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ABSTRACT

Coordinated observational data of atmospheric aerosols were collected over a 24-h period between 2300

mountain daylight time (MDT) on 27 August 2009 and 2300 MDT on 28 August 2009 at Bozeman, Montana

(45.668N, 111.048W, elevation 1530 m) using a collocated two-color lidar, a diode-laser-based water vapor

differential absorption lidar (DIAL), a solar radiometer, and a ground-based nephelometer. The optical

properties and spatial distribution of the atmospheric aerosols were inferred from the observational data

collected using the collocated instruments as part of a closure experiment under dry conditions with a relative

humidity below 60%. The aerosol lidar ratio and aerosol optical depth retrieved at 532 and 1064 nm using the

two-color lidar and solar radiometer agreed with one another to within their individual uncertainties while the

scattering component of the aerosol extinction measured using the nephelometer matched the scattering

component of the aerosol extinction retrieved using the 532-nm channel of the two-color lidar and the single-

scatter albedo retrieved using the solar radiometer. Using existing aerosol models developed with Aerosol

Robotic Network (AERONET) data, a thin aerosol layer observed over Bozeman was most likely identified

as smoke from forest fires burning in California; Washington; British Columbia, Canada; and northwestern

Montana. The intrusion of the thin aerosol layer caused a change in the atmospheric radiative forcing by

a factor of 1.8 6 0.5 due to the aerosol direct effect.

1. Introduction

Aerosols play an important role in the radiative forcing

of the climate system (Forster et al. 2007; Haywood and

Boucher 2000). However, the diversity of aerosol species

and their highly variable spatial and temporal distribu-

tions in the atmosphere make it difficult to understand the

role aerosols play on the radiative forcing of the climate

system. This has led the Intergovernmental Panel on Cli-

mate Change (IPCC) to state in the Fourth Assessment

Report (FAR) that the radiative forcing associated

with aerosols has a low level of scientific understanding

(Forster et al. 2007).

Long-term monitoring is needed to better understand

the role of aerosols on the radiative forcing of the cli-

mate system (Delle Monache et al. 2004; Haywood et al.

2003; Schmid et al. 2009; Schmid et al. 2006). Monitor-

ing of atmospheric aerosols under ambient atmospheric

conditions should occur on the local to regional scales,

due to the nonuniform aerosol spatial distribution, at

a wide variety of geographic locations to encompass the

diversity of aerosol species (Schmid et al. 2009; Schmid

et al. 2006). Long-term studies of the vertical distribu-

tion of aerosols are being carried out using in situ (Delle

Monache et al. 2004; Andrews et al. 2004; Sheridan et al.

2001) and remote sensing (Wulfmeyer and Feingold 2000;

Kotchenruther et al. 1999; Ferrare et al. 2000; Schmid et al.

2003; Pahlow et al. 2006; Ismail et al. 2000) instruments

with various deployment strategies. Satellite-based re-

mote sensing instruments (the following Web pages

provide additional information: http://modis.gsfc.nasa.gov,
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http://www.nasa.gov/mission_pages/calipso/main/index.

html, and http://www.nasa.gov/mission_pages/cloudsat/

main/index.html) are providing aerosol studies on a global

scale while networks of common instruments such as

the solar radiometers deployed as part of the National

Aeronautics and Space Administration’s (NASA) Aero-

sol Robotic Network (AERONET) program (Holben

et al. 2001) are providing aerosol data from worldwide

sites using uniform data collection, calibration, and data

processing techniques. Ground- and aircraft-based re-

mote sensing instruments combined with in situ instru-

ments are being deployed at field sites through programs

such as the Atmospheric Radiation Measurement (ARM)

program (Sheridan et al. 2001; Stokes and Schwartz 1994;

Ackerman and Stokes 2003) or through multi-investigator

field campaigns (Delle Monache et al. 2004; Haywood

et al. 2003; Schmid et al. 2009; Schmid et al. 2003; Ismail

et al. 2000; Ferrare et al. 2006; Johnson et al. 2009) to

better understand the role of atmospheric aerosols on the

radiative forcing of the climate system. Because of the

spatial and temporal variations of atmospheric aerosols,

small-scale, long-term studies of atmospheric aerosols

from a variety of locations can complement these larger

aerosol monitoring efforts.

In this paper, three ground-based remote sensing in-

struments and one ground-based in situ instrument are

deployed to study aerosol optical properties for a 24-h

period over Bozeman, Montana (45.668N, 111.048W, el-

evation 1530 m). The remote sensing instruments devel-

oped at Montana State University include an eye-safe

diode-laser-based differential absorption lidar (DIAL)

for water vapor profiling in the lower troposphere (Nehrir

et al. 2009a,b) and a two-color backscatter lidar for aero-

sol profiling. A solar radiometer operated as part of the

NASA-run AERONET program (Holben et al. 2001)

was used for measuring and retrieving column-integrated

aerosol optical properties and a ground-based nephe-

lometer was deployed for measurements of the scattering

component of the aerosol extinction. The deployment of

this initial set of instruments represents the first step in the

development of a remote sensing facility for atmospheric

studies at Montana State University.

The deployment of multiple instruments allows for a

closure experiment to be performed. Closure experiments

(Schmid et al. 2003; Huebert et al. 2003) are important

for verifying the consistency of retrieved aerosol optical

properties using various instruments and have the po-

tential to reduce the uncertainties associated with aerosol

radiative forcing estimates. During this experiment, the

aerosol lidar ratio, often referred to as simply the lidar

ratio or the extinction to backscatter ratio Sa and the aero-

sol optical depth retrieved using the two-color lidar are

compared with the aerosol optical depth and lidar ratio

retrieved using the solar radiometer. Furthermore, the

scattering component of the aerosol extinction calculated

using the single-scatter albedo retrieved with the solar

radiometer and the total aerosol extinction retrieved us-

ing the two-color lidar is compared with the scattering

component of the aerosol extinction measured using the

ground-based nephelometer.

The ability to measure aerosol optical properties is

important for understanding the effects of aerosols on the

radiative forcing of the climate system. Furthermore, data

from an AERONET site (Holben et al. 2001) located on

the Montana State University campus in Bozeman have

been used to classify aerosol species based on the column-

integrated aerosol optical properties (Omar et al. 2009;

Omar et al. 2005; Reagan et al. 2004; Cattrall et al. 2005;

Wang et al. 2005). The ability to classify aerosols into

various species can be used to classify aerosols into nat-

ural and anthropogenic categories that can help in the

understanding of the natural and anthropogenic radiative

forcings resulting from the interaction of aerosols with

incoming solar radiation and longwave thermal emission.

Cattrall et al. (Reagan et al. 2004; Cattrall et al. 2005;

Wang et al. 2005) used inversions from scanning solar

radiometers at various AERONET sites to characterize

aerosol optical properties at 550-nm and 1020-nm wave-

lengths. The results of this grouping of aerosol optical

properties led to the development of the constrained

ratio aerosol model-fit (CRAM) technique for in-

version of two-wavelength lidar data when other con-

straining information such as the total aerosol optical

depth is not available. a similar study was carried out by

Omar et al. (Omar et al. 2005, 2009) based on more

than 143 000 solar radiometer measurements from

more than 250 AERONET sites using the inversion

results for the 440-, 670-, 870-, and 1020-nm channels.

