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Abstract: A laser transmitter has been developed and incorporated into a micro-pulse
differential absorption lidar (DIAL) for water vapor profiling in the lower troposphere as
an important step towards long-term autonomous field operation. The laser transmitter
utilizes two distributed Bragg reflector (DBR) diode lasers to injection seed a pulsed
tapered semiconductor optical amplifier (TSOA), and is capable of producing up to 10 pJ
of pulse energy with a 1 us pulse duration and a 10 kHz pulse repetition frequency.
The on-line wavelength of the laser transmitter can operate anywhere along the water
vapor absorption feature centered at 828.187 nm (in vacuum) depending on the prevailing
atmospheric conditions, while the off-line wavelength operates at 828.287 nm. This
laser transmitter has been incorporated into a DIAL instrument utilizing a 35.6 cm
Schmidt-Cassegrain telescope and fiber coupled avalanche photodiode (APD) operating in
the photon counting mode. The performance of the DIAL instrument was demonstrated
over a ten-day observation period. During this observation period, data from radiosondes
were used to retrieve water vapor number density profiles for comparisons with the number
density profiles retrieved from the DIAL data.
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1. Introduction

The planetary boundary layer is the bottommost part of the troposphere and typically ranges from
the Earth’s surface to several hundred meters, during stable nighttime conditions, to several kilometers,
during the day, when solar induced convection causes shear and turbulence in the air parcel near the
surface. Most of the convective processes that drive the Earth’s weather patterns initiate within the
planetary boundary layer where most of the atmospheric water vapor and aerosols reside [1,2].
Understanding the state of the atmosphere requires knowledge of the spatial distribution of water vapor
in the lower troposphere [3]. Research in the development of water vapor profiling tools to meet this
needed measurement capability of water vapor distribution in the lower troposphere is ongoing [4,5].

Active optical remote sensing can be used for range resolved water vapor profile measurements in
the lower troposphere. Two laser based active remote sensing techniques for water vapor profiling
include Raman lidar [6—-11] and differential absorption lidar (DIAL) [12-20]. Raman lidar uses the
characteristic frequency shift resulting from the inelastic Raman scattering to identify the molecular
species of interest while DIAL utilizes the elastically scattered signals from two closely spaced laser
transmitter wavelengths, the first associated with an absorption line for the molecule of interest,
referred to as the on-line wavelength, and the second minimally affected by any molecular absorption,
referred to as the off-line wavelength. The difference in the strength of the on-line and off-line return
signals results from molecular absorption so that with knowledge of the absorption cross section, the
ratio of scattered light collected by the DIAL receiver at the on-line and off-line wavelengths can be
used to determine the molecular number density.

Modeling of low pulse energy, high pulse repetition rate DIAL instruments indicated that with the
available avalanche photodiodes (APDs) operating in the photon counting Geiger mode, micro-pulse
DIAL instruments are feasible with adequate spatial resolution and averaging times needed for
monitoring water vapor in the lower troposphere [21,22]. The advantages of the diode-based
micro-pulse DIAL include the ability to develop low-cost eye-safe instruments for autonomous
network deployment, modularity, small footprint, and high wall plug efficiency. Recognizing the
potential of the micro-pulse DIAL technique, Machol ef al. [15] developed a diode-laser-based DIAL
instrument based on distributed feedback (DFB) diode lasers and tapered semiconductor optical
amplifiers (TSOAs) and demonstrated initial water vapor retrievals up to 2.5 km during nighttime
operation. Building on the initial work of Machol et al., researchers at Montana State University have
developed a micro-pulse DIAL based on two external cavity diode lasers (ECDL’s) and a single pulsed
TSOA [16-20]. This instrument has retrieved daytime water vapor profiles up to 4 km and nighttime
water vapor profiles up to 6 km, providing the first demonstration of a diode-laser-based micro-pulse
DIAL instrument capable of full-time water vapor and aerosol retrievals. However, the ECDL’s used
in this instrument were prone to mode hopping inhibiting long term autonomous operation.

