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CHAPTER 1

INTRODUCTION

Presented in this dissertation is a new technique to remotely
sense water vapor in the atmosphere. The principal concept involved is
that, for a given location, knowledge of just the derivative of the
acoustical absorption spectrum for audible-frequencies is suflficient to
determine water vapor content and temperature at that location.

The balance of the dissertation concerns the questions of wheth-
er the technique is superior to others that have been tried or proposed,
whether the technique can be practically and economically implemented,
and whether the range of a practical device would be sufficient for most
meteorological purposes.

Chapters II and IV provide background information on the atmos-
phere and acoustics. Chapter III describes the field of remote sensing
of meteorological variables, while Chapter V presents previous proposals
and possible improvements for hygrometric sodars. The new technique is
described and analyzed in Chapters VI, VII, and VIII; analytical expres-
sions are derived for the probability di=tributions for variables involved
in the measuring process. Chapter IX presents related information with
suggestions for future study, and Chapter X summarizes and lists the con-
clusions of the dissertation research.
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A condensed description of the dissertation follows:

Although water vapor comprises only a small fraction of the at-
mosphere, it is meteorologically the most important constituent; it acts
as a main energy storage and transportation element in the atmosphere.
Water vapor is further distinguished as the sole major atmospheric com-
ponent whose concentration is widely variable.

Environmental protection programs and the economic need for more
accurate and longer range weather forecasts have spurred the development
of data systems capable of furnishing the requisitely detailed, three-
dimensional picture of the atmosphere (mainly the first one or two kilo-
meters above the surface, where short- and intermediate-term weather
patterns are determined). Knowledge of water vapor concentration is a
necessary part of this description. To furnish such a picture, mere ex-
tension of the present, three-dimensional monitoring system (radiosondes
at roughly 500 km spacings, twice daily), is definitely not economically
feasible. Hence, interest has been shifted from in situ sensors to sys-
tems capable of remotely monitoring the desired meteorological variables
(mainly wind, temperature, humidity, and turbulence).

Systems based on electromagnetic (including optical) and acous-
tic interactions with the atmospheric variables have been proposed and
many working systems have been built. Acoustic devices enjoy the advan-
tages, in most cases, of a much stronger interaction with the atmosphere
and of costing far less. These devices suffer the disadvantages, among
others, of vastly decreased range and directivity and of greatly increas-
ed sampling time, on the order of the time constants characterizing sub-

stantial atmospheric change.
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All proposals to date for a humidity-sensing system have been un-
successful either practically or ecomomically. Two proposals have been
made for an acoustic radar (sodar) capable of measuring water-vapor; the
proposal of Gething and Jenssen was a considerably more refined version
of the earliest one, made by Little. Gething tested his proposal and
found that the received acoustic intensity could not be measured with
enough accuracy in practice.

As indicated in figure (1:1), the Jenssen and Gething Method
(JGM) consisted of transmitting pulses at four different frequencies.
Since the absorption of acoustic energy is dependent on the humidity,
temperature, and turbulence of the atmosphere, and that dependence is in
turn dependent on the frequency of the propagating wave (as shown in fig-
ures (4:1) through (4:9)), then each frequency pulse will be attenuated
differently, depending on the atmospheric variables. As the pulses prop-
agate, some of their energy is scattered back to the sodar by the in-
homogeneities of the temperature field. The relative intensities of the
received signals indicate the integrated effect of the atmospheric var-
iables between the source and scattering volume (the altitude of this
volume is obviously determined by the time interval between transmitted
and received pulses). Four frequencies were required to analytically
eliminate the effects of temperature and turbulence.

The effects of temperature and turbulence were not well under-
stood at the time of the JGM proposal, and, most importantly, the random
nature of the returning pulse intensities was not fully appreciated.
The JCM would have required many hours to obtain even marginally useful
data (for a range of 17 meters), but, of course, the atmospheric turbu-

lence changes much faster.
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The proposal of a new technique, the Relaxation Frequency Method
(RFM) is now possible because of the detailed knowledge of the acoustic
attenuation process which has only recently become available. As illus-
trated in figure (1:2), the RFM involves transmitting a single frequency
at any particular time but receiving the returning signal from scatter-
ing volumes at two different heights. Comparing returns from the same
transmitted wave eliminates a great deal of error inherent in the JGM.
In addition, a continuous wave, rather than a pulse, is transmitted with
a constantly changing frequency (FM-CW), which furnishes more data while
still avoiding ambiguous returns. Sweeping the frequency naturally pro-
duces an attenuation spectrum. The heart of the RFM is that the spectrum
has a very definite shape (see, e.g. fig. (4:2)) which is strongly de-
pendent on the humidity. Therefore, the humidity can be determined with-
out relying on the magnitude of the spectrum, which is very error-prone.
The mechanism of the RFM also allows independent data to be gathered si-
mulaneously by suitably separated receivers, which is important because
the time necessary to collect a given amount of data is decreased and
time is the "Achilles' heel" of acoustic radar systems.

A statistical analysis has shown that the RFM is clearly superi-
or to the JGM. Typical uncertainties in wind, temperature, pressure,
and turbulence have little effect on the relaxation frequency of the ab-
sorption process.

The question of whether a system using the RFM can furnish most
of the required meteorological data economically cannot be fully answer-
ed without more informatiou on the practical limitations and cost of

various sodar designs.
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The trade-off involves sampling distance, frequency range, reso-
lution, sampling time, cost, and the percentage of time when meteorolog-
ical conditions are 'favorahle".

It can be concluded on the basis of present information that a
sodar with modest improvements over existing (low-cost) sodars can pro-
vide some information under most conditions and most of the required in-
formation under some conditions. If the ultimate system described by
Little is achievable, then it should be possible to obtain the necessary
information (within the first one or two kilometers of the surface) for

all but extreme weather conditions.



CHAPTER 2

THE METEOROLOGICAL ATMOSPHERE

Structure

The atmospheric weather processes are driven by two kinds of
forces. First are thermal gradients caused by differential solar heating.
Second are frictional forces caused by the '"drag" between the atmosphere
and the rotating earth. These forces can be used to differentiate vari-
ousAregions of the atmosphere.1

Virtually all of determinants and manifestations of weather are
contained in the troposphere, which extends from the earth's surface to
a height of 10 to 15 km. at mid-latitudes. The troposphere is charac-
terized by a negative vertical temperature gradient which vanishes or
changes sign at the tropopause, the upper boundary of the troposphere.

The troposphere can be further subdivided into the Ekman layer,
or planetary boundary layer, and a surface layer which is contained in
the boundary layer. The surface layer extends the first few tens of
meters above the earth's surface, and is typically a layer of laminar
flow (with constant shearing stress) which "matches” the motion of rest
of the atmosphere to that of the earth. Weather conditions within this
layer are extremely variable; very large gradients of temperature and

wind speed can occur.
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The boundary layer is defined as that lower portion of the trop-
osphere which is effected by the surface friction force. About half the
atmosphere's loss (or gain depending on the accounting procedure) of ki-
netic energy takes place in this region (most of the remaining energy is
dissipated near the tropopause). The boundary layer is usually about one
kilometer thick, but this figure can easily vary from a hundred meters to
2 or 3 km. That portion of the boundary layer above the surface layer is
characterized by a great deal of turbulence (compared to the higher at-
mosphere) and is called the mixed layer. The end of the turbulence, which
corresponds to top of the boundary layer, is termed "subsidence"; a tem-
perature inversion usually accompanies this subsidence. Most clouds form
at this level, where rising water vapor contacts colder, calmer air.

Surface layer winds are primarily caused by the surface friction
force. At the top of the surface layer, air is far enough away from a
rigid boundary that it can no longer support the shearing stress of the
laminar flow; large diameter (on the order of 100 meters) vortices "spin
off'" the top of the surface layer. These vortices have horizontal axes
which are approximately parallel to the wind direction. The mechanism of
a vortex is such that it gives up energy to form smaller vortices which
continue the process until a lower limit on the diameter of the vortices
is reached. This lower limit is called the "Kolmogorov microscale", which
has a value of about one millimeter. The limit is the result of the vis-
cosity of the air; so that energy lost by the smallest vortices is dissi-
pated as heat energy (the ordered kinetic energy of wind is traded for

random kinetic, or thermal, energy). The phenomenon is sometimes described

as an "energy cascade'.
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Composition

The principal components of dry air are nitrogen (78.08%, by vol-
ume) and oxygen (20.95%). The remaining 1% is composed chiefly of argon
(0.93%) and carbon dioxide (0.03%, varying at different places and times).
The amount of water vapor in air is quite variable; an average figure
would be 0.57 by molar concentration (or, equivalently, by volume). The
concentration is almost always below 3%.

Water vapor is, meteorologically, the most important atmospheric
constituent and also the most widely variable. It can be considered the
main short-term energy-storage mechanism of the atmospheric weather ma-
chinery since water vapor can undergo both of its phase changes within
the normal temperature range of the atmosphere. Because of its tremen-
dous heat capacity, atmospheric water has a moderating effect on temper-
ature; regions of temperature extremes and the very dry areas of the
world coincide. Virtually all the water vapor in the atmosphere is con-
tained in the troposphere and most is found within the boundary layer.

Water vapor also affects weather because moist air is more buoy-
ant than dry air at the same temperature and pressure; for a volume con-
centration of 2% water vapor, the mixture is about 1% lighter than dry
air. This effect can easily be more important than the existing thermal

gradient for the vertical transportation of the moist air.

Atmospheric Variables

Principal measures of the atmospheric state include temperature,
pressure, wind speed, and humidity. Also of interest are the structure
constants which characterize the turbulence of both the temperature and

velocity fields.
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The temperature will be denoted by "T", and will be expressed in
units of degrees Kelvin 1in all formulae and otherwise unless indicated.
Celsius readings are converted to Kelvin by adding 273., approximately.

A normal range for T is -30°C < T < 40°C, with -60°C and +60°C being ex~
tremes. At mid-latitudes, the average summer temperatures for O and 2 km
altitudes are about 15°C and 0°C, respectively. As previously mentioned,
T decreases with altitude within the troposphere about 6.5°C/km. For
winter, the average temperature at sea level drops to 0°C.

The pressure, designated by "P", will be expressed in atmospheres;
one atmosphere is the typical pressure at sea level, while P = 0.8 atm.
at 2 km, and P = 0.47 at 6 km altitude. The pressure at a given location
normally varies by less than 5% from its mean value. The equation below,
after the Hydrostatic Equation, gives the pressure, P, as a function of

altitude, x :
P[x] = P, * EXP[-0.0341 /¥ T(z1™! dz) (2-1)
0

where square brackets enclose the argument of a function,
P[x] is the pressure, in atmospheres, at height x,
x is the height in meters,
Py is the pressure, in atmospheres, at x = O,
EXP[ ] is the exponential function,
the asterisk denotes multiplication and is used
where the meaning might not otherwise be clear,
T{z]"1 is the reciprocal of the absolute temper-
ature, in degrees Kelvin, at height z, and z is
a dummy integration variable.

This equation neglects the buoyancy of moist air. An approximate correc-
tion can be made, although it is small, by replacing T by Tv, the virtual
temperature:

Tv[x] = T{x] (1 + H[x]/100.) , (2-2)
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where H[x] is the percent molar concentration of water vapor at altitude x.

The horizontal and vertical wind speeds will be denoted by Vh and
Vv, respectively, and will have units of meters per second. Mean values
for Vh differ widely with locality and time, but an average figure of 5
to 10 m/s is useful. Values for Vv are, roughly, one--tenth of those for
Vh.

The water vapor will be represented by H, and will be measured as
the percent molar concentration, which is the same as the percent concen-

tration by volume. The percent concentration is related to the relative

humidity, HR (in percent), as follows:

= / -
H HR PSAT'P . (2-3)
where P is the total pressure in atm, and
PSAT is the saturation partial pressure of water vapor, in atm.

The saturation pressure is a function of temperature only, and can be ap-
proximated within 0.1%2 for -40°C < T < 60°C, as follows:

P _ 10(20.53 -(2939./T) - 4.922%L0G1q [T]) (2-4)
SAT

where PSAT is expressed in atmospheres and

T is the temperature in degrees Kelvin.2
Figure (2:1) is a plot of the maximum H, which corresponds to PSAT and to
HR = 100%, versus T; it can be used to convert between H and HR’ if T is
known.

Average annual, mid-latitude values for H are: H = 17 at O km;
H=0.52 at 2 km; H = 0.1% at 6 km; and H = ,003% at 8 km.

Turbulence can be measured by the change in field values over a

specified distance. The variables CT and Cv have been chosen to represent
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turbulence in the temperature and velocity fields, and are called struc-

ture constants.

Cplx] = (<(T] + T(% + BN 570?312 (2-5)

where C [;] is measured at the point defined by the location vector, ;,
and has units of °K m1/3,

p, with magnitude p=|5[, is the separation length over which the
averaging indicated by the bent brackets, < >, is to take
place, and has units of meters, as does %, and

T[x] is the absolute temperature, °K, at X.

The analogous expression applies for CV’ which has the units of m2/3/sec.

The divider, 02/3, was chosen so that C,, would be constant with respect

T

to B over a wide range, provided that, as is usually assumed, the turbu-
lence corresponds to the Kolmogorov spectrum.3

Brown and Clifford4 have concluded that CT ranges typically be-

tween 0.03 and 0.07 °Km /3, with extreme values of 0.001 and 0.3 *Ku /3.

Typical values for CV would be 0.2 to 1.0 m2/3/sec. Empirical studies

have produced the forms of equations of the variation of C% and Cé with

altitude:

c /3

-2
A+ B(r/ri)

<N

(2-6)
/3

-4
C(r/ri)

-~

where A, B, and C are empirical constants,
ry is the height of the boundary layer inversion, in meters, and
r is the altitude, in meters.

For typical values of A, B, and C, and r; = 1.25 km, equations

(2-6) become:

cé = 0.04 + 0.33 r‘2/3
(2-7)
Cp = 1.7 23

Equations (2-6) and (2-7) are intended to apply only when r < .
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Autocorrelation of Variables

Normally, the variables P and H change very slowly — on the scale

of hours. The means of T, Vh’ Vv, C

meters and minutes, require times on the order of 15 minutes to change.

T and CV’ if averaged over several
Instantaneous values for these last five variables, averaged over a few
meters, can change significantly every one to ten seconds.

Changes in the general canonical variables of the troposphere
(e.g., total moisture, energy, latent-heat) require from one day to a

week.5



CHAPTER III

REMOTE SENSING

The relatively recent, strong interest in remotely sensing meteo-
rological variables is the result of a multifaceted need for more tempo-
rally and spacially frequent meteorological data and of the related need
to sense new "dynamic parameters” of the atmosphere such as wind and tem-
perature turbulence which cannot be well-characterized by single-point
measurement. Air pollution control activities, the economic desirability
of more accurate, short-term, and local weather forecasts, and the aero-
nautical interest in predicting aircraft-noise propagation and in moni-
toring potentially dangerous atmospheric phenomena in and around airports
constitute the main motivating factors behind the investigation of remote
sensing.

Air pollution control activities especially require the sensing
of the dynamic parameters of the atmosphere so that the flow and mixing
of pollutants may be analyzed. Beran and Hall write that: '"Intelligent
air quality control decisions can only come about through effective real-
time monitoring and accurate short-term prediction..." of such factors as
low level stability, mesoscale flow patterms, and inversion topography

and depth.6

13
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The vortex~wakes of large aircraft and sudden wind-shears during
aircraft landing or take-off are two potentially dangerous conditions
which can only be remotely sensed. Considerable work has been done in
this area.7 The problems of aircraft noise are well-known; unfortunately,
the measurement of such noise at a distance, for engineering design and
comparison purposes, is extremely dependent on local geography and weather
conditions (hence the need for remote sensing).

The economically most important consideration is improvement in
weather forecasting. Little has stated that "recent analyses of national
needs for improved weather services show that these needs lie primarily
in the area of short-term local weather forecasts, e.g., forecasts for a
local area 1 to 100 km in size, for time periods ranging from O to 6
hours." Little estimates that such forecasts will require "at least four
orders of magnitude" more data than is provided by the current radiosonde
observation system (which is employed twice per day at about 500 km hori-
zontal intervals); estimates of the cost of extending the present system
to provide the requisite data show that such action is completely imprac-
tical.8

Remote sensing systems have several possible advantages over
in situ devices, including: 1) the providing of a truly three-dimension-
al picture of the measured atmospheric variable; 2) the semsing of vari-
ables remotely, (the apparatus does not have to be transported to the
region of concerm); 3) virtuvally no modification of the quantity being
measured; and 4) the capacity of measuring new parameters describing the
dynamic nature of the atmosphere, and of discerming features of the at-
mospheric structure such as subsidence, which essentially represent high-

ly processed data of fundamental variables. The possible problems with
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remote sensing systems include: 1) the interpretation of received data;
2) the initial calibration of a system; 3) the limitations on use caused
by various weather conditions; and 4) higher operational costs resulting
from the required maintenance of more complex equipment, and from the
possible requirement of having a highly skilled operator. These advan-
tages and provlems are not universal. Whether in situ or remote sensing
equipment is used for routine meteorological purposes will probably be
determined by the cost of measuring the fundamental atmospheric variables.
Remote sensing will always have a place in atmospheric physics research
since it alone can provide the required, three-dimensional picture of at-
mospheric processes.

The advantages listed above apply principally to monostatic sys-
tems which operate in the same way as the most famous remote sensor, radar,
i.e., by receiving energy reflected back to the sensor. The line—of-sight9
and passive devices give integrated measurements of a variable; for three-

dimensional pictures such devices usually require gross physical movement.

Remote Sensing System Requirements

For the purposes mentioned above, a remote sensing system should
be able to completely probe the boundary layer; as discussed in Chapter
11, this layer extends to roughly 1 km, and contains most of the short-
and intermediate-term weather-determining factors (so that a system
should have a vertical range of about 2 km). Also, the data gathering
process should not take longer than for substantial change in the quanti-
ties being measured; this time would be approximately fifteen minutes for
the fundamental variables, temperature, humidity, pressure, and mean wind.
The system should be able to take data under most meteorological condi-

tions; in addition to the usual ranges of the fundamental variables given
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in Chapter II, these conditions also include, e.g., night and day, {og,
cloud cover, and precipitation.

Ideally, a remote system should be based on just one device which
is capable of measuring at least the fundamental variables mentioned
above, and which is portable and also easy to operate (or automate) and
to maintain. Of course, the per-unit cost and necessary grid spacing
should be such as to minimize total cost. A resolution cell of about 10
meters high by 100 meters square should be sufficient for the purposes
noted above, although much finer resolution may be required for research

purposes.

