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A B STRATCT

Among the non-contact instruments to measure water velocity in open channels,
two handheld radars are available on the market since ten years. Due to the lack of
information about these instruments, one model was tested in the laboratory and
in the field. The radar was able to estimate the velocity of a water surface within
[p = 0.95] + 0.3 m/s at medium velocities (from 0.3 to 3 m/s) and within + 10 %
of the measured value at large velocities (up to at least 6 m/s). Although this is
not very accurate, the ease of using handheld radars still makes them attractive to
quickly estimate discharge at some gauging stations, safely determine maximum
water velocity during a flood and investigate how water flows under difficult access
conditions (e.g. very shallow channels or the straight part of some spillways).

Even though the tested radar has provided velocity data in the range of what was
expected a priori, some biases were found. On the one hand, the radar was not
working well at too low incidence angles and it was tending to underestimate the
reference data, which could be due to the rather large beam width of the radar.
On the other hand, the radar was tending to estimate a lower velocity when looking
downstream instead of upstream. More studies are necessary to know if this is due
to an inaccurate data processing algorithm of the tested instrument or if this is a
general feature of microwave Doppler radars when used in open channels under
clear weather conditions. Meanwhile, it is a good precaution to compare -whenever
possible- the velocities obtained with a radar looking upstream and downstream.

Keywords: Surface Velocity Radar (SVR); Doppler radar; microwave; water velocity;
open channels; gauging.
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1. I NTRODUT CTTION

In Hydraulics, current meters are light instruments (< 10 kg) designed to measure
the velocity of a small water volume (< 1 dm3). They are useful in open channels
(artificial channels and rivers) to determine the discharge or investigate some certain
hydrodynamic features. The most common instruments for field applications are
[ISO 2007, Rantz & Col. 1982, Turnipseed & Sauer 2010]: mechanical current
meters (MCM), electromagnetic velocimeters (EMV) and acoustic Doppler
velocimeters (ADV). Acoustic Doppler current profilers (ADCP) mounted on
a floating platform can be used as well [e.g. Costa et al. 2006, Szupiany et al. 2007].

When used properly, current meters can accurately determine water velocity:
their uncertainty [p = 0.95] is better than + 0.01 m/s for low velocities (below
~ 0.5 m/s) and * 2 % of the measured value for medium velocities (up to =~ 3 m/s)
[e.g Hubbard et al. 2001, ISO 2007]. Nonetheless, they must be inserted into water,
which is not always practical under field conditions, since it can be time-consuming
(because the operator must get close to the water surface and then control the
immersion depth of the meter), dangerous (especially in case of fast flow, floating
debris or crocodiles), unhealthy (when a meter has to be immersed into waste
water) and costly (a meter repeatedly immersed into water can get damaged due to
corrosion, incrustation, clogging or fouling).
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There is therefore an interest in developing instruments that can measure water
velocity in open channels with no need to submerge them. Such an interest is not
new: forty years ago, an optical current meter (OCM) was developed to measure
velocity at the surface of open channels [Rantz & Col. 1982], but this stroboscopic
device with a telescope is no longer popular. Now, other non-contact techniques
for open channels are emerging. For field applications, the two main techniques
are image velocimetry (LSPIV/STIV) [e.g Fujita et al. 2007, Le Coz et al. 2010]
and Doppler radar (considered in this study). Unfortunately, none of these is still
operational to determine velocity below the water surface (i.e. at a depth > 0.2 m).
In this case, it is worth noting that measuring the water velocity only at the free surface
-instead of measuring it at different depths- is still considered a reliable -although
less accurate- method to estimate discharge in open channels [Rantz & Col. 1982,
ISO 2007]; several researchers are currently testing [e.g Costa et al. 2006,
Lee & Julien 2006, Dramais et al. 2013 ] and trying to improve [e.g. Le Coz et al. 2010,
Negrel et al. 2011] this method.

Among the non-contact instruments to determine velocity in open channels under
field conditions, two handheld radars are available on the market since ten years.
Although they look attractive for their rather low cost (< 4,500 USD) and ease of use
(Fig. 1), little is known about their performances. The goal of this study was therefore
to test a handheld radar to determine the velocity at the surface of open channels.



1.INTRODUCTION

Fig. 1. Different types of sites where the handheld radar was tested:

(a) plane part of a laboratory spillway (case “L.9” of Table 1),
(b) irrigation channel &':ase “E17),
(c) rapid with rolling waves (case “F.4”) and
(d) river with breaking waves (case “F.5”).
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2. B A CKGROUND

2.1. WHAT 1S KNOWN ABOUT THE HANDHELD RADARS ?

A radar is a remote sensing system that sends an electromagnetic signal of a given
frequency to a target and then measures some properties of the signal that is sent
back (time delay, Doppler shift and/or intensity) in order to determine its distance,
speed and/or texture. (1) There are radars of different signal frequencies and designs,
depending on their purpose and level of sophistication [e.g. Ulaby et al. 1981].
In particular, the Doppler radars are designed to determine the speed of a target.

Handheld radars look like a pistol (for this reason, they are often called radar
gun). They can be defined as monostatic (the receiving antenna is near the emitting
antenna) and microwave (they emit a signal in the microwave range) Doppler radar,
designed to be easily transported by a walking person and operated from a steady
position. The current instruments of this type are Continuous Wave (a low cost
technology that does not allow the instrument to measure the distance to a target)
and K-band (operating frequency between 18 and 27 GHz) or Ka-band (operating
frequency between 27 and 40 GHz) radar.

1 The purpose of the first radars was to determine the distance to a target. For this
reason, the word “radar” is an acronym for RAdio Detection And Ranging. Nonetheless,
the word “radar” is now used in a more general sense.

— 9 —
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Handheld radars were originally developed to determine the speed of cars
[e.g Jendzurski & Paulter 2008]. They have also become popular to determine
the speed of animals and sporting balls [e.g. Newton & McEvoy 1994]. The idea
of using similar instruments to determine water velocity in open channels was
patented ten years ago [Smith et al. 2003]. However, determining the velocity of
a water surface is not the same as determining the speed of a single solid object, in
terms of data acquisition and processing. This emphasizes the need to test handheld
radars designed to measure water velocity. There are currently two models of this
type (called surface velocity radar by their manufacturers). Both look very similar for
their shape and specifications; it is worth noting that their (3 dB) beam width is large
in practice (12°) and that they emit a signal with a circular polarization (whereas
the other radars for studying water usually use linear polarization: HH and/or VV).
Although some authors seem to use handheld radars routinely to estimate discharge
in rivers [e.g. Corato et al. 2011], little has been published about their performances:

«  First, the “SVR” model from Decatur Electronics [2011] has an operating
frequency of 24 GHz (K-band). Its claimed uncertainty [p = 0.95] (2) is = 10 %
of the measurement for a range from 0.3 to 9 m/s. A few evaluations of this
instrument [Song et al. 2006, Fulton & Ostrowski 2008, Zolezzi et al. 2011,
Dramais et al. 2011, 2013] suggest that it can indeed estimate surface velocity
within * 10 % for medium to large velocities (= 0.5 - S m/s), but does not always
operate at low velocities (< 0.5 m/s).

«  Second, the “Stalker Pro II SVR” model from Stalker Radar [2008] has an
operating frequency of 35 GHz (Ka-band). Its claimed uncertainty [p = 0.95]
is = 0.2 m/s for a range from 0.2 to 18 m/s. Compared to the previous radar
model, its maximum operating velocity is therefore claimed to be larger (twice)
and it is claimed to be more accurate at large velocities (> 2 m/s). In addition, it
can measure incidence angles smaller than 40° (which can be useful for studying
steep channels). Until now, there is no publication about the performances of
the “Stalker Pro II SVR” radar; this model will be considered below.

2 In the following, any uncertainty that is reported by a manufacturer without specifying
its confidence interval is assumed to be a standard uncertainty [p = 0.68]. In this case, we
report a twice larger uncertainty, considering a 95 % level of confidence [p = 0.95].

— 10 —
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Due to the lack of information about the performances of handheld radars in the
field of Hydraulics, some concepts about the Doppler radar are reviewed in the next
section, in order to better know what can be expected from these instruments.