One major technological improvement over previously demonstrated instruments that is needed is
the development of a stable laser transmitter, both spectrally and mechanically, capable of operating
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over long periods of time with minimal user interactions as an important step towards long term
autonomous field deployment of micro-pulse DIAL instruments. A diode-laser-based micro-pulse
DIAL is described in this manuscript that addresses improvements to the laser transmitter. The major
improvement to the laser transmitter includes the elimination of the ECDL’s used by Nehrir et al. [16-20],
which would experience mode hops resulting from temperature changes in the local operating
environment causing a loss in the frequency stabilization needed for long term DIAL operation. The
ECDLs have been replaced by distributed Bragg reflector (DBR) diode lasers that are more stable
against mechanical and thermal disturbances. Furthermore, many free space optical elements used in
the laser transmitter have been replaced by fiber-coupled components as a further step in reducing the
thermal and mechanical disturbances on optical alignment. To demonstrate the improvements resulting
in the aforementioned hardware changes, the DIAL system was operated continuously during a ten-day
observation period between 17 and 27 July 2013. The data products retrieved from the DIAL
instrument during this observation period include the normalized relative backscatter and water vapor
number density [19]. During this observational period, Vaisala RS92 radiosondes were launched
providing temperature, pressure, and relative humidity profiles. Comparisons between the retrieved
DIAL and radiosonde number density profiles were used to validate the DIAL measurements.

This paper is organized as follows: a description of the DIAL instrument is given in Section 2, a
discussion of the data collected with the DIAL instrument is presented in Section 3, and concluding
remarks are made in section 4.

2. Instrument
2.1. Laser Transmitter

A schematic of the DIAL instrument is shown in Figure 1. The laser transmitter utilizes two DBR
lasers mounted in a TO-8 package (manufactured by Photodigm, part number PH828DBR100TS)
operating with a nominal wavelength of 828.2 nm. The laser linewidth was measured using a
heterodyne technique based on mixing of two DBR laser to produce a beat note with a full width half
maximum value of measured linewidth less than 1 MHz (0.023 pm). Each DBR laser can output up to
80 mW of continuous wave (cw) optical power and can be thermally tuned with a tuning response of
0.059 nm/C or tuned by adjusting the drive current with a tuning response of 0.0011 nm/mA. Each
DBR laser is controlled using a commercial current and temperature controller (ILX Lightwave
LDC3724C). The output from each DBR laser is collimated using an aspheric lens with a focal length
of 4.0 mm and numerical aperture of 0.6. After the collimating lens, the cw light passes through a
Faraday isolator (Thor Labs 10-3D-830-VLP) to prevent unwanted feedback and is then incident on a
half-wave-plate to align the state of polarization to the polarization maintaining fibers. The cw light is
then coupled into a single mode polarization maintaining fiber with angled physical contact (APC)
connectors using an 11.0 mm focal length lens with a numerical aperture of 0.22. The polarization
maintaining fiber delivers the light to a polarizartion maintaining 90/10 in-line fiber splitter
(Newport F-PMC-850-10) with the 10% output port used for wavelength monitoring purposes while
the 90% output port from each of the two laser assemblies is directed to a 2 x 1 fiber coupled
micro-electro-mechanical systems (MEMS) switch (Aglitron LBPM-128238333).
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Figure 1. Schematic of the diode laser based DIAL instrument. The Laser transmitter is
based on two DBR lasers used to injection seed a TSOA in a MOPA configuration.
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The switch allows the injection seeding of the tapered semiconductor optical amplifier (TSOA)
(Eagleyard EYP-TPA-830-01000-4006-CM-TO4) with either the on-line or off-line wavelength. Fiber
coupled light from the switch is collimated using a lens with a focal length of 4.6 mm and a numerical
aperture of 0.53 and next passes through a Faraday isolator to prevent unwanted feedback from the
backward traveling amplified spontaneous emission from the TSOA entrance aperture to the seed
lasers. After the Faraday isolator, the light is coupled into a 4.0 mm long ridge waveguide TSOA using
a 4.5 mm focal length aspheric lens. The optical power of the seed laser for the on-line (off-line)
wavelength right before the TSOA was 12.6 mW (13.9 mW). This seed power saturated the gain of the
TSOA so that small changes in the input seed power did not appreciable affect the pulsed output
energy of the TSOA. The output from the TSOA is collimated using a spherical lens, with a focal
length of 4.5 mm, placed after the TSOA and a cylindrical lens with a focal length of 50 mm placed
79 mm after the spherical lens. These two lenses are needed to collimate the output of the TSOA,
which exits from an output aperture of 3 um % 190 um. After the collimating lenses, approximately 2%
of the light is directed to a low bandwidth photo detector used to monitor the output pulse energy while
the remainder of the light is directed through a 5x beam expanded where the light is re-collimated. The
collimated output beam has a measured M” value of 2 in the vertical plane and 6 in the horizontal
plane. The M? value of 2 x 6 results in a full angle beam divergence of 14.6 urad x 43.8 urad for the
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3.6 cm diameter collimated output beam. The field of view (FOV) of the receiver, which is discussed
in detail in Section 2.2 below, is calculated to be 224 prad.

