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Abstract of dissertation

Routing Method for Two-dimensional Dispersion Coefficients

in Open Channel and Its Application for Remotely Sensed Tracer Tests

By

Donghae Baek

Doctor of Philosophy in Civil and Environmental Engineering

Seoul National University

Professor I1 Won Seo, Advisor

The depth-averaged two-dimensional (2D) advection-dispersion equation (ADE)
has been widely used to analyze the mixing phenomenon of the various dissolved
and suspended matters in river systems. In depth-averaged 2D ADE, dispersion
coefficients are essential parameters to explain the spreading of pollutant clouds,

caused by complexities of flow structures and river environments. The dispersion



coefficients in 2D ADE can be calculated by the routing based-observation methods
using the tracer test data. The 2D stream-tube routing procedure (2D STRP) has been
the only method to calculate both longitudinal and transverse dispersion coefficients
of 2D ADE simultaneously for the transient concentration conditions. In this study,
the limitations of 2D STRP were quantitatively analyzed using the hypothetically
generated data. Besides, the new routing-based observation method (2D STRP-i) and
the remote sensing-based experimental framework for tracer tests were developed to
overcome the limitations of existing determination methods for dispersion

coefficients.

The performance of existing 2D STRP was evaluated in terms of the variation of
Peclet number, and the spatially varied velocity distributions. The results of the
evaluations showed that the existing 2D STRP well provided the temporal
distribution of tracer concentration in the high Peclet number, but it could not
reproduce the reliable results when the tracer clouds reached wall boundaries and the
Peclet number decreased. The new routing-based observation method (2D STRP-i)
was developed to improve the drawback of the existing method. The 2D STRP-i
derived from the 2D ADE in the orthogonal curvilinear coordinate system, assuming
the steady-state flow condition. 2D STRP-i could adequately reproduce the reliable

temporal distribution even if the effect of wall boundaries was significant.

A remote sensing based-experimental framework for tracer tests was developed to
acquire the spatio-temporal concentration distribution of tracer clouds in open

channel flows. Tracer tests using Rhodamine WT were conducted in the large-scaled
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experimental channels to collect the RGB images using a commercial digital camera
mounted on a UAV and the concentration of Rhodamine WT using in-situ
fluorometric probes. The empirical relationship between the image data and the
Rhodamine WT concentration data was estimated using an artificial neural network
(ANN) model. The acquired spatio-temporal concentration distributions by the
proposed method gave general as well as detailed views of the tracer cloud moving
dynamically in open channel flows that cannot be easily observed using conventional

in-situ measurements.

The 2D STRP-i was applied to the remotely measured tracer data to calculate the
dispersion coefficients. The Latin Hypercube Simulation was adopted to determine
the optimum values of dispersion coefficients. The results of simulations showed that
the RMSE distributions were non-convex with many local minima. In addition, the
optimal dispersion coefficients were differently found according to the evaluation
functions. In this study, the multiple evaluation indices were selected to determine
the dispersion coefficients more robustly. The results showed that the longitudinal
dispersion coefficients were similarly determined by both 2D STRP and STRP-i,
while the existing 2D STRP generally underestimated the values of transverse

dispersion coefficients compared to the results of 2D STRP-i.

Keywords: depth-averaged pollutant transport modeling, shear dispersion, routing
procedure, remote sensing technique, spatio-temporal measurements, artificial

neural network, 2D tracer test

Student number: 2015-30277
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1. Introduction

1.1 Background and necessities of study

When pollutants are introduced to river systems in which the channel width is
typically larger than the water depth, the depth-averaged two-dimensional (2D)
advection-dispersion equation (ADE) has been widely used to analyze the
contaminant mixing after completion of the vertical mixing (Fischer et al., 1979). In
depth-averaged 2D ADE, dispersion coefficients are essential parameters to
represent the spreading of pollutant clouds caused by vertical variations of velocities
and other processes such as turbulent diffusions and mixing due to channel
irregularities. Thus, dispersion coefficients in 2D ADE involve a variety of properties

characterized by the hydraulic, geomorphological, as well as ecological factors.

The determination method for 2D dispersion coefficients can be classified into the
observation method and the estimation method, as shown in Fig. 1.1. In the estimation
method, the dispersion coefficients were indirectly estimated by theoretical formula
and empirically constructed regression equations without concentration data. The
empirical approaches require enough dataset of measured data to associate the various
statistical characteristics of hydraulic information to the observed dispersion
coefficients in various conditions of streams. The accuracy of such empirical
approaches could be dominantly affected by the qualities of the dataset used to fit the

regression curves. Thus, in order to construct the robust empirical relationship between



the dispersion coefficients and stream characteristics, sufficient numbers of accurate

2D dispersion coefficients should be provided from the various conditions of streams.

The dispersion coefficients have generally been obtained by the observation
methods using the concentration data measured by the tracer tests. The tracer test is
the experimental procedures to measure the concentration distributions of the tracers,
which are detectable chemical materials such as fluorescent dyes, radioisotopes as well
as electroconductivity of solute material (Godfrey and Frederick, 1970; Nordin et al.,
1974; Kilpatrick et al., 1989; Seo et al., 2006; Seo et al., 2016; Jung et al., 2019).
Among the observation methods in Fig. 1.1, the moment-based methods such as the
simple moment method (Sayre and Chang, 1968) and the stream-tube moment method
(Beltaos, 1980) only provide the transverse dispersion coefficient using the tracer
concentration data in the conditions where the tracers (pollutants) were continuously
injected. The moment-based method cannot provide the longitudinal dispersion
coefficients in 2D ADE when tracers are instantaneously injected. To overcome this
drawback of the moment-based method, Baek et al. (2010) proposed the 2D stream-
tube routing procedure to facilitate to observe both longitudinal and transverse

dispersion coefficients simultaneously in the transient concentration conditions.

Fischer (1968) first adopted the concept of routing for concentration distributions to
develop the one-dimensional routing procedure (1D RP), which calculates the
longitudinal dispersion coefficients in 1D ADE. The 1D RP inherently required the
concentration distribution in the longitudinal space, but the acquisition of spatial

concentration distributions with high resolution is technically limited in the



conventional tracer tests. Thus, Fischer (1968) introduced the frozen cloud
approximation (FCA) to estimate the spatial distribution from the temporal distribution
measured at the fixed measuring sections. The FCA assumed that the shape of the
dispersing cloud changes only slightly during the time taken to pass the observation
point (Fischer et al., 1979), and the centroid of pollutant clouds moves with the mean
flow velocity in the stream (Singh and Beck, 2003). This assumption could be
acceptable in cases where the Péclet number, which is defined as the ratio of

advective transport rate to dispersion transport rate, was sufficiently high.

The FCA has played an essential role in the routing procedure-based calculation
methods. Despite that, the validity of FCA has not been evaluated sufficiently. Only a
few studies mentioned that FCA could introduce errors in the estimation of the
dispersion coefficients (Singh and Beck, 2003). The 2D STRP also requires the FCA
in order to estimate the depth-averaged 2D spatial concentration distribution from the
temporal concentration data. For calculation of 2D dispersion coefficients using 2D
STRP, the time-series data of continuous transverse concentration profiles at both
upstream and downstream sections are required. However, the acquisition of spatially
continuous concentration profiles is typically challenging in the experimental
framework of conventional tracer tests. In conventional tracer tests, the tracer
concentration is usually obtained as time-series data from sensor probes installed at
limited fixed points in river cross-sections. Therefore, it is very challenging to observe
the spatially continuous distributions of tracer clouds over the cross-sections of streams,
using conventional techniques based on the in-situ measurements. Due to this technical

limitation, the most previous studies that used 2D STRP for calculation of 2D
3



dispersion coefficients interpolated and extrapolated using the kriging algorithm to
obtain the transverse concentration profiles from the concentration data which were
measured at the several numbers of measuring points.

To overcome the limitations mentioned above, suitable experimental techniques,
which can observe the spatial distribution with the high resolution, are needed for
observing the river mixing in details. Fischer (1966) attempted to acquire the spatial
distribution of tracer clouds in natural streams from aerial photography using a film
camera mounted on a manned aircraft. The spatial concentration distributions were
qualitatively estimated by human color recognition. This approach, however, was used
only as supplementary data to understand the longitudinal mixing behavior in natural
streams. In recent years, the multi- or hyperspectral images, obtained by satellite and
aircraft, have often been employed to observe the spatial distribution of various water
quality constituents such as chlorophyll-a, suspended sediment, and colored dissolved
organic matter in large lakes and coastal areas over the past three decades (Ritchie et
al., 1990; Harrington et al.,1992; Schiebe et al., 1992; Chacon-Torres et al., 1992;
Pattiaratchi et al.,1994; Brando and Dekker, 2003; Cannizzaro and Carder, 2006;
Matthews, 2011; Olmanson et al., 2013). Although satellite-based remote sensing has
been successfully applied to observe water quality constituents in large-scale water
environments, they have not been found suitable for observing pollutant mixing in
small rivers and streams due to their insufficient spatial and temporal resolution
(Olmanson et al., 2013; Palmer et al., 2015); The resolutions of most spectral images
acquired by satellite platforms including Landsat-8 Operational Land Imager

(OLI)/Thermal Infrared Sensor (TIRS), Sentinel-2 and Terra Moderate Resolution
4



Imaging Spectroradiometer (MODIS) are the order of 10 meters, and their temporal
resolutions specified by the revisit interval of satellites are several days (Gholizadeh et
al., 2016; Transon et al., 2018). To observe the dispersion processes of tracer materials
in open channels where the scale of width is on the order of several meters, the higher
spatial and temporal resolution of aerial images is required. In more recent years,
unmanned aerial vehicles (UAVs) have been considered as an alternative to satellite
constellations for river measurements (Flynn and Chapra, 2014; Tamminga et al., 2015;
Detert and Weitbrecht, 2015; Wigmore and Mark, 2017; Woodget et al., 2017). UAVs
can carry out river surveys with high resolutions, both spatially and temporally.
Moreover, the use of UAVs facilitates to acquire high-resolution aerial images during
tracer experiments regardless of experimental sites and times.

As aforementioned, 2D STRP is the only method that can provide both longitudinal
and transverse dispersion coefficients among the existing observation methods.
Recently, some studies reported that 2D STRP yielded over- and underestimated
dispersion coefficients compared to theoretical values (Seo et al., 2016; Choi, 2017;
Shin et al., 2019). In this study, the performance of 2D STRP was evaluated to
investigate its applicability in the natural stream. Then, a new routing procedure-based
calculation method (2D STRP-i) was developed to determine dispersion coefficients
more accurately in open channels. Furthermore, the remote sensing-based
experimental framework for tracer tests, which can observe the concentration
distributions of tracer in both spatially and temporally, was developed to support the

analysis of pollutant transport in open channels.



Determination of 2D Dispersion Coefficient
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Observation Estimation
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* 2D STRP * Derivation of
theoretical Eq.

Figure 1.1 Determination methods for 2D dispersion coefficients (revised from
Baek and Seo, 2016)
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1.2 Objectives and methodology

The primary goal of the present study is to develop a new routing-based method to
calculate the dispersion coefficients accurately in the open channel flows, using the
concentration data obtained from tracer tests. The detailed objectives of this study are

as followings:

(1) Analysis of the limitations of 2D stream-tube routing procedures (2D STRP)

(2) Development of a new calculation method for two-dimensional dispersion

coefficients

(3) Development of a remote sensing based-experimental frameworks for tracer tests

For the first objective, the numerical model for simulation of the depth-averaged 2D
pollutant transport was implemented based on the Finite Volume Method (FVM).
Using the implemented numerical models and well-known analytical solution, the
synthetic spatio-temporal distributions of pollutant clouds were generated in order to
evaluate the 2D STRP, which is the only method to calculate both longitudinal and
transverse dispersion coefficients simultaneously in the condition of transient mixing
behavior. The evaluations were performed on the various Péclet number and velocity

distributions.

In the second objective, the 2D STRP was improved to overcome the existing

limitations, considering the spatially varied advection and the wall boundary effect.
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The two-dimensional dispersion coefficients were calculated by the newly-developed
method (2D STRP-i) on the synthetic data, as well as the field test data described in

the following third objective.

In the third objective, an experimental framework for remote sensing-based tracer
tests was developed to acquire the spatio-temporal concentration distribution in open
channel flows to complement the limitations of the conventional tracer tests. Tracer
tests using fluorescent dye were performed in large-scale experimental channels to
acquire both aerial images using a commercial digital camera mounted on a drone and
in-situ measured concentrations by fluorometers. By the machine learning-assisted
techniques, the aerial RGB image data were converted to spatio-temporal
concentration in the whole experimental sections, including areas where concentration

data were not collected. The outline of this research is summarized in Fig. 1.2.
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2. Theoretical backgrounds

2.1. Pollutant transport model in the natural river

2.1.1 Necessity of 2D pollutant transport models

When Pollutant matter is instantaneously released into the open channel flows, the
pollutant mixing behavior can be classified into the three stages depending on the
major factors which cause the spreading of pollutant clouds, as illustrated in Fig.2.1.
In order to predict the pollutant mixing in open channels effectively and also
efficiently, the proper modeling approaches should be chosen considering the
characteristics of mixing behaviors. The flow of rivers is generally the turbulent flow
with high Reynolds number, so the mass of pollutants, which is instantaneously
released, is three-dimensionally spread by turbulent diffusion in the near-field. The
modeling of pollutant transport for this stage requires the three-dimensional analysis,
so the understanding of the turbulent motions of fluid particles is necessary. This
initial stage is relatively short, but the computational effort is much larger compared
to other stages. The geomorphological characteristics of the natural river are the large
aspect ratio, which is the ratio of the channel width to water depth. Thus, the pollutant
mixing in the vertical direction is rapidly complete, and then the pollutant mixing
can be considered as the depth-averaged two-dimensional behaviors. The vertical
turbulent diffusion coefficients must be known to estimate the longitudinal distance

from the release point to the section for achieving the completion of vertical mixing.

10
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Figure 2.1 Conceptual diagram of the mixing stages in the open channels
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When it can be assumed that the vertical velocity profile is the logarithmic profiles,
and the turbulent Schmidt number is the unity, the depth-averaged vertical turbulent

diffusion coefficient could be derived as follows.
gzzljhxhu*i 1-Zdz=%hu' 2.1)
h 7o h h 6

where z isthe vertical coordinates; h is the water depth; U is the shear velocity;
x is the von Karman constant. When the pollutants are released from the water
surface, the complete distance of the near-field has been approximately assumed as

Eq. (2.2), based on the analytical solution (Fischer et al., 1979; Rutherford, 1994).

2
L, =0.536 2"

(2.2)

where U is the cross-sectional mean velocity; H is the cross-sectional mean water
depth. The value of 0.536 is achieved when 98% of pollutant concentration is mixed

from the water surface to the channel bed.

After the vertical mixing is completed, the concentration distribution of pollutant

clouds could be assumed as depth-averaged fields in the intermediate field. For

12



modeling for this stage, the depth-averaged flow fields and concentration fields are
required. As compared to the three-dimensional model, both the depth-averaged
hydrodynamics and pollutant transport models are more efficient in terms of
computational costs. The two-dimensional dispersion coefficients in depth-averaged
transport models are 100 times larger than the turbulent diffusion coefficients (Park,
2017), so the turbulent diffusion coefficients sometimes neglected or included in the
dispersion coefficients. The derivation of two-dimensional transport models and

modeling of dispersion coefficients will be considered in the next sections.

The water channels of rivers were confined by riverbanks. Thus, the pollutant
clouds eventually reach the sidewall, and the pollutant mixing is gradually completed
over the cross-section of river channels. The distance to the completion of the
intermediate field could be calculated if the transverse dispersion coefficient is

known.

uw?

L., =0.134 (2.3)

The empirical values for transverse dispersion coefficients have been suggested
as 0.15HU"(Fischer et al., 1979). This stage is much longer than the interval of the

near-field. Using the Eq. (2.2) and Eq. (2.3), the ratio of L., to L., can be

represented by following.

13
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As shown in Eq. (2.4), the ratio of L., to L., increased with increasing the

aspect ratio of channel cross-sections. As mentioned above, the natural rivers
generally have a large aspect ratio over 10. Notably, the channelized rivers across
the urban area and the industrial complexes, such as the Han River and Nakdong
River in South Korea, has a significant aspect ratio. For instance, the aspect ratio of

the Han River is approximately 40, so L., 1is 160 times larger than L., (MOLTI,
2008). Moreover, L., isapproximately calculated as 120 km, using Eq. (2.3). This

distance is corresponding to a quarter of the total length. Thus, the depth-averaged
pollutant transport model is needed to predict the pollutant transport for the open

channels of which the aspect ratio is large.

14



2.1.2 2D ADE in the cartesian coordinate system

The advection-diffusion equation has been a general mathematical model to
simulate the mass transport in many physical problems. The transport phenomena in
open channel flow such as riverine, coastal, and lacustrine environments are
generally affected by the turbulent flow with high Reynolds numbers. Its three-
dimensional mathematical expressions in the cartesian coordinate system can be

written as:

ot ox oy oz ox

oc a(uc)+6(vc)+a(wc)_a( ac] a( @}8( ac

SX& 5 Eyay E EZEJ (25)

where u, v and w are Reynolds-averaged velocities; ¢, ¢, and ¢, are turbulent

X
diffusion coefficients in x, ), and z-direction of Cartesian coordinate; c is the solute

concentration of mass transported in the fluid medium.

For practical engineering problems, the depth-averaged two-dimensional models
can be used to reduce the computational efforts and expenses, instead of three-
dimensional models. In the river system, of which channel width is typically larger
than the water depth, the mass of solute matters of interest well mixed vertically
before it gets fully mixed transversely. Thus, the depth-averaged values of pollutant

concentration could be efficient to represent the mixing behaviors in the natural
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rivers. The two-dimensional depth-averaged advection-dispersion equation (2D

ADE) can be derived by integrating Eq. (2.5) from thebed z =Db(x,y) to the surface

z=a(x,y) using Leibnitz’s rule (Rutherford, 1994).

aoC 0 ra O ra
LﬁdH& b(uc)dz +5L (vc)dz

0 ra_ 0C 0 ra 0OC da oOa
=— gx—dz+—j &, —dz+|clu—+v—-w
ox v " ox oy 7’ oy ox oy .
ob ob oc oa oc oa oc
—lclu—+v——wW|| —| g, ——+¢6,———¢,—
oX 0O . oxox Yoyoy oz ),

(@a_b ac db acJ
b

(2.6)

£ e, ———&, —
oxox oyoy 0z

With the assumption that the mass fluxes that are normal to the boundaries are zero

at both the surface and the bed, the following equation can be obtained.

o(hc) _o(hcu) a(hcv)

+
ot oX
2 @.7)
:i[—_|‘hu'(:'dz+hgxg}+i —J.hv'c'dz+hgy§
ox| Yo ox ] oy| ‘° oy

where C is depth-averaged concentration; 4 is local depth of flow; U and V are depth-

averaged velocity along x and y directions, respectively; u' and v' denote vertical
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deviations of point velocity from depth-averaged velocity U and V, respectively; and
c' is deviation of local concentration from depth-averaged concentration C. The
integral terms of the product of velocity and concentration deviations in Eq. (2.7) are
expressed in the form of a dispersion term by Taylor’s assumption; Fischer (1979)
proposed a theoretical model of 2D shear dispersion in tensor forms that are applied
to skewed shear flows in two directions. These terms are modeled using the

concentration gradients based on the Fickian-type approach.

Lh(u.c.)dz:_h[%g_;Dx%] (.50
L"(V-C-)dz:—h(Dwi—i+ Dw%j (2.8b)

where D, ny, Dyx and Dyy are components of the dispersion coefficients in

tensor form. Substituting both Eq. (2.8a) and Eq. (2.8b) to Eq. (2.7), the final form

of 2D ADE in the Cartesian coordinate system is derived as follows.

o(hC) , a(uuc) a(hve)
ot ox oy

=£{h(Dxx+gx)§+th §}+i hDX@+h(D +e )@
OX OX Yox | eyl oy oY oy

2.9)
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The first term in Eq. (2.9) describes the time rate of change of mass. The second
and third terms on the left-hand side are the advection terms. The terms in the right-
hand side express the dispersion terms, and these terms represent the spreading of
mass due to the turbulent diffusion and shear dispersion. The advection-dispersion

process in the depth-averaged field is schematically expressed in Fig. 2.2.

As described above, The dispersion coefficients in Eq. (2.9) appear due to the
vertical deviation of advective fluxes in the depth-integration process. Fischer (1979)
derived the mathematical expression for dispersion tensors in skewed shear flow. In
the three-dimensional transport equation, as expressed in Eq. (2.5), the Reynolds
averaged vertical velocity components are negligible because the magnitude of
vertical velocities is much smaller than the horizontal velocity components.
Converting the Eq. (2.5) into the Lagrangian coordinate system and applying the
order of magnitude analysis, the deviation of concentration from the depth-averaged

value is found as:

jo . f (u —+V —szdz (2.10)

By substituting the Eq. (2.10) into Eq. (2.8), the dispersion coefficients in tensor

forms can be expressed as Eq. (2.11).
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Figure 2.2 Conceptual diagram of the mass transport in shear flow (adapted from Park, 2017)
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D, = —%Ioh u jozg—lzj: u'dzdzdz (2.11a)

D, :—%Iohu'j:gij:v'dzdzdz (2.11b)
D, =—%'|‘Ohv'j:gij‘ozu'dzdzdz (2.11¢)
D, :—%johv'j:g—lzj:v'dzdzdz 2.11d)

The dispersion coefficients induced by velocity deviation in the shear flow can be
theoretically calculated using Eq. (2.11). Although the Eq. (2.11) can provide
physically derived dispersion coefficients, this calculation requires the detailed
three-dimensional velocity components, as well as vertical turbulent diffusivity from

the laboratory or the field tests.

In the straight channel where the main flow direction is aligned with the x-axis,

the dispersion coefficients, D,, and D, inthe Eq. (2.9) can be removed, and the

Xy

equation can be simplified with replacing D, and D, to D  and D, ,

respectively, as shown in follows.

a(hc) o(uuc) a(hvc)_a(hD acj a( oC

n + =—|hD, —= |+= hDT—j (2.12)
ot OX oy OX ox ) oy oy
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where D, isthe longitudinal dispersion coefficient; D is the transverse dispersion

coefficient.
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2.1.3 2D ADE in the natural coordinate system

In the natural rivers with channel meanders and irregular boundaries, the main
flow direction continuously varies so longitudinal and transverse directions with
respect to the flow direction do not always coincide with the x, y-axis of the Cartesian
coordinate system. In this case, the dispersion coefficients have to be considered as
the tensor form in Eq. (2.9). These make the analysis of mixing behavior complicated
in the natural rivers. Instead of adopting the Cartesian coordinate system, the
orthogonal curvilinear coordinate system, in which the principal axes are aligned
with the main flow direction and its perpendicular direction, is more suitable to
analyze the mixing process in natural streams. Chang (1971) and Fukuoka and Sayre
(1977) derived the continuity equation and the mass transport equation in the

orthogonal curvilinear coordinate system.

oh o d
mm —+—(m hU)+—(mhV)=0 2.13
oM+ 55 (MU ) +=-(m,hV) (2.13)
d d d
—(hC)+—=(m,huUC)+—(m hvC
M,y 2 (1) + 55 (MAUC) = 2 (m,AVC) 2.14)
=£[ﬂ Dﬁ]g(gm @]
os (. m, os ) on{m, on

where s and 7 are the longitudinal and transverse curvilinear distance; m, and m,

are metric coefficients. The system is composed of three mutually orthogonal sets of
22



coordinate surfaces, which are called longitudinal, transverse, horizontal coordinate

surfaces, as shown in Fig. 2.3.

The metric coefficients m, and m, are the scale factors to correct the

S
differences between distances along the primary axis and those measured along the

respective axes (Yotsukura, 1977) illustrated in Fig. 2.3. m, and m, are defined

as follows.
A
m, = —LS (2.15a)
AS
A
m, = —L“ (2.15b)
An

where AL, and AL, are the distance for a given increment in both longitudinal

and transverse axis, respectively. When the longitudinal distances increase with As
in the longitudinal axis, the corresponding distances can differ transversely due to
the channel curvatures. The transverse distances are similarly varied by the velocity
distribution. Thus, the metric coefficients are the function of s and n. and these are
determined by hydraulic conditions, mainly, depth-averaged velocity vectors. Holly
(1985) reported that the metric coefficients were typically ranged from 0.8 to 1.2. If
the channel is the straight channel, the metric coefficients are equal to 1. In this case,

the Eq. (2.14) becomes identical to Eq. (2.5) expressed in the Cartesian coordinates.
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The merit of the 2D ADE in the orthogonal curvilinear coordinate system is that
the dispersion process can be expressed by the longitudinal and transverse direction,
instead of the tensor forms. And the irregular shape of the domain can be transformed
into the rectangular domain. This point is beneficial to implement the numerical
models. In both numerical discretization and derivation of the analytical solution, the
wall boundary condition is usually treated as the zero-flux normal to the
impermeable boundaries. In meandering channel or width-varied channel, the
normal direction to boundaries involves the derivative in both x and y-direction in
the Cartesian coordinates. The use of Eq. (2.15) makes the implementation of

numerical models for 2D ADE easier.
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2.2 Determination of the dispersion coefficient from tracer test data

2.2.1 Experimental methods for conventional tracer tests

The tracer tests have been conducted to analyze the mixing behaviors in the natural
stream. In this experimental test, the detectable chemical materials are artificially
injected into the flow, and the temporal concentration profiles are measured in the
several cross-sections. In many previous studies, the tracer materials such as the
fluorescent dye, salt solutions, radioisotopes, and sulfur hexafluoride have been
generally chosen due to its high detectability. Since the 1960s, the Rhodamine WT,
which is a kind of fluorescent dye, has been widely used as a tracer for mixing study
in rivers and groundwaters because it is mostly conservative and easily detectable
with low background concentration (Mukherjee et al., 2005; Rowinski et al., 2007,
Sun et al., 2001). It has also been known that the Rhodamine WT is relatively safe
regarding the impact on the aquatic environment compared to the other chemical
tracers. The influence of fluorescent dyes on small aquatic organisms in rivers was

well documented by Rowinski and Chzanowski (2001).

The concentration of Rhodamine WT can be measured using its optical
characteristics. When Rhodamine WT is irradiated with light of a particular
wavelength (approximately 540 nm), it emits light of a longer wavelength
(approximately 590 nm). It has been well known that the fluorescence intensity of
Rhodamine WT is proportional to its concentration in the ranges below 200 ppb

approximately. Using these characteristics, the most commercial fluorometers to
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measure the concentration of Rhodamine WT use a light-emitting diode (LED) as
the source of the irradiating light that has a peak wavelength of approximately 540
nm, and receive the emitted light intensities that has a peak wavelength of

approximately 590 nm by the photodiodes through the optical filters.

The experimental procedures of 2D tracer tests using Rhodamine WT are
categorized as follows: (1) installation of taglines and probe sensors for
concentration measurements at the measurement sections; (2) measurement of
hydraulic data; (3) injection of tracer material as summarized in Fig. 2.1. In step (1),
the first cross-section must be installed in the downstream where the complete
vertical mixing is achieved to observe the 2D mixing behaviors. The distance from
the injection point to the first measuring section can be estimated using the Eq. (2.16)

(Fischer et al., 1979).

UH?

L., =0.3 (2.16)

where L., is a distance of complete vertical mixing; U is the cross-sectional
averaged velocity; H is the mean water depth; &, is the vertical turbulent

mixing coefficient. At the measuring sections, the available number of fluorometer
probes are laterally installed in uniform intervals, so that lateral variation of

concentration can be measured. In step (2), the hydraulic data such as velocity
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distributions, discharge of flow and water depth are measured using the Acoustic
Doppler Current Profiler (ADCP), or Acoustic Doppler Velocimetry (ADV) at each
measuring section. In Step (3), the injection volume of tracer should be determined
considering the measurable ranges of fluorometers used. The tracer is typically
injected into the center of the stream section, Kilpatrick (1970) suggested the dosage

formula shown in Eq. (2.17).

0.93
V, =2.0x10"° [%j C, (2.17)
U

where V, is the volume of stock Rhodamine WT 20% dye in liters; Q, is the
maximum stream discharge at the downstream site; L is the distance to the

downstream measuring section; Cp is the peak concentration at the downstream

measuring section.
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2.2.2 The routing procedure for 1D mixing models.

Fischer (1968) first developed the routing procedure for the 1D mixing model (1D
RP), which can predict the concentration-time curves at the downstream section, using
the concentration-time curves measured at upstream in order to calculate the dispersion
coefficients from data of tracer tests. The concept of routing procedure has been used

initially to predict flood waves in a hydraulic field (Baek and Seo, 2010).

In terms of the cross-sectionally averaged concentration fields, Fischer (1968)
derived the analytical solution to 1D ADE for arbitrarily distributed concentration at

the initial time (t,), as expressed in Eq. (2.18).

(& tl) {x—f-f—U(tz—to)}z

%) L"AJ4K t, - 4K (t, -t,)

C(x

e (2.18)

where C(X,t,) is the concentration distribution when t=t,; C(&,t,) is the value

of concentration measured at the specific location (X=¢&) when t=t;; U isthe

mean velocity of the centroidal mass of pollutant clouds; A is the mean cross-
sectional area; K is the longitudinal dispersion coefficient. The Eq. (2.18)
describes the superposition of concentration distribution by prediction of mass

transport on the individual mass slug composing the pollutant clouds at the time t,,

illustrated in Fig. 2.4.
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In conventional tracer tests, tracer concentrations are usually obtained as the time-
series data from sensor probes installed at limited fixed points in river cross-sections.
It is very challenging to observe the spatial distributions of tracer clouds over the
experimental reaches under the use of the in-situ measurements. Because of this
limitation, The spatial concentration distributions at both t, and t, in Eq. (2.18)
were estimated by the frozen cloud approximation, in which no dispersion takes place
while the cloud passes the measuring probes (Fischer et al., 1979). By this assumption,
the temporal concentration profiles at the locations of the upstream measuring section,

X, and downstream measuring section, X, can be transformed to spatial

distributions at the time to centroidal mass arrival, t and E , as illustrated in Fig.

2.5. From the temporal concentration data obtained at X, , the spatial concentration

distribution at the time E can be estimated by Eq. (2.19).

C(X,,t)=C(x,) (2.19)

in which,

x=X, +U(t, —t) (2.20)
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where X, is the location of measuring probe in the longitudinal direction; t is the

time taken after injection; t_2 is the mean time of passage past a probe located at the
longitudinal station X, . The mean velocity of the centroidal mass of pollutant clouds

can be obtained as follows.

2.21)

Similarly to Eqg. (2.20), the concentration, c(g,t_l), at an arbitrary location, £, can

correspond with the concentration value at an arbitrary time ¢ of temporal profile

observed at measuring location, X, .

E=X,+U(f-7) (2.22)

|

dé=Udr (2.23)

By substituting the equations from Eqg. (2.19) to Eq. (2.23) into Eq. (2.18), the equation

for the routing procedure can be finally expressed in the temporal domain.
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T (2.24)

For satisfying the FCA in the transformation of temporal distribution to spatial
distribution, the shape of the pollutant cloud has not to change during the time taken
to pass the observation point. However, it cannot be physically achieved in the open
channel flows because most conditions of river flow are shear flow induced by the
bottom friction as well as irregularities of channels. Fischer (1966) stated that the
conversion from temporal concentration profile to spatial distribution is only an
approximate procedure. Besides, Singh and Beck (2003) mentioned that the frozen
cloud approximation introduced errors in the estimate of the dispersion coefficients.
Despite that, the quantitative analysis of the errors introduced by the frozen cloud
approximation has not been investigated in the previous studies. Moreover, most of
the calculation methods to estimate the dispersion coefficients were based on this
assumption. Thus, in order to calculate the dispersion coefficients accurately, the
limitations of frozen cloud approximation in open channel flows should be rigorously

analyzed.
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2.2.3 Routing procedure for 2D dispersion coefficients

Methods for calculation of the dispersion coefficients in the 2D ADE have been
proposed by several studies (Seo et al.,2006; Baek et al., 2006; Back and Seo, 2010).
When concentration data, which is obtained by tracer tests, are available, the
dispersion coefficients can be calculated by using both moment methods and routing
methods. In case of the moment methods, even though the moment-based methods
were suggested by many researchers including Sayre and Chang (1968), Holley et
al. (1972), Krishnappan and Lau (1977), and Beltaos (1980), these models mainly

focused on the transverse dispersion coefficients, D, , in the steady-state

concentration conditions.

To overcome these disadvantages, the routing procedure-based method for 2D
dispersion coefficients have been developed, listed in Table. 2.1. First, the 2D routing
procedure (2D RP) was developed by Bacek et al. (2006) for the calculation of both

D, and D, of2D ADE for transient conditions. The equation of the 2D RP can be

derived from the analytical solution of the two-dimensional diffusion, extending the
1D RP suggested by Fischer (1968). In the derivation procedure for 2D RP, the 2D

spatial routing equation was first derived, as shown in Eq. (2.25)
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(2.25)

where C((,‘,t//,tl) is the observed concentration as a function of longitudinal

distance and transverse distance at the time ¢t ; C(X, y,tz) is predicted

concentration as a function of longitudinal distance and transverse distance at a time

t,; ¢ is dummy longitudinal distance variable of integration; and y is dummy

transverse distance variable of integration. In order to apply Eq. (2.25) for calculation
of dispersion coefficients, the spatial tracer distributions at a certain time have to be
obtained. Because acquiring the spatial concentration distribution is usually limited
in conventional tracer tests, Baek et al. (2006) converted the Eq. (2.25) into the
routing equation for the temporal concentration profiles under the frozen cloud

approximation as follows.

e ClupnU
C (%, y’t)_jo L” 47r(€—t_1)m

_ (2.26)
exp —Uz(tz_ti__tjr)z exp SN CANS &/ drdy
4D, (t,-t,) 4D, (4, -t,)
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where C(Xl,l//,z') is the observed concentration as a function of time and

transverse distance at an upstream site, and C(XZ, y,t) is predicted concentration

as a function of time and transverse distance at a downstream site, and 7 is dummy
time variable of integration. Through the Eq. (2.26), the concentration profile at a
downstream can be calculated, and then by matching between the calculated
concentration and the observed concentration, the dispersion coefficients can be
evaluated iteratively. When the dispersion coefficients with the lowest error are
found, the values are regarded as the observed dispersion coefficients. The routing
procedure is one of the inverse methods which calculates the model parameters
inversely by matching solutions to the measured data. 2D RP does not consider the
non-uniformities of the channel width and channel meandering. In order to improve
the applicability of the routing procedure to natural streams, Seo et al. (2006)
developed a routing procedure, called as the stream-tube routing procedure (STRP),

combined with the stream-tube concept.

L@)Z)}ja) (2.27)

ot Skwe)
$(%,.17) fwm p( 4B (%, — %

where S(Xz,n) is the predicted dosage profile as a function of the normalized

cumulative discharge at x,; 7 is the normalized cumulative discharge; S (Xl,a))

is the measured dosage profile as a function of the normalized cumulative discharge
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at x, ; @ is the normalized dummy variable of integration; B. is the bulk

dispersion coefficient given by

D, (2.28)

where W is the normalized shape factor defined by Beltaos (1980); H is the
mean depth; Q is the total discharge. Although STRP can account for the
irregularities of a stream channel, it is disadvantaged by an inability to obtain the

longitudinal dispersion coefficient, D, , due to the conversion of concentration into

a dosage.

Baek and Seo (2010) developed the two-dimensional stream-tube routing
procedure (2D STRP) to improve the limitations of STRP further. Likewise, the
derivation of 1D RP and 2D RP, the spatial routing equation in stream-tube

coordinates, was preferentially derived as Eq. (2.29).

P Claen) (x—¢)
C(Xyﬂatz)_,[o.[-w4”(t2 _H)m'exp{_MJ

(n-w)
exp[—m%fdw

(2.29)
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where S, is the stream-tube dispersion coefficients. The transverse dispersion

coefficient, D, , can be calculated from S, following Beltaos (1980).

S, =UB, (2.30)

Due to the difficulty of acquisition of spatial concentration distribution in the
conventional tracer tests, Eq. (2.29) was transformed into the temporal routing

equation under the FCA.

Cape Clpenu _UZ(E—t_l—t+T)2
C(xzyﬂit)—joj_wm(tz_tl)\/ﬁ P 4DL(t_2—t_1)
2.31)
-exp _M drdw
48, (t, -,

The merit of using this method is that both D, and D, can be obtained

simultaneously from data of tracer tests. Moreover, by adopting the stream-tube
concept, irregularities of the channel can be reflected, and the pattern of the stream-
wise variation of the dispersion coefficient can be revealed because they are

calculated at each section along the river.

38



Table 2.1 shows the observation methods based on the concept of a routing
procedure. 2D STRP is the most advanced version of the routing procedure
developed through several improvements of applicability to the natural stream. 2D
STRP has often been applied to calculate 2D dispersion coefficients in a natural
stream, as well as the experimental channels in laboratories (Seo et al., 2016; Baek
and Seo, 2016; Choi, 2017; Shin, 2018). Although The 2D STRP has been the only
way to calculate the Ilongitudinal and transverse dispersion coefficients
simultaneously for transient pollutant clouds, some studies have reported limitations
of 2D STRP. Choi (2017) showed that 2D STRP could provide inaccurate dispersion
coefficients after the tracer cloud reaches sidewall boundaries. To adjust the
dispersion coefficients, which were calculated after the wall reflection, He suggested
the quadratic polynomial function for the correction coefficients. Moreover, Shin
(2018) reported that the applications of 2D STRP to the tracer test data in meandering
channels resulted in the overestimated values of the dispersion coefficients both
longitudinally and transversely compared to theoretically derived values. Thus, the
more detailed evaluation of the performance of 2D STRP is required to improve its

limitations.
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Table 2.1 Summary of routing procedures for dispersion coefficients

1D RP 2D RP STRP 2D STRP
Equation Eq. (2.24) Eq. (2.26) Eq. (2.27) Eq. (2.31)
Dimensions 1D 2D 2D 2D
Consider longitudinal dispersion O @)
Consider transverse dispersion X
Consider river irregularities X X
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2.3 Remote sensing techniques for water environments

In remote sensing of the hydrological environments, the spectral signals of light
intensities have been analyzed to retrieve meaningful information such as water
depth, water qualities, and the type of bed materials from image data. Light
intensities are recorded as pixel intensities on images according to the amount of
photons reaching the sensors of optical devices. The primary source of photons
reaching sensors is usually solar radiation in the natural environments, and photons
reaching the optic sensors are conceptually accounted for through four primary
sources, as expressed in Fig. 2.6 and Eq. (2.32) (Legleiter et al., 2004; Bukata et al.,

2018):

L(2)=L(2)+ L (AL (A)+L,(4) e3)

where L,(4) is the total radiance reaching the sensor, L,(4) is the radiance
reflected from the river bed, L, (1) is the back-scattered radiance from the water
bodies, L,(4) is the radiance reflected from the interface between the atmosphere

and the water, LP(/l) is the path radiance through the atmosphere, and 1 denotes

the wavelength of the light.
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Figure 2.6 The path covered by light from the sun through the water body to
the remote sensing sensor (adapted from Laanen, 2007)
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The second term in Eq. (2.32), L_, is the principal component which is related to

water quality parameters (WQPs) like the concentration of the dissolved matter,
suspended sediments, and chlorophyll-a, and is a direct consequence of the inherent
optical properties (IOPs) such as absorption and back-scattering (Legleiter and
Fonstad, 2012; Bukata et al.,2018). The 10Ps represent the optical characteristics of
water bodies which are dominated by the concentration of dissolved and suspended
matters in the water medium. If the relationship between the IOPs and concentrations

of specific matters are known, the WQPs of interest can be retrieved from remotely

sensed L. In optically deep water such as in oceanic and lacustrine environments,

L. can be directly observed from spectral images with atmospheric and surface

reflection correction algorithm because the effect of L, is negligible. However, in

optically shallow water such as in coastal and riverine environments, the extraction

of L, from L, ischallenging due to the optical complexities caused by the strong

signal of L, . In some studies, L, has been successfully extracted from a remotely

sensed signal using inversion techniques (Lee et al., 1999; Louchard et al., 2003;
Mobley et al., 2005), but these techniques are mainly designed for multi- and

hyperspectral image data (Cannizzaro and Carder, 2006).

In both multi- and hyper-spectral images, the continuous spectral signals of
radiance, ranged from 350 to 2500 nm approximately, are recorded as digital

numbers in each spectral band. The difference between multi- and hyperspectral
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images is the number of bands to record the radiance with respect to the wavelength.
The hyperspectral sensors in the most satellite platforms include more than 100
bands with narrow spectral bandwidth, but the multi-spectral sensors record the
radiance in a fairly limited number (approximately ten bands) of discrete spectral
bands (Transon et al., 2018). Although the water quality parameters (WQPs) in open
channel flows can be detected by remote sensing techniques using hyper- or multi-
spectral images, the acquisition of these images in both spatially and temporally high
resolution is not widely available and is usually expensive (Winterbottom and
Gilvear, 1997; Gholizadeh et al., 2016). In the river and open channel flows, to
investigate the mixing of pollutants transported by fast-moving water, the
concentration distributions in spatially and temporally high resolution are required

to obtain the rate of change of concentration with respect to space and time.

The use of an RGB-based digital camera mounted on a UAV can acquire spatially
and temporally high-resolution video images at a low cost. In the RGB-based digital
camera, the visible light reaching optic sensors such as complementary metal-oxide
semiconductors (CMOS) or charge-coupled device (CCD) recorded in three spectral
bands called as R-, G- and B-band. Typical digital cameras record the light intensity
as the digital number (DN) which are the integer numbers ranging between 0 to 255.
The basal and maximum values of DN are relative, depending on the exposure setting
of the camera. Some studies have carried out mapping of bathymetry in the natural
river using RGB images applying the regression and semi-empirical approaches

rather than using the physical-based approach (Winterbottom and Gilvear, 1997,
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Jordan and Fonstad, 2005; Fonstad and Marcus, 2005; Carbonneau et al., 2006;
Flener et al., 2012). However, the use of the RGB image for observing WQP in

riverine environments has yet to be sufficiently studied.
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3. Implementation of a numerical tool for 2D ADE

3.1 Outline of the numerical tool

The numerical model was implemented in order to evaluate the frozen cloud
approximation in various hydraulic conditions. The governing equations are 2D
ADE in the natural coordinate systems, as expressed in the Eq. (2.13) and Eq. (2.14).
The governing equations are discretized using the Finite Volume Method (FVM) to
ensure mass conservation. FVM is based on the gauss’s divergence theorem, so the
integral form of governing equations is used for discretization. The solution domain
is subdivided into a finite number of small control volumes (Ferziger and Peric,
2002). The numerical solution can be obtained as the cell-averaged values of control

volume at the centroid of control volumes.

In the numerical calculation for pollutant transport, the velocity components in the
natural coordinate system are required as the known values for advection terms. The
velocity information could be obtained by the hydrodynamics models as well as the
measured data in the field tests. When the computational grid for s-axis in the natural
coordinate system is parallel to flow direction, the velocity components, V, in
advection terms are negligible by the continuity equation described in Eq. (2.13). So,
the advection fluxes can be considered as the uni-directional flux. The numerical
model which was implemented in this study, however, incorporated both U and V'in

advection terms for general purposes.
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3.2 Discretization of governing equation

As described in previous chapters, the governing equation of 2D ADE with source

term (1) in the natural coordinate system can be written as:

0 0
—(m hUC )+ —(m_hVC
0s (m, )+ on (mhvC)

(3.1
_ O Mpp X1, 2 ShD@ +2
os | m, 0s ) on on

0
—(hC
m”at( )+

In order to discretize the governing equation described as a partial differential

equation, Eq. (3.1) is integrated over the finite control volume.

—j m,m, (hC) dV+j (m,huC) dV+j (m,hvC)dv

kil o o (3-2)
= —h dv + j —h D, — |dV +[_ Adv
o gs m, o o an on

where ICV () dV is the volume integral operator. Applying the Gauss’s divergence

theorem to the convection terms and dispersion terms in Eq (3.2), the volume integral
over the control volumes is replaced with the surface integral over the boundary

47



surface of the control volume.

0
[, mm, S (nC)av + [ (m,hUC)-ndS + [ (m,hVC)-nds

- (3.3)
- [ —hD ——J nds + | ( — hD; ETJ ndS + AV,
n

where L (')dS is the surface integral operator; nis the vector normal to surface

element around the control volume; A is the averaged value of the source within

the control volume. The physical meaning of Eq. (3.3) is that the sum of the flux
components through the surface of the control volume is identical to the net rate of
the total amount of solute mass in the control volume (Versteeg and Malalasekera,

2007).

Integration of convection and dispersion terms in Eq. (3.3) over the finite

calculation gird gives:
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+[(m,hUC), An—(m,hUC), An]
+[(mhvC), As—(mhVC), As |

| Mo, | an—| Mhp, L1 an (3.4)
m, OX ). m, ox ),

(Reho 2] o e, 2] As}
m, n m, on

+AAV,,

where T, is the volume integration for time derivative term in Eq. (3.4); e, w, n,

and s denote the surfaces of control volume for calculation node P. The node P
denotes the computational node to be solved. The surfaces are positioned mid-points
between adjacent nodes. The calculation grid around the calculation node P is

described in Fig. 3.1.

The solution resolved by FVM assigned at each nodal point, which is generally
located at the center of control volumes. The mass fluxes (convective and dispersive
fluxes) and gradient values of properties at surfaces are required in order to calculate
properties in nodal points. When the dispersion coefficients and essential hydraulic
data such as velocity and water depth fields are available, the required values at
surfaces can be calculated using the interpolation schemes derived by Taylor

expansion.
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3.2.1 Interpolation schemes for advection term

The order of convective flux is typically more significant than that of dispersive
flux in the natural river. When the flow condition is steady-state, the longitudinal
coordinate surfaces in the natural coordinate system follow streamline (Yotsukura,
1976; Rutherford, 1994). In this case, the convective fluxes are dominated by the
longitudinal velocity components (U). The properties at a certain point are mainly
influenced by longitudinal convective fluxes of the upstream side. Thus, it is very
important to consider the directionality of convective flux and the magnitude of the

Péclet number.

As explained above, the Péclet number in the natural stream is typically high, so
mass transport is dominated by convection effect. In such a case, upwind
differencing schemes, which is the upstream-weighted scheme, can effectively

discretize the transport equations.

(1) First-order upwind scheme

First-order upwind scheme (UDS) is the simplest approximation to interpolate the
surface values. If the convective flux is positive in a certain control volume, the

properties at the surfaces surrounding node P are approximated as:

b =& (3.5a)
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b = (3.5b)
&, =& (3.5¢)

P = s (3.5d)

where ¢ indicates any property transported, such as concentration in this study.

This scheme never yields oscillatory solutions, but it achieves this by being
numerically diffusive with the first-order accuracy in terms of Taylor series
expansion. Thus, this scheme requires an extremely fine computational grid (Lien

and Leschziner, 1994).

(2) Quadratic upstream interpolation for convective kinetics (QUICK)

Quadratic upstream interpolation for convective kinetics (Leonard, 1979), also
called QUICK, employs the values at three nodal points neighboring the node P to
evaluate the surface values. The surface values of the control volume are interpolated
using the parabola, rather than straight lines. The parabola is constructed using the
two nodal points at upstream and one nodal point a downstream. If the convective

flux is positive as for UDS, the QUICK gives:

6 3 1
&, —§¢p +§¢E +§¢N (3.6a)
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6 3 1

¢w_§¢/\/+§¢|ﬁ+§¢(/vw (3'6b)
6 3 1

b, —§¢p +§¢N +§¢s (3.6¢)

6 3 1
¢s _§¢S +§¢P +§¢SS (36d)

The QUICK scheme has a third-order truncation error in terms of the Taylor series.
However, the overall approximation is second-order accuracy when midpoint-rule is
used to approximate the surface integral in FVM. This scheme provides higher
accuracy of the numerical solution so that the use of QUICK for convection term
significantly reduces numerical diffusion compared to UDS, given the same size of
the computational grid. Nevertheless, the QUICK scheme can yield unphysically
oscillatory solutions when the gradient of the concentration is significant, which

could lead to negative concentration.

(3) Total Variance Diminishing scheme (TVD)

The upstream-weighted schemes, of which the accuracy is higher than second
order, inherently suffer from the unboundedness problem when subject to the steep
gradients or discontinuity in the solution. The higher-order upwind schemes can be

generalized by the flux-limiter function, as shown in Eq. (3.7).
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%:%+%WUX%—%) (3.7a)

m=m+%wUX%—m) (3.7b)
=+ 59 (1)~ ) (.79
¢, =¢s +%V/(r)(¢P _¢s) (3.7d)

where y is the flux-limiter function; ris the gradient ratio between surfaces of

upstream and downstream, and also called a smoothness parameter. For example, the

value of the gradient ratio, r, at the surface e is defined as:

Po — (3.8)

The convectional discretization schemes can be generalized by Eq. (3.7) with the
appropriate flux-limiter function. Eq. (3.7) becomes identical to the first-order
upwind scheme, the central differencing scheme, and the second-order upwind

scheme when the flux-limiter function is set to 0, 1, and 2, respectively.

Harten (1983) proposed the concept of Total variation diminishing (TVD) in order

to measure the oscillatory character of the solution (Zhang et al., 2015). The total
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variation (TV) is defined as:

V(#)=2 (¢4 -4 (3.9)

Harten (1983) stated that monotonicity of numerical solution must be preserved
to avoid the spurious oscillation, and monotonicity preserving can be achieved if the

following conditions are maintained over the time or iteration step.

1) No new local extrema are created within the spatial solution domain.

2) The value of a local minimum is nondecreasing, and the value of a local

maximum is nonincreasing.

Harten (1983) also showed that the above conditions were satisfied when total

variation (TV) was nonincreasing over time.

TV () <TV (4') (3.10)

The discretization schemes, of which numerical solutions are satisfied with Eq.
(3.10), are called the TVD scheme. Sweby (1984) found the constraint conditions of
flux-limiter, which provide the second-order accuracy with unconditionally bounded

solution based on the concept of TVD.
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Figure 3.2 Sweby diagram, flux-limiter region for second-order TVD schemes
(adapted from Sweby, 1984)
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w(r)=min(2r,2), r>0 (3.11)

Fig.3.2 shows the Sewby diagram (or TVD diagram), which represents Eq. (3.11).
The shaded region indicates the region of flux-limiter function which provides the
second-order scheme with oscillation-free. This diagram implies that the
interpolation schemes, of which the flux-limiter function is linear, cannot achieve
unconditional oscillation-free. Thus, the flux-limiter functions have to be the

nonlinear function to exist in the TVD region in Fig. 3.2.

Based on Sweby’s diagram, a variety of second-order TVD schemes have been
suggested. Some selected TVD schemes, which are widely employed for numerical
modeling of convection-dominated transport, are summarized in Table 3.1 and Fig.
3.3. In this study, the flux-limiter functions in Table 3.1 are implemented to

approximate the surface values in Eq. (3.4)
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Table 3.1 Summary of the second-order TVD schemes

r+|r
Van Leer J Van Leer
1+r
(1974)
r+r?
Van Albada 1+ Van Albada et
T al. (1982)
max| 0,min(2r,1),min(r,2
SUPERBEE [ ( ) ( ):I Roe (1985)
Sweby max| 0,min( Ar,1),min(r
[ min{ Br.),min( ’ﬁ)] Sweby (1984)
(p=15)
UMIST max[O,min(Zr,(1+3r)/4,(3+r)/4,2)] Lien and
Leschziner
(1993)

58



2-5 I T I I I T I
5 | Van Leer
= = =Van Albada
------- SUPERBEE
''''' Sweby
1'5 B — UN'IS’]‘ ',' —'- e -
’,o -
‘I
s i e i T T
o’ =
1 = ¥ - i
.I
s
o’:j,’
&
0.5 ¢ _
r," '
VL4
oA 4
’
0 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 35 4

Figure 3.3 The second-order Flux-limiter functions on TVD diagram
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3.2.2 Interpolation schemes for dispersion term

The first and second terms in the left-hand side of Eq. (3.4) represent the
dispersive flux passing through the surfaces of the control volume. These terms
involve the spatial gradient of concentration at the surface of the control volume. It
is common practice to discretize the dispersion terms using the central differencing
scheme (CDS) (Ferziger and Peric, 2002). By applying the CDS, the gradient values
at the surface are obtained by the linear approximation with the values at neighbor
nodes. The truncation error of CDS is second-order in terms of Taylor series. The

gradient values of Eq. (3.4) can be approximated as:

(@j _Ce -G G -G (3.12a)

S ), S.—Sp As

@j _Ce -G G -Gy (3.12b)
S ), So—S, As

@j _G =G G =G (3.12¢)
n), ng-n, An

@j _G -G GGy (3.12d)
on ) ng—ng An ’

Substituting Eq. (3.12) into Eq. (3.4) yields:
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+[(m,huC), An—(m,hUC), An |

+%(mshVC)n As—(mhVC), As |

:H ShDLl(CEA—;CPjAn—(E—:hDLJW(CPA_SCWjAn} (3.13)
L5 (o) (5520

Z

+AAV,,

3|3

Eq. (3.13) can be rearranged by introducing the new parameters.

TI
+[(FL)9C9_(FL)WCW:|AH
+[(FT )n C, _(FT )S CS]AS
(3.14)
=[(E),(Cc ~Co)~(E1), (€. ~Cu)]an
+[(ET)n (CN _CP)_(ET )S(CP -Cs )JAS
+AAV,,
where,
FL=m,hU (3.15a)
R =mhv (3.15b)
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g _ M hD.
m, As

_m, hD;
m, An

The physical meaning of F_ and

(3.15¢)

(3.15d)

F, are the flow discharge passing through

control volume, and both E, and E; are dispersion conductance at each surface of

the control volume.
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3.2.3 Discretization for the time derivative

In order to discretize the time derivative term by the concept of FVM, the

discretized equation, Eq. (3.4), need to be integrated over the finite time step.

at (3.16)
+L [(E),(Ce —C,)—(E,), (Co —Cy ) | Andt
t+At
+jt [(Er),(Cy—Cp)-(Er), (Cp —Cs) |Asdt
At —
+[ AV, dt
The temporal integration of the left-hand side term is expressed as:
t+At t+At 6
[ mae=] msmna(hc)pdth (3.17)

By applying the Forward Euler scheme (FE) to the time derivative in Eq. (3.17), it

yields:
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t+At t+At 8
CTde= jcvmsmna(hc)pdvm

N hC t+At_ hC t
= msmn( ), (), dt |dv (3.18)
cv Jt At

=(mm, ) [(hc)," ~(hC), |av

where the superscript t indicates a current time step and t+At is the timestep

after At from the current timestep. FE scheme is an explicit time marching method.

