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The FAAM BAe-146-301 atmospheric research aircraft, equipped with a Leosphere ALS450 lidar system,
is used in this study to validate cloud optical property data products generated by the Atmospheric Lidar
(ATLID) onboard ESA’s EarthCARE satellite. A rigorous data-cleaning and calibration procedure is ap-
plied to ensure the accuracy of cloud extinction profiles retrieved from the FAAM measurements. The
methodology is further cross-validated using a historical flight dataset from 2015, provided by Marenco et
al., which shows strong agreement with previously published results. Overall, the FAAM flight datasets
support the reliability of ATLID’s cloud extinction products. However, minor discrepancies were iden-
tified in ATLID’s detection of closely spaced cloud layers, highlighting potential limitations in its layer
detection algorithm.

I. INTRODUCTION

Light Detection and Ranging (Lidar) is a fundamen-
tal remote sensing technique in atmospheric science,
providing high-resolution vertical profiles of the op-
tical properties of aerosols, clouds, and trace gases.
These measurements are critical for retrieving micro-
physical properties, evaluating aerosol–cloud interac-
tions, quantifying radiative impacts, and assessing as-
sociated climate feedbacks. As such, Lidar data play an
essential role in supporting and validating weather and
climate models.

A key limitation of conventional elastic backscatter
lidar systems is their inability to independently separate
particulate (Mie) scattering from aerosols and clouds,
and molecular (Rayleigh) scattering from atmospheric
gases. This separation is critical for accurately retriev-
ing the optical and microphysical properties of aerosols
and clouds. Polarization-based lidars, widely used
over the past decade, provide qualitative information
on aerosol type and phase through depolarization mea-
surements but do not enable independent retrievals of
Mie and Rayleigh components. As a result, cloud and
aerosol property retrievals have relied heavily on inver-
sion algorithms1,2. Despite methodological improve-
ments, these algorithms remain under-constrained and
are highly sensitive to assumptions about the atmo-
spheric state.

To overcome these limitations, High Spectral Reso-
lution Lidar (HSRL) was developed to enable the direct
and independent measurement of Mie and Rayleigh
scattering. HSRL systems use spectrally selective op-
tical elements – such as a Fabry-Perot interferometer3

or an iodine vapor absorption filter4,5 – to isolate the

Doppler-broadened Rayleigh signal from the narrow-
band Mie signal. This spectral discrimination allows
for unambiguous retrieval of each scattering compo-
nent, significantly improving the accuracy and reliabil-
ity of aerosol and cloud measurements.

Sustained research efforts have advanced the appli-
cation of HSRL in atmospheric remote sensing6–9. A
major milestone was the 2024 launch of the Euro-
pean Space Agency’s EarthCARE mission, which car-
ries ATLID - the third spaceborne HSRL dedicated to
cloud and aerosol profiling10. By independently mea-
suring Mie scattering, ATLID enables direct observa-
tion of key aerosol and cloud optical properties, such
as backscatter and extinction coefficients, and the li-
dar ratio. This represents a significant advancement
over its predecessor, CALIPSO, which relied on elastic
backscatter and inversion techniques11. ATLID’s direct
retrieval capability substantially improves the accuracy,
reliability, and vertical resolution of aerosol and cloud
measurements from space12, enhancing our ability to
study aerosol–cloud interactions and their impact on
Earth’s radiation budget.

Despite ATLID’s advanced capabilities, its opera-
tion as a newly developed spaceborne HSRL intro-
duces technical uncertainties that require systematic
validation. In particular, a growing body of evidence –
from ATLID simulations13–15 and initial validation re-
sults from China’s Daqi-1 HSRL mission launched in
202216 – suggests that overlying cloud layers may bias
the retrieval of optical properties in underlying cloud
structures. Consequently, validation campaigns target-
ing ATLID’s performance in multi-layer cloud condi-
tions are essential to ensure the accuracy and reliability
of its data products.
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As part of the global validation campaign for ATLID,
this project will examine several underpasses of the
EarthCARE satellite with the FAAM BAe-146-301 at-
mospheric research aircraft17 operated by the UK Met
Office and the Natural Environment Research Council.
The aircraft carries a Leosphere ALS450 polarization-
based lidar onboard to perform parallel data collection
with the satellite.

Although acquired using traditional lidar systems,
the aircraft-based observations offer distinct advan-
tages that make them a valuable benchmark for val-
idating ATLID measurements. In particular, the air-
craft’s ability to operate beneath upper cloud layers
enables targeted, high-resolution sampling of lower
cloud structures, facilitating focused assessment of
ATLID’s performance in complex multi-layer cloud
conditions. Integrated with results from concurrent val-
idation campaigns worldwide, this effort contributes to
a robust evaluation of ATLID’s data quality and sup-
ports broader confidence in the consistency and accu-
racy of its global data products.

