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ABSTRACT

This paper presents a new approach to quantify emis-
sions from fugitive gaseous air pollution sources. The
authors combine Computed Tomography (CT) with
Path-Integrated Optical Remote Sensing (PI-ORS) con-
centration data in a new field beam geometry. Path-
integrated concentrations are sampled in a vertical plane
downwind from the source along several radial beam
paths. An innovative CT technique, which applies the
Smooth Basis Function Minimization method to the
beam data in conjunction with measured wind data, is
used to estimate the total flux from the fugitive source.
The authors conducted a synthetic data study to evalu-
ate the proposed methodology under different meteo-
rological conditions, beam geometry configurations,
and simulated measurement errors. The measurement
errors were simulated based on data collected with an
Open-Path Fourier Transform Infra-Red system. This
approach was found to be robust for the simulated er-
rors and for a wide range of fluctuating wind directions.
In the very sparse beam geometry examined (eight beam
paths), successful emission rates were retrieved over a
70° range of wind directions under extremely large
measurement error conditions.

IMPLICATIONS

The suggested technology may provide robust and real
time estimates of emission rates and near field disper-
sion parameters for especially near ground level fugitive
sources. This system could either survey sources to im-
prove the source’s emission profile or be applied as an
alarm for the source’s departure from normal working
conditions. In this case, the beam plane should be lo-
cated between the source and the concerned neighbor-
ing communities to alert to a potential emergency. The
estimated flux and dispersion parameters’ atmospheric
stability condition indicators could be used in a disper-
sion model to calculate in near real time the downwind
field of concentrations.
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INTRODUCTION

This paper applies Path-Integrated Optical Remote Sens-
ing (PI-ORS) and innovative Computed Tomography (CT)
techniques to determine fluxes from fugitive gaseous air
pollution sources. The described methodology is designed
to provide an applicable PI-ORS monitoring approach in
sparse beam geometries for estimating the total emission
rate directly from the measured concentration and wind
data, without employing any dispersion model dependent
assumptions. An overall aim of this study is to provide
measures of the initial near field dispersion parameters
based on CT-reconstructed maps along with improved
estimates of total emission rate. These important param-
eters provide the essential data needed for a dispersion
model to produce reliable exposure estimates for down-
wind neighboring communities.

Several methods have been developed and applied!?
in the past to estimate emission rates from fugitive sources,
such as landfills,® coal mines,>® or water treatment plants,”®
using PI-ORS technologies. All previous methodologies
combine downwind Path-Integrated Concentration (PIC)
data, wind measurements, and plume dispersion model-
ing assumptions to retrieve the total emission rate. The
ideal approach for measuring the flux from an upwind
emission source would be to directly measure the integrated
concentration across the entire cross-wind vertical plane
located downwind from the emission source. Multiplying
by the averaged wind speed (weighted average by heights if
several wind monitors are mounted in different elevations)
component in the normal direction to the vertical plane
provides the flux flowing through this plane and, there-
fore, the upwind source’s emission rate. In most situations,
it is impractical to directly measure the plane-integrated
concentration using PI-ORS methods due to the complex
beam configuration needed to cover all of the relevant
plane.?78 Alternatively, another technique, such as Differ-
ential Absorption LIDAR (DIAL), could be applied to di-
rectly measure a spatially resolved map of the contami-
nant concentrations.'” Integrating the concentration over
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the whole map provides the required plane-integrated con-
centration. Cost, a limited number of potentially detect-
able target contaminants, high detection limits, and cali-
bration difficulties so far have prevented the wide applica-
tion of DIAL technology. In recent methods** the PI-ORS
instrument is scanned diagonally from a fixed ground level
location to retroreflectors at different heights to partially
cover the vertical plane. Dispersion modeling was applied
to interpolate and extrapolate the measured data and gen-
erate the plane-integrated concentrations. However, our
recent validation study”’ for fugitive source apportionment
of emission rates suggests that relying on dispersion mod-
els in near field conditions may produce inconsistent esti-
mates of the total emission rate. Our results suggest that
scanning solely on the ground level as suggested by earlier
methods'>¢ is not sufficient for estimation of the flux flow-
ing through a vertical plane, even for a ground level source.
Furthermore, extrapolation of slanted PIC values to recover
the whole plane-integrated concentration based on a dis-
persion-modeled vertical profile could yield erroneous es-
timation of the derived total emission rates.