2.2. PRINCIPLE OF OPERATION OF A HANDHELD RADAR

As for any other fixed and monostatic Doppler radar, a handheld radar determines
the velocity of a target by sending a signal of a given frequency (f, Hz) to the target,
retrieving the backscattered signal and determining its frequency (f, Hz). The
Doppler effect is used by the instrument to internally compute the radial velocity of
the target, that is, the component of its velocity relative to the radar’s line-of-sight
(V,,m/s):

oL e N (1)

where c, is the speed of light through the air (=3 x 108 m/s) and Af =f, - f is the
Doppler shift (negative when the target gets closer and positive when it goes away).
So, unless the radar is placed exactly in front of a moving target, a trigonometric
correction must be applied to estimate the velocity of the target in its main direction
of movement.

Consider a radar oriented in such a way (e.g. from a bridge) so that it looks in the
main direction of a stream (Fig. 2). Provided that the radar signal is backscattered (as
discussed in Section 2.4) and assuming that it is emitted as a narrow beam (as discussed
in Section 4.2), the velocity of the water surface (V;, m/s) can be estimated as:

V

v, = r

sin & (2)

where V, (m/s) is the radial velocity of the water surface and 6 (°) is the radar’s
incidence-angle relative to the water surface.
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At the scale of several metres, it can be usually assumed that the water surface of open
channels is a horizontal plane: this is realistic (with a tolerance of + 1°) provided
that the channel slope is gentle (< 0.017 m/m) and that there is no hydraulic jump.
In this case, the angle 0 of Eq. 2 is simply the incidence angle of the radar (6,),
i.e.the angle between itsline-of-sight and the vertical. Commercial handheld Doppler
radars have a built-in inclinometer, so that they can automatically determine such an
angle and use it to estimate the velocity of a horizontal water surface [ Smith et al. 2003].

Next, the case of a plane but inclined water surface will be also considered. This
situation occurs in steep artificial channels and in the middle part of some spillways.
In this case, the angle of Eq. 2 is: O = 6, -  for a radar looking upstream, and
0 = 0, + P for a radar looking downstream, where f is the slope of the water surface
(0 < B < 90°). In practice, the water surface is often almost parallel to the channel
bottom and edges, which can be easily checked visually. If so, the angle § can be
rapidly estimated by measuring the channel’s slope with the built-in inclinometer of
a handheld radar or any other inclinometer. Nevertheless, it becomes more difficult
to determine the angle 3 when the water surface is curved (as it occurs over many
spillways); such a situation is out of the scope of this study.

@ Radar Looking Upstream Radar Looking Downstream @
=
2

(b)

Fig. 2. Geometrical framework considered to determine the velocity of a free water surface
using the radar (symbols are explained in Section 2.2): the instrument is placed above water
and is looking (a) upstream or (b) downstream.

The water surface is assumed to be a plane, that can be inclined (0 < 3 < 90°).
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2.3. WHICH INCIDENCE ANGLE FOR THE RADAR ?

To reduce the effect of the trigonometric correction (Eq. 2) as much as possible, a
radar should be placed so that it looks at the water surface with a relative incidence
angle as large as possible (8 = 90°, so that sinf = 1). Nonetheless, when a handheld
radarlooking at a water surface is oriented with a too large incidence angle, it becomes
difficult in practice to know at what it is pointing. During this study, no attempt was
made to use the handheld radar with a relative incidence angle larger than 70°.

Assuming that V, and 0 are normally-distributed and independent random
variables [ JCGM 2008], a simple model to estimate the uncertainty of V; can be
derived from Eq. 2; this model is slightly more rigorous than the one proposed by
Fulton & Ostrowski [2008]:

£ 5

' ] Uy, + £ \|l U*(6)
. sin@ o tané ) ' 3)

4

uwy,) =

where U(®) denotes the uncertainty of each variable (at a given confidence level);
please note that the term U(6) must be expressed in radians. Strictly speaking, the
model does not agree with what is claimed by the manufacturers of handheld radars
(Section 2.1); in fact, it predicts that the uncertainty of the surface velocity U(V;) is
neither a constant value nor a fixed proportion of the measured value.

In the case of the studied radar, assuming that its claimed uncertainty is for the radial
velocity: U(V,) = 0.2 m/s [p = 0.95] and considering that the claimed uncertainty
of its built-in inclinometer is: U(6) = 0.07 rad (4°) [p = 0.95] [Stalker Radar 2008],
the expected uncertainty U(V;) can be computed using Eq. 3 for different scenarios
(different values of V; and 0). The results (Fig. 3) suggest that the radar should be
oriented with an incidence angle 6 > 45°, otherwise its uncertainty will rapidly
increase.

— 13 —
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Water velocity, V, (m/s)

Fig. 3. Expected uncertainty of the tested radar (see Section 2.3) as a function of
water velocity (V;) for three incidence angles (8 = 30, 45 and 60°).
The expected uncertainty of two current meters used as a reference is also shown:
an ADV and a Pitot tube (see Section 3.3).

2.4. DETECTION OF A WATER SURFACE BY A MICROWAVE RADAR

To be able to determine the velocity of a water surface, a Doppler radar must first
detect it: the signal sent by the instrument must be reflected by the water in such
a way that it goes back to the instrument and can be processed. This phenomenon
has been studied for SO years in the laboratory and on the sea (for more details,
see Section A.l). Considering that the handheld radar emits microwaves, the
backscattering of its signal by water (at least, for intermediate incidence angles:
20 < B < 70°) is currently described by the Bragg / composite surface theory
[e.g Hasselmann et al. 1985, Plant & Keller 1990, Plant et al. 2004].

— 1 4 —
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On the one hand, the theory considers that the microwaves are mostly backscattered
by small water waves (traveling nearly in the plane of incidence, either toward the
radar, either away from it), i.e. ripples with a wavelength Ag = 6 mm in the case of
the studied radar (for more details, see Section A.2). In open channels, these ripples
can be produced by external factors (the wind and the rain) and internal factors
(the distortion of larger waves and the turbulence of water). On the other hand, the
theory considers that the ripples backscattering the radar signal are mostly driven
by larger water waves (for more details, see Section A.3). In open channels, these
larger waves (gravity-capillary waves and hydraulic boils) are due to the wind and
turbulence of water. On average, they are assumed to move at the velocity of the
water surface.

The above theory predicts that the tested radar will not work if there are virtually no
ripples on a water surface, as it may occur under low water flow and clear weather
conditions [e.g. Plant ef al. 2005] or if there is an oil film on the water [e.g. Gade
et al. 1998]. It also predicts that the raw data recorded by a radar (a time-series
of Doppler shifts) are “noisy”. The main reason for that is that each water wave
(ripples and larger waves) tends to propagate in several directions. So, a radar
should detect water waves that sometimes move faster than the average water
surface (“advancing waves”) and that sometimes move slower (“receding waves”).

Ideally, the histogram of the raw data recorded by the radar (converted into surface
velocities, according to Eqs. 1-2) should have two peaks: one corresponding
to Vi +cg and the other correspondingto V;- cg, where cgisthe phase speed of the water
wavesthatbackscattertheradarsignal.Ifso,processingtherawradardatasimplyconsists
in extracting the midway point between the two peaks. However, it is often difficult
to discern this theoretical couple of peaks with a microwave radar (for more details, see
Section A.3). Inthis case, processing the rawradar data is not straightforward anymore.
If data are not processed carefully, the estimated surface velocity (V;) can be erroneous
up to + cp [Plant et al. 2005]. For the studied radar, cg = 0.3 m/s (Section B.1); it is
worth noting that the minimum expected uncertainty of the radar (computed from
Eq. 3 with 0 = 45°) is close to this value (Fig. 3).

— 15 —
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2.5. DIFFICULTY IN INTERPRETING THE VELOCITY MEASURED
BY A RADAR

Assuming that the data have been averaged over a sufficiently long period of time,
the surface velocity determined by a Doppler radar (V;) can be decomposed as an
algebraic sum of four terms (Fig. 4):

v = Vv + W + U + v (4)
where V'is the drift caused by the underlying current (m/s), W is the drift caused by
the wind blowing in the direction of the radar’s line-of-sight, Uj is the Stokes drift
(m/s) and V is an eventual bias due to the way a radar “sees” a water surface (m/s).
Considering the goal in Hydraulics is to determine the underlying current (V),
taking it to be equal to the surface velocity measured by a radar (V;) may lead to
three types of systematic errors:

«  Wind effect (W) - In practice, the drift of a water surface caused by the wind
can be roughly estimated as [e.g. Plant et al. 2005]: W = 0.02 x Wy, where
Wi (m/s) is wind speed measured at 10 m above the surface. During this study,
the handheld radar was tested under low wind conditions, at most equivalent
to a gentle breeze on the Beaufort scale (W1g < 5.5 m/s); the wind effect was
therefore expected to be rather small (W < 0.1 m/s).

