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The failure of the Barlin Dam in Taiwan, China offers an important case study for evaluating concepts in
modeling the rapid erosion and channel recovery following intentional and unplanned dam removals.
We present a modeling effort that applied a 1D and quasi-2D uncoupled hydraulics and sediment model
(NETSTARS) to evaluate how discretization and parameterization influence thefitofbed elevationpredic-
tions to observations following dam failure. Our analysis evaluated the model sensitivity to sediment
transport function, active layer thickness, and number of stream tubes used to define the cross-section.
Results indicate that a) the model is more sensitive to active layer thickness and sediment transport
function than to the number of stream tubes, b) development of dam removal models are likely to benefit
from varying the active layer thickness in time, and c) increased lateral discretization does not appear to
improve model fit in the steep and rapidly changing river environment at our site. We conclude with
discussion on differences between, identifying the need for, and general use of 1D, quasi-2D, and fully 2D
models in dam removal and failure analysis.
& 2015 International Research and Training Centre on Erosion and Sedimentation/the World Association

for Sedimentation and Erosion Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The fate of sediment released following dam removals has been
the focus of increasing study as dams reach the end of their
working life and connectivity is increasingly prioritized for river
restoration purposes. Much of this research has emphasized field
monitoring (e.g. Doyle et al., 2002; Kibler et al., 2011; Major et al.,
2012) of the rates of and patterns in erosion and deposition fol-
lowing the pulse release of sediment with dam removal. Numer-
ical and physical modeling studies are also increasing undertaken
(Cui et al., 2006; Cantelli et al., 2007; Wells et al., 2007; Cui &
Wilcox, 2008; Downs et al., 2009; Konrad, 2009) in an effort to
advance understanding on dam removal impacts and the sediment
dynamics of sediment pulses. These numerical modeling efforts
include both the development of models specific to dam removal
(Cui et al., 2006; Cantelli et al., 2004) and the application of gen-
eral hydraulic-sediment transport models, including one-
dimensional (1D) (Chang, 2008; Rathburn & Wohl, 2003; Wells
g Centre on Erosion and Sedimen

Wang).
et al., 2007; Tullos et al., 2010) and quasi-2D and 2D models
(Rathburn & Wohl, 2003) to analyze sediment dynamics of dam
removal.

However, as many of these efforts have shown, numerical
modeling of sediment pulses is a particularly difficult problem
(Wu, 2004), in part because channel response depends on a
number of spatially and temporally variable site characteristics
(Tullos & Wang, 2014) that can be difficult to estimate with cer-
tainty and to represent accurately in numerical models. For
example, the volume and caliber of sediment stored behind a dam
and contributed from upstream of the site can strongly influence
channel response to sediment pulses (Pizutto, 2002; Lisle et al.,
2001). However, measurements of sediment characteristics and
transport rates, which are needed as input or boundary conditions
for sediment models, can be logistically challenging and expensive
to collect (Emmett, 1980; Hubbell, 1987), highly variable in space
and time (Wilcock et al., 1996; Hubbell, 1964; Gomez, 1991), and
generally prone to error (McLean, 1985; Hubbell, 1987). These
uncertainties are compounded when applied in the estimation of
sediment transport capacity from the various functions available
(Gomez & Church, 1989; Barry et al., 2004). Furthermore, the
tation/the World Association for Sedimentation and Erosion Research. Published by
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Fig. 1. Map of the Dahan River catchment in Taiwan, China. The frame indicates the
simulation reach. Inset: location map of Dahan River basin.
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temporal and spatial variability of some site characteristics can
also be difficult to represent in hydraulic models. For example, the
depth and erodibility of the underlying geologic material can be
highly variable in space and time and have been shown to influ-
ence channel gradient and transport capacity (Goode & Wohl,
2010). Yet, direct measurements of bedrock exposure and incision
are uncommon in field surveys (Stock et al., 2005) and bedrock
depths are commonly represented as uniform in hydraulic models.
In addition, lateral variability in velocities and shear stresses
produce local patterns in erosion and deposition (Wilcock et al.,
1996). While some authors (Downs et al., 2009) have reasonably
argued that 1D numerical simulation of reach-level channel
changes is the most appropriate scale for modeling channel
responses to sediment pulses, others (Ferguson & Church, 2009)
are critical of the ability of 1D models to represent the spatial and
temporal variability of sediment dynamics across and down rivers.
However, for all of these ways in which modeling may poorly
represent reality, it is unclear how important any of omitted
details are on predictions of erosion and deposition.

Thus, the broader goal of this effort is to investigate how different
representations of channel variability influence fit of post-hoc mod-
eling to field observations of the Dahan River, Taiwan, China following
the failure of Barlin Dam. More specifically, the objectives of this
analysis were to a) estimate fit ofa 1D model and of increasing dis-
cretization of quasi-2D simulations, based on the hypothesis that
quasi-2D simulations better represent lateral variability in erosion and
deposition, and b) evaluate sensitivity of the 1D and quasi-2D models
to the selection of sediment transport functions and to the treatment
of temporal variability in the depth of the active layer thickness. The
results contribute to ongoing discussion regarding strategies for
modeling dam removal sediment dynamics, based on a case study
with an exceptionally large (8.3 million m3over15 months) pulse of
sediment released during a large typhoon in 2007.

