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Abstract. Hazardous situations in air poilution can many a
times be avoided in case short term local weather forecast-
ing of the boundary layer meteorology becomes available.
Amongst the various remote sensing techniques, it has been
seen that acoustic remote sensing (SODAR) of the lower
atmosphere can be employed to determine and predict the
atmospheric boundary layer meteorological parameters. In
specific, information can be obtained about thermal stratifi-
cation, mixing height, low level disturbances, depth of the
planetary boundary layer, stability classification, wind ve-
locity, wind variances, turbulence parameters, and diffusion
characteristics etc. when SODAR is used in conjunction with
surface level measurements of the usual meteorological pa-
rameters.

In the paper a brief description of the acoustic remote
sensing technique and a review of the work done during the
last two decades to determine the various air quality related
meteorological parameters has been given. The methodol-
ogy to determine mixing height, stability classification and
diffusion and dispersion characteristics using mostly the in-
formation from the SODAR echograms has also been de-
scribed. The SODAR echograms obtained at Delhi for the
period May 1977 to April 1982 have been processed and
analyzed using pattern recognition to determine these pa-
rameters. Doppler SODAR information of wind speed and
direction have not been treated for the above purpose. Us-
ing the Gaussian dispersion model, pollution concentration
downwind of a emission source (in the present case it is a
cement factory at Nimbahera, Chittorgarh, India) has also
been computed with the help of SODAR determined data. It
has been found that measured values with the help of high
volume sampler conform to the estimated pollution concen-
tration. A peak in the value of the estimated pollution con-
centration during the fumigation period has also been seen.
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A Area of the receiving antenna
D Stack diameter [m]
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Vertical flux of the buoyant plume

von Karman’s constant equal to 1.4
Monin-Obukhov length [m]

Acoustic attenuation along the path inclusive of the
transducer efficiencies

Ambient air pressure [hPa]

Total pressure [hPa]

Received acoustic power

Transmitted acoustic power

Quantity of stack emission per unit time [gs™!]
Surface heat flux

Range to the scattering volume [m]

Richardson number

Inner stack radius at the top [m]

Flux Richardson number

Ambient air temperature [K]

Average temperature inside the stack [K]
Horizontal wind speed [ms™']

Horizontal wind speed at the stack height {m s™!]
Average exit velocity at the stack top [ms™!]

Depth of the mixed boundary layer, i.e. the height of
the atmospheric boundary layer [m]

Inversion height, i.e. the distance between the ground
and the base of the elevated inversion [m]
Length parameter of roughness [m]

Empirical constant equal to 1.5 in stable conditions
and 10 in unstable conditions

Empirical constant equal to 1 in stable conditions and
10 in unstable conditions

Velocity of acoustic waves in air [m s—']
Distance from source to receptor [m]
Mixing depth as per Holzworth model {m]
Effective stack height [m]

Plume rise height [m]

Acceleration due to gravity



k Wave number

m A constant equal to 0.45

P A variable number for the various stabilities
w Vertical wind velocity [ms™1]

w Fluctuations in vertical wind velocity [m s~})
wy,  Mixed layer velocity scale

z,y,z The three coordinates [m]

3.5z* Distance to the point downwind of the stack where
the plume is no longer rising

2 Measure at the surface level [m]

2 Depth of the thermal plumes on the sodar echograms
[m]

C?  Humidity structure parameter

C2  Concentration structure parameter

C? Refractive index structure parameter
C%  Temperature structure parameter

C? Velocity structure parameter

C Specific heat at constant pressure

Cyr  Cross correlation structure coefficient of temperature
and humidity

Constant approximately equal to 1.4
Constant equal to 6

Density of air

Pollution concentration [gm™]
Transmitted pulse length

Potential temperature

Fluctuations in potential temperature
Scattering angle

Martin’s function

ORr Ratio of backscatter to forward scatter intensities
from the same volume

ow  Standard deviation of the vertical wind velocity
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[ms™']

oy Cross wind dispersion coefficient

o, Vertical dispersion coefficient

o,  Standard deviation of the vertical wind direction
[deg]

Ty Standard deviation of the horizontal wind direction
[deg]

o(6) Scattering cross section at angle

The rapid growth of industries and urban centres, coupled
with the extraordinary accomplishments of modern technol-
ogy during the last few decades, though responsible for a
higher standard of living, has also become a cause of strong
public concem because of the discharge of various types of
hazardous and toxic gaseous and particulate matter in the
atmosphere, which are altering the environmental quality of
life at micro, macro and global levels. The air quality param-
eters of our environments are thus required to be monitored
for necessary prediction and control.

Monitoring of ambient air quality can be carried out by
the measurement of various air pollutants present in the
atmosphere as also through monitoring of the atmospheric
boundary layer meteorology assuming that the number and
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distribution of the sources of air pollution remain the same.
In the latter case, low level stability, inversion topography,
buoyancy, turbulence strength, mixing height, wind velocity,
and meso-scale flow patterns are some of the meteorological
parameters that need to be monitored.

Often conventional in situ techniques such as radio sonde,
instrumented tower, tethered balloon, and instrumented air-
craft etc. are used to monitor the essential atmospheric pa-
rameters. Out of these radiosonde is the most common in
situ technique. Typical data consist of twice daily profiles of
temperature, pressure, humidity, and wind at a place mostly
in the vicinity of the airport. These data supported by hourly
observations of surface parameters of pressure, wind, tem-
perature, humidity, visibility, and cloud cover help to in-
terpolate and extrapolate stability, mixing depth and wind
profiles in the lower atmosphere. However, available infor-
mation is generally limited at the lower levels and is not
adequate for air quality monitoring and forecasts since avi-
ation requirements have often dictated the location of the
sensors at sites which are not necessarily in the best inter-
ests of the air quality meteorologists. Slow ascent radiosonde
or tethered balloon systems, instrumented towers and instru-
mented aircrafts can help to collect low level data to some
extent but it may be difficult to afford the increase in the
density of observations using these instruments, as the cost
will increase enormously.

Remote sensors, in comparison to the in situ sensors,
can provide data for the atmospheric parameters at lower
heights continuously in both space and time and with higher
resolution. They depend on the propagation characteristics of
acoustical, optical and electromagnetic waves in the medium.
Many of the remote sensing devices have the ability to scan
rapidly large regions in three dimensions. Others can give
line integrals of certain parameters giving spatially averaged
values that may be nearer to the desired measurement.

Considering the overall cost of the system, availability of
tracers, large scattering cross-section, stage of development,
and reliability of measurements during the last two decades,
it is felt that the measurement system can be made up
entirely of an acoustic device [1-5]. The interaction of sound
waves with the inhomogeneities of the lower atmosphere
is very much stronger [1] than that of the electromagnetic
spectrum as shown in Table 1. It is seen that 1 K fluctuation
in temperature is equivalent to about 1700 N units change
in sonic refractive index (1N unit equals 1 part in 10°)
compared to only 1N unit change in optical and radio
refractive index. Similarly 1 m s~ variation in wind speed
is equivalent to 3000 N units change in acoustic refractive

Table 1. Refractive index variations per unit change in the characteristic
parameters of the atmosphere (Data from [1])

Magnitude of parameter Change in refractive index

change N Unit (N = 10—%)
Acous- Radio Optical
tical
1 K fluctuation in temperature 1700 1 1
1 m s~} variation in wind speed 3000 2x107¢ 2x 1079
1 hPa change in water vapour pressure 140 4 0.04
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index compared to practically no change in the refractive
index of electromagnetic waves. Further 1hPa change in
water vapour corresponds to about 140 N units change in
acoustic refractive index compared to only 4 N units change
in radio refractive index and 0.04 N unit change in optical
refractive index. These changes in the refractive index for
acoustic waves compared to that for electromagnetic waves,
make the scattering efficiency of turbulence one million
times greater for acoustic waves than for electromagnetic
waves.

