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A Connectionist Approach to SODAR
Pattern Classification

Swati Choudhury and Sushmita Mitra, Senior Member, IEEE

Abstract—S0ODAR (or acoustic radar) systems are a useful
tool to efficiently probe the lower planetary houndary layer
{(LPBL). The ohservations obtained by these systems can prove
to be extremely useful if classified and interpreted correctly.
The manual identification of different types of SODAR-recorded
lower atmospheric microstructures is a laborious task and can
he performed only by an expert having wide experience with the
system and the variety of observations recorded by it. In this letter,
we have developed a connectionist system to classify or identify
SODAR patterns. The results demonstrate that the multilayer
perceptron-hased model is capable of successfully identifying the
different SODAR patterns.

Index Terms—Acoustic remote sensing, classification, connec-
tionist models, neural networks, SODAR identification.

I. INTRODUCTION

HE FIRST 10 km of the atmosphere adjacent to the earth’s
T surface is known as the woposphere. Although the average
height of the troposphere 15 10 km, individually over the pole,
temperate latitude and equator the average heights are 6, 11, and
18 km, respectively. Similardy, the first 1 km of the tropospheric
environment, adjacent to the earth’s surface, is known as the
lowver planetary boundary layer (LPBL) or planetary boundary
layer (PBL). The average height of the LPBL also varies with
respect o space and time. Ower the ocean, the average height
may be only a few hundred meters, and on the plain land covered
with green paddy fields and vegetation, itis | km approximately,
whereas over the deser region it may extend up o 2 km [1], [2].
The LPBL, with its one end remaining in the immediate
vicinity of the ground, plays a vital role in the transfer of heat,
energy, and momentum from the ground level 1o higher levels
and vice-versa. It plays anactive pant in the formation of various
phenomena such as thunderstomms, cyclones, runs, floods,
and hailstorms. Some other events, such as the propagation of
radiowaves, accumulaton and dispersion of pollutants, and
landing and taking-off of aircrafl, are solely dependent on the
properies of the lower atmospherce environment. Therefore,
the need o probe the LPBL has long been realized by meteo-
rologists, climatologists, and scientists working in the areas of
wineless communication, civil aviation, and related felds.
Rapid scientfc and technological developments around the
world, over the past few decades, have resulted in the design
of a varety of sensors for the efficient monitoring of the sur-
face 1o higher levels of the atmosphere on both a continuous
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and discrete basis. Presently, there exist two basic technigues
to explore the atmosphenc environment, viz. 1) in site or direct
measurement and (2) remote sensing. The most commonly used
artificial in situ technigues are radiosonde, instrumented tower,
rmicrowiave refrctometer, and arbome systems.

Remote sensing technigques are comparatively recent and can
be operated around-the-clock without human intervention. This
can again be divided mto two categories: passive and actve. Ra-
diometer, satellite imagery, elc. are examples of passive remote
sensing lechmgues. On the other hand, active measurement in-
volves the transmission and reception of electromagnetic, light,
and acoustie energy. The three commonly vsed detectuon and
ranging systems (“dars™) are: 1) radar; 2) Lidar; and 3) SODAR,
corresponding to the three types of mdiation used [3]-[5].

SODAR (or acoustic radar) plays a very significant mle in
probing of the LPBL. This is because the interaction of sound
waves with the lower atmosphere 15 stronger as compared 1o
the electromagnetic spectrum [6]. It can be designed at a rea-
sonable cost and is capable of providing the three-dimensional
(3-D) (height, time, and intensity ) view of the lower atmospheric
microstructures, appearing durng different time, month, and
season, over a particular region [TH[9].

Recently, data obtained from different types of monostatic and
bistatic SODAR systems have been used w facilitate researchin
a number of areas of atmospheric sciences, microwave propaga-
tion, civil aviation, and various other related fields. Atmospheric
turbulence has been studied vsing doppler SODAR. [ 10]. The au-
thors have measured the scattering cross section 7 of the acoustic
signal and frequency broadening of the scattered signal &+ on a
simultaneous basis and have shown that there exists ahigh corme-
lation between o and AF? . Tropospheric scintillation has been
investigated at 7.6 GHz over the Timtani-Tirpati line-of-sight
microwave ink [11]. The authors could correlate the nighttime
scintillations with the SODAR structurnes,

Potential use of SODAR data can be made, provided it can
be interpreted and identified comrectly. So far, the task of identi-
fication of SODAR-recorded observations has been completely
dependent on the knowledge, experience, and expertise of re-
searchers working with the system and s recorded observa-
tions for a reasonable period of time. This restricts the utility of
the data to a limited number of persons having expertise in the
field. Utilization of the full potential of SODAR observations
on a global basis calls for the existence of computer-based tech-
nigues, developed preferably by incorporating human expertise.

