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Outline:
• Brief Historical background.
• The Elastic/Raman Lidar equation & why we need a Raman Lidar
• The retrieval of the aerosol optical parameters and water vapor.
• Details on the aerosol extinction retrieval.
• Quality assurance tools & brief uncertainties discussion. 
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The rapid development of
modern lidar technology started
with the invention of the laser in
1960 and the giant-pulse or Q-
switched laser in 1962.
Fiocco and Smullin published
atmospheric observations with
a ruby laser in 1963. About a
decade later all basic lidar
techniques had been suggested
and demonstrated.

Ulla Wandinger “Raman Lidar” in “Lidar Range-
Resolved Optical Remote Sensing of the
Atmosphere” Springer 2005.
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D.A. Leonard 
Nature 216, 
142 (1967)

J. Cooney
J. Orr

C. Tomasetti: 
Nature 224, 
1098 (1969)

The Raman lidar technique 
makes use of the weak
inelastic scattering of light by 
atmospheric molecules. The 
excitation of a variety of 
rotational and vibrational 
molecular energy levels leads 
to several bands of Raman 
scattered radiation the 
frequency shifts of which are 
characteristic for the 
interacting molecule.

Ulla Wandinger “Raman Lidar” in 
“Lidar Range-Resolved Optical 
Remote Sensing of the Atmosphere” 
Springer 2005.



AtmoHead 2024 – 15-17 July 2024 – Ischia - Italy

First measurement of the water vapor profile 
with the Raman technique

First accurate measurement of the horizontal 
transmission with the Raman technique

First attempts to infer particle 
extinction properties from
Raman signal profiles 

E.T. Gerry, D.A. Leonard: Airport glide slope
visual range indicator using laser Raman
scattering. Proceedings, First International
Conference on Laser Applications, Paris,
France, 1967
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Raman Lidar become more common in the 90s also because the Pinatubo eruption (1991) caused problems to
the standard Lidar based Stratospheric Ozone measurements (elastic DIAL technique))
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Raman Lidar become more common in the 90s also because the Pinatubo eruption (1991) caused problems to the 
standard Lidar based Stratospheric Ozone measurements (elastic DIAL technique) …
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𝐿𝐸 𝑠

= 𝐿 𝑠 ∙ 𝛽𝑚𝑜𝑙 𝑠, 𝜋 + 𝛽𝑎𝑒𝑟 𝑠, 𝜋 ∙ ∆𝑠 ∙
𝐴𝐸

𝑠2

∙ 𝑇𝑎𝑒𝑟 𝑠 ∙ 𝑇𝑚𝑜𝑙 𝑠 ∙ 𝐺𝐸 𝑠 .

Elastic lidar EQ 

𝑇𝑎𝑒𝑟 𝑠 = 𝑒𝑥𝑝 − න
0

𝑠

𝛼𝑎𝑒𝑟 𝑠′ 𝑑𝑠′ ,

𝑇𝑚𝑜𝑙 𝑠 = 𝑒𝑥𝑝 − න
0

𝑠

𝛼𝑚𝑜𝑙 𝑠′ 𝑑𝑠′ ,

ሻ𝐿 𝑠 = 𝐿𝑜 ∙ 𝑇𝑎𝑒𝑟(𝑠ሻ ∙ 𝑇𝑚𝑜𝑙(𝑠
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ሻ𝐿 𝑠 = 𝐿𝑜 ∙ 𝑇𝑎𝑒𝑟(𝑠ሻ ∙ 𝑇𝑚𝑜𝑙(𝑠 The expected photon counts 𝐿𝐸 𝑠 are proportional to the product of the

(1) transmitted laser photon number,

(2) probability that a transmitted photon is scattered,

(3) probability that a scattered photon is collected (acceptance solid angle)
𝐴

𝑠2

(4) light transmission through medium, and

(5) overall system efficiency.

