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A simple high spectral resolution lidar technique using a multi-longitudinal mode laser is proposed for measuring

aerosol extinction and backscattering coefficients. A scanning interferometer having the same free spectral range as

the mode spacing of the laser is used to separate Rayleigh from Mie scattering. Scanning the interferometer in the

span of one fringe, the lidar signals at the minimum and maximum Mie-scattering transmission are measured.
The Rayleigh scattering signal is analyzed from these signals, and the aerosol extinction coefficient is derived. The
interferometer transmittance for Mie scattering is calibrated with the reference signals taken with a portion of the

transmitted laser beam.
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1. INTRODUCTION

Continuous observation of aerosol distribution and optical
characteristics is indispensable for understanding the effects
of aerosols on the environment and climate. Widely used elastic
lidars are useful for measuring aerosol profiles. However, the
assumption of the extinction-to-backscattering ratio (lidar
ratio) required in the retrieval of the extinction coefficient
can cause a problem in the quantitative data use. Raman lidar
and high spectral resolution lidar (HSRL) use methods for
measuring the aerosol extinction coefficient independently
from the acrosol backscattering coefficient.

HSRL utilizes the attenuation of the atmospheric molecular
Rayleigh scattering to measure the aerosol extinction coeffi-
cient. Since vertical distribution of atmospheric molecules is
known from radiosonde observations or reanalysis data, the
aerosol extinction coefficient can be retrieved from the mea-
sured Rayleigh scattering signals by solving the lidar equation.
A high spectral resolution optical element, such as an etalon ora
molecular filter, is usually employed to separate the Mie scat-
tering by aerosols from the Doppler-broadened Rayleigh scat-
tering by atmospheric molecules. Aerosol extinction can also
be measured with Raman lidars. However, the scattering cross-
section of nitrogen vibrational Raman scattering at 607 nm is
three orders of magnitude smaller than that of the Rayleigh
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scattering at 532 nm, and consequently daytime measurement
of aerosol extinction with Raman lidars is difficult.

Measurement of Mie and Rayleigh scattering spectra was
first demonstrated using a scanning Fabry—Perot interferometer
to obrtain air temperature [1]. Aerosol extinction and backscat-
tering coefficients were first measured by separating Mie and
Rayleigh scattering components using a high spectral resolution
etalon [2]. Methods using atomic filters [3] and molecular
filters [4,5] have also been developed to separate Mie and
Rayleigh scattering signals. Recently, airborne HSRLs were de-
veloped [6-8], and a spaceborne HSRL (ATLID/EarthCARE)
is planned for launch [9].

HSRL will be a key player also in continuous ground-based
lidar network observations. Independent measurement of extinc-
tion and backscatter also improves acrosol type classification [10]
and the retrieval of aerosol components [11]. However, tradi-
tional HSRLs require high-cost, single-longitudinal-mode lasers
and a complicated control of the laser and/or the spectrometer.
That makes widespread use of HSRLs difficult. Continuous ob-
servations using HSRLs are reported [12], but it is not common
so far, probably for the above reasons. Low-cost, simple HSRLs
are necessary for expanding the use of HSRLs.

This study describes a new concept of multimode HSRL
(MM-HSRL) using a muld-longitudinal, single-transverse
mode laser that is widely used for aerosol lidars. A scanning
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Mach—Zehnder interferometer with the same mode spacing as
the multimode laser is used in the receiver as a high-resolution
spectral element. A direct-detection Doppler lidar with a multi-
mode laser and a Mach—Zehnder interferometer is previously
reported [13], but the concept is different. In this study, the
scanning Mach—Zehnder interferometer is used as a rejection
filter. If the transmittance minima of the interferometer are
matched to the longitudinal modes of the laser, the Mie scat-
tering component can be removed, and the Doppler-broadened
Rayleigh scattering component is measured. The interferom-
eter is periodically scanned in the span of one fringe to analyze
the minimum (maximum) of interferometer transmittance.
Therefore, the system does not require any feedback for laser
wavelength control. The target of our study is to develop a
durable MM-HSRL for long-term aerosol extinction measure-
ment in daytime and nighttime with a higher sensitivity than
nighttime Raman lidars.

In this paper, we describe the lidar system, the data analysis
method to retrieve aerosol extinction and backscattering coef-
ficients, and the error analysis. We also show measurements of
atmospheric aerosols using the technique.