1 Acoustic Sounding

Gilman et al. {6] were the first to report successful experi-
ments in atmospheric acoustic sounding. McAllister [7] was
the first to display real time backscatter echoes on the facsim-
ile machines. Little [1] was the first to perform comprehen-
sive system analysis on the functioning of acoustic sounding
system. This was followed by a major research and devel-
opment effort in acoustic sounding systems by NOAA Wave
Propagation Laboratory, Boulder, Colorado, USA, and at a
number of other places in the world.

Acoustic sounder (SODAR) popularly called ‘Acoustic
Radar’ functions like an active sonar or a pulsed radar sys-
tem. Highly directional short bursts of sound energy in the
audio frequency range 1500 Hz to 10000 Hz are radiated
into the atmosphere. These waves get scattered during their
propagation in the atmospheric air from fluctuations in tem-
perature, wind speed and humidity of eddy sizes within the
inertial subrange and are received (Fig. 1) either by the same
antenna (monostatic or backscattering mode) or by another
antenna (bistatic or forward scattering mode). The informa-
tion contained therein is processed and stored and also dis-
played on the facsimile chart. Useful qualitative and semi-
quantitative information about the ground based thermal ac-
tivity, nocturnal inversions and symmetric and asymmetric
waves can be seen on the facsimile chart while quantitative
information about velocity and temperature structure param-
eters, turbulence intensity and wind field in the scattering
volume at various heights in the atmospheric boundary layer
can be computed by measuring the amplitude and frequency
of the received scattered signal.
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Fig. 1. Schematic of the monostatic and bistatic SODAR systems

67

The scatiering cross-section at an angle ¢ from the
original direction of the sound waves in the inertial subrange
can be expressed as:

2
o(0) = 1.52k"/3 cos? 60.13C2 + 0052(0/2)

x [2sin@/2)] ",
where k is the wave number of the transmitted sound waves,
¢ is the sound velocity (ms~!), C? is the wind velocity
structure parameter and C2 is the structure parameter of
refractivity which depends on temperature and water vapour
fluctuations and according to Wesely [8] can be expressed
as:

G 02

2
c +2(0. 307) 7 PT +(0. 307)

n T 4T?
Here T' and P are the mean temperature (K) and pressure
(hPa) of the air respectively, C% and C? are the temperature
and humidity structure parameters respectively and Cl,p is
the cross correlation structure coefficient of temperature and
humidity. For backscattering, the scattering angle becomes
180° which reduces the scattering cross section to:

o(IT) = 0. 0161@1/3

02

eT

+2(0.307) —= 1PT +(0.307)* AR

From the above equations, it can be thus seen that back-
scattering is due to temperature and humidity inhomo-
geneities, it is sensitive to eddies of sizes equal to and above
half the transmitted wavelength, there is no scattering at 90°
and forward scatter is stronger than that of backscatter. Thus
SODAR has the capability to give information about ther-
mal structure, turbulence parameters and wind vector profile
in the lower atmosphere as a function of time and height.
Since these parameters are of importance in air pollution dis-
persion, in this paper the acoustic remote sensing technique
(SODAR) is described to monitor the air quality related me-
teorological parameters at a place. SODAR echograms have
been used for the present studies, and horizontal wind speed
and direction have not been treated.

7

2 Studies of Thermal Structure

SODAR echograms depicted on the facsimile records are
broadly classified as shear echoes and thermal echoes
(Fig. 2). Shear echoes tend to be horizontal and are caused by
turbulence in regions of static stability (potential temperature
increasing with height). They may be surface based, aloft
and stratified. Thermal echoes appear in the form of stalag-
mites like structures rising from the ground and are caused
by turbulence in the unstable, super adiabatic layer of the
atmosphere (potential temperature decreasing with height).
They occur when the surface is appreciably warmer than the
air aloft. The intermittent groups of thermal echoes mark
individually rising convective cells called thermals and the
echo free regions between thermals represent neutral or adi-
abatically descending air,
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Fig. 2. The two types of characteristic SODAR structures — thermal
echoes and shear echoes. Data from SODAR installed at the National
Physical Laboratoy (NPL), New Delhi (India)

The day-to-day structures observed on sodar echograms
(Fig. 3) are, however, not always as simple as seen in Fig. 2,
but they can always be linked with these broad categories.
The variations or the complexity of these structures repre-
sent the prevailing changed meteorological conditions of the
atmosphere. In the morning, solar heating erodes the noc-
turnal surface based stable layer forming ground based ther-
mal plumes capped by the rising stable layer (Fig. 3a). With
continuous solar heating, the stable layer rises sufficiently
high so that either it goes beyond the detection range of the
sounder or it loses sufficient turbulence to become insensi-
tive to SODAR detection and thus thermal plumes prevade
on the SODAR echograms. Height and rate of occurrence
of thermal plumes become maximum by the afternoon after
which they start decreasing in accordance with the fall in
solar heat flux.

During night time, under slight or no wind conditions,
strong short range echoes having an abrupt but almost uni-
form upper limit exhibiting a nearly flat top layer (Fig. 3b)
are formed. Thickness of these layers may slightly increase
with time. Medium to strong surface winds bring in mixing
within the stable layer resulting in random spiky structures
at the top (Fig. 3c). Turbulent weather conditions and even
clear sky conditions have been seen to develop, sometimes,
a stratified/multilayer or elevated layer structure (Figs. 3d-f)
with or without undulations superposed over them. Multiple
layers represent stable shear structure under light wind con-
ditions or advection of superimposed flow due to some meso-
scale weather phenomena. Elevated layer represents the pres-
ence of fog layer, subsidence inversion, marine boundary
layer or some other approaching/persisting turbulent weather
condition.

Undulations have been seen under calm to medium wind
conditions as also before and after the occurrence of thun-
der storms under medium to strong wind conditions. The
undulating structures may either exhibit features of symmet-
ric sinusoidal wave motion under clear weather conditions
or they may show slightly unsymmetric rounded saw-tooth
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Fig. 3. Typical thermal structures observed in the NPL monostatic
SODAR system

type wave motion under turbulent weather conditions. These
waves have periods of the order of a few minutes and am-
plitude in the range of 100 m peak to peak [9]. It seems that
these undulations represent gravity waves developed in re-
gions separating two air masses of different density and wind
vector and are associated either with convective stability dur-
ing the fumigation period or with wind shear variations under
stable layers conditions. Enhanced wind shear, a character-
istic of stable layers, maintains turbulence through ail or
part of its depth against vertical stability and is observed
through interrogating sound waves by reflection at selected
scale lengths of turbulence of half the acoustic wavelength.

3 SODAR Studies of Atmospheric Stability

Amongst the early workers, Beran et al. [10] were the
first to demonstrate the potential of the acoustic sounding
device for making continuous meso-scale measurements in
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critical air pollution situations. Subsequently, Tombach et al.
[11] showed relevance of the acoustic sounding technique
to obtain information on atmospheric stability, height of
elevated inversion, depth of mixed layer, and turbulent eddy
scale size in thermal plumes, data useful for dispersion
and diffusion modeling of atmospheric pollutants. Various
approaches of this nature have also been made by other
investigators from time to time to draw information about air
pollution related meteorological parameters from SODAR
data. The following, in brief, are some of the methodologies
used to draw air pollution related meteorological information
from SODAR data.

