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Abstract. In recent years, the use of automatic lidars and
ceilometers (ALC) for atmospheric research has increased.
Originally, these instruments were developed to measure
cloud base height automatically, utilising the LIDAR princi-
ple. However, multiple studies have shown their usability for
aerosol remote sensing and planetary boundary layer height
detection. It is not only possible to calibrate a ceilometer and
derive the attenuated backscatter signal, but also to retrieve
aerosol extinction coefficients and aerosol mass concentra-
tions by means of estimated extinction to mass coefficients
(EMC). The ACTRIS (Aerosol, Clouds and Trace Gases Re-
search Infrastructure) national facility JOYCE (Jilich Ob-
servatory for Cloud Evolution) offers a multiyear dataset of
cloud remote sensing measurements and ceilometer observa-
tions. So far, a method for measuring aerosol properties has
been missing to use this dataset to quantify aerosol-cloud
interaction. The goal of this study is to evaluate the appli-
cability of a ceilometer aerosol retrieval to prove the value
of this dataset for aerosol remote sensing. We present the
workflow, starting with the raw ceilometer data, followed
by a calibration of the backscatter coefficient profiles and
a retrieval of aerosol properties. To evaluate the result of
this workflow for the JOYCE ceilometer (Vaisala CT25k),
in situ aerosol measurements at the Jiilich meteorological
tower were performed, where an optical particle sizer (OPS)
was installed at 120 m above ground. Aerosol extinction co-
efficients o, were retrieved from the ceilometer attenuated
backscatter signal with o, correlated with the in situ to-
tal aerosol mass concentration with R =0.73. For our mea-
surement set-up, aerosol mass concentrations can be derived
from the retrieved o, with a mean absolute percentage error
of 39 %. However, the extinction to mass conversion factor

EMC = (2.24+0.9) m? g_1 derived from the measurements
for a wavelength of 906 nm was found to be greater by a fac-
tor of about 1.8 compared to literature and to EMC calculated
from Mie simulations based on the in situ aerosol size distri-
butions. The mismatch is tentatively attributed to the limited
aerosol size range of the OPS and a temperature bias inside
this instrument.

1 Introduction

Measuring and understanding the role of aerosols in the at-
mosphere is an essential part of modern atmospheric re-
search. Aerosols in the atmospheric boundary layer deter-
mine the air quality relevant to human health (Russell and
Brunekreef, 2009). Aerosols are also key ingredients for
cloud formation and influence the global radiation budget di-
rectly and indirectly. Aerosol cloud interaction (ACI) creates
the largest uncertainty in the estimation of anthropogenic ra-
diative forcing (IPCC, 2021). The change of cloud albedo by
a change in aerosol concentration is already well known (1st
indirect effect; Twomey, 1977). Also, the effect of aerosols
on cloud lifetime (2nd indirect effect; Albrecht, 1989) and
the heating-caused cloud-burnoffs (semi-direct effect; Ack-
erman et al., 2000) was identified. Moreover, the presence
and composition of aerosols play an important role in ice nu-
cleation processes (Burrows et al., 2022). Still, there is a high
need for collocated aerosol and cloud observations to quan-
tify these effects.

Aerosol measurements can be performed in situ or with
remote-sensing instruments. In many cities, urban air pollu-
tion is continuously monitored. Apart from trace gases (e.g.
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03, SO,, NO»), aerosol mass concentrations are typically
measured as PM;, PM; 5 or PM o (PM: Particulate Matter),
comprising particle fractions with diameters below 1, 2.5
and 10 ym. These measurements are often located close to
the emission sources and are mostly situated close to ground
level. However, to quantify the effects of aerosols on the ra-
diation budget and also on ACI, information about the verti-
cal and spatial aerosol distribution is required. This informa-
tion can be delivered by satellite observations (Quaas et al.,
2006) covering large areas, however, with limited informa-
tion under cloudy conditions, especially below clouds. Collo-
cated cloud microphysical and below-cloud aerosol observa-
tions are therefore essential to quantify the effect of surface-
originated aerosol on low-level clouds.

To observe aerosol concentration below clouds, ground-
based lidar systems are suitable. There are several high-
power lidar systems in Europe. A large fraction of these
systems in Europe are included in the European Aerosol
Research Lidar Network (EARLINET) (D’Amico et al.,
2015). This network was integrated into the Aerosol, Clouds
and Trace Gases Research Infrastructure (ACTRIS) network
(Pappalardo, 2018; Laj et al., 2024). These lidars all deliver
precise measurements of aerosol extinction with a high tem-
poral and vertical resolution. Due to the technical and finan-
cial demands for running these systems, the total number of
installed instruments is currently 27 (TROPOS, 2025), rep-
resenting only a few regions. Additionally, these systems are
mostly operated manually for selected periods, which lim-
its the temporal coverage. These limitations can be tack-
led by the increasing number of ceilometers in Europe.
Ceilometers could provide aerosol proxies below cloud base.
It was shown that a combination of ceilometer, cloud radar
and microwave radiometer can provide ACI parameters for
low-level clouds by means of ground-based remote sensing
(Sarna and Russchenberg, 2016). Today, a large network (486
stations in E-Profile; E-Profile, 2025) of automatic (low-
power) lidars and ceilometers (ALC) already exists. These
simple lidar systems, originally developed to measure cloud
base height automatically, offer long-term datasets of atmo-
spheric vertical backscatter profiles. It was shown that al-
ready the attenuated backscatter from a ceilometer correlates
with the PMy aerosol mass concentration (Miinkel et al.,
2006). Retrieval approaches have been developed to derive
aerosol extinction coefficients and aerosol mass concentra-
tion from ceilometer backscatter. These retrievals are less ac-
curate than those from a high-power lidar, mostly because
of the reduced emission power and the single wavelength
design of ALCs. Nonetheless, the combination of recently
developed tools (Haefele et al., 2016; Hopkin et al., 2019;
Mortier, 2022) already provides automated aerosol profile re-
trievals and can be applied to basically all existing ceilometer
datasets. However, a-priori assumptions on the aerosol op-
tical properties have to be made (Sect. 4.2). Although not
yet implemented, there are plans to integrate AERONET
(AErosol RObotic NETwork; Holben et al., 1998) aerosol
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optical depth measurement into the retrieval algorithm to ad-
dress this issue (Mortier, 2022).

To quantify the uncertainty in using an existing multi-year
ceilometer dataset to derive aerosol properties, this study
evaluates a 5-month dataset. The aerosol properties discussed
here are primarily aerosol extinction coefficients o,, to rep-
resent the optical aerosol properties, and aerosol mass con-
centrations, calculated from o,, as a common measure of
aerosol load. An aerosol retrieval was applied for a ceilome-
ter (Vaisala CT25k) of the Jiilich Observatory for Cloud Evo-
lution JOYCE; Lohnert et al., 2015). This observational site
in the western part of Germany is an ACTRIS national fa-
cility, specialised in cloud remote sensing. To determine the
uncertainty of the aerosol retrieval an in situ measurement
for aerosol concentration was installed on top of an adjacent
tower in 120 m height above ground. The comparison be-
tween in situ and remote-sensing measurements is presented
in this study.

This publication is split into four parts. In the second sec-
tion, we shortly introduce the measurement site JOYCE, de-
scribe its geographical location and characterize the type of
expected aerosols. In Sect. 3, we introduce the instruments
used. In the fourth section, the methodology of calibrating
the ceilometer and deriving aerosol extinction coefficients
is presented. In Sect. 5, the measured in situ dataset is in-
troduced, the potential of the ceilometer aerosol retrieval
is illustrated for a case study and the uncertainties of the
aerosol properties, i.e. attenuated backscatter, aerosol extinc-
tion coefficient and aerosol mass concentration, are deter-
mined based on a 6-month in situ aerosol measurement pe-
riod from the tower.

2 Observational site

JOYCE is an atmospheric observatory in the western part
of Germany (50.91°N, 6.41°E). It is a cooperative re-
search initiative between the University of Cologne and
Forschungszentrum Jiilich (FZJ) (Lohnert et al., 2015). The
observational platform is located at FZJ on the roof of a 20 m
tall building in a more rural area, close to the cities Cologne
and Aachen. Two open pit coal mines (Hambach in the east
and Inden in the southwest) are within a 5km distance.
Also, two coal power plants are in close proximity, about
10 km southwest and 20 km northeast. The aerosol compo-
sition at FZJ was analyzed during the Jiilich Atmospheric
Chemistry Project (JULIAC) campaign in 2019 where sub-
micron aerosols were sampled at a small tower in 50 m. It
was shown with a high-resolution time-of-flight aerosolmass
spectrometer (HR-ToF-AMS), that organic compounds con-
tributed 40 % to 60 % of the total aerosol mass (Liu et al.,
2024) of non-refractory submicron particles.

