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Abstract.

This study evaluates two approaches for retrieving aerosol properties from ceilometer observations, using aerosol
optical depth (AOD) from AERONET and synergistic aerosol profiles obtained by combining AERONET sun-sky
photometer and ceilometer measurements through the GRASP,,. algorithm as reference. The two retrieval tech-
niques considered for the ceilometer retrievals are the traditional Klett—Fernald backward inversion and a forward
iterative method including an independent calibration procedure. Observations collected at three European stations
(Granada, Spain; Payerne, Switzerland; and Lindenberg, Germany) during 2019-2020 are analyzed to assess the
performance of both approaches under a wide range of aerosol conditions. The results show that the forward itera-
tive method systematically outperforms the Klett—Fernald backward approach. Under high aerosol load conditions,
particularly during coarse-mode-dominated events, the forward retrieval reduces AOD uncertainties by ~ 50 % and
achieves root-mean-square errors comparable to those reported in previous validation studies. Vertical comparisons
against GRASP .. profiles indicate that the forward method maintains consistent accuracy throughout the tropo-
sphere, whereas the backward approach exhibits altitude-dependent biases, especially within dust layers. Additional
evaluations using COBALD balloon-borne backscatter measurements confirm that the forward retrieval reproduces

observed aerosol structures within 10-30 % deviation. These results demonstrate the significant performance gains
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achieved by operational ceilometer networks when applying forward retrievals with independent calibration under

favorable atmospheric conditions.

1 Introduction

Atmospheric aerosols play a crucial role in the Earth’s climate system through two main mechanisms: Aerosol—
Radiation Interactions (ARI) and Aerosol-Cloud Interactions (ACI) (Forster et al., 2021). ARI involve the direct
scattering and absorption of solar radiation, while ACI influence cloud microphysical and optical properties, as
aerosols can act as cloud condensation nuclei (CCN) or ice-nucleating particles (INPs), thereby modifying cloud
lifetime, albedo, and precipitation processes. The combined Effective Radiative Forcing (ERF) from these processes
results in a net cooling of approximately —1.3 Wm™240.7 Wm™2, with ACI contributing about 75-80 % of the
total forcing (Forster et al., 2021). Nevertheless, this forcing exhibits strong regional and temporal variability, largely
driven by aerosol composition, atmospheric state, and vertical distribution, which remains one of the least constrained
factors (Bellouin et al., 2020).

The pronounced spatial and temporal heterogeneity of aerosols, together with the diversity of their optical, chem-
ical, and physical properties and their complex interactions, makes aerosols one of the largest sources of uncertainty
in current climate assessments (Bellouin et al., 2020). Beyond climate, aerosols significantly impact air quality by
increasing fine particulate matter (PMs 5) concentrations, degrading visibility, and exacerbating respiratory and car-
diovascular diseases (Pai et al., 2022). These combined climatic and societal impacts highlight the need for accurate
and systematic characterization of aerosol properties across diverse environments and atmospheric conditions. In
particular, the vertical distribution of aerosols plays a key role in determining both radiative effects and surface air
quality, motivating the use of remote-sensing techniques capable of providing vertically resolved observations.

Ground-based remote sensing offers a unique opportunity to monitor aerosol properties continuously and over
large spatial scales. The Aerosol Robotic Network (AERONET; Holben et al., 1998) provides high-quality column-
integrated aerosol information using sun—sky photometers, retrieving aerosol optical depth (AOD) and microphysical
properties through established inversion algorithms (Dubovik and King, 2000; Dubovik et al., 2006; Sinyuk et al.,
2022). However, columnar products alone cannot resolve the vertical structure of aerosol layers, which is essential
for understanding aerosol-cloud interactions, long-range transport, and boundary-layer processes.

Vertically resolved aerosol information is obtained from lidar (Light Detection and Ranging) systems, which mea-
sure atmospheric backscatter profiles at one or multiple wavelengths. Advanced multi-wavelength Raman lidars allow
the independent retrieval of aerosol extinction and backscatter coefficients (Ansmann et al., 1990; Whiteman et al.,
1992), and, when combined with elastic channels, enable microphysical inversions (Miiller et al., 1999; Béckmann,
2001; Veselovskii et al., 2002). These systems are deployed within networks such as the European Aerosol Research
Lidar Network (EARLINET; Wandinger et al., 2016), a core component of the Aerosols, Clouds and Trace Gases
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Research Infrastructure (ACTRIS; Pappalardo et al., 2014), which has enabled detailed characterization of a wide
range of aerosol types.

Despite their scientific value, multi-wavelength Raman lidars face significant operational limitations related to
their high cost, system complexity, limited availability, and constraints associated with nighttime operation. Their
effective range and vertical resolution depend critically on the signal-to-noise ratio (SNR), which is influenced by
both instrumental design and atmospheric conditions (Whiteman et al., 2006, 2011). To overcome these limitations,
synergistic retrieval approaches have been developed that combine the vertical profiling capability of elastic lidars
with the column-integrated and microphysical information provided by sun—sky photometers.

Representative examples of such synergistic methods include LIRIC (Chaikovsky et al., 2016) and GARRLIiC
(Lopatin et al., 2013). Building upon these developments, the Generalized Retrieval of Aerosol and Surface Properties
(GRASP) algorithm constitutes a flexible and unifying framework rooted in the AERONET inversion heritage
(Dubovik et al., 2014, 2021). GRASP enables the retrieval of aerosol properties from diverse combinations of passive
and active observations.

A major step for active remote sensing was the integration of the GARRLIC scheme within the GRASP archi-
tecture, allowing the synergistic inversion of sun—sky photometer measurements and lidar range-corrected signals.
While initially applied to advanced multi-wavelength lidars, the modular design of GRASP enables its extension
to simpler systems. The GRASP,,. configuration (Romén et al., 2018) adapts this synergistic concept to single-
wavelength ceilometers, combining spectral photometer information with the continuous vertical profiling capability
of operational ceilometer networks.

Although multi-wavelength lidars combined with photometers provide highly accurate aerosol retrievals, their
cost and operational demands hinder large-scale implementation. In contrast, ceilometers are cost-effective, robust,
and designed for unattended long-term operation. Modern ceilometers can detect aerosol layers up to approximately
10 km altitude and are widely deployed within operational networks such as the EUMETNET Ceilometer Network (E-
Profile), the Iberian Ceilometer Network (ICENET), and the Italian Automated Ceilometer Network (ALICENET).
Their integration with sun-sky photometers through GRASP,,. further enhances their potential for quantitative
aerosol profiling.

Within this framework, the present study evaluates and compares backward and forward ceilometer inversion
approaches, both as standalone retrievals and in synergistic combination with sun—sky photometer observations
using the GRASP algorithm. In addition, a comprehensive validation strategy focused on the lower troposphere is
introduced, employing independent in situ vertical measurements from COBALD balloon-borne sondes to rigorously
assess retrieval accuracy and quantify associated uncertainties.

The paper is structured as follows: Sect. 2 describes the instrumentation and datasets, including the ceilometer
network and collocated AERONET observations; Sect. 3 outlines the processing chain and retrieval methodologies,
including both standalone ceilometer retrievals and the synergistic GRASP approach; Sect. 4 presents the retrieval

performance analysis and discusses the main findings; and Sect. 5 summarizes the key conclusions.
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2 Instrumentation, data and experimental sites

This section provides an overview of the instrumentation and datasets used in this study. Sect. 2.1 describes the
three experimental sites, Sect. 2.2 details the remote-sensing instruments and measurement techniques, and Sect. 2.3

presents the in situ observations.
2.1 Stations and datasets

This study was conducted at three European observatories forming a trans-European transect that spans Mediter-
ranean urban, alpine rural, and continental lowland environments. Despite minor temporal data gaps, the comple-
mentary datasets collected during the 2019-2020 period enable a robust intercomparison of aerosol properties across
contrasting climatic conditions and pollution regimes.

The first site, the Andalusian Global Observatory of the Atmosphere (AGORA), operated by the University of
Granada (UGR), is located in the city of Granada, Spain (37.17°N, 3.61°W; 680 m a.s.l.). It represents an urban,
non-industrialised environment situated within a mountain basin dominated by the Sierra Nevada range, which
rises to nearly 3500 m a.s.l. The station is frequently affected by Saharan dust intrusions (Navas-Guzmdn et al.,
2013; Pérez-Ramirez et al., 2012; Mandija et al., 2016), local anthropogenic pollution (Titos et al., 2012, 2014), and
complex boundary-layer dynamics (Granados-Mufioz et al., 2012; Ortiz-Amezcua et al., 2022).

