Towards quantitative atmospheric water
vapor profiling with differential
absorption lidar

Alex Dinovitser,' > Lachlan J. Gunn,? and Derek Abbott 2

1School of Chemistry and Physics, University of Adelaide, SA 5005, Australia
28chool of Electrical & Electronic Engineering, University of Adelaide, SA 5005, Australia

alex.dinovitser@adelaide.edu.au

Abstract: Differential Absorption Lidar (DIAL) is a powerful laser-based
technique for trace gas profiling of the atmosphere. However, this technique
is still under active development requiring precise and accurate wavelength
stabilization, as well as accurate spectroscopic parameters of the specific
resonance line and the effective absorption cross-section of the system.
In this paper we describe a novel master laser system that extends our
previous work for robust stabilization to virtually any number of multiple
side-line laser wavelengths for the future probing to greater altitudes. In this
paper, we also highlight the significance of laser spectral purity on DIAL
accuracy, and illustrate a simple re-arrangement of a system for measuring
effective absorption cross-section. We present a calibration technique where
the laser light is guided to an absorption cell with 33 m path length, and
a quantitative number density measurement is then used to obtain the
effective absorption cross-section. The same absorption cell is then used for
on-line laser stabilization, while microwave beat-frequencies are used to
stabilize any number of off-line lasers. We present preliminary results using
~300nJ, 1 us pulses at 3 kHz, with the seed laser operating as a nanojoule
transmitter at 822.922 nm, and a receiver consisting of a photomultiplier
tube (PMT) coupled to a 356 mm mirror.
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1. Introduction

Differential Absorption Lidar (DIAL) is a powerful technique for both range resolved as well
as integrated column measurement of an absorbing atmospheric trace gas [1]. This is an im-
portant remote sensing technique because of its potential to fill gaps in our understanding of
atmosphere, biosphere and climate from ground based, airborne, and space based platforms
[2]. Furthermore, it is a technique that offers significant versatility for its capability of range-
resolved measurement of virtually any constituent in the atmosphere including aerosols, water
vapor, methane and carbon dioxide. A large part of the renewed interest in DIAL stems from its
capability to understand climate feedback mechanisms associated with rising temperatures in
the atmosphere and bodies of water in the northern latitudes, which can potentially destabilize
vast permafrost methane hydrate reservoirs [3].

DIAL is a laser radar technique that provides a range resolved measurement of a particu-
lar gas species in the atmosphere. In its simplest implementation, two laser wavelengths are
transmitted sequentially, and the return pulse signals are acquired and accumulated into sep-
arate data channels. Each molecular species contains tens of thousands of individual spectral
resonances due to multiple combinations of unique rotational and vibrational modes. Note that
DIAL utilizes only one of these resonances, the precise wavelength of which is almost always
exclusive of any other molecular species. The differential signal is obtained by tuning one on-
line wavelength to the center of a molecular resonance. Another off-line wavelength is tuned
away from the same resonance. At an optical wavelength of around 820 nm, an optical offset of
around 15 GHz, or ~30 pm, results in off-line attenuation of less than ~3% of the on-line atten-
uation for most molecular resonances at standard temperature and pressure (STP), T = 296 K,
P =101 kPa.

With a 2-wavelength DIAL system, the number density of the absorbing species n,(r) can be
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calculated from the two channel data using the Schotland approximation [4]. This uses effective
on-line absorption cross-section Oop, the off-line absorption cross-section Oy, as well as the
online N, and off-line Ny¢ photocounts from range r,

B 1 o [ Non(r)Nofi(r2)
" 2Ar(Con — Goff)l <Non(r2)Noff(r1)) ‘

na(r) (1

An interesting property of Eq.1, is that most of the terms present in a lidar equation, including
transmitter power and receiver efficiency, are canceled out. Overlap function is also cancelled
out where it is the same for all transmitted wavelengths. This has lead to the claim that DIAL is
‘self-calibrating’ [5]. However, it is sometimes overlooked that the effective on-line absorption
cross-section Opy is a convolution of the laser spectrum with the molecular spectral feature,
where the laser may be subject to phase, frequency and amplitude noise sources that can signif-
icantly broaden the laser line shape [6]. For example, in our system, a stable narrow laser line
was contaminated with a broad spectrum dominated by amplified spontaneous emission (ASE)
of a Semiconductor Optical Amplifier (SOA). When convolved with the molecular spectral line,
the effective absorption was reduced by ~11%, as illustrated in Fig. 1.

