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The spatial correlations of acoustic field have important implications for underwater target detection and other ap-
plications in deep water. In this paper, the spatial correlations of the high intensity zone in the deep-water acoustic field
are investigated by using the experimental data obtained in the South China Sea. The experimental results show that the
structures of the spatial correlation coefficient at different ranges and depths are similar to the transmission loss structure in
deep water. The main reason for this phenomenon is analyzed by combining the normal mode theory with the ray theory. It
is shown that the received signals in the high intensity zone mainly include one or two main pulses which are contributed by
the interference of a group of waterborne modes with similar phases. The horizontal-longitudinal correlations at the same
receiver depth but in different high intensity zones are analyzed. At some positions, more pulses are received in the arrival
structure of the signal due to bottom reflection and the horizontal-longitudinal correlation coefficient decreases accordingly.
The multi-path arrival structure of receiving signal becomes more complex with increasing receiver depth.
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1. Introduction

The spatial correlation of an acoustic field is an important
characteristic for describing sound propagation in the ocean.
The spatial correlation radius of the acoustic field has consid-
erable influence on the performance of the hydrophone array
beamforming spatial gain. Recently, the vertical correlation
has been studied extensively and applied to practical under-
water acoustic signal processing.!"?] However, there are rel-
atively few experimental results of the horizontal correlation
because it is difficult to deploy a large-scale horizontal ar-
ray. The research on the horizontal correlation is the physi-
cal foundation of large scale horizontal receiving sonar array
applications in the future. With the development of the signal
processing technique (such as passive synthetic aperture and
time-reversal retrofocusing of horizontal linear array) of the
large scale receiving sonar array,*! and in order to improve
the angular resolution of sonar and enhance the signal gain,
studying the horizontal correlations of an acoustic field and
its variability with environmental changes becomes more and
more important.

The convergence zone in deep water was first found in
the 1950s. Halel®! described that the convergence zone was
the result of the sound wave emitted from a shallow source.

The sound wave was refracted and reversed from the surface
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at a range of about 30-35 miles (1 miles=1.609344 km) and
formed a several-kilometer width high intensity zone.’! Gen-
erally, the source and receiver are near the surface in the ac-
tual detection of an underwater acoustic signal, therefore, we
can use convergence zones of the SOFAR channel for the long
distance detection. As is well known, the characteristics of
the high intensity zone inside deep water which is made up of
caustics are similar to those of the convergence zone near the
surface. In this paper, the object to be investigated includes all
high-intensity zones in deep water.

Recently, some work on the spatial correlations in deep
water has been done. Urick and Lund,!® and Urick!”! inves-
tigated the vertical coherence of underwater sound in a con-
vergence zone by using explosive signals and ray theory in
the 1960s.

equaled nearly unity when hydrophones were in the conver-

They calculated that the correlation coefficient

gence half-zones, and showed only a slow falloff with in-
creasing separation. In between zones, where bottom-reflected
paths occur, the correlation coefficient was much smaller and
fell off faster with increasing separation. In the 1980s, Zhang
theoretically analyzed the acoustic field of the turning-point
convergence-zone by normal mode theory and ray theory, 3]
respectively. He came to the conclusion that the acoustic field
of the turning-point convergence-zone is the superposition of a
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great number of in-phase normal modes and the received sig-
nals in turning-point convergence-zones have the same wave-
form as the emitted signal or its Hilbert transform for high-
frequency and narrow-band signals. Reference [10] presented
the results of deep-water acoustic coherence at long ranges in
summer and winter conditions. Colosi and Tarum simulated
the horizontal coherence by using both the quadratic transport
theory and quadratic adiabatic based on a deep-water Philip-

(1

pine Sea environment.[!'] They obtained that the coherence

length at the 500 km range is about 1900 m, of which the

range scaling is precisely R71/2

and the frequency scaling is
close to f’”z. Reference [12] indicated that the horizontal-
longitudinal correlation coefficients in a convergence zone are
high, and the correlation radius is consistent with the conver-
gence zone width, but the correlation radius in the shadow
zone is much shorter. Reference [4] analyzed the influence
of the horizontal correlation radius on passive synthetic aper-
ture (PASA) performance in a deep-water acoustic field. It
came to the conclusion that because the horizontal correlation
radius of the sound field is short in the shadow zone, the per-
formance of PASA is limited to near the conventional physical
aperture array. In contrast, the performance of PASA is re-
markably better than the conventional physical aperture array
in the convergence zone of the ocean waveguide since the hor-
izontal correlation radius is large. However, the problem of
the spatial correlations between the high intensity zones at dif-
ferent ranges and depths in the deep water acoustic field is still
not well understood.

