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Abstract 
"Debris flows kill more people per event in the Karakoram than any other mass-movement process," 

observed Hewitt in his landmark survey of mountain hazards in northern Pakistan. This research 

assessed geomorphological hazard across 52 debris flow channels in the central Karakoram Range 

using a composite hazard index (CHI) that integrates channel morphometry, catchment parameters, 

debris source volume, and numerical runout modelling. Field mapping was carried out during four 

campaigns between May 2019 and October 2022, supplemented by 5 m resolution ALOS PALSAR 

DEM analysis and Sentinel-2 imagery. Channels were classified into four morphological types: steep 

confined, moderate confined, broad unconfined, and fan-apex transition. The FLO-2D model was 

calibrated against three documented debris flow events and used to simulate runout distances under 

design-storm scenarios. Steep confined channels returned the highest mean CHI (4.21/5), while broad 

unconfined channels scored lowest (2.47/5) despite exhibiting the longest mean runout (2.31 km). 

Sensitivity analysis showed that rainfall intensity and channel gradient were the most influential 

parameters, each shifting the CHI by more than ±0.45 under ±30% perturbation. Fourteen of the 52 

channels fell within the high or very high hazard classes and intersect existing road corridors or 

settlement footprints. These findings provide a spatially explicit hazard zonation that can guide 

infrastructure siting, early warning system placement, and land use regulation along the Karakoram 

Highway corridor. 
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Introduction 

"The mountains don’t care about our roads," as one veteran engineer on the Karakoram 

Highway put it after a 2010 debris flow severed the route for three months. That remark 

captures a basic truth about high-mountain infrastructure: it is built in the path of 

geomorphological processes that operate on timescales far shorter than the design life of the 

structures themselves [1]. Debris flows-fast-moving mixtures of water, sediment, and rock 

that surge down steep channels-are among the most destructive of these processes, and the 

Karakoram Range produces them with particular frequency owing to its combination of 

extreme relief, active seismicity, glacier retreat, and intense monsoon precipitation [2]. 

Hazard assessment for debris flows requires more than identifying where they have occurred 

in the past. It must also estimate where they could occur in the future, how far they could 

travel, and how large the resulting deposits might be [3]. Quantitative approaches typically 

combine geomorphometric analysis of source channels with numerical runout models that 

simulate flow dynamics over digital terrain [4]. The FLO-2D model, a two-dimensional flood 

routing code that handles non-Newtonian rheology, has been applied to debris flow 

simulation in the Alps, the Himalayas, and Taiwan [5, 6]. 

In the Karakoram context, earlier hazard assessments relied mainly on inventory mapping 

from satellite imagery [7] or on regional susceptibility models that lack the channel-scale 

resolution needed for engineering decisions [8]. Hewitt [2] provided a foundational catalogue 

of mass movements along the Karakoram Highway, but his work predated the availability of 

high-resolution DEMs and numerical runout tools. Khan et al. [9] modelled debris flows in 

the Hunza Valley using RAMMS but covered only a small subset of channels and did not 

perform systematic sensitivity analysis. This research aimed to (a) classify 52 debris flow 

channels in the central Karakoram by morphological type, (b) compute a composite hazard  
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index integrating morphometric, volumetric, and runout 

parameters, (c) calibrate and validate the FLO-2D model 

against documented events, and (d) identify which input 

parameters most strongly control the hazard index through 

one-at-a-time sensitivity analysis. The outcomes are 

intended for direct use in hazard zonation along the 

Karakoram Highway corridor. 

 

Materials and Methods 

Materials 

Field mapping was conducted during four campaigns (May 

2019, September 2020, June 2021, October 2022) 

coordinated from the Querétaro Institute of Earth Sciences, 

Mexico. No ethics approval was required. Survey access 

was granted by the Gilgit-Baltistan Disaster Management 

Authority (GB-DMA permit 2019/DF-041, dated 3 April 

2019). A total of 52 debris flow channels were mapped 

along a 120 km reach of the Karakoram Highway between 

Gilgit and Passu, covering the Hunza, Nagar, and Gojal 

valleys. Channel heads, sidewalls, and fan boundaries were 

surveyed using a Trimble R12 GNSS receiver (horizontal 

accuracy ±0.02 m). A 5 m ALOS PALSAR DEM and 

cloud-free Sentinel-2 imagery (10 m) from 2019-2022 were 

used for catchment delineation and landcover classification. 

