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[1] The velocity reversal hypothesis is commonly cited as a mechanism for the
maintenance of pool-riffle morphology. Although this hypothesis is based on the
magnitude of mean flow parameters, recent studies have suggested that mean parameters
are not sufficient to explain the dominant processes in many pool-riffle sequences. In this
study, two- and three-dimensional models are applied to simulate flow in the pool-riffle
sequence on Dry Creek, California, where the velocity reversal hypothesis was first
proposed. These simulations provide an opportunity to evaluate the hydrodynamics
underlying the observed reversals in near-bed and section-averaged velocity and are
used to investigate the influence of secondary currents, the advection of momentum, and
cross-stream flow variability. The simulation results support the occurrence of a reversal in
mean velocity and mean shear stress with increasing discharge. However, the results
indicate that the effects of flow convergence due to an upstream constriction and the
routing of flow through the system are more significant in influencing pool-riffle
morphology than the occurrence of a mean velocity reversal. The hypothesis of flow
convergence routing is introduced as a more meaningful explanation of the mechanisms
acting to maintain pool-riffle morphology.
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1. Introduction

[2] The velocity reversal hypothesis was introduced by
Keller [1971] as a mechanism for understanding the main-
tenance of pool-riffle sequences in alluvial streams. This
hypothesis was based on observations from Dry Creek,
California, that ‘‘at low flow the bottom velocity is less in
the pool than in the adjacent riffles’’ and that ‘‘with
increasing discharge the bottom velocity in pools increases
faster than in riffles’’ [Keller, 1971, p. 754]. The velocity
reversal hypothesis proposes the removal of fine sediment
from riffles into pools during low flows since velocity (or
shear stress) is at a maximum over riffles [Sear, 1996]. As
discharge rises, the velocity in pools increases and becomes
greater than over riffles, resulting in a ‘‘velocity reversal.’’
Gilbert [1914] first described this phenomenon noting that
‘‘at high stage . . . the greater and smaller velocities have
exchanged places,’’ though it was Keller [1969, 1971] who
first used the term ‘velocity reversal’ to describe this
process. Since then, the velocity reversal hypothesis has
initiated significant discussion in the literature and underlies

a variety of conceptual models which attempt to describe
the maintenance of pool-riffle morphology.
[3] Although Keller’s proposal of the hypothesis focused

on mean bottom velocities, subsequent studies have
expanded the hypothesis to apply to mean boundary shear
stress [Lisle, 1979], section-averaged velocity [Keller and
Florsheim, 1993], and section-averaged shear velocity
[Carling, 1991]. Other studies have focused on point
measures of velocity and shear stress [Petit, 1987, 1990].
A brief synopsis of the primary studies which have
addressed the velocity reversal hypothesis, including the
type of study, the parameter evaluated, and our evaluation of
the authors’ support for the velocity reversal is given in the
first three columns of Table 1. A more thorough discussion
is presented by MacWilliams [2004].
[4] As seen in Table 1, the literature does not provide a

clear consensus or single governing hypothesis for the
mechanisms controlling pool-riffle morphology. Although
there has been significant debate about whether a reversal of
one or more flow parameters takes place, there is more
general agreement that many cross-sectional average flow
parameters in pools and riffles tend to converge as discharge
increases [Carling and Wood, 1994]. While the literature
suggests that a velocity reversal does occur in some cases, it
is not clear whether a reversal of some type is a requisite
for pool maintenance or whether the reversal hypothesis
is applicable for all pool-riffle sequences. For example,
Clifford and Richards [1992] found that a reversal or its
absence could be demonstrated simultaneously for a given
pool riffle sequence depending on the parameter evaluated,
and the location of the measurement or cross section.

1Environmental Fluid Mechanics Laboratory, Department of Civil and
Environmental Engineering, Stanford University, Stanford, California,
USA.

2River Basin Dynamics and Hydrology Research Group, University of
Wales, Aberystwyth, UK.

3Department of Land, Air, and Water Resources, University of
California, Davis, California, USA.

