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Abstract

2. Air pollution meteorology

The application of ground-based remote-sensing systems
for monitoring those meteorological parameters of importance in urban air pollution is discussed. Typical
system considerations include an analysis of site characteristics and sensor location. Examples of how remotesensing systems might be applied to air pollution meteorology are given.

Most pollution-forecasting techniques are based on, and
limited by, the available observations. These data typically consist of twice daily radiosonde profiles of the
temperature, humidity, and wind. In addition, hourly
observations of such surface parameters as pressure, wind,
temperature, humidity, visibility, and cloud cover are
available. Historically, these observations have been
made in support of aviation and quite naturally are
taken at or near an airport. As such, they may be totally
unrepresentative of the urban region, perhaps several
miles away. They have served well as input to forecasts
of synoptic-scale motions, the primary need of aviation,
but are not adequate for mesoscale urban forecasts.
Two meteorological parameters are of primary importance in controlling the level of pollution in a city.
For a given set of constant controls, the level of pollution will depend on the vertical variation of temperature
and the direction and strength of the low level winds
(Neiburger, 1969). Present observations usually provide
this type of information at only a single location and
only twice per day.
The optimum rate for obtaining the mesoscale meteorological data is in part dependent on the particular
parameter being measured and how it is to be used. In
general, the data rate should not be so great as to clog
the system with unnecessary detail, but should be rapid
enough to depict significant changes taking place within
the urban complex. For example, such changes as the
shift from land to sea breeze, the onset or cessation of
drainage winds, and the time of an inversion breakup
are important for monitoring and predicting where,
and how severe, pollution conditions will be. This time
frame would require observations on the order of once
every 10 to 20 min. The optimum density of observing
points again depends on the phenomena to be observed
and local terrain peculiarities which might alter or
modify the urban flow pattern.
In considering remote sensors, the criterion for both
time and spatial scales must be viewed in a new light.
An advantage of many remote-sensing devices is their
ability to rapidly scan large regions in three dimensions.
Others can provide line integrals of certain parameters,
giving spatially-averaged values that may be nearer to

