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ABSTRACT 

Optical remote sensing systems operating on the principle of differential 

absorption have been employed since the mid-1970s for measuring airborne species.  

Multiwavelength sensing approaches, such as differential absorption lidar (DIAL) and 

differential absorption and scattering (DAS), are used for single (or a few) species 

detection boasting high sensitivity and long path detection capability.  Broadband 

techniques, such as differential optical absorption spectroscopy (DOAS), are capable of 

detecting several species simultaneously over shorter path lengths and employ inversion 

algorithms to determine individual concentrations of the detected species.   

This thesis presents an extension of earlier research using supercontinuum 

absorption spectroscopy (SAS) to measure atmospheric species.  SAS is a broadband 

differential absorption approach that combines several of the best aspects of traditional 

multiwavelength, broadband, and hyperspectral techniques for atmospheric sensing.  The 

key component of the SAS approach is a supercontinuum laser, which provides 

broadband capability while maintaining the qualities of a typical discrete wavelength 

laser source.   This work presents measurements of atmospheric species acquired from a 

modified transceiver configured to operate on paths of 1 km range.   Near-infrared 

spectra obtained using a high-resolution CCD grating spectrometer as a SAS detector 

compare well with MODTRANTM simulations, and measurements of oxygen and water 

vapor absorption are used to demonstrate the capability and illustrate the potential for the 

SAS technique.  A previously developed multiwavelength inversion algorithm is applied 

to the measurements to accurately determine the concentrations of oxygen and water 
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vapor while in the presence of other interfering species.  The results presented validate 

the usefulness of SAS over long paths, and serve as a demonstration of SAS for near-

infrared sensing of atmospheric trace species.   
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Chapter 1 
 

Introduction 

The unrelenting quest to better monitor, model, and thus predict the 

anthropogenic emission influences on meteorological process and climate change 

continues to promote the development of several atmospheric remote sensing 

technologies.   In particular, sensing systems capable of detection and quantification of 

atmospheric species are of primary interest.  This is due to the concerns about increasing 

concentrations of certain chemical species, and their importance in controlling several 

environmental factors that affect global warming, stratospheric ozone depletion, and 

formation of photochemical smog.  Increasing concentrations of chemical species 

resulting from human activity are major contributors to global climate change.  

There are three primary methods for measuring atmospheric species.  The first 

method, involves extraction of an atmospheric sample into a portable container or a filter 

surface, or suspended in a solution for later analysis by a laboratory instrument.  This 

method provides a simplistic approach but each sample is limited to one point in space at 

one time and is often impractical for implementation for investigations of atmospheric 

processes.  Also, the gas or particulate is removed from its environment and thus is 

influenced by the containers, the surface, or the suspension environment.  The second 

approach, similar to the first, consists of bringing a ruggedized or simplified laboratory 

instrument into the outdoor environment.  These techniques are referred to as in-situ 

sensing, and inherently have an advantage in providing real-time measurements, but often 
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with a reduced accuracy, selectivity, and sensitivity compared to that achieved using 

extracted samples analyzed within a laboratory environment.  In-situ measurements may 

be ground-based, or they may be implemented via weather balloons, sounding rockets, or 

aircraft outfitted with instruments capable of analyzing the composition of atmospheric 

gases.  The useful range of spatial and temporal information gathered depends upon 

locating and operating a point measuring sensor in time and space dimensions.  Typical 

instruments used for in-situ measurements include mass spectrometers, photo-

spectrometers, particle counters, scatterometers, and absorption spectrometers. The third 

method for atmospheric species sensing involves remote sensing techniques.  Remote 

sensing instruments record observations of the scattering or absorption of acoustical and 

electromagnetic radiation source interaction with the atmosphere to detect a physical 

property of the atmospheric medium based upon this interaction using an instrument 

located at a distance.  This technique has similar advantages to in-situ detection, such as 

real-time measurement; additionally, it has the advantage of being able to collect data 

continuously over some extended range of time and space.  The useful range of remote 

sensors may be limited by interference from other atmospheric effects, such as unwanted 

scattering or turbulence along the measurement path.   For the purpose of atmospheric 

sensing of chemical species, optical remote sensing techniques provide the greatest 

capability.  By exploiting the physical interaction of light with molecules and remotely 

monitoring the interaction processes (absorption or scattering), sensors can detect 

chemical species and measure their concentrations.    

Several optical remote sensing methods have been developed for atmospheric 

measurement applications. The types of optical sensing generally fall into two broad 
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categories, which are commonly referred to as techniques involving active or passive 

sensing.  Active remote sensing transmits an electromagnetic or acoustical signal to probe 

a gaseous region, whereas the passive techniques generally use solar radiation or ambient 

light as their source.  Measurements of scattering, absorption, fluorescence, and several 

other interaction phenomena provide information useful to detect species, measure 

concentrations, or determine physical properties of the medium for the gas under study.  

Lasers provide an important transmitter source used today for accomplishing many of 

these types of measurements.  Lasers provide high spatial and temporal coherence 

properties which allow longer path measurements.  The selection of an operating 

wavelength is based on the desired type of measurement.  Laser remote sensing systems 

are used over horizontal or vertical paths configured for ranging, referred to as light 

detection and ranging, or lidar.  In a lidar configuration the location of the target volume 

is determined by a time delay in the returns of a pulsed signal from a scattering volume.  

Alternatively, another laser remote sensing technique uses the integrated path approach, 

where the concentration of a species is determined by absorption over the total path 

length.  

Recent experiments implemented in the Penn State Lidar Laboratory utilize a 

broadband supercontinuum laser source on a horizontal path to measure integrated path 

absorption of atmospheric species [Edwards et al., 2009; Brown et al., 2008a and 2008b].  

Broadband laser sources provide several advantages over traditional laser sources for 

these absorption measurements, as described in Chapter 3 of this work.  A 

supercontinuum broadband laser source typically provides emission in the visible and 

near infrared that is essentially continuous over wavelength intervals of several hundred 
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nanometers.  When used to probe the atmosphere, absorption features of multiple 

atmospheric species, together with any overlapping interferents, are observed 

simultaneously as the signal is recorded by an imaging detector of a high-resolution 

spectrometer or optical spectrum analyzer.  This technique offers a unique approach for 

atmospheric sensing that combines several of the best features of the traditional methods.  

Earlier methods included multiple wavelength systems, such as two or three wavelength 

Differential Absorption Lidar (DIAL) [Murdock et al., 2008], as well as broadband 

Differential Optical Absorption Spectroscopy (DOAS) [Platt, 2004; Platt and Stutz, 2008] 

and hyper-spectral systems [Stothard et al., 2004] for studies of atmospheric constituents. 

This thesis presents an extension of earlier research to improve detection and 

measurement of atmospheric trace species using the techniques of supercontinuum 

absorption spectroscopy (SAS).  The SAS system at Penn State University has undergone 

a series of development efforts to improve the capability for measuring atmospheric 

species.  Initial proof of concept studies were conducted within a laboratory environment 

using a folded path to make measurements of indoor humidity, and demonstrated that the 

technique correlated well with in-situ measuring devices [Begnoché, 2005; Brown, 

2008].  The next phase of SAS development relocated the transmitting and receiving 

system to a small roof-top laboratory and used a supercontinuum laser for open-path 

atmospheric measurements.  Horizontal atmospheric paths of 150 m and 300 m across the 

Penn State campus successfully demonstrated measurements of water vapor for a range 

of atmospheric conditions that compared well with local MET station humidity 

measurements.  Further studies demonstrated the capability of measuring the atmospheric 
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oxygen density along the path with a precision and accuracy of better than five significant 

figures [Brown et al., 2008a and 2008b; Edwards et al., 2009].  

The present SAS system at Penn State has been improved over the previous 

versions and now operates over horizontal path lengths approaching 1 km [Edwards et 

al., 2009].  The configuration reported here actually operates on an 890 m path across the 

campus and downtown State College area.  Previous configurations operated over 

approximate paths of 150, 300, 540 m across the Penn State University campus.  The 

advantage for utilizing the longer path is twofold.  The extended path length provides the 

opportunity to test the SAS system over longer ranges permitting lower species 

concentrations and added atmospheric effects, such as turbulence and scattering, to be 

studied.  Also, the longer path is more useful for real world applications for pollution 

monitoring, where longer path integrated absorption allows measurements of lower 

concentration of trace species.  This capability leads to greater sensitivity for detecting of 

atmospheric species that exist at lower background absorption levels, and effectively 

increases the signal to noise (SNR) to allow improved accuracy for concentration 

measurements. 
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Chapter 2 
 

Observations of Atmospheric Species 

The Earth’s atmosphere is subjected to a variety of phenomena that affect its’ 

composition and structure.  Historical records and geological studies compared with 

modern day observations of the atmosphere indicate that the atmosphere has been 

significantly altered by solar and terrestrial processes.  During the past two centuries, the 

industrial revolution has caused a dramatic increase in anthropogenic emissions from 

human activity that has modified the Earth’s atmosphere.  Besides direct observation of 

changes in species concentrations, evidence is also provided through observations of 

environmental and climatic changes observed as the greenhouse gas warming effect, 

stratospheric ozone depletion, and elevated photochemical smog levels [IPCC, 2007].  

Studies of recent climatic changes show that the Earth has entered a period of global 

warming that is being brought on by a human disturbance, rather than through natural 

cycles of the Earth that are indicated in geological records.  Increasing levels of 

greenhouse gases and other harmful trace species are detected with obvious sources 

possessing the optical “fingerprints” of human activity [IPCC, 2007].  This chapter 

discusses the composition of the atmosphere including an introduction to harmful trace 

species.  The processes involved in optical detection and measurement of atmospheric 

species are discussed; thereby leading to a discussion of optical detection methods in 

Chapter 3. 
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2.1 Composition of the Atmosphere 

The composition of the Earth’s atmosphere is in a constant state of flux.  

Transport processes shuttle atmospheric constituents over local and global scales as well 

as mix them over vertical distances.  The main components of the atmosphere are 

therefore well mixed through the troposphere, stratosphere, and mesosphere up to the 

height of the turbopause near 95 km.  The average mixing ratios for the main constituents 

in the dry atmosphere are provided in Table 2-1.  The top three components of the 

atmosphere (nitrogen, oxygen, and argon) constitute nearly 99.9% of the dry atmosphere.  

