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1 Product overview

Product name: EARLINET LIDAR aerosol extinction coefficient
Product technique: LIDAR
Product measurand: Aerosol extinction coefficient
Product form/range: profile/from full overlap altitude (250-500 m above the ground, depending on
the instrument) to 12 km
Product dataset: EARLINET Database
Site/Sites/Network location:
e Evora, Portugal, 38.568 °N, 7.912 °W, 293 m
e Granada, Spain, 37.164 °N, 3.605 °W, 680 m
e Leipzig, Germany, 51.353 °N, 12.435 °E, 90 m
e Napoli, Italy, 40.8380 °N, 14.1830 °E, 118 m
e Potenza, Italy, 40.601 °N, 15.724 °E, 760 m
Product time period: June 1, 2006 — December 31, 2010
Data provider: CNR-IMAA
Instrument provider: EARLINET lidar stations
Product assessor: Fabio Madonna, CNR-IMAA
Assessor contact email: fabio.madonna@imaa.cnr.it

2 Introduction

This document presents the Product Traceabililty and Uncertainty (PTU) information for the
EARLINET LIDAR aerosol extinction coefficient product. The aim of this document is to provide
supporting information for the users of this product within the GAIA-CLIM VO. The uncertainty and
traceability information contained in this document is based on the references reported at the end of
the document.

The advanced network of ground-based lidar stations EARLINET (European Aerosol Research Lidar
NETwork) has been operating for more than 15 years and currently consists of 31 measuring stations
located in Europe, running different lidar systems and processing algorithms [1]. The EARLINET
community has developed over the years robust lidar data processing algorithms to retrieve the
vertical profiles of aerosol extinction coefficient in the troposphere and lower stratosphere, with a
sampling time ranging from a few tens of minutes to a few hours and a vertical resolution ranging
from a few hundreds of meters to many hundreds of meters, depending on the observed atmospheric
scenario and the lidar system. Currently, the network is developing a rigorous quality assurance
program addressing both instrument performance and evaluation of the algorithms to ensure
instrument standardization and consistent lidar retrievals within the network using a common data
format. For the full harmonization of data analysis and data traceability, the EARLINET Single
Calculus Chain (SCC) [2,3], a tool for the automatic quality assured analysis of lidar measurements,
has been developed.

The major part of the measurements is performed according to a fixed schedule three times a week:
two measurements after sunset, on Monday and Thursday, and one measurement around noon (local
time) on Monday. This permits an unbiased statistically significant data set. Additional measurements
are performed to address specific events that are localized either in space or time (e.g., forest fires,
volcanic eruptions, desert dust outbreaks). Since June 2006, EARLINET stations have been
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performing measurements during the overpasses of the NASA CALIPSO satellite, launched in April
2006, in order to validate and calibrate the satellite lidar products [4].

EARLINET algorithms include the estimation of the random uncertainty and a separate estimation
of the systematic uncertainties due to the retrieval assumptions, background models, and corrections
implemented in a typical lidar data processing chain. For the retrieval of aerosol extinction coefficient
at 532 nm, available only from night time measurements, random uncertainty estimates are typically
less than 10% for values higher than 2 x 10°° m™and greater for lower extinction coefficient values
(see sub-section 5.21). On the other hand, the estimates of systematic uncertainty due to each
contribution are less than 10%, resulting in a total maximum systematic uncertainty less than 15%
for extinction coefficient values higher than 2 x 10> m™ and for all the altitude levels above the full
overlap altitude of the lidar system (see sub-section 5.1 and following sub-sections).

A comprehensive strategy for campaign setup and data evaluation has been established at the
European level [5]. Eleven systems from nine EARLINET stations participated in the EARLINET
Lidar Intercomparison 2009 (EARLI09) measurement campaign. In this campaign, three reference
systems were qualified to serve as travelling standards thereafter. Eleven EARLINET systems from
ten other stations have been compared against these reference systems since 2009; afterwards these
systems have calibrated other instruments moving from their own station to the other sites in the
various countries.

Currently, a strategy for ensuring the lidar system comparability at a global scale is missing. GALION
(GAW Lidar Observation Network) is the global federation of lidar networks operating globally: the
network implementation is challenging and its collective operation is limited to special events like
volcanic eruptions [6]. Nevertheless, the lidar calibration facility (LICAL), undertaken by the
ACTRIS-2 H2020 research infrastructure project, offers to calibrate all lidar system types from
outside the ACTRIS community with a special focus on GALION federated networks. In future
LICAL could become the calibration centre for the global lidar network.

3 Instrument description

The basic setup of a lidar system is shown in figure 1. Lidar technique, acronym for "light detection
and ranging", is based on the transmission into the atmosphere of short light pulses, with duration
ranging from a few to several hundreds of nanoseconds, by a laser transmitter, directly or by means
of transmission optics (e.g. beam expander), depending on the lidar system. In any point of the
atmospheric volume crossed by the laser beam, a portion of the incident light is backscattered towards
the transmitter by atmospheric constituents. This light backscattered by the atmosphere at different
distances from the transmitter is collected by a telescope and passes through an optical system,
consisting of various elements (lenses, mirrors, filters etc.), which selects specific wavelengths or
polarization states of the light collected by the telescope and whose configuration depends on the
particular lidar system. The light from the optical system is forwarded to detectors, typically
photomultiplier tubes, which convert it into electrical signals.

An electronic circuit (trigger) allows to synchronize the acquisition start with the emission of each
laser pulse so that the electrical signals are acquired as a function of elapsed time with respect to the
emission of each laser pulse. As this is the time that the light pulse takes to travel from the transmitter
to the backscatter point and vice versa, then, due to the constant speed of light, it is possible to
calculate the distance between the transmitter and the backscatter point and convert electrical signals
acquired as a function of time into signals as a function of that distance. These are the lidar signals,



measuring the intensity of the light backscattered by the atmosphere as a function of the distance from
the lidar.
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Figure 1: Principle setup of a lidar system

More specifically, the basic equation for the analysis of lidar signals (the lidar equation) describes
the intensity of the measured signals depending on the distance from the lidar, several instrumental
parameters and atmospheric properties. In order to retrieve the atmospheric parameters, the lidar
equation needs to be inverted in the approximation of single and independent scattering. This means
that a photon is scattered only once by the atmospheric constituents and that the scatterers are well
separated and randomly moving. Thus, the contributions to the total scattered energy by many targets
have no phase relation and the total intensity is simply the sum of the intensities scattered from each
target. In this approximation, the lidar equation, in a general form, can be written as:

cTq A
2 z2

P(AL,As,z) = P, Y(hs, A)0(2)B(As, Ay, 2) T(My, 2)T(As, 2) + P (1)

where:

e P(4;,1,2) is the received optical power from the distance z at a specific polarization and
wavelength Ag, due to the backscattering of the laser wavelength 4, . P, is the mean power of
a single laser pulse. cty/2 represents the lidar vertical resolution, where c and t4 are
respectively the light speed and the dwell time, that is the time resolution or the sampling time
of the acquisition system, whose minimum value is the duration of a laser pulse. A/z? is the
acceptance solid angle of the telescope for light scattered at distance z, which represents the
probability that a photon scattered at the distance z is collected by the receiving telescope of
area A.

o W(s, ML) = (AL, As)n(As) is the overall system efficiency, where €(A;,Ag) is the optical
efficiency, including the reflectivity and transmissivity of all the optics encountered both by
the transmitted and the received light (lenses, mirrors, filters etc.), while n(Ag) is the quantum
efficiency of the detector. O(z) is the lidar overlap function, depending on the lidar geometry,
that describes the incomplete overlap between the emitted laser beam and the receiver field
of view close to the lidar. O(z) ranges between 0, for z = 0, and 1, above a certain height z;,
called full overlap height, where the laser beam is completely imaged onto the detector and
the overlap is complete.

e [B(Ag, AL, z) is the atmospheric backscatter coefficient at the wavelength Ag and distance z; for
elastic lidar signals, due to the elastic backscattering of laser pulses (1 = 4,) by atmospheric



molecules and particles (aerosol and clouds), the backscatter coefficient is the sum of two
contributions, the molecular and particle backscatter coefficients; for Raman lidar signals, due
to the Raman inelastic backscattering of laser pulses (1s # A,) by atmospheric molecules (due
to the transitions of roto-vibrational or purely rotational Raman spectra of these molecules),
the backscatter coefficient has only the molecular contribution.

e T(A,,2z)and T(As, z) are the atmospheric transmissivities for the laser light at wavelength A,
on the way from the laser source to the distance z and for the backscattered light at wavelength
Ag on the way from the distance z to the receiver; these terms can be expressed as:

T(A,,z) = exp(— fOZ a;,(z")dz") and T(As,z) = exp(— fOZ i (z)dz')  (2)

where oy, (z) and ay (z) are the atmospheric extinction coefficients at wavelengths A;, and Ag

at distance z. As extinction can occur because of scattering and absorption of light by
molecules and particles, the above extinction coefficients can be expressed as the sum of four
components, the scattering and absorption coefficients of molecules and the scattering and
absorption coefficients of particles (aerosol and clouds).

e Py is the background contribution to the received power of the lidar signal, in addition to the
contribution due to the portion of the laser beam backscattered by the atmosphere. The
background signal is generated by the detector noise and, at daytime, by direct or scattered
sunlight, at nighttime, by the moon, the stars as well as artificial light sources.

