
 CONFIDENTIAL REPORT 
 
 
 
 
 
 
 
 
 
 
 

 WELL TEST FLARE
 PLUME MONITORING 
 
 
 
 
 by 
 
 
 
 Stanley R. Shewchuk 
 Saskatchewan Research Council 
 Saskatoon, Saskatchewan 
 
 and 
 
 Robert L. Spellicy 
 IMACC 
 Round Rock, Texas 

 
 
 
 
 
 

 SRC Publication No. 11303-2C01 
 
 
 
 February, 2002 



 CONFIDENTIAL REPORT 
 
 
 
 
 
 
 
 
 
 
 

 WELL TEST FLARE
 PLUME MONITORING 
 
 
 
 
 by 
 
 
 
 Stanley R. Shewchuk 
 Saskatchewan Research Council 
 Saskatoon, Saskatchewan 
 
 and 
 
 Robert L. Spellicy 
 IMACC 
 Round Rock, Texas 

 
 
 
 
 

Saskatchewan Research Council SRC Publication No. 11303-2C01 
15 Innovation Blvd. 
Saskatoon, SK  S7N 2X8 
Phone:  306-933-7432 
Fax:  306-933-7817 February, 2002



 

 

 

DISCLAIMER: PTAC does not warrant or make any representations or claims as 
to the validity, accuracy, currency, timeliness, completeness or otherwise of the 
information contained in this report , nor shall it be liable or responsible for any 
claim or damage, direct, indirect, special, consequential or otherwise arising out of 
the interpretation, use or reliance upon, authorized or unauthorized, of such 
information. 

The material and information in this report are being made available only under the 
conditions set out herein. PTAC reserves rights to the intellectual property 
presented in this report, which includes, but is not limited to, our copyrights, 
trademarks and corporate logos. No material from this report may be copied, 
reproduced, republished, uploaded, posted, transmitted or distributed in any way, 
unless otherwise indicated on this report, except for your own personal or internal 
company use. 

 



  Well Test Flare Plume Monitoring 
 

 
SRC Publication No. 11303-2C01  i 

EXECUTIVE SUMMARY 
 

Many optical methods for environmental monitoring have become mature in the last decade.  In 
this project, various optical remote sensing technologies were assessed for their current 
applicability to monitoring criteria pollutant levels of SO2 in mountainside environments.  The 
particular application of concern was SO2 concentrations in the vicinity of well test flaring 
activities in Western Canada.  Of the technologies available, laser systems were focused on 
because they have unique capabilities in addressing this monitoring problem.  Lasers propagate 
narrow beams of electromagnetic radiation (light) which can be applied to atmospheric 
environmental monitoring, producing three dimensional plots of gas concentrations in the air.  
This is ideal for the SO2 monitoring problem near well test flaring monitoring sites. 
 
General applications of optical monitors, from monitoring real-time river water quality to air 
quality were reviewed in the project.  This information, along with a discussion of early laser 
development and principles of operation of optical systems, is presented in the background 
section of this report. In summary, all gases absorb characteristic colors of light, either 
ultraviolet, visible, or infrared.  Optical system using this absorption to detect the gases can 
operate in one of two ways: 1) Spectral systems produce a full spectrum of the air (like a prism 
produces a spectrum of sun light) and then analyse it to find embedded signatures of pollutant 
species and 2) non-dispersive (including laser-based) systems look at only one or a very limited 
number of wavelengths or colours and use these to identify gas concentrations.   
 
There is one spectral approach that is readily available on the market today; but is not suitable 
for application to the terrain of concern. This is UV-DOAS (Ultraviolet Differential Optical 
Absorption Spectrometry) which uses an ultraviolet (UV) lamp to transmit UV-light through the 
air and then analyse it after it has traversed an air parcel to identify selective atomic absorptions 
of airborne pollutants. The difficulty of this approach for the current problem is that the light 
must be transmitted through the air and then captured after propagation to do the analysis.  This 
is not always possible in mountainous terrain.   
 
A technique that is suitable for PTAC’s SO2 monitoring purposes is a special case of non-
dispersive detection, the Lidara.  Lidars are essentially laser radars which look at backscattered 
laser light just as a radar looks at backscattered radio waves.  One type of Lidar, referred to as 
DIfferential Absorption Lidar or DIAL uses two lasers, or one tuneable laser, to look at the ratio 
of reflected or backscattered laser light at two closely spaced wavelengths.  It measures a 
differential absorption of laser light between the two colours to determine the air concentration 
of a specific pollutant molecule. Because the lasers can be scanned vertically and horizontally, 
the DIAL Lidar can produce a three dimensional map of the detected gas concentrations.  DIAL 
Lidar does not require a retroreflector, like DOAS, because it looks at backscattered light from 
the air itself.  It can measure SO2 in the atmosphere using ultra-violet lasers.  Details of DIAL 
Lidar operation are provided, specifically for trace gas detection in the air. 
 

                                                 
a Lidar is an acronym which stands for LIght Detection And Ranging.  A Lidar is similar to the more familiar radar, 
and can be thought of as a laser radar.  In a radar, radio waves are transmitted into the atmosphere which scatters 
some of the power back to the radar’s receiver.  A Lidar also transmits and receives electromagnetic radiation, but at 
a higher frequency.  Lidars operated in the ultraviolet, visible, and infrared region of the electromagnetic spectrum. 
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Most of the DIAL Lidar systems identified for SO2 monitoring in this report are proprietary 
“one-of-a-kind” units existing within university departments or research institutes throughout the 
world.  In general, Lidars remain quite expensive and they are usually custom designed to meet a 
client’s measurement requirements.  Several commercial vendors have put Lidar packages 
together, but only one vendor, Elight in Germany, has actually built an SO2 DIAL system.  This 
company is attempting to commercialize Lidar by making it more standardized.  They have done 
this to a large extent with a fixed up- looking Ozone Lidar system.  In this report, available Lidar 
systems are presented and their stage of maturity or commercial availability is outlined.   
 
A DIAL Lidar system seems to be the system of choice for the SO2 flare monitoring 
requirements of PTAC.  Because these systems are still custom, development of a system for 
flare monitoring should start with careful specification of system characteristics followed by an 
assessment of companies that can provide components or a complete system meeting these 
characteristics.  Close coordination of the vendor’s efforts with a technical team representing 
industry would then guarantee a system meeting required specifications.  Two approaches to 
fabrication are possible: 1) complete development and integration of a system by a vendor or 2) 
delivery of subsystems from a vendor with integration and testing by a technical team working 
for industry.  Both approaches have comparable costs but the latter gives the team more control 
over the final product.  One critical issue is the degree of automation that can be built into the 
system without undue cost impacts.  The more automation possible, the more the system can be 
operated by technician level staff.  This will be critical to operational costs.  Costs for  
fabrication of a system by either approach, and estimated costs for the operation of a resulting 
system are presented in the Recommendations section of this report.  
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1.0 INTRODUCTION 
 
1.1 The Canadian Oil and Gas Industry Focus on Laser Technology 
 
Gas wells need to be tested to evaluate reservoir parameters.  Often this testing requires the gas 
to be burnt by flaring.  Most well test flares in Saskatchewan, Alberta, and British Columbia 
burn sour gas containing H2S, which, when burned, produces SO2.  The Ambient Ground Level 
Air Quality Guidelines for SO2 cannot be exceeded during a well test.  The applicable air quality 
standard is 450 micrograms per cubic metre per hour, or 0.17 ppm.  In the past, dispersion 
modelling of the well test was used to show that the guidelines would not be exceeded, and 
downwind truck-mounted monitoring equipment was employed to confirm the results of the 
model during the test.   
 
During the recent review on Flaring Fate and Transport (Shewchuk, 2000), open-path techniques 
were investigated for application to regional air quality monitoring programs.  The UV systems 
were found to be particularly applicable to regional air pollution—its fate and transport— 
because of their low detection limits for specific components of interest and the variety of target 
compounds available with this technology.  Can another open-path technique—laser 
technology—be used for real time, criteria level pollution monitoring for ambient SO2 in the 
regions of mountainous terrain?  This is a particularly difficult monitoring task because in 
general there is no direct access to the region to be monitored.  This renders many of the 
conventional remote sensing techniques inappropriate.  However, there are laser technologies 
such as Lidar and passive IR that have been applied to this type of problem with very good 
results. 
 