2. SYSTEM USING A MACH-ZEHNDER
INTERFEROMETER

The lidar system employs a multimode Nd:YAG laser
(Continuum Surelite I) with a second harmonic generation
(Fig. 1). Linewidth of the laser is 1 cm™'. The repetition rate
of the laser is 10 Hz. Beam divergence is 0.1 mrad (full angle)
after a 5-time beam expander. The pulse energy of the laser is
200 mJ at 532 nm.

In the receiver part, an 8-inch telescope (Celestron C8) is
employed. A Mach—Zchnder interferometer with two half mir-
rors and a roof mirror mounted on a piezo stage is used as a
high-spectral-resolution optical element. A portion of the trans-
mitted laser light is directed to the receiver telescope and used as
a reference signal to evaluate the transmittance of the interfer-
ometer for the laser spectrum (the Mie scattering component).
The interferometer length (distance from the half mirrors to the
roof mirror) is adjusted to the length where the free spectral
range (FSR) of the interferometer is the same as the laser mode
spacing. The proper length is determined by maximizing the
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Fig. 1. Block diagram of a HSRL with a multimode laser and a
Mach—Zehnder interferometer.
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interferometer contrast for the reference light. The determined
interferometer length is 59 cm, which corresponds to the laser
mode spacing of 255 MHz. The experiment for determining
the interferometer length is described in Section 3.C.

For the lidar measurement, the interferometer is periodically
scanned with a scanning range equal to the laser mode spacing.
The roof mirror is scanned half of the laser wavelength using
the piezo stage driven by a function generator. In this study,
scanning speed is set to 1 Hz (i.e., 10 shots per sweep). The
lidar signals are detected with two photomultiplier tubes at the
two arms of the interferometer (A and B in Fig. 1) and recorded
shot per shot at 100 mega samples per second (i.e., 1.5-m
height resolution).

Lidar signal profiles from the system consist of the reference
signals and the atmospheric scattering signals (Fig. 2). The sig-
nal strength changes depending on the relative position of the
laser mode frequencies and the interferometer spectrum. When
the transmittance minima match the peaks of the laser spec-
trum, the Mie scattering component is rejected most efficiently,
resulting in the lowest signal strength, and it mostly consists of
Doppler-broadened Rayleigh scattering (blue line in Fig. 2).
However, even at the minimum Mie transmittance position,
part of the Mie component remains as a bias (cross-talk) due
to the laser spectral width. This bias component must be re-
moved from the signals to obtain Rayleigh signals for retrieving
the aerosol extinction coefficient. The reference signal is used
for this purpose.

Part of the Rayleigh scattering component is also rejected by
the interferometer, but it is not dependent on the relative
position of the interferometer spectrum if the FSR of the inter-
ferometer is sufficiently smaller than the spectral width of
Rayleigh scattering. The spectral width of Rayleigh scattering
is a few GHz, depending on the temperature, and the FSR of
the interferometer (the same as the laser mode spacing) is much
smaller. The transmittance for Rayleigh scattering consequently
can be assumed to be 0.5.
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Fig. 2. Schematic diagram of the lidar signals from the system.
Atmospheric scattering and interferometer transmittance spectra are
also shown. Minimum (maximum) signals are obtained when minima
(maxima) of interferometer transmittance match the longitudinal
modes of the laser as denoted by the blue (red) lines. The gray line
denotes the intensity of the bias component contained in the mini-
mum signals. The two-way arrows denote the intensity variation with
the interferometer scan (See Visualization 1).
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3. ANALYSIS METHOD

This section describes a procedure for retrieving acrosol back-
scattering and extinction coefficients from the MM-HSRL sig-
nals. A fitting method for scanned data is also described.

A. Retrieval of Backscattering and Extinction
Coefficients
Lidar signals for output A (P4) in Fig. 1 are described as

PA) =S LYOKBO) + oI ()

Here, 7 is the range (or height), K is the calibration constant,
Y is the overlap function (or geometrical form factor), f# is the
backscattering coefficient, 77 is the two-way atmospheric trans-
mittance from the lidar to 7, and X is the interferometer trans-
mittance for atmospheric scattering light. Subscript 1 denotes the
particle (or Mie scattering) component, and subscript 2 denotes
the molecular (or Rayleigh scattering) component. Signals of the
opposite phase (ouput B, Pp) are expressed by replacing X as
(1-X,) and X, as (1 - X,). Relative sensitivity between P4
and Py is calibrated beforehand, and hence hereafter we use
the calibration constant K~ without subscripts.

