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ABSTRACT

Characterization of airborne particulate matter, both dust particles and aerosols, has
been a major challenge to researchers. Lidar (light detection and ranging) techniques
have been used to make remote sensing measurements of the aerosol optical extinction
and other properties of optical scattering from the particles in the atmosphere. In this
thesis, a range of technologies available in the area of laser remote sensing have been
used to study the optical properties of atmosphere, including the techniques of Rayleigh
scattering, Mie scattering and Raman scattering.

Algorithms and techniques have been developed for analysis of data to calculate the
atmospheric optical extinction in the troposphere using backscatter lidar and Raman lidar
instruments, and models are described which have been developed to study the optical
extinction and backscatter characteristics. The data obtained by Raman lidar and
backscatter lidar during several different campaigns were analyzed. An algorithm for
extinction at UV wavelengths measured by Raman lidar has been developed in which the
molecular scattering and ozone absorption are removed to obtain the aerosol optical
extinction profile. The relationships between extinction measured by Raman lidar and
surface particulate matter (PM) mass concentration measurements of the ambient
particles are investigated. Model simulations have been developed to explain and
quantify the relations between extinction and PM concentration. The ratio of the
extinction coefficient at different wavelengths has been analyzed to show unique
information on particle sizes, which can not be obtained from a single extinction profile.

Backscatter lidar has been used to study the atmospheric meteorological properties
and characterize the fate (deposition and transport) of PM plumes originating from the
mechanical disturbance of surface soil in one of our projects. A particle size distribution
model has been developed from lidar results and measurements from particle size
instruments. Model calculations of Mie scattering have been designed to simulate
various features of the optical scattering from the generated dust plumes. Field
measurements are used to analyze the inverse problem and describe the particulate matter

properties from the scattering profiles.



Several achievements from the research work in this thesis include. 1) The
ultraviolet aerosol extinction algorithm and telescope form factor for LAPS are
successfully developed. 2) The relation between Raman lidar extinction, relative
humidity and PM mass measurements are quantified and modeled. The results show that
we can describe the vertical distribution of the airborne particulate matter using Raman
lidar and thereby describe the evolution of air pollution episodes more accurately. 3) The
modeling results from California Dust campaign show the rapid deposition of large
(PM1g) particles, and the relatively longer residence time of the optical plume associated
with small particles (< 2 um). The rapid loss of PM mass may have led to overestimates
of airborne particle mass in plumes and could explain the major discrepancy between the
source estimate and the measured mass of soil particulates that has been recognized in
California. 4) The ratio of signal from backscatter lidar and ratio of extinction profiles
from Raman lidar at multiple wavelengths are used to demonstrate the unique
information that can be obtained on the characteristics of airborne particles in the

atmosphere.
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CHAPTER 1

Introduction and Statement of Problem

1.1 Background and Objective

Characterization of airborne particulate matter, both dust particles and aerosols, has
been a major challenge to researchers. Recent studies have associated increases in
airborne particulate matter with increased morbidity and mortality, particularly in elderly
and respiratory impaired individuals. Knowledge of aerosol optical properties assumes
significant importance in the wake of studies strongly correlating airborne particulate
matter with adverse health effects [Albritton and Greenbaum, 1998, Hidy, et.al 1998].
The small aerosol component, labeled PM2. 5, are referring to particles with aerodynamic
size less than 2.5um, is of most concern to human health because smaller particles can be
easily inhaled deeply into the lungs. Along with health issues, aerosol particle
distributions have significant implications for aesthetics of the natural environment and
for climatic change [Seinfeld and Pandis, 1998 pp1113-1192]. Increases in aerosol
loading of the atmosphere can lead either to an increase or decrease in the mean global
temperature of Earth, depending upon their optical properties which vary in the visible
and infrared portion of the spectrum according to the size distributions of aerosols.
Additionally, airborne particle distributions have significant influence on the visibility
that effects scheduled aircraft traffic [Kyle, 1991, Wilson and Suh, 1997]. The typically
observed percentage of visual range, compared to the clean molecular atmosphere, is
around 50-67 % in the western United States and 20 % in eastern United States [Albritton
and Greenbaum, 1998]. This increase in optical scattering in the eastern states is due to
the generally eastward transport of PM and the growth of the hydroscopic aerosols in the
higher east coast humidity. Also, the changes in optical transmission of the atmosphere
due to suspended airborne particulate matter alters the radiative energy balance of the
Earth’s environment [Seinfeld and Pandis, 1998 pp1139-1142].

Along with improved knowledge of airborne particle size and associated optical
properties, evaluation of the lifetime of PM from fugitive sources in the atmosphere is
also a major challenge [Watson and Suh, 1999]. Source inventories for PM;o and PM; s

for the western states show that geologic dust contributes a large portion of the PM; s



Geologic material is a major component of the airborne particulate matter (approximately
50%) in the western United States [Cowherd, 1988]. The measurements of the
distribution and properties of airborne dust particulate matter in the atmospheric surface
layer are needed to develop improved descriptions of the physical processes, and to
develop modeling schemes for atmospheric distributions of airborne particulate matter.
Lidar (light detection and ranging) techniques have been used to make remote sensing
measurements of the aerosol optical extinction and other properties of optical scattering
from the particles in the atmosphere [Philbrick 1998a, b, Philbrick and Lysak, 1998a, b].
In this thesis, the range of technologies available to laser remote sensing have been used
to investigate the optical properties of the atmosphere, including Rayleigh scattering, Mie
scattering and Raman scattering. Two types of lidar were involved in these studies, a two

wavelength scanning backscatter lidar and a Raman lidar.

1.2 Outline of Research and Hypothesis

This section outlines the work which has been undertaken and the hypotheses

examined in this dissertation. The primary research goals are listed below:

1) Investigate optical extinction using the Raman lidar and MPL backscatter lidar
technologies to improve our understanding of optical scattering from airborne
particles.

2) Describe properties of airborne particles using the ratio of extinction to
backscatter measured by lidar.

3) Compare optical properties measured by lidar with particle mass concentrations
measured by other techniques.

4) Construct models which are capable of relating the extinction and backscatter to
particle characteristics.

5) Develop inversion techniques for interpretation of atmospheric optical properties
from the lidar measurements.

The main hypotheses that have been investigated follow:

1) A relationship exists between lidar extinction profiles and PM filter measurements

which can be used to interpret lidar data to provide vertical profiles of PM.



2)

3)

4)

5)

6)

The field measurements of two wavelength backscatter lidar can be used to
analyze the inverse problem and describe the aerosol properties from the optical
scattering profiles.

The ratio of backscatter signal at different wavelengths can be used to describe
the change of particle size in atmosphere.

Vertical profiles of relative humidity during nighttime can be obtained from
LAPS specific humidity and temperature measurements. Furthermore, daytime
relative humidity profiles can be obtained for most of the time with assumption of
simple linear temperature model.

Extinction shows strong correlation with relative humidity, and optical extinction
measurements can be used to describe the effects of water vapor on aerosol
growth.

Variations of optical extinction associated with aerosols at several wavelengths
can be used to describe changes in the particle size as a function of altitude and as

a function of air mass concentration.






CHAPTER 2

Background: Atmospheric Science and Aerosols

2.1  Atmospheric Science

Five different disciplines of atmospheric science have been examined to assess
the current understanding of the influence of aerosol on the optical properties of the
atmosphere. These include: atmospheric physics; atmospheric chemistry; atmospheric
dynamics and weather forecasting; upper atmosphere and near-Earth space environment;
climate and climate change [Arya, 1999]. Atmospheric physics seeks to explain
atmospheric phenomena in terms of physical processes, such as, atmospheric radiation,
aerosol physics, the physics of clouds, atmospheric electricity, the physics of the
atmospheric boundary layer, and small-scale atmospheric dynamics, etc. Atmospheric
chemistry has rapidly expanded as a major emphasis during the last half decade. This
thesis introduces lidar techniques to study problems and investigate processes related to

the disciplines of atmospheric physics and chemistry, as associated with aerosols.

2.1.1 Lower Atmospheric Structure and Processes

The several regions of the atmosphere are set apart and named because of their
temperature structure, such as troposphere, stratosphere, mesosphere, thermosphere and
exosphere. Additional overlapping names are given to regions of the atmosphere because
of the physical processes that take place there, for example, boundary layer, homosphere,

tropopause and heterosphere [U.S. Standard Atmosphere, 1976].

Boundary Layer
The boundary layer, which most effects human activity, is in the lowest few
kilometers of the atmosphere. The boundary layer plays a central role in the weather and
climate because it couples processes at the Earth’s surface such as evaporation and heat
transfer with the rest of the troposphere. This transfer of energy from the Earth’s surface
into the atmosphere is essential in describing the dynamical behavior of the atmosphere.
It is in the boundary layer that the largest diurnal changes take place. Heating of

lower atmosphere does not primarily come from the air absorbing solar radiation, but



from the ground absorption of the solar radiation, followed by convective heat transfer to
the air near the ground. As the air near the ground is heated at sun rise, it becomes
buoyant and rises as thermal bubbles. The convection process, together with wind shear,
produce mixing through the lower atmosphere. The strong mixing is limited to the
lowest couple of kilometers because turbulence falls off rapidly above the surface. This
region of the atmosphere is given the name of boundary layer. After sun set, the air near
the surface cools when the heat source is removed. As the air cools, the convective
process and wind shear turbulence decrease. After the air near the ground cools below
the temperature of air above it, the night time temperature inversion has been established,
resulting in a stable layer. This layer decouples the region above the inversion, typically
about 400 meters, from the surface and allows horizontal transport to occur in the

“residual” nighttime layer, without viscous coupling to the surface.

Troposphere

The troposphere occupies the lowest 10 km of the atmosphere. Due to the
decrease in pressure with altitude, the rising surface warm air expands and cools to lower
temperature. When the rising buoyant air parcel cools to the dew point, the water
contained in it condenses. The result of condensation allows the warm air bubbles rise
higher due to the release of the latent heat as condensation. The troposphere, where the
buoyant forces establish the temperature gradient, and daytime surface heating causes
strong convection mixing, is the lowest thermal layer of the atmosphere. The troposphere
extends upward to the tropopause, which is an isothermal layer caused by the temperature
minimum balance between the solar heating from the surface below and heating from the
ultraviolet absorption in the atmospheric ozone layer above. The height of the
troposphere is typically about 10 km at mid-latitudes, but decreases to less than 2 km at
the high-latitudes, and achieves altitudes above 15 km at low-latitudes. One important
effect of the tropopause is its action as a barrier, where buoyant forces no longer have the
effect in mixing of the atmosphere. Since temperature gradients determine the stability of
the atmosphere, convection is seldom strong enough to bring air and its contents through

this barrier because the temperature gradient becomes positive.



2.1.2 Composition of atmosphere

The atmosphere is composed primarily of nitrogen and oxygen, and the
concentrations of the primary species remain fixed over time. Also present are a number
of trace gases that occur in relatively small and sometimes highly variable amounts. One
of the most important variable species is water vapor, which can exist in concentrations
up to about 3%. The atmosphere is a dynamic system, with its gaseous constituents being
exchanged with vegetation, the oceans and biological organisms. The average lifetime of
a gas molecule can range from seconds to millions of years, depending on the
effectiveness of removal processes. The important atmospheric gases are listed in Table
2.1.

The abundance of water vapor is controlled by the variation of vapor pressure of
water with temperature and the state changes, both condensation and freezing that occur
because the temperatures which produce phase change are in the range of normal
atmospheric temperatures. Ozone concentrations are determined by the photo-chemical
processes in the atmosphere. Methane, nitrous oxide and carbon monoxide
concentrations are determined by atmospheric chemical processes, as well as by
biological processes [Deepak,1982].

Table 2.1. Atmospheric gases [Farmer, 2001]

Average
Molecular Mixing )
Gas Weigiit Ratio (ppm) Cycle - Status
Ar 39998 9340 Accumulation
Ne 20,179 18 Nocycle during Earth’s
Kr 2380 1.3 history
Xe 131.30 0.0%
N, 28.013 780,340 Biological and ] 5
Oy iz 249 460 microbioiogical
CH, 16.043 172 Biogenic and chemical 3
cO, 44.{10 355 Anthropogenic and biogenic
QO 23.410 0.12 (NH) Anthropegenic and chemical
0.06 (SH}
H: 2.016 .58 Bipgenic and chemical
ML 44.012 0.311 Biogenic and_chw_nical ' 1 L Quasi-steady-state
S0, 64.06 1072-107* Anthropogenic, biogenic, chemical ¢ equilibrinm
NH; 17 107*-10 Biogenic and chemical
NO 30.008 6 -2 - : .
NC, 46,006 ] 107°-10 Anthrapogenic, biogenic, chemical
0, 48 107210 Chemical
H,O 18.015 Variahle . .
He 4003 5.2 ] Physicochermical J



2.2 Aerosol and Dust Size Distribution

An aerosol is the non-gaseous substances (solid particles or liquid droplets) held
in suspension in the atmosphere. Atmospheric aerosols include particle sizes that range
over at least 4 orders of magnitude. Figure 2.1 shows typical size distributions of
aerosols typical of continental and maritime atmospheres. The vertical axis is the number
of particles per cm3 per logarithmic radius (um) interval. The horizontal axis is the
particle size radius in um and the aerosol size distribution shown here ranges from 10-3
pm to 103 um. The smaller sizes, corresponding to the gas to the particle conversion
range below 10 nm, are difficult to measure because they do not contribute significantly
to the mass of airborne particles or much to the optical scattering. The large sizes, above
10 um, tend to settle out of the atmosphere rapidly. The settling velocity of atmospheric
particles as a function of aerodynamic size is shown in Figure 2.2. Those sizes between

10 nm and 10 pum attract our attention and are of most concern.
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Figure 2.1. Size distribution of aerosols [Ruskin and Scott, 1974].
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Figure 2.2. Particle settling rate [Seinfeld and Pandis, 1998].

Airborne particular matter has been approximated by three log-normal mode
representations, which are classified by type of source mechanism [Shettle and
Fenn,1979]. The three modes are referred to respectively as the nuclei mode, the
accumulation mode and the coarse mode, and each of the modes are specified by a mass
mean diameter and a geometric standard deviation. The largest numbers of particles are
found at smaller sizes in the range of nuclei and in the accumulation mode. These smaller
sizes are called fine particles. Particle measurements are often reported as the summation
of the mass of all particles of aecrodynamic size less than 10 um, PMy, or less than 2.5
pm, PM, s [Rogers,1989].

Aerosol particles are produced by a number of process, including (i) gas-to-
particle conversion, (ii) condensation and coagulation, (iii) ocean breaking waves, (iv)
wind-blown effects, or mechanical distribution, (v) direction emissions and (vi)
meteorites. The smallest particles are produced by gas-to-particle conversion processes.

If the vapor concentrations are sufficiently high, particles may be formed in the free air



by ‘homogeneous nucleation’, which means the vapors cluster together and condense
onto the particles if sufficient numbers of particles are present. This process is important
for forming particle sizes between 0.01 pm and 0.1 pm. The composition of particles
between 0.1 and 1 pm includes sulfate, nitrate, and carbonaceous aerosols, etc. When the
particle size is larger than 1 pm, direct emission from vehicles, industry and wind-blown
effects are more important. The processes which generate and remove particles are
presented in Figure 2.3.

Figure 2.4 shows the size ranges of different aerosol types. It is possible that there
is a different shape for every aerosol particle, but no computations could be carried out to
make practical use of the information. The most likely use of the information on shapes
would be computation of ways to parametize the shapes. For most analysis efforts, the
shape problem is avoided in scattering problems by assuming a distribution of spherical
particles. When all types of particles are considered, we find many are spherical in
shape, or nearly so, and scattering procedures are easily described. However, the shape
and ingredient features of frozen and mechanically generated particles provide the most
challenging problems when describing optical scattering.

The size distribution of particles in the atmosphere is related to their residence
time in the air. Small particles, which are less than 1 pm, are only slowly removed from
atmosphere by rainout, or by the process of coagulation and nucleation, and their setting
times are very long (see Figure 2.2). They stay in the atmosphere sufficiently long for
long-distant transport to occur, the average residence time for particles of size of 1 um is
about 1 month. Large particles are removed from the atmosphere by sedimentation, the
average residence time for particles of size of 10 um is about half day, and only around
10 minutes for 100 um particles, unless they are held aloft by high winds [ Twomey,
1977].

Every air-pollution, or ‘dirty air’ problem is associated with the presence of
aerosol particles. Although the large size accumulation mode and coarse mode particles,
which includes dust, have relatively short residence time, they are of most concern to
problems related to the visual range. Figure 2.5 shows an example of aerosol size

distribution with a heavy load of coarse mode particles.
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As indicated in Figure 2.5, fugitive dust is the most common source of particles in
the coarse mode range. Suspension of particles from vehicles on dirt roads, from
agricultural operations, and from industrial processes are sources of atmosphere hazes
and dust clouds. Source particles, which are resuspensions of surface origin particles or
aerosol droplets, can remain airborne for sufficient periods of time to affect optical
transmission on significant path lengths. The principal characteristics that effect
airborne dust concentrations are the soil type and size, and its associated binding agent
and water content. Also, meteorological conditions are important factors in governing
particle formation and are important for estimating the potential of producing airborne
dust. Precipitation affects on soil moisture content and wind speed are primary factors in
describing dust cloud lofting and particle dispersion. The typical particle settling rate

versus size shown in Figure 2.2 [Seinfeld and Pandis, 1998].

2.2.1 Log-normal distribution
The log-normal probability density distribution as function of particle radius D,

used in many theoretical investigations of aerosols, is given as,

lnz(D/Dg)Jz on

1
f(D)=———exp| - | ———— %~
®) In(oy W27 =P (21112(09)

where Og is the geometric standard deviation, Dg is geometric mean size. It has been

suggested that multi-model log-normal distributions be chosen as representative of most
dusts [Farmer, 2001, Novitsky, 2002]. In addition, surface area distribution (dS/dlogr)
and volume density distribution (dV/dlogr) are also very important for the study of
particle optical scattering properties and mass concentrations in atmosphere.

Figure 2.6 shows an example of atmosphere particle size, surface and volume
distributions which depict some interesting information for the same set of particles.
The particle number maximum occurs at a size that is different from the maximum of the
surface area and volume distributions. There are numbers of different types of
instruments used to measure particle properties. Particle spectrometers are used to
measure number density distribution, optical instruments are sensitive to the surface area

and optical scattering cross-section, and filter bases sampling instruments are used to
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measure the mass, which is sensitive to volume distribution. For the optical studies using
lidar techniques, we are most concerned with scattering cross-section, or surface area of
particle distribution at scale sizes that are comparable with the wavelength of the

scattering light.
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Figure 2.6. The same particle distribution is plotted to show the character dependence
upon whether the measuring instrument is sensitive to one, two or three dimensional
properties. (a) particle number distribution dn/dlogr (b) particle surface area
distribution dS/dlogr
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Figure 2.6. The same particle distribution is plotted to show the character dependence
upon whether the measuring instrument is sensitive to one, two or three dimensional
properties: (c) particle volume distribution dV/dlogr

2.3  Water Vapor and Clouds

Water vapor is distributed throughout the lower troposphere and its concentration
is highly variable. It is the most important greenhouse gas and it plays the most
important role in the global distribution of heat energy. The interaction of water vapor
with hygroscopic particles greatly affects the optical properties in atmosphere.

It is quite common for aerosol particles to grow by absorbing a film of water from
atmospheric water vapor that effects the size, shape and the reflective index of the
particle. In low humidity regions where the air is usually quite clear, an increase in
humidity can cause tremendous changes in visibility by increasing the average size of the
already present aerosols. Even at relative humidity as low as 30%, some hygroscopic
particles can still maintain a film of water. Of course, the particle's growth through
absorption of water is reversible. If the humidity decreases, the water will at least
partially evaporate, and the corresponding aerosol size spectrum will decrease. The

absorbed film of water may dissolve any soluble materials in the aerosol. The dissolved
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materials have an effect on the vapor pressure of the liquid, which is one of the
mechanisms that allows a film to remain in fairly low humidity environments. Water
films form more easily when hygroscopic materials, such as sea salt, sulfate and nitrate,
are present in the aerosols, but films also form when no particular hygroscopic materials
are involved.