Remote Sensing Schemes

Methods for remote sensing are based on the interaction with at-
mospheric variables of either electromagnetic waves (mainly radio and op-
tical) or acoustic waves (mainly audible sound). The cost of active,
monostatic devices built to date which utilize these interactions can be
estimated as follows (in order of magnitude of dollars);lo acoustic
(called sodar or acoustic radar) $lO3 to 104; optical (lidar) $104 to
105; and radio (radar) $105 to 106. A combination, called RASS or EMAC,
which uses radar to follow acoustic waves has also been studied.ll

Lidar, which may be the ultimate choice for remote sensing, be-
cause of its high resolution and ability to identify molecular species,
currently has several major disadvantages: 1) there exists a possibility
of eye damage by the lidar beam during its sweep; 2) the noise of sun-
light effectively restricts lidar to night use; 3) the expense and com-
plexity of equipment is quite high; and 4) sensing is blocked by clouds

and fog.
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Acoustic devices benefit from much stronger interactions with
atmospheric variables, and from costing far less to construct. Little12
has examined the relative interactions of the methods and finds that the
relative backscattered energy is about one million times greater for
sodar and that the change in refractive index caused by temperature changes
is 1,700 times stronger. For humidity changes, this last figure is 35
for radar and 3500 for lidar. Acoustic waves are strongly affected by
wind changes, whereas electromagnetic radiation is essentially unaffect-
ed. The attenuation of acoustic waves is also much more strongly depen-
dent on temperature and humidity. Sodars suffer the disadvantages of
vastly decreased range and resolution and of much longer sampling times.
However, these disadvantageous features do not necessarily prohibit the
sodar from meeting the requirements of the previous section, but they do
demand a great deal of design consideration. When acoustic interactions
can be utilized, sodar is the favored choice because of its lower con-
struction and maintenance costs. However, in order to use sodar fully,
it is necessary to predict the absorption of sound by the atmosphere,
which requires a good estimate of humidity and rough estimates of temper-
ature and pressure. The last two estimates are fairly easily attained,
but the lack of a good humidity estimate has been a major obstruction to

sodar improvement.

Devices

Many proposals have been made and working systems built using

the above methods to monitor various atmospheric variables; Little and
Derrl3 have compiled and evaluated the numerous papers on these proposals

and devices, and have concluded that, taken as a whole, they will be able
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to provide a nearly complete, three-dimensional picture of the boundary
layer in the near future. The one weak area has been the detection of
the fundamental variable, water vapor concentration. No radar methods
exist for the detection of water vapor, although detection of water in
liquid form by radar is in wide-spread use. A passive microwave tech-
nique sensing the 20 GHz emissions of water vapor molecules has been
successfully tested by Westwater, et al.la, but it is sensitive to haze
and provides directly only an integrated measure of water vapor. An in-
frared, satellite-based system which yields integrated water vapor data
but which cannot sense accurately below two kilometers above the earth's
surface (the region of greatest importance) has also been described.15
A lidar technique, based on Raman-scattering by water vapor molecules,
has been tested against a tower-based measurement device at a height of
30 meters and was found to be very accurate. On the basis of this test,
Strauch, et al.16, have estimated that an improved version of their lidar
(100 kilowatt, 10 nanosecond pulselength, 100 pulses per second) could
measure water vapor to a height of 4 kilometers with an SNR of 10 (at
night) witn a fifty meter range resolution and a five-minute observation
time for 50% relative humidity at 20°C. Unfortunately, this lidar used
expensive, near state-of-the-art laser equipment which required great
care in construction, maintenance, and operation. This lidar suffers
from all the disadvantages of lidar systems listed above. Especially ob~
jectionable is the night-only restriction; a chart prepared by McNice
indicates that even moonlight will restrict the ultimate range to less
than 800 meters, and that twilight will reduce it to 20 meters or so.

This technique will have to await the development of better lasers,
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especially lasers that op2rate at frequencies at which the atmosphere is

opaque to solar radiationm.
The sodar designs which have been proposed have been unsuccessful,
as discussed in Chapter V. In 1973, Little16 concluded that '"the ability

to sense the three-dimensional humidity field remotely ... seems to be

many years away.'



CHAPTER IV

ATMOSPHERIC ACOUSTICS

Essential to the design of a hygrometric sodar is circumspect
knowledge of the interaction of the atmosphere with acoustic waves. A
sufficiently detailed knowledge did not exist as recently as 1974, so
that previous sodar designs were based upon empirical data, usually taken
in calm, laboratory conditions, and extrapolations of such data. Much
work remains to be done in this area of physical acoustics, but the in-
formation now available provides a solid theoretical foundation in the
major areas of interest to the sodar designer. Most importantly, the ex-
perimental data, which in many cases seemed to be in conflict, can be

reasonably ordered by the present theoretical framework.

Attenuation

In calm, homogeneous air, the propagation of sound is affected by
the air's temperature, pressure, and humidity, and by the frequency, shape,
and intensity of the propagating wave. In the actual atmosphere, the ad-
ditional variables of wind speed and turbulencg, of pressure, and of tem-
perature turbulence must be considered. Inhomogeneities in the atmos-
phere cause changes in the acoustic refractive index with the consequence
that acoustic energy is scattered from the main wave direction and is
distorted in frequency.

20



21
The acoustic waves normally encountered in the atmosphere are
generally spherical in shape and so are subject to geometric spreading.
Taking into account physical attenuations which are proportional to the
amplitude of the wave (provided the amplitude is not too great), the amp-

litude, A, of a spherically propagating wave can be described by the fol-

lowing equation:17’18
R0 R
A[R] = Ay * ¢ * EXP[-/" a[x] dx] , (4-1)
R
0

where R is distance from the wave source, in meters,

Ag is the amplitude at R=Ry, in atmospheres,

x is a dummy variable for the integration, and

a is the attenuation coefficient, in nepers per meter.
The problem is to express the atmospheric parameters as functions of dis-
tance and to express & as a function of the parameters. Furthermore, &
may be affected by the frequency and amplitude of the acoustic wave. These
effects are best handled separately from equation (4-1); they arise from
the nonlinear characteristics of the propagation medium, and are discussed
later in this chapter.
The attenuation has traditionally been studied in the form:19
a = acl + am + as , where the subscripts refer to classical absorption,
molecular absorption, and excess attenuation, respectively. The classi-
cal absorption of acoustic energy is that which would be expected if the
air molecules were treated as ''billiard balls" having only translational
energy states; the theory for classical absorption has been known for
many years. Molecular absorption is the absorption of acoustic energy by
the internal energy states of the molecules; good data for this absorp-

tion has been available for many years, but no theoretically based equa-

tions were available for it until the last couple of years.zo
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Historically, the excess attenuation has been that attenuation which was
not covered by the other two terms, although it was generally attributed
to atmospheric turbulence. No consistent data seemed to exist for this
attenuation, which would occasionally even be measured as an amplifica-
tion; and until a few months ago, no generally satisfactory theory had
been constructed. The work of Brown and Clifford (1976), seems to have
clarified this area.

It is more convenient to study Q as:

a =o + + + 4-2
cr c!v,O o'v,N c"s ? ( )
where
a = +
v av’o av,N , and
=a . +a .
cr cl T

The subscripts r and v signify those portions of the molecular
absorption due to rotational and vibrational internal energy modes. The
additional subscripts O and N designate the vibrational absorption asso-
ciated primarily with oxygen and nitrogen molecules. As the last equa-
tion suggests, "cr" signifies 'classical plus rotational".

Equation (4-2) is convenient because the vibrational absorption

terms are the only ones effected by H, and because each term has a par-

ticular frequency dependence: acr is proportional to fz; o 2

v,0 and o.v

oN

depend as frle(f2+f§), where fr is a constant defined below; and ag is

generally considered to be proportional to the cubic root of the frequency.
It should be noted that absorption is a subcase of attenuation in

which acoustic energy is actually absorbed in the volume through which

the wave is passing, whereas the term "attenuation" includes any loss

such as refractive scattering in which energy is removed from the wave,

but not absorbed.
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Classical and Rotational Absorption

Classical absorption is almost completely the result of friction
due to the viscosity of the air and to thermal conduction from the con-
verging velocity regions of the acoustic wave. (The local-velocity is
"ninety degrees out of phase" with the local pressure.) The net effect
of classical absorption is to randomize the ordered translational motion
of the air molecules. A decrease in ordered motion constitutes a de-
crease in the acoustic wave's amplitude, while an increase in random
translational motion is simply an increase in average temperature.
Therefore, classical absorption converts acoustic energy into heat.

Rotational absorption is actually a relaxation process (described
below), with an extremely high relaxation frequency, fr > 10 MHz. Thus,
the fz/(f2+ fi) dependence observed for relaxation processes appears as
an fz dependence in the audible frequency range. For all atmospheric con-
ditions, and for frequencies less than 10 MHz, the rotational absorption
is about one-third the magnitude of classical absorption.

The following equation for the classical and rotational attenua-

tion is accurate to within 2Z for 213°K <T < 373°K:

-12 ~1/2
a . =1.075 * 10 £2 x 7t/ /P, Np/m > (4-3)
where f is the frequency in hertz.22 Relative to vibrational absorptiom,
the effect of - is small (less than 10%) for temperate atmospheric con-

ditions and for frequencies between 50 and 100,000 hertz.

The Relaxation Process

The equipartion principle states that for a molecular to te in
equilibrium, its total energy must be divided among the translational,

rotational, and vibrational energy forms in proportion to the number of
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degrees of freedom associated with each form. Consequently, if energy is
added to a molecule in one form, it will be redistributed to the other
forms as well when the equilibrium state is reached. Exchange of energy
between forms of energy storage can occur only during molecular collisionms,
so that there will be a time lag between a change in energy and the redis-
tribution of energy according to the equipartion principle,

An acoustic wave represents an oscillation of energy between a
potential energy field (pressure) and a kinetic energy field (velocity,
i.e. temperature). As the local temperature increases during the passage
of a wave, energy will be transferred from molecular translation to molec—
ular rotation; the energy will be returned to ordered, acoustic transla-
tional motion as the local temperature decreases, provided that the dura-
tion of the change in temperature is long compared to the time constants
characterizing the interchange of translational energy with rotational
and vibrational energy levels. If the period of the change in temperature
is too short, the energy transferred to vibration and rotation will be re-
turned out of phase with the wave causing attenuation, or relaxation.

The time constant for energy interchange can be expressed as a
frequency, fr’ the relaxation frequency. There will be one relaxation
frequency for each possible energy interchange mechanism. Fortunately,
the frequencies for translation-rotation exchanges for air are closely

grouped and can be replaced by one f , which has been given above.

r,rot
Translation-vibration exchanges require two frequencies for air.23 The
frequency dependence of absorption associated with a relaxation frequency,
fr' can be expressedza as 2 £ fr/(f2+ fi), which equals one when f = fr'

It should be emphasized that a relaxation process is not a reso-

nance phenomenon. Most significantly, for example, the sum of two
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acoustic waves with similar frequencies fl and f2’ such25 that (fz-f1)2<<fi,
will be attenuated at the same rate as awave of frequency f = (f1+ fz)/Z,
rather than as separate waves as would be the case if (fz- f1)2>> fi. The

following trigonometric identity demonstrates the concept:

1
2

1 and fz are close, the sum of the two waves appears as a wave

cos[A] + COS[B] =< COS[(A-B)/2] * SIN[(A+B)/2]
so that if £
of frequency (f1+ fz)/2 with a slowly modulated amplitude. Since the re-
laxation process is concerned mainly with the duration of the change in

local temperature, the wave sum will be attenuated as though it were a

wave of the single frequency (f1+ fz)/2.

Vibrational Absorption

The two relaxation frequencies mentioned above which are needed to
characterize vibrational absorption can be roughly associated with oxygen
and nitrogen. A third relaxation frequency actually exists which is as-
sociated with carbon dioxide; its omission causes less than 1% error.26

The addition of water vapor greatly increases these vibrational

relaxation frequencies (f is already extremely high so that water

r,rot
vapor below saturation in the atmosphere has no effect). Water molecules,
because of their non-linear structure, have many times the number of in-
ternal degrees of freedom possessed by oxygen and nitrogen molecules ;
therefore, they can absorb much more energy. More importantly, external-
internal energy exchanges are much more probable for air-water collisions
than for air-air collisions; the frequencies associated with air-water
reactions are from one hundred thousand to a billion times greater than

for air-air reactions. As water content is increased more energy is trans-

ferred per collision and more effective collisions occur (the exchange is
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faster). Consequently, for f < fr’ addition of water vapor decreases ab-
sorption; for £ > fr’ absorption is increased.

Bass et al. have derived a theoretical expression for o, which is
in agreement with the experimental data. It is more convenient and accu-
rate to evaluate constants in the expression empirically; the following
expression is believed to be accurate to within 5% for 273°K < T < 313°K

and for 50 Hz < £ < 10 MHz:27

av = av,O + av,N where
- f 2 2 -
av,i B (QA)max,i * (for,i/(f + fr,i ) (4-4)
Gi 2 EXP[-ei/T]
(ar) = 0.179 M {——] * , nepers (4-5)
max,i i| T (l-EXP[-Gi/T])Z
) z20.06 * /2, w/s (4-6)
£ o =P % (24. + 44100. * H * (0.054H)/(0.391+4), (4-7)
- 1/2 1/3
fr N = P*x(293./T) * (9.+350.*B*EXP[-6.142((293./T) -1)D.

(4-8)

where the subscript i can denote either O or I,
(czA)max { is the maximum absorption per wavelength, nepers,
’
£ i is the vibrational relaxation frequency, hertz
k4
M. is the fractional molar concentration of gas i in dry air,

la]

[N

8, is the vibrational temperature for gas i, in °K, and

[

¢ 1is the speed of sound, m/s.

The values of Mi and ei are given in table 4-1.

Table 4-1
©
i Mi ei’ K
oxygen 0.2095 2239.
nitrogen 0.7808 3352.

Equations (4-4) through (4-5) can be condensed (with slight loss of

accuracy) as:
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4, -5/2 2 2, .2

a, o = 1.88K107*T > %x EXP[-2239./T]*f fr,O/(f +fr,0] , (4-7)
4, -5/2 2 2,.2

0, = 4-22¢10%T 124 gxpr-3352./T)%f £, o (5462 0 (4-8)

The relaxation frequencies can be very roughly estimated as:

£ _=p*3.3%10° *yl8

= * * -
r,0 , and fr P * 350. * H. The oxygen relax

»N

ation frequency is more strongly dependent on H because there exists a
vibrational to vibrational energy exchange reaction for water and oxygen
involving very nearly equal vibrational energy states so that the reaction
is near resonance. Another consequence of this dominant reaction is that
fr,o is not affected by temperature; in contrast, fr,N has a mild temper-
ature dependence because vibrational-translational energy exchanges play

a more important role in the overall relaxation process for nitrogen.

For H=0%, f_ .= 24 hertz and fr = 9 hertz, while for H = 1%,

r,O »N
fr,o = 30 kHz and fr,N ~ 350 Hz; these figures highlight the strong effect
of water vapor on the vibrational relaxation frequencies.

The absorption per wavelength, (a}), is a convenient means of ex-
pressing the total absorption since (aA) will vary only by one or two
orders of magnitude over the audio frequency range, and since the maximum
value of the variable, (ck)max, which occurs at ftfr, is a constant for a
given temperature.

Equations (4-9) and (4-10) are useful for the real atmosphere, but
equations (4-4) are valid only for still air. The problem with (4-4) is
that "¢" has been used to produce the factor (uk)max’i*f/c, which is
correct for moving air only if (4-6) is used for "c" rather than the more
general expression:

1/2(

¢ = 20.05*T"'“(1 + H/(100.*P)}+ v cos 6 , (4-11)
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where v is the magnitude of the wind vector, m/s, and
8 is the angle between the wind and the direction of propagation.

A more physically-based expression, as can be anticipated from the above
discussion of the relaxation frequency process, would be:

(a/£f) = (aX)/c , neper-sec/meter, (4-12)
where c is that given by (4-6), and (a/f) will be called the attenuation
per cycle.28 Therefore, e.g., from (4-9):

3 -5/2

(G/f)max,o = 9.4%10" * T * EXP[-2239./T] . (4-13)

Excess Attenuation

Unlike the other sources of attenuation, excess attenuation is a
stochastic process and can even result in an amplification of a received
signal over what would be expected considering classical and molecular
absorption alone. Also unlike the previously discussed mechanisms of at-
tenuation, a is not an absorption process, but represents a loss of en-
ergy through scattering of energy out of the beam or by shifting some of
the energy to higher frequencies. Excess attenuation does not occur in
calm, homogeneous air, but it is present in the atmosphere even under
zero~wind conditions. In the discussion that follows, it will be assumed
that reflectors and ground effects (which are unimportant if the acoustic
wave is propagating at an angle to the ground of greater than 10°) are
not involved; therefore, excess attenuation can be attributed to scatter-
ing by temperature and velocity turbulence.29

De Loach30 made a study of the experimental observations and
theories concerning excess attenuation reported prior to March, 1975.

His summary included the following observations: 1) The excess attenua-

tion can be of the same magnitude as the molecular absorption. 2) The
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ratio asl(ucr+ ar), can change by an order of magnitude within a few min-
utes. 3) Excess attenuation is greater near the earth's surface than at
higher altitudes.31 4) Larger values of as are generally observed in the
early morning than in the late afternoon.

Since as does not occur in calm, homogeneous air, it cannot be an
intrinsic quality of air; neither can it depend solely on the turbulence
of the air for the following reasoning: If as is caused solely by turbu-
lence scattering acoustic energy out of a propagating wave, as suggested
by the theories of De Loach and others, then excess attenuation cannot
occur for a plane wave in an absorptionless medium. (The theory of
De Loach misses this point because it makes no provision for energy re-
turned to the wave by other scatterings.) This point can be justified by
considering an ideal acoustic source (the 'pulsating sphere' of infini-
tesimally small radius) radiating uniformly in a perfectly homogeneous
and absorption-free medium. Once steady state has been achieved, the
total acoustic energy flux across any closed, three-dimensional surface
enclosing the source will be the same; otherwise, energy would build up
in some region (since there is no absorption), and the steady-state con-
dition would be violated. This argument also holds for a turbulent me-
dium and can be extended to plane waves which are the limiting case of
spherical waves. Turbulence-induced scattering can lengthen the average
path traversed by a wave which has travelled to a surface a fixed distance
from the source, so that in an absorptive medium additional absorption can
occur. But this attenuation would appear as simply a factor multiplying
the absorption. Also, for normal atmospheric conditions, the increase
in average path length would be quite small. Therefore, excess attenua-

tion must depend critically on the geometry of the source, as well as on
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the turbulence. For example, if the source were highly directional, tur-
bulence could scatter energy out of the beam without compensating energy
being returned; the beam will "spread". This effect would indeed decrease
with distance and increase with frequency. It would also be much more
sensitive to turbulence located in the beam near the source. Ingard32,
for example, has pointed out that the temperature gradient below approxi-
mately 5 meters from the surface varies greatly with time of day; this
would explain the fourth observation of De Loach mentioned above.