The clustering algorithm used by Omar et al. (2005,

2009) resulted in six statistically significant clusters of

aerosol optical properties. The retrieved aerosol opti-

cal properties using the set of four instruments are

compared to these general aerosol models to classify

a thin layer of smoke. Back-trajectory calculations of

the air mass present over Bozeman on 28 August 2009

suggest this smoke originated from forest fires burning

in California; Washington; British Columbia, Canada;

and northwestern Montana.

This paper is organized as follows. A description of the

two-color lidar and eye-safe diode-laser-based water va-

por DIAL are presented in section 2. Observational data

and an analysis are presented in section 3. In section 4, a

discussion of the observational data and a comparison to

the aerosol models developed from the AERONET sites

are presented. Finally, some brief concluding remarks are

presented in section 5.
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2. Instrumentation

a. Instrumentation introduction

A set of four instruments was deployed for observa-

tional studies of atmospheric aerosols during 27–28 August

2009. The first two instruments included a two-color

backscatter lidar for the profiling of atmospheric aerosols

and a DIAL for profiling water vapor in the lower tro-

posphere (Nehrir et al. 2009a,b). These two instruments

were developed at Montana State University and are

described below. The remaining instruments included

a ground-based Cimel 318 sun–sky-scanning solar ra-

diometer operated as part of the AERONET program

(Holben et al. 2001) and a ground-based nephelometer

provided on loan from the University of Alaska at Fair-

banks.

b. Two-color lidar

An Nd:YAG laser is used to produce light at the fun-

damental 1064-nm and second harmonic 532-nm wave-

lengths for the two-color lidar. The operating parameters

for this instrument are summarized in Table 1. The flash-

lamp-pumped Q-switched laser produces laser pulses of

approximately 9.9 ns with a pulse repetition frequency

(PRF) of 20 Hz. The pulse energy at the fundamental

(second harmonic) wavelength is 50 mJ (100 mJ). The

beams exit the laser head collinearly with a beam diam-

eter of 0.54 cm. The two beams are next expanded and

recollimated using a 53 telescope in order to minimize

the divergence of the transmitter. After the second lens,

the collimated light has a beam diameter of 2.7 cm. The

collimated light is next incident on a dielectric mirror that

directs most of the collinear fundamental and second har-

monic light into the atmosphere. The small amount of the

fundamental and second harmonic light passing through

this dielectric mirror is then separated and directed

onto energy detectors used to monitor the pulse energy

at both the 532- and 1064-nm wavelengths.

The optical receiver for the two-color lidar instrument

uses a 28-cm-diameter Schmidt–Cassegrain telescope to

collect the light scattered by the atmosphere. An iris is

placed at the focal plane of the telescope and is used to

reduce the field of view of the telescope to 2 mrad, ap-

proximately 3 times larger than the 0.65-mrad divergence

angle of the beams leaving the laser transmitter. Light

passing through the iris is next split using a dielectric

mirror with the 532-nm light directed to a gated photo-

multiplier tube (PMT) and the 1064-nm light directed to

an avalanche photodiode (APD). The laser transmitter

comes into full overlap with the optical receiver at 750 m.

Calibration of the lidar instrument is necessary to

ensure that an inversion performed on the lidar return

data accurately reflects the aerosol optical properties.

The 532-nm channel of the lidar is calibrated using data

collected from the free troposphere where molecular

scattering dominates the return signal. The 532-nm

calibration constant is found by comparing the modeled

Rayleigh scattering (Kovalev and Eichinger 2004) with

the range-corrected return signal collected by the two-

color lidar. There is not enough molecular backscatter at

1064 nm to directly calibrate the 1064-nm channel of the

lidar. The calibration of the 532-nm channel is trans-

ferred to the 1064-nm channel using scattered light from

cirrus clouds at each wavelength (Reagan et al. 2002).

The lidar calibration constant for the 532-nm channel is

calculated for each inversion in the time series. The

1064-nm calibration constant calculated using scattering

from cirrus clouds is monitored when the atmospheric

conditions permit. Due to the lack of cirrus clouds, the

1064-nm channel calibration constant was assumed to be

constant throughout the duration of the measurement.

c. Water vapor differential absorption lidar (DIAL)

The water vapor DIAL instrument developed at Mon-

tana State University (Nehrir et al. 2009a,b) uses a tun-

able external cavity diode laser (ECDL) operating in the

Littman–Metcalf configuration capable of accessing wa-

ter vapor absorption bands in the 824–841-nm spectral

region. The tunable ECDL serves as a master oscillator

for the master oscillator power amplifier (MOPA) con-

figured DIAL instrument and is used as the seeding source

for the water vapor DIAL transmitter. The continuous-

wave (cw) output from this ECDL is used to injection seed

a tapered semiconductor optical amplifier (TSOA). The

cw output of this first TSOA is injection seeded into a

second TSOA that is operated in a saturation regime using

a pulsed drive current producing up to 1.8 mJ pulses with

a 1-ms pulse duration and a pulse repetition frequency of

20 kHz. The pulsed output of the second TSOA is beam

expanded to decrease the divergence of the DIAL

transmitter to approximately 100 mrad, and the output

is then sent into the atmosphere. Light scattered by the

atmosphere is collected using a commercial Schmidt–

Cassegrain telescope with a 28-cm-diameter primary

TABLE 1. Operating parameters for the two-color

backscatter lidar.

Parameters Measured values

Operating wavelengths 532 and 1064 nm

Pulse duration 9.9 ns

PRF 20 Hz

Pulse energy 532-nm channel 50 mJ

Pulse energy 1064-nm channel 100 mJ

Telescope diameter 28 cm

Receiver FOV 2 mrad
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mirror. Light collected by the telescope passes through

a focus and is then incident on a lens used to collimate the

light. The collimated light passes through a narrowband

filter with a center wavelength of 828.06 nm (air) and a

full-width at half-maximum (FWHM) linewidth of 0.25 nm.

After the narrowband filter, the light is focused and

launched into a multimode fiber with a core diameter

of 105 mm and a numerical aperture of NA 5 0.22 that

acts as the system field stop, yielding a far-field full angle

field of view of 170 mrad. A fiber-coupled photon-

counting avalanche photodiode (APD) module is used to

detect the collected optical signal. The laser transmitter

comes into overlap with the DIAL receiver at 500 m.

The evaluation of the temperature sensitivities of water

vapor absorption lines in the 820–840-nm spectral region

were studied using the methods presented by Browell

et al. (1991), leading to the selection of this water vapor

absorption line for number density profiles at 828.187 nm

(vacuum) (the online wavelength). A summary of the

water vapor DIAL transmitter and the receiver specifica-

tions are shown in Table 2, where the laser transmitter

requirements for accurate water vapor profiling are also

shown for comparison.

