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ABSTRACT

A differential absorption lidar (DIAL) instrument for automated profiling of water vapor in the lower
troposphere has been designed, tested, and is in routine operation at Montana State University. The laser
transmitter for the DIAL instrument uses a widely tunable external cavity diode laser (ECDL) to injection
seed two cascaded semiconductor optical amplifiers (SOAs) to produce a laser transmitter that accesses the
824-841-nm spectral range. The DIAL receiver utilizes a 28-cm-diameter Schmidt-Cassegrain telescope; an
avalanche photodiode (APD) detector; and a narrowband optical filter to collect, discriminate, and measure
the scattered light. A technique of correcting for the wavelength-dependent incident angle upon the nar-
rowband optical filter as a function of range has been developed to allow accurate water vapor profiles to be
measured down to 225 m above the surface. Data comparisons using the DIAL instrument and collocated
radiosonde measurements are presented demonstrating the capabilities of the DIAL instrument.

1. Introduction

Water vapor in the lower troposphere plays an im-
portant role in many earth system processes associated
with the radiation budget and climate, moisture transport
and the hydrologic cycle, and weather (Trenberth et al.
2007; Dabberdt and Schlatter 1996). Water vapor is pri-
marily contained within the lowest 3 km of the tropo-
sphere with high temporal and spatial fluxes (Dabberdt
and Schlatter 1996; Weckwerth et al. 1999). Radiosonde
launches are currently used to obtain water vapor profiles,
but this measurement technique can only provide infor-
mation at one location at one point in time and cannot
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easily be used to monitor the spatial and temporal changes
associated with atmospheric water vapor (Turner et al.
2000).

Recognizing the importance of accurate measure-
ments of water vapor profiles in the lower atmosphere
for understanding, modeling, and predicting both cli-
mate and weather, research in developing instruments
for the retrieval of water vapor profiles is ongoing (Rall
et al. 1996; Goldsmith et al. 1998; Wulfmeyer 1998;
Wulfmeyer and Bosenberg 1998; Bosenberg 1998;
Wulfmeyer and Walther 2001; Turner et al. 2002; Ehret
et al. 1993; Behrendt et al. 2007; Browell et al. 1998;
Ismail et al. 2000; Machol et al. 2004; Obland 2007;
Obland et al. 2008, manuscript submitted to J. Appl. Re-
mote Sens., hereafter ORNCS). Passive remote sensing
instruments such as the Atmospheric Emitted Radiance
Interferometer (AERI; Feltz et al. 2003) and the At-
mospheric Infrared Sounder (AIRS; Divakarla et al.
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2006) show great utility for monitoring atmospheric
water vapor, but measure low spatial resolution or
column-integrated water vapor amounts. Active remote
sensing techniques such as light detection and ranging
(lidar) are capable of producing range-resolved mea-
surements of atmospheric water vapor. Raman lidar
instruments (Turner et al. 2000; Goldsmith et al. 1998;
Turner et al. 2002) are capable of making range-re-
solved measurements of atmospheric water vapor using
high-power pulsed lasers. The range information is de-
termined by the time of flight of the light, while the
molecular species information is determined by the
characteristic Raman shift to longer wavelengths asso-
ciated with the inelastic Raman scattering from each
molecule. Raman lidar instruments typically have high
peak powers due to the small Raman scattering cross
sections and, furthermore, Raman lasers need to be
accurately calibrated for range-resolved water vapor
retrievals (Wulfmeyer and Bosenberg 1998). Differen-
tial absorption lidar (DIAL) is a second lidar method
capable of obtaining range-resolved profiles of atmo-
spheric molecular densities (Rall et al. 1996; Wulfmeyer
1998; Wulfmeyer and Bosenberg 1998; Bosenberg 1998;
Ehret et al. 1993; Behrendt et al. 2007; Browell et al.
1998; Ismail et al. 2000; Machol et al. 2004; Obland 2007;
ORNCS). DIAL instruments use a pulsed tunable laser
transmitter that can be tuned to an online wavelength
associated with an absorption feature for the molecule
of interest and then tuned to an offline wavelength with
no molecular absorption, or significantly less absorption
in the case of a continuum, like ozone. The wavelengths
of the DIAL transmitter are chosen so that the ratio of
the return signal from the online and offline wavelengths
is directly related to the absorption from the molecules
of interest. Because the DIAL transmitter uses a ratio of
the return signal from the closely spaced online and
offline wavelengths, the DIAL instrument avoids the
difficult calibration faced by Raman lidar instruments.