This method predicts the variables at the forward time level using the variables in
the current time level. Thus, the solutions can be explicitly calculated at each node
(Ferziger and Peric, 2002). The solutions by FE have the first-order accuracy in terms

of the Taylor series.

The temporal integration for the terms in the right-hand side gives:

[(F),C ~(F.),C. Janat

[(F),Ct—(F),C. Jasat
[(E0.(66-)-(Eu), - Jans a1
LB (6 -6 (6 -

+2AV,, At

+
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By Combining Eq. (3.18) and Eq. (3.19), and rearranging the discretized equations,

the final form of the discretized equation can be obtained as follows

Cpt+AI cht +

h,AV (Aﬁ)P {_I:(FL )e Cet _(F,_) th]An—[(FT )n Cnt _(FT )S C;]AS
+ (B0, (G -C')=(EL), (Ca' ~Cy') Jan (3.20)
+|:(ET)n Cy' _Cpt)—(ET)S(CPt—CSt) As
+1AV |

In Eq. (3.20), the discharge at surface of control volume (F,_ and F, ), dispersion
conductance (E, and E; ), and water depth (h,) must be known values to calculate

the numerical solution for the depth-averaged concentration. As aforementioned, this
study assumes the flow condition is steady-states, so the above variables are invariant

with respect to time but spatially varied.
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3.2.4 Conditions for numerical stability

The explicit-type temporal discretization does not provide an unconditionally stable
solution. For numerical stability, sufficient conditions have to be guaranteed to
prevent the solution grows unphysically. One can use the von Neumann stability

analysis to find the numerical condition that provides stable solutions.

By rearranging the discretized equation with respect to the nodal points, Eq. (3.20)

can be written as:

C, " =a,Cp' +aC' + 4, C,' + 4 Cy' + 1, Cy' (3.21)

where,

1 UAt 1 DAt
Qg =——VY + 5
m, 2As  mm, (As)

S

(3.22a)

" {1_Z}iUAt+ 1 DAt 399
W 2 ms AS (ms)z (AS)2 ( )

(3.22¢)
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m As  m, As m.Asm, As  m_Anm_ An

1—[1 Y 1Y At + 2 I:)LAt+ 2 DTAtJ
(3.22d)

In von Neumann stability analysis, the boundary condition is assumed as a periodic

boundary condition. The exact solution is assumed as:

C, ,J)t = g'elsghen (3.23)

where & is the amplification factor; i is ~/=1; k, and k, are the arbitrary

wavenumber. Substitution of Eq. (3.23) into Eq. (3.21) yields followings

O_t+1eiklseik2n :apateiklseikzn
+agoteelen g glelils)gien (3.24)
ik, (n+An) ik, (n—An)

+ayc'e™e +a.o'e™e

Dividing both the left and right-hand side of Eq. (3.24) by the right-side of Eq. (3.23)

yields:
67



o=, +(ag +a, )cos(kAx)
+2a;, cos(k,Ay) (3.25)
+(ag — oy, )isin(kAx)

For the bounded numerical solution, the absolute value of the amplification factor,

|o| , must be less than 1. The most restrictive case could appear when both k Ax

and k,Ax are r.Rearranging Eq. (3.25) with k As=k,An=7r leads:

1 UAt 1 2D At 1 2D At
— + > >+ 5 > <1
m. As  (m,)" (as)” (m,)" (4n)

[1-v]

(3.26)

In Eq. (3.26), UAt/As in the first term is the Courant number, and both

D At/ (AS)2 and DAt/ (An)2 are the ratio Courant number to the numerical

Péclet number, also called the Fourier number in heat transfer. When the simulation
condition is pure convection, the stability condition is governed by the CFL number.
However, when both advection and dispersion effect simultaneously affect the
mixing process, the stability condition has to be controlled, considering both the CFL

number and Fourier number. By rearranging Eq. (3.26), the stability condition for
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time step can be derived as:

At < (3.27)
ey 1U_ 1 20 1 2D
M, As - (m,)" (as) (m,)" (an)

It is assumed that the information of velocity and dispersion coefficient is known,

so the calculation time step for bounded solutions depends on the calculation grid

size. The maximum time step could be obtained when  is 2.
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3.2.5 Boundary conditions

The boundary surfaces on the computation grid require special treatments. The
properties on the surfaces around control volumes have to be interpolated by the
numerical scheme, as shown in the previous chapters, but the nodes adjacent to the
boundary of the computation domain do not have the neighbor nodes in a certain
direction. The boundary conditions in this study are treated as follows. The notation
for surface and neighbor nodes is referred to Fig. 3.1, and the location of the

boundary is depicted in Fig. 3.3.

(1) Inlet boundary

The west face of the first node in s-direction is the inlet boundary. The values of
the inlet boundary can be assigned by the specific values (Dirichlet boundary

condition).

(3.28)

inlet

The specific values of concentration could be obtained by concentration

measurement in tracer tests.
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Figure 3.4 The schematic diagram for the computation domain
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The values at the surface for internal nodes are approximated using upwind-weight
schemes (especially TVD schemes). The approximation for the property of the east
surface (e) requires the west-neighbor node () to calculate the smoothness factor.

However, the west-neighbor node (W) is nonexistent for the inlet boundary, so the

values at the west-neighbor node (W) are specified as C in manners of the first

inlet

of the upwind scheme.

This treatment influence on the approximation of the gradient values for

dispersion term, shown in Eq. (3.12b), by replacing the west-neighbor node (W) with

C...x - The gradient values at the inlet boundary are defined as:
(@j — CP _Cinlet — CP _Cinlet (329)
X )y Xo =X, AXx 12
Besides, E, shown in Eq. (3.15c) is re-specified though Eq. (3.29) for the inlet

boundary as follows.

_m, 2hD,

= 3.30
inlet ms AS ( )
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(2) Outlet boundary

In order to treat the properties at the east surface of the nodes adjacent to the
outlet boundary, the Neumann boundary condition, which imposes the specified
values on the derivative of properties at the surface, is applied. Due to the absence

of the east-neighbor node (£) of the nodes, the derivative at the surface is defined by

replacing the east-neighbor node (£) with the property at outlet boundary, C

outlet *

likewise Eq. (3.28). By approximating the derivatives of properties at the outlet
boundary with the zero-gradient, the property at the boundary is assigned as the

property at node P, as shown in Eq. (3.31).

Couiet —C
(@j _Coua=C¢) _, (3.31a)
as outlet AX / 2
Coutlet = CP (33 1b)

Therefore, the accuracy at the boundary becomes the first-order accuracy in terms of

the Taylor series.

(3) Wall boundary

The wall boundaries are the bank of the channel in the river. These boundaries are

assumed as the impermeable wall in the calculations. Thus, both advective and
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dispersive fluxes are imposed as zero. The transverse velocities are previously

neglected by the concept of stream-tube. The dispersive fluxes across the wall

boundaries are set to zero.

on

(5] 1555
(@j _ 2(C, -Cy) o

- AX

(3.32a)

(3.32b)
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3.2.6 Initial conditions

The initial condition of the numerical model developed in this study can be
classified into the instantaneous and continuous injection of the pollutant mass for
the general purpose of pollutant transport modeling. For the case of the instantaneous
injection, the location of the injection point at the initial time has to be specified. The
ambient concentration was set to zero if the initial concentration distribution is not
given. As aforementioned, the numerical solutions were specified in the centroid of
each control volume. Thus, the initial values were also specified as the averaged
values in the control volume, so the injected must be input considering the size of
the control volume at the injection point. Although the developed numerical models
adopted the TVD schemes to minimize the effect of the high gradient of
concentration values in the computational domain, the suddenly injected mass at the
initial time caused the numerical errors in the solution domain because of
discontinuity of concentration values in the surrounding injection point. In order to
relax the discontinuity of concentration, the mass to be injected was distributed as a

quadrangular pyramid-shaped-distribution centered at the injection point.

For the continuous injection, the treatments of mass injection depend on the
location of the injection point. If the injection point coincides with the boundary of
the domain, the boundary condition at the specific surface of the boundary can be
considered as the Dirichlet condition to give the specific concentration values. If the
injection of mass is required in the internal field, the injected mass is specified in the

source term, shown in Eq. (3.20).
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3.3 Evaluation of numerical model

The implemented numerical model was validated comparing with the analytical

solution for the depth-averaged 2D ADE shown in Eq. (3.33)

C(s,n,t)

(S_Ut)zlmf |o—(n+(2m_1)vzvjz (333)

= exp| — ex
47t\D, D, ( 4Dt o 4D:t

where M is the mass introduced. As shown in Fig. 3.5, the results of the analytical

solution over time are inserted into the inlet boundary. Then, the numerical solutions
at the outlet boundary were compared to the analytical solution at the corresponding

location.

In order to calculate both numerical and analytical solutions, the non-dimensional

variables were introduced as follows (Rutherford, 1994).
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Figure 3.5 The Procedure of validation of the numerical model
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« S sD;

T (3.34a)
n = vlv (3.34b)
¢ :%:ﬁ (3.34¢)
c :ci =% (3.34d)

where s~ is the nondimensional longitudinal distance; n” is the nondimensional

transverse distance; t is the nondimensional time; C is the nondimensional

concentration; C_ is the fully mixed concentration; L and t are the

m n n

longitudinal distance and time when the transverse mixing is completed. The
nondimensional variables are based on the length scale of transverse mixing. When

the mass is injected at the center of width, the degree of mixing reaches

asymptotically to 1 at s" =1. Conventionally the transversely complete mixing is

considered when the values of p, reaches to 0.98.
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Table 3.2 configuration of the numerical computations for evaluation of TVDs

The number of cells 501x201 (sxn)
As’ 0.00072
Grid size
An’ 0.00498
Time step At 8.8e-5
Inlet 0.04
Location of
boundary
Outlet 0.4
Mass injection (kg) 1
Water depth (m) 1
Péclet number 1,250 - 3,750
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For model validation, the inlet boundary for numerical calculation was located at

s =0.04 , and the outlet boundary is set to s =0.4. The Péclet number for

simulation condition is governed by the longitudinal dispersion coefficient which is
independent for non-dimensional variables. The numerical model was validated in

three different Péclet numbers, of which the characteristic of length was defined as

the L .

n

(1) Selection of TVD scheme

As shown in the previous chapter, some TVD schemes were implemented in the
numerical model. In order to select appropriate limiter function, all types of limiter
functions in Table 3.1 were evaluated as compared to Eq. (3.33). Fig. 3.6 shows the
concentration-time curves at the centerline of the outlet boundary. The computational
results represented in Fig. 3.6 shows the upwind scheme (UD) is quite diffused in all
conditions due to the first-order truncation error. The TVD schemes remarkably
improved the numerical solutions in all conditions, compared to UD. Fig. 3.7
represents the root mean square error (RMSE) of each TVD scheme. For Pe=1,250,
all TVD schemes provide similar levels of RMSE, but the slightly different
performances of schemes were found with increasing Péclet number. The numerical
error, especially for peak concentration, increased with increasing Péclet number for
all cases. Among the TVD schemes which were evaluated in this study, UMIST

provided the lowest RMSE against to the exact solution. The RMSE of UMIST was
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approximately 4-5 times lower than that of UD. Van Leer and Van Albada show
slightly larger RMSE than UMIST. However, the differences in RMSE resulted in
each scheme were not critical. SUPERBEE, which even provided the worst

performance, showed three times lower RMSE than that of UD.

(2) The measure of computation time

For the selection of the proper numerical scheme, the computation time is also an
essential factor in the purpose of engineering. The CPU time was measured to
evaluate the efficiency of TVD schemes. The averaged CPU times were measured
during the computations for 200 time-step. The CPU time for each scheme was
normalized by the CPU time of UD. Fig. 3.8 represents the normalized CPU time for
each scheme. The UMIST required at least 2.8 times more CPU time compared to
UD. Moreover, the CPU time of UMIST steeply increased with the increment of the
number of cells. On the other hand, both Van Leer and Van Albada required only 1.2
times more CPU time than UD. The increment of the number of cells did not cause
a significant increment of the CPU time. Thus, Van Albada was finally chosen for

the flux-limiter function in the application for this study.
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Figure 3.6 The Comparison of TVD schemes for different Péclet numbers
(UD: upwind scheme; VA: Van Albada; VL: Van Leer; SB: SUPERBEE; SW:
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(3) Grid convergence test

The spatial discretization schemes for both advection and dispersion terms are
accurate up to the second-order. In order to verify the order of truncation error for
the implemented numerical model, the grid convergence tests were performed on the
different sizes of computational grids. The Péclet number was equal to the value of
2,500 for all cases. In this test, the range of the number of cells was from 101 by 101
to 351 by 351, as shown in Table 3.3. The location of boundaries was the same as
Table. 3.1. The computation timestep was controlled by 80 % of the maximum time
step by Eq. (3.27) to ensure numerical stability. The equivalent grid size, shown in
Eq. (3.35), was used to investigate the numerical error according to the order of grid

sizes.
AG =J(as") +(an’) (3.35)

The numerical error was evaluated by the mean absolute error (MAE) shown as

follows.

MAE = w (3.36)
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where C, is the exact solutions; C_, 1is the numerical solutions; N is the

ex

number of grids.

Fig. 3.9 shows the results of grid convergence tests. Fig. 3.9 a) represents that the
numerical errors dramatically decrease as grid size is reduced. The numerical errors
are high in the initial range of time from 0.01 to 0.02. The numerical solution in the
region of high concentration gradient would not be adequately approximated as the
grid size grows. This erroneous region was asymptotically relaxed with a reduction
of grid size. Fig. 3.9 b) represents the relationship between maximum MAE and grid
size. When the grid size is reduced, the magnitude of numerical error decreased by
the squared grid size approximately. This tendency implies that the implemented

model has second-order accuracy in space.

Fig. 3.10 represents the concentration-time curve at several transverse distances of
outlet boundary for the case G301. And Fig. 3.11 shows the transverse distribution
of the solution at a certain time. The results of the implemented model well agreed
with the exact solution showing the determination coefficient over 0.9. Thus, the
numerical error for peak concentration, shown in Fig. 3.6, can be resolved by
sufficiently fine computational grid sizes. The grid convergence tests must be
performed repeatably in order to find the proper grid size when the simulation

conditions change.
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Table 3.3 configuration of the numerical computations for grid tests

Case chr::l;:; r of Egl::;;l;:t Timestep MAPE
G101 101x 101 0.0090 0.000808 0.0098
G151 151x 151 0.0060 0.000819 0.0043
G201 201x201 0.0045 0.000828 0.0023
G251 251x251 0.0036 0.000829 0.0016
G301 301301 0.0030 0.000831 0.0011
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4. Evaluation of 2D stream-tube routing procedure

4.1 Overview of the evaluation procedure for 2D STRP

The 2D STRP is the analytical solution of the simplified 2D ADE for the arbitrary
distribution of the initial concentration. In this study, the limitations of 2D STRP

were hypothesized as follows.

(1) The spatial distribution of concentration is estimated by the FCA, so the results

of 2D STRP could be affected by the Peclet number.

(2) The results of 2D STRP cannot consider the effect of wall boundaries because it

was derived in the conditions where the channel is infinitely wide.

(3) the velocity of tracer clouds traveled by flows for each stream-tube can be

estimated by the mean time of passage at upstream and downstream sections.

In order to test the above hypotheses, the results of 2D STRP was evaluated in two
kinds of test conditions. In Test. 1, the evaluation was performed in the condition of
uniform flow to investigate the effects of Peclet number and wall boundary, and the
velocity of tracer clouds traveled by flows was evaluated in the condition of the
spatially varied flows in the Test. 2. The concentration data used for the evaluation
of 2D STRP were generated by the analytic solutions and numerical solutions. The

evaluation cases used in this study were summarized in Table. 4.1.

In the cases for test 1, the mixing characteristics for each case were dependent on the

Peclet number defined as follows.
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Pe=—_ (4.1)

where U is the mean velocity; L, is the longitudinal distance when the

concentration was mixed completely in a transverse direction. The results simulated
by the analytical solution were converted to nondimensional variables, as shown in
Eq. (3.34). If Peclet numbers of evaluation cases are identical for any arbitrary
velocity magnitudes, dispersion coefficients, and channel width, the concentration
distribution can be expressed identically in nondimensional space and time. The
range of Peclet numbers for evaluations was from 900 to 9,000 in the condition of

uniform flow.

In test 2 for evaluation of velocity of traveled tracer clouds, the transversely varied
velocity profiles were generated by Eq. (4.2), which was proposed by Seo and Baek

(2004).

T -y @

where u is the depth-averaged velocity magnitude; y' is the transverse distance

from left bank normalized by channel width; o and f are the shape parameters;
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I' is the gamma function which is defined as:

(a)= j:(y')‘”‘l e V'dy’ 4.3)

The Eq. (4.2) is identical to the probability distribution of beta distribution. When

a and g areequal, the velocity distribution can be symmetrical. In the evaluation

cases, the values of @ and g ranged from 1 to 2, and the velocity distributions

on the parameters are shown in Fig. 4.1.

For each case, ten measuring sections were set as uniform intervals (As =0.01),

as expressed in Fig. 4.2. The concentration data recorded in time were employed as
input values in 2D STRP. In 2D STRP, the temporal concentration distribution is
calculated at the downstream section inserting the temporal distribution at the
upstream section. Then, the concentration-time distributions calculated by 2D STRP
were compared to the concentration-time distribution measured at downstream
sections. Both D; and Dy for 2D STRP were set to be identical to the values which

were used to generate the synthetic data.
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Table 4.1 Simulation conditions for evaluation of 2D STRP

Parameters
Mean Water Channel Dispersion coefficients for
C velocity depth width P velocity distribution Peclet R X
ase U H w (Beta function) number emar
(m/s) (m) (m) DL Dr a 8
(m?/s) (m?/s)
P900-B10 1 900
P1125-B10 0.8 1,125
P1500-B10 0.6 1,500
0.01 1 1 Test 1
P2250-B10 0.4 2,250
P4500-B10 0.2 4,500
P9000-B10 0.5 1 12 0.1 9,000
P9000-B12
1.2 1.2
P9000-B14
P9000-B16 0.1 0.01 9,000 Test 2
1.6 1.6
P9000-B18
P9000-B20 2.0 2.0
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Figure 4.2 Locations of the concentration measuring sections for evaluations of 2D STRP
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4.2 Evaluation of 2D STRP in the condition of uniform flow

The performance of 2D STRP in the condition of uniform flow, in which the shape
parameters of Eq. (4.2) are equal to 1 and are evaluated on the six cases depending
on the Peclet numbers defined as Eq. (4.1). The Peclet numbers were controlled by
changing of longitudinal dispersion coefficients (D). Fig. 4.3 shows the input data
expressed as the C-t-q distributions and the predicted results by 2D STRP at each
section for the case of P1125-B10. The figure shows the temporal distributions at
each section are positively skewed, and the tracer clouds spread both longitudinally
and transversely. The results of the 2D STRP shown in Fig. 4.3 agreed well with the
true distributions, but the discrepant tendencies appeared when the tracer clouds
reached either side of wall boundaries. The discrepancy between predicted and true
distributions was evaluated by the normalized sum of squared residuals (NSSR)

shown as following.

NSSR=-2L — 4.4
C (4.4)

where C, is the concentration in the true distribution generated by analytical

A

solutions; C; is the predicted concentration by 2D STRP; Cp is the peak

concentration for the true distribution at each section.
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a) Input C-t-q distribution (Routing from s*=0.04 to s*=0.05) b) Predicted C-t-q distribution (Routing from s*=0.04 to s*=0.05)
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e) Input C-t-q distribution (Routing from s*=0.08 to s*=0.09)
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f) Predicted C-t-q distribution (Routing from s*=0.08 to s*=0.09)
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Figure 4.3 Predicted concentration distribution by 2D STRP for P1125-B10



In order to identify whether the concentration distribution reaches sidewall
boundaries, The Py, which is the ratio between minimum and maximum values of

the cumulative concentration over time, was introduced shown in Eq. (4.5).

) j: c,dt

max (j: Cdt) “

Pw

where C, isthe concentration at either side of the wall boundaries. The Py, is similar

to the degree of mixing defined by (Rutherford, 1994). The Py, was initially 0 after
the injection of mass. The value of P, gradually approached to 1 over time. The value
of unity for Py, means that the pollutant concentration is fully mixed in the spanwise
direction so that the two-dimensional mixing is completed. In the simulation results
for the evaluation cases, the values of P, exceeded 0.1 after the maximum

concentration of pollutant clouds passed through s"=0.08 approximately.

Fig. 4.4 shows the evaluated NRSS with Py, for each case. The overall trend showed
that the NRSS initially tended to decrease with increasing the nondimensional
longitudinal distance (s") before the pollutant clouds reached sidewall (Pw<0.01).
Then, NSSR was steeply increased with increasing the values of Py,. In the intervals
for the values of Py, less than 0.01, The discrepancy of the results by 2D STRP tended

to decrease as the Peclet number increased. It was inferred that the accuracy of 2D
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STRP could be affected by the Peclet number and the effect of wall boundaries. To
investigate the effect of the Peclet number on the concentration distribution, the
characteristics of spatial distribution estimated by FCA were analyzed. The 2D STRP
(Eq. (2.19)) was derived from Eq. (2.17) introducing the frozen cloud approximation.
The spatial distributions, which are calculated by the analytical solution of 2D ADE,
are the gaussian distributions. Thus, the centroid of the spatial distribution of
pollutant clouds must be identical to the location of maximum concentration because
spatial distributions are always symmetrical. Fig. 4.5 shows the spatial concentration
distribution, which is converted from the temporal distribution by FCA. The markers
(x) indicate the centroid of pollutant clouds. The spatial distribution converted by
FCA showed skewed distributions. The centroid of pollutant clouds was not identical
to the location of the maximum concentration because the pollutant clouds were

dispersed while the pollutant clouds passed through the measuring sections.

Table 4.2 shows the statistical comparisons between estimated and true spatial
distributions at the mean time of passage. The longitudinal skewness of the true
distribution was the value of 0 regardless of the location of sections and the Peclet
numbers, while the negative skewness was calculated for all estimated distributions.
As shown in Fig. 4.6, the values of skewness tended to approach the value of 0 with
an increase in the Peclet number. In the case of the variance of spatial distribution,
both longitudinal and transverse variance slightly differed compared to that of the
spatial distributions, shown less than 5%. The locations of the centroid of spatial

distributions tended to close to the location of the maximum concentration with an
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Figure 4.5 Spatial concentration distribution obtained by FCA from temporal data measured at Sec. 2
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Table 4.2 The statistical characteristics of the spatial distribution estimated by FCA

Pe 5* Xs tc Se Strax o’ ol 71 MAE
FCA TRUE FCA TRUE FCA TRUE FCA TRUE FCA TRUE
0.02 36 80.00 36.66 40.03 43.88 40.50 147.05 158.81 157 1.60 -0.57 0.00 0.29
0.04 72 152.01 72.10 76.00 79.88 76.50 312.84 303.98 3.03 3.04 -0.61 0.00 0.21
006 | 108 224.02 108.01 112.01 115.88 112,50 463.11 448.05 4.41 4.44 -0.56 0.00 017
008 | 144 296.04 144.00 148.02 151.88 148.50 608.34 592.08 5.68 5.72 -0.49 0.00 0.15
900 010 | 180 368.05 180.00 184.02 187.88 184.50 752,53 736.09 6.79 6.83 -0.44 0.00 0.14
012 | 216 440.05 216.00 220.03 223.88 220.50 896.53 880.10 7.73 7.78 -0.41 0.00 0.12
014 | 252 512.05 252.00 256.03 259.88 256.50 1040.50 1024.10 8.52 8.57 -0.38 0.00 0.11
016 | 288 584.05 288.00 292.03 295.88 292,50 1184.46 1168.10 9.17 9.23 -0.35 0.00 0.10
018 | 324 656.05 324.00 328.02 331.88 328.50 1328.43 1312.09 9.72 9.77 -0.33 0.00 0.09
020 | 360 728.04 360.00 364.02 367.88 364.50 1472.40 1456.09 10.16 10.21 -0.31 0.00 0.08
0.02 36 78.40 36.33 39.21 42.75 39.21 121.94 125.12 155 157 -0.60 0.00 0.27
0.04 72 150.41 72.03 75.20 78.75 75.20 248.99 240.65 3.00 3.01 -0.59 0.00 0.8
006 | 108 222.42 108.00 111.21 114.75 111.21 366.14 355.87 4.39 441 -0.51 0.00 0.15
008 | 144 294.43 144.00 147.22 150.75 147.22 48157 471.09 5.66 5.69 -0.44 0.00 0.3
1125 010 | 180 366.44 180.00 183.22 186.75 183.22 596.79 586.30 6.77 6.81 -0.40 0.00 012
: 012 | 216 438.44 216.00 219.22 222.75 219.22 711.97 70151 7.72 7.76 -0.36 0.00 0.11
014 | 252 510.44 252.00 255.22 258.75 255.22 827.15 816.71 851 8.56 -0.34 0.00 0.10
016 | 288 582.44 288.00 291.22 294.75 291.22 942.33 931.90 9.17 9.21 -0.31 0.00 0.09
018 | 324 654.44 324.00 327.22 330.75 327.22 1057.51 1047.10 9.72 9.75 -0.30 0.00 0.08
020 | 360 726.43 360.00 363.22 366.75 363.22 1172.69 1162.29 10.16 10.20 -0.28 0.00 0.07
0.02 36 76.80 36.11 38.40 40.50 38.40 93.69 92.12 153 154 -0.62 0.00 0.23
0.04 72 148.80 72.00 74.40 76.50 74.40 184.23 178.57 2.97 2.98 -0.53 0.00 0.16
006 | 108 220.81 108.00 110.41 112,50 110.41 270.93 264.98 4.36 4.38 -0.44 0.00 0.13
008 | 144 292.82 144.00 146.41 148.50 146.41 357.37 351.39 5.64 5.66 -0.38 0.00 0.11
1500 010 | 180 364.83 180.00 182.41 184,50 182.41 443.77 437.79 6.76 6.79 -0.34 0.00 0.10
: 012 | 216 436.83 216.00 218.42 220.50 218.42 530.16 524.20 7.71 7.74 -0.31 0.00 0.09
014 | 252 508.83 252.00 254.42 256.50 254.42 616.55 610.60 851 8.54 -0.29 0.00 0.09
016 | 288 580.83 288.00 290.42 292,50 290.42 702.93 697.00 9.17 9.20 -0.27 0.00 0.08
018 | 324 652.83 324.00 326.41 328.50 326.41 789.32 783.39 9.71 9.74 -0.26 0.00 0.07
020 | 360 724.83 360.00 362.41 364.50 362.41 875.71 869.79 10.16 10.19 -0.24 0.00 0.06
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Table 4.2 The statistical characteristics of the spatial distribution estimated by FCA (cont.)

N Sc Smax s> On 1

Pe i Xs e FCA TRUE FCA TRUE FCA TRUE FCA TRUE FCA TRUE MAE
0.02 36 75.20 36.01 37.60 39.38 37.60 62.53 60.16 1.50 1.50 -0.59 0.00 0.17
0.04 72 147.20 72.00 73.60 75.38 73.60 120.64 117.76 2.94 294 -0.44 0.00 0.13
0.06 108 219.21 108.00 109.60 111.38 109.60 178.26 175.37 4.34 4.35 -0.36 0.00 0.11
0.08 144 291.22 144.00 145.61 147.38 145.61 235.87 232.97 5.62 5.64 -0.31 0.00 0.10
2950 0.10 180 363.22 180.00 181.61 183.38 181.61 293.47 290.58 6.75 6.77 -0.28 0.00 0.08
' 0.12 216 435.22 216.00 217.61 219.38 217.61 351.07 348.18 7.70 7.72 -0.26 0.00 0.08
0.14 252 507.22 252.00 253.61 255.38 253.61 408.66 405.78 8.50 8.52 -0.24 0.00 0.07
0.16 288 579.22 288.00 289.61 291.38 289.61 466.26 463.38 9.17 9.19 -0.22 0.00 0.06
0.18 324 651.22 324.00 325.61 327.38 325.61 523.85 520.98 9.71 9.73 -0.21 0.00 0.05
0.20 360 723.22 360.00 361.61 363.38 361.61 581.45 578.57 10.16 10.18 -0.20 0.00 0.05
0.02 36 73.60 36.00 36.80 37.13 36.80 30.34 29.44 1.47 1.47 -0.44 0.00 0.12
0.04 72 145.60 72.00 72.80 73.13 72.80 59.14 58.24 291 291 -0.31 0.00 0.09
0.06 108 217.60 108.00 108.80 109.13 108.80 87.95 87.04 431 432 -0.26 0.00 0.07
0.08 144 289.61 144.00 144.80 145.13 144.80 116.75 115.84 5.60 5.61 -0.22 0.00 0.06
4500 0.10 180 361.61 180.00 180.81 181.13 180.81 145.55 144.64 6.73 6.74 -0.20 0.00 0.06
' 0.12 216 433.61 216.00 216.81 217.13 216.81 174.35 173.44 7.69 7.70 -0.18 0.00 0.05
0.14 252 505.61 252.00 252.81 253.13 252.81 203.15 202.24 8.50 8.51 -0.17 0.00 0.05
0.16 288 577.61 288.00 288.81 289.13 288.81 231.94 231.04 9.16 9.17 -0.16 0.00 0.04
0.18 324 649.61 324.00 324.81 325.13 324.81 260.74 259.84 9.71 9.72 -0.15 0.00 0.04
0.20 360 721.61 360.00 360.80 361.13 360.80 289.54 288.64 10.16 10.17 -0.14 0.00 0.03
0.02 36 72.80 36.00 36.40 37.13 36.40 15.01 14.56 1.46 1.46 -0.30 0.00 0.08
0.04 72 144.80 72.00 72.40 73.13 72.40 29.41 28.96 2.90 2.90 -0.22 0.00 0.06
0.06 108 216.80 108.00 108.40 109.13 108.40 43.81 43.36 4.30 4.30 -0.18 0.00 0.05
0.08 144 288.80 144.00 144.40 145.13 144.40 58.21 57.76 5.59 5.60 -0.16 0.00 0.04
9.000 0.10 180 360.80 180.00 180.40 181.13 180.40 72.61 72.16 6.73 6.73 -0.14 0.00 0.04
' 0.12 216 432.80 216.00 216.40 217.13 216.40 87.01 86.56 7.69 7.69 -0.13 0.00 0.04
0.14 252 504.80 252.00 252.40 253.13 252.40 101.41 100.96 8.49 8.50 -0.12 0.00 0.04
0.16 288 576.80 288.00 288.40 289.13 288.40 115.81 115.36 9.16 9.17 -0.11 0.00 0.03
0.18 324 648.80 324.00 324.40 325.13 324.40 130.21 129.76 9.71 9.72 -0.10 0.00 0.03
0.20 360 720.80 360.00 360.40 361.13 360.40 144.61 144.16 10.16 10.17 -0.10 0.00 0.03
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Figure 4.6 Longitudinal skewness of the spatial distribution by FCA
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Figure 4.7 The centroid of the spatial distribution by FCA over time
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Figure 4.8 Mean absolute error of the spatial distribution estimated by FCA
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increase in the Peclet number. However, the change rates of the centroid over time
were calculated as the values close to the magnitude of mean velocity regardless of
the Peclet numbers. The overall error was evaluated by the mean absolute error
(MAE) shown in Fig. 4.8. Although the FCA helps to estimate the spatial distribution
of pollutant clouds from the temporal distribution, this assumption may be applicable
for the Peclet number over 2,250 approximately to estimate the spatial distribution
with the value of MAE less than 20 % for overall sections. For 2,250 of Peclet
number, the NRSS were evaluated less than 0.45 before the pollutant clouds reached

wall boundaries.

For the effect of the wall reflection, the 2D STRP could not reproduce the accurate
concentration distributions because 2D STRP, which is expressed by Eq. (2.17) and
Eq. (2.19), was derived in the domain where the channel width is infinitely wide. To
investigate the effect of wall reflection, the Case P9000-B10, in which the Peclet
number was the highest among the cases in this study, was used so that the
evaluations were performed in the condition where the effect of FCA is minimized
as far as possible. Fig. 4.9 shows the transverse profiles for cumulative concentration
for synthetic concentration fields and the predicted results by 2D STRP. For
cumulative profiles in synthetic data, the gradient of the cumulative concentration at
wall boundaries was zero, and the values of cumulative concentration increased
along the dimensionless longitudinal distance. however, the results of 2D STRP
showed the steep gradient of cumulative concentration curves, and the increment of

cumulative concentration at the wall boundaries less than that of synthetic data which

108



a) Cumulative concentration for synthetic data (P9000-B10)
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b) Cumulative concentration predicted by 2D STRP (P9000-B10)
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Figure 4.9 Cumulative concentration at each section (P9000-B10)
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were generated by the analytical solution with consideration of the wall effect. In
addition, the mass was not conserved in the results of 2D STRP because the pollutant
mass was continuously leaked by the transversely dispersive fluxes. Fig. 4.10 shows
the absolute errors of the cumulative concentration curves predicted by 2D STRP.
The absolute error was normalized by the peak concentration at each section. The
absolute error of cumulative concentration curves by 2D STRP increased, especially
near the wall boundaries. Fig. 4.11 shows that the normalized absolute error at the
wall boundary for the interval where the P,, exceeded 0.01 linearly increased with
respect to the values of Py. Even if the true dispersion coefficients were known, the
2D STRP could not predict the accurate concentration distributions due to the
absence of the consideration of wall boundaries. In other words, when the
optimization techniques applied to find the optimal dispersion coefficients, the
optimal values of both D. and Dr could be found as the values affected by the
inaccurate results of 2D STRP in the conditions where the effect of wall reflection is

significant.
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Figure 4.10 Normalized absolute error of cumulative concentration by 2D
STRP (P9000-B10)
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Figure 4.11 Relationship between the P,, and the normalized absolute error of
cumulative concentration by 2D STRP at the wall boundary (P9000-B10)
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4.3 Evaluation of 2D STRP in the condition of spatially varied flows

In this test, the results of 2D STRP were evaluated in the condition of the spatially
varied flows. To minimize the discrepancy error induced by the FCA, the Peclet
number was chosen as the value of 9,000, which is the highest values among the
evaluation cases in this study. To generate the synthetic concentration data, the

numerical model, which was described in Chapter 3, was used. The computational

domain was chosen as the size of 501 x501, based on the grid convergence tests. The

spatially varied velocity profiles were generated shown in Fig. 4.1 using Eq. (4.2).

2D STRP is a semi-analytical solution for the simplified 2D ADE in stream-tube
coordinates. In the derivation of 2D STRP, the hydraulic parameters in the dispersion
terms are replaced by the reach-averaged values. By this treatment, the transverse
dispersion coefficients are incorporated into the bulk dispersion coefficients (Bc), as

shown in Eq. (2.28).

D; (2.28)

where U and H is the cross-sectional averaged velocity and water depth; W is the

dimensionless shape factor calculated as Eq. (4.6).
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where u and / are the depth-averaged velocity and local water depth; U and H are

the cross-sectional averaged velocity and water depth, respectively.

Fig. 4.12 shows the tracer velocities (U.), which were calculated by the arrival
time to the centroid of mass at each measuring section. For all cases, the tracer cloud,
which was injected at the centerline, was initially advected by the maximum velocity
and then is gradually approached to the cross-sectional mean velocity of flow (Uy).
The mean velocity of the tracer cloud was varied over time, so the bulk dispersion

coefficients (B¢) were calculated using the mean values for each section.

The longitudinal velocities for each stream-tube are required in 2D STRP in order
to advect the mass of tracer clouds measured at the upstream section to the
downstream direction. In the condition of the spatially varied flow, the rate of
advection for each stream-tube could be transversely varied. In 2D STRP, the

velocity of the traveled tracer cloud for each steam-tube is estimated by following.

X,, - X

w up

Ust = 477
tdw _tup ( )
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Figure 4.12 Comparison between the cross-sectional averaged flow velocity

and tracer velocity
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where X up and X are the longitudinal distance at upstream and downstream
section; ¢ and T, arethemean time of passage in the upstream and downstream

section. The mean time of passage for both sections is statistically identical to the
first moment of temporal distribution. Note that the mean time of passage was
individually calculated on each steam-tube. in order to investigate whether 2D STRP
well predicts the concentration distribution in the condition of the spatially varied
flows, the results of 2D STRP, which use the cross-sectional mean velocity, were

also applied for the comparison.

Fig. 4.13 shows the temporal distribution of the predicted results by 2D STRP. In
this figure, the results of 2D STRP using the spatially different velocities for each
stream-tube are represented as the black dashed lines, and the black dashed lines for
results by using the cross-sectional mean velocity of flow for white dashed lines.
These figures represent the concentration distribution bifurcated near to the side
banks. The V-shaped tails were more elongated as transported more to downstream
sections. This tendency strengthened with an increase in the ratio of the maximum
velocity to the mean velocity, that is, the deviation of velocity profiles for each case.
In the case of the results by 2D STRP using the constant longitudinal velocity, the V-
shaped tails were not strengthened due to the absence of the effect of horizontal shear
flow. Moreover, the arrival time to peak value was delayed, while the values near the

boundaries were early reached to the downstream sections.

Fig. 4.14 shows that the results, which used the longitudinal velocities

individually determined for each stream-tube, well agreed with the temporal
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a) Input C-t-q distribution (Routing from s*=0.04 to s*=0.05)
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¢) Input C-t-q distribution (Routing from s*=0.06 to s*=0.07)
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b) Predicted C-t-q distribution (Routing from s*=0.04 to s*=0.05)
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e) Input C-t-q distribution (Routing from s*=0.08 to s*=0.09) f) Predicted C-t-q distribution (Routing from s*=0.08 to s*=0.09)
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Figure 4.13 Predicted concentration distribution by 2D STRP for P9000-B20
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Figure 4.14 The Normalized sum of squared residuals of concentration
distribution calculated by 2D STRP in spatially varied flows
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distribution in downstream sections, but the values of NSSR increased after the tracer
clouds reached the wall boundaries. However, the results by using the uniform

velocity show significant differences in all cases.

As a result of this test, the 2D STRP well predict the concentration distributions
even in the spatially varied flows, but the effect of the wall was also found, as shown
in the condition of uniform flows. the results of evaluations of 2D STRP in both the

uniform flow and the spatially varied flows can be summarized as:

1) The results of 2D STRP were affected by the Peclet number due to FCA. FCA
can estimate the spatial distribution with the value of MAE less than 20% when the

Peclet number is higher than 2,250 in the uniform flow.

2) The 2D STRP cannot predict accurate concentration distribution if the pollutant
clouds reach the river embankments. The 2D STRP does not consider the wall

boundary conditions.

3) The 2D STRP can reproduce the skewed concentration distribution induced by

the horizontal shear flows as considering individual advection for each stream-tube.

In this study, the 2D STRP was evaluated in the ideal conditions, which is
generated by the analytical solution and numerical model. The results showed that
the 2D STRP could be applied in the sufficiently high values of Peclet number,

approximately 2,250. The pollutant mixing is generally dominated by river flows, so
119



the Peclet number is sufficient for the application of frozen cloud assumptions high
in the usual river environments. However, the limitations of 2D STRP related to the
wall reflection can be problematic for the calculation of the accurate dispersion

coefficients.
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5. Development of the improved 2D STRP

5.1 Development of the improved 2D STRP

In order to overcome the limitations of existing 2D STRP, the improved stream-
tube routing procedure (2D STRP-i) was developed in this study. The derivation of
2D STRP-i started from the continuity equation and the mass transport equation in
the orthogonal curvilinear coordinate system (Yotsukura and Sayre, 1976; Shen,
1978). By assuming that the flow condition is steady-state, the Eq. (2.13) and Eq.

(2.14) can be reduced as follows.

0 0

—(m.hU)+—(m.hV)=0 5.1
65( ) an( V) -1
msmnh§+mnhU@+mshV§
ot 0s on
0 oc)| o oC (>-2)
= Mg, & |y L M pp &
os{ m, os ) on{m, on

The orthogonal curvilinear coordinates system expressed in Fig. 2.3, was
transformed into the stream-tube coordinates system by introducing the cumulative

discharge shown as following.
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g = m,hu,dn (5.3)

where n is the location of the left bank in the transverse direction.

The integration of Eq. (5.1) with respect to the lateral direction (n-direction) from

the left bank (n_ ) and substituting this into Eq. (5.3) yields followings.

mhV =—— n(mnhU)dn:—— (5.4)

Then, substituting Eq. (5.4) into the Eq. (5.2), and rearranging Eq. (5.2) with chain

rules yields followings (Shen, 1978; Harden and Shen, 1979).

c,ucc_ 1 a[mnhD@] U o

oC
——= —| = +——| m.h’UD; — 55
ot m 65 mmhos\m, “ds ) m 6q( T aqj (5-3)

S

Although the quantity in the dispersion terms varies with the lateral direction,
previous studies (Yotsukura and Cobb, 1972; Sayre, 1979; Lau and Krishnappan,

1981; Holly, 1985; Baek and Seo, 2010) mentioned that the solution of Eq. (5.5) is
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insensitive to such variation, so this quantity assumed as the averaged values. Thus,

Eq. (5.5) can be reduced as:

ot Tos  tles?) Tag? '
where,
U
UST:H: 5.7)
10D ., (D
S, _6j0 m_squ_(m_f] (5.8)
U 1,2 —2-2—
S, :EBL’ m.h’UD,dq=U" h D, (5.9)

The Eq. (5.6) represents the 2D ADE in the steam-tube coordinates. The U,

indicates the scaled longitudinal velocity for each stream-tube, and both s and

S, are the factor of dispersion longitudinally and transversely. The overbar means

the cross-sectional averaged values. The averaged dispersion coefficients can be

inversely computed as:
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D =S m’ (5.10)

D, - (5.11)
U’h

The mathematical form of Eq. (5.6) is identical to that of 2D ADE in the cartesian
coordinates for the straight channel. Thus, Eq. (5.6) can be solved analytically using

the well-known analytical solution expressed as follows.

2
C(s,q,t):—M /h exp(——(s_SO —Uqt) ]

48t

2 (g-2mQ-g,)’ (q-2mQ+q,)’
m_zw{eXp( 15,1 +exp e

(5.12)

where s, and q, are injection points in s- and g-coordinates. The transverse

dispersion term is expressed as the summation of solutions for the imagery sources,
which is released outside the boundaries to accommodate the zero-gradient
concentration condition at the side bank. The Eq. (5.12) can predict the concentration
distribution, C(s, g), at a specific time when the pollutant mass, M, is instantaneously

released at a specific point (s, g).
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When the pollutant mass is given as the arbitrary distribution, f{s, g), at the initial
time (¢ = #) as illustrated in Fig. 4.19, the initial mass distribution can be
approximated as a series of separated individual slug (Back and Seo, 2010). The
solution to the given arbitrary mass distribution can be obtained by the superposition
of solutions that are independently predicted for individual mass release using the

Eq. (5.12) as long as Eq. (5.6) is linear (Fischer et al., 1979; Rutherford, 1994). The

solution to the individual mass located at a specific point (¢, @) can be written as

follows:

(5.13)
2
3| exp _(9-2mQ-w) exp _(9-2mQ+w)
m=—ox 4ST (tz _tl) 48T (t2 tl)
where the concentration at a point (¢, @) can be calculated as:
f(&w
C(¢o)= G (5.14)

The solution superposed over the whole independently predicted distribution for the

125



individual slug could be written as:

C(S,q’tz)zzgc(é,w,H)AﬁAa) eXp[(s _E-Ug (4, —tl))z}

47t [S,S; 48t
(5.15)
= _(q—ZmQ—a))2 _(q—2mQ+w)2
me[eXp[ 48, (t,-t)) e 48, (t,-t))

If both A¢ and A@ are infinitely small, the Eq. (5.15) can also be expressed

as:

C(s,q,tz)zj

o) J-oo C((f,a),tl) exp{—(Sé:UST (tz tl))zJ_

o=0de=0 4t [S .S 48t
(5.16)
- _(q—ZmQ—a))2 _(q—2mQ+a))2
m_zwlexp[ . +exp Bt dédw

The Eq. (5.16) can predict the spatial concentration distribution at a time t, using

the initial mass distribution at the time t . However, measuring the spatial

concentration distribution for the whole range of the study domain is usually limited.

Therefore, the FCA is required in order to estimate the spatial distribution from
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temporal distribution at the fixed measuring locations, as in the derivation of 1D RP
and 2D STRP. The spatial concentration distribution for both dependent and
independent variables and the spatial coordinates can be transformed into the

temporal distribution and temporal coordinates using equations from Eq. (5.17) to

Eq. (5.20).
C(s.q.t,)=C(X,,q.t) (5.17)
C(¢o)=C(X,m,7) (5.18)
s=X, +Uq (t, 1) (5.19)
&=X,+Ug (EL_T) (5.20)

Applying the FCA into Eq. (5.16), the 2D STRP-i can be finally derived as follows.

0

(Xp@7)Ug ex [Xz — X, —Ug (t_T)]z

C(szq’t)—LoL_w4ﬂ(t—2_{1)m P 4D, (t,-t,)

2 2
> exp —(q—2mQ—_a)) +exp —(q—2mQta)) drdo

45 (1. -t 45, (1, -t
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(5.21)
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Both the existing 2D STRP and 2D-STRP-i are derived by applying the stream-

tube concept. However, the derivation of the existing 2D STRP does not consider the

metric coefficients (m, and m, ). The governing equation of the existing 2D STRP

is identical to the 2D ADE in the orthogonal curvilinear coordinate system with

m, =m, =1. Thus, the channel irregularity may not be appropriately reflected in the

predictions. Besides, the analytical solution used in 2D STRP is derived in
transversely unbounded channels, so the wall reflection of pollutant clouds cannot

be considered.

The improved version of STRP in this study considered the metric coefficients.
The consideration of metric coefficients can consider the horizontal channel
irregularities, as well as the meandering channel. The analytical solution used in 2D
STRP-i can predict the impinging of pollutant clouds to wall boundary using the
method of image. And the advective transport was considered as the mean velocity
of each stream-tube, as illustrated in Fig.5.1. Thus, the advection was considered as

transversely varied effects.
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a) Conceptual diagram for 2D STRP (existing)
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b) Conceptual diagram for 2D STRP-i (improved)
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Figure 5.1 Conceptual diagrams for comparison between 2D STRP and 2D

STRP-i

130



5.2 Evaluation of the improved 2D STRP

The performance of the 2D STRP-i was tested to verify its improvement according
to the wall reflection. The evaluation cases were identical to the cases for evaluation
of the 2D STRP were to compare both results. Fig. 5.2 shows the NSSR of the
concentration distribution predicted by 2D STRP-i developed in this study. The
values of NSSR for all cases gradually decreased but increased as Peclet number
incensed. 2D STRP-i also applied the concept of FCA, so the results can be affected
by Peclet number. As compared with Fig. 4.4, the results of existing 2D STRP were
inaccurately predicted as the values of P, increased. However, 2D STRP-i well
predicted the concentration distribution even in the sections where the values of Py
approached the unity, which indicates the complete of transverse mixing. The
improvement of 2D STRP on the wall reflection was well represented in Fig. 5.3.
Fig. 5.3 shows the comparison of NSSR of the existing 2D STRP and 2D STRP-i.
The results of 2D STRP-i were very close to the results of the existing 2D STRP on
the value of Py less than 0.01. That is, both results were approximately same before
the tracer clouds reached wall boundaries. However, when the values of Py exceeded
0.01, The 2D STRP-i reduced the values of NSSR by 10 % approximately. It means
that 2D STRP-i, which can consider the effect of wall reflection, could provide more
accurate solutions compared to the existing 2D STRP in the condition where the

value of Py, is larger than 0.01.
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Figure 5.2 The normalized sum of squared residuals of concentration
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6. Development of remote sensing-based tracer tests

6.1 Outline of the experimental procedure

The conventional experimental methods for tracer tests, which are the in-situ
based methods described in chapter 2.2.1, have been generally performed to obtain
the temporal concentration data to analyze the pollutant mixing behaviors. When the
dispersion coefficients are calculated based on the routing procedure using the tracer
test data, the continuous transverse concentration profiles at each time are required.
However, the conventional tracer tests provide the concentration data at limited fixed
points over the cross-sections. Due to this limitation, previous studies (Baek et al.,
2006; Baek and Seo, 2010; Seo et al., 2016; Shin et al., 2019) have interpolated the
discrete concentration-time curves measured at each point to obtain the continuous
concentration profiles. Also, the extrapolation is needed to estimate the values of
concentration near the side walls. This remedy could cause the artificial dispersion to
the concentration curves if the gradients of concentration curves are not proper in the

interpolated curves.

In order to overcome the limitations of the conventional tracer tests, the remote
sensing-based experimental techniques, which can observe the spatio-temporal
concentration distributions, were developed using the RGB digital camera mounted
on the UAV (also called a drone). The potential utilities of RGB images for the spatial
measurement of the fluorescent dye were investigated. The experimental procedures

proposed in this study are classified into four steps: 1) the tracer tests based on the
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in-situ measurements, 2) the aerial image acquisitions using UAV, 3) the pre-
processing for assigning coordinate system and 4) the conversion of RGB images to

concentration by the ANN model. The experimental procedures in step 1) is identical

to the conventional in-situ measurement-based tracer tests described in Chapter 2.2.1.

The acquisitions of both the in-situ measured concentration and RGB images in step
1) and step 2) are simultaneously performed during the tracer tests. The acquired
images in step 2), then, are preprocessed to assign the coordinate system based on
projective transformation in step 3). The conversion of RGB images to
concentrations is finally performed using the ANN model to obtain the spatio-
temporal tracer concentrations in step 4). The experimental procedures are depicted

as the flow chart in Fig. 6.1.
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Figure 6.1 The flow chart for UAV-based tracer tests
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6.2 Acquisition of aerial imagery

A commercial RGB-based digital camera mounted on a UAV used to obtain aerial
images during tracer tests. The aerial images obtained in the video format. The video
images are recorded in 24 or 30 frames per second (fps) with 4K pixel resolution. As
depicted in Fig. 6.2, the UAV is remotely controlled, maintaining its altitude from
the ground to acquire image data on the study area. The camera settings for exposure
and white balance have to be manually set up, referring to the reference color to
prevent the pixel values from automatically changing depending on ambient light
intensity. To obtain the reference color, polytetrafluoroethylene (PTFE) sheets were
installed in close proximity to the experimental channels. This PTFE sheet has been
generally used to measure the reference values for solar radiance in the field because
it offers nearly Lambertian reflection with high reflectance values of 95% over a
broad spectral range from 350 to 2500 nm (Peddle et al., 2001). The Lambertian
reflection means that the light intensity reflected from the surface is isotropic. These
characteristics of the PTFE sheet are helpful to observe identical reference colors at
any angle of view of the camera mounted on UAV. All DN values in the images are

normalized by the DN values of the PTFE sheet.
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Figure 6.2 Schematics of image acquisition by UAV with a digital camera
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6.3 Preprocessing of aerial imagery

In the image sequence, the image coordinates corresponding to the position of the
experimental channel could be randomly displaced within the field-of-view (FOV)
over time due to the mechanical vibration and the horizontal position error of UAV.
Thus, the ground control points (GCP) should be installed near the channels, and
their locations should be surveyed using RTK-GPS to convert the unstably changing
image coordinates of the experimental channel to the fixed world coordinates in the
UTM coordinate system. The procedures for conversion of image coordinates to
UTM coordinate involves two steps: (1) tracking the image coordinates of GCPs,
and (2) the conversion of the image coordinate to UTM coordinates for all pixels. In
step (1), the image coordinates of GCPs that changed over time are tracked using the

normalized cross-correlation method (NCC) described as:

SHOGY) =T [ Hp (X =0,Y = ) = Tumg |

NCC(i, j)= A — — (6.1)
\/ (1Y) =Tis | D[y (X =Y = ) =T |
XY XY
where 7is the full image; 1,; isthe mean of 7in the region under the template image;

I wmp is the template image; Tw, IS the mean of 7 wmp; X and Y are the image

coordinates in the full image; i and j are the image coordinates in the template image.
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The template images (15 by 15-pixel windows centered on each GCP) are extracted
from an image of the first frame. The image coordinates of all GCPs in all frames
are then automatically found by selecting the image coordinates that showed the peak
cross-correlation between the template images and the full image at each time. In
step (2), using the pairs of coordinates for the GCPs, the image coordinates for all
pixels can be converted to the UTM coordinates system by the projective

transformation following Fujita et al. (1998).

wo PXHPY 4Py (6.2)
p, X+ pY +1

_ P X+ pY + Py (6.2b)
p,X + pY +1

where x and y are the world coordinates in the UTM system; and p, is the
transformation coefficient. The transformation coefficients can be obtained by
solving the matrix system using the known four pairs of coordinates (Fujita et al.,
1998). In this step, the spatial resolution of the converted images can be reduced for

computational efforts.
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6.4 ANN model of retrieving concentration from image data

In several studies, Eq. (2.32) has been physically extended based on the radiative
transfer model to extract the WQP, bathymetry, and type of substrates from spectral
image data (Philpot, 1987; Estep, 1994; Mobley et al., 1994; Maritorena, 1994; Lee
etal., 1998). However, in most previous studies, the empirical calibration approaches
with in-situ measurements have generally been employed based on the regression
analysis because it was challenging to estimate the parameters in the physical-based
model due to optical complexity of the shallow waters (Ritchie et al., 1975; Rimmer
et al., 1987; Lathrop and Lillesand, 1991; Harrington et al., 1992; Lathrop, 1992;
Dierberg and Carriker, 1994; Fraser, 1998; Aguirre-Gomez, 2000). The relationship
between images and the WQP of interest have been found by simple linear,
multivariate linear, or nonlinear regression analysis (Liu, 2003). In the case of the
nonlinear regression for retrieving the WQPs from images, the form of the regression
equation should be known as prior knowledge. Recently, instead of nonlinear
regression approaches, ANN techniques have been widely applied by many
researchers to establish the empirical relationship between remotely sensed data and
WQPs (Keiner and Yan, 1998; Zhang et al., 2002; Chen et al., 2015; Nazeer et al.,
2017). These studies reported that the ANN models were more accurate than
nonlinear regression models when the relationship between remotely sensed data and
WQP was highly nonlinear.

