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Abstract: This study developed an efficient discharge measurement method that can be applied to
estimate the streamflow of natural streams and artificial channels. The conventional methods that
apply current meters to measure discharge are costly, time-consuming, and labor-intensive. Owing
to a shortage of observers in streamflow measurement and for the safety of hydrologists and with
advances in measurement techniques, many have strongly suggested the use of non-contact meth-
ods when determining streamflow. The non-contact methods that use floats or surface velocity ra-
dar to determine the streamflow are becoming more and more popular especially during periods of
high water. However, it is not easy to estimate the surface velocity coefficient of each vertical di-
rectly for determining the mean velocity in each subsection. As the relationship between the mean
surface velocity and mean velocity of a stream cross-section is constant, an efficient and accurate
non-contact method of streamflow measurement could be further developed. Thus, streamflow can
be estimated by the constant, the mean surface velocity, and cross-sectional area of a stream. The
mean velocity of a cross-section, used for parameter calibration, is usually obtained from the dis-
charge made based on the velocity-area principle and cross-sectional area. The surface velocity was
measured at the vertical that is then used to estimate mean velocity of a subsection. Once the pa-
rameter is determined, streamflow can be obtained from the surface velocity. This approach was
further applied to a natural stream and an artificial channel. Measurements were made to verify the
reliability and accuracy of the proposed approach. The results show that the relationship between
mean channel velocity and mean surface velocity is very stable in both a natural stream and an
artificial channel because the streamflow differences, given by the proposed and the conventional
method, are relatively insignificant. As a result, mean surface velocity can be used to determine the
streamflow quickly and provides for a reliable and accurate measurement of streamflow.

Keywords: discharge measurement; mean surface velocity; non-contact measurement; acoustic
doppler flowmeter; magnetic-inductive current meter

1. Introduction

Conventional methods of river discharge measurement apply the velocity-area prin-
ciple [1] for field measurements while the mid-section method [2] is used to calculate the
streamflow. The conventional method involves dividing a river cross-section into several
subsections. In each subsection, the mean velocity and water depth are measured along
the vertical to obtain the discharge of the subsection. The streamflow is the sum of the
discharge measurements of all subsections. The conventional method is usually a contact
method, requiring a current meter, a sounding weight, and hydrologists on site making
this method costly, time-consuming, and labor-intensive. This method is not suitable for
tidal streams and during the high water.

Many instruments have been invented with the goal of improving conventional
methods, allowing for the rapid and accurate measurement of flow velocity and water
depth. An acoustic Doppler current profiler (ADCP) which applies the Doppler effect is a
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relatively new instrument and has been widely considered as a method used to replace
mechanical current meters for velocity measurement. Simpson [3] used a broad-band
ADCEP that is much faster for accurately measuring tidally affected flow than conventional
methods. Boiten [4] applied ADCPs to measure discharges in open channels, according to
the velocity-area principle. Costa et al. [5,6] used a boat-mounted ADCP to measure dis-
charge for converting surface-velocity to mean velocity. Muste et al. [7] analyzed velocity
profiles collected by ADCPs to propose complementary software for better support of hy-
draulic investigation requirements. Chauhan et al. [8] showed that the relative error of the
discharge measurement is very small with the ADCP compared to the conventional
method. Oberg and Mueller [9] showed that ADCP streamflow measurements are unbi-
ased when compared to the discharges obtained by current meter, stable rating curves,
salt-dilution, and acoustic velocity meter. Flener et al. [10] used the multidimensional spa-
tial flow patterns measured by an ADCP installed on a remotely-controlled boat to moni-
tor a spring flood. Ground penetration radar [11,12], lidar [13], pressure sensors, and so-
nar systems [14,15] have been developed to replace the conventional sounding weights
during water depth measurement. Although these modern instruments are costlier, they
can be applied to provide data when conventional instruments cannot, with the extra ben-
efits of reducing the overall cost and time required [10,16].

