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Abstract:



Evaluation of the environmental impact of gas plumes from stack emissions at the local level requires precise knowledge of the spatial development of the cloud, its evolution over time, and quantitative analysis of each gaseous component. With extensive developments, remote-sensing ground-based technologies are becoming increasingly relevant to such an application. The difficulty of determining the exact 3-D thickness of the gas plume in real time has meant that the various gas components are mainly expressed using correlation coefficients of gas occurrences and path concentration (ppm.m). This paper focuses on a synchronous and non-expensive multi-angled approach combining three high-resolution visible cameras (GoPro-Hero3) and a scanning infrared (IR) gas system (SIGIS, Bruker). Measurements are performed at a NH3 emissive industrial site (NOVACARB Society, Laneuveville-devant-Nancy, France). Visible data images were processed by a first geometrical reconstruction gOcad® protocol to build a 3-D envelope of the gas plume which allows estimation of the plume’s thickness corresponding to the 2-D infrared grid measurements. NH3 concentration data could thereby be expressed in ppm and have been interpolated using a second gOcad® interpolation algorithm allowing a precise volume visualization of the NH3 distribution in the flue gas steam.
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1. Introduction


Several epidemiological studies have found a short-term association between air pollution and mortality. These results were established in French, European and American multicenter studies as well as through the compilation of numerous studies [1]. This is an obvious and sufficient reason for air monitoring to become an essential element in any type of human or industrial activity at the local level [2,3]. Among the various techniques, ground-based infrared (IR) remote-sensing technologies are promising for the large-scale monitoring of atmospheric gas plume detection [4,5,6,7,8]. The potentialities of these technologies have been particularly demonstrated in volcanology [9,10,11,12]. Recently, Reiche et al. [13], by evaluating different techniques of ground-based optical remote sensing in field conditions by a gas tracer experiment, revealed that the passive Open Path–Fourier-transform infrared (FTIR) spectrometer is a valuable tool for rapid detection and imaging of emission sources and spatial tracer gas distribution [14,15]. However, three parameters are essential for imaging and evaluating the environmental impact of any atmospheric gas plume: (i) the exact spatial boundary of the cloud; (ii) its evolution over time; and (iii) quantitative analysis of each gaseous component present in the cloud. Determination of gas concentration (ppm) (parts per million) is a challenge because of the difficulty in determining in real time the exact size of the column density, i.e., the thickness of the cloud in three dimensions, in order to provide gas concentrations in ppm instead of correlation coefficient or path concentration (ppm.m), which are the units used in infrared remote-sensing monitoring [13]. Stereoscopic measurements, i.e., multi angle observations, in combination with a 3-D reconstruction modeler, are the only way to achieve this objective [16,17,18]. As for hyperspectral imaging [19,20,21,22], spectral data must be collected simultaneously by at least three different remote devices combined with a specific reconstruction procedure [23,24,25]. Without such an approach, the spatial distribution of the different gas components can only be expressed in terms of the correlation coefficients of gas occurrences and path concentration (ppm.m). Numerous papers are related to satellite remote-sensing studies but a smaller number has been devoted to ground-based infrared remote sensing. As cited earlier, the most advanced 3-D experimental simulation of gas plumes was conducted by [17,18]. In their work, the authors used, respectively, (i) two scanning imaging systems (SIGIS, Bruker) in two different locations in combination with a specific discretized model; and (ii) one scanning imaging system (SIGIS, Bruker,) quickly and successively located in three different positions in combination with a gOcad® reconstruction model (SKUA-GOCAD™—Paradigm® 14.1—http://www.pdgm.com/products/skua-gocad/). Because of ground-based measurements at the local scale, 3-D reconstruction models are less complicated than those used for a satellite or aerial data set [26,27,28,29].



The present paper has been written taking into account the three following observations:

	-

	
from a technical point of view, there must be an inexpensive and quick remote-imaging monitoring system, easily transportable and adaptable to any type of land configuration;




	-

	
from a scientific point of view, one must be able to determine the size of the column density to provide gas concentrations in ppm;




	-

	
from a practical point of view, most mixed gaseous emissions have a visible atmospheric trace.









