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TECHNICAL PAPER

Accuracy of vertical radial plume mapping technique in measuring
lagoon gas emissions
Maialen Viguria,1 Kyoung S. Ro,2,⁄ Kenneth C. Stone,2 and Melvin H. Johnson2
1NEIKER-Tecnalia, Basque Institute for Agricultural Research and Development, Derio, Bizkaia, Spain
2Coastal Plains Soil, Water and Plant Research Center, United States Department of Agriculture Agricultural Research Service, Florence, SC, USA
⁄Please address correspondence to: Kyoung S. Ro, Coastal Plains Soil, Water and Plant Research Center, United States Department of
Agriculture Agricultural Research Service, 2611 W. Lucas Street, Florence, SC 29501-1242, USA; e-mail: Kyoung.Ro@ars.usda.gov

Recently, the U.S. Environmental Protection Agency (EPA) posted a ground-based optical remote sensing method on its Web
site called Other Test Method (OTM) 10 for measuring fugitive gas emission flux from area sources such as closed landfills. The
OTM 10 utilizes the vertical radial plume mapping (VRPM) technique to calculate fugitive gas emission mass rates based on
measured wind speed profiles and path-integrated gas concentrations (PICs). This study evaluates the accuracy of the VRPM
technique in measuring gas emission from animal waste treatment lagoons. A field trial was designed to evaluate the accuracy of
the VRPM technique. Control releases of methane (CH4) were made from a 45 m × 45 m floating perforated pipe network located
on an irrigation pond that resembled typical treatment lagoon environments. The accuracy of the VRPM technique was expressed
by the ratio of the calculated emission rates (QVRPM) to actual emission rates (Q). Under an ideal condition of having mean wind
directions mostly normal to a downwind vertical plane, the average VRPM accuracy was 0.77 ± 0.32. However, when mean wind
direction was mostly not normal to the downwind vertical plane, the emission plume was not adequately captured resulting in
lower accuracies. The accuracies of these nonideal wind conditions could be significantly improved if we relaxed the VRPM wind
direction criteria and combined the emission rates determined from two adjacent downwind vertical planes surrounding the
lagoon. With this modification, the VRPM accuracy improved to 0.97 ± 0.44, whereas the number of valid data sets also increased
from 113 to 186.

Implications: The need for developing accurate and feasible measuring techniques for fugitive gas emission from animal
waste lagoons is vital for livestock gas inventories and implementation of mitigation strategies. This field lagoon gas emission
study demonstrated that the EPA’s vertical radial plume mapping (VRPM) technique can be used to accurately measure lagoon
gas emission with two downwind vertical concentration planes surrounding the lagoon.

Introduction

Anaerobic treatment lagoons and storage ponds from con-
centrated animal feeding operations (CAFOs) pose environ-
mental concerns (Aneja et al., 2000; Harper et al., 2000).
Emissions of ammonia (NH3) and greenhouse gases (i.e.,
methane [CH4], carbon dioxide [CO2], and nitrous oxide
[N2O]) from anaerobic treatment lagoons were reported in the
literature (Blanes-Vidal et al., 2012; Sharpe et al., 2002).
Ammonia derives mainly from the decomposition of urea
nitrogen presented in slurry during animal confinement, slurry
storage, and land spreading (Beline et al., 1998; van der Peet-
Schwering et al., 1999). Methane and N2O are greenhouse
gases with a global warming potential of 34 and 298 times
higher than CO2, respectively, over the next 100 years
(Intergovernmental Panel on Climate Change [IPCC], 2013).
Methane loss from manure is generated during the anaerobic
decomposition of organic matter, especially when manure is
stored in liquid form (Martinez et al., 2003). Synthetic

fertilizer, animal manure, and crop residue are the main agri-
cultural N2O emission sources. Nitrous oxide emissions were
reported to be low from manure storage, particularly under no
aeration (Park et al., 2006).