It is better to not put hydrologists and equipment in contact with the water, given
concerns for personal safety and efficiency. The US Geological Survey [16] has also sug-
gested that in the future gaging stations can use remote sensing outside the flow of water
to measure water stages, cross-section, and velocity, and so on. In the past and currently,
floats are most often used for surface velocity measurements. The principal sources of
error inherent in determining surface velocity in this way are wind and flow conditions.
With the recent development of new technology, non-contact instruments [5,6] used for
measuring surface flow velocity and to estimate discharge have gradually been devel-
oped, among which, surface velocity radar (SVR, [17-20]) and particle image velocimetry
(PIV, [21]) are the main ones. The most important issue when applying surface velocity to
estimate discharge is the choice of a surface-velocity coefficient. In a natural channel a
surface-velocity coefficient of 0.85 or 0.86 is typically used to compute mean flow velocity
[2]. However, the surface-velocity coefficient varies with the positions of the verticals from
the river bank. Generally, the closer to the bank, the larger the surface-velocity coefficient.
In addition, with higher water flow the maximum velocity will occur below the water
surface, so the surface-velocity coefficient will also become larger. The velocity distribu-
tions can be used to determine the surface-velocity coefficient. The logarithmic distribu-
tion [22,23] and probabilistic velocity distribution [24] are commonly used to determine
the surface-velocity coefficient. The mean velocity of the vertical can be estimated by the
surface-velocity coefficient and surface velocity, and then the velocity-area principle can
be used to estimate streamflow.

Although using surface velocity to estimate river discharge is quite efficient, it is still
necessary to select surface-velocity coefficients for all verticals to accurately estimate the
streamflow; however, it is always a difficult task to determine the best coefficients. There-
fore, this study proposes a method which uses the average surface velocity and only one
surface velocity coefficient to efficiently and accurately estimate streamflow.

2. Materials and Methods
2.1. Relation between Mean Velocity and Mean Surface Velocity

The mid-section method is often used to calculate streamflow. Figure 1 illustrates
that in the mid-section method the mean velocity on the vertical represents the mean ve-
locity in a subsection. The subsection area extends laterally from half the distances from
the preceding vertical to half the distance to the next as shown by the hatched area in
Figure 1. bn1 in the Figure 1 is the distance from initial point to the n-1t vertical; dn1 is the
water depth at vertical n-1; u,_; is the mean velocity of the n-1th vertical. Therefore, each
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subsection is rectangular. The subsectional discharge q; and the subsection area a; were
calculated using (1) and (2), respectively:

b, + b;

a =7 (") g, 1)
by +b;

a; =( 1 _ 1+1) d; 2

where biis the distance from the initial point to vertical ;; d; is the depth of flow at vertical
i;and u; is mean velocity at vertical i. The observed discharge (Qos) and cross-sectional
area (Aqs) can be represented as (3) and (4), respectively:

n
Qobs = Z q; 3)
i=1
n
Aps = )y 4)
i=1
Thus, the observed mean velocity (u,,s) was calculated using (5):
— Qobs
Ugps = —— 5
obs Aobs ( )
The subsectional discharge can be obtained using (6):
b;_y + b;
Qsi = Usi (%) d; (6)

where usi is the surface velocity on vertical i. If the cross-section of a stream is a rectangle
or close to a rectangle, and the intervals between the verticals are equal; then the area of
each subsection will be equal as shown in (7):

qsi = Ui (7)

where 7 is the area of a subsection when the width and depth of the subsection are the
same. The subsection discharge is given by (8):

Qs = Z Usid = az Usi = anas = ﬁsAobs (8)

where Qs is discharge estimated by surface velocity; and u; is the mean surface velocity.
However, (8) is not valid for estimating stream discharge. A surface-velocity coefficient
must be applied to (8) to relate the data to the actual discharge amount as shown in (9):

Qops = @Qs )

where « is surface-velocity coefficient. Thus:

a= Qobs — ﬁAobs

Qs asAobs

(10) reveals that the relationship of mean cross-sectional velocity and mean surface veloc-
ity is a straight line going through the origin.

—ﬁ 10
=% (10)
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Figure 1. Mid-section method of computing cross-section area and stream discharge.

2.2. Estimation of Surface Velocity with Velocity Distribution Based on Probability

The surface velocity can be measured directly by SVR in most conditions. However,
when the channel width is not enough for accommodating the instrument, one can meas-
ure the velocity profile on each vertical and use the velocity distribution equation to esti-
mate the surface velocity. This study applied the probabilistic velocity distribution to es-
timate the surface velocity [24], which is shown in (11):

u 1 §—%o
Umax B Mln l+ (eM - 1) Emax - 50 (11)

where u. is the max velocity; M is a parameter; ¢ is the isovel in Figure 2 [25]; u is the
velocity at &; &4, and &, are the values of ¢ at which u=u,,,, and u=0, respectively.
In addition, a n — ¢ coordinate system can be used to describe the velocity field with a
set of isovels, in which ¢ and u has a one-to-one relationship, meaning that the velocities
are the same on ¢, unlike the Cartesian coordinate system where the same velocity values
can occur in difference locations. The ¢ on the vertical line is shown in (12):

