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Abstract

The 355-nm ultraviolet high-spectral-resolution technique based on a triple Fabry—Perot etalon (FPE) for simultaneous high-
accuracy measurement of tropospheric temperature and aerosol is proposed. The detection principle is analyzed and the whole
structure of lidar system is designed. The parameters of the triple FPE-labeled FPE-1, FPE-2 and FPE-L are optimized in
detail. FPE-1, FPE-2 and FPE-L are used for measuring aerosol and separating Rayleigh signal from Mie signal, for measur-
ing temperature and for frequency locking, respectively. The performance simulation of the proposed lidar system showed that
the measurement errors of temperature and backscatter ratio are below 2 K and 0.17% at 8 km and below 4 K and 0.39% at
12 km with 30-m range resolution and 1-min integration time using a 48 mJ pulse energy and 20 Hz repetition rate laser and
a 25-cm telescope. The influence of Mie signal contamination on temperature measurement mainly depends on the relative
Mie rejection factors of the two channels for temperature measurement, which are 4.2 and 10.4% of our proposed system at
270 K and the corresponding temperature deviation is 1 K with backscatter ratio of 10 and Rayleigh photoelectrons of 10°.
Assuming the same number of total photoelectrons received, the backscatter ratio and temperature measurement accuracies
of our proposed lidar are 4.16-22.58 and 2.07-2.76 times, respectively, that of the traditional dual-pass multi-cavity-FPE-

based HSRL at temperature of 220-290 K and backscatter ratio of 1-10.

1 Introduction

Atmospheric temperature and aerosol optical properties
are both extremely important atmospheric parameters. The
detection data of atmospheric temperature and aerosol opti-
cal properties with high accuracy and high temporal and
spatial resolution have important applications in atmospheric
scientific research, weather forecasting, climate change anal-
ysis, environmental monitoring and so on. At present, there
are mainly three kinds of lidar for aerosol detection: Mie
lidar [1-3], polarization lidar [4, 5] and high-spectral-reso-
lution lidar (HSRL) [6, 7]. Because the backscattering signal
contains the information of two atmospheric parameters, that
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is the scattering coefficient and the extinction coefficient,
some assumptions need to be made about the atmospheric
state during the inversion process of Mie lidar [1, 2], such as
the assumption of the lidar ratio [2]. However, the assumed
parameter values often deviate from the true values, result-
ing in large deviations of the inversion results [3]. When
using the lidar equation to retrieve the aerosol extinction
coefficient, the polarization lidar still needs to do the same
hypothesis as dealing with the Mie lidar equation [4, 5].
The HSRL separates Mie signal and Rayleigh signal from
the total atmospheric backscattering signal using high-
spectral-resolution interferometer, the atomic or molecular
absorption filter. Therefore, the extinction coefficient can
be directly derived without any assumptions, improving the
accuracy of parameter inversion [6, 7]. However, through in-
depth analysis, it is found that the atmospheric temperature
is still needed to deduct the Rayleigh scattering signal in the
exact inversion. At present, there are mainly four methods for
atmospheric temperature measurement: differential absorp-
tion method [8—11], Rayleigh scattering integral method
[12-14], Rayleigh scattering spectroscopy (i.e. HSRL tech-
nique) [15-27] and rotational Raman scattering method
[14, 28-33]. The differential absorption method has high
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requirements on the monochromaticity of laser, and at least
two wavelengths should be used [10]. At the same time, the
concentration of the measured gas needs to be stable, which
is generally difficult to achieve. Therefore, the system has
low measurement accuracy, complex structure and high cost.
The Rayleigh scattering integral method directly detects
the atmospheric density, and then obtains the atmospheric
temperature distribution through the gas equation of state.
But the aerosol contamination and ozone absorption make
the lidar backscatter signal no longer proportional to the
molecular number density in the troposphere and lower strat-
osphere. Therefore, this method is only suitable for measur-
ing the middle atmosphere above 30 km [3, 13]. The HSRL
techniques measure the atmospheric temperature using the
full width half maximum (FWHM) of Rayleigh scattering
spectrum as a function of temperature, and then a high-
performance spectrometer, such as interferometers [15-17,
22-25], atomic vapor, or molecular vapor absorption filters
[21, 26], should be used to detect the spectral information.
They can be divided into two categories according to differ-
ent implementations. One is to obtain the entire backscat-
tered spectrum line by scanning the Fabry—Perot interferom-
eter or laser frequency, and to get the FWHM of spectrum by
nonlinear fitting method [15, 16, 25]; the other is to detect
the temperature sensitive parts of the backscattered spectrum
line using static filters, and to obtain temperature using the
relationship between the detection signals and the tempera-
ture [17-24, 26, 27]. However, the detection accuracy of
low-altitude atmospheric temperature is seriously affected
by strong aerosol contamination. The HSRL techniques of
measuring the FWHM of atmospheric Rayleigh—Brillouin
scattering spectrum to detect the temperature in low-altitude
atmosphere can reduce the effect of Mie scattering in the
frequency domain and improve the measurement accuracy.
However, since there is only an approximate relationship in
theory between the FWHM of Rayleigh—Brillouin scatter-
ing spectrum and temperature, the temperature measurement
accuracy is not high, about 5 K [27]. In addition, Raman
lidar can be used to detect low-altitude atmospheric tempera-
tures from O to 11 km. Nevertheless, the intensity of Raman
scattering signals is weaker 3—4 orders of magnitude than
that of Mie and Rayleigh scattering, so to achieve accurate
measurement, it requires high power laser, large aperture
receiving telescope and high-precision and high-efficiency
optical spectroscope, resulting in high cost and a very lim-
ited range of application [31].