Here we define the minimum (maximum) X, as X™Min
(X'*) where the minima (maxima) of the interferometer trans-
mittance match the longitudinal modes of the laser. When X
is Xin (X™), the Mie scattering signals’ strength is the small-
est (largest). The smallest lidar signals (P;,) are expressed as

Pan’) = S YOXPB0) + 054,007 (2

where X, is assumed to 0.5, as discussed eatlier. P, is expressed
by replacing X" as X7 in Eq. (2). Because X" 4+ XM js 1,
Pin + Py is expressed as

P + Panl?) = S YOUB0) + HIT (@)

P, and P, are estimated from the periodically scanned
P, and Py signals. The method for the estimation is described
in the next subsection. Higher contrast between P, and P,
is obtained when the contribution of Mie scattering is higher.

With Eqs. (2) and (3), the aerosol backscattering coefficient
is derived by the following equation:

0.5 - Pmin(y)
= e e——— P 4
o) =0 @
where P@iM is the interference contrast given as
. P min\”"
Pn) = v ©

Pmin(r) + Pma.x(r).

PRin approaches X" as the total-to-molecular backscattering
ratio increases, and PR reaches 0.5 when the total-to-molecular
backscattering ratio is 1. In Eq. (4), the backscattering coefficient
is normalized by the Rayleigh scattering and is independent of
the calibration constant and the atmospheric transmittance.

The aerosol extinction coefficient «; is calculated from the
gradient of the Rayleigh scattering signals by the following
equation:
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a,(r)

:Lln{ Pray (r=Ar/2)(r=Ar/2)* /B2 (r- Ar/2) }
2Ar PRay(r+Ar/2)(r+Ar/2)2/ﬂ2(r+Ar/2) 7%(?)’

(6)

where Ar is a range interval for calculating the gradient and is
set to 300 m in this study. The molecular backscattering (f3,)
and extinction (@,) are calculated from radiosonde data or
modeled data, or the standard atmosphere. Rayleigh scattering
signals Pg,, can be derived by subtracting the bias component
Pyiys from P as follows:

Pro") = 33 VBT = Pria) - P (), (7)
where
Pbias(r) — Xrlnm[Pmax(r) B Pmin(r)] ) (8)

1 - 2Xmin
Py can change depending on the Mie scattering intensity
as shown in Fig. 2.

B. Fitting Method for the Scanned Lidar Data

As described in the preceding section, parameters X", P ..,
and P, are required to derive the backscattering and the
extinction coefficients. Py, is derived from the following
equation:

N
Pan) = PEO) 1S P40 1) + Pyl 0L (@)
t=1

where NV is the number of profiles. P, is derived by replacing
Prin a5 P Therefore PRIM (P1%) is needed to derive P,
(Ppnax)- The method for estimating X" and Pmi" is the same.
Xmin js estimated from the reference signals, and P& is esti-
mated from the atmospheric scattering signals.

X is the ratio of the reference signal (output A or B) to the
total reference signal (output A + B). Here, we assume the laser
(reference light) spectrum is the same as the Mie scattering

spectrum. X is expressed as
Ref
P A

=—4 10
P{I‘}ef_’_])%ef ( )

1
where the superscript Ref denotes reference signals. X" is
estimated by fitting a modeled cosine curve to the periodically
scanned X data. The model curve is given by

Xd(0) = 0.5 4 C; cos(@ + C,), (11)

where C| and C, are parameters of amplitude and phase, re-
spectively. The curve fitting is applied every scan (10 shots)
with a non-linear least square method. The phase parameter
C, changes are associated with the shift of the laser spectrum.
Using the estimated C,, the phase of X is corrected every scan.
The curve fitting is finally applied to all the phase-corrected X
data during the observation time. X" is then taken from the
minimum value of X714 (i.e., |0 = 7).

P, is derived by calculating the ratio of an atmospheric scat-
tering signal (output A or B) to the total signal (output 4 + B).
The same C, determined for X is used for P, every scan.
The phase corrected P, is then approximated by the modeled
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Fig. 3. Minimum and maximum of interferometer transmittance
for the laser (X ) as a function of the interferometer length. The center
of the x axis corresponds to the interferometer length where the FSR of
the interferometer is matched to the laser mode spacing. The error bars
denote the standard deviation of the measured values.

curve of Eq. (11) but for P14 instead of X4, using all data in
the observation time. P (P5n™) is taken from the minimum
(maximum) of Pmod,

C. Measurement of XT"" with the Reference Signals
We measured X| using the reference signals, changing the
interferometer length step by step. Figure 3 shows the mini-
mum and maximum of X as a function of interferometer
length. The strongest contrast of interference was observed
at the position where the FSR of the interferometer matched
the laser mode spacing. The interferometer length for the
strongest contrast was 59 c¢m, and the FSR was 255 MHz.