Furthermore, the spectral line parameters published in comprehensive databases like HI-
TRAN [7] is acquired or modeled using various techniques and is intended for numerous dif-
ferent applications. Therefore, its accuracy and reliability might not be adequate for some ap-
plications. For example, Table 1 illustrates a ~17% change in cross-section over recent releases
for one very strong line. More accurate data is available across some specific narrow spectral
ranges eg: [8], however, these generally do not include desirable DIAL wavelengths. Therefore,
the effective absorption cross-section of a specific resonance line needs to be known for quanti-
tative number density n,(r) measurements, and HITRAN is not necessarily a suitable reference
for this data. For this reason, we developed a specific calibration technique based on in-situ
measurements, and demonstrated its application to the DIAL system described in this paper.

Although 2-wavelength DIALs are the simplest type, there are some significant advantages
to utilizing more wavelengths. A weak absorption line provides greater range, while a stronger
line provides a larger differential signal, and therefore better accuracy at short range. One way
to optimize DIAL range and accuracy at different gas concentrations, is to access absorption
lines of different strengths. Alternatively, a single strong absorption line can be utilized, with
multiple side-line wavelengths tuned slightly off-resonance for the desired optical depth, to
provide the adjustable range and sensitivity [9]. Atmospheric pressure affects both the position,
as well as the width of all molecular resonances. Figure 2 illustrates how slight off-resonance
stabilized light can bypass much of the resonant attenuation at high altitude, while still be on-
resonance at the lower altitudes, where atmospheric pressure shifts the molecular resonance
towards the laser wavelength. The side-line technique can be used to harness the pressure-shift
of a spectral line, to reduce absorption encountered at high altitudes, and is ideal for a nadir
pointing or high altitude DIAL [10]. Space-based DIAL is a significant prospect, given the
global coverage available to such an instrument, and developments in this field have long been
considered for future generations of remote sensing instruments [11] [12]. This requires more
than two stabilized lasers for online, side-line, and off-line wavelengths.

This paper presents an extension to our previously published novel two wavelength DIAL
system, with one of the best DIAL wavelength fractional stability figures reported to date [13],
for stabilizing three or more laser wavelengths with minimal additional components. We also
present a calibration technique for water molecule cross-section, as a step towards quantitative
DIAL measurement.
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Fig. 1. Absorption spectra obtained using a wavelength scan with 1 us optical pulses trans-
mitted through our Herriott-like absorption cell. Transmitter and master lasers have dif-
ferent effective absorption cross-sections due to ASE from this optical amplifier in our
transmitter. The absorption cross-section measurement described in the text, also calibrates
the ASE, and is required for quantitative DIAL measurements. The effective absorption
cross-section is calculated from a measurement of the attenuation through an open multi-
path absorption cell of known length, and measured water molecule number density. The
number density can be measured in various ways, we use a low-cost RH sensor calibrated
against three saturated salt solutions as humidity references.
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Fig. 2. Voigt model profiles of the 8§22.922 nm line at various altitudes including pressure
shift, using HITRAN-08. As altitude increases and pressure decreases, pressure broadening
and shift decrease. Lorentz broadening dominates at low altitudes, while Doppler broaden-
ing dominates at high altitudes. At 16 km, pressure is reduced by a factor of 10, while the
peak absorption cross-section is reduced by a factor of only ~2. Therefore, extinction can
be significant despite the sparse atmosphere. Furthermore, for a small shift in wavelength
(dotted vertical lines), the reduction in absorption cross-section is much greater at 16 km
(red) than at sea level, STP (blue).
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Table 1. Spectroscopic parameters of the 822.922 nm water line in recent HITRAN and
ESA [14] database releases, illustrating the need for independent line-specific calibration

