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Abstract Outburst ﬂoods in mountainous landscapes traverse complex topography and interact with the
channel and valley walls, producing intense ﬂow hydraulics that drive geomorphic change and impact
people and infrastructure. Evidence of modern and ancient outburst ﬂoods is scattered around the eastern
Himalaya, but hydraulics related to these geomorphic features are uncharacterized, limiting our
understanding of the role of large ﬂoods in long‐term evolution of the region. Here we combine remote and
ﬁeld observations of the 2000 Yigong River landslide‐dam outburst ﬂood with 2‐D numerical ﬂood
simulations using the software GeoClaw. Modeling results agree with ﬁeld evidence to the extent that we
judge the simulated hydraulics to be relevant to ﬂood hazard and geomorphic investigations. Results show
that the hydraulics of outburst ﬂoods through rugged topography differ from those expected for nonﬂood
ﬂows, in magnitude and in the spatial patterns of ﬂow speed, direction, and shear stress. The ﬂood produced
sustained high bed shear stresses capable of plucking meter‐scale blocks immediately downstream of breach,
in the steep Tsangpo Gorge, and in isolated locations associated with valley constrictions. Simulated shear
stresses suggest that outburst ﬂoods deposited numerous kilometer‐scale boulder bars observed along the
ﬂood pathway, armoring the bed, increasing channel roughness, and inhibiting incision in locations that
would not be predicted for nonﬂood ﬂows. Our ﬁndings highlight the potential for different magnitude ﬂows
to promote not only different amounts, but also different patterns of bedrock erosion, with implications for
the role of prehistoric megaﬂoods in the topographic evolution of the eastern Himalaya.

1. Introduction
High‐magnitude (>105 m3/s) lake outburst ﬂoods can dramatically alter landscapes and greatly impact
human lives and infrastructure. Yet links between spatial patterns of ﬂood hydraulics and geomorphic
observations are lacking for some of the largest, most devastating historical outburst ﬂoods (e.g., Hewitt,
1968; O'Connor et al., 2013), and for many of the largest ancient outburst megaﬂoods (>106 m3/s) that have
occurred on Earth (e.g., Baker, 1973; Baynes et al., 2015; Bretz, 1923; Carling, 1996a, 1996b; Lamb, Dietrich,
Aciego, et al., 2008; Malde, 1968; Montgomery et al., 2004; O'Connor, 1993) and on Mars (Baker, 2001; Baker
& Milton, 1974; Chapman et al., 2003; Goudge & Fassett, 2018). Opportunities are rare to study outburst
ﬂoods and their geomorphic consequences (Cook et al., 2018; Lamb & Fonstad, 2010). As a result, questions
remain regarding the net impact of outburst ﬂoods on landscapes, particularly in mountainous settings
where the interaction of ﬂood hydraulics with valley topography is complex.
In the eastern Himalaya, abundant evidence for valley blockage by glacial and landslide dams (Chen et al.,
2008; Guangxiang & Xitao, 2007; Guangxiang & Qingli, 2012; Huang et al., 2014; Hu et al., 2018; Korup &
Montgomery, 2008; Korup et al., 2010; Zhu & Li, 2000)—some with downstream evidence of ﬂooding—
suggests that catastrophic outburst ﬂoods may have been common throughout the Quaternary. Such evidence has led workers to propose a variety of models for the role of outburst ﬂoods in deposition and channel
incision, particularly in the steep and rapidly eroding Tsangpo Gorge region within the Yarlung‐Siang‐
Brahmaputra River drainage (Figures 1a and 1b). It has been proposed that Quaternary glacial dams
impeded bedrock river incision into the Tibetan plateau (Figure 1b; Korup & Montgomery, 2008; Korup
et al., 2010) and that catastrophic glacial outburst megaﬂoods focused erosion in the Tsangpo Gorge
(Finnegan et al., 2008; Korup et al., 2010; Korup & Montgomery, 2008; Lang et al., 2013; Montgomery
et al., 2004). Historical outburst ﬂoods caused by the failure of natural landslide dams have also been documented in the Gorge region (Delaney & Evans, 2015; Evans & Delaney, 2011; Shang et al., 2003; Zhu & Li,
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Figure 1. Google Earth image of the study area (a and b), with Tsangpo Gorge in red. The image in (b) shows the ﬂood source, dam, and a close‐up of the ﬂood
pathway. Landsat‐7 imagery shows (c) the Yigong River impoundment and (d) the post‐ﬂood landscape. Photograph (e) shows mapped high‐water marks of the
year 2000 Yigong landslide‐dam outburst ﬂood (labeled YF) and the 2008 monsoon. The longitudinal river proﬁle in (f) shows geomorphic features from the ﬂood.
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2000; Zhu et al., 2003). Such events have been linked both to lateral channel scour as a driver of
landslide erosion (Larsen & Montgomery, 2012) and to sediment delivery effects on river transport
capacity (Finnegan et al., 2008). These and other studies point to the potentially strong inﬂuence of
outburst ﬂoods on the evolution of mountainous landscapes. Improved understanding of ﬂood
hydraulics should enable better understanding of the processes by which outburst ﬂoods erode and
impact river morphology and the extent to which they might differ fundamentally from the processes
at work during background ﬂows.
This study examines the hydraulics and geomorphic effects of the second largest historical landslide‐dam
outburst ﬂood on record, the June 2000 Yigong River outburst ﬂood (Shang et al., 2003; Zhu & Li, 2000;
Zhu et al., 2003). This ﬂood coursed down a >450 km stretch of river through the rugged topography of
the Tsangpo Gorge region before exiting the Himalayan rangefront (Figure 1). We numerically simulate
the ﬂood using the depth‐averaged (two‐dimensional, 2‐D) shallow water equations for ﬂow over three‐
dimensional topography. Well‐balanced ﬁnite‐volume methods and block‐structured adaptive mesh reﬁnement (AMR) are implemented in the open‐source software GeoClaw (Berger et al., 2011; LeVeque et al.,
2011) to enable efﬁcient simulation of the advancing ﬂood wave over the large (>2.1 × 104 km2) spatial
extent and multiday duration of the event. We compare simulation results to ﬂood observations, discharge
estimates, and new ﬁeld‐surveyed high‐water marks and slackwater ﬂood deposits to determine the applicability of the model for hazard assessment and geomorphic investigations in steep, rapidly incising landscapes. Spatial and temporal variations in ﬂow depth, direction, and speed in the context of remote
sensing observations enable us to investigate (1) spatial and temporal patterns of bed shear stress driven
by the interaction of the ﬂow with valley topography, (2) the size of blocks that can be plucked to incise bedrock, and (3) the potential effects of ﬂood‐related boulder bar formation on bed armoring and channel
roughness relevant to long‐term evolution of the Tsangpo Gorge.