Aerosol growth can be characterized as a function of relative humidity. Semi-
empirical models for hygroscopic aerosol scattering and scattering efficiency have been
discussed in a number of papers. These models have successfully predicted the
scattering characteristics of mixed particles [Lowenthal et al., 1995; Zhang et al., 1994;
Sloane and Wolff, 1985; Sloane, 1983; Malm and Kreidenweis, 1997].

Sloane (1986) derived following Semi-empirical growth curve:

3
D RH
— | =1+E EH 2.2
[DOJ Far (1—RHJ @2)

where D is the wet Stokes diameter at a relative humidity RH; Dy is the dry Stokes

diameter; E is the soluble fraction of dry mass; Pdry is the density of dry particle. EH is

defined by the composite function:

EH = (i)(¢) '\I\A/IVV\\//W (2.3)

where i is the van’Hoff factor, which accounts for dissolution of ionic species into ions in
solution, ¢ is the dissolved fraction of the aerosol mass, MWjy is the average molecular
weight of solute, MWy is the molecular weight of water. Variations in aerosol chemical

composition can be accommodated in this model by changes in soluble fraction, in dry
density, and in assumed RH-depended values of EH. The EHs vary with composition of
RH, and have been determined empirically for various typical aerosol mixtures. Table

2.2 shows some typical EH values used by Sloane (1986), Malm and Kreidenweis. (1997),
and Lowenthal et al. (1995).
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Table 2.2. Thermodynamic functions for particle growth (EH)

Relative Humidity 30 40 50 60 70 80 90

Malm and Kreidenweis (1997) 0.09 0.35 0.35 0.35 0.32 0.27 0.23
Lowenthal et al. (1995) 0.09 0.12 0.13 0.13 0.17 0.27 0.23
Continental urban, Sloane(1985) 0.24 0.24 0.30 0.54 0.67 0.58 0.46
Typical urban, Sloane(1985) 020 040 060 070 075 065  0.60
NH4HSO,4, Sloane(1985) - 0.61 0.48 0.45 0.46 0.40 0.35

The measurements from different acrosol instruments obtained at the same time

and location have been examined and modeled to study the effects of water vapor on the

size increase and these results will be discussed in later chapter. The way that high

relative humidity contributes to the size growth of hydroscopic particles in atmosphere

has been demonstrated in this thesis.
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CHAPTER 3

Instrument Hardwar e and M easurement Techniques

Lidar isaradar at optical wavelengths and is composed of alaser tranamitter, alight
collection receiver and a detector system. A lidar system tranamits a pulsed laser beam at
a certain wavelength into the atmosphere, and a telescope collects the return sgnds,
including direct backscatter, vibrationd Raman and rotational Raman sgndls, a different
wavelengths which are separated and measured in a detection sysem. Thereturn sgnds
are then analyzed to obtain measurements of atmospheric properties and congtituents.
The measurements are range resolved and the arriva time of the backscatter light pulse

provides a precise range or dtitude arrangement.

3.1 TheLaps Raman Lidar Instrument

Lidar Atmospheric Profile Sensor (LAPS) transmits at the 2" and 4™ harmonics of a
1064-nm Nd:YAG laser, 532 nm and 266 nm respectively. The return Sgnas are
measured after spectra separation and isolation, using photon counting photo-multiplier
tubes (PMT). Theintengty of light is measured at seven frequency shifted Raman
scattering wavelengths, which areliged in Table 3.1. Table 3.2 gives information about
the sub-systems that make up the LAPS lidar instrument [Philbrick, 1998].

LAPS is capable of measuring vertica profiles of water vapor, temperature, optica
extinction from scattering of the 532 nm tranamitted beam, and water vapor, ozone,
optica extinction from scattering of the 266 transmitted beam. Asshownin Table 3.1,
the LAPS measures the rotationa Raman backscatter sgnalsat 530 and 528 nm and the
vibrational Raman scatter signals at 660, 607, 277, 284 and 295 nm. Profilesof
atmosphere ozone dendty are obtained by taking the ratio of vibrationd Raman shifted
ggnas of oxygen and nitrogen (277/284 nm). Measurements of atmosphere temperature
are obtained by taking the ratio of the rotationd Raman signals at 528 and 530 nm.
Measurements of water vapor profiles are obtained by taking the ratios of water vapor to
nitrogen 660/607nm and 295/284 nm, however the ultraviolet wavelength requires an
additiona correction for the ratio of 295/284 nm due to ozone absorption. Optical

extinction, which isameasure of the total attenuation of alaser beam due to scaitering
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and absorption, is obtained from analyss of the dope of the profiles of Raman scatter
return signals at 607, 530 and 284 nm, and the extinction is determined based upon
measuring the gradient of the signd relative to the dope expected for the number dengity
gradient of the neutrd amosphere. The neutral atmospheric dengity gradient can be

obtained from the LAPS temperature profile and surface pressure, or by usng alinear

atmospheric model, which is usudly accurate enough when the aerosol extinction is

large.
Table 3.1. Measurements made by the LAPS lidar ingtrument
Property M easur ement Altitude Time Resolution
Water Vapor 660/607 Raman Surfaceto 5 km Night - 1 min.
294/285 Raman Surfaceto 3km Day & Night-1min.
Temperature 528/530 Surfaceto 5 km Night
Rotational Raman 30 min.
Ozone 276/285 Raman/DIAL | Surfaceto between Day and Night
2and 3km 30 min.
Optical Extinction 530 nm Surfaceto 5 km Night
at 530 nm Rotational Raman 10to 30 min.
Optical Extinction 607 N> Surfaceto 5 km Night
at 607 nm 1% Stokes 10to 30 min.
Optical Extinction 285N, Surfaceto 3 km Day and Night
at 285 nm 1 Stokes 30 min.
Table 3.2. Characterigtics of the LAPS Lidar Subsystems
Transmitter Continuum 9030 -- 30 Hz 600 mj @532nm
5X Beam Expander 130m @ 266 nm
Receiver 61 cm Diameter Telescope Fiber optic transfer
Detector Seven PMT channels 528 and 530 nm -- Temperature
Photon Counting 660 and 607 nm -- Water V apor
294 and 285 nm -- Daytime Water V apor
276 and 285 nm -- Raman/DIAL Ozone
Data System DSP 100 MHZ 75 meter range bins
Safety Radar Marine R-70 X-Band protects 6° cone angle around beam
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Figure 3.1. Arrangement of the Telescope Receaiver of the LAPS Instrument. [Jenness,
1997]

The LAPS ingrument transmitter isaNd:Y AG laser, which is pulsed at 30 Hz,
with output power up to 1.6 J per pulse a the primary wavelength of 1064 nm. The laser
is hosted in a wesather-sedled deck unit dong withan optical receiver. The 1064 nm
wave ength is doubled and quadrupled to produce output wavelengths at 532 nm and 266
nm, with 8 nsand 5 ns pulses pulse widths and energesof 600 mJ and 130 mJ,
respectively. The beam is expanded with a 5X beam expander before transmission into
the aimosphere. Thelidar receiver uses a prime focus parabolic telescope, which focuses
the backscattered light onto a one millimeter diameter optica fiber. The opticd fiber
transfersthe sgnd to the detector box. The lidar recelver optics are shownin Figure 3.1.

3.1.1 Raman Lidar Telescope Form Factor

A lidar receiver collects light scattered from alaser-illuminated spot a afinite
distance. Figure 3.2 shows the profiles of the raw data Sgnds which demonstrate the
effect of overfilling of the fiber by the near fild image of the telescope at dtitudes below
800 meters. The recaiver subsystem collects the signd returning through the quartz glass
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window. A parabolic mirror served as a prime focus telescope and focusesthe signd into
the end of a Imm diameter quartz fiber. Thisfiber end is mounted on a computer-
controlled 3-axis postioning unit that permits remote aignment of the fiber on the optical
axis of the telescope.

In order to further reduce the background during daytime operation, an automated
field sop isingdled in front of the fiber postioning system to reduce the telescope field
of view. Thisfield stop can be moved in and out of place by a computer command at the
control console. After collecting the scattered return Sgnd into the fiber, the light is
passed from the deck unit to the detector box subsystem which is mounted on the back of
the control console.

A diagona mirror isrequired to tranamit the coaxid laser beam from the center of
the recalver axis. The diagond mirror produces asmal obgtruction in the centra zone of
collecting mirror. The Sze limitation of fiber reduces the detection efficiency of the
receiver system for neer fidd signasthat ovefill thefiber. It dso serves asafield stop
to limit the transfer of background light to the detector box. For efficient capture of the
convergent ray cone, the fiber’'s numerica gperture should be compatible with the
recaiver’s f-number, and this consderation determines the receiver’'ssize. In generd, the
image of alaser-illuminated spot will not be in sharp focus over the full range covered by
alidar sysem. Typicdly, whenthe fiber isat the infinity focus, thereis along-range
interva for which the blur disk is smal enough for complete capture. Thereisa
trangtiond range where blur disk is goproximately equd to the fiber diameter. For
ranges less than about 800 meters, the blur disk islarger than the fiber, and light fdls
outside the fiber cross-section. At the shortest range, the obstruction of the secondary
mirror further reducesthe sgnd further. Fgure 3.2 shows an example of the raw data
profiles for seven waveengths that demonstrate low dtitude overfilling below 800
meters. However, the telescope form factor can be determined and used to correct the

profile.
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Fi gure 3.2. Sample Raman Lidar raw return sgnds taken during the summer 99 NE-OPS
campaign.

We cannot smply increase the fiber 9ze to solve the problem. Aswe can see
from the above consderations, a smdler fiber further reduces the sgna from the shortest
ranges and the effect of the central obstruction becomes more severe. On the other hand,
the optica fiber cannot be made aufficiently large to diminate the neer field effect. The
limited the fiber cross-section is used to hdp improve the sgnd to background ratio at
the higher dtitudes.

The optics configuration and parameters of LAPS receiver system are shown in
Figure 3.3. The signd receiving efficiency is limited by the size of the fiber diameter (dy)
and part isdirectly blocked by the mirror used to position the laser beam (d;) onthe
receiver axis. Theoreticaly, the telescope form factor can be calculated depending upon
the system parameters given above and assuming perfect dignment of the opticad axis of
the system.
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Figure 3.3. (&) The optics configuration and parameters of LAPS receiver system; (b)
Locations of images near fidd and far fidd; f isthe focus distance (f = 1.53 m); dmisthe
diameter of the mirror (dm = 0.62 m); df isthe diameter of the fiber (df = 1 mm); d; isthe

diameter of the laser beam (d; = 47.5 mm); zisthe distance of fiber pogtion to the focus
poirt.
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We have both caculated the telescope form factor, and measured the form factor
during clear sky conditionsto aid in anadyzing Sgndsin the near fiedld. Thisandyss
generdly uses the andytica solutions derived from the measurements because that
provides aconsstent result. Thetheoretica caculaion is difficult to implement because
of uncertainty about the position of the fiber surface relative to the telescope focus. The
intengty of the return light is corrected by using a cdibrated telescope form factor.
Severd efforts to properly describe the form factor have been presented [Jenness, €.
al,1997, Measures 1992 pp 265-269]. A geometrical overlap correction method has been
tested and used to determine the form factor of the telescope [Jenness, et.al, 1997]. In
this method the overlap form factor is caculated geometricaly depending on theratio of
the laser focus areato the area of the receiving fiber. We have assumed the fiber position
is perfectly digned dong the central z axis and can be adjusted dong the z direction to
improve the reception. The comparison of fiber capture efficiencies of return Sgnd for a
range of different fiber z positions are shown in Figure 3.4.

Capture Efficiency
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Figure 3.4. Theoreticd caculation of fiber capture efficiencies for the relative position of

the fiber located a: -1 mm, 0 mm, 1 mm, 2 mm, 3 mm and 4 mm from the focd point
(minus corresponds to position shorter than the focal length).
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As shown in the Figure 3.4, the different curves of capture efficiency represent
different fiber positions on the centra axis. The curve with legend of —1mm represents
the fiber pogtion that is located before the focus point, and is closer to the collecting
mirror. At the point O mm, the fiber is positioned on the foca point, see the legend for
the other curvesin thefigure. At the focus point, where we initidly position the fiber
during the measurements, we begin to observe sgnd loss below 800 meters. If we
moved the fiber a bit behind the focus point, away from the collecting mirror, we obtain
better fiber capture efficiencies, as shown inthe curves a position 1 mm, 2 mmand 3
mm. However, there is atrangtiond range for which the laser-illuminated spot & far
fiddisequd to the fiber diameter. If we move the fiber further behind this trangtion
point, the light returned from far fidd fals outside of fiber and we cannot achieve
complete capture except for alimited range dtitude, asin the case of the 4 mm curve. In
conclusion, the fiber should be positioned 1-3 mm beyond the infinity focusto obtain
better capture efficiency and to reduce the telescope form factor distraction in future
measurements. One additional point to consider when setting up this pogition is that
lowering the dtitude of the capture point will aso rapidly increase the Sgnd intengty
and will require alarger dynamic range for the detection. Thus, the best arrangement in
al casssisonethat is stable and the position of the detector, or fiber, isonly very dightly
(~ 2 mm) behind the focd point. This condderation is aso important for optimizing the
dlowance for pogtion in x-y plane. The MATLAB program for theoretica caculation of
the telescope form factor is atached in Appendix A.

This geometricd method is difficult to apply for our LAPS system because it
requires the LAPS system to be perfectly digned on the axis of the transmitter and
receiver, or requires knowledge of the position. The approach is difficult because any
ghift in the x-y position during the system setup may cause a Sgnificant deviation of the
telescope form factor from the geometrical solution

To ease the problems in above solution, an experimenta gpproach has been
developed to obtain the telescope form factor [Li, et.a, 2000]. The experimenta
approach requires atime period with the weather conditions as clear and dry as possible.
Under clear conditions, where the aerosol extinction and backscattering are relatively
amdl, the laser return sgnd will closely approximeate the profile of the neutra density
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that vary exponentidly with the dtitude. We can model the expected lidar sgnd profile
when clear conditions exist to examine the measured profile shape relative to this smple
exponentid and then calculate the telescope form factor. This form factor can be used
during other periods when scattering is higher as long as the same instrument dignment

is maintained during an extended measurement program.  For the example data sets, we

selected such time periods (9:00AM on 20 August 1998 and 5:00AM of 10 August 1999)

to investigate the details of the telescope form factor. Usudly, summertime conditionsin
urban atmospheres are not very clear and dry, so we used our lidar water vgpor mixing
ratio measurement, which is not affected by the form factor, to select time periods that
are the most dry and clear. Additiondly, the chosen periods have a uniform water vapor
mixing ratio as afunction of dtitude, aswell as a smooth profile for the optical extinction
vaues, to diminate periods when subvisuad aerosols are present.

After the time period is chosen, the form factor can be cal culate by making use of
the fact that the extinction vaue will be uniform below 1 kmduring clear weather
conditions. The form factor has been used to correct the profile in firgt kilometer range
and the profile then used to obtain extinction profiles. The telescope form factor has been
examined and found to provide a sufficiently accurate approach for correcting lower
dtitudes of the verticd signd profiles. This approach permits calculations of the
extinction coefficient profiles from the ground through the troposphere. However, the
form factor must be recalculated when the instrument is transported or the dignment is
changed.

The experimentd fiber reception percentage is shown in Figure 3.5 where the
form factor results for several measurement programs are compared. The solid linesin
the figure represent theoretical caculations with fiber z position & 0 mm, 1 mm, 2 mm
and 3mm beyond focus point. In Figure 3.6, the form factors determined from severa

measurement programs are compared with the theoretical functions.
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Figure 3.5. Summary of experimentd fiber capture efficiency in percentage shown on log
scae and linear sce. Numbers were caculated from severa campaigns, induding
USNS Sumner, SCOS, Barrow Alaska, NEOPS 98, NEOPS 99, NEOPS 2001 and
NEOPS 2002.
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Comparison of Experimental and Theoretical Fiber Reception
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Figure 3.6. Comparison of experimental and theoretical fiber capture efficiency.

3.2 Scanning Micro-Pulse Lidar

The Portable Digitd Lidar (PDL) instrument is atwo wavelength, scanning, aerosol
lidar system. It comprises an optical transceiver unit, atripod and rack mounted
electronics. The transceiver houses two laser tranamitters at the fundamenta and doubled
waveengths of the Nd:Y LF laser and two detection systems. The signds are transmitted
and received using the same telescope. The instrument provides the backscatter sgndl
profiles a two wavelengths 1047 nm and 523 nm. The instrument is mounted on a
platform which can be used to scan horizontally and we used that capability to map the
arborne particulate matter. 1t has severa features that make it the ided instrument for
mapping the properties of dust clouds.

100
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The Portable Digita Lidar (PDL) insrument, which is manufactured by Science &
Engineering Services, Inc (SES) (http:/Aww. sesi-md.com) was used in the Cdifornia

Dust sudy. The primary objective of thisresearch activity isto conduct afield program
to characterize the fate (deposition and trangport) of PM emissions originating from
mechanica disturbance of the soil. The results from the PDL insrument were used to
determine the dengty distribution of airborne particles and measure the optical extinction
of dust clouds. The results have been used to infer the particle Sze and other properties
by comparisons with modd cdculations.

Table 3.3. Portable Scanning Micro-Pulse Lidar System Specifications

Portable Digital Lidar (Dual Wavelength with Scanner)
Operating Environment Controlled Indoor

Detection Range 30 — 60 km

Laser (dua wavelength) DPSSING:Y LF (523.5 nm/1047 nm)
Laser Control Remote Set or RS232

Average Energy VIS: >5 pJpulse NIR: >10uJpulse

Pulse Repetition Rate (pulse duration) 1 — 10 kHz (10 ns)
Cassegrain Telescope Diameter (F.O.V.) 0.2 m (- 100urad)
Detector APD Photon Counting Module

Scanning Mode Sweep or Stay and Stare

Horizontd Scanning (vertica swiveing) + 90° (0° - 90°)
Scanning Speed per sec Variable from 0.1/sec to 30/sec

Optica Transceiver Dimensions (weight) 33" x 147 x 12” (40 |bs)
Computer Desktop or Laptop PC

Software Windows 95/98 based software

Dua Multichannd Scaer (dimensions) Rack-mountable (19" x 14" x 77)
Data Averaging Time Adjustable from 1 sec to 1 hour

Range Resolution 30 m, 75 m, 150 m, 300 m

Figure 3.7 shows verticd profiles during the mid- afternoon obtained for the green and
NIR channels when the instrument was pointed at an devaion angle of 70°. The data has
been range corrected for 1/R? dependence but no other corrections have been applied and
50 the telescope form factor is quite noticeable for dtitudes below 1 km. The top of the
planetary boundary layer (PBL) is clearly evident in both the green and red channels.

The green 9gnd is large compared with the NIR signd as we would expect for the case
whenmost of the contribution is due to the scattering by smal particles. The shape of the
vertical scatering profile istha expected for awel-mixed amosphere that is rdatively
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clean but contains smal aerosols. The increase in the Sgnal versus dtitude is due to two
factors, the telescope form factor and the fact that hydroscopic particles grow larger as
the temperature decreases and relative humidity increases as a function of dtitude. Since
the optical scattering increases ~R° for small particles, we expect to observe more optical
scattering toward the top of the boundary layer, even amdl changesin sze can cause
dgnificant increase in optica scattering. The micro-pulse lidar results obtained during

the Cdlifornia Dust program will be discussed in Chapter 4.

Vertical Extinction Profiles
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Figure 3.7. Sample of MPL Lidar vertica profile from dant path measurement (dlevation
angle 70°) during period of afternoon convection shows the top of the boundary layer
near 1300 m.