Brown and Clifford (1976) have recently formulated a new theory
based on a forward-propagation-through-turbulence theory (developed for optics)
rather than based on subtracting out the energy scattered from the beam
according to the scattering cross-section equation given below, as was
done by earlier theories. The results of the theory are in agreement
with the points mentioned above and with the observations given by De Loach.
It is further concluded that excess attenuation is primarily determined by
the phase fluctuations caused by changes in the acoustic refractive index,
rather than amplitude fluctuations.

Brown and Clifford derive the following formula for the total ex-
cess attenuatiom, As, in nepers,33 encountered along a path of length L,

in meters:

5/3
1 12/5 2 2 1- 6/5
A= -E*I.N{l.i- 1.56k!2%/ D, *m‘r[cn[s]*(_L_s] ; s:0,1] /] . (4-14)

Where LN is the natural logarithm,
k is the wave number, k = 2mf/c,
Dy is the diameter of the source, in meters,
Cn is the structure parameter for refractivity fluctuations, with:

c2ls] = (cALs1/arT?) + (c2[s1/eD) (4-15)
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INT is the integral operator:

_ /b
INT[£f(x); x:a,b] = £ f(x)dx , and
s is the dummy variable of integrationm.

For constant Cn, equation (4-14) has been reduced to:

6/5
* LN|:1 + 0.59 Dz[kzL ci] ] , (4-16)

A = 0

s

N+

It appears that the far field diameter, D[r] in meters, of the beam is re-
lated to the beam diameter, Df[r] in meters, expected on the basis of only
Fraunhafer and Fresnel diffraction, as follows:

D(r] = Df[r] * EXP[ZAS] . (4-17)
L—s]5/3

The factor,{———

L , in equation (4-14) "weights" the near-field

turbulence more heavily. The attenuation per meter, as, can be evaluated
by taking the derivative of (4~14).

Brown and Clifford, using equations (2-7), have produced typical
mean values for a  over a 600 meter vertical path with f = 4KHz and
D0 = 1m: for a ground-based source, as = 8.0 dB/km, but for an elevated
source, a_ = 1.5 dB/km.34 Equation (4-14) appears to be in agreement

with the available data on excess attenuation.

Curves
Figures (4:1) and (4:2) demonstrate the relative contributions of
Apr As and a possible realization of @ » upon the total attenuation and
the total attenuation per wavelength, for specific values of T and H.
Figures (4:3) and (4:4) demonstrate the effect of changes in relative
humidity on o and (ad) for fixed T.

The influences of T and H on attenuation can be separated, except

for a slight dependence of fr N oo T. The influence of T is displayed in
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figures (4:5) and (4:6), in which the maximum values of the attenuation
per cycle, (a/f)max, are shown for the oxygen and the nitrogen vibrational
relaxation processes. The influence of H is evidenced by its effect on
£ (fr,O/P) and (fr,N/P) and corresponding values of H are given in fig-
ures (4:7), (4:8), and (4:9). The pressure, P, simply scales the relaxa-
tion frequencies.

For given values of f, H(or HR), T, and P, the vibrational absorp-
tion can be determined from the aforementioned figures by the following

procedure (HR can be converted to H using figure (2:1)): For o, o’ enter

,0
(4:5) with T to find (u/f)max 0’ and multiply by the frequency, f, to give
’

). Then find(fr 0/P) from (4:5) and multiply

Do ’

a (which is o if f=f
max,0 T

= = *
by P to give fr,o' Next form the quotient, p f/fr,o' Then a umax,o
20/(02+l). A similar procedure holds for finding o and then
a, = QV’N + a .0 Normally a = Q-

Nonlinearity

The nature of air is such that the acoustic energy of a pure,
single frequency wave will be partially transferred to harmonics of the
original frequency, even if the wave is of very small amplitude relative
to the maximum amplitude which can be propagated. (The maximum ampli-
tude is naturally just somewhat less than the atmospheric pressure.) The
wavefront becomes progressively steeper because the more highly compress-
ed areas of the wave propagate faster. This process continues until bal-

anced by viscous forces35

limiting the steepness of the wave-front. A
sawtooth wave-shape is the result; in air, for audible frequencies, this
waveform is fully developed within a few meters of the source. The exact

shape of the wave is determined by the energy-transfer equilibrium. The
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rate at which energy is transferred to higher harmonics is very dependent
on the amplitude of the wave; the rate at which energy is lost from a
higher harmonic is primarily determined by the attenuation of the air.
Energy attenuation is very roughly proportional to f, so that only the
second (or possible, third) harmonic is of any consequence. The upper
limit to the energy carried into the nth harmonic can be estimated at
lOO/m2 percent of the energy currently carried at the original frequency
by forming the Fourier series of the limiting sawtooth wave-shape. For
spherical waves in a dissipative medium, nonlinear effects are much less
important than for plane waves in a lossless medium, because of the rapid
decrease in amplitude caused by spherical spreading and attenuation.

This subject is reviewed in a treatise by Beyer.36 For the pur-
pose of sodar design, it seems that nonlinear effects can be neglected,
except that they place an upper limit on source strength and that there

can be a measurable second harmonic.

Fluctuations

Another aspect of excess attenuation is the amplitude fluctua-
tions in the propagating wave caused primarily by turbulence-induced
phase changes along each wave-front.

Brown and Keeler37 have observed phase fluctuations of up to 10
cycles and amplitude fluctuations of up to 30 dB, for "high-frequency,
high-turbulence, long-range" conditions (£=4000 Hz, Ci: 10-?nf2/3, r=333m).
These extreme fluctuations had time constants of several tenths of a sec~-

ond, while fluctuation time constants for a wide range of conditions var-

ied from five hundredths of a second to several seconds.



34

Kasper et al.,38 find that virtually all of the fluctuation power
spectra measured by them (under similar conditions to above) show that
most of the fluctuation emergy occurs at frequencies of less than 10 Hz
(usually less than 5 Hz). In terms of rms error in the received sound
pressure level (measured in decibels), the fluctuations were from 2% for
550 Hz, to 257 for 8000 Hz, for a distance of 150 meters. The error was
roughly proportional to the frequency and to the square root of the dis-
tance. Signal oscillograms indicating instantaneous pressure displayed
some slow fluctuations with time constants of several seconds, but essen-
tially no fluctuations for times less than a tenth of a second.

Tatarskii39, among others, has obtained a theoretical formula for

these fluctuations which can be expressed as follows:

(4-18)

> = <anar<asiBz 0124 17/ 6ecd

5/6
where <c§> = (5.544/L2)*1NT[[5 Lzs] Cn[s]z; s:o,L} . (4-19)

and where X is the root mean square average of LN[a/<A>] which
is a measure of the fluctuations,
< > brackets denote "average', and
L is the path length from source, in meters.

The quantity X is essentially the log-amplitude variance for
small fluctuations. A formula for the spacially-dependent log-amplitude

covariance has also been derived and has been evaluated by Brown and

-6,52/3] , for several

frequencies. The phase coherence length, p,is proportional to (L/f6 1/5;

Keeler for L = 1 km and high turbulence [Ci = 10

p= 1052 meters for f = 5000 Hz and p= 87 meters for f = 400 Hz.
The phase fluctuations constitute a limiting factor on how far a
coherent wave can propagate (the exact meaning of the term 'coherent' de-

pends on the size of the receiver). As pointed out by Brown and Keeler,



35
phase fluctuations will not be a serious limitation for remote sensing in

the boundary layer, for audible frequencies.

Scattering

Moninao, among others, has helped develop a theoretical expression
for the amount of acoustic energy scattered out of a propagating wave by
turbulence. The effect of turbulence is conveniently represented as a par-
tial reflection, and is measured in terms of the scattering cross-section
per unit area for a unit solid angle making a plane angle of 6 degrees
with the original direction of propagation:

o = 0.055(t/c )Y/ 3V*COS[6]2[COS[6/2]2*C5/c2+0.13*C%/T2)51N[6/2]'11/ 3,

(4-20)

where O 1is the ratio of power scattered (in the direction determined

by 6) per unit solid angle to the power incident on the scatter-

ing volume

V is the volume of the scattering volume in cubic meters,

6 is the angle between the scattered beam (one steradian in

size) and the original direction of propagation, in degrees

or radians, and

c 1s the speed of sound in still air as given by equation (4-6).
For the backscatter (6=180°), equation (4-20) reduces to:

o = .004 kl/

v (4~21)
There are many tacit assumptions involved in (4-20), but the equation 1is
in good agreement with available data except for the case of a transverse
wind.l‘l This exception does not apply to the backscatter equation, (4-21).
Typically, the backscattered signal intensity is 85 to 90 dB below
the intensity of the original wave.42 According to equation (4-20), wind
variations have no effect on the intensity of the backscattered wave; how-

ever, a transverse wind can cause a 'mon-negligible" frequency shift, i.e.

spectrum brc:ader.ﬁ.ng,43 for a sufficiently broad acoustic beam.
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Speed of Sound

The speed of sound as a function of H and T has already been pre-
sented as equation (4-11). However, ¢ is also dependent (very weakly) on
the frequency of the wave:aa

? = (22 + 2Dt + 1) (4-22)
Here fr is the relaxation frequency important in the range of f being used,
and o and c_ are the speed of sound for f << fr’ and f >> fr’ respectively.

Furthermore, the difference between c, and ¢, for the oxygen relaxation in

0

air is only 0.12 meters per second.



CHAPTER V

HYGROMETRIC SODARS

The concept of remotely measuring atmospheric water vapor concen-
tration by observing the relative attenuation for acoustic waves of dif-
ferent frequencies was first mentioned (in 1969) by Littleas, who cited
the work of Harris.46 Harris had published a paper which contained
graphs showing acoustic vibrational absorption versus relative humidity
for several discrete frequencies and discrete temperatures at a pressure
of one atmosphere; but Harris' analysis overlooked the nitrogen compo-
nent47 (although its effect was clearly contained in his raw data) so
that the graphs were only "best fits" of an equation of the form:

Q= K * fzfr/(f2+ fi), where K is a constant with respect to frequency.

Little suggested that three identical sodars be used successively
to obtain echiecs from the same volume of space at three different fre-
quencies (the third sodar was not necessary under certain conditions).
The suggested frequencies were 2, 4, and 8 kHz. Little supplied a graph
showing (for T=20°C only) the decibel change per hundred meters of the
ratio of received signal intensities for 2 kHz and 4 kHz, and for 4 kHz
and 8 kHz, after correction for the change in backscattering cross-sec-
tion (which is proportional to the cube root of the frequency, for a
Kolmogorov spectrum of turbulence). Presumably, the graph could be used

37
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to predict relative humidity (integrated over the path length) based on
the returned signal intensities.

Little stated that, "One obvious weakness of this method is the
assumption of an isotropic, homogeneous Kolmogorov spectrum of turbu-
lence.'" He suggested that bistatic acoustic echo-sounding be used to
identify atmospheric regions which should be avoided. But Little also
assumed that identical transducers could be constructed which, at differ-
ent frequencies, would radiate the same peak power with the same antenna
pattern ani transducer efficiency. Also, Little did not make provisions
for pressure or temperature changes and did not consider the very serious
effecis of excess attenuation. There was also a tacit assumption that
the scattering volume would appear the same at each frequency, i.e., that

/3

except for the fl dependence the backscattered, received signal power
would be the same fraction of incident power for each frequency at any
given time; this is definitely not the case unless the frequencies are
very nearly the same and the thickness of the scattering volume is very
small.l‘8 Normally the received-, backscattered-signal amplitudes will
have a Rayleigh or Rice-Nakagami49 distribution and will be independent
after a few seconds or with relatively small change in frequency.
Little's suggestions were partly revised by Parry and Sanders.5
Apparently mindful of the problems (mentioned directly above) in assuming
that any random fluctuations induced by the backscattering process would
be the same for each frequency, Parry and Sanders specified that the fre-
quencies be transmitted simultaneously and that the frequencies be ''near
each other”. Unfortunately, the closer the signals get the less will be
the difference in absorption which,is the desired quantity. More impor-

tantly, as indicated in Chapter IV in the discussion of the relaxation
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process, signals whose frequencies are too close (i.e., % < f1/f2 < 3)
appear as one signal and will be attenuated at exactly the same rate.
This condition will exist whenever the frequencies are close enough that
the fluctuations of the backscattered signals are even weakly correlat-
ed.51 Parry and Sanders do address the question of temperature change;
they present a graph52 for two different temperatures for frequencies so
close together (the only frequency specified is 1000 Hz) that the detect-
ed change for most values of relative humidity is less than 0.2% of the
received signal.

Gething and JenSSen53 authored the first paper devoted completely
to hygrometric sodar. They cited Little's suggestions as the basis for
their study, but they did treat the effect of excess attenuation. Al-
though unsure of the frequency dependence of o, they assumed that it
was proportional to the cube root of the frequencySA; they stated that
their method of determining water vapor concentration would still be ap-
plicable provided that a  was directly proportional to some power of the
frequency (which it is not, as is described in Chapter 1IV).

The Jenssen-Gething Methods (JGM) assumed that the attenuation
depended on the sum of three terms a., a, and ags whose functional form

was assumed to be as follows:
2

a_ = C*f (5-1)
2 2, .2

a_ = MXEE_[(£+ £) (5-2)

a_ = s*£l/3 (5-3)

where C, M and S are constants with respect to frequency. Relation (5-2)
also suffers from Harris' neglect of nitrogen relaxation. The JGM re-
quired that four different frequencies be used. The received signal

intensities were then used to mathematically eliminate the unknowns C,
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M, and S from equations (51), (5-2), and (5-3). The JGM yields both
the temperature and the relative humidity.

Jenssen and Gething simulated their method on a computer and found
that, for even marginally useful results from one measurement set, the JGM
required that the received intensities be measured with a standard devia-
tion of less than 0.12Z of the mean intensity. But if the amplitudes of
the received signals are approximately Rayleigh distributed, then the
per cent standard deviation will be about 90%. Therefore, the number of
observations required to reduce the error to 0.1%7 would be (90)2/(0.1)2 =
8 x 105. Assuming that the scattering volume is at a height of 17 meters,
which is close to the minimum altitude of interest) the time per observa-
tion is about 0.1 seconds, so that the total time required for a standard
deviation of 0.1% is 8 x 104 seconds, or aiLout 22 hours. This time is
much too long considering that, as stated in Chapter II, even the major
atmospheric variables T, P, and H can change significantly within 15
minutes.

The bad prognosis yielded by these figures was apparently borne
out by subsequent experiments performed by Gething to test the JGM; the
results were, "... if not entirely negative, so at least unhelpful as
far as practical applications are concerned."55

Regarding the JGM, Little has written that56, "This multi-frequen-
cy approach requires accurate measurements of the changing ratio of echo
strengths on the different frequencies as a function of height, and makes
a number of critical assumptions as to the propagation conditions and
the nature and constancy of the scattering process. The author [Little],
therefore remains doubtful that these techniques will in fact prove use-

ful in practice."” 1In another paper, Little analyzed the existing (1973)
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proposals for remotely sensing water vapor (including the Raman scatter-
ing lidar) and concluded that, "... the ability to sense the three-dimen-
sional humidity field remotely ... seems to be many years away." (The
same conclusion was reached for temperature.)

The major problems with the techniques presented in this chapter
are: 1) the limit on the number of data per unit time for a pulsed radar,
which is imposed by the long period of transmission silence necessary for
unambiguous returns {which sets the minimum time between pulses) and by
the desired resolution of the sodar (which sets the maximum length of the
pulse); 2) the limitation on the total length of time available for ob-
servations, which is required because of the possibility of significant
changes in the meteorological variables; 3) the random fluctuations caus-
ed by the backscatter process which differ with frequency; 4) the random
fluctuations caused by rapid changes in the excess attenuation; 5) the
problem of building a tramsducer having identical characteristics for
widely varying frequencies; and 6) a lack of precise knowledge of the
effects on attenuation caused by changing temperature and pressure.

Problem (6) is solved by the new information on attenuation pre-
sented in Chapter IV. Problems (2) and (3) are ineluctable for a sodar
system. However, the new proposal for a hygrometric sodar,which is pre-
sented in the next chapter, eliminates or mitigates the remaining problems
so that the problems of backscatter fluctuations and of limited observa-

tion time can be tolerated.



CHAPTER VI

RELAXATION FREQUENCY METHOD

This chapter presents a collection of improvements for the hygro-
metric sodar proposals discussed in Chapter V. The resulting sensing
plan will be referred to as the Relaxation Frequency Method (RFM). This
method, which ameliorates the problems listed in Chapter V, will be sta-
tistically analyzed in Chapter VII, and the limitations on its use will
be treated in Chapter VIII. This chapter includes a preliminary 'prop-
agation-of-error" analysis to demonstrate that the RFM 1is superior to

the JGM; intuitive reasons for this superiority are also presented.

Development of the RFM

One very effective way to achieve more data per unit time from a
sodar is to sweep the frequency, as in the manner of FM-CW radars so
that the sodar can be transmitting continuously without producing ambig-
uous returns, (the frequency would have to be constantly increasing in
order to avoid possible harmonic interference). The receiver would cor-
respondingly have the center frequency of its band-pass filter swept at
the same rate as the transmitter so that the passed signal would be from
the same scattering volume. Although this technique could conceivably
yield a hundred timesS7 the data available from a pulsed radar, it would
not be enough to make the JGM feasible.58

42
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The errors and random fluctuations of excess attenuation can be
virtually eliminated as a problem by transmitting just one frequency and
forming the amplitude ratio for received signals which have been back-
scattered from two different heights (as seen in figure (1:2)) rather
than forming the ratios of pairs of many frequencies backscattered from
the same scattering volume (as with the JGM). Of course, this requires
that the receiver have two band-pass filters, one for each height. By
using the same transmitted frequency, the excess attenuation along with
induced random fluctuations incurred between the transmitter and the
first scattering volume will exactly cancel when the ratio of the two
backscattered signals is formed. Since, as discussed in Chapter IV,
most of the excess attenuation is due to the turbulence located directly
in front of the transmitter, and since, as discussed in Chapter II, the
turbulence as measured by CV and by CT’ decreases rapidly with increas-
ing altitude, then it follows that most of the excess attenuation is can-
celled.59 In addition, any excess attenuation incurred by the signals
on the return trip from the height of the first scattering volume to the
receiver will also cancel, provided that the time delay between the two
signals is not too great (roughly less than two seconds, corresponding
to a separation distance of less than 340 meters) since the turbulence
field which causes attenuation will appear stationary over a time span
of a few seconds.60 Therefore, the only effect of turbulence induced
fluctuations is found in the transmitted signal as it propagates from
the first scattering volume to the seccad volume and the second signal
as it propagates from the second scattering volume back to the first;

but this occurs at the highest altitudes involved in the process where
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CT and Cv will usually be minimized. Also the time or distance traversed
will probably be relatively short so that the effect of excess attenua-
tion will be very small compared to that experienced with the JGM. Be-
cause of the virtual absence of excess attenuation with the RFM, there

1/3 dependence as with the JGM. In addi-

is no need to correct for the f
tion, because the same transmitted signal is used for both returning sig-
nals, no correction is needed for tramsducer characteristics.