The second site, the MeteoSwiss Aerological Observatory (PAY), is located in Payerne, Switzerland (46.82°N,
6.95°E; 491 m a.s.l.). It serves as a rural reference station on the Swiss Plateau and is characterised by generally
clean air conditions, minimal industrial influence, and frequent winter fog episodes (Navas-Guzmaén et al., 2019).

The third site, the Meteorological Observatory Lindenberg (LIN), operated by the Deutscher Wetterdienst (DWD;
German Meteorological Service), is located in Lindenberg, Germany (52.21°N, 14.12°E; 120 m a.s.l.). LIN is a su-
persite dedicated to aerology, radiosounding, remote sensing, radiation measurements, and boundary-layer research,

representing a rural lowland environment.
2.2 Remote-sensing instruments

The E-Profile network, a programme of EUMETNET Composite Observing System, provides standardized ceilome-
ter and wind profiler measurements across Europe in near real-time. This network comprises more than 400
stations equipped with various Automatic Lidars and Ceilometers (ALC), providing high-resolution, near-real-
time vertical profiles of aerosols, cloud layers, and boundary layer dynamics. E-Profile ensures data homogene-
ity through calibration procedures and harmonized processing algorithms across instruments and locations, and it
provides Level 2 (L2) quality-assured products in the CEDA (Centre for Environmental Data Analysis) database
(https://catalogue.ceda.ac.uk).

For this research, data from CHM15k Nimbus ceilometer (Lufft, 2019) was employed. This system is a single-

wavelength elastic-backscatter lidar featuring a Nd:YAG (neodymium-doped yttrium—aluminium-garnet) laser that
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emits 1 ns pulses at 1064 nm. Operating at a 5—7 kHz repetition rate with 8.4 uJ pulse energy and < 0.3 mrad beam
divergence, the system detects backscatter signals via an avalanche photodiode (APD) operating in photon-counting
mode with a receiver FOV (Field of View) of 0.45 mrad (Martucci et al., 2010).

Column-integrated aerosol optical properties from AERONET (Holben et al., 1998) were used to complement the
ceilometer observations. AERONET is a global, ground-based network initiated by NASA and expanded through
international collaborations. It employs standardized Cimel sun—sky photometers to provide long-term, high-precision
aerosol optical measurements. With over 580 active stations worldwide in diverse environments (urban, rural, coastal,
and high-altitude), AERONET provides a comprehensive and publicly accessible dataset essential for climate and
air-quality research.

In this study, Cimel Electronique CE318-T sun-sky photometers (Barreto et al., 2016) were used to measure direct
solar irradiance and sky radiance at multiple wavelengths covering the 340-1640 nm range. These measurements
enable the retrieval of key aerosol properties, including aerosol optical depth, particle size distribution, single-
scattering albedo, and complex refractive index. AERONET data are processed in three levels: Level 1.0 (no cloud-
screened), Level 1.5 (cloud-screened), and Level 2.0 (quality-assured). To ensure high accuracy and reliability, only
version 3 (Giles et al., 2019) level 2.0 data, subject to rigorous calibration and cloud filtering, were employed in this

study.
2.3 In situ observations

The Compact Optical Backscatter Aerosol Detector (COBALD) is a lightweight (~500 g) balloon-borne sonde
designed for high-resolution in situ measurements of aerosol and cloud backscatter in the troposphere and lower
stratosphere (Brunamonti et al., 2018). Developed at the Swiss Federal Institute of Technology (ETH Zirich) and
based on the original prototype by Rosen et al. (1991), COBALD employs two light-emitting diodes (LEDs) at
455 nm and 940 nm, coupled with a photodiode detector featuring a 6° field of view. Originally developed for high-
altitude cloud studies (e.g., cirrus and polar stratospheric clouds; (Cirisan et al., 2014)), COBALD has also been
proven highly effective for characterizing tropospheric aerosols (Brunamonti et al., 2018, 2021).

The launches were performed at night to minimize solar background noise and prevent detector saturation. Sound-
ings were conducted between 22:00 and 23:00 UTC, with the balloon ascending at approximately 5 ms~!. With a
1 Hz sampling rate, the system achieved a vertical resolution of about 5 m, profiling from the surface up to roughly

30 km, where balloon burst generally occurred.

3 Methodology

This section describes the methodological framework adopted in this study. Section 3.1 presents the calibration
procedures and inversion algorithms applied to ceilometer observations. Section 3.2 describes the methodology used

to evaluate ceilometer-derived backscatter profiles against independent in situ measurements from COBALD sondes.
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Section 3.3 outlines the synergistic retrieval approach combining ceilometer and sun—sky photometer observations
using the GRASP .. algorithm. Finally, Section 3.4 details the procedure used to compare ceilometer-derived aerosol

optical depth (AOD) with AERONET observations.
3.1 Calibration and inversion algorithms for ceilometer observations
3.1.1 Ceilometer calibration

Accurate calibration is essential for the quantitative retrieval of the aerosol backscatter coefficient 5, (z) from ceilome-
ter measurements. The calibration strategy depends on instrument sensitivity, the availability of reference data, and
the prevailing atmospheric conditions.

For the CHM15k instruments in E-Profile, calibration is performed using the Rayleigh method (Wiegner and
Geif}, 2012; Wiegner et al., 2014). This approach requires the identification of a high-altitude reference region, zy.f,
typically located in the upper troposphere, where the aerosol backscatter contribution is assumed to be negligible
(Ba(zref) = 0). Under this assumption, the total atmospheric backscatter at this altitude is attributed exclusively to
molecular scattering, such that 3(zref) = B (2ref). The molecular backscatter coefficient 5, (zref) is calculated using
Rayleigh scattering theory together with atmospheric pressure and temperature profiles obtained from numerical
models.

The lidar equation can be reformulated in terms of the attenuated backscatter coefficient, 5* (Eq. 1). In this
formulation, P(z) denotes the received signal as a function of atmospheric optical properties and measurement

range z, while C1, represents the system-dependent calibration constant accounting for instrumental characteristics.

z

= 3*(z) -exp 72/a(z’)dz’ (1)

0

P(z)- 22
Cr

The total backscatter coefficient 8 and the extinction coefficient « are expressed as the sum of aerosol and molecular
contributions, i.e., 8 = 8, + O and a = ag + ay,.

The calibration constant Cp, is obtained by applying the backward Klett—Fernald solution using the reference
altitude z,of as boundary condition. Following Wiegner and Geif3 (2012); Wiegner et al. (2014), the aerosol backscatter

coeflicient is computed as

_Z(z) s
ﬁa(z)_ N(Z) ﬁ’m( )7 (2)
Z(2) = 2*P(2)exp{ —2 / [S4(2") = Sl Bm (') d2" 3. 3)
0
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In this formulation, the aerosol lidar ratio S, (2) is fixed at 52 sr for calibration within E-Profile, while S,, ~ 87 /3 sr
and f,,(z) denote the molecular lidar ratio and molecular backscatter coefficient, respectively.

The auxiliary function N(z) can be formulated in two equivalent ways depending on the adopted boundary
condition. It can be expressed explicitly using the system constant Cp,, which is convenient for forward range
integration starting at the lidar, or alternatively in terms of a prescribed reference aerosol backscatter value 3, (zrer),
which leads to the standard backward integration from the reference altitude toward the instrument. In the E-Profile

implementation, N(z) is expressed as

+2 / Sy(2") Z(2")d7’, (4)

z

Z?cf P(Zref)

N(Z) - ﬂm(zref) +/Ba(zref)

where [, (zref) = 0 is assumed for Rayleigh calibration.

A major limitation of Rayleigh calibration arises from the low signal-to-noise ratio (SNR) in the upper troposphere,
where ceilometer signals are significantly weaker (Wiegner et al., 2014). Therefore, rigorous filtering of clouds and
residual aerosol layers is required to ensure the reliability of the selected calibration interval and to guarantee
sufficiently high SNR conditions.

In operational practice, E-Profile applies a calibration procedure that combines long-term signal averaging with
careful screening of the reference altitude to minimize the influence of residual aerosols and measurement noise. This
procedure requires at least three hours of cloud-free signal integration during nighttime under favourable atmospheric
conditions. The resulting calibration constants are subsequently processed using a Kalman filter to derive a daily
best estimate of the lidar constant Cp,, thereby improving the long-term stability and consistency of operational
aerosol profiling. A detailed description of the numerical implementation is provided by Wiegner and Geifi (2012);
Wiegner et al. (2014).

