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The Dharali debris flow on 5 August 2025, in
Uttarakhand, India, was a catastrophic disaster that
occurred in Kheer Gad, a tributary of the Bhagirathi
river. It claimed approximately 60 lives and covered an
estimated 3 hectares of apple orchards under debris.
The damage also included at least 25–30 animals and
a market comprising 65 hotels, over 30 resorts, and
homestays. The present study involved the geomorphic
characterisation of Kheer Gad to assess the debris flow
potential of the catchment and debris flow simulation
to ascertain the source, potential flow dynamics, and
reconstruction. Findings reveal that the 17 km2 Kheer
Gad catchment is inherently unstable, as suggested by
Melton’s ruggedness number of 0.8, significantly above
the 0.6 debris-flow threshold. The trigger was not a sin-
gle event, but an antecedent rainfall of ∼195 mm/30
days, which saturated glacial and landslide-derived
source materials. Debris flow simulation revealed
60 kPa flow pressure, velocities of 5–10 m/s, flow height
of 5–10 m, spread area of ∼18 hectare, and volume esti-
mate of 995,580 ± 200,000 m3–1,285,260 ± 126,000 m3.
These values are validated against field observa-
tions. Notably, the disaster was exacerbated by hu-
man vulnerability, given the doubling of built-up
structures between 2011 and 2025, despite prior warn-
ings in 2013. The present study provides a trans-
ferable methodology for assessing similar high-risk,
glaciated basins to prevent such avoidable disasters.

Keywords: Debris flow, Dharali, disaster risk reduction,
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HIMALAYA has been sensitive to global climate shifts,
leading to glacial retreat and an increase in the frequency
and intensity of extreme hydrometeorological events1–4.
The North-Western Himalayas, particularly Uttarakhand,
is one such region that has witnessed several disastrous

hydrometeorological events, such as the 1970 Uttarakhand
flood, 2013 Uttarakhand flood and landslides, and 2021
ice-rock avalanche and flood5–8. This pattern was further
highlighted by the debris flow in Dharali on 5 August 2025,
in the Kheer Gad catchment, a tributary of the Bhagirathi
river in Uttarakhand, Himalayas. The event caused at least
60 deaths or missing persons, with the total toll reaching
approximately 90 (ref. 9). This event led to the complete
disruption of the National Highway (NH) 34, closing ac-
cess to the Gangotri pilgrimage site and affecting rescue
operations. Further, a subsequent debris flow event also
occurred on the same day at Harshil village, which is 5 km
downstream from Dharali, partially damming the Bhagi-
rathi river and washing away part of an Indian defence
camp. The frequency and scale of these hydrometeorologi-
cal events support the notion of increasing vulnerability of
the Indian Himalaya to a changing climate10–13.

These events also mark a growing pattern of human-
environment conflict, because population growth, increas-
ing demand for agricultural land, growing tourist influx,
and infrastructure expansion have led to encroachment
on alluvial fans and river terraces in the Himalaya14–17.
With numerous human settlements and infrastructure lo-
cated in high-hazard zones in the Himalaya, predicting
such debris flows is critical for disaster risk reduction.
However, developing effective risk-reduction measures for
such events requires a detailed understanding of the mor-
phometry and hydrometeorological responses of the catch-
ments. Drainage density, relief ratio, elongation ratio,
and ruggedness number are among the basic morphome-
tric parameters used to understand the debris-flow poten-
tial of catchments18–22. Further, various methods have
been used to understand the hydrometeorological response
of catchments, particularly regarding debris flow. These
are empirical techniques21, analytical methods23, and ad-
vanced numerical models24,25. Among all these, numerical
models have relative advantages owing to their flexibil-
ity in simulating events over complex terrains and in
back-calculating key input parameters26–28. Given the
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Figure 1. (a) Inset highlights the location of the study area, (b) Regional geology29,30 (c) Tributary streams, lineaments. Yellow
circles show the important locations. MCT, Main central thrust; STD, South Tibetan detachment; Slst, Silstone; Slt, Slate; Gwk,
Greywacke; Gns, Gneiss; Cbnt, Carbonate; Lcgnt, Leucogranite; Mylnt, Mylonite; Phyt, Phyllite; Qtz, Quartzite.

devastating impacts of the 5 August 2025 Dharali debris
flow, the present study aims at a post-disaster evaluation
structured around two objectives: (i) geomorphic charac-
terisation of Kheer Gad to assess debris flow potential of
the catchment and (ii) debris flow simulation to ascertain
the source, potential debris flow dynamics, and validation.

