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Executive Summary

The goal of the project was to fulfill a thorough investigation of (1) the potential and
limitations of the remote sensing lidar technique when operating in smoky polluted
atmospheres, and (2) the ability of lidar in providing the accurate real-time information
on smoke plume dynamics, optical properties, and microphysics in the vicinity of
wildfires and prescribed burns. An improved measurement methodology and data
processing techniques were developed for analyzing data obtained with the elastic
scanning lidar and the auxiliary in situ instrumentation when working in smoke-polluted
atmosphere. The improved measurement methodology included: (i) a new lidar-data
inversion method, which allowed significant reduction of random and systematic
distortions in the optical-depth and extinction-coefficient profiles retrieved from lidar
data; (ii) a new near-end calibration method for elastic lidar operating in a multiangle
mode.

The above technique was used for processing data obtained by the FSL scanning lidar
operated in a combined vertical-azimuthal mode in smoke-polluted atmospheres. It
allowed the investigation of smoke plumes and extended horizontal smoke layering
created by atmospheric inversion in the vicinity of large wildfires. The lidar
measurements close to the wildfires revealed numerous cases of such a horizontally
stratified multilayer atmosphere.

The FSL lidar was successfully used for the determination of smoke plume dispersion, its
spatial boundaries and top heights, and their changes with time. These experiments
confirmed that lidar together with the auxiliary in situ instrumentation can provide critical
information on plume heights and aerosol levels to validate smoke-dispersion models.

Our experiments confirmed that lidar is an invaluable tool that can provide the following
types of measurements:

1) Vertical scans of smoke plumes and smoke layers. These measurements can give
information on the height of the plume top and bottom, and their variations with time.
2) Vertical profiles of smoke optical depth, extinction and backscatter coefficients from
the surface up through the plume top. Such combined information would allow one to
make an estimation of vertical smoke-plume concentration and its temporal behavior
during day and night.

3) Continuous time series monitoring of smoke layers in the vicinity of strong wildfires
allowing the behavior of these layers and their evolution to be characterized in the
morning, evening, daytime, and overnight.
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1. Introduction

The objective of this project was to develop and implement the most practical ground-
based remote-sensing technologies for the measurement of smoke particulate
characteristics for monitoring smoke-plume dynamics in real-time. The project was
focused on obtaining and documenting information on the smoke plume rise and
dispersion and the investigation of the three-dimensional distribution of smoke particulate
concentration in areas around and close to prescribed fires and wildfires. The project
objectives have been achieved by using the most advanced remotely sensed, fast-response
Light Detection And Ranging (lidar) and a set of in-situ optical instrumentation. The
information on changes in particulate levels enables fire and air quality managers to
assess smoke effects on visibility and public health in near real-time. Such measurements
can also provide critical information on plume heights and aerosol levels to validate
smoke dispersion models operated by the Forest Service Consortia for Advanced
Modeling of Meteorology and Smoke (FCAMMS).

This project was to produce the following results:

1. Science-based information on the three-dimensional distribution of smoke particulate
concentration and dispersion in the atmospheres polluted by wildland fires.

2. Monitoring of air quality in smoke polluted atmospheres adjacent to severe wildfires,
including diurnal and daily spatial variation of aerosol levels, and plume heights and
dynamics.

3. Determination of smoke aerosol levels and their temporal change in the vicinity of fire.
4. Investigation of the dependencies between the optical characteristics of smoke
particulates and their mass concentration to provide the estimates of the concentration
levels of PM-2.5 and PM-10.

5. Profiles of the vertical distribution of smoke plumes and particulate levels from
prescribed fires.

6. Critical data needed to validate smoke dispersion models, particularly data on smoke
plume heights, dispersion, and ground level aerosol concentrations, for adjusting the
FCAMMS smoke dispersion models.

To achieve these goals, the following studies and investigation have been planned and
fulfilled:

L Development of a lidar measurement strategy for determining the optical
characteristics of smoke plume particulates in smoke-polluted atmospheres.
IIL. Development and experimental testing of the most effective lidar signal-

inversion algorithms and the corresponding lidar software for determining the
optical characteristics of smoke plume particulates and the spatial boundaries
of the smoke plume rise and dispersion.

I11. Experimental tests of the lidar measurement technology in smoke—polluted
atmospheres in the vicinity of wildfires and the prescribed burns.



2. FSL Lidar Measurements in Smoke-Polluted Atmospheres: Overview

In 2004, a mobile research-grade lidar instrument for smoke measurements was
assembled and delivered to the FSL from the University of lowa. After preliminary tests,
the lidar has been utilized for smoke-particulate measurements in smoke-polluted
atmospheres. The two-wavelength lidar simultaneously operates at two wavelengths (355
nm and 1064 nm). The scanning capabilities of the lidar allow changing the searching
direction rapidly through 180° horizontally and 90° vertically (Appendix 1). The
operating range of the lidar extends from the minimal measurement range of,
approximately, 1 km up to 5 - 10 km, depending on atmospheric conditions. Initially,
lidar test measurements were made in clear atmospheres near Missoula. These test
measurements allowed examining lidar data distortions and their influence on the
measurement accuracy of the optical parameters of interests. Based on the investigation,
routine test procedures for the lidar and special calibration methods were developed.

Fig. 1. The Forest Service scanning lidar in a mobile laboratory.

During the prior two years, in 2004 and 2005, the multiangle measurement strategy and
the corresponding software were developed and tested. The software allowed (a) reading
raw data from the scanning-lidar data control software, (b) performing signal corrections,
and (c) calculating the vertical optical depth and the relative backscatter coefficient
profiles as a function of height. During the next two years, this technique was improved,



and in addition, new and effective algorithms were developed that allowed one to
effectively invert the above profiles into the profiles of the extinction coefficient and the
column-integrated extinction-to-backscatter ratio (the lidar ratio).

The concrete tasks of our investigations in smoky-polluted atmospheres were as follows:
1. Monitoring smoke’s three-dimensional distribution and dynamics over fire areas
and the determination of smoke-plume variability and heights.