JOYCE is equipped with a suite of remote sensing, in
situ and radiation measurement instruments. The instrumen-
tation comprises a Metek MIRA-36 Doppler cloud radar, two
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Figure 1. Not true-to-scale schematic of the experimental setup showing distances of the meteorological tower hosting the optical particle
sizer (OPS) to JOYCE with two ceilometers, a cloud radar and a microwave radiometer (MWR) at Forschungszentrum Jiilich.

ceilometers (Vaisala CT25k and Lufft CHM15k; Sect. 3.1),
an RPG humidity and temperature profiler, and a CIMEL
sun photometer. In this study, only the ceilometer measure-
ments are analyzed using the sun photometer to estimate the
lidar ratio (Sect. 4.2), while the remaining instruments pro-
vide input for the Cloudnet target classification (Sect. 3.3).
The JOYCE data repository offers 16 years of ceilometer
data. Additionally, a 120 m meteorological tower is located
closeby. This tower provides standard meteorological mea-
surements at seven platforms (10, 20, 30, 50, 80, 100 and
120 m). The tower has a horizontal distance of 340 m from
the JOYCE site. For this study, the tower was equipped with
an optical particle sizer (OPS) (TSI OPS 3330) as an in situ
instrument for comparison with the ceilometer aerosol re-
trievals. A scheme of the setup is shown in Fig. 1.

3 Instrumentation
3.1 Ceilometers

Ceilometers are basic near-infrared lidar systems. They emit
eye-safe laser pulses with a high frequency. The pulses are
then scattered back to the instrument by cloud droplets,
aerosols and gas-phase constituents. From the run-time, the
distance to the scattering target is estimated. The intensity
of the scattered signal can be used to determine the optical
properties of the scattering target. The measured power P at
the ceilometer receiver as a function of range r and time ¢ can
be described by the following equation (Klett, 1981; Hervo
et al., 2016):

P(r,1) = rl—zCL(t)O(r, DB, e 2o D& L pay (1)
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Here C represents a calibration factor (also known as lidar-
constant), which contains device-specific parameters. The
signal is also dependent on the overlap function O(r, t), the
extinction coefficient o, the backscatter coefficient 8 and a
solar background signal B(z). It is common to define the
range corrected signal (RCS) as:

RCS = (P(r,t) — B(t)) r? )

Each ceilometer generates manufacturer-dependent raw data
that were brought to unified L1 data by the E-Profile algo-
rithm Raw2L1 (Haefele et al., 2016).

JOYCE is equipped with two ceilometers (Table 1) repre-
senting the two main types of ceilometers, namely monoax-
ial (CT25k) and biaxial (CHM15k) setups. Monoaxial sys-
tems use a single light path for emitting and receiving the
laser pulses and a semi-transparent mirror to split the beam.
In contrast, biaxial ceilometers use two separate light paths.
The downside of this approach is a range with incomplete
overlap, which affects measurements of the CHM 15k in the
lowest about 350 m (Schween et al., 2014). This problem
is significantly reduced for the Vaisala CT25k, which cov-
ers the lowest range gate but has a significantly lower pulse
energy. Based on an internal overlap correction, measure-
ments are usable starting at 0 m (Miinkel et al., 2006). How-
ever, hardware and software related artefacts were reported
for measurements below 70 m for a comparable ceilometer
(Vaisala CL31) (Kotthaus et al., 2016). The Lufft CHM15k
uses an avalanche photon detector (APD) in photon-counting
mode, which allows higher SNR at high altitudes, compared
to photocurrent method instruments like the Vaisala CT25k
(Markowicz et al., 2008; Schween et al., 2014). It should
also be noted that the CT25k and the CHM 15k by now have
been operational since 16 years and 12 years, respectively,
which may have lowered their sensitivity. More advanced,
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Table 1. Ceilometers at JOYCE (based on manufacturer informa-
tion).

CT25k CHMI15k
Wavelength (nm) 905 1064
Pulse energy (uJ) 1.6 8
Pulse repetition rate (kHz) 5.6 5-7
Range resolution (m) 15 15
Temporal resolution (s) 15 15
Min. measurement height (m) 0 5*

Max. measurement height (m) 7500 15000

* Reliable aerosol information starting around 350 m, due to limited
overlap at lower altitudes (Schween et al., 2014).

Table 2. Manufacturer specifications of the optical particle sizer TSI
OPS 3330.

Size resolution
Size range
Concentration range

<5% at 0.5 um
0.3—10 um (in up to 16 channels)
0-3000 particles cm ™3

modern ceilometers can produce data of higher quality. How-
ever, the intention of this work is to utilize the existing long-
term dataset, which requires a characterization of the avail-
able instruments. The comparison with the in situ tower mea-
surements will be confined to the CT25k data because of the
overlap issue of the CHM15k at 120 m.

3.2 Optical Particle Sizer

To evaluate the ceilometer aerosol-retrieval, a comparison
setup was created as shown in Fig. 1 using the meteorologi-
cal tower with an OPS for in situ measurements of aerosols
installed at 120 m above ground. At this altitude, a represen-
tative measurement can be made undisturbed by any small-
scale influence from the ground or nearby buildings.

The instrument consists of an inlet connected to the OPS
in a water-tight box allowing for an omnidirectional aerosol
sampling and rain protection (Eckert, 2013). A photograph
of the setup is shown in Fig. 2a. The airflow through the inlet
of about 15 standard liter per minute (slm) was driven by a
pump and controlled by a mass flow controller (MFC). Inside
the laminar airflow about 1 slm of air was taken by the OPS
instrument. The airflow of the MFC was regulated in a way
that an isokinetic sampling by the OPS from the main air-
flow was obtained (assuming laminar flow conditions). The
air was not dried actively. A schematic of the sampling and
OPS setup is illustrated in Fig. 2b. Specifications of the OPS
can be found in Table 2.

The instrument works on the principle of light scattering
as illustrated in Fig. 2. The inlet air flow (1 Lmin) is fo-
cused by a sheath air stream and goes through a light trap
where a continuous laser beam (660 nm) passes the particle
stream. Scattered light from a range of scattering angles is
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focused on a photodetector by a mirror. Light scattered by
single aerosol particels is registered and assigned to a parti-
cle size dependent on the scattered light intensity.

The system allows the measurement of aerosol mass and
number concentrations, sorted in 16 user-defined size chan-
nels, based on their scattering intensity. According to the
manufacturer, data are processed as follows. For each chan-
nel, the number concentration C,, in a bin is determined.
Based on the number concentration, a mass concentration Cj,
can be estimated:

3
Cn=Cnp T[DPV

3)

p is the particle density (typically in the range 1.2 to
2.5 gcm_3; Osborne, 2024) taken as 1.5 gcm_3 and D,y is
an effective particle diameter, which is calculated from the
bin upper boundary (Dy) and bin lower boundary (Dy):

e[S ()00 (2)] e

Size bins were selected based on a predefined protocol (TSI
Default) as summarised in Table Al in the appendix to
cover the full size range the instrument provides (0.3—10 um).
Moreover, a temporal resolution of 5 min and a sample time
of 1 min were selected for the measurements.

3.3 Cloudnet

The Cloudnet target classification (Hogan and O’Connor,
2004) is utilized to characterize the atmospheric bound-
ary layer regarding the presence of aerosols, insects, clouds
and precipitation. Cloudnet was founded to combine ground
based cloud remote sensing instruments to a network and to
generate synergistic products (Illingworth et al., 2007). The
minimum instrumentation consists of a Doppler cloud radar,
a ceilometer and a dual-frequency microwave radiometer. To-
day, Cloudnet is integrated into the center for cloud remote
sensing (CCRES) within ACTRIS (Pappalardo, 2018; Laj
et al., 2024). Currently there are 29 contributing sites reg-
istered (Cloudnet, 2025). The Cloudnet target classification
combines radar reflectivity, ceilometer backscatter, model
parameters, microwave radiometer LWP measurements and
rain gauge measurements into a single classification prod-
uct. For each height layer, the bit values can be set for pres-
ence of small liquid droplets, presence of falling hydrome-
teors, wet-bulb temperature below 0 °C, presence of melting
ice particles, presence of aerosols and presence of insects.
At JOYCE, the Cloudnet target classification, which utilises
the Lufft CHM 15k ceilometer, is available on a grid of 36 m
vertical resolution and 30 s temporal resolution. In the fol-
lowing, it will be used to filter out conditions where remote
aerosol detection by the ceilometers may be adversely af-
fected by liquid clouds, ice clouds or precipitation.

https://doi.org/10.5194/amt-19-3031-2026
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Figure 2. (a) Photograph of the in situ aerosol tower measurement setup at 120 m. (b) Schematic of the instrument consisting of a rain-
protected inlet with sampling line, a pump-driven mass flow controller (MFC) and a TSI OPS 3300 for optical particle detection.

4 Ceilometer Aerosol Retrieval
4.1 Calibration Verification

To use the RCS of a ceilometer for acrosol measurements, a
calibration of the signal is necessary. The goal of this calibra-
tion is to determine the lidar constant Cy, to convert the RCS
(Eq. 2) into an attenuated backscatter coefficient Byy.

