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ABSTRACT
The molecular channel of the space-based Doppler lidar ADM-Aeolus relies on a double Fabry—Perot (FP) interferometer.

The difference in photon numbers transmitted by the two FPs divided by their sum- the so-called Rayleigh response—is
a function of the central frequency of the spectrum of the laser light backscattered by the atmosphere, so that a proper
inversion enables the measurement of Doppler shifts and line-of-sight wind velocities. In this paper, it is shown that

the relation-ship between the Rayleigh response and the Doppler shift does not depend on the sole characteristics of
the instrument, but also on the atmospheric pressure and temperature (through the Rayleigh—Brillouin effect), and the
likely presence of a narrow-band radiation due to particle scattering. The impact of these on the precision of inverted

Doppler shifts (or line-of-sight winds) is assessed showing that a correction is needed. As they are lacking the appropriate
precision, climatology profiles of pressure, temperature or aerosols cannot be used as an input. It is proposed to use data
predicted by a numerical weather prediction system instead. A possible correction scheme is proposed. Its implication

on the quality of retrieved Rayleigh winds is discussed.

1. Introduction

ADM-Aeolus is a space-based Doppler lidar. It will observe the
wind field by analysing the frequency shift of a pulsed, laser radi-
ation backscattered by the atmosphere. According to the Doppler
effect, the frequency shift Av is proportional to the component
v, of the wind along the line-of-sight (LOS) of the instrument:

2v,
o

Here 1, is the laser wavelength, and v, is counted positive when

Av = (D

the wind is blowing away from the lidar. For ADM-Aeolus,
Ao = 355 nm, so a LOS velocity v, of 1 ms™! causes a frequency
shift Av = 5.63 MHz.

There are two different types of targets that backscatter
laser radiations in the atmosphere: particles (aerosols or cloud
droplets) and air molecules. On the average, both types move
with the wind (except for cloud droplets) so they can be used
as wind tracers. However, due to thermal agitation and colli-
sions, both also exhibit random motions. For air molecules, the
dominating mechanism is the thermal agitation. The standard
deviation for a single component (along the LOS for instance)
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of the velocity vector, is o, = ,/kT / m, where k = 1.38 x
10723 JK~! is Boltzman’s constant, m = 4.82 x 1072° kg is
the mass of a single air molecule and T is the temperature. It re-
sults in a broadening of the spectrum of the backscattered light,
which width is then given by

, o2 2 [kT
OAv = [ Olgs +4 )\'g ~ )\'_0 E’ (2)

where 0,5 & 33 MHz is the spectral width of the emitted laser

pulse (assuming a Fourier-transform-limited spectrum of the
~30 ns pulse). Note that the right-hand side term is a good
approximation because oy,s < 207, /A. Indeed, for 7 = 300 K
0, ~293ms™! and 64, = 20, /A0 = 1.65GHz.

As far as aerosol particles or cloud droplets are concerned,
their mass (a 1 um-size droplet made of water weights 4.2 x
10~" kg) combined with collision effects with air molecules
results into a LOS wind dispersion of the order of 1 mms™!
or less. The spectral broadening effect on the return signal is
thus negligible; the spectrum of the backscattered light is almost
equal to the spectrum of the emitted laser pulse.

ADM-Aeolus was designed for measuring winds from both
particles and molecules. Particle backscatter is used wherever
particles are present in sufficient concentrations, it offers the
advantage of narrow return spectra to the benefit of a better
precision for wind measurements. Molecules are used where
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particles are otherwise scarce—at high altitudes for instance.
For ADM, a noticeable advantage is the capacity to make wind
measurements up to altitudes of 25 or 30 km, that is in the upper
troposphere/lower stratosphere (UTLS), thus documenting ver-
tical exchanges at the global scale in a sensitive interface region
of the atmosphere.

Since the molecular and particle spectra have totally different
widths, their simultaneous detection within a single instrument
requires the implementation of two separate detection channels,
one designed for large spectra, the other one for narrow ones.

In ADM, the narrow-spectrum detection channel—the so-
called Mie channel—is based on a fringe imaging technique.
Such a technique was proposed by several authors in the past,
see, for example, Killeen et al. (1983), Abreu et al. (1992) or
McGill et al. (1997), but the type of interferometer used by
ADM—a Fizeau interferometer—was never used before for a
Doppler lidar application.

As far as the large-spectrum detection channel is concerned—
the so-called Rayleigh channel—the solution retained for ADM
is inspired by the pioneering developments conducted in France
in the late 80 s and early 90 s by M. L. Chanin and her team
(see Chanin et al., 1989, Garnier and Chanin, 1992, Souprayen
et al., 1999a and b) and implemented at the Observatoire de
Haute Provence (OHP). The detection channel is composed of a
pair of Fabry—Perot (FP) interferometers with centre frequencies
located on either side of the emitted laser frequency (see details
in Section 1 below) so that the number of photons transmitted by
the two FPs are nearly equal in the absence of wind (see Fig. 1).
When the wind is blowing the return spectrum is Doppler shifted
(see dashed spectrum in Fig. 1), and the number of photons from
one FP (N, in Fig. 1) increases while it decreases at the output of
the other one (N in Fig. 1). The difference in photon numbers
Na—Np thus bear a signature of the Doppler shift which, by a
proper calibration and inversion mechanism, can be used for
measuring LOS winds.