The other 0.1% contains all additional species, which are deemed to be minor 

constituents or trace species of the atmosphere [USSA76, 1976].  All of the trace species 

are present in levels less than 1000 parts per million by volume, with the exception of 

water vapor, which is present in a significant abundance in the troposphere, typically 

between 0.001% and 1%, but can be as much as 3%.  Its’ changes in physical state as a  

 
Table 2-1: Main components of the dry atmosphere and their mixing ratios [USSA76, 
1976].   
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function of temperature and pressure causes water vapor to be the primary factor in 

transport of heat energy from the equatorial to polar regions.  The concentration of water 

vapor modifies the mixing ratios of the various atmospheric constituents in the total 

density, and it is considered to be a major constituent of the wet tropical atmosphere. 

2.2 Natural and Anthropogenic Modifications to Composition 

Urbanization, factory pollution, combustion byproducts, and several other sources 

of pollutants modify the atmosphere’s chemical composition.  Several U.S. and 

international climate study organizations site these sources and their affects on the 

environment (i.e. the U.S. Environmental Protection Agency (EPA), NASA, and 

Intergovernmental Panel on Climate Change [IPCC-AR4, 2007]).    The primary 

pollution and greenhouse gas components emitted from the various sources are 

categorized by their base molecule and are separated into groupings; nitrogen, sulfur, and 

carbon containing species.  Sulfur based species tend to assist in the nucleation 

development of aerosols, which contribute a net cooling effect by increasing the 

planetary albedo through cloud formation.  Other greenhouse gases such as carbon 

dioxide (CO2), methane (CH4), nitrous oxide (N2O), and many of the chlorofluorocarbons 

(CFCs, HCFCs), are primary carbon and nitrogen based species that generally contribute 

to warming of the Earth’s atmosphere by reducing the window of IR emission back into 

space, i.e. the greenhouse gases.  Several additional species contribute to warming and 

cooling of the Earth as well as the other climatic events mentioned previously (i.e. carbon 
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monoxide contributes to development of photochemical smog; isoprene and terpenes are 

highly reactive and participate in the formation of ozone). 

  Evidence of change in atmospheric composition is best observed through long-

term studies of atmospheric species.  A long-term monitoring study of monthly 

atmospheric CO2 observations at Mauna Loa Observatory, Hawaii demonstrates a steady 

increase over the last 50 years in CO2 concentration.  The monthly observations are 

plotted in Figure 2-1.  Since 1958, CO2 levels have risen by more than 70 ppm (~22%).  

This notable increase is quite significant when compared to the global background 

average of CO2 of 280 ppm during the preindustrial era [IPCC-AR4, 2007].  

 

 
Figure 2-1:   Observations of CO2 concentration levels at Mauna Loa Observatory, 
Hawaii.  Data up to 2003 is reported by the Climate Monitoring Diagnostics 
Laboratory of NOAA/ESRL and data from 2004-2009 is preliminary.  
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Model predictions estimate that background CO2 levels will eclipse 500 ppm by 2050, 

based upon the current rate of manmade greenhouse gas production, [IPCC-AR4, 2007].  

It is generally agreed in the scientific community that once 450 ppm CO2 levels are 

reached, irreversible damage to the Earth’s climatology will occur.  It is interesting to 

note that the summer growth of vegetation in the northern hemisphere causes a yearly 

minimum in the CO2 as carbon is sequestered in plants by photosynthesis.  The CO2 

added by winter heating and burning fossil fuel quickly contributes to the increase, along 

with the background sources from power generation and transportation. 

In the 4th IPCC assessment of global climate change, greenhouse gases are 

classified based off their ability to impact the environment.   Each species exhibits a 

radiative efficiency (in W-m-2-ppb-1) that defines their potential to cause an impact, 

which is described as the energy flux change of Earth’s infrared radiation per unit surface 

area of the globe at the top of the atmosphere.  This rate of change is referred to as 

radiative forcing defined in W-m-2, with a positive net change signifying a warming in 

the atmosphere.  Calculations in the IPCC assessment show that CO2 levels in 2005 

contribute 1.66 W-m-2, and other significant contributors include, CH4 at +0.48 W-m-2, 

and N2O at +0.16 W-m-2.  When compared to 1995 contributions for CO2 (1.38 W-m-2), 

we find that an increase of nearly 20% has occurred.  Figure 2-2 shows the increases in 

concentrations of the three primary contributors to radiative forcing during the last 2000 

years. The figure emphasizes the drastic increase in concentration of these gases since the 

industrial revolution era began (approximately 1750).   
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Figure 2-2:  Results from analysis of techniques for measuring several greenhouse gases 
over the last 2000 years [IPCC-AR4, 2007]. 

2.3 Atmospheric Trace Species and Contaminants 

Trace species constitute less than a tenth of one-percent of the Earth’s gaseous 

atmosphere.  Despite their miniscule contribution in volume, they possess great 

significance in the chemical and radiative processes in the atmosphere.  Stratospheric 

ozone filters UV radiation from the sun that proves deadly to organic life.  Ammonia 

(NH3) acts as a neutralizer for various acidic compounds.  Nitrogen oxides (NOx) regulate 

many trace species cycles and influence the degradation of several other species [Geyer 

et al., 2001; Stutz et al., 2004].  These examples represent only a small fraction of the 

total influence trace species have on the atmosphere.  Several trace species and their 
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interactions with the atmosphere are naturally occurring, while others originate from 

human activity.  This is briefly discussed in the following sections. 

2.3.1 Naturally Occurring Trace Species 

The majority of trace constituents exist in the atmosphere due to chemical 

processes that occur in nature.  Several species result from the organic breakdown of 

vegetation and emissions from biomass, these include methane, nitrogen compounds, and 

carbon monoxide.  Additional contributions result from natural sources of trace species, 

including volcanic emissions (sulfur dioxide, carbon dioxide, and others) and lightning 

(nitrous oxide).  In geological records, naturally occurring processes (besides a volcanic 

or other spontaneous event) tend to follow cyclical climate trends, and these have been 

the subject of many scientific studies that provide tools for prediction using climate 

models for forecasting. 

2.3.2 Pollution Contaminants 

The sources of trace species that are categorized as pollution are most often 

produced through human activity.  Many of these same species already occur naturally in 

the atmosphere; however, pollution causes them to exist at elevated concentration levels 

caused by human activity.  Obvious sources of air pollution include fossil fuel burning at 

power generation plants and factories (carbon dioxide, sulfur dioxide), automobile 
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combustion exhaust (carbon monoxide, nitrogen oxide/dioxide), and agriculture 

production (methane, nitrogen compounds, carbon monoxide/dioxide).   

2.3.3 Aerosols 

Atmospheric aerosols primarily occur naturally from water vapor condensation on 

nuclei to form clouds and fog, and only about 10% of the aerosol occurrences have 

anthropogenic origins.  In addition to water vapor sources, aerosols are formed by 

nucleation on suspended dust particulates, biogenic materials, and photochemical smog.  

The lifetime duration that an aerosol will remain suspended is related to the size of the 

aerosol, and the physical properties of the suspension medium.  Settling velocity, which 

varies with the square of the particle radius, defines the upper limit on aerosol size of 

around 10 µm.  Large aerosols, such as road side dust, settle quickly and have very short 

residual suspension times in air.  Smaller aerosol sizes are defined by the differentiation 

between molecules and aerosols near 1 nm in radii.   

2.4 Radiation Interaction with Atmospheric Species 

2.4.1 Scattering Processes 

Aerosol and particulate scattering affects and limits the propagation of light 

through the atmosphere.  The scatterers exist over a range of diameters, and are often 

non-uniform in shape and size.  The non-uniformities create several complexities in 

analysis of the scattering from these particles because the scattering solutions become 
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complicated.  However, by making the approximation of a spherical scatterer, the 

scattering solution is simplified and provides a good approximation for describing the 

scattering processes in the atmosphere.  The method for calculating the spherical scatter 

approximation was presented by Mie (1908).  His analysis of the scattering from 

dielectric spheres of varying diameters provided a detailed solution for radiation 

scattering.  Mie scattering generally refers to scattering by particles much larger than the 

wavelength of incident light.  Raleigh scattering [Young, 1981], which can also be 

described by the small scale limit of the Mie solution, describes the elastic scattering of 

radiation by particles whose size is very small compared to the wavelength of incident 

light. The Raleigh scattering coefficient used in the scattering solution, is obtained by 

multiplication of the Rayleigh scattering cross section and air density, and it is 

proportional to λ-4.  The large scale limit of the Mie solution, where scatter diameters are 

greater than one hundred times the wavelength of radiation, can generally be described by 

ray trace theory.   

2.4.2 Absorption Processes 

Absorption, as well as scattering, can cause losses along an optical path in the 

atmosphere.  Absorption of light may occur due to the electrons bound in atoms or 

molecules (electronic level excitation – UV and VIS) or due to vibrational, rotational, 

stretching, bending of the molecular bonds (molecular quantum excitation – infrared).  

Molecular absorption is the most easily observed property that uniquely identifies the 

quantum energy states of molecules at infrared wavelengths.  The fundamental absorption 
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features lie in the infrared beyond 2.5 µm corresponding to the vibrational energy states 

of molecules.  Absorption of electromagnetic radiation occurs in molecules when the 

quantum energy transition states correspond to the radiation’s frequency.  The energy is 

coupled into the molecule through oscillations of the molecule’s dipole moment which 

cause the molecule to bend and stretch.  Asymmetrical stretching creates an unbalanced 

oscillation of the dipole moment and excites vibrational modes at frequencies which 

correspond to infrared spectral features [Atkins, 1990].  Several types of molecules 

undergo strong line absorption throughout the infrared; the most noticeable being water 

vapor.  The vibrational modes of water vapor are so strong in the infrared, that overtones 

of these modes are observed through the near-infrared and into the visible portions of the 

spectrum.  Additional species exhibiting asymmetrical stretching also produce infrared 

absorption spectra that are unique to each species chemical structure.  The combination of 

vibrational modes and overtones of various species and the electronic states of molecules 

provide absorption features in the optical spectrum from the ultra-violet (UV) to infrared 

(IR) region. 