«  Stokes drift (Uy) - The Stokes drift is accounted for by a Doppler radar (as well as
by small surface drifters), but not by a conventional current meter that would be
maintained at a fixed position and just below the water surface [e.¢. Monismith
& Fong 2004]. So, this could be a cause of systematic difference between
the radar and a conventional estimation of water velocity. Nevertheless, the
Stokes drift was expected to be rather small for most of the studied channels:
U, <0.14 m/s, at least in the laboratory (see Section B.2).

+  Biasterm due to the radar (v) - Due to the specific motion of the water waves that
backscatter the radar signal, there may be a systematic difference (v = 0) between
the surface velocity determined by a Doppler radar and the true surface velocity
for a number of reasons; this will be discussed further below (Section 4).

— 16 —
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Microwave radar

e -

) —_—
Wind
Larger waves
and vortices Stokes €
. drift Us
@ Ripples

Underlying €
current V

Fig. 4. Diagram showing which details of a water surface should be “seen”
by the tested radar.

Most of the radar signal is expected to be backscattered by some parts (points on the
diagram) of small water waves (ripples), which should be driven by larger waves.

Although the water waves tend to move in several directions at their own phase speed,
on the average they are assumed to be advected by the underlying current
(the drift caused by the wind was expected to be small for the studied channels);
in this case, the Stokes drift should be in the direction of the current.

— 17 —
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2.6. EXPERIENCE WITH MICROWAVE RADARS IN OPEN CHANNELS

As shown, it is not so simple to use a radar to estimate the velocity of a water surface.
In this context, microwave radars with different configurations have been tested over
open channels over the last fifteen years.

Above all, prototypes [Contreras & Plant 2004, Costa et al. 2006,
Plant et al. 2005, Fulton & Ostrowski 2008] and commercial instruments
[Song et al. 2006, Dramais et al. 2011, 2013, Sung-Kee et al. 2012] fixed
to a bridge (radar looking in the direction of the main stream) have been tested
Prototypes [Costa et al. 2006, Plant et al. 2005] and commercial instruments
[Sung-Kee et al. 2012] located at a channel bank have been also tested. Prototypes
moved across a channel using a cableway [Costa et al. 2006, Plant et al. 2005]
or a helicopter [Plant et al. 2005 ] have been tested as well. It is worth noting that a
radar with an operating frequency of 10 GHz (X-band) and a design very similar to
that of the commercial handheld radars has been described and tested by Lee & Julien
[2006]; nonetheless, it seems to have been forgotten for an unknown reason.

All the mentioned field testing suggest that microwave radar can usually determine
the surface velocity of open channels with an uncertainty [p = 0.95] of £ 0.2 m/s,
which is consistent with that claimed by the manufacturers of handheld radars.
Nevertheless, testing have been conducted in rivers but not in artificial channels
(where the roughness of the water surface may be different due to different
turbulence conditions) and only for water velocities < S m/s.

— 18 —



3. M ATEI RTIALS
A N D M ET H O D S

3.1. SITEsS WHERE THE RADAR WAS TESTED

Based on the literature review (Section 2), it was decided to test the handheld radar
over a series of open channels (Table 1):

«  Wide range of water velocities - The radar was tested for the widest range of
velocities as possible, i.e. from 0.3 up to at least 6 m/s. To achieve this range,
tests were performed not only over horizontal channels, but also over the plane
part of inclined channels (slope as large as 28°). It was not sure whether the
radar would work under clear weather conditions at low velocities (< 0.5 m/s),
and the comparison with conventional current meters was quite challenging
at large velocities (> 3 m/s).

«  Several types of open channels and flow conditions - Compared to other radars
designed to study open channels, the handheld radar can be very easily
transported from one site to another, which makes it possible to rapidly test this
instrument under several flow conditions. For this study, 18 sites were chosen for
testing, with a special interest in artificial channels. The testing was performed
in straight portions of wide (aspect ratio v > S) and narrow (v < S) channels,
with different wall roughness (walls made of glass, acrylic, cement, concrete
or earth and stones). Both subcritical (Froude number Fr < 1) and supercritical
(Fr> 1) flow conditions were considered.

— 19 —
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Clear weather conditions - The radar was tested in the laboratory (13 sites) and
in the field (S sites). In the field, testing was made under low wind (not more
than a gentle breeze) and no rain conditions. Although these conditions are
convenient for the user and should ensure that the water surface is mostly driven
by the underlying current, they are known to be challenging for the radar when
water flows slowly. The water surface may indeed be too smooth to produce
a significant backscattering of the radar signal [e.g. Plant ef al. 2005].

No oil at the water surface - The radar was tested over channels with clear
(laboratory channels and case “F.1” in Table 1), turbid (cases “F.3” and “F.4”)
and very turbid (cases “F.2” and “FS”) water, but not in channels contaminated
by gasoline or detergent (where the presence of an oil film could prevent
the radar from detecting the water surface) [e.g. Gade et al. 1998].

— 20 —
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3. MATERIALS AND METHODS

3.2. CONDITIONS FOR USING THE RADAR

The only parameter for configuring the tested radar was its “power output”, which
was set at 20 mW (as recommended by the manufacturer for taking data close to a
water surface).

After that, taking a measurement with the tested radar was easy: once oriented in the
main direction of a stream, its built-in inclinometer was used to incline the radar to a
desired incidence angle (6, = 90° - ¢,, where ¢, is the grazing angle that was actually
displayed by the radar); the radar was then maintained in the same position and
its trigger was pressed. About 30 s later, the radar was usually displaying a symbol
saying whether water was moving forward or downward and an average velocity data
(Vgm); because the radar has been designed to be used over horizontal channels,
this data is a projection in an horizontal plane of the determined radial-velocity
(V,=Vym x sinf,).

During testing, the radar was operated as follows:

«  Radar oriented in the main-stream direction - The radar was always oriented in
the main-stream direction. So, field testing was made from bridges of gauging
stations. No attempt was made to use the radar from a channel edge; in this case,
there was no need to correct the radar data for the azimuth angle relative to the
channel direction (as done by Lee & Julien [2006]) and there was no concern
with secondary or cross currents (as discussed by Plant et al. [2005]).

«  Radar looking upstream / downstream - Each time, a measurement was taken with
the radar looking upstream and another with the radar looking downstream.
In the laboratory, special attention was paid to locate the radar so that it was
pointing at the same part of a channel. While this was not possible in the field,
the studied channels were long and uniform enough to reasonably assume
that the transversal velocity-profile was the same along the section where the
measurements were taken.
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LABORATORY AND FIELD TESTING OF AHANDHELD RADAR...

Radar located as close as possible to the water surface - As a first approximation
(Section A.S), the tested radar should “see” an area at the water surface
(footprint), which is an ellipse with a transversal diameter: Dy =~ 0.2 x L, where
L (m) is the distance to the surface in the line-of-sight direction. It must be
recognized that this relation applies only if the distance L is larger than a certain
value, which is: Ly= 0.6 m for the studied radar (Section A.4). In the field, the
radar was located at 3 < L < 10 m, resulting in 0.6 < D < 2 m. In the laboratory, it
was empirically (3) located at 0.1 < L < 0.3 m; D this is smaller than Ly resulting
in Dy < 0.12 m. Thus, it was felt that the area sampled by the radar was not too
large (so that the radar data could be used on channels with a width b < 0.3 m
and so that its data could be compared to the data provided by current meters).

Measurements taken rather quickly - Once a first value for the average velocity
was displayed by the radar, the instrument was left to take more data and
average them during < 20 - 40 s. This duration was usually sufficient to achieve
repeatable data with a tolerance of = 0.15 m/s. (4)

Radar’sinclinometer considered asunbiased - According toits manufacturer [ Stalker
Radar 2008], the radar’s built-in inclinometer has an uncertainty [p = 0.95] of
* 4°, This was checked against a comparison with an external inclinometer with a
tolerance < 1° (model “MTi", Xsens Technologies, Enschede, The Netherlands).
Although systematic differences were found, their magnitude was always < 2.6°

(Fig. ).

We relied on the recommendation of a manufacturer [Decatur Electronics 2011],
saying: “The radar gun makes the best measurements, when it is as close to the water surface
as possible”.