RCS
Paw = —— &)

CL
The commonly used Rayleigh calibration (Wiegner and
Geil}, 2012) could not be applied to the Vaisala CT25k
ceilometer due to the low signal-to-noise ratio (SNR) in high
altitudes for this instrument. In recent years, an additional
method was established. The liquid cloud calibration (Hop-
kin et al., 2019; O’Connor et al., 2004) uses the attenuation
of the ceilometer signal in liquid clouds. The lidar ratio S, de-
fined as the ratio of the extinction-to-backscatter coefficient
is assumed to be constant inside liquid clouds with a value
of S~ 18sr (Pinnick et al., 1983; O’Connor et al., 2004).
For cases where the ceilometer signal is fully attenuated by a
liquid cloud, the total path integrated attenuated backscatter
B can be described as a function of the observed attenuated
backscatter coefficient S,y, the height above ground z, the
range corrected signal RCS, the multiple-scattering correc-
tion 7, the lidar ratio and a calibration coefficient C (Hopkin
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et al., 2019):
o0 o 1
B:/ﬁandzz/CRCSdz:— (6)
2nS
0 0

In the algorithm, the calibration coefficient C is varied
until By =0.0266m~". This value represents liquid cloud
droplets with S = 18.8 sr (Hopkin et al., 2019). Only profiles
with a negligible aerosol backscatter contribution (< 5 %) be-
low the cloud are considered. The optimised calibration co-
efficient C is the reciprocal of the lidar constant Cr. This
method does not require high SNR values in high tropo-
spheric regions and so it can be applied also to avalanche
photon detectors in photocurrent detection mode like the
Vaisala CT25k.

The JOYCE CT25k already performs an internal calibra-
tion, which was verified by the liquid cloud calibration (Hop-
kin et al., 2019), based on the program code of E-Profile
(Haefele et al., 2016). A lidar constant of Cp, = 0.97 £0.06
was determined in the years 2023 and 2024, confirming the
internal calibration of the instrument. The manufacturer does
not disclose the nature of the internal calibration.

4.2 Aerosol Extinction Profiles

To derive extinction profiles from the ceilometer attenuated
backscatter signal the Klett-Fernald-Sasano method (Klett,
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1981, 1985) is mostly used where a backward inversion ap-
proach is applied to solve the lidar equation. The calcula-
tions start in the high, aerosol-free part of the atmosphere
(Rayleigh-atmosphere) and iteratively derive the extinction
coefficients.

To use the Klett-Fernald-Sasano approach, a high SNR in
high layers is necessary. This requirement can not be ful-
filled when using a Vaisala CT25k ceilometer. For this rea-
son, a forward method was used (Li et al., 2021). For each
layer z;, starting at the ground with initial conditions based
on the By, the aerosol transmittance 7,, the molecular trans-
mittance Ty, the aerosol backscatter coefficient 8, and the
molecular backscatter coefficient Sy, are calculated in an it-
erative process (k=1, 2, 3 ...). The values of Ty (z;) and
Bm(zi) were calculated from the station altitude based on an
algorithm-specific Rayleigh atmosphere. Here t, represents
the aerosol optical depth and o, the aerosol extinction coef-
ficient.

Ta(2i, k) = 1a(zi—1) + 0a(zi, k— 1) - Az; @)
T} (zi k) = e 7Rh @®)
Baaink) = e tED g oy ©9)

T2(zi) - T2 (zi k)

At every iteration step k, the extinction coefficient o, is cal-
culated with the lidar ratio S,:

0a(2i, k) = Sa - Ba(zi, k) (10)

The iterative process is stopped if either 30 iteration steps
are reached or if the relative change of the extinction co-
efficient o, is smaller than 0.01 %. Then the current value
of 0,, 7, and B, are set and the process starts for the next
layer. This method was implemented in the Python-library
A-Profiles (Mortier, 2022). For this study, we used this for-
ward inversion algorithm for the Vaisala CT25k ceilometer.

The lidar ratio S, = 0,/ B, is unknown for ceilometer mea-
surements. Therefore, it was estimated based on a multi-year
mean value of S, = (47+£ 13) sr for a wavelength of 1020 nm
from the AERONET (AErosol RObotic NETwork; Holben
et al., 1998) inversion product of a CIMEL sun photometer
installed next to the ceilometers. The uncertainty of S, is a
major contributor to the overall uncertainty of retrieving o,
from a ceilometer with this method.

4.3 Calculation of aerosol mass concentration

Aerosol mass concentration C,, can be calculated from the
aerosol extinction coefficient o, by an extinction to mass co-
efficient (EMC):

C = =22 an

" EMC

The EMC is dependent on the aerosol type, size distribution
and the ceilometer wavelength. The EMC can either be pre-
dicted theoretically by Mie simulations (Mortier, 2022) or
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determined based on in situ C,, and ceilometer-derived o,.
A discussion of the experimental EMC values found in this
study compared to literature values can be found in Sect. 5.3.

5 Results and Discussion

The results section is split into five subsections. At first,
an overview of the in situ and ceilometer datasets is given
and data from an example day are presented. Afterwards,
the quality of retrieving aerosol mass concentrations from
ceilometer backscatter coefficients and ceilometer aerosol
extinction coefficients is evaluated. Finally, an attempt is pre-
sented to reproduce aerosol backscatter and extinction coeffi-
cients based on the measured size distributions, followed by
a critical assessment of the OPS measurements.

5.1 Dataset overview and example day

A dataset of ceilometer-derived attenuated backscatter coef-
ficients in 120 m and of in situ aerosol mass concentrations in
the same height was acquired for the period 1 February to 20
June 2023. There was a 10d interruption from 22 February
to 3 March because of a blocked exhaust filter and a 7 d inter-
ruption from 4 to 12 April caused by an outage in ceilometer
measurements. The dataset was screened to avoid contam-
ination by hydrometeors in the ceilometer signal, based on
the Cloudnet target classification (Sect. 3.3). To further refine
this selection, data were discarded when the relative humidity
(RH) measured at 120 m exceeded 95 % and cloud radar re-
flectivity at the lowest possible measurement height (255 m)
was above —20dBZ at 35 GHz.

Figure 3 provides an overview of the dataset, including ad-
ditional measurements from the meteorological tower. The
mean aerosol mass concentration during the observation pe-
riod was C,, = 11.5 ugm™3. The mean temperature and rel-
ative humidity were 8 =(12+7)°C and RH= (76 = 19) %,
respectively. The wind speed at 120 m above ground on av-
erage was (6+3)ms~!. For the measurement period, no
coherent wind direction measurement in 120 m was avail-
able. For this reason, the wind direction at the meteorological
tower 50m above ground is shown in Fig. 3. The predomi-
nant wind direction at 50 m was west-southwest.

To illustrate typical diurnal changes in aerosol concentra-
tion, 14 February 2023 was selected as an example. This day
was dominated by a high-pressure ridge over Central Europe.
The ridge went along with a surface high-pressure system.
This situation creates stable conditions with no clouds or pre-
cipitation over the day.

As shown in Fig. 4a, the Cloudnet target classification con-
firmed no clouds or precipitation in the boundary layer while
aerosols were present for the whole day. These conditions
make that day ideal for comparing the ceilometer aerosol
retrieval with the in situ observation. In the time range
from 00:00 to about 09:00 UTC low aerosol mass concentra-
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Figure 3. Atmospheric conditions during the measurement period from 1 February to 20 June 2023 with (a) OPS in situ aerosol mass
concentration Cy; at 120 m, (b) ceilometer attenuated backscatter signal Byt at 120 m and further in situ data: (c) temperature 6 at 120 m, (d)
humidity RH at 120 m, (e) ground air pressure p at 2m, (f) wind speed at 120 m, and (g) wind direction at 50 m. All data are shown as 1d
rolling means. Cy, and Bat were filtered based on the criteria specified in Sect. 5.1.

tions of C,, <5ugm™ are visible in the tower observations
(Fig. 4e). This goes along with low ceilometer backscatter
coefficients of B, < 40 % 1073 st km™! (Fig. 4c). The ver-
tical extent of the aerosol layer below 250 m is visible in the
ceilometer backscatter profiles (Fig. 4b). With the develop-
ment of the mixing layer after 09:00 UTC, the aerosol mass
concentration increased up to C,, =30 ugm~>. This trend is
also visible in the ceilometer-derived aerosol extinction co-
efficients (Fig. 4d) and in the ceilometer backscatter coef-
ficients, which increased up to B, = 100 x 1075 st~ km™!
(Fig. 4c¢).

This example demonstrates qualitativly that ceilometer
backscatter coefficients can reproduce the overall change in
aerosol concentration. Steplike levels of ceilometer backscat-
ter coefficients can be explained by the low signal resolution
of the Vaisala CT25k (Sect. 3.1).

https://doi.org/10.5194/amt-19-3031-2026

5.2 Aerosol mass concentration and attenuated
backscatter coefficient

In the next step, we now statistically relate measured attenu-
ated backscatter coefficients By to in situ measured aerosol
mass concentrations Cy,.

