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Figure 1. Hurricane Helene landslides and landslide hazard map created
during the emergency response. (A) Area of concentrated landsliding
(Burgi et al., 2025) and geographic locations on top of U.S. Geological
Survey (USGS) 10-m-resolution digital elevation model. Inset shows graph
of landslide aspect, predominately on windward-facing (southeast-facing)
slopes. Blue Ridge escarpment is from Latham et al. (2007). (B) Relative
landslide hazard map based on early estimates of Hurricane Helene pre-
cipitation combined with USGS landslide susceptibility proxies (Martinez et
al,, 2024). Emergency mapping area, shown with black outline, was based
on this hazard map. Cell size is 6.5 km?2. (C) Number of landslides mapped
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ABSTRACT

Between 23 and 27 September 2024, antecedent rain
followed by Hurricane Helene produced one of the most
damaging weather events in southern Appalachia history.
The back-to-back storm events resulted in a maximum
cumulative rainfall of 848 mm and hurricane-force wind
gusts over 170 km/h in western North Carolina, eastern
Tennessee, and southwestern Virginia. The resulting
regional flooding, landslides, and tree blowdown
caused over 100 fatalities, damaged or destroyed critical
infrastructure and thousands of structures, and severed
connectivity across the region. Over the next several weeks,
a multi-agency landslide response produced a rapid hazard
assessment and mapped 2217 landslides, 55% of which
damaged infrastructure or property. Orographic uplift
enhanced rainfall, resulting in concentrated landsliding
along the ~250 km swath of the Blue Ridge escarpment in

western North Carolina. Landslides initiated predominantly
on windward-facing (southeast-facing) slopes, and
localized clustering of initiation points indicated a strong
influence of hillslope-scale meteorological and geomorphic
factors. Many shallow landslides mobilized into larger,
highly mobile, and damaging debris flows that graded into
floods. Here, we put our preliminary observations in the
context of historical storm-driven landslide events and
open new avenues for investigating the nature and extent
of landslides and their effects in southern Appalachia and
similar environments.

INTRODUCTION

The southern Appalachian Mountains are characterized
by steep, rugged terrain and complex geology. The Blue Ridge
escarpment forms a notable mountain front running from
northern Georgia through western Virginia (Fig. 1A; Spotila
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Figure 2. Landslides associated with storm events in western North Carolina. Data for all events excluding Hurricane Helene are from Wooten et al. (2016) and references therein.
Back-to-back storm events, such as those which occurred during Hurricane Helene, are labeled. Dashed lines show 24 h rainfall thresholds: yellow line at 75 mm (3 inches)
indicates the threshold for landslides on some modified slopes (Wooten et al., 2017); red line at 125 mm (5 inches) indicates the threshold for landslides on unmodified (forested)
slopes; and purple line at 250 mm (10 inches) indicates the threshold for widespread landsliding (based on Appalachia region; Eschner and Patrick, 1982).

et al., 2004). The bedrock geology of the Blue Ridge includes
highly deformed and metamorphosed rock including
metasedimentary slate, phyllite, marble, schist, and gneiss,
meta-igneous amphibolite and greenstone, granitic gneiss,
and unmetamorphosed granitic rock, the oldest of which
formed between 1.8 and 1 Ga (Wooten et al., 2016). The
associated steep topography of the Blue Ridge escarpment,
with abundant faults and fracture zones, is prone to a
variety of landslide types (Hill et al., 2024). Debris flows,
some with markedly high velocity and long runout, have
resulted in numerous fatalities and destruction across the
region (Latham et al., 2007; Wooten et al., 2022; Wieczorek
et al., 2000, 2009). Extreme rainfall-triggered landsliding
events with broad and severe consequences occur every
9 to 25 yr, with hundreds to thousands of landslides,
respectively (Wooten et al., 2016). Notable examples include
back-to-back tropical cyclones in July 1916 and August 1940,
Hurricanes Frances and Ivan in 2004 (Fig. 2), and Hurricane
Camille in 1969.