3.1 Pattern Recognition Technique

* The repeatable patterns on the SODAR echograms have
been studied by many workers in the field from time to
time, to determine from their characteristic behaviour and
nature, the stability of the atmosphere. Shaw [12] was the
first who identified the repeatable patterns and was followed
by Fukushima [13, 14], who gave summary charts of the
observed facsimile patterns and distinguished three general
characteristic echo patterns apart from regions of no echo,
wind, rain, and ambient noise. Schubert [15] proposed a
system of 15 categories to identify the various phenomena
of climatological interest. Clark et al. [16] proposed a
numerical classification scheme of 14 different types and
separated cases of surface based echoes from elevated echo
layers and related them to the boundary layer meteorological
conditions.

Hall [17] introduced computer compatible coding to the
various SODAR structures together with numerical notation
of the height of the structure. This made it possible to
collect numerical information about the climatology of the
planetary boundary layer at a site under investigation, than
was possible by other classification schemes.
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Prater and Colls [18] developed a categorization scheme
similar to Clark et al. {16], but they identified only five
major categories of sounder structures. In their scheme of
categorization, they did not include any identification for
zones of no echoes and non-recognizable noisy echoes.
Their scheme did not even recognize a discrete category
for each of the muitiplicity of the atmospheric structures
normally observed on the acoustic sounder echograms. The
diurnal variations of the probability of occurrence of any one
stability class were studied and relationships were shown
to exist between acoustic sounder stability category and
pollution related meteorological parameters.

Maughan [19] and Maughan et al. [20] developed a
numerical code to classify the various types of SODAR
echoes. The successive digits in the scheme gave information
about the height of the structure with the scheme identifying
the type and height of the inversion layering and aiso their
complexity. This classification scheme was also adopted by
Asimakopoulos et al. [21] to study stability frequencies in
different cities in Greece. A code of eight numbers including
no-echo and no-reliable-echo conditions was introduced.

Walczewski [22-24] and Walczewski and Felesky-Bielak
[25] considered four basic characteristic forms of SODAR
echoes, vertical (type 1), ground-based horizontal layer
(type 2), elevated horizontal layer in the absence of ground-
based layer (type 3), and no-echo structure (type 4). Type 1
culminated at noon, type 2 at midnight, type 3 in the morn-
ing, and type 4 in the evening around sunset time. Digital
representation or coding was introduced and the SODAR
echogram were interpreted in terms of atmospheric stability
categories following the variations in the vertical tempera-
ture gradient as criteria to define the stability classification.

Singal et al. [26-29] developed an approach based on SO-
DAR echo patterns to classify Pasquill stability categories.
Simultaneously measured datas of standard deviations of the
horizontal wind direction were used to determine Pasquill
stability classification to correlate with SODAR deduced

Table 2. Classification of SODAR echograms in terms of stability categories

S.N.  Stability class Wind direction

Nature of SODAR echograms

Outlook

(Pasquill) fluctuation criteria
(degrees)
1. Strongly unstable (A) o > 23 i) Well defined thermal plumes up to heights ~ Clear sunny day with strong solar
more than or equal to 275 m heating and light/calm winds
2. Moderately unstable (B) 18 <o, <23 i) Well defined thermal plumes up to shallow  Moderate solar heating and moderate
heights (less than 275 m) winds
ii) Rising layer with thermal plumes below Bright sunny morning
3. Slightly unstable (C) 13<0,< 18 i) Thermal plumes up to very shallow heights Weak solar heating, cloudy day,
moderate to strong winds, and late
afternoon
4. Neutral 8<o, <13 i) Spiky top layer of height above 150 m Early evening hours on clear days.
ii} No structure After rain or storm, cloudy/windy
iii) Darkness due to rain or wind-induced conditions.
noise During rain or heavy winds (storm)
5. Slightly stable (E) 4<o,<8 i) Flat top layer of depth more than 100 m Clear night with moderate winds
i) Surface-based layer with spiky, top of
depth generally within 150 m
iif) Stratified layers of depth more than 200 m
6. Moderately stable (F) op < 4 i) Surface-based layer with flat top of depth Clear night with strong radiative

within 100 m

cooling and light/calm winds

i) Stratified layers of height less than 200 m
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Fig. 5. Plot of the diurnal variations in the concentration of carbon
monoxide and traffic density in New Dehli (Indja) as a function of the
time of the day (hrs) marked in Indian standard time (IST)

stability classification. The characteristics of the SODAR
echoes to classify Pasquill stability categories are given in
Table 2. Singal and associates also correlated SODAR echo
patterns obtained under various atmospheric conditions with
lapse rate conditions and the associated stack plume be-
haviour. It was seen (Fig. 4) that looping under strong lapse-
rate conditions (unstable weather) were linked with SODAR
thermal plume structure, coning under sub-adiabatic condi-

tions was associated with evening transition from unstable to
stable weather conditions, fanning was a property of the sta-
ble weather when inversion depth was more than the height
of the plume stack, lofting occurred under conditions of in-
version depth less than the height of the plume stack and
fumigation was the period of the morning eroding stable
layer.

The above technique of determining Pasquill stability
classification from the observed SODAR echogram charac-
teristics was used by Singal et al. [30] to explain the distinct
anomalous peaks (a weak one in the morning and a strong
one in the evening) in the measured carbon monoxide con-
centration (Fig. 5) on the busy traffic roads of New Delhi due
to vehicular traffic, although the same number of vehicles
on average were passing the measurement place all through
the day. It was found that the weaker morning peak lies dur-
ing the fumigation period under unstable weather conditions
while the stronger evening peak was due to the. presence
of stable weather conditions which did not help in the dis-
persion of carbon monoxide. Typical diurnal plots of the
SODAR derived stability category and simultaneously mea-
sured concentration of carbon monoxide in the atmosphere
near the ground surface for a set of days having different
weather conditions (Fig. 6) further showed very clearly that
the prevailing stability category determined the concentra-
tion of carbon monoxide present in the atmospheric air.
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Fig. 6. Plot of simultaneously measured carbon monoxide (CO) con-
centration and SODAR observed atmospheric stability as a function of
the time of the day. Thick lines represent stability conditions and thin
lines represent CO concentration

This technique of stability classification was also used to
determine the stability classes for any hour of the day for
Ngawha Springs (New Zealand) [31] from the structural de-
tails of the monostatic acoustic sounder echograms obtained
for the year 1983. However, exact height specification had
to be worked out for this place since the terrain, latitudes
and the system were different. The results were compared
(Table 3) with the stability classes obtained for the respective
hours using the technique developed by Wratt [32] based on
calculating the bulk Richardson number using data from the
56 m instrumented tower operated simultaneously with the
monostatic acoustic sounder at the same site. It was seen that
tower and acoustic sounder stability schemes give a correla-
tion for about 50% of the time. The correlation was found to
become better in case limited classification of differentiating
unstable, neutral and stable categories only was considered.
This type of result is not surprising since the two methods
for stability classification differ in the sensitivity range of
the meteorological parameters. While the bulk Richardson
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number method is sensitive mainly to conditions within the.
surface layer (the lowest 50 m of the atmosphere), the acous-
tic sounder classification scheme uses information from well
up in the mixed layer up to 700 m.