Analytical methods in use today allow for accurate, automated, and unmanned operation of many 
optical monitoring devices including Lidars.  Various optical systems are being used for ambient 
air monitoring, accidental release detection, and process monitoring.  Because of the savings 
possible by utilizing these techniques compared to conventional monitoring, these techniques 
will be used to shoulder more and more of the monitoring burden in regulatory and industrial 
settings.  To do this, advanced analytical techniques will be necessary to push further the 
accuracy, precision, and reliability of these methods.  To date, Lidar has seen only limited 
application compared to other approaches.  This is predominantly due to price and complexity of 
operation.  However, several companies are building more standardized Lidar systems and these 
are becoming more and more “turn-key.”  The technology has developed to the point that it may 
be viable to routine measurements like that of test well flares.  The assessment of this technology 
and demonstration of work done with it to date is presented here. 
 
1.2 Objectives 
 
The objectives of the work described in this project are as follows: 
 
1. To investigate the applicability of current and developmental optical monitoring 

techniques for real time SO2 pollutant monitoring near wildcat flares in inaccessible 
terrain.  These techniques must accurately track and quantify the Well Test Flare Plume. 
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2. To determine the current state-of-the-art of these technologies and estimate the costs and 
time required to apply them to the specific problem of SO2 monitoring near wildcat 
flares.  These methods must accurately measure the SO2 concentrations within the plume 
cost effectively. 

 
3. To recommend the most appropriate remote monitoring instrument for the industry along 

with the development and testing required to apply the chosen technique to SO2 
monitoring.  This will define the effort necessary to have a fully operational instrument 
available to the industry in the near term.  Such an instrument must be highly portable to 
move from one location to another. 
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2.0 BACKGROUND 
 
2.1 General Laser Technology  
 
The word “LASER” stands for “Light Amplification by Stimulated Emission of Radiation”.  
Lasers are possible because of the way light interacts with atoms or molecules.  In the ultraviolet 
region of the spectrum , it is electrons tha t interact with the light.  Electrons can exist only in 
specific energy levels or states characteristic of that particular atom or molecule.  The energy 
levels can be imagined as rings or orbits around a nucleus.  Electrons in outer rings are at higher 
energy levels than those in inner rings.  Electrons can be bumped up to higher energy levels by 
the injection of energy produced, for example, by a flash of light.  When an electron drops from 
an outer to an inner level, “excess” energy is given off as light.  The wavelength or colour of the 
emitted light is precisely related to the amount of energy that is released.  Depending on the 
particular material being used, specific wavelengths of light are absorbed (to energize or excite 
the electrons) and specific wavelengths are emitted (when the electrons fall back to their initial 
level).  A laser produces intense light at one specific wavelength because of the phenomenon 
called stimulated emission.  This in effect means that, when one atom or molecule drops down 
and emits light, it stimulates other atoms or molecules to do the same.  This results in a rapid 
emission by all excited atoms or molecules.   
 
2.2 The Electromagnetic Spectrum 
 
Light is a form of electromagnetic radiation as are radio waves or microwaves.  The 
Electromagnetic (EM) spectrum is a description of the distribution of this radiation by colour or 
wavelength.  Other examples of EM radiation are infrared and ultraviolet light, X-rays and 
gamma-rays.  Hotter, more energetic objects and events create higher energy radiation than cool 
objects or events.  Only extremely hot objects and particles moving at very high velocities can 
create high-energy radiation like x-rays and gamma-rays.  An electromagnetic spectrum is shown 
in Figure 1.  This figure shows the spectrum from gamma-rays to radio waves; they are all 
component parts of the EM spectrum, each with specific energies and wavelengths. 
 
The general qualities of each section of the EM spectrum are: 
 
• Radio waves - this is the same kind of energy tha t radio stations emit into the air for your 

radio receiver to capture and turn into your favorite music.  But radio waves are also 
emitted by other things, such as stars and gases in space. They have long wavelengths on 
the order of meters and relatively low energies.  Energy is higher the shorter the 
wavelength.   
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Figure 1:  The Electromagnetic Spectrum 
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• Microwaves - they will cook your meals in just a few minutes.  They are also used for 
telephone communications.  In space, microwaves are used by astronomers to learn about 
the structure of our own galaxy.  Their wavelengths are millimetres or less and their 
energy is higher than that of radio waves. 

 
• Infrared - we often think of this as being the same thing as ‘heat’, because it makes our 

skin feel warm.  In space, IR emission maps the dust between stars.  IR radiation has 
wavelengths that are only thousandths of a centimetre.  We can sense IR radiation 
because its energy is higher.  

 
• Visible - this is the part of the EM spectrum that our eyes see.  Visible radiation is 

emitted by everything from fireflies to light bulbs to stars, also by fast-moving particles 
hitting other particles.  Its wavelength is even smaller than that of the IR, being a few ten 
thousandths of a centimetre with correspondingly higher energy.   

 
• Ultraviolet - the Sun is a source of ultraviolet (or UV) radiation.  UV radiation is what 

causes a sunburn.  Its wavelength is smaller than violet light with higher energy than 
violet, hence its name.  Its energy is high enough that it can be dangerous. 

 
• X-rays - the doctor uses them to look at your bones and your dentist to look at your teeth.  

Hot gases in the Universe also emit X-rays.  These wavelengths are extremely small, on 
the order of 0.00000001 centimetres, and the energy is high.  It is for this reason that they 
can pass through our bodies.  They are dangerous enough to cause damage to cells if 
exposed long enough.  

 
• Gamma-rays - radioactive materials can emit gamma-rays.  Big particle accelerators that 

scientists use to help them understand what matter is made of can sometimes generate 
gamma-rays.  But the biggest gamma-radiation generator of all is the Universe, making 
gamma rays in all kinds of ways.  They have the shortest wavelengths—one-tenth to one-
hundreth that of X-rays—and the highest energies.  They can be very dangerous to our 
bodies at high enough exposure levels. 

 
Lasers also produce an emission of EM radiation.  This radiation is unique, however, because it 
is coherent (all waves are in step with each other) and it is monochromatic (all waves are exactly 
the same wavelength or colour).  This is very different from light bulbs that produce light of 
many colours and with waves that are not in step.  
 
2.3 Ruby Laser 
 
The ruby laser, invented in 1960, was the first laser.  Ruby is an aluminum oxide crystal in which 
some of the aluminum atoms have been replaced with chromium atoms.  Chromium gives ruby 
its characteristic red colour and is responsible for the lasing behaviour of the crystal.  Chromium 
atoms absorb green and blue light and emit or reflect only red light. 
 
For a ruby laser, a crystal of ruby is formed into a cylinder.  A fully reflecting mirror is placed on 
one end and a partially reflecting mirror on the other.  A high- intensity lamp is spiralled around 
the ruby cylinder to provide a flash of white light that initiates the laser action.  The green and 
blue wavelengths in the flash excite electrons in the chromium atoms to a higher energy level.   
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Upon returning to their normal state, the electrons emit their characteristic ruby-red light.  The 
mirrors reflect some of this light back and forth inside the ruby crystal, stimulating other excited 
chromium atoms to produce more red light, until the light pulse builds up to high power and 
drains the energy stored in the crystal. 
 
The laser flash that escapes through the partially reflecting mirror lasts for only about 
300 millionths of a second—but is very intense.  Early lasers could produce peak powers of 
some ten thousand watts.  Modern lasers can produce pulses that are billions of times more 
powerful. 
 
Many different materials can be used as lasers.  Some, like the ruby laser, emit short pulses of 
laser light.  Others, like helium-neon gas lasers or liquid dye lasers, emit a continuous beam of 
light.   
 

 
Figure 2:  How Laser Light Works 

 
2.4 Types of Lasers  
 
There are many different types of lasers.  The laser medium can be a solid, gas, liquid, or 
semiconductor.  Lasers are commonly designated by the type of lasing material employed: 
 
• Solid-state lasers  have lasing material distributed in a solid matrix (such as the ruby or 

neodymium-yttrium aluminum garnet (YAG) lasers).  The neodymium-YAG laser emits 
infrared light at 1,064 nanometers (nm).  A nanometer is 1 x 10-9 meters. 