Copyright 2006 by the American Geophysical Union.
0043-1397/06/2005WR004391$09.00

W10427

WATER RESOURCES RESEARCH, VOL. 42, W10427, doi:10.1029/2005WR004391, 2006
Click
Here

for

Full
Article

1 of 21



T
a
b
le
1
.
P
ri
m
ar
y
R
ef
er
en
ce
s
P
er
ta
in
in
g
to

th
e
V
el
o
ci
ty

R
ev
er
sa
l
H
y
p
o
th
es
is
,
W
it
h
O
u
r
B
es
t
A
ss
es
sm

en
t
o
f
th
e
T
y
p
e
o
f
S
tu
d
y,
th
e
P
ar
am

et
er
s
E
v
al
u
at
ed

fo
r
a
R
ev
er
sa
l,
an
d
th
e
A
u
th
o
rs
’
S
u
p
p
o
rt

fo
r
th
e
V
el
o
ci
ty

R
ev
er
sa
l
an
d
F
lo
w

C
o
n
v
er
g
en
ce

R
o
u
ti
n
g
H
y
p
o
th
es
es

a

R
ef
er
en
ce

T
y
p
e
o
f
S
tu
d
y

R
ev
er
sa
l
P
ar
am

et
er
(s
)

S
u
p
p
o
rt
fo
r
V
el
o
ci
ty

R
ev
er
sa
l

S
u
p
p
o
rt
fo
r
F
lo
w

C
o
n
v
er
g
en
ce

R
o
u
ti
n
g

K
el
le
r
[1
9
6
9
]

fi
el
d

n
ea
r-
b
ed

v
el
o
ci
ty

st
at
ed

su
p
p
o
rt

im
p
li
ed

su
p
p
o
rt

K
el
le
r
[1
9
7
0
,
1
9
7
1
]

fi
el
d

n
ea
r-
b
ed

v
el
o
ci
ty

st
at
ed

su
p
p
o
rt

im
p
li
ed

su
p
p
o
rt

K
el
le
r
[1
9
7
2
]

th
eo
re
ti
ca
l

N
/A

n
o
t
d
is
cu
ss
ed

as
su
m
ed

su
p
p
o
rt

R
ic
h
a
rd
s
[1
9
7
8
]

1
-d

m
o
d
el

se
ct
io
n
av
er
ag
e
v
el
o
ci
ty

an
d
sh
ea
r

in
co
n
cl
u
si
v
e

n
o
t
d
is
cu
ss
ed

L
is
le

[1
9
7
9
]

fi
el
d

m
ea
n
sh
ea
r
st
re
ss

st
at
ed

su
p
p
o
rt

n
o
t
d
is
cu
ss
ed

B
h
o
w
m
ik

a
n
d
D
em

is
si
e
[1
9
8
2
]

fi
el
d

N
/A

n
eg
at
iv
e

n
o
t
d
is
cu
ss
ed

Ja
ck
so
n
a
n
d
B
es
ch
ta

[1
9
8
2
]

fi
el
d

n
ea
r-
b
ed

v
el
o
ci
ty

st
at
ed

su
p
p
o
rt

as
su
m
ed

su
p
p
o
rt

L
is
le

[1
9
8
6
]

fi
el
d

N
/A

n
o
t
d
is
cu
ss
ed

as
su
m
ed

su
p
p
o
rt

P
et
it
[1
9
8
7
,
1
9
9
0
]

fi
el
d

p
o
in
t
sh
ea
r
st
re
ss

an
d
v
el
o
ci
ty

in
co
n
cl
u
si
v
e

as
su
m
ed

su
p
p
o
rt

C
a
rl
in
g
[1
9
9
1
]

fi
el
d

v
el
o
ci
ty
,
sh
ea
r
v
el
o
ci
ty

n
eg
at
iv
e

im
p
li
ed

su
p
p
o
rt

C
li
ff
o
rd

a
n
d
R
ic
h
a
rd
s
[1
9
9
2
]

fi
el
d

p
o
in
t
an
d
se
ct
io
n
-a
v
er
ag
ed

v
el
o
ci
ty

an
d
sh
ea
r
st
re
ss

n
eg
at
iv
e

im
p
li
ed

su
p
p
o
rt

K
el
le
r
a
n
d
F
lo
rs
h
ei
m

[1
9
9
3
]

1
-D

m
o
d
el

se
ct
io
n
av
er
ag
e
v
el
o
ci
ty

st
at
ed

su
p
p
o
rt

n
o
t
d
is
cu
ss
ed

C
li
ff
o
rd

[1
9
9
3
a,

1
9
9
3
b
]

fi
el
d

N
/A

n
eg
at
iv
e

as
su
m
ed

su
p
p
o
rt

C
a
rl
in
g
a
n
d
W
o
o
d
[1
9
9
4
]

