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Final report ONR Grant NO0014-90-J-4133, "Collection of Statistics on the
Frequency of Cloud Cover over North America"

This grant enabled us to complete work begun on ONR Grant NOO014-87-K-0436
and to initiate a major upgrade to the University of Wisconsin High
Spectral Resolution Lidar.

Two papers were presented at the 1991 Cloud Impacts on

Defense Systems and Operations (CIDOS91) Conference. Abstracts of these
papers: "The Three-Dimensional Spatial Structure of Cirrus Clouds Determined
from Lidar and Satellite Observations" by E. Eloranta, D. Wylie and W. Wolf
and "Measurement of Extinction Cross section by High Spectral Resolution
Lidar" by C. Grund and E. Eloranta are included as part of this

report. Final revisions on a paper published in Optical Engineering were
completed under the support of this grant. This paper titled: "University

of Wisconsin High Spectral Resolution Lidar" by C. Grund and E. Eloranta

is also included in this report.

During November and December of 1991 the High Spectral Resolution Lidar (HSRL)
was deployed as part of the FIRE cirrus experiment in Coffeyville, Kansas.

In order to participate in this experiment it was necessary to convert the

HSRL from a laboratory based instrument into a mobile semi-trailer mounted
system. At the same time, a major redesign of the instrument was undertaken.
The redesigned HSRL provides measurements of muitiple scattering and
depolarization in addition to the extinction and and backscatter cross section
measurements made by the original instrument. In addition, the system
sensitivity, the calibration accuracy and the operational reliability were
improved. The HSRL redesign effort was initiated under the support

of this grant. The new HSRL was described in a PHD thesis by

Paivi Piironen. This thesis is included as part of this final report.
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The three-dimensional spatial structure of cirrus clouds determined from
lidar and satellite observations.

E. W. Eloranta, D. Wylie, and W. Wolf

Cirrus cloud fields exhibit complex spatial structure; only infrequently
does the standard homogenous plane-parallel description used by most modelers
provide a reasonable picture of real cirrus structure. Simultaneous imagery
from the University of Wisconsin Volume Imaging Lidar (VIL) and Meteorological
Satellites have been used to quantify spatial structure of cirrus clouds. The
VIL data includes 120 km by 220 km 3-dimensional maps of cirrus cloud fields
with 60 m resolution. This data has been used to compute quantities such as
the spatial distributions of cloud base altitude, cloud top altitude, and mid-
cloud altitude. Two-dimensional autocorrelation functions describing the mean
shape of cirrus clouds have been computed. Because cirrus clouds seldom have
distinct edges, these correlation functions are derived as a function of a
threshold value which defines the cloud edge.

The lidar data and ray tracing algorithms have also been used to
synthesis images of the cirrus cloud fields as they would appear at a wave-
length of 1.06 microns observed from the vantage point of the GOES satellite.
These images will be presented and compared with the simultaneous GOES
imagery.

The complex spatial organization of cirrus makes measurements of area-
averaged mean cloud properties difficult with fixed location instrumentation.
It also suggests that statistics on the occurrence of clear lines of sight
through the cloud fields are difficult to collect. Figure 1 illustrates this
problem using a top-down image of a cirrus cloud field derived from VIL data.
This image depicts the cirrus cloud as a solid object with edges defined by a
backscatter threshold value. Plotted on this image are a series of sloping
lines; these show the path of clouds passing over 12 zenith-pointing sensors
placed along a north south line at 10 km intervals. Numbers on the right of
the plot show the one-hour-average percentage cloud cover in the first hour of
the data period and those on the left show the one-hour-average for the second
hour. Notice that during the first hour of observation one-hour-average cloud
cover varies from O to 73%. Interestingly, the maximum cloud cover the
minimum would be observed only 10 km apart. Even in the second hour of obser-
vation, where the average cloud cover has increased, the one-hour-average

cloud cover varies from 36 to 87%.



Figure 1:

A top-down view of the cirrus cloud field observed on Dec 1, 1989 with
the Volume Imaging Lidar. The distance scale is given in kilometers. This
image was constructed from two hours of VIL north-zenith-south image planes;
the east-west dimension was constructed using loran-radiosonde winds. In the
absence of temporal evolution of cloud elements this picture should be
identical to a top-down picture of the cloud. The sloping black lines follow
the cloud elements which would pass over 12 zenith-pointing radiometers placed
at 10 km intervals along a north-south line. Figures at the right of the
image represent the one-hour-average cloud cover seen by each radiometer in
the first hour of observation and figures on the left for the second hour.



MEASUREMENT OF EXTINCTION CROSS SECTION BY HIGH SPECTRAL
RESOLUTION LIDAR

Christian J. Grund and Edwin W. Eloranta

University of Wisconsin
Department of Meteorology
1225 W. Dayton St.
Madison, WI 53706

1. Introduction

At visible wavelengths, the distribution of extinction in the
lower troposphere is primarily a function of aerosol loading and
composition. Aerosols loosely include all non-gaseous matter
present in the atmosphere, such as dust, cloud droplets, ice
crystals, etc. Scattering and attenuation by aerosols largely
determine atmospheric visibility (EPA, 1979). Adequate tools are
needed for the long range, single ended assessment of visibility
and for the identification of pollution sources.

In-addition, attenuation and thermal emission from aerosols can
either aid or hinder the operation of active and passive remote
sensors. Measurements of aerosol optical properties are needed
aid in the development and utilization of remote sensor systems.

Aerosols can also affect global and regional climates by altering
the albedo of the atmosphere and modulating outgoing longwave
radiation (Toon and Pollack, 1980). Measurements of the optical
properties and distribution of naturally occurring and
anthropogenic aerosols are needed to evaluate of the climate
impacts of aerosols.

Because many aerosols contain hygroscopic salts, size
distribution and composition can be strongly related to relative
humidity. The optical properties of the aerosols can vary greatly
depending on environmental conditions as well as upon local
sources. Thus, it is difficult to obtain statistically valid samples of
aerosol properties from surface based or airborne sensors. In situ
samplers frequently require the rapid deceleration or acceleration
of air samples through a detector chamber; both processes can
alter the optical properties of the airborne aerosols. To overcome
these. difficulties, long path remote optical measurements are
needed. Double ended systems have been used successfully but
require careful field calibration; and, in many cases, only one end of
the measurement range is accessible. Excellent spatial resolution
and sensitivity suggest monostatic lidars as natural remote sensors
for the assessment of visibility and the measurement of aerosol
optical properties.

2. Background

Unfortunately, simple single channel lidars cannot produce
unambiguous measurements of absolute scattering cross section
or optical depth. These systems acquire only one measurement

from each range, while the power received is a function of both the
volume backscatter cross section and the optical depth between
the lidar and the sensed volume. In tenuous media, single channel
lidar backscatter measurements have been used to provide
qualitative information about the structure and location of aerosol
inhomogeneities. Tracking of aerosol inhomogeneities has been
used to identify sources implicated in long range transport of
pollutants. Aerosol backscatter structures have been tracked in
time to provide measurements of turbulent velocities (Sroga and
Eloranta, 1980) and have produced high quality spatially averaged
measurements of mean winds (Hooper and Eloranta, 1986). As
attenuation increases, correlating structural details in time series of
single channel lidar backscatter profiles becomes more difficult.

Additional measurements or a priori knowledge of the
scattering properties of the media must be available to
independently establish the extinction and backscatter cross
sections or to correct lidar profiles for attenuation. Bernoulli
solutions to the lidar equation allow the determination of extinction
cross section from single channel lidar data but require
normalization by the extinction cross section somewhere within the
profile (Klett, 1981) or by the optical depth across the
measurement range (Weinman, 1987), and require an analytic form
for the extinction to backscatter cross sections ratio (backscatter
phase function). The extinction cross section and the optical depth
are generally unknown, and the backscatter phase function
depends in a complicated way on particle shape, size distribution,
and composition which may vary spatially. These factors render
direct application of Bernoulli solutions of uncertain value in most
situations.

3. HSRL Instrumentation

The University of Wisconsin High Spectral Resolution Lidar
(UW HSRL) has been specifically designed to overcome these
ambiguities by interferometrically separating the backscatter return
into a component due to aerosol scattering and a component due
to scattering from air molecules. The molecular backscatter
component is affected by extinction, but not by aerosol
backscatter. Because the molecular backscatter cross section can
be readily determined from a thermodynamic profile, the range
derivative of the molecular backscatter signal is a direct and



unambiguous measure of the the aerosol extinction. The molecular
backscatter cross section thus provides a known calibration target
available at every range independent of the aerosol content of the
atmosphere. The separation of aerosol from molecular scattering is
possible because the backscatter component from air is Doppler-
broadened by the thermal velocities of the molecules while the
backscatter from more massive slower moving aerosols remains
spectrally unbroadened. The UW HSRL produces direct
measurements of cloud and aerosol optical depth, extinction cross
section, backscatter cross section, and, when particle absorption is
small, backscatter phase function. A brief description of the
instrument will be given in our talk and a more complete description
can be found in Grund and Eloranta (1991).

4. Data Examples and Discussion

For the past four years, the HSRL has been used extensively
to measure the optical properties of cirrus clouds (Grund and
Eloranta, 1991, Grund, et. al. 1990). Previous to the cirrus
measurement activities, the HSRL had been employed to measure
the aerosol extinction cross section and bacKscatter phase
function in the lower atmosphere under a variety of conditions. The
effects of relative humidity on aerosol optical properties had been
observed during several experiments. For example, fig.'s 1 and 2
show humidigrams of aerosol extinction and backscatter phase
function, respectively, for several summer, fall, and winter cases at
Madison, WI. The data were acquired during late afternoon through
early nighttime periods on days characterized by well mixed
boundary layers. The apparent differences in optical property
response to relative humidity suggest variations in the physical and
chemical properties of the aerosols present on these days
although changes in aerosol content due to advection cannot be
rule out. The large variations in backscatter phase function
observed on 1/4/84 evident in fig. 2 are coincident with the visual
observation of freshly emitted coal burning heating plant smoke
looping through the measurement range. Also note that on
10/4/84 very little change was observed in the backscatter phase
function of the aerosols even though the relative humidity varied
from 45% - 80% while the extinction cross section increased by a
factor of ~4. On 8/28/84, the relative humidity and extinction cross
section changes were similar to those observed on 1/4/84 while

S0 T T T T T
--e-- 121583
Seess 010484 g |
§ 4O[ [0 o2oume
° St 020884 o
« seewses 071284 ; .
‘!o o - s 1 -
a9 = —e— 072284 ¢ /
@ o7z 5 y
= —*— (s7am x o
© P o I
o a6 —0O— 100484 a x /‘)D/h
9 st 101184 r
g
3 "
1r e
Y = Tm
D84 Lk T
- - LT B TS .._.-' ° X )
0 u
40 40 50 60 70 80 90

Relative Humidity (%)

Fig. 1 Extinction cross section (10-5 m-1) measured by the
HSRL averaged over a ~2 km path and ~40 minutes as a function of
relative humidity on the days indicated. Recent increases in
transmitted power should decrease averaging requirements by
~10.

the backscatter cross section decreased by a factor of ~1.5. Fig. 3
shows the relationship between relative humidity and aerosol
extinction cross section observed through a continuous evening-
through-early-morning period. The hysteresis-like curve suggests
the aerosols present on this day take up moisture more easily than
they dry out.
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Fig. 2 Normalized backscatter phase function (sr") measured
by the HSRL averaged over ~2 km path and ~40 minutes as a
function of relative humidity on the days indicated.
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Fig. 3 Humidigram of aerosol extinction cross section (103 m-
1) acquired overnight within the same airmass suggesting these
aerosols take up moisture more easily than they release it.

Statistical considerations required averaging times of ~40
minutes and an averaging range of ~2 km for these early
measurements because of limited laser transmitter power. As a
result, conclusions drawn from these data are subject to potential
advection effects due to the limitations in time resolution. We have
recently installed a new, more powerful laser transmitter (Grund and
Eloranta, 1991) in the HSRL which has reduced time averaging
requirements by a factor of ~10. It is expected that this transmitter
will allow scanning of vertical slices within well-mixed cloud-capped
boundary layers allowing observations of the relative humidity
effects on aerosol optical properties while minimizing the influence
of advected aerosols. In our talk, we will report on progress in these
areas and on the HSRL capabilities as a remote optical property
measurement system.
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| University of Wisconsin High Spectral Resolution Lidar

Abstract. The University of Wisconsin High Spectral Resolution Lidar (UW

HSRL) produces direct measurements of cloud and aerosol optical depth,

extinction cross section, backscatter cross section, and backscatter phase

function. The HSRL uses a multietalon interferometer to separate the back-

scatter return into a component due to particle scattering and a component

due to scattering from air molecules. The molecular backscatter compo-

nent is affected by extinction but not by particle backscatter. Because the

molecular backscatter cross section is determined by the known atmo-

‘ spheric density, the atmospheric extinction can be directly calculated from

‘ the measured decrease in molecular backscatter signal with range. The

separation of aerosol from molecular scattering is possible because the

backscatter component from air is Doppler-broadened by the thermal ve-

‘ locities of the molecules, while the backscatter from more massive, slower

' moving particles remains spectrally unbroadened. Although the HSRL was

originally designed for airborne nadir observation of boundary layer aero-

sol optical properties, increases in transmitted power, receiver improve-

’ i ments, and modified calibration techniques have allowed it to measure

cirrus cloud optical properties. A continuously pumped, Q-switched, 4 kHz

pulse repetition frequency, injection seeded, frequency doubled Nd:YAG

laser, still under development, has recently been installed and has reduced
cirrus cloud measurement averaging times by a factor of ~10.

( shristian J. Grund

SZdwin W. Eloranta
University of Wisconsin
Department of Meteorology
1225 West Dayton Street
Madison, Wisconsin 53706

Subject terms: lidar; extinction cross section; backscatter phase function; cirrus
cloud optical properties; aerosol optical properties; etalons; afterpulsmg, contin-
uously pumped seeded laser.

Optical Engineering 30(1), 6-12 (January 1991).

knowledge of the scattering properties of the media must be
available to independently establish the extinction and back-
scatter cross sections or to correct lidar profiles for attenuation.
Bernoulli solutions to the lidar equation allow the determination
of extinction cross section from single-channel lidar data but
require nonnallzatlon by the extinction cross section somewhere
within the proﬁle or by the optical depth across the measurement
range,” and require an analytic form for the extinction to back-
scatter cross section ratio (backscatter phase function). Unfor-
tunately, the extinction cross section and the optical depth are
generally unknown, and the backscatter phase function depends
in a complicated way on particle shape, size distribution, com-
position, and orientation. These factors render direct application
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1. INTRODUCTION

The power received by a monostatic lidar from each range is
proportional to both the backscatter cross section of the scattering
volume and the two-way path attenuation between the lidar and
he backscattering volume. Thus, there is a fundamental ambi-
Juity in the remote determination of absolute scattering cross
section or optical depth by single-channel lidars; such systems
an produce only one measurement of attenuated backscatter
tom each range. In tenuous media, lidar backscatter measure-
ments can provide much information about the structure and
location of clouds and aerosol inhomogeneities. As attenuation
ncreases, interpreting structural details and locating cloud
youndaries from single-channel lidar backscatter profiles be-
comes more difficult. Additional measurements or a priori

nvited paper LI-102 received June 26, 1990; revised manuscript received Sept.
13, 1990; accepted for publication Sept. 17, 1990.
© 1991 Society of Photo-Optical Instrumentation Engineers.
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of Bernoulli solutions of uncertain value in most situations.
The University of Wisconsin High Spectral Resolution Lidar
(HSRL) was specifically designed to overcome these ambiguities
by interferometrically separating the backscatter return into a
component due to particle scattering and a component due to
scattering from air molecules. The molecular backscatter com-
ponent is affected by extinction but not by particle backscatter.
Because the molecular backscatter cross section is determined
by the known atmospheric density, the atmospheric extinction
can be calculated directly from the measured decrease in mo-
lecular backscatter signal with range. The molecular backscatter
cross section thus provides a known calibration target available
at every range, independent of the particle content of the atmo-
sphere. The separation of aerosol from molecular scattering is
possible because the backscatter component from air 1s Doppler-
broadened by the thermal velocities of the molecules® while the
backscatter from more massive, slower moving particles remains
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spectrally unbroadened. The HSRL produces direct measure-
ments of cloud and aerosol optical depth, extinction cross sec-
tion, backscatter cross section, and when particle absorption is
small, backscatter phase function.

The HSRL was originally designed for airborne nadlr obser-
vation of boundary layer aerosol optical properties.* The first
HSRL transmitter used a nitrogen laser to pump a dye laser that
developed ~1 mW at 467.8 nm with a 100 Hz pulse repetition
frequency (PRF). Increased transmitted power and receiver
improvements™’ have since enabled HSRL ground -based in-
vestigations of high altitude ice clouds (cirrus).® This configu-
ration employed a CuCl laser that developed ~50 mW at 510.6 nm
with an 8 kHz PRF, allowing eye-safe night and day measure-
ments of boundary layer aerosol and cirrus cloud optical prop-
erties with ~15 min time resolution. Measurements of cirrus
cloud optical properties are currently of great interest because
these clouds strongly modulate atmospheric radiative properties,
affecting both global climate and the operation of optical remote
sensors. Measurements indicated that significantly improved time
resolution was desirable for cirrus studies because the rapid
variations in optical depth often observed in cirrus can lead to
nonlinearities when averaging signals. Consequently, a contin-
uously pumped, Q-switched, injection seeded, frequency dou-
bled Nd:YAG laser has been installed and is under development
in a joint effort with Quantronix Corp., Smithtown, N.Y. In-
creased power output and improved spectral and angular char-
acteristics from the new transmitter have reduced cirrus cloud
measurement averaging times to ~1 min (optical depth ~1,
altitude ~8 km) while reducing calibration uncertainties. This
paper presents the current UW HSRL instrument configuration,
calibration and analysis techniques, and measurement capabil-
ities.

2. HSRL THEORY

The basic principles inherent to all monostatic lidar systems are
embodied in the lidar equation’:

i R P,
P(R) = EofR™ [Ba(R)]P an ) B (")]

X exp[—ZIBE(r’)dr’] + M(R) , (1)
0

where P(R) is the power incident on the receiver from range R,
Ej is the energy of the transmitted pulse, and £ = A,c/2, with
A, being the receiver area and ¢ being the speed of light. The
subscripts a and m denote aerosol and molecular scattering quan-
tities. The term aerosol includes all particles (e.g., cloud drop-
lets, ice crystals, dust, insects, hydrometeors) that by virtue of
their mass have characteristic velocities that produce insignifi-
cant Doppler broadening of the scattered spectrum. B,(R) and
Bm(R) are the respective scattering cross sections per unit vol-
ume, IP,(,R)/4m and IP,,()/47) are the respective normalized
backscatter phase functions, B¢(R) is the extinction cross section
per unit volume, and M(R) is the contribution from multiple
scattering. The exponential term accounts for the two-way op-
tical thickness between the lidar and the backscattering volume,
where the optical thickness between range R, and R; is repre-
sented as
R2

T = J’Bs(r’)dr' t (2)

Ry

Equation (1) demonstrates that the lidar return depends on both
the local value of the backscatter cross sections and on T between
the lidar and R. Only a single measurement of P(R) is provided
at each range by single-channel lidar systems, leading to am-
biguities in the direct evaluation of either the backscatter or the
extinction cross sections. It can be shown that there are an infinite
family of B.(R) profiles for which an increase in optical thick- l
ness with penetration depth is just canceled by an increase in
backscatter with range, rendering the medium invisible to single-
channel lidar systems of low sensitivity. '’ I

In optically thicker media, the multiple scattering contribution
M(R) can further complicate matters by effectively increasing
P(R) in a way that depends on the unknown spatial distributions
of the angular scattering phase function and optical thickness
between the lidar and the sensed volume.' M(R) can become
large in distant returns from thick media but may be minimized
by a narrow field of view (FOV) design for the lidar system.
This solution is often difficult to achieve and is therefore not
frequently implemented; however, a narrow FOV is a necessary
requirement for the high resolution spectrometer employed in
the HSRL. Thus, the uncertainties caused by the effects of mul-
tiple scattering processes are greatly reduced in the data acquired
with this system.”

Because the HSRL separately measures molecular and par-
ticulate backscatter, two lidar equations may be written that are
coup]ed by the common unknown. integral of extinction. As-
suming that M(R) is negligible, the molecular and aerosol lidar
equations may be written as

P.(R)R? = Eogﬁm(k)i exp[—Z f BE(r’)dr'] u 3)
8w i
R
P, (R
P.(R)R* = Eo.gB,,(R)L p[ 2f Be(r')dr’:l , @)
0

where the normalized molecular backscatter phase function [IP,,,(r)/
4] has been replaced with its analytic value, 3/8m.

Because the molecular scattering cross section (B,,) is deter-
mined by the profile of atmospheric density calculated from
radiosonde data (or from climatology), Eq. (3) is completely
defined and may be solved explicitly for the extinction B<(R)
from the measured lidar return P,,(R). The ambiguity in sepa-
rating extinction from backscatter in single-channel lidar retriev-
als is eliminated by the HSRL technique since the system is
effectively calibrated at each range with the return from the
known molecular backscatter target.

