude avalanche cycles 
throughout the region? 

2. METHODS 

2.1 Study Site 

Our study site in Colorado consists of 24 
avalanche paths distributed throughout the state. 
The winter climate in Colorado’s mountains is 
characterized by cold temperatures and low 
relative humidity resulting in a continental 
avalanche climate (Mock and Birkeland, 2000). 
Cold-season snowfall ranges from 247 to 811 cm 
with a 30-year (1981-2010) mean of 450 cm 
(Marraccini et al., 2014) throughout our study 
area. The starting zone elevation of avalanche 
paths sampled in our study ranged from 3500 to 
4100 m (a.s.l.) with a median elevation of 
approximately 3800 m. Most of the avalanche 
path start zones in our study are in either alpine 
or subalpine zones with tracks and runout zones 
that descend into forested terrain below tree line. 

 
Figure 1: Overview map of the study area. The 
inset map (upper left) shows the study area as a 
red rectangle on the continental scale. Green dots 
represent tree-ring samples. Note that the sample 
symbols overlap given the scale of the study area. 
Red polygons represent nearby towns in 
Colorado for reference. Map data ©2015 Google. 

2.2 Avalanche Year Reconstruction 

We used established dendrochronological 
methods to reconstruct an avalanche chronology 
from tree-ring data in each avalanche path 
(Favillier et al., 2017; Peitzsch et al., 2021; Stokes 
and Smiley, 1996). We collected 13 to 68 
samples in each path throughout 24 avalanche 
paths in six counties throughout Colorado. We 
mainly collected cross sections from dead and 
downed trees in the runout zone and along the 
trim line of each avalanche path (see Peitzsch et 
al. (2021) for a full description of sample 
collection methods). After sanding each sample, 
we assessed the cross-dating calendar year 
accuracy of each sample by statistically verifying 
measured tree rings with cores taken outside the 
avalanche path and from pre-existing regional 
tree-ring chronologies. 

We implemented a multi-step process to 
reconstruct avalanche years by 1) classifying the 
quality of each tree-ring growth response 
(Reardon et al., 2008), 2) using a threshold for 
avalanche years based on the number of trees 
alive in that year and the number of growth 
responses, and 3) creating a weighted index 
based on growth response quality (Favillier et al., 
2017; Favillier et al., 2018; Peitzsch et al., 2021). 
We then calculated empirical event frequencies 
for each avalanche path, and reconstructed an 
avalanche chronology for the entire region using 
a hierarchical Bayesian modeling approach for 
regional tree-ring derived avalanche chronologies 
developed by Favillier et al. (2023). We define 
empirical event frequency as the length of time 
between reconstructed avalanche years. We use 
this term instead of return intervals because the 
underlying process is non-stationary. In other 
words, external factors like climate change and 



 

 

the decreasing sample size further back in time 
impact return period analysis. 

2.3 Comparison with Historical Observational 
Records 

Historical avalanche observations in Colorado, 
specifically the central and northern mountains of 
the state, extend back to the mid-19th century 
(Martinelli and Leaf, 1999). We qualitatively 
compared our tree-ring derived avalanche 
chronology for three regions in Colorado (north, 
central, and south) to public and professional 
observations from the CAIC database and 
avalanches documented by Martinelli and Leaf 
(1999). We chose the period from 1980 to 2019 
to maximize quality observations from the 
historical dataset and leverage the highest 
temporal resolution of climate data for future 
avalanche-climate analysis. We further limited 
the observational record used for comparison to 
only those observations for which confidence in 

the assessment of destructiveness and spatial 
distribution was high. Avalanche observations 
from these sources have become more robust in 
recent years, and this initial validation for the 
entire chronology provides some measure of how 
well the tree-ring reconstruction captures 
avalanche activity. 

3. RESULTS 

3.1 Demographics 

The extensive number of downed trees from this 
avalanche cycle allowed us to collect 1188 cross 
sections and cores from 1023 unique trees within 
24 avalanche paths across the state. This 
resulted in 4135 growth disturbances. We 
classified over 30 percent of the growth 
responses as C1 (highest quality), and the mean 
age of sampled trees was 127 years (Figure 2a 
and b). Most samples were spruce with some 
pine and fir (Figure 2c). 

