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Abstract. The advent of low-cost pressure transducers ca-
pable of directly measuring water surface elevation enables
continuous measurements of dynamic water surface slopes.
This opens up a new possibility of dynamically monitor-
ing unsteady flows (i.e., hysteresis) during the course of
flood wave propagation. Hysteresis in this context refers to
a looped stage—discharge rating caused by unsteadiness of
flows. Hysteresis is monitored in this study using a continu-
ous slope area (CSA) method, which uses Manning’s equa-
tion to calculate unsteady discharges based on continuously
measured water surface slopes. In the rising stage, water sur-
face slopes become steeper than a steady water surface slope,
resulting in higher discharges than steady-based discharges,
while the trends are reversed in the falling stage. The CSA
method applied to Clear Creek near Oxford (Iowa, USA) es-
timates the maximum differences of peak discharges by 30—
40 %, while it shows sound agreements for a low to medium
range of discharges against USGS steady-based records. The
primary cause of these differences is the use of a single
channel bed slope in deriving Manning’s roughness coef-
ficients. The use of a single channel bed slope (conceptu-
ally equal to the water surface slopes at every stage in uni-
form flow conditions) causes substantial errors in estimating
the channel roughness, specifically at high stages, because
non-uniformities of natural channels result in varying (non-
uniform) steady water surface slopes at each stage. While
the CSA method is promising for dynamically tracking un-
steady water surface slopes and flows in natural streams,
more studies are still needed to increase the accuracy of the
CSA method in future research.

1 Introduction

A conventional slope area method has been used as a means
of estimating peak discharges based on high watermarks af-
ter large flood events, as those events are commonly rare and
pose a measurement challenge in obtaining reliable sample
data. The obtained data are then used to extend the upper
limit of the stage—discharge rating curve (hQRC) which pro-
vides an important basis for timely flood management de-
cisions and dissemination of imposed flood dangers to the
public. The method estimates a (single value) peak discharge
by surveying water surface elevation drops between upstream
and downstream flood marks (e.g., typically high watermarks
on bridge piers). The drop in water surface elevations for a
uniform channel reach represents energy losses caused by
bed roughness, and a peak discharge can be estimated in-
directly using Manning’s equation, measured cross sections,
estimated channel roughness coefficients, and friction slopes
(i.e., channel bed slopes for a uniform reach) derived from
field evidence.

A principle of the method has recently received renewed
interest with the advent of low-cost pressure transducers ca-
pable of directly measuring water surface elevations, which
enable continuous measurements of dynamic water surface
slopes (Smith et al., 2010). A continuous slope area (CSA)
method is the approach that utilizes the same physical prin-
ciple of the conventional slope area method; however, it uses
at a minimum a pair of upstream and downstream water
level sensors to continuously measure drops in water sur-
face elevations instead of high watermarks. This enables hy-
drologists to continuously estimate stream/river discharges
throughout a hydrologic event. The CSA method can con-
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ceptually be classified as two approaches: original CSA and
proposed CSA methods herein. The original CSA method is
the approach which typically has been applied to steep slope
channels in order that the effects of unsteady flows are neg-
ligible, and thus one can calculate steady discharges. How-
ever, the proposed CSA method is to examine the poten-
tial of the approach in monitoring unsteady flows on mild
slope channels. Henceforth, the CSA method refers to the
proposed CSA method unless stated otherwise. The CSA
method would be significantly beneficial at a location where
a stream/river channel has uniform cross sections on mild
slope channels, while an intensity of a hydrologic event is
strong enough to generate substantial effects of unsteady
flows.

The original CSA method was implemented by Smith et
al. (2010) on the Babocomari River (Arizona, USA) in 2002.
They deployed eight pressure transducers at both sides of the
bank in four subsequent cross sections. It was shown that the
original CSA method can be used to compute a continuous
discharge hydrograph and to generate a steady hQRC. Stew-
art et al. (2012) also implemented the original CSA method
at a network of sand-bedded ephemeral stream channels in
southeastern Arizona. They concluded that the gaging efforts
succeeded in estimating discharges by comparing their es-
timates obtained with a sharp-crested weir in the most up-
stream location. The average channel bed slopes in the stud-
ies by Smith et al. (2010) and Stewart et al. (2012) were ap-
proximately 0.009 and 0.012, respectively, and the effects of
unsteady flows were negligible. Sudheer and Jain (2003) in-
dicated that flood waves show a marked kinematic behav-
ior when a channel bed slope is greater than 0.001. For all
other cases, a variable energy slope driven by dynamic in-
ertia and pressure forces should be considered in an anal-
ysis. The available experimental data show that the differ-
ence in discharges between steady and unsteady conditions
becomes significant for low gradient channels exposed to
large flow unsteadiness. Many scientists have found that the
measured discharges between rising and falling limbs of the
hydrograph at the same stage can vary approximately from
15 to 40 %, and similarly, the measured stages at the same
discharge can range from 10 to 25 % (Di Baldassarre and
Montanari, 2009; Dottori et al., 2009; Faye and Cherry, 1980;
Fread, 1973, 1975; Fenton and Keller, 2001; Gunawan, 2010;
Herschy, 1995).