To do this, the paper presents a new advance in 3-D ground-based chemical monitoring of gas plumes. The study was mainly conducted on stack emissions with a visible atmospheric trace. Assuming that the atmospheric dispersion is equal for all the gases emitted at the same time by a chimney, the results lead to a new protocol of measurements combining, at the same time, visible observations at multiple angles (visible camera GoPro Hero3), scanning imaging IR measurements (SIGIS Bruker) and 3-D geometrical reconstruction of the gas plume using specific gOcad® protocols. The visible data set is used to geometrically reconstruct the volume of the gas plume using a first specific gOcad® procedure. This makes it possible to calculate, in the three dimensions, the exact thickness of the column density cut by each pixel measurements of the 2-D infrared grid. Consequently, the infrared grid can be converted to a 2-D matrix of the real gas concentrations in ppm. Finally, the gas concentration property propagates within the whole plume volume using a second gOcad® interpolation procedure. The volumic distribution of gas concentration can be calculated which allows, for example, determination of the proportions of gas components in the total volume of the gas plume. This methodology is applied to the monitoring of flue streams of an ammonia/water vapor (NH3/H2O) gas mixture (NOVACARB Society, Laneuveville-devant-Nancy, France). Interest in this approach for tomographic gas plumes measurements without any visible trace is also discussed.




2. Material and Methods


2.1. Stereoscopic Measurements (Multi-Angles) in Real Time by Visible Cameras


Real-time monitoring of the visible trace of a gaseous plume is achieved by the use of three visible cameras of the GoPro Hero3 type located at three different viewing angles. Such simultaneous stereoscopic measurements are necessary for a 3-D reconstruction of the gas plume. The cameras are remotely controlled via a Wi-Fi network using a digital tablet (HP Pro 10 EE GI Hewlett Packard). The optical parameters of the three cameras have been optimized and their configuration is given in Table 1. To fully appreciate the complete lateral extension of the industrial site, only the resolution of the GoPro 1 camera was set to 1920 × 1440 pixels resulting in 4:3. The other two camera views are defined with a 16:9 single full HD resolution of 1920 × 1080 pixels.


Table 1. Main characteristics of the GoPro Hero3 visible cameras.





	Resolution

(pixels)
	Fps (Images/s)
	FOV

(Field of View)
	Size Screen
	Horizontal Angle of Opening *
	Vertical Angle of Opening (Azimuth) *





	1920 × 1440

GoPro 1
	48
	Narrow
	4:3
	122.6°
	94.4°



	1920 × 1080

GoPro 2 and 3
	48
	Narrow
	16:9
	64.4°
	37.2°







* Experimental data determined in the laboratory after positioning horizontally the camera in front of a plane vertical surface at one meter high on a tripod.








All the three cameras are fixed on an adjustable tripod to master precisely the elevation and horizontal tilt. The visible database is used for the 3-D reconstruction of the gas plume with the geomodeler gOcad® (Paradigm®). This software has led the industry for over 20 years in providing the most advanced capabilities for seismic, geological and reservoir modeling [30,31,32]. Among the main topics coming from the oil industry, the gOcad® software offers a maximum number of facilities to work with various types of 3-D data and a high workability that allow, when necessary, specific and manual construction and adjustment of 3-D models.



The geometrical model of the gas plume, represented by a 3-D surface envelope, allows definitions of local plume thicknesses that are used to quantitatively analyze gas concentrations in ppm. The detailed 3-D protocol is described in the following section.




2.2. Infrared (IR) Scanning System


Infrared emission spectra are collected using a scanning imaging IR system (SIGIS Bruker, called SIGIS in the text). Although this device has been described in detail by [6,18], the following quick reminder is done. The SIGIS spectrometer is based on the combination of a modified Michelson interferometer with cube-corner mirrors (interferometer OPAG 33, Bruker Daltonics, Leipzig, Germany) connected to a cooled single MCT (Mercury-Cadmium-Telluride) detector element and a scanning mirror. The system allows definition in an interactive way of the field of the infrared analysis constituted by a rectangular 2-D pixelated grid. Then, the rotating head is held at a fixed position and the scanning mirror is sequentially set to all positions or pixels from the upper left corner to the bottom right corner in the relevant area. The main specifications and measurements parameters are summarized in Table 2. The entire infrared imaging remote-sensing device has been adapted to a small van-type vehicle [18].