As a bonus for using the FM-CW transmission scheme, an attenua-
tion spectrum is produced which not only provides amplitude information
for each frequency but also derivative information, which is very signif-
icant since the amplitude :Lnformation61 is very "error-prone”, whereas the
derivative, because of the strong frequency dependence of the relaxation
process compared to the frequency dependence of possible error processes,
is not very sensitive to errors in amplitude. For example, if the absorp-
tion per cycle is plotted versus frequency such that peaks appear as in
figures (4:2) or (4:4), then systematic errors can be detected by examin-
ing the shape of the curve; if the peaks are too "broad", the separation
distance between the two scattering volumes is too great (e.g., H varies
significantly over this distance), or if the peaks are '"skewed" then a
frequency-dependent error is present (such as might occur if the scatter-
ing volume's mean value of CT were to significantly change as the fre-
quency changed at one scattering volume but not the other). Hopefully,
once the error is detected, corrective action can be taken; with the JGM,
there would be no direct indication of an error.

The humidity, H, can be determined directly from the attenuation
spectrum by estimating one or both of the relaxation frequencies or the

frequency of the minimum or "valley" between peaks, if it exists for the
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current combination of H and T. The frequencies divided by the pressure
in the region between the scattering volumes can be related directly to
the humidity62 (except for a very slight dependence on temperature display-

L)

ed by the nitrogen peak and the "valley"). The pressure can be esti-
mated with negligibly small resultant error in humidity from the Hydro-
static Equation, (2-1), and ground-based measurements of temperature and
pressure. Alternatively, the humidity (and temperature) can be deter-
mined by fitting the relevant equations of Chapter IV to the attenuation
curve. The fitting can be accomplished with greater confidence if one of
the relaxation frequency peaks or the valley is contained within the
range of frequencies swept by the sodar.

Another method of increasing the amount of data per unit time is
available if two scattering volumes are used; independent data can be
collected at the same time from receivers separated by a sufficient dis-
tance (usually over a wavelength). The topic of independence of back-
scattered signals in space, time, and the frequency-domain has been
treated by Tatarskii.63 For four receivers (which might be a reasonable
compromise between cost and statistics), the resultant error in H would
be reduced by half, as an example. This technique is not available to
the JGM where frequencies close enough to one another to be identically
backscattered from the same scattering volume are used, because a change
in receiver location which results in a change of the “aspect" of the
scattering volume64 for one frequency will result in nearly the same

change for the other frequencies; thus the ratios formed from the sig-

nals received by two separated receivers would not be independent.
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Statement of the RFM

First, a continuous wave of increasing frequency is transmitted
for the length of time necessary for sound to travel to the top of the
atmospheric region which is to be sampled and to return to the transmitter
(the transmission is then repeated). The signal is, of course, partially
backscattered continuously as it propagates. A number of receivers are
equipped with two or more65 band-pass filters whose center frequency is
swept at the same rate as the transmitted signal's frequency but whose
sweep starting-times are delayed after the start of the transmission
sweep by different amounts so that the returns from scattering volumes
at two selected heights are continuously monitored. The ratio of the
two amplitude signals received at each speaker at each frequency is then
continuously formed and its logarithm continuously taken (correction for
additional spherical spreading of the second signal can be made). The
resultant signals from all of the receivers are then averaged66 to form
a function of frequency or, equivalently, of time (this function should
differ from the attenuation spectrum by only a constant). The humidity,
H, (and other v.ariables)67 is then estimated from this function; methods
of estimation are discussed below. In an advanced system, the estimated
variable values can be used as feedback, allowing system parameters to
be changed in order to give a better estimate of H (and the other vari-
ables) .68 The sweep is repeated as many times as desired or permitted
by changing meteorological conditions, and the estimates of H are then
averaged.

There are many ways of estimating H from the function mentioned
above. The best way is to fit the frequency-derivative of the function

with the sum of the derivatives of equations (4-4), (4-9), and (4-10),
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"

where T and H are the independent variables. A simpler method (the "eye-

N and ft,O from the

function and then use figures (4:7) and (4:9) to find H. Both of these

ball" method) would be to estimate the values of fr

methods require that P be known accurately. An estimate of the necessary
accuracy can be obtained from ground-based69 measurements and the Hydro-
static Equation, (2-1); and the accuracy can be increased by using the
estimates of T resulting from the curve-fitting procedure mentioned above.
This procedure gives the average concentration of water vapor ex-
isting between the two scattering volumes. A three dimensional picture
of H can be obtained by varying the heights of the two scattering vol-
umes70, and by varying the angle at which the original acoustic wave is

transmitted.

Sources of Error

Uncertainties in the values of P, T, and the wind (which affects
the estimated height of the scattering volume) can cause errors in the
estimation of H. As will be demonstrated in the next chapter, the resul-
tant error in H when the RFM is used can be held to less than 1% for each
variable.

Also, there is a slight error due to the excess attenuation oc-
curring between the two scattering volumes. As mentioned above, this
attenuation should be relatively small,71 and if of a significant magni-
tude, it can be detected from the attenuation spectrum, and compensation
can be made. In addition, the magnitude of this excess attenuation can
be estimated from equations (4-16) and (4-18).

Because the values of C,r can be different at the two scattering

volumes, a constant, the logarithm of the ratio of the two values of CT’
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will be added to the attenuation spectrum (along with a constant repre-
senting the additional spherical spreading of the second signal, if com=-
pensation has not already been made) to get the ratio function mentioned
above. But the addition of a constant does not affect either of the two
estimation methods mentioned above.

As the frequency of the transmitted signal increases, the acous-
tic beam width should decrease, meaning that the diameters of the scatter-
ing volumes decrease. In a homogeneous turbulence spectrum (such as
Kolmogorov's) no difference would be noticed; but for the nonhomogeneous
case, the average value of CT for each volume may change significantly
(especially if the diameter of the beam approaches the diameter of the
regions of relatively constant CT). The magnitude of this effect is not
known; however, its frequency dependence is mild. Examining the atten-
uation spectrum should reveal the error and permit compensation for it.
Other methods of reducing any effect from this source will be discussed
in Chapter VIII.

The major source of error, then, is the randommess of the
Rayleigh~distributed backscattered signals. Although the percent rms
error72 in received amplitude signal for this source is very high (about
50%), it is well characterized and fixed, so that a good maximum like-
lihood estimator of the backscatter can be derived. Hopefully, enough
data can be taken in a reasonable period of time so that the resultant
error in H can be reduced to a few per cent; this is the topic of the

next section.

Propagation of Error

The propagation of error73 analysis for the RFM, which is pre-

sented below, is a quick and simple way to estimate the usefulness of
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the RFM; the results are in fair agreement with the formal statistical
analysis presented in the next chapter. For convenience, the per cent
root-mean-square error, designated by an 'S" subscripted by the symbol of
the variable concerned, will be used as the indication of e ror in this
analysis. It is assumed in the analysis that the only source of error74
in the received signal is caused by the random phase fluctuations of the
backscattered waves.

Let Q be defined as ratio of the amplitude signal received from
the second scattering volume, AZ’ to that received from the first, Al’
than:

Q= ay/A; = (0 [rml/o [ Y2 ¢/ (re) ) *ERP[- 23] (6-1)

where 0 [r}] is the backscattering cross-section from height r,
r is the distance from the transmitter to the first
scattering volume,
x is the distance between scattering volumes, and
a is the average attenuation between the scattering volumes.

Since the amplitudes are Rayleigh distributed, SA =S, = 52%, and

A

1 2
S < /5% + 52 = 52%(1.414) = 73%. Now S_ is related to S, by:
QS at S, o Q
_|ewal _ 9, || . 1 6
Sa/Sq = ldQ/Q =a* |aq| T 2xa (6-2)
75 ~ L/
So that'” s = 36/ (xa) % (6-3)

Assume that the '"eyeball" method is used to estimate the relaxa-
tion frequency from (a/f)[f]. The eye makes judgments based on both the
relative76 magnitude and the derivative of the curve of (a/f)[f] at each

point. Let it further be assumed that only the oxygen relaxation fre-

quency is involved, then77:

2

s (6-4)

@/DIE] = (/D) o+ 0)/(f2+ £
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so that sfr,o/s(“/f) = (F+ 1/(F - D2 (6-5)

where F = /£, gamdS .. =S,

also  (a/t) = d(a/f)[£]/df = (a/f)mx’o*Zfr’o(fi’o+ fz)/(ff_’o- £2)
(6-6)

so that S = | (F*-1) 7 (F*-6F%+ 1) |. (6-7)

/s
fr,0 (a/f)"
The autocorrelation function of (a/f){[f}] must be known before
s(a/f)' can be determined precisely.78 But since "the eye" is aware of
the shape of the curve (a/f)[f], it in effect "smooths" the actual deri-
vative, so that it can reasonably be assumed that the average value of
s(a/f)' is of the same order of magnitude as the average value of S(a/f)'
Alternately, (5-5) and (5~7) can be evaluated for many values of F; the

results of such evaluations suggest that <S; >= <Sa> , for the "eyeball"
r,0
method. For example, at the inflection points F = J;.i 1, (a/f)' provides

no information about ft 0’ whereas (a/f)' is a maximum, so that any error

in (a/f) will cause a relatively smaller error in fr ; correspondingly,

,0

(a/f) yields no information (infinite error) about fr 0 vwhen F = 1, where-

’

as the error in fr is quite insensitive to error in (a/f)' since the

,0
rate of change of (a/f)' is greatest. Therefore,the following rough

estimate of the average error in f of the prediction by the attenua-

r,0

tion curve will be adopted for the rest of this discussion:

Sg > =<5 >, (for the "average" data point) , (6-8)
r,0
Now since H « fi'g , as presented in Chapter 1V, it follows that on the
’
average:
<S.> = 0.6< > -
SH 0.6 Sf . (6-9)

r,0
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where it has been assumed that P is known exactly. Then combining (6-9),
(5-8), and (5-3) gives

<SH> = <22. /x> % (6-10)

For T = 20°, P = 1 atm, and a relative humidity of 10%, the attenuation
is on the order of oL=10-3 nepers/meter so that if x = 500 meters, then

<SH>= 44%. Now if o is the number of independent data taken per sweep,

n. is the number of sweeps, n_, is the number of independent receivers,

S

and N is defined as the total number of independent data, then

R

N = npn nD, and:

S
S, = 44/N 2 (6-11)

H

It can be seen that N need only be about 100 for SH to be less than 5%.
Assuming an altitude of 1700 meters for the second sampling volume (mean-
ing a sweep period of 10 seconds), a data rate per speaker of 100 data/
sec (a conservative figure), four independent receivers, and a 5 minute
test time (i.e., 30 sweeps), gives N = 120000, or Sy<< 1%. The last esti-
mate of SH is not justified by this crude "propagation of error" analy-
sis; however, it should be clear that the RFM is far superior to the JGM.

Indeed, it seems probable, based on the "overkill" available from N, that

the RFM can be the basis of a practical hygrometric sodar.

Statistical Advantages of the RFM

The great statistical improvement realized by the RFM can be
traced to several sources: First, and most importantly, the use of FM-CW
and several independent receivers greatly increases the amount of data
available. Secondly, errors caused by fluctuations encountered during
propagation (which are unknown and tremendously variable), and by changes

in transducer characteristics have been traded for fluctuations79 due to
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the backscattering process, which have a fixed and well-known probability
distribution; consequently, no calibration of the transmitter is required.
Thirdly, observation of the shape of (a/f) {f] permits identification of
any additjonal errors and permits 'tailor-made'" corrections. Also the
oxygen relaxation frequency provides a sensitive indication of H which is
not80 dependent on the temperature. Finally, the RFM is not highly sen-
sitive to errors in the amplitude of a (as is the JGM), especially if a
good curve-fitting technique is used, because the humidity is revealed by

the shape or derivative of the curve.

Modification

In the above analysis, it was tacitly assumed that an acceptable
signal-to-noise ratio {SNR) existed; as shown in Chapter VIII, this is
a critical assumption. Typically an acceptable SNR will exist for some
portions of the frequency range and some altitudes and conditioms, but
not for others. It may be advisable to modify the RFM to construct in-
tegrated profiles of humidity by utilizing the sampling scheme of the
JGM; this could be advantageous at lower altitudes under cool, dry, and
calm conditions. Under these conditions, propagation errors will be
smaller and the value of a so diminished as to be difficult to detect

over a small range by the regular RFM scheme.



CHAPTER VII

STATISTICAL ANALYSIS

In this chapter, the effects on the RFM estimation of H caused
by the sources of error mentioned in the preceeding chapter are investi-
gated. The probability distributions of several intermediate results
and the first two moments of these results are derived. In the follow-
ing discussions it is assumed that the design parameters of the sodar and
the prevailing atmospheric conditions are such as to yield an acceptable81

signal-to-noise ratio; these points are discussed in the next chapter.

Effect of Pressure Variations

The estimate of H given by the RFM is proportional to P" where
.5 < m< 1, and P is the pressure of the sampling region, as is derived
from equations (4-7) and (4-8). Therefore, the percent rms error in H
must be greater tham or equal to that caused by error in P alone; i.e.,
S, 2> SP/m. As indicated by the following discussion, this restriction

H
imposes a negligible limitation on SH (i.e., SP < 1%).

As indicated in Chapter 2, the pressure at any given altitude
usually varies by less than 5% from its mean value. A better estimate
than the mean value can be obtained by using equation (2-1), the Hydro~

static Equation, which requires an estimate of T as a function of

53
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altitude from the ground to the sampling region and a ground-level mea-
surement of P.82 Reference to standard tables83 which relate pressure
to altitude and temperature, supports the conclusion that an estimate of
the absolute temperature accurate to about 0.7% (i.e. + 20°C), is suffi-
cient to give SP < 1% for altitudes of up to at least 2 km; knowledge
of the temperature to within 4°C permits determination of P with
SP < 0.05%. Therefore, a ground-based measurement of T, corrected for
altitude, should be sufficient to justify ignoring the pressure contri-
bution to error in H.

Note that an error in estimated height of the sampling volume
will show up as an error in P. If the error in height is within + 50
meters, then SP < 1%. Also, if the sampling volume is too large, the
variation in pressure over the volume will result in a broadening of the
absorption peaks in the function (a/f)[f]}; a 5% change in P would occur
for a separation distance of x = 500 meters. A correction for this ef-
fect might be desirable for a curve-fitting scheme of estimating H, al-
though a broadened peak’s relaxation frequency would still give the cor-
rect value of H for the volume, provided that the average value of pres-
sure was used in the calculation.

As shown in equation (4-6), the classical and rotational absorp-

tion also depend on the pressure.

Effect of Temperature Variations

Uncertainty in T as a function of height affects the estimate of

H in two ways: its direct effect on the estimate of P has already been
considered; its other effect is on the estimation of the height of the

scattering volume. The height is determined from the tima iapse between
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the start of the transmitter frequency sweep and the start of a given
band-pass filter's frequency sweep. This time is, of course, divided by
two and then multiplied by the speed of sound to give the height of the
scattering volume associated with the given filter. The speed of sound
varies as the square root of the absolute temperature, as in equation
(4-6), and so the estimate of height will also. But since a 6°C change
in T represents only about a 27 change in absolute temperature, it also
represents only a 1% change in the estimate of height (an estimate of T
which is accurate to within 6°C should be easily obtained).

In addition, uncertainty in T at the scattering volume affects

the estimate of H in three ways: 1) the magnitude of the attenuation
spectrum is dependent on T, as shown in equations (4-11), (4-12), and
(4-13); 2) the difference in absorption between the values at the nitro-
gen and oxygen relaxation frequencies is solely temperature dependent;
and 3) the nitrogen relaxation frequency is a function of the tempera-
ture as indicated by equations (4-8) and (4~12). The following relations

can be derived from the equations mentioned above:

S = S_/2.; S ~ 5.%5 . S = 9.*%S .
ucr T av,O T uv,N T

The change in acr will be opposite in sign to the change in the other
two absorption components {(which will normally overshadow the change in
ucr). Therefore, a 6°C change in T will cause a 10% to 18% change in Q,
as in partially shown in figures (4:5) and (4:6). The second dependence
listed above is really just another manifestation of the first depen-
dence and is displayed by equation (4-5). The eyeball method of deter-
mining the relaxation frequencies, and thus the humidity, is not influ-

enced by these first two temperature dependencies. A curve-fitting
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scheme which would also be independent would be to fit the normalized
frequency derivative of the attenuation spectrum. If conditions are such
that only the oxygen relaxation frequency is of interest these two hu-
midity predicting schemes will be independent of temperature.
For the third temperature dependence mentioned above, equation
(4-8) can be used to derive the following apgroximate result:

Sf = 2.6 ST' Therefore, a 6°C error in temperature would cause a 5%
r,N

error in H since SH < Sf , as seen from equation (4~8). Consequently,

either an estimate of T ;égurate to within about 1°C would be needed to
give SH < 1%, or else the curves must be fit simultanecusly with respect
to the two variables T and H (which in effect gives the desired + 1°C
estimate). As will be discussed later, the desired estimate of T is
readily obtained by curve-fitting. Alternately there exist several re-
mote sensing schemes capable of determining T to within 1.0°C.84 Also,

of course, T must be accurately known if the relative humidity is requir-

ed.

Effect of Wind

Wind can also affect the estimate of the location of the sampling
volume.85 The horizontal displacement of the sampling volume by Vh, the
horizontal component of the wind is unimportant, given a relatively large
sampling volume diameter compared to Vh*t, where t is the time for the
acoustic round-trip to the sampling volume, since the value of H averaged
over several cubic meters is fairly constant for a given altitude and
approximate location. The angle of bending is less than 2° for a typical

horizontal wind of 10 m/s. The decrease in altitude resulting from acous-

tic-ray bending by Vh is also negligible.
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For vertical wind,86 c=c,+ Vv, so that the ratio of actual

0
2
height of the sampling volume to the estimated height is p = 1-(Vv/co) .