for quantitative measurement

822.922 Wavenumber  Intensity S Halfwidth Halfwidth | Cross-section o),
(nm) v(em™!) x1072(cm) Y (em™')  y(em™!) x10722(cm?)
HITRAN-06  12151.8198 3.848 0.0933 0.429 1.24
HITRAN-09  12151.8236 4.470 0.0915 0.432 1.47
HITRAN-12  12151.8223 4.470 0.0925 0.426 1.46
ESA-WV-14  12151.8235 4.660 0.0936 0.481 1.50

HITRAN spectroscopic parameter uncertainty is specified by I, in the database, however, this
does not define its actual accuracy bounds. This line has the lowest uncertainty value for I,
however, recent database releases disagree with each other by up to 17% in terms of absorption
cross-section. The vacuum wavenumber Vv, intensity Sy and half-widths 7, and 7y, come from
the respective database releases, while the peak Voigt cross-section 0, is calculated from the
respective parameters using the Whiting-Olivero [15] [16] method, with Doppler, air- and
self-broadening at STP and a volume mixing ratio of 0.9%.

2. This DIAL system

This design employs separate continuously stabilized diode lasers for each wavelength, with
output pulses formed by optically switching the light from each diode laser at a time, to the
input port of a tapered Semiconductor Optical Amplifier (SOA). The SOA is simultaneously
energized to amplify the laser light, as illustrated in Fig. 3, with a low duty cycle of ~1:1000.
The on-line wavelength is stabilized to the targeted resonance line using an absorption cell,
while the side-line and off-line wavelengths are beat-frequency stabilized using passive mi-
crowave bandpass filters. The central timing block drives all elements of the system including
optical switching, data acquisition, and wavelength control system. This synchronous design,
together with the use of passive references and ratiometric measurement, implemented with
fiber optics, provides for a robust and accurate stabilization system at a minimal cost. The fol-
lowing sections describe the system in more detail.

2.1.  On-line wavelength stabilization techniques

Wavelength stabilization can be achieved using calibrated references such as etalons [17] or
wavemeters [18], or using absolute references such as gas absorption cells [19] [20]. Most re-
cent work in this field focuses on using wavemeters for optical frequency stabilization [21]
[22] that are easier to realize, however, they can also be subject to long-term drift unless cali-
brated with a gas reference cell. Alternatively, a gas cell reference can be employed for direct
wavelength stabilization [23]. These are simpler and offer the best accuracy and long-term sta-
bility, although they are more difficult to utilize in practice. However, these systems may be
better suited for applications that require robust and long term reliability with minimum power
consumption, desirable for space-based application. We utilize a modified Herriott multi-pass
absorption cell [24], open to the ambient humid air, as an absolute optical frequency reference
for a water vapor resonance line.

Where a gas reference is directly used for laser stabilization, there are several techniques
for stabilizing the wavelength to a single spectral line. These include modulating the injection
current of the diode laser [25], or by applying external phase modulation outside the laser cav-
ity [26] [27] to produce sidebands within the absorption feature. Injection current wavelength
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modulation is the simplest modulation technique, but it is not always used for spectral measure-
ments because the simultaneous power modulation results in an asymmetry of the signal line
shape about the center absorption wavelength [28]. This Intensity Modulation (IM) effect is
undesirable because it results in an offset in the measured position of the resonance, resulting
in off-resonance stabilization, particularly with a broad absorption feature. For example, our
system suffers a 590 MHz offset from resonance if stabilized in this way [29]. There are sev-
eral common techniques for suppressing this effect including FM spectroscopy where a low
modulation index m and a high modulation frequency @, are exploited to reduce this offset.
A higher-harmonic demodulation [30] can also reduce this offset error. However, these tech-
niques result in a significant trade-off in the available signal, that makes them unsuitable for
accurate stabilization to weaker lines, or requires a longer path absorption cell [25]. Further-
more, the electro-optic phase modulators used in these systems add cost and complexity, and
do not always completely eliminate IM due to practical amplitude and polarization modulation
[19]. Other IM suppression techniques including two-tone modulation [31], and subtractive
suppression using optical phase cancellation [32], also have major disadvantages for a robust,
low cost DIAL. These considerations motivate the development of a DIAL optimized system,
as described in this paper.