During laboratory and field testing, two replicates were performed with the radar
most of the time: one measurement was taken before using reference techniques
(Section 3.3) and the other was taken after. A mean value was computed from the
result of these two measurements.
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3. MATERIALS AND METHODS

Radar always oriented with its handle downward - At the beginning of the study,
some preliminary tests were performed to see how the handheld radar responds
to different orientations: First, it was found that the instrument provides
unreliable incidence angles if its handle is not in a vertical plane (roll angle = 0);
an interpretation would be that the radar’s inclinometer measures the pitch only,
but not the roll. Second, it was found that the tested radar must be oriented with
its handle downward: for unknown reasons, the instrument provides unreliable
velocity data if its handle is upward.

Intermediate incidence angle - The radar was oriented with a relative incidence
angle (0) between 45 and 60° during normal operation. This will be discussed
more in detail further below (Section 4.2).

T 2 TN e
S

o

= ]
o 0 % 7
2

o

: 1 1 1

L S TN R P ——— DN S S B

e Raw data o o
— Sinusoidal fit | |
-4 : . .

0 45 90 135 180

Grazing angle, ¢, (°)

Fig. §. Laboratory verification of the radar’s built-in inclinometer.
The error is the difference between the angle displayed by the radar and the actual angle.

Please, note that the radar displays the grazing angle (¢,),

i.e. the angle between its line-of-sight and the horizontal.
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3.3. REFERENCE TECHNIQUES FOR TESTING THE RADAR
The handheld radar was compared with five other techniques of velocimetry (Table 2):

«  Reference techniques in the laboratory - In the laboratory, three types of
current meters were considered as a reference: an EMV (model “Flo-Mate”,
Marsh-McBirney),an ADV (model “FlowTracker", Sontek/YSI) and a Pitot tube
(model “630” Lambrecht). To estimate the surface velocity in open channels,
these meters were located as close as possible to the water surface (sensor top
at =2 cm below the surface), with special care to avoid cavitation around them
during the measurements (if cavitation was observed, the meter was taken out
and immersed again; if cavitation persisted, the meter’s data were discarded).

If working properly, the EMV and the ADV were expected to be several times
more accurate than the studied radar at low to medium water velocities, whereas
the Pitot tube was expected to be much more accurate at large velocities
(Fig. 3). However, an inter-comparison performed at medium velocities
showed that the EMV data were often in disagreement with the ADV and the
Pitot tube data (Fig. 6); since this was occurring when the water level was
low (< 8 cm), it was concluded that the EMV is not suitable for studying very
shallow open channels (which could be due to the fact that its sensing part is
three times higher than that of both the ADV and the Pitot tube). Therefore,
most of the laboratory testing was conducted taking the ADV as the reference
at low to medium velocities (< 2.5 m/s) and the Pitot tube as the reference
at large velocities.

«  Reference techniques in the field - The above mentioned ADV (“FlowTracker”)
was used in the field as the reference wherever it was possible to immerse it using
a wading rod: low to medium water velocity (< 2.5 m/s) and water surface close
to the bottom of a bridge (< 3 m). When the velocity was not too large but the
water surface was too low (case “F.5” of Table 1), an MCM connected to a cable
with a sounding weight was used as the reference. And when water was flowing
very rapidly (case “F.4”), a simple PIV technique was used (Appendix C.2).
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LABORATORY AND FIELD TESTING OF AHANDHELD RADAR...
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Fig. 6. Laboratory inter-comparison of three conventional current meters used during this
study: (a) ADV (“FlowTracker”) vs. Pitot tube; (b) EMV (“Flo-Mate”) vs. Pitot tube.

Bars show the expected uncertainty [p = 0.95] of each meter (see Table 2).

Please note that the meters were intended to be used to estimate the velocity of a water

surface, therefore the top of their sensing part was located = 2 cm below the surface.
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4.1. GLOBAL PERFORMANCES OF THE RADAR

In this section, the global results obtained with the handheld radar during normal
operation (i.e. with a relative incidence angle between 45 and 60°) are shown.
When tested in the laboratory and looking upstream, the handheld radar was found
(Fig. 7a) to estimate water velocity at the surface of open channels from 0.3 to
at least 6 m/s with an uncertainty slightly better [p > 0.95] than what was expected
at the beginning of this study (Section 2.3). (5) Roughly, it corresponds to:
U(V,) = 0.3 m/s at medium velocities (from 0.3 to 3 m/s) and U(V;) = 0.1 x V
at large velocities. Such an uncertainty is similar to that previously reported for the
other commercial model of handheld radar (Section 2.1) and slightly larger than
that previously reported for other types of microwave Doppler radars that have been
tested in rivers (Section 2.6). Nevertheless, it is worth noting that the handheld
radar was tested over a large set of water velocities (including > 5 m/s) and channel
types (including inclined channels). (6)

More in details, it must be recognized from a regression analysis that the radar data
were significantly lower than the reference data (this will be discussed in Section 4.3).

s Please note that the uncertainty of the reference techniques has been neglected because
it was a priori several times lower than that of the radar (see Fig. 3).

6 Also worth noting is that the radar was satisfactorily tested over a channel covered by
an acrylic sheet (case “L.11”): if the signal emitted by a radar can pass through a solid
material, its frequency will indeed remain the same (contrary to its speed) and the
instrument will therefore be able to properly determine the velocity of a water surface.
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LABORATORY AND FIELD TESTING OF AHANDHELD RADAR...

When tested in the laboratory and looking downstream, the radar was found
(Fig. 7b) to estimate water velocity with an uncertainty still [p = 0.95] consistent
with what was expected at the beginning. Nonetheless, the radar tended to estimate
alower velocity when looking downstream instead of upstream. It was also working
less well over steep channels. On the one hand, it was often taking more time before
displaying a velocity data. And on the other hand, it was more sensitive to its relative
incidence angle: unrealistic (too low) velocity data were determined when 6 was
not large enough (see Section 4.2); this could explain why a velocity data taken
with a rather low incidence angle (6 = 53°) over a very steep channel (case “L.13b”)
is significantly low (see the oval in Fig. 7b).

It could be argued that the laboratory results underestimate the usual performances
of the radar, because it has been tested very close to the water surface (Section
3.2). However, when tested in the field, the radar data (Figs. 7-8) were found to
be consistent with those obtained in the laboratory. In particular, for four cases
(Fig. 8c-f) it was observed that the radar clearly estimated a lower velocity when
looking downstream instead of upstream.

Summarizing, even though the handheld radar has provided velocity data in the
range of what was expected a priori, three biases (to be discussed further below) were
found during this study: (1) the tested radar does not work well at too low incidence
angles, (2) the radar underestimates the reference data and (3) the radar estimates a
lower velocity when looking downstream instead of upstream.
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4.RESULTS AND DISCUSSION

Radar velocity (m/s)

Radar velocity (m/s)

10

10

(a) Radar Looking Upstream
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Fig. 7. Laboratory and field testing of the handheld radar:

radar vs. reference techniques (see Section 3.5).

The results are shown for all the channels listed in Table 1.

The dashed lines show the expected uncertainty of the radar [p = 0.95].
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Fig. 8. Field testing of the handheld radar: horizontal velocity profiles obtained

at the water surface with the radar and with others techniques chosen as a reference.

The results are shown for all the field channels listed in Table 1.
The vertical line on each plot shows the maximum expected radar uncertainty [p = 0.95].
The triangles at the bottom of each plot show the channel edges.
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4.RESULTS AND DISCUSSION

4.2. EFFECT OF THE RADAR’S INCIDENCE ANGLE

Some preliminary tests were performed in the laboratory to see the range of
relative incidence angles (8) for which the radar provides reliable velocity data:
measurements were taken with the radar oriented at different incidence angles,
and the consistency of the radar data was evaluated. In all cases, the slope of the
water surface (f3) was assumed to be the slope of the channel, which was measured
using an external inclinometer (“MTi”). Whereas the radar was expected to work
in the range 20 < 0 < 70° (Section 2.4), the obtained results (Fig. 9) suggest that
it only provides realistic data if its relative incidence angle is large enough: 0 = 40°
for moderately inclined channels (slope 3 < 10°) and 6 = 50° for steep channels

(B> 10°).