For the following analyses, a combined dataset based on
OPS-measurement, ceilometer, and Cloudnet data was gen-
erated. All data were mapped on the 5 min time grid of the
OPS-measurements based on a nearest neighbour approach,
resulting in a total of 5443 data points after applying the fil-
tering criteria (Sect. 5.1). Figure 5 indicates a linear corre-
lation between ceilometer attenuated backscatter coefficient
Bat and in situ aerosol mass concentration C,, with a Pear-
son correlation coefficient R =0.73. This result is in reason-
able agreement with a previous study by Miinkel et al. (2006)
who obtained a correlation coefficient of R =0.84 between
ground-level PM( aerosol mass concentration and the atten-
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Figure 4. One day case study from 14 February 2023 in Jiilich, showing (a) the Cloudnet target classifications, (b) ceilometer attenuated
backscatter coefficients Ba, (¢) ceilometer attenuated backscatter coefficients B,y at 120 m, (d) ceilometer-derived aerosol extinction coef-
ficients o, at 120 m and (e) in situ aerosol mass concentration Cy, at 120 m. Times are given in UTC.

uated backscatter coefficient of a co-located CT25k in an ur-
ban environment.

To derive an empirical relationship between attenuated
backscatter coefficients and total aerosol mass concentra-
tions, a least squares linear regression was derived resulting
in the following expression for a ceilometer-derived aerosol
mass concentration C,,;:

B
C’”_3 —0.18- % (12)
pugm 107> sr—1 km
Neglecting the small contribution of molecular backscatter
that is discussed in Sect. 5.3, the line was forced through
the origin. The corresponding regression line is shown in
Fig. 5. Its slope is again in reasonable agreement with the
result by Miinkel et al. (2006) who derived a value of
0.20 x 10° uygm~3 srkm and a small offset of —1.6ugm=3.
To estimate the uncertainty of deriving aerosol mass
concentration from By, a mean absolute percentage error

Atmos. Meas. Tech., 19, 3031-3048, 2026

(MAPE) was calculated considering all N data points:

1 & ,
AC,’Z:NZ e x 100% = 31 % (13)

Ch i —Cmi
i=1 mi
The corresponding RMSE is 4.7 ugm™3. As is evident from
Fig. 5 the scatter is significant and can be explained by in-
strumental uncertainties, varying aerosol optical properties,
aerosol composition, particle size, and particle shape. The
color-coding based on the diameter Dpoge of the OPS size
bin with the maximum aerosol mass concentration implies a
dependence of the relationship on the particle size distribu-
tion that is addressed in Sect. 5.4.

This analysis demonstrates that ceilometer B, measure-
ments are, in principle, suitable for obtaining information
on aerosol mass concentration. However, the statistical rela-
tion obtained here is valid only for the site- and instrument-
specific set-up. Additionally, they represent only measure-

https://doi.org/10.5194/amt-19-3031-2026
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Figure 5. Comparison of ceilometer attenuated backscatter coef-
ficients Barc in 120 m and total in situ aerosol mass concentration
Cy (1 February—20 June 2023). The inset indicates the number of
data points N and the correlation coefficient R. The full red line
shows the result of a linear regression (Eq. 12). Data points were
color-coded according to the diameter Dy,oge Of the size bin with
the maximum aerosol mass concentration.

ments during defined environmental conditions, as described
above, from a five-month dataset.

5.3 Aerosol mass concentration and extinction
coefficient

In this section we now analyse the relation of the in situ mea-
sured aerosol mass concentrations to the aerosol extinction
coefficients, derived from B,;. Any influence of molecular
backscatter that is included in By should be eliminated in
the retrieval of aerosol extinction coefficients. Ceilometer-
derived o, were calculated from the ceilometer attenuated
backscatter coefficient By by the forward inversion method
described in Sect. 4.2 (Li et al., 2021). Figure 6 shows the
obtained o, as a function of the corresponding B, revealing
a compact linear relationship with a correlation coefficient
close to unity. A linear regression results in:

IBatt

Oa
= —0.008 +47.6 -

-1 —

st lkm™! (14)
The slope of 47.6 sr closely resembles the a priori lidar ratio
of S, =47 sr that was applied (Sect. 4.2) with a y-intercept
of (—0.008 & 0.002) km~!. This intercept corresponds to the
influence of molecular backscatter that is included in Baq
and should be eliminated in the retrieval of o,. The intercept
value can be converted to a pure air backscattering coeffi-
cient of about (1.7 £0.4) x 10~*sr~'km~!. Taking the the-
oretical Rayleigh scattering lidar ratio of 8 /3 sr, an extinc-
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Figure 6. Comparison of ceilometer attenuated backscatter coef-
ficients Ba in 120 m and corresponding aerosol extinction coeffi-
cients oy, derived by a forward inversion method (1 February—20
June 2023) according to Li et al. (2021). The inset indicates the
number of data points N and the correlation coefficient R. The red
line corresponds to the regression line (Eq. 14).

tion coefficient of (1.4 £0.4) x 1073 km™! at 120 m was ob-
tained. This estimate is in reasonable agreement with a value
of (1.50+£0.04) x 103 km~! for 906 nm derived from the
literature for the measurement conditions (Bucholtz, 1995).
In contrast, a comparison of the vertically integrated o, with
AERONET aerosol-optical-depths (AOD) shows a signifi-
cant underestimation. This can be explained by the low SNR
of the CT25k at higher altitudes (Markowicz et al., 2008)
leading to an underestimation of the derived o,. The compar-
ison is provided in Sect. B of the Appendix.

Because of the strong correlation between Bu and oy, a
plot of C,, as a function of o exhibits virtually the same scat-
ter as Cy, as a function of B, (Fig. 5) with a similar Pearson
correlation coefficient of R =0.73. The corresponding plot is
shown in Fig. 7.

A linear regression through the origin between C,, and
0, results in an empirical relation for an extinction-derived
aerosol mass concentration C;:

CO'
460 2
ugm- km™

5)

Consistently, no improvement in the relative uncertainty
of deriving aerosol mass concentration from o, was
achieved, i.e. AC;, =39 % (RSME =5.7 ug m~3), compared
to AC ,’?, =31 %. However, knowledge of the true lidar ratio
for each measurement is expected to reduce ACY,, making
0, a better proxy for the aerosol mass concentration. This
hypothesis is discussed in the next section.
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Figure 7. Comparison of ceilometer-derived aerosol extinction co-
efficients o, in 120 m and total in situ aerosol mass concentration
Cin (1 February—20 June 2023). The inset indicates the number of
data points N and the correlation coefficient R. The full red line
shows the result of a linear regression (Eq. 15). Data points were
color-coded according to the diameter Dpogde Of the size bin with
the maximum aerosol mass concentration.

Equation (15) corresponds to EMC =(2.24+0.9) m? g_l,
which is high compared to literature values from ceilome-
ter networks like ALICEnet: EMC = (0.9-1.2)m?> g~! and
UK Met Office: EMC =(0.7-1.3)m? g~! (Osborne, 2024).
Part of this difference can be explained by the smaller wave-
length of the Vaisala CT25k (906 nm) compared to the Lufft
CHM15k (1064 nm) for which the literature values apply.
Typical Angstrom exponents of 1.2+ 0.5 would result in
ratios oy,1064/02,906 = 0.83 £ 0.06 shifting the EMC closer
to the literature values, i.e. EMC = (1.8 £0.7) m? g_1 for
a wavelength of 1064 nm. A recent study reported 911 nm
extinction-to-volume coefficients of 0.448 Mm um? cm—3 for
continental aerosols (Ansmann et al., 2026), confirming a
lower EMC of 1.5m?g~! based on a common density of
1.5gcm™3.

5.4 Calculation of aerosol backscatter and extinction
coefficients

In this section, we now attempt to explain the discrepan-
cies in the derived EMC to previous literature studies. For
this, we simulated 8, and o, based on Mie-theory and the
measured OPS size distributions. Following an approach by
Sundstrom et al. (2009), particle extinction efficiencies Qex;
for the ceilometer wavelength of A =906 nm were calculated
(Prahl, 2025) for 1000 spherical aerosol particles with di-
ameters linearly distributed between 0.3 and 10 um. Refrac-
tive indices were varied between m = 1.3 — 0i (water) and
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m = 1.7—0i (dolomite), covering a typical range of naturally
occurring particle properties (Reid et al., 2003). For each
size bin of the OPS (Table Al), the mean of Qex Was cal-
culated and converted to the aerosol extinction cross section
by multiplication with the geometrical cross section ng /4.

The total aerosol extinction coefficients oM for each OPS
measurement were then calculated based on the measured
aerosol number size distribution. Mean size bin lidar ratios
were determined accordingly from the phase functions of
the spherical particles. Combined with the extinction coeffi-
cients, aerosol backscatter coefficients were obtained for the
size bins and finally the ,32’“6 of the measured size distribu-
tions. The different ranges of M€ for the different refractive
indices are shown in Fig. 8. Lidar ratios SMi¢ = gMie/gMie
for the size distributions can be defined as well.