Foken et al. [33] considered ground-based structures, free
structures (pattern not touching the ground), transition pat-
tern, convective pattern, no echo, and disturbances of mete-
orological or technical origin as the basic SODAR structures
and coded them by 2-digit code figures compatible with com-
puter pattern recognition. The patterns were represented by
the divided tens-figure with the first two basic patterns sub-
classified into internal (inhomogeneous) and multiple pat-
terns for which unit figures were used to describe the nec-
essary details. Height information of a pattern was further
encoded by two digits for representing the lower and upper
boundary of the phenomenon and two digits were used to de-
scribe the tendency of the development of the phenomenon
with the intensity of a pattern encoded by a scale.

Evers et al. [34,35] considering the two basic types
of echo structures for the stable and unstable atmospheric
conditions, defined the following distinct echo patterns:

L; — Ground based compact structures,
Ly - Layer shaped elevated structures,

S - Spiky structure extending from the ground inter-
spaced with blanks on the time axis,

X - Transition type between convection S and inversion
L; and L,

C - Echo structure with considerably varying local and
temporal occurrence typical of frontal passages and
precipitation, -

NE — No echo due to missing turbulence in the A/2 range.

It was noticed by them that convection in rural areas starts
one hour later and ends one hour earlier than in the city.
Further, the height of the structures L, Ly and X in rural
locations is lower than in the urban areas. Based on the
studies of diurnal variations in temperature gradients and
radiation data, SODAR structures were used to identify three
stability categories, stable, unstable and quasi-neutral, very
clearly. The ground-based layer structures defined the stable
category, the spiky structures defined the unstable category
and the no echoes and transition echoes with small vertical
extension defined the quasi-neutral category.

Based on the above echo patterns and their height and
the measured radiation data, Neisser et al. [36] further
defined all the seven stability classes. However, it was
found that the error rate in the determination of stability

Table 3. Contingency table comparing sability
classes from the tower and the acoustic
sounder

Stability class from tower data Totals
A- B C D E F
Stability class from A 5 19 61 7 0 0 92
sounder data B 13 16 213 40 0 0 329
C 32 89 446 325 3 9 904
D 9 15 87 786 186 214 1297
E 1 5 14 167 191 309 687
F 2 2 20 145 338 808 1315

Totals 62 193 841 1470 718 1340 4624
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from SODAR data had a marked diurnal variation, with
the discrepancy becoming largest at night with the stable
stratification. These results suggested that the use of SODAR
data for determining stability classes required more detailed
investigations.

Neff and King [37] established stability regime classi-
fications from the high resolution mini SODAR facsim-
ile records while studying meteorology of high pollution
episodes in the Denver, CO, metropolitan area. Structures
pertaining to the surface mixing layer depth (the lowest uni-
form echo layer on the SODAR record), depth of the convec-
tive echoes, the height of a capping inversion, if any, and the
maximum height of any continuously stratified echoes on the
records were identified. A stability classification scheme was
laid down which was based on the observation that condi-
tions most conducive to limited vertical mixing were those
in which there were the greatest number of fine stratified
layers on the SODAR facsimile records. Three classes were
marked, weak, moderate and strong, with finer gradations of
+/— designation allowed for each class.

Neff [38] suggested a method, using the ratio of the
acoustic backscatter and forward scatter intensities and a
knowledge of the Richardson number, to estimate the tem-
perature gradients and thus the stability. He expressed the
temperature gradient 66/6z as follows:

60/62 = 0.0074[(1 — Ry)/Ry] [ox /(1.3 = op)]

where o represents the ratio of the backscatier to the
forward scatter intensities from the same volume of the
air and R;; represents the flux Richardson number. Since
the scattering was maximum near the critical Richardson
number, it was hypothesised that the temperature gradient
can be estimated under conditions of the critical Richardson
number. The method can be reliable since it eliminates
calibration and attenuation errors, however, it has not been
practically employed so far.

Doppler SODAR measured wind velocity can also be
used to classify stability. In this respect Gland [39] and Jones
et al. [40] proposed a simple model of determining stability,
wherein the lowest layers of the atmosphere were classified
either stable or unstable depending on the value of the
standard deviation o, of the vertical wind speed. According
to Gland if oy < 0.45ms™!, the atmospheric conditions
were classified as stable and if o, > 0.45m s~ unstable or
neutral conditions were said to prevail. Jones et al. however,
proposed the critical value of atmospheric stability switching
at 0.3 ms~!. They also proposed a method of determining
the top of the stable layer. According to them, the height of
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the successive horizontal velocity values where wind shear
became maximum, was the top of the stable ground-based
layer.

Thomas [41] presented two schemes of Pasquill stability
classification based on Doppler SODAR data. According
to one scheme, he used the standard deviation oy of
vertical wind speed and the horizontal wind speed U at a
height of 100 m to determine Pasquill stability classification
and according to the other scheme, he used the standard
deviation o, of vertical wind direction and vertical profile of
backscattered amplitude both measured at a height of 100 m.
He found statistical equivalence of both these schemes with
the classification scheme derived from the measurements of
o, by a vector vane at the 100 m level of the tower.

Best et al. [42] found that the use of o,, the standard
deviation of horizontal wind direction for stability determi-
nation, could be misleading in all but very flat and uniform
terrain. For determining the stability at Stanwell (Australia),
they preferred to use the turbulence parameter, oy, /U. A
comparative study of the stabilities determined by the two
techniques is shown in Table 4. Gland [43] also considered,
using the turbulence intensity parameter, oy, /U for stabil-
ity classification. On further studies, however, he found [39]
that it was leading to unrealistic results in cases of weak
wind associated with strong atmospheric stability.

4 Mixing Depth Studies

It has already been seen that a monostatic SODAR records
thermal echoes during day time and shear echoes under
stable weather conditions. We also know that SODAR
echograms are a reflex image of turbulence in the lower
atmosphere, i.e. echograms will not be traced unless inho-
mogeneities or turbulence in the thermal structure is present
in the planetary boundary layer. Since turbulence in the
lower atmosphere is responsible for dispersion of the efflu-
ents, therefore a measure of the height of the thermal plumes
during day time and of the shear echoes during night time
should give a measure of the mixing depth. Reliable mea-
surements can, however, be made only for the period when
ground-based shear echoes are present during night time or
when an elevated capping layer is present above the thermal
echoes during day time. The necessity of observing the el-
evated capping layer during daytime is due to the fact that
the visible extent of the thermal plumes will mostly give an
underestimate since it is a function of the SODAR sensitiv-
ity, a parameter dependent on the prevailing ambient noise.

Table 4. Estimated occurrence percentage of

Pasquill stability classses for the Stanwell Sltability From oy From o, /U
area using o, and o,,/U parameters. 10m class . : . )
values of wind direction have been used for Criterion Estimated Criterion Est1matted
oy while measured values from the Doppler (degrees) percentage percentage
acoustic sounder at 212 m have been used
; X . . . . 29.4
for determining vertical turbulence intensity A >22.5 20.7 >0.15 0
8 U. (Data f [42]) B 17.5-22.5 8.0 0.1 -0.15 20.4
parameter, o, /U. (Daia from C 12.5-17.5 26.4
D 7.5-12.5 27.5 0.05-0.1 41.0
E 35-175 11.2 0.0 -0.05 9.4
F 0 - 35 6.2
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Since ambient noise is high during day time as compared to
night time, SODAR sensitivity is low during day time.