The objective of this study is therefore to examine the fea-
sibility of the CSA method for monitoring unsteady flows by
continuously measuring the change in water surface slopes
during flood wave propagation. Neither the conventional
slope area method (Dalrymple and Benson, 1967) nor the
original CSA method (Smith et al., 2010; Stewart et al.,
2012) is intended to monitor unsteady flows; rather both are
intended to compute a discharge based on steady flow as-
sumptions. To achieve successful implementation of the CSA
method, careful selections of channel reaches and measure-
ments are important to accurately capture dynamic variations
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of free-surface slopes, inherent to the effects of unsteady
flows. In subsequent sections, a case study applied to the
USGS site (05454220) on Clear Creek near Oxford (Iowa,
USA) is presented. The results from this case study will
also be compared to the numerical estimations obtained with
Fread’s method (Fread, 1973, 1975; Lee and Muste, 2017).

2 Methodology
2.1 Governing equation

The CSA method utilizes Manning’s equation shown in
Eq. (1):

1
QZZAR2/351/2’ (1)

where Q is discharge, n is Manning’s roughness coefficient,
A is the cross-sectional area, R is the hydraulic radius, and S
is the friction slope.

It is known that the friction slope in Eq. (1) is equiva-
lent to the water surface slope (or the streambed slope) if
the channel is steady and uniform, and this is an important
basis for utilizing the method. However, given the fact that
natural channels are invariably non-uniform, an application
of the method has also been considered valid if energy losses
from the energy gradient are properly taken into account in
the calculation of the friction slope, as shown in Eq. (2).

_hi _ Ah+ Ahy—k(Ahy)
L L

N : 2)
where At is energy loss due to boundary friction in the reach,
Ah is the difference in water surface elevation at the two sec-
tions, Ahy is the difference in velocity head at the two sec-
tions, k(Ahy) is the energy loss due to contraction or expan-
sion of the reach (k =0 for contracting reaches and k = 0.5
for expanding reaches), and L is the length of the reach.

The effects of channel non-uniformity can be minimized
by computing the geometric mean of the channel con-
veyance, defined as (1/n)AR2/3 in Eq. (1) at the two cross
sections. The discharge can subsequently be calculated as
shown in Eq. (3).

0 =VKiK>S, 3)

where K| and K are the channel conveyance at the two cross
sections.

2.2 Basic assumptions and considerations

The CSA method is subject to the same assumptions and pro-
tocols demonstrated by Dalrymple and Benson (1967) except
for the fact that the effect of unsteady flows on the estima-
tion of dynamic water surface slopes is considered as a key
factor, rather than treating it as an error. Smith et al. (2010)
showed that the unsteadiness of flows did not significantly
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Table 1. Requirements for the selection of slope area channel reaches.

1865

Reference Site selection requirements Clear Creek case
Dalrymple =~ — Reach length > 75 times of mean depth in the channel (0]
and Benson - Reach fall > velocity head (0]
(1967) — Minimum fall > 15.24 cm X

— No progressive tendency of scour and fill (0]

— No abrupt change in the bed slope O

— Uniform cross sections (0]

— Free from obstacles (0]

— Consistent bed material (6]
1SO 1070 — Reach length: fall > 10 times of uncertainty in water
(1992) level differences and 20 times of uncertainty in water Not assessed

level measurement at one gage

— No major tributaries

— No overbank flows if possible

— Consistent flow regime
— Avoid significant curvature

— No time lag in the reach (short distance)

Q0000

affect discharge calculations for their reaches due to steep
channel slopes; however, they strictly attributed the effect of
unsteadiness only to the local acceleration term (i.e., the last
term on the right side of the momentum equation shown in
Eq. 4). However, it is important to note that unsteady effects
do not solely represent the contribution from local accelera-
tions. Unsteady flows can also incur longitudinal water depth
variations in time due to the change in pressure forces as well
as the change in velocities as a result of possible channel
contractions or expansions. These effects are demonstrated
by the second and third terms (i.e., pressure and convec-
tive accelerations, respectively) on the right side of Eq. (4).
Particularly, it is known that the pressure term is the ma-
jor cause of river hysteresis (Jones, 1916; Henderson, 1963,
1966; Lee and Muste, 2017). Several researchers (Thomas,
1937; Posey, 1943; Gilcrest, 1950; Henderson, 1963, 1966)
also demonstrated that the spatial term in the second term in
Eq. (4), representing water depth variations in the longitudi-
nal direction, can also be expressed by the temporal term as
shown in Eq. (5). This implies that hysteresis is also a func-
tion of changing discharges in time. The contribution of this
term increases for mild-slope channels with intense hydro-
logic events, leading to a considerable hysteresis. The CSA
method therefore should capture this unsteady flow dynam-
ics for continuous monitoring of discharges while minimiz-
ing the effect of convective accelerations via a selection of
suitable uniform reaches.