II. METHODOLOGY

A. Theoretical Background

This section presents the theoretical background under-
lying the retrieval algorithms. The goal of the retrieval
process is to isolate and quantify the particulate con-
tribution. In this report, variables related to molecu-
lar and particulate components are denoted by the sub-
scripts ’m’ and ’a’, respectively, while quantities with-
out a subscript represent the combined effects of both.

1. The Lidar Equation

The lidar equation forms the foundation of atmospheric
lidar retrievals, as it quantitatively describes the molec-
ular and particulate contributions to the received sig-
nal. Building on the theoretical framework by Klett
(1981)1, Fernald (1984)2 formulated an expression for
the total backscattered signal a lidar receives from a
given slant range z, accounting for optical contributions
from both molecules and particles, as:

p(z) = K · z−2 [βm(z)+βa(z)] Tm(z)2Ta(z)2 (1)

where:

• the backscatter coefficients βm(z) and βa(z) respec-
tively describe the molecular and particulate light-

backscattering probability at slant range z;

• transmission functions Tm(z) = exp[−
∫ z

0 αm(z′)dz′]
and Ta(z)= exp[−

∫ z
0 αa(z′)dz′] respectively accounts

for the backscattered signal attenuation due to
molecules and particles from slant range z to the sen-
sor;

• the extinction coefficients αm(z) and αa(z) de-
scribe the molecular and particulate signal attenua-
tion probability at slant range z;

• and the lidar constant K represent the overall propor-
tionality constant between the backscattering prob-
ability density function and the actual signal count
received at the lidar p(z). This factor accounts for
both output laser energy and the instrumental losses.

2. The Klett-Fernald Algorithm

The Klett–Fernald algorithm retrieves particle optical
properties from the total backscatter signal by numeri-
cally solving the lidar equation (Equation 1) under a set
of assumptions and boundary conditions. The core as-
sumption of the algorithm is an empirical proportional-
ity between the extinction and backscatter coefficients,
expressed as:

αa(z) = Sa ·βa(z), αm(z) = Sm ·βm(z); (2)

where Sa and Sm are respectively defined as the lidar
ratio for particles and molecules.2

From this assumption, the lidar equation can be rear-
ranged and integrated from a reference level zc to solve
for the particle extinction coefficients:

αa(z)+
Sa

Sm
αm(z) =

x(z) · exp[−2(Sa −Sm)
∫ z

zc
βm(z′)dz′]

K(zc)−2Sa
∫ z

zc
exp[−2(Sa −Sm)

∫ z
zc

βm(z′′)dz′′]dz′

(3)

where x(z) = z2 · p(z) is the range corrected signal mea-
sured by the lidar, and z′ and z′′ are dummy variables
representing the slant range z within the integral ex-
pressions. The reference level lidar constant K(zc) can
then be substituted by:

K(zc) =
x(zc)

αa(zc)+
Sa
Sm

αm(zc)
. (4)

The Klett–Fernald algorithm applies a stepwise nu-
merical integration scheme to Equation 3, computing
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molecular and particulate optical properties at each step
by propagating forward (I+1) or backward (I−1) from
a reference point (I):

αa(I +1)+
Sa

Sm
αm(I +1) =

x(I +1)exp[−ψ(I, I +1)]
K(I)−Sa{x(I)+ x(I +1)exp[−ψ(I, I +1)]} ·∆z

(5)

αa(I −1)+
Sa

Sm
αm(I −1) =

x(I −1)exp[ψ(I −1, I)]
K(I)+Sa{x(I)+ x(I −1)exp[−ψ(I −1, I)]} ·∆z

(6)

where ψ(I, I + 1) = (Sa − Sm) [βm(I)+βm(I +1)] ac-
counts for the exponential terms in Equation 3.

The Klett–Fernald algorithm is a widely adopted and
effective method for retrieving particle optical proper-
ties from lidar signals. However, due to its stepwise
integration approach starting from a defined boundary
condition, the algorithm is highly sensitive to instru-
mental noise in between integration steps, as well as to
uncertainties or errors associated with the initial bound-
ary condition. This necessitates meticulous noise filter-
ing and rigorous instrument calibration to ensure the
reliability and accuracy of retrieved optical properties.
The procedures implemented in this study to achieve
these are detailed in the following section.

Like many inverse retrieval problems, determining
the particle extinction coefficient from lidar measure-
ments using the Klett-Fernald algorithm is inherently
ill-posed. This arises from the fact that the lidar equa-
tion includes two unknowns – extinction and backscat-
ter coefficients – within a single measured quantity. As
a result, the retrieval requires an assumed lidar ratio,
which is typically uncertain or unknown, leading to in-
finitely many possible solutions depending on the cho-
sen value.

To address this, the present study employs lidar ratio
values derived from ATLID’s HSRL measurements to
improve retrieval accuracy.

