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ABSTRACT

This paper presents a new approach to localize point emis-
sions from ground-level fugitive gaseous air pollution
sources. We estimate the crosswind plume’s ground-level
peak location downwind from the source by combining
smooth basis functions minimization (SBFM) with path-
integrated optical remote sensing concentration data ac-
quired along the crosswind direction in alternating beam
path lengths. Peak location estimates, in conjunction with
real-time measured wind direction data, are used to re-
construct the fugitive source location. We conducted a
synthetic data study to evaluate the proposed peak loca-
tion SBFM reconstruction. Furthermore, the methodol-
ogy was validated with open-path Fourier transform
infrared concentration data collected with wind direction
data downwind from a controlled point source. This ap-
proach was found to provide reasonable estimates of
point source location. The field study reconstructed
source location was within several meters of the real
source location.

INTRODUCTION

This study applies path-integrated optical remote sensing
(PI-ORS), innovative mathematical inversion techniques,
and wind data to determine fugitive gaseous air pollution
upwind source location. The described methodology is
designed to provide an applicable PI-ORS monitoring ap-
proach for estimating the emission point source location
directly from the measured concentration and wind data,

IMPLICATIONS

The suggested technology may provide fairly robust and
near real-time estimates of point emission location of vari-
ous ground-level fugitive sources. This methodology
could be applied in conjunction with methodologies
for flux estimation, as an alarm for the source’s de-
parture from normal working conditions. The estimated
source location, along with the estimated flux, could
be inputinto a dispersion model to calculate the down-
wind field of concentrations.
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without employing any dispersion model. Furthermore,
this study may provide an estimate of the plume’s cross-
wind concentration profiles downwind from the emis-
sion source. Along with the importance of identifying the
source location for on-site worker’s exposure control, these
parameters may provide the essential input needed for a
dispersion model to produce reliable exposure estimates
at downwind neighboring communities.

Previous studies*® have addressed emissions from fu-
gitive sources, such as landfills,® coal mines,>® or water
treatment plants,”® using PI-ORS technologies. No previ-
ous investigations addressed the issue of localizing “hot
spots” of emissions. Our earlier studies were focused on
combining downwind path integrated concentration (PIC)
data, wind measurements, and plume dispersion model-
ing to roughly spatially apportion the emission rates
within the area source boundaries.® However, this ap-
proach was limited to apportion emissions across the wind
direction, and one had to a priori assume the area source
location and dimension.

Techniques such as differential absorption lidar
(DIAL)* and computed tomography using PI-ORS data!
could be applied to directly measure a spatially resolved
map of the contaminant concentrations over the source.
The peak location in the measured map may correspond
to the source location; however, no information could be
retrieved on the emission rate of the identified source.
Furthermore, classical computed tomography (CT) geom-
etries are very complex and costly and are not likely to be
applied to outdoor measurements.!!

Recently, our CT efforts have focused on developing
an algorithm that will allow reconstruction of a concen-
tration field in a plane, based on non-overlapping PIC
data scanned in radial alternating path lengths.*? The au-
thors 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. This could have been applied to recon-
struct the field of concentration over the emission source
area, but would suffer the same disadvantage as the
DIAL and previous CT geometries of not being capable
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to estimate the emission rates. Therefore,

we suggested?®® applying this innovative
SBFM approach to reconstruct the smoothed
field of concentration in the downwind
vertical plane as was done with DIAL.1°
This allowed us to calculate the plane in-
tegrated concentration and thus the emis-
sion flux. As shown in Figure 1, we
planned the vertical plane beam geometry
to include several ground-level beam
paths to satisfy the PIC data required for
the methodology described in this paper.
This will combine the two methodologies
into one scanning procedure that will si-

multaneously provide both the source

emission flux and the location.

Figure 1. Suggested combined experimental setup for the localization and emission

flux method.*®

METHODOLOGY

A one-dimensional SBFM reconstruction can

be applied to the ground-level segmented beam paths (Fig-
ure 1) of the same beam geometry to find the crosswind
concentration profile.*® The plume crosswind peak loca-
tion coupled with the average wind direction data could
provide an idea of the emission source location and con-
figuration. As before, a Gaussian function is fitted to mea-
sured PIC ground-level values, but this time as a univariate
function. The error function for the minimization proce-
dure is the sum of squared errors (SSE) function, and it is
defined in the one-dimensional SBFM approach as follows:

2
B i pfm,-r
— — / -5 -
SSE(B,.,m,,,G_\-,.)—Z PIC; ;,/_2750,1_'[“{ 2[ c ”dr

(€]

where B is equal to the area under the Gaussian distribu-
tion that is equal to the total path integrated concentra-
tion, r; is the path length of the ith beam, m_ is the mean
(peak location), and g, is the standard deviation of the jth
Gaussian function. PIC, is the observed path integrated
concentration value of the

ith path.

reconstructions in different measurement and proce-
dure conditions. As shown in Figure 2, it appears pos-
sible that fitting a Gaussian distribution to a single
mode arbitrary distribution provides a reasonable es-
timate of the distribution center of mass location (peak
location) and variability.