The results of the calculations are summarized in Table 3.
Slopes and correlation coefficients of regression lines for dif-
ferent particle refractive indices are listed for C,, as a func-
tion of azll\’ﬁe and ,B;Vﬁe, o*;\/ﬁe as a function of o,, as well as
the lidar ratios SMi for the 5443 size distributions. With one
exception, correlation coefficients range above 0.82.

As an example, Fig. 9 shows the dependence of measured
C,, as a function of cr;\’ﬁe for a refractive index of 1.5, re-
vealing a comparable scatter and color-coding pattern as in
Figs. 5 and 7. A plot of calculated and ceilometer-derived
extinction coefficients against each other is shown for this ex-
ample in Fig. 10 and confirms that the Dp,o4e dependence no
longer affects the relationship, which is reflected in a greater
correlation coefficient of R =0.92 compared to R =0.73 in
Figs. 5 and 7, and R =0.84 in Fig. 9. This result can be ex-
plained by different particle size dependencies of the aerosol
particle mass (o D3) and scattering cross section (o D?)
which adversely affect the correlations of aerosol mass con-
centrations and extinction coefficients for the investigated
collection of variable size distributions. However, despite the
strong correlation in Fig. 10, the Ui\/“e and o, differ by a fac-
tor of about 0.5. Comparable results were obtained for other
refractive indices which produce ratios between oM and o,
in a reasonably narrow range of 0.49 £ 0.17 (Table 3).

In contrast, the C,, to BMi€ relationships and the SMi® ex-
hibt a much greater dependence on refractive index, com-
pared to the C,, to oévne relationships (Table 3) because
of strongly increasing backscattering efficiencies with in-
creasing refractive index. In addition, as already shown by
Sundstrom et al. (2009), for spherical particles in the size
range 1-10 um strong variations and distinct maxima in the
phase function in backscattering direction exist, i.e. min-
ima in the lidar ratios. On the other hand, Sundstrom et al.
(2009) demonstrated that these minima do not occur for non-
spherical particles which can explain the overall smaller SMi
compared to the AERONET based value of 47 sr used in the
retrieval (Sect. 4.2). Note that lidar ratios in a range 40-50 sr
are applied in the aforementioned ceilometer networks (Os-
borne, 2024) in agreement with the value used in this work.
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Figure 8. Comparison of simulated aerosol backscatter coefficients ﬂyie for different refractive indices, based on in situ aerosol size distri-
butions in 120 m and total in situ aerosol mass concentration Cy, (1 February—20 June 2023). The inset indicates the number of data points N

and the correlation coefficient R. The full red line shows the result of a linear regression (Table 3). Data points were color-coded according
to the diameter Dyyoqe Of the size bin with the maximum aerosol mass concentration.

Table 3. Slopes of regression lines (r) and Pearson correlation coefficients (R) of the relationships between simulated aerosol properties based
on measured size distributions (a}lvhe, ﬂyle), ceilometer-derived extinction coefficients (o) and in situ measured aerosol mass concentration
(Cy) as a function of particle refractive index. The last column contains the simulated lidar ratio Sg/he.

oMie — 1| x o ‘ Cm =1y x pMie ‘ Cm =r3 x oMie
Refractive r R ) R r3 R Sellvlie
index [kmkm™ 1] [105 ug m3sr km] [ug m3 km)] [sr]
1.3-0i 0.32 0.86 0.60 0.98 1100 0.86 53420
1.4 —0i 0.40 0.90 0.35 0.99 920 0.85 35+9
1.5-0i 0.47 092 0.16 0.90 820 0.84 17+4
1.5-0.01; 043 092 0.25 0.85 900 0.82 25+4
1.6 —0i 0.55 0.90 0.068 0.87 710 0.82 7.8+£33
1.7—-0i 0.65 0.88 0.036 0.94 606 0.78 4.6£29
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Figure 9. Comparison of simulated aerosol extinction coefficients
oMi€ for a refractive index of 1.5, based on in situ aerosol size dis-
tributions in 120 m and total in situ aerosol mass concentration Cy;,
(1 February—20 June 2023). The inset indicates the number of data
points N and the correlation coefficient R. The full red line shows
the result of a linear regression (Table 3). Data points were color-
coded according to the diameter Dy oqe Of the size bin with the max-
imum aerosol mass concentration.

0.200

— lin. regression /’

- . 1
0.175 4 11 ’ 10

0.150 A

0.125 A

0.100

oME [km~1]

0.075 A
10°
0.050 A

0.0254 , Z»
7~

00 += T T T T T
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
0, [km™1]

Figure 10. Comparison of ceilometer-derived aerosol extinction co-
efficients o in 120 m and simulated aerosol extinction coefficients
aévne based on in situ aerosol size distributions (1 February—20 June
2023) for an refractive index of 1.5 — 0i. The inset indicates the
number of data points N and the correlation coefficient R. The full
red line shows the result of a linear regression. Data points were
color-coded according to the diameter Dy,oge Of the size bin with
the maximum aerosol mass concentration.
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However, a column-mean lidar ratio might not be representa-
tive of the boundary layer. Nevertheless, the theoretical cal-
culations summarized in Table 3 confirm that the slopes of
the empirical linear relationships between C,, and o, are ro-
bust with regard to variations of refractive indices in the par-
ticle phase. This is relevant because a natural aerosol will be
composed of particles with different refractive indices and
the composition can vary with time. Moreover, the resulting
EMC = 1/r3 (Table 3) of (1.34+0.4)m> g~! are in the range
of the literature values.

5.5 Size distributions and potential OPS artefacts

The Mie-theory calculations of the previous section rely on
accurately determined size distributions from the OPS mea-
surements. The uncertainties of these measurements are chal-
lenging to estimate and are not provided by the manufacturer.
But major systematic errors are unlikely relying on care-
ful characterisations by the manufacturer. However, the size
range that is covered by the OPS is limited to 0.3—10 pm. The
influence of particles greater than 10 um is uncertain. They
are probably correctly discarded because of scattered light
signals that are too high. On the other hand, such particles
will contribute to the scattered light received by the ceilome-
ter. Similarly, particles smaller than 0.3 um are not registered
because they produce too small signals, but their contribution
to the backscatter may still be significant. In addition, parti-
cles may be lost in the upstream inlet system before they can
enter the OPS. These limitations have in common that they
decrease the registered number and mass concentrations of
particles that are nonetheless present and potentially relevant
for the ceilometer measurements. Without a full characterisa-
tion of the size distribution beyond the size range of the OPS,
a quantification of the missed aerosol mass concentration and
the corresponding simulated aerosol extinction is not mean-
ingful.

To illustrate the problem, Fig. 11 depicts the full measure-
ment period’s mean aerosol size distribution of this work
showing the typical increase of number concentrations to-
wards smaller particle diameters which can be expected to
continue to diameters below 0.3 um and greater than 10 um.
On the right hand axis, the cumulative, relative contributions
of the size bins to the measured total aerosol mass concen-
tration C,, and the simulated aerosol extinction coefficient
o M€ for a refractive index of 1.5 are shown on a linear scale
for comparison. The extinction coefficient increase towards
the greatest Dpy is already levelling out. The contribution
of particles greater than 10 um is therefore assumed to be
limited. On the other hand, the contributions of the size bin
with the smallest Dpy are already on the order of 10 % for
both aerosol mass concentration and aerosol extinction co-
efficient. It is therefore plausible that particles with diame-
ters < 0.3 um have contributed substantially to the ceilome-
ter backscatter and the retrieved extinction coefficients. This
could qualitatively explain why the EMC obtained in this

https://doi.org/10.5194/amt-19-3031-2026
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Figure 11. Mean aerosol number size distribution dC,,/d log D (A), cumulative, relative contribution to total aerosol mass concentration
Cpn (B), and cumulative, relative contribution to simulated aerosol extinction coefficients a}lvhe (C) (1 February to 20 June 2023 at the

meteorological tower in 120 m).

work is greater than those in literature and those derived from
Mie theory. For the latter the size range limitations seem to
be less significant because of compensating effects, i.e. by
missing aerosol mass concentration and missing aerosol ex-
tinction. Figure 11 also illustrates the apparent Dyode depen-
dence of the o, vs. Cy, relationships in Figs. 6 and 7. An
elevated contribution of particels with Dpy < 1 um would in-
crease the cr;\/ﬁe more strongly than C,, while for particles
with Dpy > 2 um the opposite is the case: the C,, increase
would exceed that of oM,

An approach to quantify the contribution of particles
< 0.3 um based on AERONET showed an underestimation of
the total volume concentration by this limitation of approxi-
mately 20 % as shown in Fig. B2 of the Appendix. However,
it should be noted that AERONET refers to column data,
whereas the OPS refers to a measurement altitude of 120 m.
For this reason, the 20 % are considered as an upper limit,
assuming a higher fraction of large particles in the boundary
layer.