 
• Gas lasers  use a gas as the laser material.  The most commonly used gas laser is the 

helium-neon, or HeNe, laser.  This laser has a primary output of visible red light.  CO2  
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 lasers also exist and these emit energy in the far- infrared (10.6 um), and are used for 
cutting hard materials. 

 
• Excimer lasers  (the name is derived from the term excited and dimers) use reactive gases 

such as chlorine and fluorine mixed with inert gases such as argon, krypton, or xenon.  
When electrically stimulated, a pseudo molecule or dimer is produced and when it lases, 
it produces light in the ultraviolet range. 

 
• Dye lasers  use complex organic dyes like rhodamine 6G in liquid solution or suspension 

as the lasing media.  They are tuneable over a broad range of wavelengths. 
 
• Semiconductor lasers , sometimes called diode lasers, are solid-state lasers.  These 

electronic devices are generally very small and use low power, like laser pointers used in 
presentations.  They may be built into larger arrays, such as the writing source in some 
laser printers or compact disc players. 

 
Lasing mediums can be selected based on the desired emission wavelength (see Table 1), power 
needed, and pulse duration.  Some lasers are very powerful, such as the CO2 laser, and can cut 
through steel.  The reason that the CO2 laser is so dangerous is because it emits laser light in the 
infrared and microwave region of the spectrum.  Infrared radiation is heat, and this laser 
basically melts through whatever it is focused upon. 
 
Table 1: Typical Lasers and Their Emission Wavelengths  
 

Laser Type  Wavelength (nm) 
Argon fluoride (UV) 193 
Krypton fluoride (UV) 248 
Nitrogen (UV) 337 
Argon (blue) 488 
Argon (green) 514 
Helium neon (green) 543 
Helium neon (red) 633 
Rhodamine 6G dye (tuneable) 570-650 
Ruby (CrAlO 3) (red) 694 
Nd: YAG (NIR) 1064 
Carbon Dioxide (FIR) 10600 

 
 
Other lasers, such as diode lasers, are relatively weak but look bright to the eye, like laser 
pointers.  These lasers typically emit a red beam of light that has a wavelength between 630 nm 
and 680 nm, but can now be built to lase at many colours.  Lasers are used in industry and 
research to do many things, including using the intense laser light in research to excite other 
molecules so one can observe what happens to them. 
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2.5 General Laser Applications  
 
Over the years, lasers systems have found application in many fields ranging from food 
packaging to surgery.  Some details of the various fields of application are shown below.  They 
are: 
 

Laser Application Reference 

Food packaging. Ozdemir et al., 1998 

The canine prostate is a widely used and well established animal model for the assessment of 
therapeutic effects of laser technology in the search for better options for the treatment of 
benign prostatic hyperplasia. 

Chang et al., 1997 

Laser technology is used for tree measurement and surveying to study forest stands. Liu, 1995 

Molecular laser biotechnology.  Laser technology has developed to the point where it is 
possible to utilize lasers as a sophisticated but accessible tool in understanding and 
manipulating gene functioning. 

Grishko et al., 1999 

Cutting of commercial wood blocks within the wood processing industry.  The variables in a 
laser system influence the ability of the laser to cut wood samples. 

Arai et al., 1992 

Laser guidance of mechanical equipment.  Development and operation of a prototype laser-
based system for precise and automatic positioning of horticultural equipment (planters, 
transplanters, trimmers, irrigation and fertilizing apparatus, etc.) in nurseries. 

Gordon, 1989 

Real-time monitoring of river water quality. Klove et al.,  1993 

Innovative laser technology is used as a mobile laboratory to rapidly detect thorium 230 
activity levels in soils. 

Anderson et al., 1994 

 
In general, lasers technology today has produced a great many highly useful application 
instruments for society. 
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3.0 PRINCIPLES OF OPTICAL SYSTEM OPERATION 
 
3.1 Types of Optical Systems Used for Remote Sensing 
 
Optical systems usually operate in only two modes: extractive and open-path.  Extractive 
systems  “extract” a sample from the source, pass it to the analyser and then analyse it in the 
instrument itself.  Open-path or open-air systems propagate a light beam (IR or UV) through the 
region to be monitored (either in the open air or through a stack/vent), receive the transmitted 
beam and analyse it.  It is the open air application that is most relevant to this flare monitoring 
project. 
 
Optical systems are also either dispersive or spectral as mentioned earlier.  Dispersive systems, 
like the FTIR and UV-DOAS, produce a spectrum, identify compounds by their “signatures” in 
the spectrum, and quantify their concentrations using the “strength” of the signature.  Non-
dispersive systems look at a spectral region or pair of regions in and out of the adsorption band 
of a compound of interest (typically using filters).  These must be calibrated so the system 
response is proportional to a specific compound and its concentration.  In dispersive systems, any 
compound having infrared or ultraviolet absorption will leave its characteristic signature in the 
spectrum.  The challenge is to detect the signature, to identify it, and to quantify it.  The 
absorption “signature” arises from either: a) electronic transitions in an atom/molecule which 
appears in the ultraviolet or  b) vibration/rotation transitions of molecules which appear in the 
infrared.  Because these transitions are dependent on the molecular structure of the absorbing 
molecule or atom, each compound will have a unique signature.  This uniqueness allows spectral 
systems to differentiate between various compounds even in complex mixtures.  This is 
something the non-dispersive systems have difficulty doing.  Because the intensity of the 
“signature” is proportional to the concentration of the compound identification and quantification 
is possible with these systems. 
 
The non-dispersive systems usually use band pass filters or other means to select a band of 
wavelengths for detection.  The band chosen encompasses an adsorption feature of the 
compound of concern while a second band is chosen, as a reference, which is free of the 
adsorption.  The ratio of the signals from these two “bands” can then be calibrated to read out in 
gas concentration for a specific gas of interest.  These sys tems are very inexpensive and 
compact, but can suffer from false detects.  They are particularly sensitive to this because they 
only look at a band of absorption, and any other compound with an absorption feature in this 
band will be detected as some concentration of the desired compound.  However, because of 
their simplicity and low cost, non-dispersive systems have seen widespread use particularly in 
process control.  Various refinements on the basic non-dispersive systems have also been made, 
such as Gas Filter Correlation (GFC) detection, which renders the systems more specific to an 
individual compound. 
 
The advantages and disadvantages of each approach are: 
 
Dispersive Systems  
•  Provide the capability of monitoring for a large number of compounds simultaneously; 
•  Some do not need to know a priori what they will encounter so they are very versatile; 
•  Some can change their monitored compound list with simple software changes; 
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•  They tend to have the highest sensitivity and specificity of optical systems; 
•  They are typically more expensive than non-dispersive systems. 
 
Non-dispersive Infrared (NDIR) Systems  
•  Are inexpensive and can be used in CEM or open-air applications easily; 
•  Must be tailored to measure one compound specifically; 
•  Because they are built to monitor a specific compound or list of compounds, they would 

need to be physically modified to alter the compound list. 
 
Figure 3 below is an example of hardware arrangements for possible Dispersive and Non-
Dispersive systems.  In the dispersive system, case a), a broad band of light is sent out to a retro 
reflector or receiver at the far end of the monitored path which detects or reflects back the light.  
In this case, the total path absorption is being measured.  However, in case b) with a Non-
Dispersive laser-based system, no retro reflector is used.  The signal sender also receives 
backscattered signals from the air itself.  Hence, this system operates more like a classic radar 
sensor used by meteorologists in order to monitor cloud formation and movement within the 
atmospheric environment.  Because it detects backscattered light like a radar detects the 
backscattered radio waves, it is called Lidar.  Lidar is an acronym which stands for LIght 
Detection And Ranging and it is similar to radar, which stands for RAdio Detection and 
Ranging.  Lidar can be thought of as a laser radar.  In a radar, short pulses of radio waves are 
transmitted into the atmosphere which scatters some of the power back to the radar’s receiver.  In 
a Lidar short pulses of laser light are transmitted and the backscattered light is received.  Lidars 
operate in the ultraviolet, visible and infrared region of the electromagnetic spectrum depending 
on what compounds are of interest.  Lidars also measure absorption by gases in the air but they 
do not require any hardware at the far end of the path.  It is this technology that looks attractive 
for SO2 downwind of test well flares in terrain where conventional transmission measurements 
may be impossible. 
 