Study area

Dharali village, located at 31.0407° N latitude, 78.7972° E
longitude at an elevation of 2,680–2,745 m along the left
bank of the Bhagirathi river, is situated ∼20 km down-
stream from the Gangotri pilgrimage site in Uttarakhand,
Himalaya, along NH 34 (Figure 1). This village is lo-
cated at the mouth of Kheer Gad (a tributary of the Bha-
girathi river). The hillslopes of this region comprise higher
Himalayan crystalline rockmass29,30. The area has also
suffered economic losses during the 2013 Uttarakhand
flood31.

Field observation

Figure 2 a and b represent the debris flow fan deposit made
on the 5 August 2025 event and pre-disaster Google Earth
(GE) imagery of the relict fan deposit, respectively. Pre-
disaster imagery shows human settlements and apple or-
chards that were destroyed and buried under the debris
from the 5 August 2025 event. Field observations in Au-
gust 2025 and November 2025 revealed that during the
5 August event, debris flow was flowing ∼6 m above the
present water level in the Kheer Gad channel before strik-
ing Dharali village (Figure 3 a). The flow deposits on the
right, central, and left front represented a height of ∼3 m,
2 m, and negligible (merging at the Bhagirathi river), re-
spectively (Figure 3 b–d). The dominant soil type of this
debris flow deposit is sandy-silt (Figure 3 e–f ). The op-
posite bank of the Bhagirathi river also got subjected to
massive bank erosion caused by the event (Figure 3 g).

230 CURRENT SCIENCE, VOL. 130, NO. 3, 10 FEBRUARY 2026



RESEARCH ARTICLES

Figure 2. (a) Front view of the 5 August 2025 debris flow event,
taken on 13 August 2025. Figure 3 (a–g) are depicted. Source:
VK, RN, NC, and AS, (b) Pre-disaster imagery of 11 March 2022.
Source: Google Earth (GE).

Figure 3. (a) Debris flow marks of the event at Kheer Gad
mouth at Dharali village. (b) Right flank of the debris flow de-
posit. (c) Frontal part of the deposit. (d) Left flank of the de-
posit. (e) The central part of the deposit comprises the maximum
thickness. (f ) Sandy-silt soil accumulation highlights the flow’s
composition. (g) Right bank of the Bhagirathi river, opposite to
the debris flow deposit, showing bank erosion.

Table 1. Input parameters for debris flow simulation

Input
parameters

Depth (m) Density*

(kg/m3)
Turbulence
coefficient*
(m/s2)

Friction
coefficient#

Total
release
area (m2)

Total
volume
(m3)

Primary
release
(m)

Secondary
release
(m)

Scenario 1 1 0.5 2000 600 0.08 617656 369464
Scenario 2 1.5 2000 600 0.08 1000156 1622611
Scenario 3 1 1.5 2000 600 0.08 1617812 1992075

* The estimation of density and flow turbulence was based on field observation of soil type (Figure 3 f ) and also proposed by
the following studies17,26,33. #Friction coefficient is the average slope of the deposition zone, which was determined from the
topography.
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Table 2. Catchment parameters, their source, and values obtained

Parameters Source Value
Area (A) Digital elevation model (DEM) 17 km2

Perimeter DEM 22.55 km
Strahler stream order DEM 4

Basin length (BL) DEM 10.5 km
Total stream length (L) DEM 46 km

Channel gradient Elevation difference/Total length 260 m/km
Drainage density L/A (m-1) 2.68 m-1

Elongation ratio (2/BL) *(A/π) 1.5
Relief ratio (Basin elevation difference/ BL) 0.33

Melton’s ruggedness number (MRn) (Basin elevation difference/A) 0.8

Figure 4. Spatial distribution of geomorphological features in
the study area. The A–B section along the Kheer Gad channel is
further explored in Figure 9. Mapping source: GE imagery of 11
March 2022.

Figure 5. Rainfall pattern. (a) 2000–2025, daily rainfall data,
(b) 5 July to 10 August 2025 daily rainfall data, highlighted rain-
fall on 5 August, (c–f ) antecedent (3, 7, 15, and 30 days) rainfall
plots.