Table 2. Main characteristics and measurement parameters of scanning imaging scanning infrared gas system (SIGIS) system applied to NH3 detection.





	Parameter
	Value/Type





	Interferometer type
	Bruker OPAG 33



	Spectral range
	3900–600 cm−1



	NH3 detection window
	1050–900 cm−1



	Spectral resolution
	4 cm−1



	Apodization function
	Triangular



	Zero filling
	1



	Phase correction
	Power spectrum



	Maximum spectral rate (Resolution: 4 cm−1)
	16 spectra/s



	Field of view
	10 mrad



	Maximal horizontal field of regard
	360°



	Maximal vertical field of regard
	60°



	Horizontal field of view (SIGIS visible camera)
	46°



	Vertical field of view (SIGIS visible camera)
	30°



	Number of pixels in a measurement grid
	187 (17 × 11)



	Acquisition time for one grid (s)
	23









The normal analysis mode has been selected, which means that all the pixels of an infrared grid are measured and analyzed. The total analysis time was 15 min starting at 01:40 p.m. (GMT) and ending at 01:55 p.m. (GMT), corresponding to 39 analyzed grids.



The internal data-processing algorithm described by [16,33] makes it possible to express the corrected brightness temperature spectra of each gas in terms of the correlation coefficient (R). The calculation procedure is repeated successively for each pixel of the 2-D projection and can be repeated for all gas compounds of the spectral library. In this paper, we focused on NH3 dispersed in the flue gas streams to illustrate the reliability of the entire procedure. For this purpose, Figure 1 shows the measured and theoretical infrared emission (Bruker Gases Library, Opus Software, Ettlingen, Germany) profiles of NH3 corresponding to a correlation coefficient of 0.62 in the spectral detection window used in this study (1000 to 900 cm−1).


Figure 1. Comparison of the typical infrared emission profiles of NH3 for a correlation coefficient of 0.62 (measured emission spectrum in blue, reference emission spectrum in red).



[image: Remotesensing 10 00678 g001]






Due to the absence of NH3 in normal atmospheric composition, an atmospheric reference is required.




2.3. Positioning of the Various Devices on the Industrial Site


All experiments were carried out on a chemical industrial site (NOVACARB Society, Laneuveville-devant-Nancy, France) with specific emissions of NH3 in flue gas streams. These gas emissions can potentially come from four different chimneys depending on the upstream industrial process. Figure 2 gives an overview of the positioning of infrared and visible measurement systems on the industrial area. The location of the emissive chimneys is indicated (green oval) as well as the corresponding fields of view of each device (blue lines for visible cameras, yellow lines for the IR imaging system).


Figure 2. Aerial view of the chemical industrial site (NOVACARB, Laneuveville-devant-Nancy, France) with the location of the potential NH3 emissive chimneys (green oval). The extended French Lambert II coordinates of the visible and infrared systems are indicated as well as their corresponding field of view (visible cameras: dark blue lines for tight field of view and light blue for large field of view, Table 1, IR imaging system: yellow lines, for numerical values see Table 1) and their optical axes (bisecting lines).
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The vertical and horizontal tilts of the GoPro optical axes are measured, in degrees, with an accurate digital inclinometer at a resolution of 0.1 degrees. The GeDetekt (BRUKER) software is related to a user-defined measurement window (see Table 2) that directly controls the location of the SIGIS infrared system. The positioning parameters are summarized in Table 3 and the main atmospheric parameters during the measurements in Table 4. The Global Positioning System (GPS) parameters are recorded by a Magellan® eXplorist® 610 (MiTAC Digital Corp, Taipei, Taiwan).


Table 3. Main parameters of positioning of measuring systems.





	Type
	Global Positioning System (GPS) Coordinates
	GPS Altitude (m)
	Horizontal Tilt (°)
	Tilt of the Optical Axis (°)





	SIGIS BRUKER
	N 48°38’11.1”

O 06°15’04.4”

X = 889,749 m

Y = 2,411,443 m
	222
	0
	0



	Camera GoPro

Position 1
	N 48°38’10.0”

O 06°15’51.1”

X = 889,476 m

Y = 2,411,804 m
	226
	0
	2.3



	Camera GoPro

Position 2
	N 48°38’12.7”

O 06°15’40.8”

X = 889,265 m

Y = 2,411,469 m
	226
	0
	1.7



	Camera GoPro

Position 3
	N 48°38’27.6”

O 06°15’35.2”

X = 889,127 m

Y = 2,411,923 m
	213
	−4.6
	0.6








Table 4. Main atmospheric parameters during measurements (12 September 2016).