2. Background
2.1. Geomorphic Setting and Outburst Floods of the Tsangpo Gorge Region
The eastern Himalaya is one of the most rapidly uplifting and eroding regions on Earth, characterized by
extreme topographic relief and powerful rivers of the Yarlung‐Siang‐Brahmaputra River drainage
(Figure 1a). Here, collision between India and Asia has produced mountains with >7 km peaks and long‐
term exhumation rates that exceed 5 km/Myr (Booth et al., 2009; Bracciali et al., 2016; Burg et al., 1998;
Ding et al., 2001; Lang et al., 2016; Malloy, 2004; Seward & Burg, 2008; Zeitler et al., 2014). The Yarlung‐
Siang‐Brahmaputra River slices through these high mountains of the Himalaya in Tibet and India, carving
the Tsangpo Gorge in a knickzone where the river drops more than 2 km of elevation over a distance of
<100 km. The river's high stream power and sediment transport capacity (Finnegan et al., 2008) through
the Gorge have enabled it to cut a tortuous channel into bedrock between steep, rapidly eroding hillslopes
at the threshold of failure (Larsen & Montgomery, 2012).
The high elevation, high relief, and rapid erosion set the stage for river damming and outburst ﬂoods.
Sedimentary and geomorphic evidence from Tibet shows that outburst megaﬂoods have occurred repeatedly
over the last 50 ka, sourced from glacially impounded lakes in Tibet; failure of lakes as large as 835 Gm3
unleashed peak discharges up to 5 × 106 m3/s (Chen et al., 2016; Guangxiang & Xitao, 2007; Guangxiang
& Qingli, 2012; Hu et al., 2018; Huang et al., 2014; Kaiser et al., 2010; Korup & Montgomery, 2008; Liu et al.,
2015, 2006, 2018; Montgomery et al., 2004; Zhu et al., 2013, 2014). Historical outburst ﬂoods include those in
1900 and 2000 from landslide‐dam impoundments on the Yigong River. These involved total ﬂood volumes
>2 Gm3 and peak discharge >105 m3/s (e.g., Delaney & Evans, 2015). Both historic and Quaternary outburst
ﬂoods are recorded by sedimentary deposits documented downstream of the Tsangpo Gorge along the Siang
River (Lang et al., 2013).
The most recent and best recorded is the June 2000 Yigong ﬂood (Evans & Delaney, 2011; Shang et al., 2003;
Zhu & Li, 2000; Zhu et al., 2003). Delaney and Evans (2015) reconciled discrepancies among previous
accounts of the dam, breach, and ﬂood, summarized as follows: In April 2000, a rockslide dammed the
Yigong River (Figures 1c and 1d) at the same location as the landslide‐dam impoundment that produced
the 1900 outburst ﬂood (Shang et al., 2003). The landslide dam was stable for 62 days and a spillway was
excavated before the dam failed catastrophically at ca. 21:30 on 10 June 2000 (Han, 2003; Shang et al.,
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2003). The spillway had reduced the impounded lake elevation by 18 m (Yang et al., 2010), decreasing the
ﬂood volume released into the Yarlung‐Siang‐Brahmaputra River system by 1.0 Gm3. The >2.0 Gm3 ﬂood
was the second largest landslide‐dam outburst ﬂood in recorded history, second only to the Great Indus
River ﬂood in 1841 of about 6.5 Gm3 (Evans & Delaney, 2011).
Dynamics of the 2000 Yigong ﬂood (hereafter referred to as “the ﬂood”) are constrained by limited direct
observations and discharge estimates. At the breach, estimates of peak discharge based on empirical relations between impounded lake volume and discharge range from 6.1 × 104 m3/s (Delaney & Evans, 2015,
using the relation of Evans, 1986) to 1.3 × 105 m3/s (Shang et al., 2003, using the relation of Costa &
Schuster, 1988). Where the ﬂood destroyed a highway bridge (Tongmai Bridge) 17 km downstream
(Figures 1b and S1), peak discharge of 1.2 × 105 m3/s was proposed by Shang et al. (2003; based on observations of peak stage) to have occurred 5 hr and 50 min after breach initiation; however, Delaney and Evans
(2015) argue that peak discharge likely occurred much earlier given that the entire lake drained in ~6 hr
(Zhu et al., 2003). Delaney and Evans (2015) simulated the ﬁrst 50 km of the ﬂood numerically using
FLO‐2D software and a 90‐m digital elevation model (DEM). They initiated the simulation with a synthetic
hydrograph scaled to their estimated peak breach discharge of 61,461 m3/s, producing maximum discharge,
water depth, and velocity estimates at Tongmai Bridge of 1.1 × 105 m3/s, 54.9 m, and 14.57 m/s, respectively
(Figures 1b and S1). The initial ﬂood wave was ﬁrst recorded at a river gauge approximately 462 km downstream from the breach in the town of Pasighat, India, on 11 June at 18:00, an estimated 17 hr and 50 min
after the breach initiated. Maximum rise in stage here was 5.54 m, and peak discharge was 4.4 × 104 m3/s
(four times the background discharge of 1.1 × 104 m3/s), measured 5 hr after the initial rise in the water level
(Tewari, 2004). Tewari (2004) estimate that peak discharge at Pasighat occurred 22 hr and 50 min after the
breach; the absolute time of ﬂood arrival and peak discharge near Pasighat are known, but Tewari (2004) do
not report the precise location of the Pasighat river gauge, and Evans and Delaney (2011) estimate an uncertainty in the breach timing of 30 min, which together contribute uncertainty to this travel time estimate.
The ﬂood caused life and property losses, erosion, and sedimentation. In China it destroyed at least six
bridges and damaged the highway system (Delaney & Evans, 2015). Many bridges were destroyed in
Northern India, where the ﬂood killed at least 94 people (Han, 2003). The ﬂood also triggered signiﬁcant
landslide erosion (Larsen & Montgomery, 2012). No direct observations of bedload transport or channel incision are available. However, Lang et al. (2013) used an empirical estimate of peak breach discharge
(6.1 × 104 m3/s) and equations for bed shear stress and incipient motion to estimate that the ﬂood could
move blocks up to 3 m in size in the Tsangpo Gorge. The ﬂood also produced alluviation along the
Yigong River (Finnegan et al., 2008) and extensive slackwater sand deposits along the Siang River (Lang
et al., 2013).
2.2. Numerical Simulation of Outburst Floods
Various numerical models have been used to implement the shallow‐water equations in simulations of outburst ﬂood inundation and dynamics for hazard assessment, infrastructure planning, and geomorphic studies (e.g., Cook & Merwade, 2009; Larsen & Lamb, 2016; Salvatore et al., 2013; Zin et al., 2018), but few
models are well‐suited to investigations of spatial and temporal variations in ﬂow characteristics over large
areas of rugged topography. One‐dimensional models like HEC‐RAS (U.S. Army Corps of Engineers) perform poorly when applied to rugged mountainous terrain (Alho & Aaltonen, 2008; Denlinger &
O'Connell, 2009; Horritt & Bates, 2002) and are not useful for characterizing rapidly varying ﬂow direction
or lateral stresses along valley walls. Full three‐dimensional modeling (using the Navier‐Stokes equations
with a free surface) might be necessary to capture the details of turbulent ﬂows, but remains computationally infeasible for modeling the full extent of an outburst ﬂood. Outburst ﬂood simulation using 2‐D models
such as TELEMAC‐2D (Galland et al., 1991), LISFLOOD‐FP (Bates & De Roo, 2000), SOBEK (Carrivick,
2006), TUFLOW 2D (Alho et al., 2010), and ANUGA (Roberts et al., 2015) is feasible, and such models have
been used successfully to study megaﬂood processes (Alho et al., 2010; Denlinger & O'Connell, 2009;
Komatsu et al., 2009; Larsen & Lamb, 2016; Miyamoto et al., 2006).
However, even accounting for only two spatial dimensions, 2‐D simulations that use a ﬁxed computational
grid (mesh) are computationally demanding—particularly when resolving ﬂow characteristics at useful
resolution (e.g., 30–250 m) over a large spatial domain. Simulations of outburst ﬂoods from Pleistocene
TURZEWSKI ET AL.

1059

Journal of Geophysical Research: Earth Surface

10.1029/2018JF004778

Glacial Lake Missoula, Montana, USA, required up to 250 days of CPU time for a complete ﬂood simulation
using a ﬁxed grid with 250 m resolution (Denlinger & O'Connell, 2009). Recent simulations of Missoula
ﬂoods achieved ﬁner resolution (~30 m), but for a much smaller spatial extent in a limited area of interest
and for short ﬂow durations (<3 hr; Larsen & Lamb, 2016). Such ﬁxed grids remain inefﬁcient for a rugged
mountain river over a large area because only a small proportion of the cells are inundated at a time.
For our analysis, we used GeoClaw, part of the open‐source software package Clawpack (Clawpack
Development Team, 2017; Mandli et al., 2016). GeoClaw incorporates a high‐resolution wave‐propagation
algorithm to solve the depth‐averaged 2‐D shallow‐water equations (equations 1–2 in the supporting information). A chief advantage of this model is that it uses an AMR, which clusters high‐resolution rectangular
computational cells in regions of interest along the ﬂood pathway, automatically adjusting the region of
reﬁnement as the ﬂow progresses (Berger et al., 2011; LeVeque et al., 2011). In this way, AMR enables efﬁcient hydrodynamic simulation over large model domains. Similar to other models, outburst ﬂood simulation in GeoClaw requires the user to deﬁne topography; dam location, height, and timing of dam
removal; and roughness parameter, in addition to deﬁning maximum grid resolution and setting the criterion for mesh and time‐step reﬁnement (described in section 3).
GeoClaw has been used extensively in tsunami modeling (e.g., Arcos & LeVeque, 2015; Macinnes et al.,
2013) and has been formally validated for outburst ﬂoods with simulations of the Malpasset, France, 1959
dam‐break ﬂood (George, 2011). Recently, GeoClaw was used to simulate an ancient catastrophic glacial‐
lake drainage event in the Altai Mountains, central Asia, with the goal of linking ﬂow characteristics to
lake‐bed sediment entrainment and bedform deposition (Bohorquez et al., 2015). Our study investigates a
much larger magnitude outburst ﬂood than the validation study of George (2011), and is the ﬁrst to apply
GeoClaw to simulate a modern landslide‐dam outburst ﬂood for which results can be compared to timing
and maximum‐stage observations of the ﬂood for over >400 km downstream from the breach.