The high spatial and temporal fluxes of water vapor
are hard to capture from a single location. The deploy-
ment of an array of low-cost, eye-safe, automated DIAL
instruments for water vapor profiles could be useful for
measuring water vapor transport, which is important for
better forecasting of precipitation and understanding
long-term trends needed for climate studies (Dabberdt
and Schlatter 1996). Many water vapor lidar instruments
currently operating are large, complex, expensive, and
are not automated (Goldsmith et al. 1998; Wulfmeyer
1998; Ismail et al. 2000). However, in recent years, work
has begun on developing smaller automated water vapor
lidar instruments (Rall et al. 1996; Machol et al. 2004;
Obland 2007; ORNCS). One promising avenue of re-
search toward the development of DIAL instruments for
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water vapor studies is to use semiconductor laser trans-
mitters. Diode lasers are compact, inexpensive, can be
tuned, and have good spectral coverage in the near-
infrared spectral region where water vapor has many
absorption lines. Several numerical studies of diode-
laser-based transmitters and photon-counting avalanche-
photodiode-based receivers have been performed (Reagan
et al. 1993; Reagan et al. 1996), but few systems have
been built. Rall et al. (1996) built a DIAL instrument
based on a diode laser near 811.6 nm, while Machol et al.
(2004) reported initial water vapor DIAL measurements
using a laser transmitter based on a distributed feedback
(DFB) laser diode used to injection seed a flared am-
plifier. Comparisons between their DIAL retrieval and
radiosonde data showed agreement up to a height of
2.5 km. Machol et al. (2004) noted that new laser trans-
mitter designs are needed for better spectral coverage
and larger tuning ranges, calling for ‘“‘a new laser with a
tuning range that accesses a larger selection of good
water vapor lines....” Researchers at Montana State
University developed a laser transmitter for a water va-
por DIAL based on a widely tunable external cavity di-
ode laser (ECDL) that can access many water vapor lines
(Repasky et al. 2004; Obland et al. 2005-2007; Nehrir
et al. 2008). In his thesis work, Obland used this laser
transmitter to demonstrate initial water vapor profiles up
to approximately 1 km (Obland 2007; ORNCS). Fur-
ther improvements to this water vapor DIAL instru-
ment and water vapor profile retrieval based on the
DIAL equation allow the low-power diode-laser-based
DIAL instrument to accurately retrieve water vapor pro-
files in the lower troposphere from 225 m to ~3.0 km,
allowing for routine nighttime measurements.

The compact diode-laser-based DIAL instrument for
water vapor profiling constructed and tested at Montana
State University is described in this paper. The laser
transmitter is based on a tunable ECDL with a tuning
range from 824 to 841 nm. This ECDL is used to in-
jection seed two cascaded semiconductor optical am-
plifiers (SOAs). The output from the second SOA is
pulsed using the first-order beam from an acousto-optic
modulator. Light is collected using a commercial tele-
scope and is monitored using an avalanche photodiode
(APD). Water vapor profiles collected using this DIAL
instrument demonstrate good agreement with data
collected using collocated radiosonde measurements.

This paper is organized as follows. The theory used to
retrieve the water vapor profile is presented in section 2.
In this section, the DIAL equation is developed. The
selection of the water vapor absorption line is also de-
scribed in this section. The DIAL instrument and data
collection are described in section 3. The wavelength and
range-dependent transmission of the narrowband optical
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filter used in the DIAL receiver and its implications on
the water vapor retrieval are discussed in section 4.
Measurements of water vapor profiles made using the
DIAL instrument are presented in section 5. Finally,
some brief concluding remarks are presented in section 6.

2. Theory
a. DIAL equation

The optical power, P(A, r), collected at wavelength A
from a range of r can be calculated using the lidar
equation (Kovalev and Eichinger 2004):

P\, r)= P,(/\)%Arﬁ()\, r)Tj(/\, r)eo(A, r)er(A, r)Tr(A, 1)
Xep(A,r), (1)

where P,(A) is the transmitted optical power, A is the
area of the receiver, Ar = 7¢/2 is the range bin size, 7
is the pulse duration, c is the speed of light, B(A, r) is
the atmospheric backscatter coefficient, T3 (A, r) is the
round-trip atmospheric transmission, &y(A, r) is the re-
ceiver overlap factor, ¢z(A, r) is the receiver optics
transmission except for the narrowband optical filter,
Tr(A, r) is the transmission of the narrowband optical
filter, and ¢p(A, r) is the detector efficiency. The round-
trip atmospheric transmission factor can be written as

T2 (0, r) = e 2 I KO =2 [LouroNeDar - g

where k(A, ') is the atmospheric extinction factor, o(A, ')
is the absorption cross section for the molecule of in-
terest, and N(r') is the number density of the absorbing
molecule of interest.

The DIAL technique uses the returns from two dif-
ferent wavelengths that are closely spaced to determine
a vertical profile of the number density of a particular
molecule. The first wavelength, A,,, is the wavelength
corresponding to the center of an absorption feature of
the molecule of interest while the second wavelength,
Aofr, 1s the wavelength corresponding to no molecular
absorption. From the lidar equation, the DIAL equa-
tion is found by considering the return signal from ad-
jacent range bins for both Ay, and Ay For Ao, and Ay
closely spaced so that the atmospheric extinction, back-
scatter, and receiver efficiency are equal for the two
wavelengths, the DIAL equation can be written as

1
2[o(Aon, )] — [o(Aott, ) ]AF

<[ [Pt A

N(r)=
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b. Absorption line selection

The DIAL instrument described in this paper is fo-
cused on measuring water vapor profiles in the lower
troposphere using a ground-based instrument. Accurate
measurements of water vapor profiles require care in
selecting an absorption line that is insensitive to varia-
tions in the atmospheric temperature (Machol et al.
2004; Obland 2007; ORNCS; Browell et al. 1991). The
evaluation of the temperature sensitivities of water va-
por absorption lines in the 820-840-nm spectral region
was studied (Obland 2007; ORNCS) using the methods
presented by Browell et al. (1991), leading to the se-
lection of a water vapor absorption line for number
density profiles.