Compared to these historical events, Hurricane Helene
in 2024 was exceptional because of its large spatial
extent, record-breaking cumulative rainfall amounts, and
widespread landslide occurrence (Fig. 2). On the evening
of 26 September, the center of circulation of Hurricane
Helene made landfall over the Florida Big Bend region
as a category 4 hurricane, but scattered convection had
already been producing rain in parts of southern Appalachia
since 23 September (Fig. 3). From the early morning of 25
September, tropical moisture that had separated from the
circulation associated with Hurricane Helene interacted
with a meteorological boundary to produce heavy rain prior
to the arrival of the tropical cyclone, called a predecessor

rain event (PRE; Cote, 2007; Galarneau et al., 2010). The PRE
was followed by the Helene tropical system as the storm
moved north through Georgia and into Tennessee. The
combination of the antecedent convection, the PRE, and
Hurricane Helene between 23 and 27 September produced
nearly continuous rain and wind gusts up to hurricane force
(wind speeds exceeding 119 km/h) in the southern Blue
Ridge (Fig. 3; Hagen et al., 2025).

In western North Carolina, the storm caused over 100
fatalities along with widespread, catastrophic damage due
to flooding and landsliding (Figs. 1 and 4; Hagen et al.,
2025). Herein, we provide some scientific insights to inform
the broader community about storm-triggered landsliding
in this region.

RESPONSE EFFORTS AND DATA

Together with state, federal, and local partners, the
U.S. Geological Survey (USGS) activated their landslide
emergency response team (Landslide Assessments,
Situational awareness and Event Response research
[LASER]) to support partner agencies, emergency
responders, and search and rescue efforts. LASER
coordinated a large interagency effort, which included rapid
remote, aerial, and field mapping of landslides and impacts,
hazard modeling and assessments, daily situational reports
relaying landslides of concern, and educational and outreach
material development (Allstadt et al., 2024, 2025; Rengers
and Mirus, 2024; USGS, 2024a).

Efforts to assess the extent and severity of landsliding
were initially hampered because mostly cloudy conditions
affected aerial and satellite imagery during the first week
of October (Fig. 4E; Fig. S1 in the Supplemental Material”).

7 Supplemental Material. Figures S1-S6. Additional details about the response timeline and landslide characteristics.
Please visit https://doi.org/10.1130/GSAT.5.30888593 to access the supplemental material; contact editing@geosociety.org with any questions.
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Figure 3. Precipitation and
wind gusts in southern
Appalachia before and
during Hurricane Helene.
(A) Storm best track for
Hurricane Helene. Data are
from National Oceanic and
Atmospheric Administration
(NOAA) National Hurricane
Center (Hagen et al., 2025).
(B) Final gridded estimates
of rainfall based on radar,
gage data, and ground-truth
reports (Martinez et al.,
2024), and maximum wind
gusts measured on weather
stations. Weather stations
shown in part B were those
used to obtain rainfall and
wind data for the storm tim-
ing and precipitation pattern
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During this period of uncertainty, preliminary relative
landslide hazard models were developed to assess where
landslides may be concentrated (Fig. 1B). These models
used preliminary estimates of precipitation based on
radar and rain gage data provided by the National Weather
Service (NWS) Greenville-Spartanburg Office combined
with USGS landslide susceptibility proxies from Mirus
et al. (2024) (see Martinez et al., 2024). The models were
provided to emergency responders for early situational
awareness and used to prioritize remote mapping and
field reconnaissance. Final quality-controlled precipitation
estimates used in this study (Fig. 3B) were not available
until April 2025 (for preliminary and final rainfall totals,
refer to Martinez et al., 2024).

As part of the response, an interagency group of 31
participants from 10 agencies rapidly mapped landslide
point locations and impacts between 28 September and
23 October (Figs. 1A and 1C). These results were shared
publicly and updated in real time via a Web-based

dashboard map (USGS, 2024b). Data used to inform landslide
mapping included satellite imagery, oblique aerial photos,
media and social media reports, North Carolina Department
of Transportation reports, personal communications
(e.g., from emergency managers, residents), and field
observations from partners on the ground (refer to details in
Burgi et al., 2025). During the response, satellite normalized
difference vegetation index (NDVI) change maps, a measure
of vegetation damage, were used to highlight debris-
flow paths and aided mapping efforts (Fig. 4G). After this
initial response period, the USGS conducted a review and
quality assessment of the mapped landslides, providing the
initiation (headscarp) point location and a simplified impact
classification for a total of 2217 landslides (Fig. 1; Burgi et
al., 2025), which we analyze herein. It was not possible to
capture all landslide features or details during the response
efforts due to factors such as imagery with poor lighting and/
or low spatial resolution, or landslide source areas obscured
by dense canopy.
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We calculated the elevation, slope angle, and slope aspect
for each initiation location using the USGS 10-m-resolution
digital elevation models (DEMs; USGS, 2019). We also
analyzed storm timing and precipitation patterns (Fig. 3C;
data from NOAA, 2020) using NWS geospatial estimates
of storm precipitation totals, as well as rainfall time-series
data from 384 weather stations and wind gust data from 254
stations using FlowAlert (King et al., 2024). The propensity
for shallow landsliding in this region has been linked to both
rainfall intensity and event accumulation (e.g., Wieczorek et
al., 2009); thus, we examined 60 min and 24 h intensities
as well as cumulative rainfall between 23 and 27 September
2024.