3. Methods
3.1. Field and Remote Sensing Surveys of Flood High‐Water Marks, Slackwater Deposits, and
Boulder Bars
We complemented sparse direct observations of ﬂood hydraulics with ﬁeld‐surveyed high‐water marks
>200–400 km downstream of the breach along the Siang River. Flood inundation (trim line), indicated by
the clear change from mixed vegetation in areas that were not inundated to rapid‐growth vegetation (primarily banana trees) that colonized river banks scoured by the ﬂood, was surveyed at eight locations (A–
H; Figures 1 and 2 and Table S1). High‐water marks were surveyed with a handheld GPS, laser range ﬁnder,
clinometer, and/or tape measure in March 2008, before the start of the rainy season (March–September). At
locations A–H we also surveyed the high‐water mark of the monsoon river ﬂow, indicated by the transition
from bare bedrock to vegetated riverbank (Figures 1e and 2).
Twelve slackwater deposits from the ﬂood were identiﬁed and sampled (Figures 1f, 2a, and 2d and Table S2)
during ﬁeld seasons in March 2008 and January 2013, four of which were reported previously by Lang et al.
(2013). Flood slackwater deposits along the banks of the Siang River and its tributaries were unambiguously
identiﬁed in the ﬁeld based on their composition, sedimentary character and grain size, position on the landscape, level of vegetation, and lack of soil development, following the methods of Lang et al. (2013; Text S1
and Figure S2). All deposit positions were recorded with handheld GPS devices, and their elevations were
derived from the DEM described in section 3.3 using the GPS positions. The vertical positions of seven of
these deposits (#2–4, 7, 9–11) were also surveyed with respect to the river stage (near low ﬂow at the time
of all surveys) and monsoon high‐water mark using a laser range ﬁnder and clinometer (Table S2). Some
of these deposits (#1, 3, 4, 6, 9) were surveyed in locations where high‐water marks were also identiﬁed
and surveyed (locations A, B, C, D, and F) so that a direct comparison of relative elevation is possible.
Grain size distributions for ﬂood deposits were determined using a CamSizer L digital image processing particle and shape analyzer by Retsch Technology (Table S2).
Boulder bars were observed in the ﬁeld and using Google Earth imagery from after the ﬂood. We recorded
the locations of all boulder bars that were resolvable on the imagery (i.e., >100‐m‐scale features) that were
not associated with point bar deposition at the inside of meander bends. The location of the largest boulder
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Figure 2. (a) Shaded digital elevation model shows locations of surveyed cross‐sections with high‐water marks A–H and observed slackwater deposits 1–12. Field
photograph taken in January 2013 (b) and Google Earth image (c) downstream of survey C (28.3426°N, 94.9898°E) showing the low‐ﬂow water surface (1),
monsoon stage (2), and ﬂood high‐water mark (3). (d) Longitudinal proﬁle of the Siang River with survey stations and observed deposits; inset shows simulated and
observed stage of the ﬂood (labeled YF).

bar in the model domain (>1.5 km in length), which does occur near the inside of a meander bend, was also
recorded. Particle size counts were conducted on two boulder bars, using Google Earth tools to measure
intermediate axis lengths on all boulders that were well resolved in the imagery.
3.2. Numerical Simulations of the Flood Using Instantaneous Dam Failure
The ﬂood was simulated in GeoClaw (version 5.4.1) on the basis of the landslide‐dam height inferred by
Delaney and Evans (2015) and assuming instantaneous dam failure at the breach. We modiﬁed the initialization routine in the GeoClaw code to emplace the lake volume behind a landslide dam before the simulation begins; the dam was then instantaneously removed at the start of the simulation. The modiﬁed Python
routine is available, along with the GeoClaw code and scripts used for ﬂood simulation, on GitHub (see
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supporting information). Our methods to develop the DEM, tune the desired AMR conﬁguration and tune
Manning's roughness coefﬁcient, n, are summarized below. User‐controlled variables in the run‐ﬁle
include parameters to adjust time steps, solver method, boundary conditions, and physical variables like
gravity and are listed in Table S3 (see documentation on GeoClaw website: Clawpack Development
Team, 2017).
3.3. Topographic Data and GeoClaw AMR
The ﬂood was simulated on a DEM spanning 21,554 km2. The DEM is a combination of two data sources: the
SRTM 3 arc‐second (~90 m cells) DEM with voids ﬁlled using topographic contour data (de Ferranti, 2014),
and a higher‐resolution SRTM 1 arc‐second (~30 m cells) DEM (SRTM data acquired February 2000). The
30 m SRTM1 data set is used in the Yigong River and Po River reaches encompassing the ﬁrst 47 km of
the ﬂood pathway (distance measured along the middle of the channel downstream of the dam breach),
and in the Siang River from ~124 to 465 km along the pathway. The 90 m SRTM3 data set is used for the
77 km between these two segments (5.7% of the total area of the SRTM1 DEM) because of poor coverage
by the 30‐m SRTM1 data set in this area. All geomorphic observations and analyses were made in the area
covered by the higher‐resolution SRTM1 data set. Flood simulations (1) assume that the topographic boundary for the ﬂood is the water surface (and valley walls) from SRTM1 data acquired prior to the ﬂood in
February 2000, not the actual channel bed, and (2) ignore any topographic changes that may have occurred
during the course of the ﬂood.
The AMR capability in GeoClaw efﬁciently simulates the ﬂood by adaptively concentrating computational
grid cells in a narrow band where water is present around the channel. A coarse level‐1 rectangular grid with
resolution of ~1 km covers the entire computational domain, a rectangle of size 86 × 244 km or nearly
2.1 × 104 km2. Four more levels of reﬁnement are used for the ﬂood simulation that reﬁne in space and time
by successive factors of 4, 2, 2, and 2, respectively, so that level‐5 has 30 m resolution. The time steps on each
level are varied based on the Courant‐Friedrichs‐Lewy condition (Berger et al., 2011). Initially, we force
level‐4 grid patches (60 m resolution) covering the region around the impounded lake. As water begins to
ﬂow into the channel following the breach, higher levels of reﬁnement are automatically applied only
around the ﬂowing water. Different criteria can be used to ﬂag cells for reﬁnement, but the default AMR criterion based on water depth was used for these simulations, ensuring that almost all of the ﬂow is simulated
at the highest level of AMR (level‐5; 30 m cells). By regridding every few time steps it is possible to automatically expand the portion of the valley that is reﬁned as the ﬂood progresses and resolve the wet‐dry boundary of the ﬂow through time on the DEM.
For the simulations reported here, we set the reﬁnement criteria to ensure that the majority of ﬂow computations are performed on the highest‐level grid (level‐5), which corresponds to a maximum grid resolution of
30 m. The 30‐m grid resolution matches the resolution of our DEM except in the middle of the ﬂood pathway
where the resolution is 90 m. In order to perform 30‐m grid resolution simulations in the areas covered by
the 90‐m DEM, the software constructs a piecewise bilinear surface that is then integrated over each ﬁnite
volume grid cell to determine the average topography value used in that cell. Using this method it is possible
to simulate the ﬂow at extremely high‐resolution (e.g., <5 m) AMR levels even on relatively coarse topographic data. We focus on examining 30‐m‐resolution simulated hydraulics in areas where we use the
SRTM1 30‐m DEM, so that the highest level of the simulated topographic surface matches the resolution
of the DEM. Additional simulations, reported in the supporting information, were performed to test the sensitivity of the computed solution to the grid resolution with maximum grid resolutions that range from 15
to 60 m.
3.4. Selection of Spatially and Temporally Uniform Manning's Roughness Parameter, n
Manning's roughness parameter (n) in the friction term of the shallow‐water equations (supporting information, equation 2) was 0.04 for most simulations presented in the main text of this paper, but we also compared results from simulations using n = 0.02 and n = 0.06 (see supporting information). For all
simulations, n is spatially uniform and does not vary with time, following previous outburst ﬂood studies
(e.g., Alho et al., 2010; Bohorquez et al., 2015; Clarke et al., 2004; Denlinger & O'Connell, 2009; Miyamoto
et al., 2006; O'Connor & Baker, 1992; O'Connor, 1993).
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The range of n values applied here is similar to the ranges tested in previous 1‐D and 2‐D simulations of
ancient megaﬂoods (n = 0.025 to 0.075), for which simulated discharges varied minimally as a function of
the roughness parameter (Carling et al., 2010). The GeoClaw outburst ﬂood simulations of Bohorquez
et al. (2015) used n = 0.05 based on a gravel grain size reference value of 0.035 m consistent with Carling
(1996a, 1996b). Several other megaﬂood modeling studies estimated the bed roughness scale, ks, to calculate
n with the Manning equation (Henderson, 1966; Manning, 1891). For example, researchers simulating
Missoula ﬂoods characterized the average height of the surface roughness in the full domain of the model
(0.17–0.81 m) and used these values and the Manning equation to calculate a range of n = 0.031–0.04
(Denlinger & O'Connell, 2009). Denlinger and O'Connell (2009) chose the n = 0.031 value for ﬂood simulations, which is close to the value used in similar bedrock channels (n = 0.038) for ﬂood simulation in the
Verde River, Arizona, USA (Denlinger et al., 2002). More recent simulations of Missoula ﬂoods have estimated ks using a model in which n scales with the standard deviation of bedrock elevations of the channel
(Larsen & Lamb, 2016), producing an n value of 0.065 that is higher than the values used in most other
ﬂood simulations.
Channel roughness likely varies in different segments of the ﬂood pathway on the Yigong, Po, and Siang
River. For instance, we expect higher natural roughness (n = 0.06) along the Po River (Tsangpo Gorge)
because of the rugged channel morphology and large roughness elements, including boulders locally larger
than 10 m. Sediment input from numerous landslides here may also lead to higher roughness during the
ﬂood. Further downstream (>200–400 km) in the Siang River, exposed bedrock in the valley is smoother
and channel roughness elements are generally smaller than in the Po River, suggesting a lower value
(n = 0.02). We discuss results of n = 0.02–0.06 simulations, but focus on simulations with spatially uniform
n = 0.04 that is more typical of most previous ﬂood modeling studies. Equating the Manning‐Strickler relation and Manning equation, and using an estimated bed roughness length‐scale, ks, of 1 m, we calculate a
value of n = 0.039, further supporting our choice of n = 0.04 for simulations (see supporting information).