“

where A is the channel wetted cross-sectional area, Q is the
discharge, y is the flow depth at two reference locations, V is
the channel mean velocity, and Sy is the channel bottom
slope.
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where & is the measured stage at a single gaging station and
c is the wave celerity.

While a successful implementation of the CSA method re-
lies on several factors such as a selection of suitable reach, an
accurate identification of Manning’s roughness coefficients,
and an accurate accounting of losses caused by scour, vege-
tation, and expansion and contraction of channel cross sec-
tions, there are also other important factors. These include
transducer clock drift leading time synchronization errors,
vertical shift of sensors causing erroneous stage recordings,
sediment clogging around sensors, and flow length estima-
tion errors when the flow meanders about the thalweg during
low flows (Stewart et al., 2012).

2.3 Selection of reach

A selection of suitable sites is crucial to ensure that gov-
erning equations on which the CSA method is based are
applicable at a site. Dalrymple and Benson (1967) and
ISO 1070 (1992) specified site selection requirements that
a conventional slope-area method needs to satisfy (see Ta-
ble 1). However, finding an ideal natural channel reach that
meets all these requirements is difficult, so one should use
their best engineering judgements in identifying suitable sites
under the consideration of potential uncertainties. In this
study, the USGS site (05454220) on Clear Creek near Ox-
ford (Iowa, USA) is chosen because requirements specified
in Table 1 are generally well met except for a minimum fall
requirement. While small falls on mild slope channels pro-
vide ideal conditions for generating substantial hysteresis in
a hQRC, authors should admit the fact that a magnitude of
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Figure 1. Study area demonstrating a pair of pressure transducer locations at the USGS site (05454220) on Clear Creek near Oxford (Iowa,
USA). Inset Iowa regional map showing the site location and the background image are provided by Google Maps.

measurement errors could be relatively large compared with
that of falls. In addition, due to limitations of assessing mea-
surement uncertainties, the reach length requirement speci-
fied in ISO 1070 (1992) of Table 1 is not assessed. An ad-
ditional benefit of choosing this site is that a USGS stream
gage is located approximately 85m from the upstream de-
ployed sensor. Therefore, USGS stream discharge records
can be utilized for the calculation of Manning’s roughness
coefficients based on Eq. (1) because volumetric flow rates
should be maintained over the short experimental reach be-
cause lateral inflows/outflows and seepages are negligible.

2.4 Experimental setup

A pair of pressure transducers (i.e., In-Situ Level Troll 5001),
positioned approximately 200 m apart, was deployed in 2015
as shown in Fig. 1. The pressure transducers have a known
accuracy of £0.05 % at 15 °C and a resolution of 0.005 % or
better based on the product brochure. The upstream pressure
transducer (PT) was installed on the left side of the bank,
while the downstream PT was installed on the right side of
the bank (looking downstream) to obtain a line of sights for
a geodetic survey. It is recommended to install sensors on
both sides of channel banks and at minimum of three cross-
sectional locations to address any peculiarities in computing
discharges and to increase reliability in the case of instrument
malfunctions. While the calculation of discharges could be
completed with only a pair of upstream/downstream sensors
at two cross sections, a minimum of three cross sections (i.e.,
three water level sensors) is needed to obtain more reliable
results. The redundancy of multiple cross sections can also
help to interpret stage data, so increasing confidence in dis-
charge calculations (Smith et al., 2010; Stewart et al., 2012).

1Use of trade, product, or commercial names does not imply
endorsement by the authors or authors’ institutions.
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Due to limited resources for this study, it is assumed that the
use of two sensors can still provide the needed indication of
the hysteretic behavior.

The installed pressure transducers are encapsulated by the
steel pipe casing, designed to measure a water column up to
3.05 m, which approximately corresponds to the bank full el-
evation at the site (see the top right picture in Fig. 1). After
the deployment of sensors, a geodetic survey was conducted
using Topcon Total Station? to record the water surface ele-
vation at each sensor tip. This is an important step because
the elevation at the tip of each sensor is used for the conver-
sion of water surface elevations into a known vertical datum.
To successfully accomplish this, the USGS reference mark
near the stream gage station was chosen to provide a known
geodetic point that can serve as a reference vertical datum of
the Total Station survey. Based on this reference point, each
sensor elevation is converted to the North American Vertical
Datum of 1988 (NAVD 88). This conversion is necessary to
facilitate the data interpretation based on the same reference
system. In addition, cross sections at each PT were also sur-
veyed using this instrument (Fig. 2). Even though there are
some local differences, the cross sections have very similar
geometric characteristics. These probe surveys have been re-
peated to ensure there was no vertical displacement of sensor
tips and changes in the cross-sectional geometry during each
site visit. Should the vertical elevations of sensors move dur-
ing storm events, this movement may lead to the erroneous
estimation of water surface slopes. Moreover, other site con-
ditions, such as types of bed materials and transitional ele-
vations where a vegetation type is changing, were also iden-
tified to help interpret the results. It was observed that the
channel bed was composed primarily of clay and that the