Artificial neural networks (ANNs) or connectonist models
[12]. [13] anempt to replicate the computational power (low-
level arithmetic processing ability ) of biological neural networks
and, thereby, hopefully endow machines with some of the (higher
level) cognitive abilities that biological organizms possess (due
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in parl, perhaps, to their low-level computational prowess). The
multilayer perceptron (MLP) 15 a well-known feed-forward
ANN model that is typically used in pattern classification prob-
lems. Here, supervised learning is done in the presence of given
class labels. The main utility of the network lies in its capability
in discovering the inherent relationships existing in the pattern
domain. It can be suitably used in data-rich environments.

Atmospherce sciences naturally involve processing of large
volumes of data. Efforts have been made to handle the analysis
of atmospheric data using some standard swtstical and math-
ematical methods. The Bayes classifier and %-nearest neighbor
classifier [ 14] have been used o distinguish between two classes
of SODAR patterns, viz., convective thermal plumes and tem-
perature inversion [13]. An elementary atiempt o classify the
SODAR data has been made using fractal features [ 16]. Fractal
dimension (FD) has been estimated for few SODAR pattems
and it 15 showed that FD values change from patlern o pattem.
Finally, itis inferred that classification can be made on the basis
of varying FD values.

MLPs have also been recently applied in this domain of atmo-
spheric sciences. Neural-network-based technigues have been
used in the predicton of tornado and damaging wind condi-
tions [17], [18]. A fuzzy MLP has been employed 1o success-
fully classify radio-refraction conditions of the tropospheric en-
vironment, categorized as subrefraction, normal-refraction, and
superrefraction [19]. It holds promise in topospheric wireless
communication, meteorology, and related fields.

The objective of this letier is 1o design g connectionist deci-
sion-making system for the classification of different SODAR
images. The proposed system is able 1o exploit the parallelism,
self-leaming and fault tolerance charactenstics of ANN models.
We have used an MLP to classify different types of observa-
tions obtained from a 2350-Hz monostatic SODAR system [20].
The results demonstrate effective classification of single-layer
SODAR structures in lenms of their recognition scores.

Secuon I provides a brief description of the SODAR system
and the types of observations used for the identification. The
expenimental results, obtaimed vsing an MLP with the SODAR
data, are provided in Section 1L Finally, the letter 1s concluded
in Section 1V,

II. SODAR SYSTEM: DESCRIPTION AND OBSERVATIONS

The man objective behind the design and development of a
SODAR system was o capture the formation of thermal plumes,
various Lypes of inversion layers, ete., that appeared in the LPBL
persisting at our site of experiment. Therefore, a 2350-Hz mono-
static SODAR system was installed at the Indian Statistical In-
stitute (Kolkata, India). Kolkata (located at 225N and 85 E)
being sitwated near the eastern coastal region of India, is well af-
fected by land-sea interaction, and the average height of LPBL
over this region remains well within the mnge of 1 km [20].

A simple block diagram of a4 2350-Hz SODAR system is
shown in Fig. 1. The system has a wnable oscillator with a fre-
quency range of 1-4 KHe The output (signal of the desired
frequency) of this oscillator is fed 1o a tone burst generator,
which generates a pulse of the desired shape and duration. The
pulsed signal 15 amplified in a commercial audio power am-
plifier (135 W) and transmitted through an acoustic transducer
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Fig. 1. Simple block diagrmm af a 2350-Hz monostatic SODAR system.
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placed at the focus of a 6-ft. diameter parabolic fiber glass dish.
The backscattered signals are received by the same antenna and
amplified through a remote preamplifier. The amplified signal,
after proper filtration of the additional noise, is fed 1o the re-
ceiver. Finally, a 3-D facsimile is used to record the backscat-
tered energy as a function of the height and tme. The system 1s
capable of probing the LPBL successfully up to a height range
of 1 km. Other details about the system configuration are fur-
nished in Table 1 [20].