Recently the authors’ CT efforts have focused on de-
veloping an algorithm that will allow reconstruction of a
concentration field in a plane, based on non-overlapping
PIC data scanned in radial alternating path lengths.!* The
authors and others'"'> have shown that the Smooth Basis
Functions Minimization (SBFM) approach!® can provide
the desired field of concentration with a relatively sparse
beam geometry. The authors suggest applying this inno-
vative SBFM approach to reconstruct the smoothed field
of concentration in the downwind vertical plane. This
will allow the plane-integrated concentration to be calcu-
lated and, thus, the emission flux. With this SBFM ap-
proach, the plume dimensions can be directly recon-
structed based on the acquired PIC data, as opposed to
previous methods that are dispersion model-dependent.
Reconstructions based on other more “classical” CT algo-
rithms using intersecting beams'* have much more com-
plex beam geometries and may not provide the plane-
integrated concentration, because they are limited to the
area where the beams overlap. Applying a sparse beam
geometry with the SBFM algorithm to the vertical plane
should allow more accurate calculation of the desired
plane-integrated concentration.

Methodology
The following section describes the authors’ general ap-
proach to this estimation problem and also discusses some
future developments of the suggested methodology. The
proposed methodology uses a two-dimensional SBFM-
CT technique applied to PI-ORS data to reconstruct the
cross-wind concentration map in a vertical plane. The
plane-integrated concentration from this reconstruction,
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along with the averaged wind data, provide an estimate
of the total flux from the emission source. The key to this
methodology is a rather simple and sparse PI-ORS beam
geometry that allows reconstruction of smoothed con-
centration maps in a downwind vertical plane. An ex-
ample showing the suggested radial nonoverlapping beam
geometry and an upwind point source is illustrated in Fig-
ure 1. This beam geometry includes eight beam paths
approximately in the cross-wind vertical plane. Four beam-
paths are on the ground level with different path-lengths
and the other four are elevated in two locations along the
cross-wind direction. We suggest scanning the PI-ORS in-
strument among the beam paths for at least 20 min to
allow a buildup of an approximate Gaussian plume. Wind
speed and direction data would be collected and averaged
over the same time interval.

To develop a reliable time-averaged plume profile, it
is desirable to get as many repeats as possible at each beam
path. Therefore, the sampling time at each retroreflector
should be as short as practical limits allow. For example,
when applying Open Path Fourier Transform Infra-Red
(OP-FTIR) instruments, this sampling time for each beam
path is limited by spectral resolution and the desired de-
tection limit. Typically a 10-sec averaging time, resulting
in high detection limits for most compounds, is a practi-
cal limit for OP-FTIR. This relatively short time will allow
the PI-ORS device to aim back about 10 times to the same
retroreflector over a 20-min interval, allowing about five
seconds for moving between retroreflectors. Then the PIC
data should be time-averaged for each beam path prior to
the application of the CT reconstruction method.

The authors used the SBFM reconstruction approach
with a two-dimensional smooth basis function (bi-variate
Gaussian) to estimate the total emission rate. In the SBFM

