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FIG. 3
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FIG. 4B
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Sensor point of view
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MEASUREMENT OF GAS FLOW RATE

CROSS REFERENCE TO RELATED
APPLICATION(S)

[0001] This application claims the benefit of priority to
United Kingdom Patent Application No. GB2205038.9
(filed on Apr. 6, 2022), which is incorporated herein by
reference.

FIELD OF THE INVENTION

[0002] The present invention is in the field of detection
and measurement of gas flow rate. It is particularly but not
exclusively suitable for measuring flow of gas from sources
such as leakage from containers.

BACKGROUND

[0003] High-sensitivity, low-power, remote gas detection
and imaging systems are being developed based on novel
semiconductor infrared lasers, single-photon detectors and
quantum technology. An example application for this tech-
nology is the remote detection and quantification of leaks
from natural gas wells and pipelines to locate, quantify and
map fugitive emissions.

[0004] A gas lidar camera or sensor suitable for use
detection of gas leaks is shown for example in
GB2586075A. A camera of this kind can be used to obtain
gas concentration pathlength data. The gas concentration
pathlength is a standard term in spectroscopy and is the
product of gas concentration and laser path length from
sensor to reflective structure, both of which may be deter-
mined by a gas lidar camera. In the simplest case of a
uniform concentration—say 2 ppm—over a distance—say
100 m—the gas concentration pathlength would be 200
ppm'm. More complicated distributions need to be added up
step-wise but have the same units. For SI units ppm may be
converted to g/m> so the gas concentration pathlength is in
g/m?>. Gas leaks are a major concern for safety and envi-
ronmental impact if the gas is hazardous, explosive or a
greenhouse gas. These concerns scale directly with the size
of the leak and the acceptable leak size often has a critical
threshold beyond which action must be taken quickly. For
these reasons it is important to not only identify gas leaks but
to accurately quantify them as well.

[0005] Escaping gas from a pipe or a container will
typically quickly form a local cloud that spreads from its
point of origin forming a plume. The gas in the plume will
move in the prevailing wind direction and at the local wind
speed. If the wind speed is high the gas will quickly spread
and disperse, and the measured gas concentration will be
lower. If the wind speed is low then the gas will remain
concentrated for longer and the measured concentration will
be higher.

[0006] Therefore there is a desire to accurately quantify
leakage of gas in a manner that takes account of this wind
speed.

[0007] One approach to quantifying gas leakage that
assumes a fixed constant wind speed is disclosed in S. Yang
et al., “Natural Gas Fugitive Leak Detection Using an
Unmanned Aerial Vehicle: Measurement System Descrip-
tion and Mass Balance Approach,” Atmosphere (Basel), vol.
9, no. 10, p. 383, October 2018, https://www.mdpi.com/
2073-4433/9/10/383,
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[0008] Some proposals have been made to base measure-
ments on sampling gas around an area with a drone.
Examples are shown in Sensitive Drone Mapping of Meth-
ane Emissions without the Need for Supplementary Ground-
Based Measurements Magnus Galfalk,* Soren Nilsson
Péledal, and David Bastviken ACS Earth Space Chem.
2021, 5, 2668-2676 https://www.diva-portal.org/smash/get/
diva2:1613751/FULLTEXTO1 .pdf, and Methods for quan-
tifying methane emissions using unmanned aerial vehicles:
a review Jacob T. Shaw et al https://royalsocietypublishing.
org/doi/10.1098/rsta.2020.0450.

SUMMARY

[0009] In the following, methods and apparatus for detect-
ing and measuring gas flow are disclosed in which lidar
distance information, acquired during the detection of gas
using a lidar sensor, is used together with prevailing wind
data to determine local wind data for the leak location. This
local wind data, which may comprise one or more vectors or
a 3D wind model, is used in the determination of flow rate.
In other words, the determination does not rely on prevailing
wind data alone. It will be appreciated that the determined
local wind data may not be accurate and may be an approxi-
mate measurement of actual local wind, but may neverthe-
less improve the determination of gas flow. The term “deter-
mination” as used here should be construed to include
approximation or estimation.

[0010] Thus in one aspect there is provided in the follow-
ing a method of detecting and measuring a gas flow, the
method comprising: using a lidar sensor to detect the gas and
to obtain distance information relating to solid structures in
the sensor field of view; determining a location of the
detected gas; acquiring prevailing wind data for the location
of the detected gas; determining local wind data for the
location of the detected gas based on the prevailing wind
data and the lidar distance information; and determining the
rate of flow of the gas using the local wind data.

[0011] Some of the methods described here may be per-
formed using existing apparatus, configured to receive gas
detection data and prevailing wind data to determine gas
flow rate. Therefore in another aspect there is provided a
method of detecting and measuring a gas flow, the method
comprising: receiving gas detection data from a lidar sensor,
wherein the data includes distance information relating to
solid structures in the sensor field of view; determining a
location of the detected gas; receiving prevailing wind data
for the location the detected gas; determining local wind
data for the location of the source of the gas based on the
prevailing wind data and the lidar distance information; and
determining the rate of flow of the gas using the lidar gas
detection data and the local wind data.

[0012] The determination of the location of the detected
gas may comprise determining the location of the source of
the gas. Then the determined flow rate may be the rate of
flow of the gas from the source. The prevailing wind data
may apply to a region including the location of the detected
gas or its source. For example it may be obtained from one
or more sensors close to the location of the gas or its source.
[0013] There is also provided a computer readable
medium comprising instructions which, when implemented
in a processor in a computing system, cause the system to
implement a method as described here.

[0014] It will be appreciated that operations such as deter-
mination and measurement may result in an estimate or
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prediction of a parameter or quantity and therefore in the
following the terms “determination” and “measurement” are
intended to include “estimation” and “prediction”.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Embodiments of the invention will be described,
by way of example, with reference to the following draw-
ings, in which:

[0016] FIG. 1 is a flow chart showing a method of detect-
ing and measuring a gas flow according to some embodi-
ments of the invention.

[0017] FIG. 2 is a flow chart showing an alternative
method of detecting and measuring a gas flow according to
some embodiments of the invention.

[0018] FIG. 3 is a schematic diagram showing the use of
a gas lidar sensor that simultaneously measures both dis-
tance information and gas concentration data to acquire a 3D
map of the target area.

[0019] FIG. 4A and FIG. 4B show an example of a 3D
point cloud which may be generated using data obtained
from a lidar distance sensor.

[0020] FIG. 5A and FIG. 5B show respectively a 2D
image of gas concentration data and a 2D image of the gas
concentration data overlaid on signal level data from a gas
lidar sensor.

[0021] FIG. 6 shows a 2D image in which a gas plume has
been isolated from background data.

[0022] FIG. 7A and FIG. 7B are schematic diagrams
showing an example of relative locations of a gas leak and
a sensor.

[0023] FIG. 8 shows is a 3D graph showing predicted 3D
location of a gas plume.

[0024] FIG. 9A and FIG. 9B are schematic diagrams
showing an example of determination of local wind data
from prevailing wind data.