Measured values of X™in (X1 were 0.3 (0.7) and 0.37
(0.63) at 1064 nm and 532 nm, respectively. Nominal mode
spacing at 532 nm is the same as that at 1064 nm, because of
the sum frequency generation caused by the multimode at
1064 nm. Using the measured X" and X7, the spectral
width of each mode can be estimated based on a simulation
study [14]. The estimated spectral width is 77 MHz at
1064 nm, and the corresponding reflectivity of the front mirror
of the cavity is 17%. This value agrees with the technical data of
the Continuum Surelite I. Also, the estimated spectral width at
532 nm is 116 MHz, and the factor 1.5 compared to 1064 nm
is consistent with the data sheet of the linewidth at 532 nm for
Surelite I. Consequently, the simulated lines are in good agree-
ment with the experimental results (Fig. 3).

4. ERROR ANALYSIS

The backscattering coefficient can be retrieved using Pi" and
X' as described in Eq. (4). Random and systematic errors in
the retrieved backscattering coefficient are expressed as

R2(r)APZR(7)

rat

<5ﬁ1(7’)> _
ﬂl(”) ram (05 _Xrlnin)(R(r) - 1))

(12)

51 (r) R(AXT™ A,
- 8% 3
<ﬁ1(r) )sys * (13

C(05-XT) By
where R is the total-to-molecular backscattering ratio (i.e.,
R = (py + p>)/P>), and subscripts ram and sys denote ran-
dom and systematic, respectively. AXT" can be ignored for
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random errors because the signal-to-noise ratio of the reference
signals is much higher than that of the atmospheric scattering
signals. If R is 2.0, required AP™i" / Pmin 5 0.75% to obtain less
than 10% errors in the retrieved backscattering. This means
that the needed signal-to-noise ratio is approximately 100.
For the systematic error, required AX™Ti"/XMin js approxi-
mately 2% to obtain less than 10% errors. Uncertainty of tem-
perature profiles causes errors in the calculation of molecular
backscattering, if the standard atmosphere is used. The error
is usually negligibly small and appears only for the case of
strong inversion layers.

Random and systematic errors in the retrieved aerosol
extinction coefficient are expressed as

<5a1 (r))
a1(7) ) ram
_ 1 OPryy(r - Ar/2) 2
"~ 2a,(r)Ar { [( Pryy(r-Ar/2) )ram:|
[(M’Ray(r + Ar/2)
Py + A7/2)

1/2

) ]2+[2(5a2(r)>mm12} ,

(14)

<5a1(r)) _ 1 {<5PRay(7 _ A,,/Z))
“ (r) & Zal (V)Ar PRay(V - A?’/z) os
a2 }
) ( Proy(r +4A7/2) ) 2(8ay(r))gy A7 o
(15)

Random errors in estimated Py, are given as
SPry()) _XPOXP ([ 1 240\ 1
PRay(r) ram 1 _ZXIIMH Xrlnin ﬂZ(r) SNRmin

1L 25\ 1 2|2
+[(1—XTi"+ﬁ2(V))SNRmJ } (19

where SNR;, and SNR . are signal-to-noise ratio (SNR) for
r .and P x> respectively. Systematic errors in estimated Pry,
are given as

min

(17

Pray(r) ),y Ba(r)(1-2X7")

Random errors in retrieved a; decrease as SNR increases, and
the lower X' reduces the errors [Fig. 4(a)]. For example, if
SNR_,,, > 1000, the error in extinction retrieval is <9% at
Xmin = 0.37, but the error is <2% at X = 0.01. Systematic
errors in extinction retrieval drastically decrease as X" decreases
[Fig. 4(b)]. In our system, XT"" is 0.37, and consequently
AXTin /Xm0 must be sufficiently small (~1%). We use an
analysis method to determine P, and P.;, XP" and
X7*) using all data taken in the periodical scan by fitting theo-
retical (sinusoidal) curves to the signals at each range (and refer-
ence signals). It is not difficult to achieve AXMin /X0 = 19,

The use of a long interferometer raises another problem with
angular dependence of the optical path difference of the inter-
ferometer [15]. If the angular distribution of the atmospheric