2. Validation of algorithms for determining optical properties of the smoke
particulates.

3. Determining vertical profiles of the smoke distribution and their temporal changes
up to heights ~4 - 5 km

4. Obtaining experience in lidar operation and use in the conditions surrounding
wildfires.

2.1. Lidar Measurements of Smoke Plume Dynamics in Areas of Prescribed Burns:
Lessons We Learned

In the very beginning of our studies, we focused on lidar measurements of smoke plumes
near the areas of prescribed burns. We located the lidar and the other instrumentation
outside the fire area at the distances of 1 — 1.5 km from the prescribed fire boundaries.
The lidar typically operated in the azimuthal scanning mode over a range of fixed slope
directions. The in-situ optical instrumentation (a nephelometer and particulate sizers)
located at the lidar measurement site was used to provide reference data for the lidar
signal calibration (Kovalev, 2003 and 2003a; Kovalev et al., 2004).

The first experiment in which the smoke plume optical characteristics were measured at
both lidar wavelengths was performed in 2004. In these measurements, a TSI 3563 three-
wavelength nephelometer and a Mikron TH 2700 Infrared camera were used as auxiliary
instrumentation. The newly developed lidar-data processing software was used to process
the multiangle lidar data, resulting in two-dimensional images of the areas with maximal
smoke plume concentrations. Later a new simple and robust algorithm was developed for
determining three-dimensional smoke-plume boundaries from the measured set of lidar
signals (Kovalev et al., 2005). The most important advantage of this algorithm in
comparison with the others was that it was relatively insensitive to significant changes in
the intensity of the lidar backscatter signals at the smoke boundaries. The efficacy of this
algorithm was validated with lidar experimental data obtained during the prescribed burn
near Dillon, Montana, on 23 April 2004 [Fig. 2(a)]. An example of the two-dimensional
lidar scan at 1064 nm with marked smoke boundaries is shown in Figs. 2(b). Here the
color scale shows the relative intensity of smoke backscattering, and the areas of the
densest smoke show as dark red. The near-edge smoke boundaries retrieved with the
above algorithm are shown as blue dashes. The intensity of backscattering at the smoke
boundaries in the smoke-polluted area ranged by a factor of 50; however, this did not
prevent obtaining the well-defined boundaries of smoke.



Fig. 2 (a). Lidar smoke measurements from a
sage burn in western Montana used to test the
new method for smoke boundary determination.

Fig. 2 (b). Results of the determination of
smoke-plume boundaries from signals of
the azimuthally scanning lidar. The color
scale shows the relative

level of backscattering. Dark red colors
show the areas of the densest smokes.

To meet our objectives, we monitored the dynamics and temporal evolution of local
plumes and the change in their heights. However, during prescribed burns, the dense
smoke plumes of interest existed only for short periods and quickly dispersed because of
wind. Usually, the smoke plumes close to the fires were laid low over by the wind.
Accordingly, the heights of the smoke plumes measured by the lidar depended on the
distance of the lidar measurement site from the burn and on the wind direction. Quite
often, the wind blew in the opposite direction, making it impossible to continuously
monitor the smoke with lidar.

The analysis of the measurement results, obtained with lidar in areas close to the
prescribed burns, led us to conclude that the potential of the remote sensing technique,
such as lidar, cannot be properly utilized in the case of temporarily short and quite local
prescribed burns. In such measurements, lidar cannot yield the required information
because of the following issues: First, the particulate emission level created by prescribed
burn is too low to form a stable smoke configuration that could be reliably monitored by
lidar. The smoke-polluted area is local and relatively small; it is not adequate for the lidar
searching abilities. In addition, the boundaries of the smoke-polluted area continuously
change. The rapid changes of the spatial boundaries of the smoke polluted area and
smoke-plume concentration during the flaming phase of combustion and relatively short
periods of the smoldering phase create an unstable (non-stationary) atmosphere, which
does not allow applying any temporal averaging of the lidar signals; accordingly, the



measurement accuracy of any derived parameters of smoke particulates is poor. Second,
the most intense plumes originating in the prescribed fires are not lofted and propagated
with wind, but are relatively close to the ground and then dispersed. Therefore, the lidar
measurement requires pointing the laser beam as close to ground as possible, starting
with small elevation angles, generally less than ~10°. Meanwhile, it is always an issue to
find the measurement site where the lidar “can see” the smoke plume, that is, where the
lidar beam will not hit trees, buildings, hills, etc. during azimuthal scanning. Third, the
right selection of the measurement site for the planned prescribed burn is always an issue
because the wind direction is uncertain, and accordingly, the exact direction of the smoke
propagation during the future burn is unpredictable. Quite often, the smoke plume
propagates away from the lidar at low altitude where the lidar is unable to monitor. In
other cases, the smoke plume propagates directly towards the lidar measurement site. In
this case, the smoke plumes immediately enter the lidar non-operative zone (~ 1000 m),
where the lidar-signal inversion is impossible (due to the incomplete overlap of the
transmitted laser beam and the receiver’s telescope field of view). Meanwhile, any
relocation of the mobile lidar from one to another measurement site (even if such an
alternative site was preliminary found) requires, at least 2 — 3 hours, and is not realistic
because of a short duration of a prescribed burn. Thus, in areas of small prescribed
burns, the useful information that can be extracted from lidar signals is minimal.

2.2. Lidar Measurements of Plume Heights in the Vicinity of Intense Wildfires

Lidar measurements in smoky-polluted atmospheres and the measurement data analysis
led us to the conclusion that the most valuable information about the smoke particulate
matter and smoke plume dynamics could be obtained in the vicinity of large wildfires,
extended in space and time. In such cases, the quality of the lidar data does not depend so
dramatically on the selection of the measurement site as in prescribed burn. Moreover,
because of the large levels of smoke-particulate emission, lidar can successfully operate
at distances of ~ 10 — 15 miles and more from active flaming. There is no need to locate
lidar close to the active burn, as should be done in a prescribed burn.