[0025] FIG. 10 is a schematic diagram showing an
example of determination of local wind data from prevailing
wind data.

[0026] FIG. 11A is a horizontal-point-of-view schematic
of how the gas leak data is combined with the local wind
data, and FIG. 11B is a vertical-point-of-view schematic of
how the gas leak data is combined with the local wind data.
[0027] FIG. 12A and FIG. 12B show respectively an
example 3D gas concentration image and a graph showing
the calculation of gas leak rate by the integration of the gas
concentration data.

[0028] FIG. 13 is a schematic diagram of the basic archi-
tecture of a lidar system comprising a gas lidar sensor.

[0029] FIG. 14 is a schematic diagram of a single photon
lidar system.
[0030] FIG. 15 is a schematic diagram of a computing

system which may be used in the implementation of any of
the methods described here.

[0031] Common reference numerals are used throughout
the figures to indicate similar features.

DETAILED DESCRIPTION

[0032] FIG. 1 is a flow chart showing a method of detect-
ing and measuring a gas flow according to some embodi-
ments of the invention. The method begins with detecting
the gas in an environment, for example an open air envi-
ronment, using a lidar sensor. In the method of FIG. 1, this
is achieved using a tunable diode lidar “TDLidar” sensor but
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other lidar sensors may be used. This sensor may be used to
obtain gas detection data, for example to acquire gas con-
centration pathlengths in a manner known in the art. The
presence of a gas is identified from absorption of the emitted
radiation by the gas. In order to determine gas concentration
pathlength the sensor data contains distance information
relating to structures in the sensor field of view from which
the lidar radiation has been reflected, usually solid structures
such as for example a container or pipeline from which the
gas is leaking. Such distance information as is available
from TDLidar is usually used only in the determination of
pathlengths as described in the background above since it is
the gas cloud and not the underlying solid structure which is
of interest. In the methods described here this distance
information, which is necessarily acquired simultaneously
with information relating to gas concentration, is used in the
determination of local wind data which in turn is used to
provide improved measurements of flow rate.

[0033] In the methods described here, distance informa-
tion obtained using a lidar system is used to obtain 3D
structure information, for example in the form of a 3D lidar
map. Then, computational fluid dynamics modelling or
similar or simpler methods are used to determine the wind
velocity through the 3D structure, i.e. the local wind data.
This can allow a more accurate calculation of local wind
velocities and hence more accurate flow rate prediction. It
should be noted that some improvement in flow rate deter-
mination can be achieved without the need for complete 3D
structure information or a 3D map.

[0034] Referring again to FIG. 1, after the gas has been
located in operation 1, a location of the gas, for example
source such as a leak location, is determined. In the method
of FIG. 1 this is achieved via a series of operations 2-5 to be
explained further below.

[0035] Data relating to the prevailing wind is acquired for
the location of the gas, for example but not necessarily the
location of the source, at operation 6. This may be obtained
for example from a third party source of meteorological
information such as official weather reports, or from an
anemometer in the region, on site metrological data such as
might be available at oil and gas facilities, or from any other
suitable source. Thus the prevailing wind data may be for a
region including the location of the detected gas. This data
will typically be in the form of, or used to generate, a
prevailing wind vector. It will be appreciated that the pre-
vailing wind data may be acquired before or after the
location of the gas, for example the source of the gas, has
been determined. Further, the prevailing wind data may be
updated regularly, for example anywhere between every
second and every few minutes depending on what informa-
tion sources, e.g. what sensors, are available. In the methods
described in the following, the location of the source of the
gas is determined. However the determination of flow rate
can be used not only where the source location is determined
but for any location where gas is visible by the lidar sensor.
This is particularly the case when for example the source
location is obscured by solid structure.

[0036] FIG. 3 shows schematically TDLidar apparatus 30
is positioned on an aerial platform (not shown) to scan a
target area A on the ground 36. A gas plume 32 is located
above part of the area A escaping from a pipeline 34. The
lidar apparatus may be located on a fixed platform to
monitor a target area or may be carried on a drone or other
suitable aerial platform. Typical ranges over which a TDli-
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dar sensor could successfully detect a leak would be any-
where from 1 meter (or closer) to 250 meters. The limitation
is the range of the laser sensing system (currently ~250
meters). The methods described here are not limited to
TDIlidar and other sensing apparatus might be able to detect
leaks at greater distances. A TDlidar or other lidar gas
detection apparatus might be used to autonomously look for
leaks in a large facility. This might be achieved using a
drone. Additionally or alternatively the sensor could be
periodically rotated to monitor different areas and this could
be done using a standard pan/tilt stage and mechanism.
[0037] An anemometer co-located with apparatus 30
might be used to obtain prevailing wind data which is
assumed to be applicable to a region including the apparatus
30 and the location of the source of the gas, However,
structures in the region of the leak, for example closer to the
leak location than the apparatus 30, may result in the local
wind, i.e. the wind at the leak location, being different from
the prevailing wind.

[0038] The prevailing wind data and the lidar distance
information are used to determine local wind data for the
location of the source of the gas. This local wind data is used
in the determination of the rate of flow of the gas from the
source. One way in which this may be carried out is shown
in operations 7-10 of FIG. 1, described further below.
[0039] FIG. 2 is a flow chart showing a method of detect-
ing and measuring gas similar to FIG. 1. FIG. 2 differs from
FIG. 1 in the manner in which the local wind data is
determined.

[0040] Inthe method of FIG. 1, if it is found from the lidar
distance information that an object is obstructing the flow of
gas, the local wind data is determined by modifying the
prevailing wind data in the region of the obstruction to
attenuate any wind component in a direction perpendicular
to the obstruction. This local wind data is then used in the
determination of rate of flow of gas. If no object is found to
be obstructing the flow of gas, the local wind data may be
assumed to be the same as the prevailing wind data.
[0041] FIG. 2 shows a more complex method in which the
lidar distance information together with the prevailing wind
data is combined with a computational fluid dynamics model
to generate local wind data in the form of a 3D wind model,
which is then used in the determination of flow rate.
[0042] In both methods, if there is no structure obstructing
the prevailing wind, the local wind data may be the same as
the prevailing wind data. The prevailing and/or local wind
data may be in the form of a single vector (magnitude and
direction) or more complex data comprising a 3D vector
model, both of which are examples of vector fields, or any
other suitable data structure known to those skilled in the art.
[0043] Those skilled in the art will realise from these two
examples that other methods of determining the local wind
data and determining the flow rate are possible, using
distance information obtained from the lidar sensor, for
example of intermediate or greater complexity and possibly
combining aspects of the methods of FIGS. 1 and 2.
[0044] It will be appreciated that any of the methods
described here may be implemented as an algorithm, which
may operate in a computer system comprised in lidar
detection apparatus, or may operate on a separate computing
device or system remote from apparatus acquiring gas
detection data.