To solve the dilemma of low-altitude atmospheric tem-
perature detection, Prof. Hua et al. proposed a kind of ultra-
violet (UV) Rayleigh—Mie lidar for accurate temperature
measurement in troposphere in 2005 [23]. The lidar uses
a multi-channel FPE, the transmission spectrum center of
one channel etalon is located near the central frequency
of the backscatter spectrum for aerosol measurement; the
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single-order transmission spectrum centers of the other two
channel etalons are located at different locations on one side
of the backscatter spectrum for temperature measurement,
and the backscattered light is passed through the two-chan-
nel etalons twice in succession to suppress aerosol scattering
signal. Mie correction is applied in the temperature inversion
process, achieving simultaneous detection of temperature
and aerosols with good accuracy [24]. Based on this, we
propose an ultraviolet triple FPE-based HSRL technique,
which can simultaneously detect the tropospheric temper-
ature and aerosol with high accuracy. The three channels
of the triple FPE are aerosol channel, temperature channel
and locking channel. The polarization isolation technique is
used to improve the utilization of lidar echo signal and effec-
tively suppress the solar background noise. By optimizing
the free spectral spacing (FSR) of FPE, two adjacent orders
of the temperature channel etalon spectrum can be used for
simultaneous measuring of the two wings of the Rayleigh
backscattering spectrum, and then obtain a higher SNR for
temperature detection. By optimizing the plate reflectivi-
ties of temperature channel and aerosol channel etalons, the
temperature and backscatter ratio detection sensitivities can
both reach high values, and the simultaneous detection of
temperature and aerosol can be achieved.

2 Measurement principle

The principle of tropospheric temperature and aerosol meas-
urement with FPE-based high-spectral-resolution technique
is shown in Fig. 1. A triple etalon is adopted whose three
channels are aerosol channel etalon (FPE-1), temperature
channel etalon (FPE-2) and locking channel etalon (FPE-
L). The peak of the FPE-L spectrum is located half-width
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Fig. 1 The principle of temperature and aerosol measurement with
FPE-based high-spectral-resolution technique
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half-maximum of FPE-L spectrum from the peak of the
FPE-1 spectrum, so the FPE-1 peak is aligned to the half-
height point of the FPE-L bandpass. Actively locking the
laser and the triple FPE at this point on the FPE-L ensures
maximum spectral discrimination ratio of FPE-1 and
minimum aerosol and wind speed measurement error. We
accomplish the locking by sampling a small portion of the
transmitted laser energy to make a reference measurement
of the outgoing frequency. The reference signal transmit-
ted through the FPE-L is detected and divided by the total
energy of the incident reference signal to obtain transmit-
tance value, which can be used to measure the outgoing laser
frequency providing correction for short-term frequency jit-
ter and lock the triple FPE (all three channels together) to
the laser frequency using the pre-calibrated curve of FPE-L
transmittance. The optical paths of FPE-1 and FPE-2 are
designed in cascade, which can improve the detection SNR.
The atmospheric backscattering light first passes through
FPE-1, transmitting most of the aerosol scattering light and
a small amount of molecular scattering light, reflecting most
of the molecular scattering light and a very small amount
of aerosol scattering light. Then, the backscatter ratio can
be obtained using the transmitted and reflected signals of
FPE-1. Most of the molecular scattering light reflected by
FPE-1 passes through FPE-2. Due to the molecular scat-
tering spectra at different atmospheric temperatures being
different, the transmitted and reflected signals at different
temperatures passing through FPE-2 are different. Then, the

Fig.2 The structure of ultra-

atmospheric temperature information can be obtained using
the ratio of the transmitted and reflected signals of FPE-2.

3 The structure of FPE-based HSRL system

The structure of the UV FPE-based HSRL for measur-
ing tropospheric temperature and aerosol is illustrated in
Fig. 2. A seed injection Nd:YAG laser is used as the emis-
sion source, and the 355-nm linearly polarized laser beam
is emitted after the triple frequency crystal. The emitted
laser is split into two beams by the beam splitter (BS)-1
whose transmittance/reflectance ratio (7/R) is 99/1. After
being expanded by the beam expander, the transmitted beam
vertically enters the measured area of the atmosphere. The
atmospheric backscattered light received by the telescope
first, and then filtered by the interference filter (IF), delayed
by the electro-optical modulator (EOM), limited telescope
receiving field of view by the field stop, collimated by the
collimation system. The collimated beam passes through
the half-wave plate (HWP) to adjust the polarization direc-
tion, making it consistent with the transmission direction
of the PBS behind (parallel to the paper). The collimated
light beam from the HWP is normal incident on FPE-1 after
passing through polarization beam splitter (PBS) and quar-
ter-wave plate (QWP)-1. The transmission beam is received
by the photomultiplier tube 1 in photon-counting mode
(PMT-PC1). The reflection beam passes through QWP-1
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QWP: quater-wave plate HWP: half-wave plate PBS: polarization beam splitter