The list of the locations and dates where the FSL lidar was used to measure the
characteristics of the smoke plumes in the vicinity of large wildfires is given in Table 1.

Table 1. Locations and dates of the lidar measurements in the vicinity of wildfires

Fire Date Location Instruments
deployed:
Bull Fire 6/29/2005 Elevation 7821 ft Lidar, FRM,
(New Mexico) 33.45217°N 3-Wavelength
108.24865° W Nephelometer,
6/30/2005 Elevation 7662 ft SMPS Particle Sizer
33.4463° N (6/29 - 6/30), APS
108.23125° W Particle Sizer (6/29 -
7/1/2005 Elevation 7502 ft 6/30)
33.42077° N
108.15887° W




7//2/2005

Elevation 7328 ft
33.41914° N
108.14234° W

1-90 Fire 8/9/2005 Elevation 3166 ft Lidar,
(Montana) 8/10/2005 47.04287° N 3-Wavelength
8/11/2005 114.34856° W Nephelometer
8/12/2005
8/15/2005
8/16/2005
Woodchuck Fire 7/27/2006 Elevation 3722 ft Same
(Montana) 46.65941° N
114.00485° W
Gash Creek Fire 8/2/2006 Elevation 3523 ft Same
(Montana) 8/3/2006 46.37875° N
114.16246° W
Potato Fire 8/13/2006 Elevation 7080 ft Same
(Idaho) 8/14/2006 44.49443° N
114.33318° W
Tripod Complex Fire | 8/19/2006 Elevation 1875 ft Same
(Washington) 8/20/2006 48.47967° N
120.18995° W
Tripod Complex Fire | 8/21/2006 Elevation 4908 ft Same
(Washington) 48.59794° N
119.74074° W
Derby Fire 9/09/2006 Elevation 5658 ft Same
(Montana) 9/10/2006 45.65223° N
109.93209° W

When measuring wildfire smoke plumes with lidar, extremely different situations may be
encountered. Accordingly, different measurement technologies should be applied for data
processing, depending on the smoke heterogeneity and the dispersion level, the smoke

plume density, the concentration levels, the spatial location and spread of smoke polluted

areas, etc. In general, we identified three situations that were met during our

measurements:

1. Dense fire plumes over large wildfires and in their near vicinity (Tripod Complex

Fire, Winthrop, Washington).
2. Separate local fire plumes scattered within some wildfire area (GILA WFU

ncident in New Mexico).
3. Highly dispersed smoke haze downwind far from of large fires (Tripod Complex

Fire, Okanogan, Washington).

Among the most interesting cases of smoke-plume monitoring in the vicinity of the
wildfires, three large wildfires yielded the most interesting data: Bull Fire in New

Mexico, 1-90 Fire in Montana (both in 2005), and Tripod Complex Fire in Washington




in 2006. Accordingly, the analysis below is focused on lidar measurement results
obtained from these wildfires.

In June 2005, the lidar was deployed to the Bull Fire in the Black Range Complex in New
Mexico’s Gila National Forest as part of the Blue Sky RAINS effort. Diffuse smoke and
smoke plume data were gathered during the four days of deployment. These
measurements were accompanied with measurements made with a three-wavelength TSI
nephelometer, a Radiance Research integrating nephelometer, a scanning mobility
particle sizer (SMPS), and an aecrodynamic particle size spectrometer (APS). However,
the ground measurements with this in situ instrumentation provided some informative
data only during early morning hours, when the temperature inversion held the smoke
particulates on and close to the ground. Immediately after sunrise, the inversion
weakened and disappeared, the smokes rose up, and the ground-based instrumentation
operated in clear air conditions. As smoke plumes spontaneously appear and disappear,
our lidar measurements were focused on investigating smoke plume dynamics and
determining their heights. In Table 2, some results of the plume height measurements
obtained from the lidar vertical scans at 1064 nm during Bull Fire are presented. As in the
table, the range of the fixed maximal heights at the Bull Fire varied from ~ 1 km to ~ 4
km. Later, working in the vicinity of more heavy wildfires, we measured smoke plumes
at much higher altitudes.

Table 2. Example of the lidar height plume measurements at Bull Fire, New Mexico

30-Jun-2005 | Time | Max Range Distance
Elevation, resolution | Max Plume | from
(deg) Azimuth (m) Height (m) | Lidar (m)

File 081 16:35 50 156 6 | 965 1150

File 086 16:40 50 159 6 | 1040 1330

File 087 16:41 50 159 6 | 1025 1520

File 134 17:30 50 158 6 | 970 1242

File 135 17:32 10 70 6 | 965 1240

2-Jul-2005

File 132 13:07 54 139 6 | 3980 3460

File 133 13:08 54 139 6 | 4030 4030

File 134 13:09 54 139 6 | 4150 4445

In August 2006, the lidar was deployed to the wildfires in Montana, Idaho and
Washington states. The most interesting data were measured during Tripod Complex Fire
in Washington. During three days, from 19 to 21 August we measured vertical profiles of
the smoke haze distribution, their temporal changes, and smoke-plume heights. A smoke
plume scanned by the lidar on 21 August, 2006 at Tripod Complex Fire (Okanogan, WA)
is shown in Fig. 3. During the time available for the measurement (12 min during which
the smoke top was not screened by the terrain), the mean height of the top of the plume
above the lidar was 7416 m (24,333 feet); the maximum measured height was 8165 m
(26,788 feet).
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Fig. 3. A smoke plume monitored by the FSL lidar at Tripod Complex Fire
(Okanogan, WA) on 21 August 2006. The mean height of the top of the smoke was
7416 m and the maximum fixed height was 8165 m AGL.

To illustrate abilities of the lidar to monitor temporal changes in smoke particulate
loading in the troposphere, we present below a set of vertical profiles of the backscatter

Legend STATES 0 = @ B Mies
—— ROADS o hotspots

Fig. 4. Western Montana Fires on
August 15, 2005, 14:40 MDT from
satellite data.

signals, measured by the FSL lidar in August
2005, when the lidar was deployed to I-90 Fire
in Montana. An extremely large number of
local wildfires scattered over a large area
during this period (Fig. 4). These scattered
fires created numerous and intense smoke
layers at different heights, which could be
monitored far from the active flaming area up
until at least midday, during the six days of
deployment.

