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Influence of river channel geometry in stream flow modelling
and guidelines for field investigation
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Abstract:

Fully physics-based, process-level, distributed fluid flow and reactive transport hydrological models are rarely used in practice
until recent years. These models are useful tools to help understand the fundamental physical, chemical, and biological processes
that take place in nature. In this study, sensitivity analyses based on a mountain area river basin modelling study are performed to
investigate the effect of river channel geometric characteristics on downstream water flow. Numerical experiments show that
reduction in the river channel geometric measurement interval may not significantly affect the downstream water stage
simulation as long as measurement accuracy at special nodes is guaranteed. The special upstream nodes include but are not
limited to 1) nodes located close to the observation station, 2) nodes near the borders of different land covers with considerable
riverbed roughness changes, 3) nodes at entering points of tributaries causing discharge jump and 4) nodes with a narrow cross-
section width that may control the flow conditions. This information provides guidelines for field investigation to efficiently
obtain necessary geometric data for physics-based hydrological modelling. It is especially useful in alpine areas such as the
Tibetan Plateau where field investigation capability is limited under severe topography and climate condition. Copyright © 2013
John Wiley & Sons, Ltd.
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INTRODUCTION

Mountain area hydrological studies

Under global climate change scenarios, water bodies
are undergoing dramatic changes in terms of temporal and
spatial dimensions and multi-phase states (i.e. ice-water-
vapor) transformations, which are especially significant in
high-elevation mountain areas such as the Tibetan Plateau
and surrounding mountains, referred to as the Third Pole.
The unique atmosphere-cryosphere- hydrosphere interac-
tions in the Third Pole region ensure permanent flows
of Asia’s major rivers, thus significantly influencing a
fifth of the world’s population in China, India, Nepal,
Tajikistan, Pakistan, Afghanistan, Bhutan and so on.
Recent climate change has a significant influence on the
regional hydrological cycle in the Third Pole (Chen et al.,
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2007; Yao et al., 2007; Yao et al., 2012). Observational
and modelling studies have reported a general trend of
glacial retreat with increasing temperature (Yao et al.,
2007; Li et al., 2008), increasing surface runoff from
melting glaciers (Ye et al., 2003; Cyranoski, 2005), and
rising lake water levers (Yao et al., 2004; Chen et al.,
2007). Potential water resource problems in the region
urgently require an improved understanding of the
hydrological processes and the responses of the hydro-
logical cycle to climate change.
Hydrological models are important tools for describing

and predicting hydrological processes. They can be
classified into four categories according to their structures
and principles, that is, empirical models (e.g. Langbein
et al., 1949; Stockton and Boggess, 1979; Revelle and
Waggoner, 1983), water balance models (e.g. Thornthwaite
and Mather, 1955; Gleick, 1987; Schaake and Waggoner,
1990), conceptual lumped models (e.g. Anderson, 1973;
Burnash et al., 1973; N�emec and Schaake, 1982; Ng
and Marsalek, 1992), and process-based distributed models
(e.g. Beven and Kirkby, 1979; Abbott et al., 1986;
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Refsgaard and Storm, 1995; Schulla, 1997; Arnold et al.,
1998; Kollet and Maxwell, 2006; Camporese et al., 2010;
Yeh et al., 2011). Among the four categories, the physically
based distributed models give a more detailed and
potentially more accurate description of the hydrological
processes in a catchment compared with the other model
types (Abbott and Refsgaard, 1996).
The needs and the concept for a physically based

distributed catchment model were initially outlined by
Freeze and Harlan (1969). Since the 1970s, a large number
of other distributed models have been developed, such
as TOPMODEL (Beven and Kirkby, 1979), MIKE SHE
(Refsgaard and Storm, 1995), WaSiM-ETH (Schulla,
1997), SWAT (Arnold et al., 1998), and WASH123D
(Yeh et al., 2011). According to the specific principles of
each model, they are applied under different conditions.