In this paper, firstly, we present the experimental result
about the spatial correlations of the high intensity zone in the
deep water acoustic field by using the experimental data ob-
tained in the South China Sea. Secondly, we give the theoret-
ical derivation and analysis with combining the normal mode
theory with the ray theory. Thirdly, the horizontal-longitudinal
correlations at the same receiver depth but in the different high

intensity zones are analyzed.

2. Experimental data processing and results

The experiment was conducted in the South China Sea in
October 2013 and the experimental setup is the same as that in
Ref. [12]. As shown in Fig. 1, the receiving array was a 24-
element vertical line array (VLA) deployed at a location with
a depth of 143 m—1852 m. The transducer source was towed
from Chinese R/V Shi Yan 1 from the Institute of Acoustics,
Chinese Academy of Sciences towards the fixed receiving ar-
ray at a speed of 4 knots. The averaged source depth during
the experiment was about 120 m. The linear frequency mod-
ule (LFM) signals with a duration of 20 s were transmitted

twice every 90 s, of which the central frequency was 310 Hz,

the band width was 100 Hz and the nominal maximum source
level at the transducer resonance was 184.2 dBre 1 uyPa @ 1 m
as shown in Fig. 2.
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Fig. 1. Experimental configuration.
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Fig. 2. The time series of the transmitted LFM signals.
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Fig. 3. Temperature profiles measured along the propagation track by
XBT.

The temperature profiles along the propagation track were
measured using XBT of which the position and the changing
trend with depth are shown in Fig. 3. Figure 4 shows the sound
speed profiles along the propagation track, which are calcu-
lated by the empirical equation in Ref. [13], based on the XBT
data. It shows that the sound speed profile is stable and nearly
invariable in the experiment. The sound speed profile mea-
sured by using CTD casted near the receiving array is shown
in Fig. 5. The sound channel axis depth is about 1164 m with
a sound speed of 1484.0 m/s. It is a typical incomplete deep
sea channel that the surface sound speed is 1540.1 m/s which
is greater than that near the bottom 1533 m/s. The maximal
propagation range was about 180 km containing three conver-
gence zones. It is nearly a flat bottom with a mean depth of
4305 m along the propagation track. The bottom sediment is
core sampled in this experiment, and the results show that the
surface bottom density is 1.6 g/cm®. Reference [14] inverted

the bottom acoustic parameters near this experimental area and
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the attenuation coefficient was o = 0.78 fz.os dB/m, where the
frequency is in units of kHz.
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Fig. 4. (color online) Sound speed profiles calculated by XBT data
along the propagation track.
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Fig. 5. Sound speed profile measured near the receiving array.

In the signal processing, we first obtain the compressed
pulse signal s¢(7) by using the pulse compression technique
which can increase the signal-to-noise ratio (SNR). The pro-
cess is as follows: the original LFM signal from the transducer
is denoted as s(¢), and the received signal from one element of
VLA can be expressed as

sr(f) = / S(@)P(r,z:0) exp(—ior)d o, ()

where S(®) is the spectrum of s(¢), and P(r,z; @) is the trans-
fer function of the ocean environment from source to receiver.
By correlating s(¢) with sg(#), the compressed signal can be
expressed as

selt) = / 1S(0)2P(r, 2 @) exp(—ior) do. @)

Two receiving signals after pulse compression are shown in
Fig. 6. The upper signal is in the first convergence zone with
receiver depth 167 m and source—receiver distance 52.56 km
and its SNR is about 25.6 dB. The lower signal is in the third
shadow zone with receiver depth 1111 m and source-receiver

distance 140.61 km and its SNR is about 1.6 dB. It is proved
that the SNR of the compressed pulse signals are high enough
to calculate the correlation coefficients in the experiment.
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Fig. 6. Two compressed pulse signals.