Both Lidar and other optical remote sensing techniques are rapidly being accepted as viable 
means of performing environmental and industrial monitoring of all types.  The EPA as well as 
state agencies in the United States have now accepted Fourier Transform Infrared (FTIR) and 
Ultraviolet Differential Optical Absorption Spectrometry (UV-DOAS) for many monitoring 
applications.  The FTIR operates in the infrared while the UV-DOAS operates in the ultraviolet.  
As mentioned earlier, both of these produce a spectrum which is analysed to identify the features 
of various gases while measuring the strength of these features to evaluate concentration.  UV-
DOAS has been declared as an equivalent measurement method by the US-EPA for criteria 
pollutant monitoring in ambient air.  Protocols have been published and new compendium 
methods are about to be released for FTIR use.  These technologies are clearly going to play a 
significant role in future environmental and industrial monitoring (Spellicy, 2001).  The 
analytical methods used to produce quantitative gas concentrations from optical data currently 
exist for various systems including: non-dispersive infrared (NDIR), Gas Filter Correlation 
(GFC) detection, FTIR and UV-DOAS..  The Saskatchewan Research Council has experience 
conducting a flaring fate and transport (Shewchuk et al., 2001) project with UV-DOAS in the 
atmospheric environment of the Weyburn/Estevan area of the province of Saskatchewan. 
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Figure 3:  Schematic Diagram of the Two Lidar Systems Radiating Electronmagnetic Waves 
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3.2 The DIAL Lidar Equation 
 
As briefly outlined above,a Lidar is an instrument that uses short pulses of laser light to detect 
particles or gases in the atmosphere, much like radar bounces radio waves off rain, clouds, or 
aircraft.  A telescope collects and measures the reflected laser radiation.  It is known that  
 
different molecules absorb different wavelengths of light.  Consequently one can tune the laser 
pulses to different wavelengths to target the type of atmospheric gases one wants to study.  Gases 
such as O3, SO2, NO2, etc. in the atmosphere can be studied in this manner.  
 
To understand why the DIAL Lidar technology is particularly well suited to measuring 
concentrations of specific atmospheric gases in a mountainous terrain, it is useful to understand 
how it operates through measurement of differential absorption rates at two different chosen 
wavelengths. This principle can be expressed by the DIAL Lidar equations 2 and 3 below.  
 
When a short monochromatic light pulse is transmitted into the atmosphere, it will be 
backscattered by both air molecules and suspended particles (dust).  Backscatter is what we see 
as white light when we illuminate fog with car headlights.  This backscattered light is collected 
by a telescope close to the transmitter and detected by a suitable optoelectronic detector 
(photomultiplier or photodiode).  The power of this backscattered signal is described by the lidar 
equation, which in its simplest form reads: 

 
 

 
 

where P(R) is the power received from distance R, C is an instrument constant, β(R) is the 
backscatter coefficient at a distance R, and α(r) is the extinction coefficient. 
 
Since this set of equations (for all R) contains two sets of unknowns (β (R) and α (R)) but only 
one set of measured quantities (P(R)), there is no unique solution for the atmospheric parameters.  
This problem has been dealt with extensively in the literature; the most common solution is to 
assume a relation between aerosol backscatter and extinction.  This relation is prescribed by the 
type of the aerosol (of course this can be done only in those regions of the spectrum where no 
absorption by gaseous constituents of the atmosphere occurs).  When this relationship can be 
guessed with sufficient accuracy, a solution exists, but rather large uncertainties remain.  
However, even if absolute backscatter or extinction values may be rather inaccurate, changes in 
the distribution of aerosols can be detected with high spatial and temporal resolution.  Hence 
pure backscatter (elastic backscatter) lidar is a powerful tool to retrieve details of the 
stratification of particulates in the atmosphere. 
 
In Differential Absorption Lidar (DIAL), measurements are made at two different wavelengths.  
One wavelength, λon, is chosen in a region of high-absorption cross-section of the gaseous 
constituent under study, whereas at the second wavelength, λoff, the gaseous absorption should 
be minimal.  The most appropriate quantity to study in this case is: 

 (1) ( )P R CR R r dr
O

R
(* ) ( ) exp ( )= −− ∫2 2β α
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where ∆α is equal to (αon – αoff)  If aerosol 
scattering properties (backscatter and extinction) 

are the same for λon and λoff, the second term on the right hand side vanishes, and equation 2 
can be written: 

αρ d
RPoff
RPon

dR
d

2
)(
)(

ln −=  

where ρ is the density of the species under study and dα the differential absorption cross section 
for λon and λoff. 
 
In this approximation either the density of the absorbing gas can be calculated, when the 
differential absorption cross-section is known, or the differential absorption cross-section can be 
calculated when the density is known.  In most applications the first case is true: density 
distributions of a large variety of gases have been studied using the DIAL technique .  The 
second case has its application mainly in the retrieval of temperature.  For example, the 
temperature dependence of the absorption by molecular oxygen in a high rotational state can be 
used to retrieve atmospheric temperature distributions because the density of oxygen is 
sufficiently well known in the air. 
 
The simple form of equation 3 cannot generally be used with good success, since in the case of 
narrow absorption lines (e.g. water vapour, oxygen) the spectral distribution of the transmitted 
and the backscattered light have to be considered in detail, and in the case of broad absorption 
bands with little structure (e.g. ozone in the UV), differential scattering properties have to be 
accounted for.  Some of these details will be addressed below for specific applications of the 
DIAL technique. 
 
The NASA Langley airborne UV DIAL system is a lidar instrument that sends pulses of laser 
radiation at several different wavelengths into the atmosphere to measure ozone and 
simultaneously aerosols and clouds.  The laser beams are pointed both upwards and downwards 
out of the aircraft.  The UV DIAL system uses five laser (or lidar) wavelengths in three different 
regions of the electromagnetic spectrum: two in the UV region for ozone measurements, two in 
the visible and one in the near infrared (IR) region to measure aerosols and clouds.  Comparing 
the visible and IR wavelengths can reveal information about the size distribution of aerosols.  
The two UV wavelengths determine the profile of ozone by DIAL Lidar,  that is, by analyzing 
the absorption differences due to ozone between the two lidar returns.  From this measurement, 
the location and amount of aerosols, clouds, and ozone along the line-of-sight of the UV DIAL 
system can be determined.  Airborne UV DIAL capabilities are also beneficial to other 
investigations aboard the aircraft.  Scientists can gain a much broader understanding of the 
chemistry, composition, and nature of the atmosphere if they use UV DIAL to aid other 
instruments rather than if they used each instrument separately. 

(2) 

(3) 

d
dR
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d

dR
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4.0 RESULTS 
 
4.1 Specific Applications of Lidar Technology to Air Quality  
 
Applications of LIDAR to air quality monitoring have been reviewed in several sources.  They 
are: 
 

Lidar Application Reference 

PM10 emissions from nonpoint sources need to be quantified in order to effectively meet 
air quality standards.  In California's Central Valley, USA agricultural operations are 
highly complex but significant sources of PM10 that are difficult to quantify using point 
sampling arrays.  A remote sensing technique, light detection and ranging (lidar), using a 
small field portable, fast-scanning lidar shows great potential for measuring PM10 
emissions from agricultural nonpoint sources. 

Holman et al., 1998 

Airborne lidar signals of cirrus clouds are analysed to determine the cloud structure.  
Climate modeling and numerical weather prediction benefit from accurate modeling of 
cirrus clouds.  Airborne lidar measurements of the European Lidar in Space Technology 
Experiment (ELITE) campaign were analysed by combining shots to obtain the 
backscatter at constant altitude. 

Van-Den-Heuvel et al., 
2000 

The use of airborne Light Detection and Ranging (LIDAR) technology offers rapid high 
resolution capture of surface elevation data suitable for a large range of applications.  The 
representation of both the ground surface and the features on that surface necessitates the 
removal of these surface features if a ground surface Digital Elevation Model product is to 
be produced. 