In this study, the ANN approach will be applied to construct the empirical

relationship between the DN values in the RGB images and the concentration of the
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fluorescent dye. The trainable parameters in the model are updated with optimal
values to minimize the error between the in-situ measured values and the predicted
values. In this study, the ANN model will be implemented using Tensorflow r1.0,
which is an open-source library developed by Google for implementing machine
learning applications based on the C++ and Python programming language. The
architecture of ANN models consisted of an input layer, a single hidden layer with
the activation function, and an output layer.

In the architecture of ANN models, the number of nodes in the input layer is

determined by the number of the available independent variable which can express

the target values. The DN values of each band were used as the input values, x, , in

the input layer to construct the ANN models, which can estimate the concentration

of tracers using the DN values of RGB images. The x, in the input layer is

transferred to the output layer, passing through the hidden layer. The number of
nodes in the hidden layer is the user-defined values and should be carefully
determined depending on the complexity of the function to be estimated (Keiner and
Yan, 1998).

The input values are multiplied by the weight factor which is defined at the
connections between the input and hidden nodes, then summed, and is added to the

value of bias as follows:

H, =D W,x +b, (6.3)
i=1
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where Wij is the weight factors at each connection; b j is the bias at each node in

the hidden layer; and j isthe node in the hidden layer. The optimal values of weight

factors and bias for minimizing the error between the predicted and target values are
initially unknown. In this study, to initiate the training of the ANN model, the initial
values for weight factors are selected by Xavier initialization (Glorot and Bengio,

2010), in which the weight factors are randomly selected from the uniform

distribution with the interval of *1/,/n, , where n,_ is the number of nodes in the

previous layer. The initial value for b j wassettoO0.

The H j values in the hidden layer are then transferred to the output layer, passing

through the activation function, ) j - The use of activation functions allows the ANN

model to express the nonlinear relationship between input values and target values.
Any nonlinear functions which are continuous and differentiable can be chosen for
the activation function. In this study, the hyperbolic tangent function will be adopted
as the activation function following previous studies (Keiner and Yan, 1998; Zhang

et al., 2002; Chen et al., 2015; Nazeer et al., 2017).

o; =tanh(H;) (6.4)

143



The values from the activation function in the hidden layer are multiplied by the
weight factors located between the hidden layer and the output layer. In this study,
the output layer consisted of a single node, and it represents the concentration value

predicted by the ANN model.

E=>5W, +b, (6.5)

=1

where C is the predicted concentration; ij is the weight factors between the

hidden layer and the output layer, where k indicates the nodes in the output layer.

The predicted concentrations in the output layer were evaluated from the cost
function in Eq. (6.5). In this study, the sum of the squared error is used as the cost

function.

E =23 (G ~Com)’ (6.6)

where M is the number of the dataset and C, 1is the in-situ measured concentration

considered as a target value.
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In this study, to minimize the cost function, all trainable parameters in the neural

network are iteratively updated using the AdaGrad algorithm (Duchi et al., 2011)

given in Eq. (6.7). In this algorithm, the learning rate, 7, is adaptively modified at

each iteration so that the cost function is quickly and stably converged to the

minimum value.

n
W, =W, ——— 6.7a
new old [_A aWOId ( )
where
E Y
ew Aﬂd (aWOId j ( )

To update the trainable parameters, the gradients of the error with respect to the
parameters in Eq. (6.7a) and Eq. (6.7b) need to be obtained. Tensorflow
automatically draws the calculation graph for each operation step, then finds the
gradient values at each training step using the backpropagation algorithm based on
the chain rule. The detailed procedures of the backpropagation algorithm are well

described by Rumelhart et al. (1986).
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6.5 Application of remote sensing-based tracer test in REC channels

6.5.1 Tracer tests based on in-situ measurements in REC

Tracer tests were carried out at the River Experimental Center (REC) of the Korea
Institute of Civil Engineering and Building Technology (KICT) in South Korea to
collect concentration data and aerial RGB images. The experimental channel, called
A3 channel, is an alternately curved channel that was constructed to model the
meandering channel in the natural river system. The three channels with different
sinuosities were connected, as shown in Fig. 6.3a. The channel discharge can be
maintained up to 8 m%/s by operating two pumps. The bed material mainly consisted

of sand and various types of vegetation.

The hydraulic and concentration data were measured during tracer tests. For
measuring the discharge, velocity profiles, and water depth, an Acoustic Doppler

Current Profiler (ADCP), Sontek-RiverSureyor S5, was used in this study. The
accuracy for the velocity profiles is 10.25% of the measured velocity or 0.2 cmy/s.

Twenty percent of Rhodamine WT solution, a fluorescent dye, was used as a tracer
material. Fluorometer probes, YSI-6000MS, was used to measure the temporal
concentration of the tracer at fixed locations, as shown in Fig. 6.3b. The accuracy of
the fluorometers were 15% of the reading values or 1 ppb. The fluorometer probes
were calibrated using the standard solutions of known concentrations in the range

from 0 ppb to 200 ppb before installation.
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In this study, the three cases of tracer tests were performed in three channels. The
hydraulic data were measured at six cross-sections, and the fluorometers were
installed at three cross-sections at each channel. In the cross-sections for the
concentration measurements, the five fluorometers were transversely distributed
with uniform spacing. The results of the measurements on each case are summarized
in Table 6.1, and concentration distributions of five fluorometer probes at each
section of Case EXP-A315 are shown in Fig. 6.4. Fig. 6.4 illustrates that the
concentration distributions of the tracer cloud were transversely skewed due to the
meandering effect. From these figures, one can also notice that the transverse mixing
of the tracer cloud was gradually completed having the long tail, as shown in Fig.

6.4c.
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a) Experimental channels

b) Details of measurement sections
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Figure 6.3 Experimental channels and measurement sections
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Table 6.1 Results of hydraulic and concentration measurements

Experiment Date

Hydraulic data

Concentration data

Case (YY/MM/DD) Sections Di . Mean Mean | Tracer Peak Peak . Time to
ischarge  Width depth velocity | volume concentration concentration centroid
(md/s) (m) ep v y arrival time
(m)  (mis) | (ml) (PPb) (20) (sec)
Sec.1 6.73 0.59 0.64 - - -
Sec.2 6.15 0.51 0.76 115 41 48.4
Sec.3 218 6.16 0.47 0.78 - - -
Exp-A312 Sec.4 ' 6.38 0.51 0.72 200 72 68 84.3
Sec.5 6.16 0.57 0.73 - - -
Sec.6 5.74 0.63 0.68 44 125 150.8
Average - 6.22 0.55 0.72
Sec.1 5.46 0.48 0.60 - - -
Sec.2 521 0.45 0.47 41 72 100.2
Sec.3 1.06 4.94 0.38 0.64 - - -
Exp-A315 Sec.4 ' 4.92 0.41 0.49 150 33 148 180.6
Sec.5 4.99 0.52 0.40 - - -
Sec.6 4.75 0.42 0.49 19 209 2434
Average - 5.04 0.44 0.52
Sec.1 6.06 0.59 0.62 - - -
Sec.2 6.34 0.59 0.63 75 70 86.2
Sec.3 202 6.23 0.61 0.65 - - -
Exp-A317 Sec.4 ' 6.34 0.65 0.61 200 48 132 144.3
Sec.5 6.43 0.61 0.63 - - -
Sec.6 6.32 0.62 0.65 27 203 228.8
Average - 6.29 0.61 0.63 - - -
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a) Sec. 2
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b) Sec. 4
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c) Sec. 6
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Figure 6.4 Concentration distribution at each section of EXP-A315
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6.5.2 Acquisition of aerial imagery in REC

In this study, a commercial RGB-based digital camera mounted on a UAV was
used to obtain aerial images during tracer tests. The aerial images were obtained in

the MOV video format. The video images were recorded in 24 frames per second
(fps) and 3840 X 2160 pixels in spatial resolution. The UAV was remotely controlled

at 60 to 70 meters from the ground. To obtain the reference values for solar radiation,
polytetrafluoroethylene (PTFE) sheets were installed close to the experimental
channels. All DN values in the images were normalized by the DN values of the

PTFE sheet. The acquisition of aerial digital images was summarized in Table 6.2.

For conversion of image coordinates into the UTM coordinate system, six points of
the GCPs were surveyed in EXP-A312 and EXP-A315, and twelve points were
surveyed in EXP-A317, as shown in Fig. 6.3b. The converted image was shown in
Fig. 6.5 for EXP-A317. The mean absolute errors of the transformed coordinates of

the GCPs were less than 10 cm in all cases. The processed images were averaged
over 1 second, temporally, and 5 X 5 cm, spatially, to reduce the noise and

computational efforts.
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Table 6.2 Summary of aerial image acquisitions

Image size Shutter Frame Video Number of Pixel intensities
Case ( ?xel) ISO sensitivity speed rate duration frames on the PTFE
P (sec) (fps) (sec) (AR, 4G, 4B)
Exp-A312 560 13,440 111, 110, 106
Exp-A315 3,840 X 2,160 100 1/2,500 24 489 14,670 219, 213, 204
Exp-A317 987 23,688 204, 205, 213

152



a) Original image in image coordinate

X (pixel)
500 1,000 1,500 2,000 2,500 3,000 3,500

!‘ 1

500

1,000

y (pixel)

1,500 (S

2,000

b) Converted image in UTM coordinate

4,046,260
4,046,250
g
24,046,240
=
S
z
2 4,046,230
=
)
4,046,220
460,715 460,735 460,755 460,775 460,795
UTM Easting (m)

Figure 6.5 Conversion of coordinate system for EXP-A317
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6.5.3 Retrieval of tracer cloud distribution from image data

6.5.3.1 Response of DNV values to change of concentration

The DN values of the RGB bands were extracted over time from the pixels
corresponding to the position of the fluorometer probe in in-situ measurements. Fig.
6.4 shows the comparison between the DN values in each band and the concentration
of the center probes at the cross-section in EXP-A312. The DN values of each band
tended to have a specific relation with the tracer concentration. The base of the DN
values named DN, in this study and the rate of change of the DN values varied

depending on the sensor locations.

DN, represented the upwelling radiance recorded in the images when the tracer
material was absent in the water body. In the shallow water, the remotely sensed
radiance has often been described as a function of the water depth, the IOPs, and the
bottom reflectance (Lyzenga, 1981). The solar radiance transmitted through the
water is exponentially attenuated based on the Lambert-Beer’s law in which the
decay of light is described as the function of path length, absorbance, and
concentration of a medium. The amount of attenuation in the water column is
determined by the water depth and the IOPs. IOPs such as absorption and scattering
coefficients result from the individual contribution of the co-existing absorbing and
scattering constituents (Pozdnyakov and Grassl, 2003). In this study, in the absence
of tracer material, the IOPs could be assumed to be spatially homogeneous in all

cases because the water in the experimental channels was supplied continuously
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from the same water supply tank during the experiments. However, DN, values still
varied spatially due to the variant water depth and type of bed materials. After
introducing the tracer material, the IOPs would be changed with respect to the
concentration of the tracer material. This caused the upwelling radiance, recorded as
DN values, to be changed with respect to the concentration of the tracer material.
The rate of change of DN was spatially heterogeneous due to the spatially variable

water depth and bed material.

As shown in Fig. 6.6, the correlation analysis revealed that the DN values of the
R-band, DN(Ar), were positively correlated to the concentration of Rhodamine WT,
while DN of the G-band, DN(Ac), showed a negative correlation. The DN values of
B-band, DN(2g), also tended to decrease slightly with an increase in concentration
but not responded to the change of concentration in some locations. These results
could be related to the optical characteristics of tracer material. Rhodamine WT
emits light of 582 nm wavelength when absorbing light of 558 nm wavelength
(Wilson et al., 1986). Although the spectral response range on the R-, G- and B-band
of the commercial digital camera used in this study was unknown, it could be inferred
that the absorbance wavelength of Rhodamine WT of around 558 nm was included
in the G-band, while the fluorescence wavelengths of around 582 nm were included

in R-band.
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Figure 6.6 The response of DN values to the concentration of the center probe
at each section (EXP-A312): a) DN values in R-band; b) DN values in G-band;

¢) DN values in B-band
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6.5.3.2 Construction of neural network models

In this study, as aforementioned, an ANN model was used to construct the
empirical relationship between the DN values of each band and the tracer
concentration. The selection of input variables in the ANN model is difficult because
prior knowledge of the relationship between the DN values and the tracer
concentration was unknown. Therefore, the NN1 model was first constructed using
the DN values of each band as the input variables, assuming that the DN values in
each band were directly correlated to the tracer concentration. To compare the results
of the NN1 models, a multivariate linear regression (ML) model was also constructed

using the same input variables, as shown in Eq. (6.8).

C=a-DN(4)+/-DN(4;)+y-DN(J) (6.8)

where C isthe predicted concentration and «, 3, and y are the regression coefficients.

The regression coefficients were found by minimizing the sum of the squares of the
residuals between the estimated and measured concentrations. This was achieved
using scikit-learn, which is the open-source library for data mining and data analysis

in the Python language.

In addition to the NN1 model, to include the effect of spatially varied water depth

and bed materials, the NN2 model was constructed using the DNy values in each
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band as well as the DN values as the input variables. The ANN models could thus
learn the heterogeneous properties according to the spatially varied DNp. The DNg
values were obtained by time-averaging the images for 30 seconds before the tracer
material was injected to reduce the effect of the randomly fluctuating water surface.
Both the ANN models and the ML model were individually trained for each
experimental case, and the combinations of the input variables are shown in Table

6.3.

For training and testing the ANN models, the data sets were randomly split into
the training data and the test data as 70% and 30% of the data set, respectively. The
number of neurons in the hidden layer (#,) was determined using the k-fold cross-
validation, as shown in Fig. 6.7. The training data were randomly partitioned into
five subsamples of equal size. Four of the subsamples were used for the training
subset, and the remaining subsample was used for the validation subset. The sub-
models, which were constructed with a specific H,, were trained using the training
subset and were evaluated using the mean square error (MSE) with the validation
subset. The training of sub-models was performed following the procedures
described in Section 5.4. The validation processes were repeated by replacing the
validation subset with other subsamples so that all subsamples were used once as the
validation data. The performance of H, was assessed using the averaged MSE of the

repeated validation results. From the results of the k-fold cross-validation in the

range of H_ from 1 to 20, the best performances were shown when H_ was 7 for

the NN1-series models and 15 for the NN2-series models, respectively.
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The final models that showed the best performance were retrained using the total
training data and were evaluated using the test data. To evaluate the model

performance, several statistical indexes were calculated as given below:

A=t (6.9a)

18 A2
RMSE = /H;(ci—ci) (6.9b)

$le.-¢)

PBIAS=-1 %100 (6.9c)

i=1

where, C, and ¢, are the observed concentration and the predicted concentration,
respectively; R? is the coefficient of determination; PBIAS is the percentage bias.

The test results of the trained models for EXP-A312 are shown in Fig. 6.8. The
results of ML-A312 showed underestimated predictions, especially in the ranges of
high concentrations, while NN1-A312 produced better predictions on the high
concentrations than ML-A312. However, the results of both ML-A312 and NN1-

A312 were widely scattered from the 1:1 line compared to the result of NN2-A312,
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which produced the most accurate prediction among the models. The results of the
three models for the cases of EXP-A315 and EXP-A317 showed a similar tendency
as that of the case of EXP-A312. Fig. 6.9 illustrates the performance of each model
for all experimental cases. R? of NN2 was in the range of 0.91-0.94, whereas R? of
ML is below 0.87 for all cases. For the NN2 models, RMSE and PBIAS were reduced

by 33-62% and 9-19%, respectively, from those of ML models.

In summary, the results of model validations demonstrated that a nonlinear
relationship existed between DN and the concentration of Rhodamine WT, especially
in the high concentration range. Therefore, the results of the neural network models,
which can learn the nonlinear relationship by the activation function, performed
better than those of the linear regression approaches. Both the ML and NN1 models
which used only the DN values as the input variables produced large errors in the
overall ranges since these two models cannot consider the spatially different base
values of DN and the rate of change on the concentration. The NN2 model, which
included DN, in the input variables, gave more accurate predictions by reflecting the
heterogeneous response of DN. This means that DN, in NN2 played an essential role
in calibrating the spatially heterogeneous response of DN. Therefore, it is expected
that the location of fluorometers in in-situ measurements should be installed

considering the spatial variabilities of DNy in each case.

The limitations of the adoption of ANN models in this study are as follows.
Because ANN models were trained based on the in-situ measured concentration

ranged from O ppb to the peak concentration of the first cross-section, the accuracy
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for the concentration exceeding the range of the in-situ measured values cannot be
evaluated. Thus, the trained ANN model produced reliable spatial concentration
distributions after peak concentration arrival time at the cross-sections, which were
close to the injection point. Also, the ANN models could yield different
performances according to the architectures of ANN models and the types of cost
functions. Thus, even though the architectures of ANN models selected in this study
successfully converted the RGB images to concentration values for the three cases,
yet better architectures of ANN models could be constructed differently from that of

this study.
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Table 6.3 Summary of model implementations

Number Number
Method Model Input of data set of
variables (Train/
neurons
Test)
Multivariate ML-A312 1,368 / 586 -
linear ML-A315 DN(@&’(E)';'(AG)' 2,388 /1,023 ]
regression B/
ML-A317 1,731 /741 -
NN1-A312 1,368 / 586 7
T nntaate  DN(ZR), DN(L),
NN1-A315 DN(is) 2,388 /1,023 7
Artificial NN1-A317 1,731 /741 7
neural
network NN2-A312 DN(/g), DN(c), 1,368 / 586 15
NS DN(%s),
NN2-A315 DNo(ix), DNo(ic). 2,388 /1,023 15
NN2-A317 DNo(Z8) 1,731 /741 15
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6.5.4 Spatio-temporal distribution of tracer clouds

In this study, using the NN-2 model, the RGB images of each case were converted
to the concentration fields to obtain the spatio-temporal concentration distributions
of the tracer cloud in experimental channels. To remove the abnormally converted
values that were caused by electrical noise in digital images and the effect of sun
glint on the irregularly fluctuated water surface, the concentration fields were filtered
using the adaptive median filter suggested by Hwang and Hoddad (1995). Any
unwanted objects such as bridges and tag lines in the images were removed, and

these unmeasured regions were then interpolated using a 2D cubic spline.

Fig. 6.10 shows the distribution of the tracer cloud with time for EXP-A317. The
trajectories of the peak concentration over time are represented with dashed lines in
Fig. 6.10. This figure shows that the tracer clouds were advected following the
thalweg line as dispersing longitudinally and transversely over time in the
meandering channels. In addition, it was observed that the tail of the dispersing cloud
started to stretch at the inner bank side of Sec. 1 as the tracer cloud exited the first
bend, which was also clearly captured in the original RGB image as shown in Fig.
6.10 a). When the tracer clouds passed through the second bend (Sec. 3), as shown
in Fig. 6.10 b), the generation of tails on the opposite side was initiated. At this
moment, the bifurcation occurred at the rear of the tracer clouds, which was
deepened in the next bend (Sec. 5), similarly reported by Fischer (1966). Thus, this
figure clearly demonstrates that the method proposed in this study could facilitate a

comprehensive analysis in both time and space by providing the spatio-temporal
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distribution of the tracer concentration at high resolutions, which is not possible with

the conventional in-situ method of the tracer test.
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6.5.5 Assessment of cross-applicability

The NN2-A312, NN2-A315, and NN2-A317 models were separately trained
using each experimental case. To assess whether the trained models can be
universally applied to the experimental conditions not previously experienced, the
cross-validation of the model was conducted by applying each model to a different

dataset of each experiment.

Fig. 6.11 shows the time series results of each model at the center of Sec. 2 in
EXP-A315. The NN2-A315 model, which was trained using the dataset of EXP-
A315, showed good agreement with the in-situ measured concentration. On the other
hand, the results using the NN2-A312 and NN2-A317 models, in which the dataset
of EXP-A315 was not used in the training phase, showed overestimated results with
inaccurately simulated basal and peak concentrations. Nevertheless, all the models
showed high R? values because the rising and falling tendencies of the breakthrough
curve in the in-situ measurements were well reproduced by the NN2-A312 and NN2-
A317 models. The assessment of cross-applicability for all cases showed the same

tendency as summarized in Table 6.4.

From the evaluation of cross-applicability, each trained model showed site-
specific characteristics. The trained models could not be applied universally to the
image data acquired at the different experimental sites. This limitation of the
empirical approach regarding the site-specific problem has been frequently reported

in studies of various water environments (Dekker et al., 1996; Liu et al., 2003; Catts
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et al., 1985; Fraser ,1998; Lathrop, 1992; Whitlock et al., 1982). Since the spectral
response varies according to the constituents in the water body, DNy can be affected
by the background water quality caused by dissolved or suspended matters in the
water body. Moreover, DNy could be more strongly influenced by the radiance
reflected from the bed materials in the shallower water depth, and thus the ANN
models, which were trained using DNy, could yield site-specific results. For this
reason, the proposed method requires simultaneous in-situ measurements during the

image acquisitions to train the ANN models accurately.

171



80

[ o NN2-A312

: a NN2-A315
60 ‘oxoum=] s NN2-A317
: — EXP-A315

Conc. (ppb)

0 50 100 150 200 250
Time (sec)

Figure 6.11 Evaluation of cross-applicability at the center of Sec.2 (EXP-A315)
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Table 6.4 Evaluation of cross-applicability

Exp. case EXP-A312 EXP-A315 EXP-A317
Model NN2-A312 NN2-A315 NN2-A317 | NN2-A312 NN2-A315 NN2-A317 | NN2-A312 NN2-A315 NN2-A317
R? 0.94 0.84 0.77 0.74 0.91 0.83 0.86 0.88 0.93
RMSE (ppb) 5.280 18.66 15.12 13.86 2.419 21.13 13.84 4.789 3.430
PBIAS (%) 19.9 71.9 73.6 155 21.9 277 105 26.9 20.9
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7. Application of the improved 2D STRP

7.1 Pre-processing of remotely sensed data

On the remotely measured data for tracer tests in REC channels, the dispersion
coefficients were calculated using the 2D STRP-i, as well as the existing 2D STRP.

The application procedure can be summarized in the following steps.

(1) Transforming UTM coordinates to the natural coordinates system
(2) Extracting concentration profiles at selected measuring sections.

(3) Application of the routing procedures (2D STRP and 2D STRP-i) to predict

temporal concentration distribution in the downstream section.

(4) Determination of dispersion coefficients for the best-fitted prediction.

The remotely measured data which were assigned in the UTM coordinates system
was transformed into the orthogonal curvilinear coordinates or the stream-tube
coordinates in order to define the longitudinal surface of streamflow, which was
described in Chapter 2. Previous studies (Yotsukura and Sayre, 1976; Lau and
Krishnappan, 1981; Lane et al., 2000; Merwade et al., 2005) have defined the
longitudinal axis using various characteristics of the streams such as the centerline
of the channel, channel bank, half of the cumulative discharge, and the maximum
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depth (thalweg line) for transforming their arbitrary coordinates systems to the
orthogonal curvilinear coordinates. In this study, the longitudinal direction was
determined as the trajectory of the maximum concentration, shown in Fig. 6.10 for
EXP-A317 representatively, in order to reflect the actual path of pollutant clouds.
Based on the trajectory of the maximum concentration, the transverse surfaces were
assigned normal to the longitudinal surfaces. The longitudinal surfaces at each
transverse point were obtained tracing the constant values of cumulative discharge.
The cumulative discharges, Eq. (5.3), were calculated using the local velocity and
depth measured by ADCP at each measuring section, as shown in Fig. 7.1. Then the
cumulative discharges in the unmeasured regions between the measuring sections

were linearly interpolated based on the measured profiles.

Fig. 7.2 shows the remotely measured concentration data, which were transformed
in the stream-tube coordinates based on the trajectory of the maximum concentration.
This figure is corresponding concentration distribution in the UTM coordinates,
shown in Fig. 6.10. Fig. 7.3 shows the centroid of pollutant mass at each time. The
slopes could indicate the time rate of advective distance from the injection point for
each case. The values of slopes were very close to the mean velocity measured by
ADCP, shown in Table. 6.1. Thus, the longitudinal and transverse surfaces in the
stream-tube coordinates were well estimated to express the direction of primary

flows, although the surfaces were estimated by the cumulative discharge interpolated

by the limited measured data at each section. The values for metric coefficients (m,

and m_ ) were determined by graphically using Eq. (2.15).
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The value of Pw was also calculated to check the impingement of tracer clouds on
the wall boundaries. Fig. 7.4 shows the values of Pw for each section. The Pw was
oppositely alternated in the left and right banks. The Pw in the right bank was
significant even in the first measuring section in both cases of EXP-A315 and EXP-
A317. The maximum concentration approximately transported in the centerline, but
the tails of tracer clouds were elongated along either side of the bank, depending on
the skewed velocity distribution. Based on the evaluation of 2D STRP and 2D STRP-
i described in Chapter. 5 and Chapter. 6, the results of 2D STRP were sensitively
responded to the value of Pw. Thus, the application of the existing 2D STRP could
be problematic due to the significant impingement of tracer clouds on the wall

boundaries.
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7.2 Calculation of 2D dispersion coefficients

The dispersion coefficients were calculated using the 2D STRP-i, and the existing
2D STRP. The remotely measured tracer tests provided highly resolved
concentration fields, so the continuous transverse concentration profiles can be
obtained from left to right bank without interpolations. The transverse concentration
profiles were extracted from approximately 100 points per section. This resolution
corresponded to the transverse interval of 0.05 m. In order to calculate dispersion
coefficients, the transverse concentration profiles were temporally extracted from the
selected measuring sections. In this study, the measuring sections for calculation of
dispersion coefficients were the same as those for the measurement of hydraulic data,

shown in Fig. 6.3.

The temporal data for transverse concentration profiles (C-t-q distribution) at
upstream sections for each longitudinal interval were used as the input distributions.
In order to determine the optimal dispersion coefficients, the values which yield the
best-fitted prediction distribution should be found based on the proper evaluation
index. Piasecki and Katopodes (1999) attempted to optimize the 2D dispersion
coefficients in the numerical model to the results of tracer test data using the
conventional gradient-based technique. They reported that the objective function
(sum of squared residuals) lost its monotonic convexity, and a unique solution was
challenging to find due to various errors caused by measuring concentration values.
In other words, the gradient-based optimization algorithm may fail to find a unique

global minimum. Thus, in this study, the Latin Hypercube Simulation (McKay et al.,
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1979; Eglajs and Audze, 1977; Iman and Helton, 1981) was employed to find the
optimal values of 2D dispersion coefficients. The Latin Hypercube Simulation is a
type of random search based on the stratified Monte Carlo sampling. In Latin
Hypercube Simulation, the range of each input parameter is divided into » disjoint
intervals with an equal marginal probability of 1/n. the samples are randomly
selected once in each interval. Thus, n» number of random samples are uniformly
distributed across the range of each input parameter. The advantage of this method
is that randomly selected samples are non-collapsing and more space-filling,

compared to the results of the standard Monte Carlo Simulation.

The ranges of 2D dispersion coefficients for The Latin Hypercube Simulation
were set, referring to the ranges of dimensionless dispersion coefficients reported by
previous studies (Rutherford, 1994; Seo et al., 2016; Shin et al., 2019). The values
of D;/HU and Dy/HU" were evaluated in the range from 1 to 25, and from 0.1 to 3.0,

respectively. For calculation of dimensionless values, the shear velocity, U’, was

obtained using «/thS . The energy slope, S, was assumed as the values of 0.00125

that is the bottom slope of the experimental channels. Within these ranges, 5,000

samples for the pair of D; and Dr were randomly generated.
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Figure 7.5 RMSE distributions by 2D STRP and 2D STRP-i on the randomly
sampled dispersion coefficients (EXP-A315)
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Fig. 7.5 shows the RMSE distributions of results predicted by 2D STRP and 2D
STRP-i on the case of EXP-A315. As mentioned by Piasecki and Katopodes (1999),
the RMSE distributions by randomly sampled dispersion coefficients were indeed
non-convex with many local minima, so it is challenging to find the global minimum

using the traditional gradient-based optimization techniques.

In addition, the best-fitted distribution could be differently determined from
various statistical perspectives. Even if a certain dispersion coefficient yields the
inaccurate concentration distribution with significant value of RMSE, these results
could be evaluated as the best-fitted results on the other criteria such as maximum
value, variance, and so on. In order to evaluate the results from the different types of

objective functions, additional statistical indices were introduced as follows.

MaxE =|C},, ~Cp., (7.1)
VE=|of -o7| (7.2)
V,E =|o7 07| (7.3)

U 699
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where MaxFE is the absolute error of peak concentration; V; E and V, E are the absolute
error of temporal and transverse variance in the C-t-q distribution; R? is the
coefficient of determination; the upper script of p and m are predicted and measured
values. Each evaluation index was intended to evaluate the predicted distribution in
terms of the error of the peak concentration (MaxFE), the error of temporal variance

(V(E), the error of transverse variance (V4E), and overall trend (R?).

Fig. 7.6 shows the results of additional indices for error evaluations. The
evaluation results describe that optimum values of both D; and Dr can vary
according to the type of objective function. However, most previous studies, which
used 2D STRP, determined the optimal values of both D; and Dr using the gauss-
newton method with a single objective function, i.e., RMSE. Thus, it is possible that
the previously reported values of 2D dispersion coefficients by 2D STRP may not be
the global minimum. If measured concentration data has ideally no measurement
error, and the tracer transport is well described by 2D ADE, optimum values should
not depend on the evaluation indices. It is inferred that the measurement errors may
cause trade-off in between evaluation indices. For example, when the MaxE is used
as the optimum criterion, either V; E or V,E can increase to match the peak values of
concentration if the peak concentration of the measured distributions at downstream
section has a certain amount of error. Thus, it is hard to determine the optimum value

of D and Dr using a single objective function.
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c) V,E of 2D STRP-i (From Sec.2 to Sec.3)

2
V,E (m?%)
0.09
: 2160
0.08 4
. 1920
0.07 4 |
‘ 1680
0.06 1.1 1440
= 0.05 - ¢ 1200
=}
0.04 - 960
0.03 - 720
0.02 - 480
0.1 - 240
T [] Ll T T T T 0
0.1 0.2 03 0.4 0.5 0.6 0.7
Dy
d) R? of 2D STRP-i (From Sec.2 to Sec.3)
RZ
0.09 4 0.864
0.08 - 0.840
0.07 4 0.816
0064 = 0.792
- 0.05-
0 005 1§ 0.768
0.04 -
Y 0.744
0034
0.720
0.02 -
0.696
0.01 - |
0.672

Figure 7.6 Evaluation results of 2D STRP-i on the randomly sampled dispersion

coefficients (EXP-A315; the marks indicate the minimum values)
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In this study, the index score was introduced to determine the optimum D; and Dr
to consider multiple objective indices. Each evaluation index used in this study was
standardized by min-max scaling to transform in the range from 0 to 1 so that scaled

values express the worst values as 0 and the best values as 1.

(RMSE) _ —RMSE

e (RMSE)max _(RMSE)min (74)
s - (MaxE)__ —(MaxE) 75)
"E T (MaxE)  —(MaxE) '
V.E -V.E
ISVE — ( t )max t (76)

I (VtE)max _(VIE)min

5 - (.E) -V,E

q (VqE)max _(VqE)min o

2 _(p2
|Sz= R (R )min

© R (R,

(7.8)

where the subscript max and min indicates the maximum and minimum value of
each index on the evaluated values for the pair of D; and Dr. The determined

dispersion coefficients and its index scores were summarized in Table 7.1, and the
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Table 7.1 Summary of dispersion coefficients determined by 2D STRP and 2D STRP-i

Upstream | Downstream " " Index score

case section section | Mehod | B Or | DUHUT DIHUS o | 1sue ISves | ISveq 52| Jowl
ol w2 2DSTRP-i | 0.575 | 0.026 | 1738 | 079 0.61 0.47 0.99 0.67 0.98 373

2DSTRP | 0.662 | 0.006 | 2000 | 0.18 0.64 0.98 0.94 0.72 0.69 3.96

s o 2D STRP-i | 0.130 | 0.009 | 4.30 0.30 0.98 0.86 0.88 1.00 0.96 4.68

2DSTRP | 0.239 | 0.004 | 7.86 0.12 0.97 0.99 0.90 0.98 0.97 481

2DSTRP-i | 0286 | 0.034 | 8.14 0.97 1.00 0.80 0.71 0.63 0.74 3.88

EXP- sec.3 sec.4

A3L5 2DSTRP | 0410 | 0.005 | 1166 | 0.15 0.81 0.90 0.89 0.94 0.58 412
o ot 2DSTRP-i | 0296 | 0.008 | 881 0.23 0.99 0.98 0.99 0.96 0.99 491

2DSTRP | 0.175 | 0.004 | 521 0.1 0.99 0.97 0.99 0.96 1.00 492

2DSTRP-i| 0212 | 0.029 | 7.60 1.03 0.99 0.96 0.84 0.95 0.98 471

sec.5 sec.6 2DSTRP | 0.117 | 0004 | 419 0.13 0.98 0.97 1.00 0.99 0.98 492

ol w2 2D STRP-i | 0.667 | 0.017 | 15.11 0.39 0.90 0.94 0.99 0.95 0.99 4.76

2DSTRP | 0.625 | 0.026 | 1415 | 079 0.88 0.87 0.98 1.00 0.97 4.69

oa o 2DSTRP-i | 0496 | 0.030 | 1005 | 0.6l 0.99 0.61 0.99 0.92 0.96 4.47

2DSTRP | 0.588 | 0.009 | 1191 0.30 0.85 0.98 0.69 0.81 0.82 415

EXP. o od 2DSTRP-i | 0.189 | 0014 | 3.63 0.26 0.99 0.89 0.94 0.86 1.00 4.67
A317 2DSTRP | 0249 | 0011 | 478 032 1.00 0.98 1.00 0.89 0.99 485
2DSTRP-i | 0710 | 0012 | 1277 | o022 0.96 0.65 0.75 0.99 0.99 433

sec.4 sec:> 2DSTRP | 0781 | 0.004 | 14.04 0.1 0.99 0.94 0.81 0.97 0.98 4.69

ot ot 2DSTRP-i | 0418 | 0.033 | 7.43 0.59 0.99 0.99 0.80 0.97 0.97 473

2DSTRP | 0.161 | 0.003 | 2.86 0.11 0.98 0.88 1.00 0.94 0.99 478
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results of best-fitted predictions were shown in figures from Fig. 7.7 to Fig. 7.10.

The observed C-t-q distributions at each section showed the skewed distribution
with the long tail along the either left or right side of the riverbank. The elongation
of tails of tracer clouds near the side banks resulted from the combination of the
dispersion and the horizontally varied advection effect, which is caused by the
meanders and irregularities of channels. As shown in the figures from Fig. 7.7 to Fig.
7.10, both results of the existing 2D STRP and 2D STRP-i well reproduced the highly
distorted tracer clouds with long tails and time to peak concentrations for each
section. However, the prediction results near the wall boundaries have discrepancies
between 2D STRP and 2D STRP-i. For the results of 2D STRP-i, which is developed
in this study, the gradient of concentration near the wall boundaries was close to
zero-gradient, while the results from 2D STRP, which could not consider the effect

of wall boundaries, showed the steep transverse concentration gradient near the wall.
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a) Input C-t-q distribution at upstream section (sec. 2)
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Time (sec)

b) Predicted C-t-q distribution at downstream section by 2D STRP (sec. 3)
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Time (sec)

¢) Predicted C-t-q distribution at downstream section by 2D STRP-i (sec. 3)
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Figure 7.7 Predicted C-t-q distribution by 2D STRP and 2D STRP-i (From Sec.
2 to Sec. 3; EXP-A315; Filled color: measured value; Dotted line: predicted

value)
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a) Input C-t-q distribution at upstream section (sec. 4)
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b) Predicted C-t-q distribution at downstream section by 2D STRP (sec. 5)
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¢) Predicted C-t-q distribution at downstream section by 2D STRP-i (sec. 5)
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Figure 7.8 Predicted C-t-q distribution by 2D STRP and 2D STRP-i (From Sec.
4 to Sec. 5; EXP-A315; Filled color: measured value; Dotted line: predicted

value)
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a) Input C-t-q distribution at upstream section (sec. 2)

¢
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Time (sec)

b) Predicted C-t-q distribution at downstream section by 2D STRP (sec. 3)
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¢) Predicted C-t-q distribution at downstream section by 2D STRP-i (sec. 3)
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Figure 7.9 Predicted C-t-q distribution by 2D STRP and 2D STRP-i (From Sec.
2 to Sec. 3; EXP-A317; Filled color: measured value; Dotted line: predicted

value)
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a) Input C-t-q distribution at upstream section (sec. 4)
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¢) Predicted C-t-q distribution at downstream section by 2D STRP-i (sec. 5)
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Figure 7.10 Predicted C-t-q distribution by 2D STRP and 2D STRP-i (From Sec.
4 to Sec. 5; EXP-A317; Filled color: measured value; Dotted line: predicted

value)
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Fig. 7.11 and Fig. 6.12 show the nondimensional dispersion coefficients determined
at each interval for the experimental cases of EXP-A315 and EXP-A317. These
figures represent that the nondimensional transverse dispersion coefficients by 2D
STRP were generally underestimated compared to the results of 2D STRP-i
developed in this study, while and longitudinal dispersion coefficients were predicted
as a similar tendency. In Fig. 7.11 representing the determined longitudinal
dispersion coefficients, the nondimensional longitudinal dispersion coefficients,
which have been previously obtained by theoretical methods (Eq. 2.7), were plotted
as gray-colored lines (Elder, 1959; Shin et al., 2019). Notably, the results from Shin
et al. (2019) in Fig. 7.11 were the maximum values calculated by using ADCP
measured-velocity profiles in REC channel that is used in this study. The results of
2D STRP-i in this study were typically higher than the Elder’s value (5.93) but lower
than Shin et al. (2019) except for the first section. In the case of transverse dispersion
coefficients, Fischer et al. (1979) and Rutherford (1994) have summarized the range
of transverse dispersion coefficients, collecting the previous experimental data,
shown as gray-colored lines in Fig. 7.12. the transverse dispersion coefficients by
2D STRP-i were widely varied over the sections but mainly classified into ‘gently
meandering’ for both cases. However, the results of 2D STRP tended to be
underestimated compared to the results of 2D STRP-i. As shown in Fig. 7.4, the
remotely sensed tracer data showed that the tracer clouds were transported in contact
with the wall boundaries even in the first section for both EXP-A315 and EXP-A317.
Because of the limitation of 2D STRP, the transverse dispersive fluxes near the wall

boundaries caused the loss of the total mass due to the lack of treatment of boundaries.
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Figure 7.11 Comparison of longitudinal dispersion coefficients by routing

methods
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Figure 7.12 Comparison of transverse dispersion coefficients by routing
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Thus, the transverse dispersion coefficients could be selected less than the proper
values in the optimization procedures in order to conserve the tracer mass in the
optimization procedure. In spite of that, the longitudinal dispersion coefficients of
both methods showed similar tendencies for each section. The longitudinal
dispersion coefficients are the proportional factor of the longitudinal gradient of
concentration fields, so the magnitude of the longitudinal dispersion coefficient
cannot affect the loss of mass in 2D STRP. Therefore, the best-fitted distribution by
the existing 2D STRP tended to be determined as weighted in the longitudinal
dispersion coefficients rather than the transverse dispersion coefficients.

In summary, the use of routing-based methods can unreliably determine the
dispersion coefficients in the optimization phase due to the uncertainties of
measurement errors. Moreover, the existing 2D STRP tends to underestimate the
transverse dispersion coefficients due to its functional limitations in the cases where
the tracer clouds reach the wall boundaries. Thus, previously reported dispersion
coefficients by routing-based methods must be reexamined and verified in terms of

the optimization methods and the effect of wall boundaries.
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8. Conclusions

8.1 Conclusions of this study

In this study, the limitations of 2D STRP were quantitatively analyzed using the
synthetic concentration data. Then, in order to overcome the limitations of the
existing 2D STRP, the new routing-based observation method (2D STRP-i) and the
remote sensing-based experimental framework for tracer tests were developed. The

followings are the conclusions of the present study.

1) Limitations of the existing 2D STRP:
The performance of existing 2D STRP was evaluated in terms of the variation of
Peclet number and the spatially varied velocity distributions. The quantitative
evaluations were performed using the synthetic data generated by the analytical
solution and FVM-based numerical model, which was also implemented in this
study. The existing 2D STRP performs reasonably in the condition of the high
Peclet numbers because the existing 2D STRP was derived based on the frozen
cloud approximation. It was found that the frozen cloud approximation was
applicable for the cases of which the values of Peclet number over 2,250 in order
to estimate the accurate spatial concentration fields. However, when the tracer
clouds reached the side boundaries, the existing 2D STRP reproduced the
unreliable temporal concentration distributions. When subject to the spatially

varied flow, the 2D STRP well provided the distorted concentration fields caused
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by spatially varied advection, but the predicted results were also affected by the

effect of wall boundaries.

ii) Development of a new routing-based method for dispersion coefficients:
The new routing-based observation method (2D STRP-i) was developed in order
to overcome the limitations of the existing 2D STRP. The 2D STRP-i derived
from the 2D ADE in the orthogonal curvilinear coordinate system, assuming the
steady-state flow condition. 2D STRP-i could adequately consider the spatially
varied advection as well as the effect of wall boundaries. The verification of 2D
STRP-i showed that the temporal distributions of tracer clouds were correctly
predicted even if the significant impingement of tracer clouds on the wall
boundaries occurred. However, 2D STRP-i was applicable in the high Peclet

numbers because it was also derived following the frozen cloud approximation.

iii) Development of a remote sensing-based experimental framework for tracer tests
A new experimental framework for tracer tests using RGB images was developed
in order to acquire the spatio-temporal concentration distribution of tracer clouds
in open channel flows. Tracer tests using Rhodamine WT were conducted in the
large-scale experimental channels to collect the RGB images using a commercial
digital camera mounted on a UAV, and the concentration of Rhodamine WT using
in-situ fluorometric probes. The correlation analysis showed that the in-situ
measured concentrations of Rhodamine WT were strongly correlated with the

digital number (DN) of the RGB images. The empirical relationship between the
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DN values and the Rhodamine WT concentration data was obtained using an
artificial neural network (ANN) model. The trained ANN models accurately
retrieved the detailed spatio-temporal concentration distributions of all study
areas that had an R? higher than 0.9. The acquired spatio-temporal concentration
distributions by the proposed method based on the UAV images gave general as
well as detailed views of the tracer cloud moving dynamically in open channel

flows that cannot be easily observed using conventional in-situ measurements.

iv) Application of 2D STRP-i to experimental data
The 2D STRP-i was applied to the concentration data from tracer tests to calculate
the values of D; and Dr. In order to determine the optimum values of dispersion
coefficients, the Latin Hypercube Simulation approach was adapted. The results
of simulations showed that the RMSE distributions were non-convex with many
local minima. In addition, the optimal dispersion coefficients varied according to
the evaluation functions. In this study, the multiple evaluation indices were
introduced to determine the dispersion coefficients more robustly. The results
showed that the values of Dr were similarly found from both 2D STRP and 2D
STRP-i, while the values of Dr by 2D STRP were significantly underestimated
compared to the values by 2D STRP-i due to the lack of the consideration of the

wall boundaries.

In previous studies, the 2D STRP has been the only available method to calculate

the longitudinal and transverse dispersion coefficients simultaneously for 2D depth-
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averaged pollutant transport models, especially for the condition of the transient
concentration fields. Most of the published longitudinal dispersion coefficients for
2D ADE have been produced using 2D STRP. From the results of this study, it has
been demonstrated that the existing 2D STRP has the possibility to provide the
imprecise dispersion coefficients in the condition where the tracer clouds reach wall
boundaries due to its functional limitation. Moreover, the use of routing-based
methods can poorly determine the dispersion coefficients in the optimization phase
due to the uncertainties of measurement errors. Thus, previously reported dispersion
coefficients by routing-based methods have to be reexamined and verified in terms

of the data qualities and the optimization methods.
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8.2 Future study

This study mainly focused on the improvement of the routing-based observation
method for the dispersion coefficients in the depth-averaged pollutant transport
models. The 2D STRP-i, which is developed in this study, was validated using the
synthetic data and the artificially constructed meandering channels. More evaluation
is required to ensure the feasibility of 2D STRP-i in the natural river.

In order to determine the best-fitted distribution by 2D STRP-i, this study
employed the Latin Hypercube Simulation. This approach is more reliable than the
gradient-based optimization techniques in the aspect of the local minima problems.
However, this approach required massive computational efforts. A more efficient
method to find the optimum values of dispersion coefficients is desirable. The
heuristic optimization methods, such as the kind of genetic algorithm, may be
candidates.

The numerical model for 2D ADE in the orthogonal curvilinear coordinates was
developed for the evaluation of 2D STRP and 2D STRP-i. In this study, the numerical
model was used in simple geometries rather than irregularly-shaped channels in
order to obtain the numerical solution of 2D ADE. In order to employ this numerical
model for general purposes, the developed model has to be improved in terms of the
numerical scheme. The temporal integration of this numerical model was treated as
the first order explicit method. It may cause serious numerical diffusion in the
simulation with the large time-step. Thus, the high order time derivative method,

such as the 4" order Runge-Kutta, could be improved the accuracy of this model.
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Also, the implicit method may be desirable for the stable numerical solution for a
large time-step.

In terms of remote sensing based-tracer tests, this study applies the ANN model
to find the empirical relationship between the concentration of fluorescent dye and
the digital number of RGB imagery. The various machine learning techniques have
recently been adopted in the study of remote sensing for the monitoring of water
qualities. More evaluation and comparison studies are needed to generalize the
remote-sensing based-tracer tests. Moreover, this study used typical RGB imageries
to detect the fluorescent dye. The acquisition of multi- or hyperspectral image data
could facilitate the analysis of the optical characteristics of fluorescent dye in the

natural river where the various optical signal is mixed.
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Appendix

Appendix A. Program code of numerical model for 2D ADE

# Code Writer : D. Baek

# Code Description : FVM model for 2D ADE in natural coordinates
# Programming Language : Python 3.7

# Required library : numpy, matplotlib, numba (optional)

import numpy as np
from matplotlib import pyplot as plt
from copy import deepcopy

mass =1

w =12
h_value=1
u_value=0.5
v_value=0
DL_value =0.1

DT _value =0.01

src_value=0
LCT =  u_value*(w/2)**2/DT_value*1.5*0.3

LCVv=0

t_end = LCT/(u_value*1.5)
D_size = [w, LCT-LCV]
n_num =501

dn = D_size[0]/n_num
s_num =501

ds =D _size[1]/s_num

grid_s_itv = np.arange((LCV-ds*10)-(ds/2),LCT+ds, ds/2)
grid_n_itv = np.arange(0,D_size[0]+dn, dn/2)
[grid_s, grid_n] = np.meshgrid(grid_s_itv, grid_n_itv)
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node_s_itv = np.arange(grid_s_itv[1], LCT, ds)
node_n_itv = np.arange(grid_n_itv[1], D_size[0], dn)
[node_s, node_n] = np.meshgrid(node_s_itv, node_n_itv)

ms = np.ones([np.shape(grid_s)[0], np.shape(grid_s)[1]])

mn = np.ones([np.shape(grid_n)[0], np.shape(grid_n)[1]])

h = np.ones([np.shape(grid_n)[0], np.shape(grid_n)[1]])*h_value

u = stats.beta.pdf(grid_n/w, 1.2, 1.2)*u_value

v = np.ones([np.shape(grid_n)[0], np.shape(grid_n)[1]])*v_value
DL = np.ones([np.shape(grid_n)[0], np.shape(grid_n)[1]])*DL_value
DT = np.ones([np.shape(grid_n)[0], np.shape(grid_n)[1]])*DT_value

Fh = mn*h*u
Fv = ms*h*v
Eh = (mn/ms)*h*DL/ds
Ev = (ms/mn)*h*DT/dn

hP = np.ones([np.shape(node_n)[0], np.shape(node_n)[1]])*h_value
lamdaP = np.ones([np.shape(node_n)[0], np.shape(node_n)[1]])*src_value

dt=1/( (np.max(u)/ds)+(2*DL_value/ds**2)+(2*DT_value/dn**2) )
dt = dt*0.9
write_step = 15 # write interval of numerical solutions

Fh_mx, Fv_mx, Eh_mx, Ev_mx, mn_mx, ms_mx= param(np.shape(node_s)[0],
np.shape(node_s)[1], Fh, Fy, Eh, Ev, mn, ms)

Fh_e = Fh_mx[:,:,0]

Fh_w =Fh_mx[:,:,1]

Fv_n = Fv_mx]:,:,0]

Fv_n[0,:]=0
Fv_s=Fv_mx[;,:,1]
Fv_s[-1,:] =

Eh_e = Eh_mx[:,:,0]
Eh_e[:;-1]1=0

Eh_w =Eh_mx[;,:;,1]
Eh_w[:,0] = Eh_w[:,0]*2
Ev_n = Ev_mx]:,:,0]
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Ev_n[0,:]=0
Ev_s=Ev_mx]::1]
Ev_s[-1,:]=0

mn_e = mn_mx(:,:,0]
mn_w = mn_mx[:,:,1]
ms_n =ms_mx[:,:,0]
ms_s = ms_mx([:,:,1]

C0 = np.zeros([np.shape(node_n)[0], np.shape(node_n)[1]])
inj_loc = np.int(C0.shape[0]/2)

CO[inj_loc, 10] = mass / (ds*dn*h_value)

C_pre = deepcopy(C0)

ttt=0
for tin range(0, int(t_end/dt)) :

C_inlet = np.zeros(np.shape(C0)[0])
C=C_pre[;,]

TERM1 = np.zeros([np.shape(C0)[0], np.shape(CO)[1]])
TERM2 = np.zeros([np.shape(C0)[0], np.shape(CO)[1]])
TERM3 = np.zeros([np.shape(C0)[0], np.shape(CO)[1]])
TERM4 = np.zeros([np.shape(C0)[0], np.shape(CO)[1]])
TERMS = np.zeros([np.shape(C0)[0], np.shape(CO)[1]])

C P=Cl[;]

C_E =shift_nan(C_P, -1, 1)

C E[:,-1]1=C_P[;,-1]

C_W =shift_nan(C_P, 1, 1)
C_WI[:,0] = C_inlet[:]

C_WW = shift_nan(C_P, 2, 1)
C_WWI:,0] = C_inlet[:]
C_WWI[:;,1] = C_inlet[:]

C_N =shift_nan(C_P, 1, 0)
C_N[0,:] =C_P[0,:] #dummy
C_S =shift_nan(C_P, -1, 0)
C_S[-1,:1 = C_P[-1,]

C_SS = shift_nan(C_P, -2, 0)
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r_e = (C_P-C_W) / (C_E-C_P+0.0000000000000001)
r w = (C_W-C_WW) / (C_P-C_W-+0.0000000000000001)
r_n=(C_P-C_S)/ (C_N-C_P+0.0000000000000001)
r_s=(C_S-C_SS) / (C_P-C_S+0.0000000000000001)

limiter_e = (r_e+r_e**2) / (1+r_e**2)
limiter_ w = (r_w+r_w**2) / (1+r_w**2)
limiter_n = (r_n+r_n**2) / (14r_n**2)
limiter_s = (r_s+r_s**2) / (1+r_s**2)

C e=C_P+0.5*limiter_e * (C_E-C_P)
C_w=C_W+0.5*limiter_w * (C_P-C_W)
C_n=C_P+0.5*limiter_n * (C_N-C_P)

C s=C_S+0.5*limiter_ s * (C_P-C_S)

TERM1 = -(Fh_e*C_e - Fh_w*C_w) * dn

TERM2 = -(Fv_n*C_n - Fv_s*C_s) * ds

TERMS3 = (Eh_e*(C_E-C_P) - Eh_w*(C_P-C_W) )*dn
TERM4 = (Ev_n*(C_N-C_P) - Ev_s*(C_P-C_S) )*ds
TERMS = lamdaP*ds*dn

C_pre = C + dt/(hP*ds*dn) * (TERM1 + TERM2 + TERM3 + TERM4 + TERM5)

if t==ttt*write_step:
filename ="P9000_U1_"+str(s_num)+"_step"+str(t)+".csv'
np.save(filename, C_pre)
ttt=ttt+1

np.save("node_s", node_s)
np.save("node_n", node_n)

def shift_nan(A, n, axis):

shift_tmp = np.empty((np.shape(A)[0], np.shape(A)[1]))
shift_tmp[:] = float('nan')
if axis==0:
if n>=0:
shift_tmp[n:, :]1 = A[:-n,:]
else:
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shift_tmp[:n, :] = A[-n:,:]

else:
if n>=0:
shift_tmp[:, n:] = A[:,:-n]
else:
shift_tmp[:, :n] = A[;, -n:]

return shift_tmp

def limfunc(r, f):
if f==1:
limout=0
elif f == 2:
limout=1
elif f == 3:
limout = (3+r)/4
elif f == 4:
limout = (r+r**2) / (1+r**2)
elif f == 5:
D1 = np.zeros([np.shape(r)[0], np.shape(r)[1]])
D2 = np.min(np.dstack([r*2, np.ones([np.shape(r)[0],
np.shape(r)[1]])1),2)
D3 = np.min(np.dstack([r, np.ones([np.shape(r)[0],
np.shape(r)[1]])*2]),2)
limout = np.max(np.dstack([D1, D2, D3]),2)
elif f == 6:
D1 = np.zeros([np.shape(r)[0], np.shape(r)[1]])
D2 = np.min(np.dstack([r*2, (1+3*r)/4, (3+r)/4,
np.ones([np.shape(r)[0], np.shape(r)[1]]1)*2]),2)
limout = np.max(np.dstack([D1, D2]),2)

eliff==7:
limout = (r+np.abs(r)) / (1+r)

elif f == 8:
D1 = np.min(np.dstack([r, np.ones([np.shape(r)[0],
np.shape(r)[1]]) 1),2)
D2=r
D3 = np.min(np.dstack([D1, D2]),2)
D3[D3<0] =0
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limout = D3

eliff==9:
D1 = np.zeros([np.shape(r)[0], np.shape(r)[1]])
D2 = np.min(np.dstack([r*1.5, np.ones([np.shape(r)[0],
np.shape(r)[1]])]),2)
D3 = np.min(np.dstack([r, np.ones([np.shape(r)[0],
np.shape(r)[1]]1)*1.5]),2)
limout = np.max(np.dstack([D1, D2, D3]),2)

return limout

def param(i_size, j_size, Fh, Fv, Eh, Ev, mn, ms):
ms_mx = np.zeros([i_size, j_size, 2])
mn_mx = np.zeros([i_size, j_size, 2])
Fh_mx = np.zeros([i_size, j_size, 2])
Fv_mx = np.zeros([i_size, j_size, 2])
Eh_mx = np.zeros([i_size, j_size, 2])
Ev_mx = np.zeros([i_size, j_size, 2])
foriin range(0, i_size):
forjin range (0, j_size):
Fh_mx[i,j,0] = Fh[2*i+1, 2*j+2]
Fh_mx[i,j,1] = Fh[2*i+1, 2*]]
Fv_mx[i,j,0] = Fv[2%*i, 2*j+1]
Fv_mx[i,j,1] = Fv[2*i+2, 2*j+1]