The temperature dependence of the line strength
S associated with an absorption feature is give by
(Browell et al. 1991)

o (To\”[1 = exp (—hew/kT)
S(T)=So <7) [1 —exp (—hcvo/kTo)]

he (1 1Y\,
il
where S is the reference line strength at temperature
To, T is the temperature at which the line strength S(7')
is being calculate, / is the Planck constant, c is the speed
of light, k is the Boltzmann constant, v is the line center
position, and E” is the ground state energy of the tran-
sition. The absorption cross section o(7) is related to

the temperature-dependent line strength through (Browell
et al. 1991)

In(2) vy
72 v,

o(T)=S(T)

_2
el
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where y; = yo(P/To)(T/Ty)" is the Lorentz line width
at temperature 7 and pressure P associated with pres-
sure broadening, which is dominant in the lower at-
mosphere below ~2 km; vy, is the Lorentz line width
at temperature 7, and pressure Py, « is the line-
width temperature-dependent parameter; y, = (Y0)
([2kT In (2))/m")"? is the Doppler line width associated
with Doppler broadening, which is important in the
upper atmosphere above ~3-4 km; m' is the mass of
the water molecule; and v is the online laser frequency.
The absorption cross section in Eq. (5) is calculated
based on a Voigt profile, which is a convolution of the
Lorentz and Doppler line shapes associated with the water
vapor absorption feature. Values of v, Sy, and E” were

de, (5)
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obtained from the High-Resolution Transmission Mo-
lecular Absorption (HITRAN 2000) database (Rothman
et al. 2003).

The temperature sensitivity for the number density
measurement is calculated using the expression (Browell
et al. 1991)

ldo _ 1 o(T) —a(T") ©)
odl T-T' |:0'(T)+0’(T’):| ’

2

where o(T) is found using Egs. (4) and (5). A plot of the
number density error as a function of temperature for
various ground-state energies is shown in Figs. 1a and 1b
for pressures of 1 and 0.25 atm, respectively. The ab-
sorption cross section o(7) is temperature independent
at the temperature neutral point when do/dT = 0.
The three primary criteria for the selection of the
water vapor absorption line include the temperature
sensitivity, line strength, and absence of nearby absorp-
tion features (Machol et al. 2004; Obland 2007; ORNCS;
Repasky et al. 2004). The online wavelength chosen
for the water vapor DIAL instrument has a wavelength
of 828.187 nm (828.0069 nm) in a vacuum (air) while
the offline wavelength was chosen to be 828.287 nm
(828.1069 nm) in a vacuum (air). The temperature neu-
tral point for this absorption feature, as seen in Fig. 1, for
the ground-state energy of 212.2 cm ™' ranges from 275 K
at 0.25 atm to 350 K at 1 atm. At a temperature of 296 K
and a pressure of 1 atm, the line strength associated with
the water vapor absorption feature used for the DIAL
measurements presented in this paper is S = 1.477 X
107 cm ™! (mol cm ™) ~, the full width at half maxi-
mum line width is 0.1937 cm ™', and the ground-state
energy is E” = 212.2 cm ! (Rothman et al. 2003).

3. DIAL instrument
a. DIAL laser transmitter

A schematic of the DIAL instrument is shown in Fig. 2.
A tunable external cavity diode laser (ECDL) is used to
injection seed a tapered SOA. The ECDL was con-
structed in the Littman-Metcalf cavity configuration
(Littman and Metcalf 1978; Switzer 2007). A 150-mW
diode laser with a center wavelength of 830 nm (SDL-
5421) is collimated using an aspheric lens with a focal
length of 4.5 mm and a numerical aperture of 0.55 (Thor
Laboratories 350230-B). The collimated light is next
incident on a 1600 line mm ™' grating 15 mm wide by 60
mm long by 10 mm thick (Spectrogon) at a grazing angle
of 3° The first-order reflection from the diffraction
grating is found from cos @y = cos6i, — (A/d) to be
109°, where 6;, (0,y,) is the angle between the incoming
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(outgoing) beam and the plane of the diffraction grat-
ing, A is the wavelength, and d is the line spacing of the
diffraction grating. The first-order reflection is next in-
cident on a roof prism that directs the light back into the
diode laser via a second reflection from the diffraction
grating. The external cavity has a free spectral range of
3.9 GHz corresponding to a 3.8-cm-long external cavity.

