Optical Engineering

SPIEDigitalLibrary.org/oe

Analysis on wind retrieval methods for
Rayleigh Doppler lidar

Yuli Han
Xiankang Dou
Dongsong Sun
Haiyun Xia
Zhifeng Shu

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 03/25/2015 Terms of Use: http://spiedl.org/terms



Optical Engineering 53(6), 061607 (June 2014)

Analysis on wind retrieval methods for Rayleigh

Doppler lidar

Yuli Han

Xiankang Dou

Dongsong Sun

Haiyun Xia

Zhifeng Shu

University of Science and Technology of China
School of Earth and Space Sciences

CAS Key Laboratory of Geospace Environment
96 Jinzhai Road, Hefei

Anhui 230026, China

E-mail: dou@ustc.edu.cn

Abstract. A modification method is described for Rayleigh Doppler lidar
wind retrieval. Compared to the double-edge theory of Korb et al. [Appl.
Opt. 38, 432 (1999)] and the retrieval algorithm of Chanin et al. [Geophys.
Res. Lett. 16, 1273 (1989)], it has a greater sensitivity. The signal-to-noise
ratio of the energy monitor channel is involved in error estimation. When
the splitting ratio of the two signal channels is 1.2, which usually happened
during wind detection, it will improve the measurement accuracy by about
1% at 30 km altitude for a Doppler shift of 250 MHz (44 m/s). Stabilities of
retrieval methods, i.e., errors caused by the spectrum width deviation
including laser pulse, Rayleigh backscatter, and filter transmission
curve are first discussed. The proposed method increases the resultant
precision by about 15% at 30-km altitude assuming an 8-MHz deviation
in full width at half maximum of the Fabry—Perot interferometer. © The
Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License.
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1 Introduction

Wind observation throughout the troposphere and low strato-
sphere is one of the most important and challenging tasks for
improving numerical weather prediction, hurricane tracking,
pollution tracing, and understanding of mesoscale dynamic
process, transport, and exchange in the atmosphere. Many
instruments and techniques are widely used to obtain
wind data, for example, radiosondes, balloons, sounding
rockets, ground-based wind profilers. But they still cannot
fulfill the unmet information of the global wind fields with
needed accuracy and resolution. Doppler wind lidar is now
regarded as the potential way to fill the gaps limited by the
method mentioned above.'?

Currently, there are two primary categories of wind-sens-
ing lidar: coherent and direct detection lidar. Coherent lidar
measures the Doppler shift by beating the backscattered sig-
nal with light from a continuous-wave local oscillator laser,
which often resolves the narrowband aerosol and cloud
return and is commonly used for relatively small velocity
detection.> The theory of direct-detection Doppler wind
lidar was first described and realized by Benedetti-
Michelangeli et al.* Various kinds of instruments, such as
Fabry—Perot interferometer (FPI),”"'? iodine absorption fil-
ter,! 1% Fizeau interferometer,'> and Mach—Zehnder interfer-
ometer,'* have been chosen to discriminate the Doppler shift
from the spectrally broadband Rayleigh—Brillouin return of
molecules and spectrally narrowband Mie backscatter return
of aerosol or cloud particles. The Doppler shift determination
for direct detection has two typical implementations: edge
technique and fringe-imaging technique. The edge technique
uses one or more narrowband filters to transform the Doppler
shift into an irradiance variation,”™!*> whereas the fringe-
imaging technique retrieves the Doppler shift from the radial
angular distribution or spatial movement of the interference
patterns of an interferometer.'®!”
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The double-edge technique as a powerful variation of the
single-edge technique used for retrieving the instantaneous
wind information has been demonstrated by Korb et al.”*
It inherits the advantage of edge technique and extends its
capabilities but has higher measurement precision. In the
Atmospheric Dynamic Mission Aeolus (ADM-Aeolus) pay-
load Atmospheric Laser Doppler Instrument (ALADIN), the
double-edge technique will be used to analyze the molecular
Rayleigh return with two FPIs as discriminator.'®!""