The complexity of processes and environmental variables
affecting trace gas emissions impedes accurate and reliable
quantification of gas fluxes (Hu et al., 2014). Among measure-
ment techniques, the use of flux chambers represents the smal-
lest scale (<1 m2) and the most popular technique
(Denmead, 2008). Their operating principle is simple, they
are highly sensitive, and the costs are low, with simple field
instrumentation requirements. However, they do not adequately
represent spatial and temporal variabilities in gas emissions
(Denmead, 2008). Prohibitory large numbers of point flux
measurements are required to be representative. On the other
hand, micrometeorological techniques have been demonstrated
to be functional and reliable in measuring gas emissions from
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distributed sources (Sommer et al., 2005). They do not alter the
ambient surface conditions, such as temperature and wind
speed, and generally have a much larger measurement footprint
(i.e., surface sampling area contributing gas emission
measurement) (Gao et al., 2009).

Recently, a backward Lagrangian stochastic (bLS) method,
an emerging micrometeorological technique, has shown its
high accuracy in measuring gas emissions from point and
distributed emission sources (Ro et al., 2011, 2013, 2014). In
the bLS model, the emission rate is calculated from the rise in
gas concentration downwind of the emission source. The
advantages of this method are its relatively high accuracy,
simplicity, and flexibility in terms of field measurements
(Flesch et al., 2004; Ro et al., 2013, 2014). One of the concerns
for the use of the bLS technique in measuring lagoon gas
emission is its underlying assumption of idealized wind flow
over flat and homogenous terrain. Many anaerobic treatment
lagoons are typically surrounded by trees and natural barriers,
complicating the wind flow environment around the lagoons in
addition to the land-to-water surface transition. Despite these
nonidealities, the bLS technique was able to calculate lagoon
gas emissions with less than 25% errors when both wind and
concentration sensors were placed along the downwind berm
of the lagoon (Ro et al., 2013b).

Another micrometeorological method, integrated horizontal
flux (IHF) method (Denmead et al., 1977), is a mass-balance–
based method that is sensitive to changes in the environmental
conditions and can measure an average gas emission rate of a
large area (Wilson et al., 1983; Sanz-Cobeña et al., 2008;
McGinn, 2013;). Recently, the U.S. Environmental Protection
Agency (EPA) codified the vertical radial plume mapping
(VRPM) technique, a modified IHF method, as Other Test
Method 10 (OTM 10) in measuring fugitive gas emission
rates from closed landfills. The VRPM technique estimates
the horizontal flux of gas passing downwind of the emission
source based on measured wind speed profiles and integrated
gas concentrations (PICs) (Ro et al., 2009, 2011). It requires
the knowledge of gas concentration and wind fields in a ver-
tical plane downwind of the source.

The VRPM technique used a bivariate Gaussian smooth
basis function minimization (SBFM) approach to reconstruct
a crosswind-smoothed mass equivalent concentration map in a
vertical plane from the downwind PIC data. It first uses the
ground-level PIC data to estimate the values of σy and my of eq
1 by fitting the data into a univariate Gaussian function via
minimization of the sum of squared errors (SSE).

SSE B;my; σy
� � ¼ X

i
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where B is the area under the one-dimensional Gaussian dis-
tribution (integrated concentration); ri is the path length of the
ith beam (m); my is the peak location in y direction, i.e., right
angle to the wind direction (m); PICi is the measured PIC value

of the ith beam (ppm·m); and σy is the standard deviation in the
horizontal direction (m).

Subsequently, the values of A and σz of eq 2 are estimated
by fitting above-ground PIC data into a bivariate Gaussian
function.
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where A is the normalizing coefficient adjusting for the peak
value of the bivariate surface; θi is the vertical angle of beam i
from the ground; and σz is the standard deviation in the vertical
direction (m).

Using the bivariate Gaussian function with all parameters
determined, the VRPM calculates the mass-equivalent concen-
tration values for every square elementary unit (4 × 4 m) in a
vertical plane. Finally, the VRPM computes and integrates each
elementary unit gas emission rate over the entire vertical plane,
with wind speed approximated by the wind speed and direction
measured by two heights.