1
-D

m
o
d
el

se
ct
io
n
av
er
ag
e
v
el
o
ci
ty

an
d
sh
ea
r
v
el
o
ci
ty

co
n
d
it
io
n
al

su
p
p
o
rt

n
o
t
d
is
cu
ss
ed

M
il
le
r
[1
9
9
4
]

2
-D

m
o
d
el

N
/A

n
o
t
d
is
cu
ss
ed

as
su
m
ed

su
p
p
o
rt

S
ea
r
[1
9
9
6
]

fi
el
d
,
re
v
ie
w

N
/A

n
eg
at
iv
e

n
o
t
d
is
cu
ss
ed

T
h
o
m
p
so
n
et

a
l.
[1
9
9
6
,
1
9
9
8
,
1
9
9
9
]

fi
el
d
,
la
b
o
ra
to
ry
,

2
-D

m
o
d
el

V
el
o
ci
ty

co
n
d
it
io
n
al

su
p
p
o
rt

as
su
m
ed

su
p
p
o
rt

B
o
o
ke
r
et

a
l.
[2
0
0
1
]

3
-D

m
o
d
el

se
ct
io
n
av
er
ag
e
v
el
o
ci
ty
,
n
ea
r-
b
ed

v
el
o
ci
ty
,
b
ed

sh
ea
r
st
re
ss

co
n
d
it
io
n
al

su
p
p
o
rt

as
su
m
ed

su
p
p
o
rt

C
a
o
et

a
l.
[2
0
0
3
]

2
-D

m
o
d
el

b
ed

sh
ea
r
st
re
ss
,
d
ep
th

av
er
ag
e
v
el
o
ci
ty

co
n
d
it
io
n
al

su
p
p
o
rt

as
su
m
ed

su
p
p
o
rt

a
F
o
r
th
e
v
el
o
ci
ty

re
v
er
sa
l
h
y
p
o
th
es
is
,
st
at
ed

su
p
p
o
rt
in
d
ic
at
es

th
at
th
e
st
u
d
y
su
p
p
o
rt
s
th
e
v
el
o
ci
ty

re
v
er
sa
l
h
y
p
o
th
es
is
fo
r
th
e
ca
se
(s
)
an
al
y
ze
d
;
co
n
d
it
io
n
al
su
p
p
o
rt
in
d
ic
at
es

th
at
th
e
st
u
d
y
su
p
p
o
rt
ed

th
e
v
el
o
ci
ty

re
v
er
sa
l

u
n
d
er

so
m
e
co
n
d
it
io
n
s;
in
co
n
cl
u
si
v
e
in
d
ic
at
es

th
at
n
o
fi
rm

st
at
em

en
t
o
f
su
p
p
o
rt
o
r
la
ck

o
f
su
p
p
o
rt
w
as

m
ad
e
in

th
e
st
u
d
y
;
n
eg
at
iv
e
m
ea
n
s
th
e
st
u
d
y
re
je
ct
ed

th
e
h
y
p
o
th
es
is
.
F
o
r
th
e
fl
o
w
co
n
v
er
g
en
ce

ro
u
ti
n
g
h
y
p
o
th
es
is
,

as
su
m
ed

su
p
p
o
rt
is
ap
p
li
ed

to
st
u
d
ie
s
th
at
ex
p
li
ci
tl
y
d
is
cu
ss

th
e
si
g
n
if
ic
an
ce

o
f
ei
th
er

a
fl
o
w
co
n
v
er
g
en
ce

o
r
re
st
ri
ct
io
n
fo
r
th
e
st
u
d
y
si
te
(s
),
an
d
it
is
as
su
m
ed

th
at
th
es
e
si
te
s
w
o
u
ld

su
p
p
o
rt
th
e
fl
o
w
co
n
v
er
g
en
ce

ro
u
ti
n
g

h
y
p
o
th
es
is
;
im

p
li
ed

su
p
p
o
rt
ap
p
li
es

to
st
u
d
ie
s
w
h
er
e
th
es
e
fe
at
u
re
s
w
er
e
n
o
te
d
at

th
e
st
u
d
y
si
te

b
u
t
n
o
t
ch
ar
ac
te
ri
ze
d
as

an
im

p
o
rt
an
t
m
ec
h
an
is
m
.

