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Abstract: Wind is one of fundamental meteorological elements describing the
atmospheric state. Global wind observation is important to improve the initial
conditions essential for numerical weather prediction (NWP), climate studies, and
meteorological studies. A space-based Doppler Wind Lidar (DWL) would be a useful

approach for global wind profiling.

It is important to evaluate wind measurement

performance before launch of space-based DWL. We develop coherent and direct-detection
DWL simulators to investigate measurement performance on wind. In the paper, we
describe the development of the two DWL simulators for the future space application.

1. Introduction

An integrated global 3D observing system
including wind observations with higher
spatial  resolution is  required  for
understanding detailed atmospheric
conditions. In last decades, the role of satellite
observing systems has been increased, and
they heavily contribute to the reduction of
prediction errors.

The World Meteorological Organization
(WMO) Integrated Global Observing System
(WIGOS) plan summarized by the WMO
states that it is important to promote
continuous and effective satellite observing
systems, and to improve observation
performance. Satellite wind observing
systems use tracking clouds or water vapor
(Atmospheric Motion Vectors, AMYVs),
which can observe over a wide area and at
high frequency. However, it has problems
such as height assignment, vertical resolution,
system accuracy, and wind measurement over
clear/dry regions and at specific limited layers.

It is expected that a hyper-infrared sounder
planned to be installed on the next
geostationary meteorological satellite
Himawari will improve these issues of AMVs,

but the height assignment error in AMVs
remains as critical issue.

The European Space Agency (ESA)
launched the Acolus mounted a space-based
Doppler wind lidar (DWL) [1-2] in August
2018 with the objective of improving the
initial global wind input for the NWP and
deepening the understanding and modeling of
atmospheric dynamics phenomena at global
and regional scales. The Aeolus has realized
the global wind profiling from space and has
demonstrated importance of the global wind
profiling and great effects of the DWL in
improving the accuracy of NWP and the
application to atmospheric dynamics. The
Aeolus has been operated over its three-year
design life, and it ended its mission life in July
2023. ESA is considering a next-generation
DWL mission. The Japan Aerospace
Exploration Agency (JAXA) has conducted
feasibility study of a space-based coherent
DWL (hereafter CDWL) that uses a detection
method different from Aeolus [3-5]. In the
paper, the development of the two DWL
simulators is described to evaluate
measurement performance on wind.
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2. Doppler wind lidar

A DWL is a useful remote sensing technique for
measuring line-of-sight (LOS) wind speed, and
it provides wind profiles with good vertical and
temporal resolutions. When a laser beam
transmitted from a DWL is applied to
atmospheric wind-carried atmospheric
molecules, aerosols, and clouds, backscattered
light shifts slightly from the original frequency
of the transmitted laser at the time of emission,
due to the Doppler effect.  Atmospheric
molecular (Rayleigh-Brillouin scattering, hear
after RBS scattering) and aerosol and cloud
(Mie scattering) backscatter spectra are shown
in Figure 1. The Doppler frequency shift fp
directly determines the LOS component v; gg
of the wind vector. The Doppler frequency shift
/o is given by

v
fD=2'fLT=2'— (1)

where fi and A p are the frequency and
wavelength of the transmitted laser, and ¢ is the
speed of the light. At a laser wavelength A;, of
3548 nm (fi=844.862 THz) and 2051.3
(fi=146.155 THz), a LOS wind speed of 1 m/s
corresponded to a Doppler-shifted frequency of
5.636 and 0. 975 MHz, respectively.

There are two types of DWL according to
detection techniques: heterodyne-detection for
CDWL and direct-detection for direct-detection
DWL (DDWL). The CDWL with an optical
heterodyne technique uses Mie scattering to
measure LOS wind speed. @~ The CDWL
measures the LOS wind speed with components
of the background atmospheric flow. The
measurement accuracy of the CDWL depends
on the load of aerosols and clouds. The CDWL
is suitable for wind measurements in the low
and middle troposphere.
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Figure 1. Principle of DWL wind measurement
using the Rayleigh-Brillouin spectrum from

atmospheric molecule, Mie spectrum from
aerosol and cloud, and laser spectrum.