[0045] Details of operations 7-10 as shown in FIGS. 1 and
2 are described by way of example further below.
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[0046] Referring back to operation 1 of FIGS. 1 and 2, the
acquisition of lidar data to determine gas concentration path
lengths is known in the art. For example, GB2586075A
discloses a gas sensor using a combination of two laser
technologies known as Single Photon Lidar and Tuneable
Diode Laser Absorption Spectroscopy (TDLAS), which
combination is abbreviated to “TDLidar”. Here, output
radiation from the laser device is modulated with a binary
code. The lidar is scanned over a target area. Received
scattered radiation is correlated with the transmitted output
radiation and fitted to one or more measured absorption
spectra to detect the presence, or concentration, of the gas.
[0047] In the methods shown in the figures, Lidar time of
flight information obtained using the TDLidar apparatus, in
other words lidar distance information, is used in the deter-
mination of gas flow rate. In the examples of FIGS. 1 and 2,
at operation 1 this distance information is used to acquire a
3D map of the target area. An example is illustrated sche-
matically in FIG. 3 where TDLidar apparatus 30 is posi-
tioned on an aerial platform (not shown) to scan a target area
A on the ground 36. The scanning is shown exaggerated for
the purpose of illustration. In practice the apparatus 30
would usually be stationary and a beam control mechanism
in the apparatus 30 would operate to scan a laser beam over
the area A. Thus the scanning defines the field of view of the
sensor. A known TDlidar sensor might have a field of view
of around 25 degrees. This may be sufficient to obtain
measurement data for a plume without the need to move the
sensor. A gas plume 32 is located above part of the area A
escaping from a pipeline 34. Radiation output from the
TDLidar apparatus 30 is absorbed by the gas plume 32 as it
travels towards the ground 36 and is reflected back to the
TDLidar apparatus 30. Distance information acquired by the
TDLidar due to reflection of output radiation from the area
A, either from the ground or from structures surrounding the
source of the plume 32, is used to acquire the 3D map. Using
apparatus of this kind, accurate leak flow estimates may be
obtained with a single stationary measurement.

[0048] The TDlidar apparatus 30 may comprise an
onboard computer configured to create the 3D map. Other-
wise, data acquired by lidar apparatus could be uploaded to
an external device such as a server for processing of the data
and creation of the 3D map. The same applies to processing
of other data acquired by the apparatus 30, it may be
processed on board or remotely.

[0049] The location of the source of the gas is determined
using data obtained by the lidar sensor. The location may be
determined from gas concentration pathlength data, for
example by identifying an area of the sensor field of view in
which gas concentration pathlength exceeds a threshold, and
determining the leak location from the sensor location and
the lidar range from the sensor to the area.

[0050] This may be achieved in a number of ways, some
of which are now described.

[0051] Data obtained from a lidar sensor may be used to
generate what is known as a “3D point cloud”, or 3D scatter
plot, an example of which is shown in FIGS. 4A and 4B.
[0052] FIGS. 4A and 4B show a 3D point cloud in in
perspective and plan views respectively. A 3D point cloud
shows Lidar scattering off objects such as the ground or
other solid objects or structures as shown in FIG. 3. The 3D
point cloud additionally contains information relating to gas
that may be present between the lidar apparatus and the
objects. It may be similar to the 3D structure information or
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3D map described previously which typically describes solid
structures, additionally containing information relating to
gas between the solid structures and the sensor. The point
cloud consists of many data points. In an example point
cloud, each point is defined by 3 spatial coordinates, (X,y,z).
Furthermore, each point has information about the gas
concentration path length (ppm'm) encountered by the laser
beam traversing the distance between the sensor and the
scattering object, which may be obtained in a manner known
in the art for example using apparatus as described in
GB2586075A. Here we will refer to the gas concentration
path length as ‘c’. Also, each point has information about the
amount of laser light that scattered off that object (i.e. the
signal level). This parameter is referred to as ‘i’.

[0053] So overall a point in the point cloud can be char-
acterized by 5 numbers,

[0054] x—meters

[0055] y—meters

[0056] z—meters

[0057] c—gas ppm-'m

[0058] i—signal intensity (photon counts per second, cps).
[0059] Thus an example of a point cloud is a collection of

many data points, each data point of the form: (x,y,z,c,i).
[0060] As well as the 3D point cloud way of viewing the
data, 2D gas concentration pathlength images, can also be
made, as indicated at operation 2 in FIGS. 1 and 2, examples
of which are shown in FIGS. SA and 5B.

[0061] This is a useful way of both visualizing and com-
putationally processing the data. 2D images of the gas
ppm'm can be made by taking the X, y, and ¢ values of the
3D point cloud and interpolating them into a 2D grid to form
a gas concentration path length image. 2D images of the
signal level can be made by taking the x, y, and i values of
the 3D point cloud and interpolating them into a 2D grid.
The gas ppm-m image can be overlaid on the signal level
image to help show where the gas leak is originating from
on the structure.

[0062] FIG. 5A shows a 2D image of ppm'm data. This is
calculated from the (x,y,c) data from a 3D point cloud of the
kind shown in FIGS. 4A and 4B. Colour may be used to
show the ¢ (ppm-m) information, indicated in the figures in
grayscale, while the x and y give the horizontal and vertical
position. The location of the plume source may be automati-
cally detected as explained further below, and is highlighted
in the box 500.

[0063] FIG. 5B shows a 2D image of ppm-m data overlaid
on signal level data. The signal level data is the amount of
light (laser signal) that is returned to the sensor from each
point in the scene. It does not contain distance information
and therefore is not a 3D map. The signal level image (grey
colormap) is generated from the (x,y,i) data from the point
cloud. In the figure, for visualization the ppm-m image is
made transparent for ppm'm values below a threshold, in
this example 2000 ppm-m. This is done for visualization to
show where the plume is and is not necessarily part of any
algorithm used to measure gas flow.

[0064] The gas ‘images’, such as those shown in FIGS. 5A
and 5B may be produced and displayed by the sensor and are
2D, in the sense that they can be used to measure the total
amount of gas along the laser beam path, but cannot tell the
range of the gas is along the laser path. The location of the
gas may be estimated by finding the lidar distance to the
closest object, e.g. identified from the distance information
or 3D structure map, to the source of gas emission.

Oct. 12, 2023

[0065] The methods described here use distance informa-
tion obtained by a lidar sensor to determine local wind data.
Some of the methods described in the following make use of
a gas concentration pathelength image. However in such
methods the image itself is not essential and some methods
may use image data without generating a visual image.
[0066] It should be noted that the time taken to acquire
data for a gas concentration pathlength image, e.g. the scan
duration, using current TDlidar technology is in the region
of 100 seconds or more, which is relatively long in the
general field of image acquisition. The acquisition of a gas
concentration path length image may comprise acquiring
multiple gas concentration, and optionally path length, mea-
surements for each point on the image during each scan.
These multiple measurements may then be processed to
provide a single measurement for each point, for example by
a suitable averaging process.