The aerosol backscatter cross section is unambiguously de-
termined from the ratio of Eq. (4) to Eq. (3):

Pa(m,R) P4(R)

Ba(R)—— Bm(R)——P ®) &)

By solving Eq. (3), the extinction cross section may be directly
determined from the slope of the molecular backscatter return
and a proﬁle of molecular backscatter cross section calculated
from the in situ density:

din[P,,(R)R?] dlnmmue)]} _ i

gl
BE(R)——Z'{ iR ot R
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Fig. 1. HSRL transmitter/receiver.

jecause the determination of B.(R) from Eq. (6) depends on a
derivative of measurements that are subject to noise, a finite
difference formulation for the optical depth between two ranges

subscripted /, 2) is frequently employed:

1 Bm(R2)Pm(R )R]
T Y [BM(R,)P".(RZ)Rg] %
‘The width of the range interval required for a particular mea-
surement is highly dependent on the signal amplitudes at each
ange and background light intensity. An analysis of the errors
n optlcal depth measurements due to signal statistics may be
found in Grund (1987)
In the absence of aerosol and gaseous absorption, B, = B
= Bm. Under these conditions. the normalized backscatter phase
wunction is uniquely determined from Eq. (5) and the atmo-
spheric density profile and is given by

a(m.R) _ P4(R)
m e 8

' . HARDWARE IMPLEMENTATION

' vhe HSRL transmitter employs an injection seeded, continuously
pumped, Q-switched, frequency doubled, Nd:YAG laser oper-

ting at a 4 kHz PRF. The HSRL receiver spectrally separates

1€ aerosol component from the molecular backscatter compo-
nent using a pressure-tuned multietalon interferometer. The
transmitter and receiver optic axes are coaxial and an alt-azimuth

teering-mirror assembly allows computer-directed full sky cov-
rage. Figure 1 shows the current system configuration and Ta-
ble 1 outlines the current operating parameters.
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Table 1. UW HSRL configuration.

Range Resolution: Adjustable, 30 m - 135 m, by 15 m

Maximum Range: 256 X Range Resolution

Laser Wavelength: 532 nm (doubled Nd:YAG)

Pulse Repetition: 4 kHz

Pulse Width: ~130 ns

Transmitted Power: ~0.7 W average

Frequency Stabllization: Injection seeding, <50 MHz/hr drift

Recelver Size: 0.35-m primary

Receiver Field of View: 320 uR

Receiver Bandwidth: Aerosol channel: 0.5 pm (FWHM)
Molecular channel: 2.5 pm (FWHM)

Detectors Used: EMI 9863 B/100 PMT's

Signal Processing: Photon counting

Computer: LSI-11/73

Plotting Format: Real time, R2 and log-corrected

range-resolved A - Scope. Color
enhanced time-height display.

3.1. Laser transmitter

The HSRL transmitter is presently based on a Quantronix model
116 laser modified by Quantronix to improve the mechanical
and thermal stability of the cavity. A pressure regulator installed
in the laser-head cooling water supply line reduces induced vi-
brations in the cavity, and augmented power supply filtering
reduces krypton exciter lamp output fluctuations. Quarter-wave
plates on either side of the Nd:YAG rod create counterrotating
circular polarizations for waves traversing the cavity in opposing
directions. This arrangement produces a smoother, more pow-
erful output pulse by reducing the spatial hole burning associated
with the formation of standing waves in TEMgg operation. High
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repetition rate pulsed operation is achieved with an acousto-optic
Q-switch. Frequency doubling of the focused laser output is
accomplished by a KTP crystal external to the host cavity. The
entire laser assembly is mounted on a Super-Invar breadboard
supported by a 6 in. thick aluminum honeycomb core table that
is comounted with the receiver optical breadboard.

Frequency stabilization is achieved by injecting the output of
a modified Lightwave model S-100 seed laser directly into the
host cavity through a partially transmitting rear mirror. In the
standard configuration, the seed laser contains a miniature cw
wavelength-stabilized monolithic Nd:YAG ring laser pumped
continuously by a diode laser. The host and seed laser optical
paths are linked by a pair of steering mirrors that facilitate coaxial
alignment. The host rear mirror is mounted on a piezoelectric
translator to allow electronic control of the host cavity length.
The host cavity resonant frequency is locked to the seed laser
oscillation frequency by an electronic feedback loop that seeks
to maintain the cavity length that produces the minimum time
delay between the Q-switch opening and the subsequent laser
output pulse (Q-switch buildup time, QSBUT). This feedback
scheme works because the seed laser continuously floods the
host cavity with single-frequency photons. The host laser os-
cillation then builds most rapidly when the cavity gain is highest
at the seed laser wavelength. For each laser pulse, a small offset
voltage is applied to the piezoelectric translator while a digital
circuit monitors the effect of the QSBUT. Based on the QSBUT,
the average position of the cavity mirror is driven in the direction
of minimum QSBUT. The mirror position control feedback loop
has been modified from the standard configuration because the
piezo stack cannot drive the mirrors at 4 kHz. A microprocessor-
controlled feedback loop has been substituted for the original
analog circuit to facilitate the independent control of loop pa-
rameters, the collection of QSBUT performance data, and the
timely identification of unseeded pulses. The new controller also
tracks slow drifts in the QSBUT due to pump lamp aging.

At present, QSBUT statistics are collected at the 4 kHz PRF
but the mirror position is dithered at ~170 Hz. The observed
difference in QSBUTSs between seeded and unseeded conditions
is typically ~200 ns and exhibits a strongly bimodal distribution.
The observed average QSBUT is ~4.5 ps. In operation, spectral
integrity of the received profiles is ensured by triggering the data
system only for laser pulses that exhibit a QSBUT characteristic
of the frequency locked condition. Recent counts of seeded pulses
selected on the basis of QSBUTS over 100 s time intervals con-
sistently suggest ~97% seeding efficiency. Spectral purity of
these pulses has been verified by scans of the laser output ac-
complished with the HSRL receiver spectrometer.

3.2. Receiver

Backscattered light collected by the system telescope enters the
receiver through a 1.23 mm core diameter, 100 mm long, rigid,
step-index, 0.66 NA optical fiber. Both ends of the fiber are
polished to ~1 wave and the fiber core is composed of MIL-G-
174 type 620363 glass. With respect to the aperture positions
of rays entering the fiber, internal reflections within the fiber
spatially scramble the aperture positions of rays exiting the fiber.
Ray position in the exit aperture of the fiber translates into ray
angle after subsequent collimation. Thus, the ensemble of ray
angles present in the collimated beam passing through the etalons
is largely independent of the range from which the backscatter
is received. This reduces the range dependence of the receiver
spectrometer bandpass due to the angular sensitivity of etalon

transmission and allows the direct calibration of the spectrometer
for all ranges.'

The overall bandpass of the receiver is set to ~1.5 times the
width of the expected Doppler-broadened molecular spectrum
by a prefilter consisting of an interference filter and two moderate
resolution etalons. The etalon spacers are chosen and the etalons
tuned so that prefilter transmission is minimized aross the band-
pass of the interference filter except at the laser wavelength where
transmission is maximized. A high resolution etalon, tilted slightly
with respect to the optical axis, allows the center of the return
spectrum to passto the ‘‘aerosol’’ channel photomultiplier tube
(PMT). Tilting the high resolution etalon allows the rejected
light to be reflected into the ‘““molecular’’ channel PMT (see
Fig. 1). The aerosol channel signal is generated by photons from
both aerosol backscatter and from the center of the spectrum
from the molecular backscatter. The molecular channel signal
is generated primarily by photons from the wings of the molec-
ular backscatter spectrum and a diminished component of aerosol
scattering that is rejected by the high resolution etalon. The
PMTs are operated in a photon-counting mode, yielding wide
overall dynamic range and linearity. Operation in this mode is
made practical by the high PRF of the laser, which reduces the
maximum required detection count rate.

PMT afterpulsing can be a major limitation on lidar system
performance. Phototubes exhibit some probability that a time-
delayed, self-generated signal will be produced for each real
photon detected. This afterpulsing is caused primarily by two
mechanisms. Fluorescent decay of excited states in the photo-
cathode occurs typically with a time constant shorter than 1 ps.
Afterpulses can also be created when accelerated electrons dis-
lodge ions from the anode, dynode chain, and support structures.
Accelerating backward through the dynode chain, the ions dis-
lodge additional electrons from the photocathode. Time con-
stants for this mechanism are typically ~1 ws. The magnitude
and time history of afterpulsing is highly dependent on tube
construction. Because lidar signals decay rapidly, the integrated
effect of afterpulsing from near-range returns can substantially
disturb far-range measurements. It is possible to characterize the
afterpulse distribution from each tube used and remove the effect
by a deconvolution of the recorded signals; however, this pro-
cedure mixes noise generated by large near-range returns with
the weaker far-range signals.

Figure 2 shows the afterpulse probability distributions mea-
sured for one of the RCA C31024 PMTs used in the original
system configuration and for one of the currently employed EMI
9863B/100 PMTs. The distributions were measured by averaging
the PMT response to ~2 X 107 highly attenuated pulses from
a CuCl laser (10 kHz PRF, 15 ns pulse width, 510.6 nm wave-
length) as a function of time in 200 ns wide time intervals and
smoothing the result. The mechanism for generating the sec-
ondary afterpulse at ~60 ps in the RCA tubes is not understood.
The EMI tubes have significantly lower afterpulse probabilities
and are currently used without correction.

4. TUNING AND CALIBRATION

The signals S;(R) and S,,(R) observed from the atmosphere in
the aerosol and molecular channels may be represented as fol-
lows: i

Sa(R) = CaaPua(R) + Cpa(R)Pm(R) + Ba , ©

Sm(R) = CamPa(R) + Crm(R)Pm(R) + B , (10

{
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Fig. 2. Probability per photon count at 0 ps of observing a photo-
multiplier tube afterpulse (AP) per 200 ns interval. The distribution
or one of the previously used RCA C31024 PMTs (dashed line) is
'ompared with one of the currently used EMI 9863B/100 PMTs (solid
nine). The distributions were obtained by summing over ~2 x 107
highly attenuated pulses from a CuCl laser (10 kHz PRF, 15 ns pulse
-vidth, 510.6 nm wavelength).

where B, and B,, are the background light contributions mea-
sured in each channel, C,, is the fraction of aerosol backscatter
neasured in the aerosol channel, Cnq(R) is the fraction of mo-
>cular backscatter measured in the aerosol channel, Cj,, is the
fraction of aerosol backscatter measured in the molecular chan-
nel, and Cp,,n(R) is the fraction of molecular backscatter mea-
| ured in the molecular channel. C,nq and C,,,n are functions of
| ange because the width and shape of the molecular backscatter
spectrum depends on the temperature and pressure of the scat-
‘2ring volume. Thus, after subtracting the background contri-
utions, each channel observes a different linear combination
of aerosol and molecular backscattered photons. In practice, the
background contributions to each channel are estimated for every
rofile by observing the average signal level between 200 and
40 s after the laser pulse.
Once mechanical alignment of the receiver optical elements
has been performed, the spectral tuning and the determination
f the calibration coefficients are accomplished by a fully au-
-dmated procedure. Initially, the receiver aperture is filled with
white light from an f/11 incandescent source. While holding the
"igh resolution etalon chamber pressure fixed, the pressure in
ach prefilter etalon chamber is then scanned while observing
we signal in the aerosol channel. Scans are performed alternately
up and down in pressure to account for short time constant
ressure sensor hysteresis. Each etalon is set to the average of
1€ up and down scan pressures that produce the maximum signal
responses. The procedure is iterated until convergence is achieved.
This ensures the proper spectral alignment of the prefilter ele-
lents with the high resolution etalon.

Solving Egs. (9) and (10) for P4(R) and P,.(R) requires de-
termination of the coefficients Caa, Cam, Cmm(R), and Cpna(R).
“he coefficients are obtained by uniformly filling the receiver

slescope with diffuse laser light while pressure scanning the
receiver etalons across the laser output spectrum. To facilitate
calibration scans, the system is constructed so that the prefilter

talon chamber pressures are slaved to the high resolution etalon
| hamber pressure. The high resolution etalon chamber pressure
is referenced to a vacuum and set by the computer. Thus, co-
~rdinated spectral scans of the etalons only requires direct control
‘ f the high resolution etalon chamber pressure. The aerosol and
'molecular channel signals are normalized by the laser energy
and recorded as a function of high resolution etalon pressure
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while scanning across the laser output spectrum. When the re-
ceiver bandpass is centered on the laser wavelength, coefficients
Caa and Cum are directly determined by the measured signal in
the aerosol and molecular channels, respectively. Cmq and Cpm
are determined from convolutions of the aerosol and molecular
channel spectral scans with the expected spectral distribution of
molecular backscatter calculated from a model that includes the
effects of Brillouin scattering.'> An extensive analysis of mea-
surement sensitivity to errors in the determination of the cali-
bration coefficients can be found in Grund (1984).%

To allow electronic rejection of unseeded pulses that would
contaminate tuning and calibration scans, the laser output is
delayed ~450 ns by a 100 m long solid core glass optical fiber
before scattering into the receiver. This time delay is sufficient
to allow comparison between the QSBUT and a threshold time
between the known QSBUT’s characteristic of seeded and un-
seeded laser operation. For calibration scans and atmospheric
data acquisition, the receiver data system is triggered only on
seeded-laser output pulses. When the calibration scan is com-
plete, the high resolution etalon is returned to the pressure that
produced the maximum response in the aerosol channel.

Ensuring that the transmitted laser beam is completely within
the receiver field of view requires accurate alignment of the
receiver and transmitter optic axes. This is accomplished by
blocking the receiver at the collimating lens and jogging the
transmitted beam into the receiver telescope with a high accuracy
5 in. aperture corner cube. The coaxial alignment mirror is then
adjusted until the focused laser spot is centered on the fiber optic
scrambler at the input aperture.

Because good separation of the aerosol and molecular scat-
tering requires excellent knowledge of the bandpass shapes of
the two channels, thermally induced spectral drift between eta-
lons needs to be minimized. Therefore, the etalons are operated
near the pressure that allows optical path length variations be-
tween the etalon plates, caused by density changes of the N,
tuning gas, to cancel physical variations of the distance between
the etalon plates, caused by fused silica spacer thermal expan-
sion.'* Further compensation for differential spectral drifts be-
tween etalons is accomplished by periodically filling the receiver
aperture with laser light and then dithering the N, pressure in
each etalon chamber while observing the ratio of aerosol to
molecular channel signals. The pressure in each etalon is ad-
justed in the direction that produces the maximum ratio by an
amount smaller than the dither width. This ensures the maximum
rejection of the aerosol signal in the molecular channel. To
account for small drifts in the etalon bandpass shape, a new set
of calibration coefficients are derived for each lidar shot by
synthesizing a new calibration scan from a wavelength-by-
wavelength interpolation in time between calibration scans per-
formed before and after data acquisition periods.

5. EXAMPLE

Figure 3 shows the backscatter cross section profile of a cirrus
cloud observed by the HSRL. Note that the true backscatter
cross section peaks near the cloud top at ~9 km. The backscatter
cross section is produced from the ratio of the separated aerosol
to molecular backscatter signals in accordance with Eq. (5).
Figure 4 shows the R*-corrected, attenuated backscatter profile
of this cloud. The attenuated profile is plotted in arbitrary units
and is similar to the signal profile that would be observed by a
single-channel lidar. Note the apparent decrease in cloud scatter
with altitude due to attenuation, which suggests that the cloud
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Fig. 3. Tropospheric aerosol backscatter cross section profile pro-
duced from a 10 min average of HSRL data acquired on Dec. 1, 1989.
Boundary layer aerosol scattering can be seen below 1km, and a
cirrus cloud layer is present between 6 and 9 km. Note that the
backscatter cross section peaks near the cloud top.
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Fig. 4. Observed separated aerosol signal from which the Fig. 1 pro-
file was generated. This is similar to the profile observed by a single-
channel lidar. Without attenuation correction, the cloud appears to
diminish with altitude.

is densest near the bottom. Figure 5 shows the natural log of
the separated R*-corrected molecular signal beyond the range at
which the laser beam is completely within the receiver field of
view. The decrease in signal with range is due both to the effects
of decreasing molecular cross section with altitude and to particle
and molecular extinction. Note that the molecular return drops
off more rapidly within the cloud due to increased attenuation
by the cloud.

The cloud optical depth is determined from the decrease in
molecular signal across the cloud after compensating for the
reduction in molecular backscatter cross section (T ~ 1 for this
cloud). To mitigate noise, a best-fit line representing the ex-
pected signal calculated for an atmosphere free of particle scat-
tering was calculated for the region just below and just above
the cloud. Because cirrus cloud backscatter cross sections often
exceed the molecular backscatter cross section (~7 X 1077
m st h by several orders of magnitude, small crosstalk terms
due to calibration uncertainties disturb the slope of the molecular
backscatter profile. Consequently, the in-cloud region has been
fitted with a profile derived from the known molecular back-
scatter cross section subject to a profile of extinction determined
from a Bernoulli solution applied to the aerosol scattering profile
(Fig. 4). The Bernoulli solution is an analytic solution to a dif-
ferential form of the lidar equation. In this implementation, the
measured optical depth is used as a constraint and a constant
backscatter phase function with altitude is assumed. When the

Altitude (km MSL)

o . 1 1 L L
16 17 18 19 20
Ln (molecular backscatter)

Fig. 5. Natural log of the molecular backscatter signal (dashed line)
and best fit (solid line). Attenuation by the cloud causes the change
in slope between 6 and 9 km aititude. The optical depth of this cloud
was ~1 and the bulk backscatter phase function was ~0.048 sr~".

aerosol profile (Fig. 4) is divided by the best-fit molecular profile
(Fig. 5) to produce the backscatter cross section (Fig. 3), the
decrease in the molecular signal compensates for the loss of
aerosol signal due to attenuation.

The bulk backscatter phase function indicated for this cloud
by these measurements was 0.048 £0.015 sr ! and the optical
depth is 1.02 +0.24. The approximate extinction profile may be
obtained from the backscatter cross section profile given in Fig. 3
by dividing the backscatter cross section values by the back-
scatter phase function, subject to the assumptions outlined above.
Other measurements have yielded cirrus cloud backscatter phase
functions between ~0.015 sr~! and ~0.08 sr™' and optical
depths from <0.01 to greater than 2.7 ﬁthe approximate cloud
penetration limit of the current system).

It is important to note that the Bernoulli solution technique
implemented here differs significantly from the more common
single-channel inversion techniques because the solution is con-
strained by the simultaneously measured optical depth across
the cloud. Although the large cloud backscatter signal causes
some crosstalk in the molecular profile, background aerosol sig-
nals above and below the cloud tend to be of the order of or
smaller than the molecular signals. Hence, suppression of the
aerosol signal in the molecular channel outside the cloud pro-
vides essentially undisturbed estimates of the optical depth mea-
sured by this technique. Crosstalk performance improves in the
lower troposphere, where ambient aerosols typically produce
backscatter signals on the order of the molecular signals but the
warmer temperatures cause a widening of the Doppler-broadened
molecular spectrum. The crosstalk can be estimated from the
ratio of the molecular profile signal perturbation in the cloud
(see Fig. 5) to the aerosol signal at the same altitude shown in
Fig. 4. At 8 km, for instance, this method would indicate ~1.5%
residual crosstalk.

6. FUTURE DEVELOPMENTS

The system is currently undergoing reconfiguration for instal-
lation in a field deployable semitrailer. These modifications will
include increasing the input aperture with a 20 in. diameter
telescope and a simplified optical train to improve throughput.
The etalons will be remounted in a temperature-stabilized cham-
ber that should provide further reduction in the drift between
received and transmitted wavelength.

Work is progressing on improving the laser seeding efficiency
by optimizing the feedback loop parameters to correct for higher
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frequency cavity vibrations. Casual experiments also suggest

hat further damping of flow irregularities in the primary cooling
vater will result in substantial improvements in seeding.
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Abstract

A High Spectral Resolution Lidar (HSRL) that uses an iodine absorption filter and
a tunable, narrow-bandwidth Nd:YAG laser is demonstrated. The iodine absorption
filter provides better performance than the Fabry-Perot etalon that it replaces. This
study presents an instrument design that can be used as a basis for a design of simple
and robust lidar for the measurements of the optical properties of the atmosphere.
The HSRL provides calibrated measurements of the optical properties of the atmo-
spheric aerosols. These observations include measurements of aerosol backscatter
cross section, optical depth, backscatter phase function, depolarization, and multiple
scattering. The errors in the HSRL data are discussed and the effects of different

errors on the measured optical parameters are shown.
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1 Introduction

The climate models used for modeling the transport of the short and longwave radia-
tion in the atmosphere require a knowledge of the aerosol and cloud optical properties.
Because the optical properties of cirrus clouds are not well known, the measurements
of cloud optical depth, phase function, and particle size provide important informa-
tion. Clouds affect the radiative balance of the earth and its atmosphere by reflecting
incoming solar radiation and trapping outgoing longwave radiation. Cirrus clouds
have been found to have an important role on this process!2. Cirrus clouds consist
of large, nonspherical ice crystals and they are generally found between altitudes of
4 and 15 km. Compared to water clouds, cirrus clouds are generally optically thin.
Studies based on climate models suggest that presence of cirrus may produce either
a heating or cooling effect depending on the cloud optical properties and altitude!2.

The University of Wisconsin High Spectral Resolution Lidar (HSRL) measures
optical properties of the atmosphere by separating the Doppler-broadened molecu-
lar backscatter return from the unbroadened aerosol return. The molecular signal is
then used as a calibration target which is available at each point in the lidar pro-
file. This calibration allows unambiguous measurements of aerosol scattering cross
section, optical depth, and backscatter phase function. Also measurements of depo-
larization and multiple scattering can be performed. In this study, clear air aerosols,
stratospheric aerosols, and cloud particles are all referred to as aerosols. Similar
measurements of cloud optical parameters can be made with a Raman-lidar®*, but
because the Raman backscatter cross section is about 1000 times smaller than the
Rayleigh backscatter cross section, the HSRL has a significant signal strength ad-
vantage over the Raman-technique. Another advantage of the HSRL is that it can
provide daytime measurements while sky noise background limits the measurements
of the weak Raman signal to night time.

