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Vertical profiles of the wind speed, turbulence
components, and the temperature in the lower
regions of the atmospheric boundary layer can be
determined by performing active acoustic and ra-
dioacoustic sounding with ground-based devices.
This chapter introduces two types of instruments—
sound detection and ranging (sodar) devices and
radioacoustic sounding systems (RASS)—that can be
used to carry out such measurements. While sodars
can provide quantitative vertical wind and turbu-
lence profiles and qualitative mixed-layer height
and inversion height data, RASS can provide that
as well as quantitative temperature profiles. Both
types of instruments have a typical height range
of several hundreds of meters, and their vertical
resolution is on the order of 20 m.
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Ground-based sonic/sound detection and ranging (so-
dar) devices and radioacoustic sounding systems
(RASS) are active remote-sensing devices that are used
to observe boundary-layer wind, turbulence, and—in
the case of RASS—temperature profiles (see [23.1] for
an overview of all ground-based remote-sensing tech-
niques that are used to investigate and monitor the
atmospheric boundary layer). A sodar evaluates the
Doppler shifts of sound waves backscattered due to
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refraction index fluctuations caused by the small tem-
perature and humidity gradients present in atmospheric
turbulence, whereas a RASS emits electromagnetic and
acoustic waves and uses one of them (either electro-
magnetic or acoustic waves) to follow the propagation
of the other (acoustic or electromagnetic waves, re-
spectively), which permits the determination of the
speed of sound and thus the temperature of the atmo-
sphere.



23.1 Measurement Principles and Parameters

Sodar and RASS devices are used to obtain bound-
ary layer profiles of wind, turbulence, and temperature.
Note that, just like many well-established and com-
monly used abbreviations (such as radar), sodar and
lidar are often written in lowercase letters—as they are
throughout this chapter. However, the acronym RASS
is still generally written in uppercase letters.

23.1.1 Relevance of Wind, Turbulence,
and Temperature Measurements
of the Atmospheric Boundary Layer

Temperature, humidity, and wind are the main pa-
rameters that determine the vertical structure of the
atmospheric boundary layer. While the vertical profiles
of temperature and humidity are mainly responsible for
the static stability of this layer, wind and turbulence
dominate the dynamics of the boundary layer.

The static and dynamic states of the boundary layer
dictate the strengths and the directions of fluxes of en-
ergy, momentum, and other atmospheric constituents
(humidity and pollutants) between the Earth’s surface
and the atmosphere. The strengths of these fluxes cor-
relate with shear and turbulence intensity. The direction
is given by the gradient of the mean of the transported
property.

The horizontal and vertical dispersions of pollu-
tants correlate with the turbulence intensity. Pollutants
that have been dispersed upward by turbulence and are
transported upward by thermal convection during the
day can undergo considerable horizontal displacement
during the night due to stronger winds or even low-level
jets [23.2] above the stable near-surface layer.

Wind turbines have become much larger in recent
years. Hub heights of between 100 and 150 m are com-
mon for modern onshore turbines [23.3]. These turbines
operate in the Ekman layer. Remote sensing is the only
meaningful way to detect and monitor winds and turbu-
lence at these heights (see Chap. 51 for further details).

23.1.2 Measured Parameters

In contrast to other meteorological variables, the wind
is a vector, i.e., it is characterized by a magnitude (the
wind speed) and a direction (the wind direction). Gen-
erally (except in small-scale and convective processes),
the vertical wind component is much smaller than the
horizontal wind components, so often only horizon-
tal wind speeds are measured. Furthermore, wind is
a highly variable atmospheric parameter; its speed and
direction fluctuate strongly. This phenomenon is called
the gustiness of the wind.

In the following, x and y are the two horizontal
directions (positive towards the east and the north, re-
spectively), z is the vertical direction (positive upward),
and u(r), v(r), and w(r) are the three instantaneous
time-dependent wind components in the three direc-
tions x, y, and z. The following wind speeds can be
defined (see Tables 23.1 and 23.2):

® The mean wind speed

T
= %/\/uz(t)—l—vZ(t)—l—wz(t)dt, (23.1)
0

® The mean horizontal wind speed

T
1
Uy = ?/ Vur(t) + v2(r)de, (23.2)
0
® And the mean vertical velocity
. T
W= = t)de, 23.3
7= [0 (2.9
0

where the integral in the following equations is always
taken from time = O to the end of the time period T’
over which the speeds are averaged.

Furthermore, sodars and RASS are able to observe
the variance of the vertical wind component (see Ta-
bles 23.1 and 23.2)

T
Oy = %/(E—w(t))zdt. (23.4)
0

The only turbulence parameter obtained using sodar
and RASS is the variance of the vertical velocity com-
ponent 0y,.

The acoustic temperature 7 (Table 23.2) can be
obtained using a RASS. The exact definition of this
temperature, which is very similar to the virtual tem-
perature, is given in (23.10) in Sect. 23.3.1 below.

23.1.3 Siting Considerations

Sodars and RASS are sensitive to noise but they also
produce noise. This is also true of electromagnetic ra-
diation for RASS. This limits the selection of possible
sodar or RASS measurement sites and implies that
sodars and RASS cannot be operated close together
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Table 23.1 Parameters derived from sodar measurements

Parameter Description Unit Symbol
Radial wind components Doppler analysis only permits the derivation of radial velocities; sodar detects ra- ms~! UL, UDy ..y Uy
dial velocities sequentially in at least three different directions using the Doppler
beam swinging (DBS) technique
Cartesian wind components Computed from the radial wind components using trigonometric relations ms~! u, v, w
Radial turbulence component  Only the vertical component of the turbulence can be determined using verti- ms~! Ow
cal sounding; it is derived from either the broadening of the frequency of the
backscattered signal or the temporal fluctuations in the vertical velocity compo-
nent
Mixed-layer depth Determined from the backscatter intensity (mainly the decrease in backscatter m MLH
intensity with height) using an algorithm
Inversion height Height of inversion is determined from the secondary maximum in the backscat- m
ter intensity
Table 23.2 Parameters that are derived from RASS measurements
Parameter Description Unit Symbol
Acoustic temperature Vertical profile is determined from a vertically propagating sound pulse K T
Radial wind components Doppler analysis only allows the evaluation of radial velocities; sodar detects ms~! UL, UDy ..y Uy
(Doppler RASS only) radial velocities sequentially in at least three different directions via the Doppler
beam swinging (DBS) technique
Cartesian wind components Computed from the radial wind components using trigonometric relations ms~! u, v, w
(Doppler RASS only)
Radial turbulence component  Only the vertical component of turbulence can be determined using verti- ms~! Oy
(Doppler RASS only) cal sounding; it is derived from either the broadening of the frequency of the
backscattered signal or the temporal fluctuation of the vertical velocity compo-
nent
Mixed-layer depth (Doppler Determined from the acoustic backscatter intensity (mainly the decrease in the m MLH

RASS only)

(within a few hundreds of meters of each other) be-
cause they would interfere with each other. Since these
instruments sound mainly in the vertical direction, the
chosen measurement site must provide a free sky view.
Public access to operational instruments of this type
should be prohibited for two reasons. On the one hand,
vandalism must be discouraged. On the other hand, the
acoustic and electromagnetic radiation emitted from the
instruments can be harmful to humans. The noise pres-
sure within the antennae of a three-antenna sodar or
the enclosure of a phased-array sodar can damage ear
drums. Spending an extended period at distances of up
to &~ 4 m from the sending electromagnetic antenna of
a RASS can also be harmful.