In this paper, we briefly review the Barlin Dam failure, report fit
of simulated and observed longitudinal profiles, investigate dif-
ferences in patterns and magnitudes of erosion and deposition
between the simulated and observed profiles and cross sections,
present results of a sensitivity analysis, and discuss implications
for modeling sediment dynamics of dam removal.

We report results of sediment modeling associated with the pulse
release of sediment associated with the failure of the Barlin Dam on
the Dahan River, Taiwan, China. Barlin Dam, constructed in 1977, was a
38-m-high concrete gravity damwith rotary-arm gates. It was among
the largest of over 100 sediment retention structures built in the
catchment to reduce erosion and sediment delivery to Shihmen
Reservoir, which is located approximately 40 km downstream and
generates municipal, industrial, and irrigation water, hydropower, and
flood protection benefits. Barlin’s initial storage capacity of 10.5 mil-
lion m3was filled with sediment by 2003 and bedload material was
passed over the dam. In 2004, a ‘defense dam’ constructed for energy
dissipation immediately downstream of Barlin Damwas damaged due
to undercutting, which allowed incision to propagate upstream to the
base of Barlin Dam. Barlin Dam then failed during Typhoon WeiPa in
September 2007, a roughly 5-year return event with an estimated
peak discharge of 225 cms (Tullos & Wang, 2014).

The Dahan River drains a geologically-active 1,163 km2 basin in
the northern Central Range of Taiwan, China (Fig. 1). Steep hill-
slopes (exceeding 55% in over two-thirds of the drainage basin),
fractured bedrock, and intense monsoonal precipitation (over
2000 mm annually), result in frequent landsliding and sediment
yields that are among the highest in the world (Milliman &
Syvitski, 1992; Huang, 1994; Dadson et al., 2003). At the Yufeng
gauging station, located approximately 22 km upstream of the
former Barlin Dam site (Fig. 1), the long-term (1957–2002) sus-
pended sediment yieldis 0.583 million tons per year, based on
rating curves developed by Shihmen Reservoir Administration
(2006). With suspended load comprising approximately 70% of the
total load (Dadson et al., 2003), the average annual bedload at the
Yufeng station is estimated to be 0.251 million metric tons.

Within the study reach, defined by the former reservoir
extending 4.8 km upstream and 5.2 km downstream of the former
dam site, the Dahan River is a forced-meander river with bedrock
locally exposed along the margins of the river. The valley gradient
is 0.01 and sinuosity is approximately 1.6. Prior to dam failure in
2006, the mean reservoir width was 116 m while the mean width
of the downstream channel was 155 m, owing to differences in
valley configurations of the two reaches. Substrate varied between
years as a function of landslide inputs and the frequency and
magnitude of high flows. In 2007, prior to dam failure, both the
reservoir and downstream substrates were dominated by very fine
gravel, with mean D50 of 3.9 mm and 2.1 mm, respectively. A major
tributary (Sankuan Creek, catchment area¼392 km2) enters the
Barlin impoundmentapproximately 1500 m upstream of the dam
(Fig. 1). While we have no quantitative information about the
depth of bedrock in our study reach, the authors observed bedrock
exposure along the margins and lining the valley walls near the
dam, and that the exposure varied in space.
2. Methods

2.1. Observed erosion and deposition

We analyzed fifty cross-sections from bathymetric field surveys
conducted by the Taiwan Water Resources Agency (WRA) on



Fig. 2. Grain size distribution of study reach sediments. Grey lines reflect results of
eight field-sieved 1m3 bulk samples from both upstream and downstream of Barlin
Dam prior to failure. The dark black line, the average of all samples within the 10-
km study reach, was used as the grain size distribution for all cross sections in
the model.
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reaches 4.8 km upstream and 5.2 km downstream of the Barlin
Dam. Surveys were conducted prior to dam failure in September
2007 and following dam failure in December 2007 and December
2008. Bathymetry for the September 2007 survey was collected as
cross-sections at approximately 200 m spacing. The post-failure
surveys were conducted with the intent of generating contour
maps, resulting in an irregular sampling scheme with typical point
densities of 1 point per 290 m2 and with emphasis on defining
depositional features and the main channel at baseflow. All sur-
veys were conducted by total station and only in wadeable areas.
This wadeable survey approach precluded surveying the thalweg
in a few areas, but the maximum gap in cross-section measure-
ments for the deepest parts of the channel appears to be small
(o2 m) across the entire study area. Because topographic surveys
before dam failure were based on cross-sections, we used the
contour-based surveys conducted after dam failure to generate
elevational surfaces from which cross-sections were cut at the
locations of the pre-failure cross-sections. These cross-sections
were used as inputs to define the model bathymetry and to con-
struct a longitudinal profile, based on cross-section thalweg ele-
vations, and to evaluate model fit to observations as described in
Section 2.2.3.