Eh_mx[i,j,0] = Eh[2*i+1, 2*j+2]
Eh_mx[i,j,1] = Eh[2¥*i+1, 2%]]
Ev_mx[i,j,0] = Ev[2*i, 2*j+1]
Ev_mx[i,j,1] = Ev[2*i+2, 2*j+1]

mn_mx[i,j,0] = mn[2¥*i+1, 2*j+2]
mn_mx[i,j,1] = mn[2*i+1, 2%*]]
ms_mx[i,j,0] = ms[2*i, 2*j+1]
ms_mx[i,j,1] = ms[2*i+2, 2*j+1]
return Fh_mx, Fv_mx, Eh_mx, Ev_mx, mn_mx, ms_mx
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Appendix B. Tracer test results in EXP-A315

Table B1. Velocity and water depth measurement using ADCP

a) Sec. 1
UTM UTM Water ]I‘?’Iosrtr??:fi Streamwise  Transverse Vertical
Easting Northing depth b Velocity Velocity Velocity
ank

(m) (m) (m) (m) (cml/s) (cml/s) (cm/s)
460,876.8 4,046,210.5 0.1 0.4 58.5 8.7 -2.1
460,876.9 4,046,210.6 0.1 0.5 62.8 8.4 -1.8
460,877.0 4,046,210.6 0.1 0.6 77.1 10.9 -1.5
460,877.1 4,046,210.6 0.1 0.7 90.2 9.6 -1.5
460,877.1 4,046,210.6 0.2 0.7 92.8 8.4 -1.7
460,877.2 4,046,210.6 0.1 0.8 97.8 9.4 -1.5
460,877.2 4,046,210.6 0.2 0.8 99.9 7.5 -1.5
460,877.2 4,046,210.6 0.3 0.8 102.4 7.0 -2.0
460,877.3 4,046,210.6 0.1 0.9 103.3 5.8 -1.2
460,877.3 4,046,210.6 0.2 0.9 104.1 4.2 -1.2
460,877.3 4,046,210.6 0.3 0.9 105.0 1.8 -1.5
460,877.3 4,046,210.6 0.4 0.9 105.3 -1.4 -1.6
460,877.4 4,046,210.7 0.1 1.0 102.3 2.7 -1.3
460,877.4 4,046,210.7 0.2 1.0 102.5 1.2 -1.1
460,877.4 4,046,210.7 0.3 1.0 102.8 -0.9 -1.1
460,877.4 4,046,210.7 0.4 1.0 102.6 -1.9 -0.7
460,877.5 4,046,210.7 0.1 1.1 100.0 0.0 -1.3
460,877.5 4,046,210.7 0.2 11 100.4 -1.2 -1.5
460,877.5 4,046,210.7 0.3 1.1 101.1 -3.1 -1.3
460,877.5 4,046,210.7 0.4 11 99.2 -4.7 -1.6
460,877.6 4,046,210.7 0.1 1.2 97.8 0.4 -1.6
460,877.6 4,046,210.7 0.2 1.2 97.9 -0.9 -2.0
460,877.6 4,046,210.7 0.3 1.2 98.5 -2.3 -1.7
460,877.6 4,046,210.7 0.4 1.2 96.8 -4.4 -1.7
460,877.6 4,046,210.7 0.5 1.2 95.7 -5.0 -0.9
460,877.7 4,046,210.7 0.1 1.3 96.9 2.3 -0.9
460,877.7 4,046,210.7 0.2 1.3 97.2 0.9 -1.4
460,877.7 4,046,210.7 0.3 1.3 97.6 -2.3 -1.4
460,877.7 4,046,210.7 0.4 1.3 93.8 -6.1 -2.1
460,877.8 4,046,210.7 0.1 1.4 95.0 4.2 -0.6
460,877.8 4,046,210.7 0.2 14 95.3 2.3 -0.9
460,877.8 4,046,210.7 0.3 1.4 95.9 -1.8 -1.0
460,877.8 4,046,210.7 0.4 1.4 92.6 -5.3 -1.5
460,877.8 4,046,210.7 0.5 14 90.7 -7.6 -1.4
460,877.9 4,046,210.8 0.1 15 93.2 4.8 -0.3
460,877.9 4,046,210.8 0.2 15 94.2 2.4 -0.4
460,877.9 4,046,210.8 0.3 15 95.1 -15 -0.8
460,877.9 4,046,210.8 0.4 15 91.7 -4.1 -1.5
460,877.9 4,046,210.8 0.5 15 89.4 -5.0 -1.9
460,878.0 4,046,210.8 0.1 1.6 91.0 4.2 -0.7
460,878.0 4,046,210.8 0.2 1.6 91.9 2.0 -0.7
460,878.0 4,046,210.8 0.3 1.6 93.4 -1.4 -1.3
460,878.0 4,046,210.8 0.4 1.6 90.7 -2.3 -1.5
460,878.0 4,046,210.8 05 1.6 89.1 -2.3 -1.7
460,878.0 4,046,210.8 0.1 1.7 88.9 29 -0.2
460,878.0 4,046,210.8 0.2 17 90.4 1.2 -0.6
460,878.0 4,046,210.8 0.3 1.7 92.4 -1.6 -1.3
460,878.0 4,046,210.8 0.4 1.7 89.7 -1.8 -1.3
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460,878.0 4,046,210.8 0.5 17 87.8 -1.6 -1.3
460,878.1 4,046,210.8 0.1 1.8 88.1 2.2 -0.5
460,878.1 4,046,210.8 0.2 1.8 90.0 1.0 -1.0
460,878.1 4,046,210.8 0.3 1.8 91.6 -0.5 -1.6
460,878.1 4,046,210.8 0.4 1.8 88.9 -0.7 -1.3
460,878.1 4,046,210.8 0.5 1.8 86.5 -0.4 -0.9
460,878.2 4,046,210.8 0.1 19 87.1 3.5 -0.4
460,878.2 4,046,210.8 0.2 19 89.7 2.6 -1.1
460,878.2 4,046,210.8 0.3 19 91.1 2.3 -1.6
460,878.2 4,046,210.8 0.4 19 89.5 1.1 -1.4
460,878.2 4,046,210.8 0.5 19 86.8 1.2 -0.9
460,878.3 4,046,210.9 0.1 2.0 86.5 4.1 -0.5
460,878.3 4,046,210.9 0.2 2.0 87.9 35 -0.8
460,878.3 4,046,210.9 0.3 2.0 87.3 4.2 -1.3
460,878.3 4,046,210.9 0.4 2.0 85.7 2.0 -0.9
460,878.3 4,046,210.9 0.5 2.0 83.2 17 -0.7
460,878.4 4,046,210.9 0.1 2.1 82.9 34 0.1
460,878.4 4,046,210.9 0.2 2.1 83.1 3.1 0.1
460,878.4 4,046,210.9 0.3 2.1 80.8 3.3 -0.2
460,878.4 4,046,210.9 0.4 2.1 79.3 0.8 -0.2
460,878.4 4,046,210.9 0.5 2.1 77.1 0.0 -0.3
460,878.5 4,046,210.9 0.1 2.2 81.5 3.0 0.1
460,878.5 4,046,210.9 0.2 2.2 79.5 2.2 0.1
460,878.5 4,046,210.9 0.3 2.2 75.9 1.6 0.3
460,878.5 4,046,210.9 0.4 2.2 73.1 -0.7 0.5
460,878.5 4,046,210.9 0.5 2.2 71.8 -1.4 0.7
460,878.6 4,046,210.9 0.1 2.3 80.8 3.3 0.2
460,878.6 4,046,210.9 0.2 2.3 77.6 2.2 -0.1
460,878.6 4,046,210.9 0.3 2.3 74.0 1.0 0.3
460,878.6 4,046,210.9 0.4 2.3 70.5 -0.7 0.6
460,878.6 4,046,210.9 0.5 2.3 70.1 -1.0 1.3
460,878.7 4,046,210.9 0.1 24 79.0 3.2 0.5
460,878.7 4,046,210.9 0.2 24 75.5 1.8 0.1
460,878.7 4,046,210.9 0.3 24 72.6 -0.2 0.2
460,878.7 4,046,210.9 0.4 24 69.2 -1.9 0.6
460,878.8 4,046,211.0 0.1 25 75.1 14 11
460,878.8 4,046,211.0 0.2 25 72.9 0.1 0.7
460,878.8 4,046,211.0 0.3 25 70.1 -2.4 0.4
460,878.8 4,046,211.0 0.4 25 67.0 -3.8 0.5
460,878.9 4,046,211.0 0.1 2.6 724 -0.1 12
460,878.9 4,046,211.0 0.2 2.6 70.4 -1.4 0.9
460,878.9 4,046,211.0 0.3 2.6 66.0 -3.5 0.5
460,878.9 4,046,211.0 0.4 2.6 62.7 -4.6 0.4
460,879.0 4,046,211.0 0.1 2.7 72.4 -0.4 0.6
460,879.0 4,046,211.0 0.2 2.7 70.2 -1.6 0.2
460,879.0 4,046,211.0 0.3 2.7 64.9 -3.4 -0.2
460,879.0 4,046,211.0 0.4 2.7 61.1 -3.9 -04
460,879.1 4,046,211.0 0.1 2.8 71.8 0.6 0.1
460,879.1 4,046,211.0 0.2 2.8 69.2 -0.7 -0.2
460,879.1 4,046,211.0 0.3 2.8 63.0 -2.4 -04
460,879.1 4,046,211.0 0.4 2.8 59.0 -2.7 -0.6
460,879.2 4,046,211.0 0.1 2.9 704 1.3 -0.3
460,879.2 4,046,211.0 0.2 2.9 67.5 0.1 -0.5
460,879.2 4,046,211.0 0.3 2.9 60.6 -1.8 -0.5
460,879.2 4,046,211.0 0.4 2.9 56.2 -2.3 -0.6
460,879.3 4,046,211.1 0.1 3.0 67.9 1.3 -0.1
460,879.3 4,046,211.1 0.2 3.0 64.4 0.1 -0.2
460,879.3 4,046,211.1 0.3 3.0 56.3 -0.9 -0.1
460,879.3 4,046,211.1 0.4 3.0 50.7 -1.4 0.0
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460,879.4 4,046,211.1 0.1 3.1 65.6 0.8 0.2
460,879.4 4,046,211.1 0.2 3.1 61.3 0.0 0.2
460,879.4 4,046,211.1 0.3 3.1 52.8 -0.4 0.4
460,879.4 4,046,211.1 0.4 3.1 46.4 -0.8 0.7
460,879.5 4,046,211.1 0.1 3.2 62.9 1.0 0.5
460,879.5 4,046,211.1 0.2 3.2 58.5 0.7 0.4
460,879.5 4,046,211.1 0.3 3.2 50.5 0.0 0.7
460,879.5 4,046,211.1 0.4 3.2 44.4 -0.2 0.9
460,879.6 4,046,211.1 0.1 3.3 60.1 2.3 0.4
460,879.6 4,046,211.1 0.2 3.3 56.2 14 0.2
460,879.6 4,046,211.1 0.3 3.3 48.2 0.0 0.3
460,879.6 4,046,211.1 0.4 3.3 43.1 -1.0 0.3
460,879.7 4,046,211.1 0.1 34 57.2 2.7 0.1
460,879.7 4,046,211.1 0.2 34 54.2 1.2 -0.2
460,879.7 4,046,211.1 0.3 34 47.3 -0.6 -0.8
460,879.7 4,046,211.1 0.4 34 43.9 -2.1 -1.2
460,879.8 4,046,211.2 0.1 35 54.7 0.8 0.3
460,879.8 4,046,211.2 0.2 3.5 52.1 -0.7 -0.1
460,879.8 4,046,211.2 0.3 3.5 46.7 -1.7 -1.1
460,879.8 4,046,211.2 0.4 35 44.1 -3.6 -1.8
460,879.9 4,046,211.2 0.1 3.6 52.1 -0.3 0.3
460,879.9 4,046,211.2 0.2 3.6 49.9 -1.2 -0.1
460,879.9 4,046,211.2 0.3 3.6 47.2 -1.9 -0.9
460,880.0 4,046,211.2 0.1 3.7 48.3 -0.3 0.5
460,880.0 4,046,211.2 0.2 3.7 46.2 -0.6 0.0
460,880.0 4,046,211.2 0.3 3.7 44.5 -0.8 -0.3
460,880.1 4,046,211.2 0.1 3.8 43.0 0.5 0.6
460,880.1 4,046,211.2 0.2 3.8 41.0 0.4 0.1
460,880.1 4,046,211.2 0.3 3.8 40.2 -0.1 -0.5
460,880.2 4,046,211.2 0.1 3.9 374 0.6 0.8
460,880.2 4,046,211.2 0.2 3.9 35.6 -0.3 0.1
460,880.2 4,046,211.2 0.3 3.9 35.2 -1.3 -0.5
460,880.3 4,046,211.3 0.1 4.0 35.1 0.3 0.4
460,880.3 4,046,211.3 0.2 4.0 33.1 -1.2 -0.1
460,880.3 4,046,211.3 0.3 4.0 31.8 -2.5 -0.6
460,880.4 4,046,211.3 0.1 4.1 33.8 -0.4 -0.1
460,880.4 4,046,211.3 0.2 4.1 31.8 -1.6 -0.3
460,880.4 4,046,211.3 0.3 4.1 30.1 -2.2 -0.5
460,880.5 4,046,211.3 0.1 4.2 32.4 -1.2 -0.5
460,880.5 4,046,211.3 0.2 4.2 30.9 -1.5 -0.5
460,880.5 4,046,211.3 0.3 4.2 28.9 -1.6 -0.3
460,880.6 4,046,211.3 0.1 4.3 29.5 -2.8 -0.6
460,880.6 4,046,211.3 0.2 4.3 27.8 -2.1 -0.5
460,880.7 4,046,211.3 0.1 4.4 27.8 -3.7 -0.4
460,880.7 4,046,211.3 0.2 44 26.8 -3.4 -0.5
460,880.7 4,046,211.3 0.3 4.4 25.9 -3.6 -0.7
460,880.8 4,046,211.4 0.1 4.5 27.0 -3.8 -0.2
460,880.8 4,046,211.4 0.2 4.5 26.1 -3.4 -0.3
460,880.9 4,046,211.4 0.1 4.6 25.3 -4.0 0.4
460,880.9 4,046,211.4 0.2 4.6 25.3 -4.0 0.4
460,881.0 4,046,211.4 0.1 4.7 15.9 -2.3 3.0
460,881.0 4,046,211.4 0.2 4.7 15.9 -2.3 3.0
460,881.1 4,046,211.4 0.1 4.8 12.1 -5.6 4.6
460,881.1 4,046,211.4 0.2 4.8 12.1 -5.6 4.6
460,881.2 4,046,211.4 0.1 4.9 8.8 -2.6 4.0
460,881.3 4,046,211.5 0.1 5.0 17.7 -5.5 0.2
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b) Sec. 2

UTM UTM Water Rg:ﬁ?::t Streamwise  Transverse Vertical

Easting Northing depth b Velocity Velocity Velocity
ank

(m) (m) (m) (m) (cml/s) (cml/s) (cm/s)
460,869.0 4,046,220.3 0.1 0.6 22.4 -1.7 -1.0
460,869.0 4,046,220.4 0.1 0.7 23.7 -2.0 0.0
460,869.0 4,046,220.5 0.1 0.8 24.2 -2.6 0.7
460,869.0 4,046,220.6 0.1 0.9 25.2 -2.3 0.8
460,869.0 4,046,220.6 0.2 0.9 25.2 -2.3 0.8
460,869.0 4,046,220.7 0.1 1.0 24.3 -1.4 0.6
460,869.0 4,046,220.7 0.2 1.0 24.3 -1.4 0.6
460,869.0 4,046,220.8 0.1 1.1 26.3 -0.6 0.4
460,869.0 4,046,220.8 0.2 1.1 26.3 -0.6 0.4
460,869.0 4,046,220.9 0.1 1.2 28.1 -0.8 0.2
460,869.0 4,046,220.9 0.2 1.2 28.1 -0.8 0.2
460,869.0 4,046,221.0 0.1 1.3 30.4 -1.1 -0.2
460,869.0 4,046,221.0 0.2 1.3 30.4 -1.1 -0.2
460,869.1 4,046,221.1 0.1 1.4 29.9 -1.5 -0.1
460,869.1 4,046,221.1 0.2 1.4 29.9 -1.5 -0.1
460,869.1 4,046,221.2 0.1 15 29.3 -2.3 -0.2
460,869.1 4,046,221.2 0.2 15 29.3 -2.3 -0.2
460,869.1 4,046,221.3 0.1 1.6 31.1 -3.2 05
460,869.1 4,046,221.3 0.2 1.6 33.6 -0.4 1.0
460,869.1 4,046,221.4 0.1 1.7 34.7 -3.8 0.8
460,869.1 4,046,221.4 0.2 1.7 37.1 -0.2 1.3
460,869.1 4,046,221.4 0.3 1.7 37.7 2.4 15
460,869.1 4,046,221.5 0.1 1.8 374 -5.0 1.3
460,869.1 4,046,221.5 0.2 1.8 39.2 -1.2 1.6
460,869.1 4,046,221.5 0.3 1.8 40.0 0.4 1.3
460,869.1 4,046,221.6 0.1 1.9 39.6 -6.2 1.1
460,869.1 4,046,221.6 0.2 1.9 40.0 -4.4 1.1
460,869.1 4,046,221.6 0.3 1.9 38.2 -3.8 0.9
460,869.1 4,046,221.7 0.1 2.0 42.6 -5.6 1.0
460,869.1 4,046,221.7 0.2 2.0 42.9 -4.2 1.0
460,869.1 4,046,221.7 0.3 2.0 39.4 -4.0 1.7
460,869.1 4,046,221.7 04 2.0 37.9 -2.8 2.6
460,869.1 4,046,221.8 0.1 2.1 44.6 -4.8 1.4
460,869.1 4,046,221.8 0.2 2.1 45.1 -3.3 15
460,869.1 4,046,221.8 0.3 2.1 40.9 -3.8 24
460,869.1 4,046,221.8 04 2.1 39.5 -3.2 3.2
460,869.1 4,046,221.9 0.1 2.2 45.6 -6.1 1.7
460,869.1 4,046,221.9 0.2 2.2 46.3 -5.0 1.7
460,869.1 4,046,221.9 0.3 2.2 44.1 -6.2 2.7
460,869.1 4,046,221.9 0.4 2.2 43.3 -5.9 35
460,869.1 4,046,222.0 0.1 2.3 44.8 -9.9 1.8
460,869.1 4,046,222.0 0.2 2.3 45.3 -9.0 2.1
460,869.1 4,046,222.0 0.3 2.3 45.4 -9.3 2.8
460,869.1 4,046,222.0 04 2.3 45.1 -8.5 35
460,869.1 4,046,222.1 0.1 2.4 45.9 -13.1 1.6
460,869.1 4,046,222.1 0.2 2.4 46.0 -11.9 1.9
460,869.1 4,046,222.1 0.3 2.4 47.0 -11.4 2.7
460,869.1 4,046,222.1 0.4 2.4 46.5 -10.3 3.3
460,869.1 4,046,222.2 0.1 25 47.1 -14.7 1.0
460,869.1 4,046,222.2 0.2 25 47.6 -12.8 1.5
460,869.1 4,046,222.2 0.3 25 49.9 -11.7 2.1
460,869.1 4,046,222.2 0.4 2.5 51.3 -9.3 2.2
460,869.1 4,046,222.3 0.1 2.6 48.4 -15.3 05
460,869.1 4,046,222.3 0.2 2.6 49.3 -13.2 0.7
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460,869.1 4,046,222.3 0.3 2.6 52.3 -12.2 0.8
460,869.1 4,046,222.3 0.4 2.6 54.9 -10.9 0.5
460,869.1 4,046,222.3 0.5 2.6 57.1 -11.9 0.2
460,869.1 4,046,222.4 0.1 2.7 50.9 -16.7 -0.4
460,869.1 4,046,222.4 0.2 2.7 52.1 -14.3 -0.6
460,869.1 4,046,222.4 0.3 2.7 55.1 -12.9 -0.7
460,869.1 4,046,222.4 0.4 2.7 56.6 -10.2 -0.7
460,869.1 4,046,222.4 0.5 2.7 57.7 -10.5 -0.6
460,869.1 4,046,222.5 0.1 2.8 56.0 -19.1 -0.4
460,869.1 4,046,222.5 0.2 2.8 56.9 -15.8 -0.7
460,869.1 4,046,222.5 0.3 2.8 58.1 -11.8 -1.1
460,869.1 4,046,222.5 0.4 2.8 58.8 -7.7 -0.9
460,869.1 4,046,222.5 0.5 2.8 58.8 -6.9 -0.6
460,869.1 4,046,222.6 0.1 2.9 60.0 -21.8 -0.7
460,869.1 4,046,222.6 0.2 2.9 60.8 -18.1 -1.0
460,869.1 4,046,222.6 0.3 2.9 61.0 -11.8 -1.3
460,869.1 4,046,222.6 0.4 2.9 59.9 -5.4 -1.1
460,869.1 4,046,222.6 0.5 2.9 58.6 -2.6 -0.8
460,869.1 4,046,222.7 0.1 3.0 60.0 -21.7 -0.6
460,869.1 4,046,222.7 0.2 3.0 61.1 -19.0 -0.9
460,869.1 4,046,222.7 0.3 3.0 62.4 -12.4 -1.3
460,869.1 4,046,222.7 0.4 3.0 61.9 -5.1 -1.3
460,869.1 4,046,222.7 0.5 3.0 61.2 -1.0 -1.3
460,869.1 4,046,222.8 0.1 3.1 58.6 -19.6 -0.8
460,869.1 4,046,222.8 0.2 3.1 59.6 -17.8 -1.2
460,869.1 4,046,222.8 0.3 3.1 62.4 -12.7 -1.5
460,869.1 4,046,222.8 0.4 3.1 62.0 -6.5 -1.8
460,869.1 4,046,222.8 0.5 3.1 62.2 -2.6 -1.6
460,869.1 4,046,222.9 0.1 3.2 59.0 -20.2 -0.6
460,869.1 4,046,222.9 0.2 3.2 60.4 -18.5 -1.0
460,869.1 4,046,222.9 0.3 3.2 64.2 -14.3 -14
460,869.1 4,046,222.9 0.4 3.2 64.2 -8.2 -1.4
460,869.1 4,046,222.9 0.5 3.2 64.8 -4.6 -1.2
460,869.1 4,046,223.0 0.1 3.3 61.9 -21.6 -0.5
460,869.1 4,046,223.0 0.2 3.3 63.1 -19.5 -1.1
460,869.1 4,046,223.0 0.3 3.3 65.4 -15.3 -1.3
460,869.1 4,046,223.0 0.4 3.3 65.1 -9.5 -1.3
460,869.1 4,046,223.0 0.5 3.3 64.9 -6.6 -0.9
460,869.1 4,046,223.1 0.1 34 65.2 -22.9 -0.3
460,869.1 4,046,223.1 0.2 34 66.5 -20.2 -0.5
460,869.1 4,046,223.1 0.3 34 67.1 -16.2 -0.8
460,869.1 4,046,223.1 0.4 34 66.1 -9.9 -0.9
460,869.1 4,046,223.1 0.5 34 64.5 -7.4 -0.9
460,869.1 4,046,223.2 0.1 35 66.3 -22.6 0.3
460,869.1 4,046,223.2 0.2 3.5 67.8 -19.7 0.2
460,869.1 4,046,223.2 0.3 35 67.2 -15.8 -0.1
460,869.1 4,046,223.2 0.4 35 65.9 -9.6 -0.6
460,869.1 4,046,223.2 0.5 35 63.5 -7.4 -0.9
460,869.1 4,046,223.3 0.1 3.6 67.8 -24.0 0.5
460,869.1 4,046,223.3 0.2 3.6 69.1 -21.6 0.6
460,869.1 4,046,223.3 0.3 3.6 67.8 -16.4 0.2
460,869.1 4,046,223.3 0.4 3.6 66.0 -10.0 -0.3
460,869.1 4,046,223.3 0.5 3.6 63.2 -6.6 -0.8
460,869.1 4,046,223.4 0.1 3.7 68.3 -25.6 1.1
460,869.1 4,046,223.4 0.2 3.7 68.4 -23.6 0.9
460,869.1 4,046,223.4 0.3 3.7 66.6 -17.2 0.2
460,869.1 4,046,223.4 0.4 3.7 64.5 -9.7 -04
460,869.1 4,046,223.4 0.5 3.7 62.4 -4.9 -0.9
460,869.2 4,046,223.5 0.1 3.8 68.9 -26.2 1.1
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460,869.2 4,046,223.5 0.2 3.8 68.3 -24.3 0.9
460,869.2 4,046,223.5 0.3 3.8 65.8 -18.2 0.1
460,869.2 4,046,223.5 0.4 3.8 62.9 -10.2 -0.6
460,869.2 4,046,223.5 0.5 3.8 60.8 -5.1 -1.1
460,869.2 4,046,223.6 0.1 3.9 68.8 -25.1 0.8
460,869.2 4,046,223.6 0.2 3.9 67.8 -22.7 0.5
460,869.2 4,046,223.6 0.3 3.9 65.7 -17.2 -0.3
460,869.2 4,046,223.6 0.4 3.9 63.2 -8.2 -1.3
460,869.2 4,046,223.6 0.5 3.9 61.8 -3.3 -2.0
460,869.2 4,046,223.7 0.1 4.0 68.3 -22.2 -0.2
460,869.2 4,046,223.7 0.2 4.0 68.2 -20.3 -0.5
460,869.2 4,046,223.7 0.3 4.0 65.4 -16.1 -1.3
460,869.2 4,046,223.7 0.4 4.0 64.0 -7.9 -2.3
460,869.2 4,046,223.7 0.5 4.0 61.8 -3.5 -2.9
460,869.2 4,046,223.8 0.1 4.1 68.7 -18.9 -1.0
460,869.2 4,046,223.8 0.2 4.1 68.5 -17.5 -1.6
460,869.2 4,046,223.8 0.3 4.1 66.3 -12.8 -2.8
460,869.2 4,046,223.8 0.4 4.1 64.3 -5.9 -3.9
460,869.2 4,046,223.8 0.5 4.1 62.3 -1.4 -4.4
460,869.2 4,046,223.9 0.1 4.2 67.6 -15.9 -1.2
460,869.2 4,046,223.9 0.2 4.2 67.3 -15.3 -1.6
460,869.2 4,046,223.9 0.3 4.2 65.4 -11.7 -2.8
460,869.2 4,046,223.9 0.4 4.2 63.4 -7.0 -3.7
460,869.2 4,046,223.9 0.5 4.2 61.4 -2.8 -4.4
460,869.2 4,046,224.0 0.1 4.3 65.5 -13.0 -2.1
460,869.2 4,046,224.0 0.2 4.3 65.4 -12.4 -2.1
460,869.2 4,046,224.0 0.3 4.3 63.9 -10.6 -2.7
460,869.2 4,046,224.0 0.4 4.3 61.6 -8.6 -3.2
460,869.2 4,046,224.1 0.1 4.4 64.7 -6.3 -2.6
460,869.2 4,046,224.1 0.2 44 65.0 -7.0 -2.6
460,869.2 4,046,224.1 0.3 44 63.1 -7.5 -2.8
460,869.2 4,046,224.1 0.4 4.4 62.4 -9.5 -2.5
460,869.2 4,046,224.2 0.1 4.5 65.1 -3.2 -3.2
460,869.2 4,046,224.2 0.2 4.5 65.1 -3.6 -3.3
460,869.2 4,046,224.2 0.3 4.5 63.1 -3.5 -34
460,869.2 4,046,224.3 0.1 4.6 65.5 0.2 -3.0
460,869.2 4,046,224.3 0.2 4.6 64.3 0.8 -3.1
460,869.2 4,046,224.3 0.3 4.6 63.3 4.7 -3.2
460,869.2 4,046,224.4 0.1 4.7 61.1 2.2 -3.3
460,869.2 4,046,224.4 0.2 4.7 59.5 3.7 -2.8
460,869.2 4,046,224.4 0.3 4.7 58.3 8.0 -2.5
460,869.2 4,046,224.5 0.1 4.8 53.7 9.0 -3.5
460,869.2 4,046,224.5 0.2 4.8 53.7 9.7 -2.8
460,869.2 4,046,224.5 0.3 4.8 53.7 14.4 -2.5
460,869.2 4,046,224.6 0.1 4.9 45.5 11.2 -3.1
460,869.2 4,046,224.6 0.2 4.9 46.3 11.0 -2.8
460,869.2 4,046,224.7 0.1 5.0 42.0 124 -2.9
460,869.2 4,046,224.7 0.2 5.0 42.0 124 -2.9
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¢) Sec. 3

UTM UTM Water Rg:ﬁ?::t Streamwise  Transverse Vertical
Easting Northing depth b Velocity Velocity Velocity
ank

(m) (m) (m) (m) (cml/s) (cml/s) (cml/s)
460853.3 4046208.6 0.1 0.4 51.3 3.8 -0.5
460853.2 4046208.6 0.1 0.5 54.1 3.4 -0.2
460853.1 4046208.7 0.1 0.6 55.3 1.6 -0.8
460853.1 4046208.7 0.2 0.6 55.3 1.6 -0.8
460853.0 4046208.8 0.1 0.7 55.7 -1.1 -1.8
460853.0 4046208.8 0.2 0.7 54.7 -1.0 -1.7
460853.0 4046208.8 0.1 0.8 54.6 -2.4 -2.0
460853.0 4046208.8 0.2 0.8 53.8 -2.3 -1.8
460853.0 4046208.8 0.3 0.8 53.4 -2.0 -2.0
460852.9 4046208.9 0.1 0.9 56.1 -0.7 -1.3
460852.9 4046208.9 0.2 0.9 54.7 -0.7 -1.2
460852.9 4046208.9 0.3 0.9 53.7 -0.3 -1.3
460852.8 4046209.0 0.1 1.0 58.3 2.8 -0.2
460852.8 4046209.0 0.2 1.0 56.9 2.4 -0.4
460852.8 4046209.0 0.3 1.0 55.9 2.3 -0.5
460852.7 4046209.0 0.1 1.1 61.0 3.8 0.0
460852.7 4046209.0 0.2 1.1 58.9 3.7 -0.1
460852.7 4046209.0 0.3 1.1 55.9 1.6 -0.1
460852.6 4046209.1 0.1 1.2 62.1 3.4 -0.1
460852.6 4046209.1 0.2 1.2 60.1 35 -0.2
460852.6 4046209.1 0.3 1.2 57.5 0.9 -0.3
460852.6 4046209.1 0.4 1.2 55.0 -0.9 -0.5
460852.6 4046209.1 0.1 1.3 62.5 2.4 0.1
460852.6 4046209.1 0.2 1.3 60.8 2.4 -0.1
460852.6 4046209.1 0.3 1.3 57.8 -0.2 -0.4
460852.6 4046209.1 0.4 1.3 55.7 -1.6 -0.6
460852.5 4046209.2 0.1 1.4 64.1 3.1 0.3
460852.5 4046209.2 0.2 1.4 62.6 2.8 0.1
460852.5 4046209.2 0.3 1.4 59.6 1.2 -0.3
460852.5 4046209.2 0.4 1.4 57.7 0.1 -0.5
460852.4 4046209.3 0.1 15 66.4 3.0 0.7
460852.4 4046209.3 0.2 15 64.8 2.6 0.6
460852.4 4046209.3 0.3 15 59.9 1.6 -0.1
460852.4 4046209.3 0.4 15 56.9 05 -0.4
460852.3 4046209.3 0.1 1.6 68.6 2.7 0.9
460852.3 4046209.3 0.2 1.6 67.5 2.3 0.8
460852.3 4046209.3 0.3 1.6 62.7 1.7 0.2
460852.3 4046209.3 0.4 1.6 59.8 0.8 -0.2
460852.2 4046209.4 0.1 1.7 70.0 1.7 0.7
460852.2 4046209.4 0.2 1.7 69.6 2.0 0.6
460852.2 4046209.4 0.3 1.7 65.7 25 0.1
460852.2 4046209.4 0.4 1.7 63.3 25 -0.4
460852.2 4046209.4 0.1 1.8 70.7 0.9 0.7
460852.2 4046209.4 0.2 1.8 70.8 1.9 0.5
460852.2 4046209.4 0.3 1.8 68.2 29 0.0
460852.2 4046209.4 0.4 1.8 66.5 3.6 -0.4
460852.1 4046209.5 0.1 1.9 71.9 1.0 0.7
460852.1 4046209.5 0.2 1.9 71.7 2.2 0.6
460852.1 4046209.5 0.3 1.9 69.1 2.8 0.1
460852.1 4046209.5 0.4 1.9 67.2 3.3 -0.3
460852.0 4046209.6 0.1 2.0 73.1 2.1 1.0
460852.0 4046209.6 0.2 2.0 724 2.8 0.9
460852.0 4046209.6 0.3 2.0 69.4 2.1 0.3
460852.0 4046209.6 0.4 2.0 67.1 1.8 0.0
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460851.9 4046209.6 0.1 21 745 3.1 0.9
460851.9 4046209.6 0.2 21 73.6 3.2 0.8
460851.9 4046209.6 0.3 2.1 70.5 2.3 03
4608519 4046209.6 0.4 21 68.1 14 0.0
460851.9 4046209.7 0.1 2.2 75.4 2.3 0.6
4608519 4046209.7 0.2 2.2 74.4 2.4 05
460851.9 4046209.7 0.3 2.2 715 2.4 0.0
460851.9 4046209.7 0.4 2.2 69.3 18 0.2
460851.8 4046209.7 0.1 2.3 76.6 0.6 0.3
460851.8 4046209.7 0.2 2.3 75.7 0.9 03
460851.8 4046209.7 0.3 2.3 73.0 2.0 0.1
460851.8 4046209.7 0.4 2.3 70.8 1.9 03
460851.7 4046209.8 0.1 2.4 77.8 0.4 0.2
460851.7 4046209.8 0.2 2.4 77.3 0.3 0.3
460851.7 4046209.8 0.3 2.4 75.2 17 0.1
460851.7 4046209.8 0.4 2.4 73.4 2.0 03
4608516 4046209.9 0.1 25 79.5 0.2 0.0
460851.6 4046209.9 0.2 2.5 79.5 0.7 0.1
460851.6 4046209.9 0.3 2.5 77.1 1.4 0.1
4608516 4046209.9 0.4 25 75.5 1.4 03
4608515 4046209.9 0.1 2.6 81.4 1.2 0.2
4608515 4046209.9 0.2 2.6 815 15 02
4608515 4046209.9 0.3 2.6 79.6 17 0.2
4608515 4046209.9 0.4 2.6 78.2 15 05
4608515 4046210.0 0.1 2.7 83.9 2.0 02
4608515 4046210.0 0.2 2.7 83.5 2.0 0.2
4608515 4046210.0 0.3 2.7 79.1 2.1 0.1
460851.4 4046210.1 0.1 2.8 86.1 2.5 0.1
4608514 4046210.1 0.2 2.8 85.3 2.6 0.1
460851.4 4046210.1 0.3 2.8 815 3.0 0.1
4608514 4046210.1 0.4 2.8 78.4 3.3 0.0
4608513 4046210.1 0.1 2.9 7.8 2.4 0.1
460851.3 4046210.1 0.2 2.9 86.8 2.6 0.1
4608513 4046210.1 0.3 2.9 83.0 3.1 0.3
460851.2 4046210.2 0.1 3.0 89.1 15 0.4
460851.2 4046210.2 0.2 3.0 87.7 17 0.4
460851.2 4046210.2 0.3 3.0 87.0 1.9 0.6
460851.1 4046210.2 0.1 3.1 89.9 11 0.7
460851.1 4046210.2 0.2 3.1 88.0 12 0.8
460851.1 4046210.2 0.3 3.1 86.4 18 1.1
460851.1 4046210.3 0.1 3.2 90.4 0.4 0.7
460851.1 4046210.3 0.2 3.2 88.1 0.5 0.9
460851.1 4046210.3 0.3 3.2 83.2 13 13
460851.1 4046210.3 0.4 3.2 79.2 1.9 15
460851.0 4046210.4 0.1 3.3 91.0 06 0.4
460851.0 4046210.4 0.2 3.3 83.8 0.4 0.6
460851.0 4046210.4 0.3 3.3 83.7 0.4 1.0
460851.0 4046210.4 0.4 3.3 79.7 1.4 12
460850.9 4046210.4 0.1 3.4 91.8 05 0.2
460850.9 4046210.4 0.2 3.4 89.9 0.1 0.4
460850.9 4046210.4 0.3 3.4 85.0 0.9 0.8
460850.8 4046210.5 0.1 35 91.8 0.0 0.1
460850.8 40462105 0.2 35 89.7 0.7 0.2
460850.8 40462105 0.3 35 88.9 15 05
460850.7 4046210.5 0.1 3.6 90.2 0.7 0.6
460850.7 40462105 0.2 3.6 88.3 16 0.7
460850.7 4046210.5 0.3 3.6 87.7 35 1.1
460850.7 4046210.6 0.1 3.7 83.8 2.2 11
460850.7 4046210.6 0.2 3.7 87.3 2.6 1.2
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460850.7 4046210.6 0.3 3.7 86.6 3.8 1.6
460850.6 4046210.7 0.1 3.8 85.5 3.3 19
460850.6 4046210.7 0.2 3.8 85.1 19 1.6
460850.6 4046210.7 0.3 3.8 83.7 2.0 17
460850.5 4046210.7 0.1 3.9 84.2 3.7 1.6
460850.5 4046210.7 0.2 3.9 84.3 2.1 13
460850.5 4046210.7 0.3 3.9 82.5 1.1 15
460850.4 4046210.8 0.1 4.0 81.8 34 1.2
460850.4 4046210.8 0.2 4.0 81.7 14 0.8
460850.4 4046210.9 0.1 4.1 80.0 3.6 0.7
460850.4 4046210.9 0.2 4.1 80.0 3.6 0.7
460850.3 4046210.9 0.1 4.2 7.7 5.6 0.7
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d) Sec. 4

UTM UTM Water fDr :;??:é Streamwise  Transverse Vertical
Easting Northing depth b Velocity Velocity Velocity
ank

(m) (m) (m) (m) (cml/s) (cml/s) (cm/s)
460840.7 4046202.2 0.1 0.4 49.5 17.2 -4.1
460840.7 4046202.3 0.1 0.5 50.5 17.1 -3.6
460840.7 4046202.3 0.2 0.5 52.6 12.9 -4.6
460840.8 4046202.4 0.1 0.6 54.9 17.0 -3.1
460840.8 4046202.4 0.2 0.6 55.4 14.2 -4.0
460840.8 4046202.4 0.3 0.6 54.1 13.1 -5.7
460840.8 4046202.5 0.1 0.7 56.2 16.4 -1.5
460840.8 4046202.5 0.2 0.7 56.1 13.8 -2.6
460840.8 4046202.5 0.3 0.7 55.0 12.9 -3.9
460840.8 4046202.6 0.1 0.8 58.4 14.0 -0.8
460840.8 4046202.6 0.2 0.8 56.6 13.5 -1.2
460840.8 4046202.6 0.3 0.8 55.4 13.1 -1.8
460840.8 4046202.7 0.1 0.9 59.8 13.6 -1.2
460840.8 4046202.7 0.2 0.9 59.1 12.1 -1.5
460840.8 4046202.7 0.3 0.9 59.4 10.6 -1.7
460840.8 4046202.8 0.1 1.0 63.5 14.4 -2.1
460840.8 4046202.8 0.2 1.0 63.2 12.0 -2.4
460840.8 4046202.8 0.3 1.0 62.3 8.2 -2.9
460840.9 4046202.9 0.1 1.1 66.2 18.6 -3.1
460840.9 4046202.9 0.2 1.1 66.3 16.2 -3.5
460840.9 4046202.9 0.3 1.1 64.8 11.0 -4.3
460840.9 4046202.9 04 1.1 63.8 75 -5.0
460840.9 4046203.0 0.1 1.2 67.3 22.1 -3.4
460840.9 4046203.0 0.2 1.2 66.7 19.6 -4.0
460840.9 4046203.0 0.3 1.2 63.4 12.7 -5.1
460840.9 4046203.0 0.4 1.2 62.0 8.8 -5.7
460840.9 4046203.1 0.1 1.3 65.2 23.9 -3.1
460840.9 4046203.1 0.2 1.3 64.6 22.0 -3.7
460840.9 4046203.1 0.3 1.3 62.6 16.2 -5.1
460840.9 4046203.1 0.4 1.3 61.2 12.8 -5.8
460840.9 4046203.2 0.1 14 63.6 26.0 -2.5
460840.9 4046203.2 0.2 1.4 62.7 24.0 -3.1
460840.9 4046203.2 0.3 14 60.8 18.9 -4.4
460840.9 4046203.2 04 1.4 61.2 15.0 -5.3
460840.9 4046203.3 0.1 15 64.0 28.5 -2.0
460840.9 4046203.3 0.2 15 62.4 26.4 -2.6
460840.9 4046203.3 0.3 15 61.0 21.6 -3.9
460840.9 4046203.3 0.4 15 61.3 17.6 -4.7
460840.9 4046203.3 0.5 15 62.8 14.1 -5.6
460840.9 4046203.4 0.1 1.6 65.0 31.1 -1.7
460840.9 4046203.4 0.2 1.6 62.5 28.4 -2.2
460840.9 4046203.4 0.3 1.6 60.5 22.2 -3.2
460840.9 4046203.4 0.4 1.6 61.0 18.7 -4.1
460841.0 4046203.5 0.1 1.7 66.3 314 -0.9
460841.0 4046203.5 0.2 1.7 62.7 21.7 -1.5
460841.0 4046203.5 0.3 1.7 59.7 19.4 -2.3
460841.0 4046203.5 0.4 1.7 56.9 16.5 -2.8
460841.0 4046203.6 0.1 1.8 67.1 29.3 0.3
460841.0 4046203.6 0.2 1.8 63.0 24.5 -0.3
460841.0 4046203.6 0.3 1.8 59.5 15.9 -0.8
460841.0 4046203.6 04 1.8 56.0 124 -1.1
460841.0 4046203.7 0.1 1.9 69.0 27.2 1.6
460841.0 4046203.7 0.2 1.9 64.3 22.4 1.0
460841.0 4046203.7 0.3 1.9 60.5 14.5 0.5
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460841.0 4046203.7 0.4 1.9 55.8 10.0 0.2
460841.0 4046203.8 0.1 2.0 71.0 25.3 1.9
460841.0 4046203.8 0.2 2.0 66.2 20.9 14
460841.0 4046203.8 0.3 2.0 61.8 14.7 0.6
460841.0 4046203.8 0.4 2.0 57.1 11.0 0.1
460841.0 4046203.9 0.1 2.1 71.4 274 1.6
460841.0 4046203.9 0.2 2.1 67.0 23.2 0.8
460841.0 4046203.9 0.3 2.1 62.7 17.2 -0.2
460841.0 4046203.9 0.4 2.1 58.0 13.6 -1.2
460841.1 4046204.0 0.1 2.2 72.0 29.7 0.4
460841.1 4046204.0 0.2 2.2 68.0 25.3 -0.3
460841.1 4046204.0 0.3 2.2 64.5 18.2 -1.2
460841.1 4046204.0 0.4 2.2 60.1 14.4 -2.1
460841.1 4046204.1 0.1 2.3 71.3 31.0 -0.1
460841.1 4046204.1 0.2 2.3 68.4 27.1 -0.8
460841.1 4046204.1 0.3 2.3 65.7 19.7 -1.7
460841.1 4046204.1 0.4 2.3 62.1 15.5 -2.6
460841.1 4046204.2 0.1 24 69.2 30.7 -0.1
460841.1 4046204.2 0.2 24 66.7 274 -0.7
460841.1 4046204.2 0.3 2.4 65.5 21.1 -1.6
460841.1 4046204.2 0.4 24 62.9 17.6 -2.1
460841.1 4046204.3 0.1 2.5 65.5 31.1 0.0
460841.1 4046204.3 0.2 2.5 64.5 28.2 -0.4
460841.1 4046204.3 0.3 2.5 64.0 22.9 -1.7
460841.1 4046204.3 0.4 2.5 62.4 20.1 -2.3
460841.1 4046204.4 0.1 2.6 62.6 30.4 0.0
460841.1 4046204.4 0.2 2.6 62.2 28.4 -04
460841.1 4046204.4 0.3 2.6 62.4 23.6 -15
460841.1 4046204.4 0.4 2.6 61.3 21.7 -2.0
460841.1 4046204.5 0.1 2.7 60.4 21.7 -0.4
460841.1 4046204.5 0.2 2.7 61.1 26.9 -0.7
460841.1 4046204.5 0.3 2.7 62.0 23.0 -1.7
460841.1 4046204.5 0.4 2.7 61.4 22.0 -2.2
460841.2 4046204.6 0.1 2.8 58.0 24.8 -0.5
460841.2 4046204.6 0.2 2.8 59.0 25.0 -0.7
460841.2 4046204.6 0.3 2.8 61.2 22.1 -1.5
460841.2 4046204.6 0.4 2.8 60.7 21.1 -2.0
460841.2 4046204.7 0.1 2.9 53.8 24.0 -0.7
460841.2 4046204.7 0.2 2.9 55.5 24.3 -0.7
460841.2 4046204.7 0.3 2.9 59.6 22.9 -1.2
460841.2 4046204.7 0.4 2.9 60.1 20.4 -1.2
460841.2 4046204.7 0.5 2.9 60.7 17.7 -15
460841.2 4046204.8 0.1 3.0 49.8 22.6 -0.2
460841.2 4046204.8 0.2 3.0 51.8 22.8 -0.2
460841.2 4046204.8 0.3 3.0 56.5 22.2 -0.3
460841.2 4046204.8 0.4 3.0 57.9 18.6 -0.3
460841.2 4046204.8 0.5 3.0 59.0 16.4 -0.4
460841.2 4046204.9 0.1 3.1 45.6 21.6 0.5
460841.2 4046204.9 0.2 3.1 48.4 214 0.5
460841.2 4046204.9 0.3 3.1 53.7 21.7 0.3
460841.2 4046204.9 0.4 3.1 55.2 17.1 0.3
460841.2 4046204.9 0.5 3.1 55.9 15.2 0.3
460841.2 4046204.9 0.1 3.2 42.9 19.9 1.5
460841.2 4046204.9 0.2 3.2 45.7 19.7 11
460841.2 4046204.9 0.3 3.2 51.3 20.1 0.8
460841.2 4046204.9 0.4 3.2 52.5 16.9 0.2
460841.2 4046204.9 0.5 3.2 53.2 15.7 0.0
460841.2 4046205.0 0.1 3.3 38.6 20.3 1.8
460841.2 4046205.0 0.2 3.3 41.8 19.8 13
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460841.2 4046205.0 0.3 3.3 47.7 18.9 0.8
460841.2 4046205.0 0.4 3.3 49.3 16.0 0.0
460841.2 4046205.0 0.5 3.3 49.9 145 -0.2
460841.3 4046205.1 0.1 34 34.3 18.9 1.8
460841.3 4046205.1 0.2 34 36.8 18.4 14
460841.3 4046205.1 0.3 34 42.6 16.6 0.9
460841.3 4046205.1 0.4 34 45.6 15.3 0.2
460841.3 4046205.1 0.5 34 47.9 14.0 0.0
460841.3 4046205.2 0.1 35 31.2 17.1 12
460841.3 4046205.2 0.2 35 33.6 16.5 1.2
460841.3 4046205.2 0.3 35 38.5 14.9 11
460841.3 4046205.2 0.4 35 42.3 13.3 1.1
460841.3 4046205.3 0.1 3.6 26.1 135 12
460841.3 4046205.3 0.2 3.6 29.0 13.2 14
460841.3 4046205.3 0.3 3.6 34.1 12.3 1.6
460841.3 4046205.3 0.4 3.6 38.5 115 2.1
460841.3 4046205.4 0.1 3.7 22.9 115 0.9
460841.3 4046205.4 0.2 3.7 26.1 10.9 1.3
460841.3 4046205.4 0.3 3.7 30.4 10.2 2.0
460841.3 4046205.4 0.4 3.7 34.6 9.3 2.6
460841.3 4046205.5 0.1 3.8 18.3 7.6 1.1
460841.3 4046205.5 0.2 3.8 20.6 6.7 14
460841.3 4046205.5 0.3 3.8 24.8 6.7 2.1
460841.3 4046205.5 0.4 3.8 28.3 6.0 25
460841.4 4046205.6 0.1 3.9 16.6 4.8 0.9
460841.4 4046205.6 0.2 3.9 17.9 4.2 1.1
460841.4 4046205.6 0.3 3.9 20.5 4.6 1.8
460841.4 4046205.7 0.1 4.0 16.1 0.6 -1.3
460841.4 4046205.7 0.2 4.0 16.1 0.3 -0.9
460841.4 4046205.8 0.1 4.1 15.6 0.1 -2.6
460841.4 4046205.8 0.2 4.1 15.6 0.1 -2.6
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e) Sec. 5

UTM UTM Water E,Iosrt;;’l?:fet Streamwise  Transverse Vertical
Easting Northing depth b Velocity Velocity Velocity
ank