In Fig. 5, a series of two-dimensional images
of the vertical scans measured at wavelength
1064 nm are shown. These images were
obtained on August 12, 2005, during the
period from 9:17AM to 12:11 PM. The lidar
scans shown in the figure were made at
approximately one-hour intervals. The same as
in Fig. 2(b), the color scale shows the intensity
of the range-corrected backscatter signals in
relative units. Smoke plume layers are seen as
red and green horizontal structures. Note that
initially, between 9:17 AM and 10:21 AM only
one intense smoke layer existed over the
altitudes from approximately 2200 m to 2900
m; almost no smoke pollution was observed
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below it (Fig.5, two upper plots). One hour later, a thick smoke polluted layer appeared at
the lower heights, located over the heights of ~700 — 2000 m (Fig. 5, two bottom plots).
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Fig. 5. Examples of the vertical lidar scans obtained over a temporal interval
of approximately three hours in the vicinity of the Montana I-90 Fire on
August 12, 2005. The color scale shows the relative level of backscattering.
The blue colors show clear-air areas, the green and red colors show areas and
layers polluted by smoke particulates. Note a significant transport of the smoke
particulates down to heights below 2000 m in the bottom figures.

Our two-year measurements showed that such an atmospheric structure is typical in the
vicinity of large wildfires. The measured profiles show well-defined smoke horizontal
layering, located mostly at the heights of ~ 2000 - 3000 m. Such layers are typical in
smoke-polluted atmospheres, when the morning inversion positions the smoke in a layer
located above the planetary layer, and solar heating of the layer maintains the temperature
inversion (Taubman et al., 2003). Finally, the inversion weakens, and the smoke layer
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disperses. In some cases, strong downdrafts transport the smoke particulates downward
worsening visibility and air quality on the ground level.

The different optical situations we encountered in the vicinity of wildfires required the
development of different measurement technologies and lidar inversion algorithms for the
extraction the smoke-particulate optical parameters of interest. As known (Miiller, et al.,
1999), to invert these optical data into particulate microphysical properties, the initial
optical data must be obtained with an accuracy of better than 10-20%. Therefore, the
development, validation, and improvement of the measurement technologies and
corresponding software, which would allow reaching the required inversion accuracy,
were the principal tasks during the fulfillment of the project.

3. Issues and Solutions for the Multiangle Lidar Measurement of Smoke
Particulate Optical Characteristics

In the two years of 2005 and 2006, the lidar measurements in smoky atmospheres led us
to conclude that the lidar searching in the vicinity of strong wildfires was much more
informative and provided much more information on smoke particulate characteristics
than those made in the vicinity of prescribed burns. The properly organized and fulfilled
lidar searching in the vicinity of large wildfires could potentially provide valuable
information on smoke plume dynamics and concentrations. However, before this could
be achieved, the principal questions had to be answered, particularly: (1) What would be
an optimal strategy and methodology when performing the lidar remote measurement in
smoky atmospheres, and (2) What inversion algorithms had to be used to get the required
information on the particulate optical properties in smoky polluted atmospheres.

The principal issue when utilizing elastic lidar for routine atmospheric measurements is
an uncertainty of the solution for the elastic-lidar equation. The uncertainty is caused by
the presence of two unknown functions (the extinction and the backscatter coefficients) in
this equation. In order to separate these parameters of interest, a profile of the extinction-
to-backscatter ratio (or the lidar ratio) should be known. Generally, it is not known, and
therefore, is selected a priori. This specific is the main source of measurement error when
searching the atmosphere with elastic lidar. The Kano-Hamilton multiangle data-
processing technique (Kano, 1968; Hamilton, 1969), which applies the layer-integrated
form of the angle-dependent lidar equation, is the only method that allows one to avoid
the a priori selection of the ratio. However, the practical utilization of this technique
requires a horizontally stratified atmosphere. Accordingly, the use of the lidar multiangle
solution is impeded by three aggravating factors.

The first factor is the quite common atmospheric heterogeneity. Therefore, the classic
multiangle methods often yield poor inversion results (Spinhirne et al., 1980; Russel and
Livingston, 1984; Rothermal and Jones, 1985, are rarely used in lidar measurements.
Although the real atmosphere is heterogeneous, in most cases the horizontal variability is
significantly less than vertical changes in the aerosol loading. Therefore, the assumption
of horizontal homogeneity is still more reasonable than the assumption of a height-
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independent backscatter-to-extinction ratio (or lidar ratio), which is used in most one-
directional, vertical elastic-lidar measurements.

The second factor is systematic distortion in any measured lidar signal. It significantly
worsens the inversion accuracy of the retrieved extinction-coefficient profiles both in the
near and far end of the lidar measurement range (Kovalev, 2004). The multiangle
solution is extremely sensitive even to minor systematic distortions in inverted data
(Kovalev and Eichinger, 2004; Kovalev et. al., 2007a).

Finally, the third aggravating factor is a deficiency in the inversion method of extracting
the extinction coefficient from multiangle data, which is based on the numerical
differentiation of the extremely noisy experimental data.

These three factors significantly impede the application of the multiangle measurement
mode; therefore, they were the focus of the investigation of the FSL lidar team during the
fulfillment of the project. A special measurement and data-processing technology was
developed and tested; it allowed addressing the above issues.