1. Introduction
This paper deals with the use of ground-based remotesensing devices for monitoring urban meteorological
parameters; however, we first consider the broader area
of air pollution to define a framework within which the
optimum remote-sensing system must function. For any
urban region, we can equate the quality of the air at a
given time to a large number of controlling factors, some
constant or only slowly changing, as listed. Constant
controls: local and surrounding terrain; type of ground
cover; climatology; location and type of pollution
sources; political boundaries and regulations; demography; total effluent; types of effluent.
The items presented above must be assessed periodically to determine if significant changes may have altered
the general pattern over periods of months or years.
There is a second set of controls, listed below, which
varies from day-to-day and even from hour-to-hour. Intelligent air quality control decisions can only come
about through effective real-time monitoring and accurate short-term prediction of these variables. Variable
controls: time distribution of emissions; synoptic weather pattern; mesoscale flow pattern; inversion topography and depth; low level stability.
The controls given in the second list are those where
sensors, both in situ and remote, are of most importance.
Two classes of sensors are required: those designed to
observe and classify the actual pollutants, and those
used to measure the geophysical parameters that control
the distribution of pollutants regardless of the type of
effluent. Devices that only sense pollutants will not be
dealt with here, although it should be noted that such
instruments could be used as detectors of meteorological
variables simply by employing the identifiable pollutants
as tracers.
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the desired measurement than a time average from a
single sensor. This difference in the output of remote
sensors must be a primary concern in the design of a
system for monitoring the urban environment and
should result in a concept other than the commonly
proposed grid of sensors.
Until now it has been assumed that the classical forecasting techniques employing only the temperature and
wind field would be used to make urban mesoscale forecasts. While remote-sensing devices have demonstrated
the ability to measure basic parameters (temperature and
wind), it should be noted that other, perhaps more valuable, information is contained in the first-order output
of the sensor. For example, one of the more common
products of a remote sensor is a range-dependent returned signal intensity or frequency, which is used to
derive temperature or wind speed. It is conceivable that
the required information for providing a forecast of
future pollution concentrations is contained in the
more rudimentary sensor output, and its conversion to
classical meteorological variables is not always needed.
Careful planning and close cooperation between developer and user will be required to use these potential
resources. It is equally clear that remote sensor development should include research into new ways in which
the remote sensor data can be used. This means going
beyond mere speculation concerning their potential
and actually developing and testing new forecasting
techniques.
3. Methods of remote sensing
Recent publications (Derr and Little, 1970; Little, 1972,
1973; Derr, 1972) have dealt with the status of groundbased remote sensing. We shall borrow from these reports, which detail the many advantages of remote sensing, updating where necessary to give a brief overview
of the field.
It is valid to ask why remote sensing should be used
in place of, or in support of, conventional in situ sensors.
Cost of a particular remote-sensing instrument can be
high, especially when compared with a single in situ
device. However, a more realistic analysis would compare the cost of the total number of in situ sensors with
the cost of a remote sensor that would be required to
meet the measurement objectives.
Assessment of the capability of various remote-sensing
devices is complicated by the wide range of possible measurements. The in situ sensor is capable of, at best, a one
dimensional measurement (recognizing that the atmosphere advects the measured variable past the sensor)
while remote sensors have the powerful capability of
multidimensional observations. This point is treated by
Little (1972) in his listing of the range of measurements
that are possible, going from a simple line integral
to the determination of flux.
Because our primary objective in this discussion is to
relate ground-based remote-sensing instruments to problems of air pollution meteorology, it would be inefficient
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for us to go into a detailed discussion of all types of
ground-based remote-sensing devices. Rather, we shall
select instruments that appear to have the proper
characteristics based on our understanding of what is
needed for the urban or mesoscale forecasting/monitoring problem.
4. Sensors of temperature profiles or static stability
a. Micrawave radiometry
Passive, ground-based radiometers can measure thermal
emission of the atmosphere by operating in any frequency band where gaseous constituents are strongly
absorbing. An example is the operation of microwave
radiometers in the 50-60 GHz oxygen band. The ability
of such radiometers to measure quite accurately the
temperature profile to heights of several kilometers has
been shown (Westwater, 1972). They can also be used
to determine the mixing-layer depth, discussed later
(Anway, 1970).
Sophisticated data processing, involving inversion of
the radiative transfer equation, is required to determine
profiles up to and through ground-based inversions. Elevated temperature inversions are, however, usually
smoothed over and not clearly defined. In addition, the
presence of clouds in the field of view can create errors
in the temperature profiles.
b. Laser temperature

measurements

By measuring the ground level atmospheric pressure at
a laser site and assuming that the hydrostatic equation
can be used to predict pressure at greater heights, it has
been shown that atmospheric temperature profiles can
be directly obtained from the Raman backscatter from
nitrogen (Strauch et al., 1971). Another Raman method
senses temperature by measuring the population of excited molecular states (Cooney, 1972).
A second possibility of temperature probing with
lasers, using the distribution in the backscattered on-frequency spectrum of laser light, has been demonstrated
by Fiocco et al. (1971).
c. Acoustic echo

sounding

One of the newer remote-sensing techniques, acoustic
echo sounding, relies on the scatter of sound from
naturally occurring temperature and wind fluctuations
in the atmosphere. Scattered sound is received at the
antenna and a time-height history of the regions of
strong temperature fluctuations that are advected over
the sounder can be recorded as shown in Fig. 1. The
enhanced acoustic scattering associated with temperature
inversions is evident where the record is dark. During
unstable periods, the record also shows dark areas, or
regions of strong temperature fluctuation, which delineate the rising air in thermal plumes (right side of
Fig. 1). This type of information cannot be used to
give an absolute temperature measurement. It can, however, be used to infer the stability of the boundary layer.
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FIG. 1. Acoustic echo sounder record showing a rising temperature inversion with convective activity below. T h e inversion has
dissipated after 11:15 local time and the pattern is dominated by typical returns from thermal plumes.