For wind measurement in the upper troposphere and
stratosphere, Rayleigh Doppler lidar is the only remote sens-
ing instrument because in such altitude, Mie backscattering
signal is very weak in most situations except after intense
volcano eruptions. Two FPIs with opposite slopes symmet-
rically located at the wings of the atmospheric Rayleigh
spectrum are used to discriminate the Doppler shift. As per-
formed in the Observatory of Haute Provence in France, the
Rayleigh lidar has demonstrated the possibility of continu-
ous monitoring of the variability of the middle atmos-
phere.”*?! Chanin et al.> and Garnier and Chanin® gave an
instrument description and the method for wind retrieval
in 1989. Different from the method of Chanin, Flesia and
Korb described the wind determination algorithm for dou-
ble-edge molecular technique in detail in 1999.% The meas-
urement precision related to the instrument performance was
discussed by McGill and Spinhirne through modeling the
Doppler wind lidar techniques and making improvement
on general instrument design.!” In order to make the model
more intuitive and conveniently implemented, McKay devel-
oped an another analytical model considering aperture
finesse effects of FPI and background noise.'””> However,
besides the system performance, the retrieval method itself
as another primary factor impact on the measurement preci-
sion is rarely discussed. In this article, we pay attention to the
measurement precision of various retrieval methods used for
wind detection and analyze their stabilities in the case that
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there exist spectrum width deviations in laser pulse, Rayleigh
backscatter, and FPI transmission curve. The result of sim-
ulation shows that the retrieval method proposed in this
article is especially suited for altitude >30 km with large
wind speed.

Section 2 gives a review of the existing retrieval theory. In
Sec. 3, we propose a new frequency response function and
then compare it to the existing methods especially in the sit-
uation of the splitting ratio of the double-edge channels
being not exactly 1:1. Section 4 presents the algorithm sta-
bility discussion for spectrum width uncertainties of laser
pulse, Rayleigh backscatter, and FPI transmission curves.
We give a comprehensive analysis in Sec. 5 and the
Conclusion is presented in Sec. 6.

2 Review of Retrieval Methods in Existence

We first give a review of double-edge lidar technique for
wind measurement with the molecular signal backscattered
from the atmosphere, which has been described by several
groups.”>?*The molecular signal with Doppler shifts is
spectrally broadened due to the random thermal motion of
the molecules and Brillouin scattering.’*>’ As shown in
Fig. 1, we use two FPIs, labeled Edgel and Edge2, located
at the wings of the atmospheric Rayleigh spectrum to dis-
criminate the Doppler shift from the Rayleigh backscatter.
Due to the steep slope of the edge filter, a small frequency
shift can cause relatively large changes in measured signal.
Wind detection is implemented by measuring the transmis-
sion changes of the backscattering on the double-edge
channels.

A small portion of the outgoing laser beam is split as a
reference signal to monitor its frequency by measuring its
location on the edge of the filter. The signal backscattered
from the atmosphere is split by two beamsplitters into the
double-edge channels and an energy monitor channel for
normalization, as shown in Fig. 2. The signals incident to
the double-edge channels transmit through the twin FPI and
then are detected by two detectors. The operating wavelength
is chosen to be in the ultraviolet at 355 nm to take advantage
of the 2~* dependence of the molecular backscatter.
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Fig. 1 Spectrum of the atmospheric backscattered Rayleigh signal
along with two Fabry—Perot interferometer (FPI) transmission func-
tions. The dotted green line and dashed dotted green line are
Rayleigh spectrum without Doppler shift and with Doppler shift of
Av, respectively. The cavity spacing of FPl is 12.5 cm, with free spec-
tral range (FSR) of 12 GHz. The full width at half maximum (FWHM) of
the FPI transmission curve is 1.7 GHz.
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Fig.2 Schematic of multichannels signal processing. (IF, interference
filter; BS, beamsplitter; Det, detector).

The radial wind, bulk motion of atmosphere in line of
sight, causes an overall spectral Doppler shift Av,;, which
can be determined from a differential measurement of the
frequency of the laser return from the atmosphere. This
makes the measurement insensitive to the laser frequency jit-
ter and shift.> In order to retrieve the Doppler shift from the
backscattered signals, Chanin et al.> defined a Doppler fre-
quency response function R as follows:

~_ NA-NB-C 0
~ NA+NB-C’

where NA and NB are the number of photons backscattered
from a layer of vertical thickness centered at some height and
then transmitted through two edge filters and finally detected
by two photomultipliers. C is a corrective factor determined
experimentally.’ Different from the algorithm of Chanin
et al., Korb and Gentry’ gave another definition of R
which can be written as

R_ ’
I,

(©))

where I; and I, are the signal intensity measured by the two
edge filters, respectively.”® The response function R is sen-
sitive to the wind’s speed and provides a unique measure-
ment of them. Although the two retrieval methods have
been used for about two decades, there are still some prob-
lems under solving, e.g., whether there is alternative retrieval
proposals possible to improve the measurement precision
considering shot-noise-limited and whether the measurement
is sensitive to the deviations of the laser spectrum width,
Rayleigh spectrum width, and the full width at half maxi-
mum (FWHM) of the interferometer transmission curve.
This article offers a reasonable solution to the problems men-
tioned above.