3.1. Development of Measurement Methodology for the Scanning Lidar Operating
in a Multiangle Mode

During conventional vertical scanning in a fixed azimuthal direction, any local cloud or
smoke plume that intersects the line of scanning can distort measurement data. This
significantly worsens the measurement accuracy, especially in areas close to wildfires.
When using the conventional method of azimuthally fixed searching, the only option is to
stop the measurement and wait until the cloud moves (under the condition that the wind
blows in the “right” direction). Therefore, we had to modify the Kano-Hamilton method.
In our modified variant, wide azimuthal scans and stepped slope scans were combined to
reduce the influence of the atmospheric heterogeneity (Fig. 6). The implementation of

2 -1000 0 1000 2000 3000 4000

x-range [m]

y-range [m]
y-range [m]

o]

04000 0 1000 2000 3000 4000
x-range [m]

Fig. 6. Azimuthal scans measured at fixed elevation angles at 1064 nm

in August 15, 2005. (a) 9:35 AM, Azimuth 30:3:110, Elevation 58°, and

(b) 10:18 AM, Azimuth 30:3:110, Elevation 49°. The green and yellow arcs are
multiple smoke-plume layering.
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wide azimuthal scanning allowed us to exclude “bad” data by using the standard
statistical analysis of the recorded signals measured at fixed slopes

The methodology was initially tested during six days between 28 February and 6 April
2005 at the Fire Sciences Laboratory test site located approximately 30 km west of
Missoula, Montana. The measurements were made with two scanning lidars (FSL and
Johns Hopkins University), which operated at the wavelengths 1064 nm and 355 nm, and
at 1064 nm, 532 nm, and 355 nm, respectively. The experiments were made under clear
atmospheric conditions, when the influence of atmospheric heterogeneity and
instrumental random and systematic distortions on the measurement accuracy is most
severe. The purpose of this study was to analyze and improve the classic Kano-Hamilton
method for multiangle data obtained with an elastic lidar (Adam at el., 2007).

It is generally agreed that the inaccuracy of multiangle measurements takes place mainly
due to atmospheric heterogeneity. Our analysis revealed that the problem is more
cumbersome. We established that even minor instrumental errors that are often ignored
could significantly worsen the accuracy of multiangle measurement methodology. This
specific significantly impedes the use of the multiangle method even in an ideal
homogeneous atmosphere. The method had to be improved in order be applied to
experimental data in smoky atmospheres.

The application of the modified Kano-Hamilton method to experimental data obtained in
clear atmospheres at different wavelengths also showed that the lidar signals measured at
the shorter wavelength, 355 nm, yield much more accurate inversion results than those
measured at longer wavelengths. The application of the method to the data from the 532
nm and 1064 nm channels yielded worse inversion results because these data were much
more sensitive to the heterogeneity of particulate loading. In addition, the signal-to-noise
ratio for the signals at 1064 nm was much worse than for the signals at 355 nm;
accordingly, the total measurement range for the signal at 1064 nm was much shorter
than that at 355 nm. The lidar measurements at 532 nm are more promising and we
believe that this wavelength can also be used in multiangle measurements.

We tested three different wavelengths simultaneously for the multiangle method and
experimentally corroborated that the shortest wavelength should be preferably used for
the measurements even in clear atmospheres. This is true in spite of worsening the
measurement accuracy of the particulate component due to the presence of a large
molecular component. The large contribution of the molecular component (and
accordingly, larger errors in the retrieved particulate component) is an unavoidable for
this method. Our measurements also confirmed that the longer wavelengths provide much
larger (in clear atmospheres, too large) errors in the retrieved particulate optical depth.

3.2. Modernization of the Signal Inversion Algorithm

The retrieval of the optical parameters of interest, the extinction coefficient and the
backscatter-to-extinction or lidar ratio, in the multiangle method is a two-step procedure.
During the first step, the slope and the intercept of the linear fit of the Kano-Hamilton
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function are determined. The slope is proportional to the vertical optical depth and the
intercept is proportional to the total backscattering. The second-step inversion procedure
includes the extraction of the profiles of the particulate extinction coefficient and the lidar
ratio (or the reversed value, the backscatter-to-extinction ratio). The extraction of these
functions, which are key parameters related with the levels of smoke concentrations, are
the most challenging operations due to the numerical differentiation of noisy profiles of
the optical depth, obtained after fulfillment of the first-step inversion the lidar data. A
large number of studies have been devoted to this issue (e.g., Whiteman, 1999;
Rocadenbosch et al., 2000; Volkov et al., 2002; Rocadenbosch et al., 2004; Kovalev,
2002 and 2006; Kovalev et al., 2004), however, the issue has not been completely solved.

During this project, a new method was developed for improving the accuracy of the
inversion of optical-depth and backscattering-coefficient profiles obtained from the
multiangle mode lidar data from smoky atmospheres (Kovalev, et al., 2007b and 2007¢).
The extinction coefficient is retrieved from the profile of the backscattering coefficient
rather than from the optical depth. The new method determines a stepwise profile of the
column-integrated lidar ratio that provides the best match of the initial (inverted) profile
of the optical depth to that extracted from the backscatter-coefficient profile. Two
possible variants of this methodology were analyzed; in both cases, the retrieval of the
extinction coefficient is made without using numerical differentiation. This method
significantly reduces the level of random noise in the retrieved lidar ratio and extinction
coefficient. Accordingly, the more accurate extinction coefficient and lidar ratio will then
facilitate determining accurate values of the particulate concentration in smoke plumes.

In Fig. 7(a), an example of the lidar measurement results at 355 nm is shown. The
measurement data were obtained in a smoky atmosphere in the vicinity of [-90 Fire on
August 9, 2005. The vertical profiles of the particulate backscatter coefficient, shown at
the left side of the figure and the particulate optical depth shown as the black dotted curve
on the right side are used for the inversions. The dashed curves show the optical-depth
uncertainty boundaries. The red curve is the corrected optical depth profile calculated
using the derived extinction coefficient. The inversion result is shown in Figs. 7(b) and

7(c).