An additional factor is the possibility of unintentional dry-
ing of the aerosol in the OPS. The sample stream was not
actively dried to preserve the ambient size distribution. Hy-
groscopic growth within the sampling line is not likely be-

https://doi.org/10.5194/amt-19-3031-2026

cause the temperature inside the box is slightly higher than
outside, caused by the waste heat of the instruments. Ac-
cordingly, a drop in RH is expected, which could lead to
a size-decrease of a fraction of particles prior to detection.
It is expected that at higher relative humidities the effect is
more pronounced because growth factors typically increase
non-linearly with humidity (Titos et al., 2014). To identify
a potential bias, the regression analysis for the relation be-
tween o, and C,, (Eq. 15) was reevaluated as a function of
the upper limit in ambient relative humidity. The results are
presented in Sect. C in the appendix showing an increase in
the slope with decreasing humidity limits. Though within the
estimated uncertainties, these data indicate a clear trend con-
sistent with a drying effect by a temperature increase in the
OPS. This trend is levelling out towards the lowest limit of
50% RH. Accordingly, EMC values decrease to values in
better agreement with literature.

6 Conclusion

In this study, we assessed different aerosol properties de-
rived from a Vaisala CT25k ceilometer, aiming to evaluate

Atmos. Meas. Tech., 19, 3031-3048, 2026
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the potential of an existing multi-year ceilometer dataset at
the Jiilich Observatory for Cloud Evolution (JOYCE) for
aerosol remote sensing. The calibration of the ceilometer sig-
nal was verified with a liquid cloud calibration (Hopkin et al.,
2019). The attenuated backscatter signal was then used to
derive aerosol extinction coefficients with a forward inver-
sion method (Li et al., 2021; Mortier, 2022). All tools used
in this study are available and can be easily transferred to
other ceilometers and ALC networks.

To evaluate the uncertainty of the forward inversion
method, an in situ comparison measurement was set up by in-
stalling an optical particle sizer (OPS) at 120 m above ground
on a meteorological tower in Jiilich. This allowed us to mea-
sure aerosol size distributions in a range 0.3—10 ym. From the
vertical ceilometer profiles, we selected data close to 120 m
and compared them to the in situ measurements. A 120d
dataset between 1 February and 20 June 2023 covered by
both instruments was analysed. The Cloudnet (Illingworth
et al., 2007) target classification was used in combination
with a limit in radar reflectivity and relative humidity to ex-
clude the presence of hydrometeors.

In situ aerosol mass concentration C,, was correlated to
ceilometer-based attenuated backscatter Ba and aerosol ex-
tinction o, coefficients with a Pearson correlation coefficient
of R=0.73 for both. Ordinary least square fits resulted in
empirical conversion coefficients of 0.18 x 10° ugm~3 srkm
and 460 ugm—3km for By and o, respectively. The un-
certainties of these conversions were quantified by mean
absolute percentage errors of 31 % (Baw) and 39 % (0a).
However, the o, to C, conversion factor, which corre-
sponds to the inverse of an extinction-to-mass coefficient of
(2.240.9)m?> g~!, is greater by a factor of about 1.8 com-
pared to the literature values (Osborne, 2024). To gain fur-
ther insight into the role of size distributions and the refrac-
tive index on the retrievals, Mie calculations were performed
based on in situ measurements. These revealed that o, only
weakly depends on the refractive index as opposed to the
aerosol backscatter coefficients 8,. The aévne to C,, conver-
sion factors based on the Mie calculations were found to be in
reasonable agreement with literature values, also indicating
a systematic underestimation of the ceilometer-derived con-
version factor o, to C,,. This disagreement is qualitatively
explainable by the limited detection range of the OPS that
excludes small particles (< 0.3 um) that may contribute sig-
nificantly to the ceilometer signal. Moreover, the OPS mass
concentration was found to be underestimated at higher RH,
likely caused by a temperature increase inside the instrument.

This study highlights the potential of automatic lidars and
ceilometers for aerosol remote sensing. It was confirmed that
the retrieval (Mortier, 2022; Li et al., 2021) of o, from B
is viable based on accurate lidar ratios. However, the conver-
sion from o, to C,, can introduce significant uncertainties.
Additionally, it must be emphasized that the measurement
period of 120 d does not resolve possible annual or long-term
trends and that the results may be site-specific. Moreover, the
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instrument used here (Vaisala CT25k) does not represent the
performance of modern ceilometers. It is recommended to
reevaluate the approach with state-of-the-art instrumentation
for future applications. This could be achieved for example
by using already existing long-term datasets from other field
sites.

Appendix A

Table A1. OPS bin lower limits Dy, upper limits Dy and effective
diameters Dpy in pm.

Bin Dp Dy  Dpy

1 0.30 037 0.34
2 0.37 047 042
3 0.47 0.58 0.52
4 0.58 0.72  0.65
5 0.72 0.90 0.81
6 0.90 1.12  1.01
7 1.12 1.39  1.26
8 1.39 1.73  1.57
9 1.73 216 195
10 216 269 243
11 2.69 334 3.03
12 334 416 3.77
13 4.16 5.18  4.69
14 518 6.45 5.84
15 645 8.03 727
16  8.03 10.00 9.05

Appendix B: AERONET Comparison

Based on the results of this study, a comparison of ceilome-
ter (CT25k) aerosol optical depth (AOD) with AERONET
AOQOD data was performed. It was found that ceilometer AOD
was significantly lower than AERONET AOD (Fig. B1). This
can be explained by the reduced signal-to-noise ratio of the
CT25k ceilometer at altitudes above about 1.2 km (Markow-
icz et al., 2008).

The contribution of the different aerosol sizes bins to the
total aerosol volume concentration as a comparison between
OPS measurements at 120 m and AERONET column data is
shown in Fig. B2.

The lower limit of the OPS measurement range at 0.3 um
causes an underestimation of the total volume concentration
by approximately 20 %, assuming the same contribution for
particles < 0.3 um for AERONET and the OPS.
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Figure B1. Timeline of aerosol-optical-depth (AOD) from AERONET and vertically integrated o, from Vaisala CT25k for the period 1 April
to 20 June 2023.
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Figure B2. Cumulative, relative contribution to mean aerosol volume from OPS measurements at 120 m (A) and AERONET data (B), C:
number size distribution (OPS at 120 m) and column number size distribution (AERONET). All for the period 1 April to 20 June 2023 where
AERONET data were available.
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Appendix C: Humidity Effects

Table C1. Linear regression analysis of the relation between o, and
Cy, for different upper limits in relative humidity (RH), showing
number of data points N, correlation coefficient R, slope of the re-
gression line, uncertainty of the slope and extinction to mass coef-
ficient (EMC).

RH Limit N R slope MAPE EMC
(%] [ugm~3 km] [%] [m?g~ !
50 1345 0.67 690 35 1.5
60 2372 0.67 680 35 1.5
70 3392  0.68 630 35 1.6
80 4258 0.70 570 35 1.7
90 5108 0.73 490 37 2.0
95 5443  0.73 460 39 2.2

Code and data availability. The code wused in this study
and references to all utilised datasets were published at:
https://doi.org/10.26165/JUELICH-DATA/EMCX36 (Miiller
et al., 2026).

Author contributions. All co-authors contributed to the develop-
ment of the work. The study was performed by MM within the
framework of his PhD, supervised by BB and UL. The original draft
was created by MM. BB and UL contributed to review and editing.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. We thank Patrizia Ney (Forschungszentrum
Jiilich) and colleagues for the opportunity to perform in situ mea-
surements at the Jiilich meteorological tower and for providing
technical support. The authors wish to acknowledge the ACTRIS
(Aerosol, Clouds, and Trace Gases Research Infrastructure) for its
essential role in providing access to high-quality data, facilities, and
technical support that were integral to the execution of this research.
We thank E-Profile for granting access to the ceilometer processing
code. We thank the AERONET project for providing data products
based on the FZJ-JOYCE sun photometer.

Atmos. Meas. Tech., 19, 3031-3048, 2026

M. G. Miiller et al.: Uncertainty estimation of ceilometer aerosol properties

Financial support. The presented research has been made
possible through access to JOYCE (Jiilich Observatory for
Cloud Evolution), which is operated jointly by the Uni-
versity of Cologne and Forschungszentrum Jiilich. JOYCE
(https://geomet.uni-koeln.de/forschung/actris/joyce, last access: 22
August 2025) is an ACTRIS National and Central Facility sup-
ported by the German Federal Ministry for Research Technology
and Space (BMFTR) under the grant identifiers 01LK2001G and
01LK2002F.

The article processing charges for this open-access
publication were covered by the Forschungszentrum Jiilich.

Review statement. This paper was edited by Andrew Sayer and re-
viewed by two anonymous referees.

References

Ackerman, A. S., Toon, O. B., Stevens, D. E., Heyms-
field, A. J., Ramanathan, V., and Welton, E. J.: Reduction
of Tropical Cloudiness by Soot, Science, 288, 1042-1047,
https://doi.org/10.1126/science.288.5468.1042, 2000.