EOM: electro-optical modulator

IF: interference filter

PMT-AN: photomultiplier tube in analog mode
PMT-PC: photomultiplier tube in photon counting mode
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again and its polarization direction becomes perpendicu-
lar to the paper. So it would be reflected by the PBS and
normal incident on FPE-2 after passing through QWP-2.
The transmission beam is received by the PMT-PC2. The
reflection beam passes through QWP-2 again and its polari-
zation direction becomes parallel to the paper again. So it
is transmitted through PBS and then received by the PMT-
PC3. The reflected beam from BS-1 is coupled into the
integrating sphere by the multimode fiber. The integrating
sphere spreads the pulsed laser light into continuous light
as the reference. The polarization direction of the polarizer
is the same as that of the light received by the telescope.
The beam from the polarizer is split into two beams by the
BS-2. The transmitted beam is reflected by the BS-3, and
then enters the same optical path as the atmospheric back-
scattering light. It is used for the calibration measurements
of the FPE-1 and FPE-2 spectra, and is isolated from the
backscattering light in time sequence. After being collimated
by the collimation system and compressed by the aperture
stop, the reflected beam of BS-2 is split into two beams by
BS-4. The reflected beam is received by the photomultiplier
tube 0 in analog mode (PMT-ANO). The transmitted beam
is normal incident on FPE-L and received by PMT-ANI.
The output signals of two analog detectors and three photon-
counting detectors are collected by A/D card and photon-
counting acquisition card, respectively, and then processed,
stored, retrieved and displayed by an industry programma-
ble computer (IPC). The whole system’s laser, FPE, EOM
drive, A/D and photon-counting acquisition card, etc. are
controlled by the IPC through the RS232 interface.

4 Optimization of the triple FPE’s
parameters

Assume that the Mie- and Rayleigh-backscattering spectra
are Gaussian distribution, the transmittances of the Mie- and
Rayleigh-backscattering light with a center frequency of v
being incident on FPE-1, incident on FPE-2 after reflecting
by FPE-1, reflected by FPE-2 after reflecting by FPE-1 are,
respectively,

Tovy) = / £ = vy (v — v)dv W

T,.(vy) = / v =vIIC = p by (v = v)]hy(v — vy)dv
2

T3, (v) = / Fv =v)IC = pihy (v = vDIIC = pirhy (v = v,)ldv,
©)
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where x=a, m, which, respectively, represents aerosol Mie
scattering (or outgoing laser) and molecular Rayleigh scat-
tering; A; is the transmission function for FPE-i (i=1, 2);
v; is the central frequency of FPE-i; C=1-A, A is the loss
coefficient accounting for any absorptive or scattering losses
in the FPE-i plates; y;=(1 —R,C)/(C—R)), R; is the plate
reflectivity of FPE-i; f, and f,, are the normalized Gaussian
Mie- and Rayleigh-scattering spectral functions, respec-
tively. The spectral distribution of molecular scattering can
be more accurately estimated from a Rayleigh—Brillouin
theory based on S6 model [34]. The Gaussian distribution
used here is an appropriate approximation of Rayleigh scat-
tering for theoretical analysis. The loss of FPEs is carefully
considered in the above equations. After solving the above
integral formula, we obtain

T, (v)=n0+20,,) 4)

T5,(v) = Ciip(1 +20,,) = pymmy[1 + 20y, + 0y, + 0, + 0, )]
(5)

T3, (v) = C* = Cpy Ty, (vy) = 1y T, (), (6)

where
o0 2 - A 2
S Z R cos [M] exp |- < ™ VX)
m=1 VESR VESR

i [Zm(vS —v)1—cos 90]
sinc
Vgsg 1 +cosé,

o 2r[(n + m)v, — (nv; + mv.
=5 3 o [z
n=1 m=1 VFSR

m(n+m)Av, 2
e = < VESR >

2[(n £ m)v, — (nv; £ mv,)] 1 —cos 00]