Both types of instruments need a steady power sup-
ply, which can be provided by either the grid or a system
of solar panels connected to an energy storage unit. The
transportation of such heavy instrumentation to the in-
tended site requires access roads that are suitable for use
by heavy-duty vehicles (this includes sufficient vertical
clearance all the way to the measurement site!). Sec-
tions 23.3.1 (on fixed echoes), 23.5.2, and 23.5.3 give
additional information on the requirements for sites at
which these instruments can be operated.

backscatter intensity with height) using an algorithm

23.1.4 Measurement Principles of Sodars

A sodar consists of a pulsed sound emitter and a re-
ceiver [23.4]. Sound waves are scattered by turbu-
lent temperature fluctuations in the atmosphere, since
the refractive index for sound waves changes at the
boundaries of these fluctuations. The fluctuations that
reflect the sound pulses emitted from the sodar are
assumed to move with the mean wind. Therefore,
acoustic waves that are backscattered in the atmo-
sphere are Doppler shifted in frequency if the air is in
motion. Sodars that analyze the Doppler shift of the
backscattered sound pulses in order to determine the
vertical wind profile are called Doppler sodars (see
Table 23.3 and Fig. 23.2 for instrument terminology).
The Doppler shift is proportional to the radial veloc-
ity v; (see Tables 23.1 and 23.2 and Sect. 23.3.2).
The range is dictated by the travel time of the pulse
and the backscattered wave. An overview of the ba-
sic principle of sounding with a sodar and the his-
tory of sodar development are described in [23.5];
a summary of acoustic remote-sensing techniques and
their theoretical background was recently provided by
Bradley [23.6].



Table 23.3 Measurement principles for wind, turbulence, and temperature, and applications of such measurements

Parameter Measurement principle Application

Doppler Backscatter intensity Sound speed Mean Turbulent
Wind X X
Turbulence X X x
Temperature gradient X X
Temperature X X

Sodar measurements depend on the state of the at-
mosphere. If the atmosphere is extremely well mixed
(i.e., temperature fluctuations are very small), almost no
sound is reflected from the atmosphere, and the signal-
to-noise ratio for sodar can be so low that it is not
possible to accurately determine the wind speed (via the
Doppler shift). Such a scenario tends to occur during
the afternoon on days with low mean wind speeds and
strong vertical mixing due to thermal heating.

For optimal backscatter, the spatial size of tem-
perature gradients in the atmosphere should be about
half the acoustic wavelength (Bragg condition) [23.7].
This condition can be fulfilled by the temperature gra-
dients within turbulence elements as well as those
across inversion layers. It is necessary to differentiate
between these two possibilities when deducing infor-
mation on the atmospheric state from the backscattered
signal. This can be done by either assessing the general
weather conditions or, if a Doppler sodar is used, by
analyzing the variance of the simultaneously recorded
vertical velocity. High variances indicate thermal forc-
ing, where the backscatter intensity is proportional to
the turbulence intensity, whereas low variances indicate
stable layering, where the backscatter intensity should
be proportional to the mean vertical temperature gradi-
ent (i.e., inversion).

For a sodar (just as for radar), the backscattered
signal is representative of a certain atmospheric vol-
ume. If the duration of the sound pulse is 100 ms,
the sodar detects simultaneous backscatter from a vol-
ume 33 m deep. If this volume is 500 m AGL, it has
a radius of 44 m (assuming that the opening angle of
a single emitted sound beam is 5°). Additionally, the
three-dimensional wind information must be integrated
from a full measurement cycle comprising one verti-
cal and two to four tilted beams (see the description of
the Doppler beam swinging technique in Sect. 23.4.1).
This implies that the radius of the detected atmospheric

volume at a height of 500 m AGL is about 150—200 m.
This means that a sodar performs volume- and time-
averaged measurements.

23.1.5 Measurement Principles of RASS

A radioacoustic sounding system (RASS) performs
acoustic and electromagnetic sounding simultane-
ously [23.8,9]. Two different types of RASS have
been developed: the Bragg RASS and the Doppler
RASS [23.10].

The Bragg RASS (sometimes called a wind-
temperature radar) is a wind profiler (see Chap. 31
and [23.11]) with an additional acoustic emitter. When
the Bragg condition is fulfilled [23.7] (i.e., the wave-
length of the sound waves A, is half the wavelength
of the electromagnetic waves A., see Tables 23.4 and
23.5), there is optimal backscatter of the electromag-
netic waves from the acoustic waves. The electromag-
netic signal is emitted at a fixed frequency, but the
emitted sound has a continuously varying frequency
fa. The propagation speed of the acoustic signal can
be determined from the acoustic wavelength A,p at
which optimal backscatter occurs via the dispersion re-
lation

Aa,B
2

fa - (23.5)

A sound frequency of about 100 Hz is used for a VHF
wind profiler operating at 50 MHz, while a sound fre-
quency of ~ 2kHz optimally fulfills the Bragg con-
dition for an UHF wind profiler operating at 1 GHz.
Because the attenuation of sound waves in the at-
mosphere depends strongly on frequency [23.12],
an UHF RASS can detect the temperature profile up
to a height of ~ 1.5km, whereas a VHF RASS can
determine the temperature profile throughout the tropo-
sphere.

Table 23.4 Parameters that are measured using sodar

Description Unit Symbol
The mean frequency and the width of the frequency spectrum of the backscat- s fa
tered signal are recorded as functions of propagation time

Acoustic backscatter intensity = Parameter is recorded as a function of propagation time dB Pr

Parameter
Frequency
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Table 23.5 Parameters that are measured using a RASS

Parameter Description Unit Symbol
Acoustic frequency (Doppler ~ Mean frequency and width of the frequency spectrum of the backscattered signal s~ fa
RASS only) are recorded as functions of the propagation time
Acoustic backscatter intensity ~ Parameter is recorded as a function of propagation time dB Pr
Electromagnetic frequency Mean frequency and width of the frequency spectrum of the backscattered signal ~ s~! fe

are recorded as functions of the propagation time

Table 23.6 Additional parameters that are required to interpret sodar measurements

Parameter Description Unit Symbol
Atmospheric temperature Needed to determine the speed of sound, which is then used to derive the distance K T

from the scattering volume
Orientation, alignment Orientation with respect to north is needed to convert radial wind velocities into degrees

Cartesian wind components; instrument should be aligned horizontally
Distance to scattering objects ~ The distance to possible scattering objects (trees, buildings, electricity ca- m

bles, ...) must be known in order to identify fixed echoes

A Doppler RASS is a sodar with an additional
electromagnetic emitter and receiver operating at a fre-
quency of f.o. This instrument is able to detect the
acoustic shock fronts of the acoustic pulses and deter-
mine their propagation speed from the backscattered
electromagnetic waves. This propagation speed is equal
to the speed of sound, which is in turn a known function
of the air temperature (see also Tables 23.6) and humid-
ity. Using the Doppler shift Af. (see Sect. 23.3.3) of the
electromagnetic radiation backscattered at the density
fluctuations caused by the sound waves, the propaga-
tion speed ¢ of the sound waves can be determined as

A
c=0.5¢ Je R

e,0

(23.6)

where ¢ denotes the speed of light. Just like a Bragg
RASS, a Doppler RASS emits a chirp (a sound signal)
to check that the Bragg condition is optimally met, con-
sidering that the temperature varies significantly across
the entire height interval considered.

23.2 History

The development of ground-based remote-sensing de-
vices started during World War II with the construction
of the first weather radars [23.13]. The first acous-
tic wind profilers (sodars) were invented shortly after
World War II. The idea for a RASS device originated in
the early 1970s.