__Y Y
§=s—exp(1-57—) (12)
where y is the vertical distance from the channel bottom; D is the water depth; and / in-
dicates the location where the max velocity occurs. When / < 0, the max velocity occurs
on the surface; when h 2 0, the max velocity occurs below water surface h. Using the ve-

locity profile and (11), nonlinear regression can be employed to estimate the parameter in
(11) and the surface velocity for each vertical.
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Figure 2. Velocity field in the 1 — ¢ coordinate system with a set of isovels. (a) h < 0; (b) h > 0.

2.3. Estimation of Cross Section Area and Discharge

In practice, there are many approaches for cross-sectional area estimation under dif-
ferent conditions. For a fixed artificial channel, the water stage is consistent enough that
it can be used for estimating the cross-sectional area. For a stable channel bed without
obvious erosion and sediment deposition, the relationship between the water stage and
the cross-sectional area can be used to estimate the cross-sectional area of the river. For an
unstable channel bed, the cross-sectional area can be estimated from the water depth of
the verticals [26] using (13):

Agst = b(d — c)® (13)

where Aes is the cross-sectional area estimated by water depth; d is the water depth of a
vertical; and b, ¢, and e are coefficients.

Once o and Aest are obtained, then the streamflow can be promptly evaluated from the
surface velocities of the verticals.

Qest = AUsAes; (14)

where Qest is the streamflow estimated by mean surface velocity.
The proposed approach only requires a SVR to obtain the mean surface velocity for
the discharge (Q,s;) measurement. If the bed does not change too much the cross-sectional
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area (A.s¢) estimated by water depth may remain feasible. If not, one may also need an
efficient and non-contact method, such as the GPR method [12], for fast cross-sectional
measurement to update the A,;, function. As for the conventional approach (mid-section
method), it requires obtaining the area and mean velocity of each subsection in order to
obtain the subsectional discharge (g;) and the observational discharge Q,ps.

3. Case Study: Study Sites and Data Collection Methods

This study applied field data collected in a natural river and an artificial channel to
verify the proposed approach. The study sites are located along Nankang River at Guan-
yin Bridge in central Taiwan and along Longen Channel in Hsinchu, northern Taiwan
(Figure 3).

Pacific
Ocean

Figure 3. Study sites for discharge measurement.

The Nangang Creek serves as the main tributary of the Wu River, with a length of
about 37.4 km and a catchment area of about 438.14 km?. It originates from the western
foothills of the Hehuan Mountain at an elevation of 3417 m. Wu River is one of the most
important rivers in Taiwan, providing vast amounts of water for industrial, agricultural
and domestic uses. Thus, the Third River Management Office set up a gauge station at the
Guanyin Bridge for the purposes of water resources and flood management.

The Nangang Creek at the Guanyin Bridge, where the measurements were taken, is
located near the geographical center of Taiwan, with water flowing from east to west. The
channel of Nangang Creek near the Guanyin Bridge is divided into left and right channels.
As shown in Figure 4, both the two channels are considered rectangular in cross-section,
particularly during the periods of high water, while the left channel is narrower in width
and shallower in depth. The collision of tectonic plates has uplifted the terrain of Taiwan
over time, while floods brought by typhoons always wash the riverbeds, causing riv-
erbeds to become unstable and change shape frequently. An electromagnetic current me-
ter was used to estimate the water discharge at the Guanyin Bridge. The distance between
two successive verticals was 3 m. The velocity observations were made based on the water
depth of each vertical. When the water depth was greater than 0.6 m, the two-point
method was used, while when the water depth was less than 0.6 m, the six-tenths depth
method was used. This study also used a vehicle-mounted SVR unit to measure the sur-
face velocity at each vertical (Figure 5a). A total 23 discharge measurements were made
in 2018.
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Figure 4. Channel cross sections of the Nankang River at the Guanyin Bridge; (a) left channel; (b)
right channel.