Typically, EARLINET lidars transmit light pulses at 355, 532 and 1064 nm and receive the elastically
backscattered light from the atmosphere at the same wavelengths and the Raman inelastically
backscattered light from atmospheric nitrogen molecules at 387 and 607 nm. The atmospheric profiles
of aerosol extinction coefficient at 532 (355) nm are retrieved by EARLINET algorithms, using the
nitrogen Raman signals at 607 (387) nm. These signals are not affected by the aerosol backscattering,
as only a specific molecular species can backscatter inelastically at the corresponding Raman
wavelength. As a consequence, the contribution of the aerosol in the Raman signals is confined only
in the trasmissivity terms, where both molecular and aerosol extinction coefficients play a role.
Therefore, if backscatter and extinction coefficients of molecules are known, it is possible to solve
the lidar equation (1) to retrieve the aerosol extinction coefficient.

The profile of aerosol extinction coefficientat A;, = 532nm is directly derived from the pre-processed
Raman signals at A = 607nm by the following equation [23,24]:

apar(z) — %{ln[N(Z)/PAS(Z)ZZ]}—aﬁ‘”(z)—aﬁOl(z)
A 1+ (A /As)?

(3)

where: o (z) is the particle extinction coefficient at the wavelength A, and range z; Py, (2) is the
power of the pre-processed Raman signal at wavelength Ag and range z; N(z) is the number density
of atmospheric nitrogen molecules at range z; a;nLol(z) and a;’f‘s"l(z) are the molecular extinction

coefficients at wavelengths A; and Ag , respectively; & is the Angstrém exponent, that describes the
wavelength dependence of particle extinction coefficient. It is defined by the following relation:

par o
“AL (2) _ A_S a
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4  Product Traceability Chain

Figure 2 shows the traceability chain for atmospheric profile of aerosol extinction coefficient
retrieved with Raman lidar technique within EARLINET network. The chain has been developed
following the approach outlined in the Guide to Uncertainty in Measurement & its Nomenclature,
published as part of the GAIA-CLIM project.
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Figure 2: Traceability chain for atmospheric profile of aerosol extinction coefficient retrieved with Raman lidar technique
within EARLINET network




5 Element contributions

5.1 Transmission system (1)

Light pulses at wavelength A, = 532nm are sent out into the atmosphere by a laser transmitter,
directly or by means of transmission optics (e.g.: beam expander, mirrors etc.) depending on the lidar
system. The parameters of the laser transmitter (pulse duration, energy and repetition rate, beam
diameter and divergence) as well as of the transmission optics change depending on the lidar system.
Additionally, such parameters may also change for a given lidar system due to their time and
temperature instability or to the replacement of one or more components of the transmission system.
These variations affect the optical power transmitted in the atmosphere and therefore both the power
and the random uncertainty of the Raman signals at A = 607nm used in the algorithms for the
retrieval of aerosol extinction coefficient profile. However, at EARLINET lidar stations these
variations are monitored and minimized (e.g., pulse energy is measured before each measurement
session, lidars usually operate in air-conditioned environments), so that their contribution to the
retrieval and uncertainty of aerosol extinction coefficient profile is assumed to be negligible.

Name of effect Transmission system

Contribution of variations in
all the parameters related to
the laser beam transmission to
the atmosphere.

Contribution identifier 1
P, and E(A;, Ag) in lidar
equation of Raman signals
at A; = 607nm

Measurement equation
parameter(s) subject to effect

Contribution subject to effect
(final product or sub-tree
intermediate product)
Time correlation extent & form Various time scales Extent & form not quantified

1) Possible correlation with
vertical range (if pulse
duration increases so as to
Other (non-time) correlation exceed the dwell time);
extent & form 2) Possible correlation with
the temperature of laser and
transmission optics during

Aerosol extinction
coefficient profile a(z)

Extent & form not quantified

measurements
Uncertainty PDF shape N/A Systematic effect
Uncertainty & units 0% (relative uncertainty) = (Assumed to be negligible)
Sensitivity coefficient <1 (Assumed to be negligible)
Correlation(s) between affected
None
parameters
Element/step common for all Yes

sites/users?
Traceable to ... N/A
Validation N/A



5.2 Receiving system (2)

The portion of the laser radiation backscattered by the atmosphere at different altitude ranges is
collected by a telescope. Two or more telescopes with different optical properties can be used to
optimize lidar performances in different atmospheric regions (near range, far range). The radiation
collected by the telescope passes through an optical system (consisting of lenses, mirrors, filters,
beam splitters and interference filters) where it is spectrally filtered, so as only the Raman
backscattered light from atmospheric nitrogen molecules at wavelength A; = 607nm is transmitted
to the detection system. The uncertainty contribution of the receiving system is the combination of
contributions related to the receiver optical parameters (2a) and the alignment of the lidar system
(2b), whose uncertainties and correlation effects are described in the corresponding sub-level
sections.

Combined contribution of the
receiver optical parameters (2a)

Name of effect Receiving system and alignment of the lidar
system (2b)
Contribution identifier 2
Measurement equation parameter(s) Ii(?a(rzngnac':iigl)\é;‘)éa)lnlwgn
ERLIE L signals at A; = 607nm
Contribution subject to effect (final Aerosol extinction
product or sub-tree intermediate coefficient profile a(z)
product) P
Time correlation extent & form Various time scales  Extent & form not quantified
Other (non-time) correlation extent = May affect vertical
& form correlation
Uncertainty PDF shape N/A Systematic effect

0% (relative uncertainty)

ot Assumed to be negligibl
combination of 2aand 2b  © oo 0 Pe NEGHGIDIE

Uncertainty & units

Sensitivity coefficient 1
Correlation(s) between affected
None
parameters

Element/step common for all

sites/users? e
Traceable to ... N/A
Validation N/A

5.3 Receiver optical parameters (2a)

The optical properties of the elements forming the receiver, consisting of the telescope and the
following optical filtering system, change depending on the lidar system, but they may also change
for a given lidar system due to their time and temperature instability, contamination, or to the
replacement of one or more components of the receiving system. These variations in the parameters
of the receiving system affect the optical power transmitted by the receiver to the detectors and
therefore both the power and the random uncertainty of the Raman signals at A = 607nm used in



the algorithms for the retrieval of aerosol extinction coefficient profile. However, at EARLINET
lidar stations these variations are monitored and minimized (e.g., the optics are regularly cleaned,
lidars usually operate in air-conditioned environments), so that their contribution to the retrieval and
uncertainty of aerosol extinction coefficient profile is assumed to be negligible.

Name of effect

Contribution identifier

Measurement equation
parameter(s) subject to effect

Contribution subject to effect
(final product or sub-tree
intermediate product)

Time correlation extent & form

Other (non-time) correlation
extent & form

Uncertainty PDF shape
Uncertainty & units
Sensitivity coefficient

Correlation(s) between affected
parameters

Element/step common for all
sites/users?

Traceable to ...
Validation

54

Contribution of variations in
Receiver optical parameters all the optical parameters of
the receiving system

2a
&(AL, Ag) in lidar equation of
Raman signals at A =
607nm

Aerosol extinction
coefficient profile a(z)

Various time scales

1) Possible correlation with
vertical range due to the
correlation of the optical

efficiency of the receiving
system with the incident

angle of backscattered light
and, consequently, with the
vertical range;

2) Possible correlation with
the temperature of the
receiver components during
measurements

N/A
0% (relative uncertainty)
<1

Extent & form not quantified

Extent & form not quantified

Systematic effect
(Assumed to be negligible)
(Assumed to be negligible)

None

Yes

N/A
N/A

Alignment of the lidar system (2b)

The correct alignment of the lidar system, that is the alignment of the laser beam with the receiving
system and of the telescope with the optics of filtering system, is ensured by specific tests developed
by the EARLINET quality assurance program. In particular, the telecover test and the Rayleigh fit



test are performed to check and correct the alignment of the lidar system in the near range (planetary
bondary layer) and in the far range (free troposphere or above), respectively. A detailed description
of these tests can be found in [7].

For each lidar system there is a certain degree of misalignment between the laser beam and the
receiving system due to residual uncertainties in the telecover and Rayleigh fit tests or possible
mechanical/thermal instabilities of the optical and mechanical components forming both transmission
and receiving systems. The misalignment of a lidar system changes the incident angle on the receiver
of the backscattered light at each altitude level, which affects both the overlap function and the optical
power transmitted by the receiver to the detectors and, definitively, the power of the Raman signals
at A¢ = 607nm used in the algorithms for the retrieval of aerosol extinction coefficient profile. At
EARLINET stations the above quality assurance tests for the correct alignment of the lidar system
are regularly performed, so that the contribution of the lidar misalignment to the uncertainty of aerosol
extinction coefficient profile is assumed negligible.

Contribution of lidar
misalignment

Alignment of the lidar

Name of effect
system

Contribution identifier

Measurement equation
parameter(s) subject to effect

Contribution subject to effect
(final product or sub-tree
intermediate product)

Time correlation extent & form

Other (non-time) correlation
extent & form

Uncertainty PDF shape
Uncertainty & units
Sensitivity coefficient

Correlation(s) between affected

parameters

Element/step common for all
sites/users?