Question also arises how far a measure of the height of
the ground-based shear echoes compares with the height of
the stable boundary layer (i.e. inversion height). At present
there is no overall accepted definition for the stable boundary
layer height. Different thermal, dynamical and turbulent
depth scales have been proposed by various authors.

Extensive investigations have been made by many inves-
tigators to study and compare the SODAR determined height
of the stable layer with that determined from a measure of
the meteorological parameters. These studies, in brief, are
as follows:

In a large number of preliminary investigations [34,
44-48], SODAR determined depth of the shear echoes was
compared with the height of the ground based inversion
layer reported by radiosonde. Considering the fast ascent
rate of the radiosonde balloon near the ground level, the
slow response of the sensors and the distance of the SODAR
site from the radiosonde site, the small discrepancies in the
two results were ignored and a good correspondence was
generally reported.

Von Gogh and Zib [49] compared the simultaneous
soundings of the lower atmosphere using monostatic acous-
tic sounder and tethered balloon borne sensors. Within the
coincidence range (40-350 m) of the two systems, a good
agreement between the soundings was reported in terms of
the position of the statically stable zones in the atmosphere.
The excellent agreement found between the simple d7'/dz
criterion and the position of acoustic scattering regions sug-
gested that in the presence of inversion conditions, turbulent
fluctuations sufficient to cause backscattering were invari-
ably developed.

Russel and Uthe [50-52] made measurements of the mix-
ing depth in the forenoon and during nocturnal inversion
periods using SODAR and instrumented tower and aircraft
and found that the two correlated well. The slightly increased
scatter in the plots (Fig. 7) was atiributed to frequent occur-
rence of several weak inversions or isothermal layers in the
evening or night time temperature profiles.
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Coulter [53] compared mixing layer heights determined
by temperature profile, LIDAR and SODAR observations in
the forenoon under canopy conditions. He found that the
overall values agreed fairly well but had systematic dif-
ferences (Fig. 8). LIDAR derived values were consistently
higher than SODAR derived values while temperature pro-
file values were consistently lower than those estimated by
the other two methods. These differences were attributed to
the slightly different behaviour of the sensed variables near
the capping inversion. Aerosols and particulate matter sensi-
tive to LIDAR measurements mix to larger heights than the
top of the adiabatic temperature profile, while temperature
fluctuations sensitve to SODAR measurements exhibit an in-
crease at a height above the top of the adiabatic temperature
profile but below the maximum height of particulate mixing
(Fig. 9)

Fitzharris et al. [54] described SODAR measurements
of inversion frequencies near Cromwell (New Zealand) and
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found that measured heights were comparable with those
obtained from vertical temperature profiles from a kytoon
capable of lifting temperature sensors up to 300 m above
ground.

Walczewski [24] reported a correlation coefficient of
0.683 between the top of the ground-based SODAR echo
layer and the top of the ground-based stable layer while mak-
ing measurements in Cracow (Poland) in 1985 by monostatic
SODAR and tethered balloon. On the basis of aircraft and
acoustic sounder observations of O’Neil, Wangara, Mahrt
et al. [55] found that, on the average, the top of the SODAR
measured boundary layer occurred just below the low level
wind maximum, which, in turn, approximately coincided
with the height of the maximum in gradient Richardson
number. Further, temperature inversion height was often
around 25% higher than low level wind jet height.

Nieuwstadt and Driedonks [56] and Nieuwstadt [57, 58]
reported that SODAR determined height of the turbulent
layer under nocturnal stable conditions was usually smaller
than that of the temperature inversion layer.

Arya [59] made detailed analysis of February 1975
Cabauw data for selected periods. A comparison of the
SODAR measured height with other characteristic heights
of the low level wind jet and of the potential temperature
profile during nocturnal stable periods showed that the mea-
sured potential temperature profile had a poor correlation
with SODAR determined height of the stable boundary layer
and wind maximum height occurred at a lower height than
the top of the SODAR measured height; on the whole for
the very stable and extremely stable categories the height of
the maximum in wind speed appeared to give a good agree-
ment with the SODAR measured height. Considering all the
data Arya also found that SODAR height was best corre-
lated (coefficient of correlation 0.67) with the diagnostically
determined heights obtained by using the relations given by
Zilitinkevich [60] and Koracin and Berkowicz [61].

Beyrich [62] analyzed data of the HAPEX-MOBILHY
experiment which was organized in the Landes forest region
in the south-west of France in 1986. He found that the
nocturnal surface inversion typically exhibited a layered
structure on SODAR echograms of which the strongly
stratified lower part was caused by cooling due to turbulent
and radiational processes while the upper part with reduced
temperature gradient was cooled by radiation only. Further,
he found that SODAR observed height of the lower strongly
stratified turbulent part of the surface inversion was equal
to the stable boundary layer height of the surface inversion
obtained in radio soundings. The coefficient of correlation
was 0.90.

Koracin and Berkowicz [61], while examining SODAR
measured height of the turbulent stable boundary layer, re-
marked that SODARS could yield mixing heights smaller
than those relevant for air pollution modeling, since disper-
sion of pollutants was governed by velocity fluctuations in
the nocturnal stable boundary layer while vertically operated
SODAR was sensitive to temperature fluctuations whose
magnitude decreased much faster with height than of veloc-
ity fluctuations. They further remarked that in the absence of
any other more reliable measurements and considering the
difficulties in the interpretation of SODAR measurements,
SODAR measured height was the best measure of the tur-
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bulent stable boundary layer. In the same context, Caughey
[63] had earlier remarked that it was very valuable to obtain
a qualitative pictorial representation of the turbulent stable
boundary layer from acoustic sounding in addition to the
more usual highly detailed direct measurements of the flow.

The mixing height during daytime (unstable boundary
layer) is the depth to the first elevated inversion layer from
the ground level. It can be determined by locating the
elevated inversion layer using the radiosonde data. Since
radiosonde flights are routinely made only twice a day at
location near the airports, for other times of the day and at
inbetween stations, mixing height is estimated by applying
the Holzworth model [64]. The mixing height during day
time is generally up to 1-2 km.

Thermal echoes recorded on the SODAR facsimile
records during day time cannot be directly used to deter-
mine mixing height since the height of the thermal echoes
is dependent on SODAR sensitivity. Jones [65] suggested
that capping layer if present above thermal plumes should
invariably be used to estimate mixing height since the pres-
ence of a capping layer indicates the existence of a low
level elevated inversion layer. This capping layer is gen-
erally present during morning hours and sometimes during
day time also under certain conditions. In all other cases, the
mixing depth would invariably lie beyond the range of the
acoustic sounder. Jones arbitrarily suggested to use 1000 m
as the mixing height in such cases.

Singal and associates [27,66], using the Holzworth
model, developed a technique to determine mixing height
during day time when the plumes are not capped by a sta-
ble layer. Studies of the convective boundary layer on the
basis of the Holzworth model using radiosonde data of New
Delhi were made. This mixing height obtained from day-
to-day was compared with the corresponding SODAR mea-
sured depth of the thermal plumes and an empirical relation
as follows was laid down to determine the mixing height
from the observed height of the thermal echoes:

h=424z,+95,

where h is the depth of the mixed boundary layer as per the
Holzworth model and zg is the depth of the sodar measured
thermal plumes.

Weill et al. [67] found that the measurements of the
Doppler velocities and their variance during the morning
development of the convective boundary layer could be
very useful for studying the convective structure and the
mixing height under unstable conditions. Working at Chigne
(France) they found that the profiles of the vertical velocity
variance in free convection had a maximum at about half
the height of the unstable boundary layer. This result was in
agreement with the findings of Deardortf [68] and could thus
help to define the altitude of the convective boundary layer
at a place where heat flux vanished.