3. Signal Depolarization

While the Klett–Fernald formulation treats the
backscattered signal as a scalar quantity, modern
polarization-sensitive lidars, such as the Leosphere
ALS450 used in this project, study the backscattered
signal in orthogonal polarization components relative

to its transmitted laser beam, pnat = (p∥, p⊥), where:

• the co-polarized component (p∥) is aligned with the
transmitted beam’s polarization plane, primarily re-
sulting from non-depolarizing scatterers like atmo-
spheric molecules and spherical particles;

• the cross-polarized component (p⊥) is orthogonal
to the transmitted beam’s polarization plane, arising
from depolarizing scatterers such as non-spherical
particles.

The total backscattered signal is the sum of these com-
ponents:

p = p∥+ p⊥. (7)

The backscattered signal component in each polar-
ization direction satisfies the lidar equation indepen-
dently. In particular, the corresponding total backscat-
ter coefficients in each polarization direction – β∥(z)
and β⊥(z) – quantify the likelihood of detecting co- and
cross-polarized returns from a range z. Their ratio de-
fines the linear volume depolarization ratio:

δ
V =

β⊥
β∥

=
p⊥
p∥

, (8)

which characterizes the depolarization behavior of at-
mospheric scatterers and serves as a calibration refer-
ence.

Throughout this report, subscripts ‘∥’ and ‘⊥’ con-
sistently denote quantities in the naturally defined co-
and cross-polarized frames, relative to the transmitted
laser beam’s polarization axis.

B. Instrumental Specifications

This subsection outlines key specifications of the
FAAM BAe-146-301 aircraft and Leosphere ALS450
lidar.

The Leosphere lidar measures atmospheric backscat-
ter on the FAAM aircraft in nadir (downward) viewing
geometry19. Technical specifications for the lidar sys-
tem are summarized in Table I, with further relevant
details discussed in the sub-subsections that follow.

1. Depolarization Channels

Depolarization separation in the Leosphere ALS450 is
achieved using a polarization beam splitter (PBS) posi-
tioned after the lidar receiver. The instrument reads the
backscattered signal from two orthogonal output polar-
ization channels from the PBS, pout = (pT , pR), where:
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TABLE I. Technical information for Leosphere ALS450
lidar.

Parameter Specificationa

Transmitter

Laser Type Nd:YAG
Transmitted Wavelength 354.7 nm
Pulse Repetition Frequency 20 Hz
Pulse Energy 16 mJ (typical)
Pulse Duration 6 ns
Transmitted Beam Diameter 0.025 m
Transmitted Beam Geometry Biaxial to receiver

(manual steering)

Receiver

Lens Diameter 0.15 m
Height Resolution 15 m
Raw Height Resolution 1.5 m

Polarization Beam Splitter (PBS)b

Parallel Transmittance (Tv) 1.0
Perpendicular Transmittance (Th) 0.00148 (14815)
Parallel Reflectance (Rv) 0.02475 (1952)
Perpendicular Reflectance (Rh) 1.0

a The values and comments are documented by the Chilbolton
Group of Rutherford Appleton Laboratory18.
b The PBS parameters are provided by Stuart Fox.

• the transmitted channel (pT ) captures the compo-
nent of the signal transmitted through the PBS;

• the reflected channel (pR) captures the component
reflected by the PBS.

In ideal situation, the channel readings pout are equiv-
alent to the naturally defined polarization components
pnat, such that:

p = p∥+ p⊥ = pT + pR (9)

However, in practice, PBS - transmitted beam misalign-
ments and non-ideal PBS performance will introduce a
relative amplification factor V ∗ between the detection
channels. As a result, the total backscattered signal is
expressed as:

p = p∥+ p⊥ =V ∗pT + pR (10)

To account for this effect, a polarization calibration
method based on the theoretical framework developed
by Freudenthaler et al. (2009)20 is implemented. The
methodology details are presented in Section II.C.3.

2. Data Structure

Before describing the specific processing methods used
in this study, it is useful to outline the structure of the
raw data collected by the FAAM aircraft. This analysis
includes three datasets from the 2024 validation cam-
paign, along with one legacy dataset from the same air-
craft, provided by Start Fox. A summary of the datasets
is presented in Table II.

These datasets consist of vertical backscatter profiles
recorded by the onboard lidar system. Each profile cap-
tures returns over a fixed range that extends below the
aircraft’s altitude. As a result, the raw profiles include
apparent signals from below the surface, which do not
correspond to atmospheric returns but represent back-
ground instrumental noise. These ’below-ground’ sig-
nals are a known characteristic of the raw data and are
corrected during post-processing. An example is pro-
vided in the Appendix.

C. Calibration Methodology

This subsection outlines the calibration methodology
employed in this study, comprising the following steps.