The roof prism rotates so that the cavity length
changes in concert with the wavelength of light fed back
to the diode laser, allowing for mode-hop free tuning.
The roof prism can be rotated mechanically by a 3/16—
100 screw for coarse tuning. Fine rotation of the roof
prism is achieved by applying a voltage to a piezoelectric
stack (Thor Laboratories AE0505D16) giving mode-
hop free tuning of over 20 GHz at a fixed temperature.

The ECDL is placed on a thermoelectric cooler (TEC)
for temperature stabilization. A 10-kQ) thermistor is
used to monitor the temperature of the ECDL, and a
commercial temperature controller (ILX LDD3722) is
used to stabilize the temperature to within 0.1°C. A
commercial current controller (ILX LDD3722) is used
to supply a drive current to the diode laser. The ECDL
is operated in a continuous-wave (cw) mode of opera-
tion and its performance is summarized as follows. The
coarse tuning ranges from 824 to 841 nm with a mode-
hop free-tuning range of greater than 20 GHz and the
full-width half-maximum line width being less than 200
kHz. The maximum output power is 20 mW with a side-
mode suppression of greater than 45 dBm. A picture of
the ECDL is shown in Fig. 3.

The output of the ECDL is sent through a Faraday
isolator to prevent unwanted feedback from affecting its
performance. After the Faraday isolator, the light is
next incident on a wave plate and polarizing beams-
plitter (PBS). The light rejected by the PBS is used to
monitor the cw output of the ECDL, while the light
passing through the PBS is used to seed an optical
preamplifier. The ratio of the light passing through the
PBS to the light rejected by the PBS can be controlled
by rotating the wave plate.

The output from the ECDL has the narrow line width
and broad tunability needed for the DIAL transmitter
but has low cw output power. To increase the optical
power while maintaining the spectral properties of the
ECDL, the ECDL is used to injection seed an SOA.
Since the output of the ECDL was unable to saturate the
gain of the SOA, a preamplifier was first used (Sacher
Lasertechnik TA830). The output of the preamplifier
passed through a Faraday isolator and was then used to
injection seed a second SOA (Sacher Lasertechnik
TAS830). The second SOA produced a cw output power
of up to 500 mW. The output of the second SOA was
then incident on an acousto-optic modulator (AOM,;
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FIG. 1. Temperature sensitivity of water vapor DIAL number density measurement errors at
1.0- and 0.25-atm pressure for a range of E” values.

Isomet 1205C-2). The first-order diffraction from the
AOM was used to create a 1-us pulsed output with a
20-kHz pulse repetition frequency for the DIAL instru-
ment, yielding a pulse energy and average power of
approximately 0.125 pJ and 2.5 mW, respectively. The
low output pulse energies of the DIAL transmitter are
attributed to inefficient coupling into the first-order
diffraction out of the AOM. After the AOM, a wedged
window was used to direct a small portion of the output
beam to a reference energy detector. The minimum
divergence of the output of the DIAL transmitter was
calculated to be approximately 0.1 mrad, where atmo-
spheric turbulence such as scintillation has the potential
to increase the divergence drastically.

A plot of the optical power as a function of wavelength
for the DIAL laser transmitter is shown in Fig. 4. This
plot shows the DIAL laser transmitter can be tuned from
824 to 841 nm, a 17-nm tuning range. The laser trans-
mitter is capable of accessing many water vapor ab-
sorption lines; however, care must be taken in choosing
an appropriate absorption line to obtain accurate water
vapor profiles as discussed in section 2b above.

The requirements for DIAL measurements with an
error due to individual laser properties of less than 3%
are stated in Bosenberg (1998). These properties arise
due to the fact that the absorption cross sections of the
water vapor absorption lines are highly dependent on
the laser wavelength. If the laser line width, frequency
stability, and spectral purity are not well known, errors
will arise in the water vapor retrievals owing to uncer-
tainties in the actual cross section of the water vapor
associated with transmitted laser light. The require-
ments for the laser transmitter for an error of less than
3% from individual laser properties include a line width
of less than 298 MHz, a spectral purity of greater than
0.995, and a frequency stability of better than *160
MHz (Bosenberg 1998). The measured laser transmit-
ter properties include a line width of less than 0.300
MHz, a spectral purity of 0.995, and a frequency sta-

bility of £88 MHz (Obland 2007; ORNCS; Nehrir et al.
2008; Obland et al. 2007). Thus, the laser transmitter
meets the requirements needed for accurate water
vapor retrievals.

b. DIAL receiver

A schematic of the DIAL receiver is shown in Fig. 5.
Light scattered by the atmosphere is collected using a
commercial f/10 Schmidt-Cassegrain telescope (Celes-
tron CGE1100) with a 28-cm-diameter primary mirror,
which gives a nominal effective focal length of 2.8 m for
the telescope. Light collected by the telescope passes
through a focus and is then incident on a collimating
lens with a focal length of 10 cm. The collimated beam
diameter is approximately 1.5 cm. The collimated light
passes through a narrowband filter with a 65% trans-
mission at a center wavelength of 828.06 nm and a full-
width at half-maximum line width of 0.2 nm. After the
narrowband filter, the light is focused using a focusing
lens with a focal length of 2.5 cm. The focused light is