Hydrological modelling of mountain area river basins

Recent hydrological models applied to the mountain-
ous regions are typically the conceptual lumped models
and the physics-based distributed models. For example,
Yilmaz et al. (2011) implemented the conceptual lumped
model ANN to predict catchment flow in a snow dominated
mountainous basin named Karasu Basin, and the physics-
based distributed model TOPOG was applied to an arid
mountainous region in northwest China by Yu et al. (2010).
Compared with empirical lumped models, which usually
ignore the heterogeneity of the study area, the distributed
models use parameters with physical meaning and havemore
capacity to handle hydrological processes in watersheds with
significant topography and land cover changes.
However, it is difficult to obtain long-term hydrological

data under the severe conditions of high-altitude moun-
tain areas (Xue, 2005). Determination of water levels
using automatic level gauges is more convenient and
easier than on-site flow velocity measurements. Hydro-
logical models which consider geometric dimension of
river channels can simulate water level as well as flow
rate (Orlandini and Rosso, 1998; Orlandini, 2002; Paz
and Collischonn, 2007; Camporese et al., 2010; Getirana,
2010). As a result, these models are capable of making
use of water level data for flow simulation calibration and
Figure 1. Description of WASH

Copyright © 2013 John Wiley & Sons, Ltd.
therefore save the cost and labor of multiple field trips
to measure a wide range of flow velocity values.
Alternatively, it is necessary to determine the geometric
characteristics of river channels, including the river bed
elevations and cross-sectional profiles (e.g. the river
channel widths and depths) at certain intervals along the
length of the river (Turcotte et al., 2001; Ames et al.,
2009; Getirana, 2010).
Geometric information of rivers can be obtained by

means of spot investigation and remote sensing methods
(Winterbottom and Gilvear, 1997; Walsh et al., 1998;
Marcus et al., 2003; Lejot et al., 2007). Remote sensing
techniques have been developed for telemetering major
rivers, for example, the latest generation of high-
resolution earth observation commercial satellites such
as Ikonos, QuickBird, GeoEye-1, Landsat7, SPOT4, and
CBERS-02B provide spatial resolutions ranging from
0.41 to 19.5 m. Therefore, remote sensing images still
cannot give sufficiently accurate geometric information of
small rivers (Jensen and Cowen, 1999; Zhang et al.,
2006; Wulder et al., 2008). Consequently, efficiently
obtaining necessary geometric information with limited
field investigation capability becomes a key issue worthy
of exploration for high-elevation river basin studies using
physics-based, process-level distributed hydrological
models. The objective of this study is to investigate the
effect of upstream geometric characteristics on river/
stream flow simulation and provide guidelines for
relevant field investigations.
WASH123D MODEL

WASH123D is a multimedia, multi-processes, physics-
based computational model (Yeh et al., 2005; Yeh et al.,
2006). It can handle hydrological problems at the
watershed scale with integrated media (river/stream
networks, overland regime, and subsurface media) and
processes (infiltration, evapotranspiration, recharge, mois-
ture redistribution in vadose zone, groundwater flow,
surface runoff, and river flow, etc.) (Figure 1). The model
was designed to have the capability of simulating various
123D modelling capabilities
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watershed system components or combinations of the
components. It can simulate problems of various spatial and
temporal scales as long as the assumptions of continuum are
valid. Other versions of WASH123D were also developed
for high-performance computing to enable the model to be
efficient for large scale problems (Cheng et al., 2004a, b;
Cheng et al., 2004a, b; Cheng et al., 2006).
The governing equations for water flow include both the

Continuity Equation (1) based on the law of mass
conservation and the Momentum Equation (2) based on
the law of linearmomentum conservation (Yeh et al., 2011):

@A
@t

þ @Q
@S

¼ SS þ SR � SE þ SI þ S1 þ S2 (1)

@Q
@t

þ @VQ
@S

¼ �gA
@ Z0 þ hð Þ

@x
þ MS þMR �ME þMI þM1 þM2ð Þ

þBtS � Ptb

r

(2)