Albrecht, B. A.. Aerosols, Cloud Microphysics, and
Fractional Cloudiness, Science, 245, 1227-1230,
https://doi.org/10.1126/science.245.4923.1227, 1989.

Ansmann, A., Hofer, J., Mamouri, R.-E., Haarig, M., Baars, H., and
Wandinger, U.: Aerosol microphysical properties and CCN/INP
information from lidar and ceilometer profiles: POLIPHON up-
date, EGUsphere [preprint], https://doi.org/10.5194/egusphere-
2026-648, 2026.

Bucholtz, A.: Rayleigh-scattering calculations for the ter-
restrial  atmosphere, Appl. Optics, 34, 2765-2773,
https://doi.org/10.1364/A0.34.002765, 1995.

Burrows, S. M., McCluskey, C. S., Cornwell, G., Steinke, L.,
Zhang, K., Zhao, B., Zawadowicz, M., Raman, A., Kulkarni,
G., China, S., Zelenyuk, A., and DeMott, P. J.: Ice-Nucleating
Particles That Impact Clouds and Climate: Observational and
Modeling Research Needs, Rev. Geophys., 60, €2021RG000745,
https://doi.org/10.1029/2021RG000745, 2022.

Cloudnet: Cloudnet sites, https://cloudnet.fmi.fi/sites (last access:
22 August 2025), 2025.

D’Amico, G., Amodeo, A., Baars, H., Binietoglou, I., Freuden-
thaler, V., Mattis, 1., Wandinger, U., and Pappalardo, G.:
EARLINET Single Calculus Chain — overview on method-
ology and strategy, Atmos. Meas. Tech., 8, 48914916,
https://doi.org/10.5194/amt-8-4891-2015, 2015.

Eckert, R.: Inbetriebnahme und Optimierung eines Messsystems zur
PartikelgroBenmessung in der Atmosphire, Bachelor thesis, FH
Aachen, 2013.

E-Profile: Metadata — Ceilometers, https://e-profile.eu/metadata
(last access: 22 August 2025), 2025.

Haefele, A., Hervo, M., Turp, M., Lampin, J.-L., Haeffelin, M.,
and Lehmann, V.: The E-PROFILE network for the opera-
tional measurement of wind and aerosol profiles over Eu-
rope the E-PROFILE team, and the TOPROF team, EUMET-
NET SNC, https://www.eumetnet.eu/wp-content/uploads/2016/

https://doi.org/10.5194/amt-19-3031-2026


https://doi.org/10.26165/JUELICH-DATA/EMCX36
https://geomet.uni-koeln.de/forschung/actris/joyce
https://doi.org/10.1126/science.288.5468.1042
https://doi.org/10.1126/science.245.4923.1227
https://doi.org/10.5194/egusphere-2026-648
https://doi.org/10.5194/egusphere-2026-648
https://doi.org/10.1364/AO.34.002765
https://doi.org/10.1029/2021RG000745
https://cloudnet.fmi.fi/sites
https://doi.org/10.5194/amt-8-4891-2015
https://e-profile.eu/metadata
https://www.eumetnet.eu/wp-content/uploads/2016/10/E-PROFILE_TECO_Madrid_2016.pdf

M. G. Miiller et al.: Uncertainty estimation of ceilometer aerosol properties

10/E-PROFILE_TECO_Madrid_2016.pdf (last access: 22 Au-
gust 2025), 2016.

Hervo, M., Poltera, Y., and Haefele, A.: An empirical method to cor-
rect for temperature-dependent variations in the overlap function
of CHM15k ceilometers, Atmos. Meas. Tech., 9, 2947-2959,
https://doi.org/10.5194/amt-9-2947-2016, 2016.

Hogan, R. J. and O’Connor, E. J.: Facilitating cloud radar and lidar
algorithms: the Cloudnet Instrument Synergy/Target Categoriza-
tion product, University of Reading, https://www.met.reading.
ac.uk/~swrhgnrj/publications/categorization.pdf (last access: 22
August 2025), 2004.

Holben, B. N., Eck, T. F,, Slutsker, 1., Tanré, D., Buis, J. P., Set-
zer, A., Vermote, E., Reagan, J. A., Kaufman, Y. J., Naka-
jima, T., Lavenu, F., ankowiak, I., and Smirnov, A.: AERONET
— A Federated Instrument Network and Data Archive for
Aerosol Characterization tion of a new Sun-sky scanning
radiometer system that, Remote Sens. Environ., 66, 1-16,
https://doi.org/10.1016/S0034-4257(98)00031-5, 1998.

Hopkin, E., Illingworth, A. J., Charlton-Perez, C., Westbrook, C.
D., and Ballard, S.: A robust automated technique for operational
calibration of ceilometers using the integrated backscatter from
totally attenuating liquid clouds, Atmos. Meas. Tech., 12, 4131—
4147, https://doi.org/10.5194/amt-12-4131-2019, 2019.

Ilingworth, A. J., Hogan, R. J., O’Connor, E., Bouniol, D., Brooks,
M. E., Delanoé, J., Donovan, D. P., Eastment, J. D., Gaussiat,
N., Goddard, J. W. E., Haeffelin, M., Baltink, H. K., Krasnov,
0. A., Pelon, J., Piriou, J.-M., Protat, A., Russchenberg, H. W.J.,
Seifert, A., Tompkins, A. M., van Zadelhoff, G.-J., Vinit, F.,
Willén, U., Wilson, D. R., and Wrench, C. L.: Cloudnet, B. Am.
Meteorol. Soc., 88, 883-898, https://doi.org/10.1175/BAMS-88-
6-883, 2007.

IPCC: Climate Change 2021: The Physical Science Basis. Contri-
bution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, Cambridge Uni-
versity Press, Cambridge, United Kingdom and New York, NY,
USA, in press, https://doi.org/10.1017/9781009157896, 2021.

Klett, J. D.: Stable analytical inversion solution for
processing lidar returns, Appl. Optics, 20, 211,
https://doi.org/10.1364/A0.20.000211, 1981.

Klett, J. D.: Lidar inversion with variable backscat-
ter/extinction ratios, Appl. Optics, 24, 1638,
https://doi.org/10.1364/A0.24.001638, 1985.

Kotthaus, S., O’Connor, E., Miinkel, C., Charlton-Perez, C., Haef-
felin, M., Gabey, A. M., and Grimmond, C. S. B.: Recommenda-
tions for processing atmospheric attenuated backscatter profiles
from Vaisala CL31 ceilometers, Atmos. Meas. Tech., 9, 3769—
3791, https://doi.org/10.5194/amt-9-3769-2016, 2016.

Laj, P, Myhre, C. L., Riffault, V., Amiridis, V., Fuchs, H., Eleft-
heriadis, K., Petdjd, T., Salameh, T., Kivekds, N., Juurola, E.,
Saponaro, G., Philippin, S., Cornacchia, C., Arboledas, L. A.,
Baars, H., Claude, A., De Maziere, M., Dils, B., Dufresne,
M., Evangeliou, N., Favez, O., Fiebig, M., Haeffelin, M., Her-
rmann, H., Hohler, K., lllmann, N., Kreuter, A., Ludewig, E.,
Marinou, E., Mohler, O., Mona, L., Murberg, L. E., Nicolae,
D., Novelli, A., O’Connor, E., Ohneiser, K., Altieri, R. M. P,
Picquet-Varrault, B., van Pinxteren, D., Pospichal, B., Putaud,
J. P, Reimann, S., Siomos, N., Stachlewska, I., Tillmann, R.,
Voudouri, K. A., Wandinger, U., Wiedensohler, A., Apituley,
A., Comerén, A., Gysel-Beer, M., Mihalopoulos, N., Nikolova,

https://doi.org/10.5194/amt-19-3031-2026

3047

N., Pietruczuk, A., Sauvage, S., Sciare, J., Skov, H., Svendby,
T., Swietlicki, E., Tonev, D., Vaughan, G., Zdimal, V., Bal-
tensperger, U., Doussin, J. F., Kulmala, M., Pappalardo, G.,
Sundet, S. S., and Vana, M.: Aerosol, Clouds and Trace Gases
Research Infrastructure (ACTRIS): The European Research In-
frastructure Supporting Atmospheric Science, B. Am. Meteorol.
Soc., 105, E1098-E1136, https://doi.org/10.1175/BAMS-D-23-
0064.1, 2024.

Li, D.,, Wu, Y., Gross, B., and Moshary, F.: Capabilities of an
Automatic Lidar Ceilometer to Retrieve Aerosol Characteristics
within the Planetary Boundary Layer, Remote Sens., 13, 1-19,
https://doi.org/10.3390/rs13183626, 2021.

Liu, L., Hohaus, T., Franke, P., Lange, A. C., Tillmann, R., Fuchs,
H., Tan, Z., Rohrer, F., Karydis, V., He, Q., Vardhan, V., An-
dres, S., Bohn, B., Holland, F., Winter, B., Wedel, S., Novelli, A.,
Hofzumahaus, A., Wahner, A., and Kiendler-Scharr, A.: Obser-
vational evidence reveals the significance of nocturnal chemistry
in seasonal secondary organic aerosol formation, npj Clim. At-
mos. Sci., 7, https://doi.org/10.1038/s41612-024-00747-6, 2024.