The on-line laser needs to be accurately stabilized to the molecular resonance wavelength,
with an accuracy that depends on a number of variables, including the desired level of un-
certainty of the retrieved profile and the actual width and shape of the absorption line at the
maximum targeted altitude. Modeling has previously shown that a 1% accuracy of number
density up to an altitude of 4 km, requires an absolute on-line optical frequency accuracy better
than 50 MHz [29], an order of magnitude better than the stabilization accuracy with direct in-
jection current modulation. Our system achieves an absolute stabilization accuracy better than
+60 MHz (measurement limited by the HighFinesse-Angstrom-WS7 wavemeter), without any
offset nulling or temperature compensation. This is achieved by solving the IM problem in a
different way. With this design, there is no need to optically suppress IM, because its affect
is directly rejected from the control system. Unlike the linear subtractive technique [33], this
ratiometric technique employs analog division rather than subtraction of two signals, which
requires no gain adjustments and suppresses the IM signal over a wider dynamic signal range.

Whereas the linear subtraction is merely used to reduce IM for higher order demodulation
[34], the ratiometric technique eliminates the IM from the measured signal directly, enabling
fundamental (1 f) detection and a large modulation depth. Furthermore, this design is largely in-
sensitive to offset drift in the electronics. However, it should be noted that the absolute accuracy
was measured without the optical switching. Our AOMs shift the optical frequency by 80 MHz,
which reduces the absorption cross-section by approximately 2%. This may be calibrated out,
or it may be utilized for compensating atmospheric pressure shift of the spectral line. Alter-
natively, the optical switching can be carried out in different ways, without introducing any
optical frequency shift [35].

The on-line detection and stabilization technique illustrated inside the control system in Fig.
3, consists of a pellicle or wedge beamsplitter, the multi-pass absorption cell, a pair of low-
speed photodiodes and an analog divider. One photodiode measures the power entering the ab-
sorption cell without introducing any fringes, and the other photodiode measures optical power
exiting the absorption cell. By instantaneously dividing the measured optical power before and
after passing through the absorption cell, the output of the divider rejects any optical power
modulation before the absorption reference cell. This rejects the IM due to the laser diode, as
well as any IM due to the fiber optic and other optical components before the absorption cell.