The basic idea of an HSRL was originally presented by Fiocco and DeWolf®.
They proposed the measurements of atmospheric aerosols by interferometrically sep-
arating the backscatter signal. They demonstrated the principle of an HSRL with
laboratory measurements of scattering from natural aerosols and artificially produced

dense fog. A later experiment with the HSRL technique was performed by Schwiesow
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and Lading®, who used Michelson interferometers in an attempt to measure atmo-
spheric temperature. Their evaluation showed that a Michelson interferometer based
measurements would theoretically produce accurate measurements of atmospheric
temperature, but development of a functional system was limited by the quality of

available optical components.

An investigation done by Shipley et al.” for a shuttle borne lidar experiment to
measure global distribution of aerosols and their effects on the atmospheric heat
budget started the University of Wisconsin HSRL research. The demonstration of
the first University of Wisconsin HSRL was published by Shipley et al.®. The paper
by Sroga et al® presented the first results measured with the same system. The
transmitter was based on a dye laser that operated at 476.8 nm wavelength. This
laser provided only a 2-4 mW output and it operated at 100 Hz repetition rate. The
backscatter signal was collected by a 0.35 telescope with a 320 urad receiver field of
view. The filtering of the solar background was performed by using an interference
filter and three low resolution etalons with a total bandpass of 2 pm. The separation
between aerosol and molecular backscatter signals was based on a high resolution
etalon with ~ 0.5 pm bandpass. The HSRL was mounted in an aircraft. The system
pointed down to ground and it therefore covered only about 2 km measurement range.
The range dependence of the receiver spectrometer bandpass due to the angular

sensitivity of the etalon transmission complicated the measurements.

The aircraft system was later modified for ground based operations and the
changes were reported by Grund!?. The problems due to the range dependence of
the spectrometer bandpass were reduced by using a fiber optics scrambler!?. The
transmitter laser was changed to a CuCl laser operating at 510.6 nm wavelength.
The laser output power was 50 mW at 8 kHz repetition rate. The receiver telescope
and the high resolution etalon remained the same, but the number of low resolution
etalons was decreased to two providing a 2.5 pm bandpass. This system was ca-
pable of measuring cirrus cloud optical parameters up to ~ 12 km altitude. Later,
the development of lasers enabled the use of an injection seeded, frequency doubled
Nd:YAG-laser (532 nm) as the HSRL transmitter. The new laser provided a 0.7 W
output at 4 KHz repetition rate. This change was reported by Grund and Elorantall.



After all the development in the HSRL, problems with the insufficient calibration
accuracy and environmental sensitivity of the system operation remained. The HSRL
produced accurate measurements of clear air and thin cirrus, but the measurement
accuracy was not sufficient for the cases where the aerosol signal was large compared
to the molecular signal. Eventhough the measurement accuracy was not high enough
to provide direct measurements of the optical depth profile inside a cloud, the total
cloud optical depth was obtained. The cloud optical depth was determined from
the decrease in the molecular rsignal across the cloud. The calculations of optiéal
depth profile inside a cloud were made by assuming a constant backscatter phase
function with altitude. The measured molecular profile was fitted with a profile
derived from the known molecular backscatter cross section that had been corrected
for the atmospheric extinction. The extinction profile was obtained by applying the
Bernoulli solution to the aerosol backscatter profile!2. The measured optical depth

was used as a constraint.

The accuracy of the HSRL calibration was improved and the sensitivity for envi-
ronmental changes was reduced in the next University of Wisconsin HSRL (Eloranta
and Piironen!® ). In order to make the system operation more stable, the system was
moved to a temperature controlled and vibrationally isolated environment. Partici-
pation in field experiments was made possible by moving the lidar to a semitrailer.
The diameter of the receiver telescope was increased to a 0.5 m and the field of view
was decreased to 160 urad. A new photon counting data system was designed and ex-
tensive computer control of the system operations was implemented. Depolarization
and multiple scattering measurement capabilities were added. With the improved
system, the measurements of cloud optical properties were performed at altitudes up

to ~ 30 km.

During the 18 first years of the University of Wisconsin HSRL, the separation be-
tween aerosol and molecular scattering was based on a Fabry-Perot etalon with a 0.5
pm bandpass. With this etalon, the signal was divided into two channels. The signal
reflected from the etalon surface was measured with one channel. This channel con-
tained the the wings of the molecular spectrum and the part of the aerosol spectrum

that did not pass the high resolution etalon. The other channel was used to measure



the part of the aerosol spectrum and the central part of the molecular spectrum that
transmitted through the etalon. The basic idea of the spectral separation of a high

resolution etalon based HSRL is presented in Fig 1.

Etalon Transmittance Transmitted Spectrum

—
Backscatter Spectrum ” detector

1.

Etalon Reflectance Reflected Spectrum

—_—

1. Unbroadened Aerosol
Spectrum ———detector

2. Doppler Broadened
Molecular Spectrum

Figure 1. The spectral response of a high resolution etalon based HSRL. The received
signal is a combination of the Doppler-broadened molecular backscatter spectrum and the
unbroadened aerosol spectrum. The aerosol signal and the center of the molecular signal
that transmits through the etalon is detected with one channel. The other channel detects
the signal reflected from the etalon.

For the aerosol backscatter signal, only a ~ 2:1 separation ratio between aerosol
and molecular channel is achieved by a etalon. The Fabry-Perot etalon based HSRL
produces accurate measurements of clear air, thin cirrus, and stratospheric aerosols.
However, when the system is used to probe dense water clouds, the aerosol signal
becomes on the order of 10? larger than the molecular return. Therefore, the inversion
coefficients used to separate the aerosol and molecular signals must be known with
better than 0.01% accuracy or otherwise some of the aerosol return will appear in
the separated molecular return. Since the inversion coefficients for the etalon based
system are known with only ~ 0.1% accuracy, the measurements of dense water
clouds are subject to error. The performance of a Fabry-Perot etalon is limited by its
finesse and the angular distribution of incoming light. The etalon must be operated

in pressure and temperature controlled environment, since better than a 0.1 mbar
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pressure tuning accuracy and 0.1 °C temperature stability are required to keep the

filter performance stable.

Shimizu et al.'* proposed the use of an narrow-band atomic absorption filter in an
HSRL and She et al.'® reported high spectral resolution lidar measurements of tem-
perature and aerosol extinction coefficient made by using a barium atomic absorption
filter. These studies, and later studies from the same group!®!”, have shown, that
an absorption filter provides a high rejection against aerosol scattering and therefore
it makes the separation between molecular and aerosol scattering easier. Another
advantage of an absorption filter is the stability of the absorption characteristics'®.
Furthermore, the transmission characteristics of an absorption filter are not depen-
dent on the mechanical alignment of the filter!* or the angular dependence of the
incoming light. Also, a wide dynamic range in rejection against aerosol scattering is

achieved by simply changing the vapor pressure!* or the length of the cell.

This study presents an HSRL employing an iodine absorption filter. The spectrum
of the B*II;, — X' electronic transition in molecular iodine has more than 22 000
absorption lines in the visible wavelengths!®, and 8 of them are easily reached by
thermally tuning a frequency doubled Nd:YAG laser output!®. Compared to the
barium, the advantage of iodine is that instead of requiring a dye laser, a narrow
bandwidth, frequency doubled Nd:YAG laser can be used. Also, a strong absorption
is obtained in a short cell at room temperature. Even though iodine has extensive
hyperfine structure, the absorption line width is similar to the barium line width,

which is broadened by operating at a temperature of ~500 °C.

A large number of iodine absorption lines have been used as reference for Doppler-
limited spectroscopy studies and also numerous spectroscopic studies of the line struc-
ture and hyperfine structure have been performed. Liao and Gupta?® reported a use of
an iodine absorption vapor cell as a narrow band filter for fluorescence spectroscopy.
Lately Miles et al.?! reported the measurements of flow field properties based on an
iodine absorption filter and Filtered Rayleigh Scattering technique. The first iodine
absorption filter based HSRL is presented here.

The basic idea of an iodine absorption filter based HSRL is presented in Figure

2. The received backscatter signal is divided to two channels. One channel detecting



a sample from the total backscatter spectrum and the other channel the spectrum
filtered by the iodine absorption filter. This signal contains information about the
wings of the molecular spectrum and a small aerosol cross-talk signal. The first mea-
surements made with the iodine absorption based HSRL were presented by Piironen

and Eloranta??.

Transmitted Spectrum

—— detector
Backscatter Spectrum

|

—1.

lodine Absorption Filter Transmitted Spectrum

\
\
|
|

boal o |

|

1. Unbroadened Aerosol

Spectrum ; /\/ > —>detector
|
2. Doppler Broadened i /\
L

Molecular Spectrum

Figure 2. The spectral response of an iodine absorption filter based HSRL. The detected
backscatter spectrum is divided to two channels. One containing the information from the
total backscatter spectrum and the other the wings of the molecular spectrum and a small
aerosol cross-talk.

The work presented in this thesis is organized as follows. A short introduction to
the HSRL theory is given in Chapter 2. After that, the instrumentation of the new
iodine absorption based HSRL is given in Chapter 3. This chapter also presents the
basic principles of the polarization and multiple scattering measurements. A more
detailed description of the iodine absorption cell is given in Chapter 4. The system
calibration and laser wavelength locking are discussed in Chapter 5. In Chapter 6,
examples from the data obtained with the new HSRL are given. This chapter gives
a more detailed description of the depolarization measurements and also shows the
effects of multiple scattering on the measured depolarization ratio. In addition to the
depolarization measurements, the measurements of scattering ratio, aerosol backscat-

ter cross section, and optical depth are discussed. The measurements show, that the
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use of an iodine absorption filter enables accurate measurements of cloud optical pa-
rameters. Because the cross talk between channels can be accurately corrected and
because the 160 prad field of view of the HSRL effectively suppresses multiple scat-
tering, the optical depth inside a cloud can be measured. This makes future studies of
scattering phase function possible. As a final example from the HSRL measurements
the Chapter 6 shows an atmospheric temperature profile obtained by the HSRL. The
accuracy of the HSRL measurements is discussed in Chapter 7 and the error analysis

is presented.



2 Lidar theory of the HSRL

The lidar equation of a monostatic lidar system can be presented in the following

form
NR) = e PR | g pyFalt B w0 L pry 1B, ()
where
N(R) = number of photons incident on the receiver field of
view from range R per data bin length,
N, = number of transmitted photons,
c = speed of light,
A = area of the receiver telescope,
Ba(R), Bm(R) = aerosol and molecular scattering cross sections per
unit volume, respectively,
P—“S%Q, P—"“%& = normalized backscatter phase function due to aerosol and
molecular scattering, respectively,
7(R) = one way optical depth between lidar and backscatter
volume at range R,
= [EB.(r")dr', where
B.(R) = total extinction cross section per unit volume,
M(R) = multiple scattering contribution incident on the receiver
per data bin length,
B = number of background photons incident on the receiver

per data bin length.

Equation (1) demonstrates that the lidar return depends on both the local value of
the backscatter cross section and on the optical depth between the lidar and backscat-
tering volume at range R. A conventional single channel lidar provides a single mea-
surement of N(R) at each range, and therefore it does not provide enough information
to solve the lidar equation for extinction or backscatter cross section. The knowledge

about the relationship between the backscatter cross section and extinction has to



be known or assumed and an estimate of a boundary value has to be given (see for
example Klett?).

In order to make measurements of extinction and backscatter cross section, the
HSRL measures two signals which can be processed to present lidar returns from
aerosol and molecule backscattering. The separation between the aerosol and molec-
ular scattering is possible, because the signal backscattered from air molecules is
Doppler-broadened, while the signal from more massive, slowly moving aerosols re-
mains spectrally unbroadened.

In the case of the HSRL, two separate lidar equations can be written

1) For aerosols

L= NOCA Pa(ﬂ',R) —QIRBS(T’)dT/ ’
Nu(R) = F(R) SR Ba(R) o e “Jo (2)
2) For molecules
e NOC‘4 i = fR ﬂc (r’)dr’
No(R) = F(R) S On(R) e , ®)

The molecular backscatter phase function is here replaced with its analytical value
%. The term F(R) is an overlap term, that is a function of receiver and transmitter
geometry®. Because the molecular scattering cross section is a function of the air
density and can be calculated from the Rayleigh scattering theory using an indepen-
dently measured atmospheric density profile, the equation (3) is well defined and it
can be solved for the extinction. The molecular scattering cross section provides a
calibration target which is available at each point of the lidar return.

Following optical parameters can be obtained from the separated lidar signals:

1) Aerosol to molecular backscatter ratio (scattering ratio) SR(R)

SR(R) = . (4)

Notice that, the backscatter ratio measurement is not dependent from the overlap
term, and therefore measurements of backscatter ratio for the overlap region can be
performed. The same effect can be seen later on the aerosol backscatter cross section

and depolarization ratio determination.
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2) Aerosol backscatter cross section

The properties of the molecular scattering are well known and therefore, the at-
mospheric density can be used to compute the molecular scattering cross section per
unit volume f,,. From Rayleigh scattering theory?*, the molecular scattering cross

section per unit volume is

s
Bl B) = Non(R) 22T, ®)
where
N, = number of gas molecules per unit volume
d"jﬂw) = differential Rayleigh scattering cross section at scattering angle 7

per average gas molecule

For mixture of atmospheric gases below 100 km altitude??,

dog(m) A(pm)
dQ = 0.55

74107 Bem?sr. (6)

The number of gas molecules per unit volume can be calculated from the atmo-

spheric pressure P(R) and temperature T(R).

P(R)N
NolR) = )
where
P(R) = atmospheric pressure at range R
T(R) = atmospheric temperature at range R
Ny = Avogadro’s number
oo = gas constant of dry air

Thus, by using the previous equations, the molecular scattering cross section per

unit volume can be written in the following form.

T )

where
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Cai = 3.786 x 107 *KhPa~'m™! at 532 nm (from Eq. 5)
P(R) = atmospheric pressure
T(R) = atmospheric temperature

The aerosol backscatter cross section can be calculated by using the backscatter

ratio and the calculated value of G,

P,(m, R) 3

Ba(R)=E 2 = SR(R)Bn(R) o o)
3) The optical depth of a layer between ranges R; and R,
Har d e hpougLs) G, Ny (R)) F(R
T(Ry) — 7(Ry) :/Rl Be(r")dr :§ln b E ;EN E ; ER;; (10).

4) Total extinction cross section
The average value of total extinction cross section is a range derivative of the
optical depth
Or(R) __ 7(Rs) — 7(Ry)

< B =< R s R,— R (11)

5) Backscatter phase function

The backscatter phase function, P—“(ﬁz , can be calculated from the following equa-

tion
P,(m, R) 3 SR(R)
= m ] .].2
ra(R) = BB o (12
where
a(R) = single scattering albedo.

For water and ice clouds and most aerosols, the single scattering albedo at the
wavelength of 532 nm can be assumed to be unity and therefore the backscatter phase

function can be measured.
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6) Linear depolarization ratio
The discrimination between water and ice clouds can be made from the depolar-
ization properties of the backscatter signal. The linear depolarization ratio can be

given as follows.

6a,m(R) = N(a,m)J_(R)/N(a‘m)H(R% (13)

where N, and N are the number of incident on the receiver perpendicular and
parallel to the receiver polarization axis, respectively. In the case of the HSRL,

separate depolarizations of aerosol and molecular backscattering can be measured.

7) Cloud particle size

By measuring the signal strength variations as a function of field of view, the size of
the cloud particles can be measured. The multiple scattered lidar return is a function
of receiver field of view, particle size, range from lidar and the optical depth of the
cloud. In the HSRL, the multiple scattering information along with the simultaneous
single scattering measurement are used to calculate the cloud particle size.A detailed
description of the multiple scattering approximation used for the HSRL measurements

25,26

is presented by Eloranta and Eloranta and Shipley?’.
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3 Instrumentation

3.1 Introduction

3.1.1 An overview of the high resolution etalon based system

In the earlier versions of the University of Wisconsin HSRL, the separation between
aerosol and molecular backscatter signals was made with a high resolution etalon with
~ 0.5 pm bandpass. The Figure 3 shows the receiver of the etalon based system!3. The
backscattered light was collected by the receiver telescope and directed through a fiber
optics scrambler. The fiber optics scrambler was used to reduce the range dependence
of the receiver spectrometer bandpass due to the angular sensitivity of the etalon
transmission'?. After collimation, the signal was prefiltered with an interference filter
and a pair of low resolution etalons. After passing the dual aperture, the light was
directed to the high resolution etalon. The high resolution etalon was slightly tilted
with respect to the optical axis. This allowed the light that did not pass through
the etalon to be reflected back to the dual aperture and to the molecular channel
photodetector (PMT1). The light that passed through the high resolution etalon was
detected with the aerosol channel photodetector (PMT2). The signal detected with
the aerosol channel was a combination of aerosol backscatter spectrum and the center
of molecular backscatter spectrum. The signal detected with the molecular channel
was a combination of the wings of the molecular spectrum and the part of the aerosol

backscatter spectrum that did not pass the high resolution etalon.
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Figure 3. The receiver of the high resolution etalon based system. The backscatter signal is
collected with a telescope. The fiber optics scrambler reduces the range dependence of the
receiver spectrometer bandpass due to the angular sensitivity of the etalon transmission.
The signal is background filtered with a interference filter and a pair of low resolution
etalons. The separation between aerosol and molecular backscatter signals is done in the
high resolution etalon. The part of the spectrum that transmits the etalon is combination
of aerosol backscatter spectrum and the center of molecular backscatter spectrum (PMT2).
The signal detected with PMT1 is a combination of the wings of the molecular spectrum and
the part of the aerosol backscatter spectrum that did not pass the high resolution etalon.

3.1.2 A short introduction to the improvements

The instrument has been modified to measure polarization and a separate channel has
been added to measure both polarization and signal amplitude variations as function
of receiver field of view. These modifications allow discrimination between ice and
water clouds and measurements of multiple scattering. Along with these modifica-

tions, the high resolution etalon, used in the earlier versions of the HSRL, has been
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replaced with an iodine absorption filter. Also, the system has been redesigned for
use in a semitrailer. Other changes include new data acquisition system, tempera-
ture controlled environment for the receiver optics, and improved optical design. The
system parameters of the HSRL are summarized in Table 1.

The changes to the HSRL have improved the measurement capabilities of the
HSRL. With the new HSRL, the measurements of the optical parameters of the
atmosphere below 35 km can be made and therefore, the measurements can cover
clouds from water clouds to high altitude cirrus clouds and also measurements of
stratospheric aerosol layers can be performed. Clouds with optical depths up to ~ 3
can be measured. This means that most of the cirrus cloud cases can be fully observed
and the cloud bases of the thick water clouds can be measured up to 300-500 m
inside the cloud. This has been achieved by using a high pulse repetition rate, small
pulse energy per laser pulse, and very fast photon counting electronics. Furthermore,
the averaging time required for a good signal to noise ratio has been decreased by
improving the optical transmission of the system. The use of the iodine filter, the
controlling of the pressure of the etalons and the temperature of the optics, and
the locking of the laser wavelength to an iodine absorption peak have increased the
stability and the reliability of the system. Therefore, the need for frequent calibrations
is eliminated and a stable operation can be maintained over a long period of time. The

enhanced calibration technique has improved the accuracy of the HSRL calibrations.
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Table 1. HSRL specifications (April 26, 1994)

Transmitter
Wavelength 532 nm
Pulse duration ~ 130 ns
Pulse repetition rate 4 kHz

Average power
Frequency stability:
Without Ir-locking
With I5-locking

~ 0.2 W (seeded)

~ 100 MHz/hour (= 0.09 pm/h)
A% 0.052 pm

Receiver

Telescope
Type
Diameter
Focal length

Wide field of view channel
Filter bandwidth

Field of view

Polarization rejection

Aerosol4+molecular channel
Filter bandwidth

Field of view

Polarization rejection

Molecular channel
Filter bandwidth
Field of view
Polarization rejection

Photon counting data system
Number of counters

Number of data buffers
Minimum bin width

Number of bins

Max. rate of counters

Embedded computer

System control

Dall-Kirkham
0.5 m
5.08 m

1.0 nm

computer adjustable 0.21 — 4.0 mrad

~1x1073

8 pm
0.160 mrad
~ 1x1073

1.8 pm
0.160 mrad
~1x1073

3 (wfov, aerosol+molec., molec.)
6 (2 polarizations per channel)
100 ns

8192 /channel

~ 10° Hz, tested to 350 MHz
Intel 1I960CA

Sun Sparc 11
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3.2 Transmitter

3.2.1 Transmitter laser

As a transmitter, the University of Wisconsin HSRL uses a continuously pumped,
Q-switched, injection seeded, frequency doubled Nd:YAG laser operating at a 4 kHz
pulse repetition rate!'? (Figure 4). The host cavity is based on a Quantronix model 116
laser. The quarter waveplates on either side of the Nd:YAG-rod are used to generate
circularly polarized light in the rod in order to eliminate the spatial hole burning.
The narrow bandwidth single frequency operation is achieved by injecting the cw-
output of a diode pumped monolithic Nd:YAG ring laser (a modified Lightwave model
S-100 seedlaser) into the host cavity through a partially transmitting rear mirror.
Measurements have shown, that less than 100 MHz/h frequency drift is achieved.
The 4 kHz pulse repetition rate is achieved by using an acousto-optic Q-switch.