The water vapor absorption line used has a center wavelength of 828.187 nm (in vacuum), a
line-strength of 1.64 x 107>
linewidth at sea level of Y, = 0.1896 cm ' (2.1 pm, 0.9 GHz), a linewidth temperature dependence of
o = 0.74, and a ground state transitional energy of E” = 212.1564 cm ' [16-20,23]. The on-line DBR
laser is stabilized with the aid of an optical wavemeter (EXFO-WA1500) using a feedback control loop

cm '/(molecule-cm™?), a full width at half maximum pressure broadened

in the data acquisition program. The wavemeter has a resolution of £55 MHz (£0.125 pm) and a
readout rate of 1 Hz. This resolution is larger than the laser linewidth of 1 MHz (0.23 pm) resulting in
an uncertainty in the operating wavelength set by the resolution of the wavemeter. The on-line
wavelength stabilization is achieved by reading the wavelength and comparing the DBR operating
wavelength to a user defined set wavelength. If the operating wavelength varies from the set
wavelength, the current to the DBR laser is adjusted to make small corrections to the DBR operating
wavelength. The advantage for this method of frequency stabilization is that it allows operation of the
on-line wavelength anywhere along the water vapor absorption feature, providing the user the ability to
choose the absorption cross-section to match the prevalent atmospheric conditions. Ideally, the
absorption cross section is set so that optical depth, T, at the desired maximum altitude, rmax, iS given
by T = Jormax o(r’, Aon)N(r’)dr’ = 1 — 2 where o(r, A) is the absorption cross section and N(r) is the
number density and the optical depth over a single range bin, At, is given by At = a(r, A,, )N(r)Ar =
0.02 — 0.1, where Ar is the range bin size [24-26]. The off-line wavelength is set by adjusting the
operating temperature and current at the beginning of the data collection period. This off-line laser is
monitored using an optical spectrum analyzer with 0.06 nm (26 GHz) resolution. No active feedback
control is provided to the off-line DBR laser.

Pulsed operation of the DIAL laser transmitter is achieved by pulsing the current to the TSOA. A
commercial current driver capable of producing up to 15.7 A pulses up to 5 ms in pulse duration and
up to 1 MHz pulse repetition frequency are used (Directed Energy, Inc, PCX-7420). The rise and fall
time associated with the current pulse is 25 ns. For the DIAL operation, the pulse current driver was
operated at 12.5 A with a 1 us pulse duration and a 10 kHz pulse repetition frequency yielding a
nominal pulse energy of 10.3 puJ. A summary of the laser transmitter parameters is given in Table 1.

Table 1. A summary of the laser transmitter parameters. The short-term linewidth resulted
from the heterodyne measurement, while the long-term bandwidth results from the
resolution of the wavemeter used to lock the on-line seed laser.

Parameter Measured

Laser Seeder 2 DBR diode lasers

Amplifier Single Stage TSOA
828.187 nm (on-line)

Transmitter Wavelengths 828.1965-828.2000 nm (side-line)
828.287 nm (off-line)

Pulse Duration 1us

Pulse Repetition Rate 10 kHz

Pulse Energy 10 W
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Table 1. Cont.

