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Abstract

A feasibility study for wind observations with a spaceborne infrared coherent lidar is conducted in Japan.
Here we present a study to characterise the line-of-sight wind retrieval errors for the considered instrument
characteristics and for the best case conditions, e.g. homogeneous atmosphere and a spectrum broadening
dominated by the laser pulse width. The model for simulating time sequences of the atmospheric signal is
presented as well as the method for retrieving the Doppler frequency. A numerical expression of the retrieval
errors is derived for various signal-to-noise ratios (SNR), spectral and spatial resolutions. The SNR and spatial
resolution trade-off for good quality retrievals is shown. Future studies for a comprehensive error analysis are

discussed in conclusion.

1 Introduction

Wind profile measurements from space have mostly
been performed in the middle and upper atmosphere
(altitude >20 km) using passive techniques (see ref-
erences in [1]). In order to respond to the strong de-
mands for global observations in the troposphere [2],
the European Space Agency (ESA) will launch in 2015
the Atmospheric Dynamics Mission Aeolus equiped
with an UV lidar [3]. In Japan, a working group is
studying a spaceborne coherent Doppler lidar operat-
ing in the infrared region [4] while the National Aero-
nautics and Space Administration (NASA) is looking
at a dual system using both infrared and visible li-
dars [2, 5].

The Japanese effort includes the implementation
of the Integrated Satellite Observation SIMulator for
Coherent Doppler Lidar (ISOSIM) in order to sup-
port with numerical simulations, the definition of the
instrument and of the observation strategy. The sim-
ulator allows us to compute realistic measurements
and wind retrievals along a series of orbits using wind
and aerosol 3-D fields from atmospheric models. The
impacts of the observations on atmospheric models
are assessed using the simulated measurements and an
Observing System Simulation Experiment (OSSE) [6].
In parallel, a simplified model has been implemented
which does not include the atmosphere and observa-
tion details has been implemented. This model simply
reprduced time series of the signal with the expected
statistical and spectral properties. It is well suited for
assessing the uncertainties arising from observational

parameters on a case-by-case basis.

The objectives of this paper are twofold. First
the algorithms for generating a time sequence of the
atmospheric signal and for retrieving the Doppler
frequency induced by the line-of-sight wind are de-
scribed. These algorithms are shared by ISOSIM and
the simplified model. Second, the retrieval error are
characterised for the considered instrumental settings
and for the best observational conditions: homoge-
neous atmsophere and signal spectrum dominated by
the transmitted pulse width.

2 Observational characteristics

The line-of-sight wind (v) is derived from the Doppler
shift (F;) of the narrow aerosol spectral line (width
~ 1 MHz): Fy; = 2v/X with X the signal wavelength.
The use of the heterodyne technique allows us to re-
solve the spectral line and to measure its position.
The target is a precision of 1 ms™! for the retrieval
of the horizontal wind. Note that because of the
nadir angle between 30—40°, the line-of-sight velocity
is about half that of the horizontal wind. Two lidar
technologies, both operating at infrared wavelengths
are being considered. The main instrumental and ob-
servational characteristics are given in the tables here
below.

Laser A =2.1 (1.5) pm
Frequency & velocity Ims™! = 1(1.3) MHz
Pulse energy 125 (10) mJ
Frequency repetition (PRF) 30 (2500) Hz
Pulse power profile FWHM (7) 200 ns
Power spectrum FWHM (w=21n2/77) 2.2 MHz



Observation characteristics

Telescope diameter 40 cm
Satellite altitude 180 to 400 km
Nadir angle 30-40 °©
Satellite velocity wrt surface 7.7 kms™!

~32500 for PRF= 2500 Hz
~390 for PRF= 30 Hz
<0.5 ms™t

Number of Pulses over
100 km ground-track
Line-of-sight velocity precision (target)

Processing characteristics for M=256

Sampling frequency, Fj 400 MHz
Spectral Resolution, Ajy 1.5625 MHz
Range gate observation time 640 ns
Vertical resolution (35° nadir angle) 63 m
)= Mw/(2V2In2Fs) 0.6