The relative spectral widths of the absorption lines are determined by the lifetimes 

of the energy states, and depend on the natural lifetime modified by collision and Doppler 

motion from thermal motion.  The lifetime of the molecule is therefore sensitive to 

temperature and pressure, which contribute to broadening of the natural width of the 

absorption lines.  The molecular cross-section which corresponds to the lifetime of the 

species, multiplied by the concentration of the species, results in the absorption 

coefficient in which is used in describing the attenuation of radiation passing through a 

medium.   



16 

 

2.5 Summary 

Clear evidence of global climate change due to anthropogenic influence is 

recognized today by the scientific community and gradually by governments throughout 

the world.  Atmospheric sensors that operate on the various schemes for optical detection 

of molecular-radiation interaction continue to provide highly accurate measurements of 

atmospheric species.  As the scientific community develops a better understanding of the 

complex processes involved with global climate change, strong motivation exists to 

develop more accurate, capable sensors for atmospheric sensing.  Here we have described 

the background of that motivation and Chapter 3 presents a new technique (SAS) that 

promises improved measuring capability. 
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Chapter 3 
 

Techniques for Absorption Measurements of Trace Species 

Over the years several techniques have been developed for detection of chemical 

species that make use of the property of molecular absorption, as described in Chapter 2.  

The laboratory techniques in the field of spectroscopy are well developed.  These use 

light absorption or scattering from molecular species to identify and quantify the species 

concentration.  Absorption measurements are also conducted remotely using lidar 

techniques for atmospheric measurements.  The short list of the possible laboratory and 

open path optical techniques includes Raman spectroscopy, Raman lidar, Differential 

Absorption Lidar (DIAL), Differential Absorption and Scattering (DAS),  Differential 

Optical Absorption Spectroscopy (DOAS), Cavity-Ringdown Spectroscopy (CRDS), 

Cavity-Enhanced Absorption Spectroscopy (CEAS), External Cavity Quantum Cascade 

Laser Spectroscopy (EC-QCLS), Laser-Induced Fluorescence (LIF), and Tunable Diode 

Laser Spectroscopy (TDLS).  For measurements along an open air path, the differential 

absorption and Raman scatter techniques have proven themselves to be reliable methods 

for detection and quantification; the absorption techniques serve as the focus for the work 

reported here.  
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3.1 The Differential Absorption Measurement Technique 

Traditional DIAL and DAS approaches have been used for several decades, since 

the first implementation by Schotland [1965].  The techniques developed then have 

evolved to form the basis of the approaches used today, including both simple and 

advanced differential absorption systems.  These techniques coupled with improvements 

in hardware provide instruments for detection and measurement of atmospheric 

absorption.  The absorption measurements are inverted to calculate concentration values 

of the selected species and they can be used to measure gaseous species concentrations as 

low as the parts-per-trillion (ppt) range.  The techniques used to implement various 

differential absorption measurements are discussed in this section. 

3.1.1 A Generalized Approach for Differential Absorption Measurements 

A generalized approach for performing a differential absorption measurement 

exists at the core of all DIAL and DAS systems.  Implementing one of these systems 

requires a transceiver configuration that transmits and measures the backscatter signals at 

two (or more) optical wavelengths.  A pair of wavelengths is typically chosen such that 

one wavelength is matched with an absorption feature of the selected gaseous species and 

the other is located slightly off the absorption features. This selection of “on” and “off” 

wavelengths constructs what is often referred to as a differential absorption pair, and is 

illustrated in Figure 3-1.   
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Figure 3-1:   A spectral intensity plot demonstrating selection of a differential absorption 
wavelength pair. 
 

The light sources used in differential absorption systems are selected and 

configured to operate at the chosen on- and off-wavelengths.  Analysis techniques used in 

traditional DIAL systems require that the on-wavelength light source exhibits a narrow 

linewidth comparable with the natural line width of the absorption feature exploited in 

the measurement.  The most difficult part of DIAL measurement is matching the laser 

wavelength and line shape with that of the absorption feature to be measured, or in 

determining the spectral overlap function.  The wavelength pair is selected to avoid 

spectral overlap of the sources operating at the two wavelengths in order to minimize 

distortion of the measurement, and the off-wavelength should also be located where no 

other species is absorbing.  Laser sources are commonly used for differential absorption 

lidar systems because of the advantage of their narrow linewidths and high peak power.  

When configured with a pulsed (Q-switched) output beam, lasers provide the capability 

for obtaining range resolved measurements in the DIAL configuration.  The second 

approach, DAS, uses a return from a hard target or retro-reflector, rather than the 
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atmospheric scatter from aerosols, and measures the path integrated absorption.  A third 

approach uses a broad wavelength source and measures the scattered signals with a 

spectrometer.  In this case all of the spectral selection is accomplished in the detector, and 

the differential absorption technique is referred to as broadband absorption spectroscopy 

or DOAS.  This approach is discussed more thoroughly in section 3.2.   

The DAS and DOAS techniques use light sources that transmit through an open 

air path containing the target trace species to be measured.  Several of the scattering and 

absorption processes mentioned in Chapter 2 are typically encountered as the light travels 

along the path, and they usually reduce the spectral intensity at the end of the path.  Open 

air propagation measurements may be further complicated when the atmosphere contains 

additional species, other than those targeted for the measurement;  in particular, when 

those species have optical absorption features in the same spectral region as the target 

species.   Figure 3-2 shows the typical configuration for DAS or DOAS systems and the 

various processes that affect the light intensity measured by the detector.  The difference 

between the DAS and DOAS systems is somewhat overlapped in the literature, but the 

DAS instrument usually refers to a laser source using two or more wavelengths, and the 

DOAS usually refers to use of a broadband incoherent or discharge source as the 

transmitter. 

Typical DIAL systems use the signals backscattered from volume elements along 

the path to detect and measure the range resolved concentration of the selected species.  

Alternatively, DAS systems often use hard targets over a fixed path length, and have the 

advantage of increased signal return, but at the expense of range resolution.  The signal 

energies received by the detector at the on- and off-wavelengths are used with the  
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Figure 3-2:   A typical configuration for absorption measurements indicating the various 
processes that affect atmospheric path measurements (exaggerated for emphasis).  
 

traditional lidar equation and information on the relationship between the laser line and 

species line shapes to analyze a differential absorption measurement [Measures, 1984].  

The equations for the return energies at the “on” and “off” wavelengths are given as 

(formulated by Brown [2008]), 
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where, 

Eout,on , Erec,on  are the respective energies transmitted and received per pulse at the 

online or measurement wavelength [J], 

Eout,off , Erec,off  are the respective energies transmitted and received per pulse at the 

offline or reference wavelength [J], 
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ξ (λon) ξ (λoff)  are respectively the total optical efficiency at on and off 

wavelengths λon and λoff, for all optical elements [unit less], 

RT    is the range to the topographical scattering target [m], 

ξ(RT)   is the probability that radiation from range RT reaches the detector 

based on geometrical considerations, 

τd    is the detector integration period [s], 

τL    is the pulse duration period [s], 

ρs    is the scattering efficiency of the target [unit less], 

N(R)    is the number density of the absorbing species [# m-3 ], 

σA(λon), σA(λoff)  are the absorption cross sections [m2] for the species of interest at 

the online and offline wavelengths λon and λoff, 

κ(λon,RT), κ(λoff,RT)  are the attenuation coefficients of the atmosphere to the online and 

offline wavelengths λon and λoff independent of the absorbing 

species [m-1] and, 

A    is the area of the receiving telescope [m2]. 

The results from the differential absorption technique are obtained by taking the 

ratios of the two return energies to provide the absorption measurement which follows 

the Lambert-Beer law.  Also, by taking the ratio of the return energies, the 1/R2 

dependence of the scattering geometry cancels out of the resulting equation.  This ratio is 

combined with the measured cross-sections for the spectral features of interest and the 

information on the wavelength overlap functions of the laser and the spectral line of the 

absorbing species to calculate number density values for the species.  Integrated path 
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measurements provide concentration-path-length (CPL) values when using typical DAS 

technique with a hard target configuration by using the relation, 
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where A
diffσ is the differential cross section for the on- and off- wavelengths.  CPL values 

are often reported instead of mixing ratios for trace species concentration measurements 

due to their existence as small factions per volume of the total atmospheric gas.   

3.1.2 Selection of a Differential Absorption Wavelength Pair 

Calculations and simulations of the spectra associated with the absorption cross-

sections of various atmospheric species across the UV, visible, and IR bands are 

performed by using atmospheric transmission modeling software.  These spectra provide 

the starting point for the selection of the appropriate wavelengths to use to measure a 

gaseous species.  Several criteria must be met in order to successfully perform a 

differential absorption measurement and require careful consideration when selecting 

absorption lines of the species.  The availability of transmitter sources and minimal 

interference from overlap of additional species in the spectral region of interest are 

certainly the most crucial factors in the selection process.  A MODTRANTM 5 simulation 

in Figure 3-3 examines a region in the mid-IR from 4.5 – 4.6 μm, where several 

absorption bands of interesting species are present.   
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Figure 3-3:   MODTRANTM 5 atmospheric transmission simulation in the mid-IR region 
of 4.5 – 4.6 μm showing absorption bands for various trace species; the highlighted 
region is expanded in Figure 3-4. 
 

Nitrous oxide (N2O) is the dominate absorption feature in the mid-IR spectrum 

presented in Figure 3-3; water vapor, carbon monoxide (CO), and carbon dioxide (CO2) 

absorption lines are also present.  Consideration of the spectral features present in this 

region require accurate differential absorption measurements at selected wavelengths and 

avoidance of interfering features, as outlined in the previous section.  Assuming nitrous 

oxide (N2O) is the species selected to be measured in this region, there are several lines at 

different wavelengths that can be considered to maximize sensitivity and performance of 

a differential absorption measurement.  Since the average absorption feature width is on 

the order of 0.5 nm, lasers with linewidths of the same order (i.e. corresponding to ~ 0.5 

cm-1) in this region would be selected for measurements of N2O.  Figure 3-4 shows an 
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expanded region from Figure 3-3 that is selected to examine the spectra and optimize 

performance for an absorption measurement.  While several other lines outside this 

selection possess greater absorption, those lines also occur in regions with overlapping 

absorption spectra.  The selected lines for N2O in Figure 3-4 provide minimal overlap 

with other species without sacrificing sensitivity associated with absorption strength.  