Traceable to ...
Validation

2b
0(z) and &(A;, Ag) in lidar
equation of Raman signals
at A¢ = 607nm

Aerosol extinction
coefficient profile a(z)

Various time scales Extent & form not quantified

1) Possible correlation with
vertical range due to the
correlation of 0(z) and
optical efficiency of the
receiving system with the
vertical range;

2) Possible correlation with
the temperature of
components forming both
transmission and receiving
systems during
measurements

N/A Systematic effect

0% (relative uncertainty) = Assumed to be negligible
1

Extent & form not quantified

None

Yes

No
No



5.5 Detectors (3)

The Raman backscattered light at A; = 607nm from the filtering optical system is forwarded to
detectors, consisting of photomultiplier tubes (PMTSs), where it is converted to electrical signals. The
main uncertainty contribution of the detectors is related to the spatial inhomogeneities of their
photocathode, that is the variation of its sensitivity with the position of incident light on it. This can
cause range dependent artifacts in Raman signals at A; = 607nm, because the backscattered light at
different altitude levels is projected by the receiving system onto different areas of the photocathode
characterized by different sensitivities. Therefore, the power of the Raman signals at A = 607nm at
different altitudes may change not only because of vertical distribution of atmospheric parameters,
but also because of the variability with the altitude of detector quantum efficiency. The effects of
PMT spatial inhomogeneities on lidar signals have been simulated in Simeonov et al. [8] and
Freudenthaler [9], where optical configurations to minimize these effects are also described. With
conventional optical configurations (direct illumination of the PMT), lidar signal deviations up to
90% have been calculated, which can result in very large systematic uncertainty in the retrieved
aerosol extinction coefficient. This uncertainty, depending on the exact location of the lidar spots on
the PMT, usually unknown, is unpredictable. With suitable optical setups before the PMT, consisting
of field lens, optical diffusers, mirror tubes and optical fibers used alone or in combination, maximum
deviations of lidar signals can be strongly reduced, ranging between 30% and 1%, depending on the
optical setup used to imagine the telescope primary mirror on a small area of the PMT photocathode.
Another uncertainty contribution of the detectors is related to the variations of their quantum
efficiency due to their ageing. These variations also affect the power of the Raman signals at A =
607nm.

For EARLINET lidars, equipped with suitable optical setups minimizing the effects of PMTs spatial
inhomogeneities, the contribution of the detectors to the uncertainty of aerosol extinction coefficient
profile is assumed negligible. In particular, the telecover test, regularly performed for the correct
alignment of the lidar in the near range and described in [7], also allows to identify possible deviations
in lidar signals due to the PMT inhomogeneities . In this case, the optical system before the PMT is
optimized so as to minimize these deviations.

Contribution related to the

Name of effect Detectors efficiency of detectors

Contribution identifier 3
Nn(As) in lidar equation of
Raman signals at Ag =
607nm

Measurement equation
parameter(s) subject to effect

Contribution subject to effect
(final product or sub-tree
intermediate product)
Time correlation extent & form Various time scales Extent & form not quantified

Correlation with vertical
range due to the correlation .
Other (non-time) correlation | with vertical range of the = Extent & form (depending on
. . N the particular lidar system) not
extent & form intensity distribution of the quantified
lidar spot on the PMT
photocathode

Uncertainty PDF shape N/A Systematic effect

Aerosol extinction
coefficient profile o(z)



Uncertainty & units
Sensitivity coefficient

Correlation(s) between affected

0% (relative uncertainty) Assumed to be negligible
<1 Assumed to be negligible

May be linked to the chosen

None backscattering Raman cross-
parameters section
The different sites use different
optical configurations to reduce
Element/s_tep/com nj)on for all Yes i St i
sites/users: inhomegeneities of the
detector photocatode
Traceable to ... No
Validation [8,9]

5.6 Acquisition (4)

A trigger circuit synchronizes the acquisition of the electric signal from the detector with the emission
of each laser pulse in order to measure the intensity of the Raman backscattered light from the
atmosphere at different distances from the transmitter. This is the Raman lidar signal. Usually, the
acquisition of this signal is performed both in analog and photon counting mode, in order to increase
the detectable dynamic range of lidar signals: for analog acquisition, an Analog to Digital Converter
(ADC) is used to sample the average voltage produced by the incident photons on the detector, at
regular time intervals t4 (time resolution or sampling time of the acquisition system) after the
emission of each laser pulse; for photon counting acquisition, a counting system (a discriminator plus
a fast counter) is used to measure the number of incident photons on the detector at regular time
intervals t4 after the emission of each laser pulse. For both analog and photon counting Raman signals
the vertical resolution, determined by the time resolution of the acquisition system, typically ranges
from a few meters up to a few tens of meters.

The uncertainty contributions of the acquisition system are related to the background contribution Pg
of lidar signals, the response time of the acquisition system in photon counting mode and any
asynchrony between the emission of laser pulses and signal acquisition. These cause biases and
distortions in both analog and photon counting Raman signals, which result in biases and distortions
in the retrieved aerosol extinction coefficient profile. In EARLINET algorithms, lidar signals are
corrected for all these effects in the pre-processing phase (see section 6), where the uncertainty and
correlation effects of each contribution are described in the corresponding sub-level section. After
these corrections, all the contributions of the acquisition system to the uncertainty of aerosol
extinction coefficient profile are assumed negligible.

Contribution related to
conversion of the electric

Name of effect Acquisition signal from the detector to a
lidar signal (both in analog
and photon counting mode)

Contribution identifier 4

Pg and z in lidar equation of
Raman signals at A =
607nm

Measurement equation
parameter(s) subject to effect



Contribution subject to effect
(final product or sub-tree
intermediate product)

Time correlation extent & form See sub-levels 6a,6b,6¢,6d

Other (non-time) correlation
extent & form See sub-levels 6a,6b,6c,6d

Uncertainty PDF shape N/A Systematic effect

0% (relative uncertainty)
combination of 6a,6b,6¢,6d

Aerosol extinction
coefficient profile a(z)

Uncertainty & units Assumed to be negligible

Sensitivity coefficient 1
Correlation(s) between affected See sub-levels 6a.6b.6c,6d
parameters
Element/step common for all vy
) es
sites/users?
Traceable to ... See sub-levels 6a,6b,6¢,6d
Validation See sub-levels 6a,6b,6¢,6d

5.7 Raw Raman signals (5)

Both analog and photon counting Raman signals produced by single laser pulses are integrated over
a fixed time interval, that is over a fixed number of laser shots, depending on the pulse repetition rate
of the lidar. This is done for two main reasons: firstly, the lidar technique is commonly used to study
atmospheric processes with a dynamic which is usually much slower than the time characteristic of
the single shot lidar profiles; secondly, the electronic setup allowing to store single shot lidar profiles
is quite demanding. Typically, the raw lidar signals used in EARLINET algorithms have a time
resolution ranging from 10 to 60 s and a vertical resolution from a few meters up to a few tens of
meters.

Raw Raman signals are provided with their random uncertainty, which is the standard deviation of
the Poisson distribution of counts (square root of the counts) for photon counting signals. For analog
signals the random uncertainty, which is the standard deviation of the normal distribution of voltages
is usually not provided. The random uncertainty of raw Raman signals produces a random uncertainty
in the aerosol extinction profile, depending on the following processing of raw Raman signals, which
in turn depends on aerosol load and specifications of each instrument. As raw Raman signals are not
directly used in the retrieval algorithm of aerosol extinction profile, the random uncertainty that they
produce in such direct retrieval is not provided.

Contribution of
Name of effect Raw Raman signals random uncertainty of
raw Raman signals

Contribution identifier 5

Measurement equation Lidar equation of Raman signals at
parameter(s) subject to effect As = 607nm



Contribution subject to effect
(final product or sub-tree
intermediate product)
Time correlation extent & form N/A
Other (non-time) correlation N/A
extent & form

Aerosol extinction coefficient
profile o(z)

Poisson/normal distribution for

ST LY PIIE Sl photon counting/analog signals;

Statistical uncertainty

Depending on the
following processing

Uncertainty & units N/A of raw Raman signals.
Sensitivity coefficient 1
Correlation(s) between affected N/A
parameters
Element/step common for all Yes (CIENES EEUEE 19

the system

sites/users? experimental setup

Traceable to ... N/A
Validation No

5.8 Pre-processing of Raman signals (6)

The raw Raman signals are pre-processed to apply instrumental corrections and, optionally, a vertical
smoothing or temporal averaging. This stage is commonly known as “pre-processing” of lidar signals
and represents a necessary step to apply the aerosol extinction profile retrieval algorithm. The pre-
processing procedure contains the following steps: dead time correction (6a), dark subtraction (6b),
trigger delay/first range bin correction (6c), background subtraction (6d), vertical integration or
binning (6e), temporal integration (6f), signal gluing (6g) and overlap correction (6h).

The pre-processed Raman signals have time and vertical resolutions depending, respectively, on
temporal and vertical integration performed by the pre-processing module. Typically, time and
vertical resolutions range from a few tens of minutes to a few hours and from 30 to 60 m, respectively.
The uncertainty residual contributions in aerosol extinction profile due to systematic effects are
assumed negligible due to the instrumental corrections (6a, 6b, 6¢, 6d, 6h) applied to the signals.

The random or statistical uncertainties of raw Raman signals are propagated at each step of the pre-
processing, from the beginning to the end of the pre-processing chain, using the standard formula of
statistical uncertainty propagation. For example, for the lidar station of Potenza, Italy, the random
uncertainty of the pre-processed Raman signals is typically less than 10% through the entire
troposphere and possibly higher, between 10% and 20%, in the vertical range from 10 to 12 km, with
a vertical resolution of 60 m and a time resolution between 1 and 2 hours.