 

Figure 2: Column plots of (a) number of classification of responses with proportion values on top of 
each column ranging from C1 (highest quality) to C5 (lowest quality) events, (b) sample age (red line 
represents mean age), and (c) collected species. For the species, PIEN is Picea engelmannii 
(Engelmann spruce), PICO is Pinus contorta (lodgepole pine), ABLA is Abies lasciocarpa (subalpine 
fir), PSME is Pseudotsuga menziesii (Douglas-fir). 

3.2 Reconstructed Avalanche Years and 
Event Frequency 

We reconstructed avalanche years for each 
avalanche path and identified 2019 as a large 
magnitude avalanche year in 23 out of 24 

avalanche paths in our dataset (Figure 3). The 
year with the second most number of avalanche 
paths exhibiting large magnitude avalanche 
activity is 1899 (n=12). Historical observations 
also highlight 1899 as a year with widespread 
large magnitude avalanche activity across the 
state. 



 

 

 

Figure 3: The number of avalanche paths exhibiting large magnitude avalanche activity in each year. 

We calculated the empirical event frequency of 
large magnitude avalanche activity in each 
avalanche path. The event frequency is a 
measure of avalanche recurrence from the tree 
ring reconstructed record and is not a reflection of 
median (or average) return intervals between two 
successive events. The lack of recording data 
(i.e. trees) further back in time precludes us from 
calculating precise return intervals. Everett B 
(EVB) exhibits the largest median empirical event 
frequency (62 years) of large magnitude 

avalanches in any avalanche path in our 
reconstructed dataset (Figure 4). Sievers (SVS) 
exhibits the most frequent event recurrence (4 
years). The five avalanche paths in Pitkin County 
had the most similar median event frequency 
(range of 4 to 8 years) of any of the six counties. 
Note that counties are administrative boundaries 
within a state but are also useful in grouping 
avalanche paths with similar geographic 
characteristics.  



 

 

 

Figure 4: Boxplots of return intervals for individual avalanche paths in each county: The labels at the 
top represent county names. Note that SHZ has no return interval due to an insufficient number of 
avalanche years reconstructed from tree rings. 

3.3 Regional Avalanche Years 

We compared our tree-ring reconstructed 
avalanche chronology to historical observations 
from 1980 to 2019. The individual paths in our 
study site did not necessarily align with paths in 
the observational dataset, and older avalanche 
observations often lacked specific avalanche 
path name and location. Therefore, we grouped 
individual paths into three climatically similar sub-
regions: north, central, and south. The north zone 
represents all the paths in Summit County. The 
central zone consists of all paths from Lake, 
Chaffee, and Pitkin Counties, and the south zone 
consists of all paths from Hinsdale and San Juan 

Counties. The best agreement between our 
reconstructed avalanche chronology and the 
observational record exists in the central and 
south sub-regions. Six and four avalanche years 
align in both datasets for the central and south 
sub-regions, respectively. In both sub-regions, 
we found two years in our reconstructed record 
without associated observational evidence, and 
one year in the observational record not identified 
in the tree-ring record. In the north sub-region, we 
found three years in the reconstructed chronology 
not identified in the observational record, and 
vice-versa. Comparing observed and tree-ring 
reconstructed avalanche years further back in 
time requires further analysis.

 

Figure 5: Comparison of avalanche years 1980-2019. The three boxes represent avalanche paths in 
three sub-regions within Colorado: north, central, and south. The red (reconstructed large magnitude 
avalanche year) and blue (historically observed large magnitude avalanche year) bars represent the 
presence of an avalanche year from each dataset (source). The presence of two bars for a given year 
indicates avalanche year identified in both datasets.



 

 

We used a hierarchical Bayesian modeling approach 
to quantify the probability of a year with widespread 
large magnitude avalanche activity across the state 
from 1800 to 2019. Large confidence intervals further 
back in time represent greater uncertainty due to a 

decreasing tree-ring sample size (Figure 6). 
Preliminary results indicate a general decreasing 
trend in avalanche probability from 1900 to 2019, and 
1899 and 2019 have the greatest mean probability in 
this chronology. 

 

Figure 6: Annual probability of each year being a year with large magnitude avalanche activity. The black dots 
represent the mean probability for that year and the salmon-colored vertical lines are the 95% confidence 
intervals of probability for each year.