3.1.2 Forward iterative retrieval

The forward iterative method (Li et al., 2021) solves the lidar equation by integrating upward from the surface,
which eliminates the need for a high-altitude, aerosol-free reference and is therefore especially effective under cloudy
or low SNR conditions where other methods are unreliable. However, the forward method requires a known system
lidar constant C}, as input. This constant is typically obtained from a calibration performed under ideal atmospheric
conditions such as clear-sky and high SNR. This approach therefore assumes that the lidar system remains stable
between the nighttime calibration and its application during the day.

The algorithm initializes the aerosol backscatter coefficient 5,(z9) at the lowest reliable measurement height,
assuming that aerosol transmittance near the surface is approximately unity at infrared wavelengths, so that the

initial aerosol backscatter is taken directly from the measured attenuated backscatter (Eq. 5).
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2
= =y~ PBm(20)- ()

From this surface value, the algorithm integrates upward with steps dz. For every new layer z; = z;_1 + dz, the

extinction coefficient is first estimated with the constant lidar ratio S, of 50 sr in Eq. 6.

aq(2i) = Sa Ba(zi-1), (6)
Hence, the extinction contributed by that layer is computed in Eq. 7

Ta(2;) = aq(2;) 0z, (7)
and the two-way aerosol transmittance from the surface up to z; is calculated with Eq. 8

To(zi) = exp(—274(2;)). (8)

With this updated transmittance, the backscatter coefficient at the current level is recomputed from the total

attenuated signal with Eq. 9:

_ P(z)# ,
W)= G ety ©)

This process is repeated until the relative change in «,(z;) falls below 0.01 % or 30 iterations are reached; the
algorithm then steps to the next height and repeats the sequence up to the chosen top of the profile ziqp.

This approach is particularly robust in aerosol-rich environments, where the backward method often fails due to
the absence of a well-defined, aerosol-free reference region aloft. According to Li et al. (2021), a 10 % uncertainty in
the system constant Cp, leads to a 10-20% error in retrieved 3, within the planetary boundary layer (PBL), while
a similar uncertainty in the lidar ratio S, contributes less than 5 % error. These findings highlight the method’s
stability in complex aerosol scenes, provided that accurate calibration of C, is achieved, since errors propagate

upward from the surface.
3.1.3 Klett backward retrieval

The analytical backward solution for retrieving the aerosol backscatter coefficient (3,(z) from ceilometer measure-
ments, as implemented in the E-Profile framework, is described by Wiegner et al. (2014). In contrast to the forward
retrieval approach, the backward method does not require prior knowledge of the system lidar constant Cf,. Instead,
Cy, is implicitly determined through the application of a boundary condition at a reference altitude where the aerosol
contribution is assumed negligible. The explicit value of C1, becomes necessary only when switching to a forward

integration scheme.
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A reference altitude z.ef is selected in the upper troposphere, where (,(zref) =0 is assumed. The molecular
backscatter coefficient [3,,(z) is derived from atmospheric model profiles. The retrieval formulation follows the same
mathematical framework used during calibration and is based on Egs. 1 and 2.

The auxiliary function Z(z) is constructed from the range-corrected signal together with a transmission correction
that accounts for differential extinction between aerosol and molecular scattering (Eq. 3). The function N(z) is
defined according to Eq. 4.

Under the Rayleigh calibration assumption (3, (zref) = 0, the first term of Eq. 4 simplifies to 22 ;P (2ef) /B (2ref)-
This term provides the calibration reference by scaling the measured signal at z,of to the known molecular backscat-
ter. The backward solution is then obtained by integrating downward from the reference altitude z..f toward the
instrument. The aerosol backscatter coefficient profile is finally retrieved by combining Z(z) and N(z) and subtract-
ing the molecular contribution, as expressed in Eq. 2.

In operational applications, the backward retrieval is subject to several constraints. First, the relatively low optical
power of ceilometers requires long signal integration periods to achieve an adequate signal-to-noise ratio (SNR) at the
reference altitude z..¢, a condition most easily satisfied during nighttime due to reduced background noise. Second, the
accuracy of the retrieved §,(z) strongly depends on the assumed aerosol lidar ratio S,. Although advanced inversion
schemes allow S, to vary with altitude, a constant value of 50 sr is commonly adopted in operational ceilometer
processing to convert backscatter coefficients into extinction profiles. Uncertainties in S, or in the selection of z,.t can
lead to nonlinear error propagation, particularly under multilayered or vertically inhomogeneous aerosol conditions
(Li et al., 2021). Despite these limitations, the backward approach provides a stable and self-calibrating retrieval of

Ba(2), as it does not require an externally determined lidar constant Cf..
3.2 Evaluation of ceilometer backscatter profiles with COBALD in situ measurements

Validation of aerosol backscatter coefficient profiles derived from the CHM15k ceilometer was performed using
collocated measurements from Compact Optical Backscatter Aerosol Detector (COBALD) sondes, providing an
independent in situ benchmark to assess retrieval accuracy (Brunamonti et al., 2021).

COBALD sondes measure the backscatter ratio (BSR) (Brunamonti et al., 2021), defined as:

Bratio(\) = w, (10)

where A denotes the wavelength (455 or 940 nm), Siota) is the total backscatter coefficient, and [y, is the molecular
backscatter coefficient computed from atmospheric extinction (Brunamonti et al., 2021). A BSR value of unity
corresponds to purely molecular scattering, while larger values indicate the presence of aerosols or clouds.

For quantitative comparison with ground-based lidar observations, the aerosol backscatter coefficient 5, (z) was de-
rived from fyatio assuming a molecular extinction-to-backscatter ratio of 87 /3 sr (Brunamonti et al., 2021). COBALD
sondes provide high-resolution g, profiles at 455 and 940 nm with a vertical resolution of approximately 5 m and a

temporal resolution of 1 s during balloon ascent.
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Since the CHM15k ceilometer operates at 1064 nm, a spectral harmonization step was required to enable a
consistent comparison with the COBALD observations at 940 nm. To this end, the aerosol backscatter coefficients
retrieved from the ceilometer were spectrally converted from 1064 to 940 nm using an Angstréom exponent derived
from the dual-wavelength COBALD measurements. The spectral dependence of the aerosol backscatter coefficient

was assumed to follow a power-law relationship of the form

A2

Ba(h2,2) = falM2) </\1> o (1)

where A and \s represent the ceilometer (1064 nm) and COBALD (940 nm) wavelengths, respectively, and AE(z)
is the altitude-dependent Angstrém exponent calculated from the ratio of COBALD backscatter coefficients at 455
and 940 nm.

The use of altitude-resolved Angstrom exponents allows the spectral conversion to account for vertical variability in
aerosol microphysical properties. This approach assumes that the spectral behaviour between 940 and 1064 nm follows
the same power-law dependence as between the COBALD measurement wavelengths. Although this assumption
introduces additional uncertainty, it provides a reasonable approximation in the near-infrared spectral region under
typical tropospheric aerosol conditions.

Following the spectral conversion, COBALD profiles were resampled onto a 15 m vertical grid to match the
CHM15k resolution and ensure consistency between datasets. Temporal collocation was achieved by averaging
ceilometer backscatter profiles over a 30-minute window corresponding to the COBALD ascent period.

The comparison analysis was restricted to altitudes between 0.25 and 5 km above ground level. Heights below
0.25 km were excluded to avoid the incomplete-overlap region of the ceilometer, while altitudes above 5 km were
excluded due to the reduced signal-to-noise ratio of the ceilometer measurements. COBALD launches were performed
during nighttime conditions to minimize solar background noise, with soundings typically conducted between 22:00
and 23:00 UTC.

3.3 Ceilometer and sun—sky photometer synergistic approach using GRASP

The modular structure of the Generalized Retrieval of Aerosol and Surface Properties (GRASP) algorithm accom-
modates a wide range of remote-sensing platforms, including ground-based, airborne, and satellite observations.
GRASP comprises two core components: (i) a comprehensive forward radiative transfer model that simulates light
interactions with atmospheric constituents, accounting for aerosols, surface reflectance, and molecular scattering,
and (ii) an inversion module that applies multi-term least-squares optimization with physical constraints to retrieve
multiple atmospheric parameters simultaneously, even under data-limited conditions (Dubovik et al., 2011).

In the GRASP,,. (Photometer And Ceilometer) configuration, AERONET sun-sky photometer measurements
are synergistically combined with 1064 nm ceilometer backscatter profiles to retrieve vertically resolved aerosol

properties. A key advantage of this approach is that backscatter and extinction coefficients are derived consistently

10
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within the inversion framework, with the lidar ratio estimated dynamically rather than prescribed a priori. The
retrieval assumes vertically homogeneous intensive aerosol properties, including complex refractive index and single-
scattering albedo.