In order to detect a line-of-sight wind between
+100 ms~!, a receiver bandwidth (B) of 200 MHz
(sampling freqency Fs = 2B = 400 MHz) at A =
2.1 pm is required. The local oscillator and the trans-
mitted pulse frequencies are separated by 100 MHz so
that the frequency of the signal without Doppler shift
is in the middle of the receiver bandwidth (100 MHz).
Figure 1 shows the atmospheric signal over a time
window of 1 ps. A series of speckles due to the time
correlation between signal samples are seen. The cor-
relation time (coherence length) is twice that of the
laser power pulse: 7. = 27 = 400 ns. An elemen-
tary range gate composed of M consecutive samples
is used to derive a spectrum. The single range spec-
trum is most of the time noisy and requieres to be
averaged with other ones to obtain good quality re-
trievals. The observation time for M = 64 and 256
is 155 and 620 ns, respectively. The set of spectra to
be averaged are taken along the line-of-sight (same
pulse) and along the orbit track (different pulses).
The former case defines the vertical resolution while
the latter one defines the horizontal one. In this work
we consider that the line-of-sight wind measurements
performances should be better than a precision of 0.5
ms~! and a spatial resolution (horizontal,vertical) of
100x0.5 km.
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Figure 1: Simulated signal with a sampling frequency
Fs=400 MHz, a Doppler frequency of Fy=50 MHz and
a SNR=10. The intensity is normalised in order to get
a noise power equal to one. The thick black line is the
shape of the transmitted pulse power profile (FWHM
7=200 ns).

3 Model description

The heterodyne signal is computed using a widely
used model [7-9]. The discrete real-valued time se-
ries is the M-elements vector z;:

2 = V2s; COS(QWi% + @) + Zs (1)
S

Here i/ F; is the elapsed time between the transmis-
sion and the measurement, s;, ¢; and Z; are zero-
mean random and mutually independent parameters
with a log-normal, uniform and Gaussian distribution,
respectively. The parameter =; describes the detector
noise, and s; and ¢; results from the integration of
the light backscattered by the large number of scat-
terers randomly distributed in the illuminated volume
at time ¢. The phase ¢ varies between 0 and 27.

The Doppler frequency is assumed to be constant
in the analysed time window as well as the ensem-
ble average of the atmospheric signal and of the noise
power: (s?)= 8 and (Z7)= N. Considering that the
detector noise is due of the shot noise of the local os-
cillator, the signal to noise ratio (SNR) can be written
as [8]:

SNR = > = pAPL
~ v "Bhe’

where Py, is the power of the atmospheric signal which
is propotional to the laser pulse energy, 7 is the het-
erodyne efficiency, h = 6.6261 x 1073* Js is the Planck
constant and ¢ = 2.9979 x 10% ms~! is the speed of
light in vacuum. The theoretical Power Spectral Den-
sity (PSD) is given by:

P(ry) = & + Y225 (g(v; + F) + g(vi — F))  (2)

where ¢ is a Gaussian function with a FWHM of w.
The power spectrum is estimated from M temporal
samples using the equation:

Putn) = T ®

The signal z; is generated in three steps. (1) A
theoretical power spectrum is generated (Eq 2) with a
spectral resolution Fy/(2M). (2) A complex valued
Fourier spectrum is produced with 2M random coef-
ficients ¢; so that (R(e;)?)=(I(¢;)*)= P(v;)/(2MFy)
and (R(e;)) = (I(g;)) = 0. Here R and I denote the
real and imaginary components of the complex num-
ber. Coeflicients with positive frequency are indepen-
dent and the ones in the negative frequency range fol-
low the symmetrical properties associated with a real-
valued temporal signal. (8) The temporal sequence
of M elements is extracted from the 2M elements of
IFFT(e) (IFFT is the inverse Fourier transform). Fi-
nally the mean intensity of the time sequence is set to
Zero.

4 Retrieval method and error characterisation

The wind retrieval is performed in several steps. First
the analysed time windows (M samples each) are ex-
trapolated with zero values and the power spectrum is



computed (Eq. 3). The number M, of zero-padding is
determined by the spectral resolution needed to reach
the desired precision for the retrieved line-of-sight ve-
locity (better than 0.5 ms~!). The spectra are av-
eraged to obtain a smooth spectrum Py, M,,N, (Vi)
with N, the number of accumulated spectra.

In a second step, an estimate ﬁ; of the Doppler
shift is derived using the periodogram maximum like-
lihood estimator [8]. The log-likelihood function
L(v) is computed in the positive frequency domain
((M + M,)/2 frequencies) as:

M4+My)/2-1 =
( )/ Py, N, (Vi)

P(Fy,vi,S,N,onr)

(4)
Here the width s is the pulse spectral width (w)
multiplied by 7, a constant to account for the spec-
tral broadening due to the limited observation time.
We use n = 2.0, 1.6 and 1.2 for M =64, 128 and 256,
respectively.

In the final step of the processing, the frequency
retrieval is improved with a small computational cost,
by using a second-order polynomial fit of the maxi-
mum of L, and its two adjacent points:
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Figure 2: Histogram of the Doppler frequency re-
trievals for cnr=0.05 and M=64 (left panel) and
M=256 (right) panel. The total number of samples
(No x M) and the frequency sampling (1.5 MHz) are
the same. No significant differences are found between
M=128 and 256 (not shown).