Methodology

Geomorphological mapping and morphometric
analysis

Geomorphological mapping was performed using high-
resolution GE imagery of 11 March 2022 to identify and

delineate key surface features, particularly the potential
sediment sources within the Kheer Gad catchment. To
quantify the inherent susceptibility of the catchment to
rapid hydrological responses, such as debris flows, a mor-
phometric evaluation was conducted. The key indices for
this evaluation were as follows: drainage density, relief
ratio, elongation ratio, and Melton’s ruggedness number
(MRn)18–22.
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Figure 6. Debris flow pressure. (a–b) Flow pressure distribu-
tion. (c) Flow pressure variation across the spread over Dharali
village. Error bars refer to the standard error of the mean in
flow pressure corresponding to 3 sections (3 white lines inside red-
dashed polygon (b)). (d) Spatial overlapping of flow pressure and
land use features (mapped from 11 March 2022 GE imagery).

Figure 7. Debris Flow Velocity. (a–b) Flow velocity distribu-
tion. (c) Flow velocity variation across the spread over Dharali
village. Error bars refer to the standard error of the mean in
flow velocity corresponding to 3 sections (3 white lines inside red-
dashed polygon in (b)). (d) Spatial overlapping of flow velocity
and land use features (mapped from 11 March 2022 GE imagery).

Rainfall analysis

To investigate the event’s triggering mechanism, we
evaluated precipitation patterns using daily rainfall data
(0.01° spatial resolution) from the FLDAS-Global model32.
First, we analysed long-term rainfall patterns over the last
25 years (2000–2025) to provide historical context. Sec-
ond, we analysed daily rainfall from 5 July to 5 August
2025 and calculated cumulative antecedent rainfall. This
was done to assess its role in saturating the paraglacial and
landslide material identified in the upper catchment.

Debris flow simulation

Debris flow simulation was performed to reconstruct the
5 August 2025 Dharali event, ascertain the potential source
and depositional characteristics, and quantify flow velocity,
pressure, flow height, and deposition. We used the Rapid
Mass Movement Simulation (RAMMS) model, which is
based on the Voellmy-Salm friction law26. RAMMS was

chosen for its flexibility to incorporate key rheological
criteria, multiple release areas, temporal settings, and
flexible entrainment rates14,17,33,34. Utilising the findings
from geomorphological mapping, multiple release areas,
paraglacial deposits, landslides, and channel bank erosion
were tested under the following three scenarios: Scenario
1- landslide only, Scenario 2- paraglacial only, Scenario 3-
composite source (Table 1). This comparative approach
allowed us to assess how different initiation zones influ-
enced the final simulated event and determine which sce-
nario best reproduced the observed characteristics of the
event. These landslides and paraglacial features are shown
on the geomorphological map (Figure 4).

Land-use mapping

To assess land-use damage, a temporal land-use map of
Dharali village was prepared using satellite imagery (GE
and Sentinel-2A) from 2011, 2014, 2016, 2018, 2020,
2022, and the latest, i.e., 2025 (ref. 35).
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Figure 8. Debris flow height. (a–b) Flow height distribution.
(c) Flow height variation across the spread over Dharali village.
Error bars refer to the standard error of the mean in flow height
corresponding to 3 sections (3 white lines inside red-dashed poly-
gon (b)). (d) Spatial overlapping of flow height and land use
features (mapped from 11 March 2022 GE imagery).

Figure 9. Flow height and velocity characteristics and channel
morphology along the Kheer Gad channel (A–B). A–B section is
shown in Figure 4. (a–e) Cross-section profiles corresponding to
the five sites (Supplementary Figure 7), demonstrating varying
channel width and evidence of active bank erosion, deposition,
and lateral mass movement.

Results

Geomorphology and morphometric
characteristics

The geomorphic mapping enabled the identification of
features such as glacier extent, landslides (active and pa-
leo), paraglacial debris, flood plain, alluvial fans, channel
bar, and point bars (Figure 4). The values of morphome-
tric parameters (Table 2) indicate that the 17 km2 Kheer
Gad catchment is inherently prone to debris flow genera-
tion. Another crucial factor is the abundant supply of both
sediment and water from the catchment’s glaciated area,
which accounts for nearly 18% (∼3 km2) of the total basin.
A critical finding confirming this is the MRn of 0.8, a value
significantly above the 0.6 threshold widely recognised for
debris flow-prone catchments36,37. The basins exceeding
the MRn threshold, e.g., the study area, are frequently as-
sociated with impulsive, high-energy flows as opposed to
moderate, flood-dominated systems38. This high-energy

potential is reinforced by a steep channel gradient of
∼260 m/km and a high relief ratio of 0.33. These metrics
indicate the presence of steep, unstable slopes that are capa-
ble of rapidly mobilising sediment-laden flows during peri-
ods of intense runoff. Furthermore, the drainage density of
2.68 /m suggests a moderately dissected landscape, where
water is quickly routed to the channel network, reducing
infiltration and increasing the likelihood of rapid overland
flow.