Validation studies have demonstrated strong agreement between GRASP,. retrievals and independent in situ
measurements, with correlation coefficients exceeding 0.90 for retrieved aerosol volume concentrations (Roman et al.,
2018). The size distribution is represented using 22 logarithmically spaced bins spanning 0.05-15 pm, and the vertical
domain is discretised into 60 logarithmic altitude layers between 250 and 7000 m. Surface reflectance effects are
accounted for using MODIS-derived bidirectional reflectance distribution functions (Roman et al., 2018).

In this study, AODs processed by the CAELIS system (Gonzalez et al., 2020) were combined with cloud-screened,
Level 2 ceilometer profiles averaged over 30-minute intervals to enhance the signal-to-noise ratio. This synergis-
tic approach is particularly valuable for operational networks lacking advanced multi-wavelength research lidars.
GRASP,, retrievals used in this work were generated automatically in near real time by the CAECENET system
(Herrero del Barrio et al., 2024).

3.4 Comparison of ceilometer-derived AOD with AERONET observations

To further evaluate the performance of the backward and forward ceilometer retrievals, the vertically resolved
aerosol backscatter profiles were converted into column-integrated aerosol optical depth (AOD) and compared with
independent reference measurements from AERONET sun—sky photometers. This comparison provides an additional
validation of the retrieval algorithms by assessing their ability to reproduce the total aerosol optical load within the
atmospheric column.

Aerosol backscatter coefficient profiles were retrieved using both backward and forward inversion methods (Sect. 3.1).
A cloud-filtering procedure was applied to exclude profiles affected by low-level clouds; specifically, profiles with a
detected cloud base below 5 km were removed to avoid integration artefacts. Following cloud screening, extinction
profiles were averaged over 30-minute intervals to reduce noise. Aerosol optical depth (AOD) was then obtained by
vertically integrating the extinction coefficient from the surface up to 5 km using the trapezoidal rule. This upper
integration limit was selected to focus on the lower troposphere, where the majority of atmospheric aerosol mass is
typically concentrated (Amiridis et al., 2005).

Ceilometer extinction profiles were derived from Level 2 attenuated backscatter products provided by the E-Profile
network, using a fixed lidar ratio of 50 sr for the retrievals similar to previous work (Brunamonti et al., 2021). The
processing was performed with the A-Profiles package https://github.com/AugustinMortier /a-profiles. The resulting
ceilometer-derived AOD values were subsequently compared against Level 2.0 AERONET observations.

Since AERONET does not provide AOD measurements at 1064 nm (Barreto et al., 2016), the 1020 nm channel was
extrapolated to 1064 nm using the Angstrém power law. sun—sky photometer AODs were averaged over 30-minute

intervals to match the temporal resolution of the ceilometer observations. The agreement between ceilometer-derived
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AOD (AODcei1) and sun-—sky photometer AOD (AODgp) was evaluated using the mean bias, standard deviation
(STD), and root-mean-square error (RMSE).

To investigate the dependence of retrieval performance on aerosol loading conditions, the dataset was classified
into low and high aerosol load regimes based on daily mean AERONET AOD at 440 nm for the 2019-2020 period.
A threshold value of AODyy9 = 0.2 was adopted, with days below this value classified as low load and days equal to
or exceeding this threshold classified as high load.

High-load conditions were further categorised according to the AE as a proxy for dominant particle size. Days
with AE > 1.2 were classified as fine-mode dominated, typically associated with anthropogenic or biomass-burning
aerosols (Reid et al., 2005), whereas days with AE < 0.8 were classified as coarse-mode dominated, generally linked
to mineral dust. Days with intermediate AE values (0.8 < AE < 1.2) were excluded from this classification, as they

represent mixed aerosol conditions without a clearly dominant particle mode.

4 Results and discussion

This section evaluates the performance of the backward and forward ceilometer retrieval methods under a range
of atmospheric conditions. The analysis combines independent in situ observations, synergistic retrieval products,
and column-integrated aerosol measurements to provide a comprehensive assessment of the retrieval accuracy. First,
ceilometer backscatter profiles are validated against collocated COBALD sonde measurements (Sect. 4.1). Second,
retrieved backscatter and extinction profiles are compared with synergistic GRASP,,c products (Sect. 4.2). Finally,
column-integrated aerosol optical depth (AOD) derived from ceilometer observations is evaluated against AERONET
measurements (Sect. 4.3). Together, these analyses characterise the performance of both retrieval approaches across

different aerosol loading conditions and particle types.
4.1 Evaluation of ceilometer backscatter retrievals using in situ balloon measurements

To assess the accuracy of the ceilometer backscatter retrievals under real atmospheric conditions, aerosol backscatter
profiles derived from the CHMI15k ceilometer were evaluated against high-resolution in situ measurements from
COBALD balloon soundings. The methodological details of the COBALD data processing, spectral harmonization,
and spatio-temporal collocation with the ceilometer observations are described in Sect. 3.2.

The comparison focuses on the lower troposphere, between 0.25 and 5 km above ground level (a.g.l.). Heights below
0.25 km were excluded to avoid the incomplete-overlap region of the CHM15k ceilometer (Hervo et al., 2016), while
altitudes above 5 km were not considered due to the reduced signal-to-noise ratio of the ceilometer measurements
at higher altitudes (Brunamonti et al., 2021). The analysis is based on selected nighttime COBALD soundings,
providing independent benchmarks to quantify retrieval uncertainties and to identify potential systematic biases in

the lidar-derived aerosol backscatter coeflicients in the absence of coincident GRASP,,. products.
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Two representative case studies are examined to illustrate retrieval performance under contrasting aerosol regimes:
a Saharan dust event at Payerne and a complex multi-layered case at Lindenberg.

The first case corresponds to a significant Saharan dust intrusion observed at Payerne on 25 June 2019 (Fig.
1). Surface sun—sky photometer measurements reported elevated aerosol optical depths of approximately 0.3-0.4
at 440 nm, together with consistently low AE values (<0.6; Fig. la), indicating the dominance of coarse-mode
particles. Backward air-mass trajectory analysis using the HYSPLIT model traced the aerosol origin to the Sahara
Desert approximately six days prior to the observation. The temporal evolution of the ceilometer-derived backscatter
coefficient profiles (Fig. 1b) reveals the continuous presence of dust from 00:00 UTC, with variable layer heights
throughout the day and the development of a well-mixed dust layer extending up to about 4 km by nighttime.

The vertical aerosol structure is further characterised in Fig. 2a, which compares backward (orange) and forward
(blue) retrievals with coincident COBALD (red) sonde measurements at 23:00 UTC. In this case, the analysis starts
at 0.4 km because COBALD sonde measurements below this altitude were not available. Fig. 2a shows backscatter
coeflicient profiles at 940 nm, from layer top height ~4 km upward all three profiles tend to a molecular zone where
both backward and forward methods shows noise contamination. All three profiles exhibit consistent dust layer
structure from 0.4 to 3.5 km; however, the forward retrieval achieves closer agreement with the COBALD reference
measurements. The corresponding AE profile obtained from COBALD shows a decrease from 0.8 at 1.5 km to 0.4
at 4 km (Fig. 2b), consistent with the sun—sky photometer—derived values and confirming coarse-mode dominance
throughout the column. Fig. 2c and d shows the deviations and relative deviations between the backward and forward
retrievals against COBALD, indicating that the forward profile agrees well with COBALD throughout the dust layer
with smaller deviations.

Table 1 presents a quantitative comparison between the two retrieval methods and the COBALD sonde data. From
the lowest altitude up to 4 km, backward retrieval shows an underestimation with respect to COBALD while forward
retrieval shows a slight overestimation until 1.8 km height, from this altitude upwards it shows underestimation.
The backward method yields systematically large negative backscatter coefficients (—0.22 to —0.35 Mm~! sr~!) and
greater relative deviations (—23 to —34 %) than the forward method (0.88 to —0.020 Mm ™! st=1, 10 to —17 %). This
discrepancy peaks in the 3-4 km layer, where dust loading was maximal (backward: —0.35 Mm~! sr=!; forward:
—0.20 Mm~! sr~!). Above the dust layer (4-5 km), both methods converge to similar values but with significant
noise due to lack of power of ceilometer laser, although the backward method maintains a slightly smaller relative
deviation (—20 % vs. =53 %).