	Data
	Starting Time

1:40 p.m. (GMT)
	Ending Time

1:55 p.m. (GMT)





	Atmospheric CO2 (ppm)
	416
	396



	Temperature (°C)
	31
	31



	Relative humidity (%)
	34
	33



	Atmospheric pressure (hPa)
	1015
	1015



	Wind velocity (km/h)
	4
	15



	Wind direction (°)
	210
	180



	Visibility (km)
	35
	18



	Precipitation (mm/h)
	0
	0










2.4. 3-D Modeling Protocol Using the Paradigm gOcad® Software


2.4.1. Gas-Plume Reconstruction


For the 3-D modeling approach, it has been assumed that the visible atmospheric dispersion is the total of all gases emitted at the same time by a chimney. The visible trace of the gas plume, mainly due to H2O vapor, delimits the entire envelope of all the gases emitted with various NH3 concentrations. The 3-D reconstruction is based on the combination of visible GoPro cameras and SIGIS images that are precisely relocated. The XYZ georeferencing of the images is realized using the geometrical and optical criteria of the different cameras (see Table 3). Figure 3 schematically shows all the geometrical and angular data, respecting the viewing angles, the heights of the cameras, the XYZ location of the cameras and the point of view of the shot.


Figure 3. Schematic view of shot angles of GoPro or SIGIS cameras. From the origin of the camera (X0, Y0, Z0) an optical axis is defined which respects the tilt and the horizontal and vertical field of view whose values are indicated in Table 3 and Table 4. Only three pixels (Pixeli), of the infrared measurement grid have been shown as an example.
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A rectangular surface is defined and constrained by these angular data and the target of the shot: the NOVACARB chimney (bottom located at X4, Y4, Z4). The visible image is then precisely located, adapted and draped onto this surface using gOcad® abilities [34]. The IR image is also referenced using the same geometric and angular constraints. As an example, in Figure 3, 3 pixels of IR measurements are located (X1-2-3, Y1-2-3, Z1-2-3) and correspond to the concentration in ppm.m in the gas plume.



The 3-D reconstruction is now presented step by step in Figure 4. The first visible GoPro images of the gas plume are imported and adapted and draped on 3-D surfaces of specific sizes and orientations according to the position of the camera and the optical parameters (Figure 4a,b). This georeferencing is also done for the IR image. Then, the GoPro 3D images allow the picking of the gas plume envelope in the 3 image orientations (Figure 4c,d). An image treatment is done automatically to define the edge of the plume using a thresholding. This operation defines a binary image (black, plume; and white, edge of the plume). The edge picking is then done manually following the defined white line within the gOcad® project. On the basis of this picking a first volume is constructed that respects the three discrete sections of the plume. This initial raw volume (Figure 4e) is then defined and geometrically interpolated using the discrete smooth interpolation (DSI) algorithm of gOcad® [24] which makes it possible to obtain a smooth, objective and realistic final shape of the gas plume (Figure 4f). The difference of volumes between the raw envelop (1416 m3, Figure 4e) and the final interpolated plume envelope (1603 m3, Figure 4f) is equal to 187 m3. The interpolation operation impacts the final volume at an order of magnitude of 10%. The bounding box of the plume is a parallelepiped with a 19 m × 9.9 m × 19 m (height) size.


Figure 4. Different steps of 3-D reconstruction of the gas plume using gOcad® abilities. See the text for more details.
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SIGIS IR measurements define path concentration (ppm.m) value for 11 × 17 pixels relocated in 3-D and which intersect or not the 3-D gas plume. For each pixel, a line can be drawn that connects the position of the SIGIS camera and one of the 11 × 17 pixels (Figure 4f). However, only lines that intersect the 3-D gas plume are now taken into account to define the intersecting distance within the plume. The choice of keeping only distances of plume intersections higher than one meter was done (see the black lines that intersect the plume between two red dots in Figure 4f).