2.2. Modeled bed elevation changes

2.2.1. Overview of modeling computations
We applied the Network of Stream Tube Model for Alluvial

River Simulation (NETSTARS-Lee et al., 1997) model to simulate
bed elevation changes following the Barlin Dam failure. NETSTARS
is a quasi-2D, finite difference, uncoupled hydraulic and sediment
routing model that defines a reach by stream tubes (Lee et al.,
2003; Yang, 2008) to simulate hydraulic conditions and bed ele-
vations. The model applies the 1D energy and continuity equations
to calculate stage and discharge under steady flow conditions, and
solves the 1D St Venant momentum and continuity equations for
unsteady flows. The governing equations for sediment routing
consist of a sediment continuity equation, a convection-dispersion
equation for suspended sediment movement, and a number of bed
load and total load transport functions, accounting for bed sorting,
armoring, and transport of non-uniform sediments. NETSTARS
applies the concept of stream tubes, imaginary tubes bounded by
streamlines, to represent lateral variability in hydraulics and
morphodynamics, though no convective and diffusive exchange
occurs across the streamlines. Simulations within each tube are
1D, raising and lowering the bed elevations associated with scour
and deposition in each tube. Hence, the model can represent the
lateral variations of elevations across the channel, but cannot
simulate secondary currents, recirculating flow, or lateral erosion
of streambanks and terraces.

NETSTARS computations proceed by first calculating the
hydraulic characteristics of the full channel. With a horizontal
water surface elevation across the cross section, the channel is
then divided, and updated at each time step, into the user-defined
number of stream tubes based on the principle of equal con-
veyance within a tube. While the lateral location of each stream
tube is defined by the model at each time step, the length of each
stream tube is defined by our 200-m-spaced cross-sections. The
bed elevation computations are then performed in each tube and
each time step.

2.2.2. Initial and boundary conditions and modeling parameters
We used fifty surveyed cross-sections of the pre-failure channel

as the initial bathymetry. This model was used to simulate the bed
elevations for December 2007, a period of rapid erosion of reser-
voir sediments, henceforth referred to as “Period 1.” We then used
the observed bathymetry from the December 2007 survey as the
initial bathymetry to simulate bed elevations for December 2008.
This year, henceforth referred to as “Period 2,” wasa period of
slower channel response that occurred after a continuous gradient
was established between the upstream and downstream reaches
during Period 1.

One grain size distribution data set was used to represent the
bed sediment within the entire study reach as the initial riverbed
substrate, based on the average distribution (Fig. 2) of eight 1 m3

bulk samples (WRA, 2007; Fig. 2). Manning’s roughness coeffi-
cient, n, varied by cross sections and was set as 0.03–0.06 based on
field observations by the authors and by WRA (2008b). Due to the
data availability (Agriculture Engineering Research Center, 2009),
we used hourly flow discharge records for September 2007 to
December 2007 (Fig. 3a), and daily flow discharge records for
December 2007 to December 2008 (Fig. 3b) from the Yufeng
gauging station (Fig. 1), as the upstream boundary condition.
Water stage from the Kaoyi gauging station(Fig. 1) were used as
the downstream boundary condition, and discharge records from
Lengchiao gauging station were used as the flow boundary con-
dition for the tributary entering the reservoir just above the for-
mer dam (Fig. 1). Rating curveswere used as the upstream
boundary conditions for suspended sediment transport routing.

Qs ¼ 0:92nQ1:889ðR2 ¼ 0:877Þ for Yufeng gauging station ð1Þ

Qs ¼ 1:13nQ1:908ðR2 ¼ 0:679Þ for Lengjiao gauging station ð2Þ
Qs is the sediment discharge in million tons/day, and Q is the

discharge in cms. These rating curves are based on 1440 suspended
sediment samples,collected 20–30 times per year from 1957 to 2002.
NETSTARS provides two options to estimate total load of sediments.
One option directly estimates the total sediment load, while the other
option results from the summation of separate estimates of bed load
and suspended load (Lee et al., 2003). For sediment transport func-
tions dealing with total load, such as Ackers and White (1973) and
Yang (1973), the total load is calculated based on the input discharge
records and the rating curves given above (Eqs. 1, 2). For sediment
transport functions only treating bedload, such as Meyer-Peter and
Muller (MPM, 1948), Rouse number is used to distinguish between
suspended load and bedload.