Fig. 7(a). The vertical profiles of the
particulate backscatter coefficient
(the left side) and the particulate
optical depth (the black dotted curve
on the right side) derived from the
lidar signals and used for the retrieval
the extinction coefficient and the

01 02 03 column-integrated lidar ratios shown
optical depth in Figs. 7(b) and 7(c), respectively.
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Fig. 7(b). The vertical profile of the
particulate extinction coefficient
obtained with the new method
developed at the FSL (the red thick
curve) and that obtained with the
conventional method (the dotted
curve).
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Fig. 7(c). The stepwise column
integrated lidar ratio (the thick red
lines) and the vertical profile of the
lidar ratio extracted using the
conventional method (the dotted
curve).
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We developed the lidar measurement methodology and the inversion algorithms that
provide accurate profiles of the optical depth, the particulate extinction coefficient, and
the backscatter-to-extinction ratio (or its reversed value, the lidar ratio). Although this
task proved to be much more time-consuming than we expected, the FSL lidar team
successfully fulfilled it. However, the next task, the transition from smoke-plume optical
parameters to the smoke-particulate mass concentrations met significant difficulties, not
related directly with specifics of the lidar measurements.

3.3. Concept of the Lidar Near-End Calibration

The determination of the vertical profiles of the smoke-particulate backscatter and
extinction coefficient requires the determination of the lidar calibration constant. The
most common way to achieve this purpose is the far-end lidar calibration, which is based
on the assumption of the aerosol-free atmosphere at high altitudes. When such a
calibration was possible, this approach was used in our multiangle measurements
(Kovalev et al., 2007a and 2007b). However, the far-end lidar calibration has two
significant drawbacks. First, the selection of the height of the aerosol-free area is rarely
possible based on our knowledge. Generally, no reliable information is available and
selection of the reference point for the calibration is based on indirect factors. Second, the
lidar signals at the far-end, used for the calculation of the constant, have a poor signal-to-
noise ratio and increased levels of systematic distortions. An additional drawback appears
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when working in smoky-polluted atmospheres close to wildfires. In such highly polluted
areas, the existence of the clear-air zones at the far-end lidar measurement range becomes
problematic.

The most promising way to solve this issue would be the replacement of the far-end lidar
calibration, in which the solution constant is found using the assumption of an aerosol-
free atmosphere, with a near-end calibration. In this case, a reference point where the
appropriate information is available is required within the near-end zone. The concept
and the methodology of the lidar near-end calibration for scanning lidar were recently
developed in the FSL. It requires the utilization of a special nephelometer, which should
be located at the lidar measurement site (Wold et al., 2008). In this case, the near-end
lidar signals with minimal systematic distortions and a good signal-to-noise ratio can be
used for such a calibration. Obviously, no aerosol-free areas, the same as no assumptions
on the existing atmospheric properties are required for the near-end calibration.

To implement the near-end calibration, a special in situ instrument, a ground-based fast-
response backscatter nephelometer is required similar to that used by Doherty et al.,
(1999), and Anderson et al., (2000). Unfortunately, such instrumentation is not
commercially available. Furthermore, as follows from our concept of the lidar calibration,
an open-path backscatter nephelometer will be more preferable for this task rather than
that used in the above-cited studies. The first experimental setup, the open-path
backscatter nephelometer, which operates at 355 nm, is currently developed and will be
tested during the future lidar use in the vicinity of fires.

4. Determination of the Smoke Particulate Concentration: Issues and
Solutions

In September 2006, EPA revised the 1997 National Ambient Air Quality Standards
(NAAQS) for particulate matter. These standards tightened the 24-hour fine particle mass
PM2.5 standard, reducing it down to 35 pg/m’, and retained the existing 24-hour PM10
standard of 150 pg/m’. These EPA standards, regulating particulate matter, define PM2.5
as the mass less than 2.5 um in diameter measured by the Federal Reference Method
(FRM). To determine the level of particulate matter, the gravimetric analysis of filters
sampled over a ~24 h period is used. The determination of PM2.5 is a manual method; it
cannot be used to provide real-time analysis. To achieve real-time monitoring of PM2.5,
continuous and automatic particulate-matter monitoring technologies must be used.
During the past decades, a set of commercially available instrumentation has been
developed which presumably provides the required real-time measurements of particulate
matter. Unfortunately, at this time no such instrumentation for such continuous, real-time
monitoring of particulate matter is certified. This significantly impedes our task of the
adaptation of such a methodology for continuous monitoring of particulate mass
concentrations for the lidar measurement technique.
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4.1. Optical and Mass Concentration Measurements of the Smoke Particulate
Matter Using the Combustion Facilities at the FSL

During the spring of 2006 and 2007, extensive optical and mass concentration
measurements of smoke particulate matter were performed using the FSL combustion
facilities. The goal of the controlled laboratory combustion of different wildland fuels
was to investigate and characterize smoke particulate and gas emissions from wildland
fires. The studies included the measurement of such properties of burning emissions as
light scattering, light absorption, and mass concentration and their changes during the
flaming and smoldering combustion phases. For these measurements, the most advanced
techniques were used. These included different types of the nephelometers, aerosol mass
spectrometers, a 7-wavelength acthalometer, a 2-wavelength photoacoustic instrument,
filter samplers, and other instrumentation. The studies were performed by research teams
from the National Park Service, the US Forest Service, Colorado State University, Desert
Research Institute (Reno, NV), U.S. Environmental Protection Agency, University of
Colorado, University of Nevada at Reno, Aerodyne Research, Inc., Montana State
University, and Lawrence Berkley Labs.

In addition to the above experiments, comprehensive analyses of experimental data,
previously obtained in the same combustion facility at the FSL, have been completed and
published (Chen at el., 2006 and 2007).

Laboratory-controlled fires are extremely useful for investigating the effects of individual
parameters (e.g., fuel, moisture, combustion phase, etc.) on the emission factors.
However, they do not fully anticipate or reproduce the complex real-world fires.
Therefore, special field experiments will be performed with direct sampling of emissions
from prescribed burns during the spring of 2008, where the lidar and a set of auxiliary in
situ instrumentation, including the open-air backscatter nephelometer, will be used.