The DDWL uses both RBS and Mie
scattering to make wind measurements. The
DDWL based on the RBS scattering has
advantages for wind measurement in the middle
and upper troposphere and the lower
stratosphere, which provides us a LOS wind
speed of background atmospheric flow. There
are several types of spectral filters used in
receiver techniques, such as Fabry-Perot etalon
interferometer, Fizeau interferometer Mach-
Zehnder interferometer, and so on. The DDWL
with a double-edge receiver uses a frequency
discriminator based on the double-edge Fabry-
Pérot etalon technique in the paper.

3. Coherent Doppler wind lidar
simulator

We developed a end-to-end comprehensive
CDWL simulator to resolve the issues and to
evaluate wind measurement performance from
space. The coherent signal is well
approximated as a zero-mean complex
Gaussian random vector z with elements,
complex coherent signal, z; satisfying (z, z;) =
0. We assume that the coherent signal is
stationary. We use complex coherent signal in
the CDWL-Sim. The coherent signal is
expressed as the following discrete time series,

zy = sgexp(i2nfp - kTy) + ny , (2)

where 7 is the sampling interval, and random
signal sx is independent of the uncorrelated
noise nx with Gaussian white noise (|2 z; | = 1).
The average noise power is set to unity to
simplify the results.

The covariance R; i of the coherent signal at
a range gate / reduces to

Ry x = SNRc,prexp(i2nfpkTs) + N, (3)

where SNRc, is the signal-to-noise ratio, px is
the normalized covariance of the coherent
signal. The R is converted to the power
spectra of the coherent signal using the FFT.
The power spectra Y,, with m as index is given
as follows,

=
m

Y, =— 2 R; rexp (—i2n—k) . (4)
2M — 2M

The power spectra of the coherent signa is
converted to the time-domain using the inverse
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FFT. The time-domain coherent signal z; is
given as the follows,

2M-1
m
Zig = 2 Vmexp (iZRWk) , (5)
m=0

where M is the sampling number at the range
gate [. The power spectra density PSDy; is
calculated given by Eq. (6),

2M-1 2

Z Z) exp (—i21‘r % k)

k=0

T,
PSDl,k = ﬁ 5 (6)

and is averaged according to the spatiotemporal

resolution meeting the WMO user requirements.

Finally, average Doppler frequency shift and
width of the PSD;; is determined using the
maximum likelihood estimation method. The
width is defined as a wind speed error in the
simulation.

4. Direct-detection Doppler wind
lidar simulator

The Aeolus carries the Atmospheric Laser
Doppler Instrument (ALADIN), which uses a
single-frequency ultraviolet (UV) laser and a
direct-detection system with two
interferometers, namely, a FPEI for the RBS
scattering signals (Rayleigh-channel) and a
Fizeau interferometer for the Mie scattering
signals (Mie-channel). The double-edge and
fringe-imaging techniques are used for the
Rayleigh- and Mie-channels. The Rayleigh-
channel can provide us LOS wind speed
profiles from the ground up to an altitude of
approximately 30 km under the clear-sky
condition. The Aeolus ended its mission life
in July 2023. ESA is considering a next-
generation space-based DWL as an Aeolus
follow-on mission.

We are developing an end-to-end DDWL
simulator with the National Institute for
Environmental Studies (NISE) and the Kyushu
University (KU) to design systematic
specifications a DDWL and to evaluate wind
measurement performance for future synergetic
wind observation between the space-based
CDWL, and the Aeolus follow-on and the next-
generation Himawari.