Background photon counts and detector noise also contribute to the expected 
photon counts: 𝐿𝐸+𝑏 𝑠 = 𝐿𝐸 𝑠 +bkg (which must be considered in error analysis)

= 𝐴𝐸

0         0

0         0
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𝑠2
∙ 𝑇𝑎𝑒𝑟 𝑠 ∙ 𝑇𝑚𝑜𝑙 𝑠
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𝛽𝑚𝑜𝑙 𝑠, 𝜋 + 𝛽𝑎𝑒𝑟 𝑠, 𝜋 =
𝐿𝐸 𝑠 ∙𝑠2

𝐾𝐸∙𝑇𝑚𝑜𝑙
2 𝑠

∙ 𝑇𝑎𝑒𝑟
−2 𝑠

𝐾𝐸 =
𝐿𝐸 𝑠

0
∙𝑠

0
2

𝛽𝑚𝑜𝑙 𝑠
0
,𝜋 +𝛽𝑎𝑒𝑟 𝑠

0
,𝜋 ∙𝑇𝑚𝑜𝑙

2 𝑠
0

∙ 𝑇𝑎𝑒𝑟
−2 𝑠0

𝛼𝑎𝑒𝑟 𝑠 = LR ∙ 𝛽𝑎𝑒𝑟 𝑠, 𝜋

Step 0:

𝐾𝐸 =
𝐿𝐸 𝑠

0
∙𝑠

0
2

𝛽𝑚𝑜𝑙 𝑠
0
,𝜋 +𝛽𝑎𝑒𝑟 𝑠

0
,𝜋 ∙𝑇𝑚𝑜𝑙

2 𝑠
0

         𝑇𝑎𝑒𝑟
−2 𝑠0 = 1

𝛽𝑚𝑜𝑙 𝑠, 𝜋 + 𝛽𝑎𝑒𝑟 𝑠, 𝜋 =
𝐿𝐸 𝑠 ∙ 𝑠2

𝐾𝐸 ∙ 𝑇𝑚𝑜𝑙
2 𝑠

Step 1:

𝑇𝑎𝑒𝑟 𝑠 = 𝑒𝑥𝑝 − න
0

𝑠

𝛼𝑎𝑒𝑟 𝑠′ 𝑑𝑠′

= 𝑒𝑥𝑝 −LR න
0

𝑠

𝛽𝑎𝑒𝑟 𝑠′, 𝜋 𝑑𝑠′

𝐾𝐸 =
𝐿𝐸 𝑠

0
∙𝑠

0
2

𝛽𝑚𝑜𝑙 𝑠
0
,𝜋 +𝛽𝑎𝑒𝑟 𝑠

0
,𝜋 ∙𝑇𝑚𝑜𝑙

2 𝑠
0

∙ 𝑇𝑎𝑒𝑟
−2 𝑠0

𝛽𝑚𝑜𝑙 𝑠, 𝜋 + 𝛽𝑎𝑒𝑟 𝑠, 𝜋 =
𝐿𝐸 𝑠 ∙𝑠2

𝐾𝐸∙𝑇𝑚𝑜𝑙
2 𝑠

∙ 𝑇𝑎𝑒𝑟
−2 𝑠

Elastic lidar inversion 

Until convergence i.e. 
KE/KE < 0.01 or better.

hypotesis

Lidar equation contains two unknown sets of parameters: aerosol
extinction and aerosol backscatter.
Equation can only be solved with prescribed lidar ratio (extinction to
backscatter ratio).
The validity of the assumption of a constant particulate lidar ratio
depends on the actual atmospheric conditions.
The lidar ratio depends on the type, shape, composition, and size
distribution of the atmospheric particulates.
If these parameters do not significantly change along the examined
path, this assumption is reasonable, even if these parameters vary
slightly because of small-scale fluctuations… but is not always the
case.
The lidar ratio assumption and hence the not independent retrieval
of the aerosol backscatter and extinction made necessary the
development of the Raman Lidar
Mattis at al., Atmos. Meas. Tech., 9, 3009–3029, 2016
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𝐿𝑅 𝑠

= 𝐿 𝑠 ∙ 𝛽𝑁2

𝑅 𝑠, 𝜋 ∙ ∆𝑠 ∙
𝐴𝑅

𝑠2
∙ 𝑇𝑎𝑒𝑟

𝑅 𝑠

∙ 𝑇𝑚𝑜𝑙
𝑅 𝑠 ∙ 𝐺𝑅 𝑠 .

Raman lidar EQ (N2)

𝐿𝐻 𝑠

= 𝐿 𝑠 ∙ 𝛽𝐻2𝑂
𝑅 𝑠, 𝜋 ∙ ∆𝑠 ∙

𝐴𝐻

𝑠2
∙ 𝑇𝑎𝑒𝑟

𝐻 𝑠

∙ 𝑇𝑚𝑜𝑙
𝐻 𝑠 ∙ 𝐺𝑅 𝑠 .

