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Abstract. The contribution of Aerosol-Cloud Interactions (ACI) to the Earth’s radiative budget remains a 

major source of uncertainty in future climate projections. Clouds continuously interact with the surrounding 

non-saturated environment, forming cloud-aerosol transition zones (TZs). The suspensions in these regions 15 
are not fully assessed by cloud-cloudless distinction methodologies and have a non-negligible role in the 

Earth’s radiative budget, making the lack of large-scale TZ observations a challenge for full comprehension 

of the climate system. This study assesses TZ distributions using ground-based and spaceborne lidar 

observations to improve understanding of TZ conditions and evaluate the respective instrument capabilities. 

Ground-based Automatic low-power Lidars and Ceilometers (ALC) located at Burjassot (Spain), Gruenow 20 
(Germany), Girona (Spain) and the Cloudnet network are used, along with CALIOP observations over the 

region between 30º–80º N and 10º W–35º E, covering Europe. Results show that cloud-to-clear transitions 

are gradual, depend on detection thresholds and local climatology. Coincidental ALC and CALIOP 

observations are presented to assess the potential complementarity between the methods. Overall, ground-

based ALCs provide high temporal and vertical resolution and are particularly effective at detecting TZs at 25 
low altitudes. In contrast, CALIOP offers global coverage and is especially useful for detecting TZs at high 

altitudes. Both methods show good agreement for cloud classification. However, there are some differences 

for aerosol and TZ detections due to instrument capabilities, altitude sensitivity, and the classification 

techniques. Although each approach has its individual limitations, integrating spaceborne downward-

looking and ground-based upward-looking lidar observations provides a more comprehensive 30 
characterization of cloud-TZ-aerosol distribution.  

1 Introduction 

Reliable future climate projections depend on the accuracy to represent the factors that heat and cool the 

climate system, as well as the processes that influence their environmental response (Masson-Delmotte et 

al., 2021). Variations in radiative forcing are primarily driven by changes in greenhouse gases (GHGs), 35 
atmospheric aerosols, and clouds. While GHGs (e.g. CO2, CH4, N2O, O3 and halogenated gases) account 

for the most positive radiative forcing and their contribution is well constrained, limited knowledge of 

climate forcing by clouds, aerosols, and aerosol-cloud interactions (ACI) constitutes the primary source of 

uncertainty in overall forcing changes (Boucher et al., 2013, Masson-Delmotte et al., 2021; Chen et al., 

2024). Clouds and aerosols affect the Earth’s energy budget by absorbing and scattering shortwave (i.e. 40 
solar) and longwave (i.e. thermal) radiation. Additionally, clouds and aerosols interact with each other 

further complicating their assessment. Aerosols can serve as cloud condensation nuclei (CCN), modifying 

cloud microphysics, radiative properties and lifetime (Twomey et al., 1974, 1991; Albrecht et al., 1989). 

Conversely, cloud droplets can provide a more humid environment, also known as “moist halo region” (Gu 

et al., 2024), enhancing aerosol hygroscopic growth processes (Wen et al., 2023). Microphysical processes 45 
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vary between different regions of the cloud (Wang et al., 2025a). While the highest supersaturation is 

reached at the cloud base and within core updraft regions (e.g., Gong et al., 2023), the cloud centres contain 

a higher supply of water vapor where droplet growth is dominated by collision-coalescence processes. 

Whereas on cloud edges, as water vapour is limited, droplet growth is dominated by condensation and 

evaporation processes (Wang et al., 2025a). Thus, aerosol properties near cloud boundaries are different 50 
from those in cloud-free environments (Twohy et al., 2009).   

Several factors make clouds particularly challenging for climate modelling (Ceppi et al., 2017; Alizadeh et 

al., 2022; Kahn et al., 2023). Clouds are complex and dynamic, involving feedbacks among 

thermodynamic, microphysical, and radiative processes that interact across spatial scales ranging from 

micrometres to hundreds of kilometres (Ronen et al., 2025). As the typical grid size in global climate models 55 
(GCMs) is much larger than most individual clouds, and obviously much larger than cloud micro-processes, 

they are usually represented by simplified sub-grid parametrizations and are not directly resolved (Ronen 

et al., 2025). Furthermore, clouds interact continuously with the surrounding non-saturated environment, 

forming atmospheric suspensions with properties that lie between those of ‘pure’ clouds and ‘pure’ aerosols, 

referred to as the cloud-aerosol transition zone (Calbó et al., 2024) or twilight zone (Koren et al., 2007), 60 
and here denoted as TZ from now on. The lack of large-scale observational constraints on ACI is another 

longstanding challenge for representing clouds in GCMs (Ghan et al., 2016; Wang et al., 2025b). 