The output of the laser is externally doubled by a KTP crystal. The frequency
doubled output of the laser is tunable over a 124 GHz frequency range by controlling
the temperature of the seedlaser diode. The original analog temperature controlling
circuit of the seedlaser has been modified and connected to the microprocessor to

allow remote control of the seedlaser Nd:YAG crystal temperature.

Cavity E%pgon _ Cavity Focusing
Mirror mp Polarizer Q-Switch  Mirror Lens
Mirror L:::::::: ::: :::[H}::::: :::::D_:# :0 ;{\ Dichroic Mirror
: . tggﬁ N4 NddYAG A4 Frequency r_f:_e-;: A2
S E Q-switch b
i Driver
: E 4 kHz

To RS232 Serial Interface

C e (—95232 t Intel 80960CA Central
i o222 Seed Laser € troll at Inte en
MHTOT\ i Processing Unit

v
Data System Sync.

Figure 4. The HSRL transmitter laser.
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After frequency doubling, the 532 nm and 1064 nm beams are separated by a
harmonic beam separator. Because up to 15% of the residual 1064 nm beam is
reflected from the beam separator, a second harmonic beam separator in the laser
output (Figure 5) is used to provide more efficient filtering. The remaining 1064 nm
beam is cleaned by a spatial filter. The spatial filter also cleans a halo of broader

bandpass radiation.

Successful injection seeding requires that overlap between seedlaser resonance fre-
quency and the frequency of a host cavity longitudinal mode is achieved. When the
frequency of a host cavity longitudinal mode is locked to the seedlaser resonance
frequency, the pulse developing out from the seedlaser signal will saturate the homo-
geneously broadened gain medium preventing development of any other axial modes
from the spontaneous emission. Therefore, because one longitudinal mode is ampli--
fied more than any other mode, a spectrally narrow bandwidth pulse is generated.
Since the seedlaser emissions used for injection seeding are generally ~ 10 orders of
magnitude stronger than the spontaneous emission, the Q-switched pulse builds up
sooner out of the seed emission than the spontaneous emission. The frequency lock-
ing between seedlaser and host cavity is realized by controlling the host cavity length

with a piezoelectric translator.

Because the seeded pulse builds up more rapidly when the host cavity is tuned to
the seed laser frequency, the time between the Q-switch opening and the subsequent
laser pulse (the Q-switch buildup time) can be used to servo control the tuning of
the host cavity?®. The spectral purity of the outgoing laser pulse can also be moni-
tored using the Q-switch buildup time. A microcontroller based feedback loop seeks to
maintain the cavity length by dithering the rear mirror so that the minimum Q-switch
buildup time is obtained. For each laser pulse, a small offset voltage is applied to the
piezoelectric translator and the effects to the Q-switch buildup time are simultane-
ously monitored. Based on the Q-switch buildup time the mirror position is driven
towards the minimum time. Statistics on the Q-switch buildup time is collected at
4 kHz rate, but the mirror position is dithered at ~ 140 Hz. The amount of dither
is calculated based on the seeding percentage. The observed Q-switch build up time

is ~ 4.5 ps and the difference between seeded and unseeded conditions is typically
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~ 500 ns. Because the spectral purity of the transmitted laser beam is important for
HSRL measurements and because some shots are unseeded, the information from the
Q-switch build up time is used to trigger the data system only for seeded shots.
The frequency stability of a single-frequency laser is determined by the seedlaser
and the stability of the frequency locking is affected by the environment. The injection
seeded operation is easily interrupted by mechanical vibrations transmitted through
the support structure or through the cooling water or hoses. The effects of change in
the optical length of the ‘cavity due to thermal expansions of the support struéture
and temperature changes in the laser rod are compensated by the active4 controlling
of the main cavity length. The laser is installed on a Super-Invar breadboard sup-
ported by a thick honey comb table that is mounted into a vibration insulated frame.
The invar breadboard and the honey comb table are isolated from each other by a
rubber pad. The laser was delivered with a Super-Invar table, which is thermally'
stable, but it is found to be acoustically sensitive. The active controlling of the main
cavity length already minimizes the effects of changing environmental temperature
so that an acoustically more insensitive table might provide a better performance.
The mechanical vibrations coming from the laser cooling pump and transmitted into
the cavity by hoses and water are isolated by a pressure dumper in the cooling water
line. Because the original pressure dumper did not offer enough isolation, an extra
damping system was installed. Also extra long elastic plastic water hoses are used to
further attenuate the vibrations coming from the laser cooling pump. Furthermore,
the temperature of the surrounding environment is stabilized by controlling the air
temperature around the laser. The wavelength locking of the laser output to a iodine

absorption line is demonstrated later in Chapter 5.2.
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Figure 5. The HSRL transmitter setup. The HSRL transmitter employs an injection
seeded, frequency doubled Nd:YAG laser. A Pockels cell in the output is used to rotate
the polarization of the outgoing laser beam by 90 degrees for alternative laser pulses. An
iodine absorption cell is used for the frequency locking of the laser wavelength. A sample
of each laser pulse is directed to a pair of optical fibers, delayed, and injected back to the
receiver for system calibrations. The length of the fibers is set so that the time-separated
pulses can be recorded into the data profile.

3.2.2 Optics

A small amount (~2 %) of each transmitted laser pulse is directed into a pair of 100 m
long optical fibers, delayed, and injected back to the receiver for system calibrations
(see Figure 5). Since some of the laser shots are unseeded, the delay is necessary
so that the measured Q-switch buildup time of each pulse can be used as a quality

control to trigger the data system only for seeded shots. The length of the fibers is
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set so that the time-separated pulses can be recorded in the data profile. The other
ends of the calibration fibers are connected to a diffuse cylinder, which is located
at the receiver such that the calibration light signals can be used to monitor system
performance during data taking. Another 2 % of the laser light is taken into an energy
monitor. The energy normalization of the received signal is realized by storing the
energy of each laser pulse into the data record. A 4 c¢m long iodine cell is used for
frequency locking of the laser. This cell provides ~ 50 % absorption when the laser is
tuned to the absorption peak. The frequency locking to the iodine peak is described
later in Chapter 5.2.

Because the HSRL measures depolarization of the clouds and uses this information
to separate between water and ice clouds, the polarization stage of the outgoing laser
beam has to be well controlled. The output of the laser is linearly polarized and
the orientation of the polarization vector is set perpendicular to the plane of the'
hypotenuse of the polarization cube. The use of the polarization cube guarantees
that the residual cross-polarized component is cleaned out from the outgoing laser
beam. In order to be able to use the same receiver optics and the same detector for
both polarization components, the polarization of the outgoing laser pulse is rotated
by 90 degrees for alternative laser pulses by a Pockels cell. The accuracy of the Pockels
cell rotation is measured by observing the light coming from the Pockels cell through
a polarizing cube with a photodetector. These calibrations show that the residual
cross polarization can be reduced to 0.1 % of the parallel component. The calibration
accuracy is limited by the 0.1 % rejection accuracy of the polarizing cube. The timiﬁg
of the voltage switching between laser pulses is synchronized with the Q-switch signal
and the controller electronics assures that the proper Pockels cell voltage is applied
in time before the next laser shot. The final alignment between the transmitter and
receiver polarization axes is performed by adjusting a half-waveplate and by using
the atmosphere as a calibration target.

The use of small receiver field of views is made possible by decreasing the diver-

gence of the outgoing laser beam with a beam expanding telescope (magnification
4x).
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3.3 Receiver

3.3.1 Optics

The backscattered light is collected using a 50 cm diameter telescope (see Figure
6). To avoid specular reflection from horizontally oriented ice crystals, the system
pointing direction is tilted by 4 degrees from the zenith. The signal polarized parallel
to the receiver polarization axis and the signal perpendicular to that are separated by
using a polarization cube (see Figure 6). This cube separates the signal to the WFOV-
channel (PMT 3) and to the spectrometer-channels (combined aerosol+molecular
channel (PMT1) and molecular channel (PMT 2)). An extra polarization cube for
both channels is used to clean up the cross polarization component of the received
signal down to a level that makes accurate depolarization measurements possible.
The multiple scattering properties can be studied by using the WFOV-channel,"
while simultaneously measuring the single scattering return with the spectrometer
channels. A stepper motor driven aperture for the WFOV-channel enables field of
view variations between 0.224 and 4 mrad. An interference filter with 1 nm bandpass
is used for the background filtering. Because the field of view can be wide and the
filter bandpass is broad, the WFOV measurements are currently limited to night time.
The field of view of the spectrometer channels is 160 urad, which further decreases
the background sky noise and multiple scattering effects to the measured signal. |
In order to achieve daytime measurements with the spectrometer channels, a low
resolution etalon pair and an 1 nm interference filter are used to suppress the back-
ground solar radiance. The bandpass of the etalon pair is ~9 pm, which is about 3
times the width of the expected Doppler broadened molecular spectrum. The length
of the spacers is chosen so that only one common transmission order for the etalon
pair occurs inside the interference filter bandpass. The bandpass of the low resolu-

tion etalon pair is wider than in earlier systems®!?

in order to decrease the system
sensitivity for the drift between transmitter wavelength and the etalon transmission
maximum. The effects of environmental changes to the etalon performance are elim-
inated by mounting each etalon into a separate pressure and temperature controlled
chamber. A third etalon chamber is used as a pressure reference. The absolute pres-

sure in reference chamber and the differential pressures in each etalon chamber are
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maintained by a computer controlled servo loop. The etalons are operated near the
pressure where the changes in tuning gas density with temperature are cancelled by

the thermal expansion of the etalon spacers?. Nitrogen is used as a tuning gas.
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Figure 6. A polarizing prism at the output of the telescope separates the orthogonally
polarized signals between wide field of view channel (PMT3) and the spectrometer channels
(PMT1 and PMT?2). Since the polarization of the transmitted laser pulse is rotated by
90? between laser pulses, each channel alternatively receives perpendicular and parallel
components. The received backscatter signal is prefiltered with an interference filter and a
low resolution etalon pair before being directed into a beam splitter. The signal detected
with PMT1 contains the information about the total aerosol and molecular backscatter
signal. The signal directed through the iodine cell and detected by PMT?2 is a combination
of a amount of aerosol backscatter signal which passes through the absorption cell and the
wings of the molecular backscatter signal.
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After background filtering, the signal is divided into two channels by a beam
splitter. The signal detected with the PMT1 (combined aerosol+molecular channel)
contains the information about the total aerosol and molecular backscatter signal.
The signal directed through the 43 cm long iodine cell and detected by the PMT2
(molecular channel) is a combination of the small amount of aerosol backscatter signal,
which passes through the absorption cell, and the wings of the molecular.backscatter
signal (see Figure 7). The iodine absorption cell is described in more detail in Chapter
4.

A beamsplitter with a 30/70 (trans./refl.) splitting ratio is used to divide the
signal between PMT1 and PMT2. The beam splitting ratio is chosen from the com-
mercially available beamsplitters so that a good photon counting statistics with both
channels is achieved when the system is tuned to the iodine absorption peak. Some
beamsplitter types have poor transmission and reflection efficiencies and therefore
part of the signal is lost in the beamsplitting process. Because good system transmis-
sion is important, a beam splitter with a high transmission and reflection efficiencies
was chosen.

The beam splitters are highly polarization sensitive elements. When linearly po-
larized laser beam interacts with atmospheric aerosols and molecules, the backscatter
signal consist of two perpendicularly polarized components. Therefore, the polariza-
tion sensitivity of the beamsplitter transmission and reflection has to be taken into
account. The polarization sensitivity of the beamsplitter performance is noted as a
problem in a system described by Krueger et al.!'”. The advantage of the HSRL is
that the received signal is polarization filtered and therefore the light coming from
the atmosphere to the beam splitter is always incident with the same polarization.
On the contrary, the light from the current calibration light source is polarized or-
thogonally to the lidar signal and therefore the polarization sensitivity of the beam
splitter creates a problem. This problem is solved by generating a circularly polarized

light for the beamsplitter with a %-Waveplate.
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Figure 7. The spectral response of the HSRL receiver. The insert figure at the upper right
corner shows a simplified setup of the spectrometer channels. The light that passes the
field stop contains information about the Doppler-broadened molecular spectrum and the
aerosol backscatter spectrum. The signal is divided into two parts with the beam splitter.
The signal, which is transmitted through the beam splitter is detected with PMT1 and it
contains information from the total backscatter signal. The signal, that reflects from the
beam splitter is directed through an iodine absorption cell. In this process, the aerosol
backscatter signal is attenuated in the iodine absorption line. Also the central parts of
the molecular spectrum are filtered out and therefore the signal detected with PMT2 is a
combination of the wings of the molecular spectrum and that part of the aerosol backscatter
signal that passes through the cell.
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3.3.2 Data system

In order to increase the dynamical range of the HSRL, new photon counting electronics
were designed (Figure 8). The photon counting data system has three counters and
each counter has 2 buffers, one for each polarization. Counting rates have been tested
up to 350 MHz, but counters are designed to operate up to ~1 GHz. The 100 ns bin
width enables a 15 m range resolution. The 4 kHz laser repetition rate enables the
use of 2333 range bins, which can be used to probe the atmosphere up to 35 km. The
limiting factor of the data system is the photomultipliers (EMI 9863B/100), which
allow counting only up to 15 MHz without significant pile-up effects. The PMT’s are
pile-up and afterpulse tested and both corrections are included to the data processing.
The corrections are discussed later in this chapter.

Computer control of the system is made by using Intel 80960CA embedded pro-,
cessor. The user interface is realized by using a Sun Sparc Station II. In addition to
the data taking and the communication with the Sun, the system processor is used
to control HSRL operation including pressure controlling of the etalons, timing of
the Pockels cell voltage, controlling of the seedlaser temperature, controlling of the
system shutters and relays, and controlling of the WFOV aperture.

Most of the HSRL-operations are computer controllable from a menu interface.
System performance can be followed from real time displays. The real time Range
Time Indicator (RTI) displays for the raw and/or inverted data are used to display the
incoming data so that altitude, variability, thickness and depolarization of the cloud
layer can be observed when the clouds move over the lidar site. Similar displays for
the cloud optical properties (optical depth, aerosol backscatter cross section, pha;ée

function) can be shown.
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Figure 8. The HSRL data acquisition system.

The new counter design has improved the background light measurement accuracy
of the HSRL. Instead of interrupting the data taking every 3.5-7 min for background
and calibration checks (as was made with the system described by Grund!?), the new
HSRL is capable of measuring the background light simultaneously with the data.
The maximum resolution of the data system is increased from 256 to 4096 range bins
per channel. In the HSRL, the amount of background light in the measurement is
calculated from the measured profile by using the upper altitudes of the lidar profile.
The signal together with the background light is saved and therefore different kind of
background corrections can be studied. Currently, the measured HSRL profiles are
background corrected by assuming the signal above ~33 km to be background. By
averaging the upper range bins together, the average amount of background in the
measurement is calculated. The disadvantage of the current background correction

method is that some of the signal can still be originated from Rayleigh scattering
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leading into an overestimate of the amount of background light for altitudes 33 km or
higher. A development of a background correction method that removes the Rayleigh

scattering contribution from the background is currently in progress.

Photomultiplier afterpulsing can be seen as multiple output counts for a single
input photon®®. The afterpulsing could be caused by positive electron production
in the dynode chain. The afterpulse pulses are time delayed compared to the signal
from incident photon and the time delay is proportional to the path length for electron
propagation. The signal originated from a short light pulse and measured with the

HSRL can be presented in following form

<) >= | T syet -t (14)

< S(t) > = signal measured with the HSRL
S(t") = signal incident on the receiver
P = signal responce function, that contains the laser pulse width,

datasystem bin width and afterpulsing of the photomultiplier

The afterpulse probability distributions were measured by illuminating the phaoto-
multiplier photocathode with a short duration laser light pulse. Pulse counting rates
less than one count per 100 ns long data bin per pulse were used. A large number
of laser pulses were averaged (~1 hour average). The probability distributions were
calculated from the background corrected data. The amount of background light was
calculated from the end of data record and the average value was subtracted from
data. The measured afterpulse probability distributions of two photomultiplier tubes
are presented in Figure 9. The afterpulse probability distribution was found to be
different for each tube and therefore a separate correction for each tube had to be
implemented to the signal analysis program. With a known afterpulse probability
distribution function, the afterpulse contribution can be removed from the measured
signal by using deconvolution. The effect of afterpulse correction to the measured

signal is presented in Figure 10.
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Figure 9. The temporal distributions of two EMI 9863B/100 photomultiplier tubes. The
temporal distribution of the measured photons is a convolution of the laser pulse width,
bin width of the data system, and the afterpulsing of the photomultiplier. The laser pulse
is located in the first bins and the afterpulse can be seen as a decaying tail. The afterpulse
distribution of the PMT1 shows better afterpulse behavior than the PMT2.
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Figure 10. The effect of afterpulse correction to the measured aerosol signal in the case of
thick water cloud (at 5.6 km) with an ice crystal precipitation at 5.1 km. The afterpulsing
increases the aerosol signal at the end of the cloud, and therefore the geometrical thickness
of the clouds is underestimated. The effect of afterpulsing to the molecular signal is similar,
and thus a slight overestimate of the optical depth of the cloud is made, if the afterpulse
correction is not performed.

The pulse pile-up is seen when all time separated photons are not distinguishable
and they overlap. This causes a nonlinear response. In order to be able to separate
between counts, a minimum separation time between two pulses is required for them
to be distinguished. This time is called resolving time (or dead time). Since the
time interval distribution of photons that reach the photomultiplier follow a Poisson
distribution, the probability P, that a pulse overlaps with another pulse inside a

certain time interval is given by the following formula3!

P,=1-¢f" (15)
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where
T = resolving time
R = average count rate

In order to obtain the resolving time (dead time) of the photomultipliers, the
photomultiplier responses to different count rates were tested. First, light level is set
to level which is high enough to generate a pile-up. Then the photomultiplier response
to different light levels is measured by changing the light intensity with neutral density
filters and recording the signal change. In order to be able to define the resolving
time of the photomultiplier, the photon counting was modeled. The pulses coming
from the photomultiplier were treated as Poisson distributed signals. The resolving
time that produced the best fit between simulated and measured results was used
for the pile-up correction. All photomultipliers were found to have ~ 13 ns resolving'
time. The pile-up correction has to be performed before the afterpulse correction or
any other corrections, because the pile-up effect is nonlinear. The pile-up is affected
by the signal strength, signal background and afterpulsing and therefore, data has
to contain the information from all these factors when the correction for pile-up is

performed.

In order to make the pile-up correction for data, the following equation was used

N = N,e® (16)
where
N = measured counts
N, = actual counts
T = resolving time

= average count rate = %’f

This equation is solved iteratively for N,, so that
1. Ng(lj =N

2. New No(i+1) = Neﬁs'tmT, where dt = bin length [s]
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3. Step 2 is repeated until N, converges

The effect of pile-up correction to the measured signal is presented in Figure 11.
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Figure 11. The effect of pile-up correction to the measured aerosol signal in the case of
thick water cloud (at 5.6 km) with an ice crystal precipitation at 5.1 km. The calibration
fiber signals are shown as spikes at altitudes ~ 0 km. The maximum number of photons
measured for the water cloud is 0.68 photons/100 ns bin and after pile-up correction 0.75
photons/100ns bin are observed. Even with this low count rates the effect of pile-up is ~
10% and therefore, the pile-up correction is very important when strong returns from clouds
are studied.
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4 Jodine absorption filter

In order to overcome the limited capability of the high resolution etalon to separate
between aerosol and molecular scattering and to increase the system stability and
reliability, an iodine absorption filter was constructed. For the first HSRL measure-
ments a 43 cm long cell was made. The cell was made from glass tubing with an
attached side arm. Optical quality end windows with anti-reflection coatings were
epoxed to the ends. The cell with iodine crystals in a side arm was evacuated and
kept at 27 °C. Transferring of the iodine from the absorption cell into the vacuum
pump was prevented by evacuating the cell through a cold trap and cooling the side
arm with liquid nitrogen. Although the iodine cell can be operated at room temper-
ature, the operating temperature of the cell has to be controlled, because the vapor
pressure of iodine is very temperature sensitive®?. In the HSRL, the cell temperature:
is maintained with £0.1 °C accuracy by operating the cell in temperature controlled
environment.

The iodine spectrum is measured by scanning the laser wavelength by changing
the temperature of the seedlaser under computer control. A small amount of laser
light is directed into a 100 m long fiber optic delay (Fiber 1 in Figure 4) and sent
to the receiver to create a calibration light source. The temperature-wavelength
dependence of the scan was determined by using the free spectral range of the high
resolution etalon as a reference. This could be made, because the free spectral range
of the etalon can be calculated when the length of the etalon spacers is known and
the spacing of two (or more) etalon transmission peaks in temperature units can be
measured. The calibration was made by simultaneously measuring the transmission
spectrum of the high resolution etalon and iodine absorption filter. The simultaneous
measurement of the high resolution etalon and iodine absorption filter transmissions
was made by measuring the signal reflected from the high resolution etalon (Figure
12) and the signal transmitted through the absorption cell. The pressure in etalon was
held constant while the laser wavelength was scanned. The spectrum was normalized
by measuring the cell transmittance without the iodine cell.

A part of the measured iodine spectrum is presented in Figure 13. The measured

spectrum was compared with a published spectrum!® and an ~0.01 pm wavelength
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agreement in relative line positions was observed. The linearity of the temperature
scan was confirmed from the free spectral range information of high resolution etalon
by performing the scan over more than one free spectral range. Single mode operation
between two seedlaser mode hops can be maintained over 20 GHz range (at 1064 nm)
and within this range two high resolution etalon free spectral ranges can be covered.