The model has successfully recorded the lower atmospheric
structures that appeared during premonsoon (March, April,
and May), monsoon (June, July, and Auvgust), postmonsoon
(Seplember, October, and November), and winter (December,
Januwary, and February) seasons of this region. Though the
system recorded various types of lower atmospheric structures,
presently i this letter, we choose o concentrate on the six basic
types of single layer structures (each mepresenting a different
thermodynamic state of the LPBL) that appeared at our site for
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Fig. 3. Imversion with flat top.

more than 80% occasions dunng observations recorded over a
complete year. The different categones used include convective
plumes, inversion with flat top, imversion with small spikes,
mversion with tall spikes, nsing inversion, and nsmg inversion
with convective plumes.

Fig. 2 describes the formaton of typical convective boundary
layer, recorded in February 1986. During the process of con-
vection, wanm ar parcels go up from the ground (because of
the low density), and cold air parcels from the upper level come
down to il up ths place. The process repeats itsell’ continu-
ously during the period of convection. ldentific ation of this con-
veclive activity from SODAR records is usually quite easy be-
cause thermal plumes organize themselves in a vanely of siees,
both with height and time, as they pass through the SODAR
antenna beam. This charactenste of the convective boundary
layer with thermal plumes 15 categorized as class 1. 10is seen o
appear on cloudless, clear sunny days of all the four different
seasons provalent over this region. This class represents an un-
stable atmospheric condition. On the occumrence of this class,
the transfer of heat, momentum, and energy from the surface
level to the higher level and vice-versatakes place. That, in tum,
tries W introduce im-mixing within the layer.

Fig. 3 desenbesthe formation of the ground-based temperature
mversion layer in the LPBL. Approximately a 150-m-thick
surface-based layer was formed on the ground. This type of layer
15 generated on clear nights (associted with very light wind
conditions) due 1o the emission of nfrared radiations {rom the
eround. On formation of this layer, the lemperature lapse rate gels
mverted, Le., tlemperature mcreases with hbeight. The SODAR
observations describing the lemperature inversion layer with flat
topis categonzed asclass 2. During the daytume, solar radiations
are the pnmary source W introduce turbulence into the lower at-
mospheric environment, whereas at night, in the absence of these
solar radiations, wind is the main source of turbulence in LPEL.
1tis observed that this class is present during all the four seasons
whenever the mechanical turbulence due w wind 1s neghgible.

Under moderately high wind conditions, the temperature in-
version layers formed are associated with small spikes, as seen
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on the top of the layer. These spikes are introduced due to small-
scale mechanical turbulence caused by wind of moderate speed.

Fig. 4 shows the formation of a lemperature inversion layer
with small spikes and 15 categorized as class 3. Sometmes,
under very high wind conditions, the temperature inversion
layer may be associated with tall spikes, as observed in Fig. 5.
This 1s categorized as class 4. Under this siwation, the strong
mechanical turbulence due o high wind speed tries o introduce
an instability in the stable atmosphene structure (lemperiure
mversion layer) formed during the night hours due 1o emission
of infrared radiations from the carh surface.

In the early morning hours, SODAR records generally show
ground-based temperature inversion layer. Turbulence 1s typi-
cally generated in this layer due o incoming solar radiations
that try to erase the ground-based temperature inversion layer.
Initially, just afier sunrise, most of the solar energy is used
i destroying the ground-based temperature inversion layer.
With continuous solar heating, this layer nses higher, and
after sometme, it becomes insensitive o SODAR detection.
A SODAR -recorded nsing inversion layer shown in Fig. 6 1s
categorized as class 5. Thas type of layer (class 5) appeared at



CHOUDHURY AND MITRA: CONNECTIONIST APPROACH TO SODAR PATTERN CLASSIFICATION
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our site of observation throughout the year durmg cloudless,
clear sunny days. This layer brings a drstic change in the
thermodynamic state of the LPBL. During might hours, doe
to the fomation of the wemperature inversion layer, a stable
structure persist in the LPBL that traps all the pollutants within
its height. Due W formaton of nsing lemperature inversion
layer (class 5), a transition of atmosphere from a stable state
Lo an unstable state takes place, and the pollutants that wene
trapped inside the stable layer get dispersed and diffuse in the
higher level with the rise of this layer. As a result, the pollution
density in the LPBL reduces and finally becomes least with the
disappearance of this layer.