Priestnall et al., 2000 

A scanning, ultraviolet, Raman water vapour lidar designed primarily for boundary layer 
measurements has been built and operated by the Los Alamos National Laboratory 
Ground-Based Earth Observing Network team.  The system provides high temporal and 
spatial resolution measurements of the atmosphere within and above the atmospheric 
boundary layer. 

Eichinger et al.,  1999 

Cloud radar, microwave radiometer, and lidar remote sensing data acquired during the 
Atlantic Stratocumulus Transition Experiment (ASTEX) are analysed to address the 
relationship between (1) drop number concentration and cloud turbulence as represented 
by vertical velocity and vertical variance and (2) drizzle formation and cloud turbulence. 

Feingold et al., 1999 

For the first time, two lidar systems were used to measure the vertical water vapour flux in 
a convective boundary layer by means of eddy correlation.  This was achieved by 
combining a water vapour differential absorption lidar and a heterodyne wind lidar in a 
ground-based experiment.  The results prove that the combined lidar system can determine 
vertical flux profiles with a height resolution of approximately 100 m. 

Giez et al., 1999 

High-resolution water vapour and wind measurements in the lower troposphere within the 
scope of the Baltic Sea Experiment (BALTEX) are presented.  The measurements were 
performed during a field campaign with a new water vapour differential absorption lidar 
(DIAL) system and a radar-radio acoustic sounding system. 

Wulfmeyer, 1999 

One of the objectives of the 1995 Southern Oxidants Study was to assess the extent to 
which fossil fuel power plants contribute to high ozone episodes that often occur in the 
Nashville area during summer.  Among other instruments, the National Oceanic and 
Atmospheric Administration airborne ozone and aerosol lidar was used to investigate 
power plant plumes in the vicinity of Nashville, Tennessee.  Owing to its ability to 
characterize the two-dimensional structure of ozone and aerosols below the aircraft, the 
airborne lidar is well suited to document the evolution of the size and shape of a power 
plant plume as well as its impact on ozone concentration levels as the plume is advected 
downwind. 

Senff et al., 1998 
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Lidar Application Reference 

An adequate estimation of the aerosol extinction-to-backscatter ratio S is important for 
solving the underdetermined single scattering lidar equation and for investigating the 
climate impact of aerosols.  In this study, the extinction-to-backscatter ratios for the 
Nd:YAG wavelengths are calculated for continental, maritime, and desert aerosols; the 
corresponding aerosol components are varied within the expected natural variabilities of 
the particle number mixing ratios. 

Ackerman, 1998 

The effect of plume intermittency upon a shot averaged differential absorption Lidar 
(DIAL) system has been modelled using datasets obtained with a rapid-scanning 
backscatter Lidar.  It is shown that shot averaging within the non-linear DIAL analysis 
may lead to the analysed plume cross-section differing significantly from the true mean. 

Bennet, 1998 

Stone surface monitoring of historical buildings is of interest in the planning of restoration 
work, both for assessing biodeteriogen growth and for detecting the spectroscopic features 
of the surface itself.  Laser-Induced Fluorescence (LIF) analysis yields strong signals in 
the near IR region due to algal depositions, while signals through the visible region are 
useful for the characterisation of the stone materials. 

Weibring et al., 1997 

The co-located optical (argon-ion lidar) and acoustic (Doppler sodar) radar systems at the 
Indian Institute of Tropical Meteorology, Pune, India, have been employed to study the 
nocturnal aerosol pollution dynamics or air quality.  Both the systems have been operated 
simultaneously in order to sample the common atmospheric volume 

Devara et al., 1997 

A nocturnal exit net - a narrow stream of cold air - which flowed from Eldorado Canyon 
at the interface between the Rocky Mountains and the Colorado plains near the Rocky 
Flats Plant (RFP), swept over RFP for about 3 h in the middle of the night of 4-5 February 
1991.  The existence and behaviour of the jet was documented by Environmental 
Technology Laboratory's Doppler lidar system, a scanning, active remote-sensing system 
that provides fine-resolution wind measurements. 

Banta et al., 1996 

A mobile DIAL (differential absorption lidar) remote sensing system has been employed 
in the monitoring of industrial pollutant emissions.  Measurements of sulfur dioxide and 
mercury vapour were performed at nine different Swedish industrial plants.  Total 
atmospheric fluxes of these species could be determined by combining wind data with a 
mapping of the concentration distribution downwind from the sources. 

Edner et al., 1995 

The Lidar In-Space Technology Experiment (LITE) is being developed by 
NASA/Langley Research Center for a series of flights on the space shuttle beginning in 
1994.  Employing a three-wavelength Nd:YAG laser and a 1-m-diameter telescope, the 
system is test-bed for the development of technology required for future operational 
spaceborne lidars.  The system has been designed to observe clouds, tropospheric and 
stratospheric aerosols, characteristics of the planetary boundary layer, and stratospheric 
density and temperature perturbations with much greater resolution than is available from 
current orbiting sensors. 

McCormick et al., 1993 

A mobile differential absorption lidar system was used in conjunction with point monitors 
to study the spatial and temporal distribution of atomic mercury in the atmosphere around 
an abandoned mercury mine at Abbadia S. Salvatore, Italy.  The use of the re mote sensing 
technique allows a fast coverage of large areas both horizontally and vertically with a 
good temporal resolution. 

Edner et al., 1993 

Mercury is the only atmospheric pollutant that is present in the atmosphere in atomic 
form.  The optical resonance line at 254 nm can be used for absorption measurements 
using different optical remote sensing techniques.  Range-resolved Hg mapping can be 
performed using the differential absorption lidar (DIAL) technique. 

Edner et al., 1991 

A ground-based, high power, laser remote sensing system for measurements of 
stratospheric ozone concentration profiles has been in operation at the Jet Propulsion 
Laboratory Table Mountain Facility located in southern California, +34.4EN, -117.7EW, 
since January 1988.  The seasonal variations observed in the ozone profiles, during 1988 
and as a function of altitude, are described in this paper 

McDermid et al., 1990 
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4.2 DIAL Lidar Applications  
 
While applications of Lidar technology have been rapidly expanding, it is most often the DIAL 
Lidar that has proven most valuable in the remote monitoring of criteria air pollutant plumes 
such as NO2 and SO2.  The Swedish Group headed by Hans Edner has remained at the leading 
edge of this technology for many years.  The main results of their research programs have 
focused initially upon mercury in the atmospheric environment and more recently upon SO2.  
Mercury has a very strong absorption and as a result can be treated well with the DIAL 
technique.  Although SO2 has a weaker absorption it can also be detected to levels on the order 
of 0.1 ppm*m with this technique. 
 
4.2.1 Mercury in the Atmosphere as Monitored by DIAL Lidar Techniques 
 
Mercury (Hg) is the only atmospheric pollutant that is present in the atmosphere in atomic form.  
The optical resonance line at 254 nm can be used for absorption measurements using different 
optical remote sensing techniques such as UV-DOAS.  Range-resolved Hg mapping can be 
performed using the differential absorption lidar (DIAL) technique.  Edner, 1991, has used the 
lidar technique both for mapping of industrial plumes and for background concentration 
measurements. 
 
Atomic Hg is present in very low concentrations as a pollutant in the atmosphere.  It is generated 
from chlorine-alkali plants, coal- fired power plants, refuse incineration plants, and refuse 
deposits.  Hg of natural origin is also present in the atmosphere, related to geothermal, seismic, 
and volcanic activities.  Mercury has also been observed to be a tracer gas for ore deposits.  
Typical background concentrations of atomic Hg are a few ng m-3, requiring high measurement 
sensitivities. 
 
Measurements of ambient background-concentrations of Hg and industrial emissions of this 
compound can be performed.  The differential absorption lidar (DIAL) technique was used, 
tuning the laser on and off resonance every second pulse.  Lidar has also been used for 
measurements in Icelandic geothermal fields, investigating possible connections between 
geothermal water and Hg emissions.  In parallel, atmospheric atomic Hg monitoring using long-
path absorption of light from classical light sources has been used.  In such measurements, using 
DOAS, the mean concentration values were derived along the absorption path.  The unusually 
narrow lines encountered for Hg call for a high spectral resolution, especially in view of possible 
interference from absorbing O2. 
 