The water vapor DIAL operates autonomously using

custom control software developed in the Labview pro-

gramming environment. The control program tunes the

DIAL laser transmitter to the online wavelength. The

backscattered returns collected by the water vapor DIAL

receiver are sampled by a 20-MHz multichannel-scalar

(MCS) card for a user-defined time of typically 1 min. The

control program then tunes the DIAL laser transmitter to

the offline wavelength and this process is repeated. Data

presented in this paper used 6 min of averaged online

data and 6 min of averaged offline data to create one

range-resolved number density profile using the DIAL

equation (Kovalev and Eichinger 2004). Water vapor

number density time series are then derived by creating

a 12-min running-average window across the full dataset.

A nearest-neighbor interpolation algorithm is then used

to smooth the data in space and time to increase the

viewing resolution of the water vapor time series.

d. Ground-based nephelometer

The scattering component of the aerosol extinction was

measured with an M-903 Integrating Nephelometer (Ra-

diance Research, Seattle, Washington) with an equivalent

wavelength of 550 nm. The nephelometer was operated in

a room with the temperature slightly above ambient. This,

along with the fact that the humidity was always con-

siderably below saturation, resulted in a dry aerosol.

The inlet tube was approximately 1 m in length and cal-

culations indicate insignificant loss of aerosol through the

sampling line. This was verified by comparing the scattering

coefficient with and without the sampling line. Airflow

through the instrument was set at 5 liters (min)21. Data

were averaged and logged over 15 min and calibration was

executed by filling the scattering volume with CF-22 be-

fore and after the experiment. The instrumental 0 point

was checked every few days by inserting an absolute filter.

According to the drifts in the 0 point and in the calibration,

we infer that the measured scattering component of the

aerosol extinction is accurate to 61 3 1026 m21.

e. Summary of data products

The data products for the water vapor DIAL instru-

ment include the range-corrected return signal as a func-

tion of range for both the online and offline wavelengths.

These return signals at the online and offline wavelengths

can be used along with the DIAL equation to calculate

water vapor number density profiles. The water vapor

number density profiles can be used along with mod-

eled temperature and pressure profiles to calculate rela-

tive humidity profiles. The eye-safe offline wavelength of

the DIAL can also be used to display aerosol structural

features.

The data products for the two-color lidar instrument

include the return signal at both the 532- and 1064-nm

wavelengths as a function of range. The inversion of the

two-color lidar data using the Fernald retrieval (Fernald

et al. 1972; Fernald 1984) provides vertical profiles of the

aerosol backscatter and extinction at both wavelengths as

a function of the lidar ratio. An assumption of a constant

lidar ratio is made to complete the lidar inversion. In-

tegrating the aerosol extinction profile generated from

the lidar inversion provides the aerosol optical depth for

each wavelength.

TABLE 2. Laser transmitter and receiver specifications for the

diode-laser-based water vapor DIAL. Laser transmitter require-

ments for water vapor DIAL retrievals with an error due to in-

dividual laser properties of ,3% are listed in the right-hand column.

Parameters Measured values Requirement

lon, lside-line, loff

(nm, vacuum)

828.187–828.1936–

828.287

PRF (kHz) 20.0

Pulse width (ms) 1

Pulse energy (mJ) ;2.0

Transmitter line width

(FWHM, MHz)

,0.300 ,296

Frequency stability

(MHz)

688 6160

Spectral purity 0.995 .0.995

Telescope diameter

(cm)

28

Far-field full FOV

(mrads)

;170

Filter bandwidth

(FWHM; pm)

;250
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The data products from the Cimel solar radiometer

include the aerosol optical depth and the Angstrom ex-

ponents. The inversions applied to the almucantar scans

completed by NASA through the AERONET program

(Holben et al. 2001) provide the column-integrated

aerosol phase function, the single-scatter albedo, the

complex index of refraction, and the aerosol size distribu-

tion for accumulation and coarse modes. The data product

for the ground-based nephelometer provides measure-

ments of the scattering component of the aerosol extinc-

tion at 550 nm.

3. Observational data and analysis

The eye-safe water vapor DIAL was operated over a

24-h period beginning at 2300 mountain daylight time

(MDT) on 27 August 2009. A false-color plot of the range-

corrected returns using the offline data at 828.287 nm

collected with the water vapor DIAL as a function of

range and time is shown in Fig. 1. The wind was out of the

east until 0400 MDT on 28 August 2009 with the wind

speed dropping from 5 to less than 1 m s21. The wind

remained out of the east with a wind speed of less than

1 m s21 until 0900 MDT. At approximately 0900 MDT,

the wind direction shifted to out of the north with a wind

speed of approximately 1 m s21. This shift in the wind

direction corresponds to the appearance of the elevated

aerosol layer at approximately 2 km. The wind direction

again shifted at approximately 1500 MDT to out of the

east with an increase in wind speed to 5 m s21. This shift

in the wind direction and speed coincides with the in-

creased aerosol loading seen in Fig. 1 at 2.5 km at ap-

proximately 1500 MDT. The wind velocity then increased

from 5 to 7.5 m s21 between 2000 and 0000 MDT on

29 August 2009. Clouds began appearing at approximately

4.5 km starting at 1800 MDT on 28 August 2009. The wind

speed and wind direction measurements were made using

a ground-based weather station and correlate well with the

direction of the zonal winds derived by the National

Oceanic and Atmospheric Administration’s (NOAA)

Hybrid Single-Particle Lagrangian Integrated Trajectory

(HYSPLIT) model, which is presented in section 4a.

A plot of the aerosol optical depth measured with the

scanning solar radiometer is shown in Fig. 2. The triangles

(squares, circles) represent the measured aerosol optical

depth as a function of time at the 532-nm (675, 1020 nm)

wavelengths. The aerosol optical depth at 532 nm was

calculated using a linear interpolation of data collected at

the 500- and 675-nm channels. The aerosol optical depth

at the 532-nm wavelength was also calculated using the

wavelength-dependent Angstrom exponent (Eck et al.

1999). The aerosol optical depth at the 532-nm wavelength

was calculated using the average Angstrom exponent

calculated using the 440- and 500-nm wavelength pair and

the 500- and 675-nm wavelength pair. The aerosol optical

depths estimated from the interpolation of the AERONET

data using both the linear interpolation and the Angstrom

exponent were within 3.5%. The solid black line in Fig. 2

represents the ratio of the 532–1020-nm aerosol optical

depth and is related to the ratio of the aerosol extinction at

532–1020 nm. This changing spectral ratio of the aerosol

optical depth indicates that the aerosol composition is

changing as the day progresses. The aerosol composi-

tion will be examined further in the next section when

the aerosol optical properties are discussed in terms of

previously developed aerosol models (Omar et al. 2009;

FIG. 1. A false-color plot of the range-corrected returns using the offline wavelength

(828.287 nm) of the water vapor DIAL as a function of range and time. The water vapor DIAL

is an eye-safe instrument and is capable of collecting continuous data.
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Omar et al. 2005; Reagan et al. 2004; Cattrall et al. 2005;

Wang et al. 2005).