4
® Looking Upstream
1< Looking Downstream e——eo "LO9" (B=17°)
0 !
- 3
E
o "L6" (B~3°)
2 2
8
< "L5" (B~1°)
>
§
1 "L1" (B=0°
Z“ B=0°)
------------ © "L2"(B=0°)
0 T T T T T T T T
0 30 60 90

Incidence angle, 0 (°)

Fig. 9. Laboratory testing of the handheld radar: effect of the local incidence angle (8)
on the water velocity (V;) estimated by the radar, when it is looking upstream (circles)
or downstream (diamonds). The results are shown for five laboratory channels
(codes refer to the list in Table 1) with different slopes (f3).
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The radar was found to increasingly underestimate water velocity as its relative
incidence angle decreases from 0 = 35 ° in horizontal channels and 0 = 45° in steep
channels (Fig. 9). This trend was not expected, but rather, it was thought that the
radar would still work satisfactorily for a relative incidence angle as low as 6 = 20°.

« A bias of the radar’s inclinometer ? - The trend cannot be explained by the bias
of the radar’s inclinometer (Fig. §): in a preliminary attempt to correct for this
bias, no significant improvement of the radar’s performances was obtained.

«  An effect of the radar’s beam width ? - The trend could be due to the rather
large beam width (12°) of the studied radar [Anonymous 2013, personal
communication]. An inclined radar with a non-zero beam width should be
indeed more sensitive at incidence angles lower than the nominal one (6). In
this case, the water velocity (V;) should be estimated from the measured radial
velocity (V,) using an incidence angle smaller than the nominal one. Otherwise,
the water velocity will be underestimated (see Eq. 2). However, this effect is
pronounced only for radars with a large beam width (as the tested one) and for
small incidence angles (i.e. as sin = 0).

In this context, it was empirically found that the experimental results shown
on Fig. 9 can be roughly explained (Fig. 10) by assuming that the effective radar’s
incidence angle (6¢) is lower by 4° than the nominal incidence angle (6). (7)

Based on the results of the preliminary testing, the radar was further tested with
a relative incidence angle (6) between 45 to 50° for moderately inclined channels
(B =10°) and between 50 to 60° for steep channels.

7 Due to the lack of knowledge, it was not possible to analyze more in details the effect
of the radar’s beam width (as a radar’s expert could, although it is worth noting that
the radar has not been operated according to the far field condition during laboratory
testing; for more details, see Section A.4).
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Hypothesis: 6° = 0 - 4°
V,=3mls

V,=2mls

V.,=1mis

Simulated radar velocity, V,; (m/s)
N

Incidence angle, 6" (°)
Fig. 10. A simple simulation of the water velocity (V;) estimated by the radar, based on the

assumption that its effective incidence angle (8¢) is lower by 4° than the nominal incidence
angle (8). Three cases of surface velocity (1, 2 and 3 m/s) are shown.
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4.3. UNDERESTIMATION OF THE REFERENCE VELOCITIES

According to a regression analysis, the radar data were significantly different from
the reference data: on the average, the radar data were lower by = S % of the value
when the radar was looking upstream (Fig. 11a), and lower by ~ 8 % of the value
when the radar was looking downstream (Fig. 11b). This trend was not expected:

«  Abad choice of the reference techniques ? - It could be argued that the current meters
used as a reference for testing the radar (Section 3.3) may have underestimated
the velocity at the surface of narrow (i.e. aspect ratio < S) and rectangular
channels, due to the dip phenomenon. However, the radar was also tested at the
central part of trapezoidal channels and of wide rectangular channels, where the
dip phenomenon should not occur [ Tominaga et al. 1989].

«  Aneffect of the Stokes drift ? - There could be a difference between the radar and
the reference data due to the Stokes drift, because it is accounted for by a Doppler
radar, but not by the conventional current meters (i.e. MCC, EMV, ADV and
Pitot tube). Nevertheless, the Stokes drift should be in the direction where the
larger water waves propagate. Considering that the wind was small (see Section
2.5), these waves should have been mostly driven by the underlying current.
In this case, the Stokes drift should have been in the direction of the current: it
cannot therefore explain why the radar data were lower than the reference data.

« A bias of the radar’s inclinometer ? - Contrary to what has been reported for
the other commercial model of handheld radar [Dramais et al. 2013], the
trend cannot be explained by the bias of the radar’s inclinometer (Fig. §): in a
preliminary attempt to correct for this bias, no significant improvement of the
radar’s performances was obtained.

«  Aneffect of the radar’s beam width ? - Although we are not able to analyze in details
the effect of the radar’s beam, the underestimation of the reference velocities is
rather well explained (Fig. 11c-d) by the simple hypothesis (Section 4.2) of an
overestimation (by 4°) of the radar’s effective incidence angle (6¢).
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Fig. 11. Laboratory testing of the handheld radar: radar vs. conventional current meters

located at = 2 cm below the water surface (see Section 3.5).

The results are shown for all the laboratory channels listed in Table 1.
The dashed lines show the expected uncertainty of the radar [p = 0.95].

The results shown on the plots of the right column are based on the assumption that the
radar’s effective incidence angle (6¢) is lower by 4° than the nominal incidence angle ().
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4.4. RADAR LOOKING DOWNSTREAM VS. LOOKING UPSTREAM

The radar was found to usually estimate a lower velocity when looking
downstream (V,down) instead of upstream (V{#). Roughly, the velocity difference
(AV; = Vup - Vdown) was increasing as a function of water velocity, when it was
larger than ~ 1 m/s (Fig. 12). No clear trend was found in AV; as a function of other

quantitative (Froude number, aspect ratio, channel slope) or qualitative (laboratory
or field testing) variables listed in Table 1 (results not shown).

It is still difficult to know why the radar was tending to estimate a lower velocity

when looking downstream instead of upstream: (8)

A wind effect (and an inaccurate data processing) ? - The histogram of the raw
data recorded by a microwave Doppler radar (converted into surface velocities)
is often skewed. Many studies performed in water tanks [e.g. Gade et al. 1998,
Plant et al. 2004] and on the sea [e.g. Plant & Keller 1990] have shown that
this can be due to the wind (even a light air, with a speed as low as = 0.3 m/s),
which produces an asymmetry in the roughness at the water surface (unless the
wind is blowing perpendicularly to the radar’s line-of-sight): (1) if a radar is
looking upwind, it should record a histogram with a larger peak corresponding
to the advancing ripples (V; + cg); (2) on the opposite, if the radar is looking
downwind, it should record a histogram with a larger peak corresponding to the
receding ripples (V; - cg) and (3) under those circumstances, if the radar does
not process carefully the raw data (i.. if it does not extract the midway point
between the two theoretical peaks of the histogram, but computes an average
value, or -even worse- takes the mode), the absolute value of AV, could be
as large as =~ 2 x cg, which is = 0.6 m/s for the studied radar (Section 2.4).

Since most of the observed values of AV, were within + 0.6 m/s (Fig. 12),
they could be due to a wind effect and to an inaccurate data processing.

8

The hypothesis that the radar’s effective incidence angle is overestimated (Sections
4.2-3) cannot explain the trend, because it is not related to the fact that the radar is
looking upstream or downstream.
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Fig. 12. Difference in velocity between the radar looking upstream and downstream (AVy)

.

as a function of the velocity measured by the radar looking upstream (Vup).

A hydrodynamic effect ? - Unfortunately, the wind direction and speed have
not been systematically measured during this study. However, if the observed
values of AV, were due to the wind, the fact that they were usually positive
would mean that the wind was blowing most of the time from upstream in the
studied channels. A few field observations suggest that this was not always true:
above all, the observed values of AV, were usually positive at the “Las Estacas”
channel (Fig. 8b) although a light breeze was coming from downstream. In
addition, larger values of AV, were obtained twice at the same specific part of
the “Amacuzac” river (Fig. 8d-f), although a light air with changing direction
was blowing during testing (for more details, see Section D.1).
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So, it can be argued that some of the observed values of AV, were not due to a
wind effect but to a hydrodynamic effect. However, still little is known about
how a microwave Doppler radar responds to a rough water surface produced by
the turbulence (for more details, see Section A.3):

K/
0‘0

A hydrodynamic effect and an inaccurate data processing ? - The observed
values of AV, could be due to an asymmetry in the roughness at the water
surface produced by the underlying current (instead of the wind) and to
an inaccurate data processing by the radar: (1) the radar looking upstream
would record a histogram of raw data with a larger peak corresponding to
the advancing ripples; (2) the radar looking downstream would record
a histogram with a larger peak corresponding to the receding ripples and
(3) the radar would not be able to properly extract the midway point
between the two theoretical peaks of the histogram.