The TZ comprises all atmospheric suspensions that cannot be clearly classified as either cloud or aerosol, 

such as hydrated aerosols, haze, or forming/evaporating cloud fragments, features that are often overlooked 

by traditional binary cloud/cloud-free classification methods. Understanding and characterizing the 65 
properties of TZ conditions is essential for reducing uncertainties in global radiative forcing (Wen et al., 

2024). Recent studies have shown that at the top of the atmosphere (TOA) the TZ longwave radiative effect 

for shallow clouds is about 0.75 W m-2 (Eytan et al., 2020; Jahani et al., 2020, 2022), and when considering 

all cloud transition zones, including those from high clouds, the longwave radiative effect rises to just above 

1 W m-2 (Eytan et al., 2025). The TZ shortwave radiative effect is about –9 W m-2 near noon, which is larger 70 
in absolute terms than the diurnal average radiative effect of aerosols for non-cloudy skies over the oceans, 

estimated to be less negative than –5 W m-2 (Eytan et al., 2025). The TZ conditions are estimated to extend 

up to 15 km away from clouds (Várnai and Marshak, 2011) and are found ubiquitously over the planet 

(Várnai and Marshak, 2011; Fuchs et al., 2015; Ruiz de Morales et al., 2026). Over 60% of Earth is covered 

by clouds (King et al., 2013), while TZ is estimated to affect more than 50% of the cloud-free atmosphere, 75 
since half of all cloud-free profiles are closer than 4.4 km to a low-level cloud, and 75% of them are closer 

than 20 km (Várnai and Marshak, 2011). The TZ frequency of occurrence has been further assessed using 

several ground-based methods: Calbó et al. (2017) determined that at least 10% of the analyzed period 

exhibited TZ conditions using sky camera images, and broadband and spectral solar radiation 

measurements; González et al. (2023) found that 10–15% of downwelling longwave radiation observations 80 
could be attributed to the TZ. Other recent studies on TZ conditions are those of Scarlatti et al. (2023, 2024), 

which used machine-learning approaches from all-sky camera imagery to study aerosol properties, 

especially in partially cloudy environments.  

While most of these studies considered the atmospheric conditions integrated over the entire column, lidar-

based studies highlighted the importance of accounting for the TZ vertical distribution, as its structure can 85 
affect the interpretation of column integrated measurements. This is a main motivation for the present study. 

For example, Yang et al. (2024) developed a methodology to observe droplet activation within the cloud 

base at decimetre scale by using a single-photon lidar, and Ruiz de Morales et al. (2024) showed that when 

analyzing all layers detected along the vertical with a ground-based ceilometer, TZ conditions are as 

frequent as cloudy ones. Furthermore, Hu et al. (2025) explored the seasonal changes in hygroscopicity and 90 
optical properties of the aerosols beneath low-level clouds, what they termed “a subcloud transition zone 

(SCTZ)”, by using Raman Lidar retrievals, along with meteorological ground-based observations, and 

radiosonde data. They found that although surface aerosols are more hygroscopic in autumn and winter due 

to their higher inorganic content, in the SCTZ, hygroscopicity and backscatter are enhanced in summer due 

to more frequent cloud fragmentation processes at convective cloud bases; there, about 66.7% of the 95 
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enhancement is attributed to aerosol hygroscopic growth and 33.3% to cloud fragments. Other studies have 

also used satellite lidar to study the global distribution and frequency of occurrence of TZ conditions 

(Várnai and Marshak, 2011; Fuchs et al., 2015; Ruiz de Morales et al., 2026). 

Lidar technology is considered as a leading technique to study the atmospheric vertical structure, and more 

recently for studying ACI (Cairo et al., 2024). Automatic Low Power Lidars and Ceilometers (ALC) are 100 
particularly versatile instruments, as their backscatter retrievals can be used to study a wide range of 

atmospheric phenomena (Rogers et al., 1997; Haeffelin et al., 2016; Kotthaus and Grimmond, 2018; 

Harrison et al., 2018; Kotthaus et al., 2020; Malik et al., 2025). ALCs are also more cost-effective and 

widely available (as they are used in airports, weather stations, national meteorological services and 

research campaigns) than Raman or multiwavelength lidars. As a result, many ALC and lidar networks have 105 
been established for atmospheric research, such as the Global Atmospheric Watch (GAW) Aerosol Lidar 

