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Abstract

Using two acoustic echosounders (echosondes), one of which operated at
stimultaneous wavelengths of 0.12, 0.15, and 0.19 m, the acoustic backscatter
cross section was obtained as a function of time and height in the planetary
boundary layer. The cross sections were interpreted in terms of the temperature
structure parameter C/ and compared with values obtained in situ at the 92-m
level on a tower located some 300 m distant. In general, excellent agreement was
found between the two sets of C” values under statically unstable conditions.
Under statically stable conditions, the measurements, on occasion, disagreed by
factors ranging from 2 to 5 with the echo-derived Ctf values consistently over-
estimating those from the tower. Our analysis suggested that the errors were due
to the different spatial-sampling characteristics of the two techniques rather than
a lack of isotropy and homogeneity at small scales.



1. Introduction

Acoustic echo sounding! and microwave radar
techniques portray in detail the larger scale
features of the planetary boundary layer (Beran
et al., 1973; Gossard et al., 1971; Ottersten et al.,
1973). Small-scale refractive index fluctuations
provide tracers for both techniques. These fluc-
tuations usually arise when turbulence occurs
within a region of refractive index gradient, as-
sociated for example with temperature inversion
layers or convection regions produced by surface
heating. This report describes redundant and
multiwavelength measurement of the acoustic
backscatter from such small-scale structures.

A scattering cross-section calculation, using a
temperature spectrum approach, provides a
useful quantitative interpretation of acoustic
echoes (Tatarskii, 1961, 1971; Little, 1969). Us-
ing such an analysis, we compare echosonde-
derived and in situ values of the temperature
structure parameter C™ (to be defined below)
for several time periods. These periods include
the transition from turbulence dominated by
static stability to that arising from static in-
stability. We carry out this analysis from two
aspects: First, we examine the longer term
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statistics in the form of cumulative probability
distributions, averaged vertical profiles, and
time series of Cj? from each source. This
provides a test of several theoretical predictions.
Second, finding occasional discrepancies, we ex-
amine the correlation of short-term features,
such as shear instability events, over the tower-
echosonde separation (300 m). This gives ad-
ditional insight into the spatial distribution of
small-scale turbulence under statically stable
conditions and suggests that the source of the
observed discrepancies lies in the different
spatial-averaging characteristics of the two
methods.

Table 1 lists the operating parameters for the
two echosondes used in our analysis. A discus-
sion of their operation and calibration appears in
the appendix. Figure 1 shows the relative loca-
tion of the 152-m tower for our in situ measure-
ments, the echosondes, and a collocated mi-
crobarograph array (Hooke et al., 1973). This
tower site lies in a shallow bowl, 25 km wide and
75 m deep, on the plains of eastern Colorado
near the town of Haswell.

'Acoustic echo sounders will be referred to as
“echosondes” following recent usage (e.g., E.H. Brown,
1974).

View from the Northeast

Cj Sensor
J @
Antenna “A™
Antenna “B"
Figure 1. Relative locations of the Haswell

meteorological tower, the echosondes, and
microbarographs. Antenna A was directed vertically,
while Antenna B was tilted 30° from the vertical and
directed to the north (for data obtained on 15 August
1972).



2. Theory

2.1 The Echosonde Equation

The monostatic echosonde equation relates
the range-gated transducer voltage to the cor-
responding scattering cross section per unit
volume. In terms of measured and/or calculated
quantities;

with  © = received power where PR=meas-
R ured electrical power and ER=
efficiency of conversion from

received acoustic power,

PT- ET = radiated power where PT =
electrical power applied to the
transducer and ET=efficiency of
conversion to radiated acoustic
power,

e = round trip loss of power resulting
from attenuation by air where
a-average attenuation (m-1) to
the scattering volume at range
R (m),

vo(R,f) = scattering cross section per unit
volume; that is, fraction of inci-
dent power backscattered per
unit distance into unit solid angle
at frequency /,
cr/2 = maximum  effective-scattering
volume thickness where c=local
speed of sound (ms-1) and r=
pulse length (s), and
A+ G = solid angle subtended by the an-
R: tenna aperture A (m2) at range R
(m) from the scattering volume,
modified by an effective-aperture
factor G, arising from the
antenna’s directivity.

This equation provides < which we then
relate to in situ measurements. We assume the
validity of this “cross-section-radar-equation”
approximation. Wheelon (1972) describes
limitations on this approach, but the alternative
general formulation lacks the utility of (1). The
calculation of the correction terms in (1) is
described in the appendix.

Table 1. Echosonde Parameters

Parameter Single frequency
Vertical range 3400r 680 m
Frequencies 2250 Hz
Electrical power 100 W
Efficiencies 4.5%

Pulse lengths 6, 20, or 30 ms
Band width 100 Hz
Elevation angle 90°

Azimuth —

Antenna area 1.8 m?

Multifrequency

294 or 589 m

1750, 2250, and 2750 Hz
25 W

4.5%, 4.5%, and 2.8%
6, 20, or 30 ms

100 or 300 Hz

60°

000°

1.8 ml



2.2 Cross Section Interpretation

The theoretical description of wave scattering
in a turbulent atmosphere, on which our in-
terpretation of <o depends, has an extensive
literature. Batchelor (1957) expresses the scat-
tering cross section in terms of the spectral den-
sities of temperature and turbulent Kinetic
energy. Kraichnan (1953) and Lighthill (1953)
show that velocity fluctuations do not con-
tribute to the backscattered intensity for an
isotropic energy spectral density. Tatarskii
(1961, 1971) provides a number of useful results
that couple the scattering theory with inertial-
subrange turbulence results. E. H. Brown (1974)
reviews more recent theoretical work.

Tatarskii (1971) expresses the acoustic
backscatter cross section per unit volume ¢4, in
terms of the isotropic, three-dimensional
spectral density of temperature OT, as

0j. (2k)
2
Tol @
where k=2w/X is the incident acoustic

wavenumber at wavelength A and To is the local
mean temperature. The evaluation of <br at a
wavenumber of 2k arises from the in-phase addi-
tion of backscattered waves from those in-
homogeneities spaced X/2 apart along the radial
propagation direction. Such temperature in-
homogeneities can be characterized by the
temperature structure function D” defined by

Dr(r) = [(TG)-T(x+n)2 ©)

where [] indicates an ensemble average, X
denotes the location at which DT is evaluated,

and r is the separation between the sensors.
When |r| lies within the inertial subrange of the
temperative fluctuations, dimensional argu-
ments and experimental results (TatarskKii,
1971) show that

DT(r) = CT2rl3 4)

where r= |r|. The constant of proportionality
Cn is called the “temperature structure
parameter/" A connection between DT and Or
arises from the expression

Dj'(r)=8irf (j-™LA<t>T(kwdk,  (5)

derived by Tatarskii (1971), which, using (4) and
(2), yields the cross section

20=0.0039 k'h . (6)
Tol

Using this and the radar equation (1), one ob-
tains a volume-averaged measure of C~ from
each echosonde range gate. Our analysis com-
pares these values with those obtained directly
from tower sensors using the expressions (3) and
(4). Little (1969) outlines the potential
usefulness of this kind of analysis in the remote
sensing of boundary layer turbulence.

Both echosondes and tower instruments sam-
ple the high wavenumber range of 07. However,
the echosonde samples over a narrow band of
wavenumbers centered on 2k (where the width
results from the truncation of the pulse volume).
In contrast, the direct structure-function
measurement weights the spectrum according to
(5) so that the tower-derived values of C may
reveal a smaller variance (cf., fig. 5). The deriva-
tion (Tatarskii, 1971), in addition, ignores the
spatial variation of the correlation function over
the scattering volume (OT is the Fourier
transform of the two-point correlation function
of the temperature fluctuations). This, com-
bined with the spatial intermittancy of the tur-
bulence, may make the variance of the
echosonde-derived values of C/ sensitive to the
size of the scattering volume.