A hydrodynamic effect only ? - Finally, if the tested radar properly processes
the raw data, the question arises if the observed values of AV are a general
feature of microwave Doppler radars when used in open channels under clear
weather conditions. For instance, a hypothesis based on the distortion of
the larger water waves is proposed in Section D.2 to qualitatively explain the
positive values of AV;. More studies are necessary to verify this hypothesis.
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s. € ONT CLUS STION

Over the last fifteen years, a growing number of studies have shown that Doppler
radar technology is a promising tool to estimate water velocity at the surface of
open channels. In this context, a commercial handheld radar was tested. The testing
covered a broad range of velocities (from 0.3 to at least 6 m/s) and channel types
(including inclined channels). The radar was able to estimate the water velocity
within [p = 0.95] £ 0.3 m/s at medium velocities (from 0.3 to 3 m/s) and + 10 %
of the measured value at large velocities. Although this is not very accurate, the ease
of using handheld radars still makes them attractive to quickly estimate discharge
at some gauging stations and to investigate how water flows under difficult access
conditions.

Even though the tested handheld radar has provided velocity data in the range of
what was expected a priori, some biases were found during this study. On the one
hand, the fact that the radar does not work well at too low incidence angles and that
it underestimates the reference data could be due to the rather large radar’s beam
width. On the other hand, the fact that the radar was usually estimating a lower
velocity when looking downstream instead of upstream is still difficult to explain.

It would be useful to go on testing radars in open channels in order to see if the trends
observed during this study on a single commercial instrument (with an unknown
data processing algorithm) are reproducible or not. If they are, more investigations
conducted by experts would be necessary to improve the estimation of water
velocity at the surface of open channels by microwave Doppler radars: currently,
little is known about how these instruments respond to a rough water surface, when
the roughness is due to the underlying current.
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A.1. DOPPLER RADARS TO STUDY WATER BODIES

Doppler radars have been used in Oceanography for fifty years, to estimate either
the wind above the ocean either the superficial currents [e.g. Hasselmann et al. 1985,
Lipa & Barrick 1986, Chapron et al. 2005 ]. In the last fifteen years, a growing number
of studies have shown that Doppler radars can also determine the surface velocity
of rivers [e.g. Plant et al. 2005, Costa et al. 2006]; different types of instruments
have been developed for this purpose and some are now commercially available
(e.g “RiverSonde” from Codar Ocean Sensors, “Flo-Dar” from Marsh-McBirney,
“RQ-30” from Sommer GmbH). Two broad categories of radar must be distinguished
according to their signal frequency:

«  HF radar - On the one hand, the HF radar [e.g Lipa & Barrick 1986] sends a
signal in the HF/VHF/UHF range (fo= 3 to 3000 MHz), which corresponds
to a wavelength Ay between=0.1and 100m (Ag=c, / fo, withc, =3 x 108 m/s);
this signal is scattered by rather large (gravity) water waves.

«  Microwave radar - On the other hand, the microwave radar [e.g. Plant & Keller
1990] sends a signal in the SHF/EHF range (fo =~ 3 to 300 GHz), which
corresponds to a wavelength Ay between = 0.001 and 0.1 m; this signal is
scattered by small (capillary-gravity) water waves.
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A.2. BRAGG RESONANT CONDITION

The theory of how a radar signal is backscattered by a water surface is not
straightforward [e.g. Hasselmann et al. 1985, Plant & Keller 1990, Elfouhaily &
Guérin 2004, Plant et al. 2004]. On the one hand, it is considered that the radar
signal barely penetrates the water (not more than a few cm for a microwave signal)
[e.g. Ulaby et al. 1986, Plant et al. 2005]. On the other hand, and for a moderately
inclined radar (20 < 6 =< 70°), the theory considers that most of the signal
backscattering will be produced by periodic water waves traveling in front of the
radar (either toward the radar, either away from it) and with a specific wavelength
(Ap, m), which depends on two radar characteristics: the wavelength of the
radar signal (Ao, m) and the incidence angle (6,°). The relation is known as the
Bragg resonant condition (Fig. A.1):

Ay

)‘\ =
? 2 sin@ (A1)

Of course, the real shape of an agitated water surface is quite irregular. In this case, itis
considered that it can be decomposed in a superposition of periodic waves, each one
having a specific wave length. For instance, the frequency of the signal emitted by the
studied handheld radar is f( = 34.7 GHz [Stalker Radar 2008], which corresponds
to a wavelength of Ay = 9 mm. If such a radar is oriented with an incidence angle
0 = 45°, the water waves expected to backscatter its signal should have a wavelength
Ap = 6 mm. In Hydraulics, these small waves (Ag < 17 mm; see Section B.1) are
called ripples (or capillary waves).
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A consequence of the above theory is that the raw data obtained by a Doppler radar
(atime-series of Doppler shifts) above a water surface are “noisy”: the water waves that
backscatter the radar signal do not travel exactly at the mean velocity of the surface
(V), because they also tend to move forward and backward at their own phase speed
(cp; see Section B.1). So, the histogram of the raw data recorded by a radar looking
at a moving water surface (converted into surface velocities, according to Eqs. 1-2)
should ideally show two marked peaks (not necessarily of the same amplitude): one
for the advancing water waves (V; + cg) and the other for the receding ones (V- cp).
In this case, the basic operation of a Doppler radar consists in [e.g Lipa & Barrick
1986, Plant et al. 2005]: (1) recording velocity data for a sufficiently long integration
time, (2) identifying the two largest peaks in the histogram of the velocity data and
(3) estimating the average velocity (Vi) as the midway point between these two

peaks.

Incident and backscattered
radar signal

Ideal
B water surface

Fig. A.1. Diagram of the Bragg resonant condition in case of a monostatic radar.
The resonance occurs if the distance BC (= Ag x sinf)

is half the wavelength of the radar signal (Ag).
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A.3. COMPOSITE SURFACE THEORY (FOR MICROWAVE RADAR)

Compared to a HF radar, the histogram of the raw data recorded by a microwave radar
unfortunately does not always show two marked peaks. This is mostly explained by
the composite surface theory [e.g. Hasselmann et al. 1985 ], which basically considers
that the small water waves (ripples) that backscatter microwaves (Section A.2) are
advected by larger waves:

«  The two peaks of the histogram can be mingled into a single one due to advection by
larger waves - Advection of ripples by larger water waves produces a broadening
in the histogram of the raw radar data for two reasons: (1) the larger water waves
travel at a variety of speeds (depending on their own phase speed) and (2) they
tilt the ripples (producing variations in the local incidence angle of the radar).
In cases where this broadening is not too severe, two peaks can still be detected
in the histogram of the raw radar data. However, severe broadening causes the
two peaks to be mingled into a single broad one [e.g. Contreras & Plant 2004,
Plant et al. 2005].

«  One of the two peaks of the histogram can be sometimes difficult to discern - Under
certain circumstances, it may be difficult to discern one of the two theoretical
peaks in the histogram of the raw radar data. Above all, many studies performed
in water tanks [e.g. Gade et al. 1998, Plant et al. 2004 ] and on the sea [e.g. Plant &
Keller 1990] have shown that this can be due to the wind (even a light air, with
a speed as low as =~ 0.3 m/s), which produces an asymmetry in the roughness
at the water surface (unless the wind is blowing perpendicularly to the radar’s
line-of-sight): (1) if a radar is looking upwind, it should record a histogram
with a larger peak corresponding to the advancing ripples (V; + cg); (2) on the
opposite, if the radar is looking downwind, it should record a histogram with a
larger peak corresponding to the receding ripples (V; - cg).

For the above reasons, complex algorithms can be necessary to properly estimate
an average velocity (V;) from the histogram of raw data recorded by a microwave
radar: if data are not processed carefully (i.e. if the midway point between the two
theoretical peaks of the histogram is not extracted), the estimated surface velocity
(V;) can be erroneous up to * cg, where cg is the phase speed of the water waves
(ripples) that backscatter the radar signal [Plant et al. 2005 ].
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It is worth noting that the composite surface theory has been extensively verified
when the roughness at a water surface is due to the wind, but not so much when it is
due to water turbulence:

«  Roughness due to the wind - The effect of a roughness caused by the wind has been
investigated in the sea [e.g. Plant & Keller 1990] and in water tanks exposed to a
blower [e.g. Plant et al. 2004]. As said, the wind can produce a skewed histogram
of the raw radar data. (9)

«  Roughness due to the distortion of larger water waves - The effect of a roughness
due to the distortion of larger water waves (i.e. the production of the so-called
bound waves) has been also investigated in the sea [e.g. Plant 2003] and in water
tanks exposed to a mechanical agitation [e.g. Gade ef al. 1998] or to a blower
[e.g. Plant ef al. 2004]. In this case, the effect of the distortion of larger waves
on the response of microwave radars was found to be quite similar to the effect
of the wind [Plant et al. 2005].