23.2.1 History of Sodar Measurements
Acoustic sounding technology was developed shortly

after World War II [23.14]. Most of the theoreti-
cal foundations for this field were laid by Valerian

The propagation speed ¢, is the sum of the speed of
sound ¢ and the vertical movement of the air w in which
the sound waves propagate, i.e.,

Cg=c+w. (23.7)

The vertical air speed component w can be determined
separately from the Doppler shift of the backscattered
electromagnetic clear-air signal when operating a Bragg
RASS, or from the Doppler shift of the backscat-
tered acoustic signal when operating a Doppler RASS.
The height profile of ¢ can then be converted into
a height profile for the acoustic temperature T (see
Sect. 23.3.1). This acoustic temperature is a sufficiently
accurate approximation of the virtual air temperature
for many applications.

A Bragg RASS has a greater maximum range
than a Doppler RASS but a coarser height resolution.
A Doppler RASS is also much easier to implement than
a Bragg RASS, meaning that a Doppler RASS is less
expensive.

Iljitsch Tatarskij [23.15], with the initial development
of acoustic sounding technology occurring in the So-
viet Union [23.16,17] and (a decade later) in the
United States [23.18]. Analyzing the backscatter in-
tensity was the main focus in the beginning. More
recently, the emergence of wind energy applications in
the last decade of the twentieth century has fostered re-
newed interest in this wind measurement technology.
The use of Doppler analysis to derive wind speed is
now the main application of acoustic sounding technol-
ogy. However, the rapid development of optical Doppler
wind lidars between 2005 and 2010 heavily suppressed



further development in the field of sodar devices. Al-
though optical techniques are much more expensive
than acoustic techniques, optical techniques have be-
come more popular because they do not suffer as much
from environmental interference and because they have
higher data availability during a given time period (see
Chap. 27 for further discussion of Doppler wind lidars).

23.2.2 History of RASS Measurements

The acoustic backscatter intensity gives only a very
crude estimate of the vertical temperature gradient. This

23.3 Theory

The following sections provide the theoretical back-
ground for both sodars and RASS. The theory behind
the propagation of acoustic waves in the atmosphere is
utilized for both types of instruments, while the theory
behind the propagation of radio waves is only employed
for RASS.

23.3.1 Sound Propagation
in the Atmosphere

Sound waves are elastic vibrations that propagate as
longitudinal waves (i.e., the material vibrates in the
same direction as the direction of propagation of the
sound wave). For ideal gases, the speed of sound c is
given by

¢ = (yRT)*, (23.8)
where y is the ratio of the specific heats (c,/cy), R is
the specific gas constant of an ideal gas in Tkg™' K7,
and T is the absolute temperature in K.

The speed of sound in air is mainly a function of
the temperature. Nevertheless, changes in the humidity
of the air affect both R and y, so the speed of sound
also depends on the humidity. If the humidity is given
in terms of the partial pressure e or the specific humidity
g, the speed of sound in humid air can be expressed as

¢ = (PR Ty)"> =20.048(T4)% , (23.9)
where y is the ratio of the specific heats for dry air, Ry
is the gas constant of dry air in Jkg=! K~!, and T is the
acoustic temperature in K, as given by

T.~T (1 +0.329f) ~T(1+0531g), (23.10)
p

where p is the air pressure in the same units as e.

led to the development of the RASS nearly 50 years
ago [23.8]. RASS were constructed by either adding
a radar component to a sodar (Doppler RASS) or by
adding a sound component to a wind profiler (Bragg
RASS). Although RASS suffer from the same envi-
ronmental interference as sodar devices, they have not
been superseded by optical techniques so far. Passive
radiometers (Chap. 29) have come onto the market, but
they do not offer the same high vertical resolution as
RASS. Raman lidars (Chap. 25) are much more ex-
pensive and have poor signal-to-noise ratios during the
daytime due to interference from scattered sunlight.

Ty is very similar to the virtual temperature 7, that is
commonly used for humid air in meteorology, although
it differs from it slightly, as described by

T
T, =T, —0.04895= (23.11a)
p

or

T,=T,—0.079q, (23.11b)

where T, T, and T, are in K, e and p are in hPa, and ¢
isin kgkg™!.

Attenuation of Sound Waves

in the Atmosphere
The attenuation of sound waves in the atmosphere de-
pends on the frequency, temperature, and humidity.
The attenuation-dependent transmittance follows the
Bouguer-Lambert—Beer law

X

e f) =exp [ - / a(d fav | .

0

(23.12)

1

where the absorption coefficient o (x, f) is in m~' and

7\ /2 T \52
a=f|184x10"12 (—) +(—)
p \Txp Ty

y ( fo, x0.01275 x exp(—2239.1/T)

13+
N i, X 0.1068 x exp(—3352/T)
R+ ’
(23.13)

where p; is a constant pressure (1013.25hPa), p is the
surface pressure at the observation site in hPa, T is the
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absolute surface temperature in K, and 75 is a constant
temperature (293.15 K).

Equation (23.13) requires two relaxation frequen-
cies: foo for oxygen, as given by

0.02+ h
fo, = 224+ 404 x10%n (220 |
P 0391 + 4

(23.1%4a)

and fy, for nitrogen, evaluated using

7\ 1/2
fa, = 5 (T—) [9 + 280K
r 20

(2]

(23.14b)

Both of these relaxation frequencies also depend on the
relative humidity

e
h=100—,
p

(23.140¢)

where & is in %. Further details can be found in [23.12,
19, 20].

Apart from shock waves (described in Sect. 23.3.3),
the propagation of electromagnetic waves is only
marginally influenced by atmospheric properties, so
they can be neglected here.

Backscattering of Sound Pulses

in the Atmosphere
Turbulent inhomogeneities of the temperature, humid-
ity, and wind velocity lead to local changes in the speed
of sound and thus to the scattering of some of the sound
energy. This process is referred to as clear air scatter-
ing or Bragg scattering. In backscattering (scattering
angle = 180°), only temperature and humidity inho-
mogeneities (not wind velocity fluctuations) contribute
to the scattered signal. Backscattering is most effective
when it occurs at turbulent structures with sizes that
are half the wavelength of the sound wave (the Bragg
condition). Scattering also occurs at precipitation parti-
cles.

When an emitting power of ~ 1kW is used,
a backscattered signal with a power of ~ 1075 W is
obtained. This is below the hearing threshold of the hu-
man ear (107'2W) but well above the noise produced
by the Brownian motion of atmospheric molecules (6 x
107" W). The sound frequencies used (1500—4500 Hz)
are well within the sensitivity range of the human ear.

The ratio of the emitted to the received power is given
by the sodar equation

A
Pr=r (”; g) Pops exp(~2ar) + Pyg , (23.15)

where Py is the received power, Py is the emitted power,
r is the distance between the sodar and the scattering
element, ¢ is the antenna efficiency, A is the effective
antenna area, 74 is the pulse duration (typically between
20 and 100ms), B is the backscattering cross-section
(typically on the order of 107" m™"sr™!), and Py, is
the background noise.

The speed of sound ¢ and the absorption coeffi-
cient o are defined in (23.8) and (23.13) above. The
background noise also includes contributions from am-
bient noise with the same sound frequency, e.g., traffic
noise. The ratio of the two terms on the right-hand side
of the sodar equation is called the signal-to-noise ra-
tio (usually abbreviated to SNR). The backscattering
cross-section f is a function of the temperature struc-
ture function C% [23.15]. When using the wavenumber
k=2 /A for a monostatic sodar, we find that

CZ
B,(180°) = 0.00408k‘/3T—§ . (23.16)

This equation gives an average over all scattering ele-
ments within the atmospheric volume that is hit by the
cone-shaped beam [23.21].