Parameter Measured

Short Term Linewidth <1 MHz (0.023 pm)
Long Term Bandwidth +55 MHz £ (0.125 pm)
Beam Diameter 3.8 cm

Switching Time 6s

Averaging Time 20 min

2.2. DIAL Receiver

The receiver design described here closely follows the design previously described by
Nehrir et al. [18,19]. Light scattered in the atmosphere is collected using a 35.56 cm diameter F/11
Schmidt-Cassegrain telescope. At the back end of the telescope, an adaptor was made to couple a lens
tube assembly housing the receiver optics to the telescope. A field lens with a 2.54 cm diameter and a
focal length of 7.5 cm was placed at the focal plane of the telescope. A collimating lens with a 2.54 cm
diameter and focal length of 5 cm was placed 5 cm behind the field lens producing a nominally
collimated beam with a beam diameter of 4.5 mm. The collimated light next passes through two
narrowband interference filters. Each filter has a maximum transmission of Ty = 0.65, a center
wavelength of Ao = 828.206 nm, a half-width-half-maximum of AA = 125 pm. After the narrowband
filters, a fiber coupler with a 4.6 mm clear aperture and a 1.1 cm focal length is used to couple the light
into a step index optical fiber with a 105 um diameter and a numerical aperture of 0.22, which acts as
the receiver field stop. This is discussed in more detail below where a model of the optical receiver
is developed.

Lidar instruments rely on the efficient delivery of the collected backscattered light to the detector.
Micro-pulse lidar and micro-pulse DIAL instruments face the added challenge of minimizing the
background light seen by the detector so that the small signal resulting from the low pulse energy can
overcome the background signal. The DIAL receiver described in this paper utilizes an optical fiber to
maintain a narrow field of view (FOV) to minimize the background light delivered to the detector. The
design trade-off with maintaining the narrow FOV to try to minimize the background signal is the
range at which the DIAL comes in to full overlap. The DIAL receiver design tries to strike a balance of
maintaining the narrow FOV while achieving full overlap at an acceptable range.

A model of the DIAL receiver was developed to estimate the receiver performance in terms of
overlap and FOV. The model is based on a ray-tracing analysis using the ABCD matrices [27-29].
This analysis keeps track of the perpendicular distance, R, and slope, R, of a ray relative to the optical
axis using the vector:

R, = (1) ()

Each optical element is characterized by a 2 x 2 matrix. For the two optical elements needed for
modeling the receiver, the 2 x 2 matrices are given by Equation (2a) for a lens, and Equation (2b) for
free space propagation as:

M=Lbf$ 22)
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M=y 9 (2b)

where f is the focal length of the lens and d is the free space propagation distance. The optical system
is characterized by the 2 x 2 matrix M = M, M,,_, --- M, M; where the subscript represents the order in
which the optical element is encountered by the propagating ray. The output ray is then characterized
by the vector R, where R, = MR, with the vector R, characterizing the input ray.

The ray tracing analysis, outlined above, was used to model the optical receiver. This modeling
assumes an outgoing beam radius of 2 cm with a full angle beam divergence of 25 urad. The fiber,
which acts as the field stop for the receiver, is located at the sum of the fiber coupling lens focal length
plus an offset behind the fiber coupling lens. A plot of the beam radius at the fiber location is shown in
Figure 2 as a function of range for various offsets. Overlap is achieved for the DIAL receiver when the
beam radius is less than the fiber optic radius. For the optical receiver setup, light scattered from
infinity will be imaged 1.1 cm behind the fiber coupling lens corresponding to a zero offset. However,
as seen in Figure 2, overlap will not be achieved until a range of 4.1 km. By adjusting the offset, the
range at which overlap is achieved can be reduced, however, if the offset is increased too far, the beam
radius will become bigger than the fiber radius at larger ranges. The DIAL receiver offset was set at
approximately 200 um allowing full overlap to be achieved at 2.1 km while allowing the beam

diameter to stay smaller than the fiber diameter up to 12 km.