[0067] In the methods described here, this lidar distance
information, which is used to determine gas concentration,
is also used to determine local wind data. It may be used to
identify objects obstructing the flow of the plume. In some
implementations a 3D map of objects in the field of view of
the lidar sensor may be created for this purpose. Since each
gas measurement, e.g. pmm-'m, and each lidar distance
measurement is acquired from the same light signal, the
methods benefit from very good knowledge of exactly how
far the light travelled through the gas. The methods provide
information on exactly how much ambient gas the laser
should have encountered, and any excess above that can be
identified.

[0068] If separate sensors were used for the lidar and gas
measurements, there would be less certainty as to how far
the light that was used for gas measurement had travelled.
This could be estimated by superimposing both data sets, but
it would not be as accurate.

[0069] In order to measure the gas flow, a location of a
source of the gas, or leak location, is determined. At opera-
tion 3 in the flows of FIGS. 1 and 2 a likely leak location for
the purpose of the measurement is found in a 2D image, such
as those shown in FIGS. 5A and 5B which map the ppm'm
measurements. Other methods of determining a source or
leak location may be used. Further, as noted above, the
measurement may be performed using another location, for
example if the source is not visible. A possible method for
determining the likely location from an image comprises:

[0070] calculating expected noise level in the ppm-m
readings by using the signal level of each ppm'm
reading.

[0071] identifying data points where the ppm'm reading
exceeds the noise threshold. (A ppm-'m threshold is
chosen for the noise level e.g. 2-sigma or 3-sigma.)

[0072] Identifying an area of the 2D data where ppm-m
consistently exceeds the threshold (i.e. say >10 points
exceed the threshold.

[0073] If found this area of the 2D data is classified as a
likely leak location at operation 3 and used in the measure-
ment of gas flow.

[0074] At operation 4, a region of highest ppm'm, in the
likely leak location is identified and isolated and assumed to
correspond to a gas plume. This is illustrated in FIG. 6 which
shows a 2D image in which a plume has isolated from
ppm'm background data. The plume may be identified by
thresholding the ppm-'m image shown for example in FIG.
5A, for example deleting all data below a threshold such as
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400 ppm-m, and then using a standard algorithm to find the
largest contiguous region of gas containing the previously
identified likely leak location, e.g. the area of the 2D data
where ppm-m consistently exceeds the threshold.

[0075] This contiguous region, now isolated, is used in
operation 5 to determine a 3D location for the source, or leak
origin, from the 2D image information. This may be done
by:

[0076] Finding Lidar ranges of all data points in the
plume region (i.e. distance to reflector, e.g. surface of
structure, other surface, other reflector, corresponding
to each image data point).

[0077] Assuming the leak range (z) is assumed to be the
shortest of the Lidar ranges in the plume region.
[0078] Now the leak x,y location (from 2D image) and the
leak range, 7 have been determined to provide an estimate,

or determination, of the leak position in 3D.

[0079] The determination of leak location is illustrated
further in FIGS. 7A and 7B. FIG. 7A shows schematically a
gas leak from a sensor point of view. FIG. 7B shows the
same leak from a bird’s eye, i.e. aerial, view including the
sensor location. The sensor laser beam paths are shown as
black arrows. The leak location may be inferred by finding
the shortest beam path in the area of elevated gas ppm-'m.
The inferred leak location is shown as black circle. FIG. 7B
shows that the laser beam (black arrows) only reflects off
objects. It will go straight through the plume.

[0080] At operation 6, prevailing wind data is obtained in
order to model the gas plume and for use in the flow rate
determination. As noted above, this may be obtained for
example from a third party source of meteorological infor-
mation, or from an anemometer in the region, or from any
other suitable source. The source of the prevailing wind data
may be one or more sensors, which may for example be
close or adjacent to the detected gas or structure in which it
is contained, optionally not so close that the wind would be
affected by solid structures from which gas might leak. The
prevailing wind data will typically but not necessarily be
applicable to a region including the detected location, and
may simply comprise speed and direction. Alternatively in
operation 6 the local wind data, discussed in connection with
operation 9, may be used in order to model the gas plume.
This could make the modelling more complex since the
wind direction might be curved.

[0081] At operation 7 the prevailing wind direction and
3D leak origin are used to estimate size and trajectory of
plume in 3D. For this, the plume may be assumed to be a thin
planar sheet that extends from the leak origin in the direction
of the prevailing wind. This is explained further with refer-
ence to FIG. 8.

[0082] A reasonable 3D model of the plume is desired for
accurate flow rate estimation. This is because the size of the
plume is proportional to the flow rate.

[0083] It is important to note that the laser radiation does
not scatter off the plume. However the 3D position of the
plume may be inferred from the 3D lidar map of objects, as
shown for example in FIGS. 4A and 4B. The gas in the
plume absorbs some of the wavelengths in the laser, creating
the ‘spectral dip’ which is measured to infer the quantity of
gas. In other words, some of the wavelengths in the beam are
attenuated by the presence of gas, and this may be used to
infer the 3D position of the gas plume.

[0084] In FIG. 8, the predicted 3D location of plume is
indicated by reference 801 and the 3D point cloud data by
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reference 803. The plume is modeled as a 2D plane parallel
to the wind. i.e. there is no ‘thickness’ to the plume because
that cannot be measured with the TDLidar. However, this is
not important for the calculation.

[0085] The predicted 3D location of plume may be gen-
erated as follows:

[0086] It is assumed that the plume trajectory starts
from leak 3D location, and follows the prevailing wind.
The local wind as defined elsewhere here may be used
for the predicted 3D location of the plume, but this
would be more complex and it has been found sufficient
to use the prevailing wind at this stage.
[0087] A 2D plane is defined parallel to the plume
trajectory and perpendicular to the ground
[0088] ppm'm data from the isolated plume (operation
4) is rasterized 2D plane to create the plume model
shown in FIG. 8. For example, the ppm'm data may be
received as a point cloud (i.e. 3D scatter plot) as is
common for lidar systems. To form an image from the
scatter plot a process called rasterization is used, where
the points are ‘binned’ and averaged into a square 2D
grid of pixels.
[0089] At operation 8, data obtained from the lidar appa-
ratus 30 is used to create a 3D structure map of objects in the
field of view of the apparatus. This may include areas of
ground, pipelines, containers and other structures that may
reflect the transmitted laser radiation, as explained with
reference to FIG. 3 for example.
[0090] At operation 9, local wind data for the source or
other location of the gas is determined based on the pre-
vailing wind data and the lidar distance information. FIGS.
1 and 2 show two different methods by which this may be
performed which are described further with reference to
FIGS. 9A, 9B, and 10. These methods are not mutually
exclusive and the local wind data may be determined using
a combination of these methods, or the local wind data may
be determined in other ways.
[0091] The lidar distance information used for the deter-
mination of local wind data may comprise the 3D map
created at operation 8. Thus in operation 9 in FIGS. 1 and 2
the 3D map is used in the determination of local wind data.
[0092] In order to determine the local wind data, the
prevailing wind data may be modified to take account of
objects, detected by the lidar, that may obstruct the prevail-
ing wind and/or the plume. For example, as shown in
operation 9 of FIG. 1, if an object is obstructing the plume
the prevailing wind may be altered to attenuate the wind
component perpendicular to the obstruction. The alteration
may be applied specifically in the region of the obstructing
object.

