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Aerated flows pose both challenges and opportunities in the measurement of free water surface. In this study, an
amplitude-modulated continuous wave scanning LIDAR device was used to measure a distance from the device
sensor to the water column surface subjected to different degrees of aeration, while reference measurements were
performed by high-speed imaging. Different aeration conditions were generated by variation of the air flow rate
supplied to the liquid and by using perforated plates with different hole arrangements. The LIDAR device was
shown to produce level readings consistently below visible water levels. The measurement error of the LIDAR
method is largely determined by the volume fraction of air in water and was lowest at about 0.1 air volume
fraction. The error increases linearly until a very high air volume fraction (i.e., above 0.55), while the LIDAR
method also performs poorly in unaerated water. Although the measurement uncertainty of LIDAR in the range
of aerated water is by at least an order of magnitude higher than in the case of measuring dry solid surfaces, the
method is viable for free surface measurement under low to moderate aeration conditions that don’t produce

excessive foaming.

1. Introduction and background

Aerated free-surface flows commonly occur in both natural and man-
made hydraulic structures, particularly in spillways [1,2], channel
confluences [3], fish passages [4] and flows across rough channel beds
[5]. Flows encountered in such hydraulic structures undergo varying
degrees of air entrainment (also known as self-aeration), the mechanism
of which has been investigated extensively [6-8]. The field of experi-
mental hydraulic measurements, instrumentation and data processing
has seen many decades of research, with review available in several
monographs [9-11]. Nevertheless, in measurement of the liquid’s free
surface topography, the presence of complex turbulent multiphase flow
structures such as entrained air bubbles dictate a different selection of
measurement methods than in unaerated, low fluctuation flows [12].
There are numerous different methods for measuring the free water
surface, a recent review provided by Rak et al. [13]. Point measurements
methods can be conducted by instruments such as U-manometers [14],
point gauges [5], wave probes [15] or ultrasonic devices [16]. Although
accurate, these methods can be time-consuming if an extensive or
complex free water surface topography is to be measured, don’t allow
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for measuring unsteady flows, are intrusive (except for ultrasonic dis-
tance meters) and often perform poorly with turbulent and aerated flows
[17]. To address these issues, non-contact (remote sensing) optical
methods based on laser ranging [3,18,19], laser triangulation [20], or
camera imaging through sidewalls [21,22] and by 3D-stereoscopic al-
gorithms [23] were investigated recently. Rapid advances in both
measurement hardware and data processing algorithms have made these
non-contact methods a viable alternative to more time-consuming and
mostly intrusive conventional methods.

Laser ranging is one of the more widely used remote sensing free
surface measurement methods and is better known under the name of
light detection and ranging (LIDAR). The robustness and versatile use of
the LIDAR method is reflected in a number of different fields of appli-
cation in terrestrial scanning [18,24,25] as well as free surface flow
measurement including hydraulic jumps [19,26,27], undular tidal bores
[28] and confluence flows [3]. LIDAR technology operates by emitting a
laser beam towards the surface of interest where it is partly reflected to
the receiver, and the most established method for calculation of the
distance to the surface is by time-of-flight (ToF) measured from phase
shift of the amplitude-modulated laser [17], although
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frequency-modulation-based techniques have also seen significant de-
velopments and prominence recently [29]. When ranging free water
surface, laser light reflection can be either of specular type (reflection
angle equals beam incident angle) or diffuse type where reflection oc-
curs in a broad spectrum of angles [17]. Several studies [17,19,30] have
so far determined LIDAR to be best suited for fully aerated flows while
performing poorly in unaerated or partly aerated flows. In the absence of
entrained air, droplets, and other features that enhance the free surface
roughness of water, laser light reflections are predominantly of the
specular type and can only be detected by the device receiver for a very
narrow range of reflection angles [18]. On the other hand, when water is
sufficiently aerated, diffuse reflection is more likely as the emitted laser
beam is diffusely reflected off the bubbles on the water surface as well as
those submerged below the surface [17].

Having said that, mechanisms of flow aeration are highly complex
and vary depending on the type of hydraulic structure and the inflow
conditions [31,32]. Apart from entrained bubbles, droplets emerging
from the free water surface can also have a substantial effect on the
performance of ranging measurements [33]. Rak et al. [17] utilized a
glass tank with a calm water surface to study the effect of flow aeration
and foaming on the accuracy of the LIDAR measurement method. Re-
sults showed a reduction in the water level measurement error for
aerated flow with soap foam as opposed to unaerated flow and foam-free
aerated flow, while the water depth had little effect on the measurement
error.