4.2. Sources of the Uncertainty in the Transition from the Particulate Optical
Parameters to the Particulate Mass Concentration

After new technologies for automated, continuous monitoring of the mass concentration
and the corresponding in situ instrumentation became commercially available, a large
number of investigations were made. The goal of these investigations was to clarify the
accuracy of the results that might be provided with this commercially available but not
standardized instrumentation. Numerous studies were performed where the mass
concentration measured by the continuously operating instruments and that determined
by the Federal Reference Method were compared. These comparisons revealed
discrepancies, sometimes significant, in the results obtained with the FRM and the
continuous methods (Lee et al., 2005; Reesa et. al, 2004; Tohno and Hitcenberger, 2000;
Dvonch J. T. et al., 2000). Similar discrepancies in the measurement results were
obtained when comparing the mass concentrations measured by different types of the
continuously operating instrumentation (Weingartner et al., 2003; Arnott et al., 2003;
Moosmiiller et al., 2001).

19



The increase in wildfire intensity and their influence on potential climate changes has
excited the lidar community to investigate the application of the lidar technique to
measure smoke particulates. As compared to the above in situ instrumentation, lidar has a
great advantage and large potential for remote sensing of smoke particulates over
extended areas. This is due to the possibility that the instrument is capable of measuring
smoke optical characteristics and simultaneously characterizing both the scattering and
absorption properties of smoke particulates over distances up to 10 -12 km.

Early attempts to apply lidar for smoke-concentration measurements were made as long
ago as in the early eighties (e. g., Jennings and R. G. Pinnick, 1980; Ezcurra et al., 1985).
More recently, a set of studies were made in which the relationship between the lidar-
derived optical parameters and microphysical characteristics of the particulate matter
were investigated ( Del Guasta, 2002; Ferguson et al., 2003; Cheng et al, 2006; Del
Guasta et al., 2007; Pesch and Oderbolz, 2007; Shinozuka et.al, 2007; Wilkerson et al.,
2007). However, the results obtained in these studies are preliminary. They are based on
insufficient statistics and cannot be used for routine smoke measurements.

The basic issue in utilizing lidar for mass concentration measurement is as follows: As
with any optical instrument, the lidar methodology for continuous measurement of the
particulate mass concentration must be based on some reliable relationships between light
scattering and the mass concentration. As mentioned, the transition from the optical
parameters of the aerosol particulates to their mass concentration is difficult problem
which has not been solved. The currently available optical instrumentation is still not able
to provide the reliable measurement of particulate mass concentration with an acceptable
accuracy.

The basic, unsolved issues of the above transition are as follows (Bohren and Huffman,
1983; Bergstrom et al., 2002; Del Guasta, 2002; Nessler et al., 2005; Lee et al., 2005;
Andreae and Gelencser, 2006; Sun et al., 2007):

(1) The retrieval of particulate microphysical parameters from optical data is based on an
inversion algorithm that includes Fredholm integral equations of the first kind. This
difficult problem is exacerbated by the fact that the measurable optical parameters
stromgly depend on the number of particulates and their size distribution rather than on
the quantity of interest, the mass concentration of PM2.5 and PM10.

(2) The carbonaceous particulates originating in wildfires increase the absorption
component in the measured light extinction. The absorption component is related with the
concentration of black carbon, and thus, this quantity should be determined. Meanwhile,
the accurate determination of the absorption component through the measurement of light
scattering is always difficult, sometimes even impossible.

(3) The discovery of the light-absorbing carbon that is not black, the so-called “brown
carbon” made it imperative to reconsider the components that make up light-absorbing
matter [Andreae and Gelencser, 2006; Sun et al., 2007). This discovery also forced
researchers to investigate the carbonaceous particulate concentration, focusing their
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studies on multiwavelength rather than on single-wavelength measurements (Lewis et al.,
2007, in print). This issue impedes a comprehensive investigation of practical
dependencies between optical characteristics of the smoke plume particulates, derived
with lidar, and the mass concentration extracted from the reference instrumentation.

5. Summary: What Information about Smoke Particulate Matter Can
Be Obtained With the FSL Research-Grade Lidar and Future Tasks

When lidar is utilized for searching the atmosphere, three levels of data processing can be
used, yielding different levels of information:

(1) The Level 1 investigates the shape of the backscatter signal when scanning smoke
plumes. It does not require signal inversion; however, all components of the measured
signal not related with the laser backscattered light are removed, the backscatter signal is
square-range corrected, and the near and the far end boundary ranges (heights) within
which the information is not distorted are established. This level is required to obtain
information on smoke plume dynamics, the spatial and temporal changes of the smoke
layering, and smoke plume heights.

(2) The Level 2 requires signal inversion; the inversion is made using the backscatter
signals obtained with Level 1 in the multiangle mode. The retrieved information includes
the vertical profiles of the optical depth, the backscatter and extinction coefficients, and
the backscatter-to-extinction ratio.

(3) The Level 3 is reached when the information on the optical properties of aerosol
(smoke) particulates is transformed into information on the microphysical properties of
the particulates (e.g., the particulate number and mass concentration, the size distribution,
etc.).

Our current measurement methodology and inversion algorithms allow us to extract from
our lidar measurement data the information at Level 1 and 2. To provide good accuracy
of the inverted data at Level 2, the data of the supplementary in situ instrumentation,
located at the lidar measurement site, is used. The in situ instrumentation consists mainly
of a commercially available three-wavelength integrating nephelometer, TSI, model
3563, and periodically, the scanning mobility particle sizer. However, to achieve the
better inversion accuracy of the scanning lidar data, additional in situ instrumentation is
required. This instrumentation is needed for the operative lidar calibration, which
requires the knowledge of a reference value of the backscatter coefficient. Currently such
instrumentation is not commercially available. We have developed a new principle of
near-end calibration for the scanning lidar, and are now in the process of development of
a special research-grade backscatter nephelometer.