1. Data Preprocessing: Prepares the raw signal data
for calibration.

2. Background Error Calibration: Corrects for
environment-dependent background systematic er-
rors in each polarization channel.

3. Polarization Amplification Factor Calibration:
Accounts for the cross-channel gain imbalance and
optical misalignment in the polarization detection
system.

4. Lidar Constant Calibration: Determines the pro-
portionality constant relating the measured signal to
the scattering probability density function.

These steps are summarized in the flowchart shown in
Figure 1 and are described in detail in the following
sub-subsections.

1. Data Preprocessing

To optimize accuracy, each flight dataset is prepro-
cessed in two parallel copies, tailored respectively for
calibration and retrieval.

The calibration dataset is restricted to a narrow alti-
tude band in the upper troposphere to avoid lower-level
aerosols and ensure accurate characterization of clear-
sky Rayleigh scattering. Instrumental noise is removed
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TABLE II. Summary of FAAM flight datasets analyzed in this study.

Latitude Rangeb Longitude Rangeb

Flight IDa Date Min Max Min Max Height Gridc Time Gridc

B895 2015-03-13 55.719◦ N 60.482◦ N −6.154◦ E −2.614◦ E 45 m 2.5 s
C394 2024-11-05 52.910◦ N 60.929◦ N −9.301◦ E −1.326◦ E 15 m 2.5 s
C395 2024-11-13 52.107◦ N 57.621◦ N −1.835◦ E 0.026◦ E 15 m 2.5 s
C397 2024-11-22 52.159◦ N 57.791◦ N −1.394◦ E 0.731◦ E 15 m 2.5 s

a Dataset B895 was provided by Stuart Fox; other datasets were collected during the 2024 validation campaign.
b The measurement region boundaries are defined by the minimum and maximum latitude and longitude observed during each flight.
c The height and time grids represent the vertical and temporal resolutions, respectively.

FIG. 1. Flowchart outlining the calibration procedure applied to the co-polarized and cross-polarized datasets. Each channel
first undergoes initial calibration to derive a pseudo-global background error profile, which is then applied to enable two
subsequent calibration steps. See Section II.C for details.

by subtracting a moving average of the below-ground
signal introduced in Section II.B.2. No additional fil-
tering is applied to preserve the integrity of the calibra-
tion.

The retrieval dataset, in contrast, spans the full avail-
able altitude range to capture cloud structures. After
the same noise removal step, a low-pass Fourier filter is
applied to improve stability for the Klett–Fernald inver-
sion. Specifically, an elliptical Gaussian mask is used
in the Fourier domain to suppress high-frequency noise
along both temporal and vertical dimensions, while
preserving relevant cloud features.

2. Background Systematic Error Calibration

This sub-subsection describes the background system-
atic error calibration procedure, performed indepen-

dently for the co-polarized (transmitted) and cross-
polarized (reflected) channels. The overall workflow is
summarized in Figure 1, and consists of the following
steps.

(a) Compute the Rayleigh scattering PDF in the lidar’s
range frame for the full flight.

(b) Identify and extract clear-sky profiles dominated
by Rayleigh scattering, then interpolate them to
construct a mapping between signal strength and
Rayleigh PDF.

(c) Estimate an initial lidar constant (K′) from sta-
ble Rayleigh profiles, then model systematic errors
across all profiles as a function of aircraft altitude
and time to derive a pseudo-global background er-
ror profile.

A detailed explanation of each step is provided in the
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following subsections of this sub-subsection.

(a) Rayleigh Signal Modeling

In pure molecular scattering conditions, the lidar equa-
tion (Equation 1) introduced in Section II.A.1 simpli-
fies to:

z2 p(z) = K ·βm(z)Tm(z)2

= K ·βm(z)exp
[
−2

∫ z

0
αm(z′)dz′

]
.

(11)

Here, the molecular scattering lidar ratio is defined as
Sm = αm(z)/βm(z) = 8π/3, derived from the Rayleigh
scattering phase function. The molecular extinction co-
efficient at a given atmospheric height h is computed
as:

αm(h) = ρ(h) ·σe (12)

where ρ(h) is the atmospheric molecular density, and
σe is the effective elastic scattering cross-section at the
lidar’s operating wavelength, calculated using the em-
pirical formulation of Bucholtz (1995)21.

For airborne lidar systems, the physical altitude h(t)
corresponding to slant range z at time t is given by:

h(t) = As(t)− z (13)

where As(t) denotes the aircraft altitude. To simulate
the Rayleigh backscatter profile across altitude-varying
segments of the dataset, the height-dependent molec-
ular density profile must first be interpolated from the
physical height grid to the slant range grid before ap-
plying Equation 11.