The two-color lidar data collection time was limited

from 1430 to 2300 MDT on 28 August 2009, the period

when Federal Aviation Administration (FAA) permis-

sion was obtained to operate this non-eye-safe lidar in-

strument. The inversion of the two-color lidar data was

completed using the aerosol optical depth shown in Fig. 2

as an independent constraint on the lidar inversion. For

the 532-nm channel of the two-color lidar, a lidar ratio, Sa,

is chosen; the inversion is completed using the Fernald

inversion technique; and an aerosol optical depth is cal-

culated using the aerosol extinction resulting from the li-

dar inversion. A constant lidar ratio assumption is used

along with the aerosol optical depth constraint to complete

the lidar inversion. Because of this assumption needed

to complete the lidar inversion, the variability of the li-

dar ratio as a function of height is lost. Because the two-

color lidar does not come into full overlap until a range

of 750 m, the aerosol extinction from the ground to the

750-m range is assumed constant and equal to the value

at 750 m. The validity of this assumption will be discussed

further when the scattering component of the aerosol

extinction measured using the nephelometer is presented.

The aerosol optical depth resulting from the lidar inver-

sion is then compared to the aerosol optical depth mea-

sured by the solar radiometer. This process is repeated for

the 1064-nm channel of the two-color lidar. A plot of the

aerosol optical depth averaged from 1500 to 1800 MDT

on 28 August 2009 is shown as a function of the lidar ratio

Sa,532nm (Sa,1064nm), in Fig. 3 (Fig. 4) measured using the

532-nm (1064 nm) channel of the two-color lidar. The

solid squares represent the average calculated aerosol

optical depth as a function of Sa,532nm (Sa,1064nm), while

the error bars represent the standard deviation in the

calculated aerosol optical depth. The solid line shown in

Fig. 3 (Fig. 4) represents a polynomial fit to the aerosol

optical depth as a function of Sa,532nm (Sa,1064nm). The

dashed line shown in Fig. 3 (Fig. 4) represents the absolute

FIG. 2. Plot of the aerosol optical depth as a function of time for

28 Aug 2009. The triangles (squares, circles) represent the AOD at

the 532-nm (675 nm, 1020 nm) wavelength. The solid black line rep-

resents the ratio of the AOD at 532 nm to the AOD at 1020 nm.

FIG. 3. Plot of the average AOD at 532 nm as a function of

Sa,532nm. The solid squares represent the AOD calculated from the

lidar inversion averaged between 1500 and 1800 MDT. The solid

line represents a polynomial fit to these calculated values for the

AOD. The dashed line represents the absolute value of the dif-

ference between the calculated AOD using the results from the

lidar inversion and the average value of the AOD measured using

the solar radiometer.

FIG. 4. Plot of the average AOD at 1064 nm as a function of

Sa,1064nm. The solid squares represent the AOD calculated from the

lidar inversion averaged between 1500 and 1800 MDT. The solid

line represents a polynomial fit to these calculated values for the

AOD. The dashed line represents the absolute value of the dif-

ference between the calculate AOD using the results from the lidar

inversion and the average value of the AOD measured using the

solar radiometer.
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value of the difference between the calculated aerosol

optical depth and the average aerosol optical depth mea-

sured by the solar radiometer between 1500 and 1800 local

time (LT) for the 532-nm (1064 nm) wavelength. A value

of Sa,532nm 5 54.5 6 9.0 sr (Sa,1064nm 5 28.5 6 2.8 sr) used in

the Fernald lidar inversion yields an aerosol optical depth

for the 532-nm (1064 nm) channel of the two-color lidar

that matches with the aerosol optical depth measured by

the solar radiometer. The error in the lidar ratio retrieved

from the two-color lidar is calculated using the standard

deviation of the aerosol optical depth (AOD) retrieved

over the 15-min integration period.

The nephelometer measures the scattering component

of the aerosol extinction of the aerosols at the 550-nm

wavelength. A plot of the scattering component of the

aerosol extinction as a function of time is shown in Fig. 5.

The nephelometer measurement can be compared with

the scattering component of the aerosol extinction re-

trieved using the two-color lidar at the 532-nm wave-

length. While the two-color lidar retrieves the total aerosol

extinction, the scattering extinction can be estimated by

multiplying the total aerosol extinction by the single-

scatter albedo retrieved using the solar radiometer, which

has an average value of 0.921 6 0.012 based on the solar

radiometer measurements between 1500 and 1800 LT.

Plots of the scattering component of the aerosol extinc-

tion as a function of time for the two-color lidar and

the ground-based nephelometer are shown in Fig. 6. The

dashed line represents the scattering component of the

aerosol extinction measured at the surface using the neph-

elometer, while the solid line represents the scattering

component of the aerosol extinction estimated using

the solar-radiometer-derived single-scatter albedo and

the aerosol extinction retrieved at an altitude of 750 m

using the 532-nm channel of the two-color lidar. Good

agreement between the nephelometer and the lidar

data is seen from 1400 to 1600 MDT. The scattering

component of the aerosol extinction measured using the

two-color lidar starts to diverge from the scattering com-

ponent of the aerosol extinction measured by the nephe-

lometer between 1600 and 1900 MDT. This is most likely

due to the downward mixing of the thin layer of aerosols

seen in Fig. 1 starting to affect the extinction measure-

ments at 750 m, but not yet affecting the ground-based

measurements. The agreement between the scattering

component of the aerosol extinction measurements mea-

sured using the ground-based nephelometer and the two-

color lidar at 750 m between 1400 and 1600 MDT lends

credence to the assumption that the aerosol extinction

below 750 m is constant. However, when the aerosol

layer begins affecting the two-color lidar measurements

at 750 m, but not the ground-based measurements, this

constancy assumption no longer holds and some error in

the calculated aerosol optical depth from the two-color

lidar results. This error contribution to the aerosol optical

depth is estimated to be less than about 5% for the 1600–

1900 MDT time period.

A false-color plot of the aerosol extinction as a function

of time is shown in Fig. 7 for the 532-nm wavelength. The

returns used to calculate the backscatter and extinction

profiles were down-sampled from the original sampled

resolution of 0.75 m to 15 m to provide an increase in the

signal-to-noise ratio. Profiles of the aerosol extinction and

relative humidity at 1500, 1600, 1700, and 1800 MDT are

shown in Fig. 8. In this figure, the aerosol extinction from

750 m to 5 km was retrieved using the two-color lidar,

FIG. 5. The scattering component of the aerosol extinction at

550 nm as a function of time measured at the surface using the

nephelometer.

FIG. 6. The scattering component of the aerosol extinction as

a function of time. The dashed line represents surface measure-

ments using the nephelometer while the solid line represents

measurements made using the single-scatter albedo and aerosol

extinction measurements made at 750 m.
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while the aerosol extinction at the surface was determined

using the scattering nephelometer measurement and the

solar-radiometer-retrieved single-scatter albedo. The rel-

ative humidity was retrieved from the water vapor DIAL.

