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Abstract. This study proposes a more efficient method of rainfall. However, much of this precipitation comes from
flood discharge measurement in mountain rivers that acheavy downpours during summer thunderstorms and ty-
counts for personal safety, accuracy, and reliability. Becausg@hoons. Distribution of rainfall is therefore uneven, resulting
it is based on the relationships between mean and maxiin less water available for use per capita. As water shortages
mum velocities and between cross-sectional area and gaudeecome increasingly apparent in Taiwan, accurate discharge
height, the proposed method utilizes a flood discharge meameasurements, particularly of mountain rivers, become cru-
surement system composed of an acoustic Doppler profilecial.
and crane system to measure velocity distributions, cross- The sources of many of the world’s major rivers are lo-
sectional area, and water depths. The flood discharge mea&ated in mountains. These mountain rivers supply a large
surement system can be used to accurately and quickly meahare of the world’s population with fresh water (Viviroli and
sure flood data that is difficult to be collected by the conven-Weingartner, 2004). A mountain river that usually has a steep
tional instruments. The measured data is then used to caligradient and swift current and flows in a narrow valley is a
brate the parameters of the proposed method for estimatingver located within a mountainous region having a stream
mean velocity and cross-sectional area. Then these observagtadient greater than or equal to 0.2 % (Jarrett, 1992) along
discharge and gauge height can be used to establish the watés mountain and flatland stretch. Mountains cover about
stage—discharge rating curve. Therefor continuous and reaR7 % of the world’s land surface, but only 13% of moun-
time estimations of flood discharge of a mountain river cantainous rivers have data (Bandyopadhyay et al., 1997). Al-
become possible. The measurement method and system iBough the World Meteorological Organization recommends
applied to the Nanshih River at the Lansheng Bridge. Onceusing high-density instrument networks in mountainous ar-
the method is established, flood discharge of the Nanshileas, the number of stream-gauging stations is still far lower
River could be efficiently estimated using maximum velocity than the recommended number (WMO, 2006). With a total
and the water stage. Results of measured and estimated diarea of about 36 179 kfntwo-thirds of Taiwan is covered
charges of the Nanshih River at the Lansheng Bridge differedvith forested peaks. Steep mountain terrain above 1000 m
only slightly from each other, demonstrating the efficiency elevation constitutes about 32% of the island area; hills
and accuracy of the proposed method. and terraces between 100 and 1000 m above sea level make
up 31%. However, only a few of gauging stations can be
found in Taiwan's mountain area. Data for mountain river
discharges is thus insufficient due to lack of funding, limita-
1 Introduction tions of conventional measurement methods and instruments
for discharge measurement, difficulties in accessing gauging

Discharge data enable populations to distribute and manstations, and harsh environments that hinder discharge mea-
age finite water supplies. Effective water management res;rements.

quires accurate discharge measurements. With an average
annual precipitation of 2471 mm, Taiwan receives abundant
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1952 Y.-C. Chen: Flood discharge measurement of a mountain river

Understanding the temporal and spatial variability of cross-sectional area is problematic since the cross-sectional
mountain river hydrology requires measuring discharge di-area changes in accordance with water stage and discharge.
rectly, systematically, and periodically. The most popular Measuring discharge levels using conventional methods
conventional method (current-meter method) for directly and instruments during flooding is frequently impossible and
measuring discharge first measures velocities and crosstery impractical. Thus, many discharges are determined af-
sectional areas. The required velocity measurements are ober floods using indirect methods. Most indirect methods,
tained by placing a current meter at a desired location. Thesuch as the slope—area method (Chow, 1973), step-backwater
observations of velocity depend on the methods for estimatmethod (O’'Connor and Webb, 1988), contracted opening
ing mean velocity of the vertical. Generally those methodsmethod (Benson and Dalrymple, 1967), and flow through
include velocity distribution method, 0.6 depth method, 0.2 culverts (Bodhaine, 1968), assume a steady and uniform
and 0.8 depth method, six-point method, five-point methodflow. Mountainous floods, which typically move along steep
and three-point method (Herschy, 2009). In addition to theriver courses with debris, are generally unsteady and vary
0.2 and 0.8 depth method observing velocities in each vertirapidly. Hence, using indirect methods to calculate estimated
cal at 0.2 and 0.8 of the depth below the surface, hydrologistslischarges frequently results in significant errors with accu-
in Taiwan also use the 0.6 depth method in shallow depthsracy rates of only 30% or greater (Bathurst, 1990). How-
However, during rapid flows associated with floods, sub-ever, some rediscovered techniques such as dilution gauging
merging a meter in water is almost impossible, even when arfMcGuire et al., 2007) and rising bubble method (Hilgersom
adequate sounding weight is utilized. Additionally, riverbed and Luxemburg, 2012) can be used to measure discharge in-
instability due to rapid scouring and deposition during flood- directly.
ing make sounding water depth impossible; thus, measur- An accurate method and reliable equipment are needed to
ing a cross-sectional area is extremely difficult. Flow condi- directly measure discharge from mountain rivers during high
tions during floods are highly unsteady and water stages anflows. This study applies an efficient method and flood dis-
discharges vary considerably. Thus, accurate discharge meaharge measuring system that can be used to easily and accu-
surements must be completed quickly. Furthermore, condirately measure flood discharge of a mountain river in Taiwan.
tions when measuring mountain river discharge during floodsSection 2 describes the measuring system, which is com-
are far from ideal, especially as floods often occur duringposed of an acoustic Doppler current profiler, heavy sound-
thundershowers and typhoons in Taiwan. Heavy rains andng weight, wireless data transmission system, and crane
rapid flows, combined with threats to the safety of hydrol- for quickly measuring the velocity profile. The measure-
ogists and instruments, add to the difficulties associated withment method for flood discharge, “the efficient measurement
obtaining accurate measurements. Consequently, dischargeethod” that makes use of maximum velocity and gauge
data for mountain rivers are lacking in Taiwan. Due to theseheight to estimate flood discharge, is developed in Sect. 3. In
unsuitable conditions, using a velocity meter to measure disSect. 4, the flood discharge measured by the proposed mea-
charge is difficult. Some new monitoring systems apply fixedsurement system is used to illustrate the accuracy and relia-
side-looking Doppler profilers (H-ADCP) to measure river bility of the measurement method.
discharge (Nihei and Kimizu, 2008; Le Coz et al., 2008).