In the above equations, A is cross-sectional area; t is
time; Q is flow rate; S is axis distance along the river; SS,
SR, SE, SI, and S1/S2 are source/sinks because of artificial-
introducing, rainfall, evapotranspiration, exfiltration and
contributions from overland flow, respectively; V is flow
velocity; g is gravity; Z0 is riverbed elevation; h is water
depth; MS, MR, ME, MI, M1 and M2 are momentum–
impulses from the sources/sinks; B is top width of the
cross-section; tS is surface shear stress; P is wet perimeter;
tb is bottom shear stress affected by the Manning’s
roughness n; and r is water density. Three options including
fully dynamic wave, diffusive wave and kinematic wave
approaches are provided in WASH123D to solve the
governing equations of water flow (Yeh et al., 2011).
Figure 2. Base case simulated and observed water stages during Typhoon
Nanmadol
BASE CASE: LANYANG CREEK BASIN
HYDROLOGICAL MODELLING

The hydrological modelling in the Lanyang creek basin
using WASH123D (Yeh et al., 2011) is proposed as a
base case example. The river basin is located on the route
followed by most typhoons making landfall during the
summer typhoon season in Taiwan. It covers an area of
approximately 978 km2 and has a short hydrological
response time due to its steep topography, which varies from
3740 m a.s.l. on the hilltops to sea level at the estuary.
The river basin of the Lanyang watershed is composed of

three major streams, the Lanyang, Lotong and Dongshan,
with the Lanyang stream being the main river draining this
watershed. Among the two upstream reaches, the larger one
discretized with 59 nodeswas selected to perform numerical
experiments. Calibrated simulation for Typhoon Nanmadol
(3–4 December 2004) is used as base case for sensitivity
Copyright © 2013 John Wiley & Sons, Ltd.
analyses to investigate the applicability of WASH123D to
high altitude river basins on the Tibetan Plateau, where
limited geometric measurements can be provided for model
parameterization. Simulation of the base case is compared
with observations at the downstream hydrological station in
Figure 2.
NUMERICAL EXPERIMENTS AND RESULTS

In WASH123D, the geometry of a river is described by
three curves at each individual node, including the cross-
section area, wetted perimeter and top width at different
water depths. To investigate the influence of cross-section
characteristics on downstream simulation results, a series
of numerical experiments were designed through modi-
fying the cross-section parameters of certain upstream
nodes to check the sensitivity of downstream water stages
simulated by WASH123D. The experiments can be
divided into four sets. The first set is used to test the
effect of measurement accuracy, and the other three sets
are used to test the effect of both measurement accuracy
and distance interval.

Experiment 1: single node cross-section width modification

A set of 58 numerical simulations were performed to
investigate the effect of changing cross-section width at a
single upstream node on the simulation of downstream
flow. For each simulation, only geometric curves at one
upstream node were modified to increase the cross-section
width by 10%. The modified nodes range from node 1 to
node 58. The simulation results of water stage curve at the
downstream observation point (node 59) were compared
with the base case by computing the coefficient of
determination, that is, R2 of river stages between the new
simulation and the base case simulation. The R2 values
plotted in Figure 3 indicate the degree of difference
between the new outputs and the base case.
Among all the upstream nodes, R2 values correspond-

ing to the change at eight ones (i.e. nodes 13, 14, 15, 16,
Hydrol. Process. 28, 2630–2638 (2013)



Figure 3. R2 of experiment 1
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45, 49, 57 and 58) are significantly smaller than the
others. Among these special nodes, 57 and 58 are very
close to the observation point (node 59) and thus affect
the downstream flow more than the others.
To investigate the significance of the other six nodes,

the distributions of riverbed elevation, land cover type
(represented by specified Manning’s n in the model) and
peak discharge was examined. Figure 4 plots the riverbed
elevation and land cover type distribution along the studied
river reach. It is shown that the riverbed slope stays
relatively constant along the reach and some of the special
nodes, that is, nodes 13, 14, 15 and 16, are at the location
where land cover changes from TYPE 1 to TYPE 2.
Figure 5 plots the simulated peak discharge distribution

along the studied river reach. It is seen that there is a
Figure 4. River bed elevation and land cover type distribution along the
studied river reach