4. Results
4.1. Observations of Flood High‐Water Marks, Slackwater, and Boulder Deposits
The positions of 12 slackwater deposits and 8 high‐water marks from the Yigong ﬂood are shown on the river
proﬁles in Figures 1f and 2d. Additional information about the deposits is in Table S2. Observed median
grain sizes (D50) in the range of 0.115–0.355 mm conﬁrm the deposits are very‐ﬁne to medium sand
(Table S2). High‐water marks mapped in the ﬁeld range from 22 to 48 m above the low‐ﬂow water surface
at the time of the survey. These ﬂood stages are on the order of 13–36 m above the typical annual monsoon
high‐water level (Table S1). Monsoon stage at these locations ranges from 8 to 14 m and averages 12 m above
low ﬂow (Table S1). Flood stage measured with respect to the monsoon high‐water mark is the most relevant
measurement of the rise in ﬂood stage because the ﬂood occurred in June, when hydrographs along the
Siang River typically begin to reach monsoon levels (Datta & Singh, 2004).
A total of 76 greater‐than‐100‐m‐scale boulder bars that were not located at the inside of meander bends
were mapped along the ﬂood pathway; their locations, as well as that of the largest boulder bar in the model
domain, which does occur near the inside of a meander bend, are presented in the supporting information
(BoulderBar.kmz). Sixty‐nine of the mapped boulder bars are within 320 km of the breach; downstream of
this point, boulder bars are less frequent. Particle size counts for the largest boulder bar, located 26 km downstream of the breach in the steepest part of the ﬂood pathway on the Po River, and for a characteristic non‐
point‐bar boulder bar on the Siang River near survey location A and deposit 1 are also reported (Table S4).
The median intermediate axis length on the largest Po River boulder bar and Siang River boulder bar near
location A are 5 and 3 m, respectively. Grain size decreases downstream and intermediate axis length
becomes difﬁcult to resolve with Google Earth imagery for the eight bars located >320 km downstream of
the breach.
4.2. Simulations of Flood Hydraulics
Results from the full range of simulated grid resolutions and roughness values are reported in the supporting
information, including animations of model output from n = 0.04 simulations showing ﬂow depth, calculated shear stress, and Froude number (Figures S3 and S4; Tables S5, S6, and S7; and Movies S1–S8).
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Figure 3. (a) Discharge recorded at the breach from simulations with n = 0.02, 0.04, and 0.06 over the ﬁrst 4 hr of the
ﬂood. Qp is the estimated peak discharge using predictive equations from Walder and O'Connor (1997), and tp is the
time of peak discharge estimated using a rapid natural landslide‐dam failure rate. (b) Hydrographs from the same simulations at Tongami Bridge that show little sensitivity to n.

Simulations with maximum grid resolution of 15 m encountered instabilities in ﬂat‐lying areas of
topography generated from the SRTM1 30‐m data set that made it difﬁcult to accurately map inundation.
Therefore, we restrict discussion here to a summary of results of 30‐, 45‐, and 60‐m simulations.
Near the breach, simulated ﬂow depths (stages) are relatively insensitive to the choice of grid resolution and
n. For simulations with 30‐m maximum grid resolution and n = 0.04, the peak breach discharge
(1.73 × 105 m3/s) occurred 0.12 hr after the breach (Figure 3a). The peak breach discharge and arrival time
in the n = 0.02 and 0.06 simulations differ from these values by up to 3.7% and 6.2%, respectively (Table S6).
At 17 km downstream of the breach at Tongmai Bridge, the shapes of simulated hydrographs are nearly
identical for n = 0.02, 0.04, and 0.06 simulations; the time of ﬂood wave arrival for these roughness values
ranges from 12 to 24 min (Figure 3b and Table S6). Simulations using n = 0.02 and grid‐resolutions of 30–
60 m also produce similar hydrographs, with peak discharge on the order of 1.39 × 105 m3/s (Figure S3).
Simulated maximum ﬂow depths at this location range from 76 to 79 m (i.e., <4% difference) using various
combinations of n and grid resolution and occur at 1.2–1.7 hr after the breach (Table S6).
Maximum ﬂow depth and speed vary spatially along the ﬂood pathway as a function of valley shape (e.g.,
Figures S4 and S5). For all n and grid‐resolution simulations, the highest ﬂow depths (up to 108 m) and
speeds (up to 56 m/s) are observed 28–49 km downstream of the breach along the Po River (Figure S5).
Here and at other locations, maximum ﬂow depths are higher (and velocities lower) above valley constrictions than immediately downstream (Figures 4 and S5). At the high‐water mark survey and deposit locations, maximum ﬂood stage ranged from 21 to 41 m above the base of the DEM for the 30‐m resolution,
n = 0.04 simulations (Tables S1 and S2).
Although spatial patterns of ﬂow speed are relatively insensitive to n, the magnitude of ﬂow speed varies
substantially with n, affecting local ﬂow velocity and downstream ﬂood translation. As a result, the timing
of ﬂood wave arrival is increasingly sensitive to the choice of roughness parameter with distance downstream (Table S6). At location A, 238 km downstream of the breach, arrival time for the 30‐m grid resolution
simulations varies by up to 15% (1.9 hr) between n = 0.02 and 0.06 simulations (Figure S4 and Table S6). At
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the farthest extent of the ﬂood simulation 462 km downstream of the breach, the timing of the ﬂood wave
arrival varies by 25% (25.3 to 31.7 hr) for 30‐m simulations with different n values (Table S6). Simulated ﬂood
travel times from the breach to Pasighat for the n = 0.02 and n = 0.04 simulations are ~10% and 25% greater
than the travel time reported by Tewari (2004), respectively.
Simulated ﬂow depths at deposit and survey locations up to 373 km downstream of the breach
(locations A–F) are relatively insensitive to the choice of roughness parameter (Figure S4), but ﬂow depths
between different n simulations vary by up to a factor of two further downstream where the valley is wider.
Maximum simulated ﬂow depths for 30‐m simulations vary by only 1–7% (0.4 to 1.7 m) as a function of
roughness parameter at locations A–F. In the distal part of the ﬂood simulation, 435–440 km downstream
of the breach at locations G and H, maximum ﬂow depths vary by 78.5% (16.3 m) and 102% (22.6 m) between
the n = 0.02 and n = 0.06 simulations, respectively (Table S6).