X sinc¢ [ -
VEsr 1 + cos 6,
where v, =1, +2V,/4, Ay is the central frequency of emission
laser, V., is the vertical wind speed (generally small), 1 is the
laser wavelength, and 6, is the half divergence angle of the
beam incident to FPE; ;=T (1 - R)/(1+R,) is the aver-
age transmittance of FPE-i, T, ; is the peak transmittance of
FPE-i; Vpgg = 2vpgr /(1 + c0s ), vpgg is the FSR of FPE;
Av,=[(Av)* + (Av,)*]"? is an equivalent 1/e linewidth of
emission laser, which takes into account the spectral broad-
ening effects caused by the finite spectra width of illumina-
tion, the surface defects and parallelism errors of FPE [35,
36]; Av, = Av/(4In2)"2, 5, is linewidth of actual emission
laser spectrum; Av, = (2FSR//1)[(AdD)2 + (ap)?/2]'? is the
amount of the equivalent spectrum broadening due to sur-
face defects and parallelism errors of FPE, Ad), is the defect
factor of flatness, a is the wedge angle, and p is the half
aperture of FPE [36]; Av2 = Av? + V%, Av, = (8kT/MA?)!/
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is the 1/e width of the atmospheric molecular spectrum, & is
the Boltzmann constant, 7 is atmospheric temperature, and
M is the average mass of an atmospheric molecule. So, T,
T,,, and T;,, are also functions of temperature. The upper
equations also take into account the influence of the angular
dispersion of illumination, which is mainly reflected in the
sin ¢ term [35, 36]. In many literatures, the spectral broad-
ening of imperfect FPE under non-ideal incident conditions
was studied and the definition of effective finesse was put
forward [35, 37, 38]. The definition of equivalent linewidth
of laser proposed here is essentially the same as it.

As can be seen from Fig. 2, the number of backscattered
photoelectrons received by the photon-counting detectors
PMT-PC-j for j=1, 2 and 3 are

Ni(z, v, T) = N ()T}, (vg) + N, ()T, (v, T), (7

simultaneously. According to the error transfer formula, the
measurement errors of R and T are, respectively,

2 -2 2 =2
/03, SNR? + G3SNR;
o=

€ (10)
|9RT0TR - 9R9T|
-2 -2
\/63SNR;2 + 62, SNR
e = (n

>

|9RT9TR - 0R0T|

where 0 = (1/S)0Sg/0R;and 07 = (1/S7)dSr /0T are the
backscatter ratio sensitivity of S and the temperature sensi-
tivity of Sz; Opr = (1/Sg)0Sg/0T and Oz = (1/S7)0S7 /R,
are the temperature sensitivity of Sy and the backscatter ratio
sensitivity of Sy (cross-correlation sensitivities); SNRy and
SNR; are the SNR for measurement of Sy and S, respec-
tively, that is

- ~1/2
i N, (N, +N3)
- ~1/2
Ny +(C = puyn)mNy /2 + Ny N3+ (C — pyn)(C — pony)Ny /2 + Ny (13)
SNR; = > + 3 ,
L N2 N3

where N ,(z) and N,,(z) are the number of photoelectrons for
Mie- and Rayleigh-backscattering at altitude z received by
lidar, respectively, that can be derived from lidar equations.
According to the principle analysis of Sect. 2, the backscat-
ter ratio response function and the temperature response
function can be defined, respectively,

_ Ni(z, v, T)

- N, (z, v, T) + N3(z, v, T)

~ (Ry = DT, (%) + Ty (v, T)

B (Ry — DIT,,(vy) + T5,(v)l + [T, (vy) + T3, (vy)]

Sk

®)

_ N,(z, v, T) _ (R/; - DT,,(v) + Ty, (v, T)
T N3@ve ) Ry — DTs,(v) + T3, (v, T) ©)

St

where R; = (B, + p,,)/P,, is the backscatter ratio. Thus,
it can be seen that both S; and S; are functions of Ry, T
and v,. Because the vertical wind speed is generally very
small, which is generally not more than 1 m/s in the low
troposphere [39] and not more than several cm/s in the high
troposphere and stratosphere [40], v, = v,. Then, combin-
ing Egs. (8, 9) and using the nonlinear iterative method,
the backscatter ratio and temperature can be retrieved

where N, are the photoelectrons received by the detector for
the solar background; N, are the dark counts generated by
detector itself. The background item is divided by 2 due to
the background natural light passing through the polarized
prism.

4.1 Preliminary optimization

It is assumed that the linewidth of the emission laser
spectrum is 6v =80 MHz, the defect factor of flatness
Adj, = 3 nm, the wedge angle can be made negligibly small
through the use of PZT elements [38] and let @ = 0.1 prad,
the aperture of FPE 2p = 25 mm, the half divergence angle
of the light beam incident on FPE is 0.5 mrad and the total
number of incident photoelectrons is 10°.

Assume the aerosol is measured by a single FPE which
corresponds to FPE-1 of the triple FPE, and the peak of
the FPE’s spectrum is located in the center of the back-
scatter spectrum. Regardless of the effect of temperature
uncertainty, the temperature is set to 270 K. Then, when the
backscatter ratio is 1.1, 5 and 10, the contour plots of the
backscatter ratio measurement error varying with FSR and
plate reflectivity of FPE is shown in Fig. 3a—c. From Fig. 3,
we can see that the measurement error of the backscatter
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Fig.3 When R is 1.1, 5 and 10, the measurement error of R, varies with FSR and plate reflectivity of FPE

ratio mainly depends on the reflectivity of the FPE, and the
optimal reflectivity is related to the magnitude of the back-
scatter ratio. The larger the backscatter ratio, the smaller the
optimal plate reflectivity. When the backscatter ratio is 1.1, 5
and 10, the optimal plate reflectivity of FPE is 0.89, 0.72 and
0.66, respectively. Large FSR of the FPE is more favorable,
which can avoid the interference of adjacent spectrum. But
when the FSR is above 7 GHz, it will have little effect on
the measurement error of the backscatter ratio. According
to the aerosol measurement principle and Eq. (8) described
above, we can see that the aerosol measurement method pro-
posed here is similar to the single FPE-based method using
FPE-1. Therefore, the optimization result of the single FPE
parameter here can be considered as the optimization result
of the FPE-1 parameter.