In a subsequent paper, Weill et al. [69] investigated the
relationsheip between the height of the convective boundary
layer and heat flux. They derived the following approximate
equation under dry convective conditions during the morning
development period:

0%/ Z = (@) g/HW S,
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where Z is the height of the convective boundary layer, oy,
is the standard deviation of vertical velocity, w’ is the verti-
cal velocity perturbation, « is a constant approximately equal
to 1.4, ©® is the potential temperature, g is the acceleration
due to gravity, and @' is the fluctuation in potential tem-
perature. Since this equation showed that sensible heat flux,
W, was proportional to O'%V /Z, an attempt was, therefore,
made to estimate the altitude of the convective boundary
layer from the o3, /Z profiles and the variation of the height
of convective boundary layer in the morning development
period. The plot (Fig. 10) showed that the estimated height
of the convective boundary layer was close to the inversion
height, Z;, during the mornings and continued to remain
measurable in the afternoon, offering thus an estimate of the
mixing depth by the acoustic sounder in free convection.
This result was, however, contradicted later on by Best et
al. [70].

Melas {71] suggested similarity methods to measure
surface heat flux and mixed layer depth in the CBL using
capabilities of the acoustic sounder. An operational mode]
based on Enger’s work [72] was developed. It was shown
that SODAR measurements of thermal structure parameter,
2., and standard deviation of vertical wind ow, could be
used to estimate the convective boundary-layer mixed-layer
depth Z, and the surface heat flux @, using the following
relationships:

Z = Q.7 /my* g/ Ty /MY 032t
Qo = 0.48C,(g/ D) *(CH**z,

where ¢ is the density of air, C), is the specific heat at
constant pressure, z is the height in the convective boundary
layer where measurements are being made, m is a constant
defined as m = 0%, /W2 and is proposed to be equal to 0.43,
and w, is the mixed layer velocity scale.

The thermal structure parameter C3 for the above compu-
tations will be determined from a knowledge of the relation-
ship of C% with SODAR backscattering cross section o (),
which in turn will be computed from the received power for
a backscattering acoustic sounding system defined by the

SODAR equation as:
P. = Po(m)er A(L,/2R%),

where P, and P, are the received and transmitted acoustic
power, respectively, 7 is the transmitted pulse length, A is
the area of the receiving antenna, R is the range to the
scattering volume, and L, is the atmospheric attenuation
along the path taking into account the transducer efficiencies
also.

In order to obtain absolute measurements of CZ, the
SODAR has evidently to be calibrated acousticaily and
the excess acoustic attenuation has to be computed as
a function of height. The excess attenuation is not well
understood at the moment and can lead to large errors [73].
There have been a number of comparisons [4] of in situ
measurements of C% with estimates of C% derived from
SODAR measurements. Neff and Coulter [74] in their review
paper have concluded that it is probably unrealistic to expect
to obtain C% measurements better than within a factor of two,
however, since vertical profiles of C2 range over two orders
of magnitude, they still can be useful.

The standard deviation of the vertical wind oy, were com-
puted from measurements of vertical wind using Doppler
SODAR. There could be an uncertainty of about 30% in
the measurements of oy, but this uncertainty was very much
reduced by averaging of the vertical variance in the mixed
layer. A comparison between the direct measurements of
mixed layer depth with SODAR estimates using the above
approach showed a fair agreement with a correlation coeffi-
cient of 0.68. Uncertainty in SODAR estimates of CZ was
considered to be the major source of uncertainty in the mixed
layer depth estimates.

5 Determination of Dispersion Coefficients

Gera and Singal [75] reported a technique to determine
cross wind dispersion coefficient o, using SODAR data.
Knowledge of bulk Richardson number deduced from a plot
of the parameter for various heights of the boundary layer
was used for this purpose.
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The standard deviation of wind direction fluctuations o,
is related to the stability parameters Z/L through the relation
[76]:

05 = aK(1 —bZ/D)/[I(Z/Zy) + BZ/D)]

where L defines the Monin-Obukhov length, a and b are the
empirical constants and have the values a = 1.5 and b = 1
in stable conditions, and equal to 10 in unstable conditions,
K is the von Karman’s constant (K = 0.4), Z; is the length
parameter of roughness and is approximately equal to 1.5 m
for the centre of cities with tall buildings [77], and 3 is a
constant and has a value equal to 6.

The stability parameter Z/L is related to the Richardson
number R, through the empirical results of Businger [78]
and Pandolfo [79] as:

R, =~ Z/L (for unstable conditions)
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and
R;/(1 —5R,) = Z/L (for stable atmosphere).

The use of these relationships enabled the computation of o,
which in turn enabled to determine the horizontal dispersion
coefficient o, through the use of the relation:

—1
og =tan" (0,/7),

where « is the downwind distance in meters. Thus knowing
R;, one could estimate [

The scheme of working was first to plot the bulk Richard-
son number (from radiosonde data) at 00 GMT as a func-
tion of the corresponding depth of the stable boundary
layer (from SODAR records) as shown in Fig. 11. This plot
showed that the Richardson number first increased slightly
with increasing depth of the stable boundary layer, arrived
at a point of inflexion, beyond which it started decreasing
steadily with increase in the depth of the stable boundary
layer. The point of inflexion was more clear for the flat top
stable structure. This plot was used to determine the prevail-
ing value of the Richardson number for the given depth of
the stable boundary layer and finally to compute o,

A comparison of the computed values using the above
scheme with those given by Pasquill-Gifford curves for
stable conditions showed that the two agreed fairly well.

Vertical dispersion coefficient ¢, was computed from a
knowledge of the cross wind horizontal dispersion coeffi-
cient o, using Martin’s empirical relation [80]:

0,0, 2 0.117(Q/U) Gy -

Here Q is the quantity of emission measured in gs™!, U is
the wind speed (downwind) at the surface level measured in
ms~! and ¢, is a function whose value is given in terms of
downwind distance x as per Martin’s nomograms (Fig. 12)

The vertical dispersion coefficient o, could also be
computed as a function of downward distance z, in case
the plume was actually passing over the sounder and could
be visualized on the SODAR echograms. This has been
practically done for the elevated dot echo structures observed

100 7065

km

Xmax,
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Fig. 13. A view of the SODAR echograms of elevated echo structures
due to suspendend particulate maiter (SPM) observed at Nimbahera,
Chittorgarh (India)
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Fig. 14. A plot of the vertical dispersion coefficient, o, obtained from
SODAR echograms and Pasquill-Gifford curves

on the SODAR echograms (Fig.13) on our sounder at
Chittorgarh (India). These elevated structures were seen
when the stack plume consisting of hot suspended particulate
matter (SPM) from a nearby cement factory passed over the
SODAR under favourable wind conditions. A comparison
of these values of o, under C, D, and E stability categories
with those obtained from Pasquill-Gifford curves showed
(Fig. 14) that values obtained from SODAR echograms data
were slightly higher (10-20%). This difference in the two
values was possible since Pasquill-Gifford curves were valid
for releases at 10 m level and for open terrain, while the
release under consideration was at an elevated level in a
complex semi-urban environment.

In the above context, it may be mentioned that Coulter
and Underwood [81] had also shown, through measurements
of the temperature structure parameter, the potential of the
SODAR system to estimate relative dispersion coefficients
of the cooling tower plume. They found that the width of the
cooling tower plume increased linearly with distance from
the tower and further it was broader (a factor of 2 to 5) on
the acoustic sounder than observed visually.