Edner et al., 1991, provide a description of the lidar system they developed as well as examples 
of Hg DIAL measurements on plumes and ambient air.  The laser source in their system is a 
Nd:YAG (Neodymium:yttrium-aluminum-garnet) laser pumping a tuneable dye laser.  The dye 
laser is operated at wavelengths around 507 nm with Coumarine 500 dye.  The pulse energies are 
25 to 30 mJ and the pulse repetition rate is 10 Hz.  The dye laser output is frequency doubled to 
the UV region using a beta barium borate (BBO) crystal, yielding pulse energies up to 5 mJ at 
254 nm.  The dye laser wavelength is calibrated by separating 10% of the frequency-doubled 
beam and monitoring the absorption of this beam in a cell of Hg vapour. 
 
For air monitoring, the UV beam is directed into the atmosphere by two right-angled quartz 
prisms and a large plane mirror.  The mirror can be rotated around the horizontal axis and the  
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vertical axis, thus determining the line of sight of the output beam.  Backscattered radiation is 
received by the same mirror and directed to a 40 cm diameter Newtonian telescope.  An 
interference filter selects the appropriate wavelength range and a photomultiplier tube detects the 
radiation.  In order to reduce the requirements of dynamic range in the detection electronics, the 
photomultiplier gain was ramped up to reach its full value at a range of about 400 m.  This 
compensates for the fall off of energy as points farther from the Lidar are probed. 
Because the laser pulse is short, it passes through different portions of the air at slightly different 
times.  By monitoring the signal fast enough, the air can be probed at different distances from the 
Lidar.  In the Edner system, a transient recorder performs analogue to digital conversion of the 
returned signal with a time resolution of 10 ns, giving a range resolution of about 1 m.  The 
digital signals are averaged on a computer which subsequently stores them on floppy disks.  
During a measurement the computer controls laser firing, dye laser wavelength setting, beam 
direction, and data acquisition. 
 
Measurements of atomic Hg concentrations have been performed using the lidar technique, 
providing spatial mapping of industrial plumes and monitoring of background concentrations 
down to a few ng m-3.  This technique provides near-real-time measurements over large air 
volumes with a sensitivity similar to the mercury gold amalgamation technique.  Lidar 
measurements have also proved to be useful for studying Hg anomalies related to geothermal and 
mining activities. 
 
4.2.2 Sulphur Dioxide Plumes Monitored with DIAL Lidar Techniques 
 
In 1987, the Edner laboratory set up a mobile remote sensing system for atmospheric monitoring 
focused specifically upon SO2 plumes.  The system, housed in a full-size truck with a laboratory 
floor surface of 6.0 x 2.3 m2, is mainly intended for differential absorption lidar (DIAL) 
applications.  The system has a 40-cm diameter receiving telescope and a fully steerable flat 
mirror in a transmitting/receiving dome.  The same Nd:YAG-pumped dye laser was used as for 
the Hg measurements but with auxiliary nonlinear frequency conversion to get to the appropriate 
wavelength.   
 
Industrial stacks produce plumes containing gaseous SO2.  To study these sources, the laser beam 
from the DIAL system was transmitted through the stack plume as it spreads through the 
atmosphere.  The received backscatter intensity is a function of distance (delay time) for both the 
on- and off- absorption wavelengths.  For pulses of equal energy and neighbouring wavelengths 
the two curves will be identical with a 1/R2 fall-off for distances up to the first gas cloud.  When 
the laser pulse propagates through the gas clouds the situation differs.  The non-absorbed 
wavelength is unaffected by the gas and the backscattered intensity continues its 1/R2 fall-off.  
The light at the absorption wavelength is attenuated through the cloud according to the Beer-
Lambert’s law, and the backscattered light in and behind the cloud is again attenuated on its way 
back to the telescope.  The intensity behind the cloud continues its 1/R2 fall-off but at a reduced 
level. 
 
In Edner’s current Lidar configuration for SO2 monitoring, the laser transmitter is a Quanta-Ray 
DCR-1A Nd:YAG laser pumping a PDL-1 dye laser.  The dye laser is equipped with two 
separate dye pump systems so that changes between blue and red dyes can be conveniently 
made.  The pump laser is cooled by a 3-kW closed- loop cooling system.  Other laser systems can 
also be used in the laboratory, e.g. other YAG systems, excimer systems, or CO2 lasers. 
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The dye laser wavelength, using a single dye, is controlled by changing the grating angle.  When 
an air measurement is performed, a fast-tuning device is used.  An arm that is directly coupled to 
the grating is rapidly tilted by an eccentric wheel driven by a stepping motor.  The wheel 
revolves at 5 Hz, allowing two laser pulses at each setting if the pulse repetition frequency is 10 
Hz.  In this way on and off wavelengths can be generated corresponding to positions on the 
wheel separated by 180°.  The phase setting of the wheel with respect to the laser firing 
determines the ∆λ value between zero and a maximum value.  The ∆λ interval can be arbitrarily 
placed in the wavelength range covered by the dye used.  This device gives a small wavelength 
jitter, but this is no problem when species such as NO2, SO2, or O3, all with relatively broad 
spectral features, are monitored. 
 
The light enters the detection unit from the folding mirror.  An adjustable field stop is placed in 
the focus, by means of which the field of view of the telescope can be varied from 2 to 5 mrad.  
After the focus, the light is made parallel by a small quartz lens and the appropriate wavelength 
region is selected with an interference filter.  Up to four filters can be placed in a wheel in the 
detection unit, thus making rapid changes of wavelength region possible.  A detector (normally a 
PMT) is used to transform the optical signal into an electrical one.  The latter unit is the principal 
detector for DIAL work.   
 
A TV system has been installed to facilitate setting and checking the direction of the laser beam.  
In the focal plane of the telescope, just in front of the adjustable field stop, a mirror directs the 
light into the TV camera.  The mirror has a hole where the light passes onto the aperture and thus 
the TV picture will show the direction the lidar is pointing.  The position of the TV camera is 
adjusted with a stepping motor connected to a worm gear.  This rotates the camera so that the 
picture horizon is always horizontal regardless of dome orientation.  The stepping motor is 
driven by an angular caption device coupled to the horizontal dome rotation.  The lidar 
measuring range is 6 km. 
 
The SO2 DIAL has an on wavelength of 300.03 nm and an off wavelength of 299.33 nm.  
Typical lidar curves are produced using 400, 3-mJ laser shots for each of these wavelengths.  The 
ratio of the DIAL curves then show the presence of SO2 and define its concentration. 
 
In addition to the work of Edner, several other DIAL lidar systems have been in use for SO2 
monitoring.  These include: the system developed at Sandia National Laboratory in the US and 
used by Dr. P. Hargis; and that developed at the National Physical laboratory (NPL) in the UK, 
used by Dr. M. Milton.  The NPL device uses a YAG/dye laser source like the Lidar used by 
Edner.  In contrast, the system at Sandia uses a specia lly developed YAG-pumped Optical 
Parametric Oscillator (OPO) laser. 
 
An OPO device, like the one in use by Sandia, uses the property of a non- linear asymmetric 
crystal which accepts a high energy (short wavelength) wave and produces as output two lower 
energy (longer wavelength) waves.  The waves produced are a sensitive function of the angle of 
rotation of the crystal, so in effect the two waves produced can be tuned over a broad range 
starting close to the energy or wavelength of the pump beam and going to lower energies or 
longer wavelengths.  This is done by simply rotating the crystal.  The Sandia OPO system, like 
many others, uses a frequency doubled YAG beam as input to a BBO (beta barium borate) 
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crystal which provides the tunability.  This tuned beam is then mixed with a second doubled or 
tripled YAG beam to produce UV wavelengths from 250 to 400 nm.  The Sandia instrument  
 
operates with approximately 2 mj per pulse at a 300 nm wavelength and it has a repetition rate of 
3 to 10 pulses per second.  Higher rep-rates are available in other OPO devices.  The broad 
tunability of the Sandia OPO system permits their single Lidar system to sense many different 
compounds, unlike most Lidar systems that must be built for detection of one specific 
compound.   
 