While several studies so far have demonstrated a positive effect of
flow aeration on LIDAR measurement accuracy and reliability, this
paper aims to investigate the effects of aeration parameters on the
performance of LIDAR free water surface ranging on a quantitative level.
These parameters will include bubble size and concentration, as well as
varying degrees of free water surface level fluctuations due to the
surfacing of bubbles. Results of the present study are expected to
improve the understanding of flow aeration on laser ranging measure-
ment uncertainty, and the method’s applicability to hydraulic engi-
neering measurements under different flow conditions.
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2. Materials and methods

The principal challenge in investigating the flow aeration effects on
LIDAR performance is building an experimental rig enabling controlled
and repeatable generation of immersed air bubbles. One of the possible
approaches was proposed by Chanson et al. [34] who employed a
plunging water jet and an induction trumpet to draw the air into the
wave flume filled with liquid (freshwater and seawater were used)
through a narrow gap. In this study, the volume fraction of entrained air
was measured by a phase-detection probe and signal processing thereof
utilizing a bubble counting algorithm. In the present study, we propose a
different aeration mechanism based on the injection of air bubbles and
high-speed imaging as the reference method for measuring the free
surface level and air volume fraction. The aerated flow was generated in
a vertical cylinder-shaped column opened at the top (Fig. 1). The column
(plexiglass tube of 0.5 m length and 94 mm internal diameter) was
divided into two sections separated by a replaceable plastic perforated
plate with a matte surface. Pressurized air was fed into the lower section
at a flow rate measured via a rotameter and controlled by adjusting the
air pressure that was measured immediately below the column. The
column section above the perforated plate was filled with water,
resulting in the formation of bubbles above the plate that moved up-
wards towards the water surface. Three different plates with circular
perforations (perforation diameter d of 0.2, 0.32, and 0.5 mm) were used
at flow rates Q between 0 and 70 L/min. Perforation spacing § (equal in
both horizontal directions, Fig. 1) was 11 mm for plates with 0.2 mm and
0.32 mm holes (resulting in porosity of 0.027 % and 0.069 %, respec-
tively), while 0.5 mm holes were spaced 16 mm apart (resulting porosity
of 0.096 %). In this manner, multiphase flows with varying air volume
fractions and mean bubble sizes were generated (Fig. 1).

The water surface level of the aerated flow in the column was
measured by a SICK LMS4121R-13000 two-dimensional laser scanner
based on LIDAR technology (SICK AG. “[35]. The device operates on an
amplitude-based continuous wave (AMCW) phase correlation technique
to determine ToF and resulting ranging distance. The laser beam (visible
red, 650 nm wavelength, 1 mm diameter) was manipulated by a rotating
prism, achieving a scanning angle of 70°, an angular resolution of 1/12°
(a total of 841 measurement points per scan) and a scanning rate of 600

diffuse LED
light source

perforated

Fig. 1. Experimental set-up for laser ranging of the surface of aerated water column.
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profiles per second. The scanner’s recommended operating range was
between 0.7 m and 3 m from the device emitter/receiver to the object of
interest, while its systematic error quoted by the manufacturing was
expected to be within +1 mm for ranging measurement of solid surfaces.

Prior to the start of aeration, the column was filled with
Hp =110 mm of water (measured from the perforated plate to the water
level). The LIDAR device was installed above the column 800 mm from
the perforated plate measured from the midpoint position of the laser
scanning angle where the laser beam pointed vertically into the center of
the plate. Such an arrangement was selected to ensure that measured
distances fell close to the recommended minimum measurement dis-
tance, thus minimizing the measurement uncertainty and maximizing
available angular scanning resolution across the liquid column. Since
the scanning angle of the LIDAR device (70°) was much larger than the
actual angle where aerated liquid was present (about 8°), the ranging
data outside of this region was discarded.