Selection of wavelengths at the absorption features located near 4.5611 and 4.5632 μm 

are considered as primary online candidates and wavelengths near 4.562 and 4.564 μm 

would be good offline selections for an N2O differential absorption measurement.  

 

Figure 3-4:   MODTRANTM 5 atmospheric transmission simulation in the mid-IR region 
of 4.555 – 4.569 μm show good choices of absorption lines for differential absorption 
measurements of N2O. 
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3.1.3 Comparison of Techniques and Sources of Error 

The modification and simplification of the lidar equation for calculating 

concentration path-length values on long path DAS configurations require only four 

parameters, which are based on system configuration, spectra consideration, and 

atmospheric conditions.  These parameters are the range to the target (length of 

absorption path) the differential cross-section of the spectra, laser line shape compared 

with the species on-line wavelengths, and the ratios of the received on-line to off-line 

energies.  However, there are several additional sources of error that may exist in systems 

implementing differential absorption techniques. Brown [2008], described five major 

contributions to noise and fluctuation in measured return signals.  These include: (1) 

uncertainty in energy measurements including electronic noise and statistical error, (2) 

effects of path radiance and the ground or target reflectivity variations, (3) uncertainty in 

atmospheric optical depth, (4) the wavelength match of the online laser with the selected 

absorption feature, and (5) interference from additional atmospheric spectral features, 

such as optical scattering from the path or absorption by other species.  Several of these 

contributions to error were analyzed as part of our work on system and algorithm 

development for the Airborne Natural Gas Emission Lidar (ANGEL) system operated by 

ITT Space Systems [Murdock et al., 2008].  The ANGEL system uses a three wavelength 

DIAL/DAS sensor to detect natural gas pipe leaks and measure the concentration path 

length values.  A number of advanced hardware and software techniques were developed 

to specifically address several of the error sources outlined by [Brown, 2008] including 

contributions from spectral mismatch on the absorption feature, spatial mismatch of the 
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on-line and off-line beam overlap functions on the hard target, and timing of 

transmitter/receiver pulse transmission/detection. 

3.2 Broadband Absorption Measurement Techniques 

The absorption spectra of many atmospheric trace species exhibit wide band 

absorption features in the UV, visible, and IR regions of the optical spectrum.  The 

example spectrum in Figure 3-3 shows the absorption band of N2O spanning several 

hundreds of nanometers.  Calculations using the HITRAN cross-sections show the fine 

scale structure and several spectra of species are shown in Figure 3-5.  Broadband 

techniques, which use spectrometers to detect the species absorption, are able to measure 

these features and calculate results from differential absorption of multiple wavelength 

pairs.  Sacrifices in sensitivity are made compared to the traditional DIAL approach of 

measuring wavelength pairs because the transmitter energy is spread over a range of 

wavelengths; however major advantages result from analysis of many on-line and off-line 

wavelength simulations and discrimation against interfering species.  Traditional methods 

focus on two (or a few) wavelengths to measure the ratio between the on/off spectral 

features, as described in the previous section. 

Several configurations of broadband spectroscopic systems have been used to 

demonstrate capabilities for detection of chemical species.  Broadband sources used in 

these systems typically exist in two configurations:  (1) ultra broadband sources in DOAS 

instruments, which use bright incoherent white light sources that span several hundred 

nanometers in wavelength, (2) broadband diode and laser sources, such as a super- 
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Figure 3-5:   Absorption spectra for many atmospheric species in the UV and visible.  
The widely varying structures allow for simple identification of each species [Figure 
from: Platt and Stutz, 2008]. 
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luminescent light emitting diode (SLED), which is used for CO2 absorption 

measurements at near-IR frequencies [Heaps, 2008], and the recent use of 

supercontinuum lasers [Begnoché, 2005; Brown et al., 2008a and 2008b; Philbrick et al., 

2009; Edwards et al., 2009; Wyant et al., 2009].  These sources typically span several 

nanometers to hundreds of nanometers in wavelength range.  The applications of the 

supercontinuum lasers to DIAL and DAS techniques are the primary focus of this 

research. 

3.2.1 Supercontinuum Absorption Spectroscopy (SAS) 

A supercontinuum laser source offers several advantages over other 

multiwavelength and broadband transmitter sources for obtaining differential absorption 

measurements of atmospheric species. A supercontinuum source provides spectrally 

broadband emission in the visible and infrared that is essentially continuous across a 

wavelength range of several hundred nanometers.  Absorption features of multiple 

atmospheric species and overlapping interferents are observed simultaneously, and these 

are well resolved when coupled with a high resolution spectrometer or optical spectrum 

analyzer.  Absorption spectroscopy techniques that implement the supercontinuum source 

are being developed at Penn State for applications that measure the concentrations of 

various chemical species in the atmosphere, and these techniques have been demonstrated 

over several hundred meter path lengths.  Another major advantage of the 

supercontinuum laser over using typical narrowband lasers for DAS measurements is that 



30 

 

the questions related to the laser line position and the line shape relative to the spectral 

line of the species are eliminated. 

3.2.1.1 Creation of the Supercontinuum in Photonic Crystal Fibers 

Supercontinuum generation in photonic crystal fibers (PCF) is governed by 

several non-linear processes that convert single wavelength light into a broad spectrum.   

Factors controlling which non-linear processes contribute to the formation of the 

continuum include: the pulse length, pump peak power, the pump wavelength and the 

zero dispersion wavelength of the fiber.  A femtosecond pump wavelength located in the 

normal dispersion regime of a PCF will generate continuum due to self-phase modulation 

and Raman scattering.  As the pump source is moved closer to the zero dispersion 

wavelength, soliton self-frequency shifts contribute additional broadening [Alfano, 

1989].  When the pump pulse length is sufficiently long (in the case of nanosecond Q-

switched lasers), the dominant non-linear effect is phase-matched four-wave mixing.  The 

four-wave mixing process creates higher and lower frequency light and depends on the 

pump power, the non-linear refractive index of the fiber, and the fiber effective area.  If 

the pump power is sufficient, the newly created frequencies will self frequency shift 

through four-wave mixing, cascading until the broad supercontinuum is created, as 

shown in Figure 3-6 [Wadsworth et al., 2004].   
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Figure 3-6:   The seeding of the signal and idler frequencies during the four-wave mixing 
process are shown at low pump powers in a PCF; at high pump powers the process has 
cascaded to provide a wide band spectral output (color bar values are in units of dBm) 
[Figure from: Wadsworth et al., 2004] 

3.2.2 Comparison of Techniques and Sources of Error 

DOAS and SAS techniques have strong similarities in their broadband sensing 

capabilities.  SAS is fundamentally a modification to the long established DOAS 

technique; replacing incandescent or xenon arc lamps with a supercontinuum laser as the 

broadband source.  One particular advantage of the SAS is that the high intensity laser of 

narrow beam can be efficiently transmitted over very long paths.  A comparison of the 

sources used for the different broadband techniques is shown in Table 3-1.  

Supercontinuum sources combine the brightness of lasers with the bandwidth typically 

provided by incandescent lamps spanning the visible to NIR portions of the spectrum.  
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The high brightness of the source provides increased capabilities for sensing minor 

atmospheric constituents across long path lengths.   

 Stability is a primary concern for broadband absorption measurements when 

operating at low power levels per wavelength interval, compared to high power discrete 

wavelength systems such as those described in section 3.1.  DOAS lamps require ignition 

of a gas or a filament to generate light and are relatively stable processes, while the 

supercontinuum generation process undergoes several nonlinear processes to provide the 

broadband output.  The nonlinear processes can often lead to significant amplitude 

variations and non-trivial amplitude fluctuations.  The fluctuation noise is additive in 

integrated measurements.  However, this noise can be overcome in supercontinuum 

systems operating at higher pump powers, which tend to increase the stability of the 

source.   

Table 3-1: Comparison of DOAS and SAS sources. 
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3.3 Summary 

Several differential absorption techniques exist for detection of chemical species 

in the atmosphere.  The advantages of methods for differential absorption in 

multiwavelength DIAL systems and broadband DOAS configurations are combined in 

the development of an alternative broadband approach: supercontinuum absorption 

spectroscopy (SAS).  The extremely broad spectral bandwidth and high brightness of the 

supercontinuum source enhance the detection capability of atmospheric species in several 

ways when compared to traditional atmospheric sensing systems.   

 

 



34 
 

 

Chapter 4 
 

SAS Experimental Configuration and Hardware 

The SAS instrument that was previously developed for measurements of 

atmospheric constituents [Brown et al., 2008a and 2008b] is now improved to operate 

over path lengths of one kilometer or longer.  The optical configuration and performance 

of the SAS system are described in this chapter.   

4.1 Configuration of the Transceiver System 

The configuration of the SAS system permits operation on a folded path length of 

890 m between the rooftop of the Electrical Engineering East (EEE) building located on 

the Penn State campus, and the upper deck level of a parking garage located in the 

downtown portion of State College, PA.  The system makes use of several components 

similar to classical atmospheric lidar configurations; a laser transmitter is configured with 

a beam expander to reduce the beam divergence for long path propagation, a receiving 

telescope is used to collect the backscatter and/or the scattered return from a target, and a 

detection system capable of measuring the return signal is used to measure the signal 

intensity as a function of wavelength over a selected spectral range.  In the case of SAS, 

the spectral discrimination of the detection system is obtained using a optical spectrum 

analyzer or a grating spectrometer. 
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Figure 4-1 shows the optical layout of the transceiver system and Figure 4-2 

shows a photo of the setup located in the rooftop laboratory of the EEE building.  The 

outgoing beam is directed by three mirrors (M-1, M-2, M-3) and steered by a large 

micro-adjusted “kite-shaped” mirror (M-4).  To maximize signal return, a 6 inch diameter 

corner cube retroreflector (M-5 in Figure 4-1) is placed at the target on the distant rooftop 

location and positioned to capture the transmitted beam.  The retroreflector returns the 

beam back along the axis of the transmitted beam thereby coaxially aligning the 

transmitted and received beams.  The return beam is captured by the receiving telescope 

(10 inch Newtonian) which focuses the return beam with reflective optical elements (M-

6, M-7).  The focused return beam is collimated by a short 25 mm focal length lens (L-1) 