Electromagnetic and acoustic scattering cross
sections have been observed that are much
larger than those predicted in situ (Metcalf and
Atlas, 1973; Beran et al., 1973). Moreover, the
power-law dependence in (4) may be modified
when the spatial randomness of the Kinetic-
energy dissipation rate ¢ and the rate of destruc-
tion of the temperature fluctuations N, and their
possible correlation, are considered (Tennekes,
1973b). This suggests an examination of the sen-



sitivity of our comparisons to the *“2/3 power
law.” We hypothesize that

Dt (r)=[(AT71)2] = Cflril (7
where AT is the temperature difference between
sensors spaced a distance r apart. Following
Tatarskii (1971), (5) and (7) yield

K, K A7V
ffo= 8NV F(m \)Cn"=8r7V e

where F(n,k) =T(n+2) sin(®)(2fe) »

r=1m

20 X=01m

r=1m
X=02m

X=01m

r=02m
X=01lm
r=02m
X=015m
r=02m
X=02m

Figure 2. Using the power-law dependence [(AT)2] a rM,
we have plotted the ratio R=(t("X)/<t(*=2/3,X) as a
function of m for several values of r and X (r is the
separation of the temperature sensors, X is the acoustic
wavelength, and is the acoustic scattering cross
section per unit volume).

For a given value of Dr=[(AT)2], the behavior of
tto as a function of fi can be examined relative to
a cross section predicted from the “2/3 power
law.” We form the ratio

R=  Mm) _ F(Mf)
<r0i=2/3 F(2/3,)

This ratio, as a function of n, is plotted in figure
2 for several values of r and X=2n- k~I. This
shows that the use of n=2/3 will predict larger
cross sections than will /it>2/3. For n<2/3 and
r=X, only small variations («10%) will result.
Thus, larger-than-expected cross sections from
the echosonde do not appear directly traceable
to a failure of the “2/3 power law.”

2.3 Turbulence-Theory
Predictions

Inertial-subrange assumptions can be tested
indirectly through the form of the cumulative
probability distributions. This follows from the
relation between C” and other meteorological
fields that arises when an inertial subrange is as-
sumed. This relation is given by (Tatarskii,
1961; Wyngaard and Cote, 1971)

CA=3.2N <-'['< ®)

where N is the rate of destruction of the
temperature fluctuations (°CV) through con-
duction and t is the dissipation rate of turbulent
kinetic energy (m2s~3). Because In ¢ and In N
should possess Gaussian distributions
(Oboukhov, 1962; Kolmogorov, 1962; Gurvich



and Yaglom, 1967), it follows that C* should be
similarly distributed with the greatest
dependence on N rather than ¢ (Gibson et al.,
1970). In general, the apparent lognormality of
the echosonde and tower Cf* data will also
depend on noise levels, electronic saturation,
and the number of samples in the distribution.

0520

680

0600

680

0900

One should also note that such probability dis-
tributions will reflect contributions from scales
over which the echo intensity and in situ data
are averaged.

Another method by which the ability of the
echosonde to measure C” can be judged is
through the observed height dependence of Cj?.

gfiMfosttjjMgaBW
0600
N 4'A* *
0700
0800
0900
1000

15 August 1972

Figure 3. Vertically directed echosonde facsimile record obtained from 0510 to 1000, 15 August 1972, at Haswell. The ver-
tical scale is 680 m. Dark spikes originating at the top of the record result from noise transients.
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. In Situ

------- Antenna A, 2250 Hz

........ Antenna B, 2250 Hz

0004 — ... Antenna B, 2750 Hz
------ Antenna B, 1750 Hz

0510 0600 0700

0800 0900 1000

15 August 1972

Figure 4. Time series of CT from each echosonde and the tower, at 92 m above the surface, for the period from 0510 to
1000, 15 August 1972. Data were filtered with a 15-min running average and then averaged in 5>min blocks for plotting.

Wyngaard et al. (1971) shows for the unstable
surface boundary layer that

where Z is the height above the surface, T is the
mean temperature, g=9.8 ms~2, K'=vonKar-
man’s constant, and Qq=w"T Wwhich is the sur-
face wvertical temperature flux. The height
dependence in (9), which is predicated on the ex-

istence of free convection, has been observed to
hold well beyond the surface layer under
unstable conditions (Tsvang, 1969). Measure-
ments obtained in the marine boundary layer in-
dicate that the presence of a capping inversion
modifies the height dependence of C~ (Frisch
and Ochs, 1975). To test these various predic-
tions, cumulative probability distributions and
vertical profiles of C™ were generated. The
distributions were obtained over adjacent time
periods representing distinct turbulence
regimes.

3. CT° Data Comparisons

3.1 15 August Data

We obtained our primary comparison data on
15 August 1972 with the collocated echosondes
shown in figure 1. Antenna “B”, tilted 30° from
the vertical, operated in a multifrequency mode.
We averaged the tower C/ data (which had an
internal-filter time constant of 1 s) over 4 s,
matching the 4-s pulse repetition period of the
echosonde. With a nominal 5 ms-1 windspeed,
this yielded a horizontal spatial average com-
parable with the beamwidth at 92 m. The mean
wind generally lay within 10° to 50° of the tower-
echosonde axis. The sensors were located on the
windward side of the tower.

A weak nocturnal inversion characterized the
early morning period of our analysis. The
development of convection and the associated
rise of the inversion followed 0700 as shown in
the facsimile record (fig. 3). The quasi-
stationarity of the inversion height from 0730 to
0820 (indicated roughly by the dark layer at 200
m) reveals the effect of a region of increased
static stability. Following 0830, the inversion
lifts approximately linearly with time (e.g., Ten-
nekes, 1973a).

Figure 4 shows a time-series comparison of Cg?
levels (at 92 m) where we have plotted 5-min
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averages of C” from the tower and the
collocated-echosonde-multifrequency  data.
These reveal a portion of the strong diurnal
trend in levels. Figures 5a, b show
cumulative probability distributions comparing
in situ and echosonde C” values for the periods
characterized as “inversion,” and “developing
convection,” respectively. We have used a
logrithmic versus Gaussian coordinate system
where lognormal data plot as a straight line with
the slope related to the variance (Gibson et al.,
1970).

Echosonde median values and variances
larger than those from the in situ sensor
characterize the “inversion” case in figure 5a.
The data appear to be nearly lognormal despite
the spread in the median values. The effect of a
higher signal-to-noise ratio for the vertical
echosonde (which had a higher radiated power)
shows clearly in the probability distributions in
figure 5. The discrepancy in the median values
will be discussed in a later section.

Figure 5. Cumulative probability distributions of Ct
obtained from each echosonde and the tower at 92 m.
Unfiltered 4-s samples were used in the distributions
on 15 August 1972: (a) 0510 to 0730; and (b) 0730 to 1000.

15 August 1972

Figure 6. The echosonde facsimile record from 1235 to 1400, 15 August 1972. Vertical range is 340 m. A pulse length of 20

ms and repetition period of 2 s were used.