3.3 Lidar Equation and Extinction Calculation

The LAPS instrument uses the molecular scattering properties of the speciesin the
lower amosphere to smultaneousy measure profiles of ozone, water vapor, temperature,
and optica extinction. The optica extinction profiles are obtained from the gradientsin
the vertica profiles of the rotationd Raman molecular sgnd (N2 and O2) at 530 nm, and
from the N2 vibrational Raman signals measured at 284 nm and 607 nm. The
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wavel ength dependence of the optica extinction measured from the ultraviolet and
visible channels can be used to interpret the variaions in the particle Sze didribution asa
function of dtitude for the aerosol components of the atmosphere, after removing the
known molecular scattering and absorption components. Also, these measurements can
be used to determine the air mass parameter and atmospheric optical depth of the aerosol
components.

In order to calculate extinction due to aerosols from Raman lidar measurements, an
agorithm has been devel oped from the Raman lidar equation [Measures 1992 pp 237-
281]. The Raman lidar equation can be written as,

P(l & 2) = Er(l 7)xr(l 7)x&(l R)——b(l o1 R) expe da(l r.z9+a( » z9]d %“ (3.1)

é o u

where z is the dtitude of the scattering volume dement, | T is the wavelength transmitted,
| risthe wavelength received, ET(l T) isthelight energy per laser pulse transmitted at
waveength | T, xT(l T) isthe net optical efficiency of dl tranamitting devices at
wavdength | T, XR(l R) isthe net opticd efficiency of dl recaiving devices at waveength
| R cisthespeed of light, t isthe time duration of the laser pulse, A isthe area of the
receiving telescope, b(l 1,1 R) isthe back scattering cross section of the volume element
for thelaser wavelength | T @ Raman shifted wavdlength | g, and a(l ,z) isthe

extinction coefficient at wavelength | at range Z. For vibrational Raman scattering, the
backscatter coefficient b(l T,I R) can be shown to be,

e T R"’g (329

Where Nj(2) represents the number dengity of speciesi, and iw\z isthe
differentiadl Raman backscatter cross-section of the vibrationd states of the gas of
molecular speciesi, The species, i, can be nitrogen, oxygen or water vapor depending on
the received wavd ength of the Raman sgnd from different species.

Because dl of the molecules of the lower atmosphere are distributed in the rotationa
gtates according to their temperature, the wavelength distribution of the rotationd sgnd
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has been used to measure the temperature profile [Haris, 1995]. For rotational Raman
scattering, the backscatter coefficient b(l 1,1 R) can be shown to be,

ids(l;,1g,p)0
b(l+.1¢.2)= N(2)j —;WR (3.2b)
1ds(l+,1gpP)0.
where N(2) represents the number density of dl the molecules, and | ———————= is

| dw
the differential Raman backscatter cross section of the rotational Raman shift at
wavelength | . The scattering cross-section for the rotational Raman sgna near the

maximum of the distribution of states, that occurs near 530 nm, is dmog independent of
temperature, and thusit provides an excdlent molecular profile to determine the optica
extinction [Philbrick, 1998, O’ Brien, et. a, 1996]. The LAPS Raman lidar isused to
cdculate optica extinction a several wavelengths, the 284nm and 607nm profiles are
derived from the Raman shift of nitrogen scattering from the 2" and 4™ harmoniics of the
Nd:YAG laser respectively, and the 530nm wavelength is from the rotational Raman
scattering of the 2" harmonic laser beam

Since the number dengity of nitrogen isawel known fraction of the amospheric
molecules, it can represent the number dengity of al the molecules in amaosphere. It
follows from equetion (3.1), (3.2a), and (3.2b) that,

F(z)N(z)u

| . 2)+a(l =—dn——— 3.3
a(l, 9 +a( 9= dn Sor 33
| r isthe Raman shift wavelength at 284, 530 and 607nm, N(2) isthe total molecular
number density, F(2) isthe telescope overlap function.

The extinction coefficientsin equation (3) can be written as,

a(l., 2+al 2=

(+.2+al 2 (3.4

a molsca(z) +a| aer- sca(z)_l_aI moLs.ca(Z)_i_aI aer- sca(z) +alTabs(Z) +alRabs(Z)

mol- sca aer - sca

wherea, (z2and &, (2) arethe extinction coefficients due to molecular and

aerosol scattering a the transmit and receive wavelengths, anda ** are the molecular and

aerosol extinction coefficients due to optica absorption.  The ozone absorption
coefficient is an important factor contributing to the total extinction caculation et the
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ultraviolet wavdength, 284 nm. Molecular absorption is consdered to be negligible at
the mid-visble wavdlengths, so the 530 nm and 607 nm sgnal's provide measurements of
the aerosol extinction. The largest absorption due to molecules a visble wavelengths is
due to the Chappuis band of ozone and its absorption typicaly lessthan 1% of the
extinction due to molecular scattering when the ozone density is 50 ppb.

The molecular extinction coefficients for 284, 530 and 607 nm are known from
the scattering cross-sections for N, and O,. The overlap function F(2) isequd to 1 where
the path of the beam is completely within the fidd of view of receiver, which isthe case
for dtitudes above 800 metersfor the LAPS instrument. If we assume awavelength
dependence of the aerosol extinction is proportion to 1/1 for typica haze, then,

aer

air _le (3.5)
I

aer
a R

The linear responseis afirst order gpproximetion to the aerosol waveength
dependence case for extinction measurements [Ansmann, 1992]. The aerosol extinction
coefficient at 530 nm then can be expressed by rewriting Equation 3.1 as,

igln N(z) u
dz g

P(Z)ZZH-aIT (Z)'a|R (Z)

1+ :—T (3.63)

aer _
a, =

R

d gln N(z) U

—é G- a,,
N dz g P(2)z°

where the difference due to the waveengths being at 530 and 532 nm are considered to
be negligible, so no assumption about the wavelength dependence of the aerosol scatters
isneeded in thiscase. The aerosol extinction coefficient at 607 nm can be written as.

Lo D V8 ™ @)-a, ™ ()

w  02& P(2)2°§ (3.6b)
' 1.88

The 607 and 530 nm wavelengths are widely separated. However, whenthe
extinction coefficient at 530nm isfirst determined, there is no need to assume a
waved ength dependence for the aerosol scattering, because the extinction at the tranamit
wavdength is then known and the extinction at the receive waveength isuniqudy



calculated [O’ Brien, et. d, 1996]. The rétio of the N2 sgnd a 530nm and 607nm then

provide a measure of the wavelength dependence of the aerosols. Thisratio can be used
to infer changesin size of the aerosol population, as a nepholometer measurement would.

For the 284 nm channdl, the absorption at the transmit wavelength inthe
ultraviolet region is sgnificant due to ozone absorption. To caculate the aerosol
extinction coefficient, we have developed a method to measure the ozone dendity profile
using the LAPS indrument. The total extinction coefficient at 284nm, which includes
aerosol scattering and absorption, can be approximated as,

d é N(z) u mol mol
—l - 2 T a
a @y 92 Sn P(z)z% g @ e (3.60)

'e 1.94

3.4 Ozone Calculation

Ozone profiles can be caculated directly from Raman lidar profiles by using lidar
equation. A DIAL (Dlfferentid Absorption Lidar) andyds of the Raman shifts of N
(284 nm) and O (277 nm), which occur on the steep side of the Hartley absorption band
of ozone, is used to obtain 0zone measurements. The Hartley absorption band of ozone
with the Raman wavdengthsindicated is shown in Figure 3.8. A measurement sendtive
to atmosphere ozone dengty is obtained by taking the ratio of vibrational Raman shift of
oxygen/nitrogen (277/284 nm) signds fromthe laser transmit waveength at 266nm. The
equations for the O, and N, Sgndls,

A € 2 u
P(l o,,2) = E(l e X (1 y66)X o ( 02)%—2b(l sorl 0,)0P6 da(l . 29+a(l,, 29ldzes  (3.78)
z g0 ¢
ct A

B ol )P dall g 20+a(l,, 29Kz  (37D)

P(l Nz,z) =E( 266)X(I 266)X NZ(I Nz)—
2 B

O N

72

&
areformed into aratio to perform the DIAL analyss using the rdaionship,
P(l,,2) X,(l5)N, (2ds (.1 é z U
(0,0 _%o(lo)No @0 Uanlo) (€2 (0 0 audl @g
P(l N27Z) XNz(l NZ)NNZ(Z)dS (I 2661 NZ) g 0 ¢!
Since the number dengties of oxygen and nitrogen in atmosphere are well known, we can

X (I 5,)Ng,(2)ds (I .|
02( 02)No, () ( z60:1 o) is aparameter defined by constant ratio of
XNz(l NZ)NNZ (2)ds (I x| N2)

consider that
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oxygen to nitrogen molecules and the system, represented by k Equation 3.8 can

system *
be smplified to the form,
P( .2 éz N

—:kwsteme(p“ da (I 021 Zg' a(l N2 Zg]dz(tl
P02 0 i (39)

E} z u (:e z u
:ksysteme(p(,(l daos(l ozaZg' aos(l NZ,Z(D]dZ(Y;IB(pG:L d:amol (I 02,2(9' Al (I NZ,Z‘D]dZGl:I
g0 B €0 ¢!

The number density of ozone within a scattering volume is caculated by removing the
difference due to molecular scattering and then differentiating the integrated ozone
number dengty,

[C(2)]=

dé a2 1 & 1 0,5 moll 1) S well c2)

u
—ark : : N
dzé gP(l v 2 ksyse"%(s ol n2) -8 o oz));) (S ool n2) =S ol 02)) (Z)E

Differentiating the integrated ozone dengty from Equeation 3.10 provides the

(3.10)

0zone concentration profile in parts per billion (ppb) at each dtitude after the first range
bin. Measurements of the surface ozone from a point sensor can be used to initiate the
caculation at the lowest dtitude and thus extend the profile to the surface. 1tis
interesting to note that the ozone result only depends upon the measured signd ratio and
the laboratory values of cross-section of the Hartley band. Thus the primary limitation on
the accuracy is the photon count leve of the return signd, which can be improved with
higher power laser and larger telescope. One example of ozone profile caculation result

isshown in Figure 3.9.
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Figure 3.8. Hartley band absorption cross-section of ozone is shown with wave engths
associated with the lidar’ s 266-nm transmission and its Raman: shifted waved engths
[Philbrick, 1998a, Inn, et. d., 1953].

LAPS Data 07/02/99 03:00 - 04:00 UTC
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Figure 3.9. Example of one hour integrated ozone density and differential ozone profiles
measured by LAPS on 07/02/1999 03:00 — 04:00 UTC, datais smoothed by 5 point

Hanning filter.
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CHAPTER 4

CA-Dust Measurement Campaign

4.1 Introduction

The primary objective of the Cdifornia Dust Study wasto carry out afidd
program to characterize the fate (deposition and transport) of PM emissions originating
from the mechanical disturbance of surface soil.  The program was undertaken
because of a mgjor discrepancy between the source estimate, and the measured mass of
0l particulate. The measured mass didribution istoo smal compared withthe
source estimates.  The results from the measurements were developed into a database
which can be used toinvestigate the properties of dust plumesfrom soils.  The tests
included locally generated dust dlouds to andyze optical scattering properties and the
depasition dgorithms for airborne particulate metter. T he resultsfrom this
experiment should hdpto resolve the existing discrepancy between the ambient
measurements and source inventories of PM.  The results from these measurements
indicate that the discrepancy is due to the much shorter atmospheric residence time for
the large mass particles than might be supposed from observing the optica scattering
of dust from a source region. The results show that the optical backscatter from a dust
plume provides smdl particle backscatters for amuch longer period than the larger
patice szes remain. Since the large particles contain mogt of the mass, the plume
image will indicate alarger source of particle mass than actudly exists. The opticd
measurement of backscatter and extinction together with madd smulations make this
interpretation understandable.

4.1.1 Objective
The objectives of the study are:
Generate and track arborne dust using lidar;
Use severd different soil samples and “ quasi-monodisperse’ particle samples
to determine the deposition rate of soils and particles for different aerodynamic
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Deveop dgorithms to characterize the dust trangport and fete.

4.1.2 Approach

Thetest plan included a one-week pilot study conducted in December 2000, and a
twoweek field measurement study in December 2001. The overal approach is to use
the dust generation and airborne PM measurement methods to characterize PM
emissonsand ther fate.  Processes consdered are those which are expected to be
sgnificant sources and sinks for geologic materid generated as PM plumes.  The
project was carried out in the test area @ the UCR agriculturd fidd site near the
Universty of Cdifornia-Riversde campus because the generation conditions could be
contralled. At thislocation, the eye safe backscatter LIDAR can be scannedwithout
interference or obgtruction over long paths to characterize the digtribution of
particulate matter. Tests are conducted by generating PM emissonsto smulate
emissions from vehicular trave on dirt roads and soll tilling operations. A series of
individua test runs were conducted with data collected using real-time measurement
methods.

4.2 M easurement Approach
Severa instruments used for the primary and supporting measurements were
transported to the UCR agricultural fidld site. After calibration and testing, a

coordinated measurement program was conducted.

4.2.1 Portable Digital LIDAR (Dual Wavelength with Scanner)

The Portable Digital Lidar instrument, which is manufactured by Science &
Engineering Services, Inc (SESI), is atwo waveength, scanning, aerosol lidar system.
The detall information anthis system hasbeen described in section 3.2.

4.2.2 High Resolution Photography
A hightresolution video camera (Sony Digita DCR-VX700) was mechanicaly

coupled to the lidar to document the distribution of the dust generated and to verify the



lidar pogtion. Images aretaken during each scanning test of lidar measurements.

The camera fdlows the path of the laser beam to provide aclear picture of the area
scanned. The scanning lidar with the camera is locatedat the typical position relative
to the upwind generation point. The scan coversaregion of about 10-30° on either

side of the centerline between the lidar and the generation point. Adigita

indinometer was mounted on the lidar to measure the devation angle of the beam and

its output recorded by the data computer.

4.2.3 Meteorological Sensors

Measurements for wind speed, wind direction, temperature, reative humidity and
solar radiation wereperformed routingly through thetest period  This system
induded an RM Y oung Type AQ wind speed and direction sensor mounted & a height
of 10-meters.  This system includes a propeler anemometer mounted with a wind
vane. The wind speed and direction signds are received once per second by a
Campbell CR10 data logger located at the base of the tower.

Temperature and dew point are measured using a power aspirated Climatronics
sensor system at a height of 3:meters on the same tower.

Solar radigtion is monitored usng an Eppley model PSP radiometer. In order to
locate this sensor where no shadows will pass over it, the radiometer is placed on a
mast extending southward approximately 0.5 meters away from the tower at a height
of three meters on the meteorological tower. The Campbell CR10 data logger |ocated
a the base of the tower also scars the Sgnal's from these sensors once per second.
The Campbell data logger processes the scanned meteorologicd data into one-hour
averages for the approximately two-month period that it operated prior to the study.
During the dust measurement campaigns, the data logger processes the collected data

into one-minute averages

424 Real-Time Point Monitors
An optical particle counter (OPC) is used to measure the particle count in sixteen

different Szeranges. The Szeranges (“bins’) cover arange from approximately 0.1
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mmtoa20 mm udng a Climet Modd CI-500 ingtrument, which measures the particle
count in the re-entrainment test chamber inred time.

Thermo Systems Inc. model 8520 DustTraké aerosol monitors are used to
monitor the PM concentrationsin the re-entrainment test chamber. Three DustTraka
instruments are used to measurethe light scattering intengity of the aerosols.  These
ingruments provide dataiin 2-second intervals usng inletswith particle cut points for
PMj0, PM2 s and PM;.

425 Integrated (Filter) Samplers

Two different types of PM samplers are usedto measure the “total PM” and

PM, . (those particles |ess than 2.5mm effective aerodynamic diameter). For “total,” a

sample is drawn to the filter mediawithout any Sze sdecting inlet. Thisfilter sampler
operates at 16.7 L/min using a needle valve to control the flow. For PM, 5 a Sensidyne

modd 240 cydone sampling instrument with aflow of 113 L/minis used to provide

the aerodynamic cutpoint. Filters used for both areringed “stretched” Teflon filters

(47mm diameter, 2 micron pore size Gelman Teflo’s), selected for their low tare weight,
meass stability and high collection efficiency at the sample flowrates planned for this

program.

Filter weighing is performed at CE-CERT’ s filter weighing facility. The facility
includes a room dedicated to filter weighing. There is approximately one cubic meter
filter equilibration chamber which is humidity and temperature controlled in the room.

A Cahn Modd C-35 bdance is contained in alaminar flow hood. The temperature
and humidity in the laminar flow hood and equilibration chamber are controlled to
25°C and gpproximately 40% RH. Filters are equilibrated for 24 hours prior to the
“blank” (prefield use) weighing and dso prior to the “after” fidd use weighing. The
baance used for filter weighing is cdibrated with a 200mg class M NIST-traceable
weight before and after each weighing sesson.

426 Soil Selection
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The soil usad for the“disking” (plowing) and “dirt road” dust generation portions
of this program is the indigenous soil a the UCR Moreno Valey Agriculturd Station.
The soils that were entrained into the amosphere using the centrifugd blower fdl into
two categories. The firg category includes soilsthat are typicd of those encountered
in agricultural activities, especially those in the San Joaquin Valley (SJV). In addition
to usng soil from the Moreno Vdley Agriculturd Station, soils from three other
Universty of Cdifornia Agriculturd Stations, located in different regions around the
SV weregathered to represent a cross section of soil types. A description of these
ilsisinduded in Teble4.1

The second category is reference materials. These reference “soils” was usad to
characterize mixing, transport and falout based predominantly on particle Sze. This
category indudes eight essentialy monodisperse “ soils’ and one polydisperse
indigenous test soil. The monodisperse “soils’ were dl calcium carbonate CaCOs.
CaCOs iswiddy used in the manufacturing of pgper and paint and is crushed and
ground to close tolerances for these manufacturing applications. CaCOszhasa
gpecific gravity of 2.7, which is amilar to thet of typicd soils. For these reasons,
using monodisperse CaCO3 as a surrogate soil dlows characterizing the mixing,
transport and fallout of soil as afunction of particle size. In order to aid in comparing
and correlating the findings of this program to others, one soil, Arizona Road Dust, that
has been used in many fugitive dust and dust entrainment studies was induded inthis
program. A description of these materiadsisincluded in Table 4.1.



Table 4.1 Descrintion of Soils (Main Study)

1Soil Code
1 CaCO03 with median particle diameter of 0.7 microns
2 CaCO3 with median particle diameter of 2 microns
3 CaCO03 with median particle diameter of 4 microns
4 CaCO3 with median particle diameter of 8 microns
5 CaCO3 with median particle diameter of 10 microns
6 CaCO3 with median particle diameter of 15 microns
7 CaCO3 with median particle diameter of 75 microns
8 CaCO03 with median particle diameter of 150 microns
9 Soil from UCR Moreno Valley Agricultural Station
10 Soil from UC Kearney Reseach Center, Parlier, CA; Hanford sandy loam
u Soil from UC Shafter Reseach Center, Shafter, CA; Wasco sandy loam
12 Soil from UC West Side Reseach Center, Five Points, CA; Panoche clay loam
L Alizona R0ad DUISE
4.3 Methods

4.3.1 Particle Entrainment System(Chamber)

A 10 meterslong resuspension chamber was constructed and used to dlow
measuring of the optica properties and settling times of the test soilsaswell asfor
lider measurements of the optica scattering of the various samples, and to provide
audit checks of thelidar. The particle entrainment test chamber shown in Figure 4.1
and Figure 4.2 was congtructed for these tasks. Fgure 4.1 shows a diagram of the
setup of the experiment. Fgure 4.2 show s pictures of the instruments and setup.
The enclosad chamber haswindow openings on both ends to dlow the lidar beam to
pass through without obstruction.  Three ports are located on the Sde of the chamber
at different locations in the front, middle and end of chamber to permit drawing a
sample from the chamber into red time integrating “point samplers’ (optica particle
counter, DustTrak® and “filter” samplers). A faurth port placed on the top of the
chamber dlowed introduction of dust samplesinto a blower that entrains the dust in
the chamber. “Window fan” blowers placed in the chamber help keep the particulate
matter entrained and maintain a homogeneousdigribution in the air.  Both end
windows of the chamber can be closed to ensure a sealed environment while the

“window fan” is on. Thewindows are opened after a brief mixing period to allow the



laser beam to pass through for measurements and to clean out dust samples between
tests. The 10-meter chamber in Figure 4.2 (b), was oriented to dign its axis with the
laser beam, which is directed from adistance of 560 meters away. Three DustTrak
ingruments, were used to monitor the particle concentration at the front, middle and
back end of the chamber with atwo second resolution.  The Climet particle
spectrometer shown in Figures 4.2 (¢) and (d) monitored the particles a the middle of
the chamber, near the location where the sample was blown into the chamber.