Raman lidar EQ (H2O)
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Raman lidar EQ (H2O)

[The Raman lidar technique] It's a robust technique makes
low demands concerning spectral purity of the emitted laser
light and frequency stabilization of the receiver. However, it
suffers from the low cross sections of Raman scattering and
thus from the comparably small signal-to-noise ratios of the
measurements.
For a long time, Raman lidar instruments were therefore
mainly used at nighttime. Daytime applications increased
with the development of high-power transmitters and
narrow-bandwidth detection systems which allow a
sufficient suppression of the daylight background.
Ulla Wandinger “Raman Lidar” in “Lidar Range-Resolved
Optical Remote Sensing of the Atmosphere” Springer 2005
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Aerosol backscatter 
(from AIR & N2 signal)

Aerosol extinction 
(from N2 signal)

𝛼𝑎𝑒𝑟 𝑠 =

ሻ𝑠2𝐿𝑅(𝑠
ሻ𝐺𝑅 𝑠 𝑛𝑚𝑜𝑙(𝑠

∙
𝑑

𝑑𝑠
ሻ𝐺𝑅 𝑠 𝑛𝑚𝑜𝑙(𝑠

𝑠2𝐿𝑅 𝑠
− 𝛼𝑚𝑜𝑙 𝑠 − 𝛼𝑚𝑜𝑙

𝑅 (𝑠ሻ

1 +
𝜆𝑜
𝜆𝑅

𝑘

𝛽𝑎𝑒𝑟 𝑠, 𝜋 = 𝛽𝑎𝑒𝑟 𝑠
= 𝛽𝑚𝑜𝑙 𝑠 ∙ 𝑓𝑁2

∙
𝐿𝐸 𝑠

𝐿𝑅 𝑠
∙

𝐴𝐸

𝐴𝑅
∙

𝑑𝜎𝑁2

𝑅 𝜋

𝑑Ω
𝑑𝜎𝑚𝑜𝑙 𝑠, 𝜋

𝑑Ω

∙
𝐺𝑅 𝑠

𝐺𝐸 𝑠
∙

𝑇𝑎𝑒𝑟
𝑅 𝑠 ∙ 𝑇𝑚𝑜𝑙

𝑅 𝑠

𝑇𝑎𝑒𝑟 𝑠 ∙ 𝑇𝑚𝑜𝑙 𝑠
− 1

Angstrom Exponent

G. Pappalardo, A. Amodeo, M. Pandolfi, U. Wandinger, A. Ansmann, J. Bosenberg, V. 
Matthias, V. Amiridis, F. De Tomasi, M. Frioud, M. Iarlori, L. Komguem, A. Papayannis, F. 
Rocadenbosch e X. Wang, «Aerosol lidar intercomparison in the framework of the EARLINET 
project. 3. Raman lidar algorithm for aerosol extinction, backscatter, and lidar ratio,» Appl. 
Opt., vol. 43, p. 5370–5385, 2004. 
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AOD
From N2 signal

𝜏𝑎𝑒𝑟 𝑠 = −

𝑙𝑜𝑔
𝐶 ∙ 𝑠2𝐿𝑅 𝑠

𝑇𝑚𝑜𝑙 𝑠 ∙ 𝑇𝑚𝑜𝑙
𝑅 𝑠 ∙ 𝑛𝑚𝑜𝑙 𝑠

1 +
𝜆𝑜
𝜆𝑅

𝑘 .

𝜏𝑎𝑒𝑟 𝑠𝑙 , 𝑠 = න
𝑠𝑙

𝑠

𝛼𝑎𝑒𝑟 𝑠′ 𝑑𝑠′ .

𝜏𝑎𝑒𝑟 𝑠 = 𝛼𝑎𝑒𝑟 𝑠𝑙 ∙ 𝑠𝑙 +𝜏𝑎𝑒𝑟 𝑠𝑙 , 𝑠 .