Then we can obtain the spectrum X; of s¢(¢) based on the
FFT method. Finally, we can calculate the average signal en-
ergy in the source bandwidth, which can be written as

EG— -2 — ¥ xp 3)
7 fosfinfa—nfi T

where fy is the central frequency, f; is the signal sampling
rate, nf] and nf, are the frequency positions of the sampling
lower and upper frequencies, respectively. The transmission
loss (TL) at a range and depth in the experiment can be ex-

pressed as

TL(fol(r,2))
= SL(fo) — (10+logo(E(fo|(r,2))) =My —Ec),  (4)

where SL(fo) is the source level of the emitted transducer, My
is the sensitivity of the receiving hydrophone, and E repre-
sents the increasing energy of the pulse compression filter. The
experimental T'L values at different ranges and depths based
on Eq. (4) are shown in Fig. 7.
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Fig. 7. (color online) Experimental 7'Ls at different ranges and depths.
The central frequency of the source is 310 Hz, the band width is 100 Hz,
and the source depth is 120 m.

The spatial correlation coefficient is defined as the nor-

malized cross correlation between two spatially separated
points’ received signals which are from the same source. It
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describes the similarity between the waveforms of signals re-
ceived at two separated points. In practical signal processing,
as the received times between two separated points are dif-
ferent, we usually implement time-delay to compensate one
signal. The spatial correlation coefficient between positions

(r1,z1) and (r2,22) can be expressed as

p(ri,r,z1,22)
fpr(rl,zl,t)p(rz,ZZ,t—l—’L')dt
= max > — (@)
VI lp iz )P de [22 1 p (2, za0) P

where p(ri,z1,t) and p(r2,22,t) are signals received at the two

positions, and 7 is the time delay. The expression in the fre-
quency domain can be written as

p(ri,r,z1,22)

‘fa(;?P(Vl,Zl,w)P* (r2,22,0) ' " d@

= max > 5
T
VI |p(r,20,0)P do [521p (2,22, 0) do

, (6)

where p(r1,z1,®) and p(r,z2, ®) are the spectra of p(ry,z1,1)

[T L]

and p(ra,z2,1), “
and @, are the lower and upper angular frequencies of the

represents complex conjugation, and @

emitted signals, respectively.

Considering the fact that the arrival structure of a deeper
received signal is complex and the arrival time length is long,
we select the time length of the compressed pulse signals to be
2.7 s to calculate the spatial correlation coefficient. The refer-
ence signal is in the first convergence zone where the receiver
depth is 167 m and the source—receiver distance is 52.56 km.
Let all the received signals at different ranges and depths cor-
relate with the reference signal according to Eq. (5). The ex-
perimental spatial correlation coefficients in the whole acous-
tic field are shown in Fig. 8.

60 100 140
Range/km

Fig. 8. (color online) Experimental spatial correlation coefficients in
the whole acoustic field. The reference signal is in the first convergence
zone with the receiver depth of 167 m and source—receiver distance of
52.56 km.

We can conclude that most of the correlation coeffi-
cients between the high intensity zones are greater than v/2/2.

But, the correlations between the high intensity zone and the
shadow zone are rather low. The structures of the spatial cor-
relation coefficient at different ranges and depths are similar
to the transmission loss structure as shown in Fig. 7.

3. Simulated results and theoretical analysis

For comparison with the experimental results, we use the
normal mode program KrakenC to calculate the acoustic field.
Although the source is moving and the receiving array is fixed
in the experiment, we can use the reciprocity principle to sim-
ulate the sound field because the bottom is flat and the sound
speed profile along the propagation track is stable as shown in
Fig. 4. In the simulation, we use the single sound speed pro-
file in Fig. 5. The seafloor acoustic parameters are based on
the matching of the experimental 7L in the shadow zone. The
two-layer liquid bottom model is used and the thickness of the
sediment layer is 5 m. The sound speed is 1565 m/s, the den-
sity is 1.6 g/cm?, and the attenuation coefficient is 0.09 dB/m
inside the sediment layer. The infinite basement has a sound
speed of 1650 m/s, a density of 1.8 g/cm?, and an attenuation
coefficient of 0.14 dB/m. Figure 9 shows the simulated 7'Ls
at different ranges and depths and the comparison between the
simulated and experimental T'Ls at receiver depth 167 m. It
can be seen that the simulated 7'Ls are in good agreement with
the experimental 7 Ls.
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Fig. 9. (color online) Simulated 7'Ls at different ranges and depths (a).
Comparison between KrakenC simulated and experimental 7'Ls at re-
ceiver depth 167 m (b).