However, the length of the absorption cell introduces a time delay (7) between the two pho-
todiode measurements and result in an offset error. Using a model of our laser diode and stabi-
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Fig. 3. DIAL control system showing the on-line laser stabilization system, two off-line
stabilization systems, and arrows indicating additional layers to scale the system to any
number of additional off-line or side-line wavelengths. The system enclosed by the red
dashed square is equivalent to the original 2-wavelength design [23], with the on-line laser
at the 822.922 nm water resonance, and one off-line stabilized by a 16 GHz optical beat
frequency, equivalent to a ~30 pm offset. The wavelength stabilization loops use a lock-in
amplifier consisting of an analog mixer (AD633) and low-pass filter. 16 GHz beat fre-
quency is measured by a bandpass filter RF-1 to stabilize the second laser to the desired
optical frequency offset. Similarly, a third laser is stabilized with a bandpass filter RF-2.
The transmitted pulse is formed as the timing system energizes an Acousto-Optic Mod-
ulator (AOM, Crystal Technology 3080-120) to briefly switch the light out of each laser
control system, while simultaneously energizing a tapered Semiconductor Optical Ampli-
fier (SOA, Sacher Lasertechnik TEC-400-830-500) to form the 1 us output pulse with a
5%-95% rise and fall transition time of 8 ns. Atmospheric observations described here are
performed using two wavelengths, with each wavelength firing at 1.5 kHz for a transmitted
pulse repetition rate of 3 kHz.
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Fig. 4. This figure and histogram illustrate the optical frequency deviation of the on-line
master laser from the water vapor resonance line of less than 2 MHz RMS, and the perfor-
mance of the on-line wavelength stabilization system built with low cost general purpose
components, eg: TLO74 operational amplifiers. The 1f demodulation together with a deep
500 MHz wavelength modulation, results in a strong error signal and the excellent relative
stability. This measurement is made with a sampling rate of 100 Hz for 10 minutes, over
a bandwidth of 2 mHz to 50 Hz. This measurement is performed from the noise in the
control loop, and does not capture fast optical frequency fluctuations and broadening of the
optical spectrum, however, these are measured by the effective absorption cross-section, as
discussed in Section 3.

lization system with 1.5 kHz dither, a 33-m absorption cell and 0.5% water vapor at STP, we
expect an optical frequency offset close to 10 MHz [29], which is not significant for DIAL.
However, by implementing the divider in firmware, the time delay due to the multi-pass cell
is subtracted, and the residual 10 MHz error is eliminated, which facilitates the use of longer
absorption cells and higher dither frequencies.

2.2.  Off-line or side-line wavelength stabilization techniques

There are several published beatnote off-line laser wavelength stabilization systems including
[36] and [37], that employ active microwave electronics with a local microwave oscillator for
downconversion, followed by low-pass filter demodulation. We use a passive bandpass filter
design for each off-line wavelength, as illustrated in Fig. 4, minimizing system cost and com-
plexity.

In this implementation, fiber splitters combine all of the laser light sources, producing a
beatnote from the on-line, and each off-line wavelength. The beatnotes are converted to a mi-
crowave signal that is measured with each bandpass filter. The off-line wavelengths are contin-
uously stabilized with an error signal that is generated in a similar way to the on-line system.
Since the dither is already present in the beat frequency signal due to the on-line control system,
no further off-line wavelength modulation is required to produce every respective error signal
in each of the off-line stabilization channels. In other words, only the on-line control system
requires modulation to generate the error signal, which is also present in the beatnote, without
any additional off-line wavelength modulation. Furthermore, since there is no modulation of the
off-line wavelengths, there is no dither present in any of the beatnotes that are generated due to
the mixing of the different off-line wavelengths, preventing any crosstalk between the off-line
channels. Therefore, each of the off-line wavelengths is stabilized with a fixed offset from the
on-line wavelength, set by a passive microwave bandpass filter, while the on-line wavelength is
accurately stabilized to the center of a molecular spectral feature.
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2.3.  Timing and synchronization

Another unique novel element of our design is the way in which the dither modulation signal
is generated, and how the timing system is used to minimize optical switching perturbation of
the stabilization systems.

Figure 3 illustrates the synchronous system design where a sinusoidal modulation dither
frequency is generated from the system timing clock by double integration, resulting in a
180° phase shift that accurately places each zero-crossing of the modulation signal at a timing
transition. In this way, the wavelength modulation is synchronous with the optical switching
and the optical pulses are formed at the same phase angle of the dither signal during each cycle.
Furthermore, synchronizing optical switching with the zero-crossing of the wavelength modu-
lation has two more benefits. Firstly, any offsets due to the the 500 MHz optical modulation,
are eliminated from the optical pulses that are transmitted to the atmosphere. Secondly, as the
stabilization error signal is the filtered instantaneous product of the modulation and the optical
signals, optical switching transient at this point in time has a minimal effect the output of the
multiplier as it occurs at the same instant when the modulation is near zero. Therefore, optical
switching has minimal effect on the wavelength control systems, and does not significantly ef-
fect the accuracy of the wavelength stabilization systems. However, the wavelength sweep rate
is at a maximum at this point in time, which produces a ~1 MHz optical frequency chirp during
the 1 us pulse. However, this is not significant for DIAL.