OR

The constant 𝐶 is determined by 
imposing that the AOD below the 
complete overlap is a linear function 
through the origin of the range.
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𝜒 𝑠 = 𝐶𝐻20 ∙
𝐿𝐻 𝑠

𝐿𝑅 𝑠
∙

𝑇𝑚𝑜𝑙
𝑅 𝑠

𝑇𝑚𝑜𝑙
𝐻 𝑠

∙
𝑇𝑚𝑜𝑙

𝑅 𝑠

𝑇𝑎𝑒𝑟
𝐻 𝑠

Water Vapor mixing ratio (g/kg)
From H2O & N2 Raman signal

V. Rizi, M. Iarlori, G. Rocci e G. Visconti, «Raman 
lidar observations of cloud liquid water,» 
Applied Optics, vol. 43, n. 35, pp. 6440-6453, 2004. 
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Calibration procedure to find 𝐶𝛽
Mattis at al., Atmos. Meas. Tech., 9, 3009–3029, 2016
• (Usually) in a particle-free region in the free

troposphere.
• A calibration window of width is shifted through the

altitude region, where particle-free conditions
typically occur.

• Foreach window position, the average and standard
deviation of the signal or signal ratio is calculated.

• It is assumed that the window position where the
signal or signal ratio has its minimum is closest to
the assumed particle-free conditions.

• The average value within this calibration window
and its standard deviation are used to estimate the
calibration factor and its statistical uncertainty.

• If the ancillary data or from climatological data of
the stratospheric particle load it is possible to
provide a BSR different from 1 as calibration value.

• This method has the disadvantage that it does not
guarantee that there are no particles at all in the
calibration window. The algorithm would find a
minimum also in the case that there are fewer
particles than in other altitude regions only.

• Stronger criterion to find particle free regions
would be a test whether the measured signals
have the same shape of a theoretically assumed
Rayleigh signal (Baars et al. Atmos. Chem. Phys.,
16, 5111–5137, 2016)

Aerosol backscatter 
(from AIR & N2 signal)𝛽𝑎𝑒𝑟 𝑠, 𝜋 = 𝛽𝑎𝑒𝑟 𝑠

= 𝛽𝑚𝑜𝑙 𝑠 ∙ 𝑓𝑁2
∙

𝐿𝐸 𝑠

𝐿𝑅 𝑠
∙

𝐴𝐸

𝐴𝑅
∙

𝑑𝜎𝑁2

𝑅 𝜋

𝑑Ω
𝑑𝜎𝑚𝑜𝑙 𝑠, 𝜋

𝑑Ω

∙
𝐺𝑅 𝑠

𝐺𝐸 𝑠
∙

𝑇𝑎𝑒𝑟
𝑅 𝑠 ∙ 𝑇𝑚𝑜𝑙

𝑅 𝑠

𝑇𝑎𝑒𝑟 𝑠 ∙ 𝑇𝑚𝑜𝑙 𝑠
− 1

= 𝛽𝑚𝑜𝑙 𝑠 ∙ 𝐶𝛽 ∙ 𝑈𝐵𝑆𝑅(𝑠ሻ − 1 ;𝑪𝜷 ∙ 𝑼𝑩𝑺𝑹(𝒔ሻ= 
𝜷𝒂𝒆𝒓 𝒔

𝜷𝒎𝒐𝒍 𝒔
+ 𝟏 = 𝑩𝑺𝑹(𝒔ሻ

𝐺𝑅 𝑠

𝐺𝐸 𝑠
~ 1

But be careful…

Calibration region where 
𝛽𝑎𝑒𝑟=0 (or other known value)

1 (i.e. 𝛽𝑎𝑒𝑟=0 )

𝑈𝐵𝑆𝑅(𝑠ሻ

𝐶𝛽 ∙ 𝑈𝐵𝑆𝑅(𝑠ሻ = 𝐵𝑆𝑅(𝑠ሻ

R
an

ge



AtmoHead 2024 – 15-17 July 2024 – Ischia - Italy

Aerosol backscatter 
(from AIR & N2 signal)

Aerosol extinction 
(from N2 signal)
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ሻ𝐺𝑅 𝑠 𝑛𝑚𝑜𝑙(𝑠