The change in aerosol extinction between the ground and

750 m was assumed to be linear.

The water vapor DIAL provides range-resolved water

vapor profiles as a function of time. A false-color plot of

the water vapor number density as a function of range and

time is shown in Fig. 9. Temperature profiles can be es-

timated using the surface temperature and a lapse rate of

2108C km21, while pressure profiles can be estimated

FIG. 7. False-color plot of the aerosol extinction as a function of time. The top of the

boundary layer ranges from approximately 1.5 to 2.5 km with cumulus clouds appearing be-

ginning at approximately 1900 MDT at the boundary layer.

FIG. 8. A plot of the aerosol extinction and relative humidity as a function of range at (left to righ) 1500,

1600, 1700, and 1800 MDT. The aerosol extinction at the surface was measured using the scattering

nephelometer. The two-color lidar comes into overlap at 750 m.
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using the surface pressure along with a modeled pressure

profile (Machol et al. 2004), allowing the relative humidity

to be calculated from the water vapor number density

data shown in Fig. 9. The relative humidity as a function of

range and time is shown in Fig. 10.

The hygroscopic growth of aerosols can have a significant

impact on the aerosol particle size and strongly influences

the radiative forcing resulting from the aerosol direct effect

(Wulfmeyer and Feingold 2000; Kotchenruther et al. 1999).

The hygroscopic growth of aerosols requires a high relative

humidity over approximately 80% before the aerosol

backscatter is appreciably affected (Wulfmeyer and

Feingold 2000; Kotchenruther et al. 1999). As can be seen

in Figs. 8 and 10, during this observation period, the rel-

ative humidity in the vicinity of the aerosol layer below

approximately 2.5 km remains relatively low, below 60%,

indicating that very little hygroscopic growth of the

aerosol is taking place.

The lidar ratio at 532 and 1064 nm can be retrieved

from the data provided by the solar radiometer. Using the

FIG. 9. (left to right) Water vapor number density as a function of altitude and time beginning at

2300 MDT 27 Aug 2009 and continuing through 2300 MDT 28 Aug 2009. The water vapor number

density ranges from 0.1 (white) to 10 3 1016 cm23 (black).

FIG. 10. The relative humidity as a function of range and time estimated using the data shown in Fig. 9.

The temperature and pressure profiles are estimated using the surface temperature and pressure and

a model atmosphere.
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single-scatter albedo and phase function from the in-

version of the solar radiometer data, the lidar ratio can be

calculated as Sa,l 5 4p/vo,lPl(180), where vo,l is the

single-scatter albedo at the wavelength l and Pl(180) is

the value of the phase function at 1808 at the wavelength l.

The single-scatter albedo and phase function at 532 nm

are calculated using a linear interpolation of the 500- and

675-nm data. A plot of the lidar ratio at both the 532- and

1064-nm wavelengths is shown in Fig. 11 as a function of

time. Data were not taken between 1100 and 1400 MDT

on 28 August 2009 due to broken cloud cover affecting

the almucantar scanning of the solar radiometer. The

circles (squares) represent the lidar ratio at the 532-nm

(1064 nm) wavelength. From Fig. 11, it can be seen that

the lidar ratios change for data collected during the

morning and data collected during the afternoon. The

lidar ratio retrieved from the radiometer data collected

in the morning (afternoon) for the 532-nm wavelength

is Sa,532nm 5 61.2 6 6.7 sr (Sa,532nm 5 49.5 6 5.3 sr). The

lidar ratio retrieved from the radiometer observations in

the morning (afternoon) for the 1064-nm wavelength is

Sa,1064nm 5 44.4 6 4.6 sr (Sa,1064nm 5 31.6 6 3.7 sr). The

lidar ratios for both the 532-nm (1064 nm) wavelength

retrieved in the afternoon using the two-color lidar are

54.5 6 9.0 sr (Sa,1064nm 5 28.5 6 2.8 sr), agreeing with the

lidar ratios obtained from the solar radiometer obser-

vations. Because of not having FAA permission to op-

erate the non-eye-safe lidar, two-color lidar data were

not available during the morning hours.

The aerosol volume distribution obtained by inverting

the solar radiometer measurements is shown in Fig. 12.

The squares connected by a solid line (triangles con-

nected by a dashed line, circles connected by a dotted

line, and diamonds connected by a dashed–dotted line)

represent retrievals of the volume distribution made at

0840 MDT (1028, 1528, and 1716 MDT). A change in

the aerosol fine- and coarse-mode fractions by volume

between the morning and afternoon indicates a change in

the aerosol composition, which will be further discussed

in the next section.

4. Discussion

a. Comparison of aerosol optical properties with
aerosol models

Aerosol models useful for assessing and constraining

lidar retrievals have been developed by Cattrall et al.

(Reagan et al. 2004; Cattrall et al. 2005; Wang et al. 2005)

and Omar et al. (Omar et al. 2005, 2009) from extensive

analyses of AERONET (Holben et al. 2001) retrieval

data. Omar et al.’s models were derived using cluster

analysis techniques on the complete AERONET data-

base, while Cattrall et al.’s models were derived by re-

gional and time of year segregation of the AERONET

database to isolate different types of aerosols. Both data-

sets included many thousands of AERONET retrievals,

which enabled meaningful statistical assessments and

groupings. Both sets of models include the core groupings

of aerosol types that one would expect from an analysis of

a global dataset such as aerosol types characterizing

FIG. 11. Plot of the lidar ratio Sa as a function of time. The lidar

ratio at 532 nm (1064 nm) is plotted as the circles (squares). The

change in the Sa ratio at both wavelengths between measurements

made in the morning and afternoon indicate a change in the aerosol

species.

FIG. 12. A plot of the bimodal lognormal size distributions re-

trieved from the solar radiometer observations on 28 Aug 2009.

The solid line (dashed line, dotted line, dash dotted line) represents

measurements made using the almacantar scan of the solar radi-

ometer at 0840 MDT (1028, 1528, 1716 MDT). The fine mode is

much larger for measurements made in the afternoon as compared

to measurements made in the morning, indicating that a new

aerosol species is present.
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urban–industrial or pollution, dust, smoke/biomass

burning, and marine–oceanic sources. These models yield

similar but not identical lidar parameters as well as some

model variations such as the polluted continental and

polluted marine aerosol models in the Omar et al. set and

SE Asia in the Cattrall et al. set, which mainly reflect

slight differences in the regional–time of year segmenta-

tions of the AERONET database. The Cattrall et al.

models are given in lidar-related spectral parameteriza-

tions including the aerosol lidar ratio at 550 nm and the

550-/1020-nm spectral ratios of the aerosol lidar ratio,

backscatter, extinction, and Angstrom exponent, and

nonspherical particle effects are included in the dust

(spheroids) model. The wavelengths of 550 and 1020 nm

used in developing the Cattrall et al. models are close

enough to the frequently employed lidar wavelengths of

532 and 1064 nm to not require wavelength corrections

when applying the models to lidar data at these wave-

lengths since the slight wavelength differences are within

the inherent uncertainty in the models (Reagan et al.