2Use of trade, product, or commercial names does not imply
endorsement by the authors or authors’ institutions.
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Figure 2. Surveyed cross sections at upstream PT and downstream

PT locations. The horizontal axis represents the distance from the

left bank when looking upstream and the vertical axis represents
stages in the NAVD system.

channel bank was covered with thick vegetation. Addition-
ally, the spatial distance between the pressure sensors along
the centerline of the channel and the water surface slope (i.e.,
corresponding to the channel bed slope) at low flows was
surveyed when deploying the pressure transducers. The wa-
ter surface slope at low flows was measured using Topcon
Total Station by taking shots on the water surface along ei-
ther side of the banks. The results were consistent regardless
of bank sides. The surveyed slope was 0.00039, which co-
incides with the survey conducted by the US Army Corps of
Engineers (USACE). The surveyed channel bed slope is used
as inputs for the calculation of Manning’s roughness coeffi-
cients in the CSA method as well as for the simulation of
Fread’s method. Fread’s method is designed to compute un-
steady discharges if a time series of stage data is given at a
single gage station. The method is developed based on full
one-dimensional momentum and Manning’s equation, and
an average root mean square error (RMSE) is reported as
approximately 4 % (Fread, 1975). Fread’s method is intro-
duced herein to compare the CSA results with the numerical
method because of a lack of validation data via direct field
discharge measurements. Lee and Muste (2017) further mod-
ified the original Fread method and used it for this study to
better account for the actual geometry of cross sections. The
modified method improved the accuracy associated with the
estimation of channel conveyance factors and energy slopes,
which is particularly useful for a low-aspect (i.e., width to
depth) ratio channel, approximately less than 30, such as the
site selected in this study.

2.5 Selection of hydrologic events
A total of seven small- to large-scale events were recorded
during the measurement campaign in 2015 at the site. Fig-

ure 3 shows a full spectrum of these events. As indicated
in Fig. 3, the three events are selected for the demonstra-
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tion of the CSA method. The stage hydrographs for these
selected three events are presented in detail in Fig. 4. For
each event, the water level has increased by, respectively, ap-
proximately 3.0, 2.13, and 1.25m, and these correspond to
peak discharges of 58.3,22.3, and 9.5 m> s~!. During the last
21 years (i.e., from 1994 to 2015) of the data recording period
at this site, there have been 13 events approximately within a
similar range of these scales (i.e., 9.5-58.3 m3s~1), while 8
events were larger than 58.3 m> s~!. Interestingly, as shown
in Fig. 3, water surface elevations of the last hydrologic event
right after Event 3 have drastically increased for both of the
deployed sensors, while the USGS water level sensor located
85 m upstream from upstream PT did not show any peculiar-
ities. Unfortunately we were not able to identify the cause
at the moment, but it might have been caused by a large log
jammed near upstream PT that subsequently increased water
surface elevations downstream.

2.6 Estimation of the roughness coefficient

An accurate determination of the channel roughness is one of
the most important factors which lead to a successful use of
the CSA method. The accuracy of the roughness coefficient
is influenced by many factors, including geometric charac-
teristics of bed materials, non-homogeneities of channel sur-
face and vegetation, variations in channel shapes (i.e., expan-
sion and contraction), obstructions, and degrees of meander-
ing (Cowan, 1956). In addition, flow depths, seasonal vege-
tation changes, effects of suspended materials and bedload,
and effects of deposition and scouring are also the influential
factors that cause the energy losses (Chow, 1959). Moreover,
it is demonstrated that effects of unsteady flows, excessive
turbulence, and interactions between flood plains and main
channels could also contribute to energy losses, specifically
during large flood events (Trieste and Jarrett, 1987). Due
to these natural complexities, it is often difficult to isolate
their individual contributions to the total channel roughness
(Coon, 1998). Among these factors, the effects of vegetation
condition changes (e.g., due to uprooted, inclined, or washed
downstream) and/or cross-sectional changes (e.g., due to de-
position, scouring, and debris jams) on the channel rough-
ness between rising and falling phases of unsteady flows are
assumed negligible in this study because of a lack of enough
scientific evidence and experimental difficulties of differen-
tiating the causes. However, authors would like to note that
those may artificially cause hysteretic effects on measured
water surface slopes.