Slightly stable to unstable lapse rates
prevailed during the period of developing con-
vection from 0730 to 1000 at the 92-m com-
parison height. Figure 5b shows excellent agree-
ment in this case. The echosonde variances, as
reflected in the probability distributions, also
agree with those from the tower, the exception
being the vertical echosonde. This one exception
may be due to a small multiplicative error, com-
bined with an improved signal-to-noise ratio in
this channel. The disagreement in the block-
averaged values following 0900 occurs after the
excellent agreement near 0850. The only
noticeable difference on the facsimile is the ap-
pearance of a series of plume “tops” near the 92-
m level in the period from 0910 to 0945. The
decreasing correlation with the tower during this
period, particularly near 0940, may arise from a
local modulation of the convective thermal
structure by vortex rolls or other instability
modes in the boundary layer flow (e.g., R. A.
Brown, 1974; LeMone, 1973).

A period during the early afternoon on 15
August was also analyzed, the facsimile record is
shown in figure 6. The echosonde operated with
a pulse length of 20 ms and a repetition period of
2 s. The wind was perpendicular to the tower-
echosonde axis. The distributions, as shown in
figure 7, agree very well for larger values of C™,
with the exception of the shift in the 1750-Hz
data which can be attributed to a change in
transducer efficiency with temperature. The dis-
agreement at the low end of the distributions
again results from different noise characteristics
for the two echosondes. An apparent bimodality
in the distributions appears in the convective

1240-1410, 15 August 1972

25 50 75

Percentage of Values less than Given
Ordinate Value of Cj2

Figure 7. Cumulative probability distributions of CT!
obtained from the echosondes and the tower at 92 m.
Unfiltered, 2-s samples from the period 1240 to 1400, 15
August 1972, were used.

15 August 1972

Figure 8. Isopleths of temperature flux Q=w'T (°C
ms '), derived from the fixed-level tower data.
Temperature data were detrended using a 20-min run-
ning average.

Table 2. Echosonde-Tower Temperature Flux Comparisons From 0730 to 0950, 15 August 1972

Time period
Echosonde surface flux °C ms"'l  0.044 0.054
Tower 32-m flux 0.018 0.034

Height of Ct* minimum 130 m 140 m

160 m

0730-0750 0750-0810 0810-0830 0830-0850 0850-0910 0910-0930 0930-0950
0.067 0.095 0.118 0.141 0.148

0.015 0.064 0.088 0.105 0.075

250 m 290 m 280 m 330 m
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Figure 9. Profiles of Cj to a height of 640 m from the vertical echosonde data are shown. Data were averaged in 2.7-m
range g&tes over the time periods indicated. The theoretically predicted Z 411 behavior of Cj with height is shown,
normalized to the values at 50 m. Reference noise levels are in terms of Cj.
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Figure 10. Echosonde facsimile record from 0600 to 0900, 12 August 1972.

case. Observation and simulation of such dis-
tributions are described by Lawrence et al.
(1970).

Vertical profiles of C~ were obtained by
averaging the vertical echosonde data within
each range gate to a maximum height of 650 m.
Averaging times were chosen to correspond to
periods of quasi-stationary inversion height.
Such profiles are shown in figure 9 The
predicted “Z~4/3" dependence of C/ (eq. 9) is
shown, normalized to the values at the
minimum reliable echosonde range of 50 m.
Reference noise levels, posed in terms of C” and

11

indicated in figure 9, were from data obtained
during the 1-min break in the pulse transmission
prior to each hour. As can be seen, the greatest
contribution from the background noise level
generally occurs above 400 to 500 m. The agree-
ment of the predicted Z-4/3 height-dependence
of C/ with the observed profiles in the period
from 0825 to 0950 in figure 9 may be fortuitous
since we have ignored, as an attenuation
mechanism, the effective loss of energy from the
beam which may result from nonreciprocal tur-
bulent scattering. Such an “excess at-
tenuation,” if documented and included in the
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Figure 11. Time-series comparison for period from 0630 to 1130, 12 August 1972. Data gap from 0900 to 0930 resulted from

a temporary power outage.

calculation, would yield a profile of C~ falling
off less rapidly with height (under the capping
inversion) as shown in the data of Frisch and
Ochs (1975).

We also computed the vertical temperature
flux Q from each fixed level on the tower, using
the eddy-correlation technique (following
removal of linear trends in the temperature
data). Isopleths of Q are shown in figure 8. From

3.2 12 August Data

The second case analyzed occurred on 12
August 1972. A portion of the facsimile record,
shown in figure 10, reveals a temporal develop-
ment on this day similar to that on the 15th.
Because of an initially larger ground-based in-
version, the development of the convective layer
proceeds more slowly. The measurements in this
case are not redundant, but were made with our
principal operating frequency of 2250 Hz. The
transition from statically stable to unstable con-
ditions provides a calibration check between the
two regimes. Figure 11 reveals the temporal
development of CT? at 92 m as obtained from
each source. Figures 12a, b, and c provide the
corresponding probability distributions in 1.5-hr

12

the “0730 to 0820 C/” profile in figure 9, the
region of minimum C” corresponds closely with
a region of near-zero temperature flux. Equation
(9) suggests that a value of the surface flux Q0
might be obtained from the echosonde C/
profile under free-convection conditions. Table 2
shows a comparison of the echosonde-derived
surface flux with values obtained at the lowest
tower level, 32 m.

blocks. The data gap from 0900 to 0930 was the
result of a power failure.

As in the 15 August case, a larger echosonde-
tower ratio occurs in the statically stable case
(fig. 12a). This contrasts with the generally ex-
cellent agreement under the convectively un-
stable conditions which follow the inversion rise
(fig. 12b). Following 1030, a longer term modula-
tion of the convective activity is revealed in
figure 11. The lack of correlation during this
period («1045) is similar to that found after 0900
on the 15th (fig. 4).
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Figure 12. Cumulative probability distributions for 12
August 1972: (a) 0630 to 0800; (b) 0800 to 0900 and 0930
to 1000; and (c) 1000 to 1130. Echosonde pulse-repetition
period was 4 s.

4. Discrepancies

13

4.1 Statically Unstable Conditions

Inspection of figure 3 shows several features of
the developing convective boundary layer. First,
regions of large Crf are localized at horizontal
scales of approximately 300 m (corresponding to
periods of 1 min and advection with a wind of 5
ms-1; the region from 50 to 150 m had zero shear
after 0800). Second, the echosonde reveals a
longer period variation of the height of the con-
vection region which is most noticeable from
0925 to 0945 in figure 3. This 20-min period
would correspond to a horizontal scale of 6 km if
advection with the mean wind is assumed. Such
a large length scale would suggest a good correla-
tion at near-zero time lag between the tower and
echosonde C/ time series (at low frequencies).
This is not the case with time lags of from 5 to 10
min occurring as seen in figure 4. In addition,
there are occasional large bursts of Cg* from the
tower that do not appear to correlate at all with
those from the echosonde as from 1030 to 1045 in
figure 11. Such “discrepancies” suggest the pos-
sible presence of slowly moving vortices, with
the regions of large localized within fairly
“narrow” updrafts. The correlation (or lack of it)
between the tower and echosonde would depend
on the motion and structure of such vortices.



15 August 1972

Figure 13. Ratios of echosonde median Ct to tower median Ct for 10-min data blocks for each data channel from 0510 to
0850, 15 August 1972.

Height (m)

« ' a
wim#k

Tower Potential Temperature

152 m

15 August 1972

Figure 14. Facsimile detail with potential-temperature time series at 92 and 152 m for period of inversion rise from 0700 to
0735, 15 August 1972.
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Figure 15.1sopleths of windspeed, azimuth, and potential temperature during the boundary layer transition from 0635 to

0750, 12 August 1972.