124310-4



Chin. Phys. B Vol. 25, No. 12 (2016) 124310

The simulated spatial correlation coefficient is obtained
by substituting the simulated pressure into Eq. (6). Figure 10
shows the spatial distribution of the simulated spatial correla-
tion coefficients in the whole acoustic field where the reference
pressure position is the same as that in Fig. 8. It can be seen
from Figs. 8 and 10 that the spatial distribution of the sim-
ulated spatial correlations in the whole acoustic field is con-
sistent with the experimental results. They all show that the
correlation coefficients between the high intensity zones are
high, but they are low between the high intensity zone and the

shadow zone.
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Fig. 10. (color online) Simulated spatial correlation coefficients in the
whole acoustic field. The reference pressure position is the same as that
in Fig. 8.

To explain qualitatively why the correlation coefficients
between high intensity zones are high, we analyze the modes
and arrival times of the simulated signals in the high intensity
zone by combining the normal mode theory with the ray the-
ory. Figure 11 shows the phases of the first 600 modes of the
simulated reference pressure where the source depth is 120 m,
the receiver depth is 167 m and the source-receiver distance is
52.56 km. Figure 12 shows the main ray tracks, arrival times
and relative amplitudes by the ray program Bellhop of the sim-
ulated reference pressure. It can be seen from Fig. 11 that the
first group of modes consist of modes 200-210 whose phases
are close. The corresponding group speeds of these modes
at a frequency 310 Hz are in a range of about 1487.6 m/s—
1488.1 m/s and the phase speeds are 1515.4 m/s—1516.8 m/s.
The phase speed is close to the seawater sound speed at a depth
of 167 m, which is 1515.2 m/s—1515.5 m/s. We can calculate
the arrival times by dividing the source-receiver distance by
group speed to be about 35.32 s—35.33 s, which correspond
to the refraction path rays (the red lines) in Fig. 12(a) and the
amplitudes are highest as shown in Fig. 12(b). The second
group of modes which have close phases are near mode 334,
of which the group speed is 1487.1 m/s and the calculated ar-
rival time is about 35.34 s. The phase speed is 1533.7 m/s
which is close to the bottom sound speed, so these modes cor-
respond to those that go through once bottom reflection (BR)

rays (the blue lines) as shown in Fig. 12(a) and the relative
amplitudes are low as shown in Fig. 12(b). In the same way,
the third group of modes correspond to those that go through
twice BRs and once surface reflection (SR) or twice BRs and
twice SRs rays(the black lines) in Fig. 12(a). The group speed
of mode 560 is about 1429.5 m/s, and the arrival time is about
36.8 s. The relative amplitudes of the third group of modes are
rather small, as shown in Fig. 12(b). We can find that the en-
ergy of simulated pressure is mainly contributed from the first
group of modes. The ray tracks and the main modes of the
acoustic field in all high intensity zones have the same charac-
teristics as those shown in Figs. 11 and 12.

Phase/rad

200 300 400 500 600
Mode number

Fig. 11. (color online) Phases of the first 600 modes of the simulated
reference pressure. The frequency is 310 Hz.
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Fig. 12. (color online) (a) Plots of depth versus range, and (b) relative
amplitudes versus time for different arrival paths, obtained by the ray
program Bellhop of the simulated reference pressure.
To better understand this phenomenon, we give the theo-
retical analysis in the following. On condition that the ocean
environmental parameters depend only on depth, the under-

water acoustic pressure field generated by a harmonic point
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source derived from the normal mode theory is!!”!

p(o,r,z)

1 i[,l]rfﬁlr+iﬂ/4

= S OO

where zg and z are the source and receiver depths, y; is the

(D

eigenfunction of the /-th normal mode, and y; and f; are the
real and imaginary parts of the eigenvalue of the /-th mode, f3;
is also called the attenuation coefficient because it is due to the
boundary loss and volume absorption.