(b) Calibration Region Extraction

Once Rayleigh signals are simulated across the dataset,
calibration-suitable regions are identified by evaluating
each lidar profile’s similarity to ideal Rayleigh scatter-
ing behaviour using a Gaussian Mixture Model. Con-
secutive profiles classified as good fits are grouped into
continuous calibration regions. Additional details and
illustrative plots for this process can be found in Ap-
pendix.

Calibrating on a fixed physical height grid is lim-
ited by variations in aircraft altitude, which introduce
misalignment between profiles and inconsistencies in
Rayleigh signal values along the slant range. This con-
straint significantly reduces the number of usable cali-
bration points – particularly in cloudy conditions where

clear-sky references are limited.
To address this, calibration is performed on an

evenly spaced Rayleigh signal grid, where the Rayleigh
backscatter value serves as the reference coordinate in-
stead of physical height. This signal-based approach
eliminates altitude misalignment, enabling consistent
use of all valid calibration points and improving the
accuracy and stability of the retrieved calibration con-
stant.

(c) Modelling Systematic Error Profile

As introduced earlier and illustrated in Figure 1, an
initial calibration step is performed for each depolar-
ization channel to account for systematic errors that
vary with sensor altitude and time. A linear regres-
sion model with a non-zero intercept is fitted to a sub-
set of stable calibration profiles that closely match the
expected Rayleigh scattering signal. This regression
provides an initial estimate of the channel-specific li-
dar constant (K′), which serves as a provisional scaling
factor for the backscatter signal.

Using this trial constant, linear fits are performed
across all calibration profiles, and the resulting y-
intercepts representing deviations from the Rayleigh
model are interpreted as empirical estimates of sys-
tematic error. These intercepts are then modeled as a
continuous function of sensor altitude As(t) and time t,
yielding a pseudo-global error profile for each channel:

∆(As(t), t) = a ·As(t)+b+ c · t +d · t2 + e · t3. (14)

Here, ∆(As(t), t) denotes the estimated systematic er-
ror, and As(t) is the aircraft’s altitude. The modelled
error profiles are subsequently subtracted from the cor-
responding depolarization channel datasets prior to the
next calibration stage.

3. Polarization Amplification Factor Calibration

With the pseudo-global correction for systematic errors
applied to each depolarization channel, the signal mea-
surements are sufficiently calibrated to determine the
relative polarization amplification factor V ∗, as defined
in Equation 10.

Figure 2 illustrates the geometric relationship be-
tween polarization components of the backscattered
beam when an angular misalignment φ exists between
the polarization plane of the transmitted laser beam
and the incident plane of the polarization beam split-
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FIG. 2. Schematic diagram of the geometric relationship of
measured signals in beam splitter polarization channels
(pT , pR) to the real co-polarized and cross-polarized signals
(p∥, p⊥).

ter (PBS), following the framework of Freudenthaler
et al. (2009)20. In this configuration, the polarization
state of the backscattered beam is resolved relative to
two reference planes:

• Laser polarization plane: defines the natural
or physically meaningful co-polarized and cross-
polarized components, pnat = (p∥, p⊥).

• PBS incident plane: determines the parallel and
perpendicular components entering the PBS, pinc =
(pv, ph).

Using standard trigonometric projection, the transfor-
mation between these two frames is:[

pv(φ)
ph(φ)

]
=

[
sin2(φ) cos2(φ)

cos2(φ) sin2(φ)

][
p∥
p⊥

]
(15)

For a PBS with reflectivities Rv and Rh, and trans-
mittances Tv and Th for polarization components pv and
ph, the measured signals in the reflected and transmit-
ted channels are:[

pT
pR

]
=

[
TvVT ThVT
RvVR RhVR

][
pv(φ)
ph(φ)

]
(16)

where VT and VR represent the combined optical and
electronic amplification factors for the transmitted and
reflected channels, respectively. The relative depolar-
ization amplification factor is defined as:

V ∗ =
VR

VT
,

and the measured signal ratio is:

δ
∗(φ) =

pR(φ)

pT (φ)
.

Using the definition for volume depolarization ratio
δV = p⊥/p∥ from Equation 8, and substituting into
Equations 15 and 16, the measured signal ratio be-
comes:

δ
∗(φ) =V ∗ [1+δV tan2(φ)]Rv +[tan2(φ)+δV ]Rh

[1+δV tan2(φ)]Tv +[tan2(φ)+δV ]Th
.

(17)
This expression provides the basis for determining V ∗

by fitting to observed signal ratios δ ∗(φ), accounting
for angular misalignment and PBS imperfections.

For pure molecular scattering, the volume depolar-
ization ratio is a constant determined by the polar-
izability anisotropy of air molecules and the probing
wavelength. At the operating wavelength of the Leo-
sphere ALS450 lidar used in this study, the molecular
volume depolarization ratio is approximately: δV

m (λ =
354.7 nm)≈ 0.00457.