STORM TIMING AND PRECIPITATION PATTERNS

The storm was characterized by a long period of heavy
rain with bursts of high intensity across a large region (Fig.
3C), accompanied by maximum wind gusts that reached
tropical storm to hurricane-force wind speeds throughout
the mountains (Fig. 3B). The storm sequence started with
antecedent rain occurring from 17:00 h on 23 September
(note all times are in Eastern Daylight Time), followed by the
PRE and Hurricane Helene occurring from ~5:00 to 9:00 h
on 25 September to 16:00 h on 27 September (Fig. 3C). Prior
to Hurricane Helene making landfall in Florida (23:10 h on
26 September; Fig. 3A), the region had a median rainfall of
111 mm, considering all gages analyzed, with a maximum
of 486 mm at the FW5271 Hendersonville gage. The peak 60
min rainfall intensity of 79.7 mm/h at the EW5713 Asheville
gage at 18:33 h on 25 September exceeded the 100 yr rate (79
mm/h) at that location (NOAA, 2020).

Rainfall waned in intensity several times; however,
there was no distinct break between the beginning of the
PRE and the arrival of the tropical cyclone (Fig. 3C). During
Helene, rainfall intensities continued to increase, peaking
at ~08:45 h on 27 September and ending by ~16:00 h the
same day. The peak 60 min rainfall rate of 89.4 mm/h
observed at the FW5271 Hendersonville gage was close
to the 100 yr rainfall (92 mm/h) for that location (NOAA,
2020). The 24 h rainfall intensity peaked at 13:17 h on 27
September with 21.79 mm/h at the BSKN7 Busick RAWS
gage; this approached the peak of 23.5 mm/h recorded at
Altapass during the July 1916 event (Wieczorek et al., 2009)
and exceeded the 1000 yr recurrence interval (14 mm/h) at
this location (NOAA, 2020). Between 23 and 27 September,
gages showed a median rainfall total of 218 mm (excluding
gages that recorded 0 mm) and a maximum of 848 mm at
the FW5271 Hendersonville gage, but storm totals in many
locations may be underestimated because 182 stations lost
power between 09:16 h on 26 September and 16:00 h on 27
September (NOAA, 2020).

LANDSLIDE CHARACTERISTICS AND IMPACTS

Most landslides occurred in western North Carolina,
concentrated in a north-south trend east of Asheville,
North Carolina, and in a southwest-northeast trend along
the Blue Ridge (Fig. 1A), corresponding to locations where
orographic uplift enhanced rainfall (Fig. 3B). We noted a
predominance (64%) of landslides initiated on southeast-
facing slopes (azimuths between 68° and 202° Fig. 1A,
inset). Landslides initiated over a wide range of elevations

(200-1800 m above sea level), primarily on slopes between
15° and 35° (Figs. S2A and S2B), and in colluvial hollows
(i.e., convergent landforms; Fig. S2D). Landslides initiated
in colluvium or at the colluvium-bedrock boundary, some
of which left large scars that excavated soil and regolith
to expose fractured, weathered bedrock (Fig. 4E). While
previous studies have underlined the importance of
bedrock structural discontinuities, differential weathering,
and subsurface morphologies on landslide and debris-flow
initiation (e.g., Hill et al., 2024; Wooten et al., 2016), further
field observations are required to assess the importance of
these various factors during Hurricane Helene.

At the time of publication, there are 107 verified
Hurricane Helene-related fatalities in North Carolina
reported by the North Carolina Department of Health
and Human Services, and 24 of these deaths have been
attributed directly to landslides (Hagen et al., 2025).
Landslides blocked and undermined roads and railroads
and damaged and destroyed buildings (Figs. 4A, 4B, and 4F);
of the 2217 mapped landslides considered herein, 1227 (55%)
directly impacted infrastructure or property (Fig. 1A). Many
residents were isolated as road damage and tree blowdown
severed transportation, power, and communication across
the region. Debris and sediment from landslides and
flooding flowed into reservoirs, resulting in debris jams,
high turbidity, and degraded water quality (Fig. 4C).