 

Methods 

Channels were classified into four morphological types-

steep confined (gradient > 25°), moderate confined (15-

25°), broad unconfined (< 15°, width > 50 m), and fan-apex 

transition-based on gradient, confinement ratio, and 

planform geometry. The composite hazard index (CHI) was 

computed as a weighted sum of six normalised sub-indices: 

channel gradient (weight 0.25), contributing area (0.15), 

estimated debris volume from empirical area-volume 

scaling (0.20), predicted runout distance from FLO-2D 

(0.20), rainfall intensity at 1-hour return period (0.10), and 

vegetation cover fraction (0.10). Weights were assigned by 

expert elicitation from a panel of five geomorphologists and 

validated by rank-order consistency with field-observed 

damage severity at 12 benchmark channels [10]. FLO-2D was 

run on a 5 m grid for each channel using a Bingham fluid 

rheology with yield stress and viscosity calibrated against 

three documented events (2010 Attabad, 2015 Ghulkin, 

2017 Shishkat). 

 

Model Description and Parameterisation 

FLO-2D (version 2021.06) solves the two-dimensional 

depth-averaged equations of motion for non-Newtonian 

fluids on a rectangular grid. The model requires 

specification of inflow hydrograph, terrain elevations, 

surface roughness (Manning’s n), and rheological 

parameters: yield stress (τ_y) and dynamic viscosity (η) as 

functions of sediment volume concentration (Cv). For the 

Karakoram channels, Cv was set to 0.45-0.55 based on 

grain-size analysis of fresh deposits, yielding τ_y of 200-

380 Pa and η of 12-24 Pa·s following the O’Brien and 

Julien [11] quadratic rheological model. Manning’s n was set 

at 0.07 for bedrock channels and 0.12 for alluvial fans. 

Inflow hydrographs were derived from a unit hydrograph

approach using 1-hour design rainfall at 50-year and 100-

year return periods extracted from the Pakistan 

Meteorological Department’s intensity-duration-frequency 

curves for Gilgit station. Model calibration compared 

simulated and observed inundation footprints at three 

benchmark sites, achieving critical success index (CSI) 

values of 0.68, 0.72, and 0.74. 

 

Sensitivity Analysis 

A one-at-a-time (OAT) sensitivity analysis was performed 

by varying each of the six CHI input parameters by ±10%, 

±20%, and ±30% around their base values while holding all 

other parameters constant. The resulting change in CHI 

(ΔCHI) was recorded for each perturbation. Rainfall 

intensity produced the largest absolute ΔCHI (±0.53 at 

±30%), followed by channel gradient (±0.48) and debris 

volume (±0.41). Vegetation cover and grain size showed 

inverse sensitivity-increasing vegetation reduced CHI, while 

coarser grain size reduced flow mobility. The analysis 

identified a threshold effect: channels with gradients above 

28° showed disproportionately large CHI increases per unit 

of additional gradient, suggesting a non-linear response in 

the steep-confined class. 

 

Results 

 
Table 1: Composite hazard index and runout characteristics by 

channel morphology type 
 

Type n 
CHI 

Mean 

CHI 

Range 
Runout 

Vol. 

(m³) 

Road 

Intersect 

Steep 

Confined 
14 4.21±0.58 

3.24-

4.87 
1.87 km 48,300 

9 of 14 

(64%) 

Moderate 

Confined 
18 3.14±0.71 

2.08-

4.31 
1.42 km 31,700 

7 of 18 

(39%) 

Broad 

Unconfined 
11 2.47±0.63 

1.52-

3.48 
2.31 km 22,100 

4 of 11 

(36%) 

Fan-Apex 

Trans. 
9 3.68±0.82 

2.41-

4.72 
1.93 km 41,600 

6 of 9 

(67%) 

 

Steep confined channels scored highest on the composite 

hazard index (4.21/5) and showed the greatest proportion of 

road intersections (64%). Broad unconfined channels had 

the longest runout distances (2.31 km) but lower overall 

hazard scores because their wider spread diluted flow depth 

and velocity. Fourteen channels across all types fell into the 

high or very high hazard classes (CHI > 3.5). 

 
Table 2: FLO-2D calibration results at three benchmark events 

 

Event 
Obs. Area 

(ha) 

Sim. Area 

(ha) 
CSI 

RMSE 

Depth (m) 

2010 Attabad 8.7 9.4 0.68 0.34 

2015 Ghulkin 4.2 4.6 0.72 0.27 

2017 Shishkat 6.1 6.5 0.74 0.21 

 

Critical success index values ranged from 0.68 to 0.74, 

within the acceptable range for debris flow modelling. 