(m) (m) (m) (m) (cml/s) (cml/s) (cml/s)
460828.4 4046217.8 0.1 0.8 66.5 -29.3 -1.1
460828.4 4046217.8 0.2 0.8 70.8 -27.3 -1.1
460828.4 4046217.8 0.3 0.8 76.2 -29.4 -1.5
460828.5 4046217.8 0.1 0.9 61.9 -22.8 -1.2
460828.5 4046217.8 0.2 0.9 67.2 -23.6 -1.1
460828.5 4046217.8 0.3 0.9 725 -26.3 -0.8
460828.6 4046217.8 0.1 1.0 60.0 -20.5 -2.9
460828.6 4046217.8 0.2 1.0 66.2 -23.6 -2.4
460828.6 4046217.8 0.3 1.0 68.5 -26.7 -2.0
460828.7 4046217.9 0.1 1.1 61.2 -20.9 -2.0
460828.7 4046217.9 0.2 1.1 62.9 -24.2 -2.0
460828.7 4046217.9 0.3 1.1 63.1 -27.8 -1.9
460828.7 4046217.9 0.4 1.1 65.4 -31.4 -2.3
460828.8 4046217.9 0.1 1.2 66.9 -25.9 -0.9
460828.8 4046217.9 0.2 1.2 66.0 -27.4 -1.5
460828.8 4046217.9 0.3 1.2 63.5 -29.6 -2.0
460828.8 4046217.9 0.4 1.2 63.1 -32.2 -2.6
460828.9 4046217.9 0.1 1.3 71.0 -31.6 -0.4
460828.9 4046217.9 0.2 1.3 67.9 -31.2 -1.1
460828.9 4046217.9 0.3 1.3 64.8 -33.0 -1.7
460828.9 4046217.9 0.4 1.3 62.7 -34.1 -2.2
460829.0 4046217.9 0.1 14 734 -33.6 -0.6
460829.0 4046217.9 0.2 1.4 714 -33.1 -1.4
460829.0 4046217.9 0.3 14 69.0 -35.3 -1.8
460829.0 4046217.9 0.4 14 67.5 -36.2 -2.2
460829.1 4046218.0 0.1 15 73.6 -33.2 -0.7
460829.1 4046218.0 0.2 15 72.0 -32.9 -1.5
460829.1 4046218.0 0.3 15 71.2 -34.1 -1.8
460829.1 4046218.0 0.4 15 70.5 -34.5 -2.1
460829.2 4046218.0 0.1 1.6 73.7 -31.2 -0.5
460829.2 4046218.0 0.2 1.6 72.2 -31.7 -1.0
460829.2 4046218.0 0.3 16 71.3 -31.9 -1.6
460829.2 4046218.0 0.4 1.6 70.5 -32.0 -1.9
460829.3 4046218.0 0.1 17 72.8 -31.2 -0.3
460829.3 4046218.0 0.2 1.7 715 -32.3 -0.5
460829.3 4046218.0 0.3 17 68.9 -31.4 -1.3
460829.3 4046218.0 0.4 17 67.2 -31.2 -1.7
460829.4 4046218.0 0.1 1.8 71.9 -32.0 -0.3
460829.4 4046218.0 0.2 18 70.8 -33.0 -0.5
460829.4 4046218.0 0.3 1.8 66.6 -32.8 -1.1
460829.4 4046218.0 0.4 1.8 64.1 -32.9 -1.4
460829.5 4046218.1 0.1 1.9 71.1 -31.8 -0.4
460829.5 4046218.1 0.2 1.9 70.0 -32.5 -0.6
460829.5 4046218.1 0.3 1.9 65.4 -33.0 -0.9
460829.5 4046218.1 0.4 1.9 62.8 -33.3 -1.1
460829.6 4046218.1 0.1 2.0 70.5 -30.6 -0.4
460829.6 4046218.1 0.2 2.0 69.1 -31.0 -0.6
460829.6 4046218.1 0.3 2.0 64.1 -31.8 -0.8
460829.6 4046218.1 0.4 2.0 61.1 -32.2 -0.9
460829.7 4046218.1 0.1 2.1 69.8 -28.1 -0.2
460829.7 4046218.1 0.2 2.1 68.2 -28.9 -0.4
460829.7 4046218.1 0.3 2.1 63.1 -30.1 -0.7
460829.7 4046218.1 0.4 2.1 59.9 -30.7 -0.9
460829.8 4046218.1 0.1 2.2 67.7 -26.3 0.5
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460829.8 4046218.1 0.2 2.2 66.2 -27.3 0.2
460829.8 4046218.1 0.3 2.2 60.5 -28.6 -0.3
460829.8 4046218.1 0.4 2.2 57.1 -29.3 -0.6
460829.9 4046218.2 0.1 2.3 65.7 -26.1 0.8
460829.9 4046218.2 0.2 2.3 64.3 -27.0 0.6
460829.9 4046218.2 0.3 2.3 59.2 -27.4 -0.2
460829.9 4046218.2 0.4 2.3 56.2 -27.7 -0.6
460830.0 4046218.2 0.1 24 64.7 -26.2 0.8
460830.0 4046218.2 0.2 24 63.4 -27.0 0.6
460830.0 4046218.2 0.3 24 58.6 -26.6 -0.1
460830.0 4046218.2 0.4 24 55.7 -26.3 -0.5
460830.1 4046218.2 0.1 25 65.9 -26.5 0.3
460830.1 4046218.2 0.2 25 64.4 -27.3 0.1
460830.1 4046218.2 0.3 25 59.1 -26.6 -0.5
460830.1 4046218.2 0.4 25 55.8 -26.0 -0.9
460830.2 4046218.2 0.1 2.6 66.6 -26.7 0.1
460830.2 4046218.2 0.2 2.6 64.7 -27.7 0.0
460830.2 4046218.2 0.3 2.6 59.0 -27.8 -0.6
460830.2 4046218.2 0.4 2.6 55.3 -27.5 -0.9
460830.3 4046218.2 0.1 2.7 66.6 -27.1 0.0
460830.3 4046218.2 0.2 2.7 64.2 -28.1 0.0
460830.3 4046218.2 0.3 2.7 58.0 -28.7 -0.7
460830.3 4046218.2 0.4 2.7 53.6 -28.5 -1.1
460830.4 4046218.3 0.1 2.8 66.1 -27.3 -0.1
460830.4 4046218.3 0.2 2.8 63.6 -28.3 -0.1
460830.4 4046218.3 0.3 2.8 54.8 -29.0 -0.5
460830.4 4046218.3 0.4 2.8 48.9 -28.8 -0.6
460830.5 4046218.3 0.1 2.9 65.1 -26.0 0.1
460830.5 4046218.3 0.2 2.9 62.6 -26.5 0.1
460830.5 4046218.3 0.3 2.9 52.7 -26.2 -0.1
460830.5 4046218.3 0.4 2.9 46.3 -25.4 -0.1
460830.6 4046218.3 0.1 3.0 63.4 -25.5 0.3
460830.6 4046218.3 0.2 3.0 61.0 -25.6 0.2
460830.6 4046218.3 0.3 3.0 52.4 -25.6 0.2
460830.6 4046218.3 0.4 3.0 45.7 -24.5 0.3
460830.7 4046218.3 0.1 3.1 60.3 -25.1 0.8
460830.7 4046218.3 0.2 3.1 57.5 -25.1 0.6
460830.7 4046218.3 0.3 3.1 53.1 -24.8 0.5
460830.8 4046218.4 0.1 3.2 55.6 -25.1 0.8
460830.8 4046218.4 0.2 3.2 53.2 -25.7 0.7
460830.8 4046218.4 0.3 3.2 51.4 -26.7 0.5
460830.9 4046218.4 0.1 3.3 53.0 -24.7 0.6
460830.9 4046218.4 0.2 3.3 50.4 -24.6 0.7
460830.9 4046218.4 0.3 3.3 48.3 -25.3 0.6
460831.0 4046218.4 0.1 34 50.6 -25.0 0.6
460831.0 4046218.4 0.2 34 47.9 -24.2 0.6
460831.0 4046218.4 0.3 34 45.8 -24.0 0.5
460831.1 4046218.4 0.1 35 49.2 -25.8 0.7
460831.1 4046218.4 0.2 35 45.3 -24.2 0.6
460831.1 4046218.4 0.3 35 41.8 -22.9 0.4
460831.2 4046218.5 0.1 3.6 46.3 -25.4 0.9
460831.2 4046218.5 0.2 3.6 42.2 -23.4 0.6
460831.2 4046218.5 0.3 3.6 38.6 -21.3 0.3
460831.2 4046218.5 0.1 3.7 44.2 -23.8 0.9
460831.2 4046218.5 0.2 3.7 39.0 -20.9 0.5
460831.2 4046218.5 0.3 3.7 35.1 -18.4 -0.1
460831.3 4046218.5 0.1 3.8 42.4 -21.6 0.8
460831.3 4046218.5 0.2 3.8 36.6 -17.8 0.3
460831.3 4046218.5 0.3 3.8 32.7 -15.2 -0.2
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460831.4 4046218.5 0.1 3.9 39.8 -20.1 0.6
460831.4 4046218.5 0.2 3.9 32.6 -15.9 0.2
460831.4 4046218.5 0.3 3.9 27.7 -13.1 -0.3
460831.5 4046218.6 0.1 4.0 36.9 -18.3 0.4
460831.5 4046218.6 0.2 4.0 31.6 -15.5 0.2
460831.5 4046218.6 0.3 4.0 26.2 -12.8 -0.2
460831.6 4046218.6 0.1 4.1 33.2 -17.8 0.2
460831.6 4046218.6 0.2 4.1 30.3 -16.3 0.1
460831.7 4046218.6 0.1 4.2 28.3 -17.0 -0.4
460831.7 4046218.6 0.2 4.2 28.3 -17.0 -0.4
460831.8 4046218.6 0.1 4.3 26.5 -17.7 -0.4
460831.8 4046218.6 0.2 4.3 26.5 -17.7 -0.4
460831.9 4046218.6 0.1 4.4 25.0 -16.9 -0.9
460832.0 4046218.7 0.1 4.5 28.6 -17.7 -0.6
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f) Sec. 6

UTM UTM Water fDr :;??:é Streamwise  Transverse Vertical
Easting Northing depth b Velocity Velocity Velocity
ank

(m) (m) (m) (m) (cml/s) (cml/s) (cm/s)
460821.7 4046229.8 0.1 0.4 224 -6.4 -0.6
460821.7 4046229.9 0.1 0.5 25.9 -5.2 -0.5
460821.8 4046230.0 0.1 0.6 26.3 -4.4 -0.9
460821.8 4046230.0 0.2 0.6 26.3 -4.4 -0.9
460821.8 4046230.1 0.1 0.7 27.7 -5.5 -0.8
460821.8 4046230.1 0.2 0.7 21.7 -5.5 -0.8
460821.8 4046230.2 0.1 0.8 30.8 -5.5 -0.7
460821.8 4046230.2 0.2 0.8 30.8 -5.5 -0.7
460821.9 4046230.3 0.1 0.9 37.3 -6.8 -0.5
460821.9 4046230.3 0.2 0.9 37.0 -5.8 -0.4
460821.9 4046230.4 0.1 1.0 41.6 -7.3 -0.5
460821.9 4046230.4 0.2 1.0 39.8 -5.6 -0.3
460821.9 4046230.4 0.3 1.0 38.2 -3.2 0.0
460822.0 4046230.5 0.1 1.1 43.2 -9.4 -0.7
460822.0 4046230.5 0.2 1.1 40.6 -6.6 -0.4
460822.0 4046230.5 0.3 1.1 38.7 -3.7 0.0
460822.0 4046230.6 0.1 1.2 44.3 -10.1 -0.4
460822.0 4046230.6 0.2 1.2 415 -75 -0.1
460822.0 4046230.6 0.3 1.2 39.2 -4.9 0.4
460822.0 4046230.7 0.1 1.3 47.4 -11.8 -0.1
460822.0 4046230.7 0.2 1.3 43.8 -9.9 0.3
460822.0 4046230.7 0.3 1.3 40.8 -8.0 0.8
460822.1 4046230.8 0.1 14 49.8 -13.6 0.3
460822.1 4046230.8 0.2 1.4 46.2 -11.6 0.7
460822.1 4046230.8 0.3 1.4 43.2 -9.6 1.1
460822.1 4046230.9 0.1 15 51.6 -15.9 0.5
460822.1 4046230.9 0.2 15 48.5 -13.8 0.8
460822.1 4046230.9 0.3 15 46.1 -9.1 0.2
460822.1 4046231.0 0.1 1.6 53.6 -16.2 0.7
460822.1 4046231.0 0.2 1.6 51.6 -13.5 0.9
460822.1 4046231.0 0.3 1.6 49.4 -6.5 0.5
460822.1 4046231.0 04 1.6 47.4 -2.2 0.6
460822.2 4046231.0 0.1 1.7 55.6 -16.2 0.9
460822.2 4046231.0 0.2 1.7 54.2 -13.9 0.9
460822.2 4046231.0 0.3 1.7 52.1 -5.1 0.6
460822.2 4046231.0 04 1.7 49.9 -1.2 0.7
460822.2 4046231.1 0.1 1.8 59.6 -15.8 0.8
460822.2 4046231.1 0.2 1.8 58.0 -13.5 0.7
460822.2 4046231.1 0.3 1.8 55.6 -5.8 0.8
460822.2 4046231.1 0.4 1.8 52.9 -2.9 1.0
460822.3 4046231.2 0.1 1.9 63.2 -15.2 1.1
460822.3 4046231.2 0.2 1.9 61.2 -13.1 0.8
460822.3 4046231.2 0.3 1.9 58.2 -6.6 0.4
460822.3 4046231.2 04 1.9 54.9 -4.4 0.2
460822.3 4046231.3 0.1 2.0 68.3 -17.0 0.5
460822.3 4046231.3 0.2 2.0 65.7 -14.4 0.2
460822.3 4046231.3 0.3 2.0 61.8 -8.8 -0.1
460822.3 4046231.3 0.4 2.0 58.1 -6.4 -0.2
460822.3 4046231.4 0.1 2.1 69.3 -16.3 0.2
460822.3 4046231.4 0.2 2.1 66.6 -13.9 -0.2
460822.3 4046231.4 0.3 2.1 61.0 -7.3 0.0
460822.3 4046231.4 0.4 2.1 56.5 -4.4 0.1
460822.4 4046231.5 0.1 2.2 69.2 -17.2 0.1
460822.4 4046231.5 0.2 2.2 66.6 -13.9 -0.2
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460822.4 4046231.5 0.3 2.2 61.2 -6.5 0.0
460822.4 4046231.5 0.4 2.2 57.5 -2.4 0.1
460822.4 4046231.6 0.1 2.3 70.0 -16.2 0.9
460822.4 4046231.6 0.2 2.3 66.2 -125 0.5
460822.4 4046231.6 0.3 2.3 59.7 -5.3 0.0
460822.4 4046231.6 0.4 2.3 55.9 -1.0 -0.2
460822.5 4046231.7 0.1 24 74.0 -18.5 0.8
460822.5 4046231.7 0.2 24 69.5 -13.6 0.4
460822.5 4046231.7 0.3 2.4 62.8 -6.7 -0.4
460822.5 4046231.7 0.4 24 58.9 -1.5 -0.7
460822.5 4046231.8 0.1 25 74.5 -19.0 -0.2
460822.5 4046231.8 0.2 25 70.2 -13.4 -0.2
460822.5 4046231.8 0.3 25 62.6 -6.7 -0.6
460822.5 4046231.8 0.4 25 58.2 -2.0 -0.8
460822.5 4046231.9 0.1 2.6 72.4 -18.6 -0.4
460822.5 4046231.9 0.2 2.6 69.7 -12.2 -0.3
460822.5 4046231.9 0.3 2.6 62.3 -4.2 -0.8
460822.5 4046231.9 0.4 2.6 58.0 1.1 -0.7
460822.6 4046232.0 0.1 2.7 69.3 -17.8 -0.3
460822.6 4046232.0 0.2 2.7 67.2 -10.9 -0.2
460822.6 4046232.0 0.3 2.7 61.3 -1.8 -0.8
460822.6 4046232.0 0.4 2.7 57.7 3.6 -0.6
460822.6 4046232.1 0.1 2.8 68.9 -16.6 0.1
460822.6 4046232.1 0.2 2.8 67.0 -9.9 -0.2
460822.6 4046232.1 0.3 2.8 61.5 -0.8 -1.0
460822.6 4046232.1 0.4 2.8 58.0 4.9 -1.2
460822.7 4046232.1 0.1 2.9 68.3 -13.9 0.2
460822.7 4046232.1 0.2 2.9 66.4 -8.5 -0.2
460822.7 4046232.1 0.3 2.9 62.0 -0.4 -0.7
460822.7 4046232.1 0.4 2.9 59.7 4.2 -1.1
460822.7 4046232.2 0.1 3.0 68.1 -12.0 0.3
460822.7 4046232.2 0.2 3.0 66.3 -7.9 -0.1
460822.7 4046232.2 0.3 3.0 61.5 -1.1 -0.6
460822.7 4046232.2 0.4 3.0 59.2 2.9 -1.0
460822.7 4046232.3 0.1 3.1 67.6 -12.1 0.4
460822.7 4046232.3 0.2 3.1 65.9 -9.0 -0.2
460822.7 4046232.3 0.3 3.1 60.9 -2.3 -0.9
460822.7 4046232.3 0.4 3.1 58.9 19 -1.3
460822.8 4046232.4 0.1 3.2 68.0 -14.6 -0.2
460822.8 4046232.4 0.2 3.2 65.9 -11.1 -0.7
460822.8 4046232.4 0.3 3.2 60.5 -3.3 -1.8
460822.8 4046232.4 0.4 3.2 57.8 19 -2.2
460822.8 4046232.5 0.1 3.3 68.0 -14.2 -0.6
460822.8 4046232.5 0.2 3.3 65.9 -10.1 -1.2
460822.8 4046232.5 0.3 3.3 61.7 -3.1 -2.3
460822.8 4046232.5 0.4 3.3 58.6 2.1 -2.8
460822.9 4046232.6 0.1 34 68.0 -12.6 -1.1
460822.9 4046232.6 0.2 34 66.1 -8.7 -1.7
460822.9 4046232.6 0.3 34 63.6 -2.4 -2.6
460822.9 4046232.7 0.1 35 66.8 -10.3 -1.4
460822.9 4046232.7 0.2 35 65.7 -7.3 -2.1
460822.9 4046232.7 0.3 35 64.5 -4.0 -2.7
460822.9 4046232.8 0.1 3.6 64.8 -9.8 -1.7
460822.9 4046232.8 0.2 3.6 64.4 -7.4 -2.3
460822.9 4046232.8 0.3 3.6 63.7 -4.5 -2.9
460823.0 4046232.9 0.1 3.7 63.4 -8.3 -2.0
460823.0 4046232.9 0.2 3.7 62.0 -6.8 -2.3
460823.0 4046232.9 0.3 3.7 60.9 -5.0 -2.8
460823.0 4046233.0 0.1 3.8 63.0 -5.8 -2.1
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460823.0 4046233.0 0.2 3.8 61.4 -5.2 -2.3
460823.0 4046233.0 0.3 3.8 60.2 -3.5 -2.6
460823.0 4046233.1 0.1 3.9 62.6 -6.8 -1.7
460823.0 4046233.1 0.2 3.9 60.9 -6.6 -1.7
460823.1 4046233.2 0.1 4.0 61.3 -4.7 -1.5
460823.1 4046233.2 0.2 4.0 61.3 -4.7 -1.5
460823.1 4046233.3 0.1 4.1 60.5 -6.3 -1.2
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Table B2. Concentration measurements using fluorometer

a) Sec. 2
yIW Concentration (ppb)
Time 0.167 0.333 0.500 0.667 0.833
(sec)
42 0.0 0.0 0.0 0.0 0.0
43 0.0 0.1 0.0 0.0 0.0
44 0.0 0.2 0.0 0.0 0.0
45 0.0 0.3 0.0 0.0 0.0
46 0.0 0.3 0.0 0.0 0.0
47 0.0 0.3 0.0 0.0 0.0
48 0.0 0.3 0.0 0.0 0.0
49 0.0 0.4 0.0 0.0 0.0
50 0.0 0.6 0.0 0.2 0.0
51 0.0 1.2 0.0 1.0 0.2
52 0.0 15 0.0 2.6 0.6
53 0.0 1.9 0.5 4.0 1.0
54 0.0 2.3 1.0 5.8 1.9
55 0.0 2.9 3.0 9.9 3.6
56 0.0 4.0 5.4 13.8 6.4
57 0.0 6.2 8.8 17.1 10.6
58 0.0 8.4 12.3 20.1 13.2
59 0.1 10.4 14.8 23.2 15.7
60 0.1 11.9 18.9 26.0 17.7
61 0.1 13.6 20.7 284 194
62 0.1 15.0 24.6 304 214
63 0.2 16.8 26.8 32.7 22.2
64 0.3 18.7 27.7 34.9 23.2
65 1.3 20.0 28.9 36.5 24.2
66 2.6 21.2 30.5 37.7 25.2
67 4.5 22.3 32.2 38.8 26.1
68 6.9 23.0 335 39.6 26.9
69 9.7 24.9 34.8 39.9 27.8
70 12.0 26.0 36.2 40.3 28.8
71 14.2 26.7 37.1 40.7 29.6
72 16.4 27.6 374 40.6 30.1
73 18.2 28.5 375 40.4 30.3
74 19.8 29.0 37.9 40.1 30.3
75 213 29.7 375 39.7 30.4
76 23.0 30.0 36.9 39.3 30.1
7 245 30.4 36.8 39.1 29.9
78 25.6 30.7 36.5 39.0 30.0
79 26.9 30.9 36.2 38.7 29.5
80 27.6 30.5 35.3 37.3 29.2
81 28.3 30.2 338 36.5 28.7
82 28.9 30.0 32.9 35.3 28.3
83 29.3 29.9 317 34.1 27.9
84 29.7 29.6 31.0 33.2 27.2
85 30.0 29.4 30.5 32.2 26.6
86 30.1 29.4 30.1 314 26.2
87 30.2 29.1 29.3 30.3 254
88 30.1 28.9 28.7 29.3 24.6
89 30.1 28.2 28.3 28.3 23.8
90 30.0 27.8 274 27.3 23.1
91 30.0 274 25.8 26.2 225
92 29.8 26.9 24.7 25.2 218
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93 29.6 26.5 24.1 24.3 21.2

94 29.4 25.9 23.0 23.7 20.6

95 28.8 25.5 21.8 22.7 20.1

96 28.1 24.8 20.6 21.9 19.3

97 27.6 24.1 19.9 21.1 18.7

98 27.1 23.3 19.2 20.1 18.1

99 26.7 22.8 18.0 19.5 17.5
100 26.2 22.3 17.6 18.9 17.0
101 25.7 22.0 17.4 18.1 16.3
102 25.2 21.7 17.1 17.4 15.7
103 24.5 215 16.6 16.8 15.1
104 24.3 21.1 15.7 16.1 14.4
105 23.4 20.4 15.0 15.5 13.9
106 23.0 19.7 14.2 14.8 13.2
107 22.5 19.3 13.4 14.4 12.6
108 22.0 19.0 12.8 13.7 12.2
109 21.3 18.6 12.3 13.1 11.9
110 20.6 18.3 12.1 12.6 11.6
111 19.9 17.8 11.6 12.1 10.8
112 19.5 17.2 11.3 11.7 10.4
113 19.0 16.5 10.9 113 10.0
114 18.5 15.9 10.4 10.7 9.6
115 17.9 153 9.8 10.4 9.2
116 17.3 15.0 9.2 10.0 8.8
117 17.1 14.4 8.7 9.4 8.4
118 16.6 13.9 8.4 8.9 8.0
119 16.1 13.3 8.0 8.7 7.6
120 155 12.8 7.7 8.3 7.3
121 15.0 12.5 7.3 8.0 7.0
122 14.4 12.2 7.3 7.7 6.9
123 14.0 12.0 7.1 7.3 6.7
124 13.5 11.7 7.2 7.0 6.5
125 12.9 11.3 6.8 6.9 6.3
126 12.4 11.1 6.6 6.8 6.1
127 12.2 10.6 6.3 6.6 5.8
128 11.8 10.3 6.0 6.6 55
129 114 10.0 5.9 6.4 5.2
130 11.0 9.8 5.7 6.1 5.2
131 10.7 9.6 5.2 5.9 5.1
132 10.4 9.4 51 5.6 49
133 10.0 9.2 5.0 55 4.7
134 9.7 9.0 51 53 44
135 9.3 8.7 4.8 5.1 42
136 8.7 8.2 4.7 49 4.1
137 8.6 8.0 45 47 4.0
138 8.3 7.9 4.5 4.6 3.8
139 8.0 7.6 45 45 3.7
140 7.8 7.5 43 44 3.5
141 7.6 7.3 4.0 4.3 3.4
142 7.4 7.2 3.9 4.2 3.5
143 7.0 6.8 3.8 3.9 3.5
144 6.7 6.6 3.6 3.7 3.4
145 6.6 6.4 35 3.7 3.4
146 6.4 6.2 3.2 3.6 3.3
147 6.1 6.0 3.1 3.5 3.2
148 5.9 6.0 2.9 3.4 3.2
149 5.8 5.8 2.6 3.3 3.0
150 5.8 5.7 2.6 3.2 2.8
151 5.6 5.6 2.7 3.1 2.7

242



152 5.6 54 2.8 3.0 2.6
153 5.4 5.2 2.7 2.9 2.6
154 5.2 5.0 2.5 2.8 2.6
155 5.2 4.9 2.4 2.6 2.7
156 5.0 4.6 2.7 2.6 2.5
157 5.0 4.5 2.7 2.5 24
158 4.9 4.5 2.5 2.5 24
159 4.8 44 2.5 24 2.5
160 4.6 4.3 2.5 24 24
161 44 44 2.4 2.2 2.2
162 4.3 44 2.2 2.1 2.0
163 4.2 44 2.2 1.9 2.0
164 4.2 4.3 2.2 1.8 2.0
165 4.1 4.3 2.3 1.6 1.8
166 4.0 4.2 2.0 1.6 1.7
167 3.9 4.1 2.0 14 1.8
168 3.6 3.8 2.0 1.4 1.6
169 3.6 3.5 2.0 13 15
170 3.6 3.3 2.0 14 15
171 3.6 3.3 1.7 1.4 1.5
172 3.6 3.2 17 13 14
173 3.6 3.1 1.7 1.2 1.4
174 3.5 3.0 15 11 14
175 35 3.1 15 1.0 1.3
176 34 3.1 1.6 0.9 1.2
177 3.2 2.8 15 1.0 11
178 3.2 2.9 1.6 0.9 1.0
179 3.2 2.8 17 0.8 11
180 3.2 2.9 15 0.8 11
181 3.2 2.7 14 1.0 1.1
182 3.1 2.7 14 1.0 1.0
183 2.8 2.7 1.4 1.0 1.0
184 2.6 2.7 11 1.2 1.0
185 2.4 2.8 1.0 1.2 1.0
186 2.2 2.7 1.0 1.1 1.1
187 2.2 2.7 0.8 1.3 11
188 2.2 2.8 0.8 1.2 1.0
189 2.2 2.7 1.0 1.0 11
190 2.1 2.6 0.8 0.9 11
191 2.1 25 0.6 0.8 1.0
192 2.0 2.4 0.5 0.7 1.0
193 2.0 2.4 0.5 0.7 1.0
194 2.0 2.2 0.5 0.6 1.0
195 2.0 2.1 0.5 0.6 1.0
196 1.8 2.1 0.4 0.6 0.9
197 1.8 2.0 0.5 0.6 0.8
198 1.8 1.7 0.5 0.5 0.8
199 1.8 1.8 0.5 0.4 0.8
200 1.7 1.6 0.4 0.4 0.7
201 1.7 1.6 0.3 0.4 0.7
202 1.7 1.6 0.3 0.4 0.7
203 1.6 1.6 0.5 0.5 0.6
204 1.7 1.6 0.2 0.6 0.6
205 1.6 1.6 0.1 0.5 0.6
206 1.7 1.6 0.1 0.5 0.6
207 1.8 15 0.0 0.4 0.5
208 1.7 1.6 0.0 0.4 0.4
209 1.6 15 -0.2 0.4 0.4
210 1.6 14 0.0 0.3 0.4

243



211 15 13 0.0 0.3 0.3
212 15 1.2 0.1 0.2 0.3
213 1.6 13 0.4 0.3 0.4
214 1.6 13 0.4 0.1 0.4
215 1.6 13 0.3 0.1 0.4
216 1.6 13 0.3 0.2 0.5
217 1.6 13 0.2 0.2 0.5
218 15 13 0.3 0.2 0.4
219 1.6 15 0.3 0.1 0.4
220 14 15 0.5 0.1 0.3
221 14 14 0.4 0.1 0.4
222 13 1.2 0.4 0.2 0.2
223 13 1.0 0.3 0.1 0.2
224 1.2 0.9 0.3 0.1 0.3
225 13 0.9 0.2 0.0 0.2
226 1.3 0.9 0.2 0.0 0.3
227 13 0.9 0.1 0.1 0.3
228 1.2 1.0 0.2 0.1 0.2
229 1.2 0.9 0.2 0.1 0.3
230 11 0.9 0.2 0.2 0.2
231 1.0 1.0 0.4 0.2 0.0
232 0.9 0.9 0.4 0.2 0.1
233 0.9 0.9 0.2 0.2 0.1
234 1.0 0.9 0.2 0.3 0.2
235 1.0 0.9 0.2 0.4 0.3
236 1.0 0.8 0.1 0.3 0.3
237 1.0 0.7 0.0 0.4 0.3
238 1.0 0.7 0.0 0.5 0.3
239 1.0 0.7 0.1 0.6 0.3
240 0.9 0.7 0.2 0.5 0.2
241 0.8 0.6 0.2 0.6 0.3
242 0.7 0.6 0.3 0.6 0.4
243 0.7 0.7 0.5 0.6 0.4
244 0.6 0.7 0.4 0.6 0.4
245 0.6 0.5 0.3 0.6 0.4
246 0.7 0.6 0.5 0.5 0.6
247 0.7 0.5 0.5 0.4 0.6
248 0.6 0.6 0.5 0.5 0.7
249 0.5 0.6 0.4 0.5 0.7
250 0.5 0.5 0.3 0.3 0.6
251 0.7 0.4 0.3 0.3 0.5
252 0.7 0.4 0.3 0.2 0.6
253 0.8 0.3 0.1 0.4 0.6
254 0.7 0.2 0.1 0.3 0.4
255 0.7 0.2 0.0 0.2 0.3
256 0.7 0.2 0.0 0.3 0.3
257 0.7 0.2 -0.1 0.4 0.2
258 0.6 0.3 -0.3 0.5 0.3
259 0.6 0.2 -0.3 0.4 0.4
260 0.4 0.3 -0.1 0.4 0.4
261 0.5 0.2 0.0 0.4 0.6
262 0.6 0.4 0.0 0.4 0.6
263 0.6 0.5 0.1 0.4 0.7
264 0.6 0.6 0.2 0.3 0.7
265 0.5 0.7 0.2 0.3 0.6
266 0.5 0.7 0.0 0.4 0.5
267 0.6 0.5 0.0 0.4 0.4
268 0.6 0.5 0.3 0.3 0.5
269 0.6 0.6 0.3 0.3 0.5

244



270 0.6 0.7 0.3 0.2 0.4
271 0.6 0.9 0.3 0.2 0.5
272 0.5 0.7 0.2 0.2 0.5
273 0.6 0.8 0.1 0.1 0.5
274 0.6 0.7 0.1 0.1 0.5
275 0.6 0.5 -0.1 0.0 0.4
276 0.6 0.5 -0.3 0.0 0.6
277 0.6 0.6 -0.2 -0.1 0.6
278 0.7 0.6 -0.3 0.1 0.5
279 0.7 0.5 0.0 0.1 0.5
280 0.7 0.4 -0.1 0.1 0.5
281 0.8 0.4 -0.1 0.1 0.5
282 0.9 0.4 -0.1 0.2 0.4
283 0.9 0.3 0.0 0.2 0.5
284 0.8 0.3 0.2 0.0 0.4
285 0.8 0.4 0.2 0.0 0.4
286 0.7 0.3 0.1 0.0 0.3
287 0.7 0.2 0.0 0.1 0.4
288 0.8 0.1 0.0 0.1 0.4
289 0.9 0.1 0.0 0.1 0.3
290 0.8 0.0 0.0 0.1 0.3
291 0.8 0.0 -0.1 0.0 0.1
292 0.7 0.0 -0.1 0.1 0.1
293 0.7 0.0 0.1 -0.1 0.2
294 0.6 0.0 0.2 0.0 0.0
295 0.6 0.0 0.0 0.0 0.0
296 0.5 0.0 0.1 0.0 0.1
297 0.5 0.0 0.0 0.0 0.0
298 0.6 0.0 0.1 0.0 0.0
299 0.5 0.0 0.0 0.0 0.1

245



b) Sec. 4

Concentration (ppb)

y/IW
Time 0.167 0.333 0.500 0.667 0.833
(sec)
98 0.0 0.0 0.0 0.0 0.0
99 0.0 0.2 0.0 0.0 0.0
100 0.0 0.3 0.2 0.0 0.0
101 0.0 0.3 0.2 0.1 0.0
102 0.1 0.5 0.3 0.1 0.0
103 0.2 0.6 0.3 0.1 0.0
104 0.3 0.8 0.6 0.1 0.0
105 0.3 1.0 1.0 0.1 0.0
106 0.3 1.3 1.1 0.3 0.0
107 0.4 1.6 1.6 0.6 0.2
108 0.7 2.1 2.3 1.0 0.2
109 0.8 2.5 3.0 1.3 0.3
110 0.9 2.8 3.6 1.5 0.3
111 1.0 3.5 4.5 2.1 0.3
112 1.2 4.3 5.1 2.6 0.3
113 1.6 5.0 5.9 33 0.4
114 2.2 5.8 6.8 4.6 0.6
115 2.3 6.3 7.8 5.8 0.6
116 2.8 7.3 9.1 7.3 0.7
117 3.0 8.3 10.1 8.7 0.7
118 33 9.2 11.3 10.2 0.7
119 39 10.2 12.8 11.7 0.9
120 4.6 11.4 14.4 13.2 1.0
121 5.3 12.5 15.5 14.4 1.1
122 5.8 13.5 16.6 15.7 1.6
123 6.8 14.4 17.7 17.3 2.3
124 8.0 15.5 19.1 18.7 3.1
125 9.2 16.7 20.3 20.0 34
126 10.1 17.8 21.3 214 3.9
127 10.8 18.8 21.9 224 3.7
128 114 20.0 22.7 234 3.8
129 11.9 20.6 23.5 24.2 4.1
130 12.6 21.3 23.8 25.1 5.5
131 13.5 22.0 24.6 26.0 6.5
132 14.7 22.6 25.1 27.1 7.3
133 15.6 23.1 25.5 279 8.6
134 16.4 23.5 25.7 28.8 9.2
135 17.1 23.9 26.2 29.5 9.6
136 17.5 24.0 26.6 29.9 9.7
137 18.0 24.3 26.6 30.3 10.3
138 18.1 24.6 26.8 30.7 10.4
139 18.3 24.8 26.7 30.9 11.0
140 18.6 24.9 26.4 31.3 11.9
141 19.0 24.9 26.3 31.9 13.3
142 19.4 25.0 26.3 322 14.5
143 19.6 25.0 26.3 32.7 15.4
144 19.9 24.9 26.2 329 15.9
145 20.2 24.9 26.1 33.0 16.5
146 20.5 24.8 25.9 33.1 17.2
147 20.7 24.6 25.8 33.1 17.8
148 21.1 24.5 25.5 33.0 18.0
149 21.3 24.4 25.0 33.0 18.6
150 21.5 24.2 24.7 33.0 19.2
246



151 21.5 24.1 244 33.0 19.8
152 21.5 24.0 23.9 33.1 19.9
153 214 23.6 234 33.0 19.9
154 213 233 22.9 32.7 20.1
155 21.1 23.1 22.5 32.3 20.2
156 20.9 22.7 21.9 31.9 19.9
157 20.8 22.5 21.5 31.6 19.7
158 20.7 222 21.1 31.1 19.8
159 20.6 21.8 20.6 30.6 19.6
160 204 214 20.2 30.2 19.8
161 20.1 21.1 19.7 29.8 19.8
162 19.8 20.8 19.3 29.2 19.8
163 19.4 204 18.7 28.6 19.8
164 18.9 20.0 18.5 28.1 19.8
165 18.7 19.6 18.1 27.7 19.9
166 184 19.3 17.8 27.2 19.8
167 18.1 19.0 174 26.5 19.8
168 17.7 18.7 17.0 26.0 19.6
169 174 18.3 16.5 25.5 19.5
170 17.2 18.0 16.1 24.8 19.5
171 17.0 17.8 15.9 24.1 19.3
172 16.7 17.3 15.5 23.5 19.2
173 16.5 16.9 15.0 229 19.1
174 16.3 16.6 14.7 22.8 19.0
175 15.9 16.1 14.2 22.2 18.8
176 15.6 15.8 13.6 21.8 18.7
177 153 154 133 21.5 18.5
178 15.1 15.0 12.9 21.1 18.4
179 15.0 14.6 12.5 20.8 18.2
180 14.7 14.2 12.2 20.1 17.9
181 14.3 13.8 11.8 19.6 17.6
182 14.1 13.6 11.5 19.1 17.6
183 14.0 13.1 11.1 18.6 17.4
184 13.8 12.8 10.8 18.0 17.3
185 13.5 12.3 10.6 17.4 16.9
186 13.2 12.1 10.4 17.0 16.7
187 12.9 11.7 10.1 16.5 16.5
188 12.6 11.5 9.8 15.9 16.4
189 12.3 11.2 9.7 15.5 16.1
190 12.0 10.9 9.6 15.0 15.9
191 11.8 10.6 9.5 14.6 15.5
192 11.8 10.5 9.2 14.2 15.4
193 11.5 10.2 8.8 13.8 15.2
194 11.4 10.0 8.6 134 15.0
195 11.0 9.8 8.4 13.1 14.8
196 10.9 9.5 8.2 12.8 14.6
197 10.8 9.1 8.0 124 14.3
198 10.5 8.9 7.8 12.0 13.9
199 10.2 8.9 7.6 11.7 13.7
200 10.0 8.7 7.2 11.3 13.5
201 9.8 8.6 7.0 11.0 13.3
202 9.5 8.4 6.8 10.8 12.9
203 9.3 8.1 6.7 10.4 12.6
204 9.0 79 6.4 10.2 12.2
205 8.7 7.8 6.2 9.7 12.2
206 8.5 7.7 6.0 9.3 12.3
207 8.4 7.5 5.7 9.1 12.2
208 8.3 7.5 5.6 8.5 12.0
209 8.1 7.3 54 8.3 11.7
247



210 8.0 7.1 5.5 8.0 114
211 7.8 6.9 5.2 7.6 11.1
212 7.6 6.7 4.9 7.4 11.0
213 7.4 6.6 4.9 7.3 10.7
214 7.3 6.6 4.8 7.1 10.4
215 7.1 6.6 4.6 6.9 10.2
216 6.8 6.5 4.6 6.6 9.9
217 6.6 6.4 4.7 6.4 9.8
218 6.5 6.2 4.5 6.1 9.6
219 6.2 6.0 44 6.1 9.3
220 5.9 5.8 4.2 59 9.1
221 5.9 5.7 4.1 5.8 8.9
222 5.6 5.6 4.0 5.6 8.6
223 5.5 5.4 3.8 5.4 8.5
224 5.5 5.2 3.8 52 8.4
225 5.5 5.2 3.6 5.0 83
226 5.4 4.9 3.6 4.8 7.9
227 53 4.7 3.5 4.7 7.6
228 53 4.6 3.4 4.5 7.5
229 5.2 44 3.3 4.4 7.3
230 5.0 42 33 43 7.0
231 4.9 42 3.2 4.2 6.8
232 4.6 4.0 32 4.2 6.8
233 44 4.0 3.3 4.2 6.6
234 42 3.9 3.2 39 6.5
235 43 3.8 3.0 39 6.4
236 42 3.6 29 3.8 6.3
237 4.1 3.6 29 37 6.3
238 4.1 3.5 2.8 37 6.1
239 4.0 3.5 2.7 3.5 6.0
240 39 3.4 2.7 34 5.7
241 3.9 3.3 2.6 33 5.8
242 4.1 3.4 2.5 3.1 5.6
243 4.0 3.4 24 3.0 5.5
244 4.0 33 24 3.0 53
245 3.8 3.2 24 2.8 5.1
246 3.7 3.1 2.3 2.8 4.9
247 3.5 3.0 2.2 2.7 5.1
248 3.4 3.0 22 2.6 52
249 3.5 29 2.1 2.6 53
250 3.4 2.8 2.1 24 52
251 33 2.6 2.0 2.5 5.1
252 3.2 2.5 2.0 2.3 5.1
253 3.3 2.5 2.0 22 5.1
254 3.2 2.3 1.8 2.3 4.8
255 3.0 22 1.9 2.3 4.7
256 2.7 2.1 1.8 2.2 4.5
257 2.6 2.0 1.8 1.9 4.2
258 2.6 1.9 1.9 2.0 4.2
259 2.7 1.9 1.9 2.1 42
260 2.6 2.0 1.8 2.0 4.1
261 2.6 1.9 1.9 1.9 4.1
262 2.6 1.9 1.9 2.0 4.1
263 24 1.9 1.8 1.9 4.2
264 2.3 1.8 1.7 1.9 4.2
265 24 1.8 1.7 2.1 43
266 2.3 1.9 1.6 2.0 43
267 2.3 1.9 1.6 1.9 4.0
268 2.1 1.9 1.5 2.0 3.8
248



269 2.1 1.9 1.5 1.8 3.9
270 2.1 2.0 1.5 1.7 3.8
271 2.1 2.1 1.4 1.6 3.8
272 2.1 2.1 1.5 1.6 4.0
273 2.0 2.0 1.3 1.6 39
274 2.1 2.1 1.3 1.6 3.9
275 2.1 2.0 1.3 1.6 39
276 2.1 1.9 1.3 1.6 39
277 2.1 1.8 1.3 1.6 4.0
278 2.0 1.7 1.2 1.6 3.8
279 1.9 1.6 1.0 1.5 3.6
280 2.0 1.6 1.0 14 3.5
281 1.8 1.5 1.0 1.5 3.4
282 1.8 1.5 1.1 1.4 3.5
283 1.6 1.6 1.1 14 3.6
284 1.8 14 1.2 14 3.5
285 1.9 1.3 1.2 14 33
286 1.8 1.3 1.2 14 33
287 1.9 1.3 1.1 1.5 33
288 1.8 1.3 1.0 14 32
289 1.8 1.4 1.0 14 3.1
290 1.8 1.3 1.0 14 3.0
291 1.8 1.2 1.0 14 29
292 1.7 1.3 1.1 14 29
293 1.6 1.2 1.0 14 29
294 1.6 1.2 1.1 1.3 2.7
295 1.5 1.2 1.0 1.3 2.7
296 1.5 1.3 1.0 1.3 2.6
297 1.5 1.3 1.0 1.2 2.6
298 1.5 1.1 1.0 1.2 2.4
299 1.5 0.9 1.0 1.0 24
300 1.4 0.7 0.9 0.9 2.3
301 1.3 0.7 0.8 0.8 2.3
302 1.3 0.6 0.7 0.8 22
303 1.4 0.6 0.7 0.8 2.3
304 1.3 0.6 0.7 0.8 2.3
305 1.2 0.7 0.6 0.7 2.1
306 1.2 0.8 0.6 0.7 2.1
307 1.2 0.7 0.6 0.8 2.1
308 1.2 0.8 0.6 0.8 2.0
309 1.1 0.7 0.7 0.7 2.0
310 1.1 0.6 0.6 0.6 2.0
311 1.2 0.7 0.5 0.7 1.9
312 1.1 0.8 0.6 0.9 1.8
313 1.1 0.7 0.6 0.8 1.7
314 1.1 0.8 0.5 0.8 1.8
315 1.1 0.8 0.5 0.9 1.8
316 1.2 0.9 0.5 0.9 1.9
317 1.1 0.9 0.6 0.9 2.0
318 1.1 1.0 0.5 0.8 1.8
319 1.2 1.0 0.5 0.8 1.9
320 1.4 0.9 0.6 0.8 1.8
321 1.3 1.0 0.6 0.9 2.0
322 1.3 1.1 0.6 0.8 1.9
323 1.2 1.1 0.6 0.7 1.8
324 1.2 1.2 0.6 0.6 1.8
325 1.1 1.3 0.6 0.7 1.9
326 1.2 1.2 0.6 0.7 1.8
327 1.2 1.3 0.5 0.7 1.8
249



328 1.1 1.4 0.6 0.6 1.8
329 1.2 1.4 0.7 0.6 1.6
330 1.0 1.5 0.6 0.6 1.5
331 0.9 1.4 0.6 0.6 1.5
332 0.8 1.3 0.6 0.7 14
333 0.7 1.1 0.6 0.6 1.3
334 0.7 1.1 0.6 0.6 1.0
335 0.6 1.1 0.6 0.5 1.0
336 0.6 1.0 0.6 0.5 1.0
337 0.5 1.1 0.5 0.5 1.1
338 0.6 1.2 0.6 0.5 1.1
339 0.6 1.1 0.5 0.4 1.1
340 0.5 1.1 0.4 0.3 1.1
341 0.5 1.1 0.4 0.3 1.2
342 0.6 1.0 0.4 0.3 14
343 0.7 1.0 0.4 0.3 1.2
344 0.8 1.0 0.4 0.3 1.2
345 0.6 1.2 0.4 0.3 1.2
346 0.6 1.1 0.4 0.3 1.2
347 0.5 1.2 0.3 0.3 1.3
348 0.6 1.2 0.4 0.3 1.2
349 0.5 1.1 0.3 0.2 1.2
350 0.5 1.0 0.3 0.2 1.4
351 0.6 0.9 0.4 0.3 1.6
352 0.7 0.9 0.3 0.2 1.6
353 0.6 1.0 0.4 0.1 1.7
354 0.6 1.0 0.5 0.2 1.6
355 0.6 1.1 0.2 0.2 1.5
356 0.6 1.1 0.3 0.2 1.6
357 0.6 1.0 0.3 0.3 1.6
358 0.7 0.9 0.3 0.3 1.6
359 0.8 0.9 0.2 0.2 1.6
360 0.9 0.8 0.2 0.1 1.4
361 0.9 0.8 0.2 0.1 1.5
362 0.8 0.7 0.1 0.1 1.4
363 0.8 0.8 0.2 0.2 14
364 0.6 0.7 0.3 0.3 1.3
365 0.6 0.8 0.3 0.3 1.2
366 0.7 0.8 0.5 0.3 1.2
367 0.7 0.9 0.5 0.3 1.2
368 0.7 0.9 0.4 0.3 1.2
369 0.8 0.8 0.5 0.4 1.2
370 0.7 0.8 04 0.3 1.2
371 0.7 0.7 0.4 0.3 1.0
372 0.7 0.6 0.3 0.2 0.9
373 0.6 0.5 0.4 0.2 0.8
374 0.5 0.6 0.3 0.3 0.8
375 0.3 0.8 0.3 0.4 0.9
376 0.2 0.8 0.3 0.5 0.9
371 0.2 0.6 0.3 0.5 1.0
378 0.2 0.7 0.3 0.5 0.8
379 0.2 0.7 0.2 0.5 1.0
380 0.2 0.6 0.3 0.4 1.0
381 0.2 0.6 0.3 0.5 1.1
382 0.3 0.6 0.1 0.4 1.1
383 0.4 0.7 0.2 0.4 1.0
384 0.4 0.7 0.2 0.5 1.0
385 0.4 0.7 0.1 0.5 1.0
386 0.4 0.7 0.2 0.5 1.0
250



387 0.5 0.8 0.1 0.5 1.0
388 0.4 0.7 0.1 0.4 0.9
389 0.6 0.6 0.1 0.4 1.1
390 0.5 0.6 0.2 0.4 1.0
391 0.4 0.6 0.3 0.3 0.9
392 0.4 0.6 0.3 0.3 0.7
393 0.5 0.6 0.3 0.2 0.8
394 0.5 0.5 0.3 0.2 0.9
395 0.5 0.4 0.3 0.1 0.9
396 0.4 0.5 0.3 0.1 0.9
397 0.4 0.6 0.1 0.1 0.9
398 0.4 0.6 0.1 0.1 1.2
399 0.5 0.7 0.1 0.1 1.1
400 0.6 0.5 -0.1 0.2 1.0
401 0.5 0.5 0.0 0.2 1.0
402 0.5 0.4 0.1 0.3 1.0
403 0.4 0.4 0.1 0.4 1.0
404 0.4 0.3 0.2 0.3 0.9
405 0.5 0.3 0.1 0.2 1.0
406 0.4 0.4 0.1 0.2 0.9
407 0.3 0.3 0.2 0.2 0.9
408 0.2 0.1 0.2 0.2 0.9
409 0.2 0.2 0.3 0.1 0.9
410 0.1 0.2 0.3 0.1 0.8
411 0.0 0.3 0.2 0.0 0.7
412 0.2 0.2 0.2 0.0 0.6
413 0.5 0.2 0.2 0.1 0.7
414 0.4 0.3 0.2 0.1 0.5
415 0.5 0.3 0.2 0.0 0.4
416 0.5 0.4 0.1 0.1 0.4
417 0.6 0.5 0.0 0.0 0.5
418 0.6 0.7 -0.1 0.0 0.5
419 0.6 0.5 0.0 -0.1 0.4
420 0.6 0.5 0.0 0.0 0.3
421 0.6 0.6 -0.1 0.0 0.4
422 0.6 0.6 -0.1 0.1 0.5
423 0.5 0.6 0.0 0.0 0.6
424 0.4 0.4 0.1 0.1 0.6
425 0.3 0.4 0.3 0.1 0.6
426 0.4 0.6 0.2 0.2 0.6
427 0.5 0.6 0.3 0.3 0.5
428 0.6 0.9 04 0.3 0.6
429 0.4 1.0 04 0.3 0.6
430 0.6 1.1 0.3 0.3 0.7
431 0.5 1.2 04 0.4 0.5
432 0.5 1.1 0.3 0.4 0.5
433 0.5 1.2 0.4 0.6 0.5
434 0.6 1.2 0.3 0.5 0.4
435 0.5 1.0 0.4 0.5 0.5
436 0.4 1.0 0.3 0.4 0.5
437 0.4 1.0 0.4 0.3 0.6
438 0.4 1.0 0.4 0.2 0.7
439 0.5 1.0 0.4 0.3 0.5
440 0.6 0.9 0.0 0.2 0.6
441 0.6 1.0 0.1 0.2 0.6
442 0.5 0.9 0.0 0.2 0.6
443 0.6 0.9 0.0 0.1 0.7
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¢) Sec. 6