4.2 Statically Stable Conditions

Figure 4 shows a fairly marked disagreement
between tower and echosonde values of C/
shortly after 0700 on 15 August. To examine this
anomaly in more detail, we computed ratios of
echosonde-to-tower median C/ values in 10-min
data blocks through the transition period
("0700). These ratios for each echosonde and
frequency appear in figure 13. Figure 14 shows a
facsimile detail and the corresponding tower
potential-temperature time series at 92 and 152
m. The wavelike structures in the facsimile, par-
ticularly between 0708 and 0713, are reflected as
perturbations in the 92-m temperature trace and
later (*0722) in the 152-m trace. Comparison of
the data in figures 13 and 14 from 0700 to 0720
thus suggests a close connection between the
presence of static stability and the observed
anomaly. (This connection will be explored more
fully in following sections.)

Figure 11 shows a marked discrepancy in the
period from 0705 to 0735 on 12 August. Figure 15

15

shows the meteorological fields for the period
from 0620 to 0750, contoured from the fixed-level
tower data. These show the gradual warming of
the layer near the ground prior to 0700 with little
effect on the region above a few tens of meters.
With the formation of a superadiabatic region
near the ground after 0700, a longer period,
higher amplitude, and more complicated oscilla-
tion of the boundary layer sets in. The lifting of
the 3.5-ms 1 region and the relative cooling aloft
bear a close similarity to features observed by
Izumi (1964) in the breakup of a nocturnal jet.
Figure 15 also shows a correspondence between
the behavior of the azimuthal portion of the
velocity field and the distribution of the poten-
tial temperature. Notable, also, is the enhance-
ment of the directional shear and temperature
gradients near the height of our comparisons
during the period of maximum anomoly (cf., fig.
11).



5. Discussion & Interpretation

In the previous section, we associated dis-
crepancies between tower- and echosonde-
derived values of C”™ with the presence of static
stability and shear. In the sections that follow,
we examine the origin of these discrepancies in
more detail; first describing how the tower,
microbarograph, and echosonde data reveal the
presence of internal waves and/or shear in-
stabilities. We then show how this information
sometimes leads to a causal connection between
the tower- and echosonde-derived time series of
CA. We next examine the correlation of specific

5.1 Correlation of Data

Internal waves and/or shear instabilities
produce characteristic perturbations of the
background temperature and velocity fields of
the medium in which they propagate. The
surface-level pressure variations, which they
produce, allow a deduction of their horizontal
phase speed and direction (through the use of
microbarograph arrays as described, e.g., by
Hooke et al., 1973). Such structures also may
lead to the production of small-scale turbulence
through local “wave”-induced increases in the
shear (and tilting of the isopycnic surfaces) and
the subsequent development of dynamic in-
stability (e.g., Gossard et al., 1973). This tur-
bulence acts on the background temperature
gradients to produce temperature fluctuations
at small scales which then serve as tracers for
the echosonde. Restoring forces, which arise
from the background static stability, and the
transfer of kinetic energy to larger horizontal
wavelengths (through the action of the
background shear) also tend to localize the tur-
bulence structure in relatively thin and patchy
lamina. The echosonde graphically delineates
the vertical structure and phase speed of such
phenomena relative to the ground, thus
motivating one’s interpretation of both the tower
and microbarograph data. The direct correlation
of events at the tower and echosonde must,,
however, be viewed with some caution because
internal waves and their associated effect on the
local dyﬂ“amic stability of the flow can propagate
rather arbitrarily, whereas the resulting shear
instabilities (and turbulence) appear to advect
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features (e.g., bursts of large € over the 300-m
separation between the tower and echosonde
and the effect on the comparisons of the
anisotropic spatial distribution of Cj? revealed
by the echosonde under statically stable condi-
tions. Some higher resolution data, together
with the earlier data, then motivate an error
analysis which explains the observed discrepan-
cies in our data in terms of the different spatial-
averaging characteristics of the tower C” sensor
and the echosonde.

Shear vector = Vs = V2 — W\

Mean wind = VM = ~

2

V, . V2 = Velocity at Levels 1 and 2, Respectively

Va = Component of Vm Perpendicular to the

Tower-Echosonde Axis

Echosonde

Tower

Shear-Instability Phase Fronts

Figure 16.lllustration of shear-instability phase orienta-
tion in the flow with directional shear.
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with the mean flow (Gossard et al., 1973). The
time delay between the appearance of “tur-
bulence” at the tower and echosonde may thus
be considerably different from that predicted as-
suming advection with the mean flow. The
orientation of shear instabilities along the shear
vector in a flow with directional shear (the
“Wegener hypothesis,” Haurwitz, 1947; Gossard
and Hooke, 1975) also leads to complication in
the time-lag correlations. Figure 16 illustrates
such an effect in a simple two-layer model.
When the horizontal scales of such phenomena
are less than the tower-echosonde separation,
uncertainties arise in the time-series correlation
of C~. However, identification of such wavelike
phenomena with the temperature and velocity
variations at 92-m on the tower and in the
microbarograph data at both the tower and
echosonde locations helps to resolve the source of
such uncertainties.

Figure 17 demonstrates how these various
data fit together. The microbarographs had
filters such that, for periods greater than 45 s,
the output was proportional to iip/dt\ and, for
periods less than 45 s, to p(t) where p is the
pressure. The phase lag of the sensor output
relative to the associated density variation then
ranges from 90° to 0° respectively (under
idealized circumstances).

5.2 The 15 August Anomaly

5.2.1 Comparison With Supporting
Data

Figure 18 provides the data relevant to the
period from 0707 to 0714 during which the
anomaly on 15 August was observed. The
echosonde data are shown in the figures with 3
dB-increment isopleths of C”. The visual
impression is that of a series of dynamical in-
stabilities in fairly advanced states of
breakdown (Thorpe, 1973). Relative to the
echosonde, there appear to be two time scales of
variation: The first is a 1- to 2-min period; the
second, a shorter 10- to 30-s period. If advection
with the mean wind is assumed, these shorter
period events have amplitude-to-wavelength
ratios ranging from 1:4 to 1:7. For shear in-
stability events, the slope in the facsimile
reveals the sign of the shear of the windspeed.
We also note that the echosonde does not dis-
tinguish a priori between descending layers and
advecting tilted layers.

18

An inspection of the microbarograph records
in figure 18a reveals a fair correlation between
the trace obtained at the echosonde location
(“A”) and the one at the tower. The maximum
correlation coefficient=0.60 obtained by time
lagging the “A” microbarograph trace 15 s.
Using the lag observed from the third sensor, an
azimuth of 190° and a phase speed (relative to
the ground) of 6 ms-1 were found. Averaging the
tower wind data over this period at the 122- and
61-m levels and applying Haurwitz' arguments
predict an azimuth of 205° and a phase speed of
5 ms'l relative to the array in reasonable agree-
ment with the microbarograph array. The wind
azimuth at 92 m was 155° during this period. To
determine whether such pressure variations
reflect wave-induced density variations near the
92-m level, we correlated the microbarograph
output with the 92-m temperature time series
(fig. 18a). The resulting peak correlation coef-
ficient was —0.57 at a lag of 13 s, reflecting a
period greater than 45 s. Because the density
varies inversely with the temperature, this
negative correlation indicates some association
between the ground-based pressure variations
and the “wave” motion near 92 m. From this
argument, we will expect the general features of
the wave motion revealed by the echosonde to
correlate with the tower measurements. The
smaller scale features need not correlate, but
will be expected to have similar characteristics.
These smaller scale features are examined in
figures 18c to 18g. From our previous arguments,
the temperature and wind-field variations in
figure 18 will be associated with “wave” motion.
Five large C bursts are identified by the letters
“A, B, C, D, and E.” All but event “D” correlate
with the presence of both thermal gradients and
wind shear. The interpretation of the time varia-
tions in figure 18 as vertical gradients presup-
poses wavelike structure with some ambiguity in
the region of the wave crest or trough. With this
assumption, the temperature gradients are
locally of the order of +0.05°C m-1. The direc-
tional shear is generally comparable to or larger
than the corresponding shear of the windspeed.
Events “A” and “D” suggest that regions of
large C™ do not always correlate directly with
the region of maximum shear. Rather, event “A”
suggests, as does figure 17, that larger thermal
gradients bound the region of intense small-scale
turbulence (as revealed in the meas-
urements). This effect would presumably
arise from the smoothing action of the eddy-
fragmentation process on the gradients in the
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region of turbulence. Thorpe (1973) suggests
that this type of structure may occur as a result
of instability when the velocity gradient in-
creases locally within a region of constant den-
sity gradient.