However, the relationship between the photon number dif-
ference and the LOS wind depends on the precise shape of the
return spectrum, which is in turn dependent on atmospheric pa-
rameters. In Garnier et al. (1992), two factors are identified, the
temperature and the presence of Mie backscatter in the return
spectrum. The temperature modifies the width of the molecular
return (see eq. 2) and Mie backscatter adds a narrow peak on
top of the broad Rayleigh spectrum. For the wind lidar operat-
ing at OHP, the temperature effect is corrected on the basis of
temperature profiles provided by a radio-sonde launched nearby
or from a model such as European Centre for Medium Range
Weather Forecast (ECMWF). As far as Mie backscatter is con-
cerned, some information can be obtained from the strength of
the Rayleigh return, it can be used to tag the Rayleigh mea-
surements presumably contaminated by Mie return, but is not
accurate enough to correct for it.

For ADM, taking into account the temperature and Mie con-
tamination is a necessity, but the approach followed at OHP is

Tellus 60A (2008), 2

-
— (3}

o
n

Spectral power density I{(Av) (a. u.)

o

Av =v -v, (GHz)

Fig. 1. Diagram showing how the double-FP receiver of the Rayleigh
channel of ADM-Aeolus is operating. A typical spectrum of
atmospheric backscatter is displayed with a black, solid line. The broad
par of half —1/¢? -width is caused by the air molecules, the narrow
peak on its top is due to backscattering particles. The spectrum is
centred about the frequency vy of the emitted laser pulse. The
transmission functions of FP A (right-hand side) and B (left-hand side)
are shown with a blue and a green solid line. They are representative of
the nominal ADM Rayleigh receiver. The blue and green shades are
obtained by multiplying the spectrum by the transmission function of
FP A (blue) and B (green), their area is proportional to the numbers N a
and Np of photons transmitted by the two FPs. If the spectrum is
Doppler shifted (see the black, dashed line) to a positive centre
frequency (here 282 MHz, or 50 ms ™! in terms of LOS velocity), the
number N, increases while Ng decreases. The total number of photons
Na + Np remains nearly constant, so the Rayleigh response RrR = (Na
— NB)/(Na + Np) increases.

not applicable because a preliminary study conducted at the Eu-
ropean Space Agency (ESA) showed that pressure-dependant
Brillouin scattering may introduce significant errors in Rayleigh
winds.

As aresult, ESA initiated a study on the potential impact on
ADM Rayleigh winds of pressure, temperature and Mie con-
tamination. The objectives were three-fold: (1) review the ex-
isting literature available on Rayleigh—Brillouin scattering and
assess the relevance of published theories for accurately predict-
ing spectra of light backscattered by air molecules, (2) assess
the impact of temperature, pressure and Mie contamination on
Rayleigh winds and (3) propose correction schemes whenever
required. The final report (Flamant et al., 2005) can be obtained
from the European Space Agency.

The present paper presents the results obtained on objectives
2 and 3. The biasing impact of pressure, temperature and Mie
contamination on Rayleigh winds is quantified, it is shown that
although moderate, it exceeds the requirements on absolute er-
rors set for the mission. A correction scheme is proposed, it will
be implemented in the level 2b processor at ECMWF or any
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meteorological service that intends to assimilate ADM data. A
full description of the level 2 processor is given in a companion
paper (Tan et al., 2007). As part of the data assimilation process
of a numerical weather prediction system, it uses temperature
and pressure fields predicted by the NWP model at the previous
run as input.

The paper is organized in five sections. Section 2 presents the
Rayleigh detection channel of ADM, its major components, how
it works, and clarifies why it is affected by pressure, temperature
and Mie contamination. In Section 3, the impact of these effects
is quantified. In Section 4, a scheme—the so-called Rayleigh—
Brillouin Correction (RBC) scheme is proposed for correcting
pressure and temperature effects. Section 5 shows how Mie con-
tamination can be treated. At last, the conclusion summarizes the
previous sections and rehash the impact the RBC scheme may
have on winds assimilated by the NWP systems.