There have been extensive efforts in a hydrometric com-
munity to develop methodologies that can provide an accu-
rate estimation of the channel roughness coefficients. Con-
ventional practices of estimating channel roughness coef-
ficients shown in Eq. (1) are via (a) a direct estimation
from known discharges and hydraulic properties; (b) an indi-
rect estimation from experimental equations (e.g., Limerinos,
1970; Bray, 1979; Jarrett, 1984; V. B. Sauer (US Geologi-
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Figure 4. Event stage hydrographs for the selected three events: (a) Event 1, (b) Event 2, and (c) Event 3. The horizontal axis represents time

and the vertical axis represents stages in the NAVD system.

cal Survey, written communication, 1990)); and (c¢) an indi-
rect estimation from published n-value tables (e.g., Dalrym-
ple and Benson, 1967; Chow, 1959; Henderson, 1966; Jar-
rett, 1985) or photographs of similar channels (e.g., Barnes,
1967; Aldridge and Garrett, 1973). Approach (c) is generally
the outcomes from either approach (a) or (b), and the accu-
racy of the method largely depends on a hydrologist’s expe-
rience. Approach (a) is considered the most accurate among
others as measured (steady or unsteady) discharges (i.e., cal-
ibration data) can directly be used to establish a stage-n rat-
ing. Based on the availability of data, it may even be possible
to generate a stage-n rating under various seasonal condi-
tions (i.e., vegetation growing season vs. non-growing sea-
son). Once a stage-n rating is established, it can continuously
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provide accurate channel roughness information for success-
ful implementations of the CSA method. In this study, ap-
proach (a) is used based on Manning’s equation, Eq. (1), by
utilizing known discharges and measured hydraulic proper-
ties such as area, hydraulic radius, and steady uniform water
surface slope measured at a low flow condition (i.e., chan-
nel bed slope). Known discharges in this study are obtained
from the USGS streamflow records, established through di-
rect measurements of discharges when a flow is either steady
or unsteady. Typically, the measured unsteady discharges are
corrected at USGS stream gaging stations for their unsteady
effects when constructing a steady-based rating curve based
on the procedures described in Rantz et al. (1982). An ac-
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curacy of measured USGS discharges is known to be within
5-10 % (Hirsch and Costa, 2004).

Furthermore, approach (b) is also examined to compare
the performance of experimental formulas with the out-
comes from approach (a). While there are many known
experimental equations which utilize a variety of parame-
ters such as particle diameter, hydraulic radius, water sur-
face slope, and/or other geometric characteristics, the authors
chose three simple equations that only utilize hydraulic ra-
dius and/or water surface slope. The chosen equations are
shown below in Egs. (6) to (8).

n =0.1045%1"7 (Bray, 1979), (6)
n =0.395"¥R016 (Jarrett, 1984), (7

n=0.115"18R%% v B. Sauer (US Geological Survey,

written communication), 1990), 8)

where S is the friction (or water surface) slope in steady uni-
form flow conditions.

When these experimental equations were developed, they
implicitly take into account the effects of many flow retard-
ing factors such as bank roughness, flow unsteadiness, cross-
sectional irregularities, and variations in channel size. How-
ever, all these relevant effects are lumped together in deriving
the equations simply because of difficulty in isolating causes.

2.7 Implementation procedures

Figure 5 summarizes step-by-step implementation proce-
dures based on the information provided hitherto. A selection
of proper sites is the beginning step. Once it is determined, a
series of water level sensors are installed, and a geodetic sur-
vey is conducted to ensure that measured water depths can
be converted to a global vertical control datum such as the
NAVD 88 system. This will allow hydrologists to accurately
compute the fall between water level sensors. Once water
level sensors are ready for continuous recording of dynamic
water surface slopes, hydrologists need to conduct a channel
bed slope (Sp) and cross-sectional surveys for discharge cal-
culations. Area (A) and hydraulic radius (R) between water
level sensors can be estimated based on the surveyed cross
sections. If flow data based on field discharge measurements
(e.g., USGS field measured discharges) or similar sets of
data are available at a selected site, they can be used indi-
rectly to compute the channel roughness based on Manning’s
equation — i.e., approach (a) in Sect. 2.6. Surveyed channel
bed slope, area, and hydraulic radius are used as inputs for
these calculations. It is important to note that existing stage—
discharge rating curves nearby CSA sites can alternatively
be used in lieu of field measured discharges to compute the
channel roughness because stage—discharge rating curves are
fundamentally built upon field discharge measurements. The
use of stage—discharge rating curves will allow an estima-
tion of high-resolution channel roughness coefficients for a

www.hydrol-earth-syst-sci.net/21/1863/2017/

—
Selection of
proper sites

Installation of water
level sensors along a
reach

S

Conduct =
Cross-section and
bed slope surveys J-|———

)
Continuous
recordings of water

surface elevations

Discharge
computation

Figure 5. A schematic diagram of the CSA method implementation
procedures.