2004; Cattrall et al. 2005; Wang et al. 2005). The statistical

spreads (standard deviations) of the various parameters in

the Cattrall et al. models were also determined as a part of

the analysis and provide important confidence bounds or

windows on fitting the models to the data. For example,

the standard deviations of the lidar ratio at 550 nm for the

various aerosol models are within approximately 15%,

permitting reasonably bounded lidar retrievals. The Omar

et al. models give the aerosol physical parameters in-

cluding particle size distribution and complex refractive

index necessary to calculate the optical scattering prop-

erties of the particles and obtain parameterizations similar

to those of the Cattrall et al. models. In a more recent

paper, Omar et al. (2009) have updated and revised their

models to reflect more recent observational confirmations

and to define more appropriate model groupings for ap-

plication to Cloud–Aerosol Lidar and Infrared Path-

finder Satellite Observations (CALIPSO) lidar

observations. The aerosol parameters for these revised–

updated Omar et al. (2009) models are given in Table 3.

Similarly, Table 4 gives the aerosol parameters for the

Cattrall et al. (2005) models, excluding the dust

(spheres) model, which is not considered practical, and

in addition including a rural continental model. The

rural continental model was defined by the same pro-

cedures and at the same time as the other Cattrall et al.

models, but it was not included in the Cattrall et al.

(2005) publication. It was defined from AERONET data

for several midwestern AERONET sites with a constraint

of only including data with 550-nm aerosol optical depths

less than or equal to 0.15 to define what was first thought

of as a clean continental model. After some consideration,

it was concluded that the 0.15 aerosol optical depth cutoff

likely included enough pollution influence to not yield

a truly clean continental aerosol model, which is why it

was not included in the 2005 publication. However, it still

gives some measure of the continental aerosol charac-

teristics and is included here for comparison with the

updated Omar et al. models. It can be seen that the Sa’s

given in Tables 3 and 4 are in reasonable agreement for

TABLE 3. A summary of the aerosol model parameters for the 532- and 1064-nm wavelengths derived by Omar et al. A complete list of

aerosol model parameters can be found in Omar et al. (2005, 2009).

Optical physical property Dust Smoke Clean continental Polluted continental Clean marine Polluted dust

Lidar ratio 532 nm, Sa,532nm (sr) 40 70 35 70 20 65

Lidar ratio 1064 nm, Sa,1064nm (sr) 55 40 30 30 45 30

Fine fraction by volume 0.223 0.329 0.050 0.531 0.025 0.241

Coarse fraction by volume 0.777 0.671 0.950 0.469 0.975 0.759

Real index at 532 nm 1.414 1.517 1.451 1.404 1.400 1.452

Imaginary index at 532 nm 0.0036 0.0234 0.0032 0.0063 0.0006 0.0109

Real index at 1064 nm 1.495 1.541 1.451 1.439 1.393 1.512

Imaginary index at 1064 nm 0.0043 0.0298 0.0032 0.0073 0.0006 0.0137

TABLE 4. A summary of the aerosol model parameters for the 550- and 1020-nm wavelengths derived by Cattrall et al. Here, b550nm

(b1020nm) is the aerosol backscatter at the 550-nm (1020 nm) wavelength, and s550nm (s1020nm) is the aerosol extinction at 550 nm

(1020 nm). A complete description of the aerosol model parameters can be found in Cattrall et al. (2004), Cattrall et al. (2005), Reagan

et al. (2004), and Wang et al. (2005).

Optical–physical property Biomass burning SE Asia Urban– industrial Oceanic Dust Rural continental

Lidar ratio 550 nm, Sa,550nm (sr) 60 6 8 58 6 11 71 6 10 28 6 5 42 6 4 49 6 8

Lidar ratio 1020 nm, Sa,1020nm (sr) 29 6 4 39 6 7 37 6 5 28 6 5 35 6 3 31 6 5

b550nm/b1020nm 1.8 6 0.3 1.6 6 0.2 1.6 6 0.2 1.4 6 0.1 1.1 6 0.1 1.7 6 0.3

s550nm/s1020nm 3.8 6 0.4 2.4 6 0.3 3.3 6 0.5 1.5 6 0.4 1.2 6 0.1 3 6 0.5
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those models representing polluted–smoke-dominated

aerosols, particularly for the nominal 550-nm wavelength.

The spectral backscatter and extinction ratios of the

Cattrall et al. models were developed for use in the CRAM

dual-wavelength lidar retrieval technique (Reagan et al.

2004; Wang et al. 2005) that provides a constrained means

for selecting Sa values that best fit the lidar data in the

absence of other ways of estimating the Sa’s. The CRAM

approach and the Cattrall et al. models have been suc-

cessfully applied to limited amounts of both Geoscience

Laser Altimeter System (GLAS) and CALIPSO data

(McPherson et al. 2010; Reagan et al. 2007; Reagan et al.

2006). Analysis of CALIPSO Saharan dust observations

(McPherson and Reagan 2010) via CRAM and alternate

estimates of Sa at 532 and 1064 nm, by the elevated layer

direct transmittance approach, confirmed the 532-nm dust

model Sa of 42, but led to a revised estimate for the 1064-nm

dust model Sa of 52, which agrees with the revised esti-

mate for the Omar et al. dust model. The determinations

of Sa at 532 and 1064 nm obtained from the various in-

struments in the case study reported here provide an

opportunity to further assess the utility of these aerosol

models for interpreting multiwavelength lidar and solar

radiometer observations.

Considering first the 0800–1100 MDT period for

28 August 2009, which, while not having aerosol optical

depth constrained lidar retrievals of Sa due to not hav-

ing FAA approval to operate the two-color lidar, does

have AERONET inversion retrievals of Sa from the sky-

scanning solar radiometer measurements. These lidar ra-

tios are shown in Fig. 11 and yield mean values of Sa,532 5

61.2 6 6.7 sr and Sa,1064 5 44.4 6 4.6 sr. The spectral ex-

tinction ratio is also available from the solar radiometer

aerosol measurements, a plot of which is included in Fig. 2,

yielding a mean value of 2.70 6 0.18 for the same period.