This VRPM technique promises a simplified mass-balance
measurement approach and a useful tool for examining emis-
sions from area sources. Grant et al. (2013) compared lagoon
gas emission rates measured by both bLS and VRPM techni-
ques and reported that VRPM emission rates were generally
higher than bLS emission rates. Although their study compared
the two techniques, it still did not provide the direct accuracy
of the VRPM technique in measuring lagoon gas emission.

To date, direct accuracy of the VRPM technique in measur-
ing lagoon gas emission has not been reported in the literature.
The objective of this study was to directly evaluate the accu-
racy of the VRPM technique using a synthetic lagoon with a
known emission rate.

Materials and Methods

Study site

This study was conducted on a rectangular irrigation pond
(59.0 m × 68.5 m) at the United States Department of
Agriculture Agricultural Research Service (USDA-ARS)
Coastal Plains Soil, Water and Plant Research Center in
Florence, South Carolina (34°14.741′N, 79°48.605′W), on 3,
10, 11 and 18 April 2013 and 28 and 29 May 2013. The pond
was bordered by pine trees on two sides and by open cropland on
the remaining two sides (Figure 1). A small pump house was
located along one side. The irrigation pond was filled with
groundwater from an adjacent well. The berm height was approxi-
mately 0.4 m above the water surface. This site was selected
because its surroundings (e.g., tree lines, buildings, and cropland)
were similar to typical animal wastewater treatment lagoons in the
southeastern United States. The cornfield was clear, with little
crop growth during the tests. Fifty bales of pine straw (0.25 m ×
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Figure 1. Irrigation pond layout (rectangle), floating emission source (white lines), sensor locations (TDL, open-path tunable diode laser absorption spectrometer;
R, retroreflectors; stars, 3D sonic anemometers), and towers (T1, T2) on (a) 3 April 2013 and (b) 10, 11, and 18 April 2013 and 28 and 29 May 2013.
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0.4 m × 0.7 m) were secured midway up the side slopes along the
upwind and downwind berms for the experiments conducted on
28 and 29 May 2013. These bales created an artificial “rough”
side slope to simulate an animal manure storage lagoon berm
frequently found with heavy vegetation growth in warm climate
regions.

A floating perforated pipe network was used as a synthetic
distributed lagoon emission source. The floating emission
source was constructed of perforated, 1.3 cm schedule 40
polyvinyl chloride pipe assembled into a 45 m × 45 m grid.
The grid was set up with an “I”-shaped manifold connected to
a cylinder of compressed CH4 gas. Laterals were connected at
3-m intervals along the manifold (16 laterals in total) and each
lateral had 44 holes (1.6 mm diameter) drilled at 1-m intervals
along the entire length. Circular foam floats were threaded onto
each section of the laterals and manifold to float the entire grid
on the water surface. The floating grid was secured in the
center of the pond so that the laterals were in the northwest
(NW)-southeast (SE) plane.

The perforated pipe network was designed to provide a
uniform discharge flow from all orifices over the entire

network. Pure CH4 gas (99% CP grade CH4; Airgas, Inc.,
Florence, SC) was used as a test gas, and its true emission
rate was calculated from weight loss during experiments. The
weight loss of the CH4 gas cylinder was measured with a 100-
kg digital platform scale (Ohaus Champ Platform scale with
CW11-2EO indicator; Pine Brook, NJ). A video camera was
used to record the gas flow rate, gas cylinder weight, and time.
Change in mass over time and the gas purity were used to
calculate the actual emission rate. The CH4 emission rates for
all experiments ranged from 0.3 to 0.4 mg m−2 sec−1, similar to
the CH4 emission rates from swine anaerobic lagoons (Sharpe
and Harper, 1999).