Reference Detector
Acousto-Optic Modulator

Narrow
Band Filter ‘ 7;—11111)liﬁe1‘

Izolator

Telescope Avalanche Photo

Diode Pre-Amplifier
External Cavity Isolator }}lr:;: Polarizing Beam
Diode Laser : Splitter

Monitoring of External
Cavity Diode Laser Oufput

FIG. 2. The DIAL instrument used for studying water vapor
number densities in the lower troposphere.
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Retroreflector

Diode Laser/Lens

Grating

F1G. 3. The ECDL built in the Littman—-Metcalf external-cavity
configuration used to injection seed cascaded flared amplifiers
used for the DIAL transmitter. The major components of the
ECDL are identified along with the pivot point about which the
retroreflecting roof prism rotates: thermoelectric cooler (TEC)
and piezoelectric transducer (PZT).

launched into a multimode fiber with a core diameter of
105 wm and a numerical aperture of NA = 0.22 that acts
as the system field stop and yields a full-angle field of
view of 37.5 urad. The multimode optical fiber is the
smallest aperture in the DIAL receiver, therefore alle-
viating the need for an iris as the field stop at the focal
plane of the telescope, which has a minimum closing
aperture of 1 mm, yielding a relatively large full-angle
field of view of 357 urad. A fiber-coupled photon-
counting avalanche photodiode (Perkin-Elmer SPCM-
AQR-13-FC) module is used to detect the collected
optical signal, yielding a far-field full-angle field of view
of 150 urad. This field of view is 4 times greater than the
field of view imposed by the field stop due to the mag-
nification of the image of the field of view at the multi-
mode fiber as a result of the collimating and focusing
lenses used in the receiver. The receiver optics were
chosen so that the f numbers of the telescope and colli-
mating lens are matched. The collimated light is needed
because the transmission of the narrowband optical filter
is strongly dependent on the angle of incidence of the
light on this filter. The focusing lens was chosen so that
the f number associated with this lens matched the f
number associated with the multimode optical fiber used
to deliver the received light to the APD.

c¢. Data collection

Automated control and data acquisition for the DIAL
instrument is achieved using the Labview programming
environment on a portable laptop computer. The data
acquisition software works in the follow manner. The
laser transmitter is first tuned onto a user-defined wave-
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FIG. 4. Output power as a function of wavelength for the in-
jection-seeded tapered amplifier. Good side mode suppression
ratio and high optical power are maintained through the amplifier
while still maintaining the spectral properties of the seed laser.

length that corresponds to the peak absorption of a
water vapor line at 828.0069 nm (828.187 nm) in air (in a
vacuum). The wavelength of the laser transmitter is
monitored using the light rejected from the first PBS
shown in Fig. 2 using a Burleigh wavemeter (WA-1500),
which has a frequency resolution of +88 MHz. The
wavelength is polled every 2 s over a general-purpose
interface bus (GPIB) and an appropriate voltage cor-
rection is made to the ECDL’s piezoelectric transducer
using a programmable voltage source until the laser

Schmidt Cassegrain
Telescope

Inis

Collimating Lens

Narrow Band Filter
Laptop

. Computer
Focusing Lens

Avalanche Multi Channel
Photo Diode Scalar

B ()

FIG. 5. The DIAL receiver. The f number of the telescope and
the fnumber of the fiber coupling lens are matched to that of the
collimating lens and the multimode fiber, respectively, to yield a
far-field full field of view of 150 urad.

Optical Fiber
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transmitter achieves a steady-state wavelength that is
within =88 MHz of the selected wavelength. Next, an
arbitrary waveform generator (AWG) is used to begin
data collection from the APD and the multichannel
scalar card (MCS) for 5 us with the output from the laser
transmitter turned off to obtain background measure-
ments used for background subtraction during post-
measurement data processing. After the 5-us delay used
for background measurements, the AWG triggers the
AOM, creating a 1-us pulse corresponding to a 300-m
range bin at a 20-kHz pulse repetition rate, resulting in a
2% duty cycle for the first-order diffracted beam from
the AOM. During the 6-us delay between the initial
trigger and the end of the laser pulse, the MSC samples
the APD data across 120 bins, each of width 50 ns. The
subsequent return signal resulting from the laser inter-
action with the atmosphere accounts for the remaining
380 bins sampled by the MSC. These 380 bins corre-
spond to 19 us of return data. This process is repeated 25
us later and averaged 20 000 times over 1 s, yielding 400
range-resolved range bins of 7.5 m each, corresponding
to an altitude of 3.0 km. The data collection process is
repeated for the online wavelength of 828.0069 nm
(828.187) in air (in a vacuum) for a user-defined period
of time, normally 60 s. The software then tunes the laser
to the offline wavelength of 828.1069 nm (828.287) in air
(in a vacuum) and data are collected for a user-defined
time, normally 60 s. This entire process is repeated for
approximately 1 h so that sufficient returns are obtained
to begin calculating the range-resolved water vapor
number density profile using the DIAL equation.
Once the data are obtained, MATLAB programs are
used to analyze the raw returns. First, spectral filtering is
achieved by analyzing the polled wavelength from the
wavemeter so that only the data that meet the £160
MHz of the selected wavelength requirements are
considered for the water vapor profile measurement.
Once the desired DIAL raw returns are obtained, the
data are spatially averaged into sets of 20 bins such that
two data points are obtained for each laser pulse
according to the highest resolution defined by the
transmitter pulse width of 300 m for the 1-us pulse.
Next, the raw returns are normalized by the reference
power measurements and averaged on a second-to-
second basis to account for the shot-to-shot laser in-
tensity fluctuations. Finally, the spatially averaged back-
ground measurements obtained from the first 5 us of
data collected before each laser pulse are used to sub-
tract background light counts from each range bin,
yielding a plot of the range-resolved online and offline
return signals. A plot of the background-subtracted
counts as a function of range from nighttime data taken
on 9 March 2008 is shown in Fig. 6. The open and closed
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circles represent the online and offline counts measured
by the DIAL instrument, respectively.