2.4.2. 3D NH3 Concentrations within the Plume


At this first step, only the 2D SIGIS grid supports the NH3 value of path concentration property value. However, this discrete property could be extended all along each line that intersects the plume and connects a pixel of the grid. The NH3 path concentration is thus an integrated value that characterizes a segment of specific length (Figure 4f).



In order to visualize the global volume, a regular 3D grid (gOcad® voxet object) is built with the same resolution as the SIGIS grid (2D-pixel size equivalent to 3D-voxel size). In this grid a volumic region is delimited using the plume surface envelope. A generic NH3 concentration property is created throughout the whole 3D regular grid and is equal to a value without date outside the the envelope area. The voxels within the region (gas plume) are then specifically defined with the NH3 property supported by each previous intersecting line: a line that intersects a voxel allows the transfer of its property value at the voxel center. This propagation of the NH3 properties in the 3D regular grid remains at this step discrete points within voxels, along the intersecting lines. A final DSI interpolation allows propagation (neighborhood propagation) and interpolation of the NH3 property within all the voxels within the gas-plume region.






3. Results and Discussion


3.1. Generality


In order to properly visualize all the measuring systems on the industrial site Figure 5 shows the different fields of view recorded by (i) the three visible cameras GoPro Hero3 cameras (Positions 1, 2 and 3); and (ii) the scanning infrared system (Figure 5, picture at the bottom right). A zoom of the picture is proposed for positions 1, 2 and 3 to appreciate and delimit the NH3 plume. The SIGIS image is presented without any zoom and the red rectangle represents the IR measurement grid. The exact distances between the images from the target chimney are 278 m, 273 m, 406 m and 380 m for GoPro 1, GoPro 2, GoPro 3 and SIGIS respectively.


Figure 5. The different raw images at the same time of the 3 visible cameras (GoPro Hero3 with zoom) and the scanning imaging system (SIGIS Bruker without zoom) during the measurements. The infrared measurement grid is also indicated (red rectangle).
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Figure 6 shows a typical 2-D measurement plane where the NH3 concentrations are expressed in ppm.m for each of the 187 pixels. The SIGIS measurements (Figure 6) clearly show that several chimneys have atmospheric releases of ammonia. However, only the most important left-hand chimney plume was treated for the reconstruction of the 3-D plume (Figure 4f). According to the 3-D modeling protocol using the Paradigm gOcad® software presented in Figure 4, the final volume of the gas plume was calculated and is equal to 1603 m3.


Figure 6. Illustration of a two-dimensional distribution of ammonia path concentration (ppm.m). (Date: 12 September 2016 at 01:45 p.m. GMT). View from SIGIS position as illustrated in Figure 2 and Figure 5 (48°38′11.1″N and 6°16′04.4″E).
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3.2. Distances within the Gas Plume


The final characteristic distances within the plume (Figure 4f) are summarized in Table 5. The gas concentrations in the plume are obtained by dividing the concentration in ppm.m by the intersecting distance (distance between two points of plume intersection, see Figure 4c,d). The results are shown in Table 5, and NH3 gas concentrations are distributed between a minimum value of 35 ppm (pixel F8) and maximum value of 162 ppm (point I8).


Table 5. The SIGIS measurement window showing the path concentration (ppm.m) measured for the 11 × 17 pixels. The table mentions the intersection distances between the gas plume and the lines defined between the location of the SIGIS and the pixel (pixels G7, F7, etc.) in the gas plume (dark square around pixels on the SIGIS window).





	

	

	

	
Intersection Distance (m)

	
Concentration (ppm)




	

	

	
ppm.m






	
 [image: Remotesensing 10 00678 i001]