The water in Longen Channel comes from Longen Weir in the middle reach of the
Tougian River. Its main function is to divert water from the Tougian River for irrigation
and domestic use purposes. The measurement location in Longen Channel was about 1
km downstream from the water intake location. The channel at this location was formed
by a box culvert with no place for mounting instruments. Therefore, the top of the box
culvert was opened about 1 m wide to allow for discharge measurements. The cross-sec-
tion of Lungen Channel is rectangular with a width of 2.6 m. Due to the narrow width,
the SVR unit can be easily affected by the side walls. With slow water flow, the water
surface is very calm, which also makes the SVR unit unable to measure the surface veloc-
ity. Therefore, an Argonaut SW acoustic Doppler Flowmeter (Sontek, San Diego, CA,
USA) was used to measure the velocity profile, and then a probabilistic velocity distribu-
tion equation was used to estimate the surface velocity. The SW Flowmeter was a pulsed
Doppler Current profiling system designed for measuring water velocity profiles using
three acoustic beams (Figure 5b). The slanted beams, Beams 1 and 2, measure the water
velocity in two dimensions, and the down-looking beam measures water depth. An SW
Flowmeter is usually mounted in a channel bottom. In this study, the SW Flowmeter was
installed under the sounding weight, so that the velocity profile was measured from top
to bottom. The velocity observation locations in Longen Channel are shown in Figure 6.
The velocity distribution was measured on eight vertical lines, the distance between the
verticals was 0.3 m, and the velocity was measured at ten points on each vertical. Table 1
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shows the discharge and water depth measurements of eight runs during different water
stages having covered the upper and lower water supply capability of Longen Channel.
Based on Figure 6, the velocity measurements of Run 4 in Table 1 are shown in Figure 7.
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Figure 5. Instruments for measuring discharge. (a) A magnetic-inductive current meter and a SVR
are used at the Guanyin Bridge; (b) A down-looking SW integrated with a sounding weight is used
to measure the velocity profiles in the Longen Channel.
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Figure 6. Discharge measurement at the Longen Channel.
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Table 1. Discharge measurement of the Longen Channel.

Run Date Depth (m) Qobs (Observed Discharge m*/s)
1 22 February 2019 0.87 0.43
2 6 March 2019 0.98 0.92
3 8 March 2019 1.47 3.80
4 14 March 2019 1.43 4.24
5 20 March 2019 1.15 2.04
6 25 March 2019 1.31 3.16
7 3 May 2019 1.52 3.79
8 23 May 2019 1.48 4.35
- u=1.36 m/s 18 u=1.59 m/s 1.8 u=1.67m/s - u.=1.69 m/s
1.6 1 v 1.6 v 1.6 1 v 1.6 + v
14 - 14 - 14 - 14 -
1.2 A 1.2 - 1.2 - 1.2 -
= 1.0 = 1.0 = 1.0 A = 1.0 A
Ne? o = (o) = = Q
> 0.8 - = 0.8 - > 0.8 - = 0.8 - &
061 o 061 o 061 o 06 10
04 04 4° 04 4° 04 {°
o o
021/ 024/, 024/, 024/ o
0.0 — 0.0 — 0.0 — 0.0 —
00081624 00081624 00081624 00081624
u (m/s) u (m/s) u (m/s) u (m/s)
(a) (b) (c) (d)
LB u=2.24m/s L8 u=1.99 m/s 18 u=1.66 m/s 18 u=145m/s
1.6 - v 16 v 16 - v 16 - v
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12 - 12 1 12 |
- = 101 = 101 = 1.0
E E & o & o
2 > 0.8 A > 0.8 - > 08 1
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Note:
u: velocity; us: surface velocity

Figure 7. Subsectional velocity profile of the Run 4 in the Longen Channel. (a) vertical I; (b) vertical
II; (c) vertical III; (d) vertical IV; (e) vertical V; (f) vertical VI; (g) vertical VIL; (h) vertical VIII of

Figure 6.
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4. Results and Discussion