Concentration (ppb)

y/IW
Time 0.167 0.333 0.500 0.667 0.833
(sec)
140 0.0 0.0 0.0 0.0 -
141 0.0 0.1 0.0 0.0 -
142 0.0 0.1 0.0 0.0 -
143 0.0 0.1 0.0 0.0 -
144 0.0 0.1 0.0 0.0 -
145 0.0 0.2 0.0 0.0 -
146 0.0 0.2 0.2 0.0 -
147 0.0 0.2 0.3 0.0 -
148 0.0 0.2 0.5 0.0 -
149 0.0 0.3 0.5 0.0 -
150 0.0 0.2 0.7 0.0 -
151 0.0 0.3 0.5 0.0 -
152 0.0 0.4 0.6 0.0 -
153 0.0 0.3 0.8 0.0 -
154 0.0 0.5 0.7 0.0 -
155 0.0 0.5 0.7 0.0 -
156 0.0 0.7 1.1 0.1 -
157 0.0 1.0 1.1 0.2 -
158 0.0 1.4 1.2 0.3 -
159 0.0 1.6 1.4 0.2 -
160 0.0 1.8 1.5 0.3 -
161 0.0 2.0 1.7 0.4 -
162 0.0 2.1 2.1 0.6 -
163 0.0 2.3 2.3 0.8 -
164 0.0 2.7 2.7 1.0 -
165 0.0 2.9 3.1 1.3 -
166 0.0 3.1 33 1.4 -
167 0.0 3.6 4.0 1.7 -
168 0.0 4.3 4.2 2.1 -
169 0.0 4.8 4.4 2.5 -
170 0.0 5.3 4.7 3.0 -
171 0.0 59 5.1 33 -
172 0.0 6.5 5.9 3.5 -
173 0.0 7.0 6.4 3.9 -
174 0.0 7.4 7.2 4.4 -
175 0.0 7.9 7.6 4.8 -
176 0.0 8.5 8.2 53 -
177 0.0 9.0 9.1 5.6 -
178 0.0 9.4 9.6 5.9 -
179 0.0 10.0 10.2 6.4 -
180 0.0 10.5 10.7 6.8 -
181 0.0 11.0 11.4 7.5 -
182 0.0 114 11.8 8.0 -
183 0.0 11.8 12.4 8.4 -
184 0.0 12.3 12.9 9.3 -
185 0.0 12.8 13.3 10.1 -
186 0.0 13.4 13.5 10.5 -
187 0.1 13.8 13.8 10.7 -
188 0.3 14.2 14.3 10.9 -
189 0.5 14.5 14.7 114 -
190 0.8 15.0 15.1 11.8 -
191 1.0 154 154 12.2 -
192 1.3 15.8 15.8 12.5 -
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193 1.6 16.2 16.1 12.8 -
194 1.8 16.5 16.4 13.3 -
195 2.1 16.8 16.8 13.6 -
196 2.4 17.2 17.2 14.2 -
197 2.6 17.5 17.4 14.9 -
198 2.8 17.6 17.4 15.1 -
199 29 17.8 17.6 15.3 -
200 3.1 17.9 17.7 154 -
201 34 18.1 18.0 15.7 -
202 3.5 18.2 18.2 15.8 -
203 3.6 18.3 18.1 16.0 -
204 3.7 18.4 18.1 16.2 -
205 3.7 18.7 17.9 16.4 -
206 3.8 18.7 17.9 16.5 -
207 3.6 18.7 17.9 16.6 -
208 3.7 18.8 17.9 16.7 -
209 3.7 18.7 17.8 16.8 -
210 3.8 18.6 17.7 16.7 -
211 3.8 18.7 17.5 16.8 -
212 3.8 18.5 17.3 16.9 -
213 39 18.6 17.2 17.0 -
214 4.0 18.5 17.0 17.0 -
215 4.0 18.5 17.0 17.1 -
216 4.1 18.3 16.9 17.3 -
217 4.1 18.2 16.8 17.3 -
218 4.2 18.1 16.6 17.4 -
219 42 18.0 16.4 17.4 -
220 43 17.8 16.2 17.4 -
221 43 17.6 16.3 17.3 -
222 44 17.4 16.3 17.4 -
223 4.3 174 16.1 17.3 -
224 4.1 17.3 16.1 17.2 -
225 42 17.0 15.8 17.0 -
226 4.0 16.9 15.5 17.0 -
227 4.1 16.6 15.2 16.8 -
228 42 16.5 15.1 16.5 -
229 43 16.4 14.8 16.3 -
230 43 16.3 14.8 16.2 -
231 42 16.1 14.5 16.1 -
232 43 15.9 14.2 15.8 -
233 4.1 15.8 13.8 15.6 -
234 4.0 15.5 134 15.4 -
235 4.0 154 13.2 15.3 -
236 4.0 15.1 13.0 15.3 -
237 4.0 14.9 12.9 15.1 -
238 3.8 14.6 12.6 14.7 -
239 3.8 144 12.3 144 -
240 3.8 14.2 12.2 14.2 -
241 3.9 13.9 12.0 13.9 -
242 3.9 13.7 11.7 13.7 -
243 3.8 13.5 11.5 13.5 -
244 3.7 133 11.2 134 -
245 3.8 13.1 10.9 13.2 -
246 3.7 12.9 10.8 12.9 -
247 3.7 12.8 10.7 12.8 -
248 3.8 12.6 10.5 12.6 -
249 3.6 12.4 10.1 12.2 -
250 3.5 12.2 9.8 12.1 -
251 3.4 11.9 9.7 11.9 -
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252 3.3 11.7 9.5 11.7 -
253 3.2 11.6 9.5 114 -
254 3.3 11.3 9.3 11.3 -
255 34 11.0 9.0 11.1 -
256 3.4 10.7 8.8 10.9 -
257 34 10.5 8.7 10.8 -
258 3.4 10.2 8.5 10.6 -
259 3.2 10.1 8.1 10.3 -
260 3.2 9.9 7.9 10.2 -
261 3.2 9.7 7.9 9.9 -
262 3.1 9.4 7.5 9.6 -
263 3.0 9.3 7.5 9.4 -
264 3.0 9.1 7.4 9.2 -
265 29 8.9 7.1 8.9 -
266 29 8.8 6.9 8.7 -
267 3.0 8.7 6.8 8.7 -
268 29 8.5 6.8 8.6 -
269 2.8 8.4 6.7 8.5 -
270 2.7 83 6.6 8.4 -
271 2.6 8.1 6.5 8.3 -
272 2.6 7.9 6.3 8.1 -
273 2.6 7.8 5.9 8.0 -
274 23 7.5 5.7 7.8 -
275 24 7.4 5.8 7.8 -
276 2.3 7.3 5.7 7.5 -
277 2.1 7.3 5.6 74 -
278 2.1 7.2 5.4 72 -
279 2.1 7.1 53 6.9 -
280 1.9 7.0 5.1 6.8 -
281 1.8 6.8 5.1 6.7 -
282 2.0 6.7 5.0 6.7 -
283 2.0 6.6 4.9 6.6 -
284 1.9 6.5 4.9 6.6 -
285 1.8 6.4 4.9 6.6 -
286 2.0 6.2 4.9 6.4 -
287 1.9 6.1 4.8 6.3 -
288 2.0 6.0 4.7 6.2 -
289 1.9 5.8 4.7 6.1 -
290 2.0 5.6 4.7 6.1 -
291 1.9 5.4 4.6 6.0 -
292 2.0 5.3 4.5 59 -
293 2.0 5.1 4.5 5.8 -
294 2.0 5.1 4.5 5.6 -
295 1.9 5.0 43 5.5 -
296 1.9 4.9 4.4 5.4 -
297 1.8 4.7 42 5.3 -
298 1.7 4.7 43 5.1 -
299 1.9 4.5 4.0 5.0 -
300 2.0 43 4.0 4.8 -
301 1.9 43 4.1 4.7 -
302 1.8 44 4.0 4.6 -
303 1.9 43 3.8 4.5 -
304 1.8 43 3.6 4.5 -
305 1.8 42 3.6 4.4 -
306 1.8 4.1 3.5 43 -
307 1.6 4.0 3.3 43 -
308 1.7 4.1 32 4.3 -
309 1.6 4.0 3.2 4.2 -
310 1.6 3.9 3.0 4.0 -
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311 1.6 3.9 29 4.0 -
312 1.5 3.8 29 4.0 -
313 1.6 3.6 2.8 3.8 -
314 1.5 3.6 2.8 3.7 -
315 1.2 3.5 2.8 3.6 -
316 1.1 3.5 2.8 3.6 -
317 1.2 3.5 2.6 3.6 -
318 1.1 3.4 2.6 3.6 -
319 1.1 34 2.5 3.4 -
320 1.2 3.3 24 33 -
321 1.1 3.3 2.3 3.3 -
322 1.1 3.4 22 33 -
323 1.0 3.3 2.1 32 -
324 1.2 3.2 2.1 3.1 -
325 1.1 3.2 2.0 3.1 -
326 1.1 3.1 1.9 3.1 -
327 1.1 29 2.0 3.0 -
328 1.0 29 2.1 29 -
329 1.1 2.9 2.1 2.8 -
330 0.9 29 2.1 2.7 -
331 1.0 2.8 1.9 2.7 -
332 0.9 2.7 2.0 2.6 -
333 1.0 2.7 1.9 2.7 -
334 0.8 2.6 2.0 2.7 -
335 0.9 24 1.9 2.7 -
336 0.9 2.5 1.8 2.7 -
337 1.0 24 1.8 2.7 -
338 0.9 24 1.9 2.7 -
339 0.9 2.5 1.8 2.7 -
340 0.8 24 1.8 2.6 -
341 0.7 24 1.9 2.6 -
342 0.8 24 1.8 2.5 -
343 0.8 24 1.8 2.5 -
344 0.8 22 1.7 24 -
345 1.0 2.1 1.5 2.3 -
346 0.9 2.1 1.4 22 -
347 1.0 2.1 1.4 22 -
348 1.0 2.2 1.5 2.1 -
349 0.9 2.0 1.6 22 -
350 1.0 1.9 1.5 2.1 -
351 1.0 1.9 1.5 2.0 -
352 0.9 1.9 1.3 1.8 -
353 0.9 1.8 1.2 1.8 -
354 1.0 1.6 1.0 1.7 -
355 0.8 1.6 1.0 1.7 -
356 0.8 1.6 1.2 1.7 -
357 0.8 1.6 1.3 1.7 -
358 0.8 1.7 1.3 1.7 -
359 0.9 1.7 1.3 1.7 -
360 1.0 1.6 1.3 1.7 -
361 0.9 1.6 1.5 1.7 -
362 1.0 1.6 1.5 1.6 -
363 0.9 1.7 1.5 1.7 -
364 0.9 1.6 1.5 1.6 -
365 0.8 1.5 1.4 1.6 -
366 0.6 1.4 1.3 1.7 -
367 0.6 1.4 1.3 1.7 -
368 0.5 1.4 1.2 1.7 -
369 0.4 1.4 1.2 1.6 -
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370 0.5 1.4 1.2 1.5 -
371 0.4 1.3 1.4 1.6 -
372 0.3 1.2 1.1 1.5 -
373 0.1 1.2 1.3 1.6 -
374 0.1 1.0 1.4 1.5 -
375 0.2 1.0 1.5 1.5 -
376 0.1 1.0 1.3 14 -
377 0.1 1.1 1.2 14 -
378 0.1 1.1 1.1 1.3 -
379 0.2 1.0 1.0 14 -
380 0.1 1.0 0.8 1.4 -
381 0.3 1.0 0.8 14 -
382 0.4 1.0 0.8 1.4 -
383 0.4 1.1 0.8 1.4 -
384 0.4 1.0 0.9 14 -
385 0.3 1.0 0.9 1.4 -
386 0.5 1.0 0.9 1.3 -
387 0.5 1.0 0.9 1.3 -
388 0.5 1.0 0.9 1.3 -
389 0.6 0.8 0.8 1.3 -
390 0.6 0.9 0.7 1.2 -
391 0.5 0.9 0.6 1.2 -
392 0.6 1.0 0.5 1.2 -
393 0.6 1.0 0.5 1.1 -
394 0.6 1.0 0.6 1.1 -
395 0.6 1.0 0.4 1.1 -
396 0.4 0.9 0.4 1.1 -
397 0.4 0.9 0.4 1.0 -
398 0.4 0.9 0.3 1.0 -
399 0.4 0.9 0.2 1.0 -
400 0.4 1.0 04 0.9 -
401 0.4 0.9 0.7 0.9 -
402 0.2 1.0 0.8 0.9 -
403 0.3 1.0 0.7 0.8 -
404 0.2 0.9 0.8 0.9 -
405 0.3 0.9 0.8 0.9 -
406 0.3 0.8 1.0 1.0 -
407 0.5 0.9 1.2 0.9 -
408 0.5 0.8 1.3 0.8 -
409 0.5 0.7 1.2 0.9 -
410 0.5 0.7 1.1 0.9 -
411 0.6 0.7 1.2 0.9 -
412 0.5 0.7 1.0 0.9 -
413 0.5 0.7 0.9 0.8 -
414 0.5 0.6 0.8 0.9 -
415 0.5 0.6 0.8 0.9 -
416 0.5 0.6 0.8 1.0 -
417 0.6 0.7 0.8 1.0 -
418 0.6 0.7 0.7 1.0 -
419 0.7 0.7 0.8 0.9 -
420 0.5 0.7 0.9 0.9 -
421 0.5 0.6 0.9 1.0 -
422 0.5 0.6 0.9 0.9 -
423 0.5 0.5 0.9 0.9 -
424 0.6 0.4 0.9 0.8 -
425 0.6 0.4 0.9 0.8 -
426 0.5 0.5 0.7 0.9 -
427 0.6 0.6 0.8 0.8 -
428 0.6 0.5 0.6 0.8 -
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429 0.6 0.5 0.6 0.8 -
430 0.5 0.6 0.6 0.8 -
431 0.4 0.7 0.5 0.8 -
432 0.5 0.6 0.7 0.8 -
433 0.6 0.6 0.6 0.8 -
434 0.6 0.7 0.6 0.8 -
435 0.5 0.7 0.6 0.9 -
436 0.5 0.6 0.6 0.9 -
437 0.5 0.5 0.6 0.9 -
438 0.6 0.5 0.8 0.8 -
439 0.6 0.5 0.8 0.7 -
440 0.7 0.5 0.7 0.6 -
441 0.7 0.5 0.7 0.6 -
442 0.7 0.5 0.7 0.6 -
443 0.7 0.6 0.8 0.6 -
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Appendix C. Tracer test results in EXP-A317

Table C1. Velocity and water depth measurement using ADCP

a) Sec. 1
UTM UTM Water ]I‘?’Iosrtr??:fi Streamwise  Transverse Vertical
Easting Northing depth b Velocity Velocity Velocity
ank

(m) (m) (m) (m) (cml/s) (cml/s) (cml/s)
460755.1 4046217.1 0.1 0.5 57.1 -2.1 3.7
460755.2 4046217.2 0.1 0.6 56.4 -7.2 2.9
460755.2 4046217.2 0.2 0.6 56.4 -7.2 29
460755.2 4046217.3 0.1 0.7 60.5 -7.6 3.2
460755.2 4046217.3 0.2 0.7 59.5 -7.3 2.9
460755.3 4046217.3 0.1 0.8 60.9 -11.9 35
460755.3 4046217.3 0.2 0.8 61.2 -10.0 35
460755.3 4046217.3 0.3 0.8 63.0 -10.6 3.1
460755.3 4046217.4 0.1 0.9 65.6 -10.0 3.7
460755.3 4046217.4 0.2 0.9 66.4 -7.3 3.9
460755.3 4046217.4 0.3 0.9 71.4 -5.1 35
460755.4 4046217.5 0.1 1.0 66.8 -10.8 3.1
460755.4 4046217.5 0.2 1.0 68.2 -7.6 3.7
460755.4 4046217.5 0.3 1.0 71.6 -5.9 3.0
460755.4 4046217.5 0.4 1.0 72.0 -0.9 3.0
460755.4 4046217.6 0.1 1.1 68.8 -12.6 2.0
460755.4 4046217.6 0.2 1.1 69.6 -9.5 2.3
460755.4 4046217.6 0.3 1.1 70.6 -5.9 2.0
460755.4 4046217.6 0.4 1.1 70.4 -2.4 2.0
460755.5 4046217.7 0.1 1.2 69.3 -13.1 1.8
460755.5 4046217.7 0.2 1.2 69.2 -115 1.8
460755.5 4046217.7 0.3 1.2 67.2 -10.3 14
460755.5 4046217.7 0.4 1.2 65.5 -8.9 14
460755.5 4046217.8 0.1 1.3 715 -12.6 1.9
460755.5 4046217.8 0.2 1.3 73.2 -11.1 1.8
460755.5 4046217.8 0.3 1.3 72.6 -9.8 14
460755.5 4046217.8 0.4 1.3 72.7 -9.3 15
460755.6 4046217.9 0.1 14 74.8 -9.2 2.7
460755.6 4046217.9 0.2 1.4 775 -8.5 2.3
460755.6 4046217.9 0.3 14 77.6 -8.9 1.0
460755.6 4046217.9 0.4 1.4 77.6 -11.6 0.0
460755.6 4046218.0 0.1 15 78.8 -10.7 24
460755.6 4046218.0 0.2 15 81.3 -9.6 1.6
460755.6 4046218.0 0.3 1.5 81.2 -7.9 -0.2
460755.6 4046218.0 0.4 15 79.5 -9.0 -1.0
460755.6 4046218.0 0.5 1.5 75.4 -10.0 -1.7
460755.7 4046218.0 0.1 1.6 85.2 -13.0 1.7
460755.7 4046218.0 0.2 1.6 86.1 -12.6 0.9
460755.7 4046218.0 0.3 1.6 84.3 -10.2 -0.7
460755.7 4046218.0 0.4 1.6 78.4 -11.7 -1.6
460755.7 4046218.0 0.5 1.6 73.6 -11.7 -2.0
460755.7 4046218.1 0.1 1.7 88.2 -15.8 0.7
460755.7 4046218.1 0.2 1.7 88.5 -15.5 -0.2
460755.7 4046218.1 0.3 1.7 87.1 -13.1 -1.6
460755.7 4046218.1 0.4 1.7 81.3 -12.3 -2.0
460755.7 4046218.1 0.5 1.7 775 -11.1 -2.1
460755.7 4046218.2 0.1 1.8 88.0 -14.1 0.8
460755.7 4046218.2 0.2 1.8 88.7 -14.6 -0.1

258

K, ] '-I.- ok



460755.7 4046218.2 0.3 1.8 88.7 -15.2 -1.4
460755.7 4046218.2 0.4 1.8 84.6 -16.4 -2.4
460755.7 4046218.2 0.5 1.8 80.9 -18.3 -3.0
460755.8 4046218.3 0.1 1.9 84.8 -14.6 -0.1
460755.8 4046218.3 0.2 1.9 86.5 -15.6 -1.4
460755.8 4046218.3 0.3 1.9 88.5 -18.2 -3.4
460755.8 4046218.3 0.4 1.9 86.7 -19.6 -4.5
460755.8 4046218.3 0.5 1.9 81.5 -22.9 -4.9
460755.8 4046218.3 0.6 1.9 77.2 -24.1 -4.9
460755.8 4046218.4 0.1 2.0 85.7 -14.3 -1.8
460755.8 4046218.4 0.2 2.0 87.4 -15.9 -3.2
460755.8 4046218.4 0.3 2.0 88.1 -19.8 -5.0
460755.8 4046218.4 0.4 2.0 86.0 -22.9 -6.1
460755.8 4046218.4 0.5 2.0 79.5 -25.5 -6.2
460755.8 4046218.4 0.6 2.0 76.1 -26.0 -6.5
460755.9 4046218.5 0.1 2.1 88.3 -14.5 -3.3
460755.9 4046218.5 0.2 2.1 89.3 -16.0 -4.5
460755.9 4046218.5 0.3 2.1 89.1 -19.2 -6.5
460755.9 4046218.5 0.4 2.1 86.3 -22.5 -7.1
460755.9 4046218.5 0.5 2.1 80.6 -23.3 -7.0
460755.9 4046218.5 0.6 2.1 77.9 -23.7 -7.2
460755.9 4046218.6 0.1 2.2 92.1 -11.2 -3.2
460755.9 4046218.6 0.2 2.2 93.0 -12.7 -4.1
460755.9 4046218.6 0.3 2.2 93.5 -14.7 -6.0
460755.9 4046218.6 0.4 2.2 90.4 -18.9 -6.3
460755.9 4046218.6 0.5 2.2 83.5 -19.5 -5.1
460755.9 4046218.6 0.6 2.2 80.1 -20.2 -4.5
460756.0 4046218.7 0.1 2.3 93.9 -10.7 -2.0
460756.0 4046218.7 0.2 2.3 94.2 -11.0 -2.9
460756.0 4046218.7 0.3 2.3 95.9 -12.3 -4.3
460756.0 4046218.7 0.4 2.3 89.6 -16.7 -4.2
460756.0 4046218.7 0.5 2.3 84.0 -18.2 -2.9
460756.0 4046218.7 0.6 2.3 78.4 -20.5 -2.1
460756.0 4046218.8 0.1 24 94.8 -10.6 -1.3
460756.0 4046218.8 0.2 24 96.1 -10.4 -2.0
460756.0 4046218.8 0.3 24 97.9 -11.2 -3.0
460756.0 4046218.8 0.4 24 89.5 -16.2 -2.9
460756.0 4046218.8 0.5 24 82.2 -19.4 -1.3
460756.1 4046218.8 0.1 25 94.5 -12.0 -0.9
460756.1 4046218.8 0.2 25 95.1 -11.2 -1.6
460756.1 4046218.8 0.3 25 95.4 -13.0 -2.5
460756.1 4046218.8 0.4 25 86.4 -18.2 -2.6
460756.1 4046218.8 0.5 25 81.4 -22.5 -2.4
460756.1 4046218.9 0.1 2.6 93.1 -11.9 -0.9
460756.1 4046218.9 0.2 2.6 94.7 -11.4 -1.4
460756.1 4046218.9 0.3 2.6 94.3 -13.9 -2.5
460756.1 4046218.9 0.4 2.6 88.0 -19.2 -2.5
460756.1 4046218.9 0.5 2.6 83.0 -23.6 -2.5
460756.2 4046219.0 0.1 2.7 92.0 -13.0 -1.0
460756.2 4046219.0 0.2 2.7 93.6 -12.4 -1.2
460756.2 4046219.0 0.3 2.7 93.4 -14.4 -2.0
460756.2 4046219.0 0.4 2.7 87.6 -18.8 -2.3
460756.2 4046219.0 0.5 2.7 74.6 -23.6 -2.5
460756.2 4046219.1 0.1 2.8 92.2 -13.2 -0.8
460756.2 4046219.1 0.2 2.8 94.9 -13.5 -0.7
460756.2 4046219.1 0.3 2.8 96.3 -155 -0.7
460756.2 4046219.1 0.4 2.8 90.7 -20.3 -0.7
460756.2 4046219.1 0.5 2.8 74.4 -27.4 -1.3
460756.2 4046219.1 0.6 2.8 64.8 -31.7 -1.8
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460756.3 4046219.2 0.1 2.9 90.8 -13.6 -1.0
460756.3 4046219.2 0.2 2.9 94.8 -14.0 -1.1
460756.3 4046219.2 0.3 2.9 97.0 -15.5 -1.0
460756.3 4046219.2 0.4 2.9 93.3 -19.6 -1.2
460756.3 4046219.2 0.5 2.9 74.0 -28.2 -1.6
460756.3 4046219.2 0.6 2.9 64.5 -33.0 -2.1
460756.3 4046219.3 0.1 3.0 92.2 -12.5 -0.5
460756.3 4046219.3 0.2 3.0 95.5 -14.3 -0.9
460756.3 4046219.3 0.3 3.0 97.0 -15.7 -1.0
460756.3 4046219.3 0.4 3.0 93.3 -20.3 -1.5
460756.3 4046219.3 0.5 3.0 78.1 -28.9 -1.5
460756.3 4046219.3 0.6 3.0 71.8 -34.5 -1.6
460756.4 4046219.4 0.1 3.1 90.9 -11.6 -0.9
460756.4 4046219.4 0.2 3.1 93.8 -13.1 -1.2
460756.4 4046219.4 0.3 3.1 94.3 -13.6 -1.7
460756.4 4046219.4 0.4 3.1 90.4 -17.3 -2.2
460756.4 4046219.4 0.5 3.1 77.4 -24.8 -1.8
460756.4 4046219.4 0.6 3.1 72.7 -29.5 -1.5
460756.4 4046219.5 0.1 3.2 91.6 -11.8 -1.0
460756.4 4046219.5 0.2 3.2 92.7 -13.9 -1.1
460756.4 4046219.5 0.3 3.2 93.1 -14.4 -1.3
460756.4 4046219.5 0.4 3.2 87.8 -18.5 -1.7
460756.4 4046219.5 0.5 3.2 7.7 -23.9 -1.4
460756.4 4046219.5 0.6 3.2 735 -28.0 -1.3
460756.4 4046219.5 0.1 3.3 87.6 -12.8 -1.6
460756.4 4046219.5 0.2 3.3 89.3 -14.6 -1.3
460756.4 4046219.5 0.3 3.3 91.2 -14.3 -1.0
460756.4 4046219.5 0.4 3.3 87.1 -18.9 -1.1
460756.4 4046219.5 0.5 3.3 80.0 -22.8 -0.9
460756.4 4046219.5 0.6 3.3 75.8 -27.0 -1.0
460756.5 4046219.6 0.1 34 84.7 -14.5 -14
460756.5 4046219.6 0.2 34 85.4 -16.2 -1.6
460756.5 4046219.6 0.3 34 86.3 -17.1 -0.8
460756.5 4046219.6 0.4 34 82.7 -22.3 -0.9
460756.5 4046219.6 0.5 34 7.7 -25.7 -0.1
460756.5 4046219.6 0.6 34 74.4 -29.2 -0.1
460756.5 4046219.7 0.1 35 83.7 -13.4 -1.2
460756.5 4046219.7 0.2 35 84.4 -15.3 -1.2
460756.5 4046219.7 0.3 35 86.8 -17.2 -0.2
460756.5 4046219.7 0.4 35 84.3 -23.9 -0.2
460756.5 4046219.7 0.5 35 81.8 -26.5 0.4
460756.5 4046219.7 0.6 35 79.2 -29.1 0.3
460756.6 4046219.8 0.1 3.6 82.7 -13.8 -1.3
460756.6 4046219.8 0.2 3.6 83.6 -154 -1.5
460756.6 4046219.8 0.3 3.6 85.9 -19.5 -0.3
460756.6 4046219.8 0.4 3.6 84.0 -26.9 0.0
460756.6 4046219.8 0.5 3.6 81.3 -30.2 0.7
460756.6 4046219.8 0.6 3.6 78.8 -30.9 0.4
460756.6 4046219.9 0.1 3.7 82.6 -13.2 -1.2
460756.6 4046219.9 0.2 3.7 84.5 -14.9 -0.9
460756.6 4046219.9 0.3 3.7 87.1 -18.6 0.0
460756.6 4046219.9 0.4 3.7 86.4 -24.5 0.4
460756.6 4046219.9 0.5 3.7 84.2 -28.6 0.7
460756.6 4046219.9 0.6 3.7 82.6 -28.9 0.7
460756.7 4046220.0 0.1 3.8 81.5 -12.3 -0.6
460756.7 4046220.0 0.2 3.8 83.3 -15.0 -0.6
460756.7 4046220.0 0.3 3.8 85.3 -19.6 0.0
460756.7 4046220.0 0.4 3.8 84.6 -22.9 0.2
460756.7 4046220.0 0.5 3.8 82.4 -26.9 0.7
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460756.7 4046220.0 0.6 3.8 80.8 -25.5 0.7
460756.7 4046220.1 0.1 3.9 79.4 -12.8 0.4
460756.7 4046220.1 0.2 3.9 81.5 -15.5 0.3
460756.7 4046220.1 0.3 3.9 83.9 -19.3 0.4
460756.7 4046220.1 0.4 3.9 84.0 -21.0 0.5
460756.7 4046220.1 0.5 3.9 82.8 -23.5 1.0
460756.8 4046220.2 0.1 4.0 75.4 -14.2 0.8
460756.8 4046220.2 0.2 4.0 78.1 -16.1 0.7
460756.8 4046220.2 0.3 4.0 82.7 -20.4 1.0
460756.8 4046220.2 0.4 4.0 82.2 -22.0 1.3
460756.8 4046220.2 0.5 4.0 81.6 -23.0 1.8
460756.8 4046220.3 0.1 4.1 69.1 -16.2 0.7
460756.8 4046220.3 0.2 4.1 72.6 -175 1.2
460756.8 4046220.3 0.3 4.1 77.1 -21.1 2.1
460756.8 4046220.3 0.4 4.1 77.4 -21.8 3.2
460756.8 4046220.3 0.5 4.1 76.3 -22.6 3.8
460756.9 4046220.3 0.1 4.2 68.3 -15.6 11
460756.9 4046220.3 0.2 4.2 72.1 -16.7 14
460756.9 4046220.3 0.3 4.2 76.1 -21.0 2.3
460756.9 4046220.3 0.4 4.2 75.5 -21.3 3.3
460756.9 4046220.3 0.5 4.2 734 -22.5 3.9
460756.9 4046220.4 0.1 4.3 68.5 -15.2 1.6
460756.9 4046220.4 0.2 4.3 715 -17.0 17
460756.9 4046220.4 0.3 4.3 73.3 -21.0 24
460756.9 4046220.4 0.4 4.3 73.4 -20.9 3.1
460756.9 4046220.4 0.5 4.3 71.1 -21.2 3.7
460757.0 4046220.5 0.1 4.4 68.6 -16.9 2.5
460757.0 4046220.5 0.2 44 713 -17.6 2.1
460757.0 4046220.5 0.3 4.4 72.6 -20.0 1.7
460757.0 4046220.5 0.4 44 72.6 -19.9 12
460757.0 4046220.6 0.1 45 66.8 -17.9 34
460757.0 4046220.6 0.2 4.5 69.4 -18.4 34
460757.0 4046220.6 0.3 45 70.6 -21.9 2.9
460757.0 4046220.6 0.4 4.5 70.5 -22.1 24
460757.1 4046220.7 0.1 4.6 64.9 -18.0 3.8
460757.1 4046220.7 0.2 4.6 67.1 -19.9 4.1
460757.1 4046220.7 0.3 4.6 69.4 -22.8 3.6
460757.1 4046220.7 0.4 4.6 69.4 -24.1 3.2
460757.1 4046220.8 0.1 4.7 62.3 -16.4 3.3
460757.1 4046220.8 0.2 4.7 63.0 -19.3 4.1
460757.1 4046220.8 0.3 4.7 65.2 -23.3 4.5
460757.1 4046220.9 0.1 4.8 58.7 -19.9 3.1
460757.1 4046220.9 0.2 4.8 57.0 -22.4 3.6
460757.1 4046220.9 0.3 4.8 56.9 -23.6 4.0
460757.2 4046221.0 0.1 4.9 52.3 -23.3 35
460757.2 4046221.0 0.2 4.9 51.2 -23.9 3.7
460757.2 4046221.0 0.3 4.9 48.6 -24.8 4.3
460757.2 4046221.1 0.1 5.0 49.1 -23.7 3.1
460757.2 4046221.1 0.2 5.0 48.4 -24.0 3.2
460757.3 4046221.1 0.1 5.1 48.0 -19.2 14
460757.3 4046221.1 0.2 5.1 48.0 -19.2 14
460757.3 4046221.2 0.1 5.2 48.8 -15.4 -04
460757.3 4046221.2 0.2 5.2 48.8 -154 -0.4
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b) Sec. 2

UTM UTM Water fDr :;??:é Streamwise  Transverse Vertical
Easting Northing depth b Velocity Velocity Velocity
ank

(m) (m) (m) (m) (cml/s) (cml/s) (cm/s)
460749.0 4046234.8 0.1 0.3 69.7 -2.1 1.3
460749.0 4046234.8 0.2 0.3 69.7 -2.1 1.3
460749.1 4046234.8 0.1 0.4 75.0 -1.2 0.0
460749.1 4046234.8 0.2 0.4 75.0 -1.2 0.0
460749.2 4046234.9 0.1 0.5 84.0 -1.0 -0.5
460749.2 4046234.9 0.2 0.5 83.5 -1.9 -0.2
460749.3 4046234.9 0.1 0.6 86.2 2.6 0.6
460749.3 4046234.9 0.2 0.6 84.7 1.8 1.0
460749.3 4046234.9 0.3 0.6 84.6 2.6 0.8
460749.4 4046234.9 0.1 0.7 87.5 0.1 1.3
460749.4 4046234.9 0.2 0.7 84.7 -0.9 1.7
460749.4 4046234.9 0.3 0.7 81.0 0.3 0.7
460749.5 4046234.9 0.1 0.8 91.9 -2.1 0.7
460749.5 4046234.9 0.2 0.8 89.7 -2.1 0.6
460749.5 4046234.9 0.3 0.8 85.9 -2.0 -0.4
460749.5 4046234.9 0.4 0.8 80.8 -1.8 -0.8
460749.6 4046234.9 0.1 0.9 92.8 -5.5 -0.1
460749.6 4046234.9 0.2 0.9 91.2 -4.5 -0.1
460749.6 4046234.9 0.3 0.9 87.1 -3.7 -0.6
460749.6 4046234.9 04 0.9 82.9 -2.9 -1.1
460749.7 4046234.9 0.1 1.0 94.7 -3.4 -0.1
460749.7 4046234.9 0.2 1.0 94.4 -2.1 -0.1
460749.7 4046234.9 0.3 1.0 92.7 -3.0 0.0
460749.7 4046234.9 04 1.0 89.3 -2.9 -0.3
460749.7 4046234.9 0.5 1.0 86.0 -5.3 -0.5
460749.8 4046234.9 0.1 1.1 94.6 -1.1 0.5
460749.8 4046234.9 0.2 1.1 934 0.0 0.7
460749.8 4046234.9 0.3 1.1 91.9 -0.7 0.7
460749.8 4046234.9 04 1.1 88.3 -1.7 0.0
460749.9 4046234.9 0.1 1.2 95.3 0.8 0.5
460749.9 4046234.9 0.2 1.2 94.6 0.6 0.5
460749.9 4046234.9 0.3 1.2 934 -1.4 0.9
460749.9 4046234.9 0.4 1.2 91.0 -2.8 0.8
460750.0 4046234.9 0.1 1.3 95.8 2.7 0.8
460750.0 4046234.9 0.2 1.3 94.0 2.3 0.4
460750.0 4046234.9 0.3 1.3 91.8 0.7 0.5
460750.0 4046234.9 04 1.3 87.7 -1.3 0.0
460750.1 4046234.9 0.1 14 94.2 4.6 0.3
460750.1 4046234.9 0.2 1.4 934 4.3 -0.3
460750.1 4046234.9 0.3 1.4 92.5 4.2 -0.3
460750.1 4046234.9 04 1.4 90.2 2.3 -0.6
460750.2 4046234.9 0.1 1.5 95.9 5.6 -0.2
460750.2 4046234.9 0.2 1.5 94.4 5.6 -0.7
460750.2 4046234.9 0.3 15 94.1 5.9 -1.4
460750.2 4046234.9 0.4 1.5 90.6 2.3 -1.3
460750.3 4046234.9 0.1 1.6 95.6 5.2 -0.2
460750.3 4046234.9 0.2 1.6 95.5 6.6 -0.9
460750.3 4046234.9 0.3 1.6 96.9 6.3 -1.9
460750.3 4046234.9 04 1.6 92.7 3.0 -1.8
460750.3 4046234.9 0.5 1.6 91.1 -0.7 -1.6
460750.4 4046234.9 0.1 1.7 97.2 3.8 0.0
460750.4 4046234.9 0.2 1.7 96.7 4.5 -0.6
460750.4 4046234.9 0.3 1.7 98.0 3.2 -1.9
460750.4 4046234.9 04 1.7 91.1 0.9 -1.7
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460750.4 4046234.9 0.5 17 88.9 -0.3 -1.8
460750.5 4046234.9 0.1 1.8 94.0 3.6 0.5
460750.5 4046234.9 0.2 1.8 93.9 4.3 -0.3
460750.5 4046234.9 0.3 1.8 94.3 35 -1.8
460750.5 4046234.9 0.4 1.8 88.2 2.5 -2.4
460750.5 4046234.9 0.5 1.8 84.8 2.2 -2.4
460750.5 4046234.9 0.6 1.8 81.8 3.9 -1.6
460750.6 4046234.9 0.1 19 915 2.8 0.1
460750.6 4046234.9 0.2 19 91.7 2.0 -0.6
460750.6 4046234.9 0.3 19 92.8 14 -2.1
460750.6 4046234.9 0.4 19 87.7 2.2 -2.5
460750.6 4046234.9 0.5 19 85.5 4.6 -2.7
460750.6 4046234.9 0.6 19 83.2 6.7 -2.0
460750.7 4046234.9 0.1 2.0 88.8 25 -0.4
460750.7 4046234.9 0.2 2.0 89.4 2.7 -0.6
460750.7 4046234.9 0.3 2.0 90.2 25 -1.8
460750.7 4046234.9 0.4 2.0 86.5 3.6 -2.2
460750.7 4046234.9 0.5 2.0 84.0 4.3 -2.7
460750.7 4046234.9 0.6 2.0 82.2 5.0 -2.5
460750.8 4046234.9 0.1 2.1 86.3 2.6 -0.1
460750.8 4046234.9 0.2 2.1 86.8 3.2 -0.3
460750.8 4046234.9 0.3 2.1 88.1 34 -1.5
460750.8 4046234.9 0.4 2.1 85.8 4.1 -1.6
460750.8 4046234.9 0.5 2.1 85.3 4.1 -2.1
460750.8 4046234.9 0.6 2.1 84.4 3.7 -1.8
460750.9 4046234.9 0.1 2.2 84.0 3.1 0.8
460750.9 4046234.9 0.2 2.2 85.1 2.7 0.5
460750.9 4046234.9 0.3 2.2 85.7 2.6 -0.1
460750.9 4046234.9 0.4 2.2 85.0 15 -0.4
460750.9 4046234.9 0.5 2.2 82.7 0.6 -1.1
460750.9 4046234.9 0.6 2.2 81.9 -1.0 -1.1
460751.0 4046235.0 0.1 2.3 81.2 3.2 0.9
460751.0 4046235.0 0.2 2.3 82.2 2.3 0.6
460751.0 4046235.0 0.3 2.3 83.4 2.1 0.3
460751.0 4046235.0 0.4 2.3 83.6 0.1 0.3
460751.0 4046235.0 0.5 2.3 81.4 -1.0 -0.5
460751.0 4046235.0 0.6 2.3 80.2 -2.9 -0.6
460751.1 4046235.0 0.1 24 80.4 3.3 0.7
460751.1 4046235.0 0.2 24 82.5 2.1 0.5
460751.1 4046235.0 0.3 24 84.3 2.8 0.5
460751.1 4046235.0 0.4 24 83.6 11 0.2
460751.1 4046235.0 0.5 24 79.1 0.2 -0.2
460751.1 4046235.0 0.6 24 76.4 -2.3 -0.7
460751.2 4046235.0 0.1 25 78.2 3.0 0.3
460751.2 4046235.0 0.2 25 79.4 3.2 0.2
460751.2 4046235.0 0.3 25 81.2 3.9 -0.2
460751.2 4046235.0 0.4 25 80.6 24 -0.3
460751.2 4046235.0 0.5 25 77.3 1.0 -0.6
460751.2 4046235.0 0.6 25 74.5 -1.2 -0.8
460751.3 4046235.0 0.1 2.6 77.6 5.1 0.6
460751.3 4046235.0 0.2 2.6 78.7 4.9 0.3
460751.3 4046235.0 0.3 2.6 80.0 5.1 -0.1
460751.3 4046235.0 0.4 2.6 79.4 3.6 -0.5
460751.3 4046235.0 0.5 2.6 76.2 2.2 -0.6
460751.3 4046235.0 0.6 2.6 73.9 0.8 -0.8
460751.4 4046235.0 0.1 2.7 75.6 4.6 0.6
460751.4 4046235.0 0.2 2.7 76.3 4.3 0.5
460751.4 4046235.0 0.3 2.7 77.8 3.0 0.1
460751.4 4046235.0 0.4 2.7 78.0 0.9 -0.2
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460751.4 4046235.0 0.5 2.7 75.4 -0.9 -0.3
460751.4 4046235.0 0.6 2.7 73.1 -1.8 -0.4
460751.5 4046235.0 0.1 2.8 75.2 5.7 0.7
460751.5 4046235.0 0.2 2.8 76.6 4.9 0.6
460751.5 4046235.0 0.3 2.8 78.3 34 0.3
460751.5 4046235.0 0.4 2.8 78.5 0.8 0.1
460751.5 4046235.0 0.5 2.8 75.0 -1.7 -0.1
460751.5 4046235.0 0.6 2.8 72.6 -3.3 -0.1
460751.6 4046235.0 0.1 2.9 72.7 5.3 0.6
460751.6 4046235.0 0.2 2.9 74.3 45 0.5
460751.6 4046235.0 0.3 2.9 76.6 2.3 0.2
460751.6 4046235.0 0.4 2.9 77.1 -0.4 0.0
460751.6 4046235.0 0.5 2.9 73.9 -3.2 -0.3
460751.6 4046235.0 0.6 2.9 71.4 -4.6 -0.4
460751.7 4046235.0 0.1 3.0 69.1 6.3 0.5
460751.7 4046235.0 0.2 3.0 71.1 5.2 0.4
460751.7 4046235.0 0.3 3.0 73.6 2.9 0.2
460751.7 4046235.0 0.4 3.0 74.8 0.8 -0.2
460751.7 4046235.0 0.5 3.0 71.7 -1.9 -0.6
460751.7 4046235.0 0.6 3.0 69.3 -3.2 -1.0
460751.8 4046235.0 0.1 3.1 66.8 5.7 0.3
460751.8 4046235.0 0.2 3.1 68.8 4.5 0.2
460751.8 4046235.0 0.3 3.1 71.8 2.2 0.0
460751.8 4046235.0 0.4 3.1 72.9 0.5 -0.1
460751.8 4046235.0 0.5 3.1 69.9 -1.7 -0.6
460751.8 4046235.0 0.6 3.1 67.5 -2.8 -0.9
460751.9 4046235.0 0.1 3.2 63.9 6.1 0.4
460751.9 4046235.0 0.2 3.2 66.1 4.8 0.2
460751.9 4046235.0 0.3 3.2 69.7 25 0.0
460751.9 4046235.0 0.4 3.2 71.6 0.5 -0.1
460751.9 4046235.0 0.5 3.2 68.8 -1.6 -0.4
460751.9 4046235.0 0.6 3.2 66.4 -2.8 -0.6
460752.0 4046235.0 0.1 3.3 62.7 7.0 0.3
460752.0 4046235.0 0.2 3.3 65.0 5.6 0.3
460752.0 4046235.0 0.3 3.3 68.9 3.0 0.1
460752.0 4046235.0 0.4 3.3 70.5 0.3 0.0
460752.0 4046235.0 0.5 3.3 67.8 -1.9 -0.3
460752.0 4046235.0 0.6 3.3 65.3 -3.0 -0.5
460752.1 4046235.0 0.1 34 59.6 7.0 0.4
460752.1 4046235.0 0.2 34 62.2 5.8 0.4
460752.1 4046235.0 0.3 34 66.6 3.3 0.3
460752.1 4046235.0 0.4 34 68.7 0.7 0.1
460752.1 4046235.0 0.5 34 66.4 -1.4 -0.4
460752.1 4046235.0 0.6 34 64.0 -2.4 -0.6
460752.2 4046235.0 0.1 3.5 58.9 6.2 0.7
460752.2 4046235.0 0.2 35 61.6 5.1 0.7
460752.2 4046235.0 0.3 35 65.8 2.6 0.6
460752.2 4046235.0 0.4 3.5 67.0 0.5 0.5
460752.2 4046235.0 0.5 35 64.4 -1.4 -0.2
460752.2 4046235.0 0.6 35 61.7 -2.1 -0.5
460752.3 4046235.0 0.1 3.6 57.9 4.5 0.8
460752.3 4046235.0 0.2 3.6 60.8 3.3 0.9
460752.3 4046235.0 0.3 3.6 65.1 0.8 0.8
460752.3 4046235.0 0.4 3.6 66.7 -0.4 0.8
460752.3 4046235.0 0.5 3.6 63.9 -1.6 0.1
460752.3 4046235.0 0.6 3.6 61.5 -1.8 -0.1
460752.4 4046235.0 0.1 3.7 56.4 6.0 0.9
460752.4 4046235.0 0.2 3.7 59.6 4.5 1.0
460752.4 4046235.0 0.3 3.7 63.9 16 0.9
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460752.4 4046235.0 0.4 3.7 65.9 -0.2 0.8
460752.4 4046235.0 0.5 3.7 62.8 -1.0 0.4
460752.4 4046235.0 0.6 3.7 60.6 -0.8 0.2
460752.5 4046235.0 0.1 3.8 54.4 4.7 0.6
460752.5 4046235.0 0.2 3.8 57.4 3.7 0.6
460752.5 4046235.0 0.3 3.8 61.7 0.9 0.8
460752.5 4046235.0 0.4 3.8 64.0 0.3 0.8
460752.5 4046235.0 0.5 3.8 61.0 0.1 0.8
460752.5 4046235.0 0.6 3.8 59.0 1.0 0.7
460752.6 4046235.0 0.1 3.9 53.3 4.9 0.7
460752.6 4046235.0 0.2 3.9 55.8 4.0 0.7
460752.6 4046235.0 0.3 3.9 59.8 2.0 0.8
460752.6 4046235.0 0.4 3.9 61.5 15 0.7
460752.6 4046235.0 0.5 3.9 57.6 1.8 0.7
460752.6 4046235.0 0.6 3.9 54.9 24 0.6
460752.7 4046235.0 0.1 4.0 52.2 44 0.9
460752.7 4046235.0 0.2 4.0 53.9 3.3 0.8
460752.7 4046235.0 0.3 4.0 57.7 1.3 0.8
460752.7 4046235.0 0.4 4.0 58.7 0.7 0.7
460752.7 4046235.0 0.5 4.0 56.3 0.5 0.5
460752.7 4046235.0 0.6 4.0 53.6 0.7 0.4
460752.8 4046235.1 0.1 4.1 49.1 5.1 0.6
460752.8 4046235.1 0.2 4.1 51.0 3.7 0.6
460752.8 4046235.1 0.3 4.1 54.9 1.9 0.6
460752.8 4046235.1 0.4 4.1 56.0 0.2 0.3
460752.8 4046235.1 0.5 4.1 54.7 -0.2 0.1
460752.8 4046235.1 0.6 4.1 52.2 -1.0 -0.1
460752.9 4046235.1 0.1 4.2 45.6 5.1 0.6
460752.9 4046235.1 0.2 4.2 47.7 3.6 0.6
460752.9 4046235.1 0.3 4.2 515 1.3 0.6
460752.9 4046235.1 0.4 4.2 52.9 -0.9 0.5
460752.9 4046235.1 0.5 4.2 53.8 -1.8 0.2
460753.0 4046235.1 0.1 4.3 42.7 5.2 0.9
460753.0 4046235.1 0.2 4.3 45.1 3.9 0.9
460753.0 4046235.1 0.3 4.3 48.2 2.1 1.0
460753.0 4046235.1 0.4 4.3 49.6 -0.3 1.0
460753.0 4046235.1 0.5 4.3 49.5 -1.0 0.9
460753.1 4046235.1 0.1 44 41.4 4.5 14
460753.1 4046235.1 0.2 4.4 43.2 34 15
460753.1 4046235.1 0.3 44 45.0 2.3 1.6
460753.1 4046235.1 0.4 4.4 46.1 0.3 15
460753.1 4046235.1 0.5 44 45.8 -0.2 1.3
460753.2 4046235.1 0.1 4.5 39.0 2.0 15
460753.2 4046235.1 0.2 4.5 40.2 14 15
460753.2 4046235.1 0.3 4.5 40.9 0.7 15
460753.2 4046235.1 0.4 4.5 417 -0.8 14
460753.3 4046235.1 0.1 4.6 36.3 -0.5 1.3
460753.3 4046235.1 0.2 4.6 36.6 -0.6 1.2
460753.3 4046235.1 0.3 4.6 36.4 -0.3 11
460753.3 4046235.1 0.4 4.6 35.7 -1.2 1.0
460753.4 4046235.1 0.1 4.7 33.9 -0.6 15
460753.4 4046235.1 0.2 4.7 33.3 -0.5 1.3
460753.4 4046235.1 0.3 4.7 33.1 -0.6 1.0
460753.4 4046235.1 0.4 4.7 32.2 -1.4 0.8
460753.5 4046235.1 0.1 4.8 31.9 -0.9 14
460753.5 4046235.1 0.2 4.8 315 -0.6 1.2
460753.5 4046235.1 0.3 4.8 31.1 0.2 1.0
460753.6 4046235.1 0.1 4.9 29.5 -0.1 11
460753.6 4046235.1 0.2 4.9 29.6 -0.2 1.1
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460753.6 4046235.1 0.3 4.9 29.5 -0.1 1.0
460753.7 4046235.1 0.1 5.0 26.0 0.6 0.2
460753.7 4046235.1 0.2 5.0 26.9 0.1 0.3
460753.8 4046235.1 0.1 5.1 22.1 2.0 0.0
460753.8 4046235.1 0.2 5.1 22.1 2.0 0.0
460753.9 4046235.1 0.1 5.2 20.1 2.1 -0.1
460753.9 4046235.1 0.2 5.2 20.1 2.1 -0.1
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¢) Sec. 3