Many landslides observed during field and remote efforts
were debris flows that initiated as one or more shallow
landslides or, less commonly, were due to mobilization
of soil by overland flow. Some of the largest and most
damaging debris flows were fed by multiple upslope source
areas, where they initiated as shallow landslides and then
traveled for several kilometers and entrained channel and
bank materials, further augmenting the destructive flooding.
For example, one of the deadliest single debris flows in Flat
Creek, which caused 13 fatalities in Fairview, initiated from
at least five distinct source areas that converged into a large
debris flow with multiple surges that destroyed 14 structures
~2.5 km downstream from the most upstream source area
(Figs. 4F and 4G; Medina, 2024). There were also many
shallow landslides that did not mobilize into channelized
debris flows but were still highly destructive (Fig. 4A). Many
slides originated from fill or cut slopes along roads, rails,
trails, and other modified slopes (Fig. 4B), which may reflect
the influence of human alteration of slopes and drainages
(e.g., Collins, 2008; Wooten et al.,, 2017). In addition to
landslides, tree blowdown and vegetation damage were also
widespread (Figs. 4D and 4H; Fig. S3). In many areas, winds
were strong enough to rip tree root balls from the ground
(Fig. 4D).

IMPLICATIONS FOR LANDSLIDE HAZARDS

The extreme nature of Hurricane Helene, with thousands
of landslides and widespread devastation over a broad
swath of southern Appalachia, may raise concerns of a trend
toward more large-scale damaging storms for the region
(Fig. 2). Long-term records of daily rainfall demonstrate an
increasing trend in the cycles between protracted dry periods
to years with extreme rainfall (Laseter et al., 2012; Burt et
al.,, 2017). Although the short-term influence of climatic
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Figure 4. Oblique aerial photos (Allstadt et al., 2024; Rengers and Mirus, 2024) and satellite images of landslides and their impacts. (A) Multiple landslides in Bat Cave, an
area which experienced a high density of landsliding on the order of 15 landslides/ km?2. Photo by U.S. Geological Survey (USGS)/K. Allstadt. (B) Example of landslide and
flood damage to roads. Photo by USGS/S. Slaughter. (C) Debris flow that flowed into Bee Tree Reservoir, a main water supply to the City of Asheville and parts of Buncombe
and Henderson Counties. Orange water color indicates high turbidity of the reservoir. Photo by USGS/K. Allstadt. (D) Debris flows among tree blowdown and other vegetation
damage. Rounded patches of soil show where windthrown trees ripped root balls out of the ground. Photo by USGS/S. Slaughter. (E) Landslide that excavated soil and regolith
to expose fractured, weathered bedrock. Note low cloud cover, which prevented remotely sensed imagery mapping in early October. Photo by USGS/B. Mirus. (F) Lower
portion of long-runout debris flow along Flat Creek that caused 13 fatdlifies and destroyed several homes and roads and augmented flooding downstream. Photo by USGS/J.
Godt. (G) Sentinel-2 normalized difference vegetation index (NDVI) image highlighting multiple source areas that converged into Flat Creek and traveled downstream (south in
image), producing a long-runout debris flow. Negative values highlight areas where vegetation was present pre-event and was subsequently removed or damaged postevent.
(H) Pre-event (22 September 2024) and postevent (12 October 2024) red-green-blue (RGB) Sentinel-2 imagery highlighting debris flows among areas of extensive vegetation

damage and tree blowdown.
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extremes can be characterized (Mirus et al., 2019), longer-
term projected increases in the frequency of landslide-
triggering storms may be overshadowed by the slow pace
of diffusive sediment transport processes that “reload”
hillslope hollows over the time scale of landscape evolution
(Parker et al., 2016). Hurricane Helene created numerous
landscape disturbances, and in general, we may anticipate
exacerbated landslide hazards where source areas were not
fully excavated, in oversteepened areas above new landslide
scarps, where slopes experienced some deformation and
cracking but did not yet fail, where root reinforcement was
reduced, where undercutting or oversteepening may have
occurred due to flood erosion, or in road cuts and modified
slopes with lower established rainfall thresholds (e.g.,
Wooten et al., 2016, 2017).