Assume the atmospheric temperature is measured using
a single-order spectrum of a single FPE which corresponds
to FPE-2 of the triple FPE. The influence of aerosol signal
is not taken into account, the FSR of FPE is set to 12 GHz

@ Springer

(larger values can also be ok without affecting the optimiza-
tion result) and the temperature is set to 270 K. Then, the
temperature measurement error varies with the reflectivity of
FPE when the laser-FPE offset (the separation of the outgo-
ing laser central frequency and the FPE central frequency)
is zero which is shown in Fig. 4a; the contour plots of the
temperature measurement error varying with the laser-FPE
offset and the plate reflectivity of FPE are shown in Fig. 4b.
From Fig. 4, we can see that there are two sets of values
that can make the temperature measurement error tend to a
minimum. One set is that the laser-FPE offset is zero and the
plate reflectivity of FPE is 0.65-0.75, the other set is that the
laser-FPE offset is 3.43 GHz and the plate reflectivity of FPE
is 0.8. But the temperature detection performance is seri-
ously affected by aerosols when the former set is used, so it
is not suitable to be adopted for temperature measurement in
the area with larger aerosol concentration. According to the
temperature measurement principle and Eq. (9) described
above, we can see that the temperature measurement method
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Fig.4 The measurement error of T varies with laser-FPE offset and plate reflectivity of FPE

proposed here adopts FPE-1 and FPE-2 cascade detection
mode, which is different from the single FPE-based method
using FPE-2. Therefore, the actual parameter value of FPE-2
used in our triple-FPE-based system would be different from
the optimization results here. However, we can foresee the
following two points: one is that the optimal plate reflectiv-
ity of FPE-2 would be smaller than 0.8 due to the cascaded
optical path; the other is that the optimal FSR of the FPE-2
used in our triple FPE-based system would be about twice
the laser-FPE offset, that is about 3.43 X2 =6.86-7 GHz.
Based on the above optimization results, the optimal FSR
of the triple FPE is about 7 GHz and the optimal plate reflec-
tivity of FPE-1 is set to 0.75 since its optimum value is from
0.89 to 0.66 for the backscatter ratio range of 1.1-10 after
considering the large aerosol concentration in low altitude
and the requirement of temperature measurement. Further-
more, FPE-L is mainly for frequency locking. Under the
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Plate reflectivity of FPE-2

premise of ensuring the accuracy of locking, to facilitate the
triple FPE processing, FPE-1 and FPE-L are coated with the
same reflective film, that is the plate reflectivity of FPE-L is
also 0.75. The final linewidths of FPE-1 and FPE-L trans-
mission spectrums are both about 720 MHz, so the peak to
peak spacing of FPE-1 and FPE-L is set to 360 MHz.

4.2 Further optimization

Only considering the signal shot noise, the parameters of the
triple FPE can be more carefully optimized by Eqgs. (1-12).
Using the same parameter values as assumed in Sect. 4.1,
the contour plots that the measurement errors of backscatter
ratio and temperature vary with plate reflectivity of FPE-2
and FSR of the triple FPE (since it is an integrated triple
FPE, the FSR of FPE-2 is just the FSR of the triple FPE.)
with the backscatter ratio of 1.1, 5 and 10 are shown in

(b) 75
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Fig.5 When R; = 1.1, the measurement error of R, and 7 varies with plate reflectivity of FPE-2 and FSR of FPE
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Fig.7 When Ry = 10, the measurement error of Ry and T varies with plate reflectivity of FPE-2 and FSR of FPE

Figs. 5a, b, 6a, b and 7a, b, respectively. Looking at those
figures, one can see that the optimal parameter values for the
backscatter ratio measurement and the temperature measure-
ment are different, and the optimal parameter values for dif-
ferent backscatter ratio are also different. Combining Figs. 5,
6 and 7, one can see that it is not possible to minimize the
backscatter ratio error and temperature error simultaneously
for different backscatter ratio. After making a compromise
between them and mainly considering temperature measure-
ment, the optimal plate reflectivity of FPE-2 is determined
to be 0.67 and the optimal FSR of the triple FPE is 7 GHz.
Then, it can be further determined that the peak to peak
spacing of FPE-1 and FPE-2 is 3.5 GHz.