However, the water depth of the mountain rivers is usually
very shallow. Intense rainfall events are frequent enough t@ Flood discharge measuring system
cause significant high concentrations of suspended sediment
in rivers that can also limit the function of ADCP. These ex- The flood discharge measuring system must withstand the
pensive systems are thus rarely used. However, it is possibleorst possible weather conditions and strong currents to ob-
to install an H-ADCP at an ideal site to measure high flow. serve and provide velocities and cross-sectional information
A noncontact method that uses such instruments as a flodor discharge calculations. Instruments can be selected ac-
(ISO, 2007; Rantz, 1982), optical current meter (Bureau ofcording to the characteristics of each gauging station. Sev-
Reclamation, 1997), radar (Costa et al., 2006), and satellitesral different instruments are typically utilized to collect data
(Alsdorf et al., 2007) for estimating the velocity of water during high flows. The measurement of swift streams with
surface may be considered. These instruments are safe amighly unsteady flow condition by current meter presents
quick enough for estimating river discharge. Estimations ofsome problems such as impossible to sound and meter drift
mean velocity and area of cross section are important for thelownstream. Therefore it would be better to avoid submerg-
noncontact methods. The mean velocity of a cross sectiofing an instrument in the water during high flow.
is based on water surface velocity and the reduction coeffi- Based on Lu’s work (Lu et al., 2006), the acoustic Doppler
cient. However, accurate surface velocity is difficult to mea- profiler (ADP) is placed in a sounding weight. The height
sure since the velocity of the water surface is normally af-of the sounding weight is less than 0.3 m. When the sound-
fected by waves, winds, and weather. The appropriate coefing weight is lowered to the position under the water surface
ficient is also difficult to be determined. The estimation of 0.4 m, the sounding weight will be stationary in the water
and submerged sufficiently to avoid air entrainment beneath
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the transducer. The advantage of the ADP is that it can im- E
mediately obtain velocity distribution and water-depth when %na

the ADP touches water (Chen et al., 2007). When adequate

sounding weights are used, the ADP can stably measure ve- Blanking distance FER

locity distribution in each of the selected verticals from water EANSPS
surface. The key instrument of the flood discharge measuring JFESEES,
system is the ADP, which is a 3-axis water current profiler. Fort A
The resolution of velocity distribution and water depth de- ~ Measurement area ﬁ:_— cellz_ N\
pend on the frequency of ADP. High frequency pings yield D e
more precise data, but low frequency pings travel further in e
the water. This requires a compromise between the distance fommooooooos =3

. .. ot n !
that the profiler can measure and the precision of the mea- 2ottom etimate |