To assess the measurement performance of the LIDAR device,
reference water level measurements were conducted by a high-speed
camera (Fastec HiSpec 4 Mono, 1696 x 1080 pixels region of interest,
600 frames/s, 0.085 mm pixel size, 40 ps shutter time, Nikkor 50 mm f/
1.2 lens with f/4 aperture) recording in the focal plane identic to the
laser scanning plane. The camera’s focal plane was illuminated by
diffuse LED lighting mounted on the opposite side of the liquid column
so that light was transmitted through the liquid. Due to the large
rejection rate of LIDAR data (about 80 %), the comparison of instanta-
neous free surface profiles to imaging measurements was not feasible,
and a time-averaging statistical approach was employed instead across a
data acquisition period of 2.0 s for both methods (data acquisition for
both methods was synchronized to the same time interval).

In our experiments, the water depth H (Fig. 1) was measured indi-
rectly by measuring the distance L between the LIDAR receiver and the
water surface and subtracting it from dry column distance (deeper water
results in lower distance L). The measurement uncertainty of measuring
H can vary significantly depending on the measurement setup (namely,
depth H, distance L, and LIDAR specifications). In a measurement
arrangement shown in Fig. 1, L is much larger than H, thus the relative
measurement uncertainty of depth measurement is also higher
compared to the measurement of L — by a factor of L/H. For the sake of
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the present-investigation result comparability to other studies, our
analysis will focus on the measurement accuracy of LIDAR distance
measurement near the lower end of the measurement distance range.

3. Results and discussion
3.1. Aeration phenomena and flow regimes

The effect of aeration on flow conditions inside the column is shown
in Fig. 2 expressed in dimensional (aeration flow rate Q) and nondi-
mensional terms as air volume fraction a:

H,

—1-
= L-L

@

In Eq. (1), Hy = 110 mm is the initial unaerated water depth,
Lp =800 mm is the distance from the perforated plate to the receiver and
L is the distance to the free surface measured by LIDAR (i.e., ranging
distance). Evidently, as the flow rate of injected air increased from 0 to
70 L/min (a = 0 ... 0.394), the water surface was gradually elevated
from 110 mm to 230 mm and became increasingly perturbed, with
visible foaming and droplet ejection above the surface. Also, when the
aeration flow rate exceeded 20 L/min (@ = 0.228), the aerated liquid
became completely opaque.

A closer view of the free water surface region shown in Fig. 3 for
different operating conditions reveals that aeration rates below 10 L/
min (a = 0.141) produce a stable water surface with little foaming and
visible individual submerged bubbles as well as low amplitude waving.
As Q is further increased, the surface is destabilized by the onset of large
amplitude waves, and the upper boundary of foaming bubbles moves
further away from the boundary of bulk liquid. Also, as demonstrated by
Fig. 4, under low and medium aeration conditions (consider the example
of Q = 10 L/min), the liquid surface waves visibly intermix with foamy
structures containing mostly air. However, at higher aeration rates,
(consider examples of Q = 20 L/min and 40 L/min), the oscillations of
bulk liquid are no longer visible due to high bubble foam concentration
rendering the liquid opaque. The mean bubble diameter near the free
surface at 10 L/min can be visually estimated to 3.4 mm for 0.2 mm
holes, 4.7 mm for 0.32 mm holes, and 5.3 mm for 0.5 mm holes and does

10 L/min
a=0.141

unaerated
a=0

20 L/min
a=0.228

40 L/min
a=0.339

70 L/min
a=0.394

Fig. 2. Aeration flow rate effect on water in the column (d = 0.5 mm, § = 16 mm).
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2 L/min (a=0.076) 5 L/min (a = 0.130)

10 L/min (a0 = 0.222)

20 L/min (a = 0.323)

40 L/min (a = 0.523)

Fig. 3. The effect of aeration flow rate on water in the column (d = 0.32 mm, § = 11 mm). The region between the bulk liquid boundary and the upper boundary of

foaming air bubbles is marked by a double-pointed arrow.

Fig. 4. Temporal development of flow structures for two aeration rates (d = 0.32 mm, § = 11 mm). Upper row: Q = 10 L/min (a = 0.222), lower row: Q = 40 L/min

(a = 0.523), frame separation 25 ms.

not vary significantly in the 5 ... 20 L/min range of Q. Due to the high
bubble concentration, it was not possible to determine bubble diameters
at higher aeration flow rates. For this reason, LIDAR performance will be
assessed concerning the air volume fraction in the water that can be
measured more reliably.