3 Sensitivity and Error Discussions

In this work, we mainly discuss the measurement error of
various retrieval methods for Rayleigh spectrum in practice
case. The parameters of the FPI we chose are based on the
principle that Rayleigh and aerosol spectrum have the same
velocity sensitivity, which is similar to the description of
Flesia and Korb.® As a result, the measurement is desensi-
tized to the effects of aerosol scattering.

In order to simplify the process of the discussion, we first
rewrite the frequency response function R. As we know, the
number of photons transmitted through the edge filters is
proportional to their transmissions on them. Therefore, the
R proposed by Chanin et al.> can be rewritten as
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r=li=T2 3)
T,+T,

Similarly, the R for the analysis method of Flesia and
Korb® is given by

_ T,

R= T, “)

T, and T, are the transmissions on the FPI. Mckay
pointed out that the methods displayed in Eqs. (3) and (4)
actually had the same measurement error.’! They are the spe-
cial cases for the methods of transmission ratio [the R in
Eq. (3) substantially is a function of T /T,] but have differ-
ent sensitivities. For double-edge technique, except for trans-
mission ratio, another most intuitional idea we can imagine is
the transmission subtraction, which defines the frequency
response function R as

L -1,
Ig

R =

T, —T,. (5)

The transmission subtraction is the new proposed method
for Rayleigh Doppler lidar wind determination and its supe-
riority under some circumstances would be shown in the fol-
lowing discussion.

3.1 Sensitivity

For Rayleigh Doppler wind lidar, one of the key parameters
that must be considered is the measurement sensitivity,
which converts the fractional error in the measurement
into an error in meters per second. The sensitivity of the dou-
ble-edge measurement is the fractional change of the fre-
quency response function R for a unit wind velocity which
can be written as

1dR
0=—. 6
R dv ©

Korb gave the whole calculation process for his analysis
method and the result is given by

0=0,-0,, (7N
where
1 dT;
= 8
ST (®)

0, (i =1, 2) are the sensitivities of the molecular meas-
urement for a single edge. Similarly, we give the measure-
ment sensitivity of Chanin et al.’s method as follows:

2T, T
®:ﬁ(®1 - 0,). ©)
1 2

Equation (6) gives us the definition of the double-edge
measurement sensitivity. For the method we proposed in
this article R = T — T,, whose sensitivity can be deduced
as follows:
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@:—-—:—. - - =
R dv T]—Tz dv dv

1 1 dT 1 dT
- . (Tl'_'_]_TZ'_'_2>
TI—TQ T] dv T2 dv
1

“7,-7, (T, -0, =T,-0,). (10

1 dR 1 (dT1 dT2>

Figure 3 shows the measurement sensitivities of the three
methods as a function of the frequency separated from the
crossover point of the twin FPI transmission curves. In
view of the symmetry, only the sensitivity versus positive
Doppler shift is displayed. As shown, the sensitivity of
Flesia and Korb’s method almost keeps constant as the fre-
quency increases, whereas the other two decrease dramati-
cally. The measurement sensitivities of the new method
and Chanin et al.’s method are higher than Flesia and
Korb’s and their line types tend to be highly similar to
each other especially for small Doppler shift. For greater
Doppler shift, a typical value of 700 MHz, which is equal
to a wind velocity of about 124 m/s, and their sensitivities
are in close proximity to each other. Actually, such high wind
speed is extremely rare even in the stratosphere up to 60-km
altitude. Therefore, the new proposed method together with
Chanin et al.’s method is thought to have a higher measure-
ment sensitivity that indicates for a given error, a lower sig-
nal-to-noise ratio (SNR), and thus a shorter integration time
is required. This is of prime importance for a molecular
measurement while the sensitivity is lower than for a corre-
sponding aerosol-based measurement by a factor of ~10.”8