2. ADM-Aeolus Rayleigh receiver

The Rayleigh channel of ADM-Aeolus mostly consists of a dou-
ble FP interferometer and a CCD. It works as follows. The light
backscattered by the atmosphere is transmitted through the two
FPs. The number of photons N and Np in the two channels are
counted by a CCD unit. Then the so-called Rayleigh Ry response
is computed

Na — Ny

= 3
Na + Ng ®)

R

The relationship between the spectrum backscattered by the at-
mosphere and the characteristics of the double FP is illustrated
in Fig. 1. A typical backscattered spectrum is displayed with a
black, solid line. It is made of a broad spectrum representative of
the molecular backscatter (its half-1/e? width is given by eq. 2),
and a narrow peak due to particles. In the figure, the relative
contribution of Mie scattering is 1% of the total backscatter. It
results in a scattering ratio p = 1 + Baer/Pmol = 1.01 where B,
and B are the particle and molecular backscatter ratios of the
atmospheric volume under consideration. The filtering charac-
teristics of FPs A and B are shown with a blue and a green solid
line (representative of the nominal dual FP receiver of ADM).
The amount of the initial spectrum transmitted by the FPs is rep-
resented by the shaded areas obtained by multiplying the input
spectrum by the FP transmission curves. It can easily be seen that
a Doppler shifting of the spectrum (the black dashed line shows
the input spectrum shifted to a positive frequency of 262 MHz
equivalent to a 50 ms~! LOS wind), results in Ny > Ng, while
Na + Ng varies only slightly, so the response Ry increases.
The retrieval of the Doppler shift or equivalent LOS wind
speed is made by inverting the relationship between Ry and the
centre frequency v, of the Doppler shifted spectrum. Let us de-
note Tx(v) and Tg(v) the transmission curves of FP A and B,
and I(v — vy) the return spectrum. The numbers N, and Ng are

then given by

+FSR/2

Nas (v) =K f Tps ) 1 (v — vg)dv, 4

—FSR/2

where FSR is the free spectral range of the FPs to which the
CCD is matched and X is a calibration constant valid for FPs
A and B which precise value does not need to be known (K
cancels out when Ry is computed). It is clear from eq. (4) that
the relationship between Ry and v4 depends in a complex manner
on the FP characteristics through the functions T, and Tj, but
also on the atmosphere through the shape of 7(v).

A good model for /(v) is

1(v) = Irg(V) + (0 — Dlie(v), (&)

where p is the scattering ratio (ratio of the particle backscat-
ter Bpa to the sum of the particle and molecular backscatters
Bpart + Bmol)> Imic (V) is the narrow spectrum due to the particles
(the narrow peak in Fig. 1), and Ixp (v) is the broad, molecular
spectrum. Here, the subscript RB stands for Rayleigh—Brillouin.

Usually, Igg (v) is modelled by a Gaussian spectrum with a
width given by eq. (2). However, theoretical and experimental
works (Bathnagar et al., 1954; Yip and Nelkin, 1964; Boley
etal., 1972; Tenti etal., 1974; Clark, 1975; Wegdam and Schaink,
1989; Rye, 1998) have shown it is only an approximation valid
in the so-called Knudsen regime where the mean-free path of the
scatters, that is, the average distance they are travelling between
two successive collisions in the gas medium, is much longer than
the probing laser wavelength.

In the kinetic regime, the ratio of the laser wavelength to the
mean-free path can be approximated in the atmosphere by

T(K)+111
T2 (K)
which is used in the Tenti S6 model (see Pan et al., 2002b).
Figure 2 shows the value of the y parameter for a typical atmo-

sphere (US Standard 76) and ADM laser wavelength Ay = 355
nm. It appears that the condition y < 1 required for the validity

y = 0.23 P (atm) Ao (nm) (©6)

of the classical Knudsen regime is met only at high altitudes.
Below, y is of the order of 1, that is, in the so-called kinetic
regime. In this regime, the theory predicts the emergence of two
‘Brillouin’ peaks—or ‘doublets’—on either side of the Gaussian
spectrum. The peaks are centred about the frequencies %o 4,,
and their magnitude is a function of y. They disappear when
y — 0. The shape of the resulting Rayleigh—Brillouin spectrum
[hence the RB subscript in Igg(v)] is displayed for typical sur-
face conditions (P = 1013 hPa and 7= 288 K) in Fig. 3. The RB
spectrum was computed by using the Tenti S6 model (see Tenti
et al., 1974, Pan et al., 2002a and b, 2004) that is widely used
today as a diagnostic tool for combustion physics and supersonic
flows, despite its inherent deficiencies due to the fact that it im-
plements various parameters valid for N, molecules and not air.
The comparison with the standard, Gaussian spectrum of width
o A, shows a small, but significant departure. We will see in the

Tellus 60A (2008), 2
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Altitude (km)

O ! !
0 0.1 0.2 0.3 0.4
Parameter y

Fig. 2. Parameter y (eq. 3) for pressure and temperature profiles from
the US 76 Standard atmosphere and a wavelength A = 355 nm. It can
be seen y is of the order of 1 up to high altitudes above 10 km, so a

significant pressure impact (Brillouin doublets) is expected for ADM.