UTM UTM Water Rsrf?ecfet Streamwise  Transverse Vertical
Easting Northing depth b Velocity Velocity Velocity
ank
(m) (m) (m) (m) (cml/s) (cml/s) (cml/s)
460,742.4 4,046,247.6 0.1 0.5 36.9 -1.2 -0.6
460,742.4 4,046,247.6 0.2 0.5 36.9 -1.2 -0.6
460,742.5 4,046,247.7 0.1 0.6 37.8 -7.3 -0.3
460,742.5 4,046,247.7 0.2 0.6 38.0 -5.5 0.2
460,742.5 4,046,247.8 0.1 0.7 38.8 -8.7 0.2
460,742.5 4,046,247.8 0.2 0.7 38.7 -5.5 1.0
460,742.5 4,046,247.8 0.3 0.7 37.7 -2.1 1.6
460,742.5 4,046,247.9 0.1 0.8 41.1 -7.1 0.7
460,742.5 4,046,247.9 0.2 0.8 415 -3.5 1.4
460,742.5 4,046,247.9 0.3 0.8 41.3 -1.5 15
460,742.5 4,046,248.0 0.1 0.9 44.1 -7.0 1.1
460,742.5 4,046,248.0 0.2 0.9 44.8 -4.9 1.6
460,742.5 4,046,248.0 0.3 0.9 46.8 -3.5 1.7
460,742.5 4,046,248.0 0.4 0.9 48.5 -2.9 1.8
460,742.5 4,046,248.1 0.1 1.0 48.3 -7.9 1.2
460,742.5 4,046,248.1 0.2 1.0 49.7 -6.4 1.6
460,742.5 4,046,248.1 0.3 1.0 51.4 -5.1 2.1
460,742.5 4,046,248.1 0.4 1.0 52.9 -4.3 2.4
460,742.6 4,046,248.2 0.1 1.1 50.4 -9.4 1.2
460,742.6 4,046,248.2 0.2 1.1 51.3 -8.5 15
460,742.6 4,046,248.2 0.3 1.1 54.0 -7.1 2.3
460,742.6 4,046,248.2 0.4 1.1 55.3 -6.2 2.6
460,742.6 4,046,248.3 0.1 1.2 52.7 -11.6 05
460,742.6 4,046,248.3 0.2 1.2 53.5 -11.1 1.1
460,742.6 4,046,248.3 0.3 1.2 54.8 -9.8 1.7
460,742.6 4,046,248.3 0.4 1.2 56.7 -10.0 25
460,742.6 4,046,248.4 0.1 13 53.9 -10.8 0.8
460,742.6 4,046,248.4 0.2 1.3 55.1 -11.0 1.1
460,742.6 4,046,248.4 0.3 13 55.9 -10.1 1.0
460,742.6 4,046,248.4 0.4 13 58.9 -8.8 1.4
460,742.6 4,046,248.4 0.5 13 59.7 -7.3 1.3
460,742.6 4,046,248.5 0.1 14 57.6 -12.3 05
460,742.6 4,046,248.5 0.2 14 58.2 -12.9 0.8
460,742.6 4,046,248.5 0.3 14 59.1 -11.7 0.6
460,742.6 4,046,248.5 0.4 14 60.0 -9.5 1.2
460,742.6 4,046,248.5 0.5 14 60.7 -6.4 05
460,742.6 4,046,248.6 0.1 15 60.5 -13.3 0.6
460,742.6 4,046,248.6 0.2 15 61.8 -13.0 0.5
460,742.6 4,046,248.6 0.3 15 63.6 -11.8 0.4
460,742.6 4,046,248.6 0.4 15 63.5 -7.4 1.2
460,742.6 4,046,248.6 0.5 15 61.9 2.7 15
460,742.6 4,046,248.6 0.6 15 60.2 1.7 1.7
460,742.7 4,046,248.7 0.1 1.6 63.2 -15.9 0.1
460,742.7 4,046,248.7 0.2 16 64.0 -15.2 -0.2
460,742.7 4,046,248.7 0.3 1.6 66.7 -14.5 0.0
460,742.7 4,046,248.7 0.4 16 65.7 -10.3 1.2
460,742.7 4,046,248.7 0.5 1.6 63.6 -4.7 2.3
460,742.7 4,046,248.7 0.6 1.6 60.3 -0.4 2.3
460,742.7 4,046,248.8 0.1 17 62.0 -15.4 -0.4
460,742.7 4,046,248.8 0.2 1.7 64.0 -14.0 -0.8
460,742.7 4,046,248.8 0.3 17 68.1 -13.8 -0.3
460,742.7 4,046,248.8 0.4 1.7 69.7 -10.7 0.7
460,742.7 4,046,248.8 05 17 66.8 -6.5 25
460,742.7 4,046,248.8 0.6 17 63.2 -2.7 2.7
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460,742.7 4,046,248.9 0.1 1.8 63.2 -15.1 0.4
460,742.7 4,046,248.9 0.2 1.8 63.8 -13.7 -0.1
460,742.7 4,046,248.9 0.3 1.8 67.8 -13.6 0.2
460,742.7 4,046,248.9 0.4 1.8 69.0 -10.7 0.3
460,742.7 4,046,248.9 0.5 1.8 68.2 -7.3 1.3
460,742.7 4,046,248.9 0.6 1.8 65.0 -3.5 1.1
460,742.7 4,046,249.0 0.1 1.9 64.3 -15.8 0.7
460,742.7 4,046,249.0 0.2 1.9 64.3 -14.6 0.3
460,742.7 4,046,249.0 0.3 1.9 67.9 -13.7 0.3
460,742.7 4,046,249.0 0.4 1.9 69.4 -9.7 0.5
460,742.7 4,046,249.0 0.5 1.9 68.0 -6.2 0.6
460,742.7 4,046,249.0 0.6 1.9 63.6 -1.6 -0.4
460,742.7 4,046,249.1 0.1 2.0 67.4 -17.4 0.9
460,742.7 4,046,249.1 0.2 2.0 66.9 -16.2 0.5
460,742.7 4,046,249.1 0.3 2.0 69.0 -14.3 0.0
460,742.7 4,046,249.1 0.4 2.0 70.0 -7.7 0.5
460,742.7 4,046,249.1 0.5 2.0 69.5 -2.8 0.1
460,742.7 4,046,249.1 0.6 2.0 67.2 2.1 -0.7
460,742.7  4,046,249.1 0.7 2.0 64.4 2.9 2.1
460,742.8 4,046,249.2 0.1 2.1 70.4 -18.3 0.8
460,742.8 4,046,249.2 0.2 2.1 69.8 -16.9 0.4
460,742.8 4,046,249.2 0.3 2.1 72.8 -14.9 0.3
460,742.8 4,046,249.2 0.4 2.1 74.9 -8.3 1.0
460,742.8 4,046,249.2 0.5 2.1 74.2 -3.3 0.9
460,742.8 4,046,249.2 0.6 2.1 70.8 1.6 0.1
460,742.8  4,046,249.2 0.7 2.1 67.2 2.7 -0.9
460,742.8 4,046,249.2 0.1 2.2 72.8 -17.2 1.2
460,742.8  4,046,249.2 0.2 2.2 726 -15.3 0.8
460,742.8 4,046,249.2 0.3 2.2 75.8 -13.0 0.9
460,742.8 4,046,249.2 0.4 2.2 77.0 -8.8 0.8
460,742.8 4,046,249.2 0.5 2.2 76.4 -3.8 1.2
460,742.8 4,046,249.2 0.6 2.2 72.3 -0.4 1.2
460,742.8 4,046,249.2 0.7 2.2 69.5 2.2 1.3
460,742.8 4,046,249.3 0.1 2.3 75.6 -18.0 15
460,742.8 4,046,249.3 0.2 2.3 76.2 -16.2 1.2
460,742.8 4,046,249.3 0.3 2.3 79.9 -14.0 1.3
460,742.8 4,046,249.3 0.4 2.3 80.4 -11.2 15
460,742.8 4,046,249.3 0.5 2.3 77.2 -6.0 1.8
460,742.8 4,046,249.3 0.6 2.3 71.0 -2.5 2.2
460,742.8 4,046,249.3 0.7 2.3 66.3 1.1 2.6
460,742.8 4,046,249.4 0.1 24 74.4 -20.0 0.7
460,742.8 4,046,249.4 0.2 2.4 76.6 -18.9 0.7
460,742.8 4,046,249.4 0.3 2.4 80.1 -15.5 0.4
460,742.8 4,046,249.4 0.4 24 80.8 -12.1 1.0
460,742.8 4,046,249.4 0.5 2.4 75.4 -5.6 1.1
460,742.8 4,046,249.4 0.6 24 69.5 -2.4 1.8
460,742.8 4,046,249.4 0.7 2.4 65.1 1.3 1.9
460,742.8 4,046,249.5 0.1 25 76.8 -20.6 0.5
460,742.8 4,046,249.5 0.2 25 79.8 -20.9 0.3
460,742.8 4,046,249.5 0.3 25 84.0 -18.2 0.1
460,742.8 4,046,249.5 0.4 25 84.5 -13.7 0.4
460,742.8 4,046,249.5 0.5 25 77.3 -6.4 0.3
460,742.8 4,046,249.5 0.6 25 70.7 -0.1 1.1
460,742.8 4,046,249.5 0.7 25 65.2 3.7 1.0
460,742.9 4,046,249.6 0.1 2.6 78.7 -21.0 0.5
460,742.9 4,046,249.6 0.2 2.6 80.7 -21.6 0.0
460,742.9 4,046,249.6 0.3 2.6 84.4 -18.9 -0.6
460,742.9 4,046,249.6 0.4 2.6 85.5 -14.7 -0.7
460,742.9 4,046,249.6 0.5 2.6 79.0 -6.7 -0.7
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460,742.9 4,046,249.6 0.6 2.6 72.6 -0.2 -0.1
460,742.9 4,046,249.6 0.7 2.6 66.9 4.4 -0.2
460,742.9 4,046,249.7 0.1 2.7 83.3 -20.3 1.1
460,742.9 4,046,249.7 0.2 2.7 84.3 -20.1 0.1
460,742.9 4,046,249.7 0.3 2.7 87.7 -18.4 -0.3
460,742.9 4,046,249.7 0.4 2.7 87.8 -15.3 -0.9
460,742.9 4,046,249.7 0.5 2.7 81.7 -8.7 -0.4
460,742.9 4,046,249.7 0.6 2.7 74.4 -0.6 0.2
460,742.9 4,046,249.7 0.7 2.7 67.6 5.0 0.3
460,742.9 4,046,249.8 0.1 2.8 85.9 -19.9 0.7
460,742.9 4,046,249.8 0.2 2.8 85.7 -19.0 -0.1
460,742.9 4,046,249.8 0.3 2.8 85.7 -17.4 -0.5
460,742.9 4,046,249.8 0.4 2.8 82.8 -145 -0.9
460,742.9 4,046,249.8 0.5 2.8 78.1 -8.6 0.2
460,742.9 4,046,249.8 0.6 2.8 73.7 -2.5 0.7
460,742.9 4,046,249.8 0.7 2.8 70.1 1.8 1.2
460,742.9 4,046,249.9 0.1 2.9 87.2 -21.2 0.7
460,742.9 4,046,249.9 0.2 2.9 86.9 -19.8 0.4
460,742.9 4,046,249.9 0.3 2.9 86.4 -17.4 0.6
460,742.9 4,046,249.9 0.4 2.9 82.2 -13.1 0.0
460,742.9 4,046,249.9 0.5 2.9 77.1 -7.4 1.0
460,742.9 4,046,249.9 0.6 2.9 72.3 -3.4 14
460,742.9 4,046,249.9 0.7 2.9 69.6 -0.3 2.1
460,742.9 4,046,250.0 0.1 3.0 87.9 -20.7 0.1
460,742.9 4,046,250.0 0.2 3.0 87.4 -19.1 0.2
460,742.9 4,046,250.0 0.3 3.0 84.9 -16.9 0.5
460,742.9 4,046,250.0 0.4 3.0 79.6 -11.7 0.1
460,742.9 4,046,250.0 0.5 3.0 73.6 -7.5 0.2
460,742.9 4,046,250.0 0.6 3.0 70.5 -6.6 0.7
460,742.9 4,046,250.0 0.7 3.0 68.6 -6.0 15
460,743.0 4,046,250.1 0.1 3.1 88.2 -20.7 0.2
460,743.0 4,046,250.1 0.2 3.1 88.3 -20.4 0.9
460,743.0 4,046,250.1 0.3 3.1 87.4 -20.2 1.9
460,743.0 4,046,250.1 0.4 3.1 82.7 -16.0 15
460,743.0 4,046,250.1 0.5 3.1 72.7 -10.9 0.6
460,743.0 4,046,250.1 0.6 3.1 67.7 -7.9 0.1
460,743.0 4,046,250.1 0.7 3.1 63.0 -5.8 0.1
460,743.0 4,046,250.2 0.1 3.2 88.4 -20.7 0.2
460,743.0 4,046,250.2 0.2 3.2 89.1 -21.7 0.7
460,743.0 4,046,250.2 0.3 3.2 88.6 -24.4 2.1
460,743.0 4,046,250.2 0.4 3.2 83.1 -19.4 1.7
460,743.0 4,046,250.2 0.5 3.2 72.6 -14.4 0.9
460,743.0 4,046,250.2 0.6 3.2 66.8 -8.1 0.0
460,743.0 4,046,250.2 0.7 3.2 59.5 -6.0 -0.3
460,743.0 4,046,250.3 0.1 3.3 86.5 -20.6 0.0
460,743.0 4,046,250.3 0.2 3.3 86.6 -22.6 0.4
460,743.0 4,046,250.3 0.3 3.3 86.8 -25.1 14
460,743.0 4,046,250.3 0.4 3.3 80.8 -20.3 1.0
460,743.0 4,046,250.3 0.5 3.3 73.0 -15.1 0.8
460,743.0 4,046,250.4 0.1 3.4 84.8 -20.5 -0.5
460,743.0 4,046,250.4 0.2 34 85.2 -22.1 -1.0
460,743.0 4,046,250.4 0.3 3.4 85.4 -24.2 -0.7
460,743.0 4,046,250.4 0.4 34 80.7 -18.1 -1.5
460,743.0 4,046,250.4 0.5 34 73.9 -14.8 -0.7
460,743.1 4,046,250.5 0.1 35 83.6 -17.2 -1.7
460,743.1 4,046,250.5 0.2 35 84.7 -19.0 -2.2
460,743.1 4,046,250.5 0.3 35 84.6 -19.8 -2.9
460,743.1 4,046,250.5 0.4 35 80.1 -16.1 -3.6
460,743.1 4,046,250.5 0.5 35 71.2 -12.1 -2.6
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460,743.1 4,046,250.5 0.6 35 62.5 -6.1 -2.1
460,743.1 4,046,250.5 0.7 35 53.7 -3.2 -1.2
460,743.1 4,046,250.6 0.1 3.6 82.2 -15.7 -2.1
460,743.1 4,046,250.6 0.2 3.6 83.6 -17.6 -2.8
460,743.1 4,046,250.6 0.3 3.6 84.0 -19.1 -3.7
460,743.1 4,046,250.6 0.4 3.6 79.7 -14.4 -4.3
460,743.1 4,046,250.6 0.5 3.6 69.2 -9.7 -2.9
460,743.1 4,046,250.6 0.6 3.6 61.6 -2.2 -2.5
460,743.1 4,046,250.6 0.7 3.6 55.2 -0.4 -2.0
460,743.1 4,046,250.7 0.1 3.7 80.6 -15.4 -2.4
460,743.1 4,046,250.7 0.2 3.7 81.7 -17.6 -2.9
460,743.1 4,046,250.7 0.3 3.7 83.4 -18.4 -4.3
460,743.1 4,046,250.7 0.4 3.7 80.1 -135 -4.6
460,743.1 4,046,250.7 0.5 3.7 71.1 -6.7 -3.7
460,743.1 4,046,250.7 0.6 3.7 62.4 -2.3 -3.0
460,743.1 4,046,250.7 0.7 3.7 55.6 -0.5 -2.8
460,743.1 4,046,250.8 0.1 3.8 77.0 -115 -2.7
460,743.1 4,046,250.8 0.2 3.8 77.3 -13.0 -3.3
460,743.1 4,046,250.8 0.3 3.8 79.8 -13.9 -4.4
460,743.1 4,046,250.8 0.4 3.8 77.4 -9.8 -4.4
460,743.1 4,046,250.8 0.5 3.8 68.5 -4.2 -3.5
460,743.1 4,046,250.8 0.6 3.8 58.4 -0.6 -2.6
460,743.1 4,046,250.8 0.7 3.8 50.6 0.8 -2.5
460,743.1 4,046,250.9 0.1 3.9 735 -8.1 -2.3
460,743.1 4,046,250.9 0.2 3.9 74.7 -8.9 -2.5
460,743.1 4,046,250.9 0.3 3.9 77.3 -10.3 -3.2
460,743.1 4,046,250.9 0.4 3.9 76.9 -8.5 -3.4
460,743.1 4,046,250.9 0.5 3.9 68.0 -5.2 -3.4
460,743.1 4,046,250.9 0.6 3.9 56.1 -3.0 -2.1
460,743.1 4,046,250.9 0.7 3.9 46.9 -2.1 -1.6
460,743.2 4,046,251.0 0.1 4.0 69.9 -5.0 -2.1
460,743.2 4,046,251.0 0.2 4.0 70.7 -6.1 -2.3
460,743.2 4,046,251.0 0.3 4.0 73.1 -7.5 -2.6
460,743.2 4,046,251.0 0.4 4.0 73.6 -5.3 -3.0
460,743.2 4,046,251.0 0.5 4.0 68.4 -2.8 -3.2
460,743.2 4,046,251.0 0.6 4.0 58.4 -0.8 -2.4
460,743.2 4,046,251.0 0.7 4.0 49.9 -1.0 -1.7
460,743.2 4,046,251.1 0.1 4.1 66.3 -4.7 -1.2
460,743.2 4,046,251.1 0.2 4.1 67.8 -7.0 -1.2
460,743.2 4,046,251.1 0.3 4.1 70.6 -9.0 -1.1
460,743.2 4,046,251.1 0.4 4.1 71.4 -5.9 -1.9
460,743.2 4,046,251.1 0.5 4.1 68.7 -2.4 -2.7
460,743.2 4,046,251.1 0.6 4.1 63.2 0.0 -2.6
460,743.2 4,046,251.2 0.1 4.2 64.1 -3.8 -1.3
460,743.2 4,046,251.2 0.2 4.2 65.8 -7.0 -1.3
460,743.2 4,046,251.2 0.3 4.2 69.9 -7.9 -0.8
460,743.2 4,046,251.2 0.4 4.2 69.2 -6.0 -0.8
460,743.2 4,046,251.2 0.5 4.2 67.4 -1.0 -1.2
460,743.2 4,046,251.2 0.6 4.2 65.1 0.7 -1.7
460,743.2 4,046,251.3 0.1 4.3 62.6 -0.2 -0.9
460,743.2 4,046,251.3 0.2 4.3 64.4 -2.7 -0.8
460,743.2 4,046,251.3 0.3 4.3 68.0 -3.4 -0.2
460,743.2 4,046,251.3 0.4 4.3 65.4 -4.5 0.4
460,743.2 4,046,251.3 0.5 4.3 62.1 -1.7 0.1
460,743.2 4,046,251.3 0.6 4.3 59.1 -1.4 -0.1
460,743.2 4,046,251.4 0.1 4.4 61.0 -0.5 -0.3
460,743.2 4,046,251.4 0.2 4.4 61.8 -1.4 -0.3
460,743.2 4,046,251.4 0.3 4.4 65.8 -1.2 0.1
460,743.2 4,046,251.4 0.4 4.4 63.7 -3.5 0.6
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460,743.2 4,046,251.4 0.5 4.4 62.2 -2.9 0.2
460,743.2 4,046,251.4 0.6 4.4 59.4 -4.2 0.0
460,743.3 4,046,251.5 0.1 45 59.3 -1.9 0.2
460,743.3 4,046,251.5 0.2 4.5 60.4 -3.1 0.0
460,743.3 4,046,251.5 0.3 45 63.0 -3.6 -0.4
460,743.3 4,046,251.5 0.4 4.5 61.1 -4.6 -0.5
460,743.3 4,046,251.5 0.5 45 60.3 -3.9 -1.1
460,743.3 4,046,251.5 0.6 45 58.4 -4.6 -1.3
460,743.3 4,046,251.6 0.1 4.6 56.1 -3.8 -0.1
460,743.3 4,046,251.6 0.2 4.6 57.5 -5.5 0.0
460,743.3 4,046,251.6 0.3 4.6 59.5 -6.0 -0.4
460,743.3 4,046,251.6 0.4 4.6 57.6 -5.4 -0.6
460,743.3 4,046,251.6 0.5 4.6 57.4 -3.6 -1.7
460,743.3 4,046,251.7 0.1 4.7 55.6 -4.5 0.2
460,743.3 4,046,251.7 0.2 4.7 57.2 -7.1 0.4
460,743.3 4,046,251.7 0.3 4.7 58.8 -7.5 0.2
460,743.3 4,046,251.7 0.4 4.7 55.9 -6.2 0.0
460,743.3 4,046,251.7 0.5 4.7 53.7 -3.3 -0.3
460,743.3 4,046,251.8 0.1 4.8 51.4 -2.4 1.0
460,743.3 4,046,251.8 0.2 4.8 52.6 -4.1 0.9
460,743.3 4,046,251.8 0.3 4.8 53.9 -3.7 0.6
460,743.3 4,046,251.8 0.4 4.8 53.1 -3.7 0.5
460,743.3 4,046,251.8 0.5 4.8 52.0 -1.2 0.3
460,743.3 4,046,251.9 0.1 4.9 50.4 -3.6 1.8
460,743.3 4,046,251.9 0.2 4.9 51.2 -4.4 1.6
460,743.3 4,046,251.9 0.3 4.9 52.9 -3.9 1.1
460,743.3 4,046,251.9 0.4 4.9 53.9 -3.9 0.9
460,743.4 4,046,252.0 0.1 5.0 48.2 -2.0 1.7
460,743.4 4,046,252.0 0.2 5.0 48.2 -2.4 15
460,743.4 4,046,252.0 0.3 5.0 48.9 -2.8 1.0
460,743.4 4,046,252.0 0.4 5.0 49.6 -2.6 0.6
460,743.4 4,046,252.1 0.1 5.1 49.5 -5.2 1.7
460,743.4 4,046,252.1 0.2 5.1 49.0 -5.1 15
460,743.4 4,046,252.1 0.3 5.1 49.6 -6.3 14
460,743.4 4,046,252.2 0.1 5.2 47.9 -5.0 1.9
460,743.4 4,046,252.2 0.2 5.2 47.0 -5.4 1.8
460,743.4 4,046,252.2 0.3 5.2 46.8 -6.8 1.9
460,743.4 4,046,252.3 0.1 5.3 46.3 -7.0 1.7
460,743.4 4,046,252.3 0.2 5.3 46.0 -7.2 1.8
460,743.4 4,046,252.3 0.3 5.3 46.0 -7.9 1.8
460,743.4 4,046,252.4 0.1 54 45.2 -6.8 1.3
460,743.4 4,046,252.4 0.2 5.4 43.3 -5.8 1.0
460,743.5 4,046,252.5 0.1 5.5 43.9 -8.4 -0.3
460,743.5 4,046,252.5 0.2 55 42.4 -6.9 -0.6
460,743.5 4,046,252.5 0.3 5.5 41.6 -3.8 -1.3
460,743.5 4,046,252.6 0.1 5.6 43.3 -10.1 -0.8
460,743.5 4,046,252.6 0.2 5.6 414 -7.6 -1.1
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d) Sec. 4

UTM UTM Water fDr :;??:é Streamwise  Transverse Vertical
Easting Northing depth b Velocity Velocity Velocity
ank
(m) (m) (m) (m) (cml/s) (cml/s) (cm/s)
460,730.4 4,046,239.9 0.1 0.0 34.9 -2.9 0.5
460,730.4 4,046,239.9 0.2 0.0 34.9 -2.9 0.5
460,730.3 4,046,240.0 0.1 0.1 34.9 -3.2 0.7
460,730.3 4,046,240.0 0.2 0.1 34.9 -3.2 0.7
460,730.2 4,046,240.0 0.1 0.2 35.4 -2.9 1.1
460,730.2 4,046,240.0 0.2 0.2 35.6 -3.2 1.1
460,730.1 4,046,240.0 0.1 0.3 36.4 -4.2 1.1
460,730.1 4,046,240.0 0.2 0.3 36.3 -3.9 1.2
460,730.1 4,046,240.0 0.3 0.3 34.9 -2.8 1.4
460,730.1 4,046,240.1 0.1 0.4 38.0 -5.0 1.0
460,730.1 4,046,240.1 0.2 0.4 37.6 -4.2 1.1
460,730.1 4,046,240.1 0.3 0.4 36.8 -3.0 1.3
460,730.0 4,046,240.1 0.1 0.5 40.2 -5.7 1.1
460,730.0 4,046,240.1 0.2 0.5 39.3 -4.7 1.2
460,730.0 4,046,240.1 0.3 0.5 39.0 -3.4 1.2
460,729.9 4,046,240.1 0.1 0.6 42.2 -6.3 0.9
460,729.9 4,046,240.1 0.2 0.6 415 -5.2 1.1
460,729.9 4,046,240.1 0.3 0.6 41.8 -3.4 1.2
460,729.9 4,046,240.1 04 0.6 41.7 -2.1 1.3
460,729.8 4,046,240.2 0.1 0.7 45.4 -6.7 1.0
460,729.8 4,046,240.2 0.2 0.7 44.7 -5.2 1.1
460,729.8 4,046,240.2 0.3 0.7 44.3 -2.6 1.3
460,729.8 4,046,240.2 0.4 0.7 43.8 -0.8 1.4
460,729.7 4,046,240.2 0.1 0.8 48.4 -1.7 0.7
460,729.7 4,046,240.2 0.2 0.8 48.1 -6.1 0.8
460,729.7 4,046,240.2 0.3 0.8 47.6 -3.2 1.1
460,729.7 4,046,240.2 04 0.8 47.1 -1.3 1.3
460,729.6 4,046,240.2 0.1 0.9 50.0 -9.0 0.7
460,729.6 4,046,240.2 0.2 0.9 50.1 -71.5 0.7
460,729.6 4,046,240.2 0.3 0.9 49.6 -4.7 0.7
460,729.6 4,046,240.2 0.4 0.9 49.4 -2.9 0.7
460,729.5 4,046,240.3 0.1 1.0 51.5 -10.1 0.5
460,729.5 4,046,240.3 0.2 1.0 52.2 -9.1 0.6
460,729.5 4,046,240.3 0.3 1.0 52.8 -7.0 0.6
460,729.5 4,046,240.3 0.4 1.0 53.3 -5.2 0.5
460,729.5 4,046,240.3 0.5 1.0 53.2 -3.9 0.4
460,729.4 4,046,240.3 0.1 1.1 52.3 -10.3 0.5
460,729.4 4,046,240.3 0.2 1.1 53.5 -9.5 0.5
460,729.4 4,046,240.3 0.3 1.1 54.7 -71.5 0.5
460,729.4 4,046,240.3 0.4 1.1 54.8 -5.8 0.4
460,729.4 4,046,240.3 0.5 1.1 54.3 -4.8 0.4
460,729.3 4,046,240.3 0.1 1.2 53.7 -10.2 0.8
460,729.3 4,046,240.3 0.2 1.2 55.3 -9.6 0.8
460,729.3 4,046,240.3 0.3 1.2 57.3 -8.0 0.7
460,729.3 4,046,240.3 0.4 1.2 57.4 -6.2 0.8
460,729.3 4,046,240.3 0.5 1.2 57.0 -4.1 0.9
460,729.2 4,046,240.3 0.1 1.3 54.3 -10.5 0.8
460,729.2 4,046,240.3 0.2 1.3 55.8 -9.8 0.7
460,729.2 4,046,240.3 0.3 1.3 57.9 -8.4 0.6
460,729.2 4,046,240.3 0.4 1.3 57.8 -6.3 0.8
460,729.2 4,046,240.3 0.5 1.3 55.4 -4.8 1.0
460,729.2 4,046,240.3 0.6 1.3 53.1 -3.6 1.3
460,729.1 4,046,240.4 0.1 1.4 56.1 -10.1 0.8
460,729.1 4,046,240.4 0.2 1.4 57.4 -9.5 0.7
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460,729.1 4,046,240.4 0.3 14 59.6 -8.2 0.7
460,729.1 4,046,240.4 0.4 14 59.1 -6.1 0.8
460,729.1 4,046,240.4 0.5 14 56.2 -4.3 0.9
460,729.1 4,046,240.4 0.6 14 53.6 -3.0 11
460,729.0 4,046,240.4 0.1 15 57.1 -11.1 0.5
460,729.0 4,046,240.4 0.2 15 58.4 -10.1 0.5
460,729.0 4,046,240.4 0.3 15 60.4 -8.5 0.5
460,729.0 4,046,240.4 0.4 15 59.7 -6.9 0.5
460,729.0 4,046,240.4 0.5 15 56.6 -6.5 0.3
460,729.0 4,046,240.4 0.6 15 54.0 -6.2 0.3
460,728.9 4,046,240.4 0.1 1.6 58.5 -11.4 0.5
460,728.9 4,046,240.4 0.2 1.6 59.8 -10.4 0.4
460,728.9 4,046,240.4 0.3 1.6 61.5 -8.7 0.3
460,728.9 4,046,240.4 0.4 1.6 61.2 -7.3 0.1
460,728.9 4,046,240.4 0.5 1.6 59.4 -5.4 -0.2
460,728.9 4,046,240.4 0.6 1.6 57.9 -4.7 -0.5
460,728.8 4,046,240.5 0.1 17 58.8 -11.8 0.7
460,728.8 4,046,240.5 0.2 1.7 59.9 -10.8 0.4
460,728.8 4,046,240.5 0.3 1.7 61.3 -9.0 0.1
460,728.8 4,046,240.5 0.4 17 61.6 -7.2 -0.1
460,728.8 4,046,240.5 0.5 1.7 60.2 -5.0 -0.4
460,728.8 4,046,240.5 0.6 17 59.3 -4.2 -0.6
460,728.7 4,046,240.5 0.1 1.8 60.2 -11.3 0.8
460,728.7 4,046,240.5 0.2 1.8 61.2 -10.5 0.5
460,728.7 4,046,240.5 0.3 1.8 62.5 -8.8 0.2
460,728.7 4,046,240.5 0.4 1.8 62.9 -6.6 -0.3
460,728.7 4,046,240.5 0.5 1.8 60.9 -3.1 -0.3
460,728.7 4,046,240.5 0.6 1.8 59.8 -1.5 -0.5
460,728.6 4,046,240.5 0.1 19 61.7 -11.2 0.9
460,728.6 4,046,240.5 0.2 19 62.4 -10.5 0.7
460,728.6 4,046,240.5 0.3 19 63.7 -9.1 0.4
460,728.6 4,046,240.5 0.4 1.9 63.7 -7.1 0.1
460,728.6 4,046,240.5 0.5 19 61.7 -3.7 0.1
460,728.6 4,046,240.5 0.6 1.9 60.4 -1.8 0.0
460,728.5 4,046,240.6 0.1 2.0 63.3 -12.1 1.0
460,728.5 4,046,240.6 0.2 2.0 63.9 -11.4 0.8
460,728.5 4,046,240.6 0.3 2.0 65.2 -10.3 0.6
460,728.5 4,046,240.6 0.4 2.0 65.3 -8.3 0.3
460,728.5 4,046,240.6 0.5 2.0 63.3 -4.6 0.3
460,728.5 4,046,240.6 0.6 2.0 61.9 -2.5 0.2
460,728.4 4,046,240.6 0.1 2.1 63.9 -12.3 11
460,728.4 4,046,240.6 0.2 2.1 64.5 -12.0 0.7
460,728.4 4,046,240.6 0.3 2.1 65.7 -11.1 0.4
460,728.4 4,046,240.6 0.4 2.1 66.5 -9.0 0.2
460,728.4 4,046,240.6 0.5 2.1 65.8 -5.9 0.0
460,728.4 4,046,240.6 0.6 2.1 65.3 -3.9 -0.2
460,728.4 4,046,240.6 0.1 2.2 64.0 -13.0 0.9
460,728.4 4,046,240.6 0.2 2.2 65.2 -12.9 0.5
460,728.4 4,046,240.6 0.3 2.2 66.9 -115 -0.1
460,728.4 4,046,240.6 0.4 2.2 68.4 -9.3 -0.2
460,728.4 4,046,240.6 0.5 2.2 67.9 -6.2 -0.4
460,728.4 4,046,240.6 0.6 2.2 67.3 -4.8 -0.4
460,728.3 4,046,240.7 0.1 2.3 65.3 -13.1 0.4
460,728.3 4,046,240.7 0.2 2.3 66.5 -12.5 0.1
460,728.3 4,046,240.7 0.3 2.3 67.8 -11.0 -0.5
460,728.3 4,046,240.7 0.4 2.3 69.5 -8.9 -0.5
460,728.3 4,046,240.7 0.5 2.3 68.8 -5.8 -0.8
460,728.3 4,046,240.7 0.6 2.3 68.4 -4.3 -0.9
460,728.2 4,046,240.7 0.1 24 67.4 -13.7 0.3
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460,728.2 4,046,240.7 0.2 2.4 68.6 -125 -0.1
460,728.2 4,046,240.7 0.3 2.4 69.7 -11.1 -0.6
460,728.2 4,046,240.7 0.4 24 713 -9.2 -0.5
460,728.2 4,046,240.7 0.5 2.4 70.2 -6.1 -0.7
460,728.2 4,046,240.7 0.6 24 69.8 -4.6 -0.8
460,728.1 4,046,240.7 0.1 25 70.9 -12.8 0.4
460,728.1 4,046,240.7 0.2 25 71.4 -11.9 0.2
460,728.1 4,046,240.7 0.3 25 72.3 -10.3 -0.2
460,728.1 4,046,240.7 0.4 25 735 -8.9 -0.4
460,728.1 4,046,240.7 0.5 25 72.7 -5.9 -0.8
460,728.1 4,046,240.7 0.6 25 72.7 -4.4 -1.2
460,728.0 4,046,240.8 0.1 2.6 72.7 -12.5 0.5
460,728.0 4,046,240.8 0.2 2.6 73.2 -11.9 0.2
460,728.0 4,046,240.8 0.3 2.6 74.4 -10.6 -0.4
460,728.0 4,046,240.8 0.4 2.6 75.3 -9.6 -0.7
460,728.0 4,046,240.8 0.5 2.6 74.7 -7.2 -1.0
460,728.0 4,046,240.8 0.6 2.6 74.6 -6.0 -1.1
460,727.9 4,046,240.8 0.1 2.7 75.1 -13.2 0.1
460,727.9 4,046,240.8 0.2 2.7 75.4 -12.8 -0.2
460,727.9 4,046,240.8 0.3 2.7 76.7 -11.2 -0.5
460,727.9 4,046,240.8 0.4 2.7 76.5 -9.8 -0.8
460,727.9 4,046,240.8 0.5 2.7 75.2 -7.6 -1.0
460,727.9 4,046,240.8 0.6 2.7 745 -7.0 -1.4
460,727.8 4,046,240.8 0.1 2.8 75.2 -13.7 0.3
460,727.8 4,046,240.8 0.2 2.8 74.7 -13.2 -0.3
460,727.8 4,046,240.8 0.3 2.8 75.2 -12.3 -0.7
460,727.8 4,046,240.8 0.4 2.8 74.3 -11.0 -0.8
460,727.8 4,046,240.8 0.5 2.8 73.6 -9.2 -0.8
460,727.8 4,046,240.8 0.6 2.8 73.1 -8.3 -0.8
460,727.7 4,046,240.9 0.1 2.9 76.2 -14.4 0.4
460,727.7 4,046,240.9 0.2 2.9 74.9 -14.3 -0.3
460,727.7 4,046,240.9 0.3 2.9 75.0 -14.1 -0.7
460,727.7 4,046,240.9 0.4 2.9 73.3 -13.2 -1.0
460,727.7 4,046,240.9 0.5 2.9 73.7 -11.4 -0.9
460,727.7 4,046,240.9 0.6 2.9 73.4 -10.5 -1.0
460,727.6 4,046,240.9 0.1 3.0 76.5 -12.8 0.9
460,727.6 4,046,240.9 0.2 3.0 75.6 -12.2 0.2
460,727.6 4,046,240.9 0.3 3.0 76.4 -12.6 -0.5
460,727.6 4,046,240.9 0.4 3.0 75.0 -12.7 -0.9
460,727.6 4,046,240.9 0.5 3.0 74.8 -11.2 -1.4
460,727.6 4,046,240.9 0.6 3.0 73.7 -9.6 -1.4
460,727.5 4,046,240.9 0.1 3.1 78.0 -12.4 0.1
460,727.5 4,046,240.9 0.2 3.1 76.8 -12.0 -0.5
460,727.5 4,046,240.9 0.3 3.1 77.6 -12.6 -1.1
460,727.5 4,046,240.9 0.4 3.1 76.7 -13.4 -0.9
460,727.5 4,046,240.9 0.5 3.1 77.3 -11.9 -1.6
460,727.5 4,046,240.9 0.6 3.1 76.4 -10.4 -1.9
460,727.4 4,046,241.0 0.1 3.2 78.6 -12.2 -0.3
460,727.4 4,046,241.0 0.2 3.2 78.3 -11.3 -0.7
460,727.4 4,046,241.0 0.3 3.2 80.0 -11.2 -1.3
460,727.4 4,046,241.0 0.4 3.2 81.7 -10.9 -0.8
460,727.4 4,046,241.0 0.5 3.2 81.0 -9.7 -1.7
460,727.4 4,046,241.0 0.6 3.2 79.7 -8.3 -2.1
460,727.3 4,046,241.0 0.1 3.3 79.9 -11.6 -0.4
460,727.3 4,046,241.0 0.2 3.3 80.2 -11.2 -0.7
460,727.3 4,046,241.0 0.3 3.3 81.1 -10.9 -0.9
460,727.3 4,046,241.0 0.4 3.3 83.4 -10.4 0.0
460,727.3 4,046,241.0 0.5 3.3 83.0 -10.3 -0.9
460,727.3 4,046,241.0 0.6 3.3 83.3 -9.2 -1.6
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460,727.2 4,046,241.0 0.1 34 80.3 -11.0 -0.7
460,727.2 4,046,241.0 0.2 34 82.7 -11.0 -1.0
460,727.2 4,046,241.0 0.3 34 84.7 -9.8 -1.1
460,727.2 4,046,241.0 0.4 34 87.9 -8.5 -0.1
460,727.2 4,046,241.0 0.5 34 86.3 -8.6 -0.9
460,727.2 4,046,241.0 0.6 34 85.9 -8.2 -1.6
460,727.1 4,046,241.1 0.1 3.5 82.4 -12.1 -0.9
460,727.1 4,046,241.1 0.2 35 84.4 -12.5 -1.3
460,727.1 4,046,241.1 0.3 35 86.1 -11.7 -1.2
460,727.1 4,046,241.1 0.4 35 87.9 -10.3 0.0
460,727.1 4,046,241.1 0.5 35 87.6 -9.7 -0.3
460,727.1 4,046,241.1 0.6 35 87.6 -9.3 -1.3
460,727.0 4,046,241.1 0.1 3.6 84.0 -12.9 -1.8
460,727.0 4,046,241.1 0.2 3.6 85.0 -13.0 -2.1
460,727.0 4,046,241.1 0.3 3.6 85.1 -11.7 -2.5
460,727.0 4,046,241.1 0.4 3.6 86.1 -8.8 -0.9
460,727.0 4,046,241.1 0.5 3.6 86.3 -7.2 -0.5
460,726.9 4,046,241.1 0.1 3.7 86.5 -13.7 -1.4
460,726.9 4,046,241.1 0.2 3.7 86.1 -13.4 -1.8
460,726.9 4,046,241.1 0.3 3.7 85.3 -11.8 -2.5
460,726.9 4,046,241.1 0.4 3.7 84.7 -8.8 -1.4
460,726.9 4,046,241.1 0.5 3.7 84.3 -6.5 -0.6
460,726.8 4,046,241.2 0.1 3.8 87.6 -15.2 -1.1
460,726.8 4,046,241.2 0.2 3.8 86.9 -13.2 -1.6
460,726.8 4,046,241.2 0.3 3.8 84.8 -115 -2.3
460,726.8 4,046,241.2 0.4 3.8 83.0 -6.7 -1.6
460,726.7 4,046,241.2 0.1 3.9 85.7 -15.7 -0.5
460,726.7 4,046,241.2 0.2 3.9 85.6 -14.2 -1.3
460,726.7 4,046,241.2 0.3 3.9 82.6 -12.0 -1.6
460,726.7 4,046,241.2 0.4 3.9 82.3 -8.6 -1.4
460,726.6 4,046,241.2 0.1 4.0 87.2 -15.7 -0.8
460,726.6 4,046,241.2 0.2 4.0 86.2 -13.9 -1.4
460,726.6 4,046,241.2 0.3 4.0 82.1 -12.5 -1.7
460,726.6 4,046,241.2 0.4 4.0 80.1 -8.6 -1.5
460,726.6 4,046,241.3 0.1 4.1 88.3 -13.5 -0.3
460,726.6 4,046,241.3 0.2 4.1 87.4 -13.1 -1.1
460,726.6 4,046,241.3 0.3 4.1 83.2 -10.9 -1.5
460,726.6 4,046,241.3 0.4 4.1 80.0 -6.1 -1.7
460,726.6 4,046,241.3 0.5 4.1 76.6 -2.4 -1.0
460,726.5 4,046,241.3 0.1 4.2 90.7 -15.3 -0.3
460,726.5 4,046,241.3 0.2 4.2 88.4 -13.9 -1.0
460,726.5 4,046,241.3 0.3 4.2 85.1 -11.5 -2.0
460,726.5 4,046,241.3 0.4 4.2 80.7 -5.8 -2.1
460,726.5 4,046,241.3 0.5 4.2 78.8 -2.8 -2.1
460,726.4 4,046,241.3 0.1 4.3 88.0 -14.5 -0.1
460,726.4 4,046,241.3 0.2 4.3 86.3 -12.4 -0.8
460,726.4 4,046,241.3 0.3 4.3 82.5 -8.0 -1.5
460,726.4 4,046,241.3 0.4 4.3 79.7 -1.8 -1.5
460,726.3 4,046,241.3 0.1 4.4 86.9 -14.0 0.1
460,726.3 4,046,241.3 0.2 4.4 83.8 -11.6 -0.4
460,726.3 4,046,241.3 0.3 4.4 78.6 -6.3 -14
460,726.3 4,046,241.3 0.4 4.4 75.5 -2.2 -1.3
460,726.2 4,046,241.4 0.1 4.5 85.1 -12.0 0.6
460,726.2 4,046,241.4 0.2 4.5 81.4 -10.1 -0.1
460,726.2 4,046,241.4 0.3 4.5 76.3 -5.5 -0.8
460,726.2 4,046,241.4 0.4 4.5 72.3 -1.8 -1.1
460,726.1 4,046,241.4 0.1 4.6 85.3 -11.7 0.9
460,726.1 4,046,241.4 0.2 4.6 81.0 -10.5 0.2
460,726.1 4,046,241.4 0.3 4.6 76.2 -8.1 -0.6
275
1] O ok



460,726.0 4,046,241.4 0.1 4.7 82.8 -11.1 0.5
460,726.0 4,046,241.4 0.2 4.7 80.1 -10.2 -0.1
460,726.0 4,046,241.4 0.3 4.7 77.8 -9.4 -0.7
460,725.9 4,046,241.5 0.1 4.8 82.2 -8.1 -0.2
460,725.9 4,046,241.5 0.2 4.8 80.6 -1.7 -1.0
460,725.9 4,046,241.5 0.3 4.8 78.9 -7.4 -1.8
460,725.8 4,046,241.5 0.1 4.9 78.1 -9.5 -1.4
460,725.8 4,046,241.5 0.2 4.9 78.3 -8.8 -1.9
460,725.8 4,046,241.5 0.3 4.9 77.4 -9.2 -3.0
460,725.7 4,046,241.5 0.1 5.0 77.2 -5.4 -1.7
460,725.7 4,046,241.5 0.2 5.0 77.3 -5.0 -2.4
460,725.6 4,046,241.6 0.1 5.1 74.3 -6.6 -2.2
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e) Sec. 5

UTM UTM Water fDr :;??:é Streamwise  Transverse Vertical
Easting Northing depth b Velocity Velocity Velocity
ank
(m) (m) (m) (m) (cml/s) (cml/s) (cm/s)
460,714.0 4,046,225.3 0.1 0.0 39.3 4.9 2.7
460,714.0 4,046,225.3 0.2 0.0 39.3 4.9 2.7
460,714.0 4,046,225.4 0.1 0.1 40.1 6.8 -2.2
460,714.0 4,046,225.4 0.2 0.1 39.6 7.8 -15
460,714.0 4,046,225.5 0.1 0.2 41.8 77 -0.7
460,714.0 4,046,225.5 0.2 0.2 415 8.6 0.0
460,714.0 4,046,225.5 0.3 0.2 40.7 9.7 0.4
460,714.0 4,046,225.6 0.1 0.3 45.7 9.9 -0.1
460,714.0 4,046,225.6 0.2 0.3 44.8 10.3 0.4
460,714.0 4,046,225.6 0.3 0.3 43.3 10.1 0.3
460,714.1 4,046,225.7 0.1 0.4 46.9 9.8 0.0
460,714.1 4,046,225.7 0.2 0.4 46.5 9.6 -0.1
460,714.1 4,046,225.7 0.3 0.4 45.6 9.0 -0.7
460,714.1 4,046,225.7 0.4 0.4 43.6 77 -1.1
460,714.1 4,046,225.8 0.1 0.5 47.2 10.7 0.0
460,714.1 4,046,225.8 0.2 0.5 46.6 9.6 -0.4
460,714.1 4,046,225.8 0.3 0.5 45.2 77 -1.4
460,714.1 4,046,225.8 0.4 0.5 43.3 5.9 -1.9
460,714.1 4,046,225.9 0.1 0.6 48.8 9.7 0.6
460,714.1 4,046,225.9 0.2 0.6 48.0 9.1 0.4
460,714.1 4,046,225.9 0.3 0.6 47.0 79 -0.5
460,714.1 4,046,225.9 04 0.6 44.8 4.9 -0.8
460,714.1 4,046,226.0 0.1 0.7 53.0 10.4 1.6
460,714.1 4,046,226.0 0.2 0.7 51.6 10.6 15
460,714.1 4,046,226.0 0.3 0.7 50.4 9.5 0.8
460,714.1 4,046,226.0 0.4 0.7 46.7 6.5 0.7
460,714.1 4,046,226.0 0.5 0.7 45.4 3.7 0.3
460,714.1 4,046,226.1 0.1 0.8 55.7 10.0 19
460,714.1 4,046,226.1 0.2 0.8 54.7 11.1 1.6
460,714.1 4,046,226.1 0.3 0.8 54.5 11.3 1.2
460,714.1 4,046,226.1 0.4 0.8 51.0 8.5 0.6
460,714.1 4,046,226.1 0.5 0.8 50.1 6.2 0.3
460,714.1 4,046,226.2 0.1 0.9 56.9 10.7 1.6
460,714.1 4,046,226.2 0.2 0.9 56.3 11.6 1.2
460,714.1 4,046,226.2 0.3 0.9 57.8 114 0.2
460,714.1 4,046,226.2 04 0.9 54.9 9.7 -0.3
460,714.1 4,046,226.2 0.5 0.9 54.1 6.5 -1.0
460,714.1 4,046,226.3 0.1 1.0 58.2 10.8 15
460,714.1 4,046,226.3 0.2 1.0 58.7 115 0.8
460,714.1 4,046,226.3 0.3 1.0 62.2 11.6 -0.6
460,714.1 4,046,226.3 04 1.0 60.3 10.2 -15
460,714.1 4,046,226.3 0.5 1.0 59.3 6.2 -2.1
460,714.1 4,046,226.3 0.6 1.0 56.9 4.5 -2.5
460,714.1 4,046,226.4 0.1 1.1 58.7 12.1 1.0
460,714.1 4,046,226.4 0.2 1.1 60.6 12.7 0.3
460,714.1 4,046,226.4 0.3 1.1 64.7 12.9 -1.3
460,714.1 4,046,226.4 0.4 1.1 63.5 10.0 2.1
460,714.1 4,046,226.4 0.5 1.1 61.5 5.4 -2.9
460,714.1 4,046,226.4 0.6 1.1 59.5 3.2 -2.9
460,714.1 4,046,226.5 0.1 1.2 60.2 12.1 -0.2
460,714.1 4,046,226.5 0.2 1.2 62.7 13.1 -0.9
460,714.1 4,046,226.5 0.3 1.2 67.7 13.7 -2.7
460,714.1 4,046,226.5 04 1.2 67.2 9.5 -3.5
460,714.1 4,046,226.5 0.5 1.2 65.2 4.5 -4.2
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460,714.1 4,046,226.5 0.6 1.2 63.1 1.6 -4.2
460,714.1 4,046,226.6 0.1 1.3 59.2 131 -1.8
460,714.1 4,046,226.6 0.2 1.3 62.0 13.6 -2.4
460,714.1 4,046,226.6 0.3 1.3 67.1 13.8 -4.5
460,714.1 4,046,226.6 0.4 1.3 68.9 9.6 -4.8
460,714.1 4,046,226.6 0.5 1.3 67.8 5.1 -5.5
460,714.1 4,046,226.6 0.6 1.3 64.3 1.1 -5.6
460,714.2 4,046,226.7 0.1 14 61.6 14.6 -2.3
460,714.2 4,046,226.7 0.2 14 63.8 14.7 -3.1
460,714.2 4,046,226.7 0.3 14 68.8 154 -5.1
460,714.2 4,046,226.7 0.4 14 69.8 11.8 -5.2
460,714.2 4,046,226.7 0.5 14 69.0 7.5 -5.7
460,714.2 4,046,226.7 0.6 14 64.7 2.8 -5.8
460,714.2 4,046,226.7 0.7 14 62.3 1.0 -6.3
460,714.2 4,046,226.8 0.1 15 64.9 17.2 -2.1
460,714.2 4,046,226.8 0.2 15 66.7 17.3 -3.1
460,714.2 4,046,226.8 0.3 15 70.0 17.6 -4.8
460,714.2 4,046,226.8 0.4 15 69.8 15.6 -4.7
460,714.2 4,046,226.8 0.5 15 68.6 11.9 -5.1
460,714.2 4,046,226.8 0.6 15 66.0 7.0 -5.5
460,714.2 4,046,226.8 0.7 15 64.5 4.8 -6.2
460,714.2 4,046,226.9 0.1 1.6 69.2 19.3 -1.3
460,714.2 4,046,226.9 0.2 1.6 70.5 20.2 -2.4
460,714.2 4,046,226.9 0.3 1.6 72.7 20.4 -4.2
460,714.2 4,046,226.9 0.4 1.6 69.3 18.2 -4.5
460,714.2 4,046,226.9 0.5 1.6 66.4 134 -4.8
460,714.2 4,046,226.9 0.6 1.6 66.0 10.5 -5.1
460,714.2 4,046,226.9 0.7 1.6 65.6 9.0 -5.4
460,714.2 4,046,227.0 0.1 17 71.1 21.7 -1.0
460,714.2 4,046,227.0 0.2 17 73.0 23.8 -2.4
460,714.2 4,046,227.0 0.3 17 74.7 24.6 -4.4
460,714.2 4,046,227.0 0.4 17 70.8 23.1 -5.2
460,714.2 4,046,227.0 0.5 17 66.6 15.6 -5.4
460,714.2 4,046,227.0 0.6 17 66.1 135 -5.2
460,714.2 4,046,227.0 0.7 17 64.9 10.9 -4.8
460,714.2 4,046,227.1 0.1 1.8 72.1 22.2 -1.2
460,714.2 4,046,227.1 0.2 1.8 74.1 23.5 -2.3
460,714.2 4,046,227.1 0.3 1.8 77.4 24.5 -4.5
460,714.2 4,046,227.1 0.4 1.8 73.7 24.4 -5.6
460,714.2 4,046,227.1 0.5 1.8 70.9 19.7 -6.3
460,714.2 4,046,227.1 0.6 1.8 68.6 17.7 -6.0
460,714.2 4,046,227.1 0.7 1.8 67.0 14.8 -5.1
460,714.2 4,046,227.2 0.1 1.9 73.7 21.3 -2.5
460,714.2 4,046,227.2 0.2 1.9 76.7 23.7 -3.4
460,714.2 4,046,227.2 0.3 1.9 81.2 25.6 -5.5
460,714.2 4,046,227.2 0.4 1.9 78.3 26.6 -5.9
460,714.2 4,046,227.2 0.5 1.9 75.0 21.8 -6.6
460,714.2 4,046,227.2 0.6 1.9 72.3 19.7 -6.8
460,714.2 4,046,227.3 0.1 2.0 76.4 19.5 -3.0
460,714.2 4,046,227.3 0.2 2.0 79.0 21.3 -3.6
460,714.2 4,046,227.3 0.3 2.0 86.0 22.5 -5.6
460,714.2 4,046,227.3 0.4 2.0 82.5 24.4 -5.2
460,714.2 4,046,227.3 0.5 2.0 77.9 21.3 -5.9
460,714.2 4,046,227.3 0.6 2.0 75.2 19.6 -6.6
460,714.2  4,046,227.4 0.1 2.1 76.5 222 2.8
460,714.2 4,046,227.4 0.2 2.1 79.4 24.9 -3.8
460,714.2 4,046,227.4 0.3 2.1 86.6 26.0 -5.5
460,714.2 4,046,227.4 0.4 2.1 84.2 24.9 -4.6
460,714.2  4,046,227.4 05 2.1 777 17.3 4.3
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460,714.2 4,046,227.4 0.6 2.1 74.9 13.8 -4.5
460,714.2 4,046,227.5 0.1 2.2 76.0 25.2 -1.5
460,714.2 4,046,227.5 0.2 2.2 78.4 275 -2.2
460,714.2 4,046,227.5 0.3 2.2 85.2 28.7 -3.5
460,714.2 4,046,227.5 0.4 2.2 82.1 24.6 -2.6
460,714.2 4,046,227.5 0.5 2.2 75.8 14.8 -2.2
460,714.2 4,046,227.5 0.6 2.2 72.8 10.1 -2.1
460,714.2 4,046,227.6 0.1 2.3 77.4 26.5 -0.6
460,714.2 4,046,227.6 0.2 2.3 79.3 29.4 -1.3
460,714.2 4,046,227.6 0.3 2.3 85.9 30.5 -2.1
460,714.2 4,046,227.6 0.4 2.3 80.6 24.7 -1.5
460,714.2 4,046,227.6 0.5 2.3 75.7 13.1 -1.1
460,714.2 4,046,227.6 0.6 2.3 73.1 8.0 -1.2
460,714.3 4,046,227.7 0.1 2.4 76.4 26.7 -0.4
460,714.3 4,046,227.7 0.2 24 79.0 30.0 -0.8
460,714.3 4,046,227.7 0.3 2.4 86.9 314 -1.2
460,714.3 4,046,227.7 0.4 24 81.1 24.7 -0.6
460,714.3 4,046,227.7 0.5 2.4 76.3 12.4 -0.5
460,714.3 4,046,227.7 0.6 2.4 72.1 6.4 -0.9
460,714.3 4,046,227.8 0.1 25 76.4 26.2 -1.0
460,714.3 4,046,227.8 0.2 25 80.5 27.9 -1.5
460,714.3 4,046,227.8 0.3 25 90.5 29.6 -1.9
460,714.3 4,046,227.8 0.4 25 86.5 24.0 -1.4
460,714.3 4,046,227.8 0.5 25 81.3 14.6 -1.1
460,714.3 4,046,227.8 0.6 25 76.7 9.7 -1.9
460,714.3 4,046,227.9 0.1 2.6 73.9 26.4 -2.0
460,714.3 4,046,227.9 0.2 2.6 79.2 28.8 -2.1
460,714.3 4,046,227.9 0.3 2.6 89.9 30.2 -3.0
460,714.3 4,046,227.9 0.4 2.6 89.0 24.3 -2.3
460,714.3 4,046,227.9 0.5 2.6 84.7 15.9 -2.5
460,714.3 4,046,227.9 0.6 2.6 80.0 10.6 -2.3
460,714.3 4,046,228.0 0.1 2.7 73.4 25.1 -1.7
460,714.3 4,046,228.0 0.2 2.7 79.1 26.9 -2.0
460,714.3 4,046,228.0 0.3 2.7 89.4 27.6 -3.2
460,714.3 4,046,228.0 0.4 2.7 89.0 24.0 -3.2
460,714.3 4,046,228.0 0.5 2.7 83.7 17.9 -4.0
460,714.3 4,046,228.0 0.6 2.7 77.3 13.9 -3.2
460,714.3 4,046,228.0 0.7 2.7 72.1 10.1 -2.4
460,714.3 4,046,228.1 0.1 2.8 70.3 24.4 -1.0
460,714.3 4,046,228.1 0.2 2.8 74.7 26.0 -1.3
460,714.3 4,046,228.1 0.3 2.8 83.9 25.6 -2.2
460,714.3 4,046,228.1 0.4 2.8 85.0 22.0 -2.2
460,714.3 4,046,228.1 0.5 2.8 80.7 155 -3.0
460,714.3 4,046,228.1 0.6 2.8 735 10.0 -2.0
460,714.3 4,046,228.1 0.7 2.8 67.9 6.0 -1.5
460,714.3 4,046,228.2 0.1 2.9 68.8 25.8 0.1
460,714.3 4,046,228.2 0.2 2.9 72.2 25.8 -0.4
460,714.3 4,046,228.2 0.3 2.9 79.3 25.5 -0.6
460,714.3 4,046,228.2 0.4 2.9 79.9 19.3 -0.9
460,714.3 4,046,228.2 0.5 2.9 74.1 12.7 -1.1
460,714.3 4,046,228.2 0.6 2.9 70.1 5.3 -0.8
460,714.3 4,046,228.2 0.7 2.9 64.9 14 -0.2
460,714.3 4,046,228.3 0.1 3.0 67.1 26.0 0.3
460,714.3 4,046,228.3 0.2 3.0 69.7 25.7 -0.3
460,714.3 4,046,228.3 0.3 3.0 75.1 25.1 -0.2
460,714.3 4,046,228.3 0.4 3.0 76.4 17.6 -0.4
460,714.3 4,046,228.3 0.5 3.0 72.9 10.4 0.5
460,714.3 4,046,228.3 0.6 3.0 71.6 24 0.5
460,714.3 4,046,228.3 0.7 3.0 66.9 -2.3 14
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460,714.3 4,046,228.4 0.1 3.1 65.3 24.7 0.0
460,714.3 4,046,228.4 0.2 3.1 67.9 25.1 -0.5
460,714.3 4,046,228.4 0.3 3.1 73.1 24.2 -0.9
460,714.3 4,046,228.4 0.4 3.1 75.0 17.3 -0.8
460,714.3 4,046,228.4 0.5 3.1 73.3 11.3 0.1
460,714.3 4,046,228.4 0.6 3.1 73.4 2.9 1.1
460,714.3 4,046,228.5 0.1 3.2 60.7 22.5 -0.5
460,714.3 4,046,228.5 0.2 3.2 63.0 22.3 -0.8
460,714.3 4,046,228.5 0.3 3.2 68.6 21.1 -1.4
460,714.3 4,046,228.5 0.4 3.2 73.0 17.3 -0.7
460,714.3 4,046,228.5 0.5 3.2 74.5 13.2 -0.4
460,714.3 4,046,228.5 0.6 3.2 73.6 8.7 0.6
460,714.3 4,046,228.5 0.7 3.2 69.9 3.1 0.9
460,714.3 4,046,228.6 0.1 3.3 57.8 20.5 -0.4
460,714.3 4,046,228.6 0.2 3.3 61.3 20.8 -0.5
460,714.3 4,046,228.6 0.3 3.3 67.5 20.2 -1.2
460,714.3 4,046,228.6 0.4 3.3 73.0 17.6 -0.3
460,714.3 4,046,228.6 0.5 3.3 73.6 12.7 -0.5
460,714.3 4,046,228.6 0.6 3.3 71.9 7.1 0.4
460,714.3 4,046,228.7 0.1 34 56.4 19.9 0.1
460,714.3 4,046,228.7 0.2 34 59.9 19.7 0.0
460,714.3 4,046,228.7 0.3 34 65.6 19.9 -0.7
460,714.3 4,046,228.7 0.4 34 70.2 15.9 -0.7
460,714.3 4,046,228.7 0.5 34 69.7 10.7 -1.0
460,714.3 4,046,228.7 0.6 34 68.8 7.1 -1.0
460,714.4 4,046,228.8 0.1 35 56.8 20.4 0.4
460,714.4 4,046,228.8 0.2 35 60.6 20.7 0.3
460,714.4 4,046,228.8 0.3 35 66.5 20.4 -0.6
460,714.4 4,046,228.8 0.4 35 70.1 14.9 -0.6
460,714.4 4,046,228.8 0.5 35 68.5 9.5 0.1
460,714.4 4,046,228.8 0.6 35 67.5 5.8 0.7
460,714.4 4,046,228.9 0.1 3.6 56.8 21.4 0.2
460,714.4 4,046,228.9 0.2 3.6 60.2 215 0.3
460,714.4 4,046,228.9 0.3 3.6 64.9 21.4 -0.4
460,714.4 4,046,228.9 0.4 3.6 66.5 15.2 0.1
460,714.4 4,046,228.9 0.5 3.6 64.5 11.2 0.6
460,714.4 4,046,228.9 0.6 3.6 63.4 8.0 11
460,714.4 4,046,229.0 0.1 3.7 55.8 23.6 0.2
460,714.4 4,046,229.0 0.2 3.7 57.8 23.4 0.5
460,714.4 4,046,229.0 0.3 3.7 62.4 23.1 -0.1
460,714.4 4,046,229.0 0.4 3.7 63.5 174 0.9
460,714.4 4,046,229.0 0.5 3.7 63.1 14.0 1.3
460,714.4 4,046,229.0 0.6 3.7 61.9 11.4 2.1
460,714.4 4,046,229.1 0.1 3.8 51.6 23.7 0.5
460,714.4 4,046,229.1 0.2 3.8 53.8 23.4 0.8
460,714.4 4,046,229.1 0.3 3.8 58.0 22.4 0.3
460,714.4 4,046,229.1 0.4 3.8 60.3 17.6 1.0
460,714.4 4,046,229.1 0.5 3.8 60.7 145 0.5
460,714.4 4,046,229.2 0.1 3.9 45.8 23.3 14
460,714.4 4,046,229.2 0.2 3.9 48.1 22.4 1.6
460,714.4 4,046,229.2 0.3 3.9 52.3 21.3 11
460,714.4 4,046,229.2 0.4 3.9 56.7 16.6 1.6
460,714.4 4,046,229.2 0.5 3.9 58.6 14.6 14
460,714.4 4,046,229.3 0.1 4.0 46.2 18.6 3.0
460,714.4 4,046,229.3 0.2 4.0 48.7 18.0 2.9
460,714.4 4,046,229.3 0.3 4.0 51.0 16.5 2.4
460,714.4 4,046,229.3 0.4 4.0 53.8 11.6 2.7
460,714.4 4,046,229.3 0.5 4.0 53.9 8.9 2.7
460,714.4  4,046,229.4 0.1 4.1 47.0 14.6 2.9
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460,714.4 4,046,229.4 0.2 4.1 48.4 135 3.0
460,714.4 4,046,229.4 0.3 4.1 50.0 11.9 2.8
460,714.4 4,046,229.4 0.4 4.1 51.2 7.9 34
460,714.4 4,046,229.4 0.5 4.1 51.3 6.1 3.5
460,714.4 4,046,229.5 0.1 4.2 49.3 11.7 2.7
460,714.4 4,046,229.5 0.2 4.2 49.6 105 2.7
460,714.4 4,046,229.5 0.3 4.2 50.0 8.0 2.6
460,714.4 4,046,229.5 0.4 4.2 49.9 4.1 3.2
460,714.4 4,046,229.5 0.5 4.2 49.8 1.8 3.5
460,714.4 4,046,229.6 0.1 4.3 45.2 124 1.0
460,714.4 4,046,229.6 0.2 4.3 46.1 10.7 1.1
460,714.4 4,046,229.6 0.3 4.3 46.9 5.8 1.6
460,714.4 4,046,229.6 0.4 4.3 48.2 2.9 2.2
460,714.4 4,046,229.7 0.1 4.4 42.4 12.8 0.5
460,714.4 4,046,229.7 0.2 4.4 43.9 11.2 0.6
460,714.4 4,046,229.7 0.3 4.4 45.4 6.0 1.0
460,714.4 4,046,229.7 0.4 4.4 46.1 2.8 14
460,714.5 4,046,229.8 0.1 4.5 37.3 11.7 -0.1
460,714.5 4,046,229.8 0.2 4.5 38.2 10.2 0.1
460,714.5 4,046,229.8 0.3 4.5 41.1 5.3 0.4
460,714.5 4,046,229.8 0.4 4.5 42.0 2.0 0.7
460,714.5 4,046,229.9 0.1 4.6 33.6 11.9 -0.5
460,714.5 4,046,229.9 0.2 4.6 34.0 9.7 0.1
460,714.5 4,046,229.9 0.3 4.6 36.7 7.2 0.5
460,714.5 4,046,230.0 0.1 4.7 31.1 10.7 -0.9
460,714.5 4,046,230.0 0.2 4.7 31.0 9.1 -0.3
460,714.5 4,046,230.0 0.3 4.7 30.9 7.4 0.3
460,714.5 4,046,230.1 0.1 4.8 28.3 10.0 -1.5
460,714.5 4,046,230.1 0.2 4.8 28.7 8.9 -1.0
460,714.5 4,046,230.2 0.1 4.9 26.2 5.0 -1.2
460,714.5 4,046,230.2 0.2 4.9 26.2 5.0 -1.2
460,714.5 4,046,230.3 0.1 5.0 235 3.3 -1.0
460,714.5 4,046,230.3 0.2 5.0 23.5 3.3 -1.0
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f) Sec. 6