Rainfall regime

Analysis of daily precipitation data of 2000–2025 reveals
an average of ∼32.5 ± 2.5 mm/day for the site, and it is
characterised by frequent rainfall events having values
> 100 mm/day with some days recording up to 115 mm/day
(Figure 5 a). Data reveals no extreme rainfall event on 5
August 2025 (Figure 5 b). However, antecedent rainfall
over the last 3 days, 7 days, 15 days, and 1 month revealed
that the area received 29 mm, 59 mm, 94 mm, and 195 mm,
respectively (Figure 5 c–f ).
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Figure 10. Debris Flow Deposition. (a–b) Deposition distribution. (b) Depositional area: 18-hectare (mapped by measuring the
deposition spread from raster file in QGIS under WGS 1984-UTM 44 N zone projection). (c) Deposition thickness and deposited
volume variation across the spread. Error bars refer to the standard error of the mean in deposition corresponding to 3 sections (3
white lines inside red-dashed polygon (b)). (d) Deposition underlain by various land-use elements.

Figure 11. Built-up pattern at Dharali village during 2011–2025.

Debris flow simulation scenario

Three different simulation scenarios revealed that scenario
1 (landslide-only) and scenario 2 (paraglacial-only) are in-

consistent with field reality (Supplementary Figures 1–6).
However, scenario 3, which utilised a combined source
(landslides and paraglacial debris), closely approximated
the debris-flow characteristics of the 5 August 2025 event
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(Figures 6–8). Further, the model was calibrated by vary-
ing the values of input parameters in scenario 3 (Supple-
mentary Table 1) until the simulated debris flow extent
and other debris flow characteristics matched the field re-
ality. The model reveals the flow initiating at pressures of
∼1200–1300 kPa, velocities up to 20≥m/s, and flow height
of 2–5 m in the upper part of Kheer Gad (Figures 6 a, 7 a
and 8 a). At the mouth of the Kheer Gad where it struck
Dharali, the flow retained pressures around ∼60 kPa, ve-
locities 5–10 m/s, and a flow height of 5–10 m (Figures 6 b,
7 b and 8 b). Cross sections across the flow pressure, ve-
locity, and height spread, overlying the human settlement,
NH 34, and orchard, reveal the values of 20.0 ± 10 kPa,
6.0 ± 1.5 m/s, 7.0 ± 1.5 m, respectively in the central part of
deposit and diminish towards flanks (Figures 6 c–d, 7 c–d,
8 c–d).

Further, the flow pattern along the Kheer Gad channel
reveals higher flow height values at certain sections (Figure
9 a–e). Frequent increased flow characteristics in the nar-
row sections, i.e., (Supplementary Figure 7) a–b, generally
promote lateral erosion leading to landslides and channel
erosion. It is further evident from the dominance of land-
sliding and channel erosion at (Supplementary Figure 7)
a–b, as mapped using satellite imagery. However, at wider
channel sections at the lower part of the Kheer Gad chan-
nel (Figure 10) c–e, higher flow characteristics contribute
to sediment settling and deposition. This is also confirmed
by satellite imagery, which maps the dominance of depo-
sition at (Figure 10) c–e. Further, our simulation’s depo-
sitional spread was approximately 18 hectares. Integrating
this 18-hectare spread area with variable depositional thick-
ness yielded a volume ranging from 995,580 ± 200,000 m3

at the left flank to 1,285,260 ± 126,000 m3 at the right flank
of the debris flow deposit.

Discussion

The intense-localised antecedent precipitation of this event
(Figure 5) follows a trend of similar hydrometeorological
events, which are frequently linked to changing climate
and its effect on the Indian summer monsoon and Western
disturbance13,15,39. The Dharali event is a representation of
a globally accelerating trend of catastrophic mass move-
ments, such as the January 2024 Liangshui landslide in
Yunnan, China40, 2025 Los Angeles County mudslides41,
May 2025 collapse of ice and rock from the Birch glacier
in Blatten, Switzerland, that highlight the growing threat
from high-altitude glacial environments42.