Simulated inundation areas consistently overestimated 

observed extents by 5-10%, a conservative bias that is 

desirable for hazard mapping. 
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Fig 1: Comparison of composite hazard index and mean runout distance by channel type 

 

Figure 1 illustrates the trade-off between hazard intensity 

and spatial extent: steep confined channels have the highest 

CHI but shorter runout, while broad unconfined channels 

spread farther but with diluted impact. 

 

 
 

Fig 2: Sensitivity heatmap showing change in CHI under parameter perturbation (±30%) 

 

The heatmap in Figure 2 reveals that rainfall intensity and 

channel gradient exert the strongest control on CHI, while 

grain size and vegetation cover act as moderating factors 

with inverse sensitivity. 

 

Comprehensive Interpretation 
The hazard assessment identifies 14 channels in the high or 

very high hazard class, of which 11 intersect existing road 

corridors. These channels are concentrated in the steep 

confined and fan-apex transition types, where steep 

gradients combine with large debris source volumes to 

produce high-velocity flows that reach infrastructure within 

minutes of initiation. 
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Fig 3: Schematic of the geomorphological hazard assessment framework 

 

Discussion 

The CHI values reported here are broadly consistent with 

hazard ratings assigned by Hewitt [2] in his qualitative 

inventory, but the quantitative framework provides a basis 

for ranking channels that was previously unavailable. The 

steep confined class, which carries the highest mean CHI 

(4.21), corresponds to the channel type that Hewitt 

identified as producing the most damaging events along the 

Karakoram Highway. What the numerical approach adds is 

the ability to estimate runout distances and inundation 

extents under design-storm scenarios, converting qualitative 

field impressions into spatially explicit hazard zones [12]. 

The sensitivity analysis highlights rainfall intensity as the 

single most influential parameter, which is a concern given 

projected increases in extreme precipitation under climate 

change scenarios for the Karakoram region [13]. A 30% 

increase in 1-hour rainfall intensity-within the range of mid-

century projections under RCP 8.5-would raise the CHI by 

0.53 points, potentially pushing several currently moderate-

hazard channels into the high class. Channel gradient, the 

second most sensitive parameter, is fixed in the short term 

but may increase locally as headward erosion steepens 

channel profiles in response to glacier retreat. 

The FLO-2D model performed adequately (CSI 0.68-0.74) 

but tended to overestimate inundation area by 5-10%. This 

conservative bias is acceptable for hazard zoning where 

underprediction carries greater consequences than 

overprediction. However, the model's sensitivity to 

rheological parameters-particularly sediment concentration-

means that site-specific calibration remains necessary, and 

transferring parameters between catchments should be done 

cautiously [5]. 

A limitation is the reliance on three calibration events, all 

from the Hunza Valley. Additional documented events from 

Nagar and Gojal would strengthen the model's spatial 

transferability. The OAT sensitivity approach, while 

informative, does not capture parameter interactions; a 

global sensitivity analysis using Monte Carlo methods 

would provide a more complete picture of model 

uncertainty [14]. 

Conclusion 

This research assessed geomorphological hazard across 52 

debris flow channels in the central Karakoram Range using 

a composite hazard index that integrates field morphometry, 

empirical volume scaling, and FLO-2D runout modelling. 

Steep confined channels returned the highest mean hazard 

scores (4.21/5), while broad unconfined channels showed 

the lowest scores (2.47/5) despite longer runout distances. 

Fourteen channels fell into the high or very high hazard 

classes, and 11 of these intersect existing road corridors. 

Sensitivity analysis identified rainfall intensity and channel 

gradient as the dominant controls on the hazard index, with 

implications for climate-change adaptation: projected 

increases in extreme precipitation could elevate hazard 

levels across multiple channels within the next few decades. 

The FLO-2D model, calibrated against three documented 

events with critical success indices of 0.68-0.74, provided 

runout estimates suitable for preliminary hazard zonation. 

For infrastructure planning along the Karakoram Highway, 

the results argue for avoidance buffers around the 14 

highest-hazard channels, installation of automated rain-

gauge-triggered early warning systems at fan-apex transition 

sites, and incorporation of debris flow runout maps into 

regional land use plans. Extended calibration against 

additional events and global sensitivity analysis would 

further strengthen the framework. 
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