The double-edge technique with Fabry-Perot
etalon interferometer is used in the DDWL
simulator. The Michelson interferometer is also
used to reduce the contamination from the Mie
scattering signal. The spectrum from Mie

scattering is assumed to be narrow in
comparison with the laser line spectrum, the
convolution operation between the two spectra
is neglected in the following discussions. The
number of photoelectrons N (7) detected at
the two detectors for a LOS wind speed vy,g5(7)
is given as

Er A

R
Ni(r,fp) = Kih_fL 2 AT - Tamos” -

f_ {Bres(r) " Ty(f) - Gp, * Grps(r, f, fp) + ! (7)
Buie () - Ti(f) - Gy * Lygie (. f, fp) }df

where K; is a system constant for channel 1 and 2, Er
is the laser output energy, Ar is the telescope area, Ar
is the one range gate,  is the distance to the target
atmosphere, Tamos 1 the atmospheric transmission,
and 7;(f) is the transmission at the frequency of f for
optical filter centered at fi.. Bres and By are the RBS
and Mie backscattering coefficients, G and Gras are
Gaussian line-broadening functions for the laser
spectral width and the RBS spectrum, Ly is a
Lorentzian function for the Mie spectrum, the
asterisk denotes a convolution operation, and h is
Planck’s constant.
The LOS wind speed error a;,95(7, fp) (m/s)
is given by Eq. (8),
90s(r: /o) = 5 E39 % 108 1112
11
S

“(01 +9,)
, (8)

1 1
j SNRy, ()2 | SNRp, ()2

where SNRp-12(r) is the signal-to-noise ratio
(SNR) for each channel. In the study, we
assume that shot noise was the dominant noise
source. The random errors of N;(r, f, Af) were
described by a Poisson distribution. The SNR is
given by Eq. (9)

SNRyp;(r) = Ny(r,v,Av) _ [N (r,v,Av) 9)

/N (1,v,Av)

5. Result

We conducted preliminary simulations to
confirm their operation and to investigate wind
measurement performance using the CDWL
and DDWL simulators. = The conceptual
parameters of the space-based CDWL and
DDWL are listed summarized in Table 1.
Figure 2(a) shows the target wind profile model.
The strong wind blows around at an altitude of
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10 km [6]. Figures 2(b) and 2 (c) show results
of wind measurement performance simulated
using the parameters listed in Table 1, enhanced
aerosol model [6], and US standard atmosphere
1976 [7]. Black and blue bars show wind speed
errors. The results show that both the CDWL
and DDWL simulators can retrieve the target
wind profile model successfully. We found that
those simulators execute proper simulations.
The CDWL simulator shows wind speed errors
of 0.7 m/s in the BL and 1 to 2 m/s in the FT,

Table 1. Summary of space-based
coherent and direct-detection DDWLs

Wavelength (um) 2 0.355
Pulse energy (J) 90 80
PRF (Hz) 30x2 50.5
Telescope diameter (m) 0.6 1.5
Total system efficiency 0.04 0.05
Satellite orbit (km) 300 400
Azimuth angle (°) 90
Nadir angle (°) 35
Horizontal resolution (km) <100
Vertical resolution (km BL:<0.5 .
(km) FT. < FLLST:1

BL: Boundary layer, FT: Free troposphere,
LST: Lower stratosphere
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Figure 2. Wind profiles estimated using (a)
target wind profile, (b) CDWL, and (c) DDWL
simulators with the double-edge technique.

while the DDWL simulator shows wind speed
errors of 1 m/s in the BL and 1 to 3 m/s in the
FT and LST except for altitudes of 9 and 10 km.

6. Summary

JMA will launch the geostationary
meteorological satellite Himawari in the late
2020. ESA is considering a Aeolus follo-on
mission in the early 2030. In Japan, the
working group continues to make feasibility
study to launch the space-based coherent DWL
in the 2030s. We develop coherent and direct-
detection DWL simulators to investigate wind
measurement performance for the future wind
observation from space to discuss synergy wind
measurement each other. We conducted
preliminary 1-D simulations to investigate wind
measurement performance using the two
simulators. The results are wind speed errors of
0.7 m/s in the BL and 1 to 2 m/s in the FT for
the CDWL and 1 m/s in the BL and 1 to 3 m/s
in the FT and LST for the DDW. We develop
to conduct 3-D simulations using the two
simulators to enhance the feasibility of the
space-based CDWL.
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