During a mode hop the laser frequency jumps back about 10 GHz.
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Figure 12. The HSRL receiver used for iodine spectrum calibrations. The same receiver
setup was used for the first HSRL measurements with the iodine absorption filter. For data
taking the transmission of the high resolution etalon was tuned out from the peak and the
etalon was used as a reflector. When the beamsplitter and the mirror 4 are removed from
the system, the system returns back to the old HSRL receiver.
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Figure 13. Transmission of a 4 cm and 43 cm iodine cells as a function of wavelength shift.
The identification line numbers are from Gerstenkorn and Luc!®.

For initial HSRL measurements the line 1109 (peak wavelength 532.26 nm)'®,
which is well isolated from the neighboring lines, was chosen. The full width half
maximum width of the line is ~1.8 pm and the peak transmission is ~ 0.08%. The
hyperfine structure of the peak 1109 defines the asymmetric shape of the absorption
peak®®. In fact, the line 1109 is a combination of two rotational vibrational transitions
with different hyperfine structures.

The iodine absorption cell provides a robust filter for the HSRL, because it is not
dependent on the mechanical alignment of the filter or the angular dependence of the
incoming light. Another advantage is the stability of the absorption characteristics.
This provides a stable long term operation. The strength of observed absorption line is
dependent on the line strength, and the length, temperature, and pressure of the cell.

By controlling the operating environment and with a nearly leak proof system, the
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current iodine cell is operated for several months without any maintenance. During
this time, a small change in absorption strength and line width were observed due
to a small leak that was caused by the iodine penetrating through a hose. Also the
iodine was found to condense into the walls of the cell, but even during a long period
of time, the amount of condensation has been small and ~ 10% extra absorption
is observed. The condensation can be prevented by operating the tip of the side
arm couple degrees below the cell temperature. The problems with reactive iodine
penetrating through the hoses can be prevented by using a sealed all-glass cell. In
a short term operation, the stability of the absorption characteristics has proven to
be so good that a system calibration scans from different days can be used for the
calculations of the system calibration coefficients. This requires, that the alignment
of the receiver optics is stable. ‘

An absorption filter offers a high rejection against aerosol scattering and therefore
it makes the separation between aerosol and molecular scattering easier. Also, a wide
dynamic range in rejection against aerosol scattering is achieved by simply changing
the vapor pressure or the length of the cell. Comparison between high resolution
etalon and iodine absorption filter performance is presented in Figure 14. A 2:1
separation between molecular and aerosol scattering by the etalon (Figure 14.b) is
measured compared to a 1000:1 separation in the iodine cell when operated at 27 °C
(Figure 14.a). The molecular transmission in Figure 14.a and Figure 14.b is calculated
by using the Doppler-broadened molecular spectrum at -65 °C. This temperature is
close to the lowest temperature measured at the tropopause and this gives the smallest
transmission through the iodine absorption cell. The molecular transmission of the
high resolution etalon and the iodine absorption filter are similar (Figure 14.c). Due
to wide absorption line width, the molecular transmission of the iodine filter is more
dependent on the air temperature than the etalon. The temperature dependence of
the cell transmission is modeled by using the table values of iodine vapor pressure3?
(Figure 14.d). Calculations show, that by changing the cell temperature from 27 °C

to 0 °C, the online transmission can be tuned from 0.08% to 60%.
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Figure 14. (a) Transmission of 43 cm cell (solid line) together with the molecular transmis-
sion (dashed line) at -65 °C air temperature as a function of wavelength shift. Dot-dashed
line shows the calculated molecular spectrum at -65 °C. (b) Etalon transmission (solid line)
and calculated molecular transmission (dashed line) as a function of wavelength shift. Dot-
dashed line shows the calculated molecular spectrum at -65 °C. (c) Comparison of molecular
transmission of high resolution etalon and iodine cell as a function of air temperature. (d)
Iodine cell aerosol and molecular transmission as a function of cell temperature.
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5 Calibration and tuning

5.1 Calibration theory

The HSRL measures optical properties of aerosols by using the backscatter from
atmospheric molecules as a calibration target. In the receiver the signal is separated
into two separate signals: one proportional to total aerosol and molecular scattering
and the other containing the molecular backscattering together with a small aerosol

cross talk component. The measured signals are

Sa+m(R) = n[Na(R) + N (R)] (17)
Sl R) = N|CamNa{ Rt Cinrrn ( R) N (R (18)
where
Sasih = signal measured with the combined channel (PMT1 in Figure 6)
S = signal measured with molecular channel (PMT 2 in Figure 6)
Ny, N,, = total number of aerosol and molecular backscatter photons
incident on the receiver field of view
Can = aerosol transmission of the molecular channel relative to-
the combined channel
G, = molecular transmission of the molecular channel relative to
the combined channel
n = system efficiency factor that includes the optical transmission

of the combined channel and its photomultiplier quantum efficiency
These two equations can be solved to present the separated aerosol and molecular

backscatter signals.

- Sm(R) 5 CamSa+m(R)

n(cmm(R) - Cam) (19)

Sa+m(R) o 77Nm (R)
n

No(R) = (20)

The calibration coefficients Cy,, and C,,,, are obtained from a system calibration

scan. For calibration the system input aperture is uniformly illuminated with a diffuse
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light. The receiver spectral transmission function is measured by scanning the laser
wavelength over an 11 pm wavelength range around the selected iodine absorption
peak and recording the signals (originated from calibration fiber 1 and calibration fiber
2) with both spectrometer channels (PMT1 and PMT2 in Figure 6). A calibration
scan is performed before and after each dataset. When system is running for a long
period of time (time ~ 3 hours) the system operation is interrupted and a calibration
scan is performed. An example from a calibration scan is presented in Figure 15.
In addition to the information on the system spectral transmission, the calibration
signals contain information on the beamsplitting ratio between channels. Since the
signal measured through the iodine cell is flat at the top of the iodine absorption
peak, the determination of the wavelength of the absorption maximum is based on
the signal from the reference iodine cell (4 cm cell in Figure 5, calibration fiber 2)
and measured with the PMT1. Otherwise, the signals from the first calibration fiber

are used for the calibration coefficient calculations.

1.2 :FA/'~VJFJ,’\\,’—A~J\’I'~
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Figure 15. An HSRL calibration scan. The calibration fiber 1 signal that is detected with
PMT?2 shows the iodine absorption spectrum of the 43 cm long iodine cell. The calibration
fiber 2 signal detected with PMT1 presents the absorption spectrum of the 4 cm long
reference cell. The signal from calibration fiber 1 and detected with PMT1 is used as a
reference.
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Since the Doppler-broadening of the aerosol backscatter is negligible, the spectral
distribution of the aerosol backscatter can be assumed to be similar to the spectral
distribution of the transmitter laser. The measured calibration signals can be pre-
sented as a convolution between laser spectral distribution and spectral bandpass of
each channel. Therefore, the fraction of the total aerosol backscatter detected by the

molecular channel (C,,,) can be directly obtained from the calibration signals.

Sm(at peak)

Cam = Sa+m(at peak)’

(21)

S, =  calibration fiber 1 signal detected with the PMT2 at the
iodine absorption peak
S.m = calibration fiber 1 signal detected with the PMT1 at the

iodine absorption peak.

The fraction of the total molecular backscatter measured by the molecular channel
(Cyum) 1s calculated by convoluting the measured filter function with the calculated

molecular spectrum.

Z;Y:l Sm (An)tMspect()\n)A/\

O T S O M O )
where
Sen = calibration fiber 1 signal detected with the PMT2
(filter function for molecular channel convoluted with the
laser spectrum)
Saim = calibration fiber 1 signal detected with the PMT1
(filter function for aerosol + molecular channel convoluted with the
laser spectrum)
Mpec: = calculated molecular spectrum
N = number of points in calibration scan

A = wavelength
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A) = the wavelength difference between two points in the calibration scan

The divisor on the Eq. 22 is presented as a convolution aerosol and molecular
channel. Therefore, the divisor presents the amount of molecular spectrum seen with
the combined aerosol and molecular channel. The dividend of the Eq. 22 describes the
molecular signal detected through the iodine absorption cell. The molecular spectrum
model used in the calculation is presented in a paper by Yip and Nelking®* and it

includes the effects of Brillouin scattering as a function of temperature and pressure.

The accuracy of the calibration coefficients is mainly limited by the photon count-
ing statistics. Because the signal transmitted through the absorption peak is small,
the error due to photon counting statistics dominates the error in the determination
of Cgpm. Therefore, the accuracy of the C,, is improved by increasing the photon
counting statistics at the absorption peak. Three different ways to increase the pho-
ton counting statistics can be considered. First, the signal at the absorption peak can
be increased by scaling the light with neutral density filters while scanning. Second,
the amount of aerosol backscatter signal can be further decreased into a point where
the effects of the photon counting statistics are negligible. Third, longer averaging

time can be used.

The disadvantage of using neutral density filters is that the filters have to be well
calibrated and the change in the value of neutral density filter has to recorded into the
data so that the signal can be reconstructed back to the absorption spectrum. The
disadvantage of the longer absorption cell is that the increased cell length will further
decrease the amount of transmitted molecular signal. Also the spectral purity of the
laser limits the observable absorption strength. In order to be able to obtain a good
photon counting statistics for the signal of the whole absorption peak, a long averaging
time is required and therefore the total calibration time would be unreasonable long
(~ 1h) and during this time the laser has time to drift. The drift in the laser output

wavelength during the scan effects the width of the measured absorption spectrum.

The current HSRL uses a calibration procedure, where the absorption spectrum
is first measured by scanning the laser wavelength so that ~ 1% photon counting

accuracy is achieved for the spectrum around the absorption peak. In order to obtain
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a high photon counting statistics in short period of time, the light from the calibration
fibers is optimized so that maximum number of photons is detected with small pile-up
effects at the detectors. During the scan the location of the peak absorption maximum
is detected from the signal through the 4 cm long reference iodine absorption cell.
After completing the scan, the seedlaser temperature is set back to the maximum
and by using a tuning program (described in more detail in Chapter 5.2) the laser
wavelength is kept at the absorption peak until better than 3% photon counting
statistics is obtained. With this procedure the effects due to a shift in the laser
output wavelength to the width of the absorption spectrum can be minimized and
the photon counting errors in the determination of the C,,, can be reduced from

about 20% to 3% within ~ 10 min averaging time.

The atmosphere provides the best reference when the accuracy of the HSRI cal-.
ibrations is studied. Figure 16 presents an HSRL calibration which is performed
simultaneously with data taking. Two different cases are studied. First, a calibration
from a thick water cloud is shown. Second, a calibration from clear air is presented.
In order to detect the possible range dependence of the calibration, lidar returns
from different altitudes are studied. The comparison between calibrations from at-
mosphere and from the calibration light source also recovers possible misalignments

of the system.

The system calibration signal from the iodine absorption spectrum presents a cal-
ibration from a pure aerosol target. The agreement between system calibration and
atmospheric calibration from a thick water cloud can be seen from Figure 16. Both
signals are defined from the ratio of the signal detected through the iodine cell to
the signal detected with the combined aerosol+molecular channel. The background
corrected, energy normalized signals are used. The data is averaged over a 90 m
range. An expected calibration curve from a pure molecular target can be calcu-
lated by convoluting the measured iodine absorption spectrum with the calculated
molecular spectrum. The calculated molecular calibration together with a measured
atmospheric calibration from different altitudes are presented in Figure 16.b-d. The
measured absorption spectrum is presented as a reference. For the calculated molecu-

lar calibration, the atmospheric temperature, and therefore the width of the Doppler-
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broadened molecular spectrum, is calculated by using the temperature values obtained
by a radiosonde measurement. The signals from higher altitudes are disturbed by the
low photon counting statistics, but otherwise a good agreement between system cél-
ibration and atmospheric calibration is obtained and no range dependence in the
system calibration is observed. The range dependence of the atmospheric calibration

would show up as a noticeable deviation from the system calibration.
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Figure 16. A HSRL calibration scan together with a simultaneous calibration from the
atmosphere. Figure (a) shows a calibration from a thick water cloud (thin dashed line)
together with a system calibration scan (thick solid line). In figures (c)-(d), the dashed line
shows a clear air calibration at 3175 m (b), 5510 m (c), and 7550 m (d). The temperatures
at these altitudes were -11 °C (b), -32 °C (c), and -45 °C (d), respectively. The long dashed
line presents the expected molecular return. The measured calibration scan is presented as
a reference (solid line).
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5.2 The laser wavelength locking into the iodine absorption
peak

The system calibration is sensitive to the drifts between the transmitter wavelength
and the receiver bandpass transmission maximum. The measurements show that
the seedlaser drifts at ~100 MHz/h rate. In order to achieve a stable long term
operation without frequent calibrations, the wavelength of the transmitter laser is
locked to the iodine absorption peak. Wavelength locking to the Doppler-broadened
iodine absorption line was used because it requires much less power than a locking
into a hyperfine structure of the iodine absorption line with Doppler-free technique??.
Compared to the wavelength locking with a high resolution etalon, the advantage of
the locking to an iodine absorption peak is that, iodine peak provides an absolute
frequency reference. Another technique to lock the laser output wavelength to the,
Doppler-broadened iodine absorption line was reported by Arie and Byer3>. They use
Fourier transformation spectroscopy to lock the laser to the center of the Doppler-
broadened peak. This method does not require any dither of the laser frequency, but

it is more complex.

In the HSRL, the absorption spectrum of the 4 ¢cm long iodine absorption cell is
used to provide information about the absorption peak maximum. The absorption
peak of the 43 long iodine absorption cell cannot be used as a reference for the
wavelength locking because the saturation of the absorption at the peak causes the
flat shape of the peak, and because the signal at the peak is small due to the strong
absorption. Therefore it does not provide good photon counting statistics for the
locking. The length of the reference cell is chosen so that the absorption is ~ 50%.
The cell transmission has to be high enough to provide a good photon counting

statistics within a short averaging time.

The locking of the laser wavelength to the iodine absorption peak is performed
by using an automatic controlling program that works as follows. First, the location
of the absorption maximum is detected during a calibration scan. After completing
the scan, the program automatically sets the seedlaser temperature to the observed
peak. In order to keep the laser wavelength locked to the maximum absorption

wavelength, the seedlaser temperature is dithered around the optimum temperature
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and information about the ratio of signal from the second calibration fiber to the signal
from the first calibration fiber detected with PMT 1 (see Figure 17) is gathered. The
seedlaser temperature is kept at temperature that produces the minimum ratio. The
basic idea of the tuning program is presented in the. following.

The tuning procedure has four steps. First, information about the ratio be-
tween calibration fibers is gathered for the seedlaser temperature (T(peak)) that
was detected to produce the minimum ratio. Then, a temperature T=T(peak)+dT
is applied and the change in the ratio is observed. After gathering enough statistics
(~ 30 s), the seedlaser temperature is returned back to the temperature T(peak) and
a new value for the ratio at this temperature is measured. After this, the optimum
temperature is detected by finding the temperature that produces the minimum ratio.
If the temperature T=T(peak)+dT produced a smaller ratio, then that temperature
becomes to the new optimum temperature T(peak). If the ratio for temperature‘
T=T(peak)+dT was not better, the dithering to temperature T=T (peak)-dT is per-
formed and the procedure is repeated. The wavelength dither corresponds to temper-
ature change of 0.009 °C (0.052 pm). A time history of the dither temperatures for a
9 hour run shows that, the seedlaser temperature is dithered between 3 temperatures

under typical operating conditions.
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Figure 17. Signal for the frequency locking of the laser. An expanded view from the peak
shows that as the temperature is changed in either direction from the detectedpeak, a
change in the ratio is noticed.

Because the absorption peak of the 43 cm long absorption cell is flat around the
maximum absorption wavelength, the error due to tuning to the amount of aerosol de-
tected in the molecular channel (C,,,) is comparable to the photon counting statistics.
On the other hand, the error due to dithering to the amount of detected molecular
signal in the molecular channel (C,,,,) is a combination of photon counting statistics
and the error between the convoluted signals at different dithering wavelengths. The
errors in Cy,, due to tuning as a function of atmospheric temperature are presented
in Figure 18. Figure 18 shows the error in the determination of Ci,,, when the laser
wavelength is tuned off by +0.052 pm, but the calculation of Cy,,, is made for the
peak wavelength. Also the error due to dithering is shown. The asymmetry of the
absorption spectrum makes the errors due to the tuning asymmetric. The total effect
of the tuning procedure to the measured profiles has to be calculated as a ngghted
average of the errors at different dithering wavelengths, because the tuning program

is realized so that the laser spends 2/3 of the time at the wavelength that produces
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the minimum ratio and 1/3 of the time doing the dithering. Therefore, the total error
due to dithering is better than 0.1%, when measurement period is long compared to
the dither time. In principle, the error due to wavelength locking can be eliminated
by inverting the data by using different calibration coefficients for different dithering

wavelengths. This has not been accomplished yet.
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Figure 18. The errors in Cy,,, due to the tuning. Error when the seedlaser temperature is

detuned from the optimum temperature by + one step (0.009 °C) and when the seedlaser
temperature is dithered, but the inversion is performed by using the observed peak value.
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6 Measurements

Starting from July 1993, the iodine absorption filter based HSRL has been operated
at the University of Wisconsin-Madison campus. During this time the HSRL has been
routinely operated and the stability and reliability of the system have been tested.
As a result, a dataset consisting of ~ 30 different cirrus cloud cases has been obtained
with a simultaneous NOAA-11 and/or NOAA-12 satellite overpasses. As an example
from the data collected with the HSRL a dataset from November 11, 1993 is shown.
This dataset contains a meteorologically interesting case: a cirrus cloud, supercooled
water cloud, and ice crystal precipitation together with a strong low level aerosol
structure. Figures 19 - 25 present Range Time Indicator (RTI) pictures from the
data. Both raw and inverted data are shown along with depolarization and optical
depth. The pictures are generated from the background corrected, energy normalized,
and range square corrected data.

For the RTT’s of the inverted data, the aerosol and molecular signals are separated
by using Equations 19 and 20. The optical depth is obtained from the ratio of the
inverted molecular profile to the return predicted for the pure molecular scattering
(Eq. 10). The color scale shows the signal strength and the white areas are regions
where the backscatter signal is larger than the maximum color scale value. ’fhe black
areas indicate that the signal is smaller than the smallest color scale value.

The Figure 19 shows the raw lidar return detected with the combined aerosol and
molecular channel. This profile is similar to the profile obtained with a conventional
single channel lidar: the signal from small amounts of aerosol scatterers is dominated
by the scattering from molecules, and therefore all aerosol structures are not clearly
visible. The ability of the HSRL to separate aerosol and molecular scattering can be
seen from the RTI picture of the inverted aerosol signal Figure 20. After inversion,
the aerosol structures are more visible and they do not have the decrease with altitude
caused by the atmospheric density profile. The ability of the iodine absorption filter to
reject aerosol scattering is visible from the RTI of the raw molecular signal (see F igure
21): only a small aerosol cross-talk for the densest parts of the clouds is observed and
this is easily removed by the inversion, as can be seen from Figure 22. The phase

of the water at different layers can be seen from the depolarization RTI's. Figure
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23 shows the raw depolarization observed with the combined aerosol and molecular
channel. The inverted aerosol depolarization is shown in the Figure 24. From these
pictures, a cirrus cloud at ~ 8 km (depolarization ratio ~ 40%) and a supercooled
water cloud at 5 km ( depolarization ratio ~ 1 %) with ice crystal precipitation can be
easily separated. For low level aerosols (0-3.7 km), a two layer polarization structure
is seen. The small increase in water cloud depolarization as a function of cloud height
is an indicator of multiple scattering. The low molecular depolarization is presented
in Figure 25. The low depolarization ratio values -with small signal to noise ratio show
up in the picture as noise.

The optical depths on the different parts of the data set can be seen from the
Figure 26. The optical depth of the cirrus cloud between 7 and 10 km is ~ 0.4. The
water cloud at ~ 5 km has an optical depth of 2.5-3. The extinction through the
ice crystal precipitation below the water cloud and the extinction through the water
cloud can be seen as a change in the color scale as a function of altitude. The optical
depth of the ice crystal precipitation is ~ 0.1.