UTM UTM Water E,Iosrt;;’l?:fet Streamwise  Transverse Vertical
Easting Northing depth b Velocity Velocity Velocity
ank

(m) (m) (m) (m) (cml/s) (cml/s) (cml/s)
460,700.2 4,046,244.7 0.1 0.1 80.3 44 -0.3
460,700.3 4,046,244.7 0.1 0.2 79.3 2.9 -1.4
460,700.3 4,046,244.7 0.2 0.2 79.3 2.9 -1.4
460,700.4 4,046,244.7 0.1 0.3 80.3 1.0 -2.0
460,700.4 4,046,244.7 0.2 0.3 78.4 0.8 -1.9
460,700.5 4,046,244.7 0.1 04 83.3 1.8 -2.4
460,700.5 4,046,244.7 0.2 04 78.1 -1.2 -1.9
460,700.5 4,046,244.7 0.3 04 73.7 -2.6 -1.8
460,700.6 4,046,244.7 0.1 0.5 82.7 6.5 -0.8
460,700.6 4,046,244.7 0.2 0.5 76.6 3.2 -0.2
460,700.6 4,046,244.7 0.3 0.5 72.2 1.3 -0.1
460,700.7 4,046,244.7 0.1 0.6 84.5 10.6 0.2
460,700.7 4,046,244.7 0.2 0.6 775 5.6 0.7
460,700.7 4,046,244.7 0.3 0.6 75.3 1.7 0.4
460,700.8 4,046,244.7 0.1 0.7 85.1 12.2 0.6
460,700.8 4,046,244.7 0.2 0.7 81.3 10.0 0.6
460,700.8 4,046,244.7 0.3 0.7 79.1 5.8 -0.2
460,700.8 4,046,244.7 0.4 0.7 76.7 1.2 -0.2
460,700.9 4,046,244.7 0.1 0.8 89.4 9.8 -0.7
460,700.9 4,046,244.7 0.2 0.8 86.0 75 -0.7
460,700.9 4,046,244.7 0.3 0.8 83.6 3.8 -1.7
460,700.9 4,046,244.7 0.4 0.8 80.8 -0.3 -1.5
460,701.0 4,046,244.7 0.1 0.9 89.2 10.7 -0.4
460,701.0 4,046,244.7 0.2 0.9 88.5 10.0 -1.0
460,701.0 4,046,244.7 0.3 0.9 84.0 8.1 -2.1
460,701.0 4,046,244.7 0.4 0.9 82.2 5.6 -2.3
460,701.1 4,046,244.7 0.1 1.0 89.3 10.0 -0.4
460,701.1 4,046,244.7 0.2 1.0 89.2 9.2 -0.8
460,701.1 4,046,244.7 0.3 1.0 85.4 8.9 -1.7
460,701.1 4,046,244.7 0.4 1.0 82.2 8.0 -1.8
460,701.2 4,046,244.7 0.1 1.1 90.2 10.4 0.6
460,701.2 4,046,244.7 0.2 11 90.4 9.8 0.0
460,701.2 4,046,244.7 0.3 11 86.4 9.5 -0.8
460,701.2 4,046,244.7 0.4 11 82.2 8.8 -1.5
460,701.2 4,046,244.7 0.5 1.1 77.2 9.0 -1.7
460,701.3 4,046,244.7 0.1 1.2 90.6 9.6 0.7
460,701.3 4,046,244.7 0.2 1.2 90.6 8.5 0.2
460,701.3 4,046,244.7 0.3 1.2 88.2 8.0 -0.6
460,701.3 4,046,244.7 0.4 1.2 83.4 7.0 -1.5
460,701.3 4,046,244.7 0.5 1.2 79.7 7.4 -1.9
460,701.4 4,046,244.7 0.1 1.3 88.9 9.7 0.3
460,701.4 4,046,244.7 0.2 1.3 88.5 8.3 -0.1
460,701.4 4,046,244.7 0.3 1.3 87.1 7.0 -0.8
460,701.4 4,046,244.7 0.4 1.3 84.2 5.3 -1.5
460,701.4 4,046,244.7 0.5 1.3 82.6 5.3 -2.1
460,701.5 4,046,244.7 0.1 14 86.8 114 -0.4
460,701.5 4,046,244.7 0.2 14 86.5 9.6 -0.6
460,701.5 4,046,244.7 0.3 1.4 85.2 7.6 -1.8
460,701.5 4,046,244.7 0.4 14 83.3 5.0 -2.1
460,701.5 4,046,244.7 0.5 1.4 81.7 4.7 -2.9
460,701.5 4,046,244.7 0.6 14 80.4 4.5 -2.9
460,701.6 4,046,244.7 0.1 15 83.4 12.4 -1.0
460,701.6 4,046,244.7 0.2 15 82.5 10.5 -1.2
460,701.6 4,046,244.7 0.3 15 80.5 8.7 -2.2
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460,701.6 4,046,244.7 0.4 15 80.1 6.0 -2.3
460,701.6 4,046,244.7 0.5 15 79.5 4.7 -2.8
460,701.6 4,046,244.7 0.6 15 79.3 4.0 -3.1
460,701.7 4,046,244.7 0.1 1.6 82.2 13.1 -0.6
460,701.7 4,046,244.7 0.2 1.6 81.4 115 -0.9
460,701.7 4,046,244.7 0.3 1.6 79.8 9.8 -2.1
460,701.7 4,046,244.7 0.4 1.6 79.9 6.2 -2.2
460,701.7 4,046,244.7 0.5 1.6 78.7 4.4 -2.8
460,701.7 4,046,244.7 0.6 1.6 78.4 35 -2.9
460,701.8 4,046,244.7 0.1 1.7 80.0 12.8 -0.1
460,701.8 4,046,244.7 0.2 1.7 79.3 12.1 -0.3
460,701.8 4,046,244.7 0.3 1.7 78.9 11.1 -0.7
460,701.8 4,046,244.7 0.4 1.7 79.9 8.2 -0.7
460,701.8 4,046,244.7 0.5 1.7 79.4 5.0 -1.5
460,701.8 4,046,244.7 0.6 1.7 78.8 3.3 -2.2
460,701.9 4,046,244.6 0.1 1.8 80.4 141 0.4
460,701.9 4,046,244.6 0.2 1.8 80.3 13.4 0.3
460,701.9 4,046,244.6 0.3 1.8 81.3 11.8 -0.1
460,701.9 4,046,244.6 0.4 1.8 81.2 8.1 0.1
460,701.9 4,046,244.6 0.5 1.8 79.2 5.1 -0.9
460,701.9 4,046,244.6 0.6 1.8 77.6 4.1 -1.2
460,702.0 4,046,244.6 0.1 1.9 80.1 15.7 0.3
460,702.0 4,046,244.6 0.2 1.9 80.4 144 0.4
460,702.0 4,046,244.6 0.3 1.9 81.6 12.7 -0.3
460,702.0 4,046,244.6 0.4 1.9 80.1 8.2 -0.3
460,702.0 4,046,244.6 0.5 1.9 77.3 4.6 -1.2
460,702.0 4,046,244.6 0.6 1.9 75.1 3.1 -1.3
460,702.1 4,046,244.6 0.1 2.0 80.0 15.7 0.7
460,702.1 4,046,244.6 0.2 2.0 80.0 14.0 0.1
460,702.1 4,046,244.6 0.3 2.0 79.8 12.0 -1.0
460,702.1 4,046,244.6 0.4 2.0 77.3 7.1 -1.0
460,702.1 4,046,244.6 0.5 2.0 74.0 3.6 -1.4
460,702.1 4,046,244.6 0.6 2.0 72.8 2.2 -1.1
460,702.2 4,046,244.6 0.1 2.1 77.9 141 0.4
460,702.2 4,046,244.6 0.2 2.1 78.0 12.2 -0.3
460,702.2 4,046,244.6 0.3 2.1 77.4 10.5 -1.5
460,702.2 4,046,244.6 0.4 2.1 74.7 5.9 -1.4
460,702.2 4,046,244.6 0.5 2.1 72.0 25 -1.7
460,702.2 4,046,244.6 0.6 2.1 70.8 0.3 -1.3
460,702.3 4,046,244.6 0.1 2.2 75.0 11.9 0.6
460,702.3 4,046,244.6 0.2 2.2 74.9 10.1 -0.1
460,702.3 4,046,244.6 0.3 2.2 72.9 8.4 -1.0
460,702.3 4,046,244.6 0.4 2.2 71.0 5.0 -0.5
460,702.3 4,046,244.6 0.5 2.2 68.8 1.8 -0.6
460,702.3 4,046,244.6 0.6 2.2 68.8 -0.4 -0.1
460,702.4 4,046,244.6 0.1 2.3 735 10.4 0.7
460,702.4 4,046,244.6 0.2 2.3 73.3 9.0 0.1
460,702.4 4,046,244.6 0.3 2.3 71.6 7.6 -0.8
460,702.4 4,046,244.6 0.4 2.3 69.7 4.4 -0.8
460,702.4 4,046,244.6 0.5 2.3 67.3 15 -0.7
460,702.4 4,046,244.6 0.6 2.3 67.0 -0.5 -0.3
460,702.5 4,046,244.6 0.1 24 71.8 9.9 0.9
460,702.5 4,046,244.6 0.2 24 71.6 8.5 0.4
460,702.5 4,046,244.6 0.3 24 69.9 7.6 -0.5
460,702.5 4,046,244.6 0.4 24 69.4 5.0 -0.8
460,702.5 4,046,244.6 0.5 24 67.7 2.9 -0.8
460,702.5 4,046,244.6 0.6 24 68.1 1.0 -0.3
460,702.6 4,046,244.6 0.1 25 70.3 9.6 0.4
460,702.6 4,046,244.6 0.2 25 71.0 9.6 -0.3
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460,702.6 4,046,244.6 0.3 25 71.9 9.1 -1.2
460,702.6 4,046,244.6 0.4 25 71.4 7.3 -1.1
460,702.6 4,046,244.6 0.5 25 69.0 4.6 -1.0
460,702.6 4,046,244.6 0.6 25 67.2 3.1 -0.4
460,702.7 4,046,244.6 0.1 2.6 67.1 11.6 0.2
460,702.7 4,046,244.6 0.2 2.6 68.0 114 -0.4
460,702.7 4,046,244.6 0.3 2.6 69.2 10.2 -1.3
460,702.7 4,046,244.6 0.4 2.6 70.9 75 -1.0
460,702.7 4,046,244.6 0.5 2.6 68.7 4.6 -1.0
460,702.7 4,046,244.6 0.6 2.6 67.3 3.9 -0.5
460,702.8 4,046,244.6 0.1 2.7 67.0 12.1 0.3
460,702.8 4,046,244.6 0.2 2.7 68.1 13.1 -0.5
460,702.8 4,046,244.6 0.3 2.7 69.6 12.0 -1.3
460,702.8 4,046,244.6 0.4 2.7 71.0 8.5 -0.7
460,702.8 4,046,244.6 0.5 2.7 67.4 3.2 -0.6
460,702.8 4,046,244.6 0.6 2.7 66.0 1.5 0.0
460,702.9 4,046,244.6 0.1 2.8 64.8 12.1 0.8
460,702.9 4,046,244.6 0.2 2.8 65.5 12.1 0.1
460,702.9 4,046,244.6 0.3 2.8 66.2 10.7 -0.7
460,702.9 4,046,244.6 0.4 2.8 68.8 6.8 -0.6
460,702.9 4,046,244.6 0.5 2.8 66.0 25 -0.7
460,702.9 4,046,244.6 0.6 2.8 65.8 0.6 -0.2
460,703.0 4,046,244.6 0.1 2.9 64.8 12.3 0.7
460,703.0 4,046,244.6 0.2 2.9 65.9 12.0 -0.2
460,703.0 4,046,244.6 0.3 2.9 68.5 114 -0.9
460,703.0 4,046,244.6 0.4 2.9 70.0 7.3 -0.8
460,703.0 4,046,244.6 0.5 2.9 66.7 3.0 -0.7
460,703.0 4,046,244.6 0.6 2.9 64.9 0.3 -0.2
460,703.1 4,046,244.6 0.1 3.0 62.5 12.1 0.5
460,703.1 4,046,244.6 0.2 3.0 63.6 11.0 0.0
460,703.1 4,046,244.6 0.3 3.0 66.5 10.1 -0.8
460,703.1 4,046,244.6 0.4 3.0 66.6 6.7 -0.9
460,703.1 4,046,244.6 0.5 3.0 63.4 45 -0.6
460,703.1 4,046,244.6 0.6 3.0 60.0 2.6 -0.1
460,703.2 4,046,244.6 0.1 3.1 60.9 12.1 0.3
460,703.2 4,046,244.6 0.2 3.1 62.2 111 -0.1
460,703.2 4,046,244.6 0.3 3.1 65.6 10.5 -0.8
460,703.2 4,046,244.6 0.4 3.1 65.6 7.1 -1.0
460,703.2 4,046,244.6 0.5 3.1 62.2 4.6 -0.8
460,703.2 4,046,244.6 0.6 3.1 58.6 24 -0.3
460,703.3 4,046,244.6 0.1 3.2 58.2 9.8 0.4
460,703.3 4,046,244.6 0.2 3.2 59.9 9.2 0.3
460,703.3 4,046,244.6 0.3 3.2 62.9 8.5 -0.1
460,703.3 4,046,244.6 0.4 3.2 63.4 6.0 0.0
460,703.3 4,046,244.6 0.5 3.2 61.0 2.8 0.0
460,703.3 4,046,244.6 0.6 3.2 58.6 0.1 0.4
460,703.4 4,046,244.6 0.1 3.3 55.5 9.8 0.3
460,703.4 4,046,244.6 0.2 3.3 57.5 9.3 0.3
460,703.4 4,046,244.6 0.3 3.3 61.2 8.0 0.0
460,703.4 4,046,244.6 0.4 3.3 63.5 5.2 0.1
460,703.4 4,046,244.6 0.5 3.3 61.9 14 -0.2
460,703.4 4,046,244.6 0.6 3.3 60.7 -0.9 -0.1
460,703.5 4,046,244.6 0.1 34 53.9 10.3 0.1
460,703.5 4,046,244.6 0.2 34 56.0 9.5 0.1
460,703.5 4,046,244.6 0.3 34 59.7 75 0.0
460,703.5 4,046,244.6 0.4 34 61.8 4.9 0.1
460,703.5 4,046,244.6 0.5 34 60.2 2.1 -0.1
460,703.5 4,046,244.6 0.6 34 58.8 0.8 0.0
460,703.6 4,046,244.6 0.1 35 52.2 10.9 -0.3
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460,703.6 4,046,244.6 0.2 35 54.6 10.0 -0.4
460,703.6 4,046,244.6 0.3 35 59.0 8.0 -0.5
460,703.6 4,046,244.6 0.4 35 60.8 5.6 -0.3
460,703.6 4,046,244.6 0.5 35 58.5 3.6 -0.5
460,703.6 4,046,244.6 0.6 35 56.2 2.9 -0.5
460,703.7 4,046,244.6 0.1 3.6 51.2 10.1 -0.4
460,703.7 4,046,244.6 0.2 3.6 53.8 9.3 -0.5
460,703.7 4,046,244.6 0.3 3.6 58.6 7.1 -0.5
460,703.7 4,046,244.6 0.4 3.6 60.5 5.5 -0.3
460,703.7 4,046,244.6 0.5 3.6 58.8 34 -0.3
460,703.7 4,046,244.6 0.6 3.6 56.5 3.0 -0.4
460,703.8 4,046,244.6 0.1 3.7 50.4 8.3 -0.2
460,703.8 4,046,244.6 0.2 3.7 53.4 7.8 -0.3
460,703.8 4,046,244.6 0.3 3.7 58.7 6.0 -0.3
460,703.8 4,046,244.6 0.4 3.7 60.8 4.7 0.0
460,703.8 4,046,244.6 0.5 3.7 58.7 3.6 0.5
460,703.8 4,046,244.6 0.6 3.7 56.2 3.2 0.6
460,703.9 4,046,244.6 0.1 3.8 49.7 7.8 0.0
460,703.9 4,046,244.6 0.2 3.8 52.5 7.1 0.1
460,703.9 4,046,244.6 0.3 3.8 57.5 5.1 0.1
460,703.9 4,046,244.6 0.4 3.8 58.7 3.8 0.4
460,703.9 4,046,244.6 0.5 3.8 57.4 3.2 0.8
460,703.9 4,046,244.6 0.6 3.8 54.7 3.1 1.1
460,704.0 4,046,244.6 0.1 3.9 48.7 8.0 0.7
460,704.0 4,046,244.6 0.2 3.9 51.3 7.2 0.8
460,704.0 4,046,244.6 0.3 3.9 55.5 5.1 1.0
460,704.0 4,046,244.6 0.4 3.9 55.8 3.8 0.9
460,704.0 4,046,244.6 0.5 3.9 54.2 4.1 1.3
460,704.1 4,046,244.6 0.1 4.0 47.9 8.7 0.9
460,704.1 4,046,244.6 0.2 4.0 49.9 7.9 1.1
460,704.1 4,046,244.6 0.3 4.0 53.0 5.5 15
460,704.1 4,046,244.6 0.4 4.0 515 3.2 14
460,704.1 4,046,244.6 0.5 4.0 50.3 1.7 14
460,704.2 4,046,244.6 0.1 4.1 47.2 7.3 1.3
460,704.2 4,046,244.6 0.2 4.1 48.3 6.6 14
460,704.2 4,046,244.6 0.3 4.1 50.0 4.7 1.8
460,704.2 4,046,244.6 0.4 4.1 48.9 3.0 1.6
460,704.2 4,046,244.6 0.5 4.1 479 1.5 1.6
460,704.3 4,046,244.6 0.1 4.2 46.5 5.8 15
460,704.3 4,046,244.6 0.2 4.2 47.0 5.1 1.6
460,704.3 4,046,244.6 0.3 4.2 47.7 34 1.8
460,704.3 4,046,244.6 0.4 4.2 46.2 1.8 19
460,704.4 4,046,244.6 0.1 4.3 44.5 5.2 1.8
460,704.4 4,046,244.6 0.2 4.3 45.0 4.4 1.8
460,704.4 4,046,244.6 0.3 4.3 45.6 2.9 1.9
460,704.4 4,046,244.6 0.4 4.3 45.2 25 1.8
460,704.5 4,046,244.6 0.1 4.4 41.2 5.0 1.9
460,704.5 4,046,244.6 0.2 4.4 41.7 4.3 1.9
460,704.5 4,046,244.6 0.3 4.4 42.9 2.8 2.0
460,704.5 4,046,244.6 0.4 4.4 43.1 2.3 1.8
460,704.6 4,046,244.6 0.1 4.5 39.1 5.1 15
460,704.6 4,046,244.6 0.2 45 39.2 45 14
460,704.6 4,046,244.6 0.3 4.5 40.4 3.1 15
460,704.6 4,046,244.6 0.4 4.5 41.3 25 14
460,704.7 4,046,244.6 0.1 4.6 36.7 5.2 1.0
460,704.7 4,046,244.6 0.2 4.6 36.1 4.2 1.0
460,704.7 4,046,244.6 0.3 4.6 36.3 2.7 1.1
460,704.8 4,046,244.6 0.1 4.7 33.8 6.0 0.3
460,704.8 4,046,244.6 0.2 4.7 33.8 5.0 0.4
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460,704.8 4,046,244.6 0.3 4.7 33.0 3.1 0.7
460,704.9 4,046,244.6 0.1 4.8 29.2 9.0 -1.2
460,704.9 4,046,244.6 0.2 4.8 29.6 7.7 -0.9
460,705.0 4,046,244.6 0.1 4.9 26.3 10.9 -2.3
460,705.0 4,046,244.6 0.2 4.9 26.3 10.9 -2.3
460,705.1 4,046,244.6 0.1 5.0 25.7 13.1 -3.1
460,705.1 4,046,244.6 0.2 5.0 25.7 13.1 -3.1
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Table C2. Concentration measurements using fluorometer

a) Sec. 2
yIW Concentration (ppb)
Time 0.167 0.333 0.500 0.667 0.833
(sec)
48 0.0 0.0 0.0 0.0 0.0
49 0.0 0.1 0.0 0.0 0.0
50 0.0 0.2 0.1 0.0 0.0
51 0.1 0.7 0.4 0.0 0.0
52 0.1 1.7 0.9 0.0 0.0
53 0.6 4.6 1.8 0.0 0.0
54 0.7 7.6 3.0 0.0 0.0
55 1.1 12.3 4.7 0.0 0.0
56 3.1 15.4 7.3 0.0 0.0
57 5.8 19.6 9.8 0.2 0.0
58 8.5 24.8 12.2 1.0 0.0
59 11.1 31.5 15.2 2.8 0.1
60 15.6 37.5 20.1 4.7 0.8
61 21.4 43.2 26.3 6.7 2.1
62 27.0 49.3 31.2 7.9 3.5
63 30.3 55.0 373 11.0 4.1
64 32.9 61.3 43.5 15.2 4.9
65 34.6 66.2 49.2 20.1 6.2
66 36.5 69.2 54.0 24.8 7.3
67 383 71.5 57.8 32.0 8.9
68 39.5 73.6 60.9 40.3 10.3
69 40.5 74.7 63.7 47.0 12.4
70 41.1 74.5 66.1 51.5 13.8
71 40.9 72.8 67.7 56.2 15.8
72 40.6 71.5 68.7 60.9 19.1
73 39.6 69.9 69.1 63.6 223
74 38.0 68.4 68.7 64.1 24.4
75 36.8 66.5 68.6 64.3 27.0
76 35.5 64.2 66.9 64.5 29.1
77 34.4 62.8 65.4 64.9 30.7
78 33.1 60.4 63.6 63.7 32.7
79 314 58.0 60.9 61.8 34.1
80 29.6 55.4 58.6 58.1 35.5
81 28.0 52.5 56.0 54.6 36.6
82 26.6 49.8 53.6 51.5 37.6
83 25.8 47.1 51.0 48.8 38.5
84 24.6 44.5 48.5 46.4 38.7
85 23.8 42.0 46.3 43.7 39.0
86 22.6 39.2 44.2 41.8 394
87 21.2 37.0 42.0 39.5 39.1
88 19.9 34.9 39.9 373 38.5
89 19.1 33.0 37.6 35.1 38.0
90 18.2 31.2 35.4 33.2 37.2
91 17.2 29.4 333 30.9 36.5
92 16.2 27.9 31.5 29.1 35.9
93 15.2 26.4 29.4 27.2 35.8
94 14.2 25.2 28.0 25.5 35.0
95 13.2 24.0 26.2 24.2 34.5
96 12.1 22.6 24.6 22.5 33.8
97 11.3 21.2 233 20.9 32.8
98 10.6 19.7 21.8 19.5 322
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99 9.7 18.3 20.5 18.2 31.3
100 9.1 17.1 19.3 17.0 30.3
101 8.7 15.9 17.9 15.9 29.3
102 8.1 15.3 17.0 14.8 28.1
103 7.5 14.2 15.9 13.9 26.8
104 7.0 13.5 15.2 12.8 254
105 6.5 12.8 14.2 12.0 24.4
106 6.0 11.9 134 11.1 22.7
107 5.7 11.2 12.7 10.3 21.8
108 5.3 10.6 11.8 9.6 20.9
109 5.1 10.0 11.0 9.1 19.9
110 4.5 9.5 10.5 8.3 18.8
111 4.5 8.7 9.7 7.8 17.7
112 4.1 8.2 9.0 7.2 16.9
113 3.9 7.6 8.5 6.8 16.1
114 39 7.1 7.8 6.4 154
115 3.6 6.7 7.4 59 14.7
116 3.5 6.3 7.1 5.6 14.1
117 3.4 5.8 6.6 53 134
118 3.2 5.5 6.2 5.0 12.7
119 29 5.2 6.0 4.6 12.3
120 2.7 5.0 5.6 43 12.0
121 2.7 4.6 5.2 39 11.5
122 2.5 4.0 4.7 3.6 10.9
123 2.5 4.0 43 33 10.3
124 2.4 3.7 4.2 32 9.6
125 22 3.5 4.0 3.1 8.7
126 2.0 33 37 29 8.1
127 1.9 3.2 3.4 2.6 7.5
128 1.7 3.1 3.1 2.7 72
129 1.7 2.7 2.8 2.5 6.9
130 1.4 2.3 2.5 2.6 6.4
131 1.3 2.0 2.5 2.5 6.0
132 1.4 2.1 24 2.7 5.8
133 1.3 1.8 2.2 24 5.6
134 1.0 1.6 2.3 22 5.6
135 1.2 1.6 2.3 2.0 5.3
136 1.1 1.3 2.2 2.0 52
137 1.2 1.3 1.8 1.9 5.0
138 1.1 1.1 2.1 1.8 5.1
139 0.9 1.1 2.1 1.6 52
140 0.7 1.1 22 1.4 4.9
141 0.6 1.0 2.1 1.3 4.8
142 0.4 1.0 1.9 1.1 4.5
143 0.3 1.0 2.1 1.0 44
144 0.3 0.8 1.9 1.1 4.1
145 0.3 1.1 1.8 1.0 4.1
146 0.3 1.1 1.3 0.8 39
147 0.3 1.1 1.2 0.7 3.7
148 0.3 0.9 1.1 0.7 3.5
149 0.3 0.9 1.0 0.7 34
150 0.3 0.8 1.0 0.5 3.1
151 0.2 1.0 1.0 0.4 2.8
152 0.0 1.0 0.9 0.4 2.6
153 0.0 1.2 0.8 0.5 2.6
154 0.0 0.8 0.9 0.4 2.5
155 0.0 0.7 0.9 0.2 2.5
156 0.0 0.9 1.0 0.3 2.5
157 0.0 1.0 1.1 0.1 2.5
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158 0.0 1.1 1.3 0.1 2.2
159 0.0 1.1 1.4 0.1 1.9
160 0.0 1.3 1.3 0.3 1.8
161 0.0 1.1 1.1 0.2 1.6
162 0.0 0.6 0.9 0.1 1.8
163 0.0 0.8 0.8 0.0 1.8
164 0.0 0.9 0.9 0.0 1.9
165 0.0 0.9 1.0 0.0 1.8
166 0.0 0.9 0.8 0.0 1.7
167 0.0 0.9 0.7 0.0 1.6
168 0.0 0.7 0.6 0.0 1.4
169 0.0 0.7 0.6 0.0 1.2
170 0.0 0.7 0.6 0.0 1.1
171 0.0 0.6 0.6 0.0 1.1
172 0.0 0.7 0.7 0.0 1.3
173 0.0 0.9 0.4 0.0 1.3
174 0.0 0.9 0.5 0.0 1.3
175 0.0 1.0 0.4 0.0 1.2
176 0.0 0.9 0.3 0.0 1.0
177 0.0 1.0 0.3 0.0 0.9
178 0.0 1.0 0.3 0.0 0.8
179 0.0 1.2 0.3 0.0 0.7
180 0.0 1.4 0.2 0.0 0.7
181 0.0 1.3 0.4 0.0 0.8
182 0.0 1.3 0.6 0.0 0.9
183 0.0 1.3 0.6 0.0 0.8
184 0.0 1.2 0.4 0.0 0.8
185 0.0 1.1 0.3 0.0 0.9
186 0.0 1.0 0.5 0.0 1.0
187 0.0 0.9 0.5 0.0 1.1
188 0.0 1.0 04 0.0 1.1
189 0.0 0.9 0.2 0.0 0.9
190 0.0 0.8 0.3 0.0 1.0
191 0.0 0.7 0.2 0.0 0.8
192 0.0 0.8 0.0 0.0 0.7
193 0.0 0.9 0.0 0.0 0.6
194 0.0 0.8 0.0 0.0 0.8
195 0.0 0.7 0.0 0.0 0.9
196 0.0 0.9 0.0 0.0 0.7
197 0.0 0.7 0.0 0.0 0.4
198 0.0 0.6 0.0 0.0 0.3
199 0.0 0.4 0.0 0.0 0.3
200 0.0 0.3 0.0 0.0 0.4
201 0.0 0.2 0.0 0.0 0.4
202 0.0 0.2 0.0 0.0 0.4
203 0.0 0.2 0.0 0.0 0.4
204 0.0 0.2 0.0 0.0 0.1
205 0.0 0.2 0.0 0.0 0.1
206 0.0 0.0 0.0 0.0 0.2
207 0.0 0.0 0.0 0.0 0.3
208 0.0 0.0 0.0 0.0 0.3
209 0.0 0.0 0.0 0.0 0.0
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b) Sec. 4

Concentration (ppb)

y/IW
Time 0.167 0.333 0.500 0.667 0.833
(sec)
95 - - 0.0 0.0 0.0
96 - - 0.2 0.0 0.0
97 - - 0.2 0.2 0.0
98 - - 0.3 0.4 0.0
99 - - 0.3 0.7 0.2
100 - - 0.5 1.2 0.6
101 - - 0.9 1.5 0.6
102 - - 1.7 2.0 1.1
103 - - 2.5 3.0 2.0
104 - - 3.8 5.1 2.5
105 - - 5.3 7.0 4.2
106 - - 7.2 9.1 6.4
107 - - 9.7 10.9 8.1
108 - - 12.2 12.9 9.2
109 - - 14.9 15.0 10.5
110 - - 17.3 16.7 12.2
111 - - 19.7 18.4 13.4
112 - - 22.1 20.3 15.1
113 - - 23.9 21.7 16.3
114 - - 26.1 233 17.5
115 - - 27.9 24.8 18.6
116 - - 29.9 26.7 19.5
117 - - 32.1 28.4 20.7
118 - - 343 30.1 21.8
119 - - 36.4 31.5 22.5
120 - - 37.9 32.7 234
121 - - 39.8 34.0 24.6
122 - - 41.1 34.8 25.2
123 - - 42.7 35.2 25.5
124 - - 44.0 36.7 25.8
125 - - 45.1 37.4 26.0
126 - - 46.0 37.7 26.1
127 - - 46.3 37.8 26.1
128 - - 46.7 37.8 26.9
129 - - 47.2 37.7 26.8
130 - - 47.6 37.5 26.7
131 - - 47.9 37.3 27.2
132 - - 47.8 37.0 274
133 - - 47.6 36.4 27.6
134 - - 46.9 35.9 274
135 - - 46.5 354 27.0
136 - - 46.1 353 26.4
137 - - 45.6 35.1 25.8
138 - - 44.8 34.7 25.2
139 - - 44.1 34.2 253
140 - - 43.2 333 24.7
141 - - 42.4 32.6 24.2
142 - - 41.6 31.9 23.5
143 - - 40.5 30.9 23.4
144 - - 39.3 29.9 229
145 - - 38.5 29.2 22.7
146 - - 37.2 28.3 22.3
147 - - 36.5 27.5 224
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148 35.6 26.6 21.8
149 34.7 25.8 21.5
150 33.8 25.1 20.7
151 329 243 20.2
152 31.8 233 19.4
153 30.5 22.8 18.9
154 29.2 22.0 18.1
155 28.1 213 16.8
156 27.1 204 16.2
157 26.5 19.6 15.5
158 25.6 19.1 14.8
159 24.7 18.4 15.0
160 23.8 17.7 14.1
161 23.0 16.9 13.7
162 22.1 16.3 13.3
163 214 15.6 13.0
164 20.4 15.0 12.8
165 19.6 14.4 12.2
166 19.1 13.9 11.5
167 18.3 13.3 11.2
168 17.4 12.9 11.2
169 16.7 12.1 10.7
170 15.8 11.6 10.5
171 14.9 11.1 9.9
172 14.5 10.5 10.3
173 13.9 9.8 10.1
174 133 9.4 9.5
175 12.8 8.9 8.8
176 12.5 8.4 8.6
177 12.1 7.9 8.6
178 11.6 7.5 8.4
179 11.3 7.3 8.2
180 11.0 73 8.0
181 10.3 6.9 8.3
182 9.9 6.9 79
183 9.5 7.0 7.5
184 9.0 72 7.3
185 8.7 72 6.8
186 8.6 7.1 6.6
187 82 7.1 6.0
188 7.9 7.0 5.8
189 7.5 6.4 52
190 7.4 6.1 4.8
191 6.8 59 4.5
192 6.4 5.4 4.2
193 6.1 5.0 4.0
194 59 4.7 3.6
195 5.6 44 37
196 5.1 43 4.2
197 4.7 43 43
198 4.6 39 39
199 4.5 3.5 44
200 4.5 32 4.0
201 44 3.0 4.4
202 4.2 3.0 4.0
203 39 3.1 3.8
204 3.7 3.1 3.6
205 3.3 3.0 3.1
206 33 29 32
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207 3.1 2.8 3.1
208 3.0 2.8 2.6
209 2.7 2.6 24
210 2.6 2.5 1.8
211 24 24 1.6
212 2.7 2.5 1.2
213 2.5 24 0.9
214 2.1 22 0.7
215 2.1 2.4 0.4
216 2.0 2.3 0.0
217 1.8 2.4 0.0
218 1.7 2.3 0.0
219 1.6 2.3 0.0
220 1.7 2.1 0.0
221 1.8 22 0.0
222 1.7 2.2 0.0
223 1.5 2.1 0.0
224 1.6 2.1 0.0
225 1.6 1.9 0.0
226 1.6 1.8 0.0
227 14 1.7 0.0
228 1.3 1.8 0.0
229 1.2 1.7 0.0
230 1.2 1.5 0.0
231 1.3 1.5 0.0
232 1.3 1.6 0.0
233 1.1 1.5 0.0
234 0.9 1.6 0.0
235 0.7 14 0.0
236 0.8 14 0.0
237 0.9 1.2 0.0
238 1.0 1.1 0.0
239 0.9 0.9 0.0
240 1.1 1.2 0.0
241 1.2 1.5 0.0
242 1.1 1.5 0.0
243 1.2 1.5 0.0
244 1.0 14 0.0
245 0.9 1.2 0.0
246 1.0 1.0 0.0
247 0.6 0.9 0.0
248 04 0.7 0.0
249 0.5 0.8 0.0
250 0.3 0.8 0.0
251 0.7 1.1 0.0
252 0.6 1.2 0.0
253 0.9 1.3 0.0
254 0.8 1.3 0.0
255 0.5 1.3 0.0
256 0.8 1.1 0.0
257 0.8 0.9 0.0
258 0.7 0.8 0.0
259 0.9 0.8 0.0
260 0.7 0.7 0.0
261 0.7 0.6 0.0
262 0.6 0.7 0.0
263 0.6 0.7 0.0
264 0.5 0.5 0.0
265 0.6 0.5 0.0
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266 0.5 0.6 0.0
267 0.7 0.9 0.0
268 0.9 0.6 0.0
269 0.4 0.8 0.0
270 0.4 0.5 0.0
271 0.3 0.7 0.0
272 0.3 0.7 0.0
273 0.3 0.9 0.0
274 0.1 0.9 0.0
275 0.2 0.9 0.0
276 0.5 0.8 0.0
277 0.3 0.9 0.0
278 0.3 0.9 0.0
279 0.5 0.9 0.0
280 0.4 0.9 0.0
281 0.2 1.1 0.0
282 0.3 1.2 0.0
283 0.4 1.1 0.0
284 0.4 1.2 0.0
285 0.0 1.0 0.0
286 0.0 1.0 0.0
287 0.0 0.8 0.0
288 0.0 0.9 0.0
289 0.0 0.9 0.0
290 0.0 0.8 0.0
291 0.0 0.6 0.0
292 0.0 0.7 0.0
293 0.0 0.6 0.0
294 0.0 0.8 0.0
295 0.0 0.8 0.0
296 0.0 0.9 0.0
297 0.0 0.9 0.0
298 0.0 0.8 0.0
299 0.0 0.8 0.0
300 0.0 0.9 0.0
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¢) Sec. 6

Concentration (ppb)

y/IW
Time 0.167 0.333 0.500 0.667 0.833
(sec)
142 0.0 0.0 0.0 0.0 0.0
143 0.0 0.0 0.2 0.0 0.0
144 0.0 0.0 0.4 0.0 0.0
145 0.0 0.0 0.6 0.0 0.0
146 0.0 0.2 0.7 0.0 0.0
147 0.0 0.3 0.9 0.0 0.0
148 0.0 0.3 0.9 0.0 0.0
149 0.2 0.5 0.8 0.0 0.0
150 0.4 0.6 0.7 0.0 0.0
151 0.5 0.7 0.8 0.0 0.0
152 0.4 0.9 0.8 0.1 0.0
153 0.7 1.1 1.0 0.1 0.0
154 1.2 1.8 1.1 0.2 0.0
155 1.8 2.0 1.1 0.3 0.0
156 2.5 2.2 1.1 0.5 0.0
157 3.1 2.8 1.2 0.6 0.0
158 4.1 34 1.4 0.7 0.4
159 4.5 4.0 1.6 0.8 0.5
160 53 4.6 1.9 1.1 0.5
161 5.8 5.1 2.4 1.3 0.7
162 6.4 5.9 2.8 1.4 0.7
163 7.3 6.4 34 1.6 1.0
164 8.3 6.7 4.0 1.8 1.2
165 9.1 8.3 4.7 2.1 1.6
166 10.1 9.2 5.2 2.6 2.0
167 10.5 10.0 5.8 3.1 2.6
168 11.3 10.5 6.4 3.7 3.0
169 12.2 11.1 7.2 4.4 34
170 13.0 11.8 8.1 5.0 3.8
171 14.0 12.1 8.9 5.5 3.9
172 14.7 12.4 9.7 6.2 4.2
173 15.4 14.0 10.6 7.0 4.9
174 16.1 15.0 11.5 7.9 5.3
175 16.9 16.0 11.9 8.4 5.5
176 17.4 16.5 13.0 9.3 6.0
177 18.1 17.3 14.0 10.2 6.7
178 18.8 17.7 14.9 11.0 7.2
179 19.4 18.0 15.8 114 7.9
180 19.8 18.2 16.7 12.3 8.7
181 20.2 19.2 17.5 13.0 9.5
182 20.5 19.9 18.2 13.9 10.3
183 21.2 20.3 19.3 14.6 10.8
184 21.7 20.7 20.1 15.5 11.5
185 22.2 21.0 20.7 16.2 12.2
186 22.8 21.5 21.3 16.9 12.6
187 23.4 21.9 21.9 17.5 13.2
188 23.7 22.4 22.3 18.2 13.8
189 24.2 22.8 229 19.0 14.3
190 24.6 23.2 23.3 19.7 14.9
191 24.8 234 23.9 20.1 15.6
192 25.2 23.7 24.4 20.7 16.1
193 254 24.1 24.8 21.2 16.8
194 25.7 24.6 253 21.6 17.2
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195 25.7 24.8 25.8 21.9 17.5
196 25.5 24.9 26.1 22.3 18.0
197 25.5 24.8 26.1 22.5 18.5
198 25.5 24.9 26.4 22.6 18.7
199 25.5 24.9 26.6 22.9 18.9
200 255 25.0 26.7 23.3 19.3
201 253 25.0 26.8 23.5 19.8
202 25.2 25.0 26.9 23.7 20.2
203 253 24.7 26.8 23.6 204
204 253 24.5 26.4 23.6 20.9
205 253 243 26.2 23.7 21.3
206 25.0 24.2 26.0 23.8 21.6
207 24.9 23.8 25.9 24.0 21.7
208 24.9 23.7 25.9 24.1 22.0
209 24.5 234 25.9 24.0 22.1
210 24.2 23.3 25.7 24.0 223
211 23.8 23.0 253 23.9 22.7
212 23.5 22.6 24.9 23.7 22.9
213 23.2 22.3 24.5 23.6 23.0
214 22.8 21.9 24.2 23.4 23.1
215 22.5 21.3 23.9 23.1 229
216 22.3 21.0 23.6 22.9 22.9
217 22.0 20.6 23.3 22.8 22.8
218 21.8 204 22.8 22.4 22.8
219 214 19.9 224 22.2 22.8
220 20.9 19.5 22.1 219 22.6
221 20.3 19.1 21.8 21.7 22.4
222 19.9 18.7 214 21.5 223
223 19.5 18.3 21.3 21.2 223
224 19.4 18.0 20.9 20.9 22.1
225 19.0 17.8 20.6 20.5 21.9
226 18.7 17.3 20.3 20.4 21.6
227 18.0 17.0 20.1 20.0 21.6
228 17.5 16.6 19.6 19.7 21.4
229 16.9 16.3 19.1 19.4 21.1
230 16.5 16.0 18.7 19.1 21.1
231 16.1 15.6 18.3 18.7 20.9
232 15.7 153 18.1 18.3 20.6
233 15.2 14.8 17.6 18.0 20.4
234 15.2 14.3 174 17.8 20.2
235 153 14.2 17.0 17.4 20.0
236 15.0 13.8 16.8 17.0 19.9
237 14.6 134 16.4 16.6 19.6
238 14.2 13.2 16.0 16.3 19.3
239 13.7 12.9 15.7 15.9 19.1
240 13.5 12.6 153 15.5 18.8
241 13.0 12.3 15.1 15.2 18.4
242 12.7 12.1 14.5 14.8 18.2
243 12.5 11.7 14.2 14.5 18.0
244 12.1 11.2 13.7 14.1 17.8
245 11.6 10.7 133 13.5 17.5
246 11.5 10.5 13.0 13.2 17.2
247 11.1 10.1 12.7 12.8 17.0
248 10.8 10.0 12.3 12.5 16.5
249 10.6 9.7 12.1 12.2 16.2
250 10.5 9.3 11.7 11.9 15.8
251 10.3 9.0 11.3 11.6 15.5
252 10.2 8.9 11.0 11.6 15.2
253 9.9 8.4 10.6 11.2 14.8
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254 9.8 8.3 10.1 10.9 14.5
255 9.6 8.1 9.6 10.6 14.2
256 9.4 8.0 9.4 10.2 13.8
257 9.1 7.8 9.3 10.0 13.4
258 8.8 7.7 9.2 9.7 13.1
259 8.5 7.4 9.0 9.4 12.9
260 8.4 7.1 8.7 9.1 12.4
261 8.3 7.1 8.3 8.9 12.2
262 8.1 6.9 8.1 8.6 11.8
263 7.9 6.6 7.9 8.5 11.6
264 7.7 6.5 7.5 8.3 11.2
265 7.5 6.3 7.2 8.0 11.2
266 7.3 6.0 6.9 7.9 11.0
267 7.0 6.0 6.7 7.6 10.8
268 7.2 6.0 6.5 7.4 10.5
269 7.1 59 6.3 72 10.5
270 6.6 5.8 6.0 6.9 10.2
271 6.6 5.5 59 6.8 9.9
272 6.3 5.4 5.8 6.5 9.6
273 6.2 5.3 5.7 6.1 9.2
274 59 5.1 5.5 59 9.0
275 5.4 4.9 5.3 5.8 8.8
276 5.4 4.9 5.1 5.6 8.6
277 5.2 4.9 5.0 54 8.5
278 5.0 4.8 4.9 52 8.3
279 5.0 4.7 4.8 5.1 8.0
280 5.0 4.6 4.6 5.0 7.7
281 5.3 4.6 44 4.9 7.5
282 5.2 44 43 4.6 7.5
283 5.0 4.1 4.2 4.5 73
284 4.9 3.8 42 44 7.1
285 4.9 3.8 4.1 4.5 6.9
286 4.8 3.6 4.0 43 7.0
287 4.5 3.6 4.0 4.1 6.7
288 44 3.7 4.0 4.0 6.5
289 43 3.6 4.1 4.0 6.5
290 42 3.7 43 39 6.3
291 4.1 3.7 42 4.0 6.2
292 4.0 3.8 4.1 3.7 59
293 3.7 3.5 39 3.6 5.7
294 3.6 3.2 4.0 3.6 5.5
295 3.5 32 3.8 3.5 54
296 3.5 29 3.8 34 53
297 3.3 2.8 3.7 32 5.1
298 32 2.7 3.5 33 4.9
299 3.0 2.5 3.3 32 4.9
300 3.4 2.5 29 3.1 4.8
301 33 2.6 29 3.0 4.7
302 3.2 2.6 2.8 29 4.6
303 32 2.5 2.8 2.8 4.5
304 3.0 2.3 2.7 2.8 4.4
305 29 2.3 2.7 2.8 42
306 3.0 2.3 2.8 2.7 4.2
307 29 22 3.1 2.6 4.0
308 2.8 2.3 3.0 2.6 39
309 2.8 22 2.9 2.5 3.7
310 2.6 22 2.8 2.3 3.6
311 2.5 22 2.6 2.5 34
312 2.5 2.0 2.6 24 3.1
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313 2.5 2.1 2.6 2.2 3.0
314 2.3 1.9 2.5 2.1 3.0
315 22 1.8 2.3 22 2.8
316 2.1 1.8 2.3 2.0 2.8
317 1.8 1.6 22 2.0 2.7
318 1.9 1.4 2.1 1.9 2.6
319 1.8 1.4 2.0 1.8 24
320 1.6 1.4 1.9 1.7 2.5
321 1.7 1.4 1.7 1.6 2.4
322 1.8 1.4 1.8 14 24
323 1.8 1.5 1.6 1.4 2.5
324 1.8 1.5 1.7 1.3 2.6
325 1.9 1.6 1.8 1.3 2.5
326 1.7 1.4 1.8 1.3 2.3
327 1.7 1.4 1.7 1.2 2.3
328 1.7 1.3 1.6 1.2 2.3
329 1.7 1.2 1.6 1.1 2.3
330 2.0 1.3 1.5 1.1 2.4
331 2.0 1.3 1.6 1.1 2.4
332 2.1 1.5 1.5 1.1 2.3
333 1.9 1.3 1.6 1.0 2.2
334 1.6 1.2 1.4 1.0 22
335 1.6 1.0 1.6 1.2 2.3
336 2.1 0.9 1.6 1.1 2.1
337 2.0 0.9 1.6 1.1 22
338 1.8 0.8 1.4 0.9 2.1
339 1.8 0.9 1.4 0.9 2.0
340 2.0 0.9 1.4 0.8 2.0
341 1.9 0.9 1.2 0.8 2.0
342 2.0 0.8 0.9 0.8 1.7
343 1.9 0.8 0.8 0.8 1.6
344 1.8 0.8 1.0 0.7 1.7
345 1.8 0.7 0.9 0.7 1.7
346 1.9 0.7 1.1 0.8 1.5
347 2.1 0.7 0.8 0.7 1.6
348 1.8 0.7 0.8 0.7 1.5
349 1.6 0.8 0.8 0.6 1.5
350 1.7 0.7 0.8 0.6 1.5
351 1.5 0.5 0.7 0.6 1.6
352 1.6 0.6 0.6 0.6 1.6
353 1.5 0.5 0.6 0.7 1.5
354 1.5 0.6 04 0.6 1.5
355 1.6 0.7 04 0.4 1.3
356 1.5 0.7 0.4 0.4 14
357 1.6 0.8 04 0.3 1.3
358 1.6 0.7 0.5 0.5 1.2
359 1.6 0.8 0.4 0.4 1.2
360 1.3 0.8 0.2 0.4 1.0
361 1.3 0.8 0.2 0.4 0.9
362 1.7 0.8 0.3 0.4 0.9
363 1.4 0.7 0.2 0.4 0.8
364 1.1 0.7 0.5 0.4 1.0
365 1.2 0.7 0.4 0.4 1.1
366 1.1 0.8 0.4 0.6 1.1
367 1.1 0.8 0.3 0.6 1.1
368 1.0 0.5 0.4 0.4 1.1
369 1.0 0.5 0.3 0.5 1.3
370 1.2 0.5 0.2 0.5 1.2
371 1.2 0.5 0.4 0.5 1.0
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372 1.1 0.6 0.7 0.5 1.0
373 1.0 0.6 0.8 0.6 0.9
374 1.0 0.4 0.8 0.5 0.8
375 1.0 0.3 0.8 0.6 0.6
376 1.1 0.4 0.7 0.5 0.6
377 0.9 0.3 0.7 0.4 0.7
378 1.1 0.1 0.7 0.4 0.7
379 1.0 0.2 0.8 0.4 0.7
380 1.1 0.2 0.9 0.3 0.5
381 1.1 0.0 1.2 0.2 0.7
382 1.5 0.2 1.2 0.1 0.7
383 1.4 0.4 1.0 0.0 0.6
384 1.3 0.5 1.0 0.0 0.6
385 1.5 0.6 1.0 0.0 0.6
386 1.5 0.7 0.9 0.0 0.5
387 1.4 0.5 0.7 0.0 0.6
388 1.6 0.4 0.7 0.0 0.6
389 1.6 0.4 0.8 0.0 0.6
390 1.7 0.2 0.8 0.0 0.6
391 1.9 0.0 0.7 0.0 0.5
392 1.8 0.0 0.8 0.0 0.4
393 1.5 0.0 0.7 0.0 0.3
394 1.7 0.1 0.7 0.0 0.4
395 1.2 0.1 0.6 0.0 0.3
396 1.2 0.0 0.5 0.0 0.5
397 1.0 -0.1 0.3 0.0 0.6
398 1.0 -0.1 0.4 0.0 0.7
399 1.0 0.0 0.4 0.0 0.8
400 0.9 0.2 0.5 0.0 0.9
401 1.3 0.2 0.4 0.0 0.9
402 1.1 0.2 0.5 0.0 0.7
403 1.0 0.2 0.4 0.0 0.7
404 1.2 0.4 04 0.0 0.6
405 1.0 0.2 0.4 0.0 0.6
406 1.0 0.1 0.2 0.0 0.4
407 0.9 0.2 0.2 0.0 0.4
408 0.8 0.3 0.1 0.0 0.5
409 0.7 0.2 0.0 0.0 0.4
410 0.6 0.3 0.2 0.0 0.3
411 0.6 0.4 0.3 0.0 0.4
412 0.6 0.3 0.2 0.0 0.5
413 0.4 0.3 -0.1 0.0 0.6
414 0.3 0.4 0.1 0.0 0.6
415 0.3 0.3 0.2 0.0 0.6
416 0.5 0.3 0.3 0.0 0.5
417 0.5 0.4 0.2 0.0 0.8
418 0.6 0.3 0.0 0.0 0.7
419 0.4 0.5 0.1 0.0 0.6
420 0.1 0.6 0.2 0.0 0.7
421 0.3 0.6 0.3 0.0 0.5
422 0.5 0.9 0.4 0.0 0.4
423 0.5 0.9 0.5 0.0 0.5
424 0.7 0.9 0.5 0.0 0.5
425 0.8 1.0 0.6 0.0 0.4
426 0.9 0.9 0.7 0.0 0.5
427 1.1 0.9 0.6 0.0 0.4
428 1.0 1.0 0.7 0.0 0.3
429 1.0 1.0 0.7 0.0 0.2
430 0.9 0.9 0.7 0.0 0.2
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431 0.8 0.9 0.5 0.0 0.2
432 0.5 1.0 0.3 0.0 0.3
433 0.7 0.9 0.2 0.0 0.4
434 0.5 0.8 0.3 0.0 0.3
435 0.5 0.6 0.3 0.0 0.4
436 0.2 0.5 0.3 0.0 0.4
437 0.4 0.7 0.3 0.0 0.3
438 0.1 0.6 0.3 0.0 0.3
439 0.1 0.5 0.3 0.0 0.5
440 0.0 0.3 0.3 0.0 0.5
441 0.0 0.3 0.3 0.0 0.5
442 0.0 0.1 0.3 0.0 0.4
443 0.0 0.1 0.2 0.0 0.5
444 0.0 0.1 0.0 0.0 0.4
445 0.0 0.3 0.0 0.0 0.3
446 0.0 0.1 0.0 0.0 0.4
447 0.0 0.0 0.0 0.0 0.4
448 0.0 0.0 0.0 0.0 0.3
449 0.0 0.0 0.0 0.0 0.3
450 0.0 0.0 0.0 0.0 0.3
451 0.0 0.0 0.0 0.0 0.3
452 0.0 0.0 0.0 0.0 0.2
453 0.0 0.0 0.0 0.0 0.2
454 0.0 0.0 0.0 0.0 0.2
455 0.0 0.0 0.0 0.0 0.1
456 0.0 0.0 0.0 0.0 0.1
457 0.0 0.0 0.0 0.0 0.2
458 0.0 0.0 0.0 0.0 0.2
459 0.0 0.0 0.0 0.0 0.2
460 0.0 0.0 0.0 0.0 0.3
461 0.0 0.0 0.0 0.0 0.4
462 0.0 0.0 0.0 0.0 0.2
463 0.0 0.0 0.0 0.0 0.1
464 0.0 0.0 0.0 0.0 0.2
465 0.0 0.0 0.0 0.0 0.3
466 0.0 0.0 0.0 0.0 0.4
467 0.0 0.0 0.0 0.0 0.3
468 0.0 0.0 0.0 0.0 0.2
469 0.0 0.0 0.0 0.0 0.4
470 0.0 0.0 0.0 0.0 0.3
471 0.0 0.0 0.0 0.0 0.3
472 0.0 0.0 0.0 0.0 0.2
473 0.0 0.0 0.0 0.0 0.1
474 0.0 0.0 0.0 0.0 0.1
475 0.0 0.0 0.0 0.0 0.2
476 0.0 0.0 0.0 0.0 0.3
477 0.0 0.0 0.0 0.0 0.2
478 0.0 0.0 0.0 0.0 0.3
479 0.0 0.0 0.0 0.0 0.4
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