Echoes from horizontally stratified layers, usually containing evidence of organized wave structure, indicate a
stable lapse rate. Neutral lapse conditions or regions
where laminar flow exists will usually not produce a
return and the record will be white. Vertically-oriented
dark regions, associated with convective-thermal plume
activity, indicate unstable lapse conditions. A direct
comparison between the acoustic sounder record of an
inversion and a radiosonde temperature profile is shown
in Fig. 2.
Attenuation of sound energy in the atmosphere is
known to be a function of temperature, humidity, pres-

sure, and scattering caused by turbulence. It is conceptually feasible to use the measured absorption of
energy to derive both temperature and humidity profiles (Gething and Jenssen, 1971). However, such techniques are still in the very early experimental stages
and it will be several years before feasibility is demonstrated, and then more time before operational
application.
d. RASS
The Radio Acoustic Sounding System (RASS) (North
et al1973)
is a hybrid device which uses an acoustic
transducer to send a burst of sound upward into the
atmosphere and a Doppler radar to track the sound
wave and determine its propagation speed. Because the
speed of sound is a function of the ambient temperature, the Doppler information can be used to derive
a temperature profile. Recent experiments have demonstrated the feasibility of this technique for measuring
temperature profiles to heights of up to 3 km. Errors
caused by vertical velocities in the atmosphere can be
eliminated by averaging the returned signal for periods
of several minutes, a time scale commensurate with the
needs of urban meteorology.
5. Wind sensing
a. Wind measurements with lasers

FIG. 2. Comparison of radiosonde temperature profile (right)
with an inversion layer shown on an acoustic echo sounder
record. T h e speed (m s_1) and direction of the winds measured by the radiosonde are shown by the small arrows
(north is up).

Laser backscattering techniques using crossed or conically
scanned beams are one proposed method of measuring
winds (Derr and Little, 1970); however, to date there
has been no routine application of this type of system.
Another method for laser measurement of winds employs the Doppler shift of the backscattered light (Huffaker et al., 1970, 1971). Because of rapid degradation of
coherence in the propagated laser beam through a turbulent atmosphere, it is advantageous to use as long a
wavelength as possible, and most schemes now propose
to use 10.6 ixm C0 2 laser radiation. Demonstrated ranges
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of several hundred meters indicate the technique may
have application in air pollution meteorology. A Doppler wind measurement that does not require a local
oscillator reference has also been described (Farmer and
Brayton, 1971).
b. Radar
Pulsed Doppler radars have demonstrated their ability
to measure wind fields whenever hydrometeor targets are
present (Miller, 1972). The pulsed Doppler method has
also been used with artificial targets (chaff) to produce
excellent wind measurements. The lack of natural targets limits this method in air pollution meteorology, and
it may be most useful for cloud and precipitation
measurements.
c. Acoustic
Vertical wind can be measured with the single axis
monostatic system described earlier. The Doppler shift
of the returned signal is related to the vertical velocity
of the scattering volume, which is the vertical component
of the wind (Beran et al., 1971b). By tilting the single
monostatic antenna, a component of the horizontal wind
can also be measured. A weakness in making wind measurements with a monostatic system is that the return
signals are not always continuous; the lack of signal
where neutral lapse conditions exist results in an intermittent sampling of the wind.
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The use of a bistatic system, where the transmitter and
receiver are separated helps to solve this problem. Scatter
from both wind and temperature fluctuations can be
received in the bistatic mode, and the returns from
wind fluctuations tend to fill in the gaps where the
temperature fluctuations are weak. Bistatic configurations like that shown in Fig. 3 have been used to measure the vertical profile of the horizontal wind up to
heights of several hundred meters (Beran and Clifford,
1972; Beran et al., 1974). Antennas at A, A', and A" in
Fig. 3 transmit sound pulses which are scattered and
received at points B and C. The Doppler shift is then
related to the wind along the vertical profile.
Another method of wind sensing with an acoustic
sounder is to employ the angle of arrival of the returns
from a vertically pointed monostatic system (Mahoney
et al., 1973). This is a relatively simple method of finding the line average of the wind to heights of several
hundred meters; however, it also suffers from a lack
of continuous signal under some types of thermal
structures.
6. Measuring the depth of mixed layers
a. Laser measurements
Most atmospheric aerosols originate from natural sources
or human activities on the surface of the planet. Thus
turbidity, especially in polluted regions, is usually
greater within the first kilometer or so of the atmosphere where mixing is strong. The ability of the laser to
monitor the depth of these mixed layers through backscattered laser light measurements has already been
noted, and the actual utility of a pulsed laser system
for studying the nature of polluted air has been documented (Barrett and Ben-Dov, 1967; Fernald et al., 1972).
Increase in the mixed depth above a laser station
can be effectively studied by displaying side-by-side a
number of laser backscatter returns, documenting the
intensity of the return by brightness modulation of a
cathode ray tube (Collis and Uthe, 1972). This technique
was used during an air pollution study in St. Louis to
provide continuous information on the depth of the
mixed layer (Uthe, 1972). The mixed depth has also
been measured by a lidar in an experiment in Oregon
(McCormick et al., 1972).
b. Acoustic echo sounder