3.2. LIDAR and image processing result comparison

To obtain reference water levels, high-speed images were processed
in MATLAB using the following methodology. First, the complete image

e

sequence was loaded as a 3D matrix consisting of 1169 monochrome
images represented by 8-bit matrices with 1696 x 1080 elements. Then,
each image was cropped in the horizontal direction to the width of 1035
pixels (Fig. 5a, cropping area marked by dashed lines) so that the region
of —44 mm < x < 44 mm was retained (coordinate system shown in
Fig. 5a). In the next step, median value (Fig. 5b) of the cropped 3D image
matrix was calculated, followed by application of a 2D median filter
(Fig. 5¢) to remove droplets deposited on the column wall. The bound-
ary line between darker aerated water and brighter background was
then selected as our reference water surface and was acquired manually

c d

median

median

f g

Fig. 5. Image processing methodology for water level measurements: input image (a), median image (b), median-filtered median image (c), median water level curve
(d), normalized standard deviation image (e), binary image (f), median standard deviation of the water level curve (g).
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in the ImageJ software. Finally, the acquired boundary points (20-30 for
each median image) were subjected to a modified Akima interpolation
algorithm to obtain smooth curves of water level H(x) sampled in the
same discrete coordinates as LIDAR ranging data (Fig. 5d).

The behavior of the free water surface was further characterized by
calculating the standard deviation of water level fluctuations. For this
purpose, the cropped 3D image matrix (sample image shown in Fig. 5a)
was used to calculate the standard deviation of the complete matrix. The
resulting standard deviation field was normalized to its maximum value
(Fig. 5e), and then to a binary image with a 0.45 Gy level threshold
(Fig. 5f). In the final step, the water height standard deviation profile
on(x) was calculated as the sum of white pixels in every column of the
binary image along the x-axis (Fig. 5g).

It is worth noting that although the presented high-speed image
processing methodology was intended to produce reference measure-
ments, significant measurement uncertainty is involved due to the
complexity and opacity of highly aerated flows. Under some operating
conditions, it is difficult to provide an unambiguous definition of the
water surface location - whether it is the uppermost foaming region with
very little water or an invisible aerated liquid layer below the apparent
visible surface. Nevertheless, considering the careful manual segmen-
tation of air and aerated water regions, the reference method is still
significantly more accurate than LIDAR, where no verification of the
beam reflection depth could be made, and reflections could occur at a
wide variety of distances ranging from the foam above water level to the

140 - - - - camera LIDAR
120 4 - = ===u- s emscccccca- -
100
E 80
£
T 60
40 1 d=0.32mm
20 - Q =2 L/mln
O L L] T T L] T | 1
-40 -30 -20 -10 O 10 20 30 40
x (mm)
260 - - - - - camera — LIDAR
240 4
220 4
E 200 4
3
T 180 A
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160 A
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bulk liquid deep underneath. As will be discussed in the following sec-
tion, LIDAR devices are prone to overestimation of distance to the free
water surface.

Speaking of the LIDAR measurement and data processing method-
ology, the elevation profile of the free water surface in the column was
scanned so that the angle of laser beam incidence was 0° in the center of
the column, and the distance from the perforated plate to the receiver
was Lp = 800 mm. LIDAR data was considered in the +4° polar coor-
dinate range from the column center that encompassed the water surface
and corresponded to approximately +44 ... 48 mm in cartesian co-
ordinates, depending on the distance of reflection points from the LIDAR
receiver (only measurements with over 5 % remission were considered
in analysis).

Although high-speed camera measurements covered the complete
inner diameter of the column (+47 mm), the range for comparison was
selected in the —44 mm < x < 44 mm range where camera measurement
coordinates overlapped with LIDAR coordinates under all operating
conditions. The annular region corresponding to the outermost 3 mm of
the liquid column radius was discarded to avoid erroneous measure-
ments due to image distortion or laser beam reflections from the column
wall.