Typical values of g and Vv give p = .9999 or a height error of less than

0.01%.

Effect of Turbulence

The turbulence in the velocity field, as measured by CV, should
have no bearing on backscattered signals, as indicated by equation (4-21).
However, there is an effect due to turbulence-induced fluctuations in
the propagating wave, as described by equation (4-18). These fluctua-
tions cancel out as discussed in the preceding chapter, except for
fluctuations induced between the first and second scattering volumes.
To be noticeable, the fluctuations would have to cause a percent rms error
of at least87 23%, because of the large fluctuation contribution of the
backscattering process. Data taken by Kasper, et al. under a wide vari-
ety of weather conditions of the rms error induced by turbulence over a
distance from the sound source of up to 150 meters and for frequencies of
up to 8 kHz, show that the error for the RFM due to turbulence in the
scattering volume will be less than 10%7 (usually much less) provided that
the first scattering volume is at a height of at least 40 meters.88
Since most of the fluctuation-inducing turbulence is within 200 meters
of the surface,89 it seems reasonable to conclude that turbulence-in-
duced fluctuations will be almost totally obscured by fluctuations due
to backscattering. Alternately, this conclusion can be reached by exam-

ining equation (4-18). For a significant error in received amplitude,
T2
X"2 0.1. Equation (4-18) is approximately represented by:

3= 1.2 x 1070 116 118 <> (7-1)
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If it is assumed that L < 1000 meters and that the sampling volume is

above the surface layer so that the low turbulence condition can be

90 2 8 -2/3

used” ', <Cn> x 107 , M , then the above condition becomes, with
the aid of (7-1):

gl-16 > 0.1x.7 28/ 1.2 + 10’3<c§>) , or

f > 8 kHz.

The turbulence-induced fluctuations, since the above figure increases
sharply as L decreases, will not be important for frequencies of inter-
est.

The temperature turbulence at the first and second scattering
volumes, CT[r] and CT{r + x}, contribute the addend, LN[CT[r+x]/CT[r]],
to the attenuation spectrum. Under certain conditioms, this value will
be constant with respect to frequency; then the effect of CT can be elim-
inated by fitting the derivative of the received attenuation spectrum,
otherwise, this constant must become another independent variable of the
curve-fitting process. The conditions under which this value will be a
constant areglz 1) CT must be proportional to a power of the frequency
(for a Kolmogorov turbulence spectrum, the power is 1/3, --see equation
(4~12)); 2) the sampling time must be short compared with the time re-
quired for significant change in the average value of CT in the region
of interest (this time is a few seconds if the scattering volume has a
diameter of at least a few tens of meters); and 3) the average value of
CT over the scattering volume must not change as the frequency (and thus
the beam diameter and therefore the volume over which the averaging takes

place) is changed. Design considerations based on these conditions are

considered in the next chapter. It is not vital that these conditions
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be satisfied; any change in LN[CT[r+x]/CT[t]] should be a mild function
of frequency which can be detected by observing the shape of the received

92
attenuation spectrum.

Doppler Effects

Vertical motion of the scattering volume will cause a Doppler
shift in the reflected frequency; however, for the typical value of
Vv= 3. m/s, the resultant error in H is less than 1%.

Spectral broadening can also occur due to turbulence and back-
scattering. Brown 93 has stated that for typical circumstances, 'the
[spectrum] broadening effects of mean wind during the scattering process
outweigh the broadening effects of mean wind during propagation to the
scattering layer." The broadening occurring during the scattering pro-
cess is only a few Hz change.ga In addition, an energy loss at one
frequency due to broadening will be fairly well compensated for by energy
added due to broadening for neighboring frequencies. So that if the fre~-
quency is swept, as in the RFM, then broadening is of little consequence.

In conclusion, none of errors described above constitutes a seri-
ous limitation on the RFM's ability to measure humidity; although,
the sodar must be designed with the effects of T and CT in mind. Other-
wise, the effects of these two quantities must be known before B can be
determined. Conveniently, the data received in the RFM is such that T
and (CT[r+x]/CT[r]) can be estimated simultaneously from it alone, along

with H.

Statistics for A and Q

There is a finite limit to the backscattered amplitude received

by the sodar; this is not the case described by the Rayleigh Distribution.
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If the Rayleigh Distribution is not truncated to better represent the
actual received amplitude distribution, then the means and variances of
quantities derived from the received amplitudes will become infinite.

The standard Rayleigh Distribution is:

plal = (24/0") Exp(-a%/o?) (7-2)
where 0 is root-mean-square error, and the "mean radial error" or simply
the mean value is <A> = /7 0/2. Also the percent rms error is:

2

S, = 100%/-1 + <A2>/<A> = 52% (7-3)

For a 127 truncation95 of (7-2), SA= 437%.

It is mathematically more convenient, and it also is more easily inter-
preted physically, to derive the distribution of Q = AZ/Al by assuming

A, and A

1 5 to be Rayleigh distributed and then to truncate the resulting

distributiongéz

2
pQ[q] = INT[x*pAz[x]*pAl[x/q]; x: 0,%]/q

= XINT(xTREXRP[-68x71; x: 0,=1/(0205 4°87)
-2+ (ex-1)Exp(-8x21) °°*[cio§q3sz)'l= 2/ (o%024’8?)
0
where g = o—g + 012 q-2 , or if Y = 0,/0,,
polal = 2av’/(v*4g®)? (7-4)

If (7-4) is truncated so that y/10< q < 10y , then (7~4) must be

multiplied by kQ, where
Kg = INTi2v2a/ (Y 2+ ¢ % q: 0.1y , 10y 1, or
k. = 1.02
Q

Therefore, only a 2% truncation has been performed, but this is suffi-

cient to keep the means and variances of quantites which are of interest
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from becoming infinite. The first and second moments of Q are:

<@ = 2y INT[q2 /v 2+ D) 25 q:v/10, 10v)
= kATl +aD7h qsv/10,10m1-v N (P 4e ) qev/10,1001)
_ 10y
= kQ(Y TAN 1iq/Y] - Yzq/(YZ+ qz))
~/10
<q> = (1.02) v(1.37) = 1l.4y (7-5)

g

<q®>= k ¥2 INT[2¢°/(Y2+qD)?; q:¥/10,10v]

Q
- kQYZ{INT[(q2+Y2)—l; (@%Y?): q=y/10, q=10v]
2 T P+D 725 (@2 D): q=v/10, g=10v]
10y
= kpy? (Wiy2e?] + Y2 (PeeD)
Y/10
<q2>= 3,66y2 (7-6)
From (7-5) and (7-6), SO is found to be:
= 100*/&3.66Y2/(l.4Y)2)-1 = 92% (7-7)

5
This is a considerable departure from the 73% figure derived in Chapter
V1 because the propagation of error technique is based on a first-order
Tavlor's Series expansion and assumes that the errors involved are quite
small (<5%).

The probability density function of the intensity of the received
signal whose amplitude is Rayleigh distributed will be the Exponential
Distribution:

PI[z] = EXP[-2z/m]/m (7-8)
vhere m = <z> = cz and <zz> = Zmz, so that SI= 100%. The ratio D=12/Il,

has the distribution:
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;%[d] = Yzl(d + 72)2, where Y2 = m2/m1 also.
However, there is no reason to convert the received signal, which is in
amplitude form to an intensity, since data processing adds no additional

information.

Statistics for

An expression relating q and a can be derived from equations

(4-1) and (4-21):

qlf] = ¢ e - K{x, r]*EXP[-2a[f]x] (7-9)
1
where K[(x,r] = (CT[r+x]*T[r]/(CT[r]*T[r+x]), (7-10)

and where it has been assumed that the thicknesses of both scattering
volumes are the same, that a is a constant in the sampling volume (or at
least can be replaced by the mean value, <a>), and that turbulence is
homogeneous and Kolmogorov. The probability density function is derived
from pOIq] as follows:

pylal =pylalal) * |dg/do] (7-11)
Substituting (7-9) into (7-4) then multiplying by the absolute value of

the derivative of (7-9) yields for (7-11):
pu[a] = 4xYZKIX.r)Z*EXP[-éax]/(Y2+K[x,r]Z*EXP[-éax])Z. or

pyla) = x (2n EXP[-2ax]/(n*+ EXP(-4axD)? , (7-12)
where n = y/K[x,r].

Note that since the range of Q has been defined as 0 < q < «,
the range of @ is - ® < a < =, The negative values can occur because of
the fluctuations in received amplitude or because CT[r+x] > CT[r], for

example. The mean of a is given by:
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<>

INT[a*pa[a]; a: —o,® ] (7-13)

-1 2,2 (-2
-(4x) 7 INT[LN[y] n"(n"+y) *; y=EXP[-4xa]: 0,=]
This integral is infinite, therefore a truncation is again needed. Assume

¥/10 < g < 10y, as before, then LN[n/10] <-2xa <LN[10n]. So that (7-13)

becomes:
<a> = kQ(nz/ax)*INT[LN[y]*(n2+y)2; y:n2/100, 100n%]
) ) ) ) 100n?
= kq(n'/4x) {—LN[y]/(n +y) + LN[y/(n"+y)]/n }I
n?/100
<o> = LN[n" ]/ (2%) (7-14)

Equation (7-14) can be recast into the form: n = EXP[-2x<a>], so that

equation (7-12) can be rewritten, taking into account the truncation, as:
pylo) = kox (2 EXP[-2x(<a>+0) }/(EXP[-4x<a>] + EXP[-4x0]))? or

p la] = 1.02x * SECH[2x(a~ <w>)}’ (7-15)
The second moment for a is:

<a2> = kQ(n/Ax)2 INT[LN[y]zl(n2+y)2; y:n2/100, lOOnZ]
The above integral cannot be evaluated in closed form in terms of a finite
number of analytical functions. However, if nz is removed from the inte-
gral function, the remaining integral can be evaluated numerically. The

5
n~ can be removed via integration by parts:

1<Q(~ﬁ;x)-2 INT[LN[nzz]Z/(1+z)2;z=y/n2: 0.01,100.]

<a2>

100.

kg(4 “H{-18(n%21%/ 142)

0.01
+ 2*INT[LN[nzz]/(z+zz); z: 0.01,100.]}

The last integral above can be evaluated as:
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100. 2
+ INT[LN[Z]/(z+z ); 2:0.01, 100.]

0.01

INT = LN[n2]*LN{z/ (1+2) ]

Since the immediately last integral doesn't involve n, it is an exact
number, which has been numerically evaluated as (-8.98). Consequently,
<a2> can be evaluated:
2 -2 2
<a”> = x “(0.25*LN[n]"+ 0.181) (7-16)

Now Sa can be determined:

sa = 100((<a2> - <c>n>2)/<(1>2)1/2
2 2 2 1/2
= 100((4(0.25%LN[n]“+ 0.181-0.25 LN{n]“)/LN[n1*)
= 200 /0.181/|LN[n]| = 85/|LN[n]] %
Since <a> = -(Zx)_l*LN[n], Sa can be written as:
S, = 43/(x<w>) % (7-17)

Possible values of x could be from 10 to 500 meters and typical values
for a would be IO-A <ac< 10~l, nepers/meter. These values and equation
(7-17) demonstrate the critical nature of the selection of the separation

distance, Xx.

Simulation Equation

The cumulative probability, P{a], can be found by integrating

(7-12), with trunction accounted for by the factor kQ =1,02:

Pla] = 1.02n2 INT[-(y+n?)~2%; y=EX[-4xa]: n°/100, 100n°]

L}

1.02 (1 + EXP[-4xal/n®)™! - o1
And since ”2= EXP[-4x<a>], from equation (7-14):
Pla] = 1.02(1 + EXP[-4x(a-<a>)]) "1~ .01

Solving for a yields:
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a = (40 1 LNCOL + P [@])/(1.01 - P [a])] + <o> (7-18)

The following form is also of interest:

(a/E)[£] = (4x£/7 L LN[(.01 + TPlaDA1.01 - P [a])] + <(a/£)>[f]
(7-19)
where the factor VN has been added assuming that N independent observa-
tions were made and suitably averaged to give the value (a/f){f]. Equation
(7-19) is a very useful representation of the distribution of a for the
following reasons: 1) (a/f) has been decomposed into a strictly constant
term (the average value) and a term representing only the fluctuations in
(¢/f); 2) the fluctuation term can be divided into two factors: the "LN"
factor contains all the ''randomness', and the (Afoﬁ)-l factor includes
the parameters of a particular experiment which will affect the magnitude
of the fluctuations, but which are not random; 3) the random factor, LN[
.]. 1is the same for all experimental situations; it is dependent sole-
ly on IP [a] which is uniformly distributed from O to 1; 4) the effect of
truncation is clearly apparent as the (.0l) 2ddend in the numerator and
denominator of the argument of the logarithm; the addend bounds the nu-
merator and denominator away from zero and thus keeps the fluctuations
finite; and 5) since TP [a] is uniformly distributed,equations (7-18) and

{7-19) are ideal for simulating & and (a/f) using a computer.

Curve-fitting

The use of curve-fitting to determine the values of H and T re-~
quires an estimator to quantitatively measure the error between the ex-
perimental and fitted curves. The "maximum-likelihood~estimator," which
will cause selection of the H and T most likely to have caused the ob-

served curve, is normally very well approximated by the "method-of-least-
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squares' estimator, however, the fluctuations in the present case are
such that "least-squares" will yield noticeably different results. The
exact maximum—~likelihood estimator is derived below: The probability
that the observed and actual (or predicted) values of a will differ by
an amount § = a-<a> is, from (7-15):

pld] = 1.02x*SECH[2x6]2 (7-20)
Therefore, the probability (density) that T and H are correct is given
by:

p[T,H] = T (1.02x) SECH[ZxSi[T,H]]z (7-21)
1

where Si represents the difference between observed and predicted values
of o for the i th data point. It is desired to pick T and H such that
p[T,H] is maximized, which is equivalent to minimizing the following
function:

M[T,H]= I COSH[2x8 ] (7-22)
1

or to minimizing:

m{T,H] = % LN[COSH[ZxSi]] (7-23)

Estimates of the error in the chosen T and H can be obtained simultaneous-
ly to calculating (7-22) or (7-23).97 The value of p{T,H}, M, or m pro-
vides a measure of the "goodness of fit", which can indicate the "skew-

ness’ or "broadening’ of relaxation peaks mentioned previously.

Simulation

Theoretically, SH and ST are functions of each other, of the fre-

quency sweep and estimation method used, and of sa[f]' Ideally, formulae

could be derived for SH and ST’ but even if the derivation were analyti-

cally possible, it would still depend on the particular estimation method
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used. A much easier (and more general) alternative is to simulate the
received a[f] using equation (7-18), and then to test a given estimation
method. Figure (7:1) shows the results of a simulation of a[f], which
used the standard IBM~FORTRAN scientific subroutine program "RANDU".
The data were then fitted using the estimator given in equation (7-23),
which was minimized using another standard IBM-FORTRAN-SSP program,
"FMFP". This program uses a gradient search method, but since good98
initial estimates of T and H are possible and since very accurate (less
than 1% error) predictions of T and H are desired, a grid-search methodgg,
which is simpler, would be more appropriate}oo Two examples of the sodar
simulation are described below: The conditions for the first simulation
were: T=10°C; H=.4%; four receivers; 100 Hz to 20 kHz frequency range;
one sweep (log-linear); 100 data points (a very conservative number, re-
quiring less than 0.2 seconds); and x=1000 meters. For the given condi-
tions, ft’o*~ 10 kHz. The "FMFP" rapidly converged to the minimum of m,
with a resulting absolute error in T of 0.04°C and a percentage error in
the numerical value of H of 0.4% (i.e. an absolute error of 1.6*10-32);
the minimum value of (m/100) was 0.32.

The conditions for the second simulation (which are more likely
to be encountered in practice) were: T=10°C; H=.2%Z; four receivers;
100 Hz to 10 kHz frequency range; 400 data points; x=500 meters; and
one sweep. For these conditionms, fr,Oz 3.5 kHz., The resulting error
in T was 1°C, and the percentage error in H was 3% (i.e., an absolute
error of 0.06%); the minimum value of (m/400) was 0.27. Of course, the

1/2

percentage error is reduced by a factor of n; if n, sweeps are taken.

For the above conditions, ng could easily be 100.
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These simulations suggest that the RFM can be used as the basis
for a practical hygrometric sodar, but since the conditions listed are
unusual, and since the SNR problem is not addressed, no such conclusion
can be reached (at least if just one sweep is allowed).

The answer to the question of practicability of the RFM depends
on design limitations (SNR and hardware) which will be considered in the
next chapter, and on the question of how many independent data can be
collected before the atmospheric variables of interest can change sig-

nificantly; this last question will now be considered.

Independent Data

1f the returns from the scattering volumes were indeed Rayleigh
distributed, then a single measurement would give absolutely no informa-
tion about the mean amplitude of the backscattered signals (and there-
fore no information about the strength of the signal passing through the
scattering volume). Of course, for the actual situation even the one
measurement will give an estimate of the mean with some finite error SA'
The error for an estimate based on n measurements is SA//E , provided
that the measurements are independenthIOf one another. The independence
condition is met if the aspect (e.g. the relative positions of the
effectivelozscattering turbulence within the scattering volume) which
the scattering volume presents to the receiver has had the opportunity
to change completelyjcB between measurements.

The "error-reducing ability” of a continuousxm signal may be
described by the "effective" number of independent data, in other words,
the number of independent data, n, which would result the same reduction

in SA as does the continuous signal. The situation can be conceptually



69
approximated by dividing the continuous signal into contiguous, discrete
data units of the minimum size necessary for independence. According to
Marshall, Hitschfeld, and Wallace,105 the effective number of independent
data for a continuous signal is about 1.5 times the number of discrete
independent data, corresponding to a reduction of SA by a factor of 0.82.
For convenience, the discrete data model of the received signal is used
for discussion of the RFM.

In order to determine the number of discrete independent data
which characterizes a signal, it is necessary to know the minimum datum
"size" necessary for independence. The change required for two measure-
ments to be independent can take place in any one of three parameters:

1) time, 2) space, and 3) frequency. Tatarskiilo6 has considered the
changes necessary which are presented below:

The time required for the vorticeslo7 in the scattering volume
to move enough (by wind action, for example) to generate independent re-
turns is on the order of a few seconds. This is much too long for it to
do much good during one sweep of the RFM, but it does mean that data from
subsequent sweeps can be treated as independent.