Instrumentation

An open-path tunable diode laser (TDL) absorption spectro-
meter (GasFinder2.0 for CH4; Boreal Laser, Inc., Spruce
Grove, Alberta, Canada) mounted on an automatic positioning
device (APD; model 20 Servo; Sagebrush Technology, Inc.,
Albuquerque, NM) and 10 retroreflectors (Rs) were used to
measure PICs along the downwind berm (Figure 2). The TDL

Figure 2. Setup of the VRPM technique for (a) 3 April 2013 and (b) 10, 11, and 18 April 2013 and 28 and 29 May 2013. Sensor locations (TDL, open-path
tunable diode laser absorption spectrometer; R, retroreflectors; star, 3D sonic anemometer) and towers (T1, T2) in SW, NW, and NE planes.
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was located at the corner of the pond at the intersection of the
two sides. Five Rs were placed in a line along each of the two
sides of the pond. Three of the five Rs were positioned 1 m
above ground level and the remaining two Rs were mounted at
5 and 9 m heights on a 10-m tower (Figure 2). Two 10-m
towers were positioned at the end of the measurement line,
which extended beyond the width of the pond (T1 and T2,
Figure 1). The path lengths of the PICs, together with the
heights of the Rs, are shown in Table 1. The automatic posi-
tioning device sequentially directed the infrared beam of the
TDL to each R and created a two-dimensional vertical mea-
surement planes parallel to each of the two downwind sides of
the pond (Figure 2). At each R, the TDL collected about 12–15
downwind PIC data sets over a period of approximately 30 sec
before being moved to next R. Once measurements were taken
from each of the 10 Rs, thereby completing the cycle, the APD
realigned the TDL with the first R starting the next measure-
ment cycle. Continuous measurement cycles were completed
throughout the test period. The TDL (1.2 m height) was set up
for a sampling rate of about 1 Hz and had continuous calibra-
tion updates every 40 samples using an internal reference cell.
In addition, the TDL was calibrated using an external calibra-
tion tube (5 cm inner diameter [i.d.] × 6.25 m length) with a
standard 30 ppm CH4 gas prior to the field tests (Ro
et al., 2009). A more detailed description of the pond and
instrumentation can be found in Ro et al. (2009) and Ro
et al. (2013b).

Two three-dimensional (3D) sonic anemometers (CSAT3;
Campbell Scientific, Inc., Logan, UT) were used to measure
wind speeds at 20 Hz. The 3D sonic anemometers provided the
wind information needed for calculations of friction velocity
(u*), Obukhov stability length (L), surface roughness length
(z0), and wind direction (Flesch et al., 2004). The anemometers
were installed near the center of the southwest (SW) and north-
east (NE) sides beside the pond and mounted on a tripod at a
height of 2 m above the ground (Figures 1 and 2). The anem-
ometers were installed facing west. The tests used the wind
data obtained from one of the two anemometers simultaneously
located on the upwind and the downwind berms of the pond.
Additionally, two wind sensors were mounted on each of the

two instrument towers at heights of 2 and 10 m, respectively.
Two propeller anemometers (model 05305; R. M. Young,
Traverse City, MI) were located on T1. One mechanical wind
sensor (model 03001 wind sentry; Campbell Scientific) was
used on T2 at a height of 2 m and a two-dimensional sonic
anemometer (Windsonic; Campbell Scientific) was used on T2
at a height of 10 m.

VRPM for emission rate measurements

The coordinates of the Rs were entered into the VRPM
software (Arcadis G&M, Inc., Denver, CO). The PIC data for
each R were saved for reconstructing plane-integrated concen-
tration maps for each measurement cycle and each vertical
measurement plane independently. The emission rates were
calculated by the software based on 15-min-averaged PICs
and wind speed and direction data at 2 and 10 m heights
from T1 for each measurement cycle. The VRPM data were
filtered with the following criteria: (i) concordance correlation
factor (CCF) >0.8 and (ii) correction factor (i.e., CCF/the
Pearson correlation coefficient) >0.9. The CCF was used to
represent the level of fit in reconstructing the mass-equivalent
plume map based on the measured PIC data (EPA, 2006).
When one optical plane was used for the VRPM calculation,
only those emission rates during the cycles with wind direction
(WD) between −10° and 25° from perpendicular to the plane
(0°) were used as recommended by the EPA (2006).

Forward Lagrangian stochastic plume simulation

The WindTrax 2.0. software (http://www.thunderbeachs-
cientific.com/) was also used for running the forward
Lagrangian stochastic (fLS) technique to simulate downwind
plume concentrations. This model releases particles from the
sources and follows them forward in time as they are carried
downwind. As they pass through a concentration sensor’s
volume, they contribute to the concentration measured there.
In the current study, the Windtrax software modeled the down-
wind trajectory of 5000 gas particles releasing from 30 source
points (1.4 g CH4 min−1), representing a uniform CH4 emission
from the pond. The fLS technique produced CH4 concentration
plumes for each 15-min period in the planes located in each
side of the pond.