As shown in Table I, the lidar’s output beam is manu-
ally aligned to maintain a biaxial configuration with the
receiver axis before each flight. As a result, the angu-
lar misalignment ϕ is expected to be small and close to
zero at the start of each flight. Under this assumption,
Equation 17 can be expanded for small ϕ ∼ 0.1 rad as:

δ
∗(ϕ(t)) =

V ∗ [δ
V Rv +Rh]ϕ(t)2 +[Rv +δV Rh]

[δV Tv +Th]ϕ(t)2 +[Tv +δV Th]
+O(ϕ(t)3),

(18)

Assuming that the time dependence of all other pa-
rameters is absorbed into the modeled angular mis-
alignment function ϕ(t), and using the boundary condi-
tion ϕ(0) = 0, the relative depolarization amplification
factor V ∗ is first estimated from the ratio of reflected
to transmitted signals in the initial 10 clear-sky, pure-
Rayleigh profiles. This value is then used to derive a
pseudo-global fit for angular misalignment using the
same empirical form as for background error correc-
tion:

ϕ(As(t), t) = a ·As(t)+b+ c · t +d · t2 + e · t3, (19)

where each profile’s angular misalignment ϕ(t) is es-
timated from the gradient of a direct-proportionality fit
between the reflected and transmitted channel signals.

Using the derived angular misalignment distribution
ϕ(t) and amplification factor V ∗, the true co-polarized
and cross-polarized components of the backscattered
signal, p∥(t) and p⊥(t), are recovered by inverting
Equations 15 and 16. The total backscattered signal
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is then given by:

p(t,z) = p∥(t,z)+ p⊥(t,z), (20)

where t is the time of each vertical profile measurement
and z is the range from the sensor, as defined in Section
II.B.2.

4. Lidar Constant Calibration

With the total backscattered signal fully calibrated, the
overall lidar proportionality constant is derived from a
direct linear fit in Rayleigh PDF space. Strong agree-
ment across molecular scattering profiles enables a ro-
bust global estimate of the lidar constant K, with an
illustrative example provided in the Appendix. Apply-
ing this constant to the calibrated signal yields accurate
estimates of the backscatter PDF beneath the aircraft,
forming the basis for cloud and aerosol retrievals using
the Klett–Fernald algorithm.

D. Cloud Optical Properties Retrieval

Cloud extinction cross-sections are retrieved from the
calibrated backscatter PDF using the Klett–Fernald al-
gorithm, as outlined in Section II.A.2, and applied to
the retrieval datasets described in Section II.C.1.

For each flight, a Rayleigh-dominated layer at a ref-
erence height Hc beneath the aircraft is selected to
serve as the lower boundary condition for the inversion.
Cloud optical properties above this boundary are first
retrieved using the backward Klett–Fernald algorithm
(Equation 6), proceeding in a bottom-up direction. For
each profile, the transmission function representing at-
tenuation above the boundary is calculated as:

Tupper(t) = exp
{
−2

∫ zc(t)

0

[
αa(t,z′)+αm(t,z′)

]
dz′

}
,

(21)
where zc(t) =As(t)−Hc is the slant range to the molec-
ular reference layer, and As(t) is the sensor altitude at
time t.

The measured backscatter PDF from atmospheric
layers below the boundary is then corrected using
Tupper(t) to account for attenuation by the overlying
cloud. Following this correction, particle optical prop-
erties below the boundary are retrieved in a top-down
direction using the forward Klett–Fernald algorithm
(Equation 5).

III. RESULTS AND DISCUSSION

Cloud extinction profiles were retrieved using the
methodology described in Section II.D for three key
validation flights: C394, C395, and C397, as well as the
legacy flight B895, previously analyzed by Marenco et
al., and independently validated in other studies. Mea-
surement dates and regions for these flights can be
found in Table II.

For validation flights C395 and C397, meaning-
ful quantitative comparisons with satellite observations
were not possible due to significant temporal offsets be-
tween the airborne and spaceborne measurements. Full
cloud extinction profiles for these flights, as well as for
flight B895, are provided in Appendix C.

Flight C394 exhibits strong spatial and temporal
overlap between the satellite and airborne observations.
A persistent altostratus cloud layer is present near 2 km
altitude for most of the measurement period, with a
continuous cirrus layer above, beginning at a cloud
base around 10 km. This configuration provides ideal
conditions for evaluating the potential bias introduced
by upper-level cloud layers in ATLID measurements,
as identified in previous studies13–16.

Figure 3 presents the comparison between cloud ex-
tinction profiles retrieved from FAAM measurements
and those observed by ATLID. In the first subplot,
detached lower-level marine stratocumulus clouds are
evident below the altostratus layer, centered around
1 km altitude. However, this multi-layered structure
is largely absent in ATLID’s observations, acquired 1.5
to 2 hours later during the EarthCARE overpass. In
ATLID’s profiles, only a single cloud layer below 3 km
is typically detected. While some of this discrepancy
may be attributed to boundary layer evolution—such as
vertical mixing or entrainment—substantial cloud dis-
sipation or vertical development within this short time
frame appears unlikely, given the cold sea surface tem-
peratures and prevailing wind conditions in November.