FIG. 3. A multiple transmitter acoustic antenna configuration used to measure a vertical profile of the horizontal
wind. Transmitters at A, A' and A" produce sound which is
scattered to receivers at B and C.

The depth of the mixed layer (see Fig. 1) is one of
the most easily obtained outputs from a monostatic
echo sounder. Experiments in the urban environment
have shown that the inversion that caps the mixed
layer can be continuously monitored on a real time
basis and displayed on a simple facsimile recorder
(Beran et al., 1971a; Wyckoff et al., 1973).
An advantage of using the acoustic system for this type
of measurement is that it does not rely on the presence of artificial tracers, but uses the naturally-occurring
temperature fluctuations associated with the inversion
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surface. This can provide a marked advantage over
laser systems which require the buildup of aerosols
before the mixed layer can be observed.
c. FM/CW radar
The marine inversion layer, as well as layers associated
with continental radiation inversions, have been detected
with FM/CW radars (Gossard and Richter, 1970; Bean
et al., 1973). The refractive index change that produces
the signal returned to an FM/CW radar is probably
more strongly a function of humidity than temperature.
This system shows a great deal of potential as a monitor
of the capping inversion associated with air pollution
because of the humidity gradients usually associated with
such structure.
7. Areal probing
The ability of certain remote sensors to provide more
than measurements along a given line-of-sight by scanning a considerable area around the station within defined horizontal ranges and altitudes adds greatly to
the utility of the measurements. Operation in this
manner is highly dependent upon angular resolution
capabilities of the remote-sensing device and its provision for a high rejection of unwanted returns in directions removed from the narrow probing main beam
of waves.
a. Laser methods
Because of the high electromagnetic frequencies and the
inherently coherent wavefronts used for laser probes,
high angular resolution and good rejection in other directions is possible. A laser beam can be used to illuminate a narrow column of aerosols which backscatter to
the aligned receiver. With available lasers, returns from
distances of 10 or 20 km may be obtained. Thus, the
horizontal stratification in real time may be monitored
(Hall and Ageno, 1970). Until eye-safe lasers or reliable
safety precautions can be developed, rapid scanning of
laser beams through columns of space over cities
cannot be undertaken.

b. Radar probing
Powerful radars with large antennas (20 m aperture) are
able to monitor the depth of the mixed layer and detect
convection patterns over ranges of 10-20 km (Battan,
1973). When operated in the range-height indicator
(RHI) mode, the spatial picture of the mixed layer
and convective structure can be obtained along a vertical plane. Use of the plan position indicator (PPI) mode
graphically shows regions where convective structures
mix through elevated inversions. Because of the large
size and cost of such radar installations, none has yet
been used to monitor mixed layers in regions subject to
air pollution problems.
c. Transverse wind sensing with lasers
Temperature variations in the atmosphere, which give
rise to acoustic backscatter, also lead to variations in the
optical index of refraction. These variations influence
the propagation of laser beams, and are responsible for
the familiar twinkling of stars. Because such temperature
variations in the atmospheric structure have a finite lifetime, the irradiance measured from a transmitted laser
beam with two closely spaced apertures will show a
correlation in the irradiance when the signals are time
lagged an appropriate amount. This time lag is a function of the wind, which advects the temperature structure across the two adjacent paths from the laser to the
two spaced apertures. Such a technique has been used
(Lawrence et al., 1972) to measure the average wind
normal to a 15 km path. Real-time readout of the transverse wind is possible through use of a signal correlation
computer. Measurements along an instrumented 1 km
path have shown excellent agreement between spaced,
averaged propeller-anemometer readings and the laserderived wind. This averaged line integral of the transverse wind could provide information on the drainage
across an entire valley, or with several laser paths,
the wind flowing into and out of a city.
In summary, all of the important meteorological variables associated with urban meteorology can be remotely
sensed by any of several different techniques. Table 1 is

TABLE 1. Rating of various techniques for sensing temperature, wind, and mixing depth.