Figure 4-1:   Configuration of the transceiver system located in the rooftop laboratory of 
the Electrical Engineering East building on the Penn State campus.  Optical elements M-x 
are mirrors, OBL-x are objective lenses, and L-1 is a biconvex lens.  M-5 is a corner cube 
retroreflector located on a distant rooftop completing the 890 m folded path.  Mirrors M-
6 and M-7 form a Newtonian telescope configuration. 
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Figure 4-2:   Picture of the rooftop transceiver system with the outgoing path highlighted.   
 

before refocusing into a fiber by an objective lens (OBL-2).   The layout and alignment of 

the steering mirrors, retroreflector, and telescope result in a coaxial, folded path that 

aligns the transmitted and received beams.  Furthermore, the folded path methodology 

permits co-location of the transmit and receive portions of the system; thus minimizing 

the amount of hardware deployed at the target location.  Each of the components in the 

system are further defined in Table 4-1, where information on the type of mount, physical 

properties, and manufacturer part number is provided.   
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Table 4-1: Optical components used in the transceiver portion of the SAS system are 
identified with components shown in Figure 4-1. 
Label Component Mount Type Physical Propert. Part # if avail. 
M-1, M-2, 
M-3 

alignment 
mirrors 

two-axis pitch 
and yaw mirror 

1” first surface Newport 
10D20ER.2 

M-4 Turning mirror, 
kite shape 

custom two-axis 
pitch and yaw 

14” first surface Anchor Optics 
AX27112 

M-5 Corner cube 
retroreflector 

Tripod with yaw, 
pitch, and roll 
adjust 

6” aperture, three 
gold flashed 
surfaces 

N/A 

M-6, M-7 Newtonian 
telescope 

custom fixed-
movement, 
horizontal 

10”aperature, 
1.08° FOV, f/# = 
f/5 

Celestron 
Starhopper 10 
#10110 

OBL-1 Collimating 
objective lens 

two-axis pitch 
and yaw, threaded

5x magnification/ 
0.1 NA 

Newport M-5X 

OBL-2 Focusing 
objective lens 

two-axis pitch 
and yaw, threaded

40x mag. 
0.65 NA 

Newport M-
40X 

L-1 Collimating lens Two-axis pitch 
and yaw mirror 

Biconvex, 25 mm 
Dia., 25 mm FL 

N/A 

 

The transceiver portion of the system is optically coupled by long single mode 

fibers (SMF) to the source and detector portions of the SAS system, since they are 

remotely located in two separate laboratories in the Electrical Engineering East building.  

The source (supercontinuum laser) is located in a third floor laboratory just below the 

roof top laboratory and the detector (high resolution spectrometer) is located in a 

basement laboratory.  The motivation for the fiber optic coupling of the source, 

transceiver, and detector portions of the system is primarily due to the distribution of 

shared resources which are also used for experiments unrelated to this work.  The long 

length fibers used for the coupling configuration introduce some additional complexities 

to the system from added noise in the measurements and this topic will be discussed in 

the following sections.  However, the fiber coupling approach is compatible with the 

fiber laser transmitter source, and with the several types of detector systems.  Therefore, 
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the system configuration is appropriate for use in future instrument designs, including 

those with co-located source, transceiver, and detection systems using reduced fiber 

lengths.  

4.2 Configuration of the Supercontinuum Source 

A supercontinuum fiber laser source is used as the transmitter in the Penn State 

SAS system.  An 18-m length of photonic crystal fiber (SC-5.0-1040, Blaze Photonics) is 

coupled to a nanosecond 1064 nm laser (JDSU NP-10620-100), which delivers 40 mW 

average power.  A Newport 461-series three-axis translation stage provides efficient 

coupling of the laser to the fiber via a 60x microscope objective.  Nearly 18-mW of laser 

power is spread across several hundred nanometers at the fiber output via the nonlinear 

pulse broadening processes discussed in section 3.4.  Figure 4-3 shows an overview of 

the supercontinuum laser setup.   

The supercontinuum output at the end of the photonic crystal fiber is focused by a 

10x objective lens to effectively collimate the output.   The objective lens also provides a 

collimated beam to fill the full aperture of another objective lens used to refocus the light 

into the single mode fiber that transfers the output to the rooftop transceiver system.  Two 

mirrors are used to align the beam and optimize coupling between the two objective 

lenses. 
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Figure 4-3:   Configuration of the supercontinuum source.  The PCF is coiled in the Blaze 
Photonics packaging for protection. 

4.2.1 Spectral Bandwidth 

The supercontinuum source described in section 3.4 transmits a broad spectrum of 

several hundred nanometers.  The source spectra for the laser configuration used in the 

measurements reported in this work is similar to the spectral measurement reported 

previously [Brown et al., 2008b].  The previously reported spectrum presented in Figure 

4-4 (a) shows the broad nature of the source, with a relatively flat spectrum across 

portions of the visible and NIR.  This spectrum was recorded directly from the output of 

the PCF fiber.  Figure 4-4 (b) is the measured spectra from the output of the single mode 

fiber measured at the rooftop transceiver used in this research.  The overall structure is 

found to be similar in Figure 4-4 (a) and in Figure 4-4 (b); however, noticeable 

differences across the wavelength span exist.  The spectrum exhibits significantly more 
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variation in power.  This variation in spectral smoothness provides an added complication 

for analyzing measurements of absorbing species.  Minimization of the non-uniformities 

across the spectrum is attained by time integration to reduce the amplitude of random 

variations in the received spectra.  By implementing the fiber filtering techniques 

described in section 4.4.3 the variations are further reduced. 

 

Figure 4-4:   (a) Measured supercontinuum power spread at the PCF fiber exit after a 
neutral density filter in dBm [Brown et al., 2008b] and, (b) measured supercontinuum 
output after 25 m of SMF-28 fiber. 
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Figure 4-5:   The Supercontinuum output power at the exit aperture of the rooftop end of 
the SMF-28 fiber, in nW/nm. 
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4.3 Alignment of the SAS System 

The SAS system is aligned by adjusting several optical elements located in the 

transmitting and receive paths.  The alignment procedure for the components along the 

path is discussed in this section. 

4.3.1 Components for Alignment 

The long path length (890 m) used for the absorption measurements reported in 

this work requires alignment optics capable of performing precision location adjustments 

on the transmitted beam.  The components for collimating the outgoing beam remain 

fixed while fine tuning of the alignment mirrors and the 14 inch turning mirror provide 

sufficient beam steering capability.  The transceiver arrangement, similar to Figure 4-1, is 

shown in Figure 4-6 as a three dimensional depiction highlighting the folded atmospheric  

 
Figure 4-6:   A 3-D pictorial shows the rooftop transceiver arrangement located on the 
Electrical Engineering East building on the Penn State campus.   
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path and location of the various components of the system.  The retroreflector creates the 

folded path return and eliminates the need for fine adjustment of the beam by virtue of its 

inherent retro-reflection properties (parallel incident and reflective beams).  Overall, the 

configuration of the optical elements provides a safe and effective means for alignment 

and control of the beam across the several hundred meter path.  The procedure and 

methods for alignment are further discussed in the following section.  

4.3.2 Transmission Path and Retroreflector Placement 

The transmission path is extended significantly compared with previous 

configurations of the SAS system and provides a longer integrated path length with 

increased sensitivity for atmospheric trace species as well as for the primary constituents.  

Figure 4-7 shows the path utilized previously for measurements over 300 m (and 540 m 

with an added folded path) between the rooftops of two buildings on the Penn State 

campus, and the extended path over roadways and buildings of downtown State College.  

The retroreflector is temporarily mounted during measurement periods on the rooftop of a 

parking garage approximately 445 m away from the rooftop laboratory on the EEE 

building; thus completing the 890 m folded path configuration described.  

Measurements of the path length depend on the accuracy of an infrared range 

finder used to obtain measurements of those portions of the path greater than 20 feet.  

The range finder has a maximum range of 450 yards and an accuracy of ±1 yard (± 0.91 

m).  The configuration of the path requires three lengths for measurement, two of which  
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Figure 4-7:   Path configurations across the Penn State campus and downtown region of 
State College, PA.   

 

are measured by the range finder.  The first length, between the transmitting mirror (M-3 

in Figure 4-1) and the large turning mirror (M-4 in Figure 4-1), is measured with a tape as 

8.79 ± 0.05 m (346 ± 2 in.).  The second portion of the path, measured from the turning 

mirror to the target rooftop’s side facade using the range finder, is 373.07 ± 0.91 m (408 

± 1 yd.).  The latter measurement required several attempts to be successful, as the 
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alignment of range finder with the target facade proved difficult.  The final path 

measurement from the target rooftop façade to the retroreflector position is measured 

using the range finder to be 63.09 ± 0.91 m (69 ± 1 yd).  Overall, the total path length 

resulting from the addition of the measurements results in 444.9 ± 1.3 m to provide a 

folded path of 890 m, see Figure 4-8. 

 

Figure 4-8:   (a) View of the location of the corner cube retroreflector as seen from 
behind the turning mirror (M-4 in Figure 4-1) located on the rooftop of the Electrical 
Engineering East building on the Penn State campus.  (b) A view of the retroreflector 
through the 10” telescope during early morning hours towards the end of a night of 
measurements.  

4.3.3 Method for Beam Alignment 

Alignment of the rooftop transceiver is required before each operation of the SAS 

system.  With the laser operating at low power, the alignment mirrors are configured to 

position the beam in the approximate direction of the telescope’s field of view.  The 

telescope receiving optics are temporarily replaced with the stock secondary eyepiece to 
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permit viewing of the spot location of the laser impinging on the rooftop brick wall of 

Electrical Engineering West located at approximately 75 m distance.  The mirrors 

directing the outgoing beam are adjusted to center the laser spot in the field of view of the 

telescope.  This method provides an approximate coaxial alignment of the telescope 

receiver and transmitter. 

After the on-axis alignment is complete, the laser output is shuttered and the 

turning mirror is replaced in its operating location.  The turning mirror is now viewed 

through the telescope eyepiece which directs the viewing path towards the parking 

garage.  Rough alignment is completed by adjusting the turning mirror to fill the field of 

view of the telescope with an image of the parking garage rooftop, where the 

retroreflector is located.  Micro-adjustments to the turning mirror are made to 

approximately center the location of the retroreflector image in the telescope field of 

view.  This completes the initial alignment of the transceiver along the folded path.   