Vertical profiles within the region of approximate
spatial and temporal overlap between EarthCARE and
FAAM measurements have been isolated for quan-
titative comparison. An averaged extinction profile
over this region and time window is presented in Fig-
ure 4. Good agreement is observed in the upper cloud
layer; however, in the lower layer, the FAAM lidar re-
solves two closely spaced cloud layers, whereas ATLID
detects only the lower one. Further examination of
ATLID data indicates that when multiple cloud lay-
ers are vertically close – such as in the latitude ranges
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FIG. 3. Comparison of cloud extinction profiles retrieved from FAAM airborne lidar measurements (Flight C394) and those
measured by ATLID aboard EarthCARE on 7 November 2024. The FAAM data are segmented based on the aircraft’s
heading angle, with only segments containing meaningful cloud returns shown. The left-hand subplots display the retrieved
cloud extinction coefficient profiles, while the right-hand subplots show the corresponding flight paths for each segment
relative to EarthCARE’s satellite overpass. Regions of near-complete spatial and temporal overlap between the aircraft and
satellite observations are highlighted in yellow. Additional data from segments with partial spatial divergence from the
satellite track are included for qualitative comparison; their visual opacity is reduced in proportion to the degree of spatial
separation.

57.1◦N-57.2◦N, 58.0◦N-58.2◦N, and 59.55◦N-59.65◦N
– ATLID typically resolves either the upper or lower
layer, but not both.

This observation may indicate a limitation in
ATLID’s layer detection algorithm, particularly when
resolving closely spaced or vertically overlapping
cloud structures. If the algorithm consistently fails to
identify multiple adjacent cloud layers – detecting only
the optically dominant one – this can introduce signif-
icant inaccuracies into its data products. Such misrep-
resentation affects the derived cloud optical properties,
including extinction profiles, cloud-top and cloud-base
heights, and layer thicknesses.

These inaccuracies can propagate into higher-level

products used in climate modeling, weather forecast-
ing, and cloud–aerosol interaction studies. For in-
stance, underestimating the number of cloud layers or
misplacing their vertical positions could bias satellite-
derived estimates of radiative forcing, cloud cover, or
vertical heating rates. Moreover, these issues may limit
the utility of ATLID data in validating atmospheric
models or in synergistic retrievals that rely on precise
vertical cloud structure (e.g., with EarthCARE’s other
sensors like CPR or MSI).

Addressing these limitations may require improve-
ments to the layer detection algorithm, such as refin-
ing sensitivity thresholds, increasing vertical resolu-
tion through post-processing, or incorporating contex-
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FIG. 4. Comparison of cloud extinction profiles retrieved
from FAAM measurements and ATLID observations at
15:18 UTC on 7 November 2024. Profiles are averaged over
the spatial domain bounded by (59.63◦ N,−7.54◦ E) and
(59.67◦ N,−7.52◦ E).

tual information from collocated instruments to better
distinguish closely packed layers.

IV. CONCLUSION

This study presents a comprehensive methodology for
retrieving cloud extinction profiles from FAAM’s air-
borne lidar measurements. Through a carefully cali-
brated application of the Klett–Fernald algorithm, sup-
ported by polarization-channel-specific systematic er-
ror correction, depolarization amplification factor cor-
rection, and Rayleigh-based lidar constant calibration;
accurate high-resolution cloud extinction profiles were
retrieved for multiple validation flights.

The retrieved profiles are used as validation for
ATLID data. In particular, the dataset from FAAM
flight C394 was able to identify ATLID’s discrepancies
which arise in scenes with closely spaced cloud struc-
tures. These inconsistencies, most notably ATLID’s oc-
casional omission of one of the cloud layers, suggest
potential limitations in its layer detection algorithm –
especially under complex vertical cloud distributions.
Such limitations may impact the accuracy of ATLID-
derived products, thus highlighting the value of high-
resolution airborne measurements for satellite valida-
tion.

Overall, the results confirm the general reliability of
ATLID’s data products. However, the minor discrep-
ancies in ATLID’s cloud layer detection suggest that
continued cross-platform validation is also important to

improve the fidelity of spaceborne lidar observations in
operational and research applications.
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APPENDIX

A. RAW DATA STRUCTURE

This section presents an example raw data plot from the
B895 dataset, provided by Stuart Fox, to illustrate the
data structure used in this project.

Figure 5 shows the raw cross-polarized, range-
corrected backscatter signal recorded by the FAAM air-
craft during flight B895, plotted as a function of time
and height. The colour scale represents the analogue
signal count intensity. The red line traces the aircraft’s
vertical position throughout the flight.