Figure 5. Simulated peak discharge distribution along the studied river reach

Copyright © 2013 John Wiley & Sons, Ltd.
significant discharge jump at node 49 which is a junction
of a small sub-branch.
To further investigate the reason why modification at

node 45 can cause more changes of downstream flow than
other nodes, Figure 6 plots the river channel width and
water stage of peak discharge at node 45 and its
neighboring nodes 44 and 46. It is seen that the river
channel at node 45 is much narrower than both the
upstream and the downstream neighboring nodes and thus
may cause considerable water level increase and control
the condition of the passing flow.
Because of the continuity of water depth along

the river, abrupt changes in upstream water depths may
affect the downstream water depths. According to the
governing Equations (1) and (2) for water flow given in
section 2, obvious variations in upstream parameters such
as riverbed geometry (A, Z0, B and P), flow rate (Q),
source/sink terms (SS, SR, SE, SI, S1, S2, MS, MR, ME, MI,
M1 and M2) and riverbed roughness (n) that may change
the upstream water stage will influence the water stage
observed at the downstream station.
Because the base case setting does not involve any

source/sinks, the effect of riverbed geometry change at
locations with source/sinks cannot be tested in this study.
With that exception, results of Experiment 1 confirm that
riverbed geometry changes at some special nodes
influence the downstream water stage simulation more
than at the other nodes. Similarly, these nodes include the
following: (1) node 45 with an apparently narrower cross-
section than its neighboring nodes, (2) node 49 at the
junction of a sub-reach that causes a flow rate jump, (3)
nodes 13, 14, 15 and 16 near the borders of different
land covers with considerable riverbed roughness
changes, and (4) nodes 57 and 58 located close to the
observation station.
Figure 6. River channel width and water stage of peak discharge at nodes
44, 45 and 46

Hydrol. Process. 28, 2630–2638 (2013)
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Experiment 2: cross-section measurement interval
increased by two times

A set of 29 numerical simulations were performed to
investigate the effect of changing cross-section charac-
teristics of a single upstream node on the simulation of
downstream flow rate. For each simulation, cross-section
parameters of one odd-numbered node (including nodes
1, 3, 5, . . ., 57) were modified to be the same as its
neighboring downstream node (i.e. nodes 2, 4, 6, . . ., 58,
respectively). In this case, only half of the geometric
information can be provided with doubled measurement
interval. To compare the new simulation with the base
case, R2 values are plotted in Figure 7.
It can be observed that cross-section parameter modifi-

cation of five nodes (nodes 13, 45, 49, 51 and 57) changed
the simulation results dramatically more than modification
Figure 8. Modification to the base case in cases A2–E2 and A2’–E2’. Circles
same as the neighboring downstream nodes. Black dots represent nodes at wh

represent the special nodes at which cross-section para

Figure 7. R2 of experiment 2

Copyright © 2013 John Wiley & Sons, Ltd.
of other nodes. All of these five nodes were among the
special nodes identified by experiment set 1.
The tests were then performed in another way.

As shown in Figure 8, all the nodes are divided into
five groups: nodes 1–12, nodes 13–24, nodes 25–36,
nodes 37–48 and nodes 49–58. Similarly, cross-section
parameters of nodes with odd numbers (such as node 1, 3,
5, . . ., 57) were modified to be the same as their
neighboring downstream nodes (such as node 2, 4, 6, . . .,
58, respectively). However, modifications were made in
groups, that is, measurement interval of the cross-section
characteristics of one group of nodes were doubled as
described above for each simulation.
R2 values for the five simulations compared with the

base case are listed in Table I
For comparison, another set of 5 simulations, that is,

cases A2’ through E2’ (Figure 8 and Table II), were
performed in the same way as cases A2 through E2,
respectively, but without changing any of the special
nodes (i.e. nodes 13, 45, 49, 51 and 57).
It can be observed that when geometric parameters of

special nodes were unaltered, increasing the river channel
measurement interval by 2 caused very little changes in
the downstream flow simulation. Therefore, selectively
increasing the river channel measurement interval can still
maintain the accuracy of downstream simulation results.