Figure 4.3 shows changes of backscatter signal as a function of time for dust inside
chamber during chamber Test #3 on December 19, 2001. The red signa has been
megnified by 10 times to make the comparison. The sudden rise of sgnd strength
indicates the time period while the chamber windows are open after dust particles are
blown into chamber. The fast drop in the red signd compared with the greensigna
represents the more rapid settling of the larger particles.

Dust Sample Tnput
|
LIDAR Chamber
:I R S B R R e G T PO b SO R W]_ndow |: E m ﬁ :|W]nd0w
Laser Beam / f \

| | |
Fan / Fan Fan \

UCR PM sensorl UCE PM sensor2 TUCR PM sensor3

}‘* ~ 560 meters 4’\‘* 10 meters 4‘{

Figure 4.1 Particle entrainment system schematic .



® ©
Fgure 4.2. (a) View of the east 9de of 10 m chamber, (b) Front (west) and north Sdes

of test chamber where samples are injected and measurements made, the chamber is
shown together with insrumented meteorologica tower, (¢) DustTrak optical scatter
ingruments and Climet particle spectrometer (16 channes - 0.5 to 10 mm).



chambear test &3, range bin 18, red times by 10
10 T T T

Finch of 70 micron
ozt frorm fledd

Relative Signal Intensity

10 ; f A
2750 2600 ZB50 2900 2550 3000 3050
Time (seconds)

Figure 4.3 Example of the lidar return signal as a function of time during a chamber
test shows the comparison of the 1046nm signa (red curve has been multiplied by 10
with the 523 nm signd (green curve).

4.3.2 Dust Generation and Test Scenario

Severd dust generation methodswere used to measure plumes on open ar paths
duringthe study. The primary dust generator uses a5 horsepower centrifugd blower
to generate adust cloud from the sdlected sample. Weighed amounts of selected
indigenous, preseved soilsand granulated materias of fine particle Szes were
introduced into the blower. The blower expek these particles horizontdly at aheight
of 1.5 meters. A second method of dust generation isto drive avehidein adraight
line gpproximately 100 meterslong or in tight cirdes (“doughnuts’) approximeately 30
meters in diameter.  Dust plume was generated on “ dtraight ling” sectionson a
hard-packed dirt road, also “straight lines’ and “doughnuts’ were generated on the dirt
fidd. The third method of generation indudes“disking” the field with a tractor
pdlingadisk implement in a sraight line goproximately 100 meters long.

The test scenario for the blower generated dust plume is shownin Figure 44

where the lidar instrument with the digital video camera mounted onitstop is observed
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intheforeground.  The dust generation equipment islocated about half way between
the lidar and the meteorologica tower used for these measurements.  The lidar was
used to automatically make near horizontal scans of the test volume while the elevation

anglewas st to avaue and could be adjusted manudly.

Figure 4.4. Thelidar with a digitd camera scans dust cloud generated by a blower, the
10 m tower is located directly behind the generator, and the target board can be seen in
front of trees on the far left

4.3.3 Data Summary
Pilot Study
For theinitid Pilot Study, the dust generation and measurement instruments were
setup on 13 December 2000. Measurements were made from 13 to 16 December
2000. Dust was generated and monitored during a total of twenty-two testing periods.
Ten second average meteorologica measurements, tracer gas releases and optica
measurements with digital video cameraand lidar were conducted during the testing
periods and meteorologica data continued until 18 Decermber 2000.



‘Main Study

Lidar measurements were obtained during the Main Study from 8 December 2001
to 19 December 2001. Dust was generated and monitored for atota of 134 testing
periods, which include 76 chamber tests for optical scattering investigetions.  Ten
second average meteorologica measurements, tracer gas rel eases and measurements

with digitd and video cameraand with lidar were conducted on severd days.

4.4 M easurement Results and Interpretation

The scanning lidar provides a unique opportunity to detect the digtribution and
evolution of airborne particulate matter. The optical signals from backscatter lidar are
the mogt sengitive way of detecting the airborne particulates because the signas from
accumulation mode and course mode particles have high scattering cross-sections for
the visble and near infrared wavelengths.  Little work has been donein the past to
take advantage of the scientific benefit that can be gainedfrom the application of laser
remote sensing techniques to invedtigate airborne particulate matter. The advantages
d opticd techniques aremany, owever, severa technical issuesneeded to be
conduded in order to achieve results thet can be properly interpreted. One chdlenge
for modding and interpretation of resultsis that the dasscd solutions from Mie
scattering theory begin to breskdown for irregular particle szes above about 1 mm.
The andlysis then requires more complicated mathematica solutions such as those
associated with T-matrix analysis, Monte Carlo calculations, or other techniques. The
andysisisfurther complicated by the range of different vaues for the complex index
of refraction for crusd materids. The larger vaues of the complex index of
refraction cause sgnificant absorption of the incident radiation and leadto an even
more complicated analysis. The ultimate goals of this project lead to the devel opment
of an empirica modd which would be able to predict the characteristics of dust
incdluding the settling rate and digperson, as well as the other factor s effecting on the
digribution of particles and ther arborne lifetime for the prevailing meteorological
conditions.
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4.4.1 CCD cameradata

The digitd CCD camera provides a ussful documentation of the sequence of
events during atest period. The images provide a time sequence showing the early
evdution of the doud and the pointing location of thelidar. Information on the
location and spatid extent of the dust cloud can be extracted from these images. In
Fgure 4.5, aset of example results are shownfor one of the tests that uses the scene
extraction techniques during the Pilot Study on 15 December, 2000. The spdtid
dimensions indicating growth or drift of the cloud can be extracted. It isaso possible
to determine the optica depth of the cloud rative to the background scene at times
and locations where the path is not opticaly thick. Figure 4.5 shows a time sequence
of CCD images of one of the tests compared with the corresponding images when the
background isremoved. This gives some indication of the way in which the digital
images areused to determine dispersion rates.

4.4.2 Lidar Vertical Profiles (Pilot Study, 2000)
Figure 4.6 shows an example of vertical profiles obtained duringthe pilot study on
13 December 2000 for the green and NIR channels when the instrument was pointed
on an devation angle of 70°. The data has been range corrected for 1/R* dependence
and trandaed to a vertica dtitude scae, but no other corrections have been applied.
The telescope form factor is observed distorting the profile at near ranges The top of
the planetary boundary layer (PBL) is clearly evident in both the green and red
channels. The green signal is large compared with the NIR signal as we would expect
whenmogt of the contribution to the scattering isfrom small particles. The shape of
the vertica scattering profileisthat expected for awel-mixed atmospherethat is
relatively clean, however, the low dtitude sgnd is distorted by the telescope form
fector.



Fgure4.5. Test 18 (12/15/2000 14:30) generate dugt with vehicle, thisistime
sequence of CCD images adong with the corresponding background removed images.
(8 14:31:37 (b) 143236 (C) 14:3249 (d) 14:33:14
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The increase in the signal versus dtitude is due primarily to the fact that the
particles grow larger by adding water as the temperature decreases at increasing
dtitude. Because the water vapor is uniformly mixed during the afternoon, the
relative humidity must increase as a function of altitude and that increase on relative
humidity causes growth in the size of the particles. The optical scattering
isproportional to ~R°® for particles which are smaller than the wavelengths, and we
expect that hydroscopic molecules will grow to cause more optical scattering toward

the top of the boundary layer.

Vertical Extinction Profiles

—_— 104 7nm
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13 Dec 2000 14:50 PST

Top of Boundary Layer
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Figure 4.6. Vertica profile (devation angle 70°) during period of afternoon
convection shows the top of the boundary layer near 1300 m.
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During the last couple of days of the testing period of pilot study, a Santa Anna
wind storm developed. Figures 4.7and 4.8 show the results from horizontal and
verticd profiles during the Santa Anna conditions on 18 December, 2000. Both sets
of figures show the effectiveness in dust being picked up by the wind shear near the
surface and then being distributed up to about 700 m altitude. The fact that the visible
scaitering Sgnd is so much larger than the red Sgndl indicates that most of the
scatering is associaed with particles smaller than 1nm.
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Figure 4.7 Horizontal scan profiles of raw data plots showing dust plumes were
generated by the large wind shear at the surface during the Santa Anna on 18 Dec
2000.
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Figure 4.8 Vertica profiles show dust plumes between surface and 700 m.  The raw
signals have only been range corrected and thus the signal at higher atitude appears
larger due to the effect of the telescope form factor (the red channel shows an
instrument artifact near 400 m).



4.4.3 Chamber Test Results (Main Study — 2001)

Fgure 4.9 shows an example of variation of lidar return sgnd after the sample
dust was puffedinto the chamber for Test #35 on 19 December 2001. Test #35 useda
0.7 um calcium carbonate (CaCO43) sample containing 800 mg of materid.  The raw

data has been range corrected and normalized to remove molecular scettering and the
telescope form factor.  As shown in the figure, astrong backscatter signd is obtained
from the materid in the chamber, which is located about 566 meters from the lidar.
The target board was placed behind the chamber, a a distance of 800 meters away
from the lidar. At time 07:42:00, the chamber was closed and the lidar signd is
blocked by the chamber.  And for that reason, we don’t have backscatter sgnd from
the target board, which is beyond chamber. One minute later, (time 07:42:56), the
chamber was opened and returns are obtained from both inside chamber and target
board. As shown in the figure, the dust injected into the chamber settles out rapidly
during the fird minute after the chamber was opened.

Figure 4.10 shows comparison of DustTrak PM measurementswith Climet
Instrument particle size dgribution on 19 December, 2001 during the severd tests
conducted in the early morning period 5:20-8.00PST. TheClimet PM result is
cdculated from sze digribution data and is shown in Figure 4.10 (a).  Since the
Climet spectrum was obtained during a one minute sample period, the DustTrak data
(obtained with a two second period) was averaged for the same one minute period to
compare with the vaue reported by the Climet instrument, and the Climet results were
integrated for particeslessthan 10pm.  The Climet Sze digribution ingrument has
the cgpability of measuring particle Sze concentrationsfor 16 Sze ranges from 0.7um
to 15um, and the results can be used to cal cul ate the integrated mass concentration of
PM 10 and PM2.5 for comparison with DustTrak PM measurements. An example of
the comparison isshown in Figure4.10 (8).  Figure 4.10 (b) showsthe linear
regresson comparison of the results in log scale from the average of the three
DustTrak PM sensors and the Climet PM. The corrdation coefficient is around 0.81
between the DustTrak and Climet measurements.  As shown in Figure 4.10 (@), the



comparison between these results was quite good and generaly agreed within 5%.

These ingruments are cgpable of measuring particles less than 20um (Climet) and
10um (DustTrak).
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Figure 4.9. The lidar return Sgnd at the visble wavdength resulting froma dust

sample of 800mg of CACQOs at size 0.7 um during Chamber Test #35 19 December
2001



Comparison of Dust Track PM measurements with Climet data
Dec 19 2001 5:20-8:00 PST
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Figure 4.10. Summary of aerosol chamber tests on 19 December 2001 5:20-8:00.
(8 Comparison of DustTrak PM measurement with Climet particle Sze didtribution
measurement, (b) Linear regression of averaged DustTrack PM measurement with
Climet particle Sze digtribution measuremen.

Examples of the particle size spectra are shown in Figure 4.11 from the tests using



200 mg CaCOg crush samples and different soil types measured on 19 December 2001.

It is apparant that the 0.7um sampleis an anomdy in this set because the observed
sgnd issmdl. The low concentration is aso observed in the DustTrak results which
show excellent agreement for the integrated mass density of particles lessthan 10 um
from the Climet instrument.  The lower particle concentration observed in the 0.7 um
testsis conggtent with the idea that we are experiencing aloss of the smdl particles
adhering to the plywood sdes of the chamber, and thus being immediately lost from
the volume as the circulating fans digtributed the sample in the chamber.
Examination of Figure 4.11 shows that the relative Sgna does change as expected for
the other Sze didtributions messured.
The results shown in Figure 4.12 provide the Climet particle spectra for the several
types of soils measured during the chamber tests. Soil samplesincluded loca sfted
field soil and soil samples from severd Cdiforniastes, including Shefter, Westside
and Kearney locations. In addition, the results from 2 and 10 um samples of CaCQOs,
and samples of standard Arizona Road Dust were measured, and the results are shown
in FHgure 4.12 1t is obvious that the CaCOssamples contain alarger reative
concentration of the smdler particles than do the soil samples. Also the Arizona Road
Dust contains a larger fraction of smdl particles than any of the other soil samples.
Examples of the particle Sze spectrum are shown in Figure 413 from the Climet
ingrument of the 0.7 um CaCOs sample. A two component log-normd distribution
has been fit to the measured spectrum.  Also, the chamber measurements of the 0.7
pm sample depicted in Figure 4.13 are shown in Figure 4.14 with distributions for both
mass dengity and number dengity. We used the particle spectrum shown in Figure
4.14 to cdculate the expected optical Signd and examined that case asthe larger
particle Szes are successvely removed from the digtribution in an andys's described
below. The two component log-normd digtribution fits of the particle size spectrum
fram the Climet instrument of the 2 um, 4 um and 10 um CaCOs samples are shown in
Figure 5.15, Figure 5.16 and Figure5.17, respectively. Noticethat the two
component log-normd digtribution has been shown in figures of each chamber tests.



These resultsfrom chamber testswill be used laier in the andlysis of field tests and for
constructing a mode for the settling of different size particles. Asresult of simulation,
the 9ze digribution modd for 10 um CaCOs sampleis very close to the modd for 4

pum. Thisis due to the larger than 10 um particles inside the chamber settle out in less
than 1 minute and is not detected by the partide sze instrument. However, this will

not take significant effect to our modding result because the larger Sze particles

contribute little to the scattering.

CaCO03 Size Distributions For Chamber Test
Data Measured by Climet Dec, 19 2001 PST
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Figure 4.11. The Climet spectrum of the particle counts versus particle sizefor the
severd samples of different Szesof CaCOs power that were tested.  Notice that the
0.7um caseis an anomaly (see text) and the other samples do show a change that
agrees with the increasing particle Sze in the samples.



Field Dust Size Distributions For Chamber Test
Data Measured by Climet Dec, 19 2001 PST
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Figure 4.12. The Climet particle Sze spectrafor the severd different types of soil and
powder tested are compared.
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Figure4.13 Thelog-norma digtributions for atwo component modds arefit to the
Climet instrument measured result for the 0.7 um sample of CaCOs.



Calculated Mass Distnbution From Climet
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Figure 414 The Climet spectrum for the 0.7 um sample of the CaCOsdust
corresponding to Figure 4.12 displayed as number density and mass density.
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ingrument measured result for the 4 um sample of CaCOes.

BiMormal Distribution for 10pm CACO3 Measured by Climet

Mumber Distribution
=)

—— Size Distribution

— First LogMNormal Mode

—— Second LogNormal Mode |}
«  Climet Data I

10 Num = 823500 <l 1/52/138) 51690 .o 1.059)0.7277)°

10°}
1

10 : _
10" 10" 10

Size in um

FHgure 4.17. Thelog-normd digributions for atwo component mode arefit to the

Climet

ingrument measured result for the 10 um samde of CaCOs,



The upper pand of Figure 4.18 shows the sgnd return from the closed end on the
chamber near 05:44, 05:50 and 05:55. When the chamber is opened, the lidar Sgnds
from scatter by from the dust in the chamber and from the target board are observed.
The fact that the return from the end of the closed chamber isless than the return from
the target board is due to the higher reflectivity of the white target board. Sincethe
chamber isonly 10 metersin length (corresponding to only 1/3 of one range bin), the
extinction Sgnd isrdaively wesk and the hardtarget return isthe only practicad way
to observe any extinction signd. Examination of the signds of the target board return
shows that the extinction corresponding to the dust path can be detected but the signal
iswesk. For example, the upper pand of Figure 4.18 a 05:51 (test #11) shows an
extinction signd corresponding to the same time as the larger return from the
backscatter signal. The lower pand of Figure 4.18 shows the three DustTrak
measurements (front, middle and back of chamber) together with the lidar signal return,
which has been normdized usng measurements of the clear amospheric path before
the test. Thelidar sgnd in the chamber is high before opening due to the back scatter
from a cardboard cover placed on the front of the chamber. The backscatter from the
dust is measured when the path is open, however the concentration within the chamber
volumeisnot sufficient to measure the path extinction in the Sgndl usng the target
board. A comparison of these three tests (#10 - #12) shows some difference in the
settling rate of thedust.  Theincreasein Sgnalswith increesng sample Szeiseesly

obsarved.



Dec 19 05:43-6:00 Chamber Test Green Signal Return
Test#10 (50mg 10um) Test#11 (200mg 10um) Test#12 (800mg 10um) CACO3
Data is Smoothed by 10 Seconds Intergration

| ~ Retum From Chamber ~ Return From Target |

Signal Intensity |
N
o
-y

. H\ |

NI b L

PP PP I PP LLE LS PP LSS
FFFFR PP LTS LPSSESS

Time

Comparison of UCR DustTrack & Lidar pec 19 2001 PST
Test#10 50mg 10um CACO3 Test#11 200mg 10um CACO3 Test#12 800mg 10um CACO3

[* ucr1 BUCR2  UCRS * Lidar|

100 i
E i
=) 1 Tdst 11
(7]
| \
5 3
: 3
£ :
2 r:‘.
z L7

0.001

AN S R SIS ST SN S SR SIS S T S SR S

Time (PST)

Figure 4.18. Chamber test measurements from Tests #10, #11 and #12 are shown.
Upper pand shows the raw signd returns from the lidar at the range intervas
corresponding to the chamber and the target board. The lower pand showsthe sgnd
from the DustTrak insruments and the normaized lidar return.



Ratio of the Red and Green Signal

The PDL Lidar uses two backscatter channels, one is thered signal at 1046nm, and

the second isthe green signd a 523nm. The ratio of the two return Sgnds isused to

investigate the concentration distribution and interpret information on the particle size.

Before comparing the results from two different wavelengths, the sgnd is
normalized to remove system parameters. Since the experiment is carried out in a
closad chamber, the Sgnd return of one range bin before the chamber can be used as
reference to normdize the signd. From the Lidar Equation in section 3.3 the signd

return from insde chamber can be written as,

P,z ) =Er(l D)xr(l T)xx(l R)%Zﬁzbu )expg 22‘;10 294z 1 (4.1
é o

o R

The normalized chamber return of the two waveengths are given by

Plc.z) _(z-d)° b(ls z)
P(l &,z - d) z®> b(lgz -d)

C

Rlc)= expl- 2a(l 5)d] @.2)

_ Plgz) _(z-d? b(gz) .
PN(IR)_P(IR,zc-d)_ . b(IR,zC-d)eXp[ 2a(l )d] 4.3)

where z represents the chamber pogtion, d isthe bin range, which is 33.33 meters for
thisexperiment. P(l ;,z.) ad Rl ,z-d) represent signd returns from chamber
and one bin range before, respectively. Thefactor exp[- 2ad] isthe atenuation in

onerange bin, and it is negligible in this case. Since the dust scatter result islimited

to the path in the chamber, b(l ;,z.-d) and b(l 5,z - d) can be first considered to

be dueto molecular scattering only. Notethat P (1 ) represents normalized signd.

Wehaveto normdize the sgnd to diminate the system sengtivity to different
wavdengths. Therefore, the scattering from different wavelengths can be compared
to study the optica properties of particles. Then the sgnd ratio of the two
waveengths can be thenwritten as,

Rle) _ b(l5.2) bl &) 4.4)
PN(I R) b(l R’Zc) bmol(I G)




Note that the ratio of molecular scattering coefficient W can be calculated by

moi\! G
Mie scattering theory, the valueis 16.