The resulting random uncertainty of the pre-processed Raman signals produces a random uncertainty
in the aerosol extinction profile. As this random uncertainty depends on the following processing
applied on the pre-processed signals, it is not provided at this step.

The uncertainty contribution to the aerosol extinction profile due to the pre-processing is the
combination of contributions of several steps, whose uncertainties and correlations are described in
the corresponding sub-level sections.



Name of effect

Contribution identifier

Measurement equation
parameter(s) subject to effect

Contribution subject to effect
(final product or sub-tree
intermediate product)

Time correlation extent & form

Other (non-time) correlation
extent & form

Uncertainty PDF shape

Pre-processing

6

Lidar equation of Raman
signals at g = 607nm

Aerosol extinction
coefficient profile o(z)

Different correlation scales

Different correlation scales

Poisson/normal distribution
for photon counting/analog

Combined contribution of all
the pre-processing steps 6a,
6b, ...6h applied to the raw

signals

See inside the different pre-
processing steps

See inside the different pre-
processing steps

Statistical uncertainty

signals
N/A Depending on the following
Uncertainty & units combination of 6a,6b,6¢,6d, = processing of pre-processed
6e, 6f, 6g, 6h Raman signals.
Sensitivity coefficient 1
Correlation(s) between affected N/A
parameters
Element/step common for all Yes Changes according to the
sites/users? system experimental setup.
Traceable to ... N/A

See inside the different pre-

Validation processing steps

5.9 Dead Time correction (6a)

Each acquisition system in photon counting mode is characterized by a dead time, or response time,
atime interval during which the system is unable to count incident photons. As a result, the acquisition
is characterized by a maximum count rate above which the observed count rate is no longer
proportional to the number of incident photons, but depends instead on the dead time duration.
Therefore, for high count rates, typically occurring in the near range, raw Raman signals in photon
counting mode are affected by distortions which result in artifacts in the retrieved aerosol extinction
coefficient profile. These signals can be corrected using two different ideal models describing a
photon counting system: a paralyzable model and a not paralyzable one. A paralyzable system is
unable to record a second output pulse unless there is a time interval of at least the dead time t between
two successive input pulses. If an additional pulse arrives during the response time, the dead time of
the system is further extended by 1. For high count rates, the system is not able to respond and it
remains completely paralyzed, by providing a zero count rate. By using Poisson probability
distribution, a paralyzable system is described by the following formula [10]:

Nm = NreXp(_ZNr)



where Nm and Nr are the measured count rate and the real count rate, respectively. Ina not paralyzable
system the dead time t is independent of the arrival of additional counts. For high count rates, the
system will asymptotically approach a maximum count rate, Nmax, Which is the inverse of the dead
time. A not paralyzable system is described by the following formula [10]:

N

r

N, =
1+7N,

The correction for dead time is performed by inverting one of the two previous equations with respect
to the real count rate Nr, given the known value of dead time. Concerning the equation to be used, it
Is necessary to specify that real systems are never completely paralyzable or not paralyzable, but their
behavior [ somewhat intermediate between these two ideal models.
Therefore, neither of the two previous equations describes a real photon counting system accurately.
However, for count rates not too high, typically < 10-30 MHz depending on the value of t, the two
models produce very similar results and the choice between the two models becomes irrelevant [2].
The dead time value can be accurately measured as described in Johnson et al. [11, 12] or is provided
by the PMT manufacturer. In EARLINET algorithms, the raw Raman signals in photon counting
mode are always corrected for dead time (wherever it is possible) and particular care is addressed to
the optimization of lidar channel in order to not have too high count rates. Under these conditions,
the uncertainty of aerosol extinction coefficient profile due to the dead time correction is assumed
negligible.

Contribution due to the
Name of effect Dead time correction response time of photon
counting acquisition system

Contribution identifier 6a
Lidar equation of raw
Measurement equation Raman signals at Ag =
parameter(s) subject to effect ~ 607nm in photon counting
mode

Contribution subject to effect
(final product or sub-tree
intermediate product)

Aerosol extinction
coefficient profile a(z)

Possible long term
correlation (the dead time is
Time correlation extent & form not necessarily constant and Extent & form not quantified
should be measured

regularly)
Correlation with vertical
Other (non-time) correlation range because or_lly t_he Extent & form not quantified
extent & form lower part of extinction
profile is affected
Uncertainty PDF shape N/A Systematic effect
Assumed to be negligible (the
Uncertainty & units 0% (relative uncertainty) dead time measured or

provided by the manufacturer



as well as correction formula
are very accurate)

Sensitivity coefficient 1
Correlation(s) between affected
N/A
parameters

Two different correction

Element/step common for all models are applied:

sites/users? ves paralyzable and non-
paralyzable
Manufacturer specifications or
Traceable to ... No measurements performed at
each lidar station
Validation [2,10, 11, 12]

5.10 Dark subtraction (6b)

Raw Raman signals acquired in analog mode can be affected by electronic distortions not related to
the Raman backscattered light from the atmosphere and mainly caused by the laser power circuits,
the detector dark current (temperature dependent) and the amplification circuits of the analog
acquisition system. These electronic distortions result in distortions in the aerosol extinction
coefficient profile, which depend on both the lidar system and the particular measurement session.
Analog raw Raman signals are corrected for electronic distortions by performing the dark subtraction,
typically consisting in the following procedure:

1) N raw signals are acquired with the telescope completely obstructed, before or after the
acquisition of the ordinary raw signals of each measurement session. These dark signals are
not affected by any light backscattered from the atmosphere and may contain only the
electronic distortions.

2) The N dark signals are averaged for each range bin; the random uncertainty of the average
dark signal can also be calculated as the standard deviation of the dark signals (voltages) for
each range bin.

3) From each raw Raman signal the average dark signal obtained in the previous step is
subtracted to obtain the raw Raman signal corrected for electronic distortions. The random
uncertainty of this signal can be calculated by combining in quadrature the uncertainties of
the uncorrected raw Raman signal and of the average dark signal.

In EARLINET algorithms, where raw Raman signals in analog mode are dark subtracted, the residual
contribution to the uncertainty of aerosol extinction coefficient profile due to electronic distortions is
assumed negligible, assuming that electronic distortions remain stable in the time interval between
dark and ordinary signals acquisition.

Contribution of electronic

Name of effect Dark subtraction distortions in analog signals

Contribution identifier 6b



Pg in lidar equation of raw
Raman signals at A =
607nm in analog mode

Measurement equation
parameter(s) subject to effect

Contribution subject to effect (final
product or sub-tree intermediate
product)

Aerosol extinction
coefficient profile a(z)

Extent & form not quantified

Time correlation extent & form Various time scales (dark signals are acquired for
each measurement session)

Other (non-time) correlation  Possible correlation with the Extent & form not quantified

extent & form temperature of detector
Uncertainty PDF shape N/A Systematic effect
Assumed to be negligible due
Uncertainty & units 0% (relative uncertainty) to dark subtraction from
analog raw Raman signals
Sensitivity coefficient 1
Correlation(s) between affected N/A
parameters

The number of dark signals

Element/step common for all and their averaging time can

Yes

sites/users? change for the different
stations
Traceable to ... N/A
Validation No

5.11 First range bin/Trigger delay (6c)

The electronics of both the acquisition system and the trigger, which provides the logic signals for
the start of the acquisition, can cause a discrepancy between the instant of emission of a laser pulse
and the start of the acquisition related to that laser pulse. Two different situations may occur. In the
first, the start of the acquisition is delayed compared to the instant of emission of the laser pulse and
the discrepancy dt, called trigger delay, results in an underestimation dz of the altitudes in Raman
signals. Alternatively, the start of the acquisition is in advance compared to the instant of emission of
the laser pulse and the discrepancy dt, called first range bin, results in an overestimation dz of the
altitudes in Raman signals. The above discrepancy, trigger delay or first range bin, affects both analog
and photon counting acquisition, is generally different for each channel and leads to errors not only
in the determination of the altitudes in Raman signals, but also in the retrieval of aerosol extinction
coefficient profile, especially in the near range.

The measurement of trigger delay or first range bin and the calculus of absolute error in aerosol
extinction coefficient profile due to this discrepancy are described in [7,13]. Raw Raman signals both
in analog and photon counting mode are corrected by interpolating them to the correct time or range
bins [2]. Consider, for example, a lidar channel with vertical resolution of 15m, corresponding to a
dwell time of 100ns. Suppose also that the same channel is affected by a trigger delay/first range bin
of dt. The raw uncorrected lidar signal of the channel is Sraw={(t1,51), (t2,52),...(tn,Sn)}, Where the
instants ti are 50, 150, 250,...ns, corresponding, in the range domain, to 7.5, 22.5, 37.5,...m. Because
the channel is affected by a trigger delay/first range bin of dt, the measured intensities s1, S2,...sn refer
to the instants ti+dt, t2+dt,...tn+dt and not to the instants ti,tz,...tn. AS a consequence, the correct



association between measured intensities and times-range bins should be Scor={(t1+dt,s1),
(t2+dt,s2),...(tn+dt,Sn)}.

In EARLINET algorithms, where raw Raman signals are corrected for trigger delay/first range bin,
the residual contribution to the uncertainty of aerosol extinction coefficient profile due to the trigger

delay/first range bin correction is assumed negligible.