2 of 21

W10427 MACWILLIAMS ET AL.: FLOW CONVERGENCE ROUTING HYPOTHESIS W10427



Support for a reversal hypothesis based on reversals in
different types of flow parameters (as seen in Table 1)
should be considered as a suite of multiple working hy-
potheses for explaining pool-riffle morphology rather than a
single ruling hypothesis because different maintenance
mechanisms may operate in different pool-riffle sequence.
However, a review of all the published field data for
sediment transport in pool-riffle sequences [Sear, 1996]
has shown that a velocity or shear stress reversal does not
explain all of the published evidence of sediment transport.
Thus a more fundamental motivating question is that within
systems that exhibit reversals of some kind, is the reversal
an adequate explanation for pool maintenance? If not, and
some alternative maintenance mechanism is hypothesized,
can that alternative hypothesis explain pool maintenance in
pool-riffle sequences that do not exhibit reversals?
[5] The extension of Keller’s velocity reversal hypothesis

from mean bottom velocity (as it was originally proposed)
to section-averaged variables has been driven in part by the
use of one-dimensional models to analyze pool-riffle
sequences. Keller and Florsheim [1993] used a one-
dimensional hydraulic model (HEC-RAS) to evaluate the
velocity reversal hypothesis using Keller’s original field
data. They found that during high flows the mean pool
velocity exceeded that of adjacent riffles, and that during
low flows, the condition was reversed. Applying a similar
model (HEC-2), Carling and Wood [1994] demonstrate the
effect of varying channel width, riffle spacing, and channel
roughness on the shear velocity, section mean velocity, and
energy slope. However, in their results a reversal in the
mean velocity took place only when the riffle was consid-
erably wider than the pool. Similarly a ‘‘shear velocity
reversal’’ took place only when the pool was rougher than
the riffle. Both of these conclusions severely limit the
conditions when a section-averaged velocity or shear
velocity reversal could potentially occur and suggest that
other mechanisms may be necessary to explain sediment
transport in pool-riffle sequences. Carling [1991] found a
convergence in mean velocity in pools and riffles in his
study site, but concluded that riffles were not sufficiently
wide at high flows to accommodate the known discharge
with a velocity lower than in pools, and thus no velocity
reversal was identified. Similarly, Richards [1978] found a
narrowing of the difference in mean depth and velocity with
discharge, but neither of these variables, nor surface slope
or bed shear showed any tendency to equalize at the highest
flow simulated. On the basis of their results, Keller and
Florsheim [1993] concluded that more sophisticated models
of the hydraulics associated with pool-riffle sequences will
be able to explain in more detail the interaction between
channel form and process in pool-riffle sequences in alluvial
streams.
[6] There is a growing recognition that section-averaged

data are not sufficient to explain the dynamics of pool-riffle
sequences. Several studies have implemented two-
dimensional models to simulate flow in pool-riffle sequen-
ces [e.g., Miller, 1994; Thompson et al., 1998; Cao et al.,
2003]. Although Miller [1994] focused primarily on flow
around a debris fan, his results identified the influence of
flow convergence at the upstream end of the fan leading to
the development of scour holes; thus his results demonstrate
the importance of flow convergence in the formation of a

riffle-pool sequence. Note that in this context ‘‘conver-
gence’’ is used to define the physical process of funneling
of flow rather than in the context of a narrowing difference
between mean parameter values as it was used previously.
Similarly, Thompson et al. [1998] identified the importance
of a constriction at the head of the pool in creating a jet of
locally high velocities in the pool center, and the formation
of a recirculating eddy. Cao et al. [2003] found that at low
discharge there exists a primary peak zone of bed shear
stress and velocity at the riffle tail in line with the maximum
energy slope, and a secondary peak at the pool head. With
increasing discharge, the secondary shear stress peak at the
head of the pool increases and approaches or exceeds the
primary shear stress peak over the riffle. They also attrib-
uted the existence of a flow reversal in their simulation to
the constriction at the pool head. Booker et al. [2001]
applied a three-dimensional CFD model to a natural pool-
riffle sequence. In their study, only three out of eight
possible pool-riffle couplets experienced a mean velocity
reversal. They found a tendency for near-bed velocity
direction to route flow away from the deepest part of pools
and suggest that this flow routing may have an important
influence on sediment routing and the subsequent mainte-
nance of pool-riffle morphology.
[7] Extensive field and laboratory observations have been