A change in the spacial orientation of the scattering volume,
transmitter, and receiver can also produce independent returns. Physical

8
10 )

motion of the equipment (or even changing the beam direction slightly
is probably impractical. However, two or more receivers can gather in-
dependent data simultaneously if the distance, d, between them is:

d > cr/(Lf) (7-24)

where d is the transverse separation distance, in meters,

¢ is the speed of sound, in meters per second,

r is the distance between scattering volume and receiver, in meters,
L is the thickness of the scattering volume (Ar or Ax)in meters, and
f

is the frequency of the scattered wave.
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For distances not satisfying (7-24), the data will still be independent

if:109

o

= Jc/(f¢) = J * = (7-25)

® is the beam width
J is an arbitrary positive integer, and
Z is the diameter of the beam at the transmitter, in weters.

where

Values of d other than specified in (7-25) can still result in partially
independent data. The use of multiple receivers will also reduce error
due to background noise.

A change in frequency can also cause independent data since dif-
ferent sets of vortices act as the scatterers at different frequencies.
The required change, Af, for backscattered signals is:

Af = c/(2L), Hz. (7-26)
Independent data can also be gathered if two or more sweeps with complete-
ly different frequency ranges are transmitted (and received from the same
scattering volume) simultaneously. The restriction, on the closeness of
frequencies of simultaneously propagating waves, which is a result of
the relaxation process (discussed in Chapter IV) must be observed with
this technique, of course. A reasonable expression of this requirement
would be: fz[t] 2 Sfl[t]; consequently, only two or three simultaneous
sweeps would be possible in the range of frequencies available to a prac-
tical sodar (even if this condition were satisfied, the equations for
af{f] might have to be modified).

For sake of completeness, it should be mentioned that there is
no limitation (other than size and cost) on the number of independent

sodars which can be used.
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Required SNR
A sufficiently high SNR at the receiver is required for the con-
clusions in this chapter to be fully applicable. Marshall, Hitschfeld,

11

0 . .
and Wallace have shown that, contrary to most measurement situations,

an SNR of 10 decibels is all that is required, and that an improvement

in SNR to above 10 dB results in virtually no improvementlll in SA and
therefore is not helpful in estimating T and H. The available information
decreases rapidly as SNR is decreased below 1 dB. The requirement of 10
dB can be reduced for data from two or more receivers separated by

more than a wavelength (so that the noise component of the received sig-

nals is independent). For np receivers and n. sweeps, the maximum re-

S

quired signal to noise ratio, SNRmax’ is:

SNR = 10*(1-L0G n.]), decibels (7-27)
max S

10{

The number of independent data taken per sweep, s will also re-
duce SNRmax, but probably not as strongly as np Or ng because the noise
at different frequencies can be strongly correlated over periods of time
less than 2 few seconds.

The effect of noise is also reduced if Al and A2 are received
close enough together in time that the background noise is correlated;
the correlated noise will cancel out when the ratio Q = AZ/Al is formed.

For the purposes of determining design limitations in the next
chapter, a minimum value, SNRmin = 4 dB, will be adopted for a sodar with

four independent receivers and for one sweep.



CHAPTER VIII

DESIGN CONSIDERATIONS

The physical limitations on the applicability of the RFM and the
consequent considerations for RFM sodar design are presented in this chap-
ter. Hardware specifications are not given since no standard sodar com-
ponents exist; indeed, the economic attractions of acoustic remote-sensing
systems include the wide variety of ways in which the sodar can be design-
ed and the resultant ability to build an experimental sodar with "off-the-
shelf" components.112 In addition, any mass-produced sodar would warrant
specially designed, state-of-the-art equipment.

Two sets of limitations will be derived; one will be based partly
on the sodar capabilities predicted by Little113 for a "third-generation"
sodar; the other will be based on specifications of working sodars and
other devices which have actually been built.lla The former set will
furnish an estimate of the ultimate capabilities of the RFM; the latter
will provide a minimum capability estimate. The limitations will be ex-

amined in terms of altitudes or of conditions of T and H for which a sodar

can obtain most of the required meteorological data using the RFM.

Meteorological Requirements

A sodar will provide the required meteorological data most of the

time if it can sense H and T to a height of at least 1500 meterslls

72
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for ~10°C < T < 30°C, for relative humidity greater than 10%, and, corre-
spondingly, for 0.05Z < H < 4%. Sodars are not affected very much by
reflections from precipitation, fog, or clouds.116 Vertical resolution
should be on the order of a few tens of meters, depending on the alti-

tude. 117

Design Parameters

Assuming a backscatter, vertically-aimed sodar, the RFM sodar
would have the following related design parameters: 1) r, the distance
from the transmitter to the center of the first scattering volume; 2) x,
the vertical thickness of the sampling volume, i.e., the distance between
the scattering volume centers; 3) Ar and Ax, the total thicknesses of the
first and second scattering volumes; 4) fx[t], the frequency transmitted
at time t; 5) le[t] and fR2[t]’ the receiver filters' center frequencies
for the first and second scattering volumes; 6) bllf] and bz[f] receiver
filter bandwidth for the first and second scattering volumes; 7) cp’ the
period of the sweep; 8) Z, the effective diameter of the transducer; and 9)
AX[fX]’ the amplitude of the transmitted frequency. These parameters are
not all independent; indeed, the following relationships hold: The time
delay between transmission and reception is directly related to the heights
of the scattering volumes:

£ = f\([t - 2r/c] (8-1)

gplt]
fRZ[t] = fx[t - 2(r+x)/c]
The scattering volume thickness is related to the rate at which the trans-

mission frequency is swept and to the corresponding bandwidth:
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-1
Arffe ]l = c {fx (fp* by[£p,1/2] (8-2)
Y el NN 7 ]/2]}
X “r1” "1t'm1 ’
Ax[f_ ] = ¢ {f‘l (£, .+ b (£ .1/2]
R2 x '"r27 P2'°R2
-2 g - b lf 1/2]}
x ‘*r1” "2!'R1° ’

where f_l[fll indicates the inverse function of f[t].
For the above equations, it has been assumed that fx is a monotonically

increasing function during each sweep period, tp.

Design Objectives and Constraints

It is desirable to maximize the product x¢ in order to reduce the
signal fluctuations as shown in equations (6-10) and (7-18). Since the
values of af[f] will be determined by the experimental conditions, only x
can be maximized. However, if x is too large H may vary significantly
over the sampling volume (which can be detected by checking for absorp-
tion peak "broadening” or, for curve-fitting methods, by noting that the
value of m, the likelihood estimator of equation (7-23), is too large).
In addition, an excessive value of x will decrease the correlation be-
tween the fluctuations induced by turbulence in the two returning signals
as they propagate between the first scattering volume and the receiver.
Also, the fluctuations induced by turbulence in the sampling volume may
become significant.118 The analysis associated with equation (7-1) and
the two-second time constant for turbulence119 suggest that x be limited
to at least 500 meters and probably to 300 meters (unless the SNR is such

that the additional errors can be tolerated). The pressure wiil also
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vary significantly over the sampling volume if x is large, cauecing a sim-
ilar variation in the relaxation frequencies (if x=500 meters then AP=5Z).

The scattering volume thicknesses, 8x and Ar, should be maximized
in order to give a stronger backscattered signal (it is more important
that Ax be maximized since it is at a greater distance from the transducer
and since at higher altitudes CT is generally smaller). Also, the requir-
ed Af for independence is decreased as Ax and Ar increase.lzo The follow-
ing constraints applyv, however, as Ax and Ar are increased: 1) resolution
decreases; consequently, 2) the uncertainty in x, thus in &, H and T, is
increased; 3) the maximum allowable x for a given resultant error is de-
creased; and 4) the allowable range of receiver bandwidths and choice of
fx[t] is unfavorably restricted. The second and third constraints listed
above suggest that (Ax + Ar) should be less than, say, 10%Z of (2x) in
order that its effect may be disregarded.

The period of the sweep should be the minimum necessary for un-
ambiguous returns, i.e., tP= 2(r+x)/c, since under most conditions more
independent (and therefore "better'") data can be obtained during a repeat
sweep (this is particularly important at low frequencies for which Af may
be inconveniently large.) The period of the sweep, however, places a re-
striction on fX[t], on Ax and Ar, or on bl and bz, as expressed in rela-
tions (8-2).

The bandwidths, b, and b

1 2

necessary for independence (otherwise there might be a partial cancella-

should be less than the frequency change

tion in the received signal). Unlike the SNR of a pulsed sodar, the SNR
of an FM-CW sodar cannot be improved by decreasing the bandwidthlzl, since

the received signal intensity will be decreased by the same factor as the
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noise intensity. The Brownian motion which causes thermal noise has a
much shorter coherence time than does the motion of the backscattering
vortices; consequently, the bandwidth should be just small enmough to in-
sure coherence of the backscattered signal if thermal noise is the main
noise-source present.122 If the frequency sweep rates, fél and fiZ’ are
relatively constant over the times associated with the corresponding band-

widths then equations (8-2) can be written as:

Ar/c = bl/fRl , and Ax/c = bZ/fRz (8-3)

Using (7-26) to express the above recommendation for beamwidth
gives:

2Arb1 < ¢ and ZAxb2 <e¢c (8-4)

Using (8-3) to eliminate Ar and Ax produces for i = 1,2:

' 2
foyltl > 26 [f . [e]] (&8-5)
If b(f] is the larger of bl[f] and bz[f], then (8-5) can be written more

conveniently as:

' 2
feltl > 2b[fx[:]] (8-6)
This restriction is of concern only at low frequencies. If it is assumed
that 4x > Ar then the other constraint on fi which can be derived from

(8-3) and (8-4) can be expressed as:

£30e] < (/o [, 161]) %72 (8-6)

This constraint primarily affects higher frequencies which because
of their greater attenuation,require that Ax be maximized, and which re-
quire a larger fi[t].

The diameter of the transducer, £, should be maximized in order

to reduce the amount of spherical spreading of the acoustic beam, and to
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decrease the relative contribution of internal receiver noise, subject to
the constraints that the scattering volumes be within the far-field re-
gion of the transducer123, and that the phase of the returning waves be
relatively constant over the surface of the transducer. Brown and Keeler
have shown that this last constraint is not likely to be important for
audible frequencies.124 Of course, the diameter also affects the sodar
resolution.

Naturally, the greatest possible amplitude should be transmitted,
subject to consideration of environmental noise pollucionlzs, and to the
rapidly diminishing returns from increasing the SNR above 4 dB (for four
receivers and one sweep).126 Nonlinear effects will be limiting for an
output sound power level of greater than 160 4&B.

The simulations presented in Chapter VII suggest that doubling
the range of the frequency sweep is more important127 than quadrupling
the number of independent data. Intuitively, the larger range greatly
aids the curve-fitting process. Consequently, increasing the sweep range
is a high-priority design objective. The beginning frequency fB is bound-
ed below by physical equipment considerations (e.g. an excessively large
transducer diameter may be necessary to yield the required resolution),
and by the requirement that xa[fB] not be so small that Sa as given in
equation (7-17) becomes intolerably large. The end frequency fE is bound-
ed above by the requirement that u(fE] be small enough to permit the re-
turned signals to be received with an acceptable SNR.

Much of the statistical advantage of the RFM would be lost if the
frequency sweep range did not include an attenuation peak, or at least

halves of two peaks. Figure (8:1) may be used to determine what frequency



78
ranges will provide full coverage (always contain at least one relaxation
frequency) under most weather conditions. The required values of fB are

plotted against the upper limit, £ The values of H for which fBz f

E’ r,N

and fE = f (i.e. the H above which the nitrogen peak is used and below

r,0
which the oxygen peak is used), are marked along the curve. The 'valley"
between the two absorption peaks (which exists for H 2 .2%) can be used

in place of fr as an extremum of (a/f)max. The corresponding frequency

o N
range curve is also presented in figure (8:1). The particular frequency
range used will depend on T, H, and the altitude sampled. It may be ad-
vantageous to have two transducers, one designed for low frequency work,
and one for high frequency work.

The remaining problem with fX is to determine that sweep (as a
function of time) which will maximize the amount of information gathered
concerning H and T. If (a/f) for one absorption process is plotted versus
LN{f], then the peak will be symmetrical. This indicates that if an esti-
mate of T and H is not available then a log-linear sweep might be the best
function. The information gained about T and H could then be used to im-
prove the sweep function.

The log-linear sweep is of interest for low altitude work when
there might not be enough time to collect the available independent data
in one sweep. I1f enough time is available, then a "discrete, independent-
data sweep", which changes frequency every cycle by just enough (Af) to
achieve independence, will be more useful. The time, T, required for
such a sweep is approximately:

_ -1
T=f " + LN[fE/fB]/(Af)

B , seconds. (8-7)

Q
Here (Af)Q is the frequency change in received amplitude signal intensity
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required to produce independent values of Q; if Af for the first and

seccnd scattering volumes is the same, then128 (Af) . ~ Af/YZ. The num—

Q

ber of independent data gathered in one sweep, o, is

ny = (fp - f5) /(A1) (8~8)

Q
Under many conditions T will be considerably less than the sweep period
tp. In order to better utilize the time, the step size should be de-
creased. Even though consecutive d2ta will become partially dependent,
more information will be available, especially if substantial noise is
present in the received signal. As mentioned in Chapter VII, the effec-
tive n;, is increased by a factor approaching 1.5 as the step size is
progressively decreased. The factor 1.5 is a good approximation if the
step size is decreased by a factor of 4 (or more).129 The resultant T
will, of course, be four times larger. Should this larger value of T
still be less than tp, then extra (dependent) data should be taken at the
lower frequencies, where the background noise level will almost certainly
be higher, in hopes that some noise cancellation will occur. For condi-
tions under which 1T as given by equation (8-7), is less than tp’ it would
appear that little would be gained by two simultaneous sweeps of portioms

of the frequency range as opposed to just a single sweep.

Background Noise

The amount of acoustic background noise detected by a receiver
varies considerably depending on the amount of "side lobe suppression"
present in the receiver and on the location of the receiver. Little130
has analyzed the available data on noise and has concluded that "... the

ambient acoustic noise power at a quiet site is of the order 20 dB above

[10-12 watts/meterZ] for an octave band centered at 1 kHz and decreases
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by about 5 dB per octave increase in frequency." Little has also stated
that "... the expected increase in noise level per hertz of receiver
bandwidth is about 14 dB per octave decrease in frequency." Simmons

et al.131 have compiled data on background noise levels for a wide range
of environments. Most of the noise represented by these data is not im-
portant, provided that the sodar has good (-90 dB) sidelobe suppression;
but the data compilation does furnish an idea of how the noise descrip-
tion of Little may have to be adjusted for different environments. The
aforementioned observations can be expressed by the following equations
for the noise sound power level132 expressed in decibels:

= - * -
NSPLdB[f] 143 46.5 LOClO[f] + 10 LOGlo[b/nR] (8-9)

where b is the receiver bandwidth in hertz, and

np is the number of receivers.

Equation (8-9) represents a maximum value (at an "average" loca-
tion) for the noise received by the sodar since the background noise is
highly anisotropic and a sodar (with good sidelobe suppression) collects
noise only from the vertical direction, which is '"least noisy".

A minimum value (which has been observed only very rarely) for
the received noise based on the ineluctable thermal noise of the atmos-

phere is given by the following equation:

2
NSPL ;o = —10*L0610[7rnR_. /(4b)] - 83.8 (8-10)

where Z is the effective transducer diameter in meters.
Littlel33 reports that "The ambient noise level on most acoustic
sounders is 10-40 dB above the theoretical limit ..." which is the ther-

mal noise given in equation (8-10) with np = 1. Little suggests that

with careful design of the sodar, the noise can be reduced by up to
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20 dB. Therefore, an optimum noise figure of 5 dB above that given by
(8~10) will be used in the remainder of this chapter; the average noise
for presently-operating sodars is taken to be 25 dB larger than (8-10).
The improvements suggested by Little include using quiet field sites for
the sodar and locating the receiver below ground in order to decrease
the wind noise (it is probably more important to locate the sodar above
the surface layer; the wind noise can be reduced in an elevated receiver

as well, however).

Values of Sodar Parameters

Sodars which have actually been constructed have had bandwidths
ranging from 6 Hz to 100 Hz. Little has estimated that the smallest
realizable bandwidth is 3 Hz, which is limited by "the random fluctua-
tions of acoustic propagation".

Current sodars transmit intensities of up to 140 4B, but 110 dB
is a more representative figure. Little estimates that an improvement
in transmitted power of 20 dB can be realized. Papers have been pub-
lished on several devices134 (some of which are mechanical) which have
intensities up to 166 dB. 1In general, the output intensity is a func-
tion of frequency, tending to be much lower for higher frequencies in
the case of electro~acoustic transducers.

The frequencies used by present-day sodars range from 800 Hz to
11 kﬂzl35. and some RASS and EMAC units have been operated at from 80 Hz
to 22 kHz (the maximum range usually decreases strongly as the frequency
increases).

Transducer diameters have usually been on the order of 1 or 2

meters, although at least one 15 meter diameter sodar has been
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136 . .
constructed. Little reports one case where an effective diameter of

100 meters could be obtained. Little notes that the benefits of increas-

ing = are greatly diminished for Z > 20A.

Feasibility of the RFM

Using the optimum and "average" figures for the design parameters
noted above, the feasibility of building an RFM hygrometric sodar will
now be investigated. If it is possible to build a system which will give
input data equivalent to that used in the simulations of Chapter VII for
the "worst case" of the conditions presented at the beginning of this
chapter, then it will be concluded that the RFM is a viable technique for
measuring water vapor concentration and temperature sufficiently well for
most meteorological purposes. The "worst case" used will be for an upper
scattering volume altitude of 1500 meters, a ground temperature of 30°C
(corresponding to T = 20°C at 1500 meters), and 10% to 100% relative hu-
midity . The analysis will consist of: 1) determining the total allow-
able round-trip attenuation, ¢ in decibels, using the given conditions
and the optimum sodar design; 2) finding the maximum frequency which can
be used, given Y, for the range of humidity; and 3) deciding if the maxi-
mum frequency is high enough to permit sufficient data to be gathered.