(6PRay(r)) B 2, (r) AXmin
sys
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scattering intensity varies with the height, X" for the atmos-
pheric scattering depends on the height and differs from X’ T‘i“,
determined from the reference signals. To reduce the effect, the
field-of-view (FOV) of the receiver telescope of our experimen-
tal MM-HSRL is limited to 0.1 mrad. With the narrow FOV,
the geometrical form factor does not reach 1.0 up to high alti-
tude (6000 m). The narrow FOV, however, also has advantages
in reducing daytime background radiation and in reducing the
dynamic range of the signals at the lower heights [16]. In our
experimental system, we employ an additional telescope with a
wide FOV (1 mrad) for evaluating the geometrical form factor
of the MM-HSRL system and for measuring the depolarization
ratio of the backscattering signals.

5. PRELIMINARY RESULTS

Figure 5 shows scanned X data with the reference signals. The
scanning range corresponds to one fringe (i.e., the laser mode
spacing). The phase shift was corrected by fitting a curve every
scan. Then the model curve was fitted (solid line in Fig. 5)
with Eq. (11). Figure 6 shows backscattering and extinction

0.60
0.55
> 0.50 -
0.45

0.40

0.35 T T T T T T T T T T T T T
-3 -2 -1 0 1 2 3
Phase [rad]

Fig. 5. Phase-corrected, scanned X data for reference signals mea-
sured on 12 July 2016.
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Fig. 6. (a) Backscattering coefficient, (b) extinction coefficient, and
(c) signal-to-noise ratio derived from the MM-HSRL signals measured
for 15 min from 11:40 a.m. (local time) on 17 February 2017 at
Tsukuba, Japan. The error bars in (a) and (b) denote random errors.

coefficients measured during daytime. Scanned atmospheric
scattering data were fitted in the same manner as the reference
signals to obtain 21", Backscattering coefficient was calculated
using X7 and PRi" as Eq. (4). P,,, was derived by subtracting
Py from P, and, finally, the extinction coefficient was cal-
culated. The geometric form factor in Eq. (7) was corrected
with an elastic lidar having a larger FOV and measuring at
the same period. Error bars in Fig. 6 were calculated with
Eq. (12) for the backscattering coefficient and Eq. (14) for
the extinction coefficient. The SNR used for the calculation
is shown in Fig. 6(c). The errors in the extinction coefficient
are large above the boundary layer, but the 15 min average time
(i.e., 9000 shots) is sufficient for retrieving the extinction co-
efficient at lower acrosol layers where the SNR exceeds 1000.
The random errors in the backscattering coefficient are very
small compared to those in the extinction coefficient.

6. CONCLUSION

In this study, we described an algorithm for retrieving backscat-
tering and extinction coefficients from HSRL measurement
with a multimode laser and a scanning Mach—Zehnder inter-
ferometer. With the experiments reported in this paper, we con-
firmed that the MM-HSRL method is feasible. This study
demonstrated daytime measurement of the aerosol extinction
coefficient. We estimated the random errors for a Raman lidar
with the same laser power and the same telescope size in night-
time using the same aerosol profile as in Fig. 6. The error for
the MM-HSRL obtained in daytime measurement was compa-
rable to the estimated nighttime Raman lidar measurement.
The result showed that our target of this study (mentioned
in the Introduction) was barely achieved. However, the exper-
imental error in the extinction coefficient measurement with
the current MM-HSRL was approximately 5 times larger than
the theoretical error for the system. For this reason, we will
continue improving the current system by replacing suspicious
optical elements.
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We are also studying possible improvement of the MM-
HSRL system. The rejection rate for the Mie scattering is much
less than that in single-mode HSRLs that utilize a filter with
much wider spectral width than the single-mode lasers. The
rejection rate will be improved by using multimode lasers with
a narrower spectral width (longer pulse length). The difficulties
of the MM-HSRL also arise from the use of a long interferom-
eter. That results in the narrow FOV of the receiver system.
Using a multimode laser with wider mode spacing (short cavity
length) will reduce the length of the interferometer at the
receiver, and that will allow wider receiver FOV. A technique
similar to the field-widened Michelson interferometer [17] also
may be applied to a Mach—Zehnder interferometer. With the
technique, if a medium with a high refractive index is em-
bedded in the long-arm side of the interferometer, the interfer-
ometer length can be reduced.

Funding. Japan Science and Technology Agency (JST);
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