The processed atmospheric returns shown in Fig. 6 are
used with collocated radiosonde-derived temperature
and pressure measurements to calculate water vapor
number density profiles using the DIAL equation pre-
sented in Eq. (3). The only unknowns in the DIAL
equation needed to calculate the water vapor number
densities are the online and offline absorption cross sec-
tions o at a given range r. The temperature profile ob-
tained from the radiosonde measurements are then used
in Egs. (4) and (5) along with the ground-state energy
transition E” for the water vapor absorption obtained
from the HITRAN database (Rothman et al. 2003) to
calculate the water vapor line absorption cross section as
a function of range. Using the range-dependent online
and offline cross sections together with the data shown in
Fig. 6, Eq. (3) can be used to calculate the water vapor
number density as a function of range as shown in Fig. 7.
The water vapor number densities measured using the
DIAL instrument show good agreement with the collo-
cated radiosonde measurements above approximately
700 m. Below 700 m, three dominant effects limit the ac-
curacy of the DIAL measurement. First, because the
laser beam and telescope field of view are coaxial in the
DIAL instrument, the central obscuration of the tele-
scope shields the telescope from the large near-field
returns. Second, due to the large scattering angles of the
near-field returns subtended upon the receiver’s colli-
mation optics, sufficient coupling is not achieved into
the optical fiber. Finally, because the two previous ef-
fects are equal for both the online and offline wave-
lengths and cancel out in the DIAL equation, the de-
viations of the measured results using the DIAL in-
strument and the radiosonde below 700 m are best
described by an angle-dependent wavelength detuning
of the narrowband filter that is discussed in section 4.

4. DIAL correction factor

The center wavelength A for a narrowband filter shifts
to shorter wavelengths as the angle of incidence 6 of the
incoming light increases. The center wavelength of the
narrowband filterA’ can be written as (Hansch 1972)

A=) cos(%), (7)

where A is the center wavelength of the filter at 6 = 0
and n is the index of refraction of the narrowband filter.
The maximum angle incident on the filter can be cal-
culated by considering the geometry of the receiver as
shown schematically in Fig. 8. While the telescope has a
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F1G. 6. The background subtracted atmospheric returns as a
function of range. Sufficient overlap between the DIAL trans-
mitter and receiver yields measurable atmospheric returns up to
2.5 km. The attenuated returns at the online wavelength are at-
tributed to water vapor absorption through the lower troposphere.
These measurements were taken starting at 2109 LT 9 Mar 2008
and calculated using 150-m vertical range bins, which were aver-
aged over 67 min.

nominal focal length of 2.8 m, our measurements indi-
cate the effective focal length is f; = 2.807 m. Using the
thin lens equation, a scattering center at a distance r will
produce an image formed by the telescope lens at a
distance d; from the effective lens:

dlz

: ®)
r—fi
Using this image as the object for the second collimating
lens with a focal length f., the object distance from the
collimating lens is found as

d=f+f.+06—d, )

where the effective lens of the telescope and the colli-
mating lens are separated by f; + f. + 6. For the DIAL
instrument described in this paper, 6 ~ 2 cm. With 6 =2
cm, light from a point object at r = 300 m will pass
through the filter with § = 0. Objects closer or farther
than r = 300 m will pass through the filter with 6 # 0 and
will experience a change in transmission due to a change
in the angle. The image at d, will create an image as-
sociated with the collimating lens at

dof,

dz = .
T d—f,

(10)

Finally, using the small angle approximation, the max-
imum angle of incidence for a ray incident on the nar-
rowband filter 6, 1S
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FIG. 7. The vertical water vapor number density profile recorded
starting at 2109 LT 9 Mar 2008 using the atmospheric returns
obtained from Fig. 6.

) (11)

emax

&=

where R is the radius of the nominally collimated beam
seen after the collimating lens. A value of R = 0.75 cm
was measured for the DIAL instrument described in
section 3.

The narrowband filter has a center wavelength of
828.01 £0.05 nm and a half-width at half-maximum
(HWHM) value of AA = 0.125 +0.025 nm. The trans-
mission as a function of wavelength, 7()), has a Lorentzian
profile that can be written as

AN?