Calibration
Qcis
available?

)
Consider alterm
methods to determine

the channel roughness

Calculate the channel
roughness based on
Manning’s equation

wide range of stage variations since the curve should con-
tinuously have been calibrated for at the site using regular
field measurements, so the authors herein recommend this
approach. The outcome from this approach is a stage-n rat-
ing which specifies relationships between stages and channel
roughness coefficients. If either field- or rating-curve-based
discharges are not available, other alternatives should be used
— i.e., approaches (b) or (¢) in Sect. 2.6. Once done, contin-
uous unsteady discharges can be computed at each time step
by replacing the constant bed slope with the dynamic wa-
ter surface slopes and utilizing the same measured area, hy-
draulic radius, and estimated channel roughness coefficients.
Furthermore, the effects of channel non-uniformity can be
minimized by computing the geometric mean of the channel
conveyance based on Eq. (3).

3 Results and discussion

Figure 6 shows the computed variation of water surface
slopes between the pressure transducers as a function of stage
at the downstream PT for the three selected 2015 hydrologic
events. The axis scales are set to be consistent across the fig-
ures to help readers compare their relative event scales. The
water surface slopes are computed using the measured water
surface elevations at each pressure transducer and the dis-
tance measured along the centerline of the channel between
them. The results clearly confirm the existence of hystere-
sis in water surface slopes in the rising and falling limbs.
It is found that the hysteresis loop in this study rotates in a
counter-clockwise direction, generally known as the direc-
tion of hysteresis. The hysteresis loop is indicated as the red
line for rising limbs and the blue line for falling limbs in
Fig. 6. Also indicated in the figure is the steady water sur-
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Figure 6. Measured hysteretic behavior of water surface slopes for the selected three events: (a) Event 1, (b) Event 2, and (c) Event 3. The
horizontal axis represents estimated water surface slopes between transducers and the vertical axis represents stages at the downstream PT.

face slope which is equivalent to the surveyed channel bed
slope (0.00039). It can be observed from this figure that as the
event scale increases, water surface slopes on both rising and
falling limbs are steeper than the measured channel bed slope
at high stages, while water surface slopes are supposed to be
constant regardless of variations of stages for an ideal steady
uniform reach. This implicitly indicates that even if the ef-
fects of unsteady flows are removed, water surface slopes
(i.e., quasi-steady state) at high stages will still be steeper
than the channel bed slope, because the channel bed slope in
a uniform reach should be between rising and falling water
surface slopes. This is caused by non-uniformities in channel
cross sections and non-homogeneous energy losses caused
by irregular bank vegetation and bed materials which are typ-
ically unavoidable in natural streams. It is also observed that
the variation of water surface slopes becomes larger as the
scale of events becomes greater, as shown in Fig. 6a, rang-
ing approximately from 0.0003 to 0.0007. As the event scale
increases, dynamic forces would also increase.

Figure 7 demonstrates a comparison of the channel rough-
ness coefficients obtained with various approaches: the black
line represents the one based on the CSA implementa-
tion procedures — i.e., approach (a); red, blue, and violet
lines each represent the Bray (1979), Jarrett (1984), and
V. B. Sauer (US Geological Survey, written communication,
1990) methods — i.e., approach (b). It is found that there are
significant differences in Manning’s roughness coefficients
between approach (a) and the selected approach (b). These
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differences are mainly caused by the fact that site conditions
that the cited equations were derived from are inevitably dif-
ferent, while some aspects such as the channel width and the
channel bed slope are within the specified ranges. In a prac-
tical perspective, it is therefore difficult to find appropriate
experimental equations with a good accuracy. It can also be
observed in this figure that the channel roughness coefficients
are increasing up to the stage around 215.7 m, and then de-
creasing toward higher stages. However, it is not clear yet
whether this is physically a result of reduced vegetation at
high stages or erroneous roughness coefficients due to the
use of a single valued channel bed slope, which are caused
by channel non-uniformities and irregularities at high stages.
Figures 8 and 9 provide computed dynamic hQRCs and
discharge hydrographs based on the procedures described in
Sect. 2.7. Figure 8 does not provide with the USGS hQRC
as the stage values do not coincide with the ones at the
USGS gage location upstream. It is observed that both the
CSA method and the modified Fread method show substan-
tial hysteresis, while the magnitudes and patterns are differ-
ent. Based on an analysis of Fig. 9, it is concluded that the
modified method may deviate by up to 20 %, while in general
it is within 5-10 % of ranges relative to the USGS stream dis-
charges. These differences are primarily caused by the effects
of unsteady flows. However, Fig. 9 also shows that the CSA
method is only in good agreement with the USGS stream dis-
charges at low to moderate flows. The differences can reach
up to 30-40 % at peak discharges, specifically for Event 1.
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A sensitivity analysis is conducted to see the effects of
the channel bed slope on the estimation of unsteady dis-
charges using Event 1 as shown in Fig. 10. The computed
discharges based on the measured channel slope (0.00039)
are shown in Fig. 10a, while Fig. 10b and c represent the
computed discharges using the assumed channel bed slopes
of 0.0005 and 0.0007, respectively. As the channel bed slope
increases, the uncertainty near the peak discharge is de-
creased, while it is increased for small to medium stages.
This implies that the use of a single channel bed slope de-
scribed in Sect. 2.7 in estimating the channel roughness co-
efficients might not be accurate enough for general applica-
tions. Due to non-uniformity and non-homogeneity of typi-
cal stream/river channels, the authors herein propose the use
of multiple quasi-steady water surface slopes at various seg-
ments of stages for better performance of the CSA method.