made on the effects of flow constrictions on flow conver-
gence and divergence, recirculating flow, and sediment
routing. Constrictions resulting from debris fans [e.g.,
Miller, 1994; Kieffer, 1985, 1989; Schmidt, 1990] have
been characterized by a flow regime consisting of a con-
vergent flow upstream of the constriction, a beginning
divergence out of the constrictions, and ultimately a down-
stream state of uniform flow not influenced by the constric-
tion [Kieffer, 1985,1989]. Schmidt [1990] identifies the
presence of a scour hole immediately downstream from
most channel constrictions, and notes that recirculating
currents can develop between the jet of flow exiting the
constriction and the bank. Thompson [2004] has used
laboratory experiments to investigate the influence of pool
length on recirculating eddies and jet strength. Both
Thompson [2004] and Schmidt et al. [1993] observed
significant variation in instantaneous velocity field resulting
in the recirculation zone, which indicates that average flow
parameters are not sufficient to explain sediment transport.
Lisle and Hilton [1992] observed nonuniform sediment
deposition in pools which showed little correlation to water
depth. They found that deposits were thickest under eddies
and backwaters, but were commonly absent under the
thalweg. Further, Lisle and Hilton [1992, p. 380] observed
that ‘‘although some fine sediment is deposited in pools,
boundary shear stress along the major sediment pathways in
pools remained sufficient to maintain continued transport
downstream.’’ Similarly, Jackson and Beschta [1982] ob-
served a nonuniform distribution of bedload transport across
the channel resulting from a relatively large increase in
velocity with discharge along the channel thalweg, with
relatively little change in the lower velocities along the
channel edges. This increase in velocity did not result in
significant scour, but instead enabled bed material from the
upstream riffle to be efficiently routed through the pool.
These observations indicate that flow constrictions and a
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resulting nonuniform distribution of flow can have a sig-
nificant impact on routing of sediment through pools.
[8] Drawing on this extensive literature, Thompson et al.

[1996, 1998] have revised the traditional velocity reversal
model to incorporate the effects of a channel constriction at
the head of a pool. Their study demonstrated how the
upstream constriction resulted in higher local velocities in
the pool in comparison to adjacent riffles, despite a similar
cross-sectional area. As noted by Booker et al. [2001], this
concept links the concept of velocity reversal with work by
Keller [1972] which suggested that the regular pattern of
scour and deposition required for pools and riffles may be
provided by an alternation of convergent and divergent flow
patterns along the channel. This connection is significant
because the pool-riffle sequence on Dry Creek has a point
bar (on the north bank between sections 22 and 20 on
Figure 1) which acts as constriction at the head of the pool.
Cao et al. [2003] conclude that a channel constriction can,
but may not necessarily, lead to [sediment transport] com-
petence reversal, depending on channel geometry, flow
discharge, and sediment properties. Booker et al. [2001]
conclude that an analysis of near-bed velocity patterns
suggested that the near-bed flow direction can cause routing
of sediments away from the deepest part of the pools. Their
results indicate maintenance of pool-riffle morphology by a
lack of sediment being routed into pools rather than an
increased ability to erode based on convergence of flow into
the pool.
[9] The velocity reversal hypothesis was proposed by

Keller [1971] based on bed velocity measurements in a
pool-riffle sequence on Dry Creek, CA. The bed-velocity
data [Keller, 1969, 1970] support a convergence of near-bed
velocity, and a reversal in near-bed velocity is predicted for
higher discharges. Keller and Florsheim’s [1993] one-
dimensional modeling study support a reversal in mean
velocity for the pool-rifle sequence on Dry Creek. The
overall goal of this paper is to return to Keller’s original
data set to evaluate the flow processes in a pool-riffle
sequence using two-dimensional and three-dimensional nu-