A more detailed analysis of the dataset is presented in the following sections. First,
the depolarization measurements are discussed in Chapter 7.1. The effects of mul-
tiple scattering to the depolarization measurements are shown. The measurements
of the cloud particle sizes are not included to this study. The depolarization data
from August to November 1993 is analyzed and a summary from the observed depo-
larizations as a function of atmospheric temperature is given. Second, an example
from a measurement of scattering ratio, aerosol backscatter cross section, and optical
depth is given together with error estimates for the optical depths (see Chapter 7.2).
The temperature dependence of the Doppler-broadened molecular spectrum enables
the measurements of the atmospheric temperature by the HSRL. Preliminary results

from a temperature measurement are presented in Chapter 7.4.
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Figure 19. The raw lidar return presenting the combined aerosol and molecular channel
return. A water cloud layer with an ice crystal precipitation are seen at 5 km. Above the
water cloud, a cirrus cloud can be seen. The low level aerosol structure between 0 and 3.7
km is hardly visible because it is damped by the molecular backscatter signal.
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Figure 20. The inverted aerosol profile. After separating the aerosol and molecular backscat-
ter returns, the layers where the aerosol backscatter signal is small compared to the molec-
ular signal are clearly visible. The largest difference is seen for the low level aerosol layer
between 0 and 3.7 km. ;
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Figure 21. The raw molecular return. A small aerosol cross talk signal is visible for :"tflek
densest parts of the water cloud at ~ 5.5 km. The dark areas indicate that very little or no
return through parts of the water cloud is observed. '
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Figure 22. The inverted molecular profile. After the inversion, the cross: talk: tha,t\;ras

visible in Figure 21 cannot be seen and the inverted molecular profile therefore. preséﬁ"ts
the atmospheric extinction at various points of the dataset. The inaccuracy of the overlap
correction can be seen as a darker line at ~ 1 km.
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Figure 23. The raw aerosol depolarization combined with the molecular depolarization. Thev
picture shows the depolarization ratio that is seen with a lidar that cannot separate fhe
aerosol and molecular backscatter signals. The depolarizations for altitudes with lowaerpsbl
content are dominated by the molecular depolarization. The parts of the cirrus cloud a,,pd
parts of the ice crystal precipitation between 4 and 5.5 km show depolarization ratfgs- tha.t
are ~ 10%, and those layers could be expected to contain mixture of ice and water: S,
parts of aerosol layer between 2 and 3.7 km show depolarization of ~3:5 %:: The wa;ter
cloud at 5.5 km has ~1% depolarization. The increase in the water cloud depola.rlza,noﬁ’as
a function of altitude is due to the multiple scattering. iy
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Figure 24. The inverted aerosol depolarization. After inversion, the cirrus cloud depolar—;
ization of ~ 40% indicates pure ice depolarization. The ice crystal precipitation falling out
from the water cloud show similar depolarizations values. The low level aerosol structggg
shows a two layer polarization structure. A ~1% depolarization ratio for the layer betwee
0.5-2 km is observed indicating nearly spherical particles. The depolarization of the la,yér
between 2 and 3.7 km shows a ~ 5% depolarization.
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Figure 25. The inverted molecular depolarization. A less than 1% molecular depolarizatioii’
is observed. The increase in the depolarization variations at the higher altitudé’isfie o
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the low signal to noise ratio.
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Figure 26. The optical depth. The optical depth above 3 km is shown. The optical depﬂé{
of the cirrus cloud between 7 and 10 km is ~ 0.4. The water cloud at ~,5.km has a optical-
depth of 2.5-3. The extinction through the ice crystal precipitation below the water clotid:
and the extinction through the water cloud can be seen as a change in the color scale. The
optical depth of the ice crystal precipitation is ~ 0.1. L




6.1 Depolarization ratio 13

Lidar measurements of atmospheric depolarization can be used to distinguish between
liquid and solid phases of water in the atmosphere®* . The quantity to describe the

degree of polarization is the linear depolarization ratio §

Ty

where I, and I are the measured perpendicular and parallel backscatter 1nten 1E1es
in respect to the transmitter polarization axis. The backscatter signal of a hriearly
polarized laser beam from spherical particles is totally linearly polarized (§ = 0). The
particles can be assumed to be spherical in case of wet haze, fog, cloud droplets, and
small raindrops. The depolarization of the pure molecular atmosphere is nonzero,

because of the anisotropy of the air, and therefore a 0.37-0.4 % depolarization for'
the Cabannes line is expected®®?. The depolarization of the molecular return that
includes the Cabannes line and the rotational Raman lines is ~ 1.5%%0. If particl'és-s'
are nonspherical (as ice crystals, snow flakes or dust particles) or if the ba,ckscatteﬁ"
signal has a multiple scattering contribution, the backscattered signal contains a cross-._
polarized component (0 < § < 1). A specular reflection from a oriented ice crystal‘
layer provides a small depolarization, which therefore can be mlsmterpreted;ast,he
backscatter signal from a water cloud, but the off vertical pointing direction of the:
HSRL is expected to prevent this. ¢ o :

Lidar studies of atmospheric polarization have been traditionally based on.a t‘(;ch-
nique, where a linearly polarized laser beam is sent to the atmosphere and the r;;elyed
polarization components are separated by a polarization cube and detected by- a pr«.ur
a photomultiplier tubes, one for each polarization component. This method requiréé
a precise calibration of the receiver in order to avoid the problems due to differenéés
between channels in optics, and in photomultiplier sensitivity.

In the new HSRL (see Figs. 5 and 6), the polarization measurements are ma&é
by using one transmitter laser and one detector for both polarization componen’cs..:
The transmitted laser beam is linearly polarized, and for polarizatidt measurements
the polarization of the transmitted laser beam is rotated by 90 degrees on alternative

laser pulses by a Pockels cell. In the receiver, the signal parallel to the transmitter

gl
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polarization axis and the signal perpendicular to that are separated and cleaned by
a polarization cube pair. Since the polarization of the transmitted laser shot alter-
nates between two subsequent laser shots, the same detector can accurately Iﬁéaégre
both polarization components and therefore no calibration of the receiver is requifgd.
The 250 ps time separation between laser pulses insures, that both depolarization
components are measured from the same atmospheric scatterers. The depolarization
variations as a function of field of view can be studied with the new WFOV-channel.
The effects of specular reflection from a horizontally oriented crystal layer are mi’n}—
mized by tilting the receiver by 4 degrees from the zenith. With the HSRL, separate

measurements of aerosol and molecular depolarizations can be made.

Depolarization measurements are affected by presence of multiple scattering when
a lidar is used to probe dense clouds. Because the amount of detected multiple_
scattering is dependent from the cloud particle size, range from the cloud, optical
depth of the cloud, and the field of view of the system, typical systems with 1-5 mrad
field of views have difficulties separating between water and ice for dense cloudsafin
order to separate between water and ice for optically thick clouds, the HSRL‘ﬁséé_ a

160 prad field of view for the spectrometer channels.

Figure 27 represents an example of the multiple scattering effect on the mea-
sured depolarization. Figure 27.a. shows the measured energy and range square
corrected signals from a supercooled water cloud with ice precipitation. For the
WFOV-channels, 0.22, 0.65, 1.1, and 1.6 mrad field of views are used. The WFOV-
channel measurements are then compared to the measurements of the 0.16 mrad field
of view channels. The amount of multiple scattering in the signal-is calculated from
the ratio of the WFOV-signal to the signal simultaneously measured with the narrow
field of view channel (see Figure 27.b.). Figure 27.c shows the depolarization ratios
for different field of views and the Figure 27.d shows the ratio of the WFOV depolér-
ization to the narrow field of view depolarization. For the optically thin ice crystal
precipitation layer, the change in depolarization as a function of field of view is har(ily
noticeable. The change from ice to water shows up as a drop in the depolarization
ratio. All field of views show a low depolarization for the water cloud base but as

soon as the signal penetrates deeper into the cloud, an increase in the depolarization



61

as a function of field of view can be observed. Inside 300 m the multiple scattering
effects in the cloud will increase the depolarization of the larger field of views up to
the level which is comparable with the observed ice crystal depolarization and there-
fore, the separation between ice and water becomes impossible. The low values of
depolarization observed with the narrow field of view channel and with the smallest
WFOV field of view show that the narrow field of view effectively suppresses the
effects of multiple scattering. Therefore, the HSRL signals from these field of vié,ws
can be used to separate between ice and water clouds even for optically thick clouds.
On the other hand, information from depolarization and signal strength va.riatioﬁs as
a function of field of view can be used to verify multiple scattering calculations. . '
Theoretically, the depolarization of the spherical dropplets should be zero, but the
depolarization ratios observed for the water cloud at 5.5 km is ~2 %. In the cases of
water clouds with an ice crystal precipitation, the non-zero values of depolarization
ratio can be explained by the presence of ice. Because the water cloud is precipitating
ice, there has to be some ice mixed with water in the cloud. The scattering from the
cloud base is ~ 20 times larger than signal from ice crystal precipitation. Based on
this ratio, ~ 2 % (~ 1/20 x ice depolarization of 40 %) depolarization for the cloud
base depolarization can be expected due to the presence of ice crystals with ~ 40 %

depolarization.
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Figure 27. Effects of multiple scattering on depolarization in the backscatter return from a
water cloud at 5.5 km with ice crystal precipitation between 4.5 and 5.3 km. Data obtained
on November 11, 1993 02:04-02:14 UT. (a) Measured signals. (b) Ratios of measured WFOV
signals to 0.16 mrad field of view signal. (c) Measured depolarization ratios. The cloud base
depolarization of the smallest field of view at 5.4 km is ~ 2 %. (d) Ratios of the measured
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The capability of the HSRL to distinguish between aerosol and molecular scatter-
ing allows separate polarization measurements. This is important when layers with
a low aerosol content are studied. The effects of the molecular scattering on the
observed depolarization can be seen by comparing the raw and inverted aerosol de-
polarization ratios. For the cases where the amount of aerosol scatterers is small, the
signal from molecular scattering dominates the depolarization picture (see Figure 23).
Therefore, aerosol depolarizations similar to the molecular depolarization can be seen
and also parts of the cirrus cloud and ice crystal precipitation show depolarization
ratios which are close to the depolarization of the supercooled water or mixfure of ice
and water (green areas in the raw aerosol depolarization RTI). After inversion a clear
difference in the depolarizations is seen: the depolarization of the low level aerosols is
better defined and the depolarization of the cirrus shows that the cloud contains pure
ice crystals (Figure 24). Therefore, a clear separation between ice and water can be
based to the depolarization ratios calculated from the inverted aerosol profiles. The
effect of the inversion to the depolarization ratio is also visible from the Figures 28 —
29.

The profile of the raw aerosol depolarization shows the depolarization of the com-
bined aerosol+molecular channel and therefore, it shows the depolarization ratio
which is seen with a conventional single channel lidar. The raw molecular depolar-
ization contains the depolarization component of the aerosol cross talk together with
the molecular depolarization. In the same figure, the separated aerosol and molecular
signals are shown with the inverted aerosol and molecular depolarizat‘idn's.»' Figure
28 shows a two layer water cloud with an ice crystal precipitation. The peaks of the
water clouds are observed at 5.2 and 5.6 km and the corresponding low depolarization
values are 1-2 %. A small increase in the depolarization with penetration depth is
observed. The values of raw depolarization of the ice crystal precipitation are close
to those of water and ice mixture, but the inverted depolarization ratios show a clear
ice depolarization. After inversion the increase in aerosol depolarization at 2-3.7 km
is also very clear. The Figure 29 shows a water cloud layer at 5.4 km with a more
dense ice crystal precipitation. With increased backscatter signal from ice, the value

of raw depolarization ratio indicates clear ice and therefore the effects of molecular
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depolarization do not show up so clearly, eventhough a change in depolarization ratio
is observed after the inversion.

The depolarization observed in the clear air is 0.7-0.8 %, when the observatidns
are made without the low resolution etalons. When the low resolution etalons are
used, the depolarization is 0.55-0.6 %. The expected value for the molecular depo-
larization of the Cabannes line is ~ 0.4 and ~ 1.44 for the Cabannes line®** and
rotational Raman lines?®. The HSRL observations show a 1.5 % depolarization for the
signal from the rotational Raman lines and Cabannes line. Because the system filter
bandpass admits a small fraction of the rotational Raman lines (75 % depolarization)
and simultaneously blocks part of the Cabannes line, the molecular depolarization
value measured by the HSRL is larger than the expected Cabannes line depolariza-
tion. The amount of transmitted rotational Raman signal is temperature dependent.
A model to calculate the expected depolarization was written. This model includeé
the rotational Raman spectrum for nitrogen and oxygen, molecular spectrum includ-
ing effects of Brillouin scattering, and spectral transmissions of different filters. The
polarization that correspond to different atmospheric temperatures can be calculated.
The ratio of rotational Raman signal to Rayleigh signal is chosen so, that a 1.44 % de-
polarization for the clear air is observed. These calculations show, that a 0.56 -0.62 %
depolarization is expected for the case where no low resolution etalons were used. A
0.402 —0.425 % depolarization is expected, when one or two etalon are used. The dé-

polarization observed with the HSRL are larger than the expected values. The cause

of the additional depolarization in the HSRL measurements is currently unknown.
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Figure 28. Raw and inverted depolarization ratios of clear atmosphere with ice crystal
precipitation and two water cloud layers above it (November 11,1993 01:35-01:47 UT). The
upper set shows the raw aerosol and raw molecular profiles together with the depolarizations.
The lower set shows the inverted profiles with the inverted depolarizations. The water clouds
are observed at 5.2 and 5.6 km altitudes. The low water cloud depolarization values can
be observed from the aerosol depolarization figures. The small increase in water cloud
depolarization as a function of penetration depth is due to the multiple scattering. The
weak signal from the ice crystal precipitation is visible 4.3-5.1 km. Because of the low ice
crystal content, the raw depolarization ratios of the ice crystal precipitation shows values
that would indicate mixed phase, but after the inversion a clear ice crystal depolarization
is visible. The clear air aerosol depolarization is less than 6%. The observed molecular
depolarization is 0.8 %.



66

6 6
5 | 5
£« =
S | e
2. 15%
2’ e
2 F - 2

- Aer.+Mol4
[ , /== Mol. ]
soned 3 et Aoeed 4 soemd 3 aamed 1
10" 10° 10° 10" 10" 10 00 0.1 02 0.3 04 0.0 0.02 0.04
log(P(R)*R*R/E Aerosol Depol. Molec. Depol.
6

[ 3
5 B
3 A
L L
t
—~ T ) >
E4. \ E
=" f ' =
L ) a
g | « 3
3 t 1 _
= 3 x
“_"3 ] 3
<' { ~
]
1
1
]
1
1

~
~

PETIT BT gosnmd 2 ssed soined oo 3
10" 10° 10° 10" 10" 10” 0.0 0.1

02 03 04 0.0 0.02 0.04
log(P(R)*R*R/E Aerosol Depol. Molec. Depol.

Figure 29. Raw and inverted depolarization ratios of a thin cirrus cloud and a thin water
cloud with an ice crystal precipitation (November 11,1993 01:55-02:01 UT). The upper set
shows the raw aerosol and molecular profiles along with the raw depolarization ratios. The
lower set shows the inverted profiles with the inverted depolarization ratios. The water
cloud at 5.5 km has a low depolarization value ~1.5% at the cloud base and it increases
towards the cloud top due to the multiple scattering. The dense ice crystal precipitation is
visible between 4 and 5.4 km. Because the ice crystal content of the precipjtation is large
compared to the molecular backscatter, only small difference between raw and inverted
aerosol depolarizations is observed. The raw molecular depolarization shows a small increase
for the cloud, but after the inversion a constant 0.8% depolarization is observed.
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The depolarization data for cirrus clouds obtained between August and November
1993 have been analyzed. A summary of the observed depolarization ratios as a
function of temperature are presented in Figure 30. In this study only clouds with
scattering ratios greater than 0.5 were used. This was made in order to fully separate
cloud depolarizations from noisy clear air depolarizations. The values of clear air
depolarizations are low and affected by the photon counting statistics. Because the
HSRL measurements have shown, that the scattering ratios of clear air aerosol and
stratospheric aerosols can exceed values 1-3, the use of the scattering ratio of 0.5 does
not guarantee a clear separation between clouds and clear air aerosols. On the other
hand, the scattering ratios of the cirrus clouds can be below 1. Therefore, a visual
separation between cirrus clouds and clear air aerosols is made and only the cloud
altitudes are included to the study. In this study, 2 min averaging times for the data
were used. By using a short averaging time, the errors due to temporal changes of
the atmosphere were minimized. The atmospheric temperatures were obtained from
radiosonde measurements and temperature intervals of 5 °C were used. Water clouds
at cirrus cloud altitudes were separated from ice clouds based on the depolarization
ratio values. Clouds with depolarization ratio values less than 15 % were classified as

water clouds.

The high depolarization values of the cirrus clouds are easily separable from the
water cloud depolarizations. The average cirrus cloud depolarization varies from
33% to 41% showing an increase towards the colder temperatures. Part of this can
be expected to be from different shape, size, and orientation of the ice crystals-at

41,42 The size and shape of the ice crystals have been found

different temperatures
to be different at different temperatures and the crystals have been found to have
a preferred orientation. A similar increase in cloud depolarization towards colder
temperature was observed by Platt et al.**. His study was made for midlatitude and
tropical cirrus and the depolarization values for temperatures from -30°C to -10 °C
were lower, ranging from ~0.15 to ~ 0.25. The cirrus cloud depolarizations measured
with the HSRL do not show any depolarization values below 20% for the temperatures
from -30 to -10 °C. The system used by Platt had a 2.5 mrad field of view, and

the low depolarization values are possibly caused by multiple scattering from water
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clouds. The HSRL measurements have shown that when the depolarization of a water
cloud is measured with a system with ~ 1.0 mrad field of view, the effects of multiple
scattering are large enough to cause depolarization values of ~ 20%, and therefore the
separation between water and ice becomes impossible. Also the HSRL measurements
show a substantial probability of observing water at temperatures from -30 to 0 °C.

In 45% of the cases simultaneous observations of water cloud layers at the cirrus
cloud altitudes were made. The Figure 30 shows, that supercooled water clouds
at cirrus cloud altitudes are found at temperatures as low as -35 °C. Above 0°C
temperature the low depolarization values indicate pure water, and the presence of
cirrus disappears. The water cloud depolarizations are below 10 % and they contain
the effects of multiple scattering. When the same clouds are studied with a NOAA-
11 or NOAA-12 satellite, the simultaneous appearance of the water and ice cannot
be noticed. On the satellite measurements, the cloud types are separated by using
the information on the temperature. Therefore, if satellite data is used for cirrus
optical depth studies, a supercooled water cloud layer mixed with ice cannot be easily
separated and water will increase the optical depth value determined for the cirrus
cloud. The depolarization ratio knowledge of the cloud measured with a lidar can be
used to separate the water from ice and therefore separate optical depth fneaéurements
for both constituents can be performed.

The initial measurements have shown that the HSRL is capable of measuring cirrus
cloud particle sizes. These measurements together with phase function measurements
can be used for further studies of the cloud particle size effects on the depolarizatioﬁ

ratio?.



69

2}
o

H
(3]

H
o

w
(3]

9
5oy o ‘-
©
N 25 F ]
8 A <
3 %*
&20r .
(=]
15 | ]
10 F o * ]

¥ 4 +
St fng v 060-

+ 2

aal Liaaal,

o AL 1
-60 -50 -40

al aadaa ol Lasaalossalasasld 1 Lo

-30 -20 -10 0 10 20
Atmospheric Temperature (C)

Figure 30. Cirrus cloud and supercooled water cloud depolarization as a function of temper-
ature observed between August 2 and November 11, 1993. The depolarization values below

10% are indication of water clouds and higher depolarization values indicate the presence
of ice.
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6.2 Measurements of scattering ratio, aerosol backscatter
cross section, and optical depth

Two examples from the measured scattering ratio, aerosol backscatter cross section
and optical depth profiles for the November 11, 1993 dataset are presented in figures
31 and 32. The cloud altitude and geometrical thickness of the clouds can be seen
from the inverted aerosol profile. The inverted molecular signal shows the extinction
in the signal through the atmosphere. This can be compared to the predicted Rayleigh
return, calculated from the radiosonde data. The unsmoothed profiles are used. The
Figure 31 shows a thin cirrus cloud case and the Figure 32 presents a water cloud
together with a thin cirrus cloud. The water cloud is seen at 5.2 km altitude and the
cirrus cloud can be found ranging from 7 to 9.2 km. The measured signals show the
large dynamical range achieved in HSRL measurements: signal strength variations.

over four decades are seen.

The scattering ratio is calculated from the ratio of inverted aerosol profile to the
inverted molecular profile. The measured scattering ratios for the whole dataset vary
from ~ 1072 to ~1000. The maximum scattering ratio is 10 for the case presented in

Figure 31 and ~300 for the water cloud case in Figure 32.

The aerosol backscatter cross section is obtained from the scattering ratio and an

estimate for the atmospheric density profile. The values of aerosol backscatter cross

1 ) P |

section change from ~ 10~m~!sr~! for cirrus and ice precipitation to ~ 1074*m~1tsr
for water cloud. The observed aerosol backscatter values of the clear air are between
107% and 10~ "m~tsr—1.

The total optical depths are calculated from the ratio of the inverted molecular
signal to the return predicted for the pure molecular scattering. They range from 0.5
to 2.5 for this dataset. The Figure 31 shows a optical depth of 0.5 for the cirrus cloud
and a optical depth 1.4 is observed for the case in Figure 32. The water cloud optical
depth is 1 and the cirrus cloud gives an optical depth of 0.4. With the laser power
used for this measurement, the optical depth of 2.5 is the upper limit of the current
system. By increasing the laser output power larger optical depths can be measured.

Because the cross talk between channels is small and it can be accurately corrected,

and also because the 160 prad field of view of the HSRL effectively suppresses multiple
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scattering, the optical depths inside a cloud can be measured.