3.2 Error Analysis

Here, we continue to use the error estimate method described
in Korb et al.’s and Flesia and Korb’s work,”® where the error
in the line of sight wind is given by

1

 TSNR O

1)

SNR and O are the SNR and the sensitivity for the double-
edge measurement, respectively. The sensitivities of the three
methods have been discussed in the last subsection. Another
pivotal parameter for error estimate is the SNR of measure-
ment which is given on the assumption that the noise

0.04 v -
\ — . This work
i \ —- Chanin's work
~ '\ Korb's work
® _ \
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Fig. 3 Sensitivities of various frequency response functions.
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measured in different channels can be considered to be
uncorrelated, as used in Korb et al.’s article for the descrip-
tion of edge technique.*

First, the measurement SNR can be written as

1 Var(R)
= , 12
(SNR)? R’ 12)
where Var(R) is the variance of R, it is given by
OR\? OR\?
Var(R) = <611) Var(I;) + <012> Var(1,)
OR \?2
+ <@) Var(I). (13)

where I; and I, are the signals of double-edge channels and
I is the signal of energy monitor channel, respectively.
Similarly,

1 Var(I;)

Then, from Eq. (11), the measurement errors are

1
€= (SNR7? + SNR;?2)!/2 (Korb), 15)
0, -0,
1
€= (SNR72 4+ SNR32)!/2  (Chanin), (16)
0, -6,
1 L 3 (T =Ty))'"?
€ =
7,0, —T,0, |[SNR? ' SNR2 ' SNR2
X (the new method). (17

It is easy to find that the results of Korb et al.’s and Chanin
et al.’s method are the same. The following statement dem-
onstrates it not to be an accident and all the frequency
response functions have the same estimated error only if
they can be written as a function of transmission ratio,
i.e., T] / T2.

Under the premise R as a function of 7| /T, then Eq. (13)
can be rewritten as

So, the SNR can be written as

1 1[I oR o a\1/2
I
We calculate the sensitivity as follows:

1
or (%) ar,
~Rdv R a(z_l) ol, dv a<1_1> ol, dv

I I

1
_1dR 1| 0R 0(ﬁ) dI,

1 R I
RIOE

Then, from Egs. (20) and (21), the measurement error is

(0, - 0,). @

- 1
- 0,-6;

€

(SNR72 + SNR;2)!/2. 22)

The demonstration indicates that all the efforts try to make
the measurement better through transmission ratio is
unavailing.

The error due to the SNR is dominated typically by the
SNR of the double-edge channels for the method of trans-
mission ratio, whereas the energy monitor channels should
also be taken into consideration for transmission subtraction.
However, for a certain signal backscattered from the atmos-
phere, the SNR of the three channels is partly determined by
the splitting ratio. From the perspective of mathematics, it is
easy to find from Eq. (22) that the minimum error occurs
only if the splitting ratio of the double-edge channels is
exactly 1:1, which is very difficult to realize in the engineer-
ing practicality. Figure 4 shows the measurement errors of
two different ways as a function of the splitting ratio of
the double-edge channels at a Doppler shift of 200 MHz.
As shown, the two methods have their own superiority as
the splitting ratio varies. However, the splitting ratio is a
fixed value immediately after the calibration. In other
words, if the splitting ratio is at the right side of the crossing
point, value of about 1.1, the new method would have a bet-
ter performance.

] ——T1-T2 (30 Km)
5 — =T1/T2 (30 Km)
I, OR 0(5_1) 10.8 - - - T1-T2 (40 Km)
Var| (1) ] = || Vet _ —pme
0 7, -==-T1/T2 (50 Km)
n\ |2 n\ |2
e T [ o],
ar ar .
off) o | oy o
I, I
(18)
Note that the last term equals O and then — 7T
0.6 0.8 1.0 1.2 1.4
2 " .
I I, OR Splitting ratio
Var {R <—1)} = |- ——| (SNR;2 4 SNR;2). (19)
I, I, a(%) Fig. 4 Relative error for two retrieval methods as a function of the
2 splitting ratio.
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Fig.5 For typical splitting ratio, the relative error of two retrieval meth-
ods as a function of frequency.