TA\) =T)y———,
™ CA (-

(12)

where Ty = 0.65 is the maximum transmission of the
narrowband filter. A plot of the narrowband optical filter
transmission as a function of wavelength is shown in Fig. 9.
The online A, and offline A ¢ wavelengths for the water
vapor DIAL are also plotted in Fig. 9. Taking into

r d] d, d3

Narrow Band
Fi

Scatterer e
Collimating
Lens

Telescope

f; I

FI1G. 8. Geometrical schematic of the DIAL receiver. Mis-
placement of the collimation optic behind the focal plane of the
telescope, denoted as 8, results in wavelength detuning of the
narrowband filter and results in false DIAL measurements.
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FIG. 9. The narrowband optical filter transmission as a function
of wavelength. The online and offline wavelengths in air for the
water vapor DIAL instrument are also indicated.

account the angle tuning of the filter as a function of 6, Eq.
(7) can be substituted into Eq. (12) using a small angle
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approximation to yield the following filter transmission
as a function of wavelength and angle of incidence:

AA? (13)

.
Aob?
AN+ (A=A — ==
< 0 2n2)

T(/\, 9) = T()

The effective transmission 7.¢ can then be found from

Bmax

Toy () = % j T(\,0) do. (14)

x JO
The effective transmission found in Eq. (14) is a func-
tion of range r since the maximum angle of incidence
Omax 1s a function of range r.

The effective transmission as a function of range for
the water vapor DIAL instrument described in section 3
can be found using Egs. (7)-(14). For these calculations,
Ao = 828.06 nm, AA = 0.1 nm, f; = 2.807 m, f. = 10 cm,
6 = 2.0 cm, and n = 1.4. A plot of the maximum angle
and the effective transmission for the online and offline
wavelengths is shown in Fig. 10. Using these results, the
DIAL equation can be written as

Ny = 20 (homs )] — [0 (hort 1)]AF

where the correction factor T..(r) is defined as

TF()\onv I’)TF()\Off, r+ Ar)

Teor(r) = —1
corr(7) T rOvom 7 + AN T r(horts7)

} (16)

and is plotted as a function of range in Fig. 11. Note that
for r = 300 m in Fig. 11, the correction factor is ap-
proximately zero; hence, a zero incidence angle at the
narrowband filter at this altitude can be seen in Fig. 10
as expected from the lens separation mentioned earlier.
The correction factor affects the DIAL equation mostly
for lower elevations where the light collected by the
DIAL receiver experiences a larger maximum angle of
incidence at the narrowband filter that affects the
overall filter transmission.

A plot of the water vapor profile using the DIAL
equation presented in Eq. (15) with the correction factor
T.orr calculated above is shown in Fig. 12. The solid line
represents the water vapor profile measured using a
collocated radiosonde while the circles connected by the
dotted line represent the measurements made using the
DIAL instrument. For these data, the radiosonde tem-
perature and pressure profiles were used to calculate the
absorption cross section of the water vapor. Good agree-

1 { {;’Eizz: :)f(;\:)f%:[f:ﬂ I [TF()\on, NTrNoge, ¥ + Ar)} }, (15)

TF(/\on, r+ AV)TF(/\OH, r)

ment between the expected and measured profiles is
seen between 225 and 2500 m.

5. Discussion

The goal of the water vapor DIAL instrument is to
autonomously collect nighttime and daytime water va-
por profiles using a ground-based instrument. In the
absence of radiosonde measurements, ideal temperature
and pressure profiles in the lower troposphere can be
estimated using the surface temperature 7, and surface
pressure P, as demonstrated previously by Machol et al.
(2004). Using these modeled temperature and pressure
profiles, a water vapor profile was measured where the
results showed good agreement to within 2% of a col-
located radiosonde measurement. Other methods of
acquiring temperature and pressure profiles in order to
calculate the range-dependent absorption cross section
needed for calculating water vapor profiles are also be-
ing investigated. An attractive candidate for obtaining
these measurements uses grid assimilation radiosonde
data from local or national weather service sites.

A plot of the water vapor number density as a function
of altitude for a second night is shown in Fig. 13. This
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FIG. 10. The maximum incident angle projected onto the nar-
rowband filter along with the effective transmission for the online
and offline wavelengths as a function of range.

number density profile was calculated using the DIAL
equation with the same correction factor calculated
above. The circles connected by the dotted line repre-
sent the measurements made using the DIAL instru-
ment while the solid line represents measurements made
using a collocated radiosonde. Good agreement be-
tween the measured water vapor profile using the DIAL
instrument and measurements using the radiosonde are
demonstrated over the altitude range of 225-2500 m.
The current DIAL instrument uses a lower pulse
energy of 0.125 wJ with a high pulse repetition fre-
quency of 20 kHz to obtain enough return counts to
measure water vapor profiles in the lower troposphere.
One important question to be addressed for this in-
strument is how long of an averaging time is needed to
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F1G. 11. The correction factor 7.(r) as a function of range
derived using Egs. (7)-(14).
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FIG. 12. The water vapor number density profile using the DIAL
equation presented in Eq. (15) with the correction factor Teop
included to correct for wavelength detuning in the narrowband
filter as a function of altitude. The temperature and pressure
profiles measured using the radiosonde were used to calculate the
absorption cross section of the water vapor as a function of range.
This profile was recorded starting at 2109 LT 9 Mar 2008 using the
atmospheric returns obtained from Fig. 6.