The accuracy of the optical depth measurements can be seen from the Figure 33.
The leftmost graph shows the error in the optical depth measurement of a thin cirrus
cloud and rightmost graph shows the error when a cirrus cloud of optical depth ~ 1
is studied. The errors presented here are root mean square errors and they consist of
photon counting, background correction, calibration, and wavelength tuning errors.
The signals are spatially averaged with a 150 m filter and the filtering is taken into
account in the error analysis. The accuracy of the optical depth measurements is
limited by the photon counting statistics. This can be seen from the error bars,
which are on the same order as the signal fluctuations. The accuracy of the HSRL
measurements can be increased by increasing the signal strength and/or by using a

constrained nonlinear fit to the inverted molecular profile.
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Figure 31. The measured scattering ratio, aerosol backscatter cross section and optical
depth profiles of a thin cirrus cloud between 6.5 and 10 km (November 11, 1993 01:05-01:09
UT). (a) The inverted aerosol and molecular profiles along with a calculated molecular
profile. The difference between the calculated and measured profiles shows the extinction.
(b) The scattering ratio values are ranging from ~0.1 (clear air between 3 and 6.5 km) to
10 (cirrus cloud at 10 km). (c) The aerosol backscatter cross section of the cirrus cloud is
~ 5107%m~lsr~! and ~ for 107"m~lsr~! the clear air between altitudes 3 and 6.5 km.
(d) The optical depth between 3 and 11 km is 0.55. The optical depth of the cirrus cloud
is 0.4.
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Figure 32. Scattering ratio, aerosol backscatter cross section and optical depth profiles of a
thin cirrus cloud between 7 and 9.2 km and a water cloud with an ice crystal precipitation
at 5.2 km (November 11, 1993 01:29-01:34 UT). (a) The inverted aerosol and molecular
profiles along with the calculated molecular profile of the clear air. (b) Séattering ratio of
the water cloud is ~ 300 and 10 for the cirrus cloud. (¢) The observed aerosol backscatter
cross sections are ranging from 10~ "m lsr~! for the clear air to 2-10~4m~lsr—! for the
water cloud. (d) The optical depth is 1 for the water cloud and 0.4 for the cirrus.
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Figure 33. The root mean square errors in the optical depth measurement. A thin cirrus
case (November 11, 1993 01:05-01:09 UT) (leftmost graph) and a cloud layer of optical depth
of 1.4 (November 11, 1993 01:29-01:34 UT) (rightmost graph). The cases are the same as
in Figure 29. The error bars are of the same order as the signal fluctuations indicating that
the optical depth measurements are mostly limited by the photon counting statistics.
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6.3 Measurements of atmospheric temperature

The temperature dependence of the Doppler-broadened molecular spectrum enables
the measurements of the atmospheric temperature by a HSRL. The capability to
measure the temperature would eliminate the possible errors due to the difference
between the radiosonde reading and the current temperature over the lidar site. For
this purpose, the temperature measurement capabilities of the University of Wisconsin
HSRL were studied. The presence of clouds and strong layers of clear air aerosols will
affect the shape of the molecular spectrum measured with the HSRL. The temperature
measurement method presented in the following was used to test the capabilty of the
HSRL to accurately measure the molecular spectrum width for layers with small

aerosol content.

Lidars have been used for the measurements of the atmospheric temperature pro-
file by many lidar groups. The technique proposed by Strauch et al.** and Cooney*®
allows calibrated temperature measurements by using the rotational Raman spectrum
of nitrogen. With this technique about 1 °C temperature accuracy at low altitudes is
achieved. Kalshoven et al.*® demonstrated a differential absorption lidar method for
temperature measurements. They used 2 laser wavelengths and O,-absorption lines to
measure atmospheric temperature up to 1 km altitude with 1 °C accuracy. Later Eﬁ-
demann and Byer*’ reported simultaneous measurements of atmospheric tempierature
and humidity with a continuously tunable IR-lidar. They used a three-wavelength
differential absorption lidar technique and water vapor absorption lines. With fhis
technique a 2.3 °C absolute accuracy was achieved. In addition to Raman and differ-
ential absorption lidar techniques, Keckhut et al.%® used Rayleigh scattering lidar to
measure atmospheric temperature for altitudes 30-70 km.

The temperature measurements made with a high resolution lidar have been re-
ported by Alvarez et al.'®. Their temperature measurement is based on the two
barium absorption filters with different bandpasses. Because the strength of the sig-
nal received through an absorption cell is proportional to the width of the Doppler-
broadened spectrum, the information of the signal strength together with a theoretical
calculation for the Doppler-broadened Rayleigh-Brillouin spectrum can be used for

the determination of the atmospheric temperature. Their latest measurements have
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shown that only a 10 °C accuracy is achieved for profiles up to 5 km.

The preliminary measurements of the atmospheric temperature made with the
University of Wisconsin HSRL have been based on one iodine absorption filter. For
temperature measurements the system transmission spectrum is measured by scan-
ning the laser wavelength over the iodine absorption spectrum, similarly as in the
system calibration scan. For one temperature profile, data from 5 calibration scans
were averaged. This was done to increase the signal to noise ratio of the measurement.
The measured profile was calculated by averaging the signal over a 300 m range with
1 km steps.

The signal from atmosphere and detected through the iodine absorption cell is a
convolution of the Doppler-broadened molecular spectrum and the iodine absorption
spectrum. The Brillouin modified approximation for the Doppler-broadened spec-
trum was used to calculate the molecular line shapes at temperatures ranging from’
-70 to +30 °C with 1°C resolution. The calculated line shapes were convoluted with
the measured iodine absorption spectrum. In order to define the atmospheric temper-
ature at certain altitude, a least square fit was used to fit the measured profile to the
calculated profile. The temperature that produced the best fit defined the tempera-
ture of that altitude. Figure 34 shows an example of the received signal from 8 km
altitude observed through the iodine absorption cell normalized by the signal observed
with the channel without iodine absorption filter. The iodine absorption spectrum is
shown as a reference. The modeled molecular profile is shown for the temperature

that produced the best fit. The best fit was found at -47°C temperature.
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Figure 34. The HSRL signal from 8 km altitude observed through the iodine absorption filter
normalized by the signal measured simultaneously without the iodine absorption filter. The
iodine absorption spectrum is plotted for reference. The modeled molecular transmission
is shown for the temperature that produced the best fit between measured and calculated
molecular transmissions. The best fit was obtained at -47°C temperature.

The sensitivity of the molecular transmission of the iodine absorption filter to
the width of the molecular spectrum is illustrated in Figure 35. The figure shows
the effect of incorrect temperature to the fit. For this figure, the modeled molecular
transmissions were subtracted from the modeled molecular transmission at -47 °C
temperature. The temperature difference of 5 °C is displayed. The Figure 35 shows
that a clear difference between temperatures is achieved, but because the differences
are small, the accurate measurements of atmospheric temperature by the scanning

technique are difficult to obtain.
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Figure 35. The sensitivity of the molecular transmission to the temperature. The difference
in modeled molecular transmission to the molecular transmission at -47°C is shown with
5°C temperature steps.

A temperature profile measured on February 27, 1994, in Madison between 00:00
and 03:00 UT is presented in Figure 36. For the comparison the radiosonde tempera-
ture profiles from nearest weather stations are presented. The stations at Green Bay
(WI, 180 km northeast from Madison), Peoria (IL, 350 km south from Madison), and
St. Cloud (MN, 450 northwest from Madison) provided a radiosonde profile at 00:00
UT. The temperature values measured by the HSRL agree with the temperatures
measured with the radiosondes. For the profile between 4 and 8 km the observed rms
temperature differences are 2.97, 7.08, and 5.52 °C between HSRL and the weather
stations. The rms difference between weather stations is 7.06 °C. For low altitudes,
the largest difference between profiles is observed. This is expected because of the

synoptic scale variations in weather conditions between different locations.
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For altitudes between 6-8 km, a good agreement between HSRL measurement and
the central Minnesota (St. Cloud) radiosonde profile is seen. These altitudes had a
low aerosol content providing scattering ratio of ~ 0.02. The temperatures above 8 km
show a big deviation from the radiosonde temparatures. This is due a strong aerosol
layer, that disturbs the HSRL temperature measurement. The scattering ratio of the
aerosol layer above 8 km was ~ 0.3. Also the measured temperature values for altitude
between 2 and 3.5 km are colder than the radiosonde values. This is due to presence
of a low level aerosol layer with scattering ratio of ~0.1 The presence of aerosols
deepens the measured spectrum and therefore a fit into this spectrum underestimates
the temperature. Therefore, if the temperatures are going to be measured in the
presence of aerosols, the effect of the aerosol signal has to be separated from the

molecular contribution.
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Figure 36. A temperature profile obtained with the HSRL on February 27, 1994. The tem-
perature profile obtained with radiosondes show the atmospheric temperature measured at
the closest weather stations. A good agreement between HSRL and radiosonde observa-
tions is observed between altitudes of 4 and 8 km. These are altitudes with a low aerosol
backscatter content.
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7 Error analysis

7.1 Error sources

The signal detected with a photon counting system is a combination of backscatter
signal, background light, and internal noise in the photodetector. The lidar equation
(Eq. (1)) shows that the amount of received signal is determined by the number of
transmitted photons, scattering cross section, backscatter phase function, area of the
telescope, transmission of the receiver optics, and the sensitivity of the detectors. On
the other hand, the HSRL measurements are dependent on the system calibration
coefficients (Eqs. (17) and (18)). The errors in the HSRL measurements can be

divided into 5 main categories:

1. errors due to photon counting statistics

2. errors due to changes in system calibration coefficients
3. errors in the background subtraction

4. errors due to a multiple scattering contribution

5. errors in the atmospheric temperature profile used to compute the molecular

density

The error in the photon counting process is proportional to the square root of the
measured signal. The errors due to photon counting statistics that are induced to the
calibration coefficients were discussed in Chapter 5.

The system detection efficiency is a combination of the system transmission and
the photomultiplier quantum efficiency. The system detection efficiency affects the
amount of detected signal and therefore, it is directly related to the photon counting
statistics. A model to calculate the expected system transmission was developed.
This model includes the spectral transmission of interference filters, etalons, and
iodine absorption cell, transmissions and reflections of optical components (lenses,

mirrors, cubes, etalon chamber windows) and photomultiplier quantum efficiencies.
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The transmittance and reflectance values of different optical components were con-
firmed with measurements. The calculated transmission efficiencies were compared
with the measured values. For this study, a clear air case was chosen. Because the
properties of molecular scattering are well known, the lidar equation for molecular
scattering (Eq. 3) can be solved for the number of photons expected for the pure
molecular return.

In order to predict the expected molecular return, the calculated system trans-
mission was convoluted with the calculated molecular spectrum at a 5 km reference
altitude. The temperature for the Doppler-broadened molecular spectrum calculation
was taken from a radiosonde profile. By calculating the ratio of measured to expected
number of photons given by the lidar equation, the actual system transmission was
estimated. The two way extinction between lidar and the backscatter volume was
assumed to ~ 1. The comparison between expected and measured detection effi-’
ciency values is given in Table 2. This comparison was made without using the low

resolution etalons. Each etalon decreases the transmission by a factor of ~ 2.

Table 2. HSRL detection efficiency

Channel Calculated (%) | Measured (%)
Aerosol+Molecular | 0.78 0.6

Molecular 0.44 0.36

WFOV 44 3.4

The transmission efficiency values show ~ 25 % difference between calculated and
measured values. A ~ 10% error can be made by assuming the extinction between
lidar to 1. Also the uncertainty on the transmission and reflectance values of optical
components affect the calculation. The largest uncertainty is the quantum efficiency
of the photomultipliers. The value 0.12 is taken from the manufacturers specification,
but only a 0.03 change in the quantum efficiency would correct the difference. The
transmissions and reflectances of the receiver components that affect to the detection
efficiency are listed in Table 3. The transmission and reflection numbers of some
components are conﬁrrhed with a measurement and rest of the values are obtained

from the manufacturers specifications.
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Table 3. Transmission / Reflection losses in HSRL components. The source for the transmis-
sion and reflection values is manufacturers specification (spec.) or a measurement (meas.).

Channel | Component Ror T (%) Source | Total(%)
ALL

Telescope mirrors (2) R =90.0 meas. | R=81.0

Interference filter (1) T= 50.0 meas. | T=50.0

Polarizing cubes (2/channel) | T=99.0 spec. | T=99.0

R=93.0 spec. R=93.0

PMT quantum efficiency QE=12.0 spec. QE=12.0
A+M, M ~ F

Etalon chamber windows (3) | T= 90.0 meas. | T=73.0

Mirrors (2 /channel) T= 90.0 meas. | T= 81.0

Lenses (3 / channel) T=99.4 spec. | T=98.2
A+M

Beam splitter T=30.0 meas. | T=30.0
M

Beam splitter R=70.0 meas. | R=70.0

Iodine absorption cell T(cell)=80.0 | meas. | T=80.0

T(mol.)~30.0 | calc. T=30.0

WFOV

Lens T=99.4 spec. T =994
Total eff.

Aerosol+Molecular Channel 0.78

Molecular Channel 0.44

WFOV Channel 4.4

The reflectivity of the telescope mirrors is limited by the reflectivity of the alu-

minum coating. The poor transmission values of the etalon chamber windews and

the mirrors have a big effect on the detection efficiency, because they lose ~ 41% of

the received signal. These components are taken from the old system and they are

not optimized for the current operating wavelength. In order to increase the system

performance, these components are going to be replaced in near future.

The errors due to change in the system calibration coefficients are mainly caused

by change in the transmission-receiver wavelength tuning and change in the system

alignment. These errors can be calculated by a partial differentiation.

A change in atmospheric temperature and pressure affects the amount of detected

molecular signal. Therefore, if the radiosonde profile is not valid for the measure-
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ment conditions, an error is generated in the calculated molecular signal. The width
of the Doppler-broadened spectrum directly affects the calibration coefficient Cip,.
This affects to the amount of molecular signal subtracted from the signal detected
with the combined aerosol+molecular channel. In Brillouin spectrum and molecular
backscatter cross section calculations, the effects of changing atmospheric conditions
are minimized by using the current radiosonde data from the nearest weather sta-
tions. By comparing temperature and pressure readings from the closest radiosonde
stations, an ~ 1-5 % difference between stations is observed. This due to the geo-
graphic separation between weather stations. Because the lidar is located between
these stations, the error is expected to be smaller.

In addition to the atmospheric temperature and pressure changes, the effects of
the wind on the measurement has to be considered because the high wind velocities_
can shift the Doppler-broadened spectrum with respect to the laser wavelength. A
bulk shift in respect to the radiated spectrum is an indicator of wind, while the
line broadening is associated with the random thermal motions of the molecules (and
aerosols). If the line center of the Doppler-broadened spectrum is shifted in respect to
the transmitted wavelength, the system calibration will be in error. The Dbﬁpler-shift

for the backscatter signal can be calculated from

Av v
2v, = (24)
where
Ay = wavenumber shift
2v, = wavenumber of the laser line center
v = molecular velocity
c = velocity of light

The wind velocities measured by a radiosonde can be used as an estimate for the
horizontal wind. The maximum horizontal wind velocities are generally smaller than
70 m/s at cirrus cloud altitudes, and the maximum vertical winds are normally below
1 m/s in troposphere. Therefore, the maximum wind to the lidar pointing direction

§ (0 = 4 degrees from the zenith) is v; = vysinf + vycosf, which corresponds to a
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velocity of 5.9 m/s. The shift in the spectrum is 19.8 fm, which is much smaller
than the current 0.052 pm detection accuracy of the molecular spectrum. Also the
horizontal wind speeds are generally much lower®, and therefore, the effects due to
wind to the HSRL measurements are negligible, but caution is required if larger zenith
angles of the pointing direction are considered.

The uncertainty in transmitter-receiver peak transmission tuning can be seen as a
shift in the transmitter wavelength in respect to the spectral transmission maximum
of the receiver. This effects the amount of detected molecular signal, but if the drift is
large, a change in the amount of detected aerosol is observed. The drift also affects the
system transmission. In the current HSRL, the effects of a drift between transmitter
and receiver wavelengths are minimized by locking the transmitter laser wavelength
to the iodine absorption peak (see Chapter 5.2). The effects of the wavelength locking
to the measured signal were also discussed in Chapter 5.2. '

In addition to the previous errors, the system calibration is affected by all mis-
alignments of the system. The error due to a system misalignment can be divided

into three different categories:
1. alignment error in the receiver optics
2. alignment error between transmitter and receiver pointing direction

3. an error in the compensation for the beamsplitter polarization dependence

A small alignment error (off focus, off axis or misalignment in system pointing
direction) can lead situations, where part of the backscattered light is lost in the
optics, detector, or atmosphere. This can easily lead into a range dependence of
the received signal. This affects the inversion and furthermore, the measured optical
depth. A misalignment also affects the total system transmittance and the signal to
noise ratio of the measured signal. System pointing instabilities make the overlap
correction of the received signal difficult. The overlap region is the close distance
range where the overlap of the receiver field of view and the transmitted beam is
incomplete. The effect of misalignment between transmitter end receiver pointing

directions is largest for the overlap region. The effects vary daily depending from



86

the accuracy of the alignment between transmitter and receiver pointing direction.
Large receiver field of views are less critical for the alignment errors. The signal
measured with the large field of views of the WFOV channel can be used to align the
small field of view channels. In the HSRL, the alignment between transmitter a;nd
receiver pointing directions is performed as follows. A corner cube is used to direct
the outgoing laser beam to the receiver. The beam is aligned to the center of the
receiver aperture by adjusting the turning mirror on the top of the teles'c‘o.pe secondary
mirror. Then the corner cube is removed and the signal from the atmosphere is used
to verify the alignment. The signal of the large field of view of the WFOV-channel
1s compared to signal of the combined channel. If the channels are properly aligned
and if the transmitter and receiver pointing directions are the same, the slopes of
the signals are similar for the altitudes above the overlap region and therefore, the
ratio between WFOV-channel signal to the spectrometer channel signal is constant.’
The alignment of the smallest WFOV channel aperture can be verified similarly by
comparing the signal from the larger aperture to the signal from the smallest WFOV
aperture. The effects of alignment errors on the system measurement accuracy are
not included to the error analysis, because with a careful alignment the errors can be

minimized.

The accuracy of the background correction is mostly affected by the photon count-
ing statistics. The effects of photon counting on the measured background are de-
creased by summing at least 66 range bins together. The background correction
method used in HSRL measurements was described earlier in Chapter 3.2.2. In ad-
dition to the photon counting statistics, the accuracy of the background correction is
affected by the slight tendency to overestimate the number of background counts for
altitudes close to 33 km. Eventhough atmospheric density, and therefore the amount
of Rayleigh scattering, decreases rapidly with the range, some of the signal that is
measured into the upper range bins of the HSRL can still be due to Rayleigh scatter-
ing. Therefore, when those range bins are used to calculate the number of background

counts, the background is slightly overestimated due to the Rayleigh signal.

The effects of the multiple scattering on the received lidar signal are usually ne-

glected and the received signal is assumed to be single scattered. A lidar return from



water and thick cirrus clouds usually encounters large optical depths within a short
distance of the cloud boundary and therefore, many of the received photons are likely
to be from multiple scattering. The effect of multiple scattering to the lidar signal
is dependent from the receiver field of view, cloud particle size, range from the lidar,
and the optical depth of the cloud. The effect of multiple scattering can be seen in the
lidar profile as a reduction in the rate of attenuation of the signal. In depolarization,
the effect of multiple scattering will show up as an increase in the depolarization ratio
towards the cloud top. The HSRL measurements have shown, that the effect of multi-
ple scattering on the smallest field of view signals is small, because the depolarization
ratio values observed for the water clouds are low.

The current HSRL profiles are not corrected for multiple scattering contributions.
An inversion program that accounts multiple scattering effects is currently in progress.
The magnitude of the error caused by assuming the signal to be originated from single.
scattering depends from the field of view of the receiver, optical thickness of the cloud,
size of the cloud particles, and penetration depth. The clear air aerosdls and thin
cirrus layers have a small or no multiple scattering effect. Because of the large particle
size of ice crystals, the signal from thick cirrus clouds contains a multiple scattering
contribution even for the small field of views. The multiple scattering from water
cloud droplets is distributed to the larger field of views. The amount of multiple
scattering on the measured signal can be estimated from the paper by Eloranta and
Shipley?”.
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7.2 Effects of different errors on the measured optical pa-
rameters

The effects of different errors on the inverted aerosol and molecular return and to
the measured optical parameters were calculated by partially differentiating Equa-
tions (19), (20), and (4)—(13). The error analysis is made for the data obtained on
November 11, 1993. A section of the data for a thin two-layer cirrus cloud structure
is analyzed. The case is the same as shown in Figure 31. The thin cirrus cloud case
is chosen for this study for two reasons. First, the backscatter signal from thin high
altitude cirrus is small. Therefore, an error analysis made for the thin cirrus tests
the measurement sensitivity of the system. Second, if accurate measurements of thin
cirrus clouds can be made within short averaging time, then the HSRL can be con-
sidered for studies of contrail formed cirrus. The short averaging time is important,
for the contrail studies, because they drift rapidly with the wind and only a limited

number of samples from one contrail can be obtained.

Information from cloud optical properties can be obtained by comparing the HSRL
measurements with satellite observations. Thus, the averaging time of the HSRL
data has to be close to the time resolution of a satellite image. The use of the
short averaging times also prevents the smoothing of the the lidar signal so that the
rapid changes in cloud structure in both time and altitude remain in the data. For
this study, the 3 min averaging time was chosen to study the errors in the inverted
aerosol and molecular returns, inverted aerosol and molecular depolarizatioﬁ ratios,
backscatter ratio, optical depth, and aerosol backscatter cross section. Because the
measurement of the backscatter phase function is difficult due to uncertainty in the
extinction cross section determination, the 6 min averaging time was used for error

analysis of the phase function measurement.

The error analysis presented here shows the total errors together with the partial
errors. All errors are calculated as mean square errors (see Equations 26-35) and
presented as fractional root mean square errors (see Figures 37- 44). The partial
errors in Figures 37- 44 present the effects of errors on the photon counting of the
combined channel and the molecular channel, error in the molecular backscatter cross

section per unit volume due to the uncertainty in temperature and pressure profiles,
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and errors in the calibration coefficient determination. The error estimate calculations
include the photon counting error, error in the background correction, error due to the
uncertainty in the temperature and pressure profiles measured with a radiosonde, and
errors due to the tuning of the laser wavelength. The errors due to system alignment
and the error due to multiple scattering effects are not included to this error analysis.
Also the error in the determination of the range R is negligible.