As stated above, there exists no theoretical basis that would provide the reliable
information needed for Level 3, at least when using aerosol optical characteristics derived
from single wavelength. Single, one-functional relationships (e.g., relationship between
the mass concentration and the optical depth or between the mass concentration and the
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extinction coefficient) cannot provide acceptable accuracy for the determination of mass
concentration. Up until now, no unique and practically usable dependencies have been
established between the optical and microphysical characteristics, such as the mass
concentration of black and brown carbon. This issue can only be solved by establishing
statistically ensured, empirical dependencies that allow the transition from optical
parameters measured by lidar at different wavelengths to mass concentration of
carbonaceous particulates. The improved accuracy at Level 3 can be achieved only if
some number of optical characteristics of the smoke aerosol at different wavelengths is
related to the particulate concentration (Miiller et al., 1999, 2000, and 2001; Veselovskii

et al., 2002 and 2005).

The implementation of additional auxiliary instrumentation, which operates while
fulfilling lidar scanning, will facilitate the determination of smoke aerosol levels and their
temporal change on ground level, including populated areas and areas near fire camps.

6. Deliverables

Proposed

Accomplished/Status

Develop the lidar-measurement technology
to determine the three-dimensional
distribution of smoke particulate matter
concentration in the atmospheres polluted
by the wildland fire

The methodology for the continuous lidar
operation in the combined azimuthal/slope
multiangle measurement mode was
developed. The corresponding inversion
algorithms and software were implemented
which allowed determining the optical
characteristics of the smoke plume
particulates, their spatial boundaries, and
the presence and basic optical properties of
the horizontally-extended smoke layering
in the atmospheres polluted by the wildland
fire.

Develop the technology to

measure smoke plumes heights, dynamics,
and dispersion in areas of wildfires and
prescribed burns to validate smoke
dispersion models

An improved algorithm and the
corresponding lidar software for
determining the spatial boundaries of the
smoke plume rise and dispersion were
developed and tested in areas of wildfires
and prescribed burns.

Monitoring the optical situation in smoke
polluted atmospheres adjacent to severe
wildfires, including diurnal and daily
spatial variation of aerosol levels, and
plume heights and dynamics

Monitoring of the optical properties in
smoke polluted atmospheres adjacent to
severe wildfires were made in New Mexico
(Bull Fire), Montana (I-90 Fire,
Woodchuck Fire, Gash Creek Fire), Idaho
(Potato Fire), and Washington (Tripod
Complex Fire, Derby Fire).
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Investigation of the dependencies between
the optical characteristics of the smoke
particulates and their mass concentration to
provide estimates of the levels of PM-2.5
and PM-10

In 2006 and 2007, optical and mass
measurements of the smoke particulate
matter were performed using the FSL
combustion facilities. A comprehensive
analysis of the experimental data
previously obtained in these combustion
facilities were completed and published.

None A new method of a near-end calibration for
the scanning lidar was developed, and a
research-grade backscatter nephelometer
for the calibration has been developed.

Publications Appendix 2

Presentations Appendix 3

Final Presentation and Publication

Oral presentation and the paper in
Proceedings of the SPIE International
Symposium on Optical Engineering.
Section Remote Sensing on Fire: Science
and Application, 10-14 August, 2008, San
Diego, CA, USA
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Appendices
Appendix 1. Lidar and Supplemental In Situ Instrumentation

The FSL mobile laboratory is equipped with the remote sensing instrument (lidar) and a
set of the data-point measurement instrumentation that provides the flexibility and
mobility to deploy a field monitoring operation. It includes the following instrumentation:

Lidar

The FSL mobile lidar is a small scanning lidar that uses
elastic backscattering to obtain the relative distribution
and properties of smoke particulate and the amount of
atmospheric attenuation. The lidar operates at the
wavelengths 355 nm and 1064 nm and allows to conduct
. research related to smoke plume dynamics, propagation,
and properties.

The elements of the lidar are shown in Fig. 8. A short-
pulsed Nd:YAG laser (1) operating at 355 nm and 1064
nm is used as the light source. The laser is attached to
the top of a Cassegrain telescope (2). The laser beam is
emitted parallel to the telescope after going through a
periscope (3), so that the effective exit aperture is a
certain distance (0.41 m) apart from the center of the
telescope. The periscope simplifies the alignment of the
laser beam and increases the distance at which the laser
beam overlaps the telescope field of view, thus
increasing the total measurement range. The telescope-
laser system is able to turn rapidly through 180° horizontally and 90° vertically using
computer-controlled motors incorporated into the telescope mount (4). The lidar can be
operated during day and night.

Fig. 8. FSL scanning lidar

Due to its compactness and portability, the lidar can easily be deployed to the field site of
interest. The scanning capabilities can be categorized as follows:
e Two-dimensional spatial scan: An image (“slice”) of relative aerosol
concentration is developed from individual lidar lines of sight (horizontal or
vertical).
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e Three-dimensional spatial scan: A series of horizontal scans at different elevation
angles in a given region of the atmosphere.
e Time-domain scan: Represents data collected from a single line of sight for
particular scan duration.
The lidar system specifications are given in Table 3.

Table3. JHU lidar system specifications.

BigSky laser, model CFR400; Q-switched Nd:YAG with 98mJ (1064nm),

Laser and 45mJ (355nm); 30 Hz repetition rate; 8 ns pulse duration; 1 mrad beam
divergence;
Telescope Cassegrain /10, 10 in. diameter, Smrad FOV (Meade LX200)
1064 nm - IR-enhanced Si avalanche photodiode; 355 nm —
Detector -
photomultiplier.
Digitizer Dual 12-bit 125 MHz, dual channel (Signatec PDA12A)
Minimal range | 1.2 m
resolution
Incomplete ~ 1000 m

overlap length

Scanning system

Azimuth rotary stage (180:1), stepper motors & encoders, elevation right
angle reducer (100:1), AT6400 controller (Compumotor)

In Situ Instrumentation

1.

2.

Three-wavelength integrating nephelometer (TSI, model 3563) at 450, 550
and 700 nm wavelengths with the angular integration of the scattered light
Single-wavelength integrating nephelometer (Radiance Research, model
903) for determining scattering coefficient at the wavelength 530 nm
Scanning mobility particle sizer (SMPS) (TSI, model 3936 L25) for
measuring submicron aerosol size distributions in the diameter range of
0.01-1 um
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