A comparison of LIDAR- and camera-measured water level profiles
(H(x) = Lp-L(x)) is shown in Fig. 6 for selected operating points. Pre-
sented H(x) profiles suggest that the mean water level across the column
width increases with Q, while the deviation between camera- and

160 -

- = = = camera — LIDAR

60 - d=0.32 mm

a0 Q=10 L/min

20 L] L L) T L T L] 1
-40 -30 -20 -10 O 10 20 30 40

x (mm)

160 - - - - - camera —— LIDAR

140 -

120 { )

100 A

0 -MW\”_\_N

60 1 d=0.2 mm

40 Q=10 L/min

20 T T L) Ll L) L L) 1
-40 -30 -20 -10 O 10 20 30 40

X (mm)

Fig. 6. LIDAR- and camera-measured water height profiles for selected operating conditions.
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LIDAR-measured profiles also increases. Also, the fluctuation of H(x)
from its mean value is more significant in operating points with low
aeration rates, particularly in the case of Q = 2 L/min. When a small
amount of bubbles occurs throughout the vertical water column, the
laser device also receives reflections from submerged bubbles and the
average measured distance shows greater values and consequently too
low water surface [17]. If the laser scanner measures the distance based
on the ToF principle, the slower speed of light in the water further
contributes to a longer ToF and consequently a longer measured dis-
tance (lower water surface).

The effect of water aeration on the LIDAR method performance can
be assessed by comparison to high-speed image processing results. The
relative measurement error E will be defined as

LI
=5

E

(2)

In Eq. (2), L is the median distance from the LIDAR receiver to the
water surface measured by laser ranging, while Ly is its camera-
measured counterpart serving as a reference value (Fig. 5d). Relative
distance measuring errors are shown in Fig. 7 as a function of air flow
rate Q and plate perforation arrangement. Along with these results, the
standard deviation of water surface level, op(x) = std(L(x,t)), is pre-
sented in Fig. 8.

As seen from Figs. 7 and 8, the highest measurement error E was
20.8 % for still (unaerated) water surface, also coinciding with the
highest standard deviation (o1, = 40.1 mm). Slight flow aeration of only
2 L/min caused the error to drop sharply to below 6 % and oy, to
24.3 mm, while the lowest measurement error of 5.5 % was observed at
Q = 5 L/min. With a further increase in Q, the error E also gradually
increased to approximately 10-12 % and 10-17 % at 40 L/min and 70 L/
min, respectively. In absolute terms, the measurement error was in the
range of 38-94 mm, which is by 1-2 orders of magnitude higher than for
scanning solid surfaces (+1 mm). The plate perforation arrangement
also affects the measurement error, with 0.5 mm holes yielding lowest
errors under most aeration flow rates. On the other hand, the plate with
0.2 mm perforations produced the largest measurement errors and
standard deviations under most aeration flow rates. Large oy, values in
aerated water are indicative of larger amplitudes of water surface os-
cillations. This indicates that for the same aeration rate Q, the higher
number of smaller bubbles (plate with d = 0.2 mm and § = 11 mm)
results in a more unstable water surface than a lower number of larger
bubbles (plates with d = 0.32 mm 0.5 mm), thus making LIDAR mea-
surements less reliable. Interestingly, o1, exhibits a gradual decreasing
trend with Q, suggesting that the waving amplitude subsides as air
volume fraction becomes high.

Compared to LIDAR measurements, the standard deviation of the
camera-measured water level oy was significantly lower than o1, under

--a--02mm;11mm - =-
22 1
20 A
18 A i

0.32mm;11mm —-=— 0.5mm; 16 mm A unaerated

14 A

£ (%)

o N B O ®
TR

T T T T T T 1

0 10 20 30 40 50 60 70
Q (L/min)

Fig. 7. Relative error of distance measurement from the LIDAR receiver to the
water surface at different flow aeration conditions and plate perforation
arrangements.
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3_
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1_
0 : ; . ) : . ‘
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Q (L/min)

Fig. 8. LIDAR receiver to water surface distance standard deviation at different
flow aeration conditions and plate perforation arrangements (still
water: o, = 40.1 mm).

most operating conditions (Fig. 9). The mostly sub-unity ratio of oy/o1,
further validates the feasibility of high-speed imaging as a reference
water level measurement method since it proves that the amplitude of
visible fluctuations is lower than the LIDAR-detected fluctuation
amplitude (if both methods performed equally well, their standard de-
viations would also be the same). Only at 50 L/min aeration, the camera
measurements produced a larger standard deviation than LIDAR
(0.32 mm and 0.5 mm plate). This indicates the possibility of increased
measurement uncertainty of the optical water surface measurement that
could in turn cause the value of E (Eq. (2)) to increase as Q is raised from
40 L/min to 50 L/min. However, further investigation is required.