P =1013hPa, T=288K

0.25

o
(S

Spectrum
o
o =
- ol

0.05¢

0 L
-5 0 5
Av=v-v, (GHz)

Fig. 3. Rayleigh—Brilllouin (green solid line) and Rayleigh (dashed,
blue) spectra for a pressure P = 1013 hPa and a temperature 7= 288 K
corresponding to the conditions at ground of the US Standard 76
atmosphere (parameter y is ~0.4). The dashed, vertical bars are located
at Av = 10 o, where the Brillouin doublets are centred.

next section that it has a significant impact on the response of
the Rayleigh receiver of ADM and thus it must be taken into
account.

In this paper, we use Tenti S6 model for assessing the impact of
pressure and temperature on Rayleigh wind retrievals although
it has not been validated for air where in addition phase changes
may occur. We assume that the model does give at least a good
indication on the potential impact of Brillouin scattering in the
atmosphere so that the conclusions drawn in the next section on
the necessity to correct Rayleigh winds from pressure and tem-
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perature are valid. As far as the RB correction scheme proposed
in Section 3 is concerned, it must be outlined that it needs a RB
model, but what precise model does not matter. If a new, better
proven model arises (laboratory experiments are currently being
conducted), the correction scheme would still be working, but
the tables it is based upon would change.

3. Impact of temperature, pressure and Mie
contamination on Rayleigh wind retrieval

3.1. Mission requirements

In the subsections below, the impact of pressure, temperature and
Mie contamination on Rayleigh winds is quantified and the need
for a correction is assessed. The assessment is made relative to
ADM-Aeolus mission requirements on wind retrieval accuracy
and precision. These requirements are summarized here.

The accuracy—that is the absolute value of the difference be-
tween the statistical mean of radial wind measurement and the
true radial wind v,—must not exceed 0.23ms™! 4 0.007 x |v,]
where || denotes the absolute value. The major sources of sys-
tematic errors in ADM are the calibration errors, the uncertainty
of the satellite velocity and attitude, the incidence angle of the
light wave returned by the atmospheric relative to the axis of the
FPs. .. The current design of the lidar instrument and its operat-
ing modes (calibration modes in particular) is such that the actual
accuracy is close to the maximum allowed by the specification.

The precision—that is the standard deviation of measured ra-
dial velocities about their statistical mean—must be less than
1.2ms™! between the earth surface and the altitude of 2 km,

1.8 ms™!, between 2 and 16 km and 3 ms~!

above. The major
source of random errors is the photo-counting process that fol-
lows a Poisson’s statistics. Example of precision levels predicted
for ADM in typical atmospheric conditions can be found in the
companion paper by Tan et al. They are typically comprised
between 0.5 and 1 time the specification.

As we will see below, the pressure, temperature and Mie con-
tamination must be considered as sources of systematic errors
because they modify the sensitivity curve of the instrument (re-
lationship between the radial wind v, and the response Rg). This
is why their impact is compared to the 0.7% slope error of the ac-
curacy specification (the 0.007 coefficient in the equation above
that defines the maximum value for systematic errors).

3.2. Temperature

The sensitivity of the Rayleigh response with respect to the
temperature inside the sensing volume is illustrated in Fig. 4.
There the response curves (Rayleigh response versus tempera-
ture) are drawn for temperatures ranging from 250 to 300 K.
The responses were obtained by using eq. (3) and (4) and set-
ting the return spectrum /(v) to Igg(v) (that is, p = 1, there
is no contamination of the Rayleigh light by Mie backscatter).
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Response curves @ 500hPa
0.2

— 250K
260K
270K
280K
290K
300K

0.1}

Rayleigh Response
o

|
39.3629 43.9888
~50 0 50 100

Line—of-sight velocity (ms")

Fig. 4. Theoretical response curves of ADM lidar with respect to the
temperature inside the sensing volume and a pressure of 500 hPa
(about 5 km altitude). The red, dashed lines show the impact of the
temperature on the inversion of a Rayleigh response Rr = 0.05. The
LOS wind varies from 39.36 to 43.99 ms~! when the temperature
increases from 250 to 300 K. This shows an error of several meters per
second is likely to be made on the LOS wind if a reference
temperature, or a reference temperature profile, is considered for the
inversion of Rayleigh responses. Moreover, the errors that would hence
be made are tightly correlated to the actual temperature field. This kind
of correlation must be avoided, they may generate physically
meaningful but unrealistic dynamic features in the atmospheric fields
analysed by NWP models.