Theoretical calculation of the ratio of backscattering coefficient of 523nm and
1046nmisshownin Figure4.19. Since the dust samples are rather size distributed
spectraingead of single sizes, we gpplied Gaussan filter to smooth the result. If we
meade the assumption thet the Sgnd return path is dear, that is, only molecular
scattering occurred outside chamber, then the normalized signa ratio will be very close
to 1, when the chamber is clear. Thisassumption isnot possbleinthered world,
because fine mode particles will stay inthe air for relatively long time, and aerosol
scatering must be taken into account even outside the chamber.  Ratio of backscatter
bl ¢12) Drgrese 1 o)
b(l'¢:2) brgpeser (I 6)

aerosols outsde chamber have a uniform digtribution with particle size of 0.1um.

coefficient will be changed into We have assumed that the

The reference vaue Binotraer (I ) ,cdculated by Mie scattering theory, will changeto

Broreser (I )
approximately 6.11 according to the assumption we made. Th'ssecond assumption is
proved later to be successful for representing thered Stuetion in the chamber tegts.
The amulation result is shown in Figure 4.20.  Asindicated in thefigure, if only fine
mode aerosols (< 0.Jum) stay in the atmosphere, the ratio of the backscatter coefficient
of 523nm and 1046nm is about 1.5.

Thereaultsof theratio Rule) from chamber tests are shown in Figure 4.21.

N R
Here we have chosen the tests during the morning of December 19, 2001. The

different szes of CaCO 3 from 0.7um, 4um and 10um tests were picked for

comparison.  After comparing with the theoretica result in Figure 4.20, we can
obsarve the particle size change in the chamber as afunction of time.

In Test #35, 0.7 mm particles were released, the backscetter ratio gradudly
decreases from 15to about 0.5.  After rleasing, the particles starts to settle out, the



backscatter ratio gradually increases back to 1.5.  If we compare it with the curve of

the backscatter ratio in Figure 4.20, the value 1.5 represents a clear chamber, that is the
time we sart rleasing.  The vaue increasing from 0.5 to 1.5represents the chamber
clearing process and indicates that thelarger particles, for example, thiswould be the

case whenthosein the 0.3nm to 1 nm range, sattled out and only samdler Szes (<

0.3um) remained in the chamber. The corrdation of the ratio with the particle Sizes

can dso be obsarved in Test #9, Test #11 and Test #6, which are 4nm, 10 nm and

2 mm Size reeases, respectively.  In Test #9, 4 mm particles were released, the

backscatter ratio gradualy decreases from 1.4 to about 0.4, then increases to around

0.7 and gay in thisvauefor severd minutes  In Test #11, 10 rm particleswere

released, the backscatter ratio gradually decreases from 1.5 to about 0.7, then suddenly
decrease to the value below 0.1 after about 4 minutes. However, it is very hard to tell
whether this decrease (< 0.1) isdueto the larger Sze particles were observed, or off
adignment of the laser beam. InTest#6, 2 mm particles were released, the backscatter
ratio gradually decreasesfrom 2.5to about 0.5. We notice that the backscatter ratio is
around 2.5 instead of 1.5 before release when the chamber is clean. Thiscould be due
to a problem when normdizing the sgnds caused by the assumption thet the aerosols

outside chamber have a uniform distribution with particle size of 0.1um. The value of
thenormdized backsceatter ratio for clear chamber will be larger if larger Sze particles

exig outsde chamber. During Test #35 of 0.7 mm release, the ratio increases back to

1.5 after around 4 minutes, that indicates the deaning out procedure of released

paticle.  However, the particle settling out procedure can not be observed during the

other tests of larger sizereleases.  Thisis consstent with the idea that the small

particles adhere to the plywood sides of the chamber, and thus being immediately lost
fromthe ingde of the chamber.
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Gaussan filter assuming that there are fine mode aerosolsin the optica path.
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444 Dust generation test results
Pilot Study

The measurements from the tests performed duringthe pilot study have been used
for a paticularly interesting invedigation.  Fgures 4.22 shows an example of the
measurements from the two wavelengths, which display the result of the backscatter
and the extinctionof Test #4 which was 5 kilograms of local soil. The total amount of
backscatter and extinction passing through dust plume can be obsarved, asillustrated
in figure. The backscatter is larger for the red channd and the extinction is larger for
the green channel. The fact that such striking differences exist provides support of the
ideaof usng the lidar datato describe and characterize the changes in the digribution
of arborne particulate matter.

It is generally difficult to obtaining quantified extinction profiles from signals of a
backscatter lidar. However, the dust plume was tracked successfully by lidar and the
tota amount of keckscatter and extinction d the plume can be observed, as shown the
Figure4.22. It isvery important to quantify the tota amount of both backscatter and

extinction, because the combination can be used in describing the particle properties in
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dust plume, and the result can be compared with mode smulaion. To better serve

this purpose, the data has been normdized by referencing to the measurements of the

clear aamospheric path just before the test, whichisshown in Figure 4.23. There are

two reasons that we need this normalization.  First, the initial molecular scattering and
aerosol scattering from the optica peth isremoved, and second, the effect of the

telescope form factor isremoved  Thefact that the dust generator location is actudly

within the neer fild of opticd path adds to the importance of thelast point. Al the

lidar data analyzed for the dust generation tests have been normalized the same way for

comparing with modd Smulation results.
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Fgure 4.22. Examples of the raw data profiles from the lidar at the visible and NIR
wavelengths during Test #4 on 14 December 2000 show the backscatter and extinction
d dugt plume at arange of about 500 m.

71



12152000 00029 green channel 2 599degree

1
— 1625905 |
—_ EEET |-
— 15347

16:31:4% |1
— 18:32:33
16:32.59

Foure4.23 Example of data processng to quantify the total amount of backscatter
and extinction.

Examples of themodd simulations show various features of the optical scattering
from the generated dust cloudsin Figures 4.24, 4.25and 4.26. The cdculdionsin
Figure 4.24 show the differences in backscaiter and extinction sgnds as a function of
thedengty of 20nm particles. The cadculation Smulates a 200 mthick uniform dust
cloud and provides vdues a 30 m intervas, which is same as the bin sze of the lidar
measurements. The upper panels show the calculations for the two wavelengths when
the complex index of refraction is negligible and bottom two pands show the same
cases when the complex index of refraction value is similar to that absorption expected
for crustd earth samples It isimportant to notice that the extinction only depends on
the concentration of particles and not on the wavedength or asorption. However, the
backscatter does depend strongly on the wavelength and on the complex index of
refraction, but it does not depend on the particle density except for the amount of
extinction when passing through the dust plume.

The cdculaions shown in Figure 4.25 demondtrate thet the backscatter intengty
dependance on the particle sze. The rdatively larger backscatter for the NIR



wavdength is expected based upon the fact thet the longer wave ength dlowsthe
particles to remain longer in the Rayleigh scattering range, where the cross-section
dependence is proportiond to r°. Increesing the particle size increases the
backscatter up to the point where the extinction from scattering loss results inan
optica thickness that reduces the backscatter sgnd.
The amulation results showing more details of the dependence of the backscatter

on the absorption due to increasing complex refractive index for the two wavdengths,
and for different particde number dengtiesare providedin gppendix D.
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Figure4.24. Simulation mode of the scattering from 10 mm dust showing backscatter
and extinction expected for both wavelengths at severd different particle

concentrations in the upper pands. The two lower pands show the same resulits,
except they show dependence on complex index of refraction typicd for austa
materids.
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Fgure4.25 The cdculaions of the backscatter and extinction for the two
wave engths depending on the particle size. The upper pands show vaues for
particle concentration of 10" m™ and the lower panels show values for particle
concentration of 16° m>,

The results from the pilot Sudy have provided many interesting examples of
backscatter and extinction that can be examined in the context of the smulation
cdculations above.  The more difficult task is to use the fild measurementsto
andyze the inverse problem and describe the particul ate matter properties from the
scatering profiles. The definitive solution of this latter task has begun, but it is
beyond the scope of the present work. The present god is to show how several tests
can be interpreted with reference to the model smulations. Cases which represent
smdl paticle and large particle Szes are compared. The gppendixes provide many
other supporting results and a series of tests that were conducted.
The results shown in Figure 4.26 show the large range of changesin backscatter
and extinction from changes in the concentration of particles during the generation of a
very densecloud from a spinning tire of avehide moving donga50 mlong
North-South line.  Theresults are plotted relative to the profile immediatdy before
the test to show the dust characteristics more clearly. During the 45 second
generation period, the extinction increased and then rapidly decreased again asthe
larger particles settled quickly, and the fine particle component is observed for a longer

period of time. The smal particle component is observed to continue to drift to
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longer range while the larger particles, which are responsible for most of the extinction
have sdttled out of the plume.  If we compare the backscatter at around with the
smulation result in Figure 4.25, it suggedts thet the observed scattering feature is due

to relative large amount (> 107 /m3 and < 108 /m3)of large size particles (>10nm) in
thear.

a1 03 [E] o [T

Figure 4.26. The backscatter and extinction at both visible and NIR wavelengths

resulting from vehicle generated dust between 14:32:00 and 14:32:45 during Test #18
on 15 December 2000.

The result in Figure 4.27 shows asmdl puff of about 0.5 kg of seved dirt from
the fiedd. The @ and +10° azimuth directions show the drift of the dust cloud to the
right in the background wind. The feature a 450 m at +10° azimuth isdueto

scattering from arow of scrub bush and the —10° azimuth plots show that no changeis
observedaong a clear path. If we compare the backscatter at around 280m a (°



azimuth angle in Figure 4.27 with the smulaion result in Figure 4.25, it suggests that
the obsarved scattering feature is due to small amount (< 107 /m3) of fine particles
(<Imm) intheair.

Figure 4.28 show sthe backscatter and extinction from the white powder
(cacium carbonate) from Test #7. Because the amospheric condition is very stable
and calm during this test, we can set thedirection of laser beam staring through the
generated dust plume without scanning, which is better for studying the dissipating and
settling procedures. The scattering pesks in both red and green signds at about 500
meters are due to scattering from arow of scrub bush, the scattering peaks at about 250
meters are due to generated dust plume. The result showing here is very interesting
because the procedure of settling out of larger Size particles can be dlearly observed.
We compared with the Smulation resultsin Figure 4.25. The larger Size particles (~
10mm) which are responsible for most of the extinction settled out in 40 seconds,
however, the smdler size particles (between 1mm and 10 mm), which contribute to
most of the scattering, will Say inthe ar for severalminutes.  The decrease of the
backscater Sgna after one minute is elther due to the scaitering from the fine mode
particles (<1 mm), which will gay in the aamosphere for alonger time, or dueto the
scattering from the disspated larger Size particles.
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Foure 4.27. Results from Test #1, which was from asmdl puff of about 0.5 kg of
seved dirt from the field. The @ and +10° azimuth directions show the drift of the
dust dloud in the background wind. The feature a 450 m a +10 azimuth is due to
scattering from arow of scrub bush and the —10° azimuth plots show that no change is
observedaong a dear path
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Figure 4.28. Results from Test #7 show the backscatter and extinction from the white



powder (cacium carbonate).

Main Study
Thefidd test scenario of the main study is smilar to the fidd tests conducted
during pilot sudy, which has been described in Section4.4.2  The primary results
will be described using example which focus on the tests conducted on the morning o
19 December, 2001, because an interesting data set was obtained during this period
when the amospheric conditions were very sable. Therefore, it gives us a good
opportunity to sudy the settling rate and transport of the generated dust plumeand
providesa much easier case to condder in comparing with the modding caculaions.
In those tests, the lidar was set up and pointed to stare through the dust plume, at a
height of about 3 meters above the ground. Additional measurements are presented in
Appendix.
Figure 4.29 show's results of the Sgnd returns from visble and IR wavelengths
from Test #44 on 19 December, 2001, which was from a puff of about 600 gof 0.7 nm

CaCO3. Thedatahasbeen normalized by reference to the measurements of the clear

atmospheric path just before the test. It is easier to use normalized signal in modeling
cdculaions because the normaized sgnd shows only the rdaive intendty dfference
of the dugt plume relaive to the clear aamosphere.  Also, the telescope form factor
from near field is removed by noemalizing the signal. B oth the visible and IR returns
show that the extinction from the dust plume decreases rpidly while the badkscatter
changes rdatively dowly for a range of concentrations  The resulltsin Figure 4.29
and Figure 4.30 show the changesin therelative effects of backscatter and extinction
change as afunction of time during the test. Notice that drift in position, and the rapid
changein the extinction relative to backscatter denotes the settling out of larger
paticles Figure 4.31showsthe 3D contour plots of the sgnd returns from this
same test. The 3-D plots are very useful for showing the dust plume evolution on the
opticd path asafunction of time.
We have compared the results of Test #44 with results from modd cdculaionsin

Figure 4.2 Inour amulation, we assumed that the dust plume is generated a the
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same location of the field test (dust generation location) with known thickness dong

opticd path. The different particle Szeswere truncated to smulate the loss of larger
particles by settling from the optical path, step by step. The dust plume density can be
caculated from the release Size of the test and assumption of the volume of the plume.

The simulation return signals from IR and VIS wavelengths were calculated using Mie
scattering theory and compared with lidar results. The Smulation results show a

remarkable agreement with the measurements.  In the andysis of chamber tests of

Section 4.3 8, we have developed two-lognormal size distribution for 0.7 mm particles,
which are shownin Figure 4.13 and 4.14  This Sze digtribution mode was used to

describe therdeasein Test #44.  The two-lognormd Sze didtribution modd is

described by:

a%n(r)+1 1020 aén(r)+02670 O
N(r) = F><910960 et 0578 0 U3 rel 1 0 T (4.5)
e a

where r represents particle size, F is a constant factor which is determined by density
of dust plume relating to the release size. The factor F was chosen to make the
amount of backscatter and extinction align with the experimental result, and is a crude
edimate of the Sze of the dust plume.

Figure 4.32 shows the smulation result for Test #44. The amulation scenariois
asfollows: the dust plume is generated at the same location of the field test; the dust
plume thicknessis about 10 meters aong opticd path. In discrete Seps, the particles
with szeslarger than 5 mMm, 1mm, 0.9mm, 0.8 nm and 0.7 nm are successvely
removed from the dust plume, respectivdy, to represent the settling out of the larger
masspaticles The cdculated 9gnd esimatesareshown in Figure4.32 As shown
in thefigure, the backscatter remains reaively condant till the smallest sze of 0.7
mm particles were removed from the plume, but the extinction drops veryrapidly as the
gzes larger than1 mm particles were removed. Comparing the analyss of the
smulaion results and the backscatter and extinction results in Figure 4.30, we
conclude that the larger particles (> 1 mm) settled out in 100 seconds, but it takes about

250 seconds urtill the fine particles (~ 0.7 mm) settle or are transported out of the range.



It is very interesting to compare our result of settling rate with the result from particle

settling rate by Sainfdd, which isshown in Figure 2.2, [Sanfdd and Pandis, 1998].

If we assumed a 1 meter range in our mode, it takes about 1 hour for large particles

(abovel mm) to sttle out of range from Seinfeld’s model, which is much longer than
wefind. However, wind effect, turbulence and other atmospheric mechaniss are not

conddered in Seinfeld's model, and soil coagulation is difficult to estimate.
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Figure 4.30. The backscatter and extinction from dust plume & the visible wavelength
are function of time from Test #44 on 19 December 2001 for 600 gof 0.7 nm CaCOg3.
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Figure 4.3L. 3-D Contour plots of signal returnsfrom (a) visible channel (b) IR channel
from Test #44 on 19 December 2001, for 6009 of 0.7 nm CaCOg3.
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FHoure4.32. Modd smulation results based upon truncation of particle spectrum
from Test #44 on 19 December 2001, for 6009 of 0.7 rm CaCOs.

Simulations for 4nm and 10 mm releaseswere aso carried out which show dose
correspondence to the experimentd data.  Figure 4.33 showsresults of thereturn
sgnds from visble and IR waveengths from Test #45 on 19 December, 2001, which

was from asmall puff of about 600 gof 2mm CaCO3  FHgure 4.34 showsthe

varidion in backscatter and extinction as a function of time during the same test.

Figure 4. 35 shows the 3D contour plots of the signal returns from the Test #45. Also,
the results of Test #45 are compared with resultsfrom modd caculaions.

Two-lognormd sze digtributions were developed for 4 mm particles, which are shown

in Fgure4.16. The lognormd size didtribution for two mode Sizes, which represent

the less than 10 mm particles and the fine particle powder, are used in the modd as

follows,

adn(r)+1097o aen(r) 06160 O
N(r)=F x9102700 st 107 0 481970 %t 09T i (4.6)
e 7]




Fgure 4.36 showsthe smulation result for Test #45. The dmulation results
provide an excellent way of interpreting particle size information when comparing
with thefidd test results.  We have set up the smulation scenario so that the dust
plume is generated at the same location as the field test and the dust plume thickness is
chosen to be about 10 meters along the path. In discrete steps, the particles with sizes
larger than 10 nm, 5 nm, 2mm, 1mm and 0.6 nm are sequentiadly removed from the
dusgt plume to smulate the sttling out of the large particles.  The corresponding
signal returns are shown in Figure 4.36. As shown in the figure, the backscatter signal
remains amost constant until the 0.6 mm particles were removed from the plume.
However, the extinction drops rgpidly when larger particle Sizes are removed.
Comparing the andlysis of the smulation results with the backscatter and extinction
resultsin Figures 4.33 and 4.34, we conclude that the larger course mode particles
(above 5 nm) settled out in about 20 seconds, but it takeslonger about 100 seconds
until the fine particles sdttle or trangport out of the range.
Fgure 4.37 shows results of the sgnd returns from visble and IR wavelengths
from Test #43 on 19 December, 2001, which resulted from asmall puff of about 600 g

of 10mm CaCO3. Figure 4.38 shows the change of backscatter and extinction asa

function of timeduring the same test. Figure 4.3 showsthe 3-D contour plots of the
sgnd returns from the Test #43.  Also, we compared the results of Test #43 with
results from modd caculations, twelognormd size digtributions were developed for
10 rm particles, which isshown in Figure 4.17.  The lognormd size digribution for
two mode szes, which represent the 10 mparticles and the fine particle powder, are
used in the modd asfalows,
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Fgure 4.40 showsthe smulation for Test#43.  The backscatter sgnd dropsfast
due tosmdl amount of fine mode particles in the atmosphere relative to the larger
particle Szes used in this test and this Smuldion result isimportant on interpreting
particle Sze information when comparing with the fidld test results.  We have set up



the Smulation scenario so that the dust plume is generated at the same location asthe
fidd test and the dust plume thicknessis chosen to be about 10 meters dong the peth.
In discrete Seps, the particles with szeslarger than 10 nm, 5 mm, 2nmm, 1 mm and 0.6
mm areremoved sequentidly from the dugt plume to smulate the settling out of the
largepatides.  The corresponding return Sgnasare shown in Figure 4.40. As
shown in the figure, the backscatter and the extinction both dop morerapidly asthe
particles of size greater than5mm were removed This is different from previous two
casesand isdueto the large particle Sze of this release, not so many smdl particles
remained after the course mode particles settled out.  Comparing the andlysis of the
smulation results and the backscatter and extinction resultsin Figures 4.37 and 4.38,
we conclude that the larger course mode particles (above 5 mm) settled out in about 50
seconds.

The model simulatiors in Figure 4.32, 4.3 and 4.40 represent the release of 600 g

of CaCOgof different Szes0.7 mm, 4nrmand 10 nm.  The modd caculations

demondrate that the backscatter and extinction intensity depend on the particle Size,
athough the same mass density is assumed on optical path.  The rdative larger
backscatter and smdller extinction are expected for 0.7mrdease. Theincreasein
particle Size increases the extinction and decrease the backscatter intensity with fixed
mass dengty. During 10 mmrelease, the smulation shows the backscatter drops
dramaticaly when larger size particles settle out of optica path. Thisis expected
because mogt of the mass dengty fals out of the plume asthelarger Size particles

sHtle.
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from Test #43 on 19 December 2001, for 6009 of 10 mm CaCOs.
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Test #43 on 19 December 2001, for 600 g of 10 mm CaCOs.