5.2.2 Aspect and Frequency
Dependence of the Scatter

To examine the aspect sensitivity of the scat-
ter, we computed 1-min averages of for the
vertical echosonde and each frequency channel
of the tilted one. We then formed ratios of the
vertical echosonde C” with each of the three
values from the tilted antenna at range gates
corresponding to 92 m above the surface. These
are shown in figure 19. The scattering volumes at
92 m will be separated horizontally by 60 m,
with the tilted echosonde volume downwind
from the vertical echosonde. With a windspeed
(advection) of 6 ms-1, this gives a lag of 10 s.
Thus, if the structure maintains its spatial in-
tegrity for 10 s and if the advection process
remains well defined, then ratios of 1-min
averages should give a reasonable measure
of the aspect sensitivity. If the turbulent
patches are not all well correlated over 60 m
(such as might happen with isolated convec-
tive elements following the inversion rise), then
one might expect the log-ratio to alternate about
zero as is seen to happen in figure 19 after 0730.
There appears to be no systematic frequency
dependence in these comparisons except in the
period from 0720 to 0730. The effect in this par-
ticular period may arise from a frequency-
dependent beamwidth which would produce
scattering volumes of different vertical extent
for the tilted echosonde. Before 0715, the vertical
echosonde values of Cf- are seen to overestimate
the tilted echosonde ones, consistently (par-
ticularly at 0712 which was the period of max-
imum anomaly in the tower-echosonde com-
parisons.) We contoured the spatial distribution
of Cjl from each echosonde in figure 20 for the
period from 071148 to 071248. Because the
horizontal motion of a patch through the tilted
beam will produce an apparent vertical motion,
some ambiguity should be expected in compar-
ing the spatial distributions in this figure.
However, the apparent geometrical distortion,
revealed in figure 20, suggests a brief look at the
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spatial and evolutionary characteristics of such
structures. If we ignore the wavelike
characteristics of the echosonde-delineated
structure, we can use Taylor's hypothesis to
some advantage. We consider a velocity in-
homogeneity v' of scale | in a mean-flow u.
The “intrinsic lifetime” of the inhomogeneity is
t=1n" The transit-time T=1/u. For «==>T re-
quires that v'<<u. An examination of the
windspeed trace in figure 18 shows this to be
satisfied. Remembering that there is some un-
certainty associated with the pulse resolution of
the echosonde, the central structure in figure 20
then has an apparent amplitude of «11 m and a
horizontal scale of ~70 m. The amplitude-to-
wavelength ratio is "1:6. Taking 0.5<i/<1.0
ms"1, the intrinsic lifetime has the range 70
s<r<140 s The corresponding horizontal
advective-scale L, over which this structure
would be expected to evolve significantly, would
have the range 450 m<L<900 m. Since any
wavelike characteristics might be expected to in-
crease the apparent “lifetime” of the associated
velocity perturbation, the above estimates will

—A2250/B2250
- A2250/B2750
0 A2250/B1750

15 August 1972

Figure 19. Examination of the aspect sensitivity of the
scattering, using ratios of vertical echosonde Cf to
tilted echosonde Cy , taken from 1-min averages in the
period from 0700 to 0750, 15 August 1972, at 92 m.

be regarded as minimum ones. Although this
analysis does not suggest a good tower-
echosonde comparison, the aspect sensitivity
(obtained over a 60-m horizontal separation)
would be expected to have some validity. (Any
internal inhomogeneities in such a structure
could lead to aliasing difficulties with respect to
the echosonde’s discrete sampling rate: This is a
possible explanation for the large apparent
anomaly at 071240 in fig. 20.) We also examined
the frequency dependence of the scatter from



this anomalous region. Figure 21 shows the ver-
tical profiles of C~ obtained from each
frequency channel and averaged in 2.7-m range
gates over the period of maximum anomaly. As
can be seen, there is no discernible frequency
dependence from the tilted echosonde returns
with, however, a marked anomaly in the aspect
sensitivity. From figure 13, there also appears a
persistent factor-of-2 “overestimate” of C/ from
the vertical echosonde data relative to the tower
during the statically stable period. To relate this
more generally to the presence of static stability
and shear, we computed ratios of 1-hr averages
of vertical echosonde C” and tilted echosonde

through the transition to statically unstable
conditions and at range gates taken in 25-m in-
crements. We have identified these as the
“aspect sensitivity” in figure 22, plotted along
with temperature and wind profiles taken from
the fixed-level tower data. This figure shows
that the errors appear to be closely associated
with the layering that occurs in statically stable

Peak Cy = 0.0400

E
E
=2
(<5}
T
CT2=0.0025 \/s
Cf = 0.00125 Tilted Antenna
E
£
=2
(5}
T

Figure 20. Isopleths of Ct from the vertical echosonde at
2250 Hz (top) and the tilted echosonde at 2750 Hz (bot-
tom) for the region of maximum return from 071148 to
071248, 15 August 1972. The tilted echosonde data were
corrected for distortion resulting from height-
dependent time lags, using the tower mean wind.
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Figure 21. Vertical profiles of Cr'from each echosonde
channel obtained over the period from 071148 to 071248,
15 August 1972.

regions since the ratio Ryr approaches unity
with the onset of convection after 0710. Com-
parison with figure 3 shows that Rvtis largest
where the layering is most pronounced.

5.3 The 12 August Anomaly

This anomaly occurred, as noted earlier, from
0700 to 0740 on 12 August. The wind direction
lay from the tower to the echosonde at the 92-m
level. However, the onset of peak C/ values
occurred 3 min earlier at the echosonde than at
the tower. The echosonde facsimiles from the
three locations, identified in figure 1, indicated a
disturbance propagating upstream. Figure 23
shows the echosonde and tower C” data plotted
using this 3-min lag. Three features are evident
from this figure: First, peak C™ values agree
within a factor of 2 from each source; a higher
“background” of Cq? persists in the echosonde
data; and, the contours reveal localized
intense “turbulent” patches distributed along
generally horizontal sheets.
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Figure 22. Hourly averaged profiles from the tower fixed levels of windspeed, azimuth, and potential temperature for 15
August 1972 case, with the corresponding ratio RVT, of vertical echosonde CT! to tilted echosonde C7 at 2250 Hz.