Fine adjustments are made to prepare the system for measurements.  The laser is 

switched on to transmit along the optical path to illuminate the retroreflector.  Small 

adjustments to the laser alignment mirrors are often necessary to completely fill the 

retroreflector.  The return signal projected through the eyepiece port is imaged on a white 

background, such as white printer paper; see Figure 4-9 (a).  The hexagonal image is 

indicative of the real and reflected edges of the cube retroreflector.  If the image intensity 

is non-uniform small adjustments made to the collimation of the transmitted beam and 

the alignment mirrors correct for this effect.   
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Figure 4-9:   Return beam imaged and viewed at a side angle on white paper (a), and on 
(as seen through the backside) the surface of clear adhesive tape (b). 

4.4 System Performance and Efficiency Estimations 

The SAS system is capable of acquiring measurements of several prominent 

absorption bands in the visible and NIR regions, over path lengths approaching 1 km.  

The relatively strong NIR absorption bands from approximately 600 to 1400 nm are in 

the spectral region with the highest power per wavelength interval in the bandwidth of the 

supercontinuum laser.  However, SAS measurements are distorted by noise, which 

originates within the system, as well as the effects of transmission through turbulence 

along the open path.  Different irregularity features exist in both the transmitted and 

received beams that affect the accuracy of the measurements.  The sources of these 

irregularities and their effects are discussed in the following section. 
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4.4.1 Long Path Supercontinuum Beam Propagation 

Propagation of a laser over long path lengths is easily achieved by expanding to 

collimate the laser beam.  The beam expander optics are configured for efficient 

operation at the laser wavelength, producing an output beam size related to the beam 

expansion ratio.  The beam divergence is also effectively reduced by the factor of the 

expansion ratio.  However, in the case of using refractive optics with a broadband 

supercontinuum laser source, this technique is limited by the changing focal length as a 

function of wavelength for propagation over long path lengths.  

A supercontinuum source using stationary refractive optics is only capable of 

optimal collimation at a single wavelength.  When using wideband supercontinuum 

lasers, the spectra furthest away from the designed collimation wavelength will diverge 

more quickly with distance than the portion near the configured collimation wavelength.  

For instance, on short paths over a couple meters on a laboratory optical bench, the 

collimation wavelength is best chosen at the center wavelength of the broadband source 

to minimize divergence across all wavelengths.  However, on longer paths of 100 meters 

or more, the collimation point should be adjusted to optimize for the spectral region of 

interest, because the divergence will be observed more strongly at larger distance. 

Figure 4-10 demonstrates the wavelength divergence effect.  The spectral 

bandwidth of the supercontinuum laser is divided into one hundred operational 

wavelength intervals and a Gaussian beam is simulated propagating over an 890 m path.   

The plots show calculations of the intensity cross–sections in the plane of the Gaussian 

beam as a function of wavelength at a range from after expanding the beam to diameter 
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of 1 cm and 1.5 cm at the beginning of the path.  The intensity values are shown by the 

color bars.    The Gaussian beams shown in Figure 4-10 are expanded to their initial 

propagation sizes by collimating the beam at the 750 nm wavelength, then expanded by 

the beam expander configured with the desired expansion ratio.  The beam expansion is 

calculated for the case of an initial 5 mm diameter laser beam.  The simulations are run 

for propagation over a clear atmospheric path neglecting refraction, absorption and 

turbulence in the atmosphere.  The simulation shows the distribution of the power per 

wavelength increased at longer wavelengths; in Figure 4-10 (a) at 1.75 µm the spot size is 

greater than 120 mm compared to the spot size at 0.35 µm of roughly 40 mm.  

Furthermore, the power at the central point of the 1.75 µm operating wavelength is 

reduced to less than 20% of the initial output power whereas the 0.35 µm operating 

wavelength beam still contains greater than 55% of the initial power per wavelength 

compared with the central portion of the beam.   

Figure 4-10 (b) is configured with an initial output beam width increase of 50% 

over the beam width used in 4-10 (a) by changing the beam expander ratio (1.0 cm to 1.5 

cm output beam size).  This significantly increases the Rayleigh distance (transition point 

from near- to far-field) for the collimated source, and reduces the divergence of beam 

across all wavelengths.  By expanding the size of the output beam, significantly more 

power is maintained within the center portion of the beam at longer wavelengths.  Figure 

4-11 shows a comparison of the full width half maximum (FWHM) values from the two 

simulations in Figure 4-10.  The FWHM values for the 1.5 cm initial output beam at 

shorter wavelengths are comparable to the 1.0 cm beam’s FWHM values; however, at 
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longer wavelengths the FWHM values of the 1.5 cm beam are significantly less than the 

1.0 cm values, as expected for the larger beam expansion.   

 
Figure 4-9:   Simuations for intensity distribution of a gaussian beam 890 m down range 
per wavelength (0.35 – 1.75 µm) for (a) 1.0 cm initial output beam and (b) 1.5 cm output 
beam. 
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Figure 4-10:   Simulated beam spread for propagation of a Gaussian beam at 890 m down 
range for a 1.0 cm initial output beam and a 1.5 cm beam. 
 

Based off the simulations in Figure 4-10 and 4-11, it is shown that increasing the 

transmitted laser beam width will significantly reduce the spot size over a long path.  On 

the other hand, an increase in beam width requires the use of larger optics, and more 

attention to minimizing the aberration effects introduced by a beam expander 

configuration.  In the experimental configuration of SAS, the beam is expanded to 

approximately 1 cm to fit easily within the 2.5 cm diameter optics.  This configuration of 

the beam provides sufficient signal return for the spectral regions of interest.  However, 

measurements further into the NIR will require more attention to the details described in 

this section. 
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4.4.2 Fiber Coupling of Source and Detector 

The fiber coupling of the spectrometer located in the basement and the third floor 

supercontinuum laser to the rooftop transceiver system causes the majority of losses in 

the efficiency of the transmitted and received signals.  Focusing the collimated 

supercontinuum laser beam into the Corning SMF-28 fiber via a 40X objective lens 

typically results in approximately 3 dB loss.  Therefore, with the supercontinuum 

yielding 12-18 mW power, the coupling into the single mode fiber will provide 

approximately 6-9 mW at the rooftop transceiver.  However, during several of the 

measurements presented in Chapter 5, additional losses in the system resulted in 

transmitted powers of only about 3-4 mW at the rooftop end of the single mode fiber.   

4.4.3 Modal Noise in Coupling Fibers 

The SMF-28 fibers used to couple the rooftop transceiver portion of the SAS 

system are single mode fibers intended for operation at wavelengths longer than 1200 

nm.  At shorter wavelengths, the diameter allows additional higher order modes to 

propagate through the fiber.  For the long fibers used in coupling our configuration of 

source and detector to the rooftop lab portion of the system, higher order modes do occur.  

These produce increased noise levels, which are observed by the grating spectrometer in 

the visible and NIR spectral regions of interest.   

The modal noise is non-uniform and non-random, and varies according to the 

positioning of the long length fiber.  Commercially available mode mixers/scramblers 

and mode filters work to minimize the non-uniformities and randomize the modes to 
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normalize the noise induced on a spectral measurement.  These devices work on the 

principles of macro- and micro-bend losses, which limit propagation of short wavelength 

components by minimizing high order mode distribution in a multimode fiber.  In 

multimode fibers, the number of propagation modes is reduced as a function of the bend 

radius applied to the fiber.   

The commercially available fiber filtering devices are optimized to operate in 

specific wavelength regions, typically at the telecommunication bands.  Therefore, we 

have developed our own in-house filtering techniques to mitigate the modal noise 

developed in the long length coupling fibers used for the SAS system to improve 

absorption measurements in different portions of the spectrum.  The filtering technique, 

first utilized by Brown [2008], involves bending and twisting the fiber simultaneously to 

create a range of bend radii, which induce macro and micro bend losses.  The bend radii 

used ranged from a few millimeters to a couple of centimeters.  During a measurement 

integration period, both the transmit and receiving fibers are manually subjected to the 

bending and twisting on selected locations along the jacketed portions of the fiber.  

Operating on the jacketed fiber ensures the fiber is protected during the handling process.  

This technique of combining bending and twisting of the fiber results in a more uniform 

distribution and reduces the modal noise through loss of the high order modes.   Without 

using this filtering technique, modal noise dominates the measured spectra, and 

significantly reduces the ability to analyze differential absorption measurements in our 

operating range. 
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4.4.4 Summary of Total System Losses 

 The low-level light measurements conducted by atmospheric sensing systems 

requires an understanding of the optical efficiencies of the system elements.  The 

multiplicative nature of the losses at each of the optical elements along the transmit and 

receive paths significantly reduces the overall efficiency for the optical configuration.  

Table 4-2 lists the individual losses for each element in the SAS system, and provides the 

efficiency for the entire system in the visible and NIR.  Approximately 5-7% of the  

Table 4-2: Estimated power efficencies for the SAS system.  Several of the components 
optical efficiencies are reported from their respective datasheets, estimations based on 
typical incident and reflected/refracted power measurements, or calculated. 
 

Individual transmission 
[efficiency %] 

Total transmission 
[efficiency %] Component 

Visible NIR Visible NIR 

ER.2 Mirrors  
(x3 on transmit side) [datasheet] 97 93 81 92 

14 in. turning mirror  
(x2 along folded path) 
[datasheet] 

85 85 72 72 

Retroreflector 
[estimated Al. reflective] 85 85 72 72 

Telescope optics  
(two mirrors) 
[estimated Al. reflective] 

85 85 72 72 

Fiber coupling inputs  
(x1, includes focusing optics) 
[estimated] 

50 50 50 50 

Fiber collimation  
(x2 collimators) 
[estimated] 

90 90 81 81 

Power loss from retroreflector 
overfill [estimated] 50 50 50 50 

Fiber propagation length losses 
(both coupling lengths) 
[estimated from datasheet] 

92 97 92 97 

ESTIMATED SYSTEM EFFICENCY  5% 7% 
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transmitted power in the SAS configuration is expected to be received at the spectrometer 

input based off this simple estimate of system efficiency.  The estimate is based on the 

optimal efficiencies of all elements, and represents a best case scenario.  The actual 

measurements of the average returned signal power at the spectrometer input were found 

to be much lower, around 0.5 to 3% of the transmitted power.   