The total allowable attenuation, Y, will be the transmitted inten-
sity minus the noise level at the receiver and minus the following items
(all expressed in decibels): 1) attenuation due to spherical spreading;
2) excess attenuation; 3) the classical and rotational attenuation (which
is negligible at the frequencies which will be of interest here); 4) the
reduction in intensity resulting from the scattering process; and 5) the

required SNR given in Chapter VII, 4 dB for one sweep and four receivers.
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The effects of spherical spreading and excess attenuation can be
combined using equation (4-17) into a single term representing total beam
spreading; but beam spreading between the transmitter and the scattering
volume exactly cancels out when the scattering process is considered
since the reflected power is proportional to the volume of the scatter-
ing region, and therefore is proportional to the beam area. Spherical
spreading after the scattering is accounted for by the scattering equation,
(4-21), which expresses the reflected power in terms of the power per unit
solid angle. Thus the scattering equation treats the scattering region
as a collection of single point scatterers for which excess attenuation
exists only because the scattering is anisotropic. However, scattering at
angles close to 180° should be higher than for complete backscattering
so that any broadening due to excess attenuation would mean an intensity
increase.137 Therefore, the beam broadening effects will be neglected,
along with classical and rotational attenuation. More study of (4-21) is
needed, especially with regard to the single point scatterer approxima-
tion; the actual scattering volume can be quite large and will be shaped
like a part of a spherical shell. Experimental investigations of back-
scatter have found returns 10 to 15 decibels higher than that predicted
by (4-21). The explanation was suggested that energy is also reflected
by temperature gradients which are not represented in (4-21). The strong
subsidence which usually marks the top of the boundary layer can be used
to give much stronger returns than would normally be available at a par-
ticular altitude. The 1500 meter figure mentioned earlier was adopted as
a mean upper limit to the boundary layer; for most meteorological purposes,
just the boundary layer is important, so that the second scattering vol-

ume could normally be placed in the subsidence layer.
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From Chapter II, a typical value for Ci at 1500 meters would be
5*10-3°K m-1/3; a possible value for Ax would be 75 meters, correspond-
ing to a maximum bandwidth of 4.5 Hz, and requiring an x of greater than
400 meters (which restricts Ar to about 20 meters). For convenience let
Lr = (ﬂEZ/A) be the effective transmitter area and let CR be the effective
receiver area; then substitute Z *Ax for V in equation (4-21)138. multiply
by the solid angle subtended by the receiver, convert to decibels, add &

dB for the required SNR, and subtract 15 dB to correct the scattering pre-

diction to get the correction term, §, whose components were listed above:

£ = 4—15-10*LOGIO[.OOA(ZWf/c)1/3§T*75.*(5*10-3)*(293)_2*CR/(4ﬂ*15002)]
) -6 7
= -11-10%L0G, [ .O1*Z (5. 5%10"°) 2 / (5.66x10)]

£ = 139 - 108106, [c*c.] (8-11)

where it has been assumed that the maximum freguency is about 2 kHz. If
CT = 100 square meters and LR = 5 square meters then § = 140-27=113 dB.
The noise figure is given by equation (8-10); for b = 3/v2 hertz
and CR =5 m2, where b is the bandwidth of the receiver, the noise figure,
corrected 5 dB for minimum background noise, is: 5-88 = -83 dB. There-
fore,
(8dB) = 160-(-83)-113 = 130 dB .
Now the maximum relaxation frequency, based on oxygen absorption alone139,

which can be tolerated is:

(£ O max = .115*(Ad8)m/{(2*1500)*(a/f)max’0} (8-12)

From figure (4:5), (u/f)max for T = 25°C (the average temperature along
k4

0

the propagation path) is 3.3"‘10_6 neper-seconds. Therefore, the uaximum

oxygen relaxation frequency which can be observed is 1500 Hz. This



85

corresponds to H = 0.1%7 which is about 3% relative humidity; therefore,
the oxygen relaxation frequency can only be used below 372 relative hu-
midity, which is outside the normal range of interest. The 1500 Rz fig-
ure is the "minimum maximum-frequency”; as H is decreased the maximum
frequency, fm’ rises to over 12 kHz, and as H is increased to 100%Z, fm in-
creases rapidly to 6.9 kHz. (See figure (8:2).)

The "valley"” has a characteristic frequency, fval’ of about 250
Hz for a relative humidity of 10%, corresponding to H = .31Z. For H = .31%
the maximum frequency which can be used is about 2350 Hz. For 100% rela-

tive humidity, fval = 3.8 kHz and fr = 1 kHz, so that complete coverage

s N
of the normal range of H is possible, provided that an fB < 250 Hz is
possible (which is presumed to be the case since there have been several
proposalslAO to use 200 Hz and even 100 Hz to sample to altitudes of up to
10 km). The amount of data available for one sweep for the "worst-case"
of fp = 250 and fE = 2350 is given by equation (8-8), with the 1.5 correc-
tion factor for a "continuous" sweep:

np = 1.5(2350-250)/(3/¥2) = 1620;
with a collection time given by equation (8-7), modified by the 4.0 correc-
tion factor for a "continuous' sweep, as:

T = 4.0{(250) '+ LN[2350/250]/(3/¥2)} = 4.25 seconds,

which leaves about 5 seconds to take additional data at the low frequency

end or to take data at higher frequencies than fE = fm by means of co-

herent integration.
Comparing this case study to the second simulation of the previous
chapter, it is noted that,although the frequency range is not as great,

the range still includes an (a/f) extremum, and L is over four times
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greater; but, most importantly, the error in a as given by equation
(7-17) is greatly reduced: for f = 2350 and x = 400, Sa * 22.2 (or 11%
for 4 receivers). Consequently, the curve-fit should be excellent and
the resulting error in H and T should be less than in t..» second simula-
tion (errors due to variations in CT’ P, and T excepted). For higher
values of humidity, the situation is further improved: for 100%Z rela-
tive humidity and fB = 250 Hz, fE = 6.9 Hz and ny = 5100.

Of course, the design conditions necessary for (AdB)m = 130 dB
are difficult and costly to satisfy; fortunately, fm is proportional to
a low power of (AdB)m, between 0.5 and 1. So that for a tremendous de-
crease to (AdB)m = 65 dB the fm decreases only from 2350 Hz to 1600 Hz
for a relative humidity of 10% at T = 25°C. This decrease is sufficient
to allow a sodar to be constructed with parameters within those limits
given previously for sodars already built, with the exception of the
required fB < 250 Hz, and with the caveat that nD has decreased to 1040
for the case described above. The lower limit on fB mentioned above can be
replaced with fB < 800 (the current sodar limit) for H 2 0.7%, which would
be the case more than half the time at 1500 meters and below (the limit
is not a crucial restriction on the RFM anyway -~ only a guideline so that
comparison can be made with the results of the Chapter VII simulations).

On the basis of the case studies above it seems reasonable to con-
¢lude that the RFM can be used to measure water vapor concentration and
temperature sufficiently well for routine meteorological purposes,using
optimum equipment,and that such measurements can be made under most con-
ditions for equipment having parameters comsistent with previously built
devices -- subject to the following provisioms: 1) variations in CT have

not been accounted for;141 2) for very low altitudes, the product x0 may
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not be large enough to keep Su within reason; and 3) the sampling volume
and Ax are assumed to be small enough that no objectionable error in H
and T results, i.e., that the resolution of the sodar is sufficient for
most meteorological purposes.

The first provision is discussed in the next section. The second
problem can be solved by using a single scattering volume and estimating
the errors such as those due to excess attenuation, or by directly observ-~
ing the variables, which should be feasible at the low altitudes (this
problem arises only for relative humidities of less than 10%, or tempera-
tures below -10°C, which are not very frequently encountered).

The third problem, which is partially associated with the second
problem, is assumed not to be significant for the limits already placed
on x and Ax (and Ar) because the humidity, averaged over several cubic
meters, varies only gradually with changes in altitude and even more slow-
ly for changes in horizontal location (except near weather fronts and
shorelines, for example). Also, the sampling volume can be changed to
provide an integrated humidity profile which can then be differentiated

to give better resolution.

Variations in CT

The value of q calculated from the amplitudes of the signals re-
ceived by the sodar from the second and first scattering volumes is direct-

ly proportional to the ratio of the temperature turbulence coefficient,

42 value .f this ratio

does not depend on the frequency for a uniform spectrum of turbulence143

1
Cors of the two volumes: q « CTZ/CTl' The average

(such as in the Kolmogorov Theory), and so LN[CTZ/CT1] should appear as a

constant addend to the absorption spectrum, a{f]. It can be eliminated by
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taking the derivative of a[f] and then applying curve-fitting techniques
to find H and T, or it can be treated as an additional variable in the
curve-fitting process. Errors will occur, however, if the sweep takes
too long (on the order of several seconds), or if the sampling volume
changes dimensions or location during the sweep so that the values of CT
are effectively altered. (Such errors can be detected, of course, by
observing the shape of the absorption spectrum.) For a normal acoustic
transducer, the beam area is inversely proportional to the square of
the frequency; so that as the frequency is swept the scattering volume
can shrink enough that the average over the volume can significantly
change.

Neff144 has presented data showing the variations of CT with time
and altitude, which can be extended to include spacial variations by in-
voking Taylor's Frozen Turbulence Hypothesis145 and assuming an average
wind-speed of 10 m/s. Neff's data, extended, shows that the most severe
variations in CT occur below 250 meterslAG, and that above 300 meters the
changes are much milder, with extreme variations contained within 40-meter-
diameter volumes, with a doubling in CT requiring a change of about 50
meters (or about 5 seconds), and with substantial vertical correlation
between values of CT'

The error caused by C. is or can be mitigated by several factors:

T

1) the vertical correlation of CT means that some of the error will be

cancelled when the ratio, CTZ/C is formed; 2) multiple sweeps will re-

/2

T’
duce the error by (ns)-1 , which is particularly useful below 250 meters
where many more sweeps can be taken per unit time; 3) the percentage error
in LN[CTZICTI] is obscured partially by the other terms in the sum which

is equal to a (i.e., it is not directly proportional to a); and 4) the
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sodar can be designed to minimize the effects of variations in CT by in-
suring that the scattering volume at the highest frequency is still large

enough to give a good spatial average of C,, by installing collimating

T?
"cuffs" around the transducer to limit the size of the beam at low fre-
quencies and therefore keep the scattering volume average more uniform,
and, possibly, by using two transmitters, one for high and one for low
frequencies designed to keep the scattering volume more nearly the same
size as the frequency is swept. Conventional echo-sounding methods could
be used to avoid regions of extreme variations in CT‘
Although these mitigating factors are likely to be of considerable
importance, the variance of CT cannot be ruled out as a major source of

error for the RFM. The data now available, which is insufficient, would

indicate that the problem is manageable.



CHAPTER IX

SUGGESTIONS FOR FUTURE STUDY

Contained in this chapter are suggestions for continuing the pres-
ent investigation, suggestions for related investigations, and additional

information which may be useful in such studies.

Practical Test

The ultimate "future investigation" for a theoretical study is,
of course, the building of a practical device. But because of the widely
varying conditions over which a hygrometric sodar should operate, it is
not necessary to build a completely new system to test the concept; rela-
tively inexpensive modifications to existing sodars should suffice to
allow the RFM to be tested for favorable sets of conditions (particularly
lower altitudes). The minimum additional equipment which would be requir-
ed would be a sweep generator, two filters which can be swept, a delay
mechanism, and a divider, filter, and logarithmic converter to form Q
(assuming that the display device can be suitably modified to display
a[f], although such a device would not be necessary in order to check the
statistical distributions developed in Chapter VII). Possible problems
with the sodar include: 1) using the same transducer as both transmitter
and receiver which will necessitate a premature end to the transmitted-
frequency sweep; 2) possible error due to variatioms in C.r averaged over

90
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the sampling volume; 3) development of a suitable delay device, since a
delay of several seconds can be involved; and 4) maintaining a reasonable
transducer efficiency (which was not included in the analysis of Chapter
VIII) over the range of the frequency sweep. If at all possible, at least
one other receiver should be included (velocity-transformer—type transduc-
ers are good for 10 Hz to 1500 Hz while acceleration transducers are better
for 1.5 to 20 kHz); the effectiveness of spacial independence could then be
observed. Also the equations for «[f,H,T,P] which are for pure tones in
a calm air (and which do not exactly account for all of the attenuation
mechanisms) may have to be adjusted slightly for a practical sodar.

With a working hygrometric sodar various ways of fitting the ab-
sorption curve, other than the presumably expensive use of a general-use,
high-speed computer, can be evaluated. For example, the relationships
between simple functions of the points of the attenuation curve to the
variables T and H could be approximated (hopefully in a simple manner);
the effect of a constant CT can be eliminated by subtracting the mean

value of the curve from the curve:
N
u. =z a. -2Z uj/N .
i i j=1
where the subscript denotes the value of the curve for the i th discrete
frequency, fi (of course the summations will be integrals and the ui and

oy will be functions if a "continuous" sweep is considered). Then H and

T should be related to the comnstants:

N oo
eE= I ui and
i=1
N
3
v= [ ui
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Also the point where p = 0 might be used.

Theoretical Developments

0f considerable interest would be the development of a direct re-—

lation between Sa and SH’ ST' and S ; the relationship would depend

Cra/Cry
on the sodar parameters and on the estimation method used. The relation

could be empirically derived using a computer simulation rather than ana-

lytically which could be accomplished by means of the formulae:
- st [ vy |2
Bw H[mi]
along with the analogous formulae for the other derived variables instead

of H; and where wi is the i-th independent variable such as the attenua-

tion, a. Some intermediate results might also prove useful. For example,

1
<MO> /n, the geometric mean average of the expected value of the minimum

of the maximum likelihood estimator, M, given in equation (7-22) and av-

eraged over the n data samples, could be compared to the experimentally

determined values of <MO>1/n to determine the "goodness-of-fit" and,

thereby, to detect systematic error. Since the expected value of a pro-
duct of independent variables is the product of the expected values, use
of (7-22) gives:

<Mo>l/n = <COSH[2x8 >

Therefore, using (7-20) yields:

1/n
>
<M,

1.02 x *INT[sacu[Zxéi]Z* [CosH[2x6 ] ;6,:

- LN[10]/2x, LN[101/2x]

0.51 * INT[SECH[z]; z=2x6 :-LN[10], LN[10]]
LN[10]

0.51 * (Tan"}[sIMH[2]])
-LN[10}

0.51 * 2,74 = 1.4
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So that for n = 10, for example, the minimum value of M should be about
29; any large deviation from this value would indicate a bad fit.

The equation for scattering cross-section, (4-20), has been suc-
cessfully checked at low altitudes and relatively small scattering vol-
umes (especially with respect to the dependence on 6, the scattering
angle). It has been checked for intermediate altitudes with sodars and
the backscattered signals were found to be 10 dB to 15 dB greater than
cxpected (refraction by temperature gradient was named as the cause).
However, such a situation as considered in Chapter VIII, namely a rela-
tively large scattering volume at 1500 meters altitude has not been in-
vestigated. It is suggested that expression of 0 as an intensity ratio
per unit solid angle may not be correct for this situation; the received
intensity may not be so severely dependent on the altitude, R, as the
solid angle concept dictates, i.e., as sz. At least it would seem that
the shape of a large scattering volume (part of a spherical shell in the
aforementioned case) would be a factor.

Also, the equations developed by Tatarksii describing the condi-
tions on timc, space. or frequency changes necessary for the independence
of backscattered returns are quite simple and appear to be just super-
ficial analyses for the special case of Kolmogorov turbulence in an other-
wise calm, homogeneous atmosphere. Further investigation in this area is
needed, particularly with regards to the correlation effects of simul-

taneous changes in time, space, and frequency.

Equipment and Techniques

Of great potential aid would be the development of a mechano-

acoustic, gas-powered horn whose frequency could be swept with the speed
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required by the RFM hygrometric sodar; such a horn would probably be more
efficient than the present electro-acoustic transducers, and could be an
advantage in remote locations.

The RFM is not really applicable to line-of-sight devices. A
possible line-of-sight acoustic hygrometer could operate on the humidity
dependence of the phase change with frequency for acoustic waves, as des-
cribed in equation (4-22). Two signals could be transmitted simultaneous-
ly with fz >> f1 and with f, modulated by fl so that the difference in

2

phase between the envelope of f

2 and fl would be an indication of the hu-

midity. The frequencies would have to be swept in order to get a good
estimate, but since wind and temperature variations would affect both
beams equally, there should be little error in the method.

Another area which needs more study is the possible use of a
"Fast Fourier Transform" with the return signals of an RFM sodar so that

returns from all altitudes could be monitored simultaneously.



CHAPTER X

CONCLUSIONS

The new results or highlights of the present sodar investigation
include: 1) a compilation of information concerning the atmosphere and
containing descriptions of the variations of atmospheric parameters so
that the information necessary to satisfy most meteorological requirements
could be determined, and so that atmospheric acoustics could be properly
interpreted; 2) a study and analysis of previous hygrometric sodar pro-
posals as well as a study of other proposals and devices for the remote-
sensing of water vapor; 3) a very detailed study of atmospheric acoustics,
including theoretically-, and experimentally-based formulae for the major
sources of attenuation and for turbulence induced fluctuations, and in-
cluding a detailed consideration of the relaxation process which resulted
in important restrictions on the operation of FM-CW sodars; 4) proposal
of the RFM and favorable analysis of it; 5) derivation of statistics im-
portant to the RFM, particularly the development of a "maximum-likelihood
estimator"; and 6) the presentation of suggestions for future study on
the subjects of hygrometric sodar and atmospheric acoustics.

The relaxation frequency method which was proposed as part of the
above studies considered several phenomena not addressed by previous sodar

investigators, including: 1) the effects of changes in temperature,
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presstre, wind, and turbulence; 2) the strongly characteristic attenua-
tion spectrum and the relation of the relaxation frequencies to water
vapor concentration; and 3) independence of acoustic returns as a method
of increasing the information gathered per unit time by a sodar.

Conclusions of the study of previous proposals for the remote-
sensing of water vapor are that although Raman lidars offer the best long-
term promise for detecting water vapor, present lidar equipment is too
costly and difficult to operate, and it can only be used at night; lacking
a suitable lidar system, a sodar system appears to be the only practical
alternative. In addition, the development of technique to measure water
vapor by sodar would furnish the "keystone” for the entire collection of
sodar devices which are currently limited by a lack of knowledge of the
amount of acoustic attenuation which in turn depends on a precise know-
ledge of H and T; therefore an "acoustic meteorograph" could be built
capable of sensing T, H, wind, and turbulence in the boundary layer.
Supplemented with a central radar which could detect liquid water, it
would constitute a remote sensing system capable of furnishing the type
of information required to satisfy the weather forecasting needs cited by
Little. Knowledge of the temperature and humidity, and therefore, the
acoustic attenuation should aid the investigations of wind-shear, vortex-
wakes, and noise pollution now being conducted for aeronautics. For en-
vironment protection purposes, some means of remotely sensing the concen-
tration of specific pollutants is still needed.

As a result of the present study, it has been concluded that the
Relaxation Frequency Method should permit the determination of temperature

and humidity accurately to an altitude sufficient for most meteorological
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purposes if the state-of-the-art sodar parameters proposed by Little can
be realized, and that even present devices with minor modifications should
be capable of using the RFM to detect water vapor concentration and tem-

perature over a wide range of conditions of meteorological interest.
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NOTES
As general references for this section, see Derr, Chapter 1 (written
by R. L. Grossman), or Tennekes.
See Sutherland.