The advantages of the OPO over, say, the YAG/dye approach are that it is broadly tuneable 
while allowing for rapid tuning between wavelengths (milliseconds).  The fast tuning provides a 
means of looking at on/off wavelengths fast enough that the atmosphere does not change 
between pulses.  This improves the accuracy of the on/off wavelength ratio which in turn 
improves the accuracy of the gas concentrations deduced.  The fast switching also reduces the 
averaging time needed, since averaging of atmospheric changes in no longer necessary.  The 
problem with the OPO, other than its higher cost compared to a dye laser, is that it is much more 
sensitive to temperature and to optical alignment.  As a result, it is more difficult to use in a field 
system and special installation is necessary to even use it there.   
 
In summary, the measurement examples discussed above illustrate the power of the DIAL Lidar 
approach.  The new evaluation and representation routines being used today also eliminate hours 
of manual evaluation effort, and transform an otherwise research system into a realistic method 
for practical near-real-time pollution assessment.   
 
4.2.3 Current Availability of Commercial Lidar Systems  
 
Most Lidar systems in use today are “one-of-a-kind” developed for a specific application.  Most 
of these have been built by government laboratories or universities.  However, some commercial 
companies have now built and delivered several Lidars and current efforts are to standardize the 
systems so they can be truly commercial products.  Orcaphotonics, near Seattle, Washington, 
developed several systems in the past, the most recent of which was a Raman Lidar delivered to 
Sandia National Laboratory in California about four years ago.  They have the capability of 
designing and building Lidar systems, but this is not the company’s business focus at the present 
time.  Optech, in Toronto, Ontario, has also built many Lidar systems.  They are focused on 
commercial development of Lidar and they work closely with Dr. Alan Carswell of York 
University who has been a pioneer in this field.  To date Optech has not built an SO2 Lidar but 
they feel it is well within their capabilities.  They are of the opinion that a “Raman shifter” 
pumped by a YAG laser may be the best approach.  They have worked with these shifters for 
elastic backscatter systems (aerosol Lidars) and find they are efficient (>15%), rugged, and much 
less dependent on optical alignment than OPO systems.  The most commercial SO2 DIAL Lidar 
developed to date is that built by Elight Laser Systems GmbH, a German company located in 
Berlin.  Elight has developed several SO2 systems and they have worked very hard to standardize 
their components to provide as close to a “turn-key” system as they can.  One of their main 
products today is a stationary upward looking Ozone (O3) Lidar.  This is being used to provide 
vertical profiles of Ozone and its cost has gotten down to $400k.  
The photographs below (Figure 4) show a complete DIAL Lidar package built by Elight called 
the Lidar 510M.  The photos show this system as built into a Peugeot and a Renault van for 
European orders.  These systems use a specially developed flash-lamp-pumped Titanium 
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Sapphire (Ti:sapphire) laser with a dual resonator cavity allowing for alternation of the laser 
wavelength.  It is therefore a totally solid state laser.  The Lidar receiver is a 40 cm telescope  
 
with a carbon-fiber periscope protruding from the roof of the van.  This allows for full steering 
capability.  The reported detection limit of the system for SO2 is 8 µg/m3 at a range of 2.2 km.  
This is reported in accordance with a German standard calling for a spatial resolution of 1000 m 
and an integration time of 15 minutes.  The product of detection limit and spatial resolution is 
approximately constant for Lidar.  Consequently the detection limit of this system with a 50 m 
resolution would be in the order of 160 µg/m3, a value still well within the acceptable range for 
the flare monitoring application.  However, shorter integration times would probably be 
necessary to track an SO2 plume.  Because the detection limit goes roughly as the square root of 
the averaging time, an averaging time of five minutes would have a detection limit about 
2.2 times higher or 357 µg/m3.  This is below the required standard but does not have a lot of 
room for error.  Running with a slightly longer averaging time, a larger spatial resolution, or 
some combination of these will provide detection limits well within the acceptable range.   
 

 
 

Figure 4:  Photos of the Elight DIAL lidar Mounted in a Peugeot and Renault Van 
 
An example of SO2 mapping with the Elight DIAL Lidar is shown below (Figure 5).  This map 
was taken in an industrial area with strong stack emissions.  The colors in the plot represent SO2 

concentrations with red, the highest range, being 250 µm/m3 and the green being about 
150 µm/m3.  The y-axis represents the height above ground while the x-axis is horizontal range.   
 
A map like this would be produced by averaging over a given line of sight for a few minutes then 
changing the line of sight in fixed increments to trace out the concentrations as a function of 
distance from the Lidar at each angle.  An apparent “hot-spot” is seen about 800 m down range 
at a height of 150 m.  This is presumably a stack plume.  The small 125 µm/m3 detection in the 
upper right is at a slant path distance of 1.6 km from the Lidar.  This plot does demonstrate the 
performance of the system and it appears it is fully capable of the ranges and detections required 
for the test well flare application. 
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Figure 5:   Example of SO2 plume map using the Elight SO2 Lidar 

 
 

4.2.4 Estimated Costs for Fabrication or Purchase of a SO2 DIAL Lidar  
 
Typical costs (all costs are in U.S. dollars) for design and fabrication of a DIAL Lidar system are 
outlined below.   
 

1. Basic Lidar Hardware    $550k  
2. Telescope/Scanner System   $250k 
3. Vehicle and build out of system  $400k 
4. System integration    $300K 
5. Software development, integration, 

and testing     $200k 
6. System characterization, 

calibration, and testing   $500k 
           _______________  

TOTAL      $2,200k 
 

These costs are based upon a commercial company, in this case Orcaphotonics, providing a 
“turn-key” system fully tested and validated.  It can be seen, however, that the hardware costs are 
roughly half the total cost.  Companies like Orcaphotonics are willing to share responsibility for 
full system development and integration so the costs can be dramatically reduced.  
Orcaphotonics would provide the expertise for the design of the overall system, meeting 
specifications provided to them.  They would also provide all essential Lidar subsystems.  A 
team comprised of Saskatchewan Research Council and IMACC personnel would then take on 
respons ibilities for system integration, characterization, and testing.  These tasks are well within 
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the capabilities of these organizations.  This could reduce costs because of the high labor and 
overhead costs of commercial companies like Orcaphotonics.  Under this arrangement, it is  
estimated that an operational system could be provided for use in SO2 Monitoring for $2,000k 
(US) or less.   

 
If a nearly commercial system were to be purchased from a company like Optech or Elight, their 
budgetary cost estimates would be on the order of $1,500k to $2,000k.  This is essentially the 
same price.  Developmental time is estimated to be eight months to one year by all vendors. 
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5.0 CONCLUSIONS 
 
Of the optical technologies available today, many can detect SO2 at the levels for flare 
monitoring but most need access to the emissions plume itself, such as point sampling 
approaches, or they need a path through the plume, as in the case of optical transmission 
measurements with the DOAS technology, for example.  This is impossible in the terrain 
anticipated for wildcat flares.  Of the passive or single ended techniques, passive infrared 
measurements could detect the SO2 plume but the sensitivity would not be adequate to measure 
to 0.17 ppm over long ranges.  Lidar is unique in having the capability to produce a three-
dimensional map of a gas plume while accurately deducing its concentrations at ranges up to a 
few kilometres.  This allows the Lidar to track a plume from, say, a flare tip to the point of 
impingement on the ground while monitoring concentrations along its trajectory.  The DIAL 
Lidar technique seems ideally suited to the wildcat flaring problem.  
 
For SO2 detection, the DIAL Lidar would need to operate in the 290 to 310 nm range of the 
ultraviolet.  This is within the capabilities of existing systems.  At present, DIAL Lidar as a 
technology appears mature enough to be used as a practical remote sensor of SO2 in the air 
downwind of wildcat flares.  However, only one company, Elight, has actually built an SO2 
DIAL lidar.  All other vendors feel it is within their capability but they have not actually built 
one to date.  The detection limits that can be expected with an SO2 Lidar would be in the sub-
ppm level, using a laser with a few millijoules per pulse.  This would require spatial resolutions 
on the order of tens of meters.  This detection level would allow the Lidar to detect the 
regulatory limit of 450 micrograms/m3 or 0.17 ppm at a range of 1 to 2 kilometers.   
 