Fixed Echoes

Sodar beams also have side lobes. If these side lobes hit
highly reflective obstacles, sound energy with a strength
that is similar to or even much stronger than the atmo-
spheric return is scattered back towards the instrument.
The backscattered signals from these objects are called
fixed echoes. Fixed echoes can strongly influence and
disturb sodar measurements. Since fixed echoes are re-
flected from fixed (i.e., stationary) objects, they cause
the deduced wind speed to be much lower than it
really is. Avoiding fixed echoes requires good mea-
surement site selection for sodar instruments in order
to guarantee unbiased wind speed measurements. So-
dars must therefore be sited away from obstacles such
as buildings, trees, and—most importantly—electric
transmission cables. If the sodar has to be sited near
such objects, it should be situated such that the distance
to the highly reflecting objects does not conflict with
the range of the atmospheric layers that are to be inves-
tigated. This often means positioning the sodar closer
to such objects than the lowest range gate of the instru-
ment (usually ~ 40 m).



23.3.2 Doppler Analysis

Wind and turbulence are measured with a sodar by
analyzing the Doppler shift of the backscattered acous-
tic pulse that was originally emitted with a frequency
fo. Assuming that the scattering volume for the sound
waves is moving with the wind, the Doppler-shifted
sound frequency fp is given by

c—
c+u

fo=fo (23.17)

where v; is the radial velocity along the path of the emit-
ted sound beam (positive away from the sodar) and f;
the emitted acoustic frequency. Solving for the radial
velocity v, gives

Jo—Jfp
fo+/

w=c (23.18)

23.3.3 Principle of Radioacoustic Sounding

Measurements are achieved using a RASS by modi-
fying the propagation conditions for electromagnetic
waves in a controlled manner using sound waves. The
scattering of electromagnetic waves from refractive-
index modifications generated by acoustic waves differs
from scattering due to atmospheric turbulence (such as
that used for wind profiler radar measurements) in sev-
eral respects [23.9]:

1. Modifications of the atmospheric refractive index
propagate as spherical waves at the speed of sound,
whereas moving refractive-index variations caused
by natural turbulence do not show any systematic
behavior.

2. The spherical wavefronts focus the scattered elec-
tromagnetic waves. Therefore, to obtain a suffi-
ciently high receiver signal, the antenna needs to be
located near the focus (acoustic spot) formed by the
sound waves.

3. Horizontal wind carries sound waves away and
causes the focus of the backscatter signal to drift,
limiting the maximum range. In a turbulent at-
mosphere, sound-wave scattering extends the focal
area beyond that of the electromagnetic transmitter
antenna, reducing the adverse effect of drift on the
maximum range.

4. Atmospheric absorption also decreases the sound
intensity, leading to a reduction in the maximum
range of the RASS, similar to that for a sodar.

5. The backscatter signal is maximized when the ratio
of the electromagnetic to the acoustic wavelengths
is 2:1 (A = 2A,, known as the Bragg condition;
see Fig. 23.1).

When the Bragg condition is met, the power Pg(z)
received at the RASS is described by the RASS equa-
tion

Az P,P.

——gtIPyp, »

Py(z) = 0.588 x10 ¢
( ) g(lez)z B,

(23.19)

where Py y, is the normalized backscatter power for
N = Ny, N is the number of acoustic waves within the
scattering volume Az (the backscatter power is propor-
tional to N2), P, is the transmitted acoustic power, P, is
the transmitted electromagnetic power, B, is the acous-
tic bandwidth, g is a gain parameter (g = g, if ge > ga;
otherwise, g = g2/g.), & is the gain of the acoustic an-
tenna, g. is the gain of the electromagnetic antenna, t
is the acoustic transmission due to atmospheric absorp-
tion, / is an inhomogeneity parameter that accounts for
atmospheric turbulence (I < 1 describes a turbulent, ag-
itated, layered atmosphere whereas / = 1 is indicative
of a stationary, quiet, homogeneous atmosphere), and
Az is the radial extent of the scattering volume.

The equation used to determination ¢, depends on
the type of RASS employed. For a Doppler RASS, we
have

A
cg:—fAfeav,—AaAfe. (23.20)
For a Bragg RASS, we have
Co = —Aafp - (23.21a)

As both Af. and fp are actually equal to the acoustic
frequency f,, we find that

ce = —Aofa (23.21b)
for both types of RASS.

Finally, the speed of sound and the radial wind com-
ponent due to atmospheric motion must be separated
(see (23.7)). If the effect of a nonzero radial velocity v,
is neglected when deriving the temperature 7 from the
sound velocity c,, the resulting error is 1.7 K per m s
of the unknown radial wind v;. The simplest method of
suppressing the effect of the vertical wind consists of
pointing the RASS vertically and averaging the speed
of sound ¢, over a long period of time, as the long-term
vertical wind over horizontal terrain tends to zero. This
method is usually applied in routine measurements.
In a convective atmosphere, however, usual averaging
times of between 10 and 30 min may not be sufficient,
resulting in a considerable error in the temperature mea-
surement due to the vertical wind. If the terrain is tilted,
the average vertical wind may be nonzero, so averag-
ing over long periods of time is not a solution. In these
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cases, the vertical wind component measured with the
sodar (when using a Doppler RASS) or with the wind
profile radar (when using a Bragg RASS) can be used
for correction. The vertical temperature profile is as-
sessed with a RASS by determining the thermodynamic
speed of sound c in each altitude interval.

23.3.4 Vertical Range

The vertical range of the wind and temperature data ob-
tained from a sodar and a Doppler RASS is determined
from the travel time of the sound pulses. For a Bragg
RASS, the vertical range is determined from the travel
time of the electromagnetic waves. The maximum ver-
tical range is influenced by the attenuation of sound
waves in the atmosphere (see Sect. 23.3.1).

23.3.5 Vertical and Temporal Resolution

The pulse duration 74 determines the height resolution
of the instrument via the relation

Az=0.5¢cty . (23.22)
The sodar equation (23.15) shows that the backscat-
ter power is also proportional to the pulse duration.
Therefore, the choice of pulse duration is made from

a trade-off between height resolution (preferably short
pulse durations) and maximum range (preferably long

The electromagnetic waves are re-
flected at the leading and trailing
edges of the sound pulse. For all of
the reflected electromagnetic waves
to be in phase, the wavelength of the
emitted electromagnetic waves must
be twice the wavelength of the moving
sound pulse

durations). Equation (23.19) is valid for a perfect rect-
angular pulse but can also be used as a good first
approximation for real pulses.

To avoid unwanted interference, a new pulse cannot
be emitted before the backscatter from the previously
emitted beam has been received, so a measurement cy-
cle of a sodar lasts six to ten times as long as the time
needed for a sound pulse to travel to the maximum ver-
tical range of the instrument. For a sodar or Doppler
RASS operating at 1500 Hz, this implies that the dura-
tion of a measurement cycle is &~ 20 s when the range is
1000 m.

23.3.6 Determination of the Mixed-Layer
Height and Inversions

The layering of the atmospheric boundary layer due to
the vertical temperature and moisture distribution and
the existence of inversions within this layer or on top
of it strongly influence the development of atmospheric
motions and high pollutant concentrations in the air.
Well-mixed layers of the atmospheric boundary layer
are characterized by enhanced turbulence compared to
the stably stratified free troposphere above. For a con-
vective boundary layer (CBL), the mixed-layer height
(MLH) is usually identical to the temperature inversion
height.

Beyrich [23.22] has listed possible analyses of
the MLH and inversions based mainly on acous-



tic backscatter intensities measured by a sodar. Asi-
makopoulos et al. [23.23] analyzed these methods fur-
ther and grouped them into three approaches to deriving
the MLH from sodar data: the horizontal wind speed
(HWS) method, the acoustic received echo (ARE)
method, and the vertical wind variance (VWV) method.