surements. Two ADPs with 3.0 and 1.5 MHz are tested at the
beginning of the flood discharge measurement. However thé&ig. 1. Unmeasured areas of ADP.
1.5 MHz ADP cannot be used near the right bank when water
is too shallow. A 3.0 MHz ADP gives shorter profiling ranges
but better spatial resolution. The water depth of the Nanshildepth, blanking distance, and bottom estimate, respectively.
River at the Lansheng Bridge is usually less than 6 m and thdo obtain complete data for the velocity distribution using the
maximum profiling range of a 3.0 MHz ADP is 6m. Thus ADP, water depth cannot be less than 1.5 m. At such depths,
a 3.0 MHz ADP, which is suited to the hydrological charac- the current meter can be applied to measure the velocity dis-
teristics of the Nanshih River at the Lansheng Bridge, cantribution.
collect velocity data. The suspended sounding weight is supported by the crane,
The US Geological Survey (USGS) has developed acousthe ADP is placed inside the sounding weight, and the elec-
tic velocity meter systems for river discharge observationstronic assembly is placed inside a metal box located above
since the mid-1980s (Laenen, 1985) and using ADCPs orthe sounding weight. The velocity distribution can be moni-
moving boats for discharge measurements since the earltored in real time on a laptop. The electronics assembly sup-
1990’s (Oberg and Mueller, 1994), and recently it has beerplies power for ADP and processes the signal sent from ADP.
used in observations (ISO, 2005). The profiling range of anTo avoid damaging the flood discharge measurement sys-
ADP is determined by its acoustic frequency. The perfor-tem, application-specific carrying tools and supports are re-
mance of an ADP is also affected by sediment concentrationgquired for the worst conditions. Thus, a 136 kg C type sound-
air bubbles, and the hydraulic situation in which it is placed. ing weight that is streamlined to offer minimum resistance to
Hence, an observer must first know the flow condition, con-flowing water is used as the carrying device for the ADP.
centration of suspended sediment, and water depth to sele@tis sounding weight stabilizes the ADP and avoids damage
the appropriate acoustic frequency. Because of these factofsom being struck by floating branches, junk and debris. The
affecting ADP, it will usually take more time or another ADP heavy weight of the sounding weight and ADP makes it im-
with lower frequency to correct enough data. The ADP mea-possible to operate without the help of machinery. A mobile
sures water velocity using the Doppler shift, which is the shift crane is used to suspend the measuring system. This crane
of sound frequency reflected by a moving object (Brumley etcan be moved quickly among different locations. Because
al., 1991). The ADP transmits sound at a fixed frequency andtrong currents can overturn sounding weights and destroy
obtains echoes returning from sound scatters in the watethe cable between ADP and the laptop, a wireless data trans-
These sound scatters are small particles, such as a suspendetssion system is installed. The signals obtained by ADP are
load, that reflect sound back to the ADP (Boiten, 2000). Thefirst transmitted through a probe cable to an electronics as-
ADP transmits a short pulse to measure relative water speedembly and then the data is sent to the radio telemetry sys-
for many depth cells by range-gating the reflected signal agem to transmit serial data to a wireless processing device — a
a velocity distribution on a vertical. It also transmits a serieslaptop. The velocity distribution and water depth can be mea-
of bottom-track pings to determine water depth. Thus, duringsured instantaneously and then calculated via data analyses.
floods, an ADP can be placed on the water surface to meafhese data can be saved on a computer for further study.
sure the velocity distribution and water depth on a vertical. Measurements are usually done from a bridge; the flood
Although velocity distribution data can be obtained imme- discharge measurement is best carried out downstream of the
diately, there are some areas were data is missing. Blankinfridge so the sounding weight does not collide with piers.
distance is the distance the emitted sound travels while inHowever the discharge measurement is made upstream of
ternal electronics prepare for data reception and the transthe bridge. The reason of discharge measurement upstream
ducers stop vibrating from the transmission and become quief the bridge is that the flow conditions are not affected by
escent enough to accurately record the backscattered acousiers, less bubbles are found to block the signal, and it is
tic energy (Mueller et al., 2007). Figure 1 shows transducemore stable. Additionally, the crane arm must be long enough
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to suspend the sounding weight and position it far away fromwhere¢ is the isovel in thes — n coordinate system (Chiu
piers to prevent the sounding weight from colliding with the and Chiou, 1988)u is velocity até; M is the entropy pa-
piers. Therefore the maximum length of the crane arm, whichrametery and&nax are the minimum and maximum values
is 10 m, is used when the ADP is applied to measure dis-of & at whichu = 0 andu = umax, respectively. The y-axis
charge during typhoons. is defined as the vertical on whichnax occurs. One of the
advantages of Eq. (3) is that it is capable of describing the
velocity distribution whether maximum velocity occurs on
or below the water surface. Thus Eq. (3) can be used to de-
The discharge equations for open channels are based on ﬂﬁ?rmine the maximum velocity from the yelocity dist.ribution
velocity—area method (Herschy, 1999): _ata measured by ADP, espeC|_aIIy maximum vglocny occur-
ring under the water surface. Since isovels are intercepted by
Q0 =1iA, 1) the y-axis, where botBmax andumax occur, thet values of
the isovels can be expressed as a function af the y-axis:

3 Computation of flood discharge

where Q is dischargej: is mean velocity across a channel;
and A is the cross-sectional area. Flood discharge measure- y y

ment of mountain rivers can be estimated directly usingmeart — p_ 5, exp(l N D——h> ’
velocity and cross-sectional area. The estimation of mean ve- : - . .
locity is based on the relationship between mean and maxi:—cNherehD |shwater| (?)e%t.h (:ir;_thehy-axg IS vertl_ce;I_dls_tancE
mum velocities, and the cross-sectional area can be estimatq&o m.t N Cf annelf ed; anelis the pre]lrameter n flcsélzgot €
by gauge height. Therefore estimating mean velocity of the 0cation Ofumax. T umax 0cCUTS on the water surface< 0,

cross section from maximum velocity is unique to the pro- and Eq. (3) becomes

(4)

posed method. u i ( M )X -y

The relationship between mean and maximum velocitieSy .~ M In| 1+ (e 1 D exp D—h)| ®)
(f:h|u, 1987)is If umax Occurs below the water surfade> 0 and# is the
Uobs _ @) actual depth ofimax below the water surface, and Eq. (3)
Umax becomes
whereumay is the maximum velocity in a channel cross sec- u 1 M y ( y )
P : ) =—In|1 -1 1—-———||. 6
tion; itops= Qobs/ Aobs Qobs IS the observed discharge; and  umax "t <e ) D—rn"® D—h ©)
Aops is the observed cross-sectional area. The ratid gf Although the location ofimax in an open channel is not

{0 umax in @ given cross sectiory, approaches a constant getermined easily, it can be obtained using the isovels cre-
(Chiu and Said, 1995; Chiu, 1996). It is a linear relationship 5teq with velocity data collected previously. In natural rivers,
passing through the origin. Theratio characterizes the flow he y.axis can occur anywhere around the cross section. If
pattern at a given channel cross section, and can be appliegle ¢ross section of a relatively straight open channel does
to steady or unsteady flows and is unaffected by discharge ot change drastically, the location of the y-axis is extremely
or the water stage (Chen and Chiu, 2002). Different crossyieady and does not vary according to changes in time, wa-
sections of an open channel have different ratios (Chen angy |eye|, and discharge (Chiu and Chen, 2003). Restated, the
Chiu, 2004). Using ratio to estimate discharge of rivers has jixely |ocation of the y-axis can be identified using histori-
been verified in several places including: Taiwan (Chen and.5| gata, and the maximum velocity of a cross section can be
Chiu, 2002), US (Chiu and Chen, 2003), Italy (Moramarco etypiained using the y-axis. Statistically, one standard devia-
al., 2004), and Algeria (Ammari and Remini, 2010). To de- (o of distance from the y-axis can be used to identify the
termine flood discharge using Eg. (2), one must obtain man¥apility of the y-axis (Chiu and Chen, 1999). The maximum
sets ofz andumax to establish the relationship between maxi- velocity obtained by data from around the y-axis and the ac-
mum and mean velocities — thaatio. Oncep is determined, 5] value are very close; thus, a slight shift in the y-axis will
the flood discharge can be estimated quickly using maximum, ¢ cause significant error in the estimated maximum veloc-
velocity and gauge height. ity (Chiu and Chen, 2003). However ADP cannot sample the
velocity near the water surface and channel bed. Hence, the
nonlinear regression model can be fitted to velocity distribu-
To determine maximum velocity, an alternative velocity dis- tion data on the y-axis measured by the ADP to Eq. (3) for
tribution model is needed that can describe the velocity dis-detérmining maximum velocity in the cross section.

tribution when maximum velocity is below the water surface.
Chiu (1987) derived the following probabilistic velocity dis-

3.1 Estimation of maximum velocity to determineg

3.2 Estimation of mean velocity to determinep

tribution equation: The mean velocity of the channel used to establish the re-
u 1 | M §—%o lationship between mean and maximum velocities is deter-
Umax =Nt (E a 1) Emax— &0 | ) mined by the ratio of observed discharge and cross-sectional
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area Qobs/Aobs)- Thus, measuring flood discharge using the
conventional method becomes a very important but diffi- AT~~~ -~
cult task. The conventional method divides the cross section
into segments by spacing verticals at an appropriate num- /.
ber of locations across the channel. USGS suggests using%
6 to 10 observation verticals in the measurement cross sec: | &

tion for a small stream. Reduce the number of sections taken Vi
to about 15-18 during periods of rapidly changing stage Ta;wan!
on large streams (Rantz, 1982). Distance between verticals '1
depth, and velocities are measured at the verticals. A sound- ﬁ
ing weight or ADP is utilized to measure water depths at the |
verticals. The velocities at the verticals are measured using
a current meter or ADP. Segment discharges are computec '
between successive verticals; therefore, total discharge may

be computed as

Qobs= Z%’ (7)
gi = via; , (8)

nshih River }

Edemetres

whereg; is theith segment discharge: is the individual Ei_g. 2._|I__qcation of the study site in the catchment of the Nanshih
segment mean velocity normal to the segment; @and the ver, faiwan.
corresponding area of the segment. Notaklyan be deter-

mined using the midsection method. between mean and maximum velocities and it may possibly