An ensemble of retrievals is composed of bad es-
timates uniformly distributed over the positive fre-
quency range (B), and of good estimates with a Gaus-
sian probability function centered at the expected
value F, [8]. Because of the bad estimates, the en-
semble average of the estimates is biased toward the
center of the spectral band:

eq = <ﬁd> ;= (B/2—F))xr,  (6)

where rp, is the ratio of the bad estimates. The total
random error et is derived from the mean-square re-
trieval errors (same as Eq. 36 in [8] but for the spectral
range B = F's/2):

ep = 2 (B? =3F4(B—Fy)) + (1 — ), (7)

with o, the standard deviation of the good esti-
mates. The total error can also be written as €2 =
0% — F;(2e, — Fd) where o, is the standard deviation
of all the retrievals.

If the outliers outside the range Fy = A/2 can be
filtered out, the retrievals become unbiased and the
precision ep A is:

2 ’I“bA?’

A = Top + (1 —rb)ag. (8)

This equation is similar to Eq. 7 but with B = A and
F; = B/2 (the spectral band is centered on the ex-
pected value of the Doppler frequency). Such filtering
is done for the OSSE conducted in this project since
the retrieved winds further than +2 ms™! from the
background wind are rejected.

In this work, we characterise the precision with
epa (A = 4 MHz) and the retrievals with r, <50%
are considered as good retrievals. The number of
0-padding is defined such that M+M,=256. Under
such conditions, the standard deviation of good es-
timates o4 is smaller that 1 MHz and well approxi-
mated by ep, 4 (£10%). Figure 2 shows the histogram
of the retrieved Doppler frequencies. The Doppler fre-
quency varies between 50 + 10 MHz from one set of
averaged spectra to another. The histogram is com-
puted before and after the polynomial fit (Eq. 5). The
other simulation parameters are given in the figure
legend. The values of o, is derived from fitting the
histogram with the theoretical distribution function
and the number of bad estimates is derived from the

equation r, = % with Nrp is the total number

of retrieved winds, IV, is the number of retrieved val-
ues outside the range 50+Ay MHz and Ay = 15 MHz.
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Figure 3: Retrieval precision wrt SNR and the num-
ber of accumulated spectra. Computations are for
M=256. The fit with straight lines where r, < 50%
and for same N, are shown (full line).
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Figure 4: Precision model parameters A,, and B,, wrt
the number of accumulated spectra (M=256).

5. Results and future works

Figure 3 shows the precision for various SNR and
number of averaged spectra. The results are shown for
M=256. For N, >10, the number of bad retrievals is
smaller than 50% for v/ Na SNR> 0.035. In this range
the precision is well approximated with the function
shown in Fig 4:

Error model parameters: Z?:o K; (logyg Ny 256)!
M=64, Mp=192
log;gAn  -2.143e-01, -2.037e-01, -2.137¢-02, 9.050e-03
B, 1.539e-01, 3.976e-01, -7.279e-02, 3.755¢-03
M=128, Mp=128
logg An  -2.563e-01, -3.947e-01, 3.935e-02, -4.358e-04

B, 1.336e-01, 4.790e-01, -1.040e-01, 8.010e-03
M=256
logig A -2.526e-01, -3.400e-01, 1.727e-02, 3.992e-03

B, 1.185¢-01, 4.529¢-01, -9.517e-02, 6.712¢-03

The trade-off between the single range SNR and
the number of averaged spectra for a Doppler fre-
quency precision of 0.5 ms~! is shown in Fig. 5.
The number of averaged spectra needed to reach the
horizontal (along track) and vertical resolutions of
100x0.5 km are indicated. The SNR lower bound
for good retrievals (precision better than 0.5 ms™!)
is 1073 and 2x10~* with a PRF=30 and 2500 Hz,
respectively. ISOSIM first simulations indicate that
this range corresponds to the SNR variability in the
boundary layer but it is only a part of that in the free
troposphere. Further analyses have to be performed
to estimate the expected percentage of good retrievals
within the troposphere and all latitudes.

These results are for the most favorable condi-
tions where we assume that the signal spectrum width
is that of the transmitted pulse and the atmosphere
is homogeneous. The impacts of the variability of
the SNR and of the spectrum widths due to atmo-
spheric inhomogeneities will be assessed. For that,
both the simplified model (for small horizontal scales)
and ISOSIM (for horizontal scales larger that 100 km
and for vertical variabilities) will be used. The sim-
plified model will also be used to investigate other
retrieval approaches. In particular, we will first test a
more efficient computational approach for the maxi-
mum likelihood function calculation where the signal
histograms (auto-correlation function) are averaged
instead of the spectra. Methods for smoothing and

averaging the signal before retrievals as well as for
bad retrievals filtering will also be investigated.
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Figure 5: Single range SNR and spatial resolu-

tion trade-off for line-of-sight wind retrieval error of
0.5 ms™! (circles). The squares indicate the limit
where the number of bad retrievals is 50%.
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