Irp(v) is computed with the Tenti S6 model for which we devel-
oped a code in MATLAB on the basis of the equations in Pan
et al. (2002a). The notation Irg (v)|p y outlines that the model
is pressure and temperature dependant. The spectra were nor-
malized so that f Irg(v)|p,rdv = 1 whatever the pressure P and
the temperature 7. Figure 4 shows that the so-called calibration
curves—that is, the curves relating the Doppler shift v, to the
Rayleigh response Rg—are almost linear, all crossing at the same
point, but with slightly different slopes. The impact on LOS wind
retrieval is illustrated by the red, dashed lines. The Rayleigh re-
sponse Rg = 0.05 (horizontal line) is inverted. For a temperature
of 250 K, the inverted LOS wind is v, = 39.36 ms™!, for T =
300K, itis v, =43.99 ms~'. The S0 K temperature interval thus
results in an uncertainty on the LOS wind retrieval of 4.33 ms™!
or 10% of the true LOS wind speed. This is to be compared to
the maximum wind slope error of 0.7% allowed for the mission.
As confirmed by Fig. 5, where dv, /9T is plotted as a function of
T and pressure P (or altitude), a good rule of thumb for ADM is
a 1 K error on the actual temperature inside the sensing volume
leads to a relative error of 0.2% of the true LOS wind. Compared
to the maximum slope error of 0.7%, it shows that the tempera-
ture must be known with an uncertainty less than a few K. This
is obviously beyond the reach of any climatology but is in line
with the accuracy achieved by NWP models. This explains why
the Rayleigh winds produced by the level 1B processor of ADM
cannot reach the quality required by NWP users (the level 1B

dv/dT in ms'K -1 for R _=0.05

10' 4
60
50

& s

£ E |“

2 10? 2

2 E 3c

& <
20
10

103 -

150 200 250 300

Temperature (K)
Fig. 5. First order derivative of the inverted Rayleigh LOS wind with
respect to the temperature 7 as a function of T (x-axis) and pressure
(left y-axis) or altitude (right y-axis) for a Rayleigh response Rr =
0.05. The thick, white, solid line is a standard temperature profile from
the US 76 model. It can be seen that an error of 1 K on the temperature
will generate an error of the order of 10 cms~! on the LOS wind (or
0.25% of the true wind).

processor has no access to ‘external’ data) and must be refined
before they are actually assimilated. Given the level of accuracy
needed for the temperature, the refinement must be done locally
at the NWP centre by an appropriate code run just before or
within the assimilation cycle. This constraint was one of the rea-
sons why a level 2B processor had to be developed. We refer to
Tan et al. (2007) for details on that processor.

3.3. Pressure

The necessity to take into account the broadening impact of pres-
sure on molecular return spectra (in other words, the Brillouin
effect) is illustrated by Fig. 6. There are plotted with colour codes

v(P.T,p=1)-v (P=0,T,p=1) in ms™ for R_=0.05

10
-0.5
- A
g g
£ 5 2 Has
= 1]
g 10 E
: 2
5 8
25
3
10°
150 200 250 300 350

Temperature (K)
Fig. 6. LOS wind error made when pressure (Brillouin) effect on
molecular return spectrum is not taken into consideration. The thick,
white, solid line is a standard temperature profile from the US 76
model. The figure shows that Brillouin effect may generate errors of
several meters per second on the LOS wind.
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the differences in LOS wind retrievals when the pressure effect
is considered [v.(P, T, p = 1)] and when it is not [v,.(P = 0,
T, p = 1)]. For both options, a reference response Rg = 0.05
was considered, corresponding to a LOS wind of about 40 ms™!
(see Fig. 4), and the scattering ratio was set to p = 1, mean-
ing that there is no contamination of molecular spectra by Mie
light. As previously, v, (P, T, p = 1) was computed by numer-
ically inverting the response curves v; — Rg for the pressure
P and temperature 7 under consideration. The response curves
were obtained by a numerical integration of eq. (4) by a finite
difference scheme with a frequency step df = 25 MHz. For the
return spectra, we used Tenti S6 model normalized to a unit
power ( f Irg(v)dv = 1). We recall that this model converges to
the Gaussian power density

1 v?
Irg W)l po.r = Jomon exp (‘20—2> , @)
Av Av

where o ,, is given by eq. (2) when the pressure P tends to O (no
Brillouin effect).

Figure 6 shows that the Brillouin effect may generate LOS
wind retrieval errors of up to several meters per second. As ex-
pected, the errors are growing with the pressure, they reach their
largest magnitude at the surface. At the altitude of 30 km—the
highest altitude that ADM can usefully probe—the errors are still
of the order of a few tens of centimetres per second. This is not
much, but still highlights the necessity for a proper correction.