5. Evaluation of Flood Simulation Results
Here we compare simulations and observations of the ﬂood to evaluate the major assumptions in our modeling approach, including instantaneous dam failure and topographic boundary conditions.
5.1. Sensitivity of Model Results to the Assumption of Instantaneous Dam Failure
The assumption of instantaneous dam failure in our simulations leads to higher peak discharges and shorter
time to peak discharge than would be expected based on empirical estimates for dam failure (O'Connor &
Beebee, 2009). At the breach, simulated peak discharge (1.73 × 105 m3/s) exceeds by 32% the discharge
(1.25 × 105 m3/s) estimated using the benchmark predictive equations for natural, constructed, and scale‐
model dam failures of O'Connor and Beebee (2009) and Walder and O'Connor (1997; Figure 3a). More information about the geometry of the Yigong landslide dam would be needed to apply breaching models using
sophisticated predictive equations that involve dam dimensions (e.g., Froehlich, 2016). The time to peak discharge, tp, can be estimated based on the timescale of natural landslide dam failures, which varies over several orders of magnitude depending on the erodability of landslide material and failure mechanism (e.g.,
Garcia‐Castellanos & O'Connor, 2018; O'Connor & Beebee, 2009; Walder & O'Connor, 1997). Many natural
landslide dams made of unconsolidated material fail by overtopping in <1 hr (Canuti et al., 1994; Costa,
1988; Costa & Schuster, 1991; Hewitt, 1968; King et al., 1989; Plaza‐Nieto & Zevallos, 1990), but dam erosion
rates can also be several orders of magnitude slower, thereby producing longer breaching timescales (e.g.,
O'Connor & Beebee, 2009, and references therein). The unconsolidated Yigong landslide dam failed by overtopping, so we expect a rapid time to peak discharge, potentially on the order of tp = 0.6 hr based on the erosion rate of the natural dam on the Birehi Ganga River in India (2.5 × 10−2 m/s; Figure 3a; O'Connor &
Beebee, 2009). Given the variability in ﬂow speed from simulations with different roughness values
(Figure 3a), tp on the order of 1 hr or less suggests that the precise timescale of dam failure may have less
effect on the timing of ﬂood wave arrival downstream than the magnitude and spatial variability of
natural roughness.
At Tongmai Bridge 17 km downstream, our instantaneous dam‐breach simulations yield peak discharge and
ﬂow depths that are higher than previous model results, but similar to estimates based on ﬁeld observations
of stage. Our simulated maximum discharge and ﬂow depth (76 m) are higher than the 1.1 × 105 m3/s discharge and 54.9 m ﬂow depth estimates produced by the FLO‐2D simulations of Delaney and Evans (2015).
Much of this difference likely results from the use of an empirically estimated breach discharge
(6.1 × 104 m3/s) in the Delaney and Evans (2015) model, which is much lower than the discharge produced
by both our simulations assuming instantaneous dam failure and predictive equations for dam breaching
from O'Connor and Beebee (2009). However, it is difﬁcult to compare the simulations directly because
Delaney and Evans (2015) simulated the ﬂood using an older DEM (SRTM3) that differs from our DEM
(SRTM1) in the ﬁrst 20 km of ﬂood pathway. It is also difﬁcult to compare simulated ﬂow depth and ﬂood
peak arrival time to the ﬁeld‐based estimates of Shang et al. (2003) because of uncertainties in the reference
point for measuring ﬂood ﬂow depth with respect to the destroyed bridge height as compared to the simulated ﬂow depth with respect to the DEM surface and the potential incompatibility of the Shang et al.
(2003) timing estimate with other observations of the ﬂood (Zhu et al., 2003). Nevertheless, our simulated
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Figure 4. Simulated depths for n = 0.04 simulations around the Tuting village. (a) The ﬂood wave arrives around ~11 hr after the breach. (b) Flow depths up to 45 m
occur behind a valley constriction at t = 12 hr. (c) Maximum inundation occurs at t = 15 hr. (d) Flow depths at t = 40 hr after the breach, by which point ﬂood waters
have receded from terraces where slackwater sand deposits were observed; see Movies S1–S8 for additional time steps.

peak discharge only exceeds the maximum instantaneous discharge at Tongmai Bridge reported by Shang
et al. (2003) by ~10%, which indicates good agreement given the uncertainties.
5.2. Comparison of Simulated Stage to Observed High‐Water Markers and Deposits
We focus on high‐water marks mapped in the ﬁeld as the most robust data available to evaluate simulated ﬂood stages (Figures 1e and 2 and Table S1). Some apparent scour features are visible in post‐ﬂood
Landsat‐7 imagery of the ﬁrst 20 km of the ﬂood (Figure S1), but the available cloud‐free Landsat 7 scenes
immediately postdating the ﬂood (June 2000) do not permit high‐water marks to be unambiguously distinguished from slumping and mass failures near the edge of the channel. Clearer imagery was acquired
too long after the ﬂood (26 months) to precisely constrain ﬂood‐coeval bank erosion as a proxy for
maximum inundation.
Simulated inundation should exceed the elevation of all deposits (Table S2) and meet all mapped high‐water
marks (locations A–H; Table S1). Simulated stages exceed the level of 9 of the 12 deposits reported in Table
S2, and of the high‐water mark at location H, but do not attain the level of high‐water marks along the Siang
River at ﬁeld survey locations A–G (Table S1). The mismatch generally increases downstream, ranging from
15–22% of observed ﬂood stage at A–C (238–247 km downstream of the breach) to 27–37% at D–G (264–
435 km downstream of the breach; Table S1). High‐water mark elevations were surveyed with respect to
the river low ﬂow level with submeter‐scale accuracy; additional error in the relative position of these measurements with respect to the simulation owes to uncertain interpretation of maximum ﬂood stage due to
vegetation growth since the ﬂood, which we estimate to be on the order of 0.5 m, and also to uncertainties
in the DEM itself. The magnitude of the discrepancies indicates that measurement error alone cannot
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explain these results at most locations. The mismatch cannot be explained by instantaneous dam failure,
which results in ﬂow depth overestimates rather than underestimates.
The ﬂood occurred during monsoon ﬂow conditions, but we do not explicitly model monsoon discharge;
therefore, some of the discrepancy between simulated and observed stage may arise because the DEM representing the position of the water surface and valley walls is based on elevation data acquired at low ﬂow.
Ideally, we would test this hypothesis by comparing discharges from the ﬂood simulations to estimates of
monsoon and ﬂood discharges at each survey location. Discharge (Q) can be estimated as the product of
the ﬂow cross‐sectional area (A) and velocity (V) estimated from Manning's equation:
V¼

 2
1 A 3 1
S2 ;
n P

(1)

where P is the wetted perimeter and S is the channel gradient, which is assumed to be the water surface
slope. Our ﬁeld measurements of monsoon and ﬂood high‐water marks combined with DEM measurements should in theory enable monsoon and ﬂood discharges to be calculated in this way. However,
the coarse resolution of the DEM introduces large uncertainties in channel gradient measurements, particularly in Siang River segment of the ﬂood pathway where S < 0.002. Measurements of A are underestimated based on the DEM due to the lack of bathymetric data for the channel. The choice of n also
contributes to uncertainty in velocity and therefore discharge estimates. We suggest such uncertainties
make it difﬁcult to estimate discharges within ~50–71% (Text S6), making the calculation of limited use
for our analysis.
We therefore evaluate the hypothesis that the addition of monsoon ﬂow could account for the discrepancy
between simulated and observed ﬂood stages using rough estimates of the amount of water displaced by the
monsoon that is not accounted for in the model. Calculating the cross‐sectional area of water displaced by
the monsoon taking into account valley geometry at all ﬁeld survey stations (Figures 5, S6, and S7) produces
stage adjustments of 1–5 m (2–12% of ﬂow depth) for survey locations A–G (Figure 2d). At survey H
(440 km), simulated stage exceeds the observed high‐water mark (Figure S7) so that the adjustment here
is an overestimate of 7 m or 31% of the observed ﬂow depth, which is potentially due to variations in natural
roughness that are not accounted for in the model.
We suggest adjustments of this scale would be sufﬁcient to raise ﬂow depths above the three deposits (#2, 8,
and 10) that were not inundated in our simulations. Simulated ﬂow depth falls short of inundating deposit
#10 by <1 m and #2 by only 1 m (3% of ﬂow depth), while deposit #8 is 3 m (13% of ﬂow depth) above the
maximum simulated ﬂow depth (Table S2). Some of the difference at deposit #8 may owe to position uncertainties of 7–15 m from the hand‐held GPS, resulting in elevation uncertainties of at least 7–15 m compared
to the ﬂow depth in these locations.
Although the area‐based approach does not explicitly account for discharge, the above calculations nevertheless suggest that the discrepancy between observed and simulated stages may be approximately
accounted for by adjusting river base level for monsoon stage at the time of the ﬂood. The magnitude of
simulated‐observed stage mismatch generally increases downstream (Table S1), as does total monsoon discharge, suggesting that geomorphic analyses may be most robust in the ﬁrst ~250 km of the ﬂood pathway.
At the farthest downstream point of our simulation in Pasighat, observed monsoon discharge is on the order
of 1.1 × 104 m3/s, or 25% of the total peak discharge during the ﬂood (Tewari, 2004). Future work will explicitly simulate monsoon discharge calibrated to these observations in order to rigorously assess the contribution of background discharges to ﬂood stage and hydraulics.
The choice of uniform roughness parameter also likely contributes to the mismatch between observed and
simulated stages. The fact that n = 0.04 models overestimate the travel time of the ﬂood wave from the
breach to Pasighat reported by Tewari (2004) is consistent with our expectation based on the scale of roughness elements observed in the ﬁeld that a lower roughness value may be more appropriate for the distal portions of the model domain. Failure to account for such spatial (as well as temporal) variations in roughness
may also contribute to the divergence of simulated and observed stages in distal portions of the ﬂood pathway, particularly where wider channel/valley morphologies (e.g., Figure S7) may contribute to increased
sensitivity of the ﬂow to local bed roughness.
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Figure 5. Simulated stage mapped onto valley topography represented by the SRTM1 DEM at survey locations A (a) and C
(b). The observed monsoon (blue) and ﬂood high‐water marks (green) were mapped with respect to the lowest elevation in
the DEM cross‐section. The dotted line represents the sum of the cross‐sectional area of the monsoon and GeoClaw
simulation at each location. The cross‐sections are oriented downstream and the width of the cells depends on the trend of
the cross‐section with respect to the DEM. See supporting information for additional plots and details. DEM = digital
elevation model.