The discharge measurement in the natural channel at the Guanyin Bridge was taken
by the conventional two-point method for the water depth and the mean vertical velocity.
Meanwhile, owing to the limitations caused by the channel width, the discharge measure-
ment at the Longen Channel was taken from the vertical velocity profile for the mean
velocity. The mid-section method was then applied to both the natural and the artificial
channels. The mean cross-sectional velocity can be observed by the discharge divided by
the cross-sectional area. Figure 7 shows the vertical velocity profile of the Longen Channel
on March 8, 2019 when the discharge was 3.80 m?¥/s. The flow pattern of the Longen Chan-
nel was quite similar to a large-scale hydraulic flume in a laboratory. In Figure 7, it is
obvious that the flow patterns of Longen Channel were very different from those of nat-
ural rivers. Most of the maximum velocities on the verticals occurred at a depth of about
1/4 water depth from the water surface, while the surface velocity was relatively small. It
also shows that the maximum velocities of the verticals excluding verticals (e) and (f) did
not occur on the water surface. Experimental studies have been shown from considera-
tions of momentum transfer that the velocity in an open channel should decrease toward
the channel bed. In a very wide channel the velocity decreases toward the bed and walls,
and theoretically the maximum occurs at the water surface. The Longen Channel is a small
artificial flume; therefore, depression of the maximum velocities below the water surface
was observed. The flow pattern cannot be described by a logarithmic distribution. The
circle in Figure 7 is the actual velocity measurement on each vertical, and the line is the
velocity distributions based on (11) indicating that vertical maximum velocity does not
always occur on the water surface. It also shows that the velocity profile data of the
Longen Channel is difficult to describe using conventional velocity distribution theories,
such as logarithm velocity distribution. However, (11) can simulate velocity profiles ef-
fectively, regardless of whether the maximal velocity occurs on or below the water surface.
Therefore, the surface velocities on the verticals could also obtained precisely by using
(11). In addition, using the nonlinear regression method, M, h and umcan also be obtained
from (11) with the vertical velocity and water depth. Thus, the mean vertical velocity
(u; in [1]) on each vertical can be estimated. Therefore (11) can be used to accurately esti-
mating the mean velocity of the vertical for obtaining reliable discharge.

Figure 8 shows the relationship of the mean surface velocity and mean velocity of
Nankang River at Guanyin Bridge and at Longen Channel. The surface velocity of the
natural river was directly measured by SVR, while surface velocities of artificial channels
were estimated by the probabilistic velocity distribution equation. All the points, includ-
ing those in the left and right channels, distribute closely on the two sides of the regres-
sion. The relationships of the mean surface velocity and the mean velocity of the cross
section in the left and right channels in Figure 8a do not show much difference.

When all the points were combined, all the points fall on the periphery of the regres-
sion line, and when the mean surface velocity increases, the data tends to approach the
regression line. This means that as the water depth increases, the width of the cross-section
increases even more making the shape of the cross-section approach the shape of a rec-
tangle. Hence, the relationship between the mean surface velocity and the mean velocity
was stable. Figure 8b shows an artificial rectangular channel with all the points falling
near the regression line. This means that the relationship between u; and u,p; of the ar-
tificial rectangular channel is very stable. It reveals that the mean cross-sectional velocity
and mean surface velocity in both the natural and the artificial channels have correlation
coefficients of 0.92 and 0.99, respectively. As the artificial channel is confined with the
concrete bed and walls, the velocity is less affected by natural factors; and thus, it performs
better than the natural channel. Figure 8 demonstrates that the relationship between the
mean surface velocity and the mean velocity of natural rivers and artificial channels is
quite stable, forming a linear relationship through the origin.
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Figure 8. Relation between mean velocities of cross section and surface. (a) the Nankang River at
the Guanyin Bridge; (b) the Longen Channel.

Nangang Creek is a mountain river at Guanyin Bridge, with steep slopes and contin-
uous erosion and sediment deposition. When a flood occurs, the river course will initially
be deepened, although the river course will be silted back in as the water recedes. How-
ever, the data from 2018 show that the water stage did not change much during the study;
nevertheless, the flow and cross-sectional area of the river have changed greatly over time
due to erosion and deposition along the river. Thus, it is impossible to estimate the water
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cross-sectional area based on the water stage. In order to quickly estimate the cross-sec-
tional area, the water depths of the left and right channels at 30 m and 91 m from the initial
point were used to establish the relationship between water depth and cross-sectional area
(Figure 9). The points (dots and open circles) in the figure represent observed data in the
right and left channels, respectively, while the lines represent the depth-cross-sectional
area rating curves obtained by nonlinear regression. The nonlinear regression method was
applied to relate the water depth and the cross-sectional area with the coefficients given
from the observations. The points did not deviate too far from the regression lines. The
correlation coefficients of the left and right channels were 0.94 and 0.90, respectively, sug-
gesting that the regression equations are quite useful for making estimations of cross-sec-
tional area by using depths.

As the shape of the artificial channel is rectangular, the cross-sectional area can be
obtained easily from the water depth and the width of the channel. Therefore, the cross-
sectional area of the Longen Canal can be quickly and accurately estimated by the water
depth of each run and the width of the channel.