The ARE method is the simplest method of deter-
mining the MLH from acoustic remote sensing. Most
of the methods listed in [23.22] are variants of this type.
This method does not require an analysis of the Doppler
shift of the backscattered signals. The MLH is derived
from either the most negative slope, the change in cur-
vature of the vertical profile of the acoustic backscatter
intensity, or the height at which the backscatter inten-
sity decreases below a certain prespecified threshold
value. Inversions are found by searching for secondary
maxima in the vertical profile of the backscatter inten-
sity.

The ARE method can be enhanced in two ways. The
first way is to include further variables for which data
are provided by Doppler sodars in the MLH algorithm.
For instance, the utilization of the variance of the verti-
cal velocity component is demonstrated in [23.24]. The
second way to enhance the ARE method is to determine
not only the MLH from sodar measurements but also
the heights of lifted inversions. Especially above oro-
graphically complex terrain, the vertical structure of the
atmospheric boundary layer (ABL) can be very com-

23.4 Devices and Systems

This section describes typical configurations of current
sodar and RASS systems (see Fig. 23.2 for an overview
of different techniques and instruments).

23.4.1 Sodars and Minisodars

The Doppler beam swinging (DBS) technique [23.27]
is the standard technique used by sodars. It is different
from the usual technique employed by Doppler wind
lidars (see Chap. 27), which uses conical scanning to
get wind information from different directions. With
DBS, at least three—but often five—beams are subse-
quently emitted in different directions. Two (or four)
beams at right angles to each other are emitted at zenith
angles of &~ 15°; the third (or fifth) beam is emitted ver-
tically. The angle between the slanted beams should be
as low as possible to receive the three (or five) differ-
ent sets of information, which are later used to compute
the three orthogonal wind components from air vol-
umes that are close together. If the angle becomes too
small, the computation of horizontal wind components

plicated [23.25]. Enhanced ARE methods (and optical
methods that use ceilometers and wind lidars) are de-
scribed in more detail in [23.26].

The HWS method requires an analysis of the
Doppler shift of the backscattered signals. It involves
analyzing the shape of hourly-averaged vertical wind-
speed profiles under the assumption that wind speed and
wind direction are almost constant within the mixing
layer but the wind speed increases gradually towards the
geostrophic value at the top of the mixing layer. Given
the underlying assumptions, the applicability of this
method is probably limited to well-developed CBLs.
Such CBLs are often higher than the maximum range
of a sodar. Even if the CBL height is within the range
of the sodar, the algorithm used to analyze the Doppler
shift often fails above the inversion atop the CBL due
to poor signal-to-noise ratios. Therefore, this method is
not recommended.

The VWV method also only works for CBLs. It
focuses on the vertical profile of the variance of the ver-
tical velocity profile oy,. In a CBL, 0y, is usually greatest
at a height that is between 0.35 and 0.4 times the inver-
sion height. Thus, in principle, this is an extrapolation
method. It has been attempted for sodar measurements
because it permits MLH detection up to heights that are
2.5 times above the highest that can be probed (usually
between 500 and 1000 m) with a sodar. Beyrich [23.22]
classified this method as unreliable.

from near-vertical radial velocity components along the
beams becomes too uncertain. There is a trade-off be-
tween getting information from air volumes that are
close together and the certainty with which the horizon-
tal wind components can be computed.

The radial wind component along a beam with
a zenith angle 6 and an azimuth angle ¢ is composed
of all three Cartesian wind components u (towards the
east), v (towards north), and w (upwards), i.e.,

(8, ) = usind sing + vsind cos ¢ + w cos .
(23.23)

Inversely, all three Cartesian components can be com-
puted from (at least) three radial velocities in different
noncoplanar directions.

Equations (23.12) and (23.13) show that sound
attenuation in the atmosphere is strongly frequency
dependent. Higher frequencies are attenuated much
faster than lower frequencies. Therefore, sodars
that are designed to have larger ranges operate at
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=~ 1500 Hz. However, a second class of sodars has been
developed—minisodars [23.28]—that are optimized
for short-range measurements (up to ~ 200 m AGL).
This shorter range permits more measurement cy-
cles because the time that the sodar must wait
to receive the reflected pulse is also shorter. Fur-
thermore, environmental noise is reduced somewhat
compared to standard sodars. Minisodars are usu-
ally designed for use as phased-array sodars (see
Sect. 23.4.1).

Sodars with Antennas
The first Doppler sodars utilized three parabolically
shaped antennas (horns) that could be aligned in three
different directions (Fig. 23.3). In such systems, the bot-
tom of each antenna has one or a few sound transducers
that are operated simultaneously. The transducers first
act as loudspeakers and are then switched electronically
to act as microphones. The shape of the antenna helps
to focus the sound beam. In addition, the antennas at
least partially prevent noise interference from reaching
the sound transducers and shield the region close to the
instrument from excessive sound pulses, which could
damage unprotected ear drums. The most suitable and
common alignment used in these systems is one where
two antennas are inclined by a zenith angle of ~ 15°
and have an azimuth angle of 90° between them, while
the third antenna is adjusted to be precisely vertical.
The sound transducers in the three antennas are oper-

—

Fig. 23.3 Sodar with three antennas (horns) (photo © Ste-
fan Emeis)

ated sequentially in order to prevent interference from
the other antennas. The waiting time between two sound
emissions from different antennas must at least be twice
the travel time of the sound pulse to the maximum range
of the instrument.

Phased-Array Sodars
Phased-array sodars were first constructed in 1989
[23.29]. They are systems in which a field (array) of
acoustic transducers is responsible for forming and
directing beams (Fig. 23.4). Between 16 and 64 acous-
tic transducers are usually arranged in a planar array
and adjusted to create a defined phase relationship
between them. The array of transducers is operated
such that sound beams are formed due to interference
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Fig. 23.4 Phased-array sodar with 64 sound transducers
and no enclosure (photo © Helmut Mayer)

between the sound waves from the individual loud-
speakers (Fig. 23.5). These beams are comparable to the
beams described above for the systems with antennas.
The whole system requires an enclosure that protects
the system from environmental noise and ensures that
operators and people passing by do not experience dan-
gerous sound levels.

Monostatic and Bistatic Sodars
In a monostatic sodar, the receiver is close to the emit-
ter. The intensity of the backscattered signal depends
only on temperature fluctuations in the atmospheric
boundary layer. Monostatic sodars have the advantage
of compactness, and the instruments are more readily
deployed in the field because the instrument package
is self-contained. This is the standard configuration of
presently available sodars.

In a bistatic sodar, the receiver is deployed away
from the emitter. In this case, velocity fluctuations
in the atmosphere also contribute to the intensity of
the backscattered signal. The Doppler shift and scat-
tering cross-section for bistatic sodars were analyzed
by Thomson and Coulter [23.30] and Wesely [23.31].
Early experiments with bistatic sodars are described
in [23.32,33]. While bistatic sodars have been con-
structed and used in experiments, there are no commer-
cially available bistatic sodars. Recent studies utilizing
these sodars can be found in [23.34, 35].

Other sodar designs [23.36] in which several re-
ceivers are arranged around one central sound source
(multistatic sodars) have also been proposed. This
should allow all three components of the wind to be
detected for the same atmospheric volume. Such instru-
ments could be operated in complex terrain without the
need to correct for curved streamlines (see Sect. 23.6.3).

Mono- and Multifrequency Sodars
In addition to monofrequency sodars, multifrequency
sodars are available. These emit a series of pulses
with different frequencies within one shot. Field tests
have proven that the multifrequency technique has sig-
nificant advantages. The use of, say, eight different
frequencies halves the minimum acceptable signal-to-
noise ratio compared to single-frequency sounding.
Moreover, the multifrequency mode improves the ac-
curacy of the instantaneous values of measured param-
eters and significantly increases the ability to reliably
recognize noisy echo signals. Further details regarding
multifrequency sodars are given in [23.37].