2.2.3. Model calibration and evaluation
Rather than applying the zeroing process outlined by Cui et al.

(2006), we simulated the model for Period 1 under a range of the
following parameters: sediment function, number of stream tubes,
and active layer thickness. The pre-failure bathymetry (September
2007) was used as the initial geometry to simulate the bed ele-
vations for the three months post-failure for Period 1, through



Fig. 3. Upstream boundary conditions for two simulation periods: (a) hourly flow discharge from September 2007 to December 2007, for Period 1, and (b) daily flow
discharge from December 2007 to December 2008, for Period 2.
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which sediment function, number of stream tubes, and active layer
thickness were evaluated for their effect on model fit. Model fit
was then evaluated using the Root Mean Square Error (RMSE) and
the normalized RMSE (error-min. error)/(max. error-min. error)
based on the thalweg elevations (see Section 2.2.4 Sensitivity
Analysis). The scenario with the lowest RMSE for the Period 1, as
the calibration period, to all model scenarios is referred to the
calibrated scenario, and the tuned parameters for this scenario
were then applied to all model configuration scenarios. The three-
month post-failure observed bathymetry (December 2007) was
then used as the initial geometry for Period 2, representing the
model verification period.

We also evaluated the model based on comparison of observed
and modeled volumes of scour and fill for the calibrated scenario.
The volume of eroded and deposited material was estimated by
calculating differences between post-failure bed elevations and the
September 2007, pre-failure bed elevations. Elevations were linearly
interpolated between cross-sections along the reaches upstream
and downstream of the former dam and volume changes were
calculated as the product of the differencein area between the two
survey periods and longitudinal distance between cross-sections.

2.2.4. Sensitivity analysis
We performed a sensitivity analysis to evaluate model

responsiveness and fit to a) increasing discretization of the chan-
nel cross section by representing the channel as one, three, and
five stream tubes; b) varying active layer thickness; and c) varying
the sediment transport function. We did not evaluate the sensi-
tivity of the model to field measurements, but refer the reader to
references (Cui et al., 2006; Chang et al., 1993) for analysis of
sediment model sensitivity to grain size distribution, discharge/
velocity, roughness/resistance coefficients, sediment supply, active
layer thickness, and other parameters, such as attrition rate
(Downs et al., 2009). We also did not investigate parameter
uncertainty, though we refer readers to work (Ruark et al., 2011)
highlighting important issues associated with differing parameter
uncertainties in erosional and depositional environments.

We applied three sediment transport equations (Yang, 1973;
Ackers & White, 1973; MPM, 1948) for this analysis, selected to
evaluate how conditions (e.g. grain size, gradient, planar or a range
of bedforms) under which the equations were developed may
influence accuracy in predicting bed elevation changes.

We also evaluated the depth of the active layer thickness as two,
four, and six times the size of the largest grain (Dmax), as it can exert
an important influence on the accuracy of bed elevation predictions
(Rulot et al., 2012; Struiksma, 1999; Tullos et al., 2010). According to
the bed composition accounting procedure proposed by Bennett and
Nordin (1977), the active layer is a surficial layer that is well-mixed
and available for mobilization. It represents all the sediment that is
available for transport at each time step. In NETSTARS, the thickness of
the active layer is defined by the user as proportional to the geometric
mean of the largest size class containing at least 1 percent of the bed
material at that location. Active layer thickness is also related to the
time step duration. As sediment was eroded and deposited following
dam failure, it is expected that the active layer thickness varied with
time. We expected that a larger active layer thickness during Period
1 would better represent the dramatic erosion immediately after dam
failure, but result in overestimating erosion in the reservoir during
Period 2. We thus anticipated that the importance of this factor would
vary across the two simulation periods.
3. Results

3.1. Observed channel changes

As reported in Tullos and Wang (2014), dam failure resulted in
rapid erosion and downstream transport of sediment from the
former reservoir. Within three months, 3.6million m3 of sediment
had eroded from the reservoir, and after fifteen months, 8.3 million
m3hadbeen transported downstream. The mean bed elevation
changes include about 8 m of incision upstream of the dam, as well
as aggradation to maximum depths of over 5.5 m over 5 km of the
riverbed downstream of the dam (Fig. 4). The reservoir gradient
increased from 0.006 in 2007 to 0.010 in 2008 over the 5-km reach
upstream of the dam. The gradient over a 5-km reach downstream
of the dam changed very little, from 0.009 to 0.010, over the same
time period. See Tullos and Wang (2014) for more detailed analysis
of geomorphic recovery following the Barlin Dam failure.

3.2. Modeled channel changes

3.2.1. Model fit to thalweg profile across space and time
Before mobile-bed modeling, the flow hydraulics needs to be

computed accurately. The measured water surface elevations at
Kaoyi gaging station during Typhoon Wipha (2007/9/18 15:00–9/
23 23:00) and Typhoon Krosa (2007/10/5 0:00–10/10 9:00) were
used to calibrate and verify the simulated water surface elevations.
The comparison of simulated and observed water stage (Fig. 5)
indicates that the model predicted the water surface elevation
reasonably well, with a RMSE of 0 m and 0.75 m for the calibration
and verification, respectively.