See Derr, Chapter 4 (written by W. C. Meechan); or Tatarskii,
Chapter 1.

See Brown (1976).
See Tennekes, p. 59.

See Beran and Hall (1974).

See Beran (1971).
See Little (1972), and Chapter 30 in Derr.

A line-of-sight device is bistatic with a transmitter and a receiver
at the ends of a straight path.

The acoustic estimate comes from Beran (1971); that for optical is
based on a system employing Raman scattering; and the figure for
radar varies widely —- doppler systems will be most expensive.

See Marshall, Peterson, and Barnes.

See Little (1969).

See Derr and Little or Chapter 30 in Derr or Little (Oct. 1972);
also see papers on devices listed in the bibliography.

See Derr, Chapter 15.
Ibid.

See Strauch, Derr, and Cupp.

Contained in Derr and Little.

See Little (1973).
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The operation is valid only for the "far field" of the source; i.e.
R and Ro must be such that R > Ro_z Rf = 2D2/) where R¢ is the dis-
tance from source to '"far field", D is the diameter of the source
and A is the wavelength of the emitted acoustic radiation (all umits
are meters).

A similar equation could be written for the intensity of the wave;
there would be an additional factor of 2 multiplying a. This factor
is often omitted (e.g., see Gething and Jenssen), which is incorrect
if o is expressed in nepers/meter. Frequently, & is given in terms
of decibels (i.e., dB/1000 ft., or dB/100 m.), in which case it
auctomatically applies to intensity.

The general mechanism, however, was understood, but not wel: enough
to predict &y over ranges of T and H. See Kneser.

Gething and Jenssen uses an unusual definition for a.; and oO; Judg-

ing from the frequency given for these terms in the paper, the defi-

nition used was Q.y = Q.,, and @y = o, only. This same convention
is used in Harris.

This equation is slightly modified from that given by Sutherland,et al.

Evans compares the predictions of this two parameter mcdel with the

more general, 24-reaction model of Evans, et al.

See Kneser and Knudsen.

A more exact "rule of thumb” would be: 0.5 <f;/f; < 2.

Argon causes no effect because it is a single atom and has neither
rotational nor vibrational energy levels.

This is slightly modified from material made available by Dr. H. E. Bass,

University of Mississippi (private communication); see Sutherland,
et al. or Evans, et al. For alternate forms of these equations see

DeLoach.

This variable is not used in the literature.

Deloach discounts dust, fog, some other possibly-existent relaxation
processes, and refraction as possible causes of excess attenuation.

See DeLoach for analysis of past investigations of excess attenuation;
for theory, however, consult Brown and Clifford (1976). The most
careful (and recent) experimental observations are contained in
Kasper, et al. Additional information on ground turbulence, shadow
zones, and other, non-turbulence, sources of excess attenuation can
be found in Ingard.

The observations in DeLoach suggest a r-2/3 dependence, where r is

the altitude, and also suggest that g is important mainly below
200 meters.
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See Ingard, figure 4.

When attenuation is measured in decibels, it automatically refers
to intensity.

These forces are controlling only for extremely loud sounds in air;
otherwise, attenuation affects the wave-shape first.

See Beyer or various papers by Blackstock in J. Acoust. Soc. Am.

See Brown and Keeler; the test was conducted with the source atop
a 150 meter tower, and a microphone at ground-level, 333 meters,
obliquely, from the source, mean winds were from 3 to 23 m/s.

See Kasper, et al.; frequencies used were 500 to 8000 Hz, with a
range of 150 m, and elevated sound source. Data was taken with
a 0.5 Hz high-pass filter.

See Tatarskii or Brown and Keeler (there are several typographical
errors in this last paper). Brown (Dec. 1974) states that a "sat~
uration" phenomenon for X occurs ‘urs for c% > (k7L11)'1/ , which would
apply to the examples given. Brown (Dec. 1974) also presents a his-
torical overview of work on this topic.

See Monin or Tatarskii. Brown (Dec. 1974) presents a history of
the study of scattering. McAllister, et al. present a discussion
of scattering from the sodar point-of-view.

See Brown (Dec. 1971).

See Baerg or McAllister, et al.

See Brown, (Nov. 1974). Brown also shows that the most effective
turbulence has characteristic lengths of from A/2 to A\/Y2, where
X is the acoustic wavelength.

See Harris (1971).
See Little (1969).
See Harris (1966).

This oversight was probably due to experiments and remarks made by
Kneser and Knudsen, who measured absorption due to water vapor in
otherwise pure oxygen gas and then in nitrogen gas. They found
that absorption in nitrogen was much smaller than in oxygen (under
the specific conditions chosen) and so gave the impression that
vibrational absorption in air was due almost exclusively to a water
vapor-oxygen relaxation process. See Kneser or Knudsen.

See Tatarskii, p. 452,
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This distribution will apply, e.g., if the sampling volume contains
a temperature inversion layer which would contribute a major portion
of the backscattered signal.

See Parry and Sanders (1972).

If the distribution is Rice-Nakagami, this statement will have to be
weakened accordingly.

The graph is apparently mislabelled, since no distance is specified,
ard the vertical axis is labelled "absorption ratio (-1 + Ij/I3)".
The graph also incorrectly shows combinations of temperature and
absolute humidity for which the relative humidity is greater than
100%.

See Gething and Jenssen (1971). This paper was submitted only a
couple of months ahead of Parry and Sanders so that Parry and
Sanders were probably not aware of it.

See DelLoach for references to this dependence.

If S is the standard deviation for one sample and S, if the standard
deviation for n samples, then S, = S/vn, assuming that each obser-
vation is independent.

U. Radok, private communication.
See Chapter 19, section 19.5.3, in Derr (1972).
See Little (1973).

This could be the case if the pulse length were 0.01 seconds and
the pulse repetion rate were one pulse per second which corresponds
to a sampling height of about 170 meters.

Using the figures given for a 17 meter sample height in Chapter V,
a hundred-fold increase in the data rate would mean a sampling time
of about 2.2 hours rather than 22 hours, i.e.: 22/v100 = 2.2 .

This cancellation is especially strong when the transmitter is lo-
cated within 10 meters of earth's surface, since Cr can become
quite large in the surface layer (thus meaning that a major portion
of the excess attenuation will occur here).

The "two second" figure comes from analyzing the oscillograms of
Kasper, et al.; Kasper, et al. also state that most of the energy
of the fluctuation spectrum of an acoustic wave is contained below
10 Hz (corresponding to a fluctuation time constant of greater than
0.1 seconds).
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For the JGM, error in amplitude information is sensitive to uncer-
tainty in temperature and pressure, and in tranducer characteristics,
excess attenuation, and Cp at the scattering volume, as functions

of frequency; the RFM amplitude information may contain errors due
primarily to the change from minute to minute of Cp at the two
scattering volumes.

See equations (4-8) and (4-10).
See Tatarksii, p. 452.

By "aspect' is meant the distances to various parts of the scatter-
ing volume and the value of the resultant addition in phases per-
formed by the receiver.

A fast-Fourier-transform could be taken of the received signal so
that returns from all heights would be continuously available.

Parameters could include scattering volume separation distance, fre-
quency range and sweep rate, and receiver bandwidths (which deter-
mine the resolution of the sampled volume).

Preferably, T should be measured above the surface layer, say at a
height of 10 meters. Then T can be assumed to decrease at a rate
of 6.5°K/km.

This can be speeded up by using the fast-Fourier-transform scheme
as noted above.

It should be completely masked by the backscatter fluctuations.

This is the same quantity as the standard deviation expressed in
percent.

See, for example, Bevington, Ch. 4.

Actually, these fluctuations are not "errors", but are due to factors

which cause the received signal to vary no matter how precisely it is
measured; see Bevington, Ch. 1.

Notice that the inequality has been dropped.

Since only the relative magnitude is important, error in (a/f)
max,0
can be neglected.
In the following derivation it is tacitly assumed that several data
points are available so that it is indeed possible to form the
derivative, to roughly evaluate (a/f)y,y g and to determine the
approximate location of fr g (i.e., to the right or left of the
data point).

See Beckmann, Ch. 6.
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These errors are really present in the JGM anyway.
It is dependent on the pressure estimate, of course.

If "acceptable'" is taken to mean a SNR for which the background
noise contributes less than 10Z to the total received fluctuations,
then the signal to noise ratio need only be greater than about 7 dB.
The last figure was derived as follows: Th7 total percent rms
error in the received amplitude S =(S§+s§)1/2, where the subscripts
B and N refer to backscatter and noise fluctuations, respectively.
since Sp = 502, sy must be such that S = 55% to make a 10% change.
Thus, S§=(55)2- (50)2, or Sy = V525 =~ 23%, which corresponds to

a signal-to-noise ratio of 20 logyy{1/.23] = 7 dB.

It may be advisable to make the ground-based measurements of T and
P at a point above the surface layer, i.e., at a height of 10 to
30 meters, because of the large variations in temperature and wind
which occur in the layer.

See "Reduction of Barometric Pressure to Sea Level", CRC Handbook
of Chemistry and Physics.

See Derr, Chapter 30.

See Georges and Clifford.

The CO is the speed of sound without the wind.

The argument for this figure is analogous to that given in note 81.

See Kasper, et al.

The 200 meter figure is reported for excess attenuation in DeLloach.

See Brown and Keeler.

These conditions are sufficient but not necessary, in the mathemati-
cal sense.

The “received attenuation spectrum" is defined as LN[A,/A;], which
is the attenuation spectrum plus various errors. The spectrum will
be "skewed" if there is a variation due to temperature turbulence
change.

See Brown (1973).

See Beran and Clifford.

In other words, 122 of the area under the curve p[A] has been deleted
(corresponding to the extreme values of A) and p has been multiplied
by 1.12 so that the total area will still be unity, as is required
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for a probability density distribution. The retained values in
this case are .1660 < A < 1.660.

96. The q represents a member of the total population of Q. See
Beckmann, p. 78, for equation (7-3); note that A; and A, can be
treated as though they were independent (for the present purpose).

97. See Bevington.

98. T can be estimated within 22 and from this estimate, H can normally
be guessed within a factor of 3.

99. See Bevington.

100. See Marshall and Hitschfeld as a general reference and specifically
page 968, for the explanation of the "no information situation".

101. Two measurements are independent if the probability of any possible
outcome of one measurement does not depend on the outcome of the
other measurement.

102. The diameter of the vortices most effective in the scattering pro-
cess is A/2 where A is the wavelength of the scattered signal.

103. This condition 1is satisfied if the backscattered signal for each
effective scattering vortex could have changed phase (relative to
the receiver) by at least 21 radians.

104. The meaning of the term "continuous' here is not limited to time;
it may also refer to space and frequency.

105. See Marshall and Hitschfeld, p. 979, and Wallace, pp. 1000-1001.

106. See Tatarskii, pp. 134 and 452.

107. Temperature vortices are responsible for backscattering.

108. The beam might be moved electronically by means of an antenna
array; the results would depend on the correctness of the assump-
tion that the average turbulence (and humidity) remain the same

at the same altitude for small displacements.

109. See Marshall and Hitschfeld, p. 982.

110. See Marshall and Hitschfeld, and Wallace, p. 990.

111. The reason for this result is treated in note 81; it is concluded
there that an SNR of 7 dB is sufficient to keep the increase
(caused by noise) in SA under 10%.
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Commercially available transducers, for example, are not usually
described well enough by the manufacturer to satisfy the needs of a
sodar designer. See Simmons, Wescott, and Hall.

See Derr, Chapter 19.

For hardware design considerations see especially: Parry and

Sanders; Derr, Chapter 18; Hall and Wescott; and Simmons, Wescott,
and Hall.

See Brown and Keeler.

See Little (May 1972).

It is assumed here, of course, that H averaged over, say, a cubic
meter varies slowly in space, and that the humidity turbulence is
not of practical importance.

See the analysis in note 81.

See note 62.

See equation (7-26).

This statement applies to broad band noise such as thermal noise;
however, if there is some background noise of a specific frequency,
the signal to noise ratio might be increased by increasing the re-

ceiver filters' bandwidths.

For a given frequency sweep rate, the time during which a frequency
band is interrogated will increase with the bandwidth.

This restriction is a real problem if a fast~Fourier-transform samp-
ling shceme is used.

See Brown and Keeler (1975).

See Simmons, Wescott, and Hall. Since low frequencies have less
attenuation (and therefore are more of a noise problem) they can
be transmitted at lower amplitudes than high frequencies.

See Chapter VII.
There is, of course, no conflict between these two improvements.

Achieving complete independence is not really possible; implied is
the adoption of a convention that independence has been achieved if
the variable has had the opportunity to change by so many percent
of its value. Since Q = Ap/A;, it will have the opportunity to
change by v2 more percent than the possible percentage change in 4
or A2 (if the change possible in both these variables is the same).
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Inequalities (8-6) and (8-7) can be changed to reflect these points.
The restrictions on the bandwidth remain the same since A, not Q,
is the variable which is physically sensed.

See Little (1969) and Derr, Chapter 19.

See Simmons, Wescott, and Hall.

A zero—gecibel sound-power-level corresponds to a signal intensity
of 10712 vatts/meter2.

See Derr, Chapter 19.

See Allen and Rudnick, Jones, or "The Electroacoustic Horm," by
Baucher and Kreuter, J. Acoust. Soc. Am., 1969; vol. 46, no. 6
(part 1). Also see Perry's Handbook of Chemical Engineering,
"Solid-gas separators,’ the Handbook of Physics, Acoustics, or
Ingard (40 horsepower siren).

See the following paper by Kelton and Bricout, who use a "powerful
Levavasseru whistle': "Wind velocity measurements using sonic
techniques,” Bull. Amer. Meteor. Soc., Sept. 1961; vol. 45, no. 91.

See Fukushima, Okita, and Janaka in J. of Radio Research Laboratories,
1975,; vol. 22, no. 1l08.

See Brown and Clifford for an example which suggests that even for a
speaker transmitting from 1500 meters altitude to the ground that the
excess attenuation would be less than 2 dB.

The {1 is substituted to cancel the aforementioned effects of beam
spreading.

The nitrogen absorption is negligible at the oxygen relaxation fre-
quency.

See, for example, McAllister, et al. (1969).

It is assumed that variations in P and T with height can be correct-
ed for.

The average is to be taken over the time necessary for several
sweeps.

Brown and Keeler among others have found this to be a reasonable
assumption.

See Derr, Chapter 18; the data is believed to be for f = 2 kHz.
See Derr, Section 1.7.3.

This activity is usually contained in "thermal plumes”.
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Figure (2:1): Percent molar concentration of water vapor, F T],

as a function of temperature, T, for a pressure of
one atmosphere, at saturation.?
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Relation between the relaxation frequency of nitrogen at one atmosphere
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The percent molar concentration of water vapor, H[fr’O], as a function of the
relaxation frequency of oxygen, per unit of atmospheric pressure, for higher
frequencies.®
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There 1is no valley for H < .2%.

81T



(a)), Normalized

-3

Figure (7:1):

T T [ I { | | [ I
— x
X x
3
x " M“.x".l -nmﬁl
o’
xk x x x x % 'x'x”"x
x X * -ul x %X x
. W
- x x wr X
n
x »®
~ x
1 ]
n
x
fr,O
| [ I 1 I I vl I 1
1o? 1o’ to"
f, Hertz

Simulated measurements of (@A), normalized by (®A)pay o for T = 20°C, H = .34%

(which is about 15% relative humidity), P = 1 atm., and 100 data points,
with the frequency swept logarithmically. The relaxation frequency of

oxygen is indicated.

6T1



(a/f), Normalized

I' ks ! | | | 1
x x
- ) . .
x '
- R -
: L x '.:. *y .
x x x x
x ¥ x B x
|- x x x x X LI x xKkw MM
Lk X XK K :"n..pogx's’::fx‘iﬂ{: x o
x x S JRE o~ K my ,’;I'x x M
| x .,p xx X x*xt::r }' n.x *‘: x _
* * x x"" ),(&'l.l,: x ,,K' ®x
x L] x X x
L_ x o '. x x _
x ®
®
x
:x X x x x
- » -—
r. x
x x "
x
r‘. 7
x
L. ! - 1 1 |
L}
10 ° 10’ 10
f, Hertz

Filgure (7:2):

Simulated measurements of (a/f), normalized by (a/f) , for T=10°C; P=1
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and 400 data points; with the frequency was swept logarithmically.
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Figure (8:1): Vomogram for determining the frequency range (f to f_) for inclusion of an
extremum of the absorption per cycle curve, at 20°C. Curve A is for the nitrogen peak or
the ''valley", curve B is for the valley or the oxygen peak, and curve C is for the nitro-
gen or oxygen peaks. Corresponding values of H, the percent molar concentration of water
vapor are indicated for one atmosphere pressure.®
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Maximum transmittable frequency for one atmosphere pressure at 25°C as a
fuaction of humidity, H, for (AdB/(2x)) = 0.022, e.p. a one-way trip of
1500 meters and an allowed attenuation of AdB = 65 dB. (Pressure variations
and excess attenuation have been ignored.)
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NOTES FOR FIGURES

Figure (2:1) can be used to convert between relative humidity
and absolute humidity since the curve corresponds to 100% rela-
tive humidity.

The temperature dependence of the curves in figure (4:8) is small
enough to be overlooked, especially if the temperature is known
within 5°C.

The absorption is so great for the frequencies displayed in figure
(4:9) that the curve is of interest only for an in situ device.

The "valley" described in figure (4:10) is present in the curves
of figure (4:4); it does not exist beyond the endpoints of the
curves shown in (4:10).

Figure (8:1) is a condensation of figures (4:7), (4:8), and (4:9)

for design purposes. The necessary sweep range for continuous cover-
age of H by one or more of the extremum of the absorption per cycle
curve, and the corresponding range of absolute humidities (H) can be
determined as follows: Select one curve and enter as fg the lowest
frequency at which the sodar is capable of operating. The correspond-
ing fg is the minimum upper limit of the sweep, as is necessary for
continuous coverage. Using the same curve; if the previously deter-
mined fgr is entered on the fp axis and fp entered on the fg axis; then
the two corresponding values of H read off the curve are the limits

of the range of H covered by the sweep. Any pair of sweep endpoints
can be utilized in this manner to determine the corresponding range of
H. Usually, curve B will be most favorable; although it should be
noted that a combination of curves can be used. For example, curve C
and fg= 100 Hz yields fg= 7kHz with corresponding B range of .012 < H,
with no practical upper limit.
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