[0093] It should be noted that the local wind data may
correspond to the prevailing wind data. In other words, in
any of the methods described here, it may be found that no
structure is present that will affect the prevailing wind and/or
the travel of the plume, and therefore it is not required to
modify the prevailing wind data in order to determine the
local wind data.

[0094] The alteration of the wind data, where performed,
may use computational fluid dynamics “CFD” to model the
wind around structures, as described with reference to FIGS.
2 and 10. However, improved estimations of fluid flow may
be obtained with simple measures to take account of struc-
tures, as described with reference to FIGS. 1, 9A, and 9B.
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[0095] Some schematic diagrams showing a simple
example of how prevailing wind data may be modified are
shown in FIGS. 9A and 9B. These show how a wind vector
field could be computed using a highly simplified model.
FIG. 9A is an aerial view showing wind flowing around a
simple object. The prevailing wind data comprises a single
vector in a left to right direction as illustrated. In this case,
in the vicinity of objects, the wind vector field components
perpendicular to the surface of the object may be attenuated
as shown in FIG. 9A by the differently dashed slanting
arrows. For curved surfaces the wind vector field compo-
nents perpendicular to the tangent of the curved surface may
be attenuated. Therefore, local wind data may be determined
from the prevailing wind data by attenuating components of
the prevailing wind perpendicular to a surface of a structure.

[0096] FIG. 9B shows that the prevailing wind vector may
be divided into two components, perpendicular and parallel
to the nearest surface of the object. The wind vector is then
attenuated by scaling the normal component n of the pre-
vailing wind. The normal component n can for example be
scaled by a function depending on distance d to the surface
(e.g. 1-exp(-sigma-d)), where sigma is a rate of decay of the
perpendicular wind component closer to the structure. So
that for d=0 the normal component is 0, while for d->large
the normal component is 1. In the simplest example, this
modification of the prevailing wind may ensure that the local
wind vector does not include wind emanating from a flat
wall.

[0097] In this example, no complex CFD calculations are
required in order to estimate the local wind data and hence
gas flow rate more accurately than would be possible
without taking account of such structures. In a practical
implementation, several structures and/or structures with
complex surfaces may be present. Then, the extent to which
the prevailing wind data is modified to determine the local
wind data may be decided depending on the measurement
accuracy required. For example, it may be sufficient in some
instances to select one major surface of a detected structure
on which to base a modification of the prevailing wind data.
In all instances the extent to which the prevailing wind data
is modified to determine the local wind data may depend on
the prevailing wind velocity.

[0098] In FIG. 2, at operation 9, the lidar distance infor-
mation, in the form of the 3D structure obtained at operation
8 is combined with the prevailing wind and a CFD model to
predict local wind data in the form of a local wind vector
field which may then be used at operation 10 to determine
flow rate. This is illustrated schematically in FIGS. 10, 11A,
and 11B.

[0099] As with the example of FIGS. 9A and 9B, the
prevailing wind may be measured by anemometer or pro-
vided by local met service or other suitable source. The
dotted arrows represent local wind vectors (direction and
magnitude) such as may be calculated by a fluid dynamics
model. In FIG. 10 wind vectors around the whole structure
are indicated. FIGS. 11A and 11B show horizontal-point-
of-view and vertical-point-of-view selections, respectively,
of wind vectors and the plume path. In FIGS. 11A and 11B,
the encircled white dot indicates the predicted origin of the
plume, while the black arrow shows the direction the plume
is assumed to flow in (along the prevailing wind). The plume
path may be predicted based on the estimated plume location
and prevailing wind direction. The local wind vectors at
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each point along the direction of the plume may be used in
the determination of flow rate.

[0100] In principle, the prevailing wind data may be
acquired at any suitable frequency. As noted previously the
acquisition period for gas concentration pathlength data may
be 100 seconds or more and therefore it may be suitable to
acquire the local wind data and to determine the local wind
data at least once for every data acquisition period. During
this time the prevailing wind data may vary. Therefore, in
some implementations, the local wind data may be deter-
mined at multiple instances during the data acquisition
period by acquiring the prevailing wind data for each
instance. Additionally or alternatively, the rate of flow of gas
may be determined using only gas concentration pathlength
measurements obtained when the local wind vector satisfies
predetermined criteria. For example, the local wind data
may be determined at multiple instances during the acqui-
sition period and used to determine constant local wind data,
e.g. a constant wind vector, for the acquisition period. Then
measurements taken when the local wind data is beyond a
preset range of the constant wind data may be discarded. The
constant wind data may be based on an average of the
measured data for example.

[0101] At operation 10 the simple 3D model of the gas
plume that was in a plane in the direction of the prevailing
wind is modified to follow the direction of the local wind
field calculated and modelled in operation 9. FIG. 12A
shows a schematic of how this may be done. The gas plume
model remains a sheet but this now follows the local wind
direction rather than the prevailing wind direction and
therefore no longer runs into or through the lidar identified
solid objects.

[0102] At operation 11 the flow rate is determined by
multiplying the local gas concentration pathlength at each
point in the plume sheet by the local wind speed at that point
and integrating the combined gas concentration x wind
speed determined in operation 10 through planes perpen-
dicular to the local wind direction.

[0103] One possible method for determining flow rate will
now be described. Others will be familiar to those skilled in
the art. This method uses the following inputs to output leak
location (e.g. GPS) and gas leak flow rate (grams/second or
other suitable units):

[0104] Image of gas in units of concentration pathlength
(ppm'm) across a 2 dimensional field of imagers angles
(degrees)

[0105] Image of lidar distance to solid objects (m)
across the same 2 dimensional field of imager angles
(degrees)

[0106] TDlidar apparatus imager field of view (FOV)
diameter (degrees) (Note: FOV will depend on the
scanner zoom)

[0107] Horizontal direction imager is pointing (degrees
east of north or some other standard)

[0108] Vertical direction of imager (degrees down from
horizontal)—this information may be obtained for
example from a tilt stage supporting the imager or an
internal sensor.