4. DISCUSSION 

We collected over 1188 tree-ring samples and 
reconstructed an avalanche chronology in 24 
avalanche paths in Colorado from 1698 to 2019. We 
classified over half of our growth responses (i.e., 
avalanche signals in the tree rings) as C1 and C2 
quality responses indicating high-quality signals for 
avalanche year reconstruction in each path. All 
avalanche tree ring studies are susceptible to a 
decreasing sample size further back in time (Corona 
et al., 2012), but we accounted for this by sampling 
cross-sections in numerous paths with adequate 
sample size and tree age.  

Our analysis of event frequency indicates variability 
of large magnitude avalanche reoccurrence both 
within and across counties. Similar median return 
intervals between the paths within Pitkin County 
suggest large magnitude avalanches occur on a 
more frequent basis in this group than any other 
group. We will examine potential drivers of this intra- 
and inter-county variability in future analysis, but 
previous research suggests a combination of 
geomorphic differences (Peitzsch et al., 2021), 
micro-climate effects (Součková et al., 2022), and 
snowpack differences related to aspect (Gratton et 
al., 2020) contribute to large magnitude avalanche 
return intervals within a given path. Another potential 
contributor to return interval variability is decreasing 
sample size back in time. For example, the 270-year 
maximum event frequency in CRG is possible, but 

the smaller maximum return intervals in paths within 
San Juan and neighboring Hinsdale County suggest 
this large return interval may be due to a lack of 
recording trees in CRG during that time interval. 
Specifically, the lack of recording trees overestimates 
recurrence intervals. 

When we compared our reconstructed avalanche 
chronology to recent avalanche observations in three 
sub-regions, we found decent agreement in two of 
three sub-regions. Sources of error in both datasets 
contribute to disagreement (Corona et al., 2012; 
Reardon et al., 2008). While all our paths were easily 
accessible by road, it is possible that avalanche 
activity in several of the more remote paths (i.e., 
those accessed by dirt road) were not observed and 
reported in the observational database. This 
accounts for avalanche years present in the tree-ring 
chronology but not in the observational record. 
Conversely, the successive damage and removal of 
trees from events sized D2 or greater impacts the 
future potential to record subsequent events of 
similar magnitude in each avalanche path. In other 
words, if a large magnitude avalanche removes a 
large swath of trees in one year, then there are fewer 
trees available to record a slightly smaller magnitude 
avalanche in subsequent years. This explains the 
presence of an avalanche year in the observational 
record, but not a corresponding record in the 
reconstructed chronology. Additionally, it is possible 
that a large magnitude avalanche cycle occurred in 
the sub-region, but not in the specific paths we 



 

 

sampled (Peitzsch et al., 2021). We will quantify the 
probability of capturing a regional large magnitude 
avalanche cycle with our dataset in future work. 

In our study, we found a decreasing probability of 
statewide large magnitude avalanche activity from 
1900 to 2019. The number of paths exhibiting an 
avalanche signal combined with our statistical 
modeling approach suggests that 2019 was probably 
as large, if not larger, than the avalanche cycle from 
1899. Therefore, a plausible empirical return period 
of an avalanche cycle of this scale and magnitude is 
approximately 100-120 years. Additionally, Martinelli 
and Leaf (1999) provided evidence of widespread 
avalanche occurrence in 1899. Subsequent 
widespread large magnitude avalanche cycles 
occurred between 1899 and 2019, but our results 
and supporting historical records suggest that 1899 
and 2019 were widespread large magnitude 
avalanche years that stand out from other years in 
our dataset. 

5. CONCLUSION 

In March 2019, a historically large magnitude 
avalanche cycle occurred throughout the entire state 
of Colorado. The Colorado Avalanche Information 
Center (CAIC) recorded over 1000 avalanches 
during a 2-week period. Of these avalanches, 200 
were classified as size D4 or larger. We used a large 
tree-ring dataset to reconstruct an avalanche 
chronology for each individual avalanche path, three 
major sub-regions, and the entire state. We found 
substantial variability in event frequency within each 
path but decent agreement with observational 
records in recent years when we aggregated to a 
sub-regional scale. At the statewide scale, we found 
the March 2019 avalanche cycle to be as large or 
larger than the widespread avalanche cycle in 1899, 
indicating an approximately 100-year or greater 
avalanche cycle. Understanding the spatial extent 
and return frequency of large magnitude avalanche 
cycles across multiple spatial scales helps avalanche 
forecasters improve their products and mitigation 
strategies and assists infrastructure planners when 
designing and planning in avalanche terrain. 
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