5.4 Special Cases

We examined several additional cases where
the tower and echosonde-derived values of C/
were in agreement and which revealed specific
features of the spatial distribution of C” under
statically stable conditions. The first case was
obtained with a particularly short pulse-length
of 6 ms and under fairly well-defined inversion
conditions. The facsimile record and isopleths of
potential temperature from the tower appear in
figure 24. We examined a single event that
showed a strong correlation between the tower
and echosonde obtained during the period from
0110 to 0112. The tower measurements and
microbarograph-array records are shown in
figure 25 along with the computer-expanded
contours of C/ from the echosonde. We used
here a 2-s repetition period to delineate the
structure horizontally. Our echosonde analog
data were sampled routinely at 2 ms and
averaged to 16 ms, yielding a vertical spatial
resolution of 2.7 m. This compares with the 2-m
spatial scale of the 6-ms pulse. The
microbarograph traces appear to reflect
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somewhat the oscillations of the upper bound-
ary of the clear (“isothermal) region. Of the two
C'lI* bursts revealed by the tower (labeled “A”
and “B”), the second appears to correlate the
best with microbarograph traces over the array.
The time lags from these traces indicate a
“wave” moving from an azimuth of 230° with a
speed of 5 ms-1. The windspeed and azimuth at
tower top are 4.6 ms-1 and 210°, respectively.
Using the time lags from the microbarographs,
we have indicated in figure 25 the corresponding
time series at 92 m for these events for both
tower measurements and echosonde CT?
contours. We have overlaid the echosonde C/
time series on that from the tower for com-
parison. Note that the apparent folding in the
contours is indicated in the vertical velocity
trace. The thermistor time constant was too slow
to reveal a similar variation in the temperature.
Case “A” which does not show as clearly in the
Cj* comparisons also is not clearly reflected in
the microbarograph traces.

A case that shows patches localized both
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Figure 23. Echosonde-derived isopleths of Crifor a period of maximum anomaly) compared with fixed-level tower data
for the period from 0710 to 0714, 12 August 1972.
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horizontally and vertically appears in figure 26.
The period from 0643 to 0648 is shown expanded
in figure 27 with the corresponding tower traces.
The pulse length here was 20 ms with a repeti-
tion period of 4 s. The sloping lines in the tilted
echosonde facsimile can be interpreted as small
localized turbulent patches moving horizontally
through the beam. Their speed along the beam
and elevation can be deduced from the slope and
range of the lines in the facsimile. We note that
the echosonde reveals the horizontal extent of
each patch to be comparable to the pulse length
(6 m) and the spacing to be from 30 to 80 m. This
localization is similar to that observed in certain
types of shear instability in stably stratified

0110

Isopleths — Potential Temperature

152 —

laboratory fluids (Browand and Winant, 1973).
These spacings and speeds are also in accord
with those in figure 27, assuming advection with
the mean wind. The regions of large return,
labeled “B” in figure 26 for both tilted and ver-
tical echosondes, have to be associated with the
same structure for consistency with the above
deductions. This then suggests a picture of
(shear-generated) turbulent patches on an
inversion-shear interface. The longer period mo-
tion of this interface (which is also reflected in
the layer near 200 m) was examined using the
microbarograph data. The result was a wave
propagating from the south at ~6 ms"l Figure
27 shows the echosonde data lagged 1.5 min to

0120 0130

12 August 1972

Figure 24. Facsimile detail for period from 0104 to 0132, 12 August 1972, obtained with a pulse repetition period of 2 s and
a pulse length of 6 ms and compared with potential temperature contours that were obtained using Fixed-level tower

data.
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Figure 25. Examination of an isolated scattering layer near 92 m, using the echosonde-derived isopleths of C
microbarograph data, and the 92-m fixed-level tower data from 0108 to 0112, 12 August 1972.
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correspond to the maximum lag-correlation
coefficient. This lag also corresponds to that ex-
pected from the windspeed and azimuth at 92 m.
The pressure data do not reveal any correlation
of the small-scale features over the array in this
case. Thus, one must remain suspicious of a
direct Cj? comparison in such a short-term
event. Any further analysis would require ad-
ditional information about the turbulence-
generation mechanism and the subsequent
evolution and motion of the turbulent patch
relative to the wave phase characteristics, local
mean flow, and the background static stability.
One should note, however, the constancy of the
return from the tilted echosonde for periods of
the order of 30 s while each patch is within the
beam. This is a much longer period than sug-
gested by a calculation of the decay time of the
temperature spectrum in the absence of tur-
bulent mixing (Metcalf and Atlas, 1973). This
implies a continuous generation of temperature
fluctuations in the vicinity of the patch.

Vertical Echosonde "A”

Height (m)

Tilted Echosonde MB”

Height (m)

12 August 1972

Antenna

Tower Antenna

Figure 2(5. Examination of ““turbulent” patches on an
isolated layer, utilizing vertical and tilted echosondes
from 0636 to 0659, 12 August 1972.
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5.5 Error Discussion

Our examination of the spatial distribution of
Cy, in the previous sections, revealed the
presence of quasi-horizontal patchy lamina in
the stably stratified boundary layer. The high
degree of anisotropy and inhomogeneity in
these spatial distributions suggests several ex-
planations for the larger-than-expected acoustic
scatter:

(@ The small-scale thermal structure is non-

turbulent and, therefore, the present scat-
ter theory does not apply (e.g., Ottersten,
1970; Metcalf and Atlas, 1973); or,
The thermal structure internal to the
patches may be isotropic, but large
temperature gradients at the patch
boundaries may result in “anomalous”
scatter; or,

(c) The thermal structure responsible for the
observed echo is locally isotropic, but the
different spatial-averaging characteristics
of the point and volume sensors introduce
the observed discrepancies.

Direct measurements of the refractive-index
structure at small scales and in three dimensions
appears difficult and may thus preclude a direct
examination of cases (a) and (b) (although some
information may be available through analysis
of data from point-sensor arrays (Gjessing et al.,
1973; Pao, 1973)). In addition, a number of ex-
perimental and theoretical results (e.g.,
Kraichnan, 1966; Kaimal, 1969; Busch, 1973;
Tennekes, 1973b) suggest that we retain the as-
sumption of isotropy and homogeneity at scales
relevant to our comparisons. We assume,
therefore, that the thermal fine structure
(parameterized by C-f) will reveal the effect of
larger anisotropic eddys only through an in-
homogeneous spatial distribution. The character
of this spatial distribution will presumably
reflect a significant degree of macroscopic
organization (at scales, say, greater than 1 m)
arising from the effects of the background static
stability and local shear (e.g., wave induced).

To evaluate the magnitude of the sampling er-
rors under such conditions, we examined the
patch geometry shown in figure 28. The shaded
area represents the apparent echo for a pulse

(b)
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Figure 27. Echosonde-derived isopleths of Cj compared with in situ Cj’and temperature at 92 m for the period from 0641
to 0647, 12 August 1972.
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Figure 28. Schematic diagram for computation of the relative echosonde-tower error. The shaded area represents the
observed echo within a fixed range gate for a pulse length cr.
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length Ce>>L_" (the patch, or layer, thickness).
The horizontal scale over which such echoes will
“persist” within a given range gate can be writ-
ten Lh=Ct cot oco=cr (LU+L™)/(L'+L"). The
number of echosonde-sampling intervals within
LH will be N=LH/{unTf). If the tilted layer is of
infinite extent, one can pose the relative
echosonde-tower error over the N samples as

Jv T w1
N [Ct/2 Lu+L"j

=2 10
~At+Ol 10

N[L'+L" u«Ts \]
in the limit Ct>>L."and with the tilt of the
“layer” given by cot Oo=(Lw+L"")/(L'+L").

A second case is that of a horizontal layer
(0o=0) just below, but within a distance cr of
the height of the C” sensor. In this case
Er->00. For a more complicated geometry, such
as an oscillating turbulent layer at or below our
92-m comparison level, one may then expect
2<Er<cd for periods comparable with that of
the oscillation (as in section 5.3).