4 Conclusions and future work

This study provides evidence of the CSA method’s capabil-
ities for dynamically tracking unsteady water surface slopes
in natural streams, while it still needs more studies for suc-
cessful use of the method. While the magnitude of hysteresis
depends on event scales and site conditions including the ef-
fects attributed to unsteady forces, the CSA method applied
to Clear Creek near Oxford (Iowa, USA) estimates the maxi-
mum differences near peak discharges by 30—40 % compared
to the USGS steady-based records, while it shows sound
agreements for a low to medium range of discharges. This
large difference is primarily caused by non-uniformity and
non-homogeneity of natural streams/rivers. This implies that
a conventional slope area method which assumes the water
surface slope at the peak discharge is equivalent to the chan-
nel bed slope may not be a practical use in many cases. Fur-
thermore, the water surface slopes at peak discharges on var-
ious magnitudes of hydrologic events are expected to vary.
Therefore in order to increase the accuracy of the conven-
tional and proposed CSA methods, a stage-segmented ap-
proach similar to a practice to build stage—discharge rating
curves would be necessary for an investigation of quasi-
steady-state water surface slopes at various stages.

Data availability. Data sets and Matlab script, designed to simu-
late the CSA and the modified Fread methods, are provided as the
Supplement.

The Supplement related to this article is available online
at doi:10.5194/hess-21-1863-2017-supplement.

Competing interests. This submission was written by the author(s)
acting in his/her/their own independent capacity and not on behalf
of UT-Battelle, LLC, or its affiliates or successors.

www.hydrol-earth-syst-sci.net/21/1863/2017/

1873

Acknowledgements. The authors gratefully thank Scott DeNeale of
the Energy-Water Resource Systems Group in the Environmental
Sciences Division at Oak Ridge National Laboratory (USA) for
reviewing the manuscript.

Edited by: H. Cloke
Reviewed by: M. Perks and one anonymous referee

References

Aldridge, B. N. and Garrett, J. M.: Roughness coefficients for
streams in Arizona, US Geological Survey Open-File Report 87,
US Geological Survey, Tucson, AZ, 1973.

Barnes, H. H.: Roughness characteristics of natural channels,
US Geological Survey Water-Supply Paper 1849, US Geological
Survey, United States Government Printing Office, Washington,
D.C., 213 pp., 1967.

Bray, D. L.: Estimating average velocity in gravel-bed rivers, Ameri-
can Society of Civil Engineers, J. Hydraul. Div., 105, 1103-1122,
1979.

Chow, V. T.: Open channel hydraulics, McGraw-Hill, New York,
1959.

Coon, W. E.: Estimation of roughness coefficients for natural stream
channels with vegetated banks, US Geological Survey Water-
Supply Paper 2441, US Geological Survey, Government Printing
Office, Washington, D.C., 1998.

Cowan, W. L.: Estimating hydraulic roughness coefficients,
Agricult. Eng., 37, 473-475, 1956.

Dalrymple, T. and Benson, M. A.: Measurement of peak discharge
by the slope-area method, in: book 3, chap. A2, US Geological
Survey Techniques of Water-Resources Investigations, US Geo-
logical Survey, Federal Center, Denver, 1967.

Di Baldassarre, G. and Montanari, A.: Uncertainty in river discharge
observations: a quantitative analysis, Hydrol. Earth Syst. Sci., 13,
913-921, doi:10.5194/hess-13-913-2009, 2009.

Dottori, F., Martina, M. L. V., and Todini, E.: A dynamic rating
curve approach to indirect discharge measurement, Hydrol. Earth
Syst. Sci., 13, 847-863, doi:10.5194/hess-13-847-2009, 2009.

Faye, R. E. and Cherry, R. N.: Channel and dynamic flow character-
istics of the Chattahoochee River, Buford Dam to Georgia High-
way 141, US Government Printing Office, Washington, D.C.,
1980.

Fenton, J. D. and Keller, R. J.: The calculation of streamflow from
measurements of stage, Cooperative Research Centre for Catch-
ment Hydrology, Melbourne, Australia, 2001.