merical simulations that may be able to explain the hydro-
dynamic mechanics underlying the observed conditions,
which was not possible by previous one-dimensional sim-
ulation. Using both types of models not only provides a
more complete assessment of the physical processes, but it
also completes the systematic evaluation of the utility of
different levels of process resolution. Specific objectives
include (1) identifying pool-riffle ‘‘reversals’’ in near-bed
velocity, depth-averaged velocity, section-averaged velocity,
and bed shear stress, (2) evaluating the roles of secondary
circulation and width constriction at the site, and (3) assess-
ing whether the velocity reversal hypothesis is an adequate
explanation for the maintenance of the pool-riffle morphol-
ogy for this pool-riffle sequence. Although the study only
investigates one site in detail, the hydrodynamic processes
simulated in these models are transferable to other sites, and
our analysis draws on both the extensive literature on pool-
riffle morphology and experience on other rivers. On the
basis of our analysis, a new ‘‘flow convergence routing’’
hypothesis for pool-riffle maintenance in alluvial rivers is
proposed, which is consistent with Dry Creek conditions
and those observed other sites reported in the literature. The
new hypothesis is significant for its ability to explain why
past studies on other field sites have differed in their
assessment of the originally proposed velocity reversal
mechanism.

2. Methods

[10] In this study, the Dry Creek reach mapped in Keller’s
original field study was modeled using both a two-
dimensional and a three-dimensional hydrodynamic model.
The models were validated using field data collected by
Keller [1969] and compared against one-dimensional results
from Keller and Florsheim [1993]. This approach allows for
a detailed assessment of the capacity of one-, two- and
three-dimensional models to capture the hydrodynamics and
a strong basis for inference of important morphological
processes that operate on this pool-riffle sequence. Specif-

Figure 1. Topographic map of a riffle-pool-riffle sequence in Dry Creek near Winters, California.
Contour interval is 1 foot (1 foot = 0.3048 m). Modified from Keller and Florsheim [1993]. Copyright
1993 John Wiley & Sons Limited. Reproduced with permission.

4 of 21

W10427 MACWILLIAMS ET AL.: FLOW CONVERGENCE ROUTING HYPOTHESIS W10427



ically, the one-dimensional results from Keller and
Florsheim [1993] and the results from the two- and
three-dimensional models applied in this study were used
to assess whether a reversal in mean velocity occurred on
Dry Creek. Further, the three-dimensional model was used
to compare predicted bed velocity to the measurements from
Keller [1971] and to evaluate whether a near-bed velocity
reversal occurs, as Keller originally predicted. Lastly, the
predicted bed shear stresses from the two- and three-
dimensional simulations were used to evaluate whether a
reversal in bed shear stress occurred and whether the spatial
or temporal distribution of bed shear stresses indicate
any other important mechanisms that could account for a
reversal in sediment transport competence.

2.1. Two- and Three-Dimensional Modeling

[11] Two different numerical models were applied in this
study. Although the two- and three-dimensional models were
applied independently, to the extent possible, the model
parameters used in the two- and three-dimensional simula-
tions were equivalent to the model parameters used in the
one-dimensional model presented by Keller and Florsheim
[1993], to allow for a balanced comparison between the three
models. The specific formulation of roughness, eddy viscos-
ity, and boundary conditions were different in each model
as described below, but the parameter values were calibrated
to produce equivalent water surface elevations and cross-
sectional area.
[12] Three-dimensional simulations were made using the

three-dimensional nonhydrostatic hydrodynamic model for
free surface flows on unstructured grids, UnTRIM, de-
scribed by Casulli and Zanolli [2002]. The UnTRIM model
solves the full three-dimensional momentum equations for
an incompressible fluid under a free surface given by
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where u(x, y, z, t) and v(x, y, z, t) are the velocity
components in the horizontal x and y directions, respec-
tively; w(x, y, z, t) is the velocity component in the vertical z
direction; t is the time; p(x, y, z, t) is the normalized pressure
defined as the pressure divided by a constant reference
density; f is the Coriolis parameter; g is the gravitational
acceleration; and nh and nv are the coefficients of horizontal
and vertical eddy viscosity, respectively [Casulli and
Zanolli, 2002]. Conservation of mass is expressed by the
continuity equation for incompressible fluids

@u

@x
þ @v

@y
þ @w

@z
¼ 0:

The free surface equation is obtained by integrating the
continuity equation over depth and using a kinematic
condition at the free surface; this yields [Casulli and
Zanolli, 2002]