Figure 2. The beam radius at the optical fiber as a function of range and offset. The fiber
radius is 52.5 um as is shown as the vertical solid black line. Overlap occurs when the

beam radius is less than the fiber radius.
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For efficient coupling into the optical fiber, the incoming ray angles need to be less than the angle
defined by the numerical aperture of the optical fiber. A plot of the maximum angle after the fiber lens
as a function of range is shown in Figure 3. For the optical fiber used in the DIAL receiver, the
maximum ray angle needs to be less than 0.22 radians, which, as seen from Figure 3, is achieved up to

12 km.
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Figure 3. The maximum ray angle at the optical fiber as a function of range. The fiber
numerical aperture requires angles less than 0.22 radians for efficient coupling. The
vertical red dashed line indicated the maximum ray angle accepted by the optical fiber.

12

Range (km)
=

d1s 0.195 0.2 0.205 0.21 0.215 0.22 0.225 0.23
Maximum Angle (radians)

The field of view of the DIAL receiver is set by the optical fiber, which acts as the receiver field
stop. The field of view is calculated by propagating rays from the optical fiber through the receiver
optical elements using the ray propagation model described above. The full angle field of view is
calculated to be 224 prad. This narrow field of view is important as it sets the amount of background
light that will be collected and delivered to the detector providing the main source of noise.

The receiver is monitored using a fiber coupled APD (Ecelitas SPCM-AQRH-13-FC) and a
20 MHz 4 channel multichannel scaler card (MCS) (Sigma Space AMCS-USB-4 Channel) data
acquisition system. The laser transmitter generates pulses of 1 s in duration corresponding to a range
bin of 150 m; however, the MCS operates at 20 MHz, it collects a sample every 50 ns corresponding to
a sampled range bin resolution of 7.5 m. Thus, the MCS collects 20 data points per 150 m pulse.
During the post processing, 20 sampled range bins are summed to yield the 150 m range resolution of
the DIAL instrument. A summary of the DIAL receiver specifications is given in Table 2.

Table 2. A summary of the differential absorption lidar (DIAL) receiver parameters.

Parameter Measured

Telescope Schmidt-Cassegrain
Primary Mirror Diameter 35.56 cm

Full Angle Field of View 224 prad

Detector Si Photon Counting APD
APD Quantum Efficiency 45%

Optical Filter Bandwidth 250 pm

Range Resolution 150 m
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2.1. Data Collection

The instrument is operated and data collected using the Labview programming environment. The
on-line wavelength is actively locked by querying the optical wavemeter every 1 s and comparison of
the operating wavelength of the DBR laser with a user defined operating wavelength allows
adjustments to the on-line wavelength by varying the operating current of the on-line DBR laser. The
MEMS switch is then set so that the on-line DBR laser seeds the TSOA and data collected over a user
defined number of sampled range bins is averaged over 6 s using the MCS. The control program then
reads the MCS and stores the data as a row in the on-line data matrix. Next, the MEMS switch is
changed so that the off-line DBR laser is seeding the TSOA and the process is repeated with the data
being stored in the off-line data matrix. The 6 s averaging time at each wavelength was chosen as a
compromise between trying to capture rapidly changing atmospheric conditions and data transfer
between the MCS and computer.

Figure 4. A flow chart summarizing of the data processing.
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Data are processed in the matlab programming environment. First, the count rate for each range bin
is estimated and the counting correction factor, given by T, = 1/(1 — t4N) where ty = 39.2 ns is the
characteristic dead time associated with the APD, is applied for both the on-line and off-line return
signals. Then, the last 50 sampled range bins are averaged for each return profile and this average
value is used for background subtraction. The off-line wavelength returns are then used to generate the
normalized relative backscatter profile using a 1 min averaging time while the on-line and off-line data
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are used to calculate the water vapor number density profile through application of the DIAL equation
using a 20 min averaging time (10 min at each wavelength). The normalized relative backscatter
retrieval uses a 150 m spatial averaging while the water vapor number density retrieval uses a 150 m
spatial averaging below 3 km and a 300 m spatial averaging above 3 km. A flow chart summarizing
the data processing is shown in Figure 4.