A somewhat subtle feature is associated with
our assumption that L."«C+t. This assumption
was made to avoid the problem of including the
spatial convolution of the pulse with some as-
sumed spatial distribution of CA. If this
possibility is included, one might expect a
higher “background” of Cf in the echosonde-
derived time series than that obtained in situ. A
detailed calculation would be required to show
what effect this might have on the cumulative
probability distributions. Such an effect may be
indicated by the data in figure 23. This analysis
also suggests that the errors will be reduced as
the echosonde pulse length is reduced, thus ap-
proaching the vertical sampling characteristics
of the point sensor.

A similar treatment can be applied to the er-
rors of the vertical echosonde relative to the
tilted one. We define the following quantities for
a horizontal, continuous turbulent layer:

Lp= Ct/2,

L' = thickness of layer,

R = vertical range to scattering
volume,

. 0o = angle of tilted beam relative to the

vertical,

oo = angle of layer from the horizontal,
and

Go = beam half-angle (e.g., to -6 dB
power points).
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These parameters are displayed in figure 29. The
resulting error becomes, defining EA as the error
due to the geometrical aspect sensitivity (ver-
tical echosondeftilted echosonde) arising from
the relative beamfilling,

2R sin Go (tan Oo+tan 00)
i

where (00+00) is the angle between the layer and
the tilted beam. (This makes the error sensitive
to the orientation of the instability-perturbed
layer relative to that of the echosonde.) If we
consider patches of small horizontal and vertical
extent moving along an interface, the error
becomes with L'<Lp:

an

2/2 sin Go tan 0o

E @™ omem —memroemenmeien .

12

Taking R =100 m, 5°<00<IO®, 30°
< 0o + 00 <40° and Lp=5 m, we find
2<Ea<4. This again is in the range of the errors
observed. If the patches are inhomogeneously
distributed along the layer, then a short time
sample may produce highly variable results
(e.g., as in fig. 20). The errors are also predicted
to increase linearly with the height above the
surface. However, the vertical distribution of Cj*
may dominate such comparisons as in figure 22

2R Sin ft
2R Sin ft

Figure 29. Schematic diagram for computation of the
relative vertical echosonde/tilted echosonde error.



(cf., fig. 3). Since these errors are related to ver-
tical inhomogeneity, a vertical averaging may
reduce the variance of C” obtained from the
vertically directed echosonde, but not the ratios
of hourly averages as used in figure 22.

6. Summary & Conclusions

We have described the quantitative analysis
of backscattered acoustic signals in the tur-
bulent planetary-boundary layer. The acoustic
measurements were obtained with two separate
echosondes, one of which operated at
simultaneous wavelengths of 0.12, 0.15, and 0.19
m. The measurements spanned the transition
from a turbulence regime dominated by static
stability to one characterized by static in-
stability.

The analysis utilized a cross section approx-
imation in the echosonde equation. The acoustic
scattering cross section was expressed in terms
of an isotropic, three-dimensional temperature
spectral density evaluated at one-half the
acoustic wavelength. For comparison of the
observed echo with in situ data, was
expressed in terms of the temperature structure
function DT=[(AT)2] and equivalently in terms
of C7" assuming the “2/3 power law.” AT was
measured at a vertical separation of 0.20 m
which was near the half wavelength of the
acoustic waves being used.

Within a possible systematic experimental er-
ror of £3 dB, the median echosonde Cj? agreed
over a considerable range of conditions with the
median in situ Cj?. The cumulative probability
distributions also agreed well, showing a lognor-
mal character in most cases. Vertical profiles of
Ci* followed the theoretically expected Z~4/3
height-dependence under conditions of free con-
vection, and inferences of the surface
temperature flux from the echosonde agreed
within the experimental error with values from
the tower.
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Under conditions of static stability, the ver-
tical echosonde on occasion overestimated C*
relative to the values from the tilted echosonde
and the tower by factors ranging from 2 to 5.
This report suggests that the quasi-horizontal
spatial ordering of the small-scale turbulence
structure under statically stable conditions may
introduce averaging errors in the in situ Cf*
measurements relative to the finite-volume
echosonde measurements. The same spatial
structure may introduce errors of the magnitude
observed between the vertical echosonde and
tilted one due to relative beamfilling effects. Our
results suggest that such errors between the
tower and the vertical echosonde values of
are reduced by shortening the pulse length.

Our results thus show the ability of echosonde
techniques (with the proper choice of
beamwidth and pulse length) to yield a quan-
titative measure of the spectral density of
temperature fluctuations at small scales under a
variety of atmospheric conditions.
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Appendix.

Echosonde Operation & Calibration

McAllister et al. (1969) and Simmons et al.
(1971) describe the operational details of
echosondes. In brief, a short pulse of acoustic
energy with a given frequency or mixture of fre-
guencies feeds a transducer mounted at the
focus of an acoustically shielded parabolic
antenna. This results in the propagation of an
approximately plane wave pulse with an axi-
symmetric amplitude given by the gain pattern
of a circular piston source. Measured gain pat-
terns are shown in figure 30 over the available
frequency range. Following the emission of the
pulse, the system switches to a receive mode for
a selected period before the next pulse. In this
mode, the antenna collects and focuses the
backscattered energy, giving a time and hence
range-dependent voltage at the transducer out-
put. Following swept-gain amplification
(compensating the R~2 dependence of the scat-
tered intensity), filtering, and rectification, this
signal serves as an input to a facsimile recorder.

1 kHz

50° dB

Figure 30. Antenna-gain patterns at 1000, 2000, and 3000 Hz.
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Examples of four simultaneous multifrequency
traces appear in figure 31. Parallel sequencing of
such amplitude-modulated traces (at the pulse
repetition rate of the echosonde) on the facsimile
paper produces a time-height representation of
the atmospheric structure moving through the
beam. The unfiltered, filtered, and rectified
signals are also recorded on a wide-band analog
tape recorder for later quantitative analysis. The
recording of the unfiltered signal from the
preamplifier for later processing of both mul-
tifrequency and, in some operations, bistatic
signal components, results in fewer require-
ments for supporting hardware during field
operations.

Supporting meteorological data were obtained
near the echosonde array, as shown in figure 1,
from a 152-m tower instrumented at 30.5-m in-
tervals. The instrumentation at these fixed
levels and on the tower’s movable carriage con-
sisted of thermistors and bivanes. The 92-m

2 kHz 3 kHz

50° dB

90



tower level was instrumented with a ““C/N
sensor” which gave, by analog computation, the
rms-temperature difference between two fast-
response sensors spaced 0.20 m apart in the ver-
tical (Lawrence et al., 1970). These data were
digitally recorded in 1-s integrated samples. In
addition, hygrothermograph and barograph
recordings were made at all the fixed levels and
microwave refractivity at 61 and 92 m. These
were used to calculate corrections for the at-
tenuation of the acoustic signal as will be
described later.