77
6 Determination of Effective Stack Height

Effective stack height h, (physical stack height plus plume
rise height) for the emitted plume can be calculated using
Holland’s and Briggs’ equations [80-82].

According to Holland’s equation, the plume rise height
Ah (m) is given as:

Ah = (U,/U)D[1.5 +2.68 x 107>PD(T, — T)/T,]

where U, is the wind speed at the stack height, 7 is the
temperature of the effluent in the stack and D is the stack
diameter. In this equation, the wind velocity U, at the stack
height can be estimated if needed in terms of the observed
wind velocity at the surface level z, by using the relation:

U, =U(z/%)",
where p for the various stability conditions is given as:

A B C D E F

Urban 0.15 0.15 0.2 0.25 0.40 0.60
Rural 0.07 0.07 0.1 0.15 0.35 0.55

According to the Briggs equation the plume rise height Ah
(m) is given as:
Ah = 1.6F'PU; '\ for d <3.5z*
and Ah = 1.6F/3U71(3.52*)?/3 for distances more than
3.52%,
where z* = 14F°/% if F <55,
o* =34F5 if F > 55,
F =gV, R?[(T, — T)/T,] is the vertical flux of the
bouyant plume,
V., is the average exit velocity at the stack top in
ms—{;
R, is the inner stack radius at the top in m,

d is the distance from source to receptor in m,
and

is the distance to the point downwind of the
stack where the plume is no longer rising.

3.5¢*

The effective stack height can also be estimated from the
SODAR observed elevated echoes on days of the stack
plume passing over the sounder. In this case the central
intense part of the elevated echo layer may be considered as
the effective stack height.

The effective stack height calculated using the Briggs
equation and estimated from SODAR records at Chittorgarh
(India) have been compared. It may be seen (Fig. 15) that the
effective stack height from the Briggs equations is lower by
about 20% compared to that obtained from SODAR records.
It is, however, well known that values obtained from the
Briggs equation can have uncertainties up to 50%, therefore,
the estimated values from SODAR records are in confirmity
with those from the Briggs eqaution.

In the case of multiple stacks of nearly equal height
located at different nearby places in a factory, the effective
stack distance from the point of observation can also be
estimated through geometrical configuration. Knowing the
effective height of the various stacks, the various values
of the dispersion coefficients o, for the actual distances
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Fig. 16. Schematic for SODAR detection of effective stack height b,
vertical dispersion coefficient o, and the location of the vertical source
due to nearby multiple stacks

from the location of observation are plotted which merge
into each other behaving effectively as if they are from a
single virtual source (Fig. 16). The origin for the combined
dispersion coefficient o, thus gives the effective distance of
the multiple stacks from the point of observation.

7 Pollution Concentration Prediction

Very often it is desirable to estimate the pollution concen-
tration at a place under different stability conditions for a
given source or sources of emission. Efforts have also been
made in this direction.

Jensen and Petersen [83] proposed a simple box model
based on the height of the SODAR mixing layer to calculate
air pollution concentrations and their variation in time. Con-
centrations of SO, in a large city (Gladsax, Denmark) dur-
ing a subsidence situation were predicted and a good agree-
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Fig. 17. Comparison of SO, concentrations measured on 20. Feb. 1975
at Gladsax TV tower (10 min average values) with those estimated
using the simple quasi-stationary box model. (Data from [83])

ment (Fig. 17) between model results and measurements was
found.

Moulsley and Cole [84] showed that acoustic sounder
measurements could be used to collect information about
the size, behaviour and concentration of a methane plume
released in the atmospheric air. For this purpose, concentra-
tion and wind velocity structure parameters of the methane
plume were determined from acoustic scattering. Similar to
the temperature structure parameter, the following equation
for the back-scattering cross section ¢(rm) in terms of the
concentration structure parameter C2 was derived:

o(m) =6 x 107*EY3C2 /P?

Here P, is the total pressure. From the measurements, it was
found that plume dimensions derived from sounder mea-
surements agreed well with predictions of simple diffusion
theory.

Brusasca et al. [85, 86] experimented feeding model input
data from a Doppler acoustic sounder and radio acoustic
sounding system installed near the power plant. They found
that the performance of the simple Gaussian model improved
through the use of data from the remote sensing systems and
further that it paved the way to use more complex diffusion
models.

Best et al. [42, 70, 87] reviewed air pollution dispersion
models for convective conditions together with a discussion
of the implications for power station siting, design and use
of acoustic sounding data for a preferred dispersion model. It
was found that for a given source location, acoustic sounder
information was almost essential for the present level of
understanding of convection at a complex non-ideal site.

Singal and associates [88] are also working at the Na-
tional Physical Laboratory, New Delhi (India), to develop a
SODAR based model to predict pollution concentration at a
place due to a emission source, or sources. They propose to
adopt the normal Gaussian dispersion model for estimating
the downwind pollution concentration. The Gaussian dis-
persion model equations [80] under clear sky and canopy
conditions are as follows:

For clear sky

¥ = (Q/270,0,U)exp [— %(y/ay)z]

o[ LY ew [ 422

z z
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Table 5. Stack data for the cement factory at Nimbahera
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A. Kiln stacks No. 1A
All values at exit to atmosphere
®» Internal diameter [m] 1.6
(ii) Height above G.L. [m] 494
(1ii) Stack gas temp. [° C] 140.0
@iv) Stack gas velocity [m/s] 15.0

(v)  S.P.M.? concentration [mg/nm’] 200.0

B. Cement mill stacks No.
@) Internal diameter [m]
(i1) Height above G.L. [m]
(iii) Stack gas temp. [° C]
@iv) Stack gas velocity [m/s]
(v)  S.P.M.? concentration [mg/nm?3]

C. Other stacks
@) Height above G.L. [m]
(ii) No. of stacks
(iii) Internal diameter [m]
@iv) Stack gas temp. [° C]
v) Stack gas velocity [m/s]
(vi) S.P.M.? concentration [mg/nm>]

1B 2 3 4
12 2.2 2.2 3.0
52.8 60.0 65.0 87.9
140.0 150.0 150.0 300.0
26.0 20.0 20.0 27.0
200.0 200.0 200.0 300.0
1 2 3 4
0.6 0.6 0.6 0.9
30.0 30.0 30.0 30.0
90.0 90.0 100.0 100.0
12.0 12.0 14.0 12.0
150.0 150.0 250.0 250.0
(a) (b)
60.0 40.0
6 8
0.3 0.4
40.0 40.0
8.0 8.0
150.0 150.0

4 SP.M. - Suspended Particulate Matter

For canopy conditions, assuming that the downwind distance
is more than the height of the elevated inversion base

1
U@, y, 2,h,) = Q@M o, ZU) exp [— 5<y/ay)2} :

In these equations ¢ is the pollution concentration at a
place [gm™3], z,y, z are the coordinates [m] and A, is the
effective stack height [m].

As a case study, the above approach has been applied
to compute particulate matter concentration with respect
to distance for a cement factory located at Nimbahera
(Chittorgarh) in Rajasthan, India. The terrain is a vast valley
sourrounded by medium range hills, a part of the Aravali
mountains. The nearest hills are at a distance of around
10km from the site. SODAR was placed at a distance of
500 m from the stacks. It has a range of 700 m and was
operated for the period May 1991 to April 1992 taking
sample data for about 10 days every month. The stack
parameters are given in Table 5.