We can facilitate our grasp of the result in this way. The
backscattered signal with a Doppler shift makes the transmis-
sion increase on one edge filter and decrease on another one.
The minimum error for corresponding wind velocity occurs
when the edge channel with lower transmission occupies a
higher percentage of the general signals of the double-edge
channels to compensate for the differentiated SNR. It is nec-
essary to point out that the signal intensity of the energy
monitor channel we used to analyze the measurement
error is about 10% of the whole signal. Thus, the transmis-
sions of the double-edge channels at the cross point are about
20%, which leads to a relatively small error due to approx-
imately equal SNRs of the three independent channels
according to Eq. (17).

Figure 5 gives the relative error of the two retrieval meth-
ods at various altitudes for typical splitting ratios 1.1 and 1.2
as a function of Doppler shift. The relative error is defined as
(e — 1) /e, where the € and ¢/ are errors of transmission ratio
and transmission subtraction, respectively. It shows that for
small Doppler shift, the new proposed method has a rela-
tively smaller error and the higher the splitting ratio, the
more obvious the difference between the two methods.

Although the relative error shown in Fig. 5 is very small
(<1%) even at the peak of the curve, it is still significant
because the measurement precision is not totally determined
by the sensitivity and SNR. As described earlier, the fre-
quency response function R as a function of transmissions
on the double-edge channels is sensitive to the transmission
curves. However, the transmission function for Rayleigh
backscatter is a convolution of the FPI transmission function,
laser spectrum, and the Rayleigh spectrum. So, the stabilities
of the retrieval methods to three spectrum widths are another
primary error source that we must consider, which is dis-
cussed in the next section.

4 Algorithm Stability

As mentioned in the last section, the spectrum widths of the
edge function, laser spectrum, and the Rayleigh spectrum are
potential parameters that may cause measurement errors.
Therefore, it is necessary to do research on the differential
relations of frequency response function R which reveal
how the Doppler frequency relies on the spectrum widths.
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Similarly, we define the measurement sensitivities for
FWHM of the FPI, width of the laser spectrum, and
Rayleigh spectrum as follows:

1 dT; 1 dT;
@ A ) = = ! A L) = — ! G) A .
( UE[) T, dAvy, ( vr;) T,dAv, ( UR:)
1 dT;
= — L(i=1,2). 23
Ti dAUR (l ’ ) ( )

The ultimate object of all the endeavors is to obtain the
relationship between the Doppler shift uncertainty and ones
of various spectrum widths. However, the Doppler shift, as
an inverse function of R, is indirectly related to spectrum
widths mentioned above. Theoretically, the partial derivative
of the Doppler shift to a certain spectrum width is given by

-1
G R _(E)IR_&) ”
06 OR do ov do  O(v)

where o stands for one of the spectrum widths and thus ©(o)
is its sensitivity. Equation (24) provides the fundamental for-
mula for the discussion of the retrieval methods’ stability. We
substitute the frequency response function R for Egs. (3) and
(4), respectively. The result shows that the method of Chanin
et al. and Korb et al. has the same stability even if there is a
factor of 27,T,/(T% — T3) difference in the sensitivity as
mentioned in Sec. 2. That is because for an arbitrary spec-
trum width, there is still the same factor in difference. We
give the derivative relation for transmission ratio as follows:

ov  OAvg — OAvg,

= , 25

aAl)R @1 - @2 ( )

ov o @AZ/LI - @AI/Lz (26)
aAUL B @1 - @2 ’

ov _ @AIJEl - @AZ/EQ (27)

Avy  0,-0,

Howeyver, the manner of transmission subtraction shows
distinct differences compared to transmission ratio.
Neglecting the mathematic operating, the derivative relation
for signal subtraction is given by

ov - T]@AIJR] - T2®AIJR2

_ , 28

()AvR T1®1 - T2®2 ( )
ov o TIG)AI/LI - T2®AZ/L2 (29)

0Av,  T,0,-T,0,

Jdv - T1®AI/1 - T2®AV2 (30)

0Av  T,0,-T,0,

Figure 6 shows the partial derivative of Doppler shift with

respect to the Rayleigh spectrum width as a function of the
frequency in unit of FWHM of the FPI. According to U.S.
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Fig. 6 The derivative of Doppler shift with respect to Rayleigh spec-
trum width in units of FPI FWHM.

standard atmosphere 1976, for different temperatures rel-
evant to different altitudes of 30, 40, and 50 km, the proposed
method is more acute to the deviation of the Rayleigh spec-
trum with an order of 1072, as shown in Fig. 6. Another two
partial derivations are shown in Figs. 7 and 8, respectively.