4.5 Summary 

The SAS system described in this chapter is a modification of previous 

generations of the system that is designed to operate over longer paths while maintaining 

its’ capability for visible and NIR absorption measurements of atmospheric species.  The 

complexities for operating over the extended path are addressed; including alignment 

techniques, collimation of the supercontinuum beam, and fiber coupling of the transmitter 

and detector portions of the SAS system.   
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Chapter 5 
 

SAS Long Path Measurements of Atmosphere Species 

Long path absorption measurements of atmospheric constituents obtained using 

the SAS system are described in this chapter. These measurements include NIR 

absorption spectra of atmospheric oxygen and water vapor from March and April 2009 

measurement campaigns.  The measurements, along with a description of the data 

analysis techniques, are presented in this chapter. 

5.1 SAS Analysis Techniques 

The raw NIR spectra measured by a high resolution CCD grating spectrometer 

contain the features showing absorption by atmospheric species of interest.  However, the 

spectral data require several steps of analysis to prepare for qualitative and quantitative 

results to compare with simulated absorption data.  Qualitative comparisons are made 

with high-resolution MODTRANTM 5 transmission spectra, which are calculated for the 

same conditions of path length, effective slit width of the grating spectrometer, and 

atmospheric conditions at the time and location of measurement.  After qualitative 

agreement with the MODTRANTM simulations is examined, the data is processed using a 

multiwavelength differential absorption inversion algorithm previously developed by 

Brown et al. [2008b]. The inversion algorithm utilizes temperature and pressure 

broadened HITRAN spectra to calculate the differential absorption.  The algorithm 

iterates over several hundred wavelengths to derive a CPL value for the absorbing species 
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concentration.  These analysis techniques are further discussed in the subsequent 

sections. 

5.1.1 Data Analysis Procedure 

The raw experimental data possess features that include instrument sensitivity and 

response functions as well as measured system noise.   These features are often nonlinear 

and non-uniform across the data set, and require curve fitting routines to remove or 

correct for their presence.  Reference background spectra and spectra of the laser source 

scattered from a near field diffuse target are taken near the time of measurement to 

provide inputs for curve fitting routines and corrections.  These routines provide 

instrumental corrections that are applied to the experimental data.   

The near-field reference spectra are captured using all the optical components of 

the SAS system except the retroreflector.   The large turning mirror is used to redirect the 

transmitted beam over a short path (< 2 m) back through the receiving telescope, thus 

mimicking a return signal.  The telescope focuses the signal into the long SMF fiber 

connected to the grating spectrometer, as described in Chapter 4.   While this technique 

introduces a small amount of absorption in the reference path, the levels are sufficiently 

small, compared with the long path , that their contribution approaches the noise level in 

the measurement.  Therefore, the reference data is accepted and used in correcting the 

raw primary optical absorption data. 

Figure 5-1 shows reference spectra and curve fits of the reference spectra overlaid 

with the raw experimental data.  The background is subtracted from the reference spectra 



57 

 

and the raw experimental data; however, this is the only factor applied to the raw data 

shown in Figure 5-1.  The background subtraction data are obtained by integrating the 

background “dark” noise of the spectrometer laboratory over a similar time interval, and 

near the time of the measurements.  This correction is necessary since the spectrometer is 

free space coupled to the signal fiber, making it susceptible to interference by other 

sources.  Furthermore, it is necessary to background subtract the system reference, as 

well as the experimental data, since the near field reference signal is much more intense  
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Figure 5-1:   Reference spectra fits (20 point and 120 point) used in the analysis 
algorithm, which is applied to the raw experimental data, are plotted for the spectral 
region of an oxygen absorption feature. 
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than the data signal and it requires different scaling coefficients.  In the figure, the two 

reference fit curves represent “high” frequency and “low” frequency components of the 

reference data.  The “high” frequency fit is a 20 point average along the reference curve. 

This fit exhibits similar features to the oscillatory noise present in the experimental data.  

The “low” frequency fit is a 120 point average which corresponds to the wavelength 

dependence of the detector and transmitter.  Each of these fits is used as a weighted 

function in the analysis routine used for processing of the experimental data. 

Each of the regions of the NIR spectrum exhibits absorption by atmospheric 

species and contains varying amounts of background noise.  Measurements of a water 

vapor absorption feature centered near 945 nm show fewer fluctuations from oscillatory 

and random noise.  In this case, more weight is placed on a low frequency data 

processing of the reference applied to the measurement.  Figure 5-2 shows eight 

consecutive 30 second raw measurements of the water vapor absorption feature overlaid 

to demonstrate the repeatability, and indicates the precision of the measurement.  Each 

measurement exhibits a small offset from each other, which is partially removed by the 

analysis techniques mentioned previously.  The low frequency reference fit is also 

overlaid to reveal its’ correlation with the measurements. 
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Figure 5-2:   Several water vapor absorption measurements superimposed demonstrating 
repeatability and the dotted line represents the reference spectrum fit used in the analysis 
procedure. 
 

5.1.2 Multiwavelength Algorithm 

The quantitative analysis technique for determination of species concentration is 

adapted from previously reported work using a multiwavelength maximum likelihood 

estimation (MLE) algorithm to calculate the CPL [Brown et al., 2008b].  The techniques 

are modified here and applied to the long path measurements to determine the water 

vapor and oxygen concentrations presented in the subsequent sections.  The application 
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of the algorithm to these long path lengths demonstrates its usefulness and extends the 

previous measurements from shorter path lengths.      

The MLE algorithm adapts techniques developed by Warren [1996] and Yin and 

Wang [2006] for simultaneously analyzing several DIAL wavelength pairs, and it applies 

those ideas to a multiwavelength configuration that is capable of simultaneously 

analyzing hundreds of wavelength pairs.  In a perfect world, the spectral dependence of 

each species present allows easy separation of the absorptivity and path integrated 

concentration, since they exist as elements in the standard lidar equation.  Therefore, we 

calculate species concentration and absorptivity in parallel, and determine the 

concentration results through recursive iterations.  The recursive algorithm for CPL is 

given from Brown [2008] as, 
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where, 

1
1

ˆ −Λ   is the noise covariance matrix,  

1Ĥ  is the simulated signal, 

jlα  is the specific absorption parameter, and 

( )jQ  are the integrated measurements. 

For discussion of the main components of the inversion process, the reader is referred to 

the doctoral dissertation of Brown [2008]. 
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5.2 Measurements and Calculations for Species Concentrations 

Measurements for water vapor and atmospheric oxygen are presented in this 

section as examples of the sensor capability and to indicate the possibility of extending to 

other species measurements.   These atmospheric constituents are the primary absorbing 

species at wavelengths within the bandwidth of the supercontinuum laser source used for 

these investigations.  A MODTRANTM 5 simulation for the horizontal transmittance 

through the atmosphere for an 890 m path is shown in Figure 5-3.   The figure shows the 

spectral features of several water vapor and oxygen bands as well as two minor 

constituents, methane and carbon dioxide, in the spectral region that can possibly be 

measured with current hardware.  The techniques for analysis described in section 5.1,  

 
Figure 5-3:   MODTRANTM 5 transmittance simulation for the atmospheric constituents 
present within the spectral bandwidth of the supercontinuum source. 
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are implemented for integrated path concentration values of the species, and to 

demonstrate the high-quality of comparisons with simulated spectra. 

5.2.1 Long Path Water Vapor Measurement 

The laboratory measurements for water vapor concentration in air, reported by 

Begnoché [2005], were the first demonstrations of the Penn State SAS approach to 

measure gaseous species concentrations.  Later, open path atmospheric measurements for 

water vapor content were demonstrated by Brown et al. [2008a and 2008b], extending the 

capability for measurements to 150 and 300 m path lengths.    These measurements 

focused on obtaining NIR spectra of the water vapor absorption feature centered at 1400 

nm, and correlated very well with simulated transmittance data.  Additionally, inversion 

estimates for relative humidity were accurate to within a few percent of a set of nearby 

MET station point measurements. These previous measurements demonstrated that 

accurate water vapor results are obtained on relatively short atmospheric path lengths.   

However, over longer path lengths, the 1400 nm water vapor absorption band 

begins to saturate (see Figure 4-3), making accurate measurements difficult at those 

wavelengths.  Brown [2008] encountered similar issues while transferring from short 

laboratory path measurements to outdoor measurements.  Fortunately, water vapor can be 

measured over longer path lengths, using one of the several other water vapor bands 

associated with overtones of the water spectrum that are located at shorter wavelengths in 

the NIR.  Less absorption occurs in bands centered at 1140 and 945 nm; while even lower 

absorption occurs at bands centered at 840 and 730 nm.  The logical choice in our case 
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for remote sensing on paths that are saturated in the 1400 nm range is to use the 

absorbing band centered at 1140 nm, and it should present better signals to determine the 

concentration.  However, the supercontinuum laser pump at 1064 nm generates 

significant structure and non-uniformity in the spectra near the pump wavelength range.  

Several trials showed that the 945 nm wavelength band is a better choice for accurate 

sensing, and produces better results than the 1140 nm region.  

Measurements for water vapor absorption over the 890 m path acquired during the 

early morning hours of March 6, 2009 are shown in Figure 5-4. The spectral 

measurements are analyzed using the techniques previously described in section 5.1.  A 

measurement is superimposed on the MODTRANTM calculation for the conditions of this 

measurement.  The spectral features in a 30 nm region centered at 945 nm agree well 

with the corresponding simulation, when spectral alignment and peak (valley) locations 

are compared; however, differences in the relative absorption strengths of the lines are 

significant.  There are several factors contributing to this result.  MODTRANTM is not 

adjusted for the meteorology present during the time of measurement.  Instead, the 

simulation implemented relies on model and seasonal predications for the transmittance 

calculations.  A more comprehensive realization of MODTRANTM is required for this 

comparison. Thus, in the case of this comparison, absorption levels are expected to differ 

in the water vapor measurements as increased or decreased relative humidity values over 

seasonal averages will modify the absorption present at the time of measurement. 
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Figure 5-4:   The measured absorption spectra for atmospheric water vapor transmittance 
at 1 cm-1 resolution over the 890 m path are compared with a MODTRANTM 5 
simulation. 