Figure 7 gives an indication on what accuracy is needed on
the pressure for correcting the Brillouin effect. The figures gives
the first-order derivative of v, with respect to the pressure P, as a
function of the temperature (x-axis) and the pressure (y-axis). For
typical atmospheric conditions (see white, thick line), dv, /0 P &
0.003 ms~! (hPa)~!. The maximum wind slope error is still met
with a pressure uncertainty of ~100 hPa (the error on v, is then
equal to ~30 cm s~! or 0.7% of the true radial wind), so the use of

dv/dP in ms'hPa™! for R, = 0.06
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Fig. 7. First order derivative of the inverted Rayleigh LOS wind with
respect to the temperature 7 as a function of 7T (x-axis) and pressure
(left y-axis) or altitude (right y-axis) for a Rayleigh response Rr =
0.05. The thick, white, solid line is a standard temperature profile from
the US 76 model.
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Fig. 8. LOS wind errors generated by Mie contamination at the surface
(P = 1000 hPa), as a function of the temperature (x-axis), and aerosol
to molecular backscatter ratio Baer/Bmol- The true LOS wind is of the
order of 40ms~! (Rg = 0.05). Due to the short UV wavelength of
ADM, the ratio Baer/Bmol does rarely exceed a few percents in aerosol
layers with associated LOS wind errors less than 0.1 ms™".

climatology profiles for P is possible in principle. However, the
NWP model output required for correcting temperature effects
on Rayleigh winds predicts the pressure with uncertainty levels
of less than a few hPa, thus enabling the correction of pressure
effects to an accuracy of a few centimetres per second which
is negligible compared to the maximum accuracy required by
mission specifications.

3.4. Mie contamination

The impact of Mie contamination of Rayleigh winds is illustrated
in Fig. 8 where the first-order derivative dv, /dp is displayed as
a function of the temperature T and the relative strength of the
aerosol contribution characterized by p — 1 = Byer/Bmol- Due to
the short, UV wavelength of ADM (B, scales with A 4 while
Baer follows a power law A, with o & 1), typical values for
Baer/ Bmor are of the order of a few hundreds in aerosol layers in
the atmosphere, with larger values to be found only in aerosol
layers of particularly thick optical depth or in clouds. There it
can reach several tens or even several units. Having this in mind,
it turns out that LOS wind error should not exceed a few thou-
sands (errors less than 0.1 ms™! for a true wind ~40 ms™!) of
the true wind speed in most cases, which is within the require-
ment set for Rg — v; slope errors (0.7%). From this, it could be
concluded that a correction for Mie contamination is not neces-
sary, because: (1) for common values of Bue;/Bmol, the error on
the retrieved LOS wind is much less than the required accuracy,
(2) for large values of B,er/Bmor Where wind errors exceed the
requirement, the quality of the signal from the Fizeau should
allow a good measurement on the Mie channel of the lidar. In
that perspective, what is needed is a reasonably good estimator
Of Baer/ Bmol in order to flag out Rayleigh LOS winds and validate
Mie LOS wind when B,/ Bmol €xceeds a predefined threshold,
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and conversely validate the Rayleigh LOS wind and flag out
the Mie LOS wind when B,e;/Bmo 1S below another threshold.
Nevertheless, a correction scheme was developed for Mie con-
tamination. Explained in Section 5, it comes as a small addition
to the pressure-temperature correction carried out by the level
2B processor according to the algorithm presented in Section 4
below. Its impact on the quality of ADM measurements may turn
out to be small, but it should improve the quality of the winds
in the regions of intermediate B,;/Bmo Where Mie contamina-
tion may become significant for Rayleigh winds but not high
enough to guarantee a precise Mie measurement. The applica-
tion of the Mie-decontaminator requires an input value for p. It
cannot be obtained from the NWP model, neither directly (there
is currently no B, variable in NWP models) nor indirectly (there
does not exist any useful relationship between model parameters
and B,er), so it has to come from another source. The precision
required for it—of the order of a few hundreds as shown by sim-
ulations not presented here—rules out the use of a climatology.
The only remaining option is thus an estimation from ADM sig-
nals. Such an estimation is possible in the case the atmospheric
volume sensed by the Rayleigh receiver is also probed by the Mie
channel. Then the analysis of the Mie return spectrum provides
the required information. We do not detail the algorithm for it
here, but it is based on the estimation of the relative levels of the
useful-peaked and noisy-flat parts of the spectrum imaged at the
output of the Fizeau. In case there is no information available
from the Mie channel (this may happen for instance at the high-
est altitudes where the Mie detector is no more sensitive under
the nominal settings of the instrument), then no value for p is
available and the Mie-decontaminator lacks the input it needs to
operate. In the level 2B processor, this type of situation is de-
tected, the Mie-decontamination stage is by-passed, a Rayleigh
LOS wind corrected from temperature and pressure effects is
output, but is flagged consequently.
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4. Rayleigh-Brillouin correction scheme