Parameter

Temperature or
stability

Wind

Mixing layer
depth

Stage of
development

Potential for
all weather
operation

Tracer
availability

Acoustic
Laser
Microwave
radiometer
RASS

Near prototype
Experimental

Medium
Medium

Prototype
Experimental

Acoustic
Laser
Radar
Acoustic
Laser
Radar F M / C W

\Category
Sensor\

Acceptability

Spatial resolution

Time
resolution

High
Medium

Medium
High

Medium
Medium

Low
Medium

High
Medium

High
Medium

High

Low to medium
Medium

Medium
Medium

Medium
Medium

High
High

Near prototype
Experimental
Prototype

Medium
Medium
Low

High
Medium
Low

Medium
High
High

Medium
High
High

Medium
High
High

High
Medium
High

Near prototype
Near prototype
Experimental

Medium
Medium
High

High
Medium
Medium

High
High
High

High
High
High

High
High
High

High
Medium
High

Accuracy

noi
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a rating of the various techniques for sensing temperature, wind, and mixing depth. Each sensor or technique
listed in the second column is rated in categories as
follows:
The first category, "stage of development," indicates
when the device might be ready for operational use.
"Prototype": the system is ready for integration into a
larger network; "near prototype": the system would be
ready within a year; "experimental": feasibility of the
system has been demonstrated but significant engineering
problems remain before it is ready for use.
A second category, "potential for all weather operation," considers such factors as the possible degradation
of laser signal during heavy cloud or fog and the effect
of rain noise on the acoustic system. In judging a system
in thi9 and in other categories, we must keep in mind
the final objective of sensing the parameter for use in air
pollution-related meteorology. For example, the inability of the laser or microwave radiometer to penetrate
thick clouds may not be a significant deterrent to its use
for monitoring pollution-related phenomena.
"Tracer availability," the third category, is a rating
of how often a sensor will be able to operate. This is
important if the sensor is being considered for continual operation, and a low rating here indicates that
the device is probably not acceptable for an urban air
pollution application. Acceptable tracers are either
natural or the result of inadvertent air pollution.
The categories of "spatial resolution" and "time resolution" give an indication of how detailed the measurements by each sensor might be. Spatial resolution is, in
most cases, determined by antenna beamwidths and
pulse lengths. Time resolution refers to the averaging
times required to produce acceptable measurements.
Small-scale turbulence measurement is not anticipated
and readout of data is required on the order of every
15 to 20 min for an urban sensor network.
"Accuracy," the next to last category, is a function of
the mode in which a system is operated. In addition,
many of the instruments have undergone only limited
testing and comparison with standard in situ measurements, and accuracy estimates are based on the theoretical potential rather than actual calibration. As in
the previous category, it is felt that all of the instruments listed can achieve accuracies suitable for the task
considered here.
The final category, "acceptability," refers to the potential nuisance or danger from a particular device.
In other words, will it be acceptable for use in the urban
environment? An example of a potential problem in this
category would be potential eye damage from lasers.
8. Remote sensing systems
Up to this point we have discussed the urban meteorological problem and data requirements, along with a
brief overview of the various remote-sensing devices
which could conceivably make the measurements. It is
obvious that some parameters can be measured by
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FIG. 4. A hypothetical city made u p of features that are
common to most urban regions.