	
C8

	
699

	
6.68

	
104.61




	
C9

	
687

	
9.80

	
70.08




	
C10

	
707

	
8.75

	
80.79




	
C11

	
647

	
8.26

	
78.33




	
D8

	
594

	
7.28

	
81.61




	
D9

	
647

	
11.16

	
57.99




	
D10

	
658

	
12.14

	
54.21




	
D11

	
611

	
12.91

	
47.31




	
D12

	
451

	
8.34

	
54.06




	
E8

	
511

	
8.01

	
63.80




	
E9

	
586

	
10.54

	
55.60




	
E10

	
598

	
11.17

	
53.55




	
F7

	
469

	
5.67

	
82.75




	
F8

	
351

	
10.02

	
35.02




	
F9

	
452

	
10.18

	
44.38




	
F10

	
567

	
8.65

	
65.54




	
G7

	
299

	
3.43

	
87.21




	
G8

	
364

	
8.22

	
44.28




	
G9

	
385

	
8.67

	
44.39




	
G10

	
319

	
5.03

	
63.42




	
H8

	
192

	
5.23

	
36.69




	
H9

	
316

	
4.48

	
70.58




	
I8

	
305

	
1.89

	
161.71










The uncertainty concerning the concentration calculations comes from the definition of the intersection distances and these distances are directly related to the shape of the plume. To estimate the uncertainty linked to this envelope definition, we have calculated intersection distances between the SIGIS lines and the raw envelope without any smoothing and interpolation (see Figure 4e), and compare them to the intersection distances after the DSI interpolation (see Figure 4f). The raw and interpolated volumes correspond, respectively, to a volume of 1603 m3 and 1416 m3. The difference between them is 187 m3 i.e., 11.6% of the plume volume. The intersection distances calculated for the raw volume and the interpolated one have been compared and concentrations are then recalculated using the two types of values. The main uncertainty could then be described regarding the concentration amplitudes (max–min) and the results are summarized in Table 6. The ppm concentrations coming from the raw volume intersections show a minimum value of 40 ppm and a maximum value of 159 ppm that are quite similar to the concentrationd used and finally proposed in Table 5. These extreme values are observed for the same pixel (F8 and I8).


Table 6. Main uncertainties described in terms of distance and concentration amplitudes before and after interpolation.





	

	
Distance (m)

	
Concentration (ppm)




	
Raw Volume

	
Interpolated Volume

	
Raw Volume

	
Interpolated Volume






	
mean

	
8.1

	
6.9

	
66.9

	
81.0




	
standard deviation

	
2.8

	
3.0

	
26.5

	
36.5




	
min

	
1.89

	
0.8

	
35.02

	
39.7




	
max

	
12.91

	
12.2

	
161.71

	
170.3











3.3. Quantitative Spatial Distribution of NH3 in the Gas Plume


Table 5 shows that the distribution of NH3 concentrations in the visible plume varies from 35 ppm to 162 ppm. At this specific industrial site, the maximum tolerance standard, defined by prefectural order (French Republic, Code of Environment, Art. R515-75, Decree n°2013-374 from 2 May 2013), is equal to 60 ppm. The proximity of other sources (Figure 7, chimneys 1 and 2), where the presence of surrounding NH3 plumes is demonstrated (see Figure 6 and Table 5), can easily explain higher NH3 values. Moreover, diffuse emissions are still present on the entire site. All these emissions (channeled and diffuse) combine with the measurement plume leading to a slight overestimation of the actual NH3 concentration in it.


Figure 7. Location of other measured sources of ammonia (chimneys 1 and 2) near the measured plume (view from the GoPro camera in position 2).
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By combining the data in Table 5 and the interpolated volume of the gas plume (Figure 4f), the experimental 3-D NH3 concentrations in the gases emitted from the chimney can be calculated. The result is given in Figure 8. The concentration values are extrapolated within the entire volume using gOcad® DSI interpolation and then can be determined in any point of the modeled plume. In order to appreciate the heterogeneity of the NH3 distribution, the right-hand part of Figure 8 corresponds to a zoom of three transverse cross-sections made at three different altitudes in the gas cloud. On these three sections, the highest NH3 values are mainly located on the right side of the gas plume, which corresponds to partial overlap with other additional emission sources, as shown in Figure 7 for example. Moreover, in the central cross-section, it is clear and logical that the highest emission value of NH3 (161.7 ppm, pixel I8 of Table 5) is detected only at the chimney exit.