Fig. 7 depicts the nsing inversion layer capping a convec-
tive boundary layer and 15 probably the most recogmezable at-
mospheric feature on the SODAR mecord. This type of mixed

layer 15 categorized as class 6. Under this siwaton, the fonma-
tion of thermal plumes signifies that the tansition of the lower
atmosphere from stable 1o unstable state is completed, and the
transfer of heat, momentum, and energy may lake place freely
from the earth’s surface w the higher level and vice-versa.

1L IMPLEMENTATION AND RESULTS

SODAR observations are typically recorded on electrosensi-
tive chart papers. The width of the paper describes the height
scale (the wertical length of the atmosphere probed by the
SODAR, 1e.. | km for the systiem descobed here), whereas
the length of the paper denotes the time scale. The numerical
value of the average height of the backscattered sound energy
at a particular instant can be obtamed from the chart paper
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We selected 3-h duration of data from each of the calegonies
described in Section 11, This observation was digitized 1o
gel the numerical value of average height of backscattered
sound energy at intervals of 2 min. In this manner, 90 data
points were obtained from the charts for each category. These
were used as the input features. The six SODAR pattern
categories comrespond Lo the output classes and are available at
httpsfwww.isical.ac an/~sushmita.

A three-layered  MLF, with standard  backpropagation
learning, was used for classifying the patterns. Random sets
of 30 sequential observations, from the total 90 data points in
each pattern category, constituted a traming pattem with 30
attributes (input nodes) for that class. Six nodes were involved
at the output layer Various three-layered networks were used
with different numbers of hidden nodes (6, 8, 10, 12, 15) and
training sets (209, 30%, 40%, 50%). On further increasing
the number of hidden nodes (say, 20 or 23), the perfformance
remained unchanged. The training setsize % refers to random
classwise selection of .+ training data (a sequence of 30 points
in the chart) from the entire dataset. The remaining { L) — 1'%
data constitute the test set in cach case.

Table 11 shows that an increase in tmning set size leads w
better performance over the training and testing sets for all
SODAR pattern categories. A hidden layer with larger number
of hidden nodes yields better generalization over the Lest set.

IV, CONCLUSION AND DISCUSSION

The LPBL plays an important role in the transfer of heat, mo-
mentum, and energy {rom the lower level wothe higher level and
vice-versa. It is responsible for the formation of different types
of storms and various other mesoscale and microscale atmo-
spheric phenomena such as fog, haze, hail, rain, and convection
and different types of emperature inversion layers. Therefore,
a need to probe the LPBL on a regular basis has long been re-
alized by meteorologists, scientists, and engineers all over the
world. The SODAR system has emerged as a useful technigue
that provides information about the formation of different types
of temperature inversion layers, thermal plumes, fog layer, el-
evaled temperature inversion layers, and various other type of
lowver atmosphenc structures, at a low cost and on a contin-
uous basis. However, a lack of some standard computer-based
technigue for the identification of the different types of useful
SODAR patterns has resulted in the data being used on a very
limited basis.

The use of the MLP for identifying the different types of
SODAR patterns 15 expected to overcome the above problems.
Neural network models are inberently suitablke in data-nch envi-
ronments and can extract undedying relationships from the data
domain. This reduces dependence on the human expert for the
identification process.

This being one of the first approaches in classifying SODAR
data, which is inherently extremely noisy (as evident from
Figs. 2-7), it was very difficult to get good classification
on the raw datset. This is observable from Table 11, The
generalization over the test set was not that good. But given
this data and the fact that this is one of the first studies in a new
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direction, some flaws are bound to remain. This letler serves as
the stepping stone wward further refined study in this direction.

We have plans to introduce some forms of feature extraction
in the next phase of our work. That would definitely provide
better generalization over the test set. We are also investigaling
the extension of this model to handle multilayered SODAR
structures and other useful events, in order to exploit the full
potential of the SODAR data. Finally, this holds promise for
researchers working in the domains of atmospheric sciences,
remole sensing, microwave propagation, civil aviation, am
pollution, and meteorology.
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