These differences indicate that, while both methods successfully capture the dust plume’s vertical structure, the
backward method’s sensitivity to contamination of the reference layer under dense aerosol conditions produces
larger deviations. The forward method shows superior agreement with sonde measurements (Table 1), maintaining
low deviations relative to COBALD throughout the tropospheric column. This case represents a well-documented
episode of long-range Saharan dust transport, exhibiting notable temporal persistence (>24 hours) and vertical

extent (0—4 km). The consistent coarse-mode signature across all instruments suggests minimal particle modification
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during transport, while the method-dependent differences highlight the importance of algorithm selection for dust

monitoring applications.
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Figure 1. Characterization of the dust outbreak event over Payerne a) AOD (440 nm) and Angstrém exponent (440-870 nm);

b) ceilometer aerosol backscatter coefficient with forward retrieval
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Figure 2. 30 min averaged profile comparison between forward/backward retrievals versus COBALD sonde for 25 June 2019.

Panel a shows the backward (yellow) forward (blue) and COBALD (red) profile, next panel (b) shows the Angstrém exponent
profile of COBALD and the following panels (¢ and d) show the deviation and relative deviation of Backward-COBALD

(yellow) and Forward-COBALD (blue)

Table 1. Mean deviations between ceilometer retrievals (backward and forward) against COBALD measurements showing

profile deviation and relative deviation

Height Backward deviations Forward deviations
km Mm ‘sr! % Mm ™ 'sr! %
0.4-1 -0.22 -23 0.88 10

1-2 -0.25 -27 0.02 3

2-3 -0.30 -32 -0.08 -8
3-4 -0.35 -34 -0.20 -17
4-5 -0.03 -20 -0.03 -53

The second case, observed on 27 August 2020 at

Lindenberg, exemplifies the challenges faced by ceilometer

aerosol retrievals under highly unfavourable atmospheric conditions. Persistent rainfall until 15:00 UTC precluded the

availability of reliable AERONET observations, and the subsequent clearing phase was characterised by the presence
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of a residual cloud layer at approximately 2 km altitude (Fig. 3). Above this level, ceilometer signals were largely
dominated by noise, resulting in particularly demanding conditions for the retrieval algorithms. A comparison with
COBALD sonde measurements acquired at 22:00 UTC (Fig. 4a) reveals marked differences between the two inversion
approaches. The forward method shows very good agreement with the in situ observations, yielding small negative
deviations in the lowest layer (0.25-1 km: —0.03 Mm ™! sr™!) and within the 1-2 km a.g.1. layer (0.01 Mm~! sr™1),
corresponding to moderate relative deviations of —8 % and 8 %, respectively. In contrast, the backward method
performs poorly below 2 km, producing large and physically unrealistic deviations associated with an overestimation
of the aerosol backscatter coefficient (1.98-2.00 Mm~! sr~!) and extreme relative deviations ranging from 337 % to

2020 %. Owing to the negligible signal-to-noise ratio above 2 km, the quantitative analysis is restricted to the lower

troposphere.
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Figure 3. Temporal evolution of forward retrieval aerosol backscatter coefficient from the ceilometer for the day 27 August
2020

The degraded performance of the backward retrieval is attributed to the absence of a reliable, aerosol-free reference
altitude. Above ~2 km, SNR drops, causing the Klett-Fernald integration to retrieve on noise rather than molecular
scattering, which propagates an unrealistic backscatter profile downward.

The AE profile (Fig. 4b) reveals vertically stratified aerosol properties: coarse-mode dominance (AE <0.8) below
1.2 km, mixed aerosol types (AE ~1.0) between 1.2-2 km, and almost no particle presence at higher altitudes
(Fig. 3b). Quantitative deviation analysis (Fig. 3¢ and d) shows how the forward method maintains strong agreement
with COBALD within the aerosol layer (-8 to 8 % deviation), while the backward method exhibits severe biases

that exceed 300 %. This case study clearly demonstrates the forward method’s superior robustness for nighttime
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aerosol characterization, particularly under complex vertical structures and high noise contamination. The backward
method’s complete failure in the aerosol layer and poor performance aloft underscore its limitations for operational
use under such conditions, contrasting with its better behaviour in the Payerne case where higher altitudes were less
affected by noise.

These case studies illustrate the operational advantages of the forward iterative method over the traditional
backward retrieval. The forward retrieval and its calibration avoids the need for an aerosol-free reference altitude,

resulting in more accurate, vertically consistent profiles with significantly reduced bias when validated against in

situ observations.

Lindenberg 27 Aug 2020
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Figure 4. 30 min averaged profile comparison between forward/backward retrievals versus COBALD sonde for 27 Au-
gust 2020. Panel a show the backward (yellow) forward (blue) and COBALD (red) profile, next panel (b) show the Angstrém
exponent profile of COBALD and the following panels (¢ and d) show the deviation and relative deviation of Backward-
COBALD (yellow) and Forward-COBALD (blue)

4.2 Extinction and backscatter comparison against GRASPpac retrievals

Following the validation with COBALD, the evaluation is extended by comparing ceilometer-derived backscatter

and extinction profiles with synergistic retrievals from GRASP,.. GRASP,. combines sun—sky photometer and
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ceilometer data without a priori lidar ratio assumptions. This comparison assesses retrieval consistency across diverse
aerosol regimes at three European sites: Granada, Payerne, and Lindenberg.

Backscatter and extinction coefficients are analyzed because they offer complementary insights into retrieval
performance. The aerosol backscatter coefficient represents the primary information directly contained in the elastic
lidar signal and can typically be retrieved with good accuracy under standard conditions (Ansmann and Miiller,
2005). While extinction is retrieved and escalated by the assumed lidar ratio. Studying backscatter therefore offers
a robust assessment of each algorithm’s ability to resolve vertical aerosol structure accurately.

Deviation profiles were computed between ceilometer retrievals and GRASP,a.. To minimize the influence of
outliers, only data within the 10th—90th percentile range were retained. The mean and standard deviation of the
differences were subsequently calculated, following the aerosol scenarios previously mention in Sect. 3.4. For this
analysis, profiles were divided into two layers: a lower layer from 0.25-2 km and an upper layer from 2-5 km. This
stratification distinguishes near-surface regions—which are typically more influenced by aerosol presence from higher

altitudes where aerosol concentrations are generally lower.
4.2.1 Backscatter coefficient assessment against GRASP ¢

To evaluate the performance of the backward and forward methods in retrieving aerosol vertical structure, backscatter
coefficient profiles are compared from both approaches against the synergistic GRASP .. algorithm. The evaluation
spans different aerosol regimes at the three European stations: Granada, Payerne, and Lindenberg (Fig. 5).

Although both retrieval methods generally agree with the GRASP,,. reference in a general scenario, significant
biases emerge under high aerosol load, particularly during coarse-mode events that are frequent at the Granada
site (Table 2). The forward method consistently outperforms the backward approach, reducing near surface bias by
approximately a factor of three under coarse particle conditions. This demonstrates the forward retrieval’s robustness
in environments where clean-air reference altitudes are unavailable or contaminated.

At Granada, considering the full dataset, the backward retrieval shows a systematic positive bias of 0.027 4+
0.194 Mm 'sr~! within the 0.25-2 km layer, whereas the forward retrieval shifts the mean to —0.028 + 0.079
Mm ™ tsr~!, reducing the spread by more than half (Table 2). Between 2-5 km, the backward results exhibit a slightly
negative deviation with greater scatter (—0.00540.109 Mm ™ *sr—!), while the forward retrieval maintains a negative
mean with relative dispersion below 35 %. The increasing negative deviation with height reflects the systematic error
propagation characteristic of backward integration when the boundary value at the molecular reference altitude
is poorly constrained (Klett, 1981). In contrast, the forward method removes this altitude-dependent trend and
maintains uniform agreement throughout the troposphere (Fig. 5a).

Under high aerosol optical depth (AOD) conditions, the sign of the deviation reverses: the backward retrieval shows
deviations of —0.454 +0.304 Mm ™ 'sr~' (0.25-2 km) and —0.420+0.310 Mm ™~ 'sr~' (2-5 km), while the forward
retrieval reduces both to —0.168+0.167 and —0.16140.169 Mm ™ ‘sr—! respectively. The big deviations in the

backward method comparison reflects its vulnerability to error propagation due to inability of finding a free aerosol
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region. The forward approach avoids this effect, maintaining an altitude-independent bias and demonstrating superior
performance under dust-rich and low-signal conditions (Fig. 5b).