3. Calibration

The calibration of effective absorption cross-section required for Eq.1, is carried out by
measuring the on-line extinction (or transmission) through a known path length, as well as
the measurement of molecular number density of water in the laser light path. The transmission
measurement utilizes the same known path-length of the absorption cell, as well as the pulsed
power output that is otherwise sent to the atmosphere. The measurement of the local water
molecule number density is carried out using a calibrated sensor. This section illustrates the ap-
plication of common meteorological equations for water vapor, for the calculation of effective
absorption cross-section, and a calibration of the observation.

3.1. Transmission measurement

Measurement of the effective absorption cross-section of a water molecule is carried out by
re-arranging the atmospheric observation system illustrated in Fig. 3, to the calibration system
illustrated in Fig. 5.

The master laser diode control loop is opened and the laser wavelength is scanned across
the absorption by changing its temperature, over a period of several seconds. Each of the 1 us
pulses are digitized into 256 samples with 12-bit resolution at 100 Ms~! using a Gage CS14105
data acquisition card. A ratiometric technique is then implemented in software to suppress
the effects of amplitude modulation due to the laser, SOA and etalon effects of other optical
components, in a similar way to the analog ratiometric technique described in Section 2. With
data acquired from both sides of the absorption cell, the significant 110 ns propagation delay
of the absorption cell is compensated by shifting the un-delayed channels by eleven samples.
The spectrum is obtained by concatenating 10* pulses, and Savitzky-Golay filtering is applied
to the spectrum to facilitate the transmission measurement of the absorption line, relative to
transmission on the wings. The result is illustrated in the top curve in Fig. 1.

From this result, the relative on-line transmission is measured to be T = 0.885. This is related
to the number density N and the molecular absorption cross-section o,
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Fig. 5. System layout used to acquire data in Figure 1 as well as for the calibration. A thin
etalon produces fringes when the light is coherent, which is used to align the Semiconductor
Optical Amplifier (SOA) by maximizing fringe contrast. For the calibration, pulses from
the SOA are acquired from both input and output of the vapor cell, as the laser temperature
and wavelength are scanned across the absorption line. Signal processing in software is
then used to perform the delay time compensation, as well as division for the ratiometric
measurement of the absorption signal. From this measurement, the relative ratio of on-line
and off-line attenuation is measured to calculate the extinction, that is used to calculate the
effective absorption cross-section.

T= r =exp(—NoL), 2)
Iy

where L is 33 m.

3.2.  Number density measurement

A Relative Humidity (RH) sensor (Honeywell HIH4000) was calibrated against three fixed
point humidity references [38] in accordance with Organisation Internationale de Métrologie
Légale (OIML) guidance [39]. This measurement, together with temperature measured with a
precision mercury thermometer, was used to calculate the molecular number density in Table
2, which was used to calculate the effective absorption cross-section of the laser.

The partial pressure of water vapor is given by

¢ =U-e;/100 3)

where the relative Humidity (RH), U, and temperature 7', is measured, and the saturation
vapor pressure, e, given by [40] [41] [42],

es = exp(—2991.2729T 2 — 6017.01287 ! + 18.87643854 — 2.8354721 x 10~2T

+1.7838301 x 10772 — 8.4150417 x 1071973 4-4.4412543 x 107 137* 4-2.858487In(T))
“)

where T is the measured temperature in Kelvin.

We now apply the ideal gas law to Eq. 3, to find the molar number, n = ¢’ /RT, where R =
8.3145 JK 'mol !,

and the absolute humidity, or number density per cubic centimeter, N = N - n x 107% where
N =6.022 x 105,
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To relate this to radiosonde data, the mass mixing ratio is calculated, r = 621.98¢'/(p —¢'),
where p is the total pressure in kPa.