«  Roughness due to the rain - Rain drops falling on a water surface typically
produces ring waves. In this case, the two theoretical peaks in the histogram
of the raw radar data can be easily identified [eg. Contreras & Plant 2004,
Plant et al. 2005].

«  Roughness due to the turbulence - The effect of a roughness due to the water
turbulence still has not been investigated extensively. Although some studies have
been performed in rivers in the last fifteen years, the experts [Plant et al. 2005]
consider that “when the short waves are produced by turbulence, the azimuth angle
dependence of their intensity has not been well established to date”. In this context,
it is worth noting that we could not find in the literature a study about Doppler
radar performed in laboratory channels with flowing water.

9 An extreme situation is when the wind is blowing nearly in front or behind the radar
(under no rain conditions): in this case, the smaller peak in the histogram of the raw
radar’s data can be so small (in fact, it can disappear into the noise baseline), that it
becomes very difficult to properly process the radar data, unless the wind direction is
known [Plant et al. 2005].
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A.4. FAR FIELD CONDITION

From a theoretical point of view, the data obtained with a radar are more difficult to
interpret if the distance between its antenna and a target (L) is too small [Ulaby et al.
1981]. For this reason, radars are usually operated according to the far field condition,
i.e. so that the distance L is larger than a minimum value (Lg); for a circular antenna
(as the one of the studied radar), it is:

L, = (A2)

where D is the antenna diameter (m) and A is the wavelength of the radar signal
(m). For the studied radar, Ay = 9 mm (f = 34.7 GHz) and D = 50 mm (diameter
of the front part), which gives: Lg = 0.6 m. So, it must be recognized that the radar
has not been operated according to the far field condition during laboratory testing
(Section 3.2); rather, it has been located at a distance to the water surface between
0.1 and 0.3 m, which corresponds to the so-called Fresnel zone [Ulaby et al. 1981].
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A.5. FOOTPRINT OF THE STUDIED RADAR

Under the far field condition (Section A.4), the area “seen” by a radar (footprint)
can be estimated with simple geometrical calculations (Fig. A.2). Assuming that the
signal is sent as a cone, this area should be an ellipse with the following longitudinal
(Dy) and transversal (D) diameters:

DL

L cos(60) {tan(@-&-gj - tan(e—g” (A.32)

D, 2 L tan[ r j
2 (A.3b)

where L (m) is the distance between the radar and the water surface in the line-
of-sight direction, 6 (°) is the local incidence angle and y (°) is the aperture of the
cone containing most of the radar signal (3 dB beam width). Considering y = 12°
[Stalker Radar 2008] and 6 = 45° (the typical incidence angle of the radar used
during this study), it gives Dy~ 0.2 x L and D = 0.3 x L.

b,

Fig. A.2. Diagram of the radar footprint, in the plane of incidence
(assuming that the radar is operated according to the far field condition).
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B.1. PHASE sSPEED

The phase speed of a water wave is the velocity at which its shape (crests and troughs)
moves along the water surface. For a deep open channel (water depth h large
enough, so that: k x h >> 1), the phase speed of a (gravity - capillary) water wave is
[e.g. Ulaby et al. 1986]:

g o,k
+
k P (B.1)

where k =2 x 7 / A is the angular wavenumber (m-1), A is the water wavelength
(m), O, is the water’s surface tension (= 73 x 10-3 N/m), p,, is the water density
(=1000 kg/m3) and g is the acceleration of gravity (= 9.8 m/s2). (10) For instance,
the water waves expected to backscatter the signal of the studied radar should have
a wavelength Ag ~ 6 mm (Section A.2); in this case, their phase speed should be
cg=0.3m/s.

10 According to Eq. B.1, the phase speed of water waves must have a minimum value
(¢min = 0.23 m/s) at one particular wavelength, which is: L,,,;, =17 mm. The properties
of water waves with a wavelength larger than L,,;, are mostly controlled by the
acceleration of gravity (i.e., the first term of Eq. B.1): this is the gravity wave regime.
On the opposite, the properties of water waves with a wavelength smaller than L,,;, are
mostly controlled by the surface tension (i.e., the second term of Eq. B.1): this is the
capillary wave regime.
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B.2. STOKES DRIFT

The Stokes drift is a displacement of a water surface produced by the water waves
themselves. Due to this phenomenon, a water surface moves faster than what advects
it (the combined effect of the wind and the underlying current). This is because:
(1) water particles rotate into the waves (orbital motion) in the direction of what
advects the surface and (2) the speed of particles at the crests of a water wave is
forward and slightly larger than the speed at the troughs, which is backward.
For gravity water waves (A >> 17 mm), the Stokes drift at the water surface is
[e.g. Monismith & Fong 2004]:

cosh(2kh)

B.2
2 sinh’(kh) (B22)

U, = (ak) ’ Caw

g tanh(k h)

OF ¥ = A (B.zb)

where k = 2 x 7t / A is the wavenumber (m1), A is the wavelength (m), a is the
wave amplitude (m), & is the water depth (m) and g is the acceleration of gravity
(=9.8 m/s2). Two situations must be distinguished for the studied channels (Table 1):

«  Laboratory channels - Considering: h = 0.03 m, A = 0.2 m and the fact that there
was no breaking waves (that is: a < 0.072 x A [e,g. Gemmrich 2005]), a rather
small Stokes drift was expected in the laboratory: U; < 0.14 m/s.

«  Field channels - Considering: h = 0.25 m and A = 1 m, the Stokes drift may

have been sometimes large in the field: U; = 0.27 m/s, even in the case of
non-breaking waves.
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B.3. FROUDE NUMBER

Considering a channel with shallow water waves and a trapezoidal cross section, the
Froude number (Fr) was computed as:

) V
Fr = m \
B+b
T h
° [ 2B J (B'3)

where V,,, is the mean water velocity in the channel (m/s), h is the water depth (m),
b is the channel width at the bottom (m), B is the channel width at the surface (m)
and g is the acceleration of gravity (= 9.8 m/s2).

The mean velocity was estimated as: V,,, = K x V;, where Vj is the surface velocity
(m/s) measured at the center of a channel and K is a coefficient (-). Considering that
most of the studied channels were wide (aspect ratio v > 5), we took k = 0.852~0.72
[e.g. ISO 2007, Le Coz et al. 2010].
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C.1. PitoT TUBE

The Pitot tube is a current meter often taken for granted today [Brown 2003].
Although often used in Aerodynamics (e.g. to determine the speed of an airplane),
it is not anymore commonly used in Hydraulics. However, the Pitot tube is still
attractive to measure large water velocities, at least in the laboratory.

A commercial Pitot tube (model 630, Lambrecht, Germany) connected to two
water manometers was used to determine the velocity in laboratory channels
(Fig. C.1). In this case, the water velocity was computed as:

Vo= 2¢ AR (C.l)

where Ah is the measured difference in level between the two manometers (m) and
gis the acceleration of gravity (= 9.78 m/s2 in Cuernavaca, Mexico). The theoretical
uncertainty of the Pitot tube is deduced from the previous equation [ JCGM 2008]:

o g Ly
uwy = 5 AR U(AR) (C.Z)

where U(Ah) is the uncertainty of the measured difference in level; during this
study, an uncertainty [p = 0.95] of + 0.01 m was easily achieved.
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Fig. C.1. Pitot tube: (a) instrument, (b) water manometers and (c) laboratory testing.

