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1.0 General Overview

High Spectral Resolution Lidar (HSRL) systems provide vertical profiles of optical depth, backscatter
cross-section, depolarization, and backscatter phase function. All HSRL measurements are absolutely
calibrated by reference to molecular scattering, which is measured at each point in the lidar profile. Like
the Raman lidar but unlike simple backscatter lidars such as the micropulse lidar, the HSRL can measure
backscatter cross-sections and optical depths without prior assumptions about the scattering properties of
the atmosphere. The depolarization observations also allow robust discrimination between ice and water
clouds. In addition, rigorous error estimates can be computed for all measurements. A very narrow,
angular field of view reduces multiple scattering contributions. The small field of view, coupled with a
narrow optical bandwidth, nearly eliminates noise due to scattered sunlight. There are two operational
U.S. Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) Climate Research
Facility HSRL systems, one at the Barrow North Slope of Alaska (NSA) site and the other in the second
ARM Mobile Facility (AMF2) collection of instrumentation.

2.0 Mentor Contact Information

John Goldsmith

Sandia National Laboratories
P.O. Box 969, MS9406
Livermore, CA 94551-0969
Phone: 925-294-2432
E-mail: jgold@sandia.gov

3.0 Vendor/Developer Contact Information

Edwin Eloranta

University of Wisconsin

1225 W. Dayton Street
Madison, WI 53706

Phone: 608-262-7327

E-mail: eloranta@ssec.wisc.edu

4.0 Instrument Description

The key design features of the ARM HSRL systems are summarized here. They are designed for long-
term unattended operation, controlled remotely, and operated as Internet appliances. Additional details are
provided later.

The laser transmitter is a diode-pumped, intracavity frequency-doubled Nd:YAG laser. Narrow-band,
single-frequency operation is provided by injection seeding with a single-frequency, cw-diode-pumped
diode laser. The main laser cavity is maintained in resonance with the seed laser by adjusting the cavity
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length to minimize the time between the Q-switch trigger and the emission of the laser pulse. The
emission wavelength is tuned via temperature control of the seed laser crystal and is locked to line #1109
of the iodine absorption spectra. Locking is accomplished by minimizing the transmission through a 2-
cm-long iodine absorption cell. The use of a high-repetition-rate laser and expansion of the transmitted
beam through a 400-mm telescope reduces the transmitted energy density to eye-safe levels; thus, it is
possible to look directly into the output beam without hazard.

The receiver and transmitter use the same afocal telescope, simplifying the maintenance of stable
alignment of the transmitter and receiver, although the angular field-of-view (FOV) is only 45 prad. The
small FOV and the 4 kHz repetition rate also limit the near-field signal strength, making it possible to
record continuous profiles that start at an altitude of ~50 m and extend to 30 km using photon-counting
detectors. The small FOV also suppresses multiple scattering contributions.

5.0 Measurements Taken

Two HSRL systems are operated by the ARM Climate Research Facility (for a description of other
systems, see http://lidar.ssec.wisc.edu/). One system is resident at the NSA site in Barrow, where it has
been operational since March 2011. The other system is one of the instruments in AMF2. As part of that
facility, the system has participated in the campaigns listed in Table 1. Sample results from the two
systems are presented in Figure 1 and Figure 2.

Table 1. HSRL campaign participation as part of AMF2.
Start Finish Campaign Location Website
11/15/2010 | 4.25/2011 | STORMVEX | Steamboat http://www.arm.gov/sites/amf/sbs/
Springs,
Colorado
10/1/2011 | 3/31/2012 AMIE Gan Island, http://www.arm.gov/campaigns/twp2011amie-
Maldives manus
10/1/2012 | 9/30/2013 MAGIC Voyage Los http://www.arm.gov/sites/amf/mag/
Angeles to
Hawaii
2/1/2014 | 9/13/2014 BAECC Hyytiala, http://www.arm.gov/sites/amf/tmp/
Finland
1/12/2015 | 2/12/2015 ACAPEX Voyage, Hawaii | http://www.arm.gov/camplaigns/amf2015apex

to San Diego
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Figure 2. Measurements from the AMF2 HSRL in Hyytiél4, Finland.

6.0 Technical Specifications

Transmitted power----------------- 400 mw

Wavelength: 532 nm (locked to line 1109 of iodine)
Laser pulse width---------------—- 40 ns

Repetition rate 4 kHz

Receiver field-of-view------------- 45 microradians

Receiver aperture----------------- 40 cm

Receiver spectral bandpass---------- 6 GHz (pressure tuned etalon)

10.

l;;(m sr)
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Aerosol blocking filter bandwidth—1.8 GHz (line 1109 of iodine spectrum)
Molecular channel detector--------- Perkin-Elmer SPCM-ARQ-13, QE ~50% @532 nm
High gain combined channel detector—Perkin-Elmer SPCM-ARQ-12

Low gain combined channel detector—Perkin-Elmer SPCM-ARQ-12FC

Cross Polarization channel detector—Perkin-Elmer SPCM-ARQ-12FC

Data acquisition Photon counting
Altitude resolution------------------ 7.5 m (50 nsec) bin width
Altitude range recorded-------------- 0---->30 km

Typical time resolution-------------- .5 s (programmable)

7.0 Instrument System Functional Diagram
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Figure 3.  Schematic of the HSRL.