Experiment 3: increasing cross-section measurement
interval by three times

A set of 19 numerical simulations were performed to
investigate the effect of changing cross-section character-
istics of two neighboring upstream nodes simultaneously
on the simulation of downstream flow rate. For each
represent nodes at which cross-section parameters were modified to be the
ich cross-section parameters need to be measured for the simulation. Stars
meters also need to be measured for the simulation.

Hydrol. Process. 28, 2630–2638 (2013)



Table I. Description of cases A2–E2

Case
Modified
node range Modified nodes R2

A2 1–12 Nodes 1, 3, . . . through 52 0.99989
B2 13–24 Nodes 13, 15,. . . through 64 0.98754
C2 25–36 Nodes 25, 27 . . . through 76 0.99991
D2 37–48 Nodes 37, 39, . . . through 88 0.99731
E2 49–58 Nodes 49, 51, . . . through 57 0.83548

Table II. Description of cases A2’-E2’

Case Modified node range Skipped nodes R2

A2’ 1–12 None 0.99989
B2’ 13–24 Node 13 0.99812
C2’ 25–36 None 0.99991
D2’ 37–48 Node 45 0.99990
E2’ 49–58 Nodes 49, 51 and 57 0.99923

Figure 9. R2 of experiment 3

Figure 10. Modification to the base case in cases A3–E3 and A3’–E3’. Circle
same as the neighboring downstream nodes. Black dots represent nodes at wh

represent the special nodes at which cross-section para
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Copyright © 2013 John Wiley & Sons, Ltd.
simulation, cross-section parameters of two neighboring
nodes (including nodes 1 and 2, 4 and 5; . . .; 55 and 56)
were modified to be the same as their neighboring
downstream nodes (i.e. nodes 3, 6, . . ., 57, respectively).
In this case, only one-third of the geometric information
can be provided with a tripled measurement interval. To
compare the new simulation with the base case, R2 values
are plotted in Figure 9.
It can be observed that cross-section parameter

modification of three sets of nodes (nodes 13 and 14,
nodes 16 and 17, and nodes 49 and 50) changed the
simulation results much more than modification of other
sets of nodes. Each of these three sets contains at least one
special node identified in experiment set E1, that is, nodes
13, 14, 16 and 49.
Similar to section 4.2, modifications were then

performed in five groups (cases A3–E3) as described in
Figure 10 and Table III. Alternatively, the modification
tripled the measurement interval of cross-section charac-
teristics group by group. R2 values for each simulation
compared with the base case are also listed in Table III.
For comparison, another set of simulations, that is,

cases A3’ through E3’ (Figure 10 and Table IV), was
performed in the same way as cases A3 through E3,
respectively, but without changing the special nodes.
Similar to section 4.2,when skipping the special nodes, little

changes in the downstream flow simulation were observed
with the increase of river channel measurement interval.

Experiment E4: extreme cases

Finally, a set of extreme experiments were conducted
to test the extent of influence of cross-section parameters.
s represent nodes at which cross-section parameters were modified to be the
ich cross-section parameters need to be measured for the simulation. Stars
meters also need to be measured for the simulation

Hydrol. Process. 28, 2630–2638 (2013)



Table III. Description of cases A3–E3

Case Modified node range Modified nodes R2

A3 1–12 Nodes 1 and 2, 4 and 5, . . . through 10 and 11 0.99976
B3 13–24 Nodes 13 and 14, 16 and 17, . . . through 22 and 23 0.95482
C3 25–36 Nodes 25 and 26, 28 and 29, . . . through 34 and 35 0.99974
D3 37–48 Nodes 37 and 38, 40 and 41, . . . through 46 and 47 0.99945
E3 49–58 Nodes 49 and 50, 52 and 53, and 55 and 56 0.70449