Fig. 4. Sensitivity of simulated longitudinal profiles to a) sediment transport formula, b) active layer thickness, and c) number of stream tubes for two simulation periods:
September 2007–December 2007 (left) and December 2007–December 2008 (right). The arrow indicates the flow direction.
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For the bed variation, based on the RMSE values and simu-
lated thalweg profiles, the MPM function with three stream
tubes and an active layer thickness of four times the Dmax best
fit the observed changes in the Dahan River during Period 1,
with the lowest calibrated error of 1.46 m relative to the other
model scenarios. While there does not appear to be any trend
in model error with distance from the dam in the upstream or
downstream directions for either time period (Fig. 6c, d), the
degree of model fit does vary across the two simulation
periods.

Overall, errors were nearly always higher during Period 1 than
in Period 2. The largest errors were generally associated with
simulating sediment transport with the Ackers and White (1973)
and Yang (1973) functions, particularly during Period 1. During
Period 2, the model calibrated for Period 1, using the MPM func-
tion, the medium active layer thickness and three stream tubes,
was not the model configuration with the lowest error. Instead,
model error was lowest for MPM transport function and one
stream tube, regardless of the active layer thickness, during Period
2 when channel changes were smaller and slower than Period 1.
Because the MPM transport function appears to produce the most
accurate bed elevations and for brevity, all subsequent results will
eliminate results from the other two sediment transport functions.



Fig. 5. The comparison of simulated and measured water stage variation with time at Kaoyi gaging station: (a) calibration (b) verification.

Fig. 6. Model errors with distance from the dam against channel width: (a) locations of analyzed cross-sections on an aerial photo of 2006, (b) channel widths of each
section, (c) errors (thalweg difference) between simulated and surveyed profiles for Period 1 of the calibrated scenario, MPM.3.4, and (d) errors (thalweg difference) between
simulated and surveyed profiles for Period 2 of the calibrated scenario, MPM.3.4. The arrow indicates the flow direction.
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Observed and simulated longitudinal profiles (Fig. 4) both
demonstrate the better performance of the model in Period 2, as
well as where errors appear to be concentrated during Period 1.
The observed thalweg profile of Period 2 was more accurately
represented by all model configurations than for Period 1. The
error during Period 1 was greatest at the most upstream extent of
the reservoir and in the downstream reach just below the former
dam site. More specifically, model simulations generally fit erosion
patterns in the reservoir, but overestimated erosion above 4000 m
upstream of the former dam site (Fig. 4a). The overestimation of
reservoir erosion at this relatively narrow reach (�75–105 m) may
be attributable to the simulated active layer thickness of six times
of the Dmax overestimating the amount of material available
above the bedrock valley bottom at the site. During Period 2, error
in predicted reservoir thalweg elevations was concentrated
approximately 2400 m upstream of the dam site. At this location,
all model scenarios underestimated reservoir erosion on the order
of 5 m (Fig. 4).

In the downstream reach, simulation error for Period 1 (Fig. 4a)
was concentrated in a reach that falls between 400 m and 1600 m
below the dam site. In this section, most model configurations
underestimated deposition by up to 10 m (Fig. 4b). For period 2,
the model simulated the thalweg profile similarly well for all
model scenarios, with no areas of concentrated error.

3.2.2. Model fit at cross-sections with varying streamtubes
Our hypothesis that model fit to observations within an indi-

vidual cross-section would increase with increasing number of
stream tubes was not confirmed. Field surveys indicate that the
Fig. 7. Selected observed and simulated upstream cross sections. Cross sections are pre
grain size. River left (looking downstream) is oriented on the left of the graph and all cros
survey.
cross-sections eroded or deposited sediment relatively uniformly
across the channel (Figs. 7 and 8). Some of the stream tube con-
figurations simulated more variability and/or more net erosion or
deposition than was observed, though the number of stream tubes
that best fit the uniformity and volume of erosion or deposition
varied by cross section. In evaluating all of the simulated
cross-sections, we did not see any evidence of a single “best”
number of stream tubes.

Instead, the number of stream tubes needed to simulate any
individual cross-section appears to be related to the width and
location of the reach. For example, approximately 400 m upstream
of the former dam, the active channel prior to dam failure was
shallow and around 165 m wide (Fig. 7a). At this location, the
cross-section uniformly incised during Period 1, a response that
was relatively well-matched by simulations with one stream tube,
but not with three and five streamtubes (Fig. 7a). The incomplete
erosion on the inside of the meander, oriented on the left side of
the channel, with three and five stream tubes resulted in an
underestimate of the volume eroded by approximately one half of
the observed erosion (Table 1). During Period 2 (Fig. 7a), the
number of stream tubes had minimal effect on the variability at
this cross-section 400 m upstream of the dam site. Approximately
1000 m upstream of the former dam site, a 185 m wide, braided
section of the channel was simulated with similar accuracy for all
stream tube configurations during Period 1 (Fig. 7b). During Period
2, all the three configurations simulated deposition at this loca-
tion, though the channel was observed to incise during this period
(Fig. 7b).
sented for the simulations with active layer thickness of four times the maximum
s-sections are adjusted to a zero location that reflects the thalweg in the pre-failure



Fig. 8. Selected observed and simulated downstream cross sections. Cross sections are presented for the simulations with active layer thickness of four times the maximum
grain size. River left (looking downstream) is oriented on the left of the graph and all cross-sections are adjusted to a zero location that reflects the thalweg in the pre-failure
survey.