The principles of pulse code methods that are used
to enhance the range and data availability are reviewed
and investigated in [23.38]. In particular, detailed
simulations are performed using weather-like targets,
a comb of frequencies, a chirp, and a phase-encoding
method. Three Doppler-adaptive matched filters are de-
scribed, and two of these are evaluated against the
simulated noisy atmosphere. It is found that the comb
of frequencies produces the least variance in the esti-
mated Doppler wind speed. A filter based on a single
evaluation of a Fast Fourier Transform of the received
signal provides Doppler wind measurements to an ac-
curacy of about 1%. The Doppler-adaptive filters add
little computational or hardware overhead, and produce
a simple output consisting of the best estimate for the
wind speed component.

Non-Doppler Sodars
The first sodars were non-Doppler sodars. Later,
Doppler sodars became the standard, and now nearly all
commercially available sodars are Doppler sodars. Nev-
ertheless, a few non-Doppler sodars do exist. An exam-
ple is a special sodar developed for use in extremely
cold environments. This SNODAR (surface layer non-

Fig. 23.5a-c Measurement principle
of phased-array sodars. (a) Loud-
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Fig. 23.6a,b Doppler RASS with the acoustic (sodar) instrument at the center and radio antennas to the left and right:
(a) 475 MHz system (photo © Stefan Emeis); (b) 1290 MHz system (photo © METEK GmbH, Elmshorn)

Doppler acoustic radar) is designed to measure the
height and turbulence intensity of the atmospheric
boundary layer above the Antarctic plateau. This is,
for example, useful to astronomers who are planning
to install future optical telescopes there. SNODAR
works by sending an intense acoustic pulse into the
atmosphere and listening for backscatter from inho-
mogeneities resulting from temperature gradients and
wind shear. Its operating principle is very similar to
that of a well-known underwater sounding technique:
SONAR. SNODARs are monostatic sodars with a min-
imum sampling height of 5 m, a range of at least 200 m,
and a vertical resolution of 1 m. They operate at fre-
quencies of between 4 and 15kHz. Sound waves with
such high frequencies propagate relatively well in the
low temperatures of the Antarctic atmosphere [23.39].

23.4.2 RASS

There are two types of RASS. One (known as a Doppler
RASS) is a combination of a sodar with a continuous-
wave electromagnetic transmitter and receiver; the
other (known as a Bragg RASS) is a wind profiler radar
(see Chap. 31 and [23.11]) combined with a continuous
sound transmitter. The latter combination is sometimes
also called a wind-temperature radar (WTR).

Sodar RASS (Doppler RASS)
In today’s terminology, the first RASS, which was
first designed and built by Marshall et al. [23.8], was
a Doppler RASS in which acoustic pulses were pur-
sued by continuous electromagnetic radiation emitted
from a transmitter (Fig. 23.6). Altitude assignment is
achieved for a RASS by measuring the propagation
time of the acoustic pulses, much as in a sodar; the
time taken for the electromagnetic pulses to return is

negligible. The observed frequency shift of the electro-
magnetic backscatter signal is interpreted as a Doppler
shift. The emitted acoustic pulse is a chirp over a se-
lected sound frequency range that is centered on the
Bragg resonance frequency to guarantee that the Bragg
condition is met for all temperatures.

Wind Profiler RASS (Bragg RASS)

Adding a sound source to a radar wind profiler yields
a Bragg RASS or wind-temperature radar (Fig. 23.7).
The first attempts to use such combinations were con-
fronted with the problem that a Stokes shift rather
than a Doppler shift was observed [23.40]. Peters
et al. [23.41] showed that instead of measuring the
Doppler frequency, the desired information can be ex-
tracted from the Bragg resonance curve. The Bragg
resonance is obtained by varying the acoustic frequency
and monitoring the backscatter maximum. Whereas the
Doppler shift of the backscattered electromagnetic radi-
ation provides information on the speed of sound when
using a Doppler RASS, the Bragg resonance provides
the acoustic wavelength when using a Bragg RASS
(i.e., the acoustic wavelength is measured instead of the
speed of sound). To achieve this, a Bragg RASS contin-
uously transmits an acoustic frequency spectrum which
is centered on the Bragg resonance frequency. This is
in marked contrast to the single pulses transmitted by
a Doppler RASS.

23.4.3 Comparison of the Methods

Different types of sodars and RASS have been de-
veloped for different measurement purposes, although
the presence of various types also reflects the histori-
cal development of these instruments. Table 23.7 gives
a concise overview of the advantages and disadvantages
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Table 23.7 Advantages and disadvantages of the different types of sodars and RASS

Device

Sodar with antennas
Phased-array sodar

Minisodar (f, 2 4000 Hz)
Bistatic/multistatic sodar

Advantages

Higher vertical range

Smaller and lighter instrument—can be transported by
a sport utility vehicle (SUV)

Higher vertical resolution

Velocity fluctuations also produce backscatter when
using a multistatic sodar, all three wind components
can be measured in the same atmospheric volume

Disadvantages
Heavier instrument—a lorry is needed for deployment
Reduced vertical range

Limited vertical range (200—300 m)

More complicated deployment—all receivers must be
connected to the grid and to data transfer, still very
experimental

Multifrequency sodar
Non-Doppler sodar

Doppler RASS Higher vertical resolution, relatively portable, simpler
technology, less expensive
Wind profiler RASS Lower vertical resolution

Higher signal-to-noise ratio, higher range
Simpler technique and data evaluation

of the different types of sodars and RASS. The first six
rows refer to sodars, and the last two rows to RASS.
Note that the first four rows refer to instruments with

23.5 Specifications

This section summarizes information on the measured
parameter accuracies and ranges that can be obtained
with sodar and RASS measurements. Noise protection
rules and electromagnetic permit procedures are also
discussed.

23.5.1 Measured Parameter Accuracies
and Ranges

The measured parameter accuracies and ranges for so-
dars and RASS are summarized in Table 23.8. The
range of wind speed values is limited by the accu-

Enhanced electronics, noise interference
No wind velocity can be obtained
Lower range

Higher range, not usually portable, more complicated
technology, expensive

Fig. 23.7 A Bragg RASS with the
radar instrumentation (wind profiler
radar) at the center and additional
acoustic sources (orange cylinders)
next to it. The whole system is
surrounded by a fence to prevent
interference from other manmade
sources of electromagnetic waves
(e.g., radar and television emitters)
(photo © Stefan Emeis)

different layouts. The advantages and disadvantages
presented in rows 5 and 6 could—at least in principle—
apply to any of the sodars referred to in rows 1-4.

racy at the lower end and by environmental noise and
noise generated at the edges of the instrument at the
upper end. The range of temperature values is only lim-
ited by the selected frequency range of the acoustic
chirp (Doppler RASS) or the continuous acoustic sig-
nal (Bragg RASS).

23.5.2 Permits Required for RASS Operation
RASS devices emit radio waves that can interfere

with other telecommunication services. National regu-
lations on the allocation of operating frequencies must



Table 23.8 The accuracies and ranges of wind, turbulence, and temperature measurements obtained using sodars and RASS
(based on [23.4,9])

Parameter Accuracy
Wind speed (radial wind 0.3ms~! for a single measurement;
component) 0.05ms™! for the average of 40 measurements

'Wind speed (computed from
the radial wind components)
Standard deviation of the

0.3—0.5ms~! for the average of 10 min of
measurements
0.16ms~! based on 40 measurements

vertical wind component

Temperature

0.5K; error of 1.7 K per 1 ms~! of the un-
known vertical wind component (averaging
reduces this error; see (23.7))

Range
0.05t0 ~20ms™"

0.3t0o~20ms™!
0.16 to several ms~! (no real upper limit)

No principal limit for the temperature range; it depends on
the width of the frequency spectrum of the acoustic signal.
Doppler RASS: no temperature data for wind speeds

2 12—15ms~! because the wind drifts the sound pulse
away from the focus of the receiving electromagnetic an-

therefore be observed when using such systems. In
Germany, the standard RegTP 321 ZV 044 [23.42],
which references certain international regulations, ap-
plies in this context. An application for a permit to
operate a RASS must be filed with the Bundesnetza-
gentur fiir Elektrizitit, Gas, Telekommunikation, Post
und Eisenbahnen (RegTP; the Federal Agency for Elec-
tricity, Gas, Telecommunication, Post and Railroad
Grids).