Despite a clear warning after the 2013 Uttarakhand
floods and landslides that also affected the Kheer Gad
channel31, the institutional response was limited to the con-
struction of retaining walls along the channel, while failing
to address the unregulated land-use planning. We estimated
that between 2011 and 2025, the number of built-up struc-

tures in Dharali village doubled, increasing from 89 to 160
(Figure 11). This growth, largely driven by tourism and ap-
ple orchards, led to rapid infrastructure expansion directly
into vulnerable zones.

Notably, debris flow simulation’s depositional spread,
i.e., 18 hectares (Figure 10), compares closely with the to-
tal affected area of ∼20 hectares reported in initial gov-
ernment documents43. This close match underscores the
simulation’s rationality for the rapid assessment of flow
spread. It should be noted that a 100% match is not prac-
tical considering uncertainties in debris sources, inherent
material heterogeneity, and the timing of episodic failure.
Furthermore, a relatively higher volume was attained at the
right flank of the deposit (Figure 10), which is supported
by the field evidence suggesting more deposition (∼3 m)
compared to the left (Figure 3). The simulated flow height
at the mouth of Kheer Gad, where the flow impacts Dharali
village, was 6 m, which matches the observed field condi-
tions (Figure 3). Furthermore, approximately 3 hectares of
productive apple orchards, at least 25–30 animals, and a
market comprising 65 hotels, over 30 resorts, and homes-
tays were buried under 6–8 m of debris44. This deposition
depth in the central part of the spread is consistent with
the deposition predicted by our simulation (Figure 10 c).
Finally, 60 kPa pressure, velocities of 5–10 m/s, and flow
height of 5–10 m (Figure 6–8) were catastrophic enough
to destroy the infrastructure because these values are char-
acteristic of highly destructive, hyper-concentrated debris
flows17.

Findings also show that two key factors drove this
event: (i) a landscape susceptibility to such events, as quan-
tified by its morphometry (MRn of 0.8) (Table 2), and (ii) a
trigger of antecedent rainfall (Figure 5). These morphomet-
ric conditions, combined with high antecedent rain, a mod-
erate catchment size, and a fourth-order stream network,
create a well-integrated hydrological system. This system
rapidly concentrates flow energy, especially in downstream
convergence sections, which can increase the probabil-
ity of debris flow initiation45. A final, crucial factor is
the abundant supply of both sediment and water from the
catchment’s glaciated area, which accounts for nearly 18%
(∼3 km2) of the total basin. Glacial zones pose a dual
threat, as they provide significant meltwater and a contin-
uous supply of loose, unconsolidated sediments that can
be readily mobilised46. Thus, this event demonstrates that
numerous high-relief, glaciated catchments across the Hi-
malaya may be at a tipping point, requiring mapping of
sediment sources in glacial and fluvial environments, along
with simulations of potential floods and landslides.

Conclusions

Our findings confirm that the study area is an inher-
ently unstable, high-energy environment (MRn = 0.8),
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primed with abundant glacial and landslide debris. We
identified the trigger not as a singular event, but as
an antecedent rainfall (∼195 mm/30 days) that satu-
rated the source material. The simulation’s findings
of 60 kPa pressure, velocities of 5–10 m/s, flow height
of 5–10 m, spread area of ∼18 hectare, and volume of
995,580 ± 200,000 m3–1,285,260 ± 126,000 m3, validated
against field observations, reconstructed the event’s de-
structive power. Ultimately, the event was not a purely
natural phenomenon but a direct consequence of failed
land-use planning. A doubling of infrastructure since
2011 placed the community in the direct path of a high-
magnitude, quantifiable hydro-meteorological event. Fu-
ture work should prioritise detailed geotechnical analysis
to constrain property values for predictive modeling. A
dedicated study is needed to quantify the impact of glacial
retreat on the sediment budget and slope preconditioning,
enabling a transition from a static assessment to a dy-
namic model of future hazard evolution. The present study
provides a transferable methodology for assessing similar
high-risk, glaciated basins and serves as a call to urgently
integrate quantitative hazard science into future policy to
prevent such avoidable tragedies.
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