Name of effect .
correction

Contribution identifier 6c

Altitude z in lidar equation

Measurement equation of raw Raman signals at

parameter(s) subject to effect
and photon counting mode
Contribution subject to effect
(final product or sub-tree
intermediate product)

Aerosol extinction
coefficient profile a(z)

Possible long term
Time correlation extent & form instability of trigger
delay/first range bin
1) Correlation with vertical
range: the lower part of
extinction profile is mostly
affected;

Other (non-time) correlation  2) Possible correlation with
extent & form
trigger delay/first range bin
is not a multiple of the time
resolution of the acquisition

system

Uncertainty PDF shape N/A

Uncertainty & units 0% (relative uncertainty)

Sensitivity coefficient 1
Correlation(s) between affected
N/A
parameters

Element/step common for all

. Yes
sites/users?

Traceable to ... No

As = 607nm in both analog

correlation due to long term

vertical range if the value of

Contribution due to
asynchrony between the

First range bin/Trigger delay emission of laser pulses and

the start of signal acquisition
in both analog and photon
counting channels

Extent & form not quantified

1) Extent & form quantified in
[7]
2) Extent & form not
quantified

Systematic effect

Assumed to be negligible due
to the first range bin/trigger
delay correction of raw Raman
signals

Measurement techniques and
values of trigger delay/first
range bin can change for the
different lidar stations
Trigger delay/first range bin
measurements performed at



each lidar station with
accuracy within the time
resolution of the acquisition
system

Validation [2,7,13]

5.12 Background subtraction (6d)

Raw Raman signals measured both in analog and photon counting mode consist of two contributions:
the contribution of Raman backscattered light from the atmosphere and the background contribution,
generated by direct or scattered sunlight in day time, or by the moon, stars and artificial light sources
at night time. The background signal, range independent, is an uncertainty source for Raman signals
and, consequently, for the retrieved aerosol extinction coefficient profile. Therefore, it is necessary
to subtract from each raw Raman signal its background contribution, in order to consider only the
signal due to the Raman backscattered light from the atmosphere. Because this signal decreases with
increasing range, the background contribution of a raw Raman signal is usually obtained by averaging
it in the far range, above 20km, where the signal due to the backscattering from the atmosphere is
neglectable with respect to the background signal. The random uncertainty of the background signal
is calculated as the standard deviation of the values of the raw Raman signal within the selected
averaging range in the far range [14].

From each raw Raman signal, both in analog and photon counting mode, the corresponding
background signal is subtracted. The random uncertainty of this background subtracted raw Raman
signal is calculated by combining in quadrature the uncertainties of the raw Raman signal and of the
background signal [14].

Note that for an ideal lidar system the background signal includes also the range independent dark
contribution which, therefore, should not be subtracted from the raw analog signals. However, in real
systems, with range dependent electronic distortions in analog raw signals, the dark signal needs to
be separately subtracted from analog raw signals in order to remove these distortions.

In EARLINET algorithms, where raw Raman signals, both in analog and photon counting mode, are
background subtracted, the residual contribution to the uncertainty of aerosol extinction coefficient
profile due to the background signals is assumed negligible.

Contribution of background

Name of effect Background subtraction inanalog and photon
counting signals

Contribution identifier 6d
Pg in lidar equation of raw
Measurement equation Raman signals at A =

parameter(s) subject to effect 607nm in both analog and
photon counting mode
Contribution subject to effect
(final product or sub-tree
intermediate product)

Aerosol extinction coefficient
profile oa(z)



Possible correlation with the
time of measurement session
Possible correlation with
background light, bandwidth
of 607nm interference filter Extent & form not quantified

and field of view of the

Time correlation extent & form Extent & form not quantified

Other (non-time) correlation
extent & form

receiver
Uncertainty PDF shape N/A Systematic effect
Assumed to be negligible due
Uncertainty & units 0% (relative uncertainty)  to background subtraction
from raw Raman signals
Sensitivity coefficient 1
Correlation(s) between affected N/A
parameters
Element/step common for all
. Yes
sites/users?
Traceable to ... N/A
Validation [14]

5.13 Vertical integration (binning) (6e)

Raw Raman signals are usually vertically integrated or smoothed (binning), in order to increase their
signal to noise ratio (SNR) or, equivalently, to reduce their relative random uncertainty. In binned
signals each point is obtained by summing (photon counting) or averaging (analog) the acquired
signals (counts or voltages) in a certain number of range bins and associating as height the mean of
the height range relative to the binned range points. The random uncertainty of each point is then
calculated by combining in quadrature the random uncertainties (standard deviations) of signals in
the binned ranges [14]. The binning reduces the vertical resolution of raw Raman signals to values
typically ranging from 30 to 60m. The random uncertainty of the binned raw Raman signals produces
a random uncertainty in the aerosol extinction profile which depends on the following processing of
these signals. As binned raw Raman signals are not directly used in the retrieval algorithm of aerosol
extinction profile, the random uncertainty that they produce in such direct retrieval is not provided.

Contribution of vertical

Name of effect Vertical integration (binning) integration of raw Raman
signals
Contribution identifier 6e
Measurement equation Lidar equation of Raman
parameter(s) subject to effect signals at A = 607nm

Contribution subject to effect
(final product or sub-tree
intermediate product)

Time correlation extent & form N/A

Aerosol extinction coefficient
profile a(z)



Possible correlation with the
binning range (i.e. the number Extent & form not quantified
of range bins)
Poisson/normal distribution
Uncertainty PDF shape for photon counting/analog Statistical uncertainty
signals;

Other (non-time) correlation
extent & form

Depending on the following

Uncertainty & units N/A processing of binned raw
Raman signals.

Sensitivity coefficient 1
Correlation(s) between affected
N/A
parameters

The number of binned points,
the vertical resolution and

Element/step common for all random uncertainty of binned

sites/users? Yes raw Raman signals can
change for the different
stations
Traceable to ... N/A
Validation [14]

5.14 Temporal integration (6f)

In order to further increase their SNR, binned raw Raman signals are temporally integrated, by
summing (photon counting) or averaging (analog) them over a time interval from a few tens of
minutes to a few hours, depending on the observed atmospheric scenario. The random uncertainty of
the resulting time integrated signals is obtained, for each range bin, by combining in quadrature the
random uncertainties (standard deviations) of single signals that are integrated. The uncertainty of
time integrated Raman signals affects the random uncertainty of the aerosol extinction profile which
depends on the following processing of these signals. The integration time of raw Raman signals is
carefully selected so that during this time the atmosphere is stable and the uncertainty contribution to
the aerosol extinction profile due to the atmospheric variability can be considered negligible.

As time integrated Raman signals are not directly used in the retrieval algorithm of aerosol extinction
profiles, the random uncertainty that they produce in such direct retrieval is not provided.

Contribution of temporal

Name of effect Temporal integration integration of raw Raman
signals
Contribution identifier 6f
Measurement equation Lidar equation of Raman
parameter(s) subject to effect signals at A; = 607nm

Contribution subject to effect
(final product or sub-tree
intermediate product)

Aerosol extinction coefficient
profile o(z)

Extent & form not quantified

Time correlation extent & form Various time scales (the integration time changes



for each measurement

session)
Other (non-time) correlation
N/A
extent & form
Poisson/normal distribution
Uncertainty PDF shape for photon counting/analog Statistical uncertainty

signals

Depending on the following
Uncertainty & units N/A processing of time integrated
Raman signals.

Sensitivity coefficient 1
Correlation(s) between affected N/A
parameters
The integration time and
random uncertainty of time
Element/step common for all Yes integrated Raman signals can
sites/users? change for the different
stations according to the
system experimental setup.
Traceable to ... N/A
Validation No

5.15 Signal gluing (6g)

The dynamic range of tropospheric lidar signals is very high (at least 4 orders of magnitude). In the
near range the signal is extremely high, while in the far range it is extremely weak. In both of these
extreme conditions, a good signal to noise ratio and linearity between light intensity and measured
signal are required. Lidar signals acquired in analog mode have a high signal to noise ratio in the near
range, but a low signal to noise ratio and possible distortions in the far range. On the other hand, lidar
signals acquired in photon counting mode show a very good signal to noise ratio in the far range, but
they are problematic for high count rates, that occurs in the near range. In these conditions, the signals
in photon counting mode lose their linearity due to the dead time and the greater the count rate, the
more difficult it is to correct for this effect. Given the complementarity between analog and photon
counting signals, it is possible to extend the detectable dynamic range of lidar, by appropriately
combining the analog and photon counting signals resulting from the previous pre-processing steps.
In particular, it is assumed that the “main” signal is the signal in photon counting mode and the
corresponding analog signal is considered just an extension of the signal in photon counting mode in
the near range. Generally, this operation is called gluing between analog and photon counting signals.
This gluing is usually performed by the following steps [2]:

1) Identifying a minimum range zmin above which non linear effects in the photon counting signal,
due to the dead time, are absent or corrected in reliable way. Typically, zmin cOrresponds to a count
rate of about 10-30MHz in the photon counting signal [15, 16, 17]

2) ldentifying a maximum range zmax below which distorsions in the analog signal are neglectable.
This maximum range corresponds to a value of the analog signal of Vi/K, where Vs is the
maximum acquisition value and K is a factor depending on the quality of the ADC. (Typically K
ranges from 5000 to 20000).