23.6 Quality Control

General quality assurance and quality control proce-
dures are described in Chap. 3. In this section we focus
on quality assurance and quality control procedures that
are specific to sodar and RASS devices.

The quality of wind and temperature data from so-
dar and RASS devices depends mainly on the signal-to-
noise ratio (i.e., the intensity ratio of the backscattered
signal to the background noise) and the quality of the
data evaluation algorithm used. Sodar and RASS de-
vices are usually shipped with built-in data evaluation
algorithms. The manufacturers of these devices should

Table 23.9 Typical measurement errors with sodars or RASS

Instrument Error(s)

tenna

23.5.3 Compliance with Noise Regulations

In Germany, the operator of a sodar or a RASS must
comply with standards and statutory regulations that
are relevant to noise, such as the EU’s Noise Directive
2003/10/EC [23.43], the German Federal Immission
Protection Law (BImSchG [23.44]), or the guideline
VDI 2058 Part 2 [23.45]. An a priori application for
a permit is not required in Germany.

indicate the minimum signal-to-noise ratio that must be
attained in order to extract meaningful data from the
built-in data evaluation algorithms. The temporal and
vertical consistency of the final wind and temperature
data provides valuable insight into the reliability of the
retrieved data. Table 23.9 gives an overview of common
instrument errors.

The signal-to-noise ratio usually decreases with
increasing range because the backscattered sound
intensity decreases with the square of the range
(Sect. 23.3.1). The maximum range is frequency de-

Reason(s)

Sodar No wind data

Sodar Low vertical range, spatially and temporally inconsistent data

Sodar Low vertical range in wind data during morning or afternoon

Sodar Wind speed minima in vertical profiles always occur at the
same height (and backscatter intensity is enhanced)

RASS No temperature data

RASS Missing temperature data for certain heights and for a limited

period

Antenna is covered with snow, technical failure of instrument
Signal-to-noise ratio is too low due to ambient noise (could
be caused by rain or very high wind speeds), intensity of
atmospheric turbulence is too low to cause sufficient acoustic
backscatter

Atmosphere nearly adiabatic

Fixed echo, azimuth angle of antenna must be adjusted or

a better measurement site is needed

Technical failure of instrument

Excessive wind speeds (often due to nocturnal low-level jets)
have blown the signal away from the focus of the receiving
electromagnetic antenna
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pendent (Sect. 23.3.1). The signal-to-noise ratio can be
strongly influenced by environmental noise at the mea-
surement site. Noise with the same frequency as the
emitted sound pulses is especially problematic. Mea-
surement sites in noisy industrial areas or close to
motorways or railway lines should be avoided. The
signal-to-noise ratio is also degraded by strong winds,
as such winds can generate noise in the vicinity of the
instrument or even at the edges of the instrument itself.

Some manufacturers also supply data processing
software with their instruments. Such software often in-
clude visualization tools (e.g., to display time-height
cross-sections of the retrieved data), printing options,
and data export options. Key parameters that can be en-
tered into the software include temporal and vertical
averaging intervals and the start and end dates of the
data to be processed.

Some manufacturers provide access to the raw data
obtained by the instruments. The analysis of such raw
data requires special skills. The processing of raw data
may be helpful when attempting to detect and explain
inconsistencies in the data sets or to calculate nonstan-
dard output variables.

23.6.1 Wind Speed Calibration

Wind speeds from sodar and RASS devices do not re-
quire calibration as long as signal-to-noise ratios are
high enough to permit the accurate measurement of
the Doppler-induced frequency shift using the built-in
data evaluation algorithm. Wind speed data are obtained
from Doppler shift analysis using a basic physical prin-
ciple that does not require any calibration. Nevertheless,
it is useful to check the resulting data against the corre-
sponding data provided by a cup anemometer or a sonic
anemometer on a mast. Note that it is important to take
differences in measurement principles (volume mea-
surements with a sodar or RASS and almost point
measurements with a cup or sonic anemometer) into
account when comparing data from remote-sensing in-
struments with in-situ data.

23.6.2 Temperature Calibration

Temperature data from a RASS device do not require
calibration as they are derived using a basic physical
phenomenon: the detection of the speed of sound in air.
This speed is a function of temperature and humidity
only (see Sect. 23.3.1). Nevertheless, it may be useful to
check the data against that afforded by a thermometer.
Again, differences in measurement principles (volume
measurements with a RASS and almost point measure-

ments with a cup anemometer) should be taken into
account when comparing data from remote-sensing in-
struments with in-situ data.

23.6.3 Specific Quality Control Methods

The calculation of wind speeds using monostatic
remote-sensing devices such as sodars and RASS is
based on the assumption that the streamlines are straight
(no curvature in any direction) within the measure-
ment volume defined by the separate beams in the
Doppler beam swinging technique (see Sect. 23.4.1)
or by the walls of the cone in conical scanning. The
presence of streamlines that are curved towards the in-
strument causes the wind speed to be underestimated,
whereas the presence of streamlines that are bent away
from the instrument leads to an overestimated wind
speed [23.46]. Thus, wind data from ground-based re-
mote sensing on a hilltop are lower than the true wind
speeds above the instrument, whereas wind data ob-
tained in a valley are higher than the true wind speeds.
Some manufacturers claim that they have built-in cor-
rections for streamline curvature in their evaluation
algorithms. These corrections cannot be rated here,
because the manufacturers do not disclose how their al-
gorithms calculate such corrections. The best way to
determine the necessary corrections to the measure-
ments is to run a flow model in conjunction with the
instrument. This curvature problem occurs with sodars
as well as with wind lidars (Chap. 27).

Measured wind speeds and turbulence data (i.e.,
the variance of the vertical wind component) must be
checked for the impact of fixed echoes (Sect. 23.3.1).
Fixed echoes lead to wind speeds that are lower than
they should be because reflections from immobile ob-
jects are included in the data. Fixed echoes usually
occur at a certain height above the ground that cor-
responds to the direct (diagonal) distance between the
remote-sensing device and the object that is gener-
ating the fixed echoes. Thus, wind speeds that are
consistently lower than expected at a particular height
may be indicative of fixed echoes. Another clue that
fixed echoes are occurring is the presence of very high
backscatter intensities, because most solid objects re-
flect sound waves much better than the atmosphere
does. It is not possible to correct for fixed echoes a pos-
teriori. The best way to deal with them is to discard the
flawed wind and turbulence data.

Temperature data are not influenced by curved
streamlines because temperature is derived using ver-
tical sound emission only. Temperature sounding also
does not suffer from fixed echoes. Thus, for a Doppler
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Table 23.10 Maintenance of sodars and RASS

Maximum Sodar (all types)

interval

Daily Check incoming data for consistency

Daily

Every 3 months  Check that all loudspeakers are functioning properly
Every 2 years Check all electrical cables and devices

RASS, the maximum range of the temperature data is
usually considerably higher than the maximum range
of the wind data.