The errors in background correction are assumed to be from photon counting
statistics. The uncertainty of 2 % for the temperature profiles is used. The error
in pressure profile is estimated to 1 mbar of the radiosonde pressure reading at each
altitude. The error is due to the geographic separation between closest weather sta-
tions. This is estimated from the radiosonde measurements from the closest weather
stations. The uncertainty on the molecular spectrum calculation is estimated with
the 2% uncertainty on the atmospheric temperature. The error on the calibration
coefficient C,,,, determination is a combination of the photon counting error, un-
certainty of the molecular spectrum, and the error caused by tuning of the laser
wavelength. The accuracy of the calibration coefficient C,,, determination is limited
by the photon counting statistics. The error in the molecular backscatter cross section
per unit volume measurement depends on the errors in the atmospheric temperature
and pressure.

The error in the molecular profile can be given as

e’ () o (s

ON,,(R) 2 N,,, R
(acmm(R)) (ACmm(R)? + ( ) (ACum)?
(2 ABa+m2+<f’NgR>
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which leads to equation

(ANm R )2_
N.(R) ) —

AS,.(R) and AS, . (R) are the photon counting errors. AC,,(R) and AC,n,(R)
the errors in the calibration coefficient determination. The background correction
(R) and ABgim(R). The error analysis made for the cali-

bration coefficients show that C,,,, can be determined with better than 5 % accuracy

errors are given by AB,,

Ca.m(R ASa+m( )

(Sn(B) = Br(D) = Com(B) (Sarm(B) — Buem BN
ASn(R)? 2
(Sm(R) = Bm(R) = Cam(R) (Sat+m(R) — Basm(R)))*
A (B N Al B "
(Cmm(R) - Cam(R))2 : (Cmm(R) il Cam(R))2
Cam( ) ABG-Hn( ) e
(Sm(R) iR B (R) C m(R) (Sa+m(R) = Ba+m(R)))2
B (R)?
(Sm(R) Ny Bm( ) ( ) ( a+m( ) 1 Ba+m(R)))2

and C,,, with a better than 2 % accuracy.

The effects of different errors on the inverted molecular return are shown in Figure
37. The errors in inverted molecular return are dominated by the photon counting
statistics and the determination of the calibration coefficient C,,,,. The error due to

the measurement accuracy of the aerosol signal is negligible. The errors in the C,,,

determination have only a small effect on the inverted molecular return.
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Figure 37. The effects of different errors on the inverted molecular profile (November 11,
1993, 01:05-01:08 UT). Data from a thin cirrus cloud is analyzed by using a 3 min. averaging
time. The measured molecular profile (rightmost graph) presents the signal variations as a
function of altitude. The extinction due to the thin cirrus cloud is observed between 6.5 and
10 km. The accuracy of the inverted molecular return determination is mostly limited by
the photon counting statistics and the determination accuracy of the calibration coefficient
Crm (leftmost graph). The large errors shown in the overlap region below 2 km are due
to a focus error and incomplete overlap of the receiver field of view and transmitted laser
beam.
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The error in the measured aerosol profile can derived similarly to the molecular

profile

Ny = (SR (s + (Bl (S, m(R)? +

(52eTy) (A + (R (aCun+

(5pE )2 (ABasm)? + (2512 )2 (AB,,)? (27)

This differential equation can be expanded to following form

(AN,,(R))2 N Crm (R)?AS,1m(R)? ki
*Na(R) (Sm (R) T Bm(R) i Cmm(R) (Sa+m(R) E= Ba+m(R)))2
ASn(R)? N
(Sm(R) — Bm(R) — Crmm(R) (Satm(R) — Batm(R)))’
AG R AL R

(Com(R) — Com (B (Com(®) - Com (R

Cmm( )ABa+m(R)

(Sm(R) = Bin(R) — Cram(R) (Sarm(R) — Barm(R)))®
AB,.(R)’ (28)

(Sm(R) — Bm(R) — Crum(R) (Sasm(R) — Basm(R)))?

+

The accuracy of the inverted aerosol return is mostly affected by the determination
accuracy of the inverted molecular return (photon counting statistics and C,y,,, deter-
mination accuracy) and the photon counting statistics of the combined aerosol and
molecular channel (see Figure 38). For the cases of small aerosol backscatter content,
large errors in the determination of the aerosol return are made when short averaging
times are used. The errors are caused by subtracting a large amount of molecular
signal from the combined channel signal that contains the strong molecular signal
together with a small aerosol contribution. Therefore, the statistics of the fnolecular
signal dominates the aerosol backscatter signal determination. The determination of
clear air aerosols requires longer averaging times in order to achieve reliable results.
On the other hand, the measurements of cloud aerosols can be done with ~ 1.0%
accuracy (7-10 km).
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Figure 38. The effects of different errors on the inverted aerosol profile in case of a thin
cirrus cloud (November 11, 1993, 01:05-01:08 UT). Averaging time of the data is 3 min.
The measured aerosol profile (rightmost graph) shows the signal variation as function of
altitude. The thin cirrus layer is observed between 6.5 and 10 km and a strong aerosol
layer is seen between 0 and 3.5 km. The measurements of the aerosols are limited by the
accuracy of the molecular profile measurements (leftmost graph). The 3 min averaging time
provides 1-5% accuracy for thin cirrus cloud and strong aerosol layer measurements, but a
longer averaging time is required for the measurements of the clear air aerosols.
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Using the calculated errors for the measured aerosol and molecular profiles, the
errors in the determination of the optical parameters (see Chapter 2) can be calculated
as follows.

The errors in the determination of inverted aerosol and molecular returns have a
direct effect on the accuracy of the backscatter ratio (or scattering ratio) determina-

tion (Figure 39). Therefore, the error in the backscatter ratio is

dSR(R)
ON.(R)

dSR(R)

(ASR(R))? = ( e

2 } 2
) @y + (R @namy o)

The effects of errors on photon counting, background correction, and calibration
can be derived by combining the previous equation with the equations (26) and (28).
Similar derivations of the differential errors can be made for the optical parameters
given in following.

For the cases of a low aerosol backscatter content, the errors in the backscat-
ter ratio are dominated by the errors in the aerosol return determination. For a
stronger aerosol backscatter return from a cloud, the errors due to molecular return
determination are on the same order or higher than the errors due to aerosol return
determination. The backscatter ratios of the thin cirrus and strong aerosol layers
can be determined with better than 10% accuracy, but measurements of the clear air

require longer averaging times.
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Figure 39. The effects of different errors on the backscatter ratio in case of a thin cirrus cloud
(November 11, 1993, 01:05-01:08 UT). Averaging time of the data is 3 min. The backscatter
ratio profile (rightmost graph) shows the ratio of the aerosol return to the molecular return
as a function of altitude. Backscatter ratios ~0.1 to 20 are observed. The errors in the
backscatter ratio measurement (leftmost graph) are determined by the accuracy of the
aerosol and molecular return measurements. For the altitudes with a low aerosol content,
the error in backscatter ratio is limited by the accuracy of the aerosol backscatter return
measurement. For the cirrus cloud the accuracy depends on the goodness of the molecular
backscatter profile measurement.



96

The error in optical depth can be approximated as sum of error in the molecular
scattering cross section per unit volume and error in the molecular return determina-
tion.

ariR) =2 (F) oy +2 () A ()

Error in the molecular scattering cross section per unit volume Af,,(R) is deter-
mined by the uncertainties in the radiosonde based measurement of the atmospheric
temperature and pressure.

oy = (G2l arwpr+ (G2} arwy o

JP(R)

Error in optical depth measurement is dominated by the error in the determination
of the molecular return and the uncertainty on the density profile measured by a
radiosonde (see Figure 40). For this study, a 2% error in the temperature profiles is
assumed. The closest radiosonde measurement site is Green Bay (WI), which is ~
180 km northeast from the lidar. Because the weather conditions can vary between
the lidar site and the closest weather station, larger errors in the temperature profile
are possible. The effects of errors on the atmospheric density profile can be minimized
by making radiosonde measurements on the lidar site.

The figure shows, that with 3 min averaging time the cloud optical depths can be
detected with ~ 10 % accuracy. This accuracy is sufficient when clouds with optical
depths greater than 1 are measured. For situations where optical depth is less than

1, a longer averaging time is required.
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Figure 40. The effects of different errors to the optical depth in case of a thin cirrus cloud
(November 11, 1993, 01:05-01:08 UT). Averaging time of the data is 3 min. The optical
depth profile (rightmost graph) shows the variation of the optical depth as a function of
altitude. Optical depth of 0.5 is measuered for the range from 3 to 12 km and optical depth
of 0.4 is observed for the cirrus cloud between 6.5 and 10 km. The errors in the measurement
of the optical depth below 6.5 km are dominated by the inaccuracy of the radiosonde profile
(leftmost graph) and the photon counting statistics of the molecular channel. The error in
the calibration coefficient Cy,,, determination also has a significant effect on the total error.
The optical depth of the thin cirrus cloud can be measured with ~ 10% accuracy.
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The accuracy of the aerosol backscatter cross section measurement is limited by
the accuracy of the molcular backscatter cross section per unit volume determination

and the accuracy of the backscatter ratio.

Bi(m, B) v
B Ay [P o o
(Aﬂa(R)‘—(;'r;“)‘) o aﬂm(R,Té,l;l; (ABm(rr,P))? +
' 2
op. () T : |
SSEA— | (A SR(R) (32)

The effects of different errors on the aerosol backscatter cross section are shown
in Figure 41. This figure shows, that the measurements are mostly limited by the
photon counting statistics, but also the uncertainty on the (3,,(R) determination has
a significant effect. The aerosol backscatter cross sections of clouds and strong aerosol
layers can be observed with better than 10 % accuracy, but the measurements of clear

air aerosol backscatter cross sections require longer averaging time.



99

g — 12
<.
. 4
z
-
10F <Z {10
) Tz j
T
'/
Sibhere, r s A 418
N,
—_ - = -
£ Vol
=3 {
S 6 ! 416
2 ¢
E U
< - ! .
]
4 ! 44
\
L S .
,/ Total
oL \  —— Photon counting (A+M) 42
\‘ Photon counting (M)
\ —=-- Camdeterm.
F S. === Cmm determ. -~ d
‘/ Beta_m determ.
0 = -—-—-.1:-—-:-::-...?"'-r-r—rr-\“. - e z - = . 40
10 10 10 10 10 10 10 10 10

Fractional Error

Backscat. Cross Sect. (1/(m*sr))

Figure 41. The effects of different errors to the aerosol backscatter cross section in case
of a thin cirrus cloud (November 11, 1993, 01:05-01:08 UT). Averaging time of the data
is 3 min. The aerosol backscatter profile is presented as a function of altitude (rightmost
graph) and the backscatter cross section values range from ~ 10~7 to 107°1/m. The aerosol
backscatter cross section of the cirrus cloud (6-10 km) and the strong aerosol layer between
1 and 3.7 km can be determined with 4-10 % accuracy, but the measurements of the aerosol
backscatter cross section of the clear air require a longer averaging time (leftmost graph).
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The error in the phase function is affected by the errors on determinations of the
molecular scattering cross section per unit volume, the aerosol and molecular profile,
and the extinction cross section. These errors can be further divided to the photon
counting errors, errors in the calibration coefficient determination, and errors in the

background subtraction.

5 oy oPa(m R)\? oPa(m, R)\?
(A a;; ) = aﬂAE_m(R) (ABm(R))? + 73-571%1&7 (ASR(R))? +

apa(ﬂ',R) 2

a0 | QAR (33)

Because the extinction section is a range derivative of the optical depth, the deter-
mination accuracy of the molecular profile limits the phase function measurements.
For this study, the accuracy of the phase function determination is estimated for a
6 min section of the thin two-layer cirrus cloud. The statistics obtained within 3 min
averaging time is not sufficient for the measurements of phase function profiles.

The accuracy of the phase function value determination can be seen from Figure
42. The cloud phase function can be observed with 10-20% accuracy when 6 min
averaging time is used. By increasing the averaging time or the signal strength,

accurate measurements of cloud phase function profiles can be made.
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Figure 42. The effects of different errors on the phase function in case of a thin cirrus cloud
(November 11, 1993, 01:05-01:11 UT). The 6 min averaging time is used. The phase function
profile is presented as a function of altitude and the average phase function of the cirrus cloud
layer between 7.5 and 10 km is 0.02 (rightmost graph). The accuracy of the phase function
measurements is determined by the photon counting statistics, determination accuracy of
the calibration coeflicients, and accuracy of the molecular scattering cross section per unit
volume (leftmost graph). The accuracy achieved within 6 min averaging provides phase

function measurements with ~ 20% accuracy for the cloud layer.
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Error in the inverted depolarization ratio can be presented as a sum of errors in

the parallel channel and the perpendicular channel signals.
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(A8, m (R)= ( > (ANgmi)? + ( ) (ANzm))? (34)

The Fig 43 shows that the accuracy of the depolarization measurements is mostly
limited by the accuracy of the perpendicular channel signal. The errors in the perpen-
dicular channel signal determination are dominated by the photon counting statistics.
The Figure 43 shows that short averaging times provide accurate measurements of
cloud depolarization, and therefore reliable separation between water and ice clouds
can be based on the depolarization measurements of the HSRL. Also reliable depo-
larization measurements of strong aerosol layers can be performed.

Figure 44 presents the errors in the molecular depolarization ratio. The mea-
surements of molecular depolarization ratio can be performed with better than 10 %
accuracy for the altitudes between 0.8 and 4 km. Reliable measurements of molecular
depolarization for higher altitudes require longer averaging times. By using long av-
eraging times the effects of atmospheric temperature on the measured depolarization

can be studied.
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Figure 43. The effects of different errors to the inverted aerosol depolarization ratio in case
of a thin cirrus cloud (November 11, 1993, 01:05-01:08 UT). Averaging time of the data is 3
min. The depolarization profile shows the variations of the inverted aerosol depolarization
as a function of altitude (rightmost graph). A ~ 40% cirrus cloud depolarization is observed
(6.5 - 10 km) and the depolarization of the strong aerosol layer is ~ 5%. The measurements
of the inverted aerosol depolarization ratio are limited by the accuracy of the perpendicular
signal (leftmost graph). The depolarizations of clouds can be measured with ~1 % accuracy.
The depolarizations of strong aerosol layers are obtained with better than 10% accuracy.
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Figure 44. The effects of different errors on the inverted molecular depolarization ratio in
case of a thin cirrus cloud (November 11, 1993, 01:05-01:08 UT). Averaging time of the data
is 3 min. The depolarization profile shows the variations of the inverted molecular depolar-
ization as a function of altitude (rightmost graph). A 0.8 % depolarization is observed from
0.5 to 7 km. The measurements of the molecular depolarization are limited by the accuracy
of the perpendicular signal measurement (leftmost graph). For altitude between 0.8 and 4
km better than 10% accuracy is achieved. Measurements molecular depolarization for the
higher altitudes require longer averaging times.
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8 Conclusions

The work presented in this thesis has shown that the installation of the iodine absorp-
tion filter has substantially improved the performance of the University of Wisconsin-
Madison High Spectral Resolution lidar (HSRL). The new system design that includes
the iodine absorption filter, polarization, and multiple scattering measurement capa-
bilities is shown. The high resolution etalon, that was used in the earlier system to
separate between aerosol and molecular scattering, provided only 1:2 separation for
the aerosol backscatter signal between channels. The iodine absorption filter has been
shown to suppress the aerosol backscatter signal on molecular channel down to 0.08%
and therefore the aerosol cross talk signal on the molecular signal can be easily re-
moved even for optically thick clouds. In the etalon based system, the determination
of the system calibration terms was sufficient to provide accurate inversions only for-
the clear air aerosols and thin cirrus clouds. The use of the iodine absorption filter has
also improved the robustness of the HSRL, reduced the complexity of the system, and
increased the optical transmission of the system, so that accurate measurements of
the optical depth, backscatter cross section and phase function can be made. Also the
simultaneous measurements of depolarization and multiple scattering are performed.
The HSRL implementation shows a depolarization measurement technique that uses
the one transmitter laser and one detector to measure both polarization components.
Therefore, no calibration of the receiver is required. The multiple scattering mea-
surements are realized with a separate channel that allows measurements of signal
strength variations as function of field of view simultaneously with the measurements
of the narrow field of view channels. !

The iodine absorption filter provides an absolute wavelength reference for the
HSRL measurements. The iodine absorption line observed through a cell with 50%
transmission on the line center is used for the wavelength locking of the HSRL trans-
mitter laser. This provides stable operation over a long period of time without a
need for frequent calibrations. Measurements have shown that the laser wavelength
1s maintained within + 0.052 pm.

The stability and reliability of the system have been tested by operating the io-

dine absorption based HSRL at the University of Wisconsin-Madison campus. Start-
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ing from July 1993, the HSRL has been routinely operated and data from different
atmospheric conditions have been recorded. This dataset contains ~ 30 cirrus cloud
cases. The measurements show that accurate measurements of optical propertieé of
the atmosphere can be performed. The improved measurement accuracy has made
possible to measure optical depth profiles inside the clouds. The current HSRL can
be used to probe clouds that have optical depths up to ~ 3. This means‘ that most
of the cirrus cloud cases can be fully observed and the bases of thick water clouds
can be measured up to 300-500 m inside the cloud. This has been achieved by usihg
the iodine absorption filter, high laser pulse repetition rate, small pulse energy per
laser pulse, and very fast photon counting data system. The measurement accuracy
of the HSRL is high enough to provide accurate measurements of optical parame-
ters of clouds and strong clear air aerosol layers within 3 min averaging time, but
the accurate measurements of clear air optical parameters require longer averaging
times. The clear air optical parameters can be measured up to 35 km. The error
analysis shows that accuracy of the HSRL measurements is mostly limited by the
photon counting statistics. The system performance can be increased by increasing
the system detection efficiency or/and increasing the transmitted laser power. The
greatest improvement would be a photodetector with higher quantum efﬁci‘elncy' and

faster count rate capability.

The depolarization data obtained by the HSRL shows the ability of the HSRL to
distinguish between water and ice clouds. It is shown, that the 160urad field of view
of the spectrometer channels effectively suppresses the multiple scattering effects on
the measured depolarization ratio. Therefore, a reliable separation between water
and ice clouds is possible. The HSRL measurements have shown, that traditional
systems with 1-5 mrad field of views cannot reliably separate between water and ice,
because the depolarization observed with a 1 mrad field of view is comparable to the
ice depolarization within a small penetration depth from the water cloud base due
to the multiple scattering. The error analysis shows, that the depolarization of the
clear air aerosol layers can be observed with better than 10 % accuracy. The accuracy
of the cloud depolarization measurements is better than 1 %. The measurements of

depolarizations of weak aerosol layers and molecular backscatterer are limited by the
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photon counting statistics.

The study of the cloud depolarizations between August 2 and November 11, 1993
shows that in 45 % of cirrus cloud cases simultaneous observations of supercooled
water at cirrus cloud altitudes were made. The average cirrus cloud depolarization
is shown to increase from 33% at -5°C temperature to 41% at -60°C. The observed
behavior is different than observed by Platt et al.*®. The depolarization observed by
Platt et al. ranged from ~15% to ~40% between temperatures from -10 to -60 °C.
The largest difference between the HSRL measurements and Platt’s measurements is
observed for the temperature range from -30 to -10 °C, where Platt observed low cirrus
cloud depolarizations. The low values of depolarization in Platt’s measurement are
most probably caused by multiple scattering from supercooled water droplets, because
the system used for this measurement had a 2.5 mrad field of view. The HSRL
measurements show that supercooled water clouds have been found at temperatures
as low as -40°C and pure water clouds have been found at temperatures above 0°C.
No water has been found at temperatures below -40°C and the presence of cirrus
disappears at temperatures above 0°C. In the HSRL measurements, the cirrus cloud
depolarization ratios for all temperatures are close to the values observed for the
temperatures without supercooled water clouds. The small difference in the observed
depolarization as a function of temperature may be a result of different shapes, sizes,

and orientations of the ice crystals at different temperatures.

The depolarization of the molecular backscatter is ~0.7-0.8%, when measured
without the low resolution etalons. When the low resolution etalons are used, a
~0.55-0.6% depolarization is measured. The depolarization measured for the signal
from the Cabannes line and the rotational Raman lines is 1.5 % without any spectral
filters. The measured molecular depolarization value is larger than the expected 0.4 %
depolarization of Cabannes line. The system filter bandpass admits a small fraction
of the rotational Raman lines and blocks part of the Cabannes line and therefore
an increase on the depolarization ratio is observed due to the presence of the highly
depolarized rotational Raman lines. The model calculation for the depolarization
transmission of the system show, that a 0.56 —0.62 % depolarization is expected for

the case where no low resolution etalons were used. A 0.402 —0.425 % depolarization
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is expected, when one or two etalon are used. The depolarization observed with
the HSRL are larger than the expected values. The cause of the small difference
between expected and measured depolarization values is currently unknown. The
further analysis of the depolarization measurement accuracy of the HSRL requires an
advanced study of effects of the iodine spectrum and rotational Raman lines to tfle
depolarization. ' .

The HSRL measurements require a knowledge of the atmospheric temperature
profile. The atmospheric temperature profile measured with the HSRL shows that
the HSRL can be used to measure temperature with a high enough accuracy so that
the measured temperature profiles can be used for the analysis of the HSRL data.
Therefore, the requirement for radiosonde measurements of atmospheric temperature
could be eliminated. Before the temperature measurements with the HSRL can be
routinely performed, the effects of aerosol backscatter signal to the molecular trans-
mission of the iodine absorption filter have to be removed.

This study has provided an instrument basis for a design of a simple and robust
lidar for the measurements of the optical properties of the atmosphere. The University
of Wisconsin HSRL provides a unique instrument for the measurements of the cloud
optical properties and the data measured with the HSRL provides useful information
that can be used for the climate models that study the effects of clouds to the earths

atmosphere.
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