3)

4)

5)

6)

7)

8)

Zmax and zmin are selected so that zmax is higher than zmin and analog and photon counting signals
can be glued,; if this is not possible, the gluing is not performed and the following processing steps
are generally applied only to the photon counting signal above zmin.

A linear fit of photon counting signal and of analog signal is performed in the interval [Zmin, Zmax
—dz], with dz=0.

If the coefficients of linear fits in the previous step are consistent, the procedure goes to the next
step; otherwise, it returns to the step 4) with dz=z, where z is a multiple of the vertical resolution
of lidar signals resulting from the previous pre-processing steps (typically ranging from 30 to
60m).

The analog signal is scaled on the photon counting signal by a linear fit in the interval [Zmin,Zmax -
dz]. The gluing factor a is calculated by minimizing the following quantity:

Z [SPC(ZL') - aSanalog (Zi)]z

l
where Spc and Sanalog are photon counting and analog signals resulting from the previous pre-
processing steps in the gluing range.

The gluing point is identified in the interval [zmin, Zmax -0z] as the point for which the squared
difference between the analog signal and photon counting signal is minimum.

Finally, the glued signal is formed by the scaled analog signal, for ranges below the gluing point,
and by the photon counting signal for ranges above the gluing point.

The random uncertainty of the glued signal is the random uncertainty of the scaled analog signal
(obtained by uncertainty propagation formula) and of photon counting signal, respectively below and
above the gluing point. This uncertainty produces the random uncertainty of the aerosol extinction
profile. As this random uncertainty depends on the following processing of glued Raman signals, it
Is not provided at this step.

Contribution due to the
Name of effect Signal gluing combination of analog and
photon counting signals

Contribution identifier 69
Measurement equation Lidar equation of Raman
parameter(s) subject to effect signals at A; = 607nm

Contribution subject to effect
(final product or sub-tree
intermediate product)

Aerosol extinction
coefficient profile a(z)

Time correlation extent & form N/A
Other (non-time) correlation  Possible co_rrelatlon with the Extent & form not quantified
extent & form gluing range

Normal/Poisson distribution

Uncertainty PDF shape below/above the gluing point

Statistical uncertainty

Depending on the following
Uncertainty & units N/A processing of glued Raman
signals



Sensitivity coefficient 1
Correlation(s) between affected

N/A
parameters
Element/step common for all v Similar methods for the
sites/users? £ different stations
Traceable to ... N/A

Validation [2, 15, 16, 17]



5.16 Overlap Correction (6h)

The glued Raman signal, resulting from the previous pre-processing steps, can be corrected for
incomplete overlap by using a suitable overlap function, depending on the lidar geometry, that is the
combination of all geometric factors, including the laser beam diameter, shape, divergence and tilt,
the telescope focal ratio, the receiver field of view and the location of emitter and receiver optical
axes relative to each other (coaxial or biaxial configuration). The overlap function O(z) and the full
overlap height z.,,; can be determined both theoretically and experimentally. Theoretical
determination can be performed by raytracing simulations or by the methods described in Kuze et al.
[18], Measures [19], and Chourdakis et al. [20]. Experimental determination can be performed by
measurements at different zenith angles under homogeneous and stationary atmospheric conditions,
or by the methods described in Wandinger and Ansmann [21] and Freudenthaler [22].

If the Raman signal is not corrected with an overlap function, the resulting uncertainty in the aerosol
extinction profile at heights below z,,; can reach 50% [21]; in this case, the provided extinction
profile is cut below z,, typically ranging from 250 to 500 m above the ground, depending on the
lidar system, and above z,,; the systematic uncertainty in the extinction profile due to the overlap
function is assumed negligible.

If the Raman signal is corrected for overlap, the extinction profile is provided starting from a
minimum height zo < z,,; above which the profile is considered trustworthy and the residual
uncertainty due to the overlap function is assumed negligible. In EARLINET stations, lidar signals
are usually not corrected for overlap and extinction profiles are provided starting from z,.,;.

Contribution due to the
Name of effect Overlap correction correction with overlap
function

Contribution identifier 6h
O(z) in lidar equation of
Raman signals at A =
607nm

Measurement equation
parameter(s) subject to effect

Contribution subject to effect (final
product or sub-tree intermediate
product)

Aerosol extinction
coefficient profile o(z)

Possible long term
correlation (O(z) is not
Time correlation extent & form necessarily constant and  Extent & form not quantified
should be determined
regularly)
Correlation with vertical
range (only the lower part
of extinction profile from Extent & form not quantified
ground to zyy; /z, 1S
affected)

Uncertainty PDF shape N/A Systematic effect

Other (non-time) correlation extent
& form



Assumed to be negligible due

0
0% for z > Zou/zo to the cut of the extinction

Uncertainty & units up to 50% for z < zowi/zo profile below zyy; or
ZO< Zovl
Sensitivity coefficient 1
Correlation(s) between affected N/A
parameters

Usually, overlap correction is
Yes not applied in EARLINET
lidar stations

Element/step common for all
sites/users?

Traceable to ... N/A
Validation [18, 19, 20, 21, 22]

5.17 Processing of Raman signals (7)

The processing of Raman signals to retrieve the aerosol extinction coefficient profile comprises
several steps. First, an estimation of molecular density profile and the corresponding molecular
extinction profile (7a) is needed. In particular, the atmospheric nitrogen number density profile and
the molecular extinction coefficient profiles at wavelengths A; and Ag are required. Secondly, an
assumption of aerosol Angstrém exponent (7b) and, optionally, the correction for multiple scattering
(7c) are required. Finally, suitable and stable numerical methods are needed to calculate the derivative
present in the equation (3) for the retrieval of aerosol extinction coefficient profile.

The profile of aerosol extinction coefficient has a time sampling which is the integration time used in
pre-processing of Raman signals, ranging from a few tens of minutes to a few hours. The effective
vertical resolution of aerosol extinction profile ranges from a few hundreds of meters to many
hundreds of meters, depending on the vertical integration (binning) performed in pre-processing of
Raman signals and on method and vertical smoothing used to calculate the derivative in equation (3)
[25].

The uncertainty contributions for the retrieval of aerosol extinction profile are systematic, associated
to assumptions and corrections described above, and statistical, due to the propagation of random
uncertainty of pre-processed Raman signal.

Total maximum systematic uncertainty, calculated by combining all systematic contributions less
than 10% (7a, 7b, 7c), is less than 15% for extinction coefficient values higher than 2 x 10° m* and
greater for lower extinction coefficient values. On the other hand, random uncertainty estimates are
typically less than 10% for extinction coefficient values higher than 2 x 10> m™and greater for lower
extinction coefficient values (7d).

The total uncertainty of aerosol extinction profile due to the processing is the combination of
contributions of each step, whose uncertainties and correlation effects are described in the
corresponding sub-level sections.

Combined contribution of all

. the processing steps 7a,7b,7c,
Name of effect Processing of Raman 74 - tied to the pre-processed

signals Raman signals



Contribution identifier 7
. Include additional correction
Raman equation (3) for the rejated to spectral dependence

Measurement equation retrieval of aerosol and multiple scattering as well
parameter(s) subject to effect extinction coefficient as assumptions on molecular
profile density and extinction

coefficient profiles

Contribution subject to effect
(final product or sub-tree
intermediate product)

Aerosol extinction
coefficient profile a(z)

See inside the different

Time correlation extent & form  Different correlation scales processing steps
Other (non-time) correlation . . See inside the different
extent & form Different correlation scales orocessing steps
Combination of propagated
Uncertainty PDF shape N/A random and estimated

systematic uncertainties
Random:

<10% (10) for a(z) > 2x10
5m°L

>10%(10) for a(z) < 2x10°
5m-L
Combination of propagated

Uncertainty & units Systematic: random and estimated
systematic uncertainties

< 15% for a(z) > 2 x 10
m'l

> 15% for a(z) <2 x 10°
m'l

Combination of 7a, 7b, 7c,

7d
Sensitivity coefficient 1
Correlation(s) between affected N/A
parameters
Possible changes according to
Element/step common for all Yes the different processing
sites/users? procedures at different lidar
stations
Traceable to ... N/A
L inside the differen
Validation See inside the different

processing steps

5.18 Molecular density and extinction profiles (7a)

The number density profile of atmospheric nitrogen molecules N(z) is calculated from air density
profile, which is obtained from atmospheric pressure and temperature profiles. These can be obtained



by using standard atmospheric models, provided by climatological models or measured by co-located
and simultaneous radio-soundings. In EARLINET algorithms, models are typically used as co-
located and simultaneous radio-soundings are not available due to their high cost. The profiles of
molecular extinction coefficient a}‘{‘L"l(z) and a‘{}s"l (z) are calculated by using the Rayleigh scattering

theory [26,27], and air density profile obtained from atmospheric pressure and temperature profiles.
The uncertainty contribution to the aerosol extinction profile due to the assumption on molecular
scattering cross sections, considered constant with the vertical range, is assumed negligible. On the
other hand, temperature and pressure profiles used for the retrieval of molecular density profile may
differ from the real profiles and these differences are a source of uncertainty in the retrieval of aerosol
extinction profile. In particular, the difference between the temperature gradient dT/dz = -6.5K/km
assumed in standard temperature profiles and real temperature gradients results in the most significant
uncertainty contribution in the aerosol extinction coefficient profile. This uncertainty contribution
can be considerable in presence of strong temperature inversions, typically occurring in the lower
troposphere. For example, it has been estimated that a temperature gradient of 13 K/km in the altitude
range between 1.8 and 2 km can produce an uncertainty in the aerosol extinction coefficient at the
same range higher than 30% [28]. However, the uncertainty due to differences between assumed and
real temperature gradients decreases with increasing vertical smoothing window length, that usually
increases with increasing the vertical range.