100 m

Figure 1. Simulated field configuration and Optical Remote Sensing
(ORS) beam geometry. The beam geometry is in a vertical plane 40
meters downwind from a controlled emission point source. The beam
geometry consists of eight beam paths, four scanning the ORS device
to ground-level (two meters height) retroreflectors and four slanted beam
paths scanning the ORS device to elevated (6 and 10 meters height)
retroreflectors mounted on two towers.
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approach, a known smooth basis function or a superposi-
tion of such functions with unknown parameters are as-
sumed to describe the distribution of concentrations. In-
stead of trying to find the concentration value in each pixel,
the search is for the unknown parameters of the basis func-
tions. The latter characteristic of the SBFM approach led
the authors to realize that radial scanning of a
nonoverlapping beam geometry might be sufficient to re-
trieve the air pollutant concentration field. In our earlier
studies,' the authors used several bi-variate Gaussian func-
tions as the smooth basis functions. Since the authors’ in-
terest is in the plane-integrated concentration and not the
exact map of concentrations in the plane, we suggest fit-
ting only one smooth basis function (one bi-variate
Gaussian) to reconstruct the smooth map. However, it is
important to emphasize that the authors do not assume in
this methodology that the true distribution of concentra-
tion in the vertical plane is a bi-variate Gaussian. The au-
thors show in this study that one can fit a single bi-variate
Gaussian to many kinds of skewed distributions and still
retrieve a reasonably good estimate of the plane-integrated
concentration. The authors also examined the fit of a single
bi-variate Gaussian to a multiple mode distribution and
found the reconstructed plane-integrated concentration to
conserve fairly well the test plane-integrated concentration.
In each iterative step of the SBFM-CT search proce-
dure to find the distribution in parameters, the measured
PIC values are compared with assumed PIC values calcu-
lated from the new set of parameters. To compute the
assumed PIC values, one has to integrate the basis func-
tion along the beam paths. Therefore, in the radial beam
geometry it is more convenient to express a bi-variate
Gaussian distribution in polar coordinates, G(r,9):

(rg)=—>" ex{ L
2psysay1-r1d 21- k)

Vgr cosg- m)®  2ru(r cosg- m)(r sing- m) ,(r sing- rm)z]}
[9 S?/ SyS: Sg
1)

where ris the distance from the PI-ORS instrument and
0 is the angle created between the beam and the hori-
zontal plane intersecting the PI-ORS instrument location.
As shown in eq 1, each bi-variate Gaussian has six un-
known independent parameters: (1) A is a normalizing
coefficient that adjusts for the volume under the bi-vari-
ate surface; (2) p,,is a correlation coefficient that defines
the direction of the distribution-independent variations
in relation to the Cartesian directions y and z (p,,=0
means that the distribution variations overlap the Car-
tesian coordinates); (3) m, and z, are peak locations in
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Cartesian coordinates; and (4) o, and o, are standard
deviations in Cartesian coordinates.

To fit the unknown parameters of the smooth basis func-
tions to the PIC data, one has to define an error function for
minimization. As opposed to the authors’ earlier studies,*
which minimized the Root Mean Squares (RMS) error func-
tion, we chose to minimize the Sum of Squared Errors (SSE)
function, which provides the least squares fit between the
measured PIC values and the calculated PIC values from in-
tegration through the assumed smooth basis function. The
SSE function is defined in our study as follows:

PIC - G(r,g)dr
i b 0 t

@)

SSE(A,r2,my,m;,Sy,S:) =

where PIC represents the measured PIC values, and the
index iis for the different beams. The SSE function is mini-
mized using an iterative minimization procedure, such as
the Simplex method, or Simulated Annealing,™ to solve
for the unknown parameters.

As mentioned earlier, the authors’ interest is in the
plane-integrated concentration, and therefore, we fit one
bi-variate Gaussian surface to match the volume under
the underlying true concentration distribution surface.
This volume is highly conserved in the fitting procedure,
which emphasizes agreement over many path integrals.
Six independent beam paths are sufficient to determine
one bi-variate Gaussian, which has six independent un-
known parameters.

Some reasonable assumptions also may be made
when applying the SBFM-CT method to this problem,
such as setting the correlation factor parameter equal to
zero. This assumption means that the reconstructed bi-
variate Gaussian is limited to changes in the vertical and
cross-wind directions only. One also can fix the peak
location in the vertical direction to the ground level
when ground-level emissions are known to exist. The
same could be done to the peak location in the cross-
wind direction, using a priori knowledge on wind direc-
tion and source location. However in our methodology,
in contrast to earlier methodologies, there is no need to
apply a priori information on the source location and
configuration, and therefore, the authors chose not to
use this assumption.