6. Insights Into Outburst Flood Hazard and Geomorphic Processes From
Flood Simulations
The modeling results match ﬁeld evidence to the extent that we judge the simulated hydraulics to be relevant
to ﬂood hazard and geomorphic investigations, despite the assumption of instantaneous dam failure, use of
spatially and temporally uniform roughness parameter, and lack of explicitly modeled monsoon river base
ﬂow. We therefore consider simulated hydraulics in the context of ﬂood hazard assessment and of valley
morphology, erosional features, and deposits. Computation is efﬁcient and inundation patterns are relatively insensitive to grid resolution and roughness parameter at the scale of the 30‐m DEM, making this a
promising modeling approach for hazard assessment in mountainous regions. Flow depth, speed, and direction, as well as the magnitude, duration, and spatial distribution of calculated bed shear stress, are strongly
inﬂuenced by the interaction of the ﬂow through complex valley topography above the modern channel—
with implications for ﬂuvial and hillslope erosion and for sediment transport and deposition in
outburst ﬂoods.
6.1. Implications for Flood Hazard Assessment in Mountainous Topography
Hazard from landslide‐dam outburst ﬂoods is well known in mountainous landscapes around the world,
many of which experience frequent earthquakes that make them especially prone to landslide‐damming
and subsequent failure (e.g., Korup, 2002, 2005; O'Connor & Beebee, 2009; O'Connor et al., 2013; Ruiz‐
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Villanueva et al., 2017; Weidinger, 2006; Xu et al., 2009). There is also a growing risk of glacial‐outburst
ﬂoods in the Himalaya and other orogens as glaciers respond to modern climate change and produce
moraine‐dammed supraglacial and proglacial lake systems (Westoby et al., 2014; Worni et al., 2013).
Although typically smaller than the Yigong ﬂood, modern glacial‐outburst ﬂoods can be just as deadly
and damaging to infrastructure (e.g., Richardson & Reynolds, 2000). Signiﬁcant hazard is also associated
with ongoing and planned hydropower projects around the Himalaya and other mountainous regions
(e.g., Ahlers et al., 2014; Sattar et al., 2018; Schwanghart et al., 2016, 2018).
Outburst ﬂood simulation can be a cost‐effective tool for hazard assessment and mitigation planning in
mountainous terrain (e.g., Allen et al., 2016; Bajracharya et al., 2007; Frey et al., 2018; Kougkoulos et al.,
2018; Schneider et al., 2014; Shrestha et al., 2010; Wang et al., 2018). However, most such modeling has been
limited to relatively small events (but c.f., Risley et al., 2006). We have illustrated that GeoClaw enables modeling at a scale and resolution not previously possible, efﬁciently computing hydraulics along a >400‐km‐
long stretch of a complex river channel with an effective resolution of 30 m. Our results provide evidence that
the shallow water equations, together with the GeoClaw implementation, can be used for such studies to
produce results that compare well with observations. This work supplements earlier validation studies for
smaller outburst ﬂoods based on simulations of the Malpasset, France, 1959 dam‐break ﬂood (George, 2011).
In particular, we have shown that the inundation patterns of the simulation results compare reasonably with
observed high‐water marks when a basic adjustment for monsoon baseﬂow is taken into account
(Figure 2d), despite inherent uncertainties in the modeling due to the lack of high‐resolution topographic
data and lack of knowledge of the (spatially varying) surface roughness. Another source of uncertainty is
the dam failure mechanism and timing. The assumption of instantaneous dam failure, such as we have made
here, may be appropriate for examining ﬂood hazard and hydraulics downstream because it represents a
worse‐case scenario of breaching and provides maximum estimates for peak discharge and ﬂow depth downstream. However, this treatment of the dam failure could be improved with more sophisticated empirical
dam breaching models (e.g., Froehlich, 2016; Westoby et al., 2015), particularly if parameters related to
the geometry and composition of the dam are known. The precise timescale of the Yigong dam failure is
unclear (Delaney & Evans, 2015; Shang et al., 2003; Zhu et al., 2003) and likely <1 hr, but future simulations
could investigate the effects of different breaching rates and dam parameters on downstream
ﬂow conditions.
Comparison of GeoClaw results to observations further downstream in populated areas of the Siang River
valley suggests that accounting for monsoon baseﬂow in the drainage may be more important to ﬂood modeling and hazard assessment in this region than the addition of a more sophisticated dam removal scheme.
Simulated ﬂow depths that are uncorrected for monsoon stage consistently underpredict observed high‐
water marks in the distal portion of the ﬂood path (Figure 2d and Table S1). We expect that simulations that
explicitly model baseﬂow on a higher‐resolution DEM will produce more detailed inundation patterns that
are needed to accurately map ﬂood hazard. The previous GeoClaw modeling study of the Malpasset ﬂood
achieved simulation of stage within meters of ﬁeld observations on topographic data with up to 2 m sized
cells (George, 2011). Although DEMs up to 8 m in resolution are now available in some parts of the
Himalaya (Shean, 2017), these data do not cover the Tsangpo Gorge or more populated areas like Tuting village. More coverage of this 8 m data set would be useful to assess hazard from different ﬂood scenarios in the
area by enabling better resolution of channel boundaries and the shape of ﬂoodplains, which is required for
more accurate inundation predictions around low‐relief populated areas of the Siang River valley.
Not only the inundation pattern, but also the timing of ﬂood wave arrival is important for planning evacuations of populated areas before a future outburst ﬂood event that is imminent. Our simulated ﬂow depths are
relatively insensitive to the choice of roughness parameter up to 373 km downstream of the breach (Table
S1), but the ﬂow speed and ﬂood wave arrival timing vary signiﬁcantly as a function of n (Table S6).
Spatially variable, and potentially temporally variable roughness in the model, along with a more sophisticated dam failure scheme, may be necessary to accurately predict the timing of inundation. Uncertainties in
the observations of the event timing make it difﬁcult to discriminate the relative importance of these simpliﬁcations for the accuracy of ﬂood timing prediction. Nevertheless, simulations with instantaneous dam failure and low roughness (n = 0.02) offer timing estimates that could be considered a worst‐case scenario (i.e.,
fast downstream translation) useful for hazard assessment.
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6.2. Outburst Flood Hydraulics, Shear Stress Patterns, and Implications for Erosion
Outburst ﬂoods can cause signiﬁcant block plucking and channel incision in jointed bedrock (e.g., Lamb &
Fonstad, 2010; Larsen & Lamb, 2016; Whipple et al., 2000). Lateral erosion is also common during large
ﬂoods in rapidly incising rivers (Barbour et al., 2009; Beer et al., 2017; Hartshorn et al., 2002; Turowski
et al., 2008;), and outburst ﬂoods including the Yigong ﬂood and other modern lake‐outburst ﬂoods are
known to have promoted slope failures (e.g., Cook et al., 2018; Larsen & Montgomery, 2012; Turowski
et al., 2008). We use simulated ﬂood shear stresses and ﬂow directions to examine the potential for bedrock
plucking and channel incision and the relationship between ﬂow conditions and lateral erosion in the
Tsangpo Gorge.
Our simulations enable more precise estimates of the spatial distribution of high bed shear stresses and size
of transportable blocks for the ﬂood than previously possible. Lang et al. (2013) used estimates of peak discharge and equations for bed shear stress and incipient motion from Lamb, Dietrich, and Venditti (2008) to
estimate the size of blocks that could be transported by the Yigong ﬂood and by a megaﬂood for which discharge had been estimated by Montgomery et al. (2004). However, these calculations relied on gross simpliﬁcations of the channel geometry and ﬂow characteristics that poorly approximate ﬂood hydraulics in
complex 3‐D terrain and provide no information on spatial and temporal variations in transport conditions.
For our analysis, we calculated the magnitude, duration, and spatial distribution of bed shear stress as well
as Froude number (supporting information equations 4–6) through space and time for the entire ﬂood event;
animations of output from the simulation at locations discussed along the ﬂood pathway for ﬂow depth,
stress, and Froude number (Movies S1–S8) are available in the supporting information. We also combined
simulation results at key locations with recently developed theory for calculating the threshold bed shear
stress required to pluck a protruding block of a given size via sliding (Lamb et al., 2015; supporting information equations 9–12).
In the steepest part of the ﬂood pathway in the Po River segment of the Tsangpo Gorge, simulated shear
stresses up to 5–20 kPa are capable of plucking meter‐scale boulders for multiple hours during the ﬂood.
Where the highest bed shear stresses in the model domain are observed (location 1, Figure 6), we explored
the potential for the ﬂow to pluck 1‐m boulders (corresponding to ks for our n = 0.04 simulations) and 5‐m
boulders (corresponding to the average median axis length on the largest boulder bar observed on the Po
River; Table S4). Calculated bed shear stresses here exceed the peak bed shear stress estimates of Lang
et al. (2013) for the ﬂood, and are sufﬁcient to pluck 1‐m blocks that protrude by 10%, or 5‐m blocks that protrude by 20% (1 m), for over 9 hr during the ﬂood. If 5‐m blocks protrude by 10%, the stresses at this location
are high enough to enable plucking via sliding for ~5 hr during the ﬂow. These values are four times greater
than shear stresses just half a kilometer downstream (location 2, Figure 6), highlighting the spatial heterogeneity of shear stresses within the Gorge. Even in lower‐stress regions of the Gorge like location 2, ﬂow conditions are sufﬁcient to pluck 1‐m blocks with 10% protrusion for up to 6 hr during the ﬂood.
Lang et al. (2013) used the size of transportable blocks to estimate the length‐scale of channel bed lowering
during a ﬂood. Following this logic, the 1‐ to 5‐m length‐scale of boulders that we estimate could be plucked
during the ﬂood would correspond to order 102–103 years of incision given long‐term erosion rates of
5–10 km/Myr. However, even though shear stresses are high throughout this steep, narrow river reach, it
is unlikely that blocks could be plucked everywhere along the channel bed because bed erosion during large
ﬂoods is likely to be transport limited (Lamb et al., 2015). Although sediment supply from block entrainment
and hillslope failure likely restricts erosion to distinct sections of the channel, our estimates of sustained high
shear stress suggest the potential for outburst ﬂoods to contribute substantially to rapid channel incision in
some areas.
The ﬂood produced sustained high bed shear stresses not only in the steep Tsangpo Gorge, but also immediately downstream of breach, and in isolated locations associated with valley constrictions along the ﬂood
pathway. The initial ﬂood wave produces high simulated shear stresses (≥5 kPa) over a signiﬁcant portion of
the ﬁrst ~17 km of the ﬂood on the Yigong River (Movie S2); by about an hour into the ﬂood, the highest
shear stresses are restricted to the ﬁrst 40 km downstream of the breach and to isolated zones where rapid
ﬂow is focused at valley constrictions (Movie S2). Two of these high shear stress zones occur at topographic
choke points in the Po River segment of the Tsangpo Gorge, 27 and 31 km downstream of the breach (near
locations 1–2 discussed previously). Valley constrictions far downstream on the Siang River also produce
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Figure 6. Google Earth image in (a) shows a segment of the Po River with the outline of a large kilometer‐scale landslide. Simulated bed shear stress at t = 2 hr after
the breach is shown in (b). Bed shear stress recorded at locations 1 and 2 is shown in (c) and at location 3 in (d). The orange dotted line A is the threshold bed
shear stress for plucking a 1‐m block by sliding with 10% protrusion, the blue line B is the threshold stress for plucking a 5‐m block by sliding with 10% protrusion,
and the green line C is the threshold stress for plucking a 5‐m block with 20% protrusion. The purple line in (d) is the threshold stress to pluck a 1‐m block
with 10% protrusion at location 3 at the toe of the landslide shown in (a). (e and f) Azimuth of the ﬂow direction at locations 2 and 3. The solid red line is the
orientation of the channel bank at each location, and the dotted red lines show the directions of due east and due south for reference.