@ Springer

5 Detection performance simulation

The parameters of the triple FPE optimized in Sect. 4
and other lidar system parameters assumed are summa-
rized in Table 1. Then, the equivalent spectrum broaden-
ing Av, = 123 MHz and the equivalent linewidth of laser
dv, = (4In2)>Av, = 220 MHz. The transmittances of the
Mie- and Rayleigh-scattering light at different tempera-
tures (230 and 270 K) being incident on FPE-1, incident
on FPE-2 after reflecting by FPE-1, and reflected by FPE-2
after reflecting by FPE-1 are shown in Fig. 8.

The simulated temperature sensitivity of S, backscat-
ter ratio sensitivity of S, temperature sensitivity of Sy and
backscatter ratio sensitivity of Sy for the temperature range
of 220-290 K and the backscatter ratio range of 1-10 are
shown in Fig. 9a—d. As can be seen from Fig. 9, 6, is closely
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Table 1 Parameters of FPE-

based HSRL Parameter Value Parameter Value

Transmitter ~ Wavelength 355 nm Laser energy/pulse 48 mJ
Laser linewidth 80 MHz  Laser repetition frequency 20 Hz

Transceiver  Telescope/scanner aperture 25 cm Field of view 0.1 mrad
Optical efficiency >85%

Receiver Etalon free spectral range 7 GHz Sub-aperture of each FPE 25 mm
Plate reflectivity of Etalon-1 ~ 0.75 FPE-1 and FPE-2 separation ~ 3.5 GHz
Plate reflectivity of Etalon-2 ~ 0.67 FPE-1 and FPE-L separation ~ 0.36 GHz
Plate reflectivity of Etalon-L. ~ 0.75 Loss coefficient of FPE 0.2%
defect factor of flatness 3 nm Wedge angle of two plates 0.1 prad
Solar filter bandwidth 1 nm Detector quantum efficiency ~ 21% @355 nm
Filter peak transmission >60% Detector dark count 100 counts/s

Transmission & reflection

"5 4 3 2 a1 0 1 2 3 4 5
Relative frequency(v- 4 )(GHz)

Fig.8 Mie scattering transmittances of T, T, T3, and Rayleigh-
scattering transmittances of 7', Thz, and T;p

related to the magnitude of 7 and Rﬁ, and decreases with
increasing T and Rﬂ, its value varies from 0.44 to 0.23%/K as
Ry changes from 1 to 10 and T changes from 220 to 290 K.
0 is almost independent of 7 and decreases with increasing
Ry, its value varies from 4.2 to 7.5% as R, changes from 1 to
10. gy is also mainly affected by R; and decreases rapidly
with increasing R, which appears even smaller than 0. 67
is very small compared with 6. It is related to both T and
Ry, increasing with the increase of 7 and the decrease of Ry.

Assuming that the number of Rayleigh photoelectrons
is 10, Fig. 10a, b shows the backscatter ratio and tempera-
ture measurement errors of our designed system varying
with temperature and backscatter ratio, respectively. As
can be seen from Fig. 10a, the backscatter ratio measure-
ment error is almost independent of the temperature, and
increases linearly with the increase of backscatter ratio.
When Ry = 10, the backscatter ratio measurement error is
4.27-4.41% with temperature range of 220-290 K. As can
be seen from Fig. 10b, the temperature measurement error

increases with increasing backscatter ratio and temperature.
When Rﬁ = 10 and T=290 K, the temperature measure-
ment error is 4.1 K. For comparison, Fig. 11a, b shows the
backscatter ratio and temperature measurement errors of the
lidar system proposed by Hua et al. in [23, 24] (denoted
by &gy, and eg,) varying with temperature and backscatter
ratio, respectively. In Fig. 11b, it is assumed when R/, > 2,
the Mie correction method described in Ref. [24] should
be adopted to eliminate the temperature offset caused by
the residual Mie signal in the two temperature measurement
channels. It can be clearly seen that the backscatter ratio
and temperature measurement errors shown in Fig. 11 are
obviously greater than those shown in Fig. 10. Figure 12a,
b shows the ratio of backscatter ratio measurement errors
and the ratio of temperature measurement errors obtained
by the above two different systems varying with tempera-
ture and backscatter ratio, respectively. It can be seen from
Fig. 12a, b that under the condition of the same number of
received photoelectrons, the backscatter ratio and tempera-
ture measurement accuracies of our proposed lidar system
are 4.16-22.58 times and 2.07-2.76 times, respectively, that
of the system proposed by Hua et al. with temperature range
of 220-290 K and backscatter ratio range of 1-10.