In this section, we assume that Rayleigh photocounts N, and
Np suffer no contamination by Mie backscatter. In that case, the
retrieval of a Doppler shift (or a LOS wind) from an observed
Rayleigh response Ry consists in inverting eq. (3) with N, and
Ng given by eq. (4) and [ (v) = Irg(v)|p.r provided by an ap-
propriate model. In this study, we used the Tenti S6 model. The
inversion can be done by a simple numerical scheme. Given the
pressure P and 7, Irxg(v)|p.7 is computed for a large and wide
array of frequencies, it is convolved with the transmission curves
Ta(v) and Tg(v) characterized by a proper calibration in order to
obtain N, and Ny for a large array of frequency Doppler shifts v,
paving the Useful Spectral Range (USR) of the receiver (USR
= [-750 MHz, +750 MHz] by instrument design), and then
a simple interpolation scheme (linear for instance) is used in
order to determine which Doppler shift produces the response
Rg. The whole process is summarized in Fig. 9. Numerical tests
not reported here showed that a precise inversion of Rayleigh
responses—that is, inversion with residual errors less than a few
millimetres per second—is achieved provided the algorithm is
carefully implemented. For instance, the frequency step of the
finite difference used for approximating the convolution product
of eq. (4) must of the order of df = 25 MHz or finer. With a
frequency step of 50 MHz for instance, residual errors grow up
to a few centimetres per second, which become notable.

From a computational point of view, the Tenti S6 model and
the convolution product in eq. (3) are both expensive since they
have to be repeated many times and involve large frequency ar-
rays. (nearly 1000 samples for T g() and /() in eq. (3) with a
FSR = 10950 MHz and a df= 25 MHz). To shorten the computa-
tion time of the level 2B processor of ADM, it was decided to im-
plement the inversion process above through a look-up-table ap-
proach. In this approach, abig 3 D matrix ® (i, j, k) is computed

Calibration
TaQ), Ts()
Line shape
NWP mode] —p|  TentiS6
P,T
Na, Ng Eq. (4)
v Interpolation (g Re(vo)ler Eq. (3)
r

Fig. 9. Diagram showing how a measured
Rayleigh response R can be inverted into a
Doppler shift of Rayleigh LOS wind
measurement.
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off-line and stored in an auxiliary file (the so-called Rayleigh—
Brillouin auxiliary file). It contains the frequency Doppler shifts
for large arrays of Rayleigh responses R (k), temperatures T (j)
and pressures P (i), which can be summarized by the equation

Rr[®(, j, k)]lP(i),T(j) =R (k). (8)

Numerical tests lead us to retain the following response, pressure
and temperature arrays:

R(k)=—-05+kx0.01, k=0,...,100
T()=150K+jx1K j=0,...,200 ©)
P@)=10hPa+i x I0hPa i=0,...,103.

The computation of the 3-D matrix ® (i, j, k) involves the com-
putation of the photocounts N4 and Ny for the many pressure
and temperature conditions [P(i), T'(j)] and a large array of fre-
quency Doppler shifts v; (m) = —0.5 x USR 4+ m x d f, where
m=0,...,(USR/df = 60) with USR = 1500 MHz the Useful
Spectral Range of the lidar. These numbers are also stored in the
Rayleigh—Brillouin auxiliary file for use by the Mie contamina-
tion correction.

The total number of elements to be stored is thus 101 x 104
x 201 + 2 x 61 x 104 x 201 = 4 661 592, that is about
18 Mbytes of storage place (inverted frequencies and photo-
counts are coded as 4-byte real numbers). The 3-D matrix has
to be renewed each time there is a new characterization of the
transmission functions 7() and Tg(). At the present, it is not
known how many times this will happen during the mission. As
the FP interferometers were designed to achieve the best possible
stability, no regular FP calibration procedure has been planned.
We anticipate it should not happen more than once a week (worst
case).

On the basis of the 3-D matrix @ (i, j, k), the inversion of
an observed Rayleigh response Ry does amount to a simple,
fast 3-D interpolation. The result is the inverted Doppler shift v,
such that Rr(vy)lpr = Rg where P and T are the pressure and
temperature inside the sensing volume (provided by the NWP

Fig. 10. Diagram showing how the impact
of Mie contamination is corrected. First, the
observed Rayleigh response Ry is inverted R,
as if there was no Mie contamination by
using the blue, response curve. A zeroth
order Doppler shift vg is thus estimated.
Then, the increment ARR that the Mie
contamination would add to Ry for the
prevailing P and T conditions and the
Doppler shift vg is approximated by a first
order expansion. This increment is
tangentally back-propagated, the slope of the

A Response

model fields interpolated to the actual geographical and time
coordinates of the observation). By repeating the interpolation
two times with (P + 1 hPa, T') and (P, T + 1 K), itis very easy
to obtain estimates &7 and &p for the first order derivatives

I e .
ar= 2Ry and ap= a—‘;’(RR) . (10)

! aT P.T P,T
These figures can be used by the assimilation system in order to
reflect P and T upgrades into v,, and asses the potential correla-
tion between LOS wind and pressure and temperature errors.

A third interpolation is added in order to obtain an estimate
Gy of the first order derivative

Bvd ~
ar= — (R 11
=g (R0 (in
of the inverted frequency This parameter is used in the next

section for correcting Mie contamination.