33 Estimation of cross-sectional area take several years to collect enough data. Therefore it is nec-

' essary to measure discharge and cross-sectional area by sam-
The cross-sectional area and gauge height data are colling velocit.ies and depth at each vertical for determining
lected during discharge measurement. The segment areas df¢an velocity at each vertical and segment area. Then the
summed to obtain the cross-sectional area of the open chaffiScharge is derived from the sum of the product of mean ve-
nel. If the streambed is stable and free of scouring and deloCity; depth and width between verticals. The velocity dis-
posits, it is normally reliable to estimate cross-sectional aredfiPution made on the y-axis is used to calculate maximum
with gauge height. The relationship between cross-sectionay€loCity of the cross section for determinigg The gauge
area and gauge height (Chen and Chiu, 2002) can be eeight and cross-sectional area are used to establish the rela-

pressed as tion of gauge height _and cros_s-sectional area.
Once the method is established, only the velocity distribu-
Aest=a (G —b)¢ , (9)  tion on the y-axis and gauge height need to be measured for

estimating flood discharge. Looking for the location of the
whereAest is the estimated cross-sectional ar€ais gauge  y-axis in a stream is difficult. For a straight and regular arti-
height; anda, b, andc are coefficients determined by non- ficial channel, the y-axis usually occurs at the center of the
linear regression. Compared to the cross-sectional area dueross section. The location of the y-axis in a natural channel
ing flood, when the area caused by scouring or depositingan be located anywhere in the cross section. Fortunately, the
is small. Equation (9) can also be applied to estimate crossvelocities used to determine the discharge reveal the location
sectional area. If the relation a and Agps is not good  of the y-axis. By using the measured velocity data, isovel
enough, it could be a large source of uncertainty in the finalpatterns of a stream can indicate the location of the y-axis.
discharge. The maximum velocity determined by velocity distribu-
tion andy can be used to estimate mean velocity of the cross
section. The cross-sectional area can be determined by the
gauge height. Finally, the flood discharge can be easily esti-
Before the discharge estimation method, referred to as thénated by substituting Egs. (2) and (9) into Eq. (1) to yield
efficient measurement method, is developed in a stream, ob-
taining uops to determiney for a given cross section in a  g.«= apumax(G — b)°.
stream is key to developing the method. The observed mean
velocity of the cross section is calculated@gys/ Aobs The
complete flood discharge measurements over the full cross
section are very important for establishing the relationship

3.4 Estimation of the discharge by the efficient
measurement method

(10)
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‘The Nanshih River at the Lansheng Bridge -~
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Fig. 4. Depth—velocity graph during Typhoon Krosa (8 Octo-
ber 2007).

Fig. 3. Flood discharge measurement during Typhoon Krosa. . .
g g g vp 5 Results and discussion

4 Description of the study catchment and data 5.1 Measurements during flood

The study site is located at the Lansheng Bridge on the NanJhis study was conducted on the Nanshih River at the Lan-
shih River. Figure 2 shows the locations of the catchmentsheng Bridge from 2007 to 2010. During the typhoon season,
area and gauge stations. Situated southeast of Taipei, Taiwafiood discharges were measured using the proposed flood
the Nanshih River, an upstream branch of the Tanshui Riverneasurement system. Figure 3 shows the flood discharge
is a major fresh water source for the Taipei metropolitan areameasurement during Typhoon Krosa. Since maximum wa-
To safeguard water quality and quantity, access to this area i€ depth during the non-typhoon season is usually less than
restricted. Most of the area is thus untouched and forestedl-5M, discharge is measured by current meter, not the ADP.
The area covers 331.6 Kand has an annual precipitation of At the y-axis (22m from relative point situated at the left
3082-4308 mm (average, 3600 mm). Days with precipitationba”k)- velocity measurements are taken at 0.1 m intervals
are mostly concentrated in winter. The retreating monsoorffom the water surface to the channel bed where water is
produces fine rain in winter, whereas typhoons in summeghallow and the ADP cannot be applied to measure velocity
bring heavy rains. The average monthly precipitation in thedistribution.

area from June to October exceeded 300 mm from 1992. Al- The velocity distribution and water depth are measured at
though a discharge measuring system that is composed of @M intervals during the typhoons for computation of dis-
radar sensor for measuring water stage and current meter f&harge. The probabilistic velocity distribution equation is
measuring velocity has been in place on the Lansheng Bridgéhen utilized to simulate velocity profiles and calculate the
since 2005, flood discharge was not measured until 2007Mean velocities of the verticals. Finally, each segmental dis-
The average discharge of the Nanshih River at the Lanshengharge can be obtained, the sum of which is the river dis-
Bridge is 26.9Ms™1; the minimum is 0.9rhs%, and the charge. As shown in Fig. 4, the flood discharge per unit
maximum is 2295 Mis—L. The Nanshih River is about 35 km Width, mean velocity at each vertical and the correspond-
long from its source to the Lansheng Bridge and 45 km to theNg depth are plotted over the water surface line. The top of
confluence of the Nanshih River and the Beishih River; itsFig. 4 is the segmental mean velocity and discharge. The bot-
highest altitude is 2101 m on Mount Babobkoozoo, and thetom is the flow pattern. It also shows that most of discharge
altitude of the river bed at the Lansheng Bridge is 106.8 m.occurs in the main channel. By using the ADP, the cross-
Thus the stream gradient, which is the grade measured by th&€ction shape can be easily and quickly surveyed for deter-
ratio of drop in elevation of a stream per unit horizontal dis- Mining cross-sectional area. Table 1 shows the ADP mea-
tance, of the upstream of the Nanshih River exceeds 10 %surements taken during typhoons in 2007 and 2008, of which
and the average stream gradient to the Lensheng Bridge i discharges were measured for five typhoons.