8.0 Instrument/Measurement Theory

Two primary optical mechanisms are responsible for the production of a lidar signal: backscatter of the
laser beam by particles (including molecules) and attenuation of the laser beam before it reaches the
region and of the backscattered light before it is detected. Thus, at least two measurements must be made
in order to determine these two atmospheric unknowns (attenuation and backscatter coefficients). A
simple backscatter lidar provides only one measurement, making it is necessary to assume a functional
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dependence of these two unknowns (the Klett method). The HSRL method avoids this assumption by the
use of two measured profiles instead of just one. Specifically, this method uses the Doppler frequency
shifts produced when photons are scattered from molecules in random thermal motion. The Maxwellian
distribution of molecular velocities has a width of %300m/s that produces Doppler shifts of ~1 GHz. In
contrast, aerosols, cloud particles, and other particulate matter move with velocities determined by the
wind (~10 m/s) and turbulence (~1 m/s) producing Doppler shifts of ~30 MHz and ~3 MHz, respectively.
As a result, the frequency distribution of light backscattered from the atmosphere consists of a narrow
spike near the frequency of the laser transmitter caused by particulate scattering riding on a much broader
distribution produced by molecular scattering (Figure 4).
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Figure 4. gSpectral profile of backscattering from a mixture of molecules and aerosols.

HSRLs use optical filters to distinguish between photons scattered from molecules and those scattered by
aerosol or cloud particles. Very narrow bandwidth filters (~1 GHz) are required. In addition, the
transmitting laser frequency must be locked to the filter center frequency, and the linewidth must be
smaller than the filter width (%100 MHz). These requirements make HSRLs difficult to implement, but
they provide relatively large molecular signals and can use very narrow bandwidths to block solar noise.

9.0 Setup and Operation of Instrument

All components of the HSRL are located on a single assembly, as shown in (Figure 5). Once the
instrument is in place beneath a suitable window, operation can begin simply after establishing power and
Ethernet connections. All start-up and calibration procedures are performed by the onboard computer and
can be controlled remotely. The only manual function required by the operator is to cover the output of
the telescope during a specified period of the otherwise-automated calibration procedure.
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Figure 5. HSRL with its protective cover removed (in background).

10.0 Software

As mentioned in the preceding section, the system operation is fully automated using software relevant in
the HSRL processor. As of the writing of this document, data collection and processing are performed by
automated routines run at the University of Wisconsin and are subsequently sent to the ARM Data
Archive. Plans are being developed to transfer the data collection and processing routines to the ARM
Climate Research Facility.

11.0 Calibration

The signals S, and S,, (equations 1a and 1b) detected in the combined channel and in the molecular
channel, respectively (Error! Reference source not found.), can be described as a linear combination of
the number N, of aerosol photons and the number »,, of molecular photons incident on the lidar receiver:

SczNa+Cmc Nm
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Sm:Cam Na+Cmm Nm (la and lb)

The equations have been normalized relative to the response of the combined channel to aerosol photons.
This normalization is possible because an absolute calibration is generated by comparing the observed
molecular lidar return to the lidar return computed from Rayleigh scattering theory. C.. describes the
relative contribution of molecular photons to the combined channel. C,.. may be less than unity if the pre-
filter used to block sunlight is sufficiently narrow to affect the transmission of the Doppler-broadened
molecular scattering. C,» describes the response of the molecular channel to aerosol photons and accounts
for the online leakage of the absorption filter. C,.» describes the transmission of molecular photons
through the absorption filter. Equations 1a and 1b can be inverted (equations 2a and 2b) to compute the
relative number of aerosol and molecular photons incident on the system:

_ CrmSc = CimeSm

@ Cm - CamCmc

Sm—CamS
Nm_ m~Camoc

Cmm—CamCmc

(2a and 2b)

The coefficients Cam, Cpm, and Cyc are determined by directing a sample of the transmitted beam into the
receiver while scanning the laser frequency. The spectral transmissions (Figure 6) for the molecular and
combined channel are then convolved with the Doppler-broadened molecular spectrum, which is
computed from theory and independently supplied temperature data. Cy..» and C,c are the values of the
molecular and combined convolution functions at the operating frequency of the laser. Because C,.» and
Cyc are temperature and pressure dependent, they must be computed as functions of altitude. C,,, is taken
directly from the measured leakage of the absorption filter at the operating frequency of the laser. Figure
6 displays a calibration scan showing the transmission of the molecular (blue) and combined (green)
channels as a function of frequency. The Doppler-broadened molecular spectrum for 300 K is also shown
(black). Line 1109 of the iodine absorption spectrum (central notch) rejects most of the aerosol scattering
and the central portion of the molecular scattering while passing the wings of the molecular line. The
spectral transmission of the combined channel is determined by the pre-filter etalon.
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Figure 6. Calibration scan.
12.0 Safety

The system is completely enclosed during normal operation (the cover is shown to the rear of Figure 5),
which protects personnel from any hazardous laser beams or voltages. The output laser beam is
transmitted through the top of the assembly, but use of a high-repetition-rate laser and expansion of the

transmitted beam through a 400-mm telescope reduce the transmitted energy density to eye-safe levels. It
is possible to look directly into the output beam without hazard.
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