In Eq. (6), the denominator is the normalization factor of
the spatial correlation coefficient. By substituting the sound
pressure in Eq. (7) into Eq. (6), the cross term in the integral
in the numerator can be written as

0]

p(r17Z1aw)p*(r2’Z2’w)eiwrda)
(]
oy ei(m:
_ / WZWIZ(ZS)WI(ZOWI(ZZ)
1

o P*(2s

e Bi(ritr2)—imAr
X —da)

e T R v va )

I#m m
el<ﬂ1*14m)rl*(ﬁ1rl+ﬁm"2) il Ar d (8)
X ,
v Hi

where Ar = r, —r;. Generally, there are many modes trans-
mitting in a deep ocean sound channel. The first term on the
right-hand side of Eq. (8) in the high intensity zone is a slowly
varying function of @ due to the strong correlation between the
same modes. However, the second term in the integral varies
rapidly with depth and range because of the weak correlation

between different modes and vanishes when it is integrated in

l=m—n

5 L W om o wlo.a)e B el mveioe

the frequency bandwidth. So equation (8) can be simplified
into
[0

p(rl,Z]’(D)p*(l’z,ZZ,(l))eiwrd(O
]

0 elot
~ /w (zs)8nm2% z)Wi(z1)yi(22)
1

e —Bi(r+r)—imAr
X —dw. ©)]
i

The characteristics of the signal pulses in the high inten-
sity zones are that the main pulses arrive first, the correspond-
ing group speeds of the modes are nearly identical and the
phases vary slowly. So the modes which contribute the main
energy are nearly of coherent superposition.''®! In the calcula-
tion, we can ignore the later arrival pulses, of which the am-
plitudes are small and the energies are low. Assume that the
in-phase modes of the main pulses in high intensity zones are
m — n, they satisfy W, ~ W,+1 =~ --- = U,, equation (9) can

be written as

a)2 .
p(r1,z1,0)p*(r2,22,0)e' " do
(]
o o
z/ e' " Y Aw,Anz,n)e MY do,  (10)
(]

l=m—n

where A;(®,Ar,z1,72) can be expressed as

Al(w7Ar7Z17Z2)

1 e Biln+r)

_ 2
= pz(Zs)Sﬂm% (ZS)V[I(ZI)WI(ZZ) W (1

By substituting Eq. (10) into Eq. (6), the spatial correlation co-
efficient in the high intensity zone of the deep water acoustic

field can be expressed as

p(rlyrZaZhZZ NmaX

12)

Tali

It has been widely shown that the correlation is degraded
by scattering and multipath interference. Decorrelation by
scattering may be caused by temperature fluctuations, surface
waves, bottom roughness or internal waves. However, from
Eq. (12) we know that the spatial correlations of the high in-
tensity zone are mainly affected by the phases of main modes.
The simulated results show that the received signals in the high
intensity zone are all mainly contributed from the first in-phase
waterborne mode group. As indicated in Ref. [9], the received

signals in high intensity zones have the same waveform as an

(0,z5) v (@,z1) e Prieimn

2 2

do

oo

da)fw1 p2

Y vi(0,z) v (0,22) e Birneimr
1

emitted signal or its Hilbert transform. So most of the corre-
lation coefficients between the high intensity zones are mostly
high.

4. Horizontal-longitudinal correlation in high
intensity zones

What is more, the horizontal-longitudinal correlations at
the same receiver depth but in different high intensity zones
are analyzed. Firstly, we select the horizontal-longitudinal

correlations in the three high intensity zones at the receiver
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depth of 167 m from Figs. 5 and 7. The reference signal
is in the first convergence zone with a source-receiver dis-
tance of 52.56 km. Figure 13 shows the comparisons between
the simulated and experimental results. Figure 14 displays
the experimental waveforms of the compressed pulse refer-
ence signal and four signals (where the source—receiver dis-
tances are 164.6 km, 55.2 km, 55.3 km, and 165.7 km, re-
spectively.). The horizontal-longitudinal correlation coeffi-
cients between the reference signal and the four signals are
0.93, 0.83, 0.72, and 0.63, respectively. We can find that the
horizontal-longitudinal correlation coefficients between the
different high intensity zones are also high at a receiver depth
of 167 m and the received signals are mainly contributed from
one pulse. But, the main pulse encounters two parts at some
positions, and the correlation coefficient becomes smaller with
the two parts appearing more obvious.
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Fig. 13. (color online) Comparisons between simulated (red dotted
curves) and experimental (blue dotted curves) horizontal-longitudinal
correlation coefficients in three convergence zones where the receiver
depth is 167 m. The source-receiver distance of the reference signal is
52.56 km.
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Fig. 14. The waveforms of the experimental signals at receiver depth
167 m, where the source-receiver distances are (a) 52.56 km (the refer-
ence signal), (b) 164.6 km (the correlation is 0.93), (c) 55.2 km (the cor-
relation is 0.83), (d) 55.3 km (the correlation is 0.72), and (e) 165.7 km
(the correlation is 0.64).