The line shape displayed in Fig. 7 is very analogous to
that in Fig. 6 because the Rayleigh spectrum contributes
to Doppler shift in the same manner with the laser spectrum.
However, the influence of laser spectrum width on Doppler
shift is much smaller compared to the Rayleigh spectrum
width. Besides, it is easy to find that Korb et al.’s method
is more sensitive to the FWHM of FPI. The resultant
error caused by various spectrum widths can be calculated by

(@) s )

av \2 )12
+<0AZ)E) -(6A11E)) , (31)

where 6A vy, 6Av;, and SAvg are the spectrum width uncer-
tainties of the Rayleigh, laser, and FPI, respectively.

It seems that the method of transmission subtraction may
cause higher measurement errors due to more likely be
affected by uncertainties of the laser and Rayleigh spectrum
widths, the following analysis can help us dispel the concern

2
| =---T1m2
- = T1-T2 s
1 7
7 ’
@ < /7
o - g L’
<, _ R
> 0 4 __—-’—*-/—-’. ______ -
§ "/ //
> 4 7 _
« " P
-1 v s
s
4
-2 S B S B p
-0.4 -0.2 0.0 0.2 0.4
FWHM

Fig. 7 The derivative of Doppler shift with respect to laser spectrum
width in units of FPI FWHM.
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Fig. 8 The partial derivative of Doppler shift with respect to FWHM of
the FPI in units of FPI FWHM.

about this. The error caused by the laser spectrum width can
be neglected for two reasons: one is the well stable perfor-
mance of the laser and thus little frequency jitter and drift;
another is that the derivative of the Doppler shift with respect
to the laser spectrum width is about 1 or 2 orders of magni-
tude smaller than the other two widths.

The Rayleigh spectrum width varies as the square root of
the atmospheric temperature. The error occurs when the
value used for the atmospheric temperature does not match
the actual atmospheric temperature. Supposing a 5-K error in
our knowledge of the atmospheric temperature profile, this
causes a 38-MHz deviation of the Rayleigh width at 220 K.
In view that the derivative coefficient of Rayleigh width is
only 1 order of magnitude smaller than that of the FPI
FWHM, although the Rayleigh width related error cannot
be neglected, it is only the secondary error source.

Many factors may lead to changes of the FPI transmission
curves, such as the voltage added to the piezoelectric actua-
tors, ambient temperature, and the stability of the illumina-
tion during the wind detection. From Fig. 8, we can find that
the algorithm of transmission subtraction is relatively insen-
sitive to the changes of FPI FWHM. Although the standard
deviation of the FWHM can decline to <1% by repeating the
scanning experiment, the error is still the primary one
because the partial derivative is about 1 or 2 orders of mag-
nitude larger than the two spectrum widths.

We assume a 2-MHz error in laser width and 40 MHz in
Rayleigh width which is near the limit to our knowledge of
temperature profile. For three typical Doppler shifts, 100,
200, and 500 MHz, whose relevant wind velocities are
18, 35, and 88 m/s, respectively, Fig. 9 gives the resultant
errors of the two methods as a function of the FPI FWHM
deviation. As shown, the new proposed method generally
varies gently to the drift of the FPI FWHM. We can see
that the cross point of the two curves at any Doppler shift
is about 6.5 MHz, which indicates when the deviation
between the FPI FWHM we used to determine the wind
velocity and its real value is larger than this value, the pro-
posed method would have a better performance.

In order to reveal the difference between the two methods
more intuitively, we choose an FPI FWHM offset of 8 MHz
and calculate the relative error, as shown in Fig. 10. As a
result of Eq. (31), it shows us the relative error of the two
retrieval methods at various altitudes. It should be noticed
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Fig. 9 Resultant error varies as the FPI FWHM deviation at different
Doppler shifts for two methods.
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Fig. 10 Comparison between two retrieval methods at various alti-
tude levels.

that the curve of 30-km altitude is much different than the
other two. Actually, at such height level, not only the
FWHM offset of FPI but also the deviation of the Rayleigh
spectrum width dominates the relative error. From Fig. 6,
we can find that the difference value between the two retrieval
methods at 30-km altitude (227 K, U.S. Standard Atmosphere
1976) is of the same order of magnitude compared to that of
the FPI FWHM in Fig. 8. Meanwhile, the difference value
reaches its maximum at about +0.32 FWHM of the FPI
(about 550 MHz) in Fig. 6, where the relative error in
Fig. 10 reaches its minimum. This well explains the difference
between 30 km and other altitudes.