Over time, as the wind direction fluctuates, differ-
ent peak locations are reconstructed from the PIC mea-
surements. Each time a peak location is identified, a
source projection line is drawn by calculation of a line
equation through the peak location with the same ori-
entation as the wind direction averaged over the same
measurement interval. Ideally for a stationary point
source, all source projection lines drawn over time should
intersect at a point upwind of the measurement line in
the vicinity of the real emission source location. In prac-
tice, the source projection lines do not always converge
to a single point. However, by calculating the density of
lines per unit area upwind from the measurement plane,
the most likely location of the source can be interpreted
as the region of the maximal line density.

This Gaussian ap- Table 1. Summary of averaged CCF (goodness-of-fit measure) and averaged absolute shift in peak location values for the same

proximation to the actual

100 underlying test distributions in the four cases examined (6 meter plus total path length).

distribution could be ob-
tained by minimizing the
SSE function to fit the
three unknown param-

Fitting Two
Gaussian Function

Four Segments

Gaussian Function

Three Segments
Fitting Two Fitting One
Gaussian Function Gaussian Function

Fitting One

eters for each Gaussian

Mean CCF 0.95+0.03
function. Figure 2 presents  pean Shift in
two examples of an arbi-  Ppeak Location
trary distribution along [RU] 0.41+0.28

0.92 +0.06 0.90+0.08 0.90+0.08

0.43+0.33 0.43+0.31 0.39+0.32

with normal distribution
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Figure 2. Two examples of reconstructed concentration distributions where one or two Gaussian functions were fitted to four segments of PIC data
and CCF values as goodness-of-fit measure: (a) skewed underlying test distribution; (b) approximately symmetric underlying test distribution.

SIMULATION STUDY

The simulated data study was designed to evaluate the
number of segments and the number of basis functions
needed to accurately estimate the peak location along the
primary measurement path. Since each Gaussian distri-
bution has three independent parameters, three segments
are sufficient for reconstructing crosswind profiles fitting
a single Gaussian. However, when the crosswind profile
is nonsymmetric, fitting a single Gaussian function would
presumably provide a peak estimated location shifted to
the skewed tail of the profile. Since fitting more than one
basis function could provide a better fit to a nonsymmetric
actual profile, we also fitted two Gaussian functions to
evaluate whether we could gain a better estimate of the
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peak location. In this case, three segments are way
underdetermined when searching for six unknown pa-
rameters (three for each Gaussian function). Therefore,
we compared between three and four segments fitting
one or two Gaussian basis functions; a total of four
cases, as shown in Table 1. We generated 100 arbitrarily
chosen test distributions and performed the SBFM re-
construction procedure for each test distribution in the
above four cases.

Each arbitrary test distribution was generated as fol-
lows: The computer selected a vector R of 24 uniformly
distributed random numbers between 0 and 1. The mode
location occurred at the maximal value in this vector. The
values prior to the mode were sorted in ascending order
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and the values beyond the mode were sorted in descend-
ing order to create a single mode distribution. To obtain
more peaked test distributions R’, the random vector R
was modified by the following formula:

R=exp(R)—1 @)

We arbitrarily scaled all of these results to a total path of 6
m; however, any total path could be accommodated in a
similar way. The simulated path was equally divided into
several (three or four in our simulation) secondary segments.
This test distribution was then used to generate synthetic
observed PIC data by integrating the random vector values
for the relevant secondary path (from the instrument to
the relevant simulated retroreflector location). The seg-
mented PIC data were used in the one-dimensional SBFM
procedure, minimizing the SSE function to fit the Gaussian
distributions to the concentration profile along the main
6-m path.

The concordance correlation factor'® (CCF) was cho-
sen as a summary measure to represent the quality of the
reconstruction fit to the test distribution. This measure was
calculated from a linear regression of paired point values
taken from the reconstruction and input test distribution
at each of the 24 locations along the 6-m path. The CCF is
similar to the Pearson correlation coefficient, but is adjusted
to account for shifts in location and scale. In our results,
the CCF values were only slightly smaller than the Pearson
correlation factor. Like the Pearson correlation, CCF values
are bounded between -1 and 1, yet the CCF can never ex-
ceed the absolute value of the Pearson correlation factor.
The CCF will be equal to the Pearson correlation when the
linear regression line intersects the ordinate at O and its
slope equals 1.