∙
𝑑

𝑑𝑠
ሻ𝐺𝑅 𝑠 𝑛𝑚𝑜𝑙(𝑠

𝑠2𝐿𝑅 𝑠
− 𝛼𝑚𝑜𝑙 𝑠 − 𝛼𝑚𝑜𝑙

𝑅 (𝑠ሻ

1 +
𝜆𝑜
𝜆𝑅

𝑘

𝛽𝑎𝑒𝑟 𝑠, 𝜋 = 𝛽𝑎𝑒𝑟 𝑠
= 𝛽𝑚𝑜𝑙 𝑠 ∙ 𝑓𝑁2

∙
𝐿𝐸 𝑠

𝐿𝑅 𝑠
∙

𝐴𝐸

𝐴𝑅
∙

𝑑𝜎𝑁2

𝑅 𝜋

𝑑Ω
𝑑𝜎𝑚𝑜𝑙 𝑠, 𝜋

𝑑Ω

∙
𝐺𝑅 𝑠

𝐺𝐸 𝑠
∙

𝑇𝑎𝑒𝑟
𝑅 𝑠 ∙ 𝑇𝑚𝑜𝑙

𝑅 𝑠

𝑇𝑎𝑒𝑟 𝑠 ∙ 𝑇𝑚𝑜𝑙 𝑠
− 1
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Probably the most used algorithms to smooth or differentiate data involve some kind of sliding least-squares polynomial fitting.

Adopting this point of view is simple but could not be very efficient and “…the digital filter approach and the concept of 
smoothing polynomials yield identical results…” (Steffen, Circ. Syst. Signal Pr., vol. 5, pp. 187-210, 1986). For example, the 
digital filters based on smoothing polynomials are widely known as Savitzky – Golay filters (SG) and include both smoothers and 
differentiators.

Finite impulse response (FIR) filter have:

The above Eq. is a representation of the non-causal Linear Time Invariant (LTI) Finite Impulse Response (FIR)
digital filter, whose frequency response is:

Aerosol extinction 
(from N2 signal)

Iarlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157–5176, 2015. 
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…the goal is to design a band-limited
differentiator that, for frequencies higher
than a certain cut-off value, will ideally
remove the high-frequency component:

Ideal Derivative:
A noise adding process

Aerosol extinction 
(from N2 signal)

Iarlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157–5176, 2015. 



AtmoHead 2024 – 15-17 July 2024 – Ischia - Italy

“Epic failures: 11 infamous software bugs” reports as the most likely reason of the Mariner 1 space mission
failure was caused by a not smoothed time derivative of a radius:

...A more widely accepted account is that the punctuation mark was a superscript bar over a
radius symbol, handwritten in a notebook. In rocket science, the overbar signifies a
smoothing function, so the formula should have calculated the smoothed value of the time
derivative of a radius. Without the smoothing function, even minor variations of the speed
would trigger the corrective boosters to kick in. The automobile driving equivalent would be
to yank the steering wheel in the opposite direction of every obstacle in the driver's field of
vision.
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https://www.youtube.com/watch?v=0LJz-TWV3so
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Two approaches can be considered for the quantitative assessment of the ERes:
– The first one is related to the distortion induced by the smoothing process on any non-trivial input signal. In fact, the area preservation
property (common to all the considered
smoothing filters) implies that if the peak of a layer is reduced, its spatial width will increase and potentially could overlap with another feature
present in a profile. The final result will be that it is no longer possible to distinguish one peak from another (i.e., they are no longer resolved):
this means that a low-pass filter reduces the vertical resolution. This latter statement naturally leads to the use of the Rayleigh criterion for the
determination the effective resolution.
– The second approach is based on the removal of high frequencies due to the smoothing operation : Noise Reduction Ratio (NRR) Criterion.
Since high frequencies in space domain correspond to relatively small-scale details in the lidar profiles, if they are lost in a certain amount this
will imply a reduction of the resolution in the output profile with respect to the input one. Incidentally, it should be noted that since a
smoothing filter damps effectively only high frequencies and since it is common to deal with white noise, the low-frequency portion of the
noise is still present in the smoothed signal, for example in the form of long-wave ripples.

Moreover, a link is established between the ERes estimated with each of those two approaches and the corresponding cut-off frequency
definition.

Derivative algorithm has a low pass digital filter embedded: vertical resolution reduction because the removal of 
high frequency (small detail -> higher resolution). From Raw Resolution to Effective Resolution (ERes)

Iarlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157–5176, 2015. 
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The amount of zero-mean white noise 
removed by a generic low pass filter is:

The ERes can be written by means of a
general equation that depends only to
the low-pass filter chosen:

Iarlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157–5176, 2015. 
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NRR Criterion

Rayleigh Criterion

Iarlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157–5176, 2015. 
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Iarlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157–5176, 2015. 