[0109]

[0110] Prevailing horizontal direction wind is coming
(degrees east of north or some other standard)—as
noted above this information may be obtained from a

Prevailing wind speed (m/s)
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third party source such as a meteorological office or

anemometer in the region including the location of the

source of the gas.
[0111] A method of determining gas flow rate may com-
prise the following:
[0112] Identifying the Leak Location by the highest meth-
ane concentration area in the gas image, for example as
shown in FIG. 5A.
[0113] Determining the leak location distance (D) from the
lidar image (for example as shown in FIG. 7B.
[0114] Modelling in 3 dimensions the gas as a thin 2-di-
mensional vertical plane where the highest concentration
area identified above is located at the leak distance (D) and
the plane extends from there in the prevailing wind direc-
tion. The dimensions of the gas field are calibrated from the
imager angle (degrees) into vertical dimension (m) by
multiplying by the distance from the imager to the plane of
the gas plume.
[0115] Modelling in 3 dimensions the local wind speed
and direction around the solid objects identified by the lidar
that are nearby to the modelled plane of gas.
[0116] Modifying the 3-dimensional gas plume model so
that the gas is a thin sheet that is anchored at the leak
location as determined above but now follows the local wind
directions, not the prevailing wind direction.
[0117] Multiplying the local gas concentration path length
(ppm'm) at each point in the model by the gas density
(¢/ppm/m>) and local wind velocity (m/s) and multiplying
by the sine of the angle between the laser imager beam and
the local wind direction (and so by a factor of 1 if they are
perpendicular) at each point to derive a 2-dimensional field
of points with units g/m/s.
[0118] Integrating this field in vertical lines across the
plume to derive a series of measurements of the gas leak
flow rate in the plume with units of g/s down the direction
of the local wind as shown in FIG. 12B.
[0119] Taking the maximum of these as the best measure-
ment of Gas Leak Flow Rate.
[0120] A gas lidar camera or sensor suitable for use in
measuring gas leak flow rate in the methods described here
will now be briefly described with reference to FIGS. 13 and
14. Further details of the operation of such a camera for gas
detection may be found in GB2586075A.
[0121] The basic architecture of a lidar system is depicted
in FIG. 13 where TX indicates a laser transmitter, RX an
optical receiver, PC: personal computer, FPGA: Field Pro-
grammable Gate Array. The laser transmitter (TX) works
either in Continuous Wave (CW), pulsed condition, or under
modulation, and the beam is launched through a lens system,
beam expander or telescope. The reflected signal is detected
by the receiver (RX), and electronically processed to derive
the distance to the target and other information. Depending
on the system, the RX may also use a fraction of the emitted
light as reference or as local oscillator to beat against the
returned signal on the detector. In other possible implemen-
tations a local oscillator is not required. The laser may be a
distributed feedback (DFB) laser as is known in the art.
[0122] The original lidar distance measurement has been
extended to measure many new parameters including the
velocity of remote objects, the quantity and type of gas the
laser passes through, and the velocity of the air.
[0123] In the methods described here, a lidar system is
used to make distance measurements to structures in an
environment in which a leak of a particular gas may occur,
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as well as to detect the gas itself. Data acquired by the lidar
system may be processed in the system or remotely and
combined with wind vector measurements to more accu-
rately calculate the total gas mass flow rate of the leak.
[0124] Single photon lidar is a very active field with
multiple research groups working on long distance measure-
ment. Geiger-mode single-photon lidar systems, originally
developed by MIT Lincoln Laboratories have been made
commercially available and used for satellite observations of
the Earth’s surface. For example, Zheng-Ping Li et al, Single
Photon imaging over 200 km, Optica Vol. 8, No. 3 p 344
March 2021, present a single photon lidar system that uses
“optimized compact coaxial transceiver optics”. The trans-
ceiver is the optical system that transmits the lidar beam out
of the laser source into the environment and then receives
the scattered return light back from the environment and
directs it into the single photon detector.

[0125] It should be noted that although light is referred to
here, the methods and systems described are not limited to
visible light and are applicable to other wavelength radia-
tion.

[0126] FIG. 14 is a schematic diagram of a single photon
lidar system, described in further detail in GB2586075A as
an optical gas detection device. The gas detection device is
configured to detect the presence or concentration of at least
one gas 2.

[0127] In the system of FIG. 14, a laser device 4 is
operable to output first output radiation 6 having a continu-
ous wave output. A control element 8 is operable to tune a
first emission wavelength 9 of the first output radiation 6
continuously within a first wavelength spectrum 10 to allow
for fast scanning of an environment whilst reducing the
spectral coherence of the transmitted radiation of the optical
device 1. The laser device may comprise a TDLAS device
but other laser devices may be used in the methods described
here.

[0128] As shown, the device 1 includes a modulator 14
operable to apply a first output modulation 16 to the first
output radiation 6. Further, the device 1 includes an optical
transceiver system 26 operable to transmit the first output
radiation 6 towards a first target location or area 18 and to
collect/receive scattered radiation 20, the scattered radiation
20 having been at least partially modified by the gas 2
present in the first target location 18. A detector 22 is
configured to receive the scattered radiation 20 and a pro-
cessing element 24 is operable to process the received
scattered radiation 20. The detector 22 may comprise a
single photon lidar sensor as is known in the art.

[0129] The control element 8 and the processing element
24 may be comprised in a computer or computing system
which may be part of the device 1. The processing element
may comprise a FPGA. Alternatively components of the
device may be controlled from a computer or computing
system remote from the device itself.

[0130] GB2586075A discloses a gas sensor using a com-
bination of two laser technologies known as Single Photon
LiDAR and Tuneable Diode Laser Absorption Spectroscopy
(TDLAS) designed to provide a fast, accurate leak identifi-
cation, quantification, and mapping system to meet the
commercial needs of oil and gas producers for high-speed
sensing and large survey coverage area at a small fraction of
the operational costs of their existing solutions. A sensor of
this type may use a rapidly tuned (>100 kHz) diode laser
using direct current modulation. In other words the fre-
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quency at which the gas spectrum is traversed is greater than
100 kHz. In a system currently being implemented, 1 pixel
is obtained for each 10 ps and therefore there are 10,000
wavelength tuning scans to obtain a single pixel. The
modulation scheme does not necessarily require the light
wavelength to be tuned since different sources may be used
to emit light of different wavelengths. For example, DFB
lasers can be set to emit custom wavelengths. So an array of
different DFB lasers could be used to generate the range of
wavelengths required. Further, where a tuned source is used,
no particular tuning frequency is required.

[0131] Some operations of the methods described herein
may be performed by software in machine readable form
e.g. in the form of a computer program comprising computer
program code. Thus some aspects of the invention provide
a computer readable medium which when implemented in a
computing system cause the system to perform some or all
of the operations of any of the methods described herein.
The computer readable medium may be in transitory or
tangible (or non-transitory) form such as storage media
include disks, thumb drives, memory cards etc. The software
can be suitable for execution on a parallel processor or a
serial processor such that the method steps may be carried
out in any suitable order, or simultaneously.

[0132] A computing system which may be used in the
implementation of any of the methods described here is
shown schematically in FIG. 15.

[0133] Computing system 1400 may comprise a single
computing device or components such as a laptop, tablet,
desktop or other computing device. Alternatively functions
of system 1400 may be distributed across multiple comput-
ing devices. Some or all of the computing system compo-
nents may be incorporated in the system of FIG. 13.
[0134] Computing system 1400 may include one or more
controllers such as controller 1405 that may be, for example,
a central processing unit processor (CPU), a chip or any
suitable processor or computing or computational device
such as the FPGA mentioned above, an operating system
1415, a memory 1420 storing executable code 1425, storage
1430 which may be external to the system or embedded in
memory 1420, one or more input devices 1435 and one or
more output devices 1440.