5.7 %. The stream gradient at the study site is about 1.5%, The bottom of Fig. 4 shows the velocity distribution of
which is still relatively steep. maximum measured flood discharge in 2007. In Fig &

the distance from relative point. The discharge was approx-
imately 185.3mMs™ 1. The dot in Fig. 4 is the actual veloc-
ity measurement on each vertical, and the solid line is the
velocity distributions based on Eq. (3), indicating that ver-
tical maximum velocity does not always occur on the water
surface. Additionally, no definite relationship exists between
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Table 1.Flood discharge measurement of the Nanshih River by us- 114 a— _
ing ADP at the Lansheng Bridge in 2007 and 2008. The Nanshih River at the Lansheng Bridge
— — —  Typhoon Krosa, Oct. 8, 2007
—-—-—-- Typhoon Mitag, Nov. 28, 2007
Typhoon Date G (m) Agps (m2) Qobs (I’I’l3 S_l) 112 1 Typhoon Mitag, Nov. 29, 2007
110.95 142.5 308.6 —_ )
Sepat  9/8/2007 144 77 119.0 2662 110 /
Wipha 9/19/2007 110.31 91.7 171.9
10/7/2007 111.57 169.2 447.6 ]
Krosa 108
10/8/2007 110.50 101.3 185.3
viag  LL/28/2007 11045 118.8 193.6 | ‘ | | |
11/29/2007  109.88 86.6 136.8 0 20 30 20 50 60
Sinlaku  9/15/2008  111.52 146.9 341.1 2 (m)

Fig. 6. Scour and deposit of channel bed during Typhoon Mitag.

11
] Table 2. Area variation between two typhoon events.
110
. Typhoon Date G(m) A, (M2 %
G 109
100.95
] Sepat  9/8/2007 4,4 77 41 29
1084 Location of pier
: The Nanshih River zt the Lansheng Bridge Wlpha 9/19/2007 110.31 -3.4 -2.9
o] Pty sl Krosa  10/7/2007 11157 53 58
‘ ‘g‘ " ‘1‘0‘ ; ‘1‘5‘ " ‘2‘0‘ ; ‘2‘5‘ " ‘3‘0‘ ; ‘3‘5‘ " ‘4‘0‘ ; ‘4‘5‘ " ‘5‘0‘ " ‘5‘5‘ " ‘60 10/8/2007 111.50 -01 -01
z(m) Mit 11/28/2007 111.45 —-225 222
, , o , , @9 11/20/2007 109.88 67 56
Fig. 5. Isovels in the Nanshih River at the Lansheng Bridge during )
Typhoon Krosa. Sinlaku  9/15/2008 111.52 27.0 31.2
Total 6.7

mean and water surface velocity of the river. An accurate
measurement of flood discharge must therefore be based on

the flow pattern below the water surface and not water sur- Figure 6 shows the cross-sectional variation of the chan-
face velocity. However, if the maximum velocity always oc- nel bed. The main course of the river bed does not change

curs on the water surface, the relationship between mean arféfastically, whereas the right side of the river bed has obvi-
surface velocity can be developed using Eq. (2). The maxiOUsS scouring and deposltlon during flooding. 'For |n§tance,
mum velocity occurred at the vertical, 22 m away from the On 28 November, the right bank shows obvious signs of
relative point. The maximum velocity of the cross section es-Scouring, and on 29 November, is deposited; the cross sec-

timated by Eq. (3) was 4.83 nt& and occurred on the water tion gradually returns to its previous stage. Based on the
surface. cross section on 29 November, the scouring and depositing

Figure 5 shows the isovels based on the observed veloc@reas in the cross section on 8 October and 28 November
ities in Fig. 4. In Fig. 5, the vertical dashed line reveals the@'® 13.9 and 7.74fnrespectively. Table 2 shows the vari-
location of the y-axis. Owing to the effect of bridge piers, ve- ation of area between two typhoon events. The area varies
locities around = 15 m and; = 37 m are lower. Both Figs. 4  Slightly between Typhoon Sepat and Krosa. At the begin-

and 5 indicate that the major flood discharges are 15-30 nfiing of Typhoon Mitag, the right side of the river bed is
from the relative point, a sign that velocity on the right bank Scoured deeply. However, the Nanshih River tends to deposit
is slow, and the maximum velocity occurs around the 6th ver-ItS Sediment at the end of Typhoon Mitag. After scouring

tical from the left bank and on the water surface. Addition- @nd depositing, the change in area is 6Z7etween Ty-

ally, the observations of other flow patterns indicate that thePnoon Sepat and Typhoon Sinlaku. It shows that the Nanshih
maximum velocities always occur on the 6th vertical. This River at the Lansheng Bridge is in a state of dynamic sta-
finding suggests that the y-axis is located on the 6th verticalPility and near-equilibrium. Compared to the cross-sectional