zones of high shear stress (Movie S4), including 242 km downstream of the breach near Tuting (Figure 4).
The channel gradient at Tuting is an order of magnitude lower than in the Tsangpo Gorge (Figure 1f), yet
bed shear stresses at this topographic choke point still exceed 2.5 kPa, which is sufﬁcient to mobilize
meter‐scale blocks (Figures 7e–7h). These results show the importance of valley morphology in setting up
ﬂood hydraulic conditions expected to focus erosion and sediment transport in areas not predicted by
patterns of shear stress or stream power for annual ﬂows.
Hydraulic jumps, which are transitions between subcritical and supercritical ﬂow (Froude number > 1)
thought to be related to bedrock erosion (Richardson & Carling, 2006; Tinkler & Wohl, 1998; Wilkinson
et al., 2018), occur at some choke points (Figure 7h and Movie S8). Such ﬂow features typically develop late
in the ﬂow after stage has waned and may persist for many hours, as illustrated by simulation results at a
constriction on the Siang River 238 km downstream of the breach that show supercritical ﬂow for 12 hr during the ﬂood (Figure 7h). This hydraulic jump occurs above a ridge that is inundated only at ﬂood stage, and
therefore is not a characteristic of monsoon ﬂow. Such simulation results highlight the potential for fast,
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Figure 7. (a) Google Earth image (29 April 2006) showing a large meander on the Po River. Dotted oval shows where boulder size measurements were conducted.
(b) Snapshot of simulated water depth at the location in (a) at t = 1 hr after the breach. (c and d) Calculated bed shear stress from the simulations at t = 1 and 12 hr
after the breach. (e) Google Earth image (24 December 2014) showing the Siang River near survey A and boulder bar 238 km downstream from the breach.
(f and g) Calculated bed shear stress in the location shown in (e) spaced 1 hr apart that show variations in the distribution of stress in the channel. (h) Froude
number map at t = 20 hr. Red areas indicate supercritical ﬂow and a hydraulic jump. Scale bar for (b–d) and (f–g) is the same as the Google Earth images.
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shallow ﬂow set up by ﬂood‐topography interaction to promote bedrock erosion in different zones than
would be expected during lower‐stage nonﬂood ﬂows (e.g., Baker, 1973; Malde, 1968).
Finally, we investigated the relationship between simulated ﬂood hydraulics and lateral erosion by examining bed shear stresses adjacent to the 37 large landslides mapped by Larsen and Montgomery (2012)
that failed during or shortly after the ﬂood along the Po River segment of the Tsangpo Gorge. The processes of lateral erosion in bedrock rivers are generally not well understood (e.g., Langston & Tucker,
2018). But if plucking was the dominant mechanism for lateral erosion, we might expect slope failures
to be focused where high bed shear stresses directed parallel to channel walls act as lever arm to remove
blocks. Flow patterns adjacent to over half of the mapped landslides (e.g., location 2, Figure 6e) show
high bed shear stresses oriented at a relatively low angle to the channel wall for hours (Table S8), which
may facilitate plucking. However, ﬂow at some landslides—including the largest ﬂood‐related landslide in
the region (location 3, Figure 6f)—is oriented at higher angles to the wall, which may inhibit plucking
under high shear stress conditions and potentially facilitate abrasion via impacted particles
from upstream.
At the scale of our simulations, 2‐D hydraulics vary signiﬁcantly at the positions of these slope failures, making it difﬁcult to draw conclusions about lateral erosion processes. Higher‐resolution topography and computational grids are needed to resolve ﬁne‐scale ﬂow features like eddies that are important for abrasion
(Carter & Anderson, 2006; Lamb, Dietrich, & Sklar, 2008; Pelletier et al., 2015). Factor‐of‐safety analysis is
needed to assess controls on hillslope stability in addition to oversteepening due to lateral erosion, including
changes in pore ﬂuid pressure and cohesion due to ﬂood inundation and vegetation scour. Future work
extending this analysis is needed to better resolve topography‐ﬂow interactions contributing to lateral erosion and mass wasting during outburst ﬂoods.
6.3. Implications of Outburst Flood Hydraulics for Deposition, Bed Armoring, and
Channel Roughness
Some studies of ancient outburst ﬂoods have related simulated hydraulics to geomorphic features and deposits (e.g., Alho et al., 2010; Bohorquez et al., 2015; Denlinger & O'Connell, 2009; O'Connor, 1993; Komatsu
et al., 2009; Larsen & Lamb, 2016; Miyamoto et al., 2006), and recent work on modern outburst ﬂoods has
begun to examine relationships between hydraulics and geomorphology (e.g., Cook et al., 2018;
Kougkoulos et al., 2018). Building on this prior work, we focus on the interaction of the ﬂow with valley
topography to address how outburst ﬂood hydraulics relate to slackwater sand and boulder bar deposition,
with implications for bed armoring and roughness relevant to long‐term river incision.
Simulated ﬂow patterns suggest that the timing of slackwater sand deposition, and the elevation of slackwater deposits relative to peak ﬂood stage, depend on the interaction of ﬂow hydraulics with local valley
topography. Some deposits are located on terraces that are only submerged early in the ﬂood near peak inundation. For instance, deposits 3 and 4 on terraces near Tuting (Figures 4 and 5 and Movie S3) are inundated
up to 0.1 to 5 m, respectively, from ~2 to 11 hr after the ﬂood wave arrival (Figure S4). Simulated bed shear
stresses at deposit 4 are sufﬁcient to suspend the observed 90th percentile grain size (for criteria for suspension see Ferguson & Church, 2004; Bagnold, 1966; supporting information equations 13–15), and ﬂuctuations in ﬂow speed as ﬂood stage wanes are consistent with laminations present in the deposit. The
correspondence between simulated hydraulics and characteristics of this and other deposits shows the
potential utility of GeoClaw for predicting the location of historical or ancient outburst ﬂood deposits where
inundation patterns are unknown (Bohorquez et al., 2015; Denlinger et al., 2002). However, other ﬂood sand
deposits are located on surfaces much lower in elevation with respect to the river, where simulated bed shear
stresses remain much higher than the threshold for sand suspension until >20 hr after the ﬂood wave arrives
(e.g., deposit 1, Figure 5; Movie S4). These observations suggest high concentrations of sand‐size sediment
were in suspension as the ﬂood waned, and show that the relationship between deposit elevation and maximum stage may vary signiﬁcantly for a single ﬂood. This ﬁnding suggests additional constraints on provenance and/or age may be needed to correlate ancient slackwater deposits recording outburst ﬂood events.
The simulation results also provide evidence of a link between ﬂood hydraulics and the deposition of large
boulder bars along the ﬂood pathway. We focus on bars within 320 km of the breach, for which grain sizes of
individual boulders can be resolved with Google Earth imagery. The largest boulder bar (>1.5 km length)
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occurs near the inside of a meander bend on the Po River. Deposition and point bar formation may be
expected at the inside of bends under background discharge conditions. However, the critical stress required
for incipient motion of the large boulders on its surface (~4.6 kPa for 5‐m median intermediate axis; calculations of the shear stress for incipient motion follow Lamb, Dietrich, & Venditti, 2008; supporting information
equations 9 and 10) is extremely high, even compared to observations of other outburst ﬂoods (e.g., Lamb &
Fonstad, 2010). Landsat 7 imagery from before and after the ﬂood, as well as our simulation results, show
that the ﬂood inundated this feature, and simulated stresses at the upstream end of the bar exceed the critical
stress for incipient motion of 5‐m blocks (Figures 7c and 7d and Movie S6). Stress decreases downstream
across the bar to values below this threshold for motion, and the stress gradient persists across the boulder
bar for >10 hr as stress magnitude wanes. Despite the boulder bar's position near the inside of a channel
bend, the large particle sizes and scale of the feature suggest a direct link to outburst ﬂoods. We also observed
75 large boulder bars along the pathway that are not located on the inside of meander bends (BoulderBar.
kmz). The Siang River boulder bar in Figures 7e–7h is typical of this data set, similar in scale and particle
size to the other 66 mapped bars within 320 km of the breach. Simulated ﬂood shear stresses just upstream
of this bar exceed the critical stress required for incipient motion (~1.6 kPa) of the median intermediate axis
size boulder measured here (3 m) (Figures 7f and 7g), and show similar spatial and temporal stress variations
as the Po River boulder bar. Bar deposition may be related to complex spatial and temporal variability in
hydraulics and transport capacity; nevertheless, our results suggest the magnitude of ﬂood shear stresses
is of the right order to be consistent with transport and deposition of the observed size boulders.
Valley topography produces spatial gradients in bed shear stress during outburst ﬂoods that we suggest drive
deposition of boulder bars that cannot be moved by lower‐magnitude background ﬂows, with implications
for erosion. Boulder deposition armors the bed, limiting incision in speciﬁc locations during nonﬂood ﬂows
(Sklar & Dietrich, 2004; Turowski et al., 2007). Boulder deposition increases channel roughness, extracting
momentum from the ﬂow (Chatanantavet & Parker, 2008), further limiting the capacity of the river to transport sediment, expose the bed, and incise in these locations. Increased channel roughness due to boulder bar
deposition may also potentially facilitate lateral erosion (Fuller, 2014). The hydraulics of infrequent, high‐
magnitude ﬂoods may therefore exert a strong control on channel incision and development of channel
width and the river longitudinal proﬁle. Taken together, our observations highlight the potential for background discharges and outburst ﬂoods of different sizes to promote not only different amounts, but also different patterns of bedrock erosion (Reid et al., 2018).