1 near the

For cases dominated by coarse-mode particles, the backward bias peaks at —0.551 + 0.262 Mm ™~ lsr
surface and —0.500 +0.283 Mm ™ 'sr~! at higher altitudes. The forward method again reduces the bias by approx-
imately a factor of three (—0.20040.158 and —0.19140.165 Mm ™ 'sr~') and maintains relative dispersion below
30 % at all heights (Table 2). This results indicate that the forward method correctly retrieves the strong scattering
from large particles in contrast to backward method.

Under fine-mode-dominated conditions, both algorithms underestimate the backscatter coefficient, though in
different ways. For the 0.25-2 km layer, the backward method yields —0.123+0.271 Mm 'sr~! and —0.032+
0.125 Mm ™ 'sr~! for the upper range, while the forward retrieval reduces both the mean deviation and dispersion by
approximately ~ 50 % (—0.054=0.163 and —0.02040.069 Mm ™ 'sr—!). The largest relative deviation occurs in the
boundary layer, where fine aerosols are concentrated, and decreases with height. The forward method preserves this
physically consistent gradient while tightening the spread, indicating a better representation of fine-particle vertical
structure. It is also important to note that differences in the prescribed lidar ratio between the forward/backward
retrievals and the dynamically adjusted lidar ratio in GRASP,.. may partly explain the discrepancies observed
under high aerosol load for both fine- and coarse-mode-dominated cases.

At Payerne, the altitude-dependent behaviour is similar to that observed at Granada. The comparison of the full
dataset shows a nearly constant negative backward bias with height (—0.1294:0.167 and —0.07740.116 Mm ™ *sr—* for
the 0.5-2 km and 2-5 km layers, respectively), while the forward retrieval centres the mean deviation profile near zero
and reduces the dispersion 10 % with respect to backward for the 0.5-2 km layer (Fig. 5i). During high-aerosol-load
episodes, the deviations remain negative, but the forward method keeps a deviation of —0.012 Mm 'sr~! and re-
duces the relative deviation by approximately 40 % while backward shows deviations greater than —0.170 Mm ™ *sr—*
(Fig. 5j). Coarse-mode conditions amplify the vertical gradient with backward (—0.481 + 0.229,—0.383 + 0.229
Mm sr—!; Table 2), yet the forward retrieval reduces the mean deviation to —0.092 Mm ™ 'sr=! and —0.106 Mm ™ 'sr~?
(Fig. 5k). Fine-mode pollution introduces a stronger negative deviation in the 0.5-2 km layer (—0.207 + 0.211
Mmflsr‘l) with backward that weakens with height; forward retrievals again exhibit narrower dispersion across
all layers. Overall, Payerne reproduces the vertical patterns observed at Granada, confirming that the retrieval
algorithm remains robust despite site-specific microphysical differences.

Lindenberg shows a behaviour broadly comparable to Granada, although with weaker systematic trends and a
stronger influence of case-to-case variability. For the full dataset, both retrievals exhibit small negative biases, with
the forward method yielding values closer to zero and a reduced dispersion compared to the backward approach
(Fig. 5i) . In contrast to Granada, no pronounced altitude-dependent increase of the backward bias is observed
at this site. Under high aerosol load conditions, deviations remain moderate for both retrievals, while the forward
method consistently reduces the spread of the differences, indicating improved stability (23 % versus 44 %) in

the 0.25-2 km layer. Coarse-mode-dominated cases exhibit larger negative biases, particularly for the backward
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retrieval, although these deviations are less pronounced than those observed at Granada. The forward method
substantially mitigates these biases, reducing their magnitude by approximately 50-60 % (Table 2); however, this
result should be interpreted with caution due to the limited number of available cases (eight events). For fine-mode-
dominated conditions, both retrievals tend to underestimate the GRASP .. backscatter coefficient, but the forward
approach maintains a noticeably narrower dispersion, particularly in the lower troposphere (relative variability of
approximately 23 % compared to about 45 % for the backward method). Overall, the Lindenberg results confirm
the improved robustness of the forward retrieval, while highlighting the role of variable air-mass history and more
complex aerosol mixtures in shaping site-specific variability.

In summary, the forward method consistently outperforms the traditional backward approach across all aerosol
regimes. Key improvements include eliminating the altitude-dependent bias characteristic of the backward kernel,
reducing mean deviation significantly, and yielding smaller standard deviations in backscatter coefficient profiles.
This enhanced performance is most evident under challenging conditions such as high aerosol load and coarse-mode

particle dominance.
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Figure 5. Tropospheric backscatter coefficient profiles comparison: Klett-Fernald backward retrievals versus GRASP,. for
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dominated particles (c, g, k), fine dominated particles (d, h, 1) aerosol conditions and N shows number of profiles in each
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Table 2. Statistical analysis of mean + standard deviation and relative deviations (%) of backscatter coeflicient comparison

between backward/forward method against GRASP.. for Granada (UGR), Payerne (PAY) and Lindenberg (LIN) under

different aerosol load and particle-mode conditions showing mean + standard deviation between GRASPp.c

Layers All data High aerosol load High aerosol load High aerosol load
coarse particles fine particles

Mm ™ lsr—1 % Mm ™ lsr—1 % Mm ™ lsr—1 % Mm1sr—1 %
km Mean STD [Mean STD| Mean STD |Mean STD| Mean STD |Mean STD| Mean STD [Mean STD
Backwarq 25 |70:005 0109 32 123 ]-0.420 0.310| ~66 26 |-0.500 0.283| ~73 19 |-0.032 0.125| 7 63
UGR ACWAIS 9252 | 0.027 0.194| 25 83 |—0.454 0.304| —54 26 |—0.551 0.262| —63 19 |—0.123 0.271| —9 45
porwarq 20 |70027 0049 =36 34 [-0.161 0.160| —25 19 |-0.101 0.165| ~26 17 |-0.020 0.069| ~16 35
OTWAIS  0.25:2 | —0.028 0.079| —9 27 |—0.168 0.167| —20 18 |—0.200 0.158| —24 16 |—0.054 0.163| —4 28
Backwarq 25 |70077 0116 =37 91 [-0.172 0.166| —62 42 |-0.383 0.220| ~73 18 |-0.129 0.143| ~56 54
Ay ACKWAIE 052 |—0.129 0.167| —34 53 |—0.251 0.216| —44 34 |—0.481 0.229| —64 15 |-0.207 0.211| -39 38
Forard | 2P |700410074] —40 63 |-0.060 0.112] 20 44 |-0.106 0.184] ~18 31 [-0.054 0.096| ~33 49
OrWAIE 052 |—0.019 0.111] —2 42 |-0.012 0.164| 4 35 [—-0.092 0.215| —7 28 | 0.003 0.154| 6 35
Backarg 2P 70012 0089 15 108 |-0.052 0.120[ ~20 59 |-0.578 0.120( ~92 3 [-0.042 0.111| ~11 64
LN ACWATS 0.25-2 | 0.003 0.160] 9 64 |—0.096 0.204| —14 44 |—0.564 0.106| —93 5 |—0.083 0.199| —12 45
Forwarg | 2P |70020 0.040] —34 43 |-0.023 0.064] 15 33 |-0.191 0.080[ ~20 10 [-0.021 0.058| ~17 34
OTWATS .25-2 | ~0.007 0.070| —1 27 |—0.018 0.103| —1 23 |—0.157 0.089| —27 13 |—0.013 0.098| —1 23

4.2.2 Comparison of extinction profiles retrieved by backward and forward methods using

GRASP,..

Aerosol extinction profiles retrieved from ceilometer observations using the backward (Klett-Fernald) and forward
(iterative) approaches are evaluated against the synergistic GRASP,. products, which combine sun-sky photome-
ter and ceilometer measurements and provide vertically resolved extinction without prescribing a fixed lidar ratio
(Sect. 3.3). The comparison is performed for three European sites and for different aerosol regimes (Fig. 6, Table 3).

Across all stations and conditions, the forward retrieval systematically reduces the dispersion of extinction dif-
ferences relative to GRASP,c, while the backward method exhibits stronger altitude-dependent biases. For the
complete dataset, relative variability is typically reduced by 30-60% when using the forward approach, with the
magnitude of the improvement depending on aerosol load and dominant particle size.

At Granada, the backward method shows pronounced biases throughout the tropospheric column, with mean
deviations of 6.6 £9.2 Mm ™! below 2 km and 1.6 £4.4 Mm~! between 2 and 5 km. The forward retrieval reduces
these values to 3.2+4.0 Mm ™! and 0.242.0 Mm ™!, respectively. Under high aerosol load and coarse-mode-dominated
conditions, the backward approach strongly underestimates extinction, whereas the forward method reduces the

magnitude of these deviations by up to 60-70 %, particularly above the boundary layer. For fine-mode dominance,
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both retrievals overestimate extinction near the surface, but the forward approach reduces the relative dispersion by
about ~ 50 %.