Observation Network (GALION; Yuba et al., 2023) from the World Meteorological Organization (WMO), 

the European Aerosol Research Lidar Network (EARLINET; Pappalardo et al., 2014), the E-Profile 

program from the European Meteorological Network (EUMETNET), the NASA Micro Pulse Lidar 

Network (MPLNET; Welton et al., 2018), the Asian Dust and Aerosol Lidar Observation Network (AD-110 
Net; Nishizawa et al., 2016), the Latin American Lidar Network (LALINET; Guerrero-Rascado et al., 

2016), the Automated Lidar-Ceilometer network (ALICEnet; Bellini et al., 2024), or the Iberian Ceilometer 

Network (ICENET; Cazorla et al., 2017). Lidar systems have also been used on satellite platforms. A 

particularly interesting satellite-based lidar for comparison with ground-based profiling data is the Cloud-

Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard the Cloud-Aerosol Lidar and Infrared 115 
Pathfinder Satellite Observations (CALIPSO) satellite, which has provided over 17 years of unprecedented 

measurements of the Earth’s atmosphere vertical structure. The CALIPSO mission ended in August 2024, 

and since May 2024 the joint ESA/JAXA EarthCARE mission is succeeding CALIPSO in observing 

aerosols and clouds with active remote sensing techniques from space (Illingworth et al., 2015; Wehr et al., 

2023). 120 

The integration of satellite and ground-based lidar observations has become an increasingly popular 

research topic, particularly for studying aerosols (Deng et al., 2024a), pollution and smoke (Yang et al., 

2022; Fang et al., 2024), dust (Marcos et al., 2016), characteristics of the planetary boundary layer (PBL) 

(Li et al., 2021; Kim et al., 2021), cloud structures (Kim et al., 2011; Baroni et al., 2020), cirrus clouds 

(Kim et al., 2014; Deng et al., 2024b), polar stratospheric clouds (Snels et al., 2021) and satellite retrieval 125 
validation (Kim et al., 2008; Mamouri et al., 2009; Perrone et al., 2011). Ground-based lidars provide high 

temporal and spatial resolution information about the vertical structure of atmospheric layers, but their 

spatial coverage is limited to local or regional scales. In contrast, space-borne lidar observations offer 

worldwide coverage of the vertical atmospheric distributions, but with lower spatial resolution. Combining 

both observation methods can address their respective limitations and provide a more complete view of 130 
cloud/aerosol properties and their impacts (Qin et al., 2016; Fang et al., 2024). 

Overall, recent studies have shown the importance of the cloud-aerosol transition zone aggregates into the 

radiative balance, estimating its effects in the longwave and shortwave spectral bands, and showing its non-

negligible frequency and extension. However, despite advances in combining ground-based and satellite 

lidar observations for tropospheric cloud and aerosol research, consistent representation of TZ conditions 135 
(i.e., TZ characterization, frequency and extension) by both approaches remains unexplored. This study 

aims to evaluate the respective capabilities of each instrument by presenting TZ distributions derived from 

coincident ground-based and spaceborne lidar observations across different atmospheric conditions. 

Specifically, we evaluate situations where the two methods agree or disagree, highlighting the advantages 

and limitations of each, as well as their level of agreement. This combination contributes to a better 140 
understanding of current knowledge on TZ conditions, including their frequency of occurrence, horizontal 

extent, and vertical distribution.  

https://doi.org/10.5194/egusphere-2026-3737
Preprint. Discussion started: 28 August 2026
c© Author(s) 2026. CC BY 4.0 License.



4 
 

2 Instruments, Data & Methodology 

The schematic diagram in Fig. 1 illustrates the observational approach used in this study. To investigate the 

suspended aggregates in the atmosphere (clouds, TZ, and aerosols) we analyzed the 2017 datasets of 145 
CALIOP lidar observations over the region bounded by 30º–80º N and 10º W–35º E, covering Europe, 

alongside measurements from several ground-based ALCs (Fig. 2; Table 1). 

 

Figure 1: Schematic diagram of the remote sensing observations. Image credits are 

attributed to NASA for the CALIPSO satellite, OTT HydroMet for the CHM15k, and 150 
Vaisala for the CL51, CL31 and CT25K.   