7. Conclusions
We combined ﬁeld and remote sensing observations with 2‐D numerical ﬂood simulations to study the
hydraulics and geomorphic impact of a large landslide‐dam outburst ﬂood. Simulated hydraulics of the
ﬂood, assuming instantaneous dam failure and a range of Manning's n values suitable for natural bedrock
channels, are consistent with geomorphic observations of erosion and deposition along >450 km of the ﬂood
pathway through the eastern Himalaya. Inundation patterns are consistent with high‐water marks >240 km
downstream of the breach when we account for monsoon stage at the time of the ﬂood. The accuracy of
inundation patterns simulated for this extreme ﬂood over hundreds of kilometers through rugged topography shows that the shallow water equations implemented within GeoClaw can aid in studies of ﬂood hazard,
paleoﬂood reconstruction, and geomorphic processes.
Our proof‐of‐concept integration of GeoClaw simulations and observations of the Eastern Himalaya provides insights into the control of extreme ﬂood hydraulics on deposition and erosion. Results indicate that
the timing and elevation of slackwater sand deposition with respect to peak ﬂood stage vary signiﬁcantly
among the Yigong ﬂood deposits. This ﬁnding highlights the potential for slackwater sand deposit elevation
to signiﬁcantly underestimate peak stage, and suggests prehistoric slackwater deposits cannot be correlated
based on deposit elevation and simulated inundation patterns in the absence of independent provenance
and/or geochronologic constraints. Our ﬂood simulations and observations also provide strong evidence that
outburst ﬂoods formed numerous large boulder bars along the Tsangpo Gorge and Siang River. We propose
that these ﬂood‐related deposits armor the bed, increase roughness, and inhibit incision in zones where the
interaction of annual ﬂows with topography would not predict boulder deposition.
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Immediately downstream of the breach and near valley constrictions in the Tsangpo Gorge and Siang River,
simulated shear stresses exceeded the threshold for plucking of meter‐scale blocks for multiple hours during
the ﬂood. This ﬁnding supports the idea that outburst ﬂoods may accomplish signiﬁcant vertical incision
into jointed bedrock in detachment‐limited reaches of these valleys. However, shear stresses are spatially
heterogeneous and vary by a factor of ﬁve over distances of less than a kilometer in the Tsangpo Gorge,
underscoring the difﬁculty of equating the length‐scale of block plucking with the length‐scale of bed incision during an outburst ﬂood. The observation that zones of sustained high shear stress outside the Tsangpo
Gorge are associated with valley constrictions points to the potential importance of valley morphology above
the channel in controlling outburst ﬂood hydraulics. Future modeling studies are needed to explore the
relationship between valley form and hydraulics for different magnitude ﬂows, including Quaternary
glacial‐lake megaﬂoods through the Tsangpo Gorge. Together with more sophisticated investigation of the
interaction of ﬂow hydraulics with slope stability, such work can help quantify how patterns and processes
of lateral erosion and incision vary with ﬂood magnitude.
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