The y-axis is stable and unaffected by other factors such agréa during flood, the scouring and depositing areas are rel-
stages and discharges. atively small. Therefore the observed cross-sectional areas

can be used to establish the relation of water stage and cross-
sectional area.
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Fig. 8. Relation between gauge height and cross-sectional area.
0

U (M0/5) coefficients in both phases of calibration and validation are
very high and RMSEs are low. The estimated areas agree
quite well with the observed areas. Therefore, during floods,
cross-sectional areas can be estimated based on gauge height.
During flood, maximum velocity can be observed on the
5.2 Calibration and validation of the measurement y_axisy 22m from the relative point_ The channel cross-
method sectional area is calculated using gauge height, and mean ve-
locity is obtained using the value and maximum velocity.
The data of observed discharge is split into two independenr:ina"y, discharge can be estimated @ys;= 7.34umax(G —
subsets: the calibration and validation subsets. The calibraip7.32)168, Figure 10 shows the evaluation of discharge es-

tion subset with 19 observed discharges is used for parameimation accuracy for the Nanshih River at the Lansheng
ter estimation. The validation subset, which consists of 5 0b-Bridge. All the data points fall on the line of agreement.
served discharges, is devoted to access the performance ghe RMSE of the calibration and evaluation are 16.4 and
the proposed method. Correlation coefficients indicating thei5 2 n#s—1. Moreover, thep of the calibration and evalua-
strength of relationship between observed and estimated digjon are 0.99 and 0.96, respectively. The results show that the
charges and root-mean-square error (RMSE) evaluating thehethod performance is accurate and consistent in two dif-
residual of observed and estimated discharges are used fgrent subsets. Both correlation coefficients are very close to
evaluate the performance of the efficient method. unity, and both RMSEs are relatively smaller. It demonstrates

An efficient method of measuring flood discharges of that the proposed method can be successfully applied to esti-
mountain rivers can be established through repeated meanate flood discharge of mountain rivers.

surements. Figure 7 shows the relationship between mean
and maximum velocities of the Nanshih River at the Lan-
sheng Bridge. It is a straight line that goes through the ori-
gin, anditest= 0.5umax. The maximum velocity of the cross
section can be calculated by Eq. (4), and the mean velocFigure 11 shows the frequency functions for a normal dis-
ity is obtained by dividing the measured discharge by thetribution fitted to thes %. Figure 11a shows the relative fre-
cross-sectional area. All maximum velocities during floodsduency of error percentage. Figure 11b shows the cumula-
exceed 3 ms]-, whereas thamaxon ordinary days can reach tive frequency (dOtS) and probablllty distribution function
0.8ms!, indicating a swift current. Moreover, the relation- (curve). The mean of the errors approaches zero and the abso-
Sh|p between mean and maximum velocities is constant aanJte measure of error is 7 %. Thus the 95.44 % confidence in-
quite stable in a wide range of discharge. It does not vanyterval for the discharge error is from2.11 to 2.69 %. The

with time, water stage, or sediment concentration, regardlestest is employed to determine whether the normal distribution
of whether the flow is steady or unsteady. Using gauge heighdequately fits data. The? test statistic ig2 = 0.57 and the

and cross-sectional area, the relationship between stage anvalue ofx?2, _, for a cumulative probability ig2 ; o5 = 5.99.

area can be established. ItAssi= 20.51(G — 107.57)1-%3, Since X220.95 > XCZ, these errors are mutually independent
as shown in Fig. 8. Figure 9 shows the accuracy of the crossand normally distributed with a mean approaching zero and
sectional area estimated by the water stage. The correlatiosmall variance. Clearly, the proposed method can be utilized

Fig. 7. Relation between mean and maximum velocities.

5.3 Uncertainties in the measurement method
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Fig. 9. Accuracy of estimated cross-sectional area in the NanshihFig. 10. Accuracy of estimated discharge in the Nanshih River at
River at the Lansheng Bridgég) calibration;(b) validation. the Lansheng Bridg€a) calibration;(b) validation.

to accurately and reliably measure flood discharge of mounwith the collected velocity distribution. The estimated flood
tain rivers. discharges during Typhoon Jangmi are summarized in Ta-
ble 3. In Table 3,0 is discharge estimated by the proposed
method, andQ; is discharge estimated by stage—discharge
rating curve. The discharge estimated by only the velocity
distribution on the y-axis is very close to the discharge es-
The gauge station on the Lansheng Bridge was establisheimated by rating curve. This suggests that the method pre-
in 2005, and it collected discharge data under low watersented in this paper is accurate and reliable for estimating
levels by using the current meter method. In 2007, the staflood discharge. By using the proposed method, the flood dis-
tion began to be used to collect data under high water levelgharge can be estimated quickly within 1 min.