2.1 European sites 

The method to assess TZ conditions used in the study by Ruiz de Morales et al. (2024) has been taken as a 

reference for the ground-based observations (more information about the methodology is provided in 

Section 2.3). The same method has been applied to the GIR CL31 2017 dataset, as well as to the two ALC 155 
from the E-profile network (GRW CHM15k and BUR CL51). These locations are very close to CALIPSO 

ground-tracks (with most CALIPSO profiles being within 5 km). The analysis of these two locations is 

shown in Section 3.1 with several case studies. Finally, we applied a simplified version of the methodology 

to the Cloudnet 2017 ALC datasets to have a more complete overview of the ground-based observations 

across the diverse climatic conditions of the European region. Both the E-profile and Cloudnet networks 160 
are part of the Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS). Note that for GIR C31, 

GRW CHM15k and BUR CL51, the original ALC dataset was used and processed with the Cloudnetpy 

algorithm (Tukiainen et al., 2020). Contrarily, the ALC datasets from the CLOUDNET network had already 

been processed with Cloudnetpy. Not having the original ALC data forced us to use a simplified version of 

the method to detect TZ conditions (see Section 2.3).    165 

In this context, BUR, GIR, GRA provide information on the western Mediterranean, and LIM on the eastern 

Mediterranean, with hot, dry summers and mild, wet winters; CHB, JUL, PAL and GRW represent 

northwestern European maritime climate with mild winters and humid summers; LIN, MUN and SFH of 

continental climate, with cold winters and hot, dry summers (SFH is located at 2653 m in the Alps mountain 

range, and MUN is also influenced by the alpine climate, which makes them particularly interesting); NOR 170 
and KEN present a subarctic climate, with cold winters and mild, humid summers; and NYA, located in 

Svalbard, presents Arctic climate conditions. 
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Figure 2: Location of the observational sites. a) Location of the ALC sites contributing to this study along with 175 
CALIPSO ground tracks; b) Location of GRW CHM15k, along with CALIPSO’s closest profiles; c) Same as 

(b) but for BUR CL51. Base map © Google Earth 2025. 

 

2.2 Instruments 

2.2.1 Spaceborne Lidar: CALIOP 180 

The CALIPSO mission is a joint project between NASA (the National Aeronautics and Space 

Administration) and the French Space Agency (CNES; Centre National d’Études Spatiales). Launched on 

28 April 2006, CALIPSO operated as part of the A-Train satellite constellation, which included satellites 

such as Aqua, CloudSat, PARASOL, and Aura, maintaining a sun-synchronous orbit at an altitude of 705 

km with a 99-minute orbital period. With an orbit inclination of 98º, the satellite provided global coverage 185 
from 82º N to 82º S, with ground tracks repeating every 16 days (Winker et al., 2010). On 13 September 

Table 1 Site location and instrumentation, sorted by latitude.  

Station code Location Country Latitude Longitude Altitude ALC type Network 
Daily 

Files 

NYA Ny-Ålesund Norway 78.923°N 11.922°E 19 m CL51 CLOUDNET 365 

KEN Kenttärova Finland 67.987°N 24.243°E 354 m CT25K CLOUDNET 298 

NOR Norunda Sweden 60.086°N 17.479°E 46 m CL51 CLOUDNET 164 

GRW Gruenow Germany 53.315°N 13.934°E 56 m CHM15k E-PROFILE 365 

LIN Lindenberg Germany 52.208°N 14.118°E 104 m CHM15k CLOUDNET 364 

CHB Chilbolton 
United 

Kingdom 
51.144°N 1.439°W 85 m CL51 CLOUDNET 364 

JUL Jülich Germany 50.908°N 6.413°E 111 m CHM15k CLOUDNET 362 

PAL Palaiseau France 48.717°N 2.209°E 156 m CHM15k CLOUDNET 365 

MUN Munich Germany 48.148°N 11.573°E 538 m CHM15k CLOUDNET 358 

SFH Schneefernerhaus Germany 47.417°N 10.977°E 2653 m CHM15k CLOUDNET 365 

GIR Girona Spain 41.962°N 2.829°E 115 m CL31 – 306 

BUR Burjassot Spain 39.507°N 0.420°W 89 m CL51 E-PROFILE 283 

GRA Granada Spain 37.164°N 3.605°W 680 m CHM15k CLOUDNET 361 

LIM Limassol Cyprus 34.677°N 33.038°E 10 m CHM15k CLOUDNET 360 
Note: Altitude values are meters above mean sea level (a.m.s.l.)  
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2018, CALIPSO underwent a planned orbital manoeuvre, lowering its altitude to 688 km to rejoin CloudSat 

with the established C-Train constellation, until 1 August 2023 when the CALIPSO mission ended. 