@z
@t

þ @

@x

Z z

�H0

udz

� �
þ @

@y

Z z

�H0

vdz

� �
¼ 0;

where h(x, y) is the prescribed bathymetry measured
downward from the reference elevation and h(x, y, t) is
the free surface elevation measured upward from the
reference elevation. Thus the total water depth is given by
H(x, y, t) = h(x, y) + h(x, y, t). The discretization of the above
equations and model boundary conditions is presented in
detail by Casulli and Zanolli [2002] and is not reproduced
here. The UnTRIM model was modified to include an
inflow boundary condition for volume and momentum, a
radiation outflow boundary condition, and a modified
formulation of bed drag and vertical eddy viscosity as
described by MacWilliams [2004].
[13] The two-dimensional finite element surface water

modeling system (FESWMS) was used to analyze
depth-averaged hydrodynamics following the approach
of Pasternack et al. [2004]. FESWMS solves the vertically
integrated conservation of momentum and mass equations
using a finite element method to acquire depth averaged
2D velocity vectors and water depths at each node in a finite
elementmesh. Themodel is capable of simulating both steady
and unsteady two-dimensional flow as well as subcritical and
supercritical flows. The basic governing equations for verti-
cally integrated momentum in the x and y directions under the
hydrostatic assumption are given by

@

@t
HUð Þ þ @

@x
buuHUUð Þ þ @

@y
buvHUVð Þ þ gH

@zb
@x

þ 1

2
g
@H2

@x

þ 1

r
tbx �

@

@x
Htxxð Þ � @

@y
Htxy
� �� �

¼ 0

and

@

@t
HVð Þ þ @

@x
bvuHVUð Þ þ @

@y
bvvHVVð Þ þ gH

@zb
@y

þ 1

2
g
@H2

@y

þ 1

r
tby �

@

@x
Htyx
� �

� @

@y
Htyy
� �� �

¼ 0;

respectively, where H is the water depth, U and V are the
depth-averaged velocity components in the horizontal x and
y directions, zb is the bed elevation, buu, buv, bvu, and bvv

are the momentum correction coefficients that account for
the variation of velocity in the vertical direction, tx

b and ty
b

are the bottom shear stresses acting in the x and y directions,
respectively, and txx, txy, tyx are the tyy shear stresses
caused by turbulence. Conservation of mass in two
dimensions is given by

@H

@t
þ @

@x
HUð Þ þ @

@y
HVð Þ ¼ 0:

Discretization of the above equations for the FESWMS
model is presented by Froehlich [1989], and is not
reproduced here.
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[14] The bathymetry for the Dry Creek field site [Keller,
1969] was digitized from a plane table survey contour map
to generate a Digital Elevation Model (DEM) of the study
reach in Autodesk’s LandDesktop R3 Terrain Manager
(Figure 1). The refined DEM data was then exported and
interpolated onto each of the model grids. The total reach
modeled is approximately 135 m long and ranges in width
between 20 and 25 m. The FESWMS model used a finite
element mesh with an approximately uniform node spacing
of 0.45 m. This resulted in a model mesh with roughly
12,600 computational nodes comprising approximately
3500 mixed quadrilateral and triangular elements. For the
UnTRIM model, an unstructured horizontal grid consisting
of 23,655 cells triangular in planform was developed using
TRIANGLE [Shewchuk, 1996]. The average grid cell size
was 0.12 m2. The seven cross sections in the study reach
(Figure 1) were preserved in the model grids by aligning the
edges of the model grid cells along the section lines. This
facilitated direct comparison of model results with Keller’s
field data at specific cross sections. A uniform vertical grid
spacing of 0.05 m was used for the UnTRIM simulations.
[15] Keller [1971] found that at low flow the Manning’s n