The daytime sky background brightness is taken as
0.3 W Sr! m™? nm~' @355 nm, which is used to simulate
the solar background noise; the lidar ratio is taken as 50.
Using the system parameters listed in Table 1, the mid-lat-
itude summer model of 1976 US standard atmosphere and
the aerosol model of scaling factors in clear weather [41],
the detection performance of the lidar system was simulated.
With 1-min integration time and 30-m range resolution, the
simulated measurement error profiles of temperature and
backscatter ratio at the height of 0—12 km are shown in
Fig. 13a, b, respectively. As can be seen from Fig. 13a, b,
the temperature measurement error is less than 2 K at 8 km
and less than 4 K at 12 km; the backscatter ratio measure-
ment error is less than 0.17% at 8 km and less than 0.39% at
12 km. One can also find that the difference in temperature

@ Springer



138 Page 100f15

Temperature sensitivity of Sl. (1/K)

B v opowow e s s

S

Backscatter ratio
Temperature (K)

~
o
~

Temperature sensitivity of %{ (1/K)

. 3 .
280
Temperature (K) 200 1 2 Backscatter ratio

Fig.9 Temperature sensitivity and backscatter ratio sensitivity

—_
&0
~

D
Wb

—
—_ NN

o
n

Backscatter ratio error(x1 0'2)

.3 2
Backscatter ratio = 2 1 20 230 Temperature (K)

F.Shen et al.
3
x 10 (b)
4
4.2
! 35
a 43
3.8
2 354 3
3.6 Z 34
g2 25
34 o 2
: 2
3.2 5 15
? sl 15
3 g 0.5 )
a0
28 290 1 .
2.6
0.5
24 I
Temperature (K) 220 10 9 Backscatter ratio
’ x1072
x 10 @
-1.8 ,
x1072
-2.1 -15 .
25
2.4 %‘— 2
z -
03 E 25 4
23
0.6 g
& 35 3.5
09 § -4
8
12 g 45 4
£
-1.5 g N
5.5
-1.8 220 o
-5
2.1
280 >, 3 )
24 Temperature (K) 200 1 2 Backscatter ratio
%1072 ®
! - 4
T
35 _ 4.2+ e
g Ay ) 38
= Gt o
3 E3841 I !
53611 o 3.6
2.5 o ! i
g 3442 :
2 2324 ; & 34
o
§ 3 ‘
© 1
e : 32
2.8 ‘
1 10 !
290 |3
0.5
io 3 240 2.8
Backscatter ratio ~ 2 1 20 230 Temperature (K)

Fig. 10 Measurement errors of backscatter ratio and temperature vary with temperature and backscatter ratio using our designed system

@ Springer



Fabry—Perot etalon-based ultraviolet high-spectral-resolution lidar for tropospheric... Page110of 15 138
(@) (b) K)
08 9.5
5 ' <
= bt 9
2 g
£ 0.6 ° 8.5
5 =
g 5 8
2 0.4 2
g ]
s & 7.5
. 0.2 7
65 <260
430 9020 6.5
Backscatter ratio 1 220 230 Temperature (K)

Fig. 11 Measurement errors of backscatter ratio and temperature vary with temperature and backscatter ratio using the lidar system proposed by

Hua et al.

(a)

Backscatter ratio

3 240
2 0230

Temperature (K)

(b)

Fig. 12 The ratio of backscatter ratio measurement errors and the ratio of temperature measurement errors obtained by the two different systems
varying with temperature and backscatter ratio

(a) 12 i T T T T T T T T T T
1mE Daytime -
10F Nighttime ]
9f ]
gl ]
> ]
2 4] ]
3 [ ]
2 [ ]
1L ]
O " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
00 05 10 15 20 25 30 35 40

Temperature error/K

Altitude/km

Daytime
Nighttime

Fig. 13 Profiles of temperature and backscatter ratio measurement errors by simulation

.00 0.05 0.10 0.15 020 025 030 035 040

Backscatter ratio error/%

@ Springer



138 Page120f15

F.Shen et al.

and backscatter ratio measurements between daytime and
nighttime is not significant, especially at low altitude. There
are three main reasons for this. First, the same atmospheric
model is used during daytime and nighttime simulations
since there is no separate atmospheric model for daytime
and nighttime. Second, our system uses optical polariza-
tion technology, narrow band filter and small receiving field
of view of the telescope, making it inherently capable of
suppressing noise. Third, our system uses a laser with high
single pulse energy and low repetition rate. Compared with
a laser with low single pulse energy and high repetition rate,
the integration time required for obtaining the same total
emission energy is shorter, which can effectively reduce the
noise entry.
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6 The influence of Mie signal contamination
and vertical wind speed

The uncertainty of response function due to Mie signal con-
tamination can be derived from Eq. (9) as

12
& _ 1 5Rﬂ

St =23 [(Ry — 1)_lrj_l + 1]2 Rg—1

(14)

where r; = T;,/T;,, is the relative Mie rejection factor of
channel-j. Then, the temperature deviation caused by the