Although ranging of aerated surfaces is the primary focus of this
study, a word of notation is due for unaerated conditions. In the case of
an unaerated water column, the large oy, value is not caused by liquid
structure fluctuations since the water is still, but by an irregular
reflection pattern. Upon impacting the still water surface, the laser beam
can reflect from the surface, or penetrate the water and reflect from the
column bottom (perforated plate). This results in a bimodal distribution
of LIDAR-measured distances L and consequently larger errors and
standard deviations. This also appears to be the case for the 2 L/min
aeration conditions — consider a sharp drop of H(x) as x exceeds 40 mm
(Fig. 6, upper left panel) despite a very low degree of camera-detected
water surface oscillations. This is likely due to locally insufficient
aeration, although remarkably the error E was only 5.8 %.

The dependence of laser ranging error on aeration conditions can
also be analyzed in dimensionless terms, namely as a function of the air
volume fraction a (Eq. (1)). The dependence of LIDAR measurement
error on « is shown in Fig. 10. Apart from the already mentioned high
error of over 20 % for unaerated conditions, it can be observed that

--4-- 0.2mm; 11 mm
1.2 4

0.32mm; 11 mm 0.5mm; 16 mm

0.0 . . . ’ . . .
0 10 20 30 40 50 60 70
Q (L/min)

Fig. 9. Ratio of camera-measured to LIDAR-measured water surface distance
standard deviation.
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Fig. 10. Dependence of laser ranging relative error on the air volume fraction in the liquid column.

lowest errors occurred around o« = 0.1. As « is increased, E increases
linearly as seen by the linear model in Fig. 10 following equation
E =14.85a + 4.40. The R-squared value was 0.822 when this model was
fitted to measured data points with 0.05 < a < 0.55. Also in this region
of a, Fig. 10 suggests an insignificant effect of bubble size on measure-
ment errors. At the highest a values, the error can be seen to rise much
more steeply than suggested by the fitted linear trend line. Interestingly,
two of these data points with a > 0.55 occurred at Q = 50 L/min, one at
Q = 60 L/min and only one at the maximum aeration rate of 70 L/min.
This can largely explain why relative errors shown in Fig. 7 do not rise
monotonously for 0.2 mm and 0.5 mm perforations.

Based on these findings, it can be concluded that typical scanning
LIDAR devices are most accurate under low to moderate aeration con-
ditions with 0.05 < a < 0.2, while operating with a significantly higher
relative error outside of this range. The best ranging efficiency is ach-
ieved when bubble size and the number is sufficient that the free water
surface is fully covered and the laser beam cannot penetrate deep into
the liquid (or even all the way down to the column bottom). If the
aeration rate is further increased beyond this point (Q > 10 L/min,
a > 0.2), the increasingly thick foam begins to form on the free surface,
resulting in LIDAR beam deflection much above the actual liquid
surface.

4. Conclusions

In this paper, the free water surface ranging performance of an
AMCW ToF scanning LIDAR device was investigated on a water column
with different degrees of aeration (air volume fraction between 0 and
0.6). Reference water level measurements were provided by a high-
speed camera. The LIDAR method was shown to perform well in
slightly and moderately aerated water, with lowest errors observed
around 0.1 air volume fraction where measurement error was about 5 %.
Increasing a above this threshold results in a linear increase of mea-
surement error until very high aeration rates (a = 0.55). LIDAR-
measured water levels were found to be consistently below camera-
measured levels, indicating that reflections occurred below the visible
surface (e.g., from submerged bubbles). The deviation between LIDAR
and camera-measured surface profiles was especially pronounced in
highly aerated flows where intense foaming occurred, with foam
evidently penetrated by the laser beam to a depth of several centimeters
before eventual reflection. On the other hand, the bubble size appears to

have little effect on the measurement error except in cases with over
0.55 air volume fraction where larger bubbles resulted in slightly lower
errors. Considering the findings of this study, the best LIDAR measure-
ment accuracy in practical in-field applications can be expected when
the free surface is sufficiently aerated to produce consistent laser beam
reflections, and when the air entrainment mechanism is unlikely to
generate excessive foaming. In the future research, the accuracy of the
laser ranging measurement of the free water surface can be further
improved by investigating the effects of the laser beam incident angle,
wavelength and modulation (amplitude vs. frequency) as well as
remission levels that were beyond the scope of the present study.
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