Table 2. Number density (N) and mixing ratio (r) calculated from RH and temperature
measured during the observation experiment. Note how temperature and RH change sig-
nificantly while number density remains constant.

Time (approx) Sensor Voy 7T °C RH % ré Nem—3

19.30 248 194 442 | 624 247x10P
21.00 2.64 17.8 484 | 6.19 246x10'5
23.30 247 19.5 440 | 624 247x10'5

3.3.  Calibration results

Using the measured transmission results T from Section 3.1, and the water molecule number
density N from Sections 3.2, we thus have the measured effective absorption cross-section G

—1
o In(T) = 1.49 x 10722 cm?. (5)

We can now compare the measured effective absorption cross-section O, with the calculated
molecular absorption cross-section given in Table 1. Based on the results in Fig. 1, we can
confidently say that the actual molecular absorption cross-section is at least 10% higher than
the effective absorption cross-section calculated in Eq. 5. Therefore, the measured molecular
absorption cross-section is at least 1.6 x 1072 cm?, which is ~10% higher than the latest HI-
TRAN or ESA model results. However, our result is in better agreement with the most recent
databases, and this discrepancy is in line with the data variation in Table 1.

Oecff =

4. DIAL results

Atmospheric observations were performed by setting up the apparatus indoors, and directing
the transmitter and receiver at a window to utilize an external mirror as illustrated in Fig. 6.
on-line and off-line photon count data was acquired with the wavelength stabilization system
arrangement as illustrated in Fig. 3.

Using the measured value for the effective absorption cross-section, as well as the raw data
presented in Fig. 7, the number density and mixing ratios from the DIAL results in Section
4 are presented in Figure 8. These are compared with the radiosonde data in Table 4 with
150 m averaging. The radiosonde data is acquired by the Australian Bureau of Meteorology
as part of their routine observation from Adelaide Airport, with the launch time coinciding
with the start of our observation. However, this is a different location, closer to the coast, and
predominantly open ground, whereas our location in Adelaide city is 8 km away with a lower
prevailing humidity than the Airport, at ground level. Table 4 indicates this discrepancy, which
decreases at higher altitudes.

However, there are some problems with this layout configuration. Firstly, this lidar is effec-
tively blinded in the first 150 m by mirror scatter and speckle, and we are not able to obtain
measurements in the first 150 m and directly compare the DIAL result with the humidity sensor.

Secondly, even though the same optical amplifier is used for both wavelengths, the out-
put beam parameter is not completely independent of its input alignment. With the quasi-
monostatic system in Fig. 6, the overlap below ~400 m is incomplete, and different transverse
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Fig. 6. Observation arrangement for atmospheric transmission. In order to direct the ob-
servation vertically through the atmosphere, the astigmatically corrected and collimated
beam is directed by periscope to a large external mirror, mounted at 45° outside. Both the
transmitted and scattered return light are reflected off this mirror.
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Fig. 7. Figure illustrating the integrated photon count vs range with one off-line wave-
length offset by 16 GHz from on-line. The first 1 us (150 m) of return data is invalidated
by the scatter from the external mirror due to the arrangement illustrated in Fig. 6, with
wavelength-specific difference likely due to speckle and chirp in the 1 us pulse. Differen-
tial attenuation in the on-line (blue) and off-line (red) curves is visible up to 1 km, however,
noise in the data precludes meaningful results past 700 m. Cloud backscatter at 2.4 km only
appears in the off-line channel illustrating complete attenuation of the on-line signal at that
range. A change in the shape of the off-line profile indicates the location of the bound-
ary layer up to ~1 km, characterized by its aerosol and moisture content. This low-power
system relies on the boundary layer aerosols to acquire a return signal up to 1 km.
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Fig. 8. Figure illustrating DIAL inversion of the data illustrated in Fig. 7, as well as the
radiosonde data. Poisson statistics were used to slightly increase the available range. As
the altitude increases, and so the intensity of the scattered pulse falls, ambient light and
the dark count become a substantial fraction of the measured count, introducing a signifi-
cant bias into the measurement. To correct for this, we measure the dark count during the
period immediately before the pulse is transmitted. As this measurement is itself random,
we construct an estimator for the unknown additional scattering count, rather than simply
subtracting it from the measured values. Since photon counts are discrete, we use Poisson
statistics, and thus maximum-a-posteriori estimation with an uninformative uniform prior
on the scattering rate ZS yields AAS = max{0, 1 id}. It should be noted, however, that this
process itself yields a slightly biased estimator, and therefore if further filtering is to be
performed, then it may be desirable to use the unbiased estimator - Zd.