Table 1
Comparison between modeled volumes of scour and fill for the calibrated scenario (MPM.3.4) and the observations.

Reach Period 1 Period 2
September 2007–December 2007 December 2007–December 2008

Observed volume
(m3)

Simulated volume
(m3)

Error Observed volume
(m3)

Simulated volume
(m3)

Error

Upstream �3539573 �5305346 50% �4828020 175733 �104%
Downstream 2875847 4028284 40% �496953 �1258273 153%
NET �663726 �1277062 92% �5324973 �1082540 �80%
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Varying the number of stream tubes also had an effect on
model accuracy in the downstream reach. For example, in a nar-
row (�80 m wide), constrained run approximately 1000 m
downstream of the former dam site (Fig. 8a), the single stream
tube configuration failed to simulate any of the 10 m of deposition
that occurred in the three months following failure. While the
three and five stream tube configurations did predict deposition,
they both underestimated the amount of deposition that occurred
in Period 1. During Period 2, the three-tube configuration simu-
lated further deposition and the other two configurations pre-
dicted negligible change at this location, though the channel was
observed to incise during this period. At a slightly wider (�100 m)
riffle located 3600 m downstream of the former dam (Fig. 8b), the
relatively uniform deposition that occurred was not closely
simulated for any of the stream tube configurations during Period
1. Some stream tube scenarios (e.g. MPM.3.4, MPM.5.4) over-
estimated deposition by up to 6 m., while the one-tube config-
uration (MPM.1.4) underestimated deposition. The fit to observa-
tions during Period 2 was better than model fit for Period 1, with a
maximum overestimated deposition of up to approximately 3 m
(e.g. MPM.5.4). However, while the net error was lower for Period
2, simulations generated variability in the cross-section that was
not observed in the field.

Based on the review of these and other simulated cross-
sections not presented here, we see no clear patterns in the per-
formance of the different stream tube scenarios, across the dif-
ferent channel unit types (e.g. run, riffle, braided) or channel
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widths, to indicate that the quasi-2D model could capture erosion
and deposition across the channel better than the 1D model.

3.2.3. Model sensitivity
The ranges of RMSE provide a measure of the sensitivity of the

models to combinations of stream tubes, sediment transport func-
tion, and active layer thickness. Beginning with the sediment trans-
port functions by holding the active layer thickness at 6 times the
Dmax, the variability in RMSE across sediment transport functions
was only 0.32 m (NRMSE¼0.13) and 1.38 m (NRMSE¼0.56) for three
and five stream tubes, respectively during Period 1 and was 0.1 m
(NRMSE¼0.04) and 0.26 m (NRMSE¼0.1) for three and five stream
tubes, respectively, during Period 2. Next, we varied the active layer
thickness and number of stream tubes while holding the sediment
transport function constant by applying only the MPM (1948) for-
mula. Across the three active layer thicknesses, the RMSE variability
ranged from 0.81 m (NRMSE¼0.33), 1.04 m (NRMSE¼0.43), and
0.86 m (NRMSE¼0.35) for one, three, and five steam tubes, respec-
tively, during Period 1. During Period 2, the ranges of RMSE varia-
bility of active layer thickness are much lower, on the order of 0.19 m
(NRMSE¼0.08), 0.12 m (NRMSE¼0.04), and 0.46 m (NRMSE¼0.18),
for one, three, and five stream tubes, respectively, during Period 2.
Finally, we report ranges of RMSE variability while varying the
number stream tubes in simulations with the MPM (1948) transport
function. Varying the number of stream tubes resulted in sensitivity
ranges that fall between sediment transport functions and erodible
depths: RMSE ranges were 0.56 m (NRMSE¼0.23), 0.45 m
(NRMSE¼0.19), and 0.95 m (NRMSE¼0.39) for active layer thick-
nesses of six, four, and two times the Dmax, respectively, during
Period 1, and 0.53 m (NRMSE¼0.21), 0.39 m (NRMSE¼0.16), and
0.26 m (NRMSE¼0.11) for active layer thicknesses of six, four, and
two times the Dmax, respectively, during Period 2.

This results of sensitivity analysis highlights that the model is
sensitive to all three model parameters, though the sensitivity
varied with simulation period. For example, the range of RMSE
variability was the highest (1.38 m, NRMSE¼0.56) when varying
sediment transport functions for five stream tubes during Period 1,
indicating high sensitivity to sediment transport functions during
the initial stage of rapid erosion. The widest RMSE ranges (1.04 m,
NRMSE¼0.43) occurred when varying active layer thicknesses, but
only during Period 1. The order of magnitude larger RMSE ranges
for the active layer thickness during Period 1 suggests the model is
more sensitive to this model parameter during the period of rapid
channel change and confirms that varying active layer thickness
over time could increase model accuracy. Sensitivity to the num-
ber of stream tubes does not vary as much as active layer thickness
in two simulation periods. It may instead be related to the width
and configuration of the subreach (Section 3.2.2).