uncertainty of response function will be as

057 1

6T = —L —. (15)
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It can be seen clearly that the temperature deviation is
closely related to the relative Mie rejection factors of chan-
nel-2 and channel-3. Using the Egs. (4-6), the relative Mie
rejection factor of channel-j can be simulated. The plate
reflectivities of FPE-1 and FPE-2, the FSR of the triple FPE
and the peak to peak spacing of FPE-1 and FPE-2, respec-
tively, take the optimized values in Sect. 4. The temperature
is set to 270 K. Then, the relative Mie rejection factors are
only related to the loss coefficient of FPE, the divergence
angle of incident beam and the equivalent linewidth of
laser. The effects of surface defects and non-parallelism of
FPE are equivalent to broadening the linewidth of emission
light source. To take these factors into consideration, the
linewidth we refer to here is the equivalent linewidth of out-
going laser that includes the widening of these factors [36].
Figure 14a—c shows the relationship between the relative
Mie rejection factors of channel-2 and -3 and them with ver-
tical wind speed of zero. From Fig. 14a, one can see that the
relative Mie rejection factors increase slowly with increasing
the loss coefficient of FPE A. If A is below 0.3%, its impact
can be ignored. We choose the value of A to be 0.2%. From
Fig. 14b, one can see that the relative Mie rejection fac-
tors increase rapidly with increasing the divergence angle of
incident beam 26,,. Without considering the equivalent laser
linewidth, to make r, and r; both less than 2%, 26, must be
less than 1 mrad. If 26, is 0.8 mrad, r, and r; would be less
than 0.8 and 0.4%, respectively. It can be seen from Fig. 14c
that the relative Mie rejection factors increase with increas-
ing the equivalent laser linewidth ov,, r, increases slowly
and r; increases rapidly. When A is 0.2%, 26, is 1 mrad,
and év, takes 220 MHz, r, and r; would be 4.2 and 10.4%,
respectively. With backscatter ratio of 10 and temperature of
270 K, the backscatter ratio measurement error 5Rﬂ is about

(@

.g '003 T T T T T T T T T T T T T T T T T T

= T=250K ——Rg=1

g - Ro

% oml RS 4

S0 - R=10 N

Gy

]

g

B

5 001 g

g U . ]

8 . .

=

3 ~. -

s - >

g N T

5 | T -

L O e T P P
-1.0 08 -06 04 -02 00 02 04 06 08 10

Vertical wind speed(m/s)

4.3% for 10° Rayleigh photoelectrons as shown in Fig. 10a
and 0 is about 0.26%/K as shown in Fig. 9a. In this case,
the temperature deviation due to Mie signal contamination
would be about 1 K. If we take A=0.2%, 26, = 0.8 mrad,
and év, = 150 MHz, r, and r; would be 2.1 and 5.3%, then
the temperature deviation would be 0.65 K. It is important
to note that in our proposed system, the backscatter ratio
and temperature are simultaneously measured, and Mie
correction is automatically included in data processing.
Therefore, the temperature error represented by Eq. (11)
already contains the temperature deviation due to Mie sig-
nal contamination.

Besides, the vertical wind speed will still cause the meas-
urement bias of backscatter ratio and temperature. Fortu-
nately, the vertical wind speed is usually very small as men-
tioned in Sect. 4, not more than 1 m/s. Figure 15a, b shows
the measurement bias of backscatter ratio and temperature
vary with vertical wind speed for different backscatter ratio.
From Fig. 15, one can see that the backscatter ratio and
temperature measurement bias increase as the backscatter
ratio and vertical wind speed increase; the backscatter ratio
measurement bias is from 0 to —2.2% and the temperature
measurement bias is 0-0.5 K with backscatter ratio range of
1-10 assuming a vertical wind speed of 1 m/s.

7 Conclusions

This paper presents a FPE-based UV HSRL technique for
simultaneous measurement of tropospheric temperature
and aerosols. The main innovations and advantages of this
technique are as follows: the Rayleigh scattering signal is
directly separated from the total backscattering signal for
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Fig. 15 Measurement bias of backscatter ratio and temperature vs vertical wind speed for different backscatter ratio
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temperature detection by hardware; the polarization isola-
tion method is used to make the backscattering signal highly
efficient and the background effectively suppressed; the SNR
of temperature detection is effectively improved using the
adjacent two order spectrums of the FPE to simultaneously
measure the two wings of the Rayleigh scattering spectrum;
the backscatter ratio and temperature are simultaneously
measured, then Mie correction is automatically included in
data processing for temperature measurement. The overall
design of the lidar system is carried out, and the triple FPE
parameters used in the system are optimized in detail. Using
the set system parameters and the optimized parameters of
the triple FPE, the simulation results show that the system
can achieve high-accuracy measurement of the temperature
and backscatter ratio at height of 0—12 km. The influence
of Mie signal contamination on temperature measurement
is analyzed. It mainly depends on the relative Mie rejection
factors of the two channels for temperature measurement,
which are related to the loss coefficient of FPE, the diver-
gence angle of incident beam and the equivalent linewidth
of outgoing laser. By choosing reasonable system param-
eter values, the temperature deviation caused by Mie sig-
nal contamination can be greatly reduced. The influence
of a small vertical wind speed on temperature and aerosol
measurements is also discussed. The measurement bias of
backscatter ratio and temperature is from 0 to —2.2% and
0-0.5 K, respectively, with backscatter ratio range of 1-10
and vertical wind speed of 1 m/s. The designed lidar system
has good detection performance, and the system will pro-
mote a better study on atmospheric thermodynamics and
kinetics after it is built. Furthermore, if the optical path of
the receiver is modified and the signal transmitted from the
aerosol channel etalon (FPE-1) is guided into the locking
channel etalon (FPE-L), the proposed lidar system can also
be used to measure the wind speed based on Mie signal.
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