In most of the previous methodologies, OP-FTIR in-
struments were used as the PI-ORS device, mainly due to
its simultaneous chemical analysis capability. However,
when only a few species are of interest, it might be more
efficient to employ other laser-based PI-ORS technologies
like Tunable Diode Laser (TDL) or Path Integrated DIAL,
which have longer ranges and faster scanning capabilities.
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Computational Study
The objective of the synthetic study was to evalu-
ate the feasibility and robustness of the suggested
beam geometry and CT algorithm for total emis-
sion rate estimation under realistic changing
meteorological and noise conditions. We used a

Gaussian dispersion model (PAL)'¢ only for gen-

erating the time-averaged concentration test

maps in a vertical plane 40 meters downwind

from a ground-level point source (one-meter

height). Concentration values were calculated
for every 4 x 4 meters-square elementary unit in
a vertical domain size of 100 x 24 meters. The
authors calculated test maps every five degrees
of wind direction up to + 55 degrees from the
normal situation in Pasquill’s stability'” category
B; 23 test maps were created overall.

The PAL dispersion model should be mass-
conserving, so the plane-integrated concentra-
tions of all calculated test maps were examined

to check for agreement with the input emis-

sion rate of 1 g/sec. Since the input wind speed

was 1 m/sec, the reconstructed emission rate

was calculated by numerical integration over
the entire test map followed by multiplication
of the latter by the cosine of the wind shift
angle, when the vertical plane was not perpen-
dicular to the wind direction. All the test map
integration calculations agreed within 1% com-
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pared to the input data.

Figure 2. Examples of two modeled concentration contour maps calculated for the

The test map of the normal cross-wind downwind vertical plane using the PAL dispersion model. The beam geometry is overlaid

situation is very close to a symmetric bi-vari-
ate Gaussian distribution. However, all the
other maps are nonsymmetrical and the larger
the wind shift angle, the more skewed is the distribu-
tion (see Figure 2).

Simulated PIC values were computed for each beam
path for a given test map by integrating the projected
length of the beam through each elementary square unit
concentration and along the whole path length. Using
relatively large elementary square units for the numerical
integration procedure introduced some error into the
simulated PIC values. Therefore, the calculated PIC val-
ues are not truly “noiseless.” As described in the previous
section, the authors applied SBFM-CT with the Simplex
minimization algorithm to the simulated PIC values to
solve for the bi-variate Gaussian unknown parameters.
The authors assumed that the correlation factor is equal
to 0 and did not apply any restrictions for the other five
unknown parameters. As a first guess, the authors substi-
tuted the following values: A=5; my:SO m; 0y=10 m; m=2
m; 0 =5 m. The authors chose these values arbitrarily and
applied them to all reconstructions executed in this

Volume 49 August 1999

where the eight black squares show the retroreflectors: (a) wind direction azimuth angle
of 270°; (b) wind direction azimuth angle of 235°.

study. Then, since the input wind speed was 1 m/sec,
the reconstructed emission rate was calculated by numeri-
cal integration of the reconstructed bi-variate Gaussian
followed by multiplication of the latter by the cosine of
the wind shift angle.

First, the authors compared a beam geometry con-
sisting of six paths scanning to one far tower, with a ge-
ometry of eight beam paths scanning to two towers, as
illustrated in Figure 1. In the perpendicular situation, the
reconstructed emission rate only reached the value of 0.9
(ideally it should be 1) for both beam geometries. This
could be explained by the limited number of beams in all
these configurations. The triangle data marks in Figure 3
show the change in reconstructed emission rate as a func-
tion of azimuth angle in wind direction for the eight-beam
geometry. The six-beam geometry yielded the reasonably
good reconstructed emission rate values compared to the
eight-beam geometry, but only when the wind shifts were
in the range of 215-290 (continuous line in Figure 3).

Journal of the Air & Waste Management Association 969
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Figure 3. Estimated emission rate as a function of the wind direction
azimuth angle for the six (one tower) and eight (two towers) beam
geometries, calculated for stability class B and modeled emission
rate of 1 g/sec. The location of towers projected in the angular
domain is shown with the thick gray vertical lines (it is the angle
created by a line connecting the point source and the tower and
by the normal to the plane).