obtain a sufficiently accurate nighttime water vapor pro-
file. A plot of the water vapor profile as a function of
altitude is shown in Fig. 14 for averaging times ranging
from 2 min (1 min online, 1 min offline) to 78 min (33
min online, 45 min offline). The solid circles with the error
bars represent the measurements made using the DIAL
instrument, while the solid line represents the water
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F1G. 13. The water vapor number density as a function of alti-
tude for a second night of data using the same correction factor
used in Fig. 12. Surface temperature and surface pressure mea-
surements were used to model and calculate the temperature and
pressure profiles used to then calculate the range-dependent ab-
sorption cross section for the water vapor. These measurements
were taken starting at 2100 LT 19 Feb 2008 and calculated using
150-m vertical range bins, which were averaged over 78 min.
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FIG. 14. The water vapor number density profile as a function of altitude for averaging times ranging from 2 min (1 min online, 1 min
offline) to 78 min (33 min online, 45 min offline). These measurements were taken starting at 2100 LT 19 Feb 2008 and calculated using

150-m vertical range bins.

vapor profile measured using the collocated radiosonde.
Figure 14 indicates that a reasonable water vapor profile
to within a 10% error relative to the in situ measure-
ment can be obtained with about a 20-min averag-
ing time (10 min online, 10 min offline). Although the

nighttime signal-to-noise ratio (SNR) is directly pro-
portional to the integration period, where larger tem-
poral averaging yields a higher SNR, the same principle
does not apply to daytime measurements. Despite hav-
ing a sufficiently narrow far-field full field of view and
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optical pass band in the DIAL receiver, scattering from
the low peak pulse energies are not discernable from
the background solar radiation, limiting the DIAL
instrument strictly to nighttime operation.

Because the DIAL transmitter exhibits such low
pulse energies, longer integration periods are required
to retrieve adequate returns to calculate water vapor
profiles. Work is currently under way at Montana State
University to build a second-generation water vapor
DIAL instrument based on custom-built widely tunable
ECDLs and SOAs to increase the output pulse energy
of the instrument by a factor of 10-20, yielding maxi-
mum output pulse energies of 2 wJ with a pulse repeti-
tion frequency of 20 kHz, corresponding to a maximum
resolvable range of 7.5 km for the DIAL measurement.
This increase in peak pulse energy will allow for day-
time measurements as well as shorter integration pe-
riods that will provide range-resolved water vapor flux
data extending above the boundary layer at time pe-
riods approaching those of the lifetimes of atmospheric
cycles in the lower troposphere, on the order of 1-2 min.

Improvements over the first-generation DIAL in-
strument include pulsed operation by directly current
pulsing custom-built SOAs, alleviating the need for an
AOM, as well as the use of compact inline free-space
fiber couplers for signal detection, both of which sig-
nificantly decrease the overall instrument size on the 2 ft X
4 ft X 2 ft breadboard housing. An alternative to the
SOA approach for amplifying the ECDL output is also
under investigation. The second approach will utilize an
injection-seeded diode-laser-pumped solid-state laser
based on a Cr:LiSAF gain medium, allowing for a
compact higher-power DIAL transmitter. The light-
weight and compact footprint of the DIAL instrument
as well as the high wall-plug efficiency of the improved
performance of the various candidates for the DIAL
transmitter all have the potential to lead to the next
generation of widely tunable DIAL instruments that in
the future may be acceptable candidates for use in
multipoint water vapor lidar networks or satellite arrays
used to study cloud formation via water vapor and
aerosol interactions.

6. Conclusions

A diode-laser-based DIAL instrument for measuring
water vapor profiles in the lower troposphere has been
built, and tested, and has measured water vapor profiles
across several nights that compare favorably with col-
located radiosonde measurements. The laser transmit-
ter is based on a widely tunable ECDL capable of
accessing any water vapor absorption line in the 824—
841-nm spectral region, an important capability that has

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 26

been called for in other studies. Despite the low power
limitations of the instrument, water vapor profiles with
relatively low error values have been measured using
the DIAL instrument and have compared favorably
with data gathered from a collocated radiosonde, indi-
cating that accurate water vapor profiles can be mea-
sured with an averaging time of approximately 20 min.
Accurate measurements of water vapor profiles,
particularly at lower altitudes, require care in using the
DIAL equation. In particular, a correction factor has
been introduced into the DIAL equation to take into
account the effects of the angle of incidence of the
collected light on the narrowband filter used in the
DIAL receiver. The correction factor plays an impor-
tant role in light scattered from lower altitudes because
this scattered light will have a larger maximum angle of
incidence, allowing water vapor profiles to be extended
down to approximately 250 m above the instrument.
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