SG0 Running mean
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…Wrong retrieval

Comparison have to be
done between profiles
with the same resolution
otherwise…
 

Iarlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157–5176, 2015. 

Lidar Ratio
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two layers resolved

one layer resolved
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-3dB level

Similar behavior in pass-band

Gaussian filter has a better high frequency suppression

Same Effective resolution (750m)

Frequency response (H)
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The smoothing of a signal could not always lead to 
significant improvement in the SNR (saturation 
effect when almost all the noise is removed).
For this reason, in a smoothing operation it seems 
relevant to find the limit over which the 
(undesirable) distortion of an underlying input 
signal could become more relevant than the 
concurrent (desirable) decrease of the noise level.

Smoothing Optimization 
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Noi siamo qui!

p= peak value 
=noise std 
(B)efore and (A)fter smoothing

FWHM=1000m
Rraw=30m
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Optimization of Noise 
removal (            =1): 
SG2, N=38 

Low distortion (es. 5% i.e.
dfract=0.95); 
SG2, N=22.

norm

enhSNR



AtmoHead 2024 – 15-17 July 2024 – Ischia - Italy

More smoothing
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Elastic/Raman Signal simulations with actual parameters but without ND filters: too much photons for low range…

Then:
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Molecular density profile

GDAS DATA ON A GRID 1°x1°

GDAS DATA 1°x1°
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Rayleigh Fit Test

No significative differences in the far range: OK

Freudenthaler, V.: Lidar Rayleigh-fit criteria, in: EARLINET-ASOS 7th Workshop, available 
at: http://nbnresolving.de/urn/resolver.pl?urn=nbn:de:bvb:19-epub-12970-6, 2009.

V.  Freudenthaler,  et  al.,  Atmos.  Meas.  Tech. 
Discuss.,https://doi.org/10.5194/amt-2017-395

A lidar signal normalized by the attenuated molecular 
backscatter coefficient. Regions of pure molecular 
scattering can be identified by the good agreement 
between the Rayleigh fit and the observed attenuated 
molecular backscatter coefficient.
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full overlap at 500 m range (sGmax)

ZEMAX© simulation for G(s)

1

0.8

0.6

0.4

0.2

0
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full overlap at 500 m range (sGmax)

ZEMAX© simulation for G(s)

1

0.8

0.6

0.4

0.2

0

Freudenthaler, V.: The telecover test: A quality assurance tool for the optical 
part of a lidar system, in: 24th International Laser Radar Conference, 
http://nbnresolving.de/urn/resolver.pl?urn=nbn:de:bvb:19epub-12958-1,
2008.

Deviations of the near range signals from different parts of the 
telescope and the comparison of such deviations of different 
lidar channels and with theoretical ray-tracing simulations can 
reveal the distance of full overlap and possible reasons for the 
deviations from the ideal case. 

V.  Freudenthaler,  et  al.,  Atmos.  Meas.  Tech. 
Discuss.,https://doi.org/10.5194/amt-2017-395

𝐺𝑅 𝑠

𝐺𝐸 𝑠
~ 1

But be careful…

Possible causes for the differences are laser tilt, telescope misalignments, 
displacement of field and aperture stops (vignetting, defocus), optical coating 
effects of, e.g., beam-splitters and interference filters with spatial inhomogeneity or 
angle dependency of the transmission, or spatial inhomogeneity of the detector 
sensitivity.
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U. Wandinger e A. Ansmann, «Experimental 
determination of the lidar overlap profile 
with Raman lidar.,» Applied Optics, vol. 41, 
n. 3, pp. 511-514, 2002. 

IRL Raman Lidar data 

full overlap ~950-1050 m range (sGmax)
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A non-accurate measurements can cause large errors in the AE and AOD.
V.  Freudenthaler,  et  al.,  Atmos.  Meas.  Tech. Discuss.,https://doi.org/10.5194/amt-2017-395.