4.5 Summary
In this chapter, we andyzed the lidar data of dust scattering from CA-Dugt
campaign and made comparison with mode smulations based upon Mie scattering
theory Lidar data was compared with measurements by other instruments. The
ratios of the backscatter signal from green channel (523nm) and red channel (1046 nm)
were sudied to investigate the particle characterigtics in artificid plumes of dugt thet
we released into the amosphere.  During chamber test, partide Sze digribution
models were congtructed and used later to study the sattling rate of different Szes of
the dust particles. Modd smulation results provide an excellent way to understand
the Sgnd variaions measured by lidar. It has been observed in our study thet the
larger particles, which contain most of the PM mass, settle out of the air fairly quickly,
however, the fine particles that contribute primarily to the backscetter remain
sugpended much longer.  The results suggest that the rapid deposition of PM 10
particles, and the relatively longer residence time of the optica plume associated with
gmdl particles (< 2m), may have led to overestimates of emisson flux in the particle
meassin plumes. This could explain the mgor discrepancy between the source

estimates and the measured mass of soil particulates.






CHAPTER 5

NE-OPS M easur ement Campaign

5.1 Introduction

The NARSTO-N E-OPS (North American Research Strategy for Tropospheric
Ozone - North East - Oxidant and Particle Study) isa project dedicated to the
investigation of the sources of chemica pecies and particulates during atmospheric
pollution episodes. The program includes the instruments that are most useful for
describing the evolution of pollution events and examining the contralling influence
of loca meteorology on the distributions of particul ate matter and chemica speciesin
the lower atmosphere. Loca and regiona meteorologica factors are keysin the
development and dissipation of pollution events since they greetly influence the
formation of both aerosol particles and ozone. Digtinguishing between the loca and
regiond sources that generate pollution episodes isimportant when considering
emissions contral regulations. The vertica and horizontd trangport of pollutants,
which ismainly controlled by meteorologica dynamica processes, is essentid in
describing population exposure and risk. The NARSTO-NE- OPS research program’s
gods are to address these issues by providing measurements of atmospheric
properties and processes that can be used for testing and development of atmospheric
pollution models. The lidar technique has the capability to provide real-time vertica
profiles and time- sequence plots of atmospheric properties. The lidar is most useful
for invedtigating the vertical and horizontal structure of the amosphere. The research
effort benefits from the wide range of measurements that are possible from the
collaboration of anumber of universities and agencies. The measurement campaigns
have benefited from the opportunity to bring together the instruments and research
capabilities of a number of investigators. The participants and their contributions are
shownin Table 5.1



Table5.1. Lig of Investigatorsin the NARSTO-NE- OPS Program

August 1998 NARST O-NE-OPS Campaign

Penn State University - Russdl Philbrick

Raman Lidar - Profiles of Specific Humidity, Temperature, Ozone, Optical Extinction (285,
530 and 607 nm)

Millersville University - Richard Clark

Tethered Balloon - 100 m3 - 10 hr aloft with sensors at surface, 100 m, 200 m, and 300 m
AGL
1) Personal Environmental Monitors (PEMS) 4 each - 4 L/min dry PM 10 hr sample
2) Diode laser scatterometer (Dust Traks) 1.7 L/min continuous data
Tethered Balloon - 7 m3 - up/down scan to 300 m each hour
Meteorological properties: T, D, RH, wind speed and direction 1 m vertical resolution and Og

Surface Measurements - O3 and meteorological data

Meteorological Data Archive - Radar, Satellite Images, Surface Observations, Upper air data,
ETA/RUC model output

Harvard School of Public Health - Petros Koutrakis and George Allen

Mass density of particulates. PM1, PM2.5, PM10, aerosol-size, EC/OC, sulfate, nitrate, toxics
Harvard University - Bill Munger

NOy concentrations and fluxes are used to infer the rates for NOx oxidation and deposition.
University of Maryland- Bruce Doddridge and Bill Ryan

Instrumented Aircraft Cessna 170: GPS, Ozone, Carbon Monoxide, temperature, humidity
probe

Ozone and PM event forecasting, description of interesting episodes and meteorological
modeling

Drexel University - Steve McDow

Organicsin PM2.5 with GCMS analysis. non-polar components (alkanes, PAH), acids and
diacids.

Polar Organics for GCM S with derivatization using PM10 with composite samples

June-August 1999 NARST O-NE-OPS Campaign

Penn State University - Russal Philbrick
1) Raman Lidar - Profiles of Specific Humidity, Temperature, Ozone, Optical Extinction (285,
530 and 607 nm)
2) Radar-RASS - Wind veocity, Virtuad Temperature
3) 10 m Tower - Temperature, dew point, relative humidity, wind velocity, wind gust, solar
flux, atmospheric pressure, precipitation
Millersville University - Richard Clark
Tethered Balloon - 100 m3 - 10 hr aoft with sensors at surface, 100 m, 200 m, and 300 m
AGL
1) Personal Environmental Monitors (PEMS) 4 each - 4 L/min dry PM 10 hr
integrated sample
2) Diode laser scatterometer (DustTraks) 1.7 L/min continuous data
3) VOC - Micro-orifice vacuum canister at surface and at 300 meters, 10 hour sample
with GC/MS lab analysis
Tethered Balloon - 7 m3 - up/down scan to 300 m each hour
1) Meteorological properties: T, D, RH, wind speed and direction 1 m vertical
resolution
2) O3 by KI oxidation method, 2-3 second time resolution (1 meter atitude)

Surface Measurements - Og and meteorological data
Meteorological Data Archive - Radar, Satellite Images, Surface Obsavations,
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Upper air data, ETA/RUC modd output

Harvard School of Public Health - Petros Koutrakis and George Allen

Mass density of particulates. PM1, PM2.5, PM10, aerosol-size, EC/OC, sulfate, nitrate, toxics
Harvard University - Bill Munger

NOQy concentrations and fluxes are used to infer the rates for NOx oxidation and deposition.
University of Maryland- Bruce Doddridge and Bill Ryan

Instrumented Aircraft Cessna 170 and Aztec: GPS, Ozone, Carbon Monoxide, temperature,
humidity probe

Ozone and PM event forecasting, description of interesting episodes and meteorological
modeling

Drexel University - Steve McDow

Organicsin PM2.5 with GCMS analysis. non-polar components (alkanes, PAH), acids and
diacids using Hi-Vol 24 hour sample

Polar Organics for GCM S with derivatization usng PM10 with composite samples
Brookhaven National Laboratory - Peter Daum, Larry Kleinman, Yin-Nan Lee, Stephen
Springston

DOE G-1 Instrumented Aircraft - particulate and gas-phase chemistry

Brigham Young University - D. Eatough

Measurement of particle volatile mass component and identification of volatile species with
RAMS and PCBOSS

Pacific Northwest National Laboratory - C. Doren, J. Allwine, J. Fast, C. Berkowitz
Radiosondes - Pressure, temperature, humidity 0-15 km at Philadelphia, Radar-RASS
instrument at West Chester, 12 ozonesondes a Philadelphia

Argonne National Laboratory - R. Coulter, J. Gaffney, N.A. Marley

Radiosondes, SODAR and Chemistry Laboratory at Centerton NJ

N. Carolina A& T State University - D. Dunn

Remote sensing with lidar and SODAR

N. C. State University - H. Hallen

Laser remote sensing, particle optical scattering properties

July 2001 NARSTO -NE-OPS Campaign

Penn State University - Electrical Engineering- Russdl Philbrick

1) Raman Lidar - Profiles of Specific Humidity, Temperature, Ozone, Optica Extinction (285,
530 and 607 nm)

2) Radar-RASS - Wind veocity, Virtua Temperature

3) 10 m Tower - Temperature, dew point, relative humidity, wind velocity, wind gust, solar
flux, atmospheric pressure, precipitation

4) Radiosondes - Pressure, temperature, humidity 0-15 km

Penn State University - Meteorology - Bill Ryan and Nelson Seaman

Ozone and PM event forecasting (with Univ. Maryland) and modeing, description of
episodes

Millersville University - Richard Clark

Tethered Balloon - 100 m3 - 10 hr aloft with sensors at surface, 100 m, 200 m, and 300 m
AGL

1) Persona Environmental Monitors (PEMS) 4 each - 4 L/min dry PM 10 hr
integrated sample

2) Diode laser scatterometer (DustTraks) 1.7 L/min continuous data

3) VOC - Micro-orifice vacuum canister - surface and 300 meters, 10 hour sample
GC/MSandysis
Tethered Balloon - 7 m3 - up/down scan to 300 m each hour

1) Meteorologica properties: T, D, RH, wind speed and direction 1 m vertica
resolution

2) O3 by KI oxidation method, 2-3 second time resolution (1 meter altitude)




Surface Gas and Particles - O3, NO/NO2/NOyx, SOo, CO, 3 Nephelometer

Meteorological Data Archive - Radar, Satellite Images, Observations, Upper air data,
ETA/RUC model output

Harvard School of Public Health - Petros Koutrakis, GeorgeAllen and Mark Davey
Particle Size and Count: 0.02 to 0.6 :m electrostatic chssification, 0.7 to 15 :m time of flight,
PM25 CAMM, Black carbon soot agthalometer, sulfate from HSPH thermal conversion
method, EC/OC analyzer

Particulate10-hour Day/Night Samples: HEADS for acid gases [HNO3, HONO, SO2], NH3,

and sulfate/nitrate/strong aerosol acidity EC/OC on quartz filters with DRI's TOR analysis,

PM 35 and PM 19 from Harvard impactors with Teflon filters and gravimetric analysis daily,
Hivolume OC speciation sampler, HSPH PUF substrate collection; Drexel University filter
anaysis

Harvard University - College of Engineering- Bill Munger

NOy concentrations and fluxes are used to infer the rates for NOx oxidation and deposition.
University of Maryland- Bruce Doddridge, Russ Dickerson, Lung-Wen (Antony) Chen,
Emily Tenenbaum, Aztec aircraft on board instrument rack:

1) Modified Radiance Research Particle Soot Absorption Photometer

2) Garmin recording GPS 90 Globa Postioning System

3) Thermo Environmental Instruments (TEI) Model 49 Ozone

4) Modified TEI Mode 43CTL Sulfur Dioxide

5) Modified TEI Modd 48 Carbon Monoxide instrument

6) TSI Modd 5363 3-wave ength integrating nephelometer

Univ Maryland & NASA Goddard

AERONET (Aerosol Robotic Network) data available include AOT at 1020, 870, 670, 500,
440, 380, and 340 nm plus preciptable Water (cm). Column averaged SS albedo and size
number distributions will be cal culated from the data.

Drexel University - Prof. Steve McDow, Min Li

1) Organics in PM2,5 - GCMS andlyss; non-polar components (alkanes, PAH) acids and
diacids; Using sample from Tuch TE-1202 Hi-Vol Sampler - 24 hour integration

2) Polar Organics for GCMS with derivatization - Using Anderson PM 10 with composite
weekly samples

3) Metals in Inductively Coupled Plasma Mass Spectrometer (ICPMS); Low volume teflon
membrane filter; Using daily 24 hour sample

Clarkson University - Phil Hopke and Alex Polissar

1) PM25 with 0.5 hr resolution using RAMS, TEOM and 30C

2) PM25 with 1hr resolution using CAMM'’s ingtrument
3) Nephelometers- one with and one without dryer
EPA - RTP & Texas Tech Universty - Bill McClenny (EPA), Sandy Dasgupta, Jianzhong
Li, RidaAl-Horr (Texas Tech)
1) Fluorescence Detector H202 HCHO MHP NH3with 10 min resolution
2) lon Chromatography (15 min time resolution) Sulfur Dioxide, Nitric Acid, Nitrous Acid,
HCI, Oxalic Acid, Oxalate, Nitrate, Nitrite, Sulfate, Chloride, Ammonium
Brookhaven National L ab
Investigators. Larry Klineman, Linda Nunnemacker, Xiao-YingYu,
Yin-Nan Lee, Stephen Springston
1) IC measurements of cations: Na+, K+, NH4+, Ca2+
2) |C measurements of anions.S042-, NO3-, Cl-, NO2-, oxdate
IC measurements of TOC in solutions with time resolution of 6 min
3) 3-channel Nox (1 min average)
NO  continuous 10 ppt DL
NOx  continuous 20-30 ppt DL
NOy/NOy* (switching each minute) ~ ~75 PPT DL
4) Carbon Monoxide - non dispersive infra-red (30 sec response) ~50 ppb DL (1-5 min avg)
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5) Ozone - ultraviolet absorption (10 sec response)~ 5 ppb DL (1-5 min avg)

6) Sulfur Dioxide - Pulsed fluorescence (30 to 60 sec response time) ~ 30-50 ppt (1-5 min

avg)
Carnegie Méellon University - Spyros Pandis

TSI-SMPS 0.02 to 0.6 um, electrogtatic classification, run dry

Philadelphia Air Management Services - Fred Hauptman, Lori Condon (AMYS)
Speciation Air Sampling System - PM 2 5 mass, trace metals, organic and elemental
carbon, sulfate, nitrate, and other iong/elements

EPA-RTP (NERL -Atmospheric Chemistry and Physics Branch)

Investigators. Edward Edney, Ron Speer, Wdt Wesathers (EPA); Tad Kleindienst,
Shawn Conver, Eric Corse (ManTech Environmental Technology, Inc.)

1) Integrated EC/OC sample: Triple quartz filters, Thermo-Optica Technique.

2) Liquid Water Content of PM 25, Inorganic Anions, Diacids: Teflon filter collection; liquid

water analyzer, |C analysis.

3) IR analysisof PM2.5: Low pressure impactor-Reflectance FTIR (Size cut points 4, 2, 1, 0.5,

0.25, 0.13, 0.063 :m)

4) Detailed Organic Analysis (1): Extractable organic denuder (Aromatic and natura
hydrocarbon oxidation products and other polar compounds)

5) Detailed Organic Analysis (2): Carbon-based organic denuder

5.2 Extinction Profiles

The results described here are taken from lidar measurements during the NE-
OPS campaigns 1998, 1999 and 2001, and comparisors are made with data obtained
by severd other instruments a the same time and loceation.

Figure 5.1 and Figure 5.2 show examples of the typicd raw lidar turn Sgnds
at 607 nm, 530 nm and 284 nm, together with the corresponding raw lidar aerosol
extinction profiles measured. The resultsshown in Figure 5.1 are taken from
measurements on 10 July 1999 02:00-03:00 UTC, which was atime when the
amosphere was relatively clean. The standard deviation of the Statistical error is
included to show the data accuracy. The blue, green and red curves represent the
return sgnd at 284nm, 530nm and 607m, respectively. These three wavelengths are
used to measure the optica extinction profiles. The magenta curve represents the
scaeheight of the aamospheric dendty, which isadecreasing exponentia function.
The pressure scale height is determined from the gravitatioral distribution by using
the hydrostatic equation. The number dengty scale height only differs from the
pressure scale height by the effect of the temperature profiles. However, the
temperature gradient of the lower aamosphereisa rather dowly varying profile The
largest changesin the lower atmosphere temperature occur during the formation of the
nocturna inversion because the thermodynamic structure in the troposphere is mostly
dependent upon solar heating of the surface.  The number density scale height profile
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shown in Figure 5.1(a) is atypica example which corresponds to alinear temperature
modd. Themodd profile is normadized to lidar return signd at ground leve for
comparison. The dope of thelidar returns will be pardld to the dope of scae height
wherethe opticd extinction is negligible. Thedifferences inthe dope between lidar
returns and the molecular scdle height provide a measure of the aerosol extinction
(scattering and absorption), and the molecular extinction (scattering and absorption)
of chemicd speciesin the atmosphere. Figure 5.1(b) shows the extinction at the three
different wavelengths 284 nm, 530 nm, and 607 nm measured during the sametime
period. The extinction was caculated using the agorithm discussed in Chapter 2.
Aerosol scattering is the primary contribution to the optical extinction profilesat the
visible waveengths of 530 nm and 607 nrm. The extinction vaues & visble
waveengths are much less than at the 284 nm channd because of the larger cross-
section at ultraviolet waveengths dueto scattering by moleculesand aerosols, and
due to absorption by ozone. Extinction due to molecular scettering iseasly

cdculated and thet Sgnd is removed to examine the aerosol scattering properties At
visble wavdengths the difference from the dengty scde height is primarily dueto
aerosol scattering. Extinction vaues due to absorption by both molecules and
aerosols at the 530nm and 607nm wavelength is generaly considered to be smdl and
inmogt casssit is negligible. For example, the largest absorption is due to ozone
Chappuis band absorption at the visble wavelengths, and it corresponds to less than

0.001 km~1 for ozone concentrations of 50 ppb. The measurements provide profiles
of extinction due to aerosol scattering at 530 nm and 607 rm. However, we can not
neglect the ozone absorption at the wavelength of 284 nm. The extinction profile at
284 nm, which is shown in Figure 5.1, includes both the aerosol extinction and ozone
absorption. We will discuss the effect of ozone absorption later in this chapter. The
resultsin Figure 5.2 are measurements on 25 July 2001 at 01:00-02:00 UTC, and
provide another example of comparison of raw dataand extinction profiles. Inboth
Figure 5.1 and Figure 5.2, the relatively high extinction vaues at visble waveengths
at dtitude below 500 maredueto the night time boundary layer. In Figure 5.2(b),
the smal extinction vaues (about 0.02 above 2 km) from visble channds at 530 nm
and 607 nm indicate dear amospheric conditiors. Notethat in the clear aamosphere
above 2 km shown in Figure 5.2 (8), the dope of the 530 and 607 profilesis pardld
with the neutrdl dengity scale height.

98



60 minutas integrated range corrected raw data
07/10/02:00 - 03:00 UTC
Blue: 284nm Green: 530nm Red; 80Tnm Magenta: Relative Scale Height
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Figure 5.1 (a) Examples of 60 minutes integration of range corrected raw data from
lidar return signal of 607nm, 530nm and 284nm taken from NEOPS 99. (b) Examples

of 60 minutes integration of extinction profiles from the same time period.
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Figure 5.2 (a) Examples of 60 minutes integration of range corrected raw data from
lidar return signals of 607nm, 530nm and 284nm taken from NEOPS 2001. (b)
Examples of 60 minutes integration of extinction profiles from the same time period.
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5.3 Effect of Ozone Absor ption on Extinction

LAPS can measure three extinction profiles at these wavedengths of 284, 530
and 607 nm. The absorption can be considered negligible at visble waveengths, 530
nm and 607 nm, but the ozone absorption coefficient at ultraviolet wavelength is large.
At the transmit wavelength of 266 nm and return a 284 nm, the absorption due to
Hartley band absorptionis quite Sgnificant. To investigate the aerosol extinction at
UV wavelengths, we need to remove the ozone absorption from the total extinction
profile.

The Hartley absorption band of ozone is shown in Figure 5.3 with the Raman
wavdengthsindicated. The figure showsthe absorption cross sectiors at 284 nm
(nitrogen Raman scattering) and 266 nm (transmit wavdength) , whichare actualy

measured to be 0.2854x10- 17 cm? and 0.85%x10-17 ¢, respectively.

Ozone Absor ption Cross Section

Hartley Band
N
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Figure 5.3. Hartley band absorption cross-section of ozone is shown with wavelengths
associated with the lidar' s 266 nm transmission and its associated Raman shifted

waved engths used to measure ozone concentration [ Philbrick 1998a using the data of
Inn, et. d., 1953].

Figure 5.4 (a) and (b) showsan example from measurementson 21 August
1998 for a60 minute integrated profile of ozone and the corresponding extinction
prafile at UV wavdengths. We choose this time period because it represents atypica
pollution episode when precursor materials were transported into the regionand
thermally dissociated in the higher temperatures of the surface layer asit was mixed
down. Figure 5.4 (c) shows the corresponding water vgpor mixing ratio profile during
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a 6 hour time period from 6:00 to 12:00 UTC. We observed from the water vapor
time sequencethat there is awater vapor layer a 1 km above the ground between
10:00 and 11:00 UTC, which corresponds to the peak at 1 km in extinction and ozone
results. Specific humidity is agood tracer of the optica extinction in regions where
hydroscopic aerosols make up a significant fraction of the particulate matter. An
increased extinction can correspond to an increase both in ozone absorption and PM
scatering.  High ozone concentrations contribute sgnificantly to the extinction, for

example, 100 ppb contributes about 0.8 knT1. Aswe have described in Section 3.4,
the ozone profile can be caculated from LAPS by differentiating the ratio of Sgnds
fromthe vibrationa Raman shift of oxygen/nitrogen (277 nm/284 nm). We can
obtain the aerosol extinction at 284 nm by subtracting the ozone absorption from the
totd extinction profile. But this method is not applicable sometimesdue to large
errorsin ozone caculation, where increased errors in the ozone are caused by the
differentid dgorithm The caculation of the corrected extinction can be obtained
directly from theratio of Sgnds (277 nm / 284 nm).