roughness coefficient in the pool-riffle sequence was 0.040
for the pool and 0.042 for the riffle. Keller and Florsheim
[1993] used a roughness of 0.041 over pools and 0.043 over
riffles in their simulations. Keller and Florsheim [1993] did
a sensitivity analysis of bottom roughness by comparing
their results using these values to a case where the rough-
ness values were reversed and a case where a roughness of
0.041 was used in both the riffles and pools, and found no
change in the relative velocities in the pools and riffles.
They found that relative velocities are more dependent on
channel geometry than on variation in roughness. Specifi-
cation of bed roughness in a two- and three-dimensional
model requires a spatially distributed roughness specified at
each grid point, rather than coefficient at each cross section.
In addition, this parameter represents only the effect of bed
roughness, rather than encompassing all forms of energy
loss in the channel as it does in a one-dimensional model. In
the FESWMS model and the UnTRIM model, the bed
roughness value is the principal calibration parameter used
to calibrate the water surface slope. As a result, the bed
roughness values were selected such that the predicted
water surface matched the observed water surface. Because
a detailed mapping of roughness for the Dry Creek site was
not available, a constant roughness parameter was applied in
both the FESWMS and the UnTRIM simulations. In the
FESWMS simulations the Manning’s n roughness was
estimated as 0.041 for entire study site. For the UnTRIM
simulations a constant zo roughness of 1.5 � 10�3 m was
applied. On the basis of the method described by
MacWilliams [2004], this roughness height corresponds to
a Manning’s n value of approximately 0.041 for the range of
flow depths simulated. The results from the UnTRIM and
FESWMS simulations suggest that the roughness values
selected primarily influence the water surface slope, and that
the primary flow features are controlled by the channel
geometry. Although local variations in roughness are likely
to influence local shear stress values and bed velocity
values, the large-scale flow features observed in this study
are primarily controlled by the geometry of the pool-riffle
sequence. This corroborates Keller and Florsheim’s [1993]

conclusion that relative velocities are more dependent on
channel geometry than on variation in roughness.
[16] For the FESWMS simulations, Boussinesq’s analogy

was applied to parameterize eddy viscosity, which crudely
approximates eddy viscosity as an isotropic scalar. Doing so
allows a theoretical estimate of eddy viscosity as 60 percent
of the product of shear velocity and depth [Froehlich,
1989]. A constant eddy viscosity value of 0.027 m2/sec
was used for all FESWMS model runs. It is well known that
the eddy viscosity has a nearly parabolic distribution with
depth in an open channel flow and that the use of a constant
eddy viscosity for three-dimensional simulations is likely to
yield unrealistic vertical velocity profiles [Rodi, 1993]. As a
result, in uniform open channels, the velocity profile is often
assumed to be logarithmic, resulting in a parabolic eddy
viscosity distribution [Celik and Rodi, 1988]. For the
UnTRIM simulations, a parabolic vertical eddy viscosity
model was applied following the approach of Celik and
Rodi [1988].
[17] Keller’s original field measurements [Keller, 1969,

1971] were made at discharges of 0.42, 0.97, and 4.5 m3/s.
The HEC-RAS model simulations by Keller and Florsheim
[1993] were conducted for five steady flow rates, including
the three discharges measured by Keller [1969] and two
larger discharges of 8.5 and 17 m3/s. These five flow rates
were modeled as five separate steady flow simulations in
FESWMS; in UnTRIM a transient simulation of each flow
rate was run until the flow field reached a ‘‘steady state.’’ In
both UnTRIM and FESWMS, the inflow discharge was
specified at the upstream end of the channel using a uniform
velocity distribution; at the downstream end of the channel,
the water surface elevation was specified based on the
elevations predicted at the downstream cross section from
the modeled results of Keller and Florsheim [1993]. To
allow direct comparison with previous studies, we evaluated
the model results at the pool cross section (section 19,
Figure 1) and riffle cross section (section 21, Figure 1) used
in the analysis of Keller [1971] and Keller and Florsheim
[1993].

2.2. Model Validation

[18] The UnTRIM and FESWMS models have previously
been validated in a number of applications [cf. Casulli
and Zanolli, 2002; MacWilliams, 2004; Froehlich, 1989;
Pasternack et al., 2004]. For this application, the models
were validated using field data collected by Keller [1969] to
the extent possible recognizing the technological limitations
and differing purpose of the original work. Validation of
detailed numerical models against historical field data poses
a significant challenge, because only sparse data are avail-
able for validation purposes. At the Dry Creek field site, the
primary objective of the data collection effort was for the
bed load movement experiments reported by Keller [1969,
1970], and only limited point velocity and water surface
elevation data are available. Bed velocity measurements
were made at the pool cross section (section 21) and riffle
cross section (section 19) for 0.42, 0.97, and 4.5 m3/s
discharges. Velocity was also measured at 0.6 times the
depth for the 0.42 and 0.97 m3/s discharges. Observed
cross-sectional areas for the pool and riffle cross sections
were reported by Keller and Florsheim [1993], while
observed depths at these cross sections are available only
for the 0.97 m3/s discharges (E. A. Keller, unpublished field
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