several techniques. What is not obvious is which of
these sensors or collection of sensors would be optimum
for the specific problem of improving our data-gathering
methods in the urban environment. This section is devoted to an assessment of the requirements for a
measurement system and an attempt is made to provide
guidance in selecting the optimum set of sensors for
a city.
Every urban region is a unique entity and the correct
location and sensor distribution for one city may be
totally unacceptable for another. Certain features are,
however, common to all and can be used to generate a
hypothetical city. This city then serves as a model to
demonstrate the placement of sensors for air pollution
monitoring. All urban regions encompass a given area.
This basic area will vary in size, shape, and population
density, so for a general case, we shall assume that the
area is simply a circle of unit size. Figure 4 shows the
hypothetical model of a city made up of several basic
features.
Cities usually contain industrial regions which are a
major source of pollution and as such need to be
delineated in our model. Again, for the sake of simplicity
we shall designate the industrial region of an urban
complex as a circle, contained within the larger "area"
circle.
In addition to a concentrated pollution source region,
such as an industrial complex, all cities contain line
sources, usually in the form of major arterial highways.
For our hypothetical city we shall show these simply as
crossing diagonal lines.
Terrain features are another important influence on
urban meteorology, many times controlling the local
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flow which advects or concentrates effluent in a given
region. For example, a river valley is a natural place
for cold air drainage, while a coast line produces local
land and sea breeze circulation, alternately cleansing a
region and concentrating pollution at the sea breeze
front. Without specifying the type, we shall include a
terrain feature in our model as a cross-hatched band.
In the first section of this paper, climate was mentioned as an important influence on urban air pollution.
It is difficult to build this feature into a general model,
because of the wide range of climatic zones covered by
the cities of the world. We can say, however, that all
cities will have some prevailing wind direction and provide for this in our model.
Most urban regions can be reduced to a similar basic
model by changing the shape and distribution of features in the model. Recalling that the primary meteorological parameters are the temperature profile (or
some indication of the ambient stability) and the wind
field within the boundary layer, we can now proceed
with the instrumentation of our city. For temperature
we can assume that conditions will be reasonably homogeneous over the urban area, but will differ over the
surrounding region away from the urban heat island.
Temperature profiles should be measured in each of
these areas. Sensors for both regions should have a
range capability that insures collection of information
throughout the depth of the boundary layer.
Measurement of the wind field over the urban area
is a more difficult problem. In addition to a vertical
profile of the wind, we would like to monitor the trajectories of polluted air parcels, which implies the need
for either several sensors at strategic locations, or the
need for a single scanning sensor to map winds over a
large area.
Based on experimental work to date, it is clear that

FIG. 5. Proposed network of acoustic sensors placed in
the hypothetical city of Fig. 4.

the urban measurement system could be made up entirely of either acoustic or laser devices. As a starting
point, we shall consider how each of these families of
remote sensors might be applied.
Looking first at acoustic devices, one can envision
the core of a system being an acoustic sounder with full
Doppler capabilities situated near the center of the city
(see Fig. 5). This central system can also be operated
in a monostatic mode providing the information on mixing depth and an indication of low level stability.
The acoustic Doppler system can provide only a vertical profile of the horizontal wind. In order to determine
the trajectories of air parcels it would be necessary
to establish several satellite stations around the city to
sense the horizontal variations in the wind field. Here
it is important to consider the orientation and type of
terrain features and the city size before locating the
satellite sensors. Wrhile the main core system should
have a full wind-profiling capability employing gating
and measurement of at least two components of the horizontal wind, some of the satellite systems (for example,
those along a river valley where only one component of
the wind is needed) could conceivably be of a simpler
design. An acoustic Doppler system which measures only
the average wind from the ground to the capping inversion could provide information necessary for determining gross trajectories of parcels along or near a
particular terrain feature. The depth of the mixing layer
outside our urban area could be monitored by a simple
monostatic system upwind of the city.
The pure acoustic system would not provide a direct
indication of the temperature profile. To do this, it
would require the introduction of a RASS in place of
the monostatic sounder located outside of the city and
possibly a second RASS near the central acoustic Doppler system. The need for measuring the absolute temperature profile must remain an open question now. If
this profile is used only to derive the stability of the
lower atmosphere, one must ask if there are more direct
methods which do not rely on obtaining the absolute
temperature, but still provide the required stability information. For example, the variance of the wind is correlated with stability, and the monostatic echo sounder
record provides a qualitative indication of the stability.
Because both the vertical wind profile and a record of
the lower atmospheric structure can be obtained from
an acoustic Doppler system, a derived stability conceivably could be obtained that might eliminate the need
for more elaborate temperature profiling techniques
(Baynton, 1968).
Turning now to an urban remote-sensing system based
entirely on the family of laser sensors, we see some interesting differences. The ability of the laser to scan
through a volume and to sense the line integral of a
parameter can be applied in a variety of ways. For example, by locating a pulsed laser at some elevated point
within the urban complex and scanning the beam (see
Fig. 6) in a circular fashion, a complete plan position in1103
Unauthenticated | Downloaded 01/09/23 07:31 AM UTC

Vol. 55, No.