3.3. Practical implications of model error

The practical implications of RMSE values are represented by
the effects of simulated errors on the volume of reservoir erosion
and downstream deposition (Table 1) for the directly calibrated
scenario (MPM.3.4). In both the reservoir and downstream reaches
during Period 1, the model overestimated channel changes, rela-
tive to our observations, by overestimating both reservoir erosion
and downstream deposition. The model failed to estimate channel
changes during Period 2, with substantial underestimations of
reservoir and downstream erosion. These absolute errors illustrate
how RMSE values translate into potentially substantial errors in
volumes of scour and fill, and that these errors can be larger for
the slower response of Period 2 than the rapid change of Period 1.
Despite the nearly 20 m of incision for Period 1 and only �2 m of
incision during Period 2 (Fig. 4), the error resulted in substantially
different error of 50% and 104% in the upstream reach (Table 1).
Practically, such an error may be large enough to influence
decision-making regarding acceptability or engineering in a dam
removal scenario.
4. Discussion

Numerical modeling of sediment pulses is a particularly diffi-
cult problem (Wu, 2004), in part because channel response
depends on a number of spatially and temporally variable site
characteristics (Tullos & Wang, 2014) that can be difficult to esti-
mate with certainty and to represent accurately in numerical
models. The failure of Barlin Dam released a pulse of sediment
considerably larger than has occurred at the large majority of
intentional dam removals, and thus simulating the channel
recovery can shed light on approaches to simulating future dam
removals.

While the importance of other factors, such as grain size dis-
tribution, discharge/velocity, sediment influx, roughness/resis-
tance coefficients, etc., are also critical in influencing model per-
formance (Downs et al., 2009; Newham et al., 2003; Ruark et al.,
2011), in this analysis, we sought to investigate how varying the
sediment transport function, active layer thickness, and number of
stream tubes influenced model fit to observations. The model
appears to be sensitive to active layer thickness and the selected
sediment transport functions, as discussed in further detail below,
but is not clearly responsive to the number of stream tubes.

4.1. Sensitivity to active layer thickness and sediment transport
functions

Variations in the elevations of buried bedrock surfaces can limit
the depth of incision and can have an important influence on the
accuracy of sediment transport models (Morris & Fan, 1998). It
appears that the active layer thicknesssimulating the best fit to
observations varies between the two simulation periods, with a
thicker layer thickness performing better in Period 1 and a thinner
thickness performing better in Period 2. In addition, the model
appears to be more sensitive to active layer thickness during
Period 1 than during Period 2. This result suggests that collecting
field estimates of erodible thickness of bed materials that can limit
the extent of bed lowering in the reservoir, when possible, can
potentially lead to valuable improvements in simulating sediment
dynamics during the period of rapid erosion immediately follow-
ing dam removal. In addition, because only one set of active layer
thickness can be used for simulation in NETSTARS, the spatial
variability of active layer thickness was not considered in the
model. Because modeling results can be dependent on active layer
thickness, advancement of model development capable of incor-
porating spatial variability for active layer thickness (Yang &
Young, 1997) is needed.

Model fit is also sensitive to sediment transport function.
Results indicate that the MPM sediment transport function pro-
vided the best match to the morphology and other channel fea-
tures that drive sediment entrainment in the Dahan River. This
result illustrates how the features of sediment transport functions,
such as input parameters, mathematical formulation, and range of
conditions for developing the functions, can be important in
simulating the patterns of rapid erosion and longer-term bed
changes in this system. This result highlights the need for a
deliberate process that identifies the transport function best
matched to the local conditions. For example, in a dam removal
modeling scenario, measurements of bed and suspended load
prior to dam removal are compared to predictions by transport
function to select the one that best matches historical deposition
and scour (Yang, 2006). However, as bed and suspended load data
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are often not available, other techniques (e.g. Simons & Şentürk,
1992; Williams & Julien, 1989) may be employed for justifying the
selection of sediment transport function.

4.2. Effects of increasing model discretization

Our modeling scenarios appear to be insensitive to increasing
discretization of the channel cross-section, and the 1D simulations
performed as well or better than the quasi 2D model for many of
the cross-sections. Based on simulations applying the MPM func-
tion, the RMSE values across the number of stream tubes do not
indicate that increasing discretization improves model fit. Instead,
the number of stream tubes that best fit observations varies with
features of the cross-section and reach (Fig. 7). However, this
result does not indicate that additional discretization is not useful
for any applications of modeling sediment dynamics. Instead, the
need for additional discretization should depend on the modeling
objective and model capabilities.