mode characteristics in the transmitter at the different wavelengths, may result in some DIAL
errors. This may be responsible for the discrepancy with radiosonde data at lower altitudes,
both in Fig. 7 and Table 4. A true monostatic arrangement will eliminate this source of error.

Also, the results in Fig. 7 illustrate a high water number density and line strength resulting
in excessive on-line attenuation from =700 m. In a DIAL application, a strong line produces
a larger differential signal from each range cell, but suffers increased attenuation which limits
the measurement range. Therefore, a suitable line strength is a trade-off between range and
precision. The resolved range cell extinction during this observation was around 0.4, whereas
an extinction between 0.03 and 0.1 is optimal [43].

However, the main reason for the short range, is the low pulse energy of our transmitter
(0.3 uW), as well as the low 5% quantum efficiency of our Photomultiplier Tube (PMT)
detector-filter combination (Hamamatsu R7400U-20) at this wavelength. A cooled Silicon
Avalanche Photodiode (APD) will provide and order of magnitude increase in sensitivity [44],
while an additional laser amplifier can provide another 2-orders of optical gain for a vertical
range to 5 km, useful data for operational meteorology.

5. Conclusion and future work

Differential Absorption Lidar is the perhaps most promising candidate for future active re-
mote sensing of atmospheric composition from earth and from space. This paper presents two
important elements towards a reliable, quantitative measurement system. We present a novel
multi-wavelength DIAL seed laser system design, and illustrate its operation by application
as a micropulse transmitter to obtain short-range measurements. Measurement with a ~300
nanojoule transmitter and PMT detector are obtained up to 700 m, by calibration of effective
absorption cross-section of water vapor resonance at 822.922 nm.

This seed laser system is a critical element of future DIAL. However, to build an opera-
tional DIAL observatory, work is now required on a suitable laser amplifier with significantly
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Table 3. Comparison with radiosonde data from Adelaide airport. The low latitude ra-
diosonde results show a higher water content than DIAL, as well as the humidity meas-
ured in our lab at this time. Such differences may be partly due to radiosonde calibration,
as well as the local conditions at the airport that include mostly open grass, while the
University campus ground is mostly sealed. Another interesting observation, is that the dis-
crepancy seems to decline with altitude, as expected with more homogeneous atmospheric
composition due to reduced ground effects. This discrepancy at low altitude was observed
systematically during other observations.

Range (m) Radiosonde mixing ratio (%) % difference

0-150 7.6 n/a
150-300 7.4 32
300450 6.7 28
450-600 59 11

increased transmitter power and pulse energy. A transmitter with 20 dB gain, with an APD de-
tector, will increase this range to ~5 km. This increased range, accuracy and reduced averaging
time, will provide useful data for operational meteorology.

This prototype master laser is also now ready for the next stage of development, including a
fully digital implementation. The multiple wavelength stabilization system described herein
may be applied to other types of lasers, operating at different wavelengths, to target CO,,
Methane, and other trace gas species in the atmosphere.

The techniques described in this paper are a step towards reliable, low-cost DIAL observato-
ries, to provide quantitative measurements of atmospheric trace gases.
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