At Payerne, deviations are generally smaller but exhibit a stronger dependence on aerosol regime. For the complete
dataset, the backward retrieval underestimates extinction in both altitude ranges (—2.6 £7.1 Mm~! below 2 km),
while the forward method yields comparable mean positive deviations with reduced variability. Under high aerosol
load, the backward method maintains a negative bias near the surface, whereas the forward retrieval shifts the
mean deviation towards positive values and reduces the dispersion, particularly between 2 and 5 km. Coarse-mode-
dominated cases again highlight the limitations of the backward approach, with negative deviations reduced by a
factor of three to four when using the forward method.

At Lindenberg, extinction differences display weaker systematic trends but larger case-to-case variability. For the
full dataset, the backward method exhibits a positive bias below 2 km (3.947.5 Mm~!) that decreases with height,
while the forward retrieval reduces both the mean bias and the dispersion. Under high aerosol load, the forward
approach does not consistently improve the mean bias but reduces the relative variability by roughly a factor of
two. Coarse-mode-dominated events produce the largest discrepancies, with strong underestimation by the backward
method throughout the column (—23.943.9 Mm™! below 2 km), which is substantially mitigated by the forward
retrieval. This result should, however, be interpreted with caution due to the limited number of coarse-mode cases
at this site. Under fine-mode dominance, both retrievals overestimate extinction in the lower troposphere, but the
forward approach maintains a markedly narrower dispersion at all altitudes.

Comparison against GRASP .. reveals smaller dispersion for backscatter than extinction coefficients (Tables 2
and 3). This difference can be attributed from the distinct sensitivity to the lidar ratio (S,). Backscatter is retrieved
directly from the measured signal with a weaker sensitivity, whereas extinction is computed as a(z) =S5, - 3(z),
inheriting both backscatter uncertainty and the full uncertainty in the assumed lidar ratio. Since GRASP, retrieves
S, dynamically, extinction deviations reflect the mismatch between assumed and actual aerosol-specific lidar ratios,
explaining the larger dispersion.

Overall, the comparison with GRASP,,. demonstrates that the forward iterative retrieval provides a more stable
and vertically consistent representation of aerosol extinction than the traditional backward approach. The improve-
ment is most pronounced under high aerosol load and coarse-mode-dominated conditions, supporting the suitability

of the forward method for operational aerosol profiling with ceilometer networks.
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Figure 6. Tropospheric extinction profiles comparison: differences between Klett-Fernald backward retrieval - GRASP .. for

Granada (top), Payerne (middle) and Lindenberg (bottom) with the full dataset (a, e, i), high aerosol load (b, f, j), coarse

dominated particles (c, g, k), fine dominated particles (d, h, 1) aerosol conditions and N shows the number of profiles in each

panel.
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Table 3. Statistical analysis of mean + standard deviation and relative deviations (%) of extinction comparison between

backward/forward method against GRASPac for Granada (UGR), Payerne (PAY) and Lindenberg (LIN) under different

aerosol load and particle-mode conditions.

Layers All data High aerosol load High aerosol load High aerosol load
coarse particles fine particles
Mm ™! % Mm~?! % Mm™! % Mm~?! %
km Mean STD | Mean STD | Mean STD |Mean STD | Mean STD | Mean STD | Mean STD | Mean STD
2-5 1.6 4.4 80 163 | —14.8 13.2 | —58 34 |—20.5 125 | =70 22 2.1 5.2 44 86
Backward
UGR 0.25-2 6.6 9.2 71 109 | —15.7 13.7| —43 34 |—22.6 11.8| —58 22 6.3 9.4 38 61
2-5 0.2 2.0 12 47 | =34 66 | —14 24 | —6.0 6.7 | —20 18 2.0 3.6 29 52
Forward
0.25-2 3.2 4.0 22 38 | —2.2 8.1 —6 24 | —6.0 6.9 | =17 18 9.8 6.3 43 26
2-5 —-20 43| —-20 113 | —48 6.1 | —47 58 |—14.1 78 | =67 20 | -3.2 5.1 | =37 73
Backward
PAY 0.5-2 —-26 70| —-17 64 | —48 85 | —23 45 |—-169 82 | =55 18 | —-26 83 | —14 52
2-5 -05 31| —21 381 0.4 4.8 -1 62 | —1.1 6.7 —4 33 0.5 4.2 -2 71
Forward
0.5-2 2.8 5.4 28 53 7.2 7.4 46 49 2.2 7.8 14 29 8.1 7.1 52 51
2-5 0.7 3.8 45 131 0.3 4.9 15 84 | —25.0 6.5 | —91 4 0.7 4.8 26 89
Backward
LIN 0.25-2 3.8 7.5 39 79 2.6 9.3 21 64 | —239 39 | —92 6 34 9.1 26 66
2-5 0.1 2.0 | =11 57 1.6 3.2 24 49 | —=6.5 4.7 | =21 14 1.5 3.1 23 51
Forward
0.25-2 3.3 4.0 25 35 6.5 5.3 38 33 | 41 40 | —19 17 6.8 5.2 40 33

4.3 Comparison of column-integrated extinction using AERONET AOD

The column-level consistency of ceilometer aerosol retrievals is evaluated by vertically integrating extinction profiles
derived with the Klett-Fernald backward and forward iterative methods to obtain aerosol optical depth (AOD),
which is compared against AERONET Level 2.0 observations (Sect. 3.4). Figure 7 summarizes the AOD deviations
for the different aerosol regimes, while the associated statistical metrics are reported in Table 4.

For the complete dataset (first column in each panel of Fig. 7), a good overall agreement is found between
ceilometer-derived AOD and AERONET at all three stations. Forward retrievals exhibit mean biases close to zero
at UGR, PAY, and LIN, indicating the absence of systematic over- or underestimation. The corresponding stan-
dard deviations are approximately +0.01, comparable to the intrinsic uncertainty of AERONET AOD. In contrast,
backward retrievals show larger mean biases and dispersion except for LIN, with standard deviations ranging from
40.024 at Payerne to +0.035 at Granada, i.e. roughly three times higher than those of the forward method. This
demonstrates the improved stability of the forward approach, which benefits from a calibration performed under
favourable atmospheric conditions.

From an uncertainty perspective, the forward retrieval consistently yields lower absolute and relative standard

deviations while maintaining a mean bias statistically indistinguishable from zero. According to the Guide to the
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Ezpression of Uncertainty in Measurement (JCFG/GUM, 2008, 2020), this behaviour indicates negligible systematic
uncertainty and confirms the adequacy of the adopted random uncertainty model. It should be noted that these eval-
uations were restricted to daytime hours, conditions under which the backward method faces additional limitations
due to reduced SNR.

Under high aerosol load conditions (second column of Fig. 7), deviations between ceilometer and AERONET AOD
increase, particularly at UGR. There, the backward method exhibits the largest discrepancy, with a mean bias of
—0.103 and a standard deviation of +0.076, whereas the forward retrieval reduces both the bias and dispersion to
—0.043 and £0.050, respectively. Similar but weaker improvements are observed at PAY (—0.033 versus 0.005) and
LIN (—0.018 versus —0.008). In all cases, the relative standard deviation of the forward retrieval remains below
30 %, while that of the backward method exceeds this threshold, reflecting the greater sensitivity of the backward
approach to contamination of the reference altitude under high aerosol load.

When filtering by particle mode, the largest AOD deviations are found for coarse-mode-dominated conditions.
For the backward method, mean differences range from —0.116 to —0.184 across the three stations, corresponding
to relative deviations exceeding —70 %, although with more moderate dispersion (~20 %). The forward retrieval
substantially reduces these mean deviations to values below —55 % at all sites, while the standard deviation remains
similar between both approaches (Table 4). For fine-mode-dominated conditions, both methods exhibit smaller mean
biases, with deviations generally below 0.020 at all stations, except for the backward retrieval at PAY. Nevertheless,
the forward approach consistently shows lower dispersion (about 20 % compared to ~60 % for the backward method
at UGR and LIN), highlighting its improved robustness. The remaining discrepancies can be attributed to the use
of a fixed lidar ratio of 50 sr, which is not optimal for all aerosol types.

The performance of the forward method is consistent with recent GRASP-MPLNET intercomparisons (Lopatin
et al., 2024), which reported RMSE values of 0.022-0.038 at 532 nm. In the present study, forward retrievals yield
RMSE values of 0.012 at Granada, 0.010 at Payerne, and 0.013 at Lindenberg, confirming comparable or improved
agreement when the same photometric reference is employed.