Accuracy, uncertainty, and sensitive analyses

The VRPM accuracy was defined as the ratio of the emis-
sion rate determined by the VRPM technique to the actual
emission rate, which was determined by dividing the decrease
in the methane gas tank weight over time.

Accuracy ¼ QVRPM

Q
(3)

where Q is the actual emission rate (g sec−1) and QVRPM is the
calculated emission rate from the VRPM technique (g sec−1).

The uncertainty in the concentration and meteorological
measurements propagate in the VRPM model output. There
are two types of uncertainty: type A uncertainty is determined

Table 1. Path lengths of the PICs and heights of the retroreflectors

Path Length (m)

Retroreflector 3 April 2013 Other Days Height (m)

R1 32 27 1
R2 63 52 1
R3 97 79 1
R4 94 79 5
R5 94 79 9
R6 29 32 1
R7 55 64 1
R8 75 96 1
R9 72 96 5
R10 72 96 9
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from a series of repeated observations, whereas type B uncer-
tainty information can be obtained from manufacturer’s speci-
fications, understanding of instrument behavior, and
uncertainties assigned to reference data taken from handbooks
(Joint Committee for Guides in Metrology [JCGM], 2008). The
uncertainties used in this analysis were all obtained from man-
ufacturers’ specifications (i.e., type B uncertainties). In order to
calculate the propagation of uncertainties of the VRPM model
to wind speed, wind direction, path length, and the path-inte-
grated downwind concentration, a Monte Carlo simulation
method was performed with 10,000 iterations. This is a brute-
force method of directly estimating a probability density func-
tion of the VRPM model outputs. It is based on performing
more than 10,000 of VRPM model evaluations with randomly
selected model inputs each within its uncertainty range, assum-
ing uniform probability densities. The uncertainty ranges of
input parameters were determined from typical input values
encountered in actual experiments plus and minus the uncer-
tainties specified by manufactures. The sensitivity of the
VRPM model to these input parameters was estimated by
evaluating 20% more and less than the input values typically
encountered in the actual experiments. The percent changes of
output values according to the change in each of input values
were determined to assess which parameters affected the output
the most or the least.

Statistical analysis was performed using the R package stats
(version 3.1.0; R Core Team, 2013) for analysis of variance
(ANOVA) procedure to estimate differences in accuracy data.

Results and Discussion

Accuracy of the VRPM technique

The average 10-m wind speeds during the validation studies
ranged from 1.6 to 6.3 m sec−1. The atmospheric stability
conditions were very unstable (in 90% of data) to unstable
(in 10% of data) according to Seinfeld (1986), who categorized

the atmosphere as “very unstable (VU),” “unstable (U),” “neu-
tral (N),” “stable (S),” or “very stable (VS)” based on the
Monin-Obukhov length values of “−100 m < L < 0,” “−105

m ≤ L ≤ −100 m,” “|L| > 105 m,” “10 m ≤ L ≤ 105 m,” and “0 <
L < 10 m,” respectively.

The accuracies of the VRPM technique ranged from 0.13 to
1.77 in the experiments conducted in April and May 2013. The
daily-average VRPM accuracies varied from 0.65 to 0.97 with
an overall average accuracy of 0.77 ± 0.32 (Table 2). These
accuracies were related to the vertical measurement plane 1 or
2 (i.e., NE, NW, or SW) and are comparable with that of tracers
released from flat surface terrain reported by Thoma et al.
(2010), 0.83 ± 0.33. In a similar flat uniform surface setting,
Ro et al. (2009) also reported the VRPM errors ranging from
−13% to 22% when calculating the emission rate from a single
area source.