3. Observational Data

The DIAL instrument was operated over a ten-day period starting at 00:00 Mountain Daylight Time
(MDT) 17 July 2013 and ending at 08:00 MDT 27 July 2013 at Montana State University. The DIAL
operated in a laboratory environment with a major modification to the roof-port hatch allowing the
installation of window for continuous operation regardless of meteorological conditions. The window
has a 41 cm diameter and is not antireflection coated for the operating wavelength of the DIAL
instrument coated. Measurement of the return signal with and without the window indicated that the
window decreased the return signal by approximately 20% and will affect the signal to noise
performance of the DIAL.

At the beginning of this observational period, storms occurred in western Montana as a frontal
system moved through the area. By 19 July 2013, this frontal system moved out of the area and a high
pressure system dominated resulted in clear skies. By 25 July 2013, another frontal system moved into
the area for the remainder of the observation period.

The main data products for the micro-pulse DIAL include the normalized relative backscatter and
the water vapor number density. The normalized relative backscatter provides qualitative information
on the aerosol distribution and a plot of the normalized relative backscatter as a function of range and
time is shown as the upper plot in Figure 5 for the ten-day observational period. Because the DIAL
does not achieve full overlap until 2.1 km, an overlap correction factor needs to be applied for accurate
retrieval of the normalized relative backscatter below 2.1 km. The correction factor can be determined
experimentally by operating the instrument along a horizontal path or through modeling by utilizing
the matrix derivation of the optical transfer function as described above. The aerosol optical depth
measured by a co-located solar radiometer as part of the NASA AERONET program is shown in the
bottom plot in Figure 5 for reference. The aerosol optical depth measured by AERONET ranges between
0.02 and 0.10 over the ten-day observational. The higher optical depths during this observational
period most likely resulted from smoke from forest fires burning in the Western United States.

The water vapor number density as a function of time and range is shown as the upper plot in Figure 6
with the white vertical lines indicating radiosondes launches. Using a co-located ground-based weather
station, the temperature, relative humidity, and water vapor number density at the surface is shown in
the lower three plots of Figure 6. The frontal system present 17—18 July 2013 and the weaker frontal
system 25-27 July 2013 resulted in higher water vapor number densities as seen in the upper plot of
Figure 5, as compared to number densities seen 19-24 July 2013 when a high-pressure system
dominated resulting in clear skies. During this observational period, the laser transmitter was operated
at 828.2000 nm 17-18 July 2013 when relatively high water vapor number densities were present.
Operating at 828.2000 nm changed the pressure broadened absorption cross section from its peak value
of 5.51 x 10> cm? at line center to 1.10 x 10> cm”. With the high pressure system resulting in clear
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skies 19-24 July 2013, the operating wavelength was changed to 828.1965 nm—828.1975 nm resulting
in a pressure broadened absorption cross section of 1.81 x 10> ¢cm*~1.53 x 10> cm® With the
weaker frontal system moving through 25-27 July 2013, the operating wavelength was increased
to 828.1975 nm-828.1985 nm resulting in a pressure broadened absorption cross section of
1.53 x 10% ¢cm®~1.34 x 10> c¢m®. The change in the on-line operating wavelength in response to the

changing meteorological conditions was incorporated to try to maintain the optical depth between
1 and 2 at 5 km as discussed in Section 2.1 above.

Figure 5. A plot of the normalized relative backscatter as a function of range and time is
shown in the upper plot. The corresponding aerosol optical depth at 830 nm measured with

a co-located solar radiometer as part of the NASA AERONET program is shown in the
bottom plot.
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Figure 6. The water vapor number density as a function of range and time is shown in the

top plot while the number density, relative humidity, and temperature measures at the

surface are shown in the bottom three plots. The solid white vertical lines in the top plot

indicate radiosonde launches.
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During the observation period, Vaisala RS92 radiosondes were launched providing temperature,
pressure and relative humidity profiles. A plot of the water vapor number density as a function of
range for radiosondes launched 19 July 2013 at 00:16 MDT, 20 July 2013 at 21:55 MDT, 20 July 2013
at 12:45 MDT, and 25 July 2013 at 11:21 MDT are shown in the top-left, top-right, bottom-left, and
bottom-right hand plots respectively in Figure 7. The red dashed line represents the number density
retrieved from the temperature and relative humidity profiles measured by the radiosondes. The
radiosonde profiles were filtered using a 20-point gliding filter corresponding to approximately a 60 m
spatial average depending on the ascent rate of the radiosonde. The solid black line represents the
DIAL retrieval at the time of the radiosonde launch. The error associated with the number density,
An(r), is found as [30]:

1 1 1 1 1
An(r) = {

2 (%n (r) — Gy (r)) Arﬂ N(Agn, 1) + N(Ayp, T + A1) + N(Aoff; r)
: 3)

1 2
* N(}loff,r + AT)}

where Gon (1) (Gon (1)) is the absorption on-line (off-line) absorption cross section at range r, m is the
number of range bins averaged (m = 20 which corresponds to 150 m) and k is the number of samples
in time (k = 100 which corresponds to one sample every six seconds averaged over 10 min), and N(A,r)
is the number of photons returned from range bin r at the wavelength A. The grey shaded region
represents the estimated error associated with the DIAL retrieval. The DIAL retrievals utilize a
20-minute averaging time and a 20-point gliding spatial filter corresponding to a 150 m spatial
average. Good agreement between the radiosonde and DIAL profiles between 1.5 and 6 km for the two
nighttime comparisons and between 1.5 and 4.5 km for the daytime comparisons is seen. Below
1.5 km, two factors can affect the DIAL retrieval including the range and wavelength dependent
transmission of the narrow band optical filters [16,25] and the rapidly changing overlap function. For
this micro-pulse DIAL, the pulse width is 1 ps resulting in a 150 m ambiguity in range to the scattering
medium. As the overlap function can have large changes over this range, applying an accurate overlap
correction becomes difficult, particularly at lower ranges where the overlap function changes most
rapidly as a function of range.

During daytime operation of the DIAL, background solar radiation will affect the signal to noise
ratio of the DIAL instrument. A plot of the normalized relative backscatter as a function of range and
time is shown in the upper plot in Figure 7 for 20 July 2013. At 00:00 MDT, aerosols are present to
approximately 4 km. As the day progresses, the aerosol layer falls to below 2 km by 15:00 MDT then
begins to rise again to approximately 4 km by 24:00 MDT. This pattern was seen on the clear sky days
between 19 July 2013 and 23 July 2013. The water vapor number density as a function of range and
time is shown in the middle plot of Figure 8. The water vapor distribution follows a similar pattern as
the aerosol distribution. The bottom plot in Figure 8 shows the background count rate as a function of
time. This count rate was determined by considering the count rate in the last 50 range bins used for
background subtraction. On clear sky days, the background count rate remains below 2 MHz, well
below the maximum count rate of the APD. At this count rate, using the manufacturer supplied data to
determine a dead time of ty = 39.2 ns, the correction factor reaches a value of 1.09. Water vapor
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profiles can be obtained up to 6 km during nighttime operation and between 4 and 6 km during
daytime operation depending on atmospheric conditions.

Figure 7. Plots of the water vapor number density as a function of range for data collect
19 July 2013 at 00:16, 20 July 2013 at 21:55, 20 July 2013 at 12:45, and 25 July 2013 at
11:21, are shown in the top left, top right, bottom left, and bottom right plots,
respectively. The dashed red line represents retrieved number density profiles based on the
temperature and relative humidity measured by the radiosonde while the solid black line
represents the water vapor number density retrieved from the DIAL at the time of the
radiosonde launch. The upper left-hand, upper right-hand, lower left-hand, and lower
right-hand plots.
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A plot of the normalized relative backscatter is shown as a function of range and time as the upper
plot in Figure 9 for 24 July 2013. Clouds where present between 2 km and 4 km between 05:00 MDT
and 07:00 MDT and between 6 km and 10 km between 00:00 MDT and 02:00 MDT, 05:00 MDT and
12:00 MDT, and 14:00 MDT and 22:00 MDT. A plot of the water vapor number density as a function
of range and time is shown in middle plot in Figure 9, while the background count rate as a function of
time is shown in the bottom plot in Figure 9. The background count rate reached a maximum value of
14 MHz resulting in a correction factor of 2.2. When the background count rate begins to get large, the
dead time of the APD starts to play a significant role in limiting the detection of signal photons at both
the on-line and off-line wavelengths. This becomes particularly important at higher ranges where, over
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a one second averaging time, the signal is on the order of tens of photons. These missed photons due to
the detector dead time have an impact on the water vapor retrieval and result in limiting the water
vapor retrieval to approximately 3.5 km.