Figure 5.5 (8) shows another example of extinction profiles on 08 July 1999
02:00-03:00 UTC. The smdl extinction vaues from visble channds (530 nm and
607 nm) indicate that it isaclear night. The difference between the aerosol extinction
and total extinctionat 284nm shows the effect of ozone on extinction in the UV
region. However, above 1 kilometer dtitude the extinction value at 284 nmis
relatively large compared with the smdl vaues of extinction a 530 nm and 607 nm.

It indicates that there is a haze layer or sub-visud cloud above 1 kilometer adtitude,
the partides in this layer are smal enough that the extinction is more sendtive a the
short wavelengths compared to the visible wavelengths. Figure 5.5(b) showsthetime
sequence water vapor mixing ratio measurements during that night. The figure shows
awater vapor cloud layer above 1 kilometer which thickens after 1:00 UTC. The
relatively samdl extinction a visble wavelengths indicates thet this cloud layer would
not be obsarved visudly.
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Ozone Profile 08/21/98 10:00-11:00 UTC

(b) Extinction profile
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Water Vapor Mixing Fatio - 08/21/98 06:00 - 11:39 UTC
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Figure 5.4. Raman lidar 60 minutes integration of (&) ozone, and (b) tota extinction
and aerosol extinction profiles a 284nm on 21 August 1998 10:00— 1100 UTC, (¢)
time sequence water vapor mixing ratio on 21 August 1998 06:00 — 12:00 UTC.
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Extinction Profiles on 07/08/1999 02:00-03:00 UTC
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Figure 5.5. (a) 60 minutes integration of extinction profiles at 284nm, 530nm and
607nmon 08 July 1999 02:00 — 03:00 UTC (b) Time sequence water vapor profile on

08 July 1999 00:00 —4:13 UTC.
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5.4 Effect of Relative Humidity on Extinction

Water is an important component of atmospheric aerosols. Most of the water
associated with atmospheric particlesis chemicaly unbound. At very low relative
humidity, amospheric agrosol particles are solid. Asthe rdative humidity increases,
the particle remains solid and water vapor may attach to gradualy form large particles
until the relative humidity reaches a threshold value characterigtic of the aerosol
composition. At thisrelative humidity, the solid particle absorbs water, producing a
saturated agueous solution.  The relative humidity at which this phase transition
occurs is known as deliquescence rdetive humidity [Seinfdd, 1998 pp 508]. The
relative humidity for deliquescence of some chemica species common in atmospheric
aerosolsis givenin Table 5.2. The most abundant chemical species in the aerosols of
the Eagtern United States have the threshold of ddliquescence at a rddive humidity of
about 80% [Seinfdld, 1998 pp 508].

The accumulation mode is described by the accumuletion of ultrafine
particles (<0.1 mm) to form larger particles. Particles tend to coagulate at high
relaive humidity, above the critica saturation ratio of the particle. Water vapor
content and temperature are the important factors in determining the optica extinction
because of the humidity influence on the size digtribution of the particulate matter.
Extinction is thus strongly corrdated with relative humidity. A number of data sets
have demondtrated that there is a sharp change in extinction at around the
deliquescence point. This point corresponds to arelative humidity of about 80% for
sulfate agrosols. Particle Sizes in the accumulation mode (0.1 to 2n) are most easily
detected with lidar. Figures 5.6 and 5.7 show low dtitude extinction from the 284nm
channels for various periods compared with rdative humidity.
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Tableb.2. Deiquescence Relative Humidity of Some Chemica Speciesat 298K

Salt DRH (%)
KCl 84.2 + 0.3
Na,SO, 84.2 * 0.4
NH,Cl 80.0
(NH,),SO, 79.9 + 0.5
NaCl 75.3 + 0.1
NaNO, 74.3 + 0.4
(NH,);H(SO,), 69.0
NH,NO, 61.8
NaHSO, 52.0
NH,HSO, 40.0

Sources: Tang (1980) and Tang and Munkelwitz (1993).

Figure5.6(a) showstherise and fdl in extinction corresponding to the rdletive
humidity trangtions, through the threshold of 80 %. The extinction increasesfrom

lessthan 1 knt 1 to 5 knt 1 asthe relative humidity increases to values greeter than
80%. Hgure 5.6(b) (c) and (d) show the verticd profiles of water vapor mixing retio,
relative humidity and extinction respectively. In Figure 5.6(d) we can see the
corresponding risein extinction near the ground. Another time period showing a
amilar amospheric effect is presented in Figure5.7. Figure 5.7(a) showsthefdl in
extinction corresponding to the rdaive humidity falsin the early morning, through

the threshold of 80 %. Figure 5.7(b) () and (d) show the verticd profiles of water
vapor mixing ratio, relative humidity and extinction respectively. In Figure 5.7(d) we
can see the corresponding rise and decrease in extinction near the ground. For both
these time periods we can clearly see the strong correlation between extinction and
relative humidity. However, we observed a variation in extinction which is not
corresponding to the change in relaive humidity during the afternoon of 1 August
1600 — 2200 UTC in Figure 5.7(a). Thevariaionin extinction & 284 nm is observed
to bedueto theincrease of ozonedendty in the afternoon. The pesk vaue of this 80
ppb ozone should increase the extinction by 1 km1. The ground ozone measurement

by Millersville University from the same timeis shown in Figure 5.7(€).
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Ground Level Extinction and Relative Humidity
July 3 16:20 - July 4 22:10 UTC
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Figure 5.6. (a) Ground leve extinction and rative humidity, and (b) Water vapor
mixing ratio, (c) Reative humidity, (d)Verticd extinction prdfile, for the time period
07/03/99 16:20— 07/04/99 22:00 UTC.
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Ground Level Extincton and Relative Humidity
Aug 1 01:00 - Aug 2 00:40
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The lidar measures profiles of water vgpor mixing ratio and temperature which
can be used to caculate the rdative humidity profiles. However, the LAPS lidar is
only capable of measuring night time temperature profiles because these
measurements are made using the visble channds. To calculate the daytime rdaive
humidity, asmple linear temperature mode has been applied which adequately
represents the daytime temperature profile most of thetime,

T(2)=T,+273- 6.85x%2 (5.1
where zisthe dtitudein kilometers and T, is the ground temperature in Celsius
measured by LAPS ground sensor. Although thisis the smplest model, it hasbeen
proven accurate enough for our caculaionof the daytime temperature profile.  The
RASS sounding provides another method to obtain the temperature measurements. In
Figures 5.8(a) and 5.9(a), the profiles of LAPS data (blue curves) show 30 minutes
integration temperature profiles of rotational Raman compared with the mode
temperature (red curves) during nighttime.  The nighttime temperature profiles shown
here are expected to exhibit poorer correlation with the smple mode than the daytime
profile because of the temperature variaions of the nocturnd inverson The daytime
temperature profile is governed by the buoyant forcing of the warmer layer below and
thus follows a profile with a congtant gradient from the surface

The pressure profilesas afunction of dtitude can be calculated as follows,

z
H(2)

P(2) represents the pressure as afunction of dtitude, P, isthe pressure at ground

measured by LAPS ground sensor, and H(2) is scae height defined by

P(2) = Ry »exp(- ) (5.2)

H(2) = RT(z)/ g - R=287.05Jkg 'K -"isthe gas congtant for dry air. Therelative
humidity can be calculated asfollows from the ratio of the actud, Egct, to saturated,

Esat,
Esat(2) = 6.112 xexp(17.62—— By (533)
T(2)+243.5
Eact = Wat(z) : P(z)/ 0.622/1000 (5.3b)
RH = 52 400 (5.30)
Esat

where Wat(2) represents water vapor mixing retio in g/kg, and RH isthe rdaive
humidity in percentage.
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Figures 5.8(b) and 5.9(b) show the results caculated from Equation 5.1—
Equation 5.3. Although the temperature profiles caculaied from linear modd can not
perfectly fit the profiles from LAPS measurements, the linear mode has been proved
in these results to be accurate enough to show the structure of variation in therdative
humidity in atmosphere. These cases comparing the nighttime conditions actualy
represent worse cases, because the daytime temperature profile generdly has more
uniform gradient from the surface up through the troposphere because of convective
mixing.

Comparizon of LAPS Temperature Profile with Linear Model
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Figure 5.8. (8) Example comparing the temperature profile from the LAPS
measurement with the linear model in Equation 5.1 on 20 August 1998 08:00— 08:29
UTC. (b) Cdculated relative humidity from the LAPS temperature profile and from
the linear modd a the same time period.
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Comparison of LAPS Temperature Profile with Linear Model
08/22/98 01.00 - 01:29 UTC
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Figure 5.9. (a) Example comparing the temperature profile from the LAPS
measurement with the linear modd in Equation 5.1 on 21 August 1998 01:00— 01:29
UTC. (b) Cdculated rdative humidity from the LAPS temperature profile and from
the linear model at the same time period.
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5.5A Pollution Episode Analysis

The results shown in Figure 5.10 are taken from the time period of the mgjor
air pollution episode that occurred in the region during the summer of 1998. A set of
24 hour time sequences, which depict the water vapor, ozone and optica extinction
for the period from 12 hours UTC on 21 August to 12 hours UTC on 22 August 1998,
capture some interesting feetures of an air pollution episode. An devated layer, which
is observed to mix down with the risng boundary layer a 17 UTC (1 PM local),
gppears to trigger an air pollution event which resultsin high concentrations of ozone
and airborne particul ate matter.

The measurements of the profiles of water vapor, 0zone and optica extinction
at 284 nm are shown for a 24 hour period on 21 and 22 August 1998. The water
vapor mixing ratio and rdaive humidity results are shown for 1 minute time steps
with 5 minute smoothing. The results of relative humidity and specific humidity
(weter vapor mixing retio) show the convective plumes as they move past the vertica
beam of the lidar during the morning hour s of 21 August. Between 1600 and 1700
UTC (12 - 1 PM locd time), the dlevated layer meets and mixes with the risng
boundary layer. Back trgectories of the air mass show that it originated in the mid-
west industridized region.  The ozone and optical extinction measurements show an
interesting response to the arrival of the air mass which initiates the air pollution event
with increases in ozone and PM due to the precursor chemicas contained inthe air
mass. The extinction profile shown hereisthe total extinction, which includes
sgnificant ozone absorption. During the nighttime period, shown near the middle of
the second pand, the background wind began to dissipate and redistribute the ozone
and particulate metter.  As shown in the time sequence of rdlative humidity, the RH
vaueisamost 100 percent for the lower atmosphere from ground to 2km during the
night of August 22. However, the extinction follows the specific humidity during the
sametime, and indicates that the specific humidity isagood tracer of the dynamics
and thus describesthe location of the PM particles. Since the region contains
maximum relative humidity, the aerosol particles digtributions will grow to
equilibrium Sze wherever the particles are located, thus the optical extinction and the
gpecific humidity are well correlated.
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5.6 Aerosol Variationsat Sunrise and Sunset

Figure 5.11 and 5.12 show examples of the variationsin the aerosol dengity
that have been found to occur at around sunset and sunrise, respectively. Frequent
variationsin aerasol concentration were observed in anumber of data sets during the
summer of 1998 and 1999. Anincreasein optical extinction was observed with some
regularity during the morning hours, following sunrise, which may be associated with
the daily rise in temperature and humidity or changesin aerosol sources from
vehicular traffic and indugtrid activity. Also, we observed that the optica extinction
profiles show a decrease in the extinction with the onset of night time. Thisagain
could be attributed to the decreasein the leve of human activity, the cessation of
convective activity, and/or condensation and settling out of the hydroscopic aerosols
at sunset. Soon after sunset, much of the moisture that was distributed by convective
turbulent activity srinks into a nocturna boundary layer which is only 200 to 400
meters thick, and much of the water content condenses and settles to the surface. The
extinction from airborne particulate matter aso follows the redistribution associated
with the collapse of the convective boundary layer. Water vapor content and
temperature are important factors in determining the optical extinction because of the
humidity influence on the Size of the aerosols, and thus onthe optical extinction. The
increase and decrease of ozone of about 80 ppb are dso observed during the same
time periods, that will contribute about the value of 1 knt1 to the extinction. This
vaueisnot very sgnificant comparing to the pesk vaue of the extinction, which is
about 5 km1.

The resultsin Figure 5.11, 5.12 show examples time sequences of the Raman
lidar extinction profiles at sunrise and sunst, respectively. At sunrise, the moisture
which was condensed on the surface during the night is rapidly transferred back into
the atmosphere. As the convective activity builds up from the surface hegting, the
moigture is uniformly mixed through the boundary layer. Human activity adso adds
fresh particulate matter from mechanical generation of coarse particlesand
combugtion sources for fine particles. The boundary layer frequently exhibits alayer
of opticd extinction near the top of the layer where the rdaive humidity is maximum
The convective activity mixes the fine particles and water vapor rather uniformly,
however the lower temperature at the top of the mixed layer resultsin higher reldive
humidity that condenses and cod esces the particles to form a population of larger
particles, thereby increasing the optical extinction.
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Figure 5.11. Examples of opticad extinction time sequence from Raman lidar results at
284 nm which show variationsin extinction near loca sunrise.
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Figure 5.12. Examples of optical extinction time sequence from Raman lidar results &
284 nm which show variationsin extinction near local sunset.

During NE-OPS summer 1999 and 2001 campaigns, the rawinsonde sounding
technique was used to establish the background meteorology conditionsand to
provide data to verify the lidar cdibration constants. Twenty sondes were relased in
1999 and twelve sondes were released in 2001 to measure the temperature, relaive
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humidity, pressure and wind speed and the results were compared with lidar
measurements. The time sequence of lidar profiles provides more useful and accurate
picture of amospheric structure than Sngle instrumented baloon flights. The
summary and comparison of the sonde measurements with lidar is shown in appendix
E.
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5.7 Corrdations of Extinction with PM M easurements

During the NE-OPS summer campaigns of 1998, 1999 and 2001, several
research groups measured the particulate metter at the site. Harvard School of Public
Hedth (HSPH) obtained continuous measurements of the surface leve particulate
matter during each campaign. During summer 1998, PM 2.5 was sampled using the
CAMMS and TEOM ingtruments, and PM 10 was sampled using a TEOM instrument.
The measurements were obtained continuoudy from August 3 to August 22 with 10
minute averaging. For severa weeks during 1999, the voldtile aerosol mass
components were measured by Brigham Y oung University usng RAMS and PCBOSS
ingruments. During summer 1999, PM 2.5 was sampled usng CAMMS continuoudy
from June 28 to Augugt 15 with 10 minute averaging. During summer 2001, PM 25 was
sampled usng CAMMS continuoudy from July 1 to August 7 with 10 minutes
averaging, particle size didtribution was sampled from July 1 to August 1. During the
1999 and 2001 summers, The PM25was measured using an optica scatterometer
(DudtTrak) by Millersville Universty.

Figure 5.13 shows the summary of PM measurement results by the Harvard
Schooal of Public Hedlth during summer NEOPS campaignsin 1999 and 2001. Figure
5.13 (a) shows the summary of ground PM 2.5 and ozone measurements by HSPH
during the summer of 1999. PM measurements were Smultaneoudy performed at the
same dte location. The summary of PM measurements results from HSPH and
Millersville Universty, and ozone results are shown in Figure 5.13(b). These graphs
show that the vaues of ambient mass concentration measured by Millersville
Univergty are higher than the measurement results from HSPH.  Measurement of the
‘wet mass', particles indude the ambient water vapor and represent the optical
properties measured by thelidar. Summary of other PM measurements are shown in
appendix F.

Particles with diameters less than 2 mm, corresponding to the accumulation
range, typicdly arise from condensation of low volatility vgpors and from coagulation
of smdler particles in the nucle range or from the accumulation range. The latter is
usudly the mogt important mechanism since the coagultion rates for the particlesin
the nucdlel range with the larger particlesin the accumulation range are often much

118



larger than for self coagulation. Because of the natures of their source, particlesin

accumulation range generaly contain far more organics and soluble inorganics such as,
NHz*, NO3~, SO42" [Albritton, et.al., 1998]. Sulfate, in particular, represents alarge
fraction of particulate matter [Hidy, et.a., 1998]. Since the high ozone concentration
aways reflects high chemical reativity, the high SO42- with low SO and high O3 are
observed during the summer, due to the active SO oxidetion rates. PM levels are

strongly correlated with ozone and other pollutants. The variaions of PM are used to
describe the evolution of the pollution episodes during the campaigns.

During the campaign of 2001, Millersville Univeraty used a tethered sonde to
mesasure particulate matter at adtitudes 100 m, 200 m, 300 m and &t the surface. Figure
5.14 shows sample results of the measurement on two daysin July 2001. From both
Figure 5.14(a) and Figure 5.14(b), alot of structure in the time sequence of aerosol
concentration is observed at dtitudes ingde nighttime boundary layer. Itisuseful to
compare modd smulations with lidar measurements, because the traditiona
measurements are al taken at surface.  After the time 1000 UTC (6AM locd time), we
observes the process of mixing of aerosols by surface hegting after sunrise, which
results in amore uniform concentration of aerosols in the lower atmosphere. The
surface measurements taken by Millersville Universty usng a DustTrak are compared
with the measurements taken by the CAMM S ingrument of HSPH in Figure 5.15.
There is amajor difference in the measurement method, HSPH measures the ‘dry mass’,
which means that the PM density has been passed through a drier before sampling, and
the DustTrak measures the ‘ambient mass, which is the measure with water ill
attached to the particle surface.

Figure 5.15 shows an example that compares wet mass, dry mass and relative
humidity at the surface over aperiod of two days. The rdative humidity data shown
was taken usng the sensor on the top of the LAPS ingrument. As shown, the wet mass
concentration is strongly correl ated with the changes in reaive humidity while the dry
mass concentration stays fairly constant. The large variationsin the ambient mass
variation with risng rdative humidity may be associated with changesin the Sgnds
messured by the optical scatterometer as the deliquesce of the aerosol changesit
optical scattering characteridtics.
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HSPH PM 2.5 and Phil-AMS Ozone July 1999
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Figure 5.13. (8) Summary of PM and O3 measurements by HSPH during NEOPS 1999

summer campaign, (b) Summary of PM measurement by HSPH during NEOPS 2001
summer campaign.
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PM 2.5 measurements 07/23 00:00 -12:00 UTC
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Figure 5.14. Tethered Sonde data shows comparison of PM measurements from

Tethered Sonde at surface and at atitude 100 m, 200 m, and 300 mon two days of July
2001 [Rich Clark, Millersville University].
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Comparison of wet mass and dry mass measurements
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Figure 5.15. Comparison of ambient (wet mass) and dry mass with rdative humidity
measurements on 23 and 24 July 2001.

A sequence of plots of extinction and particulate matter measurements are
shown in Figure 5.16, 5.17 and 5.18. Both the extinction and particulate matter were
averaged for a 60 minute periods in these results. Due to the telescope form factor, the
extinction may have alarge error below 800 meters and so we have chosen to use the
extinction at 800 meters to represent the surface conditions on the assumption that the
atmosphere is uniform through the boundary layer. This gpproximation serves to show
the relationship between the PM and the optica extinction.