Fread, D.: Technique for implicit dynamic routing in rivers with
tributaries, Water Resour. Res., 9, 918-926, 1973.

Fread, D.: Computation of stage-discharge relationships affected by
unsteady flow, J. Am. Water Resour. Assoc., 11, 213-228, 1975.

Gilcrest, B. R.: Flood routing: Engineering Hydraulics, in: chap. 10,
edited by: Rouse, H., John Wiley and Sons, New York, 635-710,
1950.

Gunawan, B.: A study of flow structures in a two-stage channel us-
ing field data, a physical model and numerical modelling, Uni-
versity of Birmingham, Birmingham, 2010.

Henderson, F. M.: Open channel flow, Macmillan, New York, 1966.

Henderson, F. M.: Flood waves in prismatic channels, J. Hydraul.
Div., 89, 39-67, 1963.

Hydrol. Earth Syst. Sci., 21, 1863-1874, 2017


http://dx.doi.org/10.5194/hess-21-1863-2017-supplement
http://dx.doi.org/10.5194/hess-13-913-2009
http://dx.doi.org/10.5194/hess-13-847-2009

1874 K. Lee et al.: Monitoring of unsteady open channel flows using the continuous slope-area method

Herschy, R. W.: Streamflow measurement, CRC Press, Printed in
Great Britain at the University Press, Cambridge, 1995.

Hirsch, R. M. and Costa, J. E.: US stream flow measurement and
data dissemination improve, Eos, 85, 197-203, 2004.

ISO 1070: Slope—Area Method, International Organization for
Standardization, Geneva, Switzerland, 1992.

Jarrett, R. D.: Hydraulics of high-gradient streams, American Soci-
ety of Civil Engineers, J. Hydraul. Eng., 110, 1519-1539, 1984.

Jarrett, R. D.: Determination of roughness coefficients for streams
in Colorado, US Geological Survey Water-Resources Investiga-
tions Report 85-4004, Colorado District Chief, US Geological
Survey, Denver Federal Center Lakewood, 1985.

Jones, B. E.: A method of correcting river discharge for a changing
stage, US Geological Survey, United States Government Printing
Office, Washington, D.C., 117-130, 1916.

Lee, K. and Muste, M.: Refinement of Fread’s Method for im-
proved tracking of stream discharges during unsteady flows, J.
Hydraul. Eng., doi:10.1061/(ASCE)HY.1943-7900.0001280, in
press, 2017.

Limerinos, J. T.: Determination of the Manning coefficient from
measured bed roughness in natural channels, US Geological Sur-
vey Water-Supply Paper 1898-B, US Geological Survey, United
States Government Printing Office, Washington, 1970.

Hydrol. Earth Syst. Sci., 21, 1863-1874, 2017

Posey, C. J.: Flood wave characteristics as related to flood routing,
Proc. 2nd Hydraulic Conf., Univ. of Iowa, Iowa City, 1A, 224—
233, 1943.

Rantz, S. E. and others: Measurement and computation of stream-
flow: Volume 1 Measurement of stage and discharge, US Geo-
logical Survey Water-Supply Paper 2175, US Geological Survey,
United States Government Printing Office, Washington, D.C.,
1982.

Smith, C. F,, Cordova, J. T., and Wiele, S. M.: The continuous slope-
area method for computing event hydrographs, US Geological
Survey 2328-0328, Arizona Water Science Center, US Geologi-
cal Survey, Tucson, 2010.

Stewart, A. M., Callegary, J. B., Smith, C. F.,, Gupta, H. V., Leen-
houts, J. M., and Fritzinger, R. A.: Use of the continuous slope-
area method to estimate runoff in a network of ephemeral chan-
nels, southeast Arizona, USA, J. Hydrol., 472, 148-158, 2012.

Sudheer, K. and Jain, S.: Radial basis function neural network for
modeling rating curves, J. Hydrol. Eng., 8, 161-164, 2003.

Thomas, H. A.: The hydraulics of flood movements in rivers,
Carnegie Institute of Technology, Pittsburgh, 1937.

Trieste, D. J. and Jarrett, R. D.: Roughness coefficients of large
floods, Irrigation and Drainage Division Specialty Conference,
in: Proceedings of Irrigation Systems for the 21st Century, Port-
land, Ore., American Society of Civil Engineers, New York, 32—
40, 1987.

www.hydrol-earth-syst-sci.net/21/1863/2017/


http://dx.doi.org/10.1061/(ASCE)HY.1943-7900.0001280

	Abstract
	Introduction
	Methodology
	Governing equation
	Basic assumptions and considerations
	Selection of reach
	Experimental setup
	Selection of hydrologic events
	Estimation of the roughness coefficient
	Implementation procedures

	Results and discussion
	Conclusions and future work
	Data availability
	Competing interests
	Acknowledgements
	References