[0135] One or more processors in one or more controllers
such as controller 1405 may be configured to carry out any
of the methods described here. For example, one or more
processors within controller 1405 may be connected to
memory 1420 storing software or instructions that, when
executed by the one or more processors, cause the one or
more processors to carry out a method according to some
embodiments of the present invention. Controller 1405 or a
central processing unit within controller 1405 may be con-
figured, for example, using instructions stored in memory
1425, to perform some of the operations shown in FIGS. 1
and 2.

[0136] Lidar sensor data received at operation 1 of FIGS.
1 and 2 may be received at a processor comprised in the
controller 1405 which then controls the subsequent opera-
tions of FIGS. 1 and 2 according to one or more algorithms
which may be stored as part of the executable code 1425.
[0137] Input devices 1435 may be or may include a
mouse, a keyboard, a touch screen or pad or any suitable
input device. It will be recognized that any suitable number
of input devices may be operatively connected to computing
system 1400 as shown by block 1435. Output devices 1440
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may include one or more displays, speakers and/or any other
suitable output devices. It will be recognized that any
suitable number of output devices may be operatively con-
nected to computing system 1400 as shown by block 1440.
The input and output devices may for example be used to
enable a user to select information, e.g. images and graphs
as shown here, to be displayed.

[0138] This application acknowledges that firmware and
software can be valuable, separately tradable commodities.
It is intended to encompass software, which runs on or
controls “dumb” or standard hardware, to carry out the
desired functions. It is also intended to encompass software
which “describes” or defines the configuration of hardware,
such as HDL (hardware description language) software, as is
used for designing silicon chips, or for configuring universal
programmable chips, to carry out desired functions.

[0139] The embodiments described above are largely
automated. In some examples a user or operator of the
system may manually instruct some steps of the method to
be carried out.

[0140] In the described embodiments of the invention the
system may be implemented as any form of a computing
and/or electronic system as noted elsewhere herein. Such a
device may comprise one or more processors which may be
microprocessors, controllers or any other suitable type of
processors for processing computer executable instructions
to control the operation of the device in order to gather and
record routing information.

[0141] The term “computing system” is used herein to
refer to any device with processing capability such that it can
execute instructions. Those skilled in the art will realise that
such processing capabilities may be incorporated into many
different devices and therefore the term “computing system”
includes PCs, servers, smart mobile telephones, personal
digital assistants and many other devices.

[0142] It will be understood that the benefits and advan-
tages described above may relate to one embodiment or may
relate to several embodiments. The embodiments are not
limited to those that solve any or all of the stated problems
or those that have any or all of the stated benefits and
advantages.

[0143] Any reference to “an” item or “piece” refers to one
or more of those items unless otherwise stated. The term
“comprising” is used herein to mean including the method
steps or elements identified, but that such steps or elements
do not comprise an exclusive list and a method or apparatus
may contain additional steps or elements.

[0144] Further, to the extent that the term “includes™ is
used in either the detailed description or the claims, such
term is intended to be inclusive in a manner similar to the
term “comprising” as “‘comprising” is interpreted when
employed as a transitional word in a claim.

[0145] The figures illustrate exemplary methods. While
the methods are shown and described as being a series of
acts that are performed in a particular sequence, it is to be
understood and appreciated that the methods are not limited
by the order of the sequence. For example, some acts can
occur in a different order than what is described herein. In
addition, an act can occur concurrently with another act.
Further, in some instances, not all acts may be required to
implement a method described herein.

[0146] The order of the steps of the methods described
herein is exemplary, but the steps may be carried out in any
suitable order, or simultaneously where appropriate. Addi-
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tionally, steps may be added or substituted in, or individual
steps may be deleted from any of the methods without
departing from the scope of the subject matter described
herein. Aspects of any of the examples described above may
be combined with aspects of any of the other examples
described to form further examples.

[0147] Various aspects (X1-X17) of different embodi-
ments of the present invention are also expressed below:
[0148] X1. A method of detecting and measuring a gas
flow, the method comprising:

[0149] using a lidar sensor to obtain gas detection data
and distance information relating to solid structures in
the sensor field of view;

[0150]

[0151] acquiring prevailing wind data for the location of
the detected gas;

[0152] determining local wind data for the location of
the detected gas based on the prevailing wind data and
the lidar distance information; and

[0153] determining the rate of flow of the gas from the
source using the lidar gas detection data and the local
wind data.

[0154] X2. A method of detecting and measuring a gas
flow, the method comprising:

[0155] receiving gas detection data from a lidar sensor,
wherein the data includes distance information relating
to solid structures in the sensor field of view;

[0156]

[0157] receiving prevailing wind data for the location of
the detected gas;

[0158] determining local wind data for the location of
the detected gas based on the prevailing wind data and
the lidar distance information; and

[0159] determining the rate of flow of the gas using the
lidar gas detection data and the local wind data.

[0160] X3. The method of aspects X1 or X2, comprising
using the lidar distance information and the prevailing wind
data to identify objects in the sensor field of view obstructing
the flow of gas,

[0161] wherein determining local wind data comprises
modifying the prevailing wind data to account for the
identified objects.

[0162] X4. The method of aspects X1, X2 or X3, wherein
the local wind data is determined by attenuating one or more
components of the prevailing wind data perpendicular to a
surface of a structure.

[0163] XS5. The method of aspect X3, wherein the lidar
distance information is combined with the prevailing wind
data and a computational flow dynamics model to predict
local wind data for use in the determination of the rate of
flow of the gas.

[0164] X6. The method of any of the preceding aspects
X1-X5, wherein:

[0165] the obtaining gas detection data and obtaining
distance information are repeated in successive data
acquisition periods,

[0166] the local wind data is determined at multiple
instances during a data acquisition period, and

[0167] the multiple measurements are used to determine
constant local wind data for the acquisition period.

determining a location of the detected gas;

determining a location of the detected gas;
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[0168] X7. The method of any of the preceding aspects
X1-X6, comprising:

[0169] determining gas concentration pathlengths for
points in the sensor field of view based on the lidar gas
detection data and distance information,

[0170] wherein the determining the rate of flow of gas
comprises multiplying gas concentration path length by
the local wind data, wherein:

[0171] the rate of flow of gas is determined using only
gas concentration path length measurements obtained
when the local wind data satisfies predetermined cri-
teria.

[0172] X8. The method of any of the preceding aspects
X1-X7, wherein the lidar sensor is scanned over the sensor
field of view during a data acquisition period and wherein
for different points in the field of view multiple gas con-
centration measurements are obtained.

[0173] X9. The method of any of the preceding aspects
X1-X8, comprising determining gas concentration path-
lengths for points in the sensor field of view based on the
lidar gas detection data and distance information.

[0174] X10. The method of any of the preceding aspects
X1-X9, wherein determining a location of the detected gas
comprises determining a location of a source of the detected
gas.