with the method developed in this paper. Once the method

for measuring flood discharge of mountain rivers was estab5.5 Relationship of water stage and discharge

lished, the flood discharges during Typhoon Jangmi in 2008

were estimated only using data on maximum velocities andReal-time discharge at a stream-gauging station can be com-
gauge heights. Figure 12 shows the velocity distribution meaputed from a real-time stage using the stage—discharge re-
sured by ADP on y-axis during Typhoon Jangmi. Thereforelationship, which is also called the rating curve. Recorded
the maximum velocity can be calculated by using Eq. (3)discharges over a wide range are rare. Notably, measurement

5.4 Flood discharge estimated by maximum velocity
and water stage
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Table 3. Flood discharge of the Nanshih River at the Lansheng Bridge estimated by the efficient method during Typhoon Jangmi on

28 September 2008 (local time, LT).

Time G Umax Uest Aest Qest Or  Qest— Or
(LT) m msYH mshH @) mdsh mdsh  mis
11:35 112.30 4.05 2.09 213.8 448.6 496.3 —-47.7
12:35 112.20 451 2.33 207.8 485.4 475.9 9.5
14:05 112.30 4.43 2.29 2139 504.6 496.3 8.3
14:54 112.63 4.22 2.18 233.9 511.3 566.4 —55.1
15:58 113.18 4.93 255 268.0 684.4 691.6 -7.2
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Fig. 11. Frequency functions for a normal distribution fitted to er-
ror %; (a) relative frequency of error %) cumulative frequency
of error %.

River at the Lansheng Bridge. When water stages are 113,
112, and 111 m, the differences between the discharges esti-
mated by the old and new rating curves are 118, 109, and
81nPs 1, respectively. The old rating curve severely un-
derestimates discharge under high water levels, whereas the
curve for 2010 was likely adjusted according to flood dis-
charge, markedly improving its accuracy and efficiency. It
indicates the importance of flood discharge for establishing a
stage—discharge rating curve. The accurate rating curve with
the actual measurements during high water also demonstrates
that this method has improved the overall discharge measure-
ment of the river.

By analyzing the data collected from the USGS and Wa-
ter Resources Agency of Taiwan, my previous works indi-
cate that the method can be used to measure discharge in
open channels. In this study, I attempt to organize the mea-
suring system to measure flood data for calibrating all the
parameters used in the measurement method. In addition to
the method, the measurement system also proves effective
for measuring flood discharge. This is the first time that a
flood discharge estimate has been based solely on the maxi-
mum velocity on the y-axis and the gauge height. Those es-
timated high flows during typhoons are used to extend the
rating curve. Therefore the more accurate flood discharge
can be automatically and continuously observed based on the
correlation of water stage and discharge.

6 Conclusions

Flood discharge measurement is always a difficult and dan-
gerous task. The characteristics of mountain rivers make it
impractical to use conventional methods and instruments to
measure discharges during floods. To ensure the safety of
hydrologists and accurately measure discharge, a new dis-
charge measurement method and system must be developed

accuracy of conventional instruments and methods can be ader flood discharge measurement in Taiwan. Due to the hy-
versely affected and restricted by both location and weatherdrological characteristics of the Nanshih River at the Lan-

these instruments are most reliable during stable and lowsheng Bridge, the flood measuring system was applied to col-
flow conditions. Thus, long-term observations can be used tdect velocity and water depth data over the full cross section
establish the lower part of a rating curve. However, to createn order to calculate discharge and determine the location
a complete rating curve, high-flow discharge data are needeaf the y-axis. The efficient discharge measurement method
Figure 13 is the water-stage rating curve of the Nanshihbased on the relation of mean and maximum velocities and
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Fig. 12.Velocity distribution on y-axis during Typhoon Jangmi in 2008.

115 flood environments for prolonged periods. Using the Nan-
The Nanshih River at the Lansheng Bridge shih River at the Lansheng Bridge, this initial study provides
evidence that this method can be effectively applied to flood
discharge measurement situations in mountainous areas of
Taiwan.

Further studies are needed to demonstrate the efficacy of
the measurement method beyond this portion of the Nan-

114

G (m)

Current meter

& ADP shih River. Similar research in other mountain rivers will
109 v ADP with Eq. (10) help to validate the accuracy of the estimates provided by
108 ——— Q=7.54(G-107.4"", 2006 the method. Even though the proposed method is a fast and
107 1 , . Q=44.27(G-108.19)"", 2010 minimally intrusive measurement method, it is still very dan-
0 200 400 600 800 gerous to measure the velocity distribution on the y-axis dur-
Q(m’s) ing floods. It may be practical to also consider developing a

model for estimating maximum velocity not on the y-axis.

Fig. 13. Stage—discharge rating curve of the Nanshih River at the

Lansheng Bridge.
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