Sensitivity studies, based on temperature and pressure profiles measured with radio-soundings, show
that, without strong temperature inversions, so that differences between assumed and real (measured)
temperature gradients are not too large, the systematic uncertainty contribution associated to the
assumption of temperature and pressure profiles is typically less than 10%, but can also increase up
to 30% for values of extinction coefficient lower than 2 x 10°° m [28,29].

Lower or negligible uncertainty contributions can be obtained by using pressure and temperature
profiles measured with co-located and simultaneous radio-soundings, if available, or provided by
NWP re-analysis. To this end, in the future the EARLINET network will also provide non-NRT
products obtained by reprocessing the lidar measurements with these pressure and temperature
profiles.

Contributions due to the

Molecular density and assumption of molecular
Name of effect extinction profile density and extinction
profiles
Contribution identifier 7a
N(z), a52°!(z) and a5t (z)
Measurement equation in Raman equation (3) for the

parameter(s) subject to effect  retrieval of aerosol extinction
coefficient profile
Contribution subject to effect (final
product or sub-tree intermediate
product)

Aerosol extinction coefficient
profile o(z)

Possible long term correlation
Time correlation extent & form  across multiple measurement
sessions

Extent & form not
quantified



Possible correlation with
vertical range due to different

Other (non-time) correlation extent lengths of vertical smoothing

Extent & form not

& form window at different altitude L
ranges
Uncertainty PDF shape N/A Systematic effect
. . < 10% for a(z) > 2 X 10° m Without strong temperature
Uncertainty & units between 10% and 30% for inVersions
a(z) <2 x10°m?
Sensitivity coefficient 1
Correlation(s) between affected
parameters N/A
Element/step common for all Ves Zg‘f{ggtfgegg;?ziwgh?
sites/users? molecular density profile
Traceable to ... N/A
Validation [26,27,28,29]

5.19 Angstrom exponent assumption (7b)

The Angstrom exponent &, as defined in equation (4), is an unknown dimensionless quantity that
needs to be estimated. Typical values are in the range from 0 to 2. Fixed values are generally used.
For ice particles of cirrus clouds the value of & = 0 is used, while for aerosols most lidar stations, such
as Potenza, use the value of & = 1, other stations use the value of & = 1.5 or variable user-defined
values according to actual meteorological conditions. Alternatively, values measured with sun
photometers or derived from multi-wavelength simultaneous measurements of extinction coefficient
are used.

The assumed value of Angstrém exponent may differ from its real value, depending on specific
microphysical properties of aerosol particles. Therefore, the assumption of Angstrém exponent is a
source of systematic uncertainty in the retrieval of the aerosol extinction profile. Sensitivity studies
of aerosol extinction profile to the Angstrém exponent show that a variation of the assumed value of
0.5 or 1 causes deviations of aerosol extinction profile less than 5% [28,30]. These deviations can be
considered as a reasonable estimate of the uncertainty contribution to the aerosol extinction profile
due to the Angstrom exponent assumption.

Angstrém exponent Contributions due to the
assumption of Angstrom

Name of effect :
assumption exponent

Contribution identifier 7b
Angstrém exponent &

Measurement equation definggrby equationo(4):

parameter(s) subject to effect a, (@ (/1_5)3

af{;”(z) 1



Contribution subject to effect
(final product or sub-tree
intermediate product)

Aerosol extinction
coefficient profile a(z)

Possible long term
Time correlation extent & form  correlation across multiple = Extent & form not quantified
measurement sessions

Other (non-time) correlation

extent & form N/A
Uncertainty PDF shape N/A Systematic effect
Uncertainty & units <5% (relative uncertainty)
Sensitivity coefficient 1
Correlation(s) between affected N/A
parameters
Element/step common for all Yes D;fggﬁ:; {Eeet?t?r?fa[ziﬁebe
sites/users? Angstrém exponent
Traceable to ... N/A
Validation [28, 30]

5.20 Multiple scattering correction (7c)

When the lidar laser beam goes through an optically dense medium, such as fog or clouds, not only
the singly backscattered photons, but also photons undergoing multiple scattering processes may
remain in the lidar receiver field of view and are forwarded to the receiving system. Under these
conditions, lidar equations (1) and (3), valid only in single scattering approximation, are not valid
anymore. This affects the extinction coefficient retrieval. The major effect of multiple scattering is to
make lidar signals higher and extinction coefficient lower than those measured in single scattering
conditions. The extinction coefficient profile can be corrected for multiple scattering, by introducing
in lidar equations correction factors [31]. These are estimated from multiple scattering models that
calculate multiple scattering intensities for lidar returns, considering the scattering characteristics of
the scattering medium and the lidar system specifications, that is the receiver field of view, the laser
beam divergence and the distance between the laser transmitter and the scattering volume [32].

In EARLINET algorithms, the correction of the extinction coefficient profile for multiple scattering
is not performed. The uncertainty contribution in extinction coefficient profile without correction for
multiple scattering is negligible in cloud-free atmosphere, 12% and 4% at the base and top of cirrus
clouds, 10% and less than 3% at the base and inside cumulus clouds [28].

Contribution due to the multiple

Name of effect Multiple scattering correction scattering

Contribution identifier 7c

Lidar equations (1) and (3) for
the retrieval of aerosol

extinction coefficient profile

Measurement equation parameter(s)
subject to effect



Contribution subject to effect (final
product or sub-tree intermediate
product)

Aerosol extinction coefficient
profile o(z)

Possible long term correlation

depending on change in both

the applied correction method
and lidar system

Time correlation extent & form Extent & form not quantified

) ) ) ) ) For clouds: uncertainty at the
Other (non-time) correlation extent &  Possible correlation with base is greater than at the top;

form vertical range for aerosols: extent & form not
quantified
Uncertainty PDF shape N/A Systematic effect

Correction for multiple
scattering is not performed,;
uncertainty contribution

Uncertainty & units 0% (relative uncertainty) assumed to be negligible for
aerosols
Sensitivity coefficient 1
Correlation(s) between affected N/A
parameters
Different models or corrections
Element/s_tep common for all Yes may be applied at different lidar
sites/users? .
Traceable to ... N/A
Validation [28,31,32]

5.21 Retrieval of aerosol extinction coefficient profile (7d)

The processing algorithm requires the calculation of the derivative with respect to the range of the
logarithm of the ratio between the number density profile of atmospheric nitrogen molecules and the
range corrected pre-processed Raman signal. There are several methods to calculate the derivative in
a stable way.

The most common methods use linear fit or digital filters, such as Savitzky-Golay filter [33]. The
result of the derivative fluctuates substantially with vertical range so that a vertical smoothing must
be applied . This implies a reduction of vertical resolution and statistical uncertainty with respect to
the pre-processed Raman signal. The wider the smoothing window, the lower the effective vertical
resolution and the statistical uncertainty. The methods to determine the relation between the length
of the smoothing window and the resulting effective vertical resolution are described in [24,25].
Usually, as the statistical uncertainty increases with increasing the vertical range, different smoothing
window lengths, increasing with the vertical range, are used, resulting in effective vertical resolution
that decreases with increasing the vertical range. The effective vertical resolution of aerosol extinction
profiles at 532nm provided by EARLINET database ranges from a few hundreds of meters to many
hundreds of meters.

The statistical uncertainty of the pre-processed Raman signal propagates through the processing
algorithm, resulting in the statistical uncertainty of the aerosol extinction coefficient profile. This can
be estimated numerically, with the Monte Carlo method, or analytically, by means of error
propagation theory applied to equation (3).



The Monte Carlo 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 a mean value and
standard deviation that corresponds to the value and uncertainty of the pre-processed signal. The
probability distribution is assumed to be Normal for the analog signal and Poissonian for the photo
counting signal. The extracted lidar signals are then processed with the same algorithm used for the
pre-processed signal, to produce a set of solutions in addition to that obtained from the pre-processed
signal. The standard deviation of these solutions is finally used as the statistical uncertainty profile of
the aerosol extinction profile obtained from the original pre-processed signal.

The statistical uncertainty of the aerosol extinction coefficient profile depends on the method by
which the derivative is calculated, the applied smoothing and the method used to estimate the
uncertainty itself. For the retrieval of aerosol extinction coefficient at 532 nm, random uncertainty
estimates are typically less than 10% for values higher than 2 x 10° m* and greater for lower
extinction coefficient values. This typical value of random uncertainty has been evaluated as the
median value of random uncertainties of aerosol extinction coefficient values greater than 2 x 10° m-
! on the whole EARLINET quality assured database, involving measurements of 28 stations over
Europe since 2000. From the same database, the typical detection limit for aerosol extinction
coefficient of 1 x 10 m has been estimated as the value below which 95% of the values have a
random uncertainty higher than 100%.