In summary, the forward iterative method reproduces AOD more accurately and with significantly lower disper-
sion than the traditional Klett-Fernald backward approach across geographically distinct sites. The improvement is
particularly evident under challenging tropospheric conditions, such as high aerosol load and coarse-mode particle
dominance, where the backward method is more sensitive to reference-altitude contamination. The enhanced per-
formance of the forward approach can be attributed to its refined calibration strategy, combined with the temporal
stability of the ceilometer system, which allows calibration parameters to be reliably transferred over time. The
systematic reduction of data dispersion, together with the absence of significant mean bias, supports the operational
use of ceilometers coupled with forward retrieval algorithms for AOD monitoring in dust-influenced and polluted

environments, and highlights the critical role of high-quality instrument calibration.
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Figure 7. Deviations between Ceilometer AOD retrieved by both backward (yellow) and forward (blue) algorithm against

AERONET sun-sky photometer AOD at Granada (upper panel), Payerne (middle panel) and Lindenberg (lower panel). From

left to right: all cases, high load, high load coarse particles and high load fine particles. The whiskers of each box show the

interquartile range, the dot and black line inside the boxes represent the mean and median respectively and the N shows the

number of integrated profiles used.
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Table 4. Deviation mean, Standard Deviation (STD), relative differences (%) and RMSE to compare ceilometer integrated
AOD versus AERONET AOD at Granada (UGR), Payerne (PAY) and Lindenberg (LIN) .

All data High aerosol load High aerosol load High aerosol load

coarse particles fine particles

Mean % | STD % | RMSE Mean % | STD % | RMSE Mean % | STD % | RMSE Mean % | STD % | RMSE

Backward 0.006 35 |0.035 95| 0.035 -0.103 -56|0.076 35| 0.128 -0.147 -71|0.067 22| 0.161 0.002 4 |0.041 61| 0.041
Forward 0.001 6 |0.012 29| 0.012 -0.043 -18|0.050 27| 0.066 -0.070-33|0.047 17| 0.085 0.018 25 |0.017 23| 0.024

UGR

Backward -0.012 -23{0.024 58| 0.027 -0.033 -41{0.033 40| 0.047 -0.116 -75|0.047 19| 0.125 -0.024 -41|0.029 58| 0.038
Forward  0.004 13 |0.009 29| 0.010 0.005 11 |0.018 24| 0.018 -0.046 -24{0.042 17| 0.062 -0.010-24|0.014 46| 0.017

PAY

Backward -0.005 -3 |0.031 64| 0.032 -0.018-19|0.041 51| 0.045 -0.184 -81(0.068 14| 0.196 -0.009 -9 |0.038 54| 0.039
Forward  -0.005 -8 |0.011 20| 0.013 -0.008 -7 {0.020 22| 0.021 -0.123 -53|0.045 10| 0.131 -0.002 -1 |0.014 20| 0.014

LIN

5 Conclusions

This study has assessed the capability of operational ceilometers to retrieve aerosol backscatter and extinction profiles
through a comprehensive evaluation against independent reference datasets. Ceilometer-based retrievals obtained
using both the traditional Klett-Fernald backward inversion and a forward iterative method were compared with
synergistic GRASPy,,. products, which combine sun-sky photometer and ceilometer observations, as well as with in
situ balloon-borne COBALD measurements. The analysis was conducted at three European sites (Granada, Payerne,
and Lindenberg) covering a wide range of aerosol types, loading conditions, and meteorological regimes.

The results demonstrate that the forward iterative retrieval systematically outperforms the conventional backward
approach. This improvement is primarily linked to the calibration strategy of the forward method, which relies on
a single, independently determined calibration constant combined with the temporal stability of the ceilometer
system, rather than on a profile-by-profile calibration based on a reference altitude. It is noted that the GRASP 5
and AERONET evaluations were conducted during daytime, when the backward method faces additional challenges
such as a reduced SNR in contrast to forward only night calibration. Across all sites and aerosol regimes, the
forward method consistently reduces the dispersion of retrieved backscatter and extinction profiles and mitigates
altitude-dependent biases that are characteristic of the backward inversion.

The benefits of the forward approach are most evident under high aerosol load and coarse-mode-dominated
conditions, where the backward method is particularly sensitive to uncertainties in the selection of an aerosol-free
reference region and tends to underestimate extinction. In these cases, the forward retrieval substantially reduces the
magnitude of the deviations and provides a more vertically coherent representation of aerosol layers. Under fine-mode-
dominated conditions, both retrieval approaches may exhibit residual biases, especially within the boundary layer,

reflecting the limitations imposed by the use of a fixed lidar ratio; nevertheless, the forward method consistently yields
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lower variability and improved stability. Validation against high-resolution COBALD soundings further confirms the
robustness of the forward retrieval in the lower and middle troposphere.

The comparison with GRASP,. highlights the value of synergistic inversions combining ceilometer and sun-
sky photometer data as a reference framework for evaluating ceilometer-based algorithms. A key advantage of
GRASP,5 is its ability to adjust the lidar ratio dynamically within each retrieval. The close agreement observed
between GRASP,. products and the forward ceilometer retrieval indicates that, when properly calibrated, single-
wavelength ceilometer inversions can reproduce the main features of more complex multi-instrument solutions.

At the column-integrated level, forward-derived AOD values show good agreement with AERONET observations
at all sites, with mean biases close to zero and standard deviations comparable to the intrinsic uncertainty of
AERONET AOD. In contrast, backward retrievals exhibit substantially larger dispersion, particularly under high
aerosol load and coarse-mode-dominated conditions. These results confirm that the improved vertical consistency of
the forward method translates directly into more stable and reliable column-integrated aerosol properties.

From an operational perspective, the findings support the integration of forward iterative ceilometer retrievals into
existing observational networks such as E-Profile and ICENET. The combination of low maintenance requirements,
continuous operation, and dense spatial coverage makes ceilometers a cost-effective complement to advanced multi-
wavelength lidar systems, enhancing regional and continental aerosol monitoring capabilities.

In summary, this study demonstrates that the forward iterative retrieval provides a more robust and vertically
consistent representation of aerosol backscatter and extinction than the traditional Klett-Fernald backward inversion.
While extinction retrievals remain sensitive to lidar ratio assumptions, backscatter profiles exhibit lower uncertainty
and higher reliability. Together, these results establish operational ceilometers, when carefully calibrated and quality-
controlled, as practical and sustainable sources of vertically resolved aerosol information, contributing meaningfully

to long-term air quality monitoring and climate-related atmospheric research.
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List of acronyms

Acronym Description

ACI Aerosol-Cloud Interactions

ACTRIS Aerosols, Clouds and Trace Gas Research Infrastructure
AE Angstrém exponent

AERONET Aerosol Robotic Network

a.g.l. Above ground level

AGORA Andalusian Global Observatory of the Atmosphere
ALC Automatic Lidars and Ceilometers

AOD Aerosol Optical Depth

APD Avalanche Photodiode

ARI Aerosol-Radiation Interactions

BSR Backscatter Ratio
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Acronym Description

CCN Cloud Condensation Nuclei

COBALD Compact Optical Backscatter Aerosol Detector

DWD Deutscher Wetterdienst (German Meteorological Service)
EARLINET FEuropean Aerosol Research Lidar Network

E-PROFILE EUCOS observation programme for measuring profiles of winds, clouds and aerosols
ERF Effective Radiative Forcing

EUCOS EUMETNET Composite Observing System
EUMETNET European Meteorological Network

FOV Field Of View

GARRLiC Generalized Aerosol Retrieval from Radiometer and Lidar
GRASP Generalized Retrieval of Aerosol and Surface Properties
GUM (JCFG) Guide to the Expression of Uncertainty in Measurement
ICENET Iberian Ceilometer Network

INP Ice-Nucleating Particles

LED Light-Emitting Diode

LIDAR Light Detection and Ranging

LIN Abbreviation for Observatory Lindenberg (DWD)

LIRIC LIdar-Radiometer Inversion Code

MOL-RAO Meteorological Observatory Lindenberg - Richard-Assmann-Observatory (DWD)
NASA National Aeronautics and Space Administration

PAY Abbreviation for Observatory Payerne (MeteoSwiss)

PBL Planetary Boundary Layer

PM Particle Matter

RCS Range-Corrected Signal

RMSE Root-Mean-Square-Error

SNR Signal to Noise Ratio

STD Standard Deviation

UGR University of Granada
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