There is also a slight bump in the aerosol optical depth and

the spectra extinction ratio in Fig. 2 from a little before

0900 MDT through approximately 1000 MDT, presum-

ably due to the first intrusion of the elevated layer showing

up at that time in Fig. 1, at about 2 km in height, but the

backscattering and aerosol optical depth contributions

from this layer appear relatively weak until intensifying

later at approximately 1500 MDT. Checking the models in

Tables 3 and 4, it can be see that these Sa and spectral

extinction ratio values match rather well with the Cattrall

et al. SE Asia model parameters. This may at first glance

seem surprising, but the shape of the SE Asia model vol-

ume size distribution is quite similar to the AERONET

size distributions obtained from inversions of the sky-

scanning solar radiometer measurements between 0800

and 1100 MDT and are shown in Fig. 12. As discussed

by Cattrall et al. (2005), the SE Asia model was defined

to reflect the fact that the AERONET size distribution

retrievals for this region generally featured a more sig-

nificant coarse mode, though still smaller (in peak value)

than the fine mode than that of either the biomass burn-

ing or urban–industrial models, presumably due to less

controlled–lower temperature combustion emissions (e.g.,

from power generation and domestic coal–wood burning)

in the region. The coarse modes for the A.M. distributions

(as well as for the P.M. distributions) shown in Fig. 12 likely

stem mainly from crustal-derived/dust aerosols, whereas

the generally sulfate-dominated fine mode likely has

some influence from local pollution sources in and around

Bozeman (in addition to the pervasive influx of more

widespread sources). It is interesting to note that over the

period from about 1100 to 1500 LT (when unfortunately

no solar radiometer sky scan retrievals were obtained) the

backscatter in the layer just above the ground (red area in

Fig. 1 up to ;750 m) seems to intensify; the spectral ex-

tinction ratio, shown in Fig. 2, steadily increases from 2.7

to 3.5; and the nephelometer scattering signal in Fig. 5,

which is mostly due to fine-mode particle scattering, also

steadily increases, more than doubling in strength. It

would seem that these changes are most likely due to

fine-mode growth arising from increased human-caused

daytime activities in and around Bozeman coupled with

atmospheric photochemical effects.

For the 1500–1800 MDT period, when both lidar and

solar-radiometer-derived retrievals of lidar ratios were

obtained, the retrieved lidar ratios were found to be in

very good agreement with each other, but significantly

decreased from the A.M. solar-radiometer-derived lidar

ratio retrievals. The change is not surprising in view of

the significant changes that occurred around 1500 MDT,

as indicated in several of the previously cited figures,

beginning with Fig. 1. As noted earlier, there was a

significant change in wind speed and direction around

1500 MDT. Figure 1 indicates a decrease and the be-

ginning of an upward spread of backscattering near the

surface and also a notable increase in backscattering from

the elevated layer about 2.5 km above ground. This is

suggestive of a flushing out and dispersion of aerosols near

the surface, due to changes in the wind, and the elevated

layer intensification is also likely due to the change in wind

bringing more of the transported elevated layer aerosols

over the lidar observation site. This is consistent with the

decrease in the scattering component of the aerosol ex-

tinction measured by the nephelometer and seen in Fig. 5

between about 1400 and 1600 MDT, as well as the increase

in the lidar-retrieved aerosol extinction around 750 m

starting at approximately 1600 MDT, as seen in Fig. 6.

The lidar profile plots in Fig. 8 also show how strong

the elevated layer extinction became during the 1500–

1900 MDT period. Checking Tables 3 and 4, it can be

seen that the Cattrall et al. rural continental model
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Sa parameters come close to fitting the observations,

albeit both the Sa,532 (i.e., 49 sr versus the lidar retrieval of

54.5 sr) and the spectral extinction ratio (i.e., 3 versus the

radiometer measurement of 3.55 6 0.10) are perhaps

a little low. Also, considering the P.M. radiometer-derived

size distribution retrievals shown in Fig. 12, it can be seen

that the peak height of the fine mode has become sig-

nificantly larger than the coarse-mode peak height (not

a characteristic of the Cattrall et al. rural continental

model), indicative of aerosols with a significant pollution/

smoke component. Smoke transported into the valley by

the elevated layer is certainly a strong likelihood as seen

from the back-trajectory paths shown in Fig. 13 based on

the HYSPLIT model (information online at http://www.

ready.arl.noaa.gov.HYSPLIT.php), as well as from the

image shown in Fig. 14 from the Moderate Resolution

Imaging Spectroradiometer (MODIS) aboard the Aqua

satellite, and a knowledge that several fires had oc-

curred in California, Washington, British Columbia, and

northwestern Montana during this time period. Indeed,

smoke and continental model aerosol mixtures of either the

Omar et al. or Cattrall et al. models can provide good fits

to the parameters retrieved from the lidar and radiometer

observations.

The aerosol optical properties retrieved between 1430

and 2300 MDT and summarized in Table 5 can be com-

pared to the aerosol models developed by Omar et al.

(2005, 2009), which are summarized in Table 3. For the

data collected between 1430 and 2300 MDT on 28 August

2009, the lidar ratios of Sa,532nm 5 54.5 sr and Sa,1064nm 5

28.5 sr were retrieved using the solar radiometer and li-

dar observations. These lidar ratios do not match any of

the lidar ratios listed in Table 3, indicating that a mixture

of aerosol species may have been present. A linear com-

bination of the clean continental and smoke models de-

scribed in Table 3 with 33% smoke and 67% clean

continental yields lidar ratios of Sa,532nm 5 47 sr and

Sa,1064nm 5 33 sr, matching the measured lidar ratios

FIG. 13. The back-trajectory for the air mass over Bozeman for 28 Aug 2009. This

back-trajectory analysis uses the HYSPLIT model developed by NOAA.

332 J O U R N A L O F A T M O S P H E R I C A N D O C E A N I C T E C H N O L O G Y VOLUME 28



inferred from the two-color lidar data collected in the af-

ternoon. Using a linear combination of 33% smoke and

67% clean continental yields a fine- (coarse) mode fraction

of 0.142 (0.858) based on the aerosol models developed

by Omar et al. The aerosol fine- (coarse) mode fraction

by volume for data collected by the solar radiometer in

the afternoon has a value of 0.0955 6 0.0064 (0.9065 6

0.0028), which shows good agreement with the fine-

(coarse) mode fraction by volume of the combined aerosol

types calculated from the Omar et al. models. The increase

of the optical depth associated with the lofted aerosol layer

seen in Fig. 8 at approximately 2 km is calculated to be

0.046 (0.047, 0.047) at 1500 (1600, 1700) MDT. The total

aerosol optical depth at 1500 (1600, 1700) MDT was

measured to be 0.147 (0.151, 0.153) at 1500 (1600, 1700)

MDT. This results in an average contribution to the

aerosol optical depth of 31%. This is consistent with the

linear combination of the aerosol models described above.

The lidar inversion using the aerosol optical depth as a

constraint requires an assumption of a constant lidar ratio.

However, as seen in Fig. 1, the stratification of various

aerosol layers implies that the lidar ratio is not constant

with height. For these unmixed layers, linear combi-

nations of the model-based aerosol optical properties

such as the lidar ratio may better match the measured

column-averaged aerosol optical properties. These linear

TABLE 5. A list of selected retrieved aerosol optical properties used for comparison with the aerosol models developed by Catrall et al.

(Reagan et al. 2004; Cattrall et al. 2005; Wang et al. 2005) and Omar et al. [Omar et al. (2005) and Omar et al. (2009)].