 

The measurement is again shown in Figure 5-5 (a) and compared with HITRAN 

cross sections broadened for temperature and pressure corresponding to the conditions at 

the time of measurement.  The cross-section calculations are also convolved with a slit 

width function determined to optimize the correlation for comparison with the measured 

data.   A slit width value of 6.42 cm-1 was found in earlier experiments by Brown et al. 

[2008b] as the optimum value for the inversion algorithm performance during analysis 

for a previous SAS configuration, and the same value also provides the highest 

correlation between the calculation and the smoothed measurement in this case.   
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Figure 5-5:   (a) HITRAN line calculations broadened for temperature and pressure are 
convolved with the slit width of 6.4 cm-1 to compare to the high resolution measurement 
from Figure 5-4. (b) MLE algorithm inversion result for estimation of water vapor 
concentration. 
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The results from applying of the MLE algorithm are shown in Figure 5-5 (b).  The 

algorithm demonstrates good convergence to a concentration value of 3161 ± 7.3 ppm 

long before the 200 wavelengths in the inversion calculation plotted.  A local 

meteorological station recorded temperature and relative humidity throughout the night of 

measurement and these recordings are shown in Figure 5-6.  At the time of SAS 

measurements of water vapor absorption, the temperature was recorded as 6°C and 

relative humidity as 40%.    A conversion formula reported by Lowe [1977] is used for 

calculation of water vapor concentration given relative humidity and temperature.  The  

 

 
Figure 5-6:   Measurements of relative humidity and temperature recorded a MET station 
located 5 m from the measured path at the time of SAS water vapor measurements 
indicated. 
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calculated value of 3027.7 ppm is 4.2% lower than the path measured value.  Differences 

are expected as variances in humidity become more prominent across longer path lengths.  

However, this measurement shows the same order of magnitude as the atmospheric 

differences found previously for shorter path lengths [Brown et al., 2008a].   

5.2.2 Long Path Oxygen Measurement 

The NIR spectral region between 740 and 780 nm is useful for studies of small oxygen 

variations in the atmosphere.  Within this region there exist several strong oxygen 

absorption features and only a few interfering species, such as the water vapor 

absorption.  Therefore, acquisition of broadband spectra in this region permits analysis of 

the concentration-path-length (CPL) value of oxygen using the previously described 

MLE inversion.   Figure 5-7 shows measured absorption spectra captured by a high 

resolution CCD spectrometer configured for an effective resolution of 1.43 cm-1.  

Comparisons to a MODTRANTM 5 simulation are made by adjusting the simulation to 

shift from the vacuum to air index of refraction, for the temperature and pressure 

recorded during measurement. A curve representing a fifteen measurement average with 

the calculated standard deviation of ±0.0117 is also overlaid in Figure 5-7 to demonstrate 

consistency of the measurements. The data was recorded during a 10 minute interval and 

the mechanical mode-filtering techniques, described in Chapter 4, were applied to the 

fibers from the laser source and to the roof-top transceiver configuration back to the 

spectrometer.  The measurements and simulation show good correlation across several of 

the “double-peaked” sections of the absorption feature, as well as within the group of  
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Figure 5-7:   MODTRANTM 5 Simulated transmittance spectra showing an oxygen 
absorption band and a long path absorption measurement for the same region 
superimposed for comparison. 
 

lines near 760.5 nm.  The differences between several of the peak values compared to 

simulation, are generally attributed to signal noise introduced by optical mode 

interference in the fiber coupling. 

Figure 5-8(a) shows the measured absorption spectra prepared for processing 

through the MLE inversion algorithm.  The measured spectra are convolved with a 6.4 

cm-1 slit width Gaussian window to smooth the data for better convergence from the 

MLE.  The same window is used to calculate the linewidth for the high resolution 

HITRAN oxygen lines and applied in the calculation of the CPL.  The convergence of the 

MLE inversion is depicted in Figure 5-8(b).  The calculated concentration resulting from 

the analysis of the measured absorption of atmospheric oxygen lines in the 890 m path is 
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208640 ± 63 ppm.  This 20.86% value is about 0.09% lower than the nominally accepted 

mixing ratio for dry atmospheric oxygen which is 20.95%.  The quick convergence of the 

inversion algorithm and its’ precision suggests that error in this calculation is most likely 

attributed to path length measurement discrepancies.  Approximately 4 m less in path 

distance would account for the difference in the calculated concentration.  

  Another measurement for atmospheric oxygen was acquired on the same night as 

the water vapor measurement presented in the previous section.  The measurement used 

the spectrometer slit width set to 250 µm, and corresponds to an effective slit width of 

7.15 cm-1.  This measurement is acquired at a significantly lower resolution than the 

previous one.  The HITRAN lines used in the MLE inversion were convolved with the 

7.15 cm-1 slit width and the inversion calculation of the concentration is shown in Figure 

5-9.  This inversion required 100 wavelengths versus the 200 used in the previous 

analysis.  The concentration calculation results from a 20 point average and is 211400 ± 

119 ppm (21.14%), or 0.19% higher than the accepted dry atmosphere value. 
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Figure 5-8:    (a) HITRAN line calculations (blue line) broadened for temperature and 
pressure, then convolved with the slit width of 6.4 cm-1 compared with the high 
resolution measurement for oxygen shown in Figure 5-7 (red line). (b) MLE inversion 
algorithm result for atmospheric oxygen demonstrating quick convergence on the 
concentration value. 
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Figure 5-9:    MLE algorithm inversion convergence calculation for atmospheric oxygen 
using 400 wavelengths in the 750 to 775 nm region.  A 20 point average of the resulting 
is also shown (red line). 

5.3 Summary 

The supercontinuum absorption measurements presented in this chapter are found 

to correlate well with MODTRANTM and HITRAN simulations of the spectra.  Integrated 

path length concentration values for the water vapor measurements agree with the MET 

station point measurements, and the measurements for oxygen concentrations are 

calculated within 0.1% of the accepted atmospheric oxygen mean concentration.  The 

analysis techniques described provide a suitable method for preparing the data for 

comparison with simulated spectra, and the MLE algorithm used for determination of 

species concentration is tested and is acceptable for the path length of 890 m. 
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Chapter 6 
 

Summary, Conclusions and Future Work 

6.1  Summary 

 The primary goals for this research are to extend SAS to measure atmospheric 

species concentrations on a long path and to maintain or improve measurement accuracy 

compared to previous species measurements along shorter paths [Brown et al., 2008a and 

2008b].  Long path supercontinuum laser returns were measured by a grating 

spectrometer which generated spectral data.  The spectral regions examined demonstrate 

the capability to measure oxygen and water vapor absorption over a 1 km path length and 

process spectral data using a multiple-line differential absorption MLE inversion 

algorithm.  Spectral data from 750 to 775 nm was input to the algorithm and converged 

on a CPL of 208640 ± 63 ppm and within 0.1% of the mean dry atmosphere value of 

20.95% for oxygen.  The spectral region of 930 to 960 nm was analyzed for water vapor 

absorption and the inversion algorithm converged on a CPL of 3161 ± 7.3 ppm.  This 

result for water vapor concentration is 4.2% larger than measurements from a nearby 

MET station.  The accuracy of the SAS measurements demonstrates that the current 

system is quite capable of NIR measurements of atmospheric species on path lengths of 1 

km range.   
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6.2 Conclusions 

Supercontinuum absorption spectroscopy combines many of the best aspects of 

DIAL, DOAS, and hyperspectral measurement techniques to achieve measurements of 

species concentrations with small error in the presence of a mixture of other species.  A 

spectrally broad supercontinuum laser source is used for multiwavelength analysis of the 

differential absorption measured across several hundred wavelength pairs to detect and 

measure the concentration of atmospheric species with improved accuracy, specificity, 

and discrimination against interfering species in the spectral region.   

Broadband spectral measurements of atmospheric water vapor and oxygen are 

presented as a demonstration of the capability of the SAS technique, and their 

concentrations are calculated using a multiwavelength inversion algorithm.  The 

sensitivity of these measurements was influenced, and in some cases limited, by the 

necessary experimental arrangement of components used in the SAS system.  The two 

key elements of the primary system limiting the accuracy of these experiments are caused 

by the supercontinuum laser source and the long fibers coupling the source and detector.  

While the laser’s broadband stability is generally maintained during operation, 

narrowband portions of the laser spectrum exhibited small scale noise fluctuations.  This 

is due to the spectral stability and sensitivity to variations in pump power, temperature, 

coupling efficiency into the nonlinear fiber, and interference of higher order modes in the 

long fibers used to couple the components of the experiment.  The measurements 

presented in this work examine this added noise in portions of the spectra where low 

absorption measurements were studied.  This noise was coupled together with high order, 
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high frequency modal noise produced in the long length fibers, as discussed in Chapter 4.  

These sources of noise are the primary contributors to limiting the precision of the SAS 

system and require improvement in future implementations of the supercontinuum 

absorption spectroscopy approach to atmospheric sensing. 

6.3 Future Work 

The SAS measurements and capability demonstrated in this work, expand upon 

the previous research by Begnoché [2005], and Brown [2008].  This research serves as 

proof of the ability to extend the technique from short to long range detection of 

atmospheric species, using a laboratory configuration of components for a 

supercontinuum laser system.  In recent years, improvements in fiber laser technology 

and supercontinuum stability have sparked the emergence of several turn-key laser 

systems capable of higher power, broader spectral range supercontinuum generation.  

Future investigations of SAS will seek to use these types of sources for enhanced 

detection of NIR absorbing species including carbon dioxide and methane, as well as 

investigations of many trace species that can be studied when the technique is extended to 

longer wavelengths.   

Mid-wave infrared (MWIR) supercontinuum absorption spectroscopy of 

atmospheric species is also a primary future goal.  Brown [2008] developed several 

techniques for MWIR detection of hydrocarbons in the 3 to 5 micron region and also 

indicated the future application of MWIR SAS sensing.  Development of a 

supercontinuum source capable of MWIR generation is needed to extend the wavelength 
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range of the current supercontinuum sources, which have been limited by the properties 

of materials that prevents supercontinuum generation at longer wavelengths.   However, 

supercontinuum generation from 0.8 to 4.5 µm was demonstrated successfully by Xia et 

al. [2006] in ZBLAN fluoride fibers indicating the potential for this technology.  Further 

study and development of MWIR supercontinuum will greatly extend the capability and 

value of SAS atmospheric sensing measurements. 
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