Figure 8. The upper plot shows the normalized relative backscatter as a function of time
and range for 20 July 2013, while the middle figure shows the corresponding water vapor
number density as a function of range and time. The bottom figure shows the background
count rate as a function of time measured using the last fifty ranges bins. For clear sky
operations, the maximum background count rate is less than 2 MHz and water vapor
retrievals during daytime operations can be achieved between 4 and 6 km depending on
atmospheric conditions.
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The improvements to the laser transmitter described in this paper are aimed at moving the DIAL
from a research tool to a field deployable instrument, capable of autonomous operation over extended
periods of time. One of the major drawbacks to the prototype DIAL instrument was the tendency of the
external cavity diode lasers to mode hop causing the seed lasers to lose their frequency stability
requiring monitoring of the DIAL during data collection. The incorporation of the DFB lasers into the
laser transmitter has eliminated mode hoping allow long term data collection as demonstrated by the
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data presented in this section. Furthermore, the DFB laser allows continuous tuning over
approximately 1 nm, compared to the approximately 0.02 nm of mode hop free tuning associated with
the external cavity diode lasers. This ability to continuously tune the seed laser along the absorption
feature is useful in adjusting the absorption cross section for prevailing meteorological conditions,
which will become important for deploying the DIAL instrument at various field sites.

Figure 9. The upper plot shows the normalized relative backscatter as a function of time
and range for 24 July 2013, while the middle figure shows the corresponding water vapor
number density as a function of range and time. The bottom figure shows the background
count rate as a function of time measured using the last fifty ranges bins. Operations during
cloudy conditions result in maximum background count rates exceeding 14 MHz and water
vapor retrievals during daytime operations can be achieved between 3 and 3.5 km
depending on atmospheric conditions.
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The DIAL laser transmitter described in this paper is an important step in developing an
autonomous, field deployable DIAL for water vapor profiling in the lower troposphere. To complete
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this development, improvements to the DIAL receiver need to be incorporated. The DIAL instrument
described in this paper utilized a 35.6 cm diameter Schmidt-Cassegrain telescope that achieves full
overlap at 2.1 km. A two channel receiver configuration that includes a near field channel and a far
field channel is currently being incorporated into the DIAL receiver. The far field channel will have
the same configuration described in this paper while the near field channel will utilize an APD with
free space coupling to achieve full overlap at less than 0.5 km. This configuration will utilize a second
channel on the multichannel scaler card currently used in the DIAL instrument. The other major
improvement to the DIAL receiver will involve the incorporation an etalon into the receiver with a free
spectral range equal to the frequency spacing between the on-line and off-line wavelengths to block
solar background light that passes through the current narrowband filters. This etalon has the potential
to improve daytime performance, particularly during cloudy conditions by limiting the background

count rate.
4. Conclusions

Water vapor is the most dominant greenhouse gas in the atmosphere and plays an important role in
many key atmospheric processes associated with both weather and climate. Water vapor is highly
variable in space and time due to large-scale transport and biosphere-atmosphere interactions. Having
long-term, high-resolution, vertical profiles of water vapor will help to better understand the water
vapor structure and variability and its associated impact on weather and climate. The laser transmitter
based on tunable DBR lasers and a TSOA described in this paper is an important step in the realization
of an autonomous DIAL instrument for network deploy for water vapor studies in the lower
troposphere. This laser transmitter produced a pulsed output with a nominal pulse energy of 10 uJ, a
pulse duration of 1 us, and a pulse repetition frequency of 10 kHz. This laser transmitter was
incorporated into a micro-pulse DIAL instrument and operated continuously over a 10-day period
demonstrating its ability for continuous and autonomous operation.
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