Lohnert, U., Schween, J. H., Acquistapace, C., Ebell, K., Maahn,
M., Barrera-Verdejo, M., Hirsikko, A., Bohn, B., Knaps, A.,
O’Connor, E., Simmer, C., Wahner, A., and Crewell, S.: JOYCE:
Jiilich Observatory for Cloud Evolution, B. Am. Meteorol. Soc.,
96, 1157-1174, https://doi.org/10.1175/BAMS-D-14-00105.1,
2015.

Markowicz, K. M., Flatau, P. J., Kardas, A. E., Remiszewska,
J., Stelmaszczyk, K., and Woeste, L.: Ceilometer Re-
trieval of the Boundary Layer Vertical Aerosol Extinc-
tion Structure, J. Atmos. Ocean. Tech., 25, 928-944,
https://doi.org/10.1175/2007JTECHA1016.1, 2008.

Mortier, A.: AugustinMortier/A-Profiles: 0.5.13 (0.5.13), Zenodo
[code], https://doi.org/10.5281/zenodo.7389683, 2022.

Miiller, M. G., Bohn, B., and Lohnert, U.: Code and Data
for Uncertainty estimation of ceilometer aerosol proper-
ties, Jillich DATA [code], https://doi.org/10.26165/JUELICH-
DATA/EMCX36, 2026.

Miinkel, C., Eresmaa, N., Résdnen, J., and Karppinen, A.:
Retrieval of mixing height and dust concentration with
lidar ceilometer, Bound.-Lay. Meteorol., 124, 117-128,
https://doi.org/10.1007/s10546-006-9103-3, 2006.

O’Connor, E. J., Illingworth, A. J., and Hogan, R. J.:
A Technique for Autocalibration of Cloud Lidar, J. At-
mos. Ocean. Tech., 21, 777-786, https://doi.org/10.1175/1520-
0426(2004)021<0777: ATFAOC>2.0.CO;2, 2004.

Osborne, M. J.: Comparison of CHM 15k extinction and mass prod-
ucts from ALICEnet, A-Profiles and the UK Met Office, Zenodo,
https://doi.org/10.5281/zenodo.11196654, 2024.

Pappalardo, G.: ACTRIS Aerosol, Clouds and Trace Gases
Research Infrastructure, EPJ Web Conf.,, 176, 09004,
https://doi.org/10.1051/epjconf/201817609004, 2018.

Pinnick, R. G., Jennings, S. G., Chylek, P., Ham, C., and Grandy,
W. T.: Backscatter and extinction in water clouds, J. Geophys.
Res., 88, https://doi.org/10.1029/JC088iC11p06787, 1983.

Prahl, S.: miepython: Pure python calcula-
tion of Mie scattering (3.0.2), Zenodo [code],
https://doi.org/10.5281/zenodo.15514362, 2025.

Quaas, J., Boucher, O., and Lohmann, U.: Constraining the to-
tal aerosol indirect effect in the LMDZ and ECHAM4 GCMs

Atmos. Meas. Tech., 19, 3031-3048, 2026


https://www.eumetnet.eu/wp-content/uploads/2016/10/E-PROFILE_TECO_Madrid_2016.pdf
https://doi.org/10.5194/amt-9-2947-2016
https://www.met.reading.ac.uk/~swrhgnrj/publications/categorization.pdf
https://www.met.reading.ac.uk/~swrhgnrj/publications/categorization.pdf
https://doi.org/10.1016/S0034-4257(98)00031-5
https://doi.org/10.5194/amt-12-4131-2019
https://doi.org/10.1175/BAMS-88-6-883
https://doi.org/10.1175/BAMS-88-6-883
https://doi.org/10.1017/9781009157896
https://doi.org/10.1364/AO.20.000211
https://doi.org/10.1364/AO.24.001638
https://doi.org/10.5194/amt-9-3769-2016
https://doi.org/10.1175/BAMS-D-23-0064.1
https://doi.org/10.1175/BAMS-D-23-0064.1
https://doi.org/10.3390/rs13183626
https://doi.org/10.1038/s41612-024-00747-6
https://doi.org/10.1175/BAMS-D-14-00105.1
https://doi.org/10.1175/2007JTECHA1016.1
https://doi.org/10.5281/zenodo.7389683
https://doi.org/10.26165/JUELICH-DATA/EMCX36
https://doi.org/10.26165/JUELICH-DATA/EMCX36
https://doi.org/10.1007/s10546-006-9103-3
https://doi.org/10.1175/1520-0426(2004)021<0777:ATFAOC>2.0.CO;2
https://doi.org/10.1175/1520-0426(2004)021<0777:ATFAOC>2.0.CO;2
https://doi.org/10.5281/zenodo.11196654
https://doi.org/10.1051/epjconf/201817609004
https://doi.org/10.1029/JC088iC11p06787
https://doi.org/10.5281/zenodo.15514362

3048 M. G. Miiller et al.: Uncertainty estimation of ceilometer aerosol properties

using MODIS satellite data, Atmos. Chem. Phys., 6, 947-955,
https://doi.org/10.5194/acp-6-947-2006, 2006.

Reid, E. A., Reid, J. S., Meier, M. M., Dunlap, M. R., Cliff, S. S.,
Broumas, A., Perry, K., and Maring, H.: Characterization of
African dust transported to Puerto Rico by individual particle
and size segregated bulk analysis, J. Geophys. Res.-Atmos., 108,
2002JD002935, https://doi.org/10.1029/2002JD002935, 2003.

Russell, A. G. and Brunekreef, B.: A Focus on Particulate
Matter and Health, Environ. Sci. Technol., 43, 4620-4625,
https://doi.org/10.1021/es9005459, 2009.

Sarna, K. and Russchenberg, H. W. J.: Ground-based remote sens-
ing scheme for monitoring aerosol—cloud interactions, Atmos.
Meas. Tech., 9, 1039-1050, https://doi.org/10.5194/amt-9-1039-
2016, 2016.

Schween, J. H., Hirsikko, A., Lohnert, U., and Crewell, S.: Mixing-
layer height retrieval with ceilometer and Doppler lidar: from
case studies to long-term assessment, Atmos. Meas. Tech., 7,
3685-3704, https://doi.org/10.5194/amt-7-3685-2014, 2014.

Sundstrom, A. M., Nousiainen, T., and Petdjd, T.: On the quan-
titative low-level aerosol measurements using ceilometer-
type lidar, J. Atmos. Ocean. Tech., 26, 2340-2352,
https://doi.org/10.1175/2009JTECHA 1252.1, 2009.

Atmos. Meas. Tech., 19, 3031-3048, 2026

Titos, G., Lyamani, H., Cazorla, A., Sorribas, M., Foyo-
Moreno, I., Wiedensohler, A., and Alados-Arboledas, L.:
Study of the Relative Humidity Dependence of Aerosol
Light-Scattering in Southern Spain, Tellus B, 66, 24536,
https://doi.org/10.3402/tellusb.v66.24536, 2014.

TROPOS: EARLINET, https://www.tropos.de/
en/research/projects-infrastructures-technology/
coordinated-observations-and-networks/earlinet (last access: 22
August 2025), 2025.

Twomey, S.: The Influence of Pollution on the
Shortwave ~ Albedo of Clouds, J. Atmos. Sci,
34, 1149-1152, https://doi.org/10.1175/1520-
0469(1977)034<1149:TIOPOT>2.0.CO;2, 1977.

Wiegner, M. and Gei}, A.: Aerosol profiling with the Jenop-
tik ceilometer CHM15kx, Atmos. Meas. Tech., 5, 1953-1964,
https://doi.org/10.5194/amt-5-1953-2012, 2012.

https://doi.org/10.5194/amt-19-3031-2026


https://doi.org/10.5194/acp-6-947-2006
https://doi.org/10.1029/2002JD002935
https://doi.org/10.1021/es9005459
https://doi.org/10.5194/amt-9-1039-2016
https://doi.org/10.5194/amt-9-1039-2016
https://doi.org/10.5194/amt-7-3685-2014
https://doi.org/10.1175/2009JTECHA1252.1
https://doi.org/10.3402/tellusb.v66.24536
https://www.tropos.de/en/research/projects-infrastructures-technology/coordinated-observations-and-networks/earlinet
https://www.tropos.de/en/research/projects-infrastructures-technology/coordinated-observations-and-networks/earlinet
https://www.tropos.de/en/research/projects-infrastructures-technology/coordinated-observations-and-networks/earlinet
https://doi.org/10.1175/1520-0469(1977)034<1149:TIOPOT>2.0.CO;2
https://doi.org/10.1175/1520-0469(1977)034<1149:TIOPOT>2.0.CO;2
https://doi.org/10.5194/amt-5-1953-2012