Many data sets were lost when the WD was outside of the
recommended ranges, i.e., WD between −10° and 25° from
perpendicular to the plane. Figure 3 shows the ideal plume
captures simulated by the fLS technique in the two downwind
vertical planes surrounding the lagoon (3 and 11 April 2013)
where the wind was nearly perpendicular to the SW and NE,
respectively. The VRPM accuracies in both cases were close to
unity, which represented good measures (Ro et al., 2011).
However, when wind was not perpendicular to one of the
planes, the fLS model showed that the emission plume was
split between the two planes (Figure 4). Consequently, low
accuracies were yielded if only one vertical plane was used
to calculate the emission rates (NW plane 1, QVRPM1/Q = 0.34
and NE plane 2, QVRPM 2/Q = 0.69 in Figure 4). If the VRPM
wind direction criterion was relaxed and the two emission rates
from the two optical planes were combined, the VRPM accu-
racy significantly improved to 1.03. In addition, the number of
valid data sets also increased from 78 (plane 1 only) and 35
(plane 2 only) to 186 in the whole study. The increase in the
number of data sets and the improvement of VRPM accuracies
are shown in Table 2. The overall VRPM accuracy improved
from 0.77 ± 0.32 with single plane to 0.97 ± 0.44 with double

Table 2. Number of data sets and daily-average VRPM accuracy from one vertical plane (plane 1 or 2; QVRPM 1 or 2/Q) or the combination of the two vertical
planes (QVRPM 1+2/Q) according to the EPA’s criteria

One Vertical Plane Combination of Two Vertical Planes

Date
Number of
Data Sets QVRPM 1 or 2/Q

Number of
Data Sets QVRPM 1+2/Q

3 April 2013 21 0.66 ± 0.25 (1, SW)a 16 0.67 ± 0.29
10 April 2013 20 0.97 ± 0.45 (2, NE) 56 1.26 ± 0.54
11 April 2013 15 0.66 ± 0.28 (2, NE) 31 0.85 ± 0.36
18 April 2013 31 0.86 ± 0.29 (1, NW) 39 0.93 ± 0.29
28 May 2013 17 0.65 ± 0.18 (1, NW) 20 0.85 ± 0.30
29 May 2013 9 0.73 ± 0.21 (1, NW) 24 0.81 ± 0.35
Overall 78 (plane 1) 0.77 ± 0.32 186 0.97 ± 0.44

35 (plane 2)

Notes: Data are mean ± standard deviation. aCorresponding vertical plane (plane number, orientation).
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planes. We suggest ignoring the wind direction criteria and
adding the emission rates calculated from the two downwind
vertical planes surrounding the lagoon.

When the two 10-m towers could not capture the entire
plume, the VRPM accuracy deteriorated regardless of whether
the emissions from the two wind-facing planes were combined.
On 28 May 2013, the entire emission was not captured by the
10-m tower. The plume picture generated by the fLS model
shows a small pocket of high concentration plume at 10 m of
the NW plane (Figure 5). The VRPM accuracy of this plane
was unacceptably low (QVRPM 1/Q < 0.7), and the combination
of both planes did not increase significantly the overall accu-
racy (QVRPM 1+2/Q = 0.71). The tower was not high enough to
capture the whole plume of the NW plane. This coincided with
McBain and Desjardins (2005), who reported that the applic-
ability of mass-balance methods in on-farm studies is often
limited by the maximum practical measurement height that
can be achieved.

Uncertainty and sensitivity of the VRPM technique

Table 3 shows the range of input parameters used for the
Monte Carlo uncertainty analysis. Assuming a uniform prob-
ability distribution, the values of the parameters were randomly
selected to run the VRPM model 10,000 times. Figure 6 shows
that the VRPM emission rates from the Monte Carlo analysis
closely resembled a normal distribution, with a mean of 0.72 g
sec−1 and a standard deviation of 0.04 g sec−1 (i.e., coefficient
of variation = 5.6%). This coefficient of variation (CV) in
VRPM outputs due to the uncertainty in analytical and meteor-
ological instruments was significantly smaller than that of
VRPM accuracy ranging from 28% to 46% in Table 2 (P <

Figure 3. Methane emission plumes in ideal cases for VRPM technique on (a)
3 April 2013 and (b) 11 April 2013 and corresponding VRPM accuracies
calculated for only plane 1 (QVRPM 1/Q) and plane 2 (QVRPM 2/Q) and the
combination of both planes (QVRPM 1+2/Q). The VRPM emission data from
plane 2 (QVRPM 2) did not satisfy the EPA’s filtering criteria.