Because parameters defining the channel hydraulics and sedi-
ment dynamics (e.g. depth, bed elevation, and downstream flow
velocity and shear stress) in 1D models are averaged across the
channel, these models are best suited to analysis at the reach-
average level (Cui et al., 2008) where lateral sediment processes
do not dominant erosion. One-dimensional models often cannot
reliably simulate topographic features such as pools, riffles, and
bars, nor location of a channel across a flat valley floor. They are
often applied at a low spatial resolution, with cross-sections
longitudinally spaced over several channel widths (Cui & Wilcox,
2008), leading to a smoothing of local topographic features. Thus,
1D models cannot simulate the 3D nature and sequence of
widening and lateral erosional processes through terrace deposits
that may be important drivers of rapid erosion of sediment from
the reservoir (Grant et al., 2008). However, as a quasi-2D model
based on the implementation of stream tubes, NETSTARS also
cannot simulate the lateral erosion of sediment from the reservoir
terraces and riverbanks or the lateral transfer of mass and
momentum, and thus secondary flows. As a quasi-2D model, the
flow and sediment transport characteristics are still treated as
one-dimensional in each stream tube. While the number of fully
morphodynamic 2D models available is growing, to our knowl-
edge, only CONCEPTS (Langendoen & Simon, 2008) and SRH-2D
(Lai et al., 2011) contain subroutines that address the geotechnical
failure of banks that could simulate lateral erosion of terraces. An
important area of research is in better integrating understanding
on geotechnical bank failure (e.g. Osman & Thorne, 1988; Simon
et al., 2000; Langendoen & Simon, 2008), longitudinal geomorphic
dynamics (e.g. headcut migration; Stein & Julien, 1993), and
existing conceptual models (e.g. Pizzuto, 2002) to facilitate iden-
tifying when lateral erosion of terraces is likely to be an important
process (e.g. non-cohesive sediments, presence of seepage or tri-
butaries through terrace, braided rivers, rapid dewatering, etc.) in
reservoirs following dam removal.

However, simulating 2D erosional processes may not be
necessary in every dam removal analysis. Some authors (Downs
et al., 2009) have argued that the most realistic approach to
modeling sediment pulses following dam removal is represented
by 1D numerical simulation of reach-level channel changes. While
it is possible that lateral erosion occurred during the first three
months between dam failure and the first post-failure survey, as
has been observed elsewhere (Major et al., 2012), it is not clear
that lateral erosion was critical in shaping the channel response in
the Dahan River where the entire valley cross-section is regularly
mobilized during typhoons. We believe the sediment evacuation
was dominated by very rapid headcut erosion, associated with the
steep gradient of the Dahan River, local valley configuration, and
high flows during the Weipa Typhoon.
The benefit of quasi-2D models is in the simulation of laterally-
variable bed erosion, without direct representation of the pro-
cesses (e.g. mass and momentum exchange) that occur in two
dimensions. In our case study, we do not see conclusive evidence
that increasing the number of stream tubes improved model fit to
thalweg profiles or at individual cross-sections. However, it may
be the case that, in wide, cross-sectionally variable channels with
low valley gradients and low flow rates, quasi-2D models can more
accurately simulate channel dynamics (Hsieh, 1996). We thus
suggest that selection of the number of stream tubes should be
based on the modeling objective as well as the channel and valley
width, topographic variability, sinuosity, and sediment deposit
properties as indications of the channel’s potential to erode in a
non-uniform manner.

Finally, the timescales of dominant sediment processes are also
important in model accuracy. The NETSTARS model cannot directly
simulate headcut processes, and thus results are not likely to be
accurate for the short time scales over which rapid headcut
migration occurs. However, NETSTARS, like other morphodynamic
models, may be reasonably accurate over longer time scales as the
channel adjusts following the passage of the headcut.
5. Conclusions

While not a deliberate removal, the failure of Barlin Dam
released a pulse of sediment considerably larger than has occurred
at the large majority of intentional dam removals, Advancing
understanding on the sensitivities of mobile-bed models at Barlin
Dam can support more informed modeling of future dam remov-
als. To evaluate benefits of model configuration for sensitivity and
fit to observation, we compared simulated and observed patterns
of changes in elevation and volume associated with erosion and
deposition along thalweg profiles and cross-sections. Our analyses
illustrate that, in a steep river under high flows, this morphody-
namic model was less sensitive to the spatial discretization of the
cross-section than to the active layer thickness and sediment
transport functions. Further, it appears that varying the reservoir
active layer thickness over time may improve accuracy of pre-
dicted bed elevations. These results cast doubt on the benefits of
universally increasing discretization for all applications in order to
improve model fit, as average RMSE values of thalweg profiles did
not decrease with increasing number of stream tubes.

Further sensitivity analyses should be conducted to investigate
parameter interactions and uncertainty in field measurements and
model parameterization. In addition, additional research should
investigate whether multi-dimensional models perform better in
river systems with lower gradients and under less extreme flows
and identify the conditions under which lateral erosion of terraces
is an important process to represent in dam removal cases.
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