25
= The Nankang River at the Guanyin Bridge
E N o Left channel 5
< 20 1 Aper = 19.43(D — 0.14)%77 //
T ¢  Right channel : /
Tg 151 __ A,s = 13.35(D — 0.02)31 o //
[=]
5
$ 10 7 .. b
s
® 5
2
Q
5
0 T ¥ T T T
-0.5 0.0 0.5 1.0 1.5

Depth (m)
Figure 9. Relation between gage height and cross section area at the Guanyin Bridge.

After the two relationships: (1) between mean cross section and mean surface veloc-
ity, and (2) between water depth and cross-sectional area were established, the estimated
discharge could be quickly obtained with mean surface velocity and water depth. The
estimated discharge with the mean surface velocity and water depth were:

Qesc = 13.77u5(D — 1.35)%78 for the left channel of the Nangang River  (15)
Qesc = 9.48ug(D — 0.02)*31 for the right channel of the Nangang River ~ (16)
Qest = 1.74u;D for the Longen Canal (17)

Figure 10 illustrates the accuracy of the discharge measurement using the mean sur-
face velocity. The x- and y-axes represent the discharge measured by the mean surface
velocity and the conventional method, respectively. This figure also shows that the natu-
ral channel cross-section was close to a rectangle; however, the estimation of the cross-
sectional area of the natural channel was not as accurate as that of the artificial channel.
As a result, the measurement of the artificial channel was better than that of the natural
channel, but all points fall on the 45-degree agreement line, which demonstrates that the
streamflow measured by both the conventional and the proposed methods were close to
each other with less than 1% error on average.
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A strong correlation (R? > 0.97) between the above two methods demonstrates the
accuracy and reliability of using the mean surface velocity method for discharge measure-
ment in both the natural rivers and artificial channels. Therefore, the authors concluded
the measurement of river discharge can be obtained promptly and accurately using the
proposed approach, which only requires one to measure the surface velocity to obtain the
mean surface velocity, and estimate the cross-sectional area based on the water depth (or

water stage).
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Figure 10. Accuracy of discharge measurement by surface mean velocity; (a) the Nankang River at
the Guanyin Bridge; (b) the Longen Channel.

5. Conclusions

The conventional methods for discharge measurement consume more labor and time
than the proposed approach. Particularly, it is more risky when taking discharge meas-
urement during the high water. The proposed approach applies the relationship between
the mean cross-sectional velocity and the mean surface velocity as a constant in each cross
section if the cross section does not change too much. Once the constant of the relationship
is found, the discharge can be easily estimated based on the constant, the mean surface
velocity, and the cross-sectional area. The mean surface velocity can be obtained through
the SVR or other means; and the cross-sectional area can be estimated by water depth (or
stage) or other means. Nowadays, the surface velocity radar (SVR) has become a popular
instrument, which makes the surface velocity measurement easy, reliable and accurate.

The data collection from a natural stream and an artificial channel was used to
demonstrate the proposed approach. Two case studies were conducted at two locations
with many session runs at different times with low to intermediate flows. Both conven-
tional and the proposed methods were conducted for flow measurements. The results
show the feasibility of measuring streamflow with an accuracy of less than 1% difference
on average comparing the proposed and the conventional methods. Moreover, the strong
correlation coefficient (>0.97) of the observed discharge and the estimated discharge sug-
gests the reliability of the proposed approach for streamflow measurement in both the
natural and artificial channels. In previous studies, the conventional methods required
extra coefficients (velocity profile or surface velocity coefficient) of each subsection for
determining the mean velocity in each subsection, involving more time and labor cost. In
this study, we proposed that the mean surface velocity to estimate streamflow can provide
an opportunity to improve the conventional methods in streamflow measurement and
maintain the accuracy of discharge measurement.
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This approach can substantially reduce the uncertainty involved in determining sur-
face velocity coefficients that are employed in conventional methods, while maintaining
the accuracy of discharge measurement. Compared with the conventional methods, the
proposed approach saves more labor and time cost. As it is a non-contact method, it can
also reduce the risk to human life and measuring instruments when taking measurements
in the natural environment. The proposed approach can be applied in both natural and
artificial channels for flow measurement. Based on the measurement sessions imple-
mented in this study, we conclude that the proposed approach can provide reliable and
accurate streamflow measurement from low to intermediate flows. The constancy of the
relationship between the mean cross-sectional velocity and the mean surface velocity sug-
gests that this approach might also be applied for high water conditions, which would
need further tests in the future.
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