Figure 4. Methane emission plume in a nonideal case for VRPM technique in
11 April 2013 and corresponding VRPM accuracies calculated for only plane 1
(QVRPM 1/Q) and plane 2 (QVRPM 2/Q) and the combination of both planes
(QVRPM 1+2/Q). The VRPM emission data from plane 1 (QVRPM 1) did not
satisfy the EPA’s filtering criteria.

Figure 5. Methane emission plume in a case with the whole emission not being
captured by the VRPM technique in 28 May 2013 and corresponding VRPM
accuracies calculated for only plane 1 (QVRPM 1/Q) and plane 2 (QVRPM 2/Q)
and the combination of both planes (QVRPM 1+2/Q). The VRPM emission data
from plane 2 (QVRPM 2) did not satisfy the EPA’s filtering criteria.
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0.0001). In other words, there were factors (e.g., not capturing
whole plume) other than instrumentation uncertainties that
contributed to the deviation of the VRPM output emission
rates from the actual emission rates.

The VRPM emission rates were sensitive to the wind
speed and direction at 2 m height, but not sensitive to
those at 10 m height (Figure 7). This sensitivity at the
lower height was probably due to the fact that the plume
concentration at the higher height was too low to influence
the emission rate. Among five PICs, the PIC from R2 had
the highest sensitivity, probably due to its location at the
center of the plume. The results of the sensitivity analysis
showed that the concentration, wind speed, and wind direc-
tion near the ground were the critical parameters influencing
the VRPM emission rates.

Conclusion

This study evaluated the accuracy of the VRPM technique
in measuring lagoon gas emission using a synthetic lagoon
with a known emission rate. The VRPM yielded an average
accuracy of 0.77 ± 0.32 when only one vertical plane perpen-
dicular to the wind direction was considered. Monte Carlo
uncertainty analysis showed that the VRPM emission rates
varied with a CVof 5.6% due to the concentration and meteor-
ological sensor uncertainties. This CV was significantly smaller
than that of VRPM accuracy, indicating factors other than
sensor uncertainties contributed to the VRPM inaccuracy
such as not capturing the whole plume. The sensitivity analysis
showed that the concentration near the center of plume, wind
speed, and direction near the ground were the most critical
parameters influencing the VRPM outputs. When both planes
facing the wind were considered, ignoring the normal wind
direction requirement, the accuracy of VRPM significantly
improved to 0.97 ± 0.44, with substantially more valid data
sets. Therefore, when using the VRPM technique for measur-
ing lagoon gas emission, we suggest adding the emissions from
the two wind-facing planes around the lagoon. These results
demonstrated that the VRPM technique could be used to mea-
sure lagoon emissions with reasonable accuracy using both
downwind planes facing the wind.
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Table 3. Range of VRPM input parameters used for the Monte Carlo analysis

Input Parameters Typical Value Uncertainty

Path length 1 27.0 m ±0.5 m
Path length 2 52.0 m ±0.5 m
Path length 3 79.2 m ±0.5 m
Path length 4 79.2 m ±0.5 m
Path length 5 79.2 m ±0.5 m
Wind speed at 2 m 3.1 m sec−1 ±0.1 m sec−1

Wind speed at 10 m 3.9 m sec−1 ±0.1 m sec−1

Wind direction at 2 m 143° ±3°
Wind direction at 10 m 143° ±3°
Concentration 1 1.95 ppm ±5%
Concentration 2 2.94 ppm ±5%
Concentration 3 1.42 ppm ±5%
Concentration 4 0.52 ppm ±5%
Concentration 5 0.21 ppm ±5%

Figure 6. VRPM emission rates from the Monte Carlo uncertainty analysis
(M = 10,000).

Figure 7. Sensitivity analysis of the VRPM model toward various input
parameters.
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