[0175] X11. The method of aspect X10, when dependent
on aspect X9, wherein the location of the source of the gas
is determined from the gas concentration path length data.
[0176] X12. The method of aspect X11, wherein deter-
mining the location of the source of the gas comprises
identifying an area of the sensor field of view in which gas
concentration pathlength exceeds a threshold and determin-
ing the leak location from the sensor location and the lidar
range from the sensor to the area.

[0177] X13. The method of aspect X12, wherein the
determining the leak location comprises overlaying a gas
concentration pathlength image over a signal level image to
indicate the location of the gas leak.

[0178] X14. The method of any of the preceding aspects
X1-X13, wherein the lidar distance information is used to
create a 3D map of structures in the field of view of the lidar
sensor and wherein the 3D map is used in the determining
of local wind data.

[0179] X15. The method of any of the preceding aspects
X1-X14, wherein the prevailing wind data is acquired using
an anemometer which is co-located with the lidar sensor.
[0180] X16. A computer readable medium comprising
instructions which, when implemented in a processor in a
computing system, cause the system to perform a method
according to aspect X2 or any aspect dependent from aspect
X2.

[0181] X17. A system for detecting and measuring a gas
flow according to the method of any of the preceding aspects
X1-X16, the system comprising a computing system and a
gas lidar sensor, wherein the computing system comprises
one or more processors configured to perform a method
according to aspect X2 or any aspect dependent from aspect
X2.

[0182] It will be understood that the above description of
a preferred embodiment is given by way of example only
and that various modifications may be made by those skilled
in the art. What has been described above includes examples
of one or more embodiments. It is, of course, not possible to
describe every conceivable modification and alteration of
the above devices or methods for purposes of describing the
aforementioned aspects, but one of ordinary skill in the art
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can recognize that many further modifications and permu-
tations of various aspects are possible. Accordingly, the
described aspects are intended to embrace all such altera-
tions, modifications, and variations that fall within the scope
of the appended claims.

1. A method of detecting and measuring a gas flow, the
method comprising:

using a lidar sensor to obtain gas detection data and

distance information relating to solid structures in the
sensor field of view;

determining a location of the detected gas;

acquiring prevailing wind data for the location of the

detected gas;

determining local wind data for the location of the

detected gas based on the prevailing wind data and the
lidar distance information; and

determining the rate of flow of the gas from the source

using the lidar gas detection data and the local wind
data.

2. A method of detecting and measuring a gas flow, the
method comprising:

receiving gas detection data from a lidar sensor, wherein

the gas detection data includes distance information
relating to solid structures in the sensor field of view;
determining a location of the detected gas;

receiving prevailing wind data for the location of the

detected gas;

determining local wind data for the location of the

detected gas based on the prevailing wind data and the
lidar distance information; and

determining the rate of flow of the gas using the lidar gas

detection data and the local wind data.

3. The method of claim 2, comprising:

using the lidar sensor to obtain the gas detection data and

distance information relating to solid structures in the
sensor field of view.

4. The method of claim 2, comprising:

using the lidar distance information and the prevailing

wind data to identify objects in the sensor field of view
obstructing the flow of gas,

wherein determining local wind data comprises modify-

ing the prevailing wind data to account for the identi-
fied objects.

5. The method of claim 2, wherein the local wind data is
determined by attenuating one or more components of the
prevailing wind data perpendicular to a surface of a struc-
ture.

6. The method of claim 4, wherein the lidar distance
information is combined with the prevailing wind data and
a computational flow dynamics model to predict local wind
data for use in the determination of the rate of flow of the
gas.

7. The method of claim 2, wherein the obtaining gas
detection data and obtaining distance information are
repeated in successive data acquisition periods, wherein the
local wind data is determined at multiple instances during a
data acquisition period, and wherein the multiple measure-
ments are used to determine constant local wind data for the
acquisition period.

8. The method of claim 2, comprising:

determining gas concentration pathlengths for points in

the sensor field of view based on the lidar gas detection
data and distance information,
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wherein the determining the rate of flow of gas comprises
multiplying gas concentration path length by the local
wind data, and

wherein the rate of flow of gas is determined using only

gas concentration path length measurements obtained
when the local wind data satisfies predetermined cri-
teria.

9. The method of claim 2, wherein the lidar sensor is
scanned over the sensor field of view during a data acqui-
sition period, and wherein for different points in the field of
view multiple gas concentration measurements are obtained.

10. The method of claim 2, comprising:

determining gas concentration pathlengths for points in

the sensor field of view based on the lidar gas detection
data and distance information.

11. The method of claim 2, wherein determining a loca-
tion of the detected gas comprises determining a location of
a source of the detected gas.

12. The method of claim 10, wherein determining a
location of the detected gas comprises determining a loca-
tion of a source of the detected gas, and wherein the location
of the source of the gas is determined from the gas concen-
tration path length data.

13. The method of claim 12, wherein determining the
location of the source of the gas comprises identifying an
area of the sensor field of view in which gas concentration
pathlength exceeds a threshold, and wherein determining the
location of the source of the gas comprises determining the
leak location from the sensor location and the lidar range
from the sensor to the area.

14. The method of claim 13, wherein the determining the
leak location comprises overlaying a gas concentration
pathlength image over a signal level image to indicate the
location of the gas leak.

15. The method of claim 2, wherein the lidar distance
information is used to create a 3D map of structures in the
field of view of the lidar sensor and wherein the 3D map is
used in the determining of local wind data.

16. The method of claim 2, wherein the prevailing wind
data is acquired using an anemometer which is co-located
with the lidar sensor.

17. An apparatus for a computerized gas detection system

with a lidar sensor, the apparatus comprising:

a non-transitory computer-readable storage medium hav-
ing encoded instructions therein, the encoded instruc-
tions being configured to, when executed by the com-
puterized gas detection system, cause the computerized
gas detection system to at least

acquire gas detection data via the lidar sensor, wherein the
gas detection data includes distance information relat-
ing to solid structures in a field of view of the lidar
sensor,

determine a location of a detected gas based on the gas
detection data,

obtain prevailing wind data for the location of the
detected gas,

determine local wind data for the location of the detected
gas based on the prevailing wind data and the distance
information, and

determine a rate of flow of the detected gas based on the
gas detection data and the local wind data.
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18. The apparatus of claim 17, comprising:
at least one processor operably coupled to the non-
transitory computer-readable storage medium to access
the encoded instructions,
wherein the at least one processor is operable to, in
response to the encoded instructions, cause the com-
puterized gas detection system to at least
acquire the gas detection data via the lidar sensor,
wherein the gas detection data includes the distance
information relating to the solid structures in the field
of view of the lidar sensor,
determine the location of the detected gas based on the
gas detection data,
obtain the prevailing wind data for the location of the
detected gas,
determine the local wind data for the location of the
detected gas based on the prevailing wind data and
the distance information, and
determine the rate of flow of the detected gas based on
the gas detection data and the local wind data.
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