Selected aerosol optical properties

Optical property 0800–1100 MDT 1500–1800 MDT Instrument

Lidar ratio Sa,532nm 5 61.2 6 6.7 sr Sa,532nm 5 49.5 6 5.3 sr Solar radiometer

Sa,1064nm 5 44.4 6 4.6 sr Sa,1064nm 5 28.5 6 2.8 sr Solar radiometer

Sa,532nm 5 54.5 6 9.0 sr Two-color lidar

Sa,1064nm 5 31.7 6 3.7 sr Two-color lidar

s532/s1064 2.70 6 0.18 3.55 6 0.10 Solar radiometer

4.16 6 0.70 Two-color lidar

b532/b1064 2.28 6 0.35 Two-color lidar

Fine-mode volume fraction 0.0955 6 0.0064 Solar radiometer

Coarse-mode volume fraction 0.9065 6 0.0028 Solar radiometer

FIG. 14. A true-color satellite image from the MODIS instrument aboard the Aqua satellite.

The granule overpass times were 1355 and 1521 MDT on 27 Aug 2009. Bozeman is indicated by

the blue circle while fire activity is represented by the red dots.
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combinations of the aerosol optical properties must

match for the aerosol optical properties at each wave-

length presented in the aerosol optical model, providing

a constraint on the possible linear combinations.

The aerosol optical properties measured between 1430

and 2300 MDT and summarized in Table 5 can be com-

pared to the aerosol models developed by Cattrall et al.

(Reagan et al. 2004; Cattrall et al. 2005; Wang et al. 2005),

which are summarized in Table 4. For data collected in the

afternoon with the two-color lidar, an Sa,532nm 5 54.5 sr

and an Sa,1064nm 5 28.5 sr were inferred from the lidar

inversion and comparison to the aerosol optical depth.

Using these lidar ratios to complete the lidar inversion, the

ratio of the aerosol backscatter of b532/b1064 5 2.28 6 0.35

and a ratio of the aerosol extinction of s532/s1064 5 4.16 6

0.70 were calculated. Using a linear combination of 67%

for rural continental and 33% for smoke, the model de-

veloped by Catrall et al. predicts lidar ratios of Sa,532nm 5

52.6 sr and Sa,1064nm 5 30.3 sr, a ratio of the aerosol

backscatter of b532/b1064 5 1.7 6 0.3, and a ratio of the

aerosol extinction of s532/s1064 5 3.3 6 0.5.

b. Radiative forcing

The change in the radiative forcing resulting from the

intrusion of the smoke can be estimated in the following

manner. The mean shortwave radiative forcing resulting

from the aerosol direct effect can be written as (Charlson

et al. 1992)
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where (1/4)FT is the global mean top-of-the-atmosphere

radiative flux, Ac is the fractional cloud cover, and DRa is

the perturbation of the planetary mean albedo resulting

from the atmospheric aerosols, which can be written as

(Charlson et al. 1992)
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where T is the fraction of light transmitted by the atmo-

sphere above the aerosol layer, RS is the mean albedo of

the underlying surface, b is the fraction of incident light

scattered upward by the aerosol layer of interest, and da is

the aerosol optical depth for the aerosol layer of interest.

Assuming a constant lidar ratio, the aerosol optical depth

can be written
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where ba(r, l) is the aerosol backscatter coefficient, r1 is

the range to the bottom of the aerosol layer, and r2 is the

range to the top of the aerosol layer. With the assumption

that most of the aerosols are contained within the plan-

etary boundary layer, the fraction of incident light scat-

tered upward by the aerosols can be written as
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where rPBL is the range to the top of the planetary

boundary layer. Using Eqs. (1)–(4), the mean shortwave

radiative forcing associated with the aerosol direct effect

for the aerosols contained within the planetary bound-

ary layer can be written as
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Assuming that the global mean top-of-the-atmosphere

radiative flux, fraction cloud cover, surface albedo, and

fraction of light transmitted above the aerosol layer of

interest remain constant, the ratio of the radiative forcing

resulting from the aerosol direct effect at two different

times can be written as

DF
R,2

DF
R,1

5
S

a,1

S
a,2

d
a,2

d
a,1

ln(d
a,2

)

ln(d
a,1

)
. (6)

During the morning of 28 August 2009, the aerosol op-

tical depth averaged between 0800 and 1000 MDT (1500

and 1800 MDT) at 532 nm was da,1 5 0.07804 6 0.00751

(da,2 5 0.1512 6 0.0132) and the corresponding lidar ratio

was Sa,1 5 61.2 6 6.7 sr (Sa,2 5 49.5 6 5.3 sr). Using these

results, the ratio of the radiative forcing resulting from

the aerosol direct effect between 1500 and 1800 MDT is

a factor of 1.8 6 0.5 larger than the radiative forcing re-

sulting from the aerosol direct effect between 0800 and

1000 MDT.

5. Concluding remarks

Data from a collocated two-color lidar, a diode laser

based water vapor DIAL, a solar radiometer, and a

ground-based nephelometer of instruments were used to

characterize the aerosol optical properties under dry

conditions with a relative humidity below 60%. The li-

dar ratios for the aerosols measured using the two-

color lidar were Sa,532nm 5 54.5 6 9.0 sr for the 532-nm

channel and Sa,1064nm 5 28.5 6 2.8 sr for the 1064-nm

channel. The lidar ratios measured using the solar ra-

diometer were Sa,532nm 5 49.5 6 5.3 sr for the 532-nm

wavelength and Sa,1064nm 5 31.6 6 3.7 sr the 1064-nm

wavelength. The scattering component of the aerosol

extinction measured at 550 nm using the nephelometer
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was 2.35 3 1025 6 0.20 3 1025 m21 while the scattering

component of the aerosol extinction measured using the

two-color lidar and solar radiometer was 2.30 3 1025 6

0.61 3 1025 m21. The agreement of these various mea-

surements shows consistent measurements of aerosol

optical properties from the multiple instruments, indicat-

ing a successful closure experiment.

The collocated two-color lidar, diode-laser-based water

vapor differential absorption lidar (DIAL), solar radiom-

eter, and ground-based nephelometer allowed the aerosol

optical properties to be inferred from the collected data.

These aerosol optical properties were then used in

conjunction with aerosol models to determine that a

thin layer of smoke was present. This conclusion is con-

sistent with back-trajectory analysis showing that the air

mass over Bozeman, Montana, on 28 August originated

from areas where forest fires were burning. The aerosol

optical properties were used to estimate the change in the

radiative forcing resulting from the aerosol direct effect

to be 1.8 6 0.5.

The long-term monitoring of atmospheric aerosols un-

der ambient atmospheric conditions needs to occur on the

local to regional scales due to the nonuniform aerosol

spatial distribution from a wide variety of geographic lo-

cations to encompass the diversity of aerosol species. The

deployment of this initial set of instruments represents the

first step in the development of a small-scale remote

sensing facility for atmospheric studies at Montana

State University. The goal of the remote sensing facility

for atmospheric studies is to develop a set of coordinated

instruments for long-term observation studies of atmo-

spheric aerosols from a rural continental site.
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