Table IV. Description of study cases A3’–E3’

Case Modified node range Skipped nodes R2

A3’ 1–12 None 0.99976
B3’ 13–24 Nodes 13,14,16 0.99957
C3’ 25–36 None 0.99922
D3’ 37–48 None 0.99742
E3’ 49–58 Node 49 0.99802

Table V. Description of cases A4–D4

Case Range Skipped nodes R2

A4 1–12 None 0.99475
B4 1–44 Nodes 13,14,15,16 0.96961
C4 1–48 Nodes 13,14,15,16,45 0.97487
D4 1–58 Nodes 13,14,15,16,45,49, 57, 58 0.96923
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According to the previous experiments, four types
of special nodes were identified, including (1) nodes 57
and 58 located close to the observation station (within
~100m), (2) nodes 13, 14, 15, 16 near the borders of
different land covers with considerable riverbed rough-
ness changes (8.57%), (3) node 49 at a junction of sub-
reaches causing a discharge jump (77% in this study), and
(4) node 45 with narrow cross-section (<87% of
neighboring nodes) that may control the flow condition.
The extreme tests are performed by modifying cross-
section characteristic curves of upstream nodes but
skipping the modification of these four types of special
nodes.
As shown in Figure 11, we firstly performed simulation

A4 by changing the cross-section characteristics of nodes
1–12 to be the same as node 13. Second, simulation B4
was performed on the basis of A4 with additional changes
of nodes 17–44 to have the same cross-section curves as
node 45. Third, simulation C4 was performed based on
Figure 11. Modification to the base case in cases A4–D4. Circles represent nodes at which cross-section parameters were modified to be the same as the
neighboring downstream nodes. Black dots represent nodes at which cross-section parameters need to be measured for the simulation. Stars represent the

special nodes at which cross-section parameters also need to be measured for the simulation

Copyright © 2013 John Wiley & Sons, Ltd. Hydrol. Process. 28, 2630–2638 (2013
B4 with additional changes of nodes 46–48 to have the
same cross-section curves as node 49. Finally, simulation
D4 was performed based on C4 with additional changes
of nodes 50–56 to have the same cross-section curves as
node 57. R2 values for these simulations compared to the
base case are listed in Table V.
It can be observed that, with modifications carrying

forward from upstream to downstream, the R2 values
were reduced, whereas all the simulation results are
relatively acceptable with the minimum> 0.96. In other
words, as long as we can precisely identify the river
channel geometry of the special nodes, decrease in the
precision of the other nodes’ cross-section measurements
do not significantly change the simulation results.
DISCUSSION AND CONCLUSION

River flow calculated from local measurements, such as
bed material particle size, hydraulic depth and riverbed
slope, may not be accurate (Orlandini, 2002). Through
)
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numerical experiments using distributed hydrological
model based on the laws of mass conservation and linear
momentum conservation, this study investigated the
effect of upstream river channel geometry on the
downstream flow calculation. Results show that increas-
ing the cross-section measurement interval does not
significantly affect the performance of the downstream
flow simulation as long as accuracy at special nodes is
guaranteed. The special nodes may include but are not
limited to the following: (1) nodes located close to the
observation station, (2) nodes near the borders of different
land covers with considerable riverbed roughness
changes, (3) nodes at junctions of sub-reaches causing
discharge jumps, and (4) nodes with narrow cross-section
that may control flow conditions.
It should be noted that the above conclusions drawn

from the numerical experiments depend on the complex-
ity of the base case setting. For example, the effect of
riverbed geometry at locations with source/sink or
significant river-bed slope change cannot be tested in
the case study because the base case setting does not
involve source/sinks and the bed slope is generally
consistent along the river.
This study provides some preliminary guidelines for

data collection arrangement. To provide sufficient
geometric data for precise river/stream water stage
simulation using the physically based distributed hydro-
logical model, river channel geometric information at the
special nodes mentioned above must be measured
accurately. Additional measurements at certain distance
intervals along the river/stream should be arranged
considering the field investigation capability.
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