Although many factors are at play in controlling
storm-driven landslide location, the overall pattern for
landsliding during Hurricane Helene appears to have been
strongly influenced by total storm rainfall extents (Fig.
S4). Approximately 95% of mapped landslides occurred
in areas that received cumulative rainfall of 254 mm (10
inches) or more, and no landslides were mapped in areas
that received 127 mm (5 inches) or less (Fig. S4). This result
underscores previously reported 24 h rainfall thresholds
required to initiate widespread landsliding in the southern
Appalachians (Eschner and Patrick, 1982; Witt,2005; Wooten
et al., 2016), and the broad utility of the current guidelines
used operationally by NWS for alerting thresholds in this
region (Wooten et al., 2017). We found that landslides were
prevalent near most gages with 24 h rainfall intensities =12
mm/h in steep mountainous areas, close to the minimum
24 h threshold of 14 mm/h required to trigger debris flows
in the Blue Ridge of central Virginia (Fig. S6; Wieczorek et
al., 2009). Several areas with lower 24 h rainfall intensities
also experienced landsliding. Thus, we expect that in
addition to rainfall patterns, landslide initiation or lack
of initiation may also have been influenced by finer-scale
structures, differential weathering, and bedrock geologic
variability (Hill et al., 2020; Wooten et al., 2016), forest cover
and spatial vegetation patterns (Hales et al., 2009), and/
or recent history of debris flows that may have depleted
sediment from hillslope hollows and channels (Parker et al.,
2016; Wooten et al., 2016).

Although landsliding was regionally extensive, we
also found evidence of smaller-scale spatial clustering
and preferential landslide initiation on windward-facing
(southeast-facing) slopes (Fig. S5). Considering a 6.5 km?
cell size from our relative landslide hazard model, the
maximum density was 2.7 landslides/km? (Fig. 1C), but
with a 1 km? cell size, this increases to a maximum of 15
landslides/km? (e.g., Bat Cave area; Fig. 4A), emphasizing
the uneven spatial distribution of landsliding at smaller
spatial scales. Although previous storm-driven landsliding
shown in Figure 2 does not account for variables such as
spatial footprint, susceptibility, or geology, all of which
would greatly affect number of landslides, in general,
historical patterns indicate an exponential relationship
between rainfall totals and number of landslides. Given
the high rainfall totals during Hurricane Helene, we thus
can anticipate that the total number of landslide initiation

points may increase substantially with the acquisition
of high-resolution topographic data, poststorm high-
resolution leaf-off orthophotography, and ongoing field
mapping efforts.

The preliminary landslide hazard models (Fig. 1B;
Martinez et al., 2024) correctly captured much of the area
that experienced heavy landsliding in regions of high
susceptibility as determined by Mirus et al. (2024) (see Fig.
S4) and were exceptionally useful for guiding early response
efforts when limited cloud-free satellite imagery was
available. In general, the models correctly estimated high
concentrations of landsliding to the north of the Blue Ridge
escarpment and east of Asheville and lower concentrations
to the south of the Blue Ridge escarpment (Fig. 1). The
models overestimated landsliding in southern portions of
the Blue Ridge to the west of Asheville where preliminary
NWS precipitation estimates were high but landslide
impacts were sparse (Fig. 1; Fig. S4). Additional detailed
landslide mapping and analysis of rainfall temporal and
spatial variability can help to clarify discrepancies between
the model and landslide occurrence.

Like landsliding, tree blowdown was widespread during
Hurricane Helene, occurring preferentially on windward-
facing (southeast-facing) slopes (Fig. 4H; Fig. S3). Estimates
of forest damage from the U.S. Forest Service (USFS, 2024)
indicate that ~580 km?of forest experienced large continuous
areas of entirely or mostly blown down and broken trees, and
2400 km? experienced severe or mixed damage including
moderate to major downed wood accumulation (Fig. S3).
The widespread tree blowdown and resulting alteration of
soil structure, root reinforcement, and hydrology may affect
hillslope stability, potentially encouraging future shallow
landsliding (Sidle et al., 2006; Ulanova, 2000; Mauri and
Tarolli, 2023), although the time scale of this disturbance-
recovery cycle for southern Appalachia remains unclear.
Widespread tree mortality also increases fuel loading on
forest floors that could enhance burn severity for future
wildfires (e.g., Kulakowski and Veblen, 2007).

The widespread impacts of Hurricane Helene confirm
the significance of sustained heavy rainfall on landsliding
in southern Appalachia and highlight the role of wind
in exacerbating this deadly and destructive hazard. Our
assessments, modeling, and response efforts provided
timely analysis and communication to aid emergency
responses, and these new data can also provide a foundation
for additional research to help inform future landslide loss
reduction in the region.
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