Temperature determination can be hampered by
high wind speeds. In this case, the sound waves emit-
ted from the Doppler RASS are blown outside the

23.7 Maintenance

Just like any device that is connected to the electrical
grid and operated outdoors, sodars and RASS devices
require technical and electrical maintenance. No addi-
tional substances such as gases or liquids have to be
supplied during the measurements. The overall amount
of maintenance required for such instruments is low
(see Table 23.10). Manufacturers’ instructions should
be followed, and software updates should be uploaded
as soon as possible.

23.8 Applications

The most informative data products obtained from
ground-based remote-sensing instruments such as so-
dars and RASS devices are time—height cross-sections
of wind speed, wind direction, the vertical component
of turbulence, and temperature. The vertical profiles
of these parameters can be extracted from time—height
cross-sections. Time series of selected parameters (e.g.,
mixed-layer height) can also be extracted.

An example of real-world data obtained using a so-
dar is presented in Fig. 23.8, which shows the daily
variation in the horizontal wind in an alpine valley dur-
ing a clear-sky day. Steady southerly to southwesterly
winds representing the down-valley flow are seen to
occur from 10 p.m. to 8 a.m. (GMT+1), whereas tur-
bulent northerly to northeasterly winds representing the
up-valley flow are observed between 10 a.m. and 8 p.m.

Another real-world dataset provided by a sodar is
depicted in Fig. 23.9, which shows a perfect example
of the measurement of wind speeds in a nocturnal low-
level jet. The maximum wind speed along the axis of the
jet is ~ 12ms~!, whereas the wind speed underneath

Doppler RASS Bragg RASS

Perform a visual check of the instrument (unless the site is within a well-guarded and supervised area)
Check that all loudspeakers and antennas are functioning properly

focus of the receiving radio antenna. Thus, it is some-
times impossible to detect the temperature in areas with
high wind speeds caused by nocturnal low-level jets.
Depending on the size of the instrument, temperature
determination can be problematic when wind speeds are
>10—15ms~!.

A direct connection to the instrument’s computer
via the internet or mobile telecommunications services
is advisable. Error messages issued by the software
can give hints about malfunctions. Daily data transfer
from the instrument to the operator’s institution is rec-
ommended. Regular checks of the consistency of the
incoming data can provide further insight into potential
malfunctions.

and above the jet is ~ Sms~!. The measurements were
performed in a very quiet environment, which made it
possible to observe the upper part of the low-level jet,
where the wind speed decreases with height (very of-
ten, a sodar can only measure wind speeds below the
jet axis, not those above it).

A final example (Fig. 23.10) shows the diurnal tem-
perature variation in the lower atmospheric boundary
layer on a clear-sky day, as measured with a Doppler
RASS. Potential temperature data are presented. In the
early morning (between 2 a.m. and 10 a.m. GMT+1),
cold air (blue) occurs near the surface. Warmer air
(green) occurs above the cold air. At ~ 10 a.m., vertical
mixing starts, and soon afterwards the air is well mixed
vertically until ~ 6 p.m. Then cooling sets in again
near the surface while the air remains warm above.
The white area in the upper right corner corresponds to
missing data. Data are missing from this region because
high wind speeds caused by a low-level jet drifted the
sound pulse from the Doppler RASS out of the focus of
the receiving electromagnetic antenna.
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Fig. 23.8 Time-height cross-section of horizontal wind vectors measured over the course of one day (x-axis) for heights
of 50—800 m AGL using a three-antenna sodar. Time resolution: 30 min; height resolution: 30 m. Arrow length is pro-
portional to wind speed (see the legend in the upper right corner). Arrow direction indicates the wind direction (upward:
wind from the south; to the right: wind from the west; etc.). Measurements were performed in an almost north—south-
oriented valley on the northern side of the Alps at Oberau (Germany) on 8§ May 1998

Fig. 23.9 Nocturnal vertical wind-

h (m AGL) : ,
600, == speed profiles obtained with a three-
sso| T 2005 06 26 00 00 ] ¥ antenna sodar; the profiles show
200506260030 £, } the presence of a low-level jet at
500| —— 200506260100 =~ p a lov ]
- — - 2005 06 26 01 30 ~ 300 m AGL. Six wind speed profiles
450 - 2005 06 26 02 00 (each averaged over 30 min) obtained
400 T ioosl gg rié 0230 for heights ranging from 40 to
350 —— L 500m 600 m AGL (vertical resolution: 20 m)
300 Neutral are plotted. The measurements were
performed at the Charles-de-Gaulle
250 Airport in Paris (France) during the
200 first three hours of 26 June 2005
150
100
50
0

0 I 2 3 4 5 6 7 8 9 10 11 12 13 14 15
u (m/s)



Height (m)
4001

2 4 6 8 10 12 14

]
25°C

16 18 20 22 24
Daytime (MEZ)

Fig. 23.10 Time-height cross-section of potential temperatures on a clear-sky day measured over a period of 24 h (local
time) for heights of 40—420 m (vertical resolution: 20 m) using a Doppler RASS. Colors (see the color bar at the lower
right) indicate potential temperatures ranging from 5 °C (dark blue) to 25 °C (purple). The measurements were performed
at the northern outskirts of Augsburg (Germany) on 6 April 2009

23.9 Future Developments

Although they are relatively old techniques, there is
still a need for these vertical sounding devices that
actively emit sound waves. While wind profile mea-
surements are increasingly being performed with wind
lidars rather than sodars (because wind lidars offer
enhanced data availability and do not suffer from
environmental interference), RASS are still the best
available devices for measuring the temperature pro-
files of the lower regions of the atmospheric boundary
layer. Passive radiometers have much poorer vertical
resolution, meaning that they are generally not well
suited to boundary layer studies. Raman lidars also
have deficiencies, especially during the daytime, when
the intense short-wave solar radiation causes interfer-
ence.

Apart from classical scientific boundary layer stud-
ies, new fields of application for ground-based remote
sensing have developed in recent decades, which has
reinvigorated the development of acoustic sounders.
One of the most important of these new fields of ap-
plication is wind energy (see Chap. 51 and [23.3]).
Wind energy requires highly vertically and tempo-
rally resolved wind, turbulence, and temperature profile

data for site assessments, yield forecasts, and load
assessments. While site and load assessments are es-
pecially valuable for the manufacturers of wind tur-
bines, yield forecasts are mandatory for electrical grid
operators and for successful trade actions at energy ex-
changes.

Another field in which sodars and RASS have been
deployed in the last few decades is urban studies. How-
ever, in this case, the active emission of sound waves is
a disadvantage of these instruments, as it is becoming
increasingly difficult to find acceptable measurement
sites for sodars and RASS in densely populated areas.
Therefore, researchers are attempting to develop mea-
surement configurations that shield urban populations
from the emitted sound waves. One such configuration
is the bistatic sodar (see Sect. 23.4.1), in which the ver-
tical emission of sound pulses is well shielded and the
receiver is located away from the instrument.

Methods of correcting wind profile data from so-
dars (and wind lidars) located in complex terrain (see
Sect. 23.6.3) are still being developed. Some manufac-
turers offer built-in correction algorithms, although they
do not explain how they work. Others suggest running
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simple flow models in parallel with the measurements
to obtain the necessary corrections. Attempts to produce
feasible correction algorithms for ground-based mono-
static wind profilers operating in complex terrain will

23.10 Further Reading

A general overview of acoustics can be found in

Rossing, T.D. (ed.): Springer Handbook of Acous-
tics, 2nd edn. (Springer, 2014).

The standard resource on sodars is the book by Bradley
[23.6]. There is no corresponding book on RASS de-
vices. The bilingual VDI Guideline 3786 Part 18 [23.9]
is most probably among the most concise sources of in-
formation in this regard.

A general overview of ground-based remote sensing
of the atmospheric boundary layer can be found in [23.1].
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