FIG. 6. Proposed network of laser type sensors placed in
the hypothetical city of Fig. 4.

dication of the effluent over the city could be produced.
It is conceivable that a time sequence of identifiable
features in this type of information could then be used
to produce a trajectory analysis of the air over the
urban region. The addition of a second laser at another
location and the use of both lasers in a Doppler mode
would make it possible to measure directly the wind field
in the plane common to both beams. The temperature
profile in the all-laser system could be obtained by
either the Raman scatter technique or from the Doppler
broadened widths of the backscattered spectrum of
laser light. As in the acoustic system these devices should
be located both within the urban area and in the surrounding area to measure the effect of the urban heat
island. A possible weakness here would be the system
located outside an urban complex where non-existence
of tracers in the much cleaner air may hinder the operation of the longer wavelength Doppler laser system.
The depth of the mixed layer could also be observed by
vertically-pointed laser systems within the urban area;
again the lack of tracers outside of the region could
degrade the performance of a laser.
The ability of line-of-sight laser systems to measure
the average wind component normal to the beam paths
could find many unique applications within the urban
region. For example, if the major terrain feature in a
city is a river valley, it is important to measure the very
light drainage winds that transport pollutants along
the valley. An ideal method for monitoring these winds
is the line-of-sight laser. One or more of these systems
placed so they sense the component of the wind along
the valley floor would provide a continual monitor of
the average transport of air into or out of a given
region. This same type of system could be installed in a
ring around the city with perhaps four or five sets of
transmitters and receivers to measure the low-level convergence into the urban area. The remote-sensing system based on laser techniques is shown in Fig. 6.
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In developing the two "pure" systems described above,
we have omitted one potentially valuable technique for
measuring temperature profiles, the microwave radiometer. The advanced stage of development of this
technique and its potential range of 3 km or more makes
it a highly competitive device. If the actual temperature profile, and not a more direct indication of
stability, is required, then the microwave radiometer
might be considered as part of the operational system.
To specify the optimum system for a given city, it
would be necessary to consider such important factors as
the cost and the stage of development of each device.
Costs are difficult to assess and the only comparison that
can be made is between present research-oriented instruments. These are by their very nature more expensive than standardized production models. In general, research-oriented acoustic devices are less expensive
to build and operate than lidar (optical radar) instruments. If these costs can be projected to production
models, the conclusion must be that an acoustic system
would be less expensive.
"Stage of development" is an equally difficult area in
which to make predictions due to the uncertain nature
of research projects. Some devices are very close to
the operational stage, and it is safe to suggest that they
should be considered first in planning for the immediate
future. The microwave radiometer is one of the more
advanced instruments, already tested in the urban
region. Laser systems that are well advanced are those
used to measure the depth of the mixing layer. The
line-of-sight laser has been used to measure the average
wind component over a 15 km path in the lee of a
mountain range. Acoustic systems are also being tested
in the urban environment under operational conditions.
Single axis monostatic sounders have been used to
monitor the inversion layers in cities and a full Doppler
system has been placed in operation at an airport for
the purpose of real-time monitoring of the wind and
wind shear (Beran, 1974).
In summary, the optimum system for any given city
must be the product of many considerations. A variety
of techniques is available for making the required measurements and selection of a system must be based on
such factors as:
a) unique requirements imposed by terrain and demography of a particular city;
b) time available before the system must be operational;
c) overall cost of the system; and
d) stage of development of the selected sensors.
It is concluded that the incorporation of remotesensing devices into urban-monitoring systems has many
advantages over presently used point sensors. In the
future, remote sensing can play an important role in
aiding the prediction, control, and monitoring of air
pollution in cities.
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