Similarly, the comparisons between the simulated and
experimental horizontal-longitudinal correlations in the three

high intensity zones at the receiver depth of 1111 m where the

reference signal is in the first convergence zone with a source—
receiver distance of 59.6 km are shown in Fig. 15. Figure 16
displays the experimental waveforms of the compressed pulse
reference signal and four signals (where the source-receiver
distances are 47.2 km, 48.9 km, 51.0 km, and 49.4 km, re-
spectively). The horizontal-longitudinal correlation coeffi-
cients between the reference signal and the four signals are
0.92, 0.84, 0.74, and 0.47. We can find that the received sig-
nals where the horizontal-longitudinal correlation coefficient
is high at depth 1111 m are mainly contributed from one pulse,
the same as that with the signals at depth 167 m. However,
when the correlation coefficient becomes low, the multi-path
arrival structure of the corresponding received signal at depth
1111 m is more complex than that at 167 m.
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Fig. 15. (color online) Comparisons between simulated (red dotted
curves) and experimental (blue dotted curves) longitudinal—correlation
coefficients in the high intensity zones where the receiver depth is
1111 m and the source-receiver distance of the reference signal is
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Fig. 16. Waveforms of the experiment signals at different ranges, where
the receiver depth is 1111 m and the receiver ranges are (a) 59.6 km (the
reference signal), (b) 47.2 km (the correlation is 0.92), (c) 48.9 km (the
correlation is 0.84), (d) 51.0 km (the correlation is 0.74), (e) 49.4 km
(the correlation is 0.47).

We analyze the multi-path arrival structure of the signal
where the source-receiver distance is 49.4 km as shown in
Fig. 16(e). Its ray tracks, arrival times and amplitudes by the
ray program Bellhop of the corresponding simulated pressure
are shown in Fig. 17. It proves that the first pulse is mainly
formed from the refraction path rays (red lines) and happens
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to go through BR path rays once (blue lines) as shown in
Fig. 17(a). The second pulse is mainly from the pulses that
go through once BR and once SR rays (black lines). The third
pulse is formed from the pulses that go through BRs twice
and SR rays once (green lines), and the fourth pulse corre-
sponds to the red dash lines which go through BRs and SRs
twice. The correlation coefficient will be 0.72 if the first 0.4 s
of Fig. 16(e) is correlated with the reference signal. It shows
that the structure of the first arrival signal in the high inten-
sity zone is composed of the refraction path rays and the con-
tributed modes are unanimous. At some positions, more pulses
are received in the arrival structure of the signal due to bottom
reflection, and the horizontal-longitudinal correlation coeffi-

cient decreases accordingly.
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Fig. 17. (color online) Plots of depth versus range (a) and relative am-
plitude versus times (b) for different paths, obtained by the ray program
Bellhop, where the receiver depth is 1111 m and range is 49.4 km.

5. Conclusions and perspectives

The spatial correlations of the high intensity zone in the
deep water acoustic field are investigated by using the experi-
mental data obtained in the South China Sea and analyzed by
combining the normal modes theory with the ray theory. It
is shown that most of the correlation coefficients between the
high intensity zones are greater than v/2/2. But, the correla-

tions between the high intensity zone and the shadow zone are
rather low. The structures of the spatial correlation coefficient
at different ranges and depths are similar to the transmission
loss structure in deep water. The received signals in the high
intensity zone mainly include one or two main pulses which
are contributed by the interference of a group of waterborne
modes with similar phases. The main pulses in different high
intensity zones are also contributed from the same modes.
What is more, the horizontal-longitudinal correlations
at the same receiver depth but in the different high intensity
zones are analyzed. The horizontal-longitudinal correlations
are high in general. However, at some positions, more pulses
are received in the arrival structure of the signal due to bot-
tom reflection and the horizontal-longitudinal correlation co-
efficient decreases accordingly. The multi-path arrival struc-
ture of the receiving signal becomes more complex and the
corresponding influence of the bottom reflection rays becomes

greater with increasing receiver depth.
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