For each of the four cases, we averaged the CCF values
over the 100 reconstructed test distributions. The results are
shown in Table 1, along with the averaged absolute shift in
peak location between the test and reconstructed distribu-
tions. In addition, all averaged values are presented includ-
ing the related standard deviations. As can be concluded from
Table 1, scanning among four retroreflectors rather than three
provides better fits and smaller shifts in peak location. Fur-
thermore, when scanning to four retroreflectors, fitting two
Gaussian functions seems beneficial compared to fitting only
one. Examples that demonstrate the effects of fitting two
Gaussian functions are illustrated in Figure 2. The tail of the
skewed test distribution is taken into account in Figure 2a by
one of the functions, allowing the other function to better
estimate the peak location and to provide an overall better
fit. However, note that the difference in estimated peak loca-
tion is very small. In a more symmetric case (test distribu-
tion in Figure 2b), there is a smaller difference between fitting
one or two Gaussian functions.
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FIELD STUDY

To validate the feasibility of this approach to estimate the
point source location, a field experiment was conducted.
The general site configuration in the field experiment was
described in a previous paper.® The source was simulated
by a controlled point source of sulfur hexafluoride (SF,)
gas, elevated from the ground by 0.7 m. An open-path
Fourier transform infrared (OP-FTIR) (bistatic BOMEM
155MB) beam path was located 40 m downwind from the
controlled point source and approximately perpendicu-
lar to the average wind direction (Figure 3). The 75-m OP-
FTIR beam path was segmented by two additional
radiation sources (bistatic) into shorter path lengths of
52 and 32 m. As radiation sources, we used three 1 x 1 x
0.2-m containers of water, electrically heated up to the
boiling temperature. The 1-m? surface of the radiation
source was facing the instrument and was painted in an
emissive black paint. As the physical size of the infrared
source covers all of the field of view of the collecting op-
tics of the instrument, no background signal acquisition
and subtraction were needed in this study. The highest
spectral resolution of the BOMEM system is 1 cm. The
BOMEM instrument includes a Sandwich MCT/InSb
cooled detector apparatus; however, since the SF, absor-
bance feature is around 950 cm™?, the data acquisition was
performed between 900 and 1000 cm™ in the MCT
spectral range.

Meteorological data were acquired by a meteorologi-
cal station located at the site. This station is 3.5 m above
the ground level and provided wind data averaged over
5-min intervals. The wind data were integrated to over-
lap the measurement time interval, which was typically
20 min. The wind direction sensor was counterbalanced,
with lightweight vanes attached to a shaft coupled to a
precision low-torque potentiometer. This sensor had a
starting threshold of 0.22 m/sec and accuracy of +2°.

The OP-FTIR instrument continuously sampled for 1
min on each beam segment and consequently acquired data
for about 20 min. This yielded at least six repeats on each
of the three beam paths. The plume peak location was de-
termined for nine runs using the one-dimensional SBFM
method. The average wind direction was measured and
coupled with the peak location to calculate the source pro-
jection line density function as described in the previous
section. The line density function was computed for pixel
size of 2 x 2 m, and a contour map of this function is plot-
ted in Figure 3. The region with the highest line density
appears in the map very close to the actual source location
(at 0,0 at the contour map in Figure 3). The high density of
lines upwind of the source location is probably due to the
small variations in wind direction over the experiment. This
made the determination of the source location more un-
certain along the direction of the average wind direction.
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Figure 3. A contour map of the source projection line density function in units of (2 x 2 x m). The actual point source location is at the origin of the

Cartesian coordinate system (0,0), and is indicated by the white circle.

CONCLUSIONS

The one-dimensional SBFM approach was found to be
feasible for estimating the crosswind plume’s peak loca-
tion for four cases examined in the simulation study. The
four-segment case, where two Gaussian functions were
fitted, seemed to provide the best results with regard to
overall goodness of fit. However, there is no significant
difference in the estimation of peak location. Scanning
to three retroreflectors will provide better temporal reso-
lution that may provide a better peak location reconstruc-
tion (than the four segments) in real field setup situations.
This issue will be explored experimentally in the next
phase of this research program.

Furthermore, as was shown with OP-FTIR experi-
mental data (which employed three segments), by com-
bining wind direction data and the one-dimensional
SBFM approach, it was possible to estimate the point
source location based on the source projection line
density function. However, note that this was performed
over a period of about 3 hr (nine runs of 20 min). By cou-
pling the emission flux*® and source localization method-
ologies, one has to retrieve both estimates in the same
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time interval of about 20 min. Therefore, it is neces-
sary to first apply the reconstruction algorithm for each
round of ground-level segmented beams data. For this
purpose, it also essential to investigate the issue of how
to consider the time lag of the plume traveling from
the source to the downwind measurement beam paths.

In this stage of the study, we have not yet considered
the reconstructed crosswind standard deviations. This
additional information might improve the localization
methodology and provide even better estimates of the
area source “hot spot” location.
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