The Gaussian dispersion model equation used to deter-
mine the downwind concentration (surface level) of the par-
ticulate matter due to emission from a source gets slightly
modified in this case and becomes:

b= @/mo,0.U)exp | 207/} + 1)

For carrying out the concentration calculations, the disper-
sion coefficients have been taken from the Pasquill-Gifford
curves for the respective stability category determined from
SODAR echograms and then suitably modified as per find-
ings discussed in the previous sections. Calculations have
been made for two locations, Gambhiri and Nimbahera, as
shown in the layout map in Fig. 18. Results of the observed
and calculated values for these two sites for each sampling
period are given in Table 6 which also gives the sampling
time of the observed particulate matter. (It may be pointed
out that high volume sampler were used to measure par-

ticulate matter concentrations at a few selected places and
further that sampling for the time period 17:00h on one
day to 9:00 hrs on the other day for the reported values at
Gambhiri was continuous.) It may be seen that the model
calculated values are more or less comparable with the ob-
served values. The slight mismatch is considered to be due

o]
CHARALIA
9km,320°

9]

MANGROL
(5 km,o340°)

LAKSHMIPURA
(3.5km,320°)

[0}
BURKHERI STACKS
(4km, 275°%)
TUBEWGL
BARAULI o (1 km,220")
© DEWAL KHERA (4 km,240°) |SHAKBURA | © 1 NIMBAHERA
(15 km,255°) (2.2 km,220% (2km 170°)

MONITORING STATIONS AND EMISSION
STACKS AT J.K.CEMENT WORKS, NIMAHERA
(CHITTORGARH)
(® stacks

® AIR MONITORING STATIONS
1,2 PRESENT WORK LOCATION:
WITH RESPECT TO STACK AS ORIGIN

Fig. 18. Layout map of the sorroundings of J.K. Cement Works at
Nimbahera (Chittorgarh) marking the site of SODAR location and the
two other sites where particulate matter concentrations were measured.
In the brackets at each site are given the respective distance and angle
held with the source at the facxtory site

GAMBHIRI (7km,20")



80 S.P. Singal
Ze?lziﬁagd%c;ﬁg:rg? rihgfp:rli?:g;i ?rllleite . Location Date Sarppling Particulate concentration Remarks
for the two locations E’ﬁn;)d (ug/m?)
TS
Observed Calculated
(NPL model)
Nimbahera 2-12-91 0%h17 610 462 Possibility of local
dust contribution
Gambhiri 30-11-91  17h00 942 79 —do-
1-12-91 00h09 942 67
) . 1-12-91 17h00 1112 121 Sampler not operative
& Continuous sampling from 17:00 hr i
ot day to 09:00 If)r . ogn the next day s on 2-12-91  00h09 1112 183 for part of the time
41600 8 Concluding Remarks
GAMBHIRI (7Kkm,20%) Jia00 )
:mmgu::T:HCTONCENT RATION Low level radiosonde, tower, instrumented aircrafts, SO-
200 = DAR, LIDAR, and radio acoustic sounding system (RASS)
oo Looo ‘,I_‘ are some of the most suitable instruments for measurements
_ 600 © in the z}tmospl}erlc boundgry layer. The classical direct meth-
'05 80 ggg Hso0 T ods usmg' radlosond.es, highmasts, aircrafts etc. though, are
ool e L e Lsoo 2 Very precise .and reliable but are not adequate for obtaining
z 2-12-91 TIME (HOURS) IST g full information and at the same time are very expensive to
E 40 - 400 operate. Amongst the indirect remote instruments, SODARs
E oo Looo probably are the most suitable, reliable and inexpensive in-
g struments available for monitoring air pollution transport, at-
S oI b o mospheric stability and height of the turbulent atmospheric
~t2-91 TIME HOURS IST 2-12-3 boundary layer on a continuous basis. They deliver variances
of vertical velocity and horizontal wind direction, data which
Jis0o are very useful for air pollution dipersion problems particu-
larly for short range diffusion. It is now believed that SO-
140 'iﬂiiﬁ\ﬂpi':; '<Ci :2;'57% ansmnmom 41400 DARs are particularly well-suited for problems relating to
126l -t MIXNG HEIGHT liroo~ high stack perfomaqce in power plants, mine siting, flow in
Y E complex terrain environments, and pollution episode mon-
Enoo = c00 —{iooe :io itoring ?nd predictioq. Fgrther, SODAR measurements can
E 400 oo & be .part1cularly effective in complex terrain since SODAR
E o estimates of boundary layer parameters are better represen-
@ 08 09 0 1 12 I3 14 15 z . - . .
£ so- 3-12-91 TIME HOURS) 1ST 800 X tative than direct measurements 'due to their belr}g volume
§ 0 Lao0 average and therefore less sensitive to local conditions.
S A major shortcoming of SODARs is their limited ver-
20 H200 tical range which is well below the typical midday mixing
o . ) L heights and the poor quality in the measured wind variance

24 02 04 06 08 IO 12 19 16
TIME (HOURS)IST 3-12-91

18 20 22
2-12-9t

Fig. 19a, b. Studies of diurnal variations of computed concentrations
of particulate matter in relation to SODAR derived mixing height at (a)
Gambhiri (Chittorgarh) and (b) Nimbahera (Chittorgarh). The overlaid
small diagrams are the diurnal variations in the SODAR echograms
at the SODAR site near the cement factory showing the fumigation
period followed by clear thermal plumes

to the possibility of local dust contribution and power failure
during the sampling period.

Diurnal variations in the computed concentration of the
particulate matter have also been studied in correlation
with the SODAR determined mixing height for the above
discussed two locations (Fig. 19). It may be seen that during
the fumigation period (depicted by SODAR echograms as
the morning rising layer from the surface level), the model
computed concentration of the particulate matter increases
enormously as expected.

o, the standard deviation of the crosswind component [89].
It is still a challenge to determine dependable values of sur-
face fluxes of momentum and heat using SODAR data. SO-
DAR measurements of the temperature structure parameter
C% are also contaminated with some inherent errors since
reflectivity calibration for received power information re-
quires measurements of humidity and temperature profiles,
acoustic calibration of the transducer efficiency and a pre-
cise knowledge of acoustic attenuation, data which are not
readily available.

Moulsly et al. [90] have shown that humidity present
in the lower atmosphere can be measured using multi-
frequency soundings, of course, the magnitude of the excess
attenuation for this purpose should be known correctly. The
errors can be reduced in case wide frequency spacings are
used to obtain large attenuation differences. Operating with
the mini SODAR at frequencies of 2048, 4681 and 6554 Hz,
they reported that humidity measurements should be possible
over a height range of 50-150 m with an error of 1-2 hPa.
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Temperature measurements using acoustic sounding have
also been reported. Fiocco et al. [91] have demonstrated
the possibility of extracting temperature information from a
measure of vertical acceleration using a vertically pointing
tripple Doppler SODAR. Besides, RASS has now become
available to extract atmospheric temperature information.
Sound waves of frequencies 85 Hz to 1 kHz have been used
for measuring temperature profiles with fairly good accuracy
to heights generally up to 1 km with an upper limit of 30 km
[92-96].

In short, it can be stated that, inspite of certain shortcom-
ings, acoustic sounding through the years has gained recog-
nition as an effective tool for remote measurement of me-
teorological parameters in the atmospheric boundary layer.
The system is being used as a research tool as also is finding
extensive use in air quality work. Indeed, SODAR today is
one of the instruments available for monitoring air poliution
related meteorology on a continuous basis.
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