Figure 8. Experimental 3-D gOcad® modeling of the concentration of NH3 (ppm) in the gases emitted by the chimney. The right part corresponds to a zoom of three transverse cross-sections made at three different depths in the gas cloud.
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The data presented in Figure 8 make it possible to calculate the different proportions of NH3 in the total volume of the gaseous plume (Figure 9). Figure 9 shows the distribution histogram of the relative concentrations of NH3 in the volume of the plume. The two most abundant surface isoconcentrations are, respectively, 44 ppm and 54 ppm, which represent about 30% (9.8% and 18% respectively) of the total gas volume. On the contrary, the gas-plume volume within a surface isoconcentration of 161 ppm represents less than 4% of the emitted ammonia. In addition, 94% of the gas plume is characterized by an NH3 concentration below 80 ppm (Figure 9 bottom). Such an analysis is of prime importance for the monitoring of air quality at an emissive industrial site and for the knowledge of the associated environmental impacts, whether in a normal or crisis situation.


Figure 9. Analysis of the spatial distribution of NH3 in the gas plume: (top) relative proportion for different concentrations in the volume of the gas plume, (bottom) cumulative proportion for different concentrations in the volume of the gas plume.
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4. Applications to Other Types of Gas Plume


The association of infrared remote-sensing and visible cameras is only available for tomographic measurements of gas emissions having a visible trace. This visible trace can be due to the gas itself (for example SO2) or to other gas components (for example, water vapor, organic or mineral particles). By way of illustration, Figure 10 shows some past examples where these tomographic measurements could have been applied. The different events are related to some natural or anthropogenic crisis situations, respectively:

	-

	
AZD Factory explosion, Toulouse 2001 France, where the visible trace is mainly associated with organic/mineral particles (Figure 10A);




	-

	
volcanic eruptions where the visible trace is mainly associated with particles and water vapor, Eyjafjöll and Grimsvötn 2011 Iceland (Figure 10B);




	-

	
Tianjin explosion, where the visible trace is a very complex association of particles and gases, Tianjin 2015 China (Figure 10C);




	-

	
and CH4 emissions from an on-shore oil field where the visible trace is mainly associated with organic particles, California 2015–2016 (USA) (Figure 10D).








Figure 10. Different natural or anthropic crisis situations with high atmospheric impact, where such a multi-angle remote-sensing approach could have been used: (A) AZD factory explosion, Toulouse 2001 France; (B) volcanic eruptions, Eyjafjöll and Grimsvötn 2011 Iceland; (C) Tianjin explosion, Tianjin 2015 China and (D) CH4 emissions from an on-shore oil field, California 2015–2016 USA.



[image: Remotesensing 10 00678 g010]






In the case of gas plumes without a visible trace, visible camera could be replaced by specific thermic cameras or by additional infrared remote-sensing systems [17,18]. In these situations, the cost of the measurements will be much higher. But in any case, the gOcad® approach developed in this paper is still fully transposable both for the 3-D reconstruction of the gas plume and for the 3-D modeling of gas concentrations (ppm). Also in economic terms, the use of satellite or airborne systems [13] should be chosen primarily for large-scale gas emissions, ie region-wide, country-wide or continent-wide [35].




5. Conclusions


An innovative (multi-angled), practical and inexpensive stereoscopic approach combining three high-resolution (GoPro-Hero3) cameras, a scanning infrared gas system (SIGIS, Bruker) and gOcad® geometric reconstruction protocols were used for the 3-D construction of a gas plume envelope for a quantitative (ppm) remote chemical analysis. The approach was carried out for the monitoring of flue streams of a gas NH3/H2O mixture coming from an emissive industrial site (NOVACARB Society, Laneuveville-devant-Nancy, France). A 3-D distribution of NH3 concentrations in the gaseous plume emitted from the chimney was calculated.



Although the distribution of ammonia concentrations is not homogeneous, the results showed that about 94% of the gas plume is characterized by an NH3 concentration below 80 ppm. The slight overestimation of NH3 concentration compared to the environmental tolerances set by government regulation can be explained by the vicinity of channeled and diffuse emissions. Such an approach can then be used as an inexpensive monitoring method for gas plumes having a visible trace. For gas emissions without visible traces, visible cameras can be replaced by other thermic or infrared remote-sensing systems, for example. The cost of the monitoring will, necessarily, increase. The information provided by such experimental 3-D modeling is very important for the human and environmental safety of all types of emissive sites under normal conditions or in a crisis situation.
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