The secret to producing an SO2 Lidar is of course the laser source.  Commercial lasers that can 
reach the 290 to 310 nm region are available.  These are either YAG (yttrium aluminum garnet)-
pumped dye lasers, YAG-pumped OPO (optical parametric oscillator) devices, or Titanium-
sapphire lasers.  Of these, the dye laser has been in use far longer and is the “workhorse” of 
Lidar systems.  The dye laser is reliable and can be grating tuned over a broad enough range for 
SO2 detection.  The disadvantage of the dye laser is the need to switch dyes regularly.  The dye is 
exhausted by exposure to intense light.  Consequently, its lifetime is dictated by the number of 
shots of the Lidar rather than by the number of days or weeks it is in service.  Under continuous 
use, the dye in a typical laser would need to be switched every three to four days.   
 
In contrast, OPO devices are totally solid state and do not contain exhaustible dyes or 
expendables.  The only replaceable element in these devices is usually the YAG-laser flash lamp.  
However, this lamp is typically good for about 20 million shots and is easy to replace.  Under 
continuous daily operation at a 10 Hz rep-rate, this lamp would last about two months.  This 
means under normal operations it would last several months.  The real disadvantages of the OPO 
system are:  a) its need for very clean surroundings to avoid damage to the OPO crystal and 2) its 
critical alignment requirements.  In a field environment, an OPO system would be hard to keep 
operational unless it was run by highly trained personnel.   
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The Titanium-Sapphire laser, as used by Elight, is similar to the YAG in being flash lamp 
excited.  It would therefore need flash lamp replacement as the YAG laser does.  It is also 
somewhat critical to alignment but the nearly “commercial” systems coming on the market today 
have reduced the susceptibility to misalignment through rugged optical mounting.  The laser of 
choice for SO2 detection appears to be either the YAG-dye system or the Titanium-Sapphire 
system.   
 
Most of the DIAL Lidar systems in use today are custom built units.  There are limited 
manufacturers of commercial elastic-backscatter (single colour) Lidars and these are used for 
particulate monitoring.  “Off-the-shelf” UV-DIAL systems, however,  do not really exist.  Three 
companies have been identified with the capability of developing and manufacturing an SO2 
DIAL Lidar.  These are Orcaphotonics, Optech, and Elight.  Of these, only Elight has actually 
built an SO2 system to date.  The Elight DIAL Lidar is not truly “commercial” but is more 
standardized than most Lidars today.  As indicated in the previous section, the costs for the team 
of Saskatchewan Research Council and IMACC to develop a system in the United States and 
Canada using Orcaphotonics or Optech are comparable to the costs of the systems built by 
Elight.   
 
 



  Well Test Flare Plume Monitoring 
 

 
SRC Publication No. 11303-2C01  25 

6.0 RECOMMENDATIONS 
 
6.1 Current Industry Spending Compared to Lidar Costs 
 
The issue of monitoring the criteria values of SO2 within the atmosphere in complex terrain is a 
difficult one, particularly around the regions of extensive wildcat flaring.  Air quality dispersion 
models coupled with ambient wind vector information can give a good general indication of the 
point of impingement of the flare plume onto the ground.  However, the exact concentration 
value at impact quite often is very difficult to determine, either because the point is so isolated 
that the active samplers can not be easily positioned at that point or because the dispersion 
models do not accurately predict the impact point because of the complex terrain involved. 
 
In Western Canada, an array of instruments has been used to monitor a wildcat flare in this 
irregular terrain.  These systems are very manpower intensive and cost $5,000 per day to operate.  
An average time period for a flare test is five days.  There are approximately a dozen companies 
in Western Canada that conduct testing on wildcat flares.  The total cost to the industry on an 
annual basis is therefore in the range of $2 million to $4 million.  Clearly, the industry needs an 
alternative method of monitoring criteria SO2 values in mountainous terrain.   
 
The DIAL Lidar seems to be a device that can provide the required monitoring of wildcat flares.  
Although Lidars are expensive systems to fabricate, they can be operated by one person and they 
do not require repositioning because they can cover a volume of air roughly 2 km in radius from 
the instrument’s location.  The quality of data provided by a Lidar is also superior to any array of 
point-monitoring systems because it can map out the total plume from source to impingement 
with a few meters resolution.  This map will also show the peak concentration in the plume 
throughout its transport.  As a result, the question of whether the plume exceeds allowable 
concentrations at the point of impingement with the surface is answered directly.   
 
The Lidar systems available today can be operated by senior technicians or junior scientists once 
they receive appropriate training.  This means the operational cost of the Lidar can be moderate, 
covering only labour hours and travel costs (if any).  Little in the way of setup costs is required, 
although some system alignment may be necessary once the van is put into position.  This might 
comprise two to three hours work.  Once aligned, a typical per-day cost for Lidar operation 
might be $1000 including labour and reasonable per diem costs.  This assumes the instrument is 
owned by the industry so no equipment rental costs apply.  This cost, even if doubled or tripled, 
is still less than the costs of monitoring with the current point samplers.   
 
Considering the current costs of monitoring wildcat flares, the industry could build or purchase 
an SO2 DIAL Lidar for approximately $2 million.  This system could then be used for six months 
of continuous testing at an operating cost of approximately $300k.  This means even in the first 
year of operation, the Lidar approach would cost less than current approaches, while providing 
superior data.  In all subsequent years, this system would be substantially less costly to operate.   
 
6.2 Recommended Next Steps  
 
DIAL Lidar seems a very good solution to the problem of wildcat flare monitoring.  However, 
these systems, while well developed, are still very customized in most cases.  To address the 
flare monitoring requirements in Western Canada, the Lidar system used would need to be very  
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rugged, it would need to get detection limits near the current state of the art, and it would need to 
be automated to the point that it could be operated by senior technicians or junior scientists.  
There are two approaches possible for the development of such a system: 1) purchasing a 
“complete” system from a vendor or 2) working with a manufacturer during the design and 
manufacture of a system so a team contracted directly to the industry could perform integration, 
testing, and characterization of the system.  Both of these appear to have comparable costs.   
 
All costs presented in this report  are budgetary at best.  Also, the specifications generated and 
used in talking to possible vendors are approximate.  As a result, the first step in any follow-on to 
this effort would be to define firm technical specifications for the system, for example 
determining desired spatial resolution, integration time required for mapping a plume, maximum 
allowable error on deduced concentrations, and the degree of automation required for routine 
operation.  These specifications would need to be iterated, based on availability of appropriate 
laser sources, to arrive at a final set commensurate with current technology.  Given a final set of 
specifications, the vendors cited above (and others if available) would be contacted to generate 
firm costs and fabrication schedules.  The risks involved are then assessment of whether the 
companies can indeed produce systems meeting the desired specifications within budget and 
whether the systems are truly automated to the point that they could be operated by senior 
technicians.  This would require assessments of each company’s understanding of the issues, 
their expertise, their fabrication capabilities, and their track record in delivering similar systems 
in the past.   
 
With firm quotes and information on possible vendors, a decision would be made on whether to 
proceed with: 1) a team approach in which integration, testing, and characterization of the system 
would be done by Saskatchewan Research Council and IMACC personnel, or 2) a direct 
purchase of a “complete” system from one particular vendor.  In either case, specialized training 
would be necessary to have appropriate staff available for operation of the systems.  Senior staff 
would also need training to allow them to perform data validation and possibly system 
maintenance or modification.  During design and fabrication of the system, competent technical 
personnel would also be required to track the design and development and to assess whether the 
system was being fabricated appropriately to meet desired specifications.  Once delivered, the 
system would also need to be tested and its response characterized so calibrated SO2 
concentrations can be produced.  This is a somewhat involved process and will require senior 
technical personnel.  After the system is characterized and calibrated, it could be operated by 
senior technicians.   
  
It is envisioned that a DIAL Lidar system appropriate for SO2 monitoring in mountainous terrain 
could be designed and fabricated in approximately eight months to one year. 
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