Figure 5.16 (&) shows the comparison of ground PM measurements from HSPH
with optica extinction a 284 nm measured by LAPS from 19 August 1998 to 22
August 1998. The scade for PM mass concentration is shown in left verticd axis, and
the scde for optica extinction is shown on the right hand Sde. The PM measurements
are srongly correlated with opticd extinction. Figure 5.16 (b) showstheline
regression of PM 2.5 with optica extinction. Figures 5.17 and 5.18 show two other
examples of comparison from campaign of 1999, which dso show strong corrdations
between PM and optica extinction. Detall anayss and modeling of therelation
between particulate matter and optica extinction will be discussed later in this chapter.
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Time sequence of Extinction at 800 m and PM2.5 and

PM 10
from Aug. 19 to Aug. 22 of 1998
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Figure 5.16. Comparison of PM concentration with Extinction at 284 nm, August 15 to
August 22, 1998. (a) Comparison of PM 10, PM2.5 with optical extinction; (b) Linear

regresson of PM 25 with optical extinction.
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Time sequence of Extinction at 284 hm and PM2.5
From July 1 to July 9 of 1999
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Figure 5.17. Comparison of PM2.5 mass concentration with optical extinction at 284
nm, July 1 to July 9, 1999. (&) Comparison of PM 2.5 with optical extinction (b) Linear
regresson of PM2.5 with opticd extinction
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Figure 518. Comparison of PM2.5 mass concentration with optical extinction at 284

nm, July 9 to July 22, 1999.

(8 Comparison d PM25 with optical extinction; (b)

Linear regresson of PM2.5 with optical extinction.
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A smple mode has been built to study the relationship between particulate
matter and optical extinction. In this modd, we have assumed that the particulate
matter in the atmosphere is composed of non-absorbing particles with mono- distributed
gze. Thismeansthat the size distribution of particles in amaosphere is determined by
only 2 parameters, Sze and number dendity. These two parameters are dependent on
each other if we fix either the total mass or volume concentration. We have used this
modd in Chapter 4 to smulate the backscatter sgnd from PDL Lidar. Althoughitis
only an approximation for particles in amosphere, it was shown in Chapter 4 to be
effective and useful tool. Therefore, we attempt to predict optica extinction from
PM 2.5 measurements by gpplying thismodd with an appropriate particle size
assumption.

The variaions of opticd extinction with particle Sze a different PM25
concentrations are shown in Figure 5.19, the model smulation results. The blue, green
and red curves represent the different PM concentrations of 100 ng/m3, 50 ng/m3 and
10 my/m3, respectively. Asshown, with fixed tota PM concentration, we had higher
extinction with smaller particle szes, because that would correspond to many more
scattering particles.

Simulation of Optical Extinclion vs. Paticle Size
2.5 s ¢ * . 2 ; e e

— Phi=100pg/m®
— Phi=S0ugim>
— PM=10ugfm>

th

Cptical Extinction n:I-;m'1:-

0.5

Farticle Size {lum)

Figure 5.19. Optica extinction versus particle Sze a severd different PM25
concentrations.
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Our god isto roughly approximete the optica extinction that would be
observed corresponding to the measured PM. It isdifficult to predict the characterigtic
of water vapor attaching to the particles in atmosphere, so we choose the ‘wet mass
PM data from Millersville Universty instead of *dry mass to use in our moddl
caculations. Figure 5.20 shows an example of the mode cdculated from 10:00 on 9
July 2001 to 16:00 on 10 July 2001 UTC, dl the measurements have been integrated
over 60 minutes to reduce errors and to permit easier comparisons. Inthesze
distribution model, the average size of particles has been estimated to be around 0.7 nm,
thisis not exact but isvery closeto typica atmosphere. Therefore, the Mie scattering
coefficient a 248 nm can be calculated from the ‘wet mass PM 25 data measured by
the tethered balloon at 300 meters above ground, and the absorption coefficient at 284
nm is estimated from the ozone concentration taken by the ground ozone sensor from
Millersville Univeraty. The smulation result of total optica extinction a 284 nm,
which isthe sum of asorption and Mie scattering coefficient, isindicated by the blue
dotsin Figure 5.20(a). The red dots represent the optical extinction a 284 nm & the
same dtitude. We observed that the ca culation and the measured vaues agree during
the early and late portion of the interval. However, modd calculations of extinction are
lower than expected from 18:00 on 9 July 2001 to 6:00 on 10 July 2001 UTC, thisis
due to adoft absorbing layer of ozone that was present. As shown in Figure 5.20(b),
from the night of 9 July to the morning of 10 July, there is an ozone layer above the
ground from the dtitude of 200 meters to 800 meters. Since our mode cal culation used
the measurements from the ground sensor to estimated absorption at 300 meters, the
caculationwill be lower than the measurements due to this high ozone layer. In Figure
5.20(b), the ozone concentration of the layer is about 120 ppb, which is corresponding
to opticd extinction vaue of 1 knmrla 284 nm. Thisisvery closeto the difference

between the modd Smulation result and lidar extinction measurement.
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Comparion of LAPS extinction with Simulation Results
07/09/01 10:00 - 07/10/01 16:00 UTC
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Figure 5.20. (a) Comparison of LAPS extinction measurements at 284nm with
cdculation results from Millersville University PM 2.5 ambient mass measurements at

300 meterson 9 July 2001 10:00 UTC — 10 July 2001 16:00 UTC. (b) Time sequence

of LAPS 0zone measurements characteristic.

Figure 5.21 shows another mode ca culation result from the campaign of 1999

which is more sophigticated because we compared LAPS extinction with ‘ dry mass

PM measurement instead of ‘wet mass. During the summer of year 1999, the PM was

only measured as ‘dry mass by Harvard School of Public Hedth. This increases our
difficulty in predicting the optical extinction because the atmospheric aerosols have
water vapor attached to its surface, which changes the optica extinction vaue asthe
particle Sze changes. Therefore, we attempt to estimate the relations between * dry’
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particlesand ‘wet’ particlesin atmosphere. In Section 2.3, we described models related
to thissubject. In generd, the relation between ‘wet’ and ‘dry’ particles can be

described as,
WeMass _ 1+ gr ,, eHE L0 (5.4)
DryMass el- RHg

E andr 4 are constants, EH is defined as composite function which varies with relative
humidity (RH).

Figure 5.21 (&) shows a several day sequence of the nighttime extinction at 600
meters with the estimated ozone absorption coefficient. The optical extinction is
messured by LAPS and the ozone extinction is caculated from the values measured by
the ground ozone sensor from Millersville University. This result shows the effect of
ozone absorption on the extinction. The ozone absorption can be removed from the
optical extinction to obtain the aerosol extinction.  Figure 5.21(b) show the comparison
of aerosol extinction profile with the PM ‘dry mass measurements. The scale for PM
concentration is shown on the left vertical axis and the scale for extinction is shown on
the right verticd axis. The comparisons show some correspondence, however the PM
concentration does not follow the variation of extinction during the night of 11 July and
day of 12 July. The comparison of reative humidity profile with PM ‘dry mass
measurements were shown in Figure 5.21(c). It may suggest that the discrepancy in
Figure 5.21 (b) is due to the effect of rdative humidity. We introduced composite
functions in our modd caculationto further andyze this discrepancy.  Figure 5.21(d)
shows severa composite functions from different references, which isaso shownin
Table2.2. However, since the processes of water attachment to the particle surfaceis
very complicated, and varies with atmosphere conditions, none of the composite
functions are daimed to be accurate enough to be used as areference. When we
applied those composite functions into our mode calculation, the output optical
extinctions and the LAPS measurement results are shown in Figure 5.21 (e). It looks
like the composite function from measurements of Lowenthd et d. (1995) is the closest
to our LAPS soptica extinction results.
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Time Sequence of Extinction And Ozone Absorption Coeff
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Figure 5.21. (a) Comparison of extinction at 600 meters with the estimated ozone
absorption coefficient, optica extinction is measured by LAPS, 0zone concentration is
measured by ground ozone sensor from Millersville Universty. (b) Comparison of

PM 25 with optica extinction. (c) EH parameters from different references (d) Time
sequence optica extinction from LAPS and mode caculation results.
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5.8 Ratio of Extinction of Different Wavelengths

LAPS Raman lidar systlem has a distinct advantage that it can measure optical
extinction profiles & severd different waveengths smultaneoudy. It isimportant to
examine the ratio of aerosol extinction profiles at different wavelengths to interpret
information on the particle size.

Figure 5.22 (8) presents the mode results for volume extinction coefficients for
severd kinds of atmospheric conditions. Rayleigh scattering shows that the scattered
intengity should be inversdly proportiond to the fourth power of the waveength when
the particle Sze is smal comparing to wavedength. Under haze conditions, the
wave ength dependence of aerosol scattering is dmost inversely proportiond to the
wavelength.  Whileinside cloud, the aerosol scattering is amost independent to the
wavedength changes [Wright, et d. 1975]. The mode cdculation of the ratio of
extinction coefficients a 530 nm and 284 nm is presented in Figure 5.22 (b). In our
cdculaion, we condder only sphericd particles usng Mietheory. The smulaion
result shows that the ratio of the extinction coefficients of 530 nm and 284 nm is dose
to vaue 0.08 for fine mode particles when the particle Sze isrlatively smdl, which
followsthe Rayleigh'stheory. Theratio is 9ze dependent for accumulation mode
particles with Sze range from 0.1 nm to 1mm. For the larger size particles referred as
coarse mode particle, theratio of the extinction coefficient is Sze independent and
approaches the vaue 1.
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A time period was chosen when there is an aerosol cloud layer passing through
the laser path. The andlyss of theratio of the extinction coefficient of 530 nm and 284
nm shows the result relaive to interpretation of the particle Size information insde the
cloud layer. Figure 5.23 (a) shows the time sequence plot of extinction &t the night of
July 11 1999. A cloud passed though the laser beam at 2 km between 0230 UTC and
0300 UTC. Fgure5.23 (b) shows the 30 minute integration of extinction profiles a
530nm and 284nm during the time the cloud passing through. Figure 4.24 (c) shows
the ratio of the extinction coefficients from the result in Figure 5.23 (b). Theratiois
very cdoseto 1inddethe cloud a 2 km dtitude, which follows the conclusion in Figure
5.22 and suggests that the cloud is formed by rdatively large Sze particles (>1nm).
Also, theratio iscloseto 1 near the ground. It indicates the higher aerosol

concentration at lower dtitude.
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Extinction Profiles 07/11/99 02:30 - 03:00 UTC
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59 Summary
In this chapter, we analyzed the data of Raman scattering lidar of NE-OPS
campaign. Lidar datawere compared and validated with measurements by other
ingruments. An agorithm was devel oped which removes the molecular extinction and
ozone absorption to obtain aerosol extinction profiles for the study of airborne
particulates. We have learned that the low dtitude extinction profile measured by
Raman lidar corresponds with the extinction from surface PM mass concentration. The
relationship between extinction and relative humidity has been demonstrated
experimentally and modeled. The effect of water vapor attached to surface of particles
was examined by using particle growth function. Further model calculations were
carried out for interpreting aimospheric aerosol Szeinformation. Modd smulations
have been presented to explain the relationship between extinction and PM
concentration. Ratio of the extinction coefficient from different wavelengths shows
unique information about particle szes, which can not be obtained from single
extinction profile,
These results show that we can describe the vertical distribution of the airborne
particulate matter using Raman lidar and thereby describe the evolution of air pollution
episodes more accurately.
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CHAPTER 6

Conclusions

6.1 Summary of Accomplishments

Little work has been done to take advantage of the scientific benfit that can be
gained from the applications of laser remote sensing techniques to investigate airborne
particulate matter.  The purpaose of thisthesiswas to improve our knowledge on
airborne particulate matter by developing algorithms and techniques for measurements
of amospheric opticd extinction in the troposphere for different types of lidar.
Modds were congtructed to relate the optica extinction and backscattering to particle
characteristicsand to other types of PM measurements. To achievethisgod, arange
of technologies available in the area of laser remote sensing have been used to study
the optica properties of amosphere, induding Rayleigh scattering, Mie scattering and
Raman scatering.  We anayzed the data measured by Raman lidar during NE-OPS
campaignsduring 1998, 1999 and 2001; and the data messured by Mie scattering lidar
during campaign of Cdifornia DUST project from the filed testsin 2000 and 2001

The mgor accomplishments are summarized below.

6.1.1 Algorithm Development

The ultraviolet aerosol extinction agorithm and telescope form factor for LAPS,
the Penn State Raman Lidar, have been developed and tested.  Also, an dgorithm has
been developed to decide the aerosol extinction and backscatter from backscatter lidar
that propagates through a dust plume.

UV ExtinctionAlgorithm for Raman Lidar
Previous efforts by Penn State lidar group have developed extinction algorithms at
visble wavelengths for Raman lidar. However, the continuous measurement of
extinction at visblewaveength islimited to nighttime measurements  To extend
these measurements, an extinction agorithm for UV wavdengths has been devedoped
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that can be used continuoudy over 24 hours. The molecular extinction & visble

wavelengths is about 0.015 k1 at 530nm at ground, and is negligible compared to
vaues of aerosol extinction normaly observed  However it isnat neglighle at UV
wavelengths, where it is about 0.1 km-1 a 284nm a ground.  Another important

attenuation factor at the UV wavelength region is the ozone absorption. The ozone
absorption coefficient profile can be cdculated from the ozone dengty prafile, which
is obtained by taking the ratio of vibrationd Raman shifted signds of oxyger/nitrogen
(2771284 nm) from the LAPS measurements. To obtain aerosol extinction at UV

wavelength, the molecular extinction and ozone absorption were removed.

Telescope Form Factor for LAPS

The telescope overlap factor limits the data accuracy of lidar measurements inthe
near fidldbdlow 800 m  Previous attempts to develop the geometricd overlap
correction method to caibrated telescope form factor have been presentedby Penn
State researchers, and other research groups, but we have found they are not generdly
gpplicable approaches A new experimenta approach has been developed to obtain
the telescope form factor that shows very good results.  Also, a new geometric
cdibration method of telescope form factor has been introduced and compared with
the experimenta result.  The combinaion of experimental approachand geometric
cdibration providesagood approach not only for the form factor caculation, but dso
for the lidar system dignment and cdibration proceduresfor use during future

campaigns.

Extinction Algorithm for Backscatter Lidar
Mie scattering smulations of lidar performance have been used to sudy the
amaospheric meteorological properties and characterize the fate (depogtionand
transport) of PM emissions originating from the mechanical disturbance of surface soil
during the Cdiforniadust project. Previous work shows thet it is very difficult and
usudly not possibleto quantify the optical propertiesfrom backscatter signds of lidar.
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However, we have demondtrated that the amount agrosol extinction and backscatter

can be mesasur ed when the signd passes through a dust plume.

6.1.2 Model Simulations
The reaion between Raman lidar extinction, rdative humidity and PM mass
measurements were messur ed and modeled.  The results show that we can describe
the verticd digtribution of the airborne particulate maiter usng Raman lidar and
thereby describe the evolution of air pollution episodes more accuratdly.  The
modding results from Cdlifornia Dust campaign shows that the rapid deposition of
PM10 particles, and the relatively longer residence time of the optical plume associated
with smal particles (< 2mim), may have led to overestimates of airborne particle mass
in plumes. This could explain the mgjor discrepancy between the source estimates and
the measured mass digtributed from entrainment of soil particulates.

Micro-Pulse Lidar

The micro-pulse backscatter lidar provides a newly demongrated capability to
examine the properties of the aerosols in plumes when a profile of background
amospheric scattering is available for normdization of the plume signd. This
informetion isimportant for the sudy d PM trangport and describes the fate of
generated plumes from entrainment of surface soil, as discussed in Chapter 4. In this
chapter, we analyzed the lidar data of dust scattering from CA-Dust campaign and
made comparison with modd smulations based upon Mie scattering theory. A sail
particle Sze digtribution mode has been constructed successfully from lidar results
and compared with results from other particle Sze instruments. Themode
cdculaions have been designed to smulate various features of the optica scattering
fromdust douds Therefore, we usad the field messurements to analyze the inverse
problem and describe the particul ate matter properties from the optica scattering
measurements. Modd smulation results provide an excellent way to understand the
sgnd variaions measured by lidar. 1t has been observed in our sudy thet thelarger
particles, which contain most of the PM mass, settle out of the ar fairly quickly.
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However, the fine particles contribute primarily to the backsceatter, and remain
suspended much longer.  The results suggest that the rapid deposition of large
particles (PM10), and the reletively longer resdence time of the optica plume
associated with smd| particles (< 2nim), may have led to overestimates of arborne
particle massin plumes. This could explain the mgjor discrepancy between the source
estimates and the measured mass digtributed from entrainment of soil particulates.

Raman Lidar

The rdaiongiip between Raman lidar extinction and PM measurements were
quantified in Chapter 5 It has been shownin thisthessthat the variations of opticd
extinction are useful in understanding the evolution of pallutionevents The
relaionship between extinction ard rdaive humidity has been measur ed
experimentaly and modded.  The effect of water vapor attached to surface of
particles was examined by using particle growth function. L ow dtitude extinction
profiles measured by Raman lidar are demongtrated to compare well with the surface
PM mass concentration. Modd smulations have been presented to explain this
correspondence and quantify the relation between extinction and PM mass
concentration.  Retio of the extinction coefficient at different wave engths shows
unique information on particle Sze, which can not be obtained from single extinction
profile. These results show that we can describe the vertical digtribution of the
arborne particulate matter usng Ramean lidar and thereby describe the evolution of air

pollution episodes more accuraely.

6.1.3 Ratio of Signalsfrom Different Wavelengths
The ratio of the backscatter signal and ratio of extinction profiles from Raman
lidar at multiple wavelengths were analyzed to show unique information about particle

characteristics which can not been obtained from the singlewavdength profiles.

Micro-Pulse Lidar
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The ratios of the backscatter Sgnd from green channd (523 nm) and red channdl
(1046 nm) of backscatter lidar were compared with simulation results to investigate the
particle characteristics in Chapter 4  During the measurements, the correlation of the
ratio with the particle sizes was observedthat clearly shows the particle size changesin

the dugt plume.

Raman Lidar

LAPS Raman lidar system has adigtinct advantage thet it can measure optical
extinction profiles a severd different wavdengths smultaneoudy. M odd
amulaions show that the ratio of extinction is Sze dependent for accumulation mode
particleswith szerangefrom 0.1 mm to 1mm; while for the larger Size particles
referred as coarse mode particle, the ratio is Sze independent and approaches to the
vaue 1. When an agrosol doud layer is present in the laser path of Raman lidar, the
andysisof theratio o the extincion coefficient of visble (530 nm) and ultraviolet
(284 nm) waveengths shows a driking result as the aerosol size changesin thedoud

layer.

6.2 Future Work

Raman lidar has provento be a very effective instrument for measuring the optical
extinction profiles. Investigation of opticd extinction using the Raman lidar
technology improves our understanding of the digtribution of airborne particles.
During NE-OPS campaign, we have compared optical extinction measurements from
lidar with PM measurements from other insruments.  The comparisons show good
agreement and correspondence, however, more information isneeded to obtain better
undergtanding of physicd properties which determine the quantity and distribution of
particulate matter and itsopticd properties in the aamosphere.  For example, if the
particle sze digtribution information can be obtained at the same time and volume, we
could develop abetter modd that better describe atmospheric conditions and better
quantify the relationship between optica extinction and PM measurements.

In our modd calculation, Mie theory is primarily used for opticd scaitering
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cdculaions because we have made the basic assumption that the particles we
consdered are sphericd. It has been shownin thisthessthat Mie theory explains
most of our experimenta results very well, particulaly when we are modeling the
hydroscopic partides under high rdative humidity in atmosphere. However, we
know that Mie theory is not gpplicable to amospheric scatering under certain
circumstances, such as desart and dry urban environments where T-matrix or other
more sophigticated scattering theory will berequired

During the Cdifomia-Dust campaign, severd problems were addressed using the
data set that included features associated with modding the Mie scatter lidar for our
experiment arrangement.  We addressed the problem of digtortion by the telescope
form factor when usng neer fidd lidar profile.  The effects of instrument limitations
were minimized by forming aratio to describe the dust cloud observed relaiveto a
background profile obtained just before each test.  The scanning of the digital camera
image mack it difficult to characterize the gtid evolution of adust doud because of
the dow scanning speed of the instrument compared with the fast settling rate of the
dust plume. These problems can be reduced in future experiments by improvements
in the experiment arrangement.
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