Contribution due to

Retrieval of aerosol extinction "€ propagation of
statistical uncertainty

coefficient profile through the
processing algorithm

Name of effect

Contribution identifier 7d

Power of the pre-processed Raman
signal P, (z) at wavelength Ag =
607nm in Raman equation (3) for
the retrieval of aerosol extinction
coefficient profile

Measurement equation
parameter(s) subject to effect

Contribution subject to effect (final
product or sub-tree intermediate
product)

Time correlation extent & form N/A

Aerosol extinction coefficient
profile a(z)

Extent & form not
quantified
(Depending on the

Other (non-time) correlation extent Correlation with vertical range due Method to calculate
the derivative, the

& form to the smoothing applied vertical

smoothing and the
method to calculate
uncertainty)

Normal/Poisson distribution

[ . . Statistical taint
Uncertainty PDF shape below/above the gluing point atistical uncertainty
. . 5 e Depends on the
Uncertainty & units <10% (lo) for a(z) >2x10°m? e o e



Sensitivity coefficient
Correlation(s) between affected
parameters

Element/step common for all
sites/users?

Traceable to ...

Validation

6 Uncertainty Summary

> 10% (1) for a(z) <2 x10°m

Detection limit: a(z) =1 x 10 m™!

1
N/A

Yes

N/A

[25,33]

the derivative, the

applied vertical
smoothing and the

method to calculate

uncertainty. Tipical

values are provided

Different smoothing
and methods to
calculate derivative
and uncertainty may
be applied.

Validation by means
of test functions like
step function and
Gaussian profile.

random,
. . structured Correlated
o Uncertainty Traceabi random,
Element Contribution I . . . to? (Use
. o contribution Typical value lity level quasi-
identifier name form (L/M/H) svstematic element
¥ or identifier)
systematic?
1 Transmission N/A 0% M systematic none
system
Receiver
2a optical N/A 0% M systematic none
parameters
Alignment of
2b the lidar N/A 0% M systematic none
system
Receivin 0%
2 svstem g N/A combination of M systematic | 2a&2b
y 2a & 2b
3 Detectors N/A 0% M systematic none
0% 6a, 6b,6¢ &
4 Acquisition N/A combination of M systematic ' 6&
6a, 6b,6¢ & 6d
Raw Raman Poiss/norm 6b, 6d,6e,
> signals distribution N/A M random 6f,69 & 7d
6a Dead time N/A 0% M systematic 4
correction
6b Dark_ N/A 0% M systematic 4
subtraction




First range

6c b m(/jTrlgger N/A 0% systematic 4
elay
correction
6d Backgroynd N/A 0% systematic 4
subtraction
Vertical .
) . Poiss/norm 5, 6b, 6d,
be Integration distribution N/A random 6f,69 & 7d
(binning)
Temporal Poiss/norm 5, 6b, 6d,
6f integration distribution N/A random 6e, 69 & 7d
. . Poiss/norm 5, 6b, 6d,
o Signal gluing distribution N/A random 6e, 6f & 7d
0% for z >
ZowlZo
Overla up to 50% for z .
6h correctign N/A < 2oulZo systematic none
0%
N/A 5, 6a, 6b,
6 Pre-processing Poiss/norm | combination of random 6c, 6d, 6e,
distribution | 6a, 6b,6c, 6d,6€, 6f, 6g, 6h &
6f, 6g, 6h 7d
equation (3)
Molecular fqr the < 10% for a(z) >
density and retrieval of 2x10°m? :
7a extinction ae_rosql > 10% for a(z) < systematic none
profile extinction 2x10°m*
coefficient
profile
equation (3)
for the
Angstrom retrieval of
7b exponent aerosol <5% systematic none
assumption extinction
coefficient
profile
Multiple
7c scattering N/A 0% systematic none
correction
Retrieval of <10% (10) for
aerosol Poiss/norm a(z) > 2x10°m'? 5, 6b, 6d,
7d extinction distribution random 6e, 6f & 69
coefficient >10%(1c) for ’
profile a(z) < 2x10°m™?
Random: Random 5, 6b, 6d,
Processing of <10% (10) for 6e, 6f, 69,
/ Raman signals NIA a(z) > 2x10°m'? and 1 72 7b,7¢
systematic o

7d




>10%(10) for
a(z) < 2x10°m'?

Systematic:

< 15% for a(z) >
2x10°m?

> 15% for a(z) <
2x10°m?

combination of
7a, 7b,7c, 7d

Summarizing, the contributions of the main sources of uncertainty are as follows:

e Total statistical uncertainty Usat, calculated starting from random uncertainties of raw lidar
signals, by using the uncertainty propagation rules or Monte Carlo simulation for all applied
signal handling procedures both in pre-processing and processing stages: dark subtraction,
background subtraction, binning, temporal integration, signal gluing and the calculus of aerosol
extinction coefficient a(z) by equation (3), including a vertical smoothing.

Ustat : < 10% for a(z) >2 x 10°m?; > 10% for a(z) <2 x 10°m™. Typical values are provided,
with coverage factor k =1, corresponding to one standard deviation lo.

e Systematic uncertainty associated to the estimation of molecular density/extinction profile UpT.
UpT: < 10% for a(z) >2x10°m?; > 10% for a(z) < 2 x 10°> m. Uncertainty values based
on the sensitivity of the extinction coefficient retrieval at 532 nm to the air density profile,
considering as a reference the air density profile obtained from temperature and pressure profiles
measured with radiosoundings [28,29].

e Systematic uncertainty associated to the Angstrém exponent assumption Us
Ua: < 5%. Uncertainty value based on the sensitivity of the extinction coefficient retrieval at 532
nm to the Angstrém exponent assumption [28,30].

e Total maximum systematic uncertainty Uga¥ = Upt + Ua: < 15% for a(z) > 2 x 10°m™; > 15%
for a(z) <2 x 10°m*

Assuming the total maximum systematic uncertainty Ug5f as a normal random uncertainty with

coverage factor k = 3 (30), the total uncertainty for k = 2 (20), resulting from the combination of
Ugyat and Usta, is given by:

Utot = [(2/3Uat)? +(2Ustar)?]M2, giving typical uncertainties less than 23% for a(z) > 2 x 10°m™ and
higher than 23% for a(z) <2 x 10°m™.



7 Traceability uncertainty analysis

Traceability level definition is given in Table 1.

Table 1. Traceability level definition table

Traceability Level Descriptor Multiplier
High Sl _traceable or g_lobally 1
recognised community standard
Developmental community
Medium standard or peer-reviewed 3
uncertainty assessment
Approximate estimation

Low 10

Analysis of the summary table would suggest the following contributions, shown in Table 2, should
be considered further to improve the overall uncertainty of the EARLINET aerosol extinction
coefficient product. The entries are given in an estimated priority order.

Table 2. Traceability level definition further action table.

random,
. . Correlated
I Uncertainty Traceabi structured
Element Contribution N . . . to? (Use
. . contribution | Typical value | lity level | random, quasi-
identifier name . element
form (L/M/H) | systematic or . e
. identifier)
systematic?
equation (3) |~ < 106 for
Molecular . a(z) >2x 10
) retrieval of 5.1
7a density and aerosol m M systematic none
extinction extinction > 10% for y
i s < -
profile coefficient a(z)s n?lx 10
profile
equation (3)
for the
Angstrom retrieval of
7b exponent aerosol <5% M systematic none
assumption extinction
coefficient
profile
3 Detectors N/A 0% M systematic none
0% for z >
Overlap ZowlZo .
6h correction N/A up to 50% for M systematic none
Z < Zowlzo
. <10% (10) for
7d Re;gr?)\gl o Poiss/norm | o(z) > 2x10 M random 5, 6b, bd,
L distribution mt 6e, 6f & 69
extinction




coefficient >10%(1o) for
profile a(z) < 2x10°
5m—1
1 Tra:;sr?é?slon N/A 0% M systematic none
Receiver
2a optical N/A 0% M systematic none
parameters
Alignment of
2b the lidar N/A 0% M systematic none
system
6a Dead t|_me N/A 0% M systematic 4
correction
6b Dark_ N/A 0% M systematic 4
subtraction
First range
6c bin/Trigger N/A 0% M systematic 4
delay
correction
6d Backgroynd N/A 0% M systematic 4
subtraction
Multiple
7c scattering N/A 0% M systematic none
correction

7.1 Recommendations

v

The systematic uncertainty associated to the estimation of molecular density/extinction profile
(7a) can be reduced by using pressure and temperature profiles measured with co-located and
simultaneous radio-soundings, if available, or provided by NWP re-analysis.

Both uncertainty contributions (7a) and (7b), based on sensitivity studies performed on specific
measurement sessions and lidar systems, could potentially be improved by extending the
sensitivity studies to multiple measurements and lidar systems and by making uniform the
methodologies to estimate both the molecular density profile and the Angstrém exponent.

An assessment of the uncertainty of the detector efficiency (3), due to the spatial inhomogeneities
of its photocathode and to the variations of its quantum efficiency, should be evaluated.

The experimental determination of overlap function for all the systems in the network can
improve the uncertainty contribution of overlap correction (6h) below zow/zo.

The random uncertainty (7d) could potentially be improved by making uniform all applied signal
handling procedures both in pre-processing and processing stages: dark subtraction, background
subtraction, binning, temporal integration, signal gluing and the calculus of aerosol extinction
coefficient a(z) by equation (3), including a vertical smoothing.




v Finally, there are eight contributions that do not have an assigned uncertainty. Some analysis to
determine the magnitude of these potential contributions would better constrain the uncertainty
budget.

8 Conclusion

The EARLINET lidar aerosol extinction coefficient product has been assessed against the GAIA
CLIM traceability and uncertainty criteria.
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