The authors also tried locating the PI-ORS device in the
middle of the domain (at 52 meters in the positive y axis,
see Figure 1) to retrieve a more symmetrical result for the
reconstructed emission rate with regard to both directions
of wind shifts. The PI-ORS device was simulated to scan
in opposite directions over the same eight retroreflectors.
This symmetric beam geometry was expected to yield sym-
metric response to shifts in wind directions; however, it
severely underestimated the emission rate in the normal
situation (0.55 compared to 0.9 in the previous beam ge-
ometry). Therefore, it appears from study results that the
suggested beam geometry with two towers as in Figure 1
yielded the more robust estimates in the study.
Examination of the reconstructed parameters of the
bi-variate Gaussian yielded an observation that there is
some correlation between the deviation of the recon-
structed parameters from the test map parameters and the

estimated emission rate. For example, Figure 4 plots the
difference between the test map cross-wind peak location
and reconstructed cross-wind peak location as a function
of the wind direction azimuth angle. As noted above in
the emission rate study, good estimates of peak location
are achieved when the peak falls between the two towers.
Since the cross-wind peak location can be estimated by
wind direction data when the source location is known,
or can be estimated by applying a one-dimensional SBFM
fitting procedure to the ground-level PIC data, this mea-
sure could provide an indication of a successful estima-
tion of emission rate. The authors also found, in general,
that the Simplex procedure tends to either totally fail (i.e.,
give nonlogical parameters) or to reasonably reconstruct
the parameters followed by a reasonably good estimation
of the emission rate.

As mentioned before, the authors examined differ-
ent beam geometries for test maps generated for Pasquill
stability class B with the PAL Gaussian dispersion model.
As shown in Figure 2, this stability class produces rela-
tively narrow plumes for a point source only 40 m up-
wind from the measurement beam geometry. From a pre-
vious field experiment in similar conditions, the authors
learned that such narrow plumes are fairly uncommon.
Much wider plumes should be considered for simulating
20-min average maps, especially when the release is not
from a point source. As shown in Figure 5, running the
same procedure for stability class A produced even more
robust estimates of emission rates with regard to shifts
in wind direction. We also tried to reconstruct Gaussian
test maps with much smaller (0,=6 m and 0 =2 m) and
larger (0,=30 m and 0,=10 m) standard deviations and
retrieved very good reconstructions for both cases in
the same beam geometry. These results indicate that
the suggested methodology is not sensitive to plume
width or stability class.

Difference in Peak Location [m]
o

0 0 T —m—% ) © w0 0 el

= o 5 © @ N~ @ =3 =3 = &
-5 tov N ~ o ~ ~ « & @ @ o
-10

Wind Direction Azimuth Angle [degrees]

Figure 4. Difference between the test map cross-wind peak location
and the reconstructed cross-wind peak location as a function of the
wind direction azimuth angle. These values also can be interpreted as
the percentage error in peak location compared to the total path length
(which is 100 meters). The projected location of towers in the angular
domain is shown with the thick gray vertical lines.
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Figure 5. Estimated emission rate for stability classes B and A as a
function of the wind direction azimuth. The projected location of towers
in the angular domain are shown with the thick gray vertical lines. The
horizontal line at 1 g/sec indicates the input modeled emission rate.
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To simulate the fluctuation in PIC values as a func-
tion of the path length in the suggested beam geometry
and scanning conditions, a field experiment was con-
ducted. A bi-static BOMEM 155MB Open-Path FTIR beam
path was located 40 meters downwind from the source
and approximately perpendicular to the average wind
direction. The general site configuration in the field ex-
periment was described in a previous paper.” A 75-m OP-
FTIR beam path was segmented into two shorter path
lengths of 52 and 32 m. The OP-FTIR instrument con-
tinuously sampled spectra from each single scan of
the interferometer for about two minutes on each beam
segment. The spectral data (1 cm™) was converted to time-
resolved PIC data of about two seconds for a data point,
which the authors converted to 10-sec values by averag-
ing five consecutive readings. As expected, the shortest
path concentration data were drastically more variable,
with more than 80% of the measured data under the
instrument’s detection limit. Although the average value
of all scans was detectable, the standard deviation was
more than twice the average, so the authors decided not
to rely on the PIC data from the shortest path. Based on
results from the longer paths, the authors found that vari-
ability in the concentration data could be described by
the following equation:

(o) _
== AL 3)
X
O—X
where — is the coefficient of variation (standard devia-

tion over the average), L is the path length, and A and a
are parameters to fit to the measured data. Based on the
data acquired in the field experiment, the authors found
that A~4800 and a~ 2.34. The authors assigned a differ-
ent error term, according to eq 3, to each of the simulated
PIC values integrated from the test maps using a comput-
erized random number generator that produces normally
distributed random numbers. The random number was
then normalized to PIC values considering the relevant
path length. For each beam path, the authors repeated
this error term an additional 10 times to simulate the mea-
surement errors in the PIC values in the suggested scan-
ning procedure. Then the authors averaged the different
values to retrieve the equivalent value for a PIC over a 20-
min period and performed the methodology procedure
on the simulated “noisy” averaged PIC values to retrieve
an estimate of the emission rate. For each wind direction,
the authors repeated this procedure 300 times wherein
each time a different set of averaged PIC values was
applied. An average and standard deviation of the 300
values of estimated emission rate were calculated for each
of the wind directions.

Figure 6 shows the results of the study simulating mea-
surement errors. Between the two towers, the average of

Volume 49 August 1999

Hashmonay and Yost

= 2
& 18
2
o 16
g 14
5 12 = I
7
g s =+ *5*3 5553 {
w 08 /‘{/(l/{ Y T i
b L
2 06
<
E 04
7
w 02
0
w (=3 w0 o w wn (=3 wn [= 'l (=3 w (=3 w o w o
2883838888 8RKREEERERE R
Wind Direction Azimuth Angle [degrees]

Figure 6. Averaged estimated emission rate from the SBFM-CT
reconstructions (diamond marks) and standard deviations (error bars
+ SD)in 300 runs of PIC data with simulated random noise as a function
of the wind direction azimuth angle. The solid line through the data
points represents the estimated emission rate from PIC data without
simulated random noise, in the same stability class (class B). The
projected tower locations in the angular domain are shown with the
thick gray vertical lines. The horizontal line at 1 g/sec indicates the
input modeled emission rate.

the “noisy” emission rate values nicely follows the “noise-
less” emission rate values calculated before and shown in
Figure 3. As expected, the standard deviations are inflated
gradually as the wind rotates toward the ORS device. How-
ever, on the other end, the standard deviations grow
smaller as the wind rotates away from the ORS instru-
ment even beyond the far end tower.

CONCLUSIONS

The authors found the CT SBFM approach for estimating
the emission rate to be very robust to atmospheric condi-
tions, realistic simulations of measurement errors, and
source configuration as long as the average wind direc-
tion vector intersecting the emission source is pointing
between the two towers. If a wider range of wind direc-
tion is desired, one can move the towers away from each
other and move back the PI-ORS device to compensate.

In some cases, like this study, the simpler local
search, like the Simplex algorithm, was found to be
sufficient. First, applying a one-dimensional SBFM
approach to the ground-level segmented beam paths
would allow us to provide a very close first guess for
the solution. As g, is strongly correlated to o, for a given
atmospheric stability, source configuration, and down-
wind distance from the source, a reasonably good first
guess can be estimated for g, as well. One also could
substitute values from the one-dimensional SBFM re-
construction along the ground level as fixed param-
eters for m and o, of the bi-variate Gaussian to afford
more degrees of freedom in the two-dimensional SBFM
solution for A, m , and o,.

In the future, an experimental validation of a PI-ORS
monitoring system for estimating emission rates is ex-
pected. This technology should provide fairly robust esti-
mates of the total emission from many kinds of fugitive
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sources along with the selection of an adequate PI-ORS
device. Based on the experimental data of the validation
study, the authors will explore ways for such a monitor-
ing system to provide estimates with better time resolu-
tion than the simulated 20 min.

Such a system could be applied in a continuous moni-
toring mode to function also as an alarm for departure
from normal working conditions of many kinds of area
and volume emission sources. In this case the system'’s
beam geometry should be located between the emission
source and the concerned neighboring communities or
workers’ location to alert them to a potential emergency.
Reconstructed maps should be able to provide measures
of the initial near field dispersion parameters. These pa-
rameters as atmospheric stability condition indicators,
along with the estimated flux, could be input into a dis-
persion model to calculate in near real time the down-
wind field of concentrations.
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