Below the zero height line, apparent signals from
negative altitudes represent background instrumental
noise, as the lidar continues to sample fixed range bins
beyond the Earth’s surface. These ’below-ground’ sig-
nals are a characteristic feature of raw airborne lidar
data as mentioned in Section II.B.2 and are corrected
during preprocessing, as described in Section II.C.1.

FIG. 5. Raw range-corrected signal dataset B895 by FAAM
flight on 13th March 2015, plotted against height above sea
level, supplied by Stuart Fox.

B. CALIBRATION

This section presents example figures to aid the reader’s
understanding of the calibration process.

Figure 6 illustrates the extraction of calibration re-
gions from the processed lidar data. The top panel
shows the range-corrected backscatter signal across the
full flight, while the middle panel highlights the se-
lected calibration regions where the measured signal
closely follows Rayleigh scattering behavior. The bot-
tom panel shows the corresponding Rayleigh scatter-
ing profiles used as reference during calibration. The
dashed line in each plot traces the aircraft’s altitude,
demonstrating the altitude dependence of available cal-
ibration regions throughout the flight.

This section also presents an example of the back-
ground systematic error calibration results. Figure 7

shows a pseudo-global fit of systematic errors for the
cross-polarized channel, derived from the four datasets
analyzed in this study. The data points represent the
estimated systematic errors extracted from individual
calibration profiles, while the fitted curves model the
variation of background error as a continuous function
of sensor altitude and time. These pseudo-global error
models are applied during preprocessing to correct the
measured backscatter signals prior to further calibra-
tion steps.

Figure 8 illustrates the unified data collected from all
identified calibration regions across the flight. Each
point represents a range-corrected backscatter signal
measurement and its corresponding molecular scatter-
ing reference value, with different colors indicating dif-
ferent calibration regions. The horizontal error bars re-
flect the uncertainty in the measured signal within each
region. A linear fit to the combined dataset, shown as
the fitted calibration model, is used to determine the fi-
nal lidar calibration constant for the channel. This uni-
fied fitting approach improves robustness by leverag-
ing all available clear-sky calibration points across the
flight.

FIG. 6. Example calibration region extraction for one of the
validation flights (FAAM-C395). The first subplot shows
the preprocessed calibration dataset. The second subplot
shows the extracted regions with calibration-suitable
conditions. The last subplot shows the simulated Rayleigh
scattering signal in the calibration regions. The dotted line
marks the altitude of the aircraft.
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FIG. 7. Background systematic error fit in cross-polar
channel for four measurement flights by the
FAAM-BAe-146-301 aircraft. Flights C394, C395 and
C397 are measurements of the current validation campaign
with data collection in November 2024. Flight B895 is
included as a reference measurement with data collected in
March 2015.

FIG. 8. Final calibration plot for flight FAAM-C395. (See
figure 6 for spatial plots of the regions - the regions are
labeled in increasing order from left to right.)

C. FAAM-RETRIEVED AND ATLID-MEASURED CLOUD EXTINCTION COEFFICIENT COM-
PARISON

This section presents aircraft–satellite cloud extinction coefficient comparison plots for measurement runs where
dynamic cloud conditions or limited spatial and temporal overlap restrict meaningful quantitative analysis, along
with the B895 retrieval plot.

Figure 9 shows the cloud extinction profiles retrieved from flight B895. Retrieval results for this dataset have
been cross-validated against previous studies.

Figures 10 and 11 present the cloud extinction profiles retrieved from flights C395 and C397, respectively. These
datasets do not contain valid measurements in regions of direct overlap with the satellite observations. Further-
more, rapid cloud evolution during these flights precluded meaningful quantitative comparison with EarthCARE
measurements.
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FIG. 9. Cloud extinction profile retrieved from FAAM airborne lidar measurement B895 done on 13th March 2015. The
measurement is segmented by the aircraft’s heading angle and selected segments are displayed in the figure. The subplots on
the left depict the segment’s retrieved cloud extinction coefficient profile at latitude and UTC time at which the lidar
measurements are taken. The subplots on the right display the flight segment’s flight path relative to the aircraft’s overall
flight path as a reference.
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FIG. 10. Comparison of cloud extinction profile retrieved from FAAM airborne lidar measurement C395 and measured by
ATLID on EarthCARE on 13th November 2024. Refer to the caption of figure 3 for detailed breakdown of the subplots and
features. The C395 measurement does not contain meaningful data in its spatial and temporal overlap region with the
satellite.
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FIG. 11. Comparison of cloud extinction profile retrieved from FAAM airborne lidar measurement C397 and measured by
ATLID on EarthCARE on 22nd November 2024. Refer to the caption of figure 3 for detailed breakdown of the subplots and
features.