C.2. PARTICLE IMAGE VELOCIMETRY

To estimate the surface velocity at the “Tepalzolco” rapid (Fig. C.2), a simple PIV
technique was used: (1) some marks were left on the channel edges (spacing = 1 m),
(2) a video camera placed in the center of the channel was used to film the water
surface (upstream and then downstream, speed of recording = 30 frames/s),
(3) assuming that the camera’s objective was not producing too much distortion,
the recorded images were digitally processed so that a grid was drawn over the plane
corresponding to the water surface and (4) the number of image-frames necessary
for a floating object (whitecap) to travel over a given distance was manually counted.
A single velocity data was then estimated as:

V. = ALIA (C3)

where AL is the travelled distance (m) and At is the measured duration (s).
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The theoretical uncertainty of the technique is deduced from the previous equation
[JCGM 2008]:

- v, U )’ c
U{V)_I(x[AL]+[ m] (C4)

At the “Tepalzolco” rapid, the water velocity was V = 9 m/s and the observable
distance was AL = 3 m, which gives At =~ 0.3 s. Considering U(AL) = 0.05 m and
U(At) = 0.016 s (i.e. half a video frame), the uncertainty [p = 0.95] for a single
velocity estimation was expected to be U(V) = 0.5 m/s. Because this is not accurate,

30 replicates were made, which should give the following uncertainty for the average:
U(v°)=U(V) /v 30=0.1m/s.

Itis worth noting that a classical LSPIV algorithm [e.g. Le Coz et al. 2010] would have
been difficult to use at the “Tepalzolco” rapid, because the flow field was not steady
at a short time scale due to rolling waves passing every = 6 seconds. In this case, the
simple PIV technique was used to estimate three surface velocity data: in front, at
the crest and behind the rolling waves. After that, a mean value was computed from
these data (Table C.1).

00:00:11:10

Fig. C.2. PIV at the “Tepalzolco” rapid: digitized image.
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Table C.1. Surface velocities estimated by a simple PIV technique

at the middle part of the “Tepalzolco” rapid (code “F.4” of Table 1).

Estimated velocity (m/s) (2)

Camera
entati
orientation In front of At the crest Behind Mean
the rolling waves  of rolling waves  the rolling waves value
Looking 8.0 9.5 9.1 8.9
Upstream (0.3) (0.3) (0.3) ’
Looking 7.7 9.7 9.1 38
Downstream (0.6) (0.6) (0.5) )

(2) The mean and the standard deviation of 30 replicates are shown.
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D.1. WIND CONDITIONS DURING FIELD TESTING

Except at the “Valsequillo” channel (case “F.3”) where the wind was blowing more
than usual (Fig. D.1a), we have unfortunately not measured the wind speed during
the testing of the handheld radar. However, some qualitative observations -based
on human sensations and the observation of trees- about the wind direction and
intensity have been made in the field (Table D.1). These observations suggest that
the hypothesis of a wind effect (Section 4.4) is not sufficient to explain the observed
velocity differences between the radar looking upstream and downstream (AV):

«  “Valsequillo” channel (case “F.3”) - It must be recognized that the wind was
coming from upstream during testing at the “Valsequillo” channel. Nonetheless,
the velocity difference AV, was larger at a specific part of the channel, i.e. near
the right bank (Fig. 8¢). This could be due to more turbulent flow conditions
(Fig. D.1b), caused by a channel curvature located upstream.

«  “Tepalzolco” rapid (case “F.4”) - Although no attempt was made to determine the
wind speed and direction very close to the water surface, there was virtually no
wind = 2 m above the surface during testing at the “Tepalzolco” rapid. In this
case, the velocity difference AV (Fig. 8d) could be due to the passing of rolling
waves (Fig. D.1c).
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«  "Amacuzac” river (cases “F.Sa” and “ESb”) - During testing at the “Amacuzac”
river, the velocity difference AV, was larger at a specific part of the river,
i.e. between the middle and the left bank (Figs. 8e-f). This could be due to more
turbulent flow conditions with water waves breaking downward (Fig. D.1d),
probably caused by a rocky bottom located upstream.

«  “Las Estacas” channel (case “F.1”) - Although the wind was coming from
downstream during testing at the “Las Estacas” channel, there was no evidence
of negative velocity differences AV, (Fig. 8b), as one would expect in case of a
wind effect (Section 4.4).

Table D.1. Wind conditions during the field testing of the studied radar.

Wind (2) Comment about
Code Site - the water surface
Intensity Cfomlng at the studied channels
rom
El ( ZI;c;slI;s/tg (Cﬁsl) Light breeze Downstream at t}Sls rrrrllfdtzl(ig ;)art
of the channel
Tuxpan .
F2 (07/06/2011) Calm n.a. Low agitated water surface
Valsequillo More turbulence (and foam)
E3 (20/06/2012) Gentle breeze  Upstream near the right bank
Tepalzolco Rapid
e with rolling waves
E4 (21/06/2012 Calm na h rolling
Amacuzac
ESa (15/08/2012) Changin River with breaking waves
" Light air directgi o r‘? between the middle part
EsSb macuzac and the left bank
(21/08/2012)

(2) According to the human sensations and the observation of trees.
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(b)

(@

Fig. D.1. Water surface at some channels where the radar was tested:

(a) “Valsequillo” channel (code “F.3”) where the maximum wind intensity (a gentle breeze)
was observed, (b) “Valsequillo” channel (code “F.3”) seen from upstream and with more
turbulence (and foam) near the right bank, (c) “Tepalzolco” rapid (code “F.4”) seen from

downstream and with rolling waves and (d) “Amacuzac” river (code “F.5”) seen from

downstream and with breaking waves near the left bank.
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D.2. A HYPOTHESIS ABOUT MICROWAVE RADARS UNDER CLEAR

WEATHER

The fact that the tested radar does not provide the same average velocity data when
looking downstream or upstream (Section 4.4) could be due to a combination

of two phenomena:

Orbital motion into water waves - Due to the orbital motion into waves, a water
surface does not move only horizontally, but also vertically. A Doppler radar
should be sensitive to this vertical movement [e.g. Romeiser & Thompson 2000,
Plant et al. 2004, Chapron et al. 2005]. Nevertheless, if the water waves that
backscatter its signal (i.e. ripples for a microwave radar) cover the entire water
surface, this phenomenon should only broaden the histogram of velocities
recorded by the radar, but not affect the average velocity computed from this
histogram (unless the averaging time is short; [e.g. Romeiser & Thompson 2000]).

Uneven spatial distribution of ripples - Under clear weather conditions (no rain
drops or wind blowing), the ripples that backscatter microwaves (at least
those emitted by a Ka-band radar, as the tested one) are however probably not
evenly distributed over the water surface. Many of these are indeed produced
by the distortion of steep larger waves, and in this case, several theoretical
[e.g. Hung & Tsai 2009] and laboratory [e.g. Gade et al. 1998, Plant et al. 2004]
studies have shown that their distribution depends on the wavelength of the
carrier waves (Ac): although ripples tend to be located over the whole surface
of small carrier waves (Ac < 0.05 m), they tend to be located only at the forward
part of intermediate waves (0.05 < Ac < 0.3 m; due to wave distortion) (11) and
at the crest of the largest ones (A = 0.3 m; due to micro-breaking).

11

In this case, the wavelength of ripples is larger near the crest of larger waves and smaller
further from the crest.
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APPENDIX D. SOME COMMENTS ABOUT TESTING

So, if a microwave radar only detects ripples located on a very specific part of larger
waves, the histogram of the recorded radial velocities should be shifted by a quantity
that is the projection of the velocity vector at this specific part (V(:,,.) over the radar
line-of-sight. In this case, the average velocity computed from the histogram of radial
velocities would depend on the radar incidence angle. Given this argumentation, the
fact that the studied radar estimated a lower water velocity when looking downstream
instead of when looking upstream could be qualitatively explained if the ripples that
backscatter its signal are located at the forward and bottom part of larger water waves,

because 1, is oriented upward and backward in this case (Fig. D.2).
So, the question is open to know if the trend observed during this study is due to
an imperfection in the studied radar or to a general feature of microwave Doppler
radars when used in open channels under clear weather conditions. If this is a general
feature, the question that follows would be to know if the trends can be corrected
with an appropriate data processing algorithm (see Section A.3); unfortunately,
the one used by the studied radar is a “black box” and it is not possible to retrieve
the raw radar data (i.e. a time-series of Doppler shifts recorded during one velocity
determination) in order to guess how they are processed.

Radar Radar
Looking Upstream Looking Downstream

Orbital motion
into large waves

Fig. D.2. Hypothesis for qualitatively explaining why the tested radar was usually
estimating a lower velocity when looking downstream instead of upstream: under clear
weather conditions, the ripples that backscatter the radar signal would be located only at the
forward and bottom part of larger waves, where the surface velocity vector (1.’(:”_)
is oriented upward and backward.
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