5. Correction for Mie contamination

Due to the minor impact of Mie contamination, its correction
can be approximated to a first order and treated as an (optional)
addition to the basic pressure-temperature correction presented
in the previous section. The principle is explained in Fig. 10.
The pressure-temperature correction presented in the previous
section provides a zeroth order approximation vJ of the inverted
Rayleigh response Rg. As no Mie contamination is assumed at
this stage, vg is different from the ‘correct’ inversion v,, but,
following the conclusions of Section 3.4 on the weakness of
Mie impact on Rayleigh winds, the difference should be rather
small. Therefore, the response increment brought by the Mie
return at the true, unknown frequency v, can be approximated
by a first order expansion of eq. (3) with respect to the scattering
ratio p

ORR .
ARR=(p—-1) — (R 12
R = (p ) 90 ( R) by (12)

[

tangent being itself approximated by the first
order derivative dRR /0 vd(v(d)).

Tellus 60A (2008), 2

Ll

1
1
1
1
1
|
1
v

d

(1]
d Vy Frequency



214 A. DABAS ET AL.

Simple maths show that
9,Na x Ng — Np x 3,Np
(Na + Ng)*

where we used the notation d, = d/dp. N and Ny are given by

9,Re =2 , (13)

eq. (4). From this equation and eq. (5), it comes

3,Nap =K / Tap (V) Inie (v —7) dv (14)

~Ta ()
The approximation under the horizontal curly brace on the right-
hand side term is valid because, as discussed in the introduction,
the spectrum of the Mie return has a width (FWHM of the order
of 75 MHz) negligible compared to the width of the transmis-
sion curves T g( ) (FWHM of 1600 MHz). Equation (12) thus
simplifies to

TA(US)NB(VS)‘P.T,,D:I - TB(UL(I))NA(VS)‘P.T,p:I
[NA(v(d))’P,T.pzl + NB(U3)|P,T.,D:1]2

3,Rg ~ 2

15)
which can be easily evaluated by interpolating 75 and Ty to the
frequency v2 and the photocounts Na g[v,(m)] | POLTG) stored in
Rayleigh—Brillouin auxiliary file to (v(?, P, T).

The response increment ARy of eq. (12) is back-propagated
by the tangent equation

1
by =) — — ARy, (16)
R
where the slope of the response curve Rg (vy)lpr, is ap-
proximated by d&g !, that is, the estimate of the slope of

Rg (Vd)|P,T.p=1~

6. Conclusions

The study conducted for the European Space Agency assessed
the impact of pressure, temperature and Mie contamination on
the retrieval of winds from the signals of the dual-FP receiver
of the Rayleigh channel of ADM. It was found that the potential
errors of pressure and temperature are above the mission spec-
ifications. Due to the sensitivity, the correction of these effects
requires that the temperature conditions actually prevailing in the
sensing volumes are known with an accuracy of 1 or 2 K for the
temperature. Such a requirement rules out the use of climatology
profiles but are in line with the prediction skills of current NWP
systems. For the pressure, the requirement is rather coarse, well
within the reach of NWP models that achieve pressure accuracies
of a few hPa.

The pressure and temperature correction scheme is hosted at
the NWP centres as part of the assimilation process of ADM
data where first-guess pressure and temperature fields can be
space-interpolated to the actual coordinates of ADM observa-
tions. It is based on a look-up table approach, that is, interpola-

tions through a pre-calculated 3-D matrix containing the inverse
frequency shifts for large arrays of pressure and temperature
conditions and Rayleigh responses spanning the whole domain
of situations likely to be encountered in the atmosphere. The
3-D matrix is based on the transmission curves of the two FP
that are characterized by a dedicated calibration procedure, and
a pressure and temperature dependant model for the spectrum of
the light backscattered by molecules (the Tenti S6 model). Due
to expected stability of the FPs, its updating should not happen
more than once in a week or once in a month throughout whole
lifetime of the mission.

As far as Mie contamination is concerned, its potential biasing
impact on Rayleigh winds was found to be small except for cloud
returns or aerosol layers loaded unusually heavily. A possible
correction scheme was devised that comes as an optional addi-
tion to the Rayleigh—Brillouin correction and is based on some
of its outputs. Its application depends on the actual availability
of some information of the aerosol to molecule backscatter ra-
tio. It may be derived from the Mie channel of the instrument on
the condition that this channel probes the same atmospheric vol-
ume as the Rayleigh channel. This condition is not met at high
altitudes with the nominal instrument settings (the maximum
altitude covered by the Mie receiver is well below the maxi-
mum altitude sensed by the Rayleigh receiver). An algorithm
which does not require Mie signals is currently under develop-
ment in order to flag out Rayleigh observations with large Mie
contaminations. It should be included in the operational version
of the level 2B processor of ADM where Mie decontamination is
implemented.

The Rayleigh—Brillouin correction scheme presented in this
article will generate correlations between pressure and temper-
ature errors in first-guess fields and corrected Rayleigh winds.
However, it also provides estimates for the correlation coeffi-
cients so that the correlation can be taken into account throughout
the assimilation process.
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