Zero-bin delay
The delay between the trigger, that also starts the
acquisition board measurements, and the “laser
out”, that establish the position of the first
acquisition. This is an important parameter that
must be determined with sufficient precision to
minimize systematic uncertainty in the optical
parameter's retrieval.
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The trace of the trigger and of the photo diode shows the overall
delay (t=120ns±2.5ns), but for “trigger – laser out delay” (L), we
must take into account the delays introduced by the cables and the
delay introduced by the transit time characteristic of the photo diode
and also of the distance between the photo diode and the laser
head:

L = t [measured with the oscilloscope] +

– [photodiode transit time (3 ns ± 2 ns)] +

[+ 1.5 m BNC cable (7.5 ± 1 ns) - 1.5 m BNC cable (7.5 ± 1 ns)] 

+

- [laser path in air (2 ns)]

The resulting is L=115 ns ± 5ns.

MEASUREMENTS WITH FAST PHOTODIODE 
of the laser emission at laser exit

To reduce the «zero bin» indetermination even the smallest 
sources of delays must be taken into account.
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SUMMARY PhC
Q switch sync out and laser pulse emission
at DAQ

MEASUREMENTS WITH FAST PHOTODIODE
of laser emission

MEASUREMENTS WITH OSCILLOSCOPE
of local reflections/echoes

MEASUREMENTS WITH APC26-DAQs
of local reflections/echoes

 

110 ns 115 ns 120 ns 125 ns 130 ns 135 ns 140 ns

110120 ns

115ns ± 5ns
120ns ± 20ns



The Monte Carlo (MC) method is based on the
random generation of new lidar signals. Each
range bin of these signals is considered as a
sample element of a probability distribution
with mean value and standard deviation that
corresponds to the value and uncertainty of
signal profiles.
The extracted lidar signals are then processed
with the same algorithm to produce a set of
solutions. The standard deviation of these
solutions is finally used as profile of the
statistical error.
Mattis at al., Atmos. Meas. Tech., 9, 3009–
3029, 2016
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Error propagation or ...

Statistical uncertainties

S. Groß et al., Lidar ratio of Saharan dust over Cape Verde Islands: Assessment and error calculation, JGR: Atmospheres, vol. 116, n. D15, 2011. 

P=lidar signal (E&R)



Monte Carlo method and error propagation
provide comparable error profiles in case of
Raman extinction and Raman backscatter
retrievals.
Mattis at al., Atmos. Meas. Tech., 9, 3009–
3029, 2016
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S. Groß et al., Lidar ratio of Saharan dust over Cape Verde Islands: Assessment and error calculation, JGR: Atmospheres, vol. 116, n. D15, 2011. 

Error propagation or ...

Statistical uncertainties

P=lidar signal (E&R)
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AOD
Systematic uncertainties

𝝉𝒂𝒆𝒓 𝒔 =  𝟎. 𝟎𝟓

ቚ∆𝝉𝒂𝒆𝒓 𝒔
𝒔𝒚𝒔𝒕

 ≅ ± 𝟎. 𝟎𝟏@𝟑𝒌𝒎
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AOD
Systematic uncertainties
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AOD
Systematic uncertainties

For  𝑘 = 1 ± 0.5, the relative systematic error 
on the extinction/AOD is only about 2%, which 
can be further reduced if a more precise 
knowledge of the aerosol type is available.
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AOD
Systematic uncertainties

M. Will, Astropart. Phys., vol. 35, pp. 591-607, 2012.   1%
S. Groß et al., JGR: Atmos., vol. 116, n. D15, 2011.        2% 
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AOD
Systematic uncertainties

The systematic uncertainties caused for the 
assumed aerosol extinction for in the not 
full overlap region, estimated from the 
uncertainties analysis of the extinction.

The systematic uncertainties on the retrieval 
of the full overlap range (SGmax) (retrieval 
methods, temperature etc…)
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Raman LIDAR @ UNIVAQ.
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Raman LIDAR @ UNIVAQ.
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Raman LIDAR @ UNIVAQ.

Raman LIDAR @ UNIVAQ: 3+2+d system that will allow a more 
complete characterization of aerosols since the system is able 
to measure optical properties (extinction and backscatter) and 
depolarization at different wavelengths; the measurements of 
our solar photometer and the molecular density profiles 
provided by our radiosondes will also be used for this purpose. 
This Lidar will operate within EARLINET/ACTRIS.
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laser 
optical
 bench

Telescope

Receiver 
with PMTs

Thank you!
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