5 Analysis

We have discussed the measurement error in situation of
shot-noise-limited in Sec. 3 and the errors caused by the
instability of various spectrum widths in Sec. 4. Actually,
these two factors behave simultaneously throughout the
wind detection and we must synthetically think them over.
The frequency response function R can be written as

R = R(v, Avg, Av, Avg). (32)

The Doppler shift is derived from Eq. (32) and it can be
expressed as

Optical Engineering

061607-7

—---30 Km
20 —-=40Km /
4\ - =--50Km )
' /7 )
x 15+ \\ K I/'
5 4NN /7y
= \ \ \ ’/ o
Lg 104 YN /7 /)
> \\ \ Il l,
'ﬁ T [ . / 4/'
E 5_ ‘\ A \ 'I / ‘
¥ \\ \\ / . 'r
4 N\ 'l/’f
SN s
0 - R N
T I T I T I T | T I T

-900 -600 -300 0 300 600 900
Doppler Shift (MHz)

Fig. 11 Relative error between the two methods as a function of
Doppler shift at various altitudes.

v =v(R, Avg, Avy, Avg). (33)
Then the error is given as follows:

ov 2 ov 2 ov 2
2= | =—=6R 0A oA
‘ (dR ) i <0AUE vE> " <0AVL UL)

ov 2
SA . 34
+ (6A11R UR) (34)

Actually, the first term is the measurement error because

ov 11 1
A - S — 35)
OR 1R R ™ @ . SNR

whereas the sum of last three terms is the error caused
by algorithm instability as described in last section.
Equation (33) gives a comprehensive reflection of the errors
and we can infer from it that the algorithm stability cannot be
ignored when the error caused by system SNR is equivalent
to the one introduced by deviations of various spectrum
widths. Although the real SNR cannot be obtained without
experiment due to various temporal and spatial resolutions,
we select a value large enough to meet the conditions men-
tioned above, which typically guarantee the measurement
error of about 1 to 2 m/s at 30 km altitude. A relative
error for the two retrieval methods in condition of splitting
ratio of 1.2 and FPI FWHM offset of 8 MHz is given
in Fig. 11.

As shown, for the altitude of 30 km, the proposed method
reduces the measurement error from <5% to >15% as the
Doppler shift varies. Even if it generally tends to be smaller
for other two altitudes, it is still meaningful. On the one hand,
more precise temperature estimate can make the advantages
of transmission subtraction more obvious because it is more
sensitive to the change of temperature compared to transmis-
sion ratio. On the other hand, the FPI FWHM deviation of
8 MHz is a very critical requirement for the experiment.

In addition, all the discussion and comparison we made in
this article shows that there is no substantive difference
between the method of Korb et al. and Chanin et al. except
for the sensitivity.
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6 Conclusions

A new retrieval method is described by introducing a new
frequency response function. Compared to other frequency
response functions proposed by Korb et al. and Chanin
et al., it has a higher sensitivity. In the actual situation of
splitting ratio to be not exactly 1:1, it shows its superiority
especially for small Doppler shift and thus small wind veloc-
ity. Algorithm stability, i.e., errors caused by deviations of
various spectrum widths, is first discussed and it can
reach a few tenths of 1 meter per second. Well-stable
laser performance and relative accurate knowledge of tem-
perature profile guarantee the new proposed method has less
sensitivity to deviations of spectrum widths. Comparison
between the new method and the existing algorithm under
overall consideration is performed. The result shows that
the new proposed method decreases the resultant error
from <5% to >15% as the Doppler shift varies with the split-
ting ratio of 1.2 and the FPI FWHM deviation of § MHz. It is
necessary to point out that the new method is extremely
suited for circumstances of low atmosphere temperature,
uncoordinated splitting ratio, and nonignorable error caused
by algorithm instability.

This article also demonstrates that there is no substantive
difference between the methods of Korb et al. and Chanin et
al. except for the measurement sensitivity. This indicates that
we cannot figure on the manner of transmission ratio to
improve the measurement accuracy.
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