Application of the “echosonde equation” (1)
and the expression (6) for the cross section yields
a discrete time series of volume-averaged C*
values for any selected echosonde range gate.
The errors in the values of Cj? so determined
depend to a large extent on one’s ability to
measure or estimate the correction terms in the
echosonde equation. Once the total electronic
gain of the system is accurately measured
(within a few percent), the major error left in the
evaluation of (1) for C7 is that arising from
estimates of the antenna-transducer efficiencies
and to a lesser extent from the calculated at-
tenuation. The transmit efficiency as a function
of frequency was calculated from measurements
of the sound pressure level produced at the aper-
ture when a known power level was applied to
the transducer. The receiving efficiency was
measured by placing a sound source on axis, 10
m from the aperture, then regulating the pres-
sure level at the aperture to 1 fibar as the source
frequency was swept, and measuring the cor-

Transmit Pulse

Receiver On

3200 Hz

2500 H;
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50 100
Height (m)

150 200 220

Figure 31. Simultaneous multifrequency returns.
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responding transducer power output. The results
are shown in figure 32. There are errors of £2 dB
inherent in this technique (Wescott et al., 1970),
depending, for example, on whether the source is
in the farfield of the antenna or whether the
placement of the sound-level meter microphone
gives an adequate indication of the average
power produced. Additionally, figure 32 shows a
frequency response that is not flat. In the trans-
mit and receive modes, errors can be introduced
as these apparently mechanical resonances shift
with changing transducer temperature (usually
in a diurnal pattern). In the receive mode, errors
can be introduced by the variation in the fre-
guency of the scattered signal caused by Doppler
effects. These errors in the receive mode would
be most prominent at higher frequencies and for
tilted beam geometries. Of the three principal
frequencies used, 1750, 2250, and 2750 Hz, the
middle frequency can be seen from figure 32 to
be the most reliable in this respect.l
There are also variations among individual
transducers. Because only a simplified inter-
calibration procedure was utilized to check on
these variations, there could be additional errors
arising from the lack of the proper match with
the actual antenna and atmosphere during these
calibration measurements. The conclusion is
that even though a probable error is not easily
definable, one must contend with a possible er-
ror of several decibels. This type of error could
be reduced through the design or selection of a
transducer with a flatter frequency response.
The range-averaged attenuation a is assumed
to be equal to the sum of “classical absorption”
(Evans and Bazley, 1956) and molecular absorp-
tion (Harris, 1966). Classical absorption ad

arises from the effects of heat conduction and
viscosity and is generally small. Molecular ab-
sorption amol is larger, arising from the
excitation by the sound wave of the internal
energy modes of gases such as 02 in the at-
mosphere (through local increases in the colli-
sion rate). The water vapor content of the air
strongly influences this excitation process and
hence becomes the important factor in the

2For mixed-frequency operation, a mechanical transfer of
energy between frequencies is possible within the transducer.
For our choice of frequencies, this possibility was examined
and found not to be a significant problem. For operational
situations, the efficiencies ought to be measured or inferred
using mixed frequencies in the calibration procedure.
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Figure 32. (a) Sound pressure level (SPL) at the antenna
aperture when 10 W (electrical) were applied to the
transducer; and (b) transducer voltage output when 1-
~bar rms-pressure was applied at the antenna aper-
ture.

calculation of amol. Sutherland (1968) gives a
detailed discussion of these processes and em-
pirically fits equations that allow a straight-
forward calculation of a=ac\+&moi. The
calculation of amol is in terms of a frequency fm at
which maximum absorption occurs that is also a
function of temperature (T,°C) and atmospheric
pressure (P,mb) and is given empirically by

fm=(10+6600 h+44,400 h2)P*/(T*)08Hz

where h = percent mole ratio of water

vapor=100 I;)where e=water vapor

pressure (mb),
T* = [1.8 (T°C)+492]/519, and

P* = P/1014.

This then defines the maximum absorption (at
frequency fm)

amM=0.0078/m.(7-)-2\/ TM _"\
whence amol is

A max

304.8

where /=echosonde-operating frequency (Hz). acl

has a weak dependence on temperature and is

approximated by Sutherland as
acl= 1.74 x10"10/72 (—dB/m).

**mol

U.S. GOVERNMENT PRINTING OFFICE:

We calculated a by using hourly averages of
water vapor pressure, temperature, and pressure
derived from hygrothermograph and barograph
recordings at the 31-, 61-, 92-, and 152-m tower
levels, converted to attenuation per meter,
linearly interpolated, and range-averaged for use
in (1). The effects of short-term variations in
humidity were estimated from the 61-m level
microwave-refractivity measurements (AO and
found to produce less than 5-percent variation in
the final calculation of C*. These were calculat-
ed from Af=77.6 P/T+3.73 X105 e/T? (Bean and
Dutton, 1968). For the experiment at hand, the
air was quite moist from recent rains and the as-
sociated ground moisture. Hence, because of the
large value of/m, little variation was produced in
the calculation of amol. For drier air, where the
attenuation becomes more sensitive to the water
vapor content, greater care would have to be ex-
ercised when applying this correction.

The calculation of the “effective-aperture fac-
tor” G (Hall and Wescott, 1974) is sensitive to
the assumed distribution of scatterers and hence
to the integration over the beam-gain pattern. A
factor of 0.40 is used. This is consistent with
other estimates of the “effective aperture” of
antennas (Little, 1969; Battan, 1973).

The remaining terms in (1) are either directly
measured or estimated from the system param-
eters. One should note that the open-circuit
voltage ur at the transducer is measured in the
receive mode. If the transducer were ter-
minated by its characteristic impedance 12, then
the maximum power transferred would be
(vr72)us1 (Wescott et al., 1970) which is used for
Prin (1).
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ENVIRONMENTAL RESEARCH LABORATORIES

The mission of the Environmental Reasearch Laboratories is to study the oceans, inland waters, the lower
and upper atmosphere, the space environment, and the earth, in search of the understanding needed to pro-
vide more useful services in improving man’s prospects for survival as influenced by the physical environment.
Laboratories contributing to these studies are:

Atlantic Oceanographic and Meteorological Laboratories (AOML): Geology and geophysics of ocean basins
and borders, oceanic processes, sea-air interactions and remote sensing of ocean processes and characteristics
(Miami, Florida).

Pacific Marine Environmental Laboratory (PMEL): Environmental processes with emphasis on monitoring
and predicting the effects of man’s activities on estuarine, coastal, and near-shore marine processes (Seattle,
Washington).

Great Labes Environmental Research Laboratory (GLERL): Physical, chemical, and biological, limnology,
lake-air interactions, lake hydrology, lake level forecasting, and lake ice studies (Ann Arbor, Michigan).

Atmospheric Physics and Chemistry Laboratory (APCL): Processes of cloud and preciptation physics;
chemical composition and nucleating substances in the lower atmosphere; and laboratory and field experiments
toward developing feasible methods of weather modification.

Air Resources Laboratories (ARL): Diffusion, transport, and dissipation of atmospheric contaminants;
development of methods for prediction and control of atmospheric pollution; geophysical monitoring for
climatic change (Silver Spring, Maryland).

Geophysical Fluid Dynamics Laboratory (GFDL): Dynamics and physics of geophysical fluid systems;
development of a theoretical basis, through mathematical modeling and computer simulation, for the behavior
and properties of the atmosphere and the oceans (Princeton, New Jersey).

National Severe Storms Laboratory (NSSL): Tornadoes, squall lines, thunderstorms, and other severe local
convective phenomena directed toward improved methods of prediction and detection (Norman, Oklahoma).

Space Environment Laboratory (SEL): Solar-terrestrial physics, service and technique development in the
areas of environmental monitoring and forecasting.

Aeronomy Laboratory (AL): Theoretical, laboratory, rocket, and satellite studies of the physical and
chemical processes controlling the ionosphere and exosphere of the earth and other planets, and of the
dynamics of their interactions with high-altitude meteorology.

Wave Propagation Laboratory (WPL): Development of new methods for remote sensing of the geophysical
environment with special emphasis on optical, microwave and acoustic sensing systems.

Marine EcoSystem Analysis Program Office (MESA): Plans and directs interdisciplinary analyses of the
physical, chemical, geological, and biological characteristics of selected coastal regions to assess the potential
effects of ocean dumping, municipal and industrial waste discharges, oil pollution, or other activity which may
have environmental impact.

Weather Modification Program Office (WMPO): Plans and directs ERL weather modification research
activities in precipitation enhancement and severe storms mitigation and operates ERL’s research aircraft.
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