CALIPSO is equipped with three co-aligned, near nadir instruments: CALIOP, the Imaging Infrared 

Radiometer (IIR), and a Wide Field Camera (WFC). CALIOP operates at 532 nm and 1064 nm 190 
wavelengths, with polarization sensitivity at 532 nm, providing high-resolution vertical profiles of clouds 

and aerosols. The laser operates at a pulse rate frequency of 20.16 Hz, with a pulse length of approximately 

20 ns (Winker et al., 2010). Each laser generates 220 mJ of pulse energy at both wavelengths. Beam 

expanders are employed to reduce the angular divergence of the transmitted laser beam, producing a beam 

diameter of 70 m at the Earth’s surface, which corresponds to a nominal laser beam divergence of 100 μrad 195 
(Hunt et al., 2009; Mamouri et al., 2009). 

For this research, we used all orbit (day and nighttime) data products of the “CALIPSO v.4.51 Lidar Level 

1B profile data” and the “Level 2 v4.51 products of clouds, aerosols and merged layers”. The level 1 data 

includes calibrated and geo-located single-shot lidar profiles at the highest resolution, while the level 2 

products include the layer detected products. The vertical resolution of the CALIOP data is 30 m from the 200 
surface to 8.2 km and 60 m from 8.2 to 20.2 km (Thorsen et al., 2011). The level 1 products have a horizontal 

resolution of 300 m from the surface to 8.2 km and 1 km from 8.2 to 20.2 km. The level 1 dataset was used 

to obtain the Total Attenuated Backscatter at 532 nm (β′532) and at 1064 nm (β′1064), and the satellite overpass 

at the studied locations (BUR and GRW), obtaining the closest profiles at those locations. The level 2 

dataset provides spatial and optical information for up to 15 layers of suspended particles for each profile, 205 
with a horizontal resolution of 5 km while maintaining the original vertical resolution. This dataset was 

used to obtain the layer-averaged attenuated backscatter at 532 nm ⟨β′532⟩ and at 1064 nm ⟨β′1064⟩; the 

layer-integrated attenuated total colour ratio (χ′), as the ratio of ⟨β′1064⟩ to ⟨β′532⟩; the layer-integrated 

volume depolarization ratio (δV) as the ratio between the perpendicular and parallel 532 nm backscatter 

components; the mid-layer altitude (zmid); and the Cloud Aerosol Discrimination (CAD) score values for 210 
each detected layer with CALIOP.  

The CAD algorithm uses probability density functions (PDFs) of five dimensions: ⟨β′532⟩, χ′, δV, zmid, and 

the latitude of the layers detected (Liu et al., 2005, 2009, 2010, 2019). The CAD score ranges from –100 to 

100, with positive scores indicating a certain likelihood that the feature is classified as a cloud, whereas 

negative scores indicate the presence of an aerosol layer. The confidence in the layer classification is 215 
indicated by the magnitude of the CAD score: |CAD| ≥ 70 is considered as high-confidence range (HC), 70 

> |CAD| ≥ 50 as middle-confidence (MC), 50 > |CAD| > 20 as low-confidence (LC) and |CAD| ≤ 20 as no-

confidence range (NCR) (Liu et al. 2010, 2019; Yang et al. 2012). These CAD classifications are used for 

other Scene Classification algorithms, such as the Vertical Feature Mask, aerosol/cloud subtyping 

algorithms. In our study, after applying some filters, NCR values of the CAD-score and cirrus fringes (layers 220 
with CAD = 106) are used to identify the TZ layers (see Section 2.3). 

2.2.2 Ground-based Automatic Low-Power Lidar and Ceilometers (ALC) 

The ground-based instruments used in this study are ALC with an optoelectronic laser sensor, which can 

detect up to three cloud layers simultaneously. By employing real-time algorithms, these instruments 

generate height resolved backscatter profiles, through the analysis of the duration and intensity of the laser 225 
pulse backscattered to the ALC (Martucci et al., 2010). The operating range of the CHM15k and CL51 is 

15.4 km of altitude, enabling the detection of cirrus clouds. However, layers located at high altitudes such 

as cirrus clouds or cirrus fringes may be significantly hidden in the noise component of the signal at these 

high ranges (Martucci et al., 2010). 

a. VAISALA CL31, CL51 and CT25K 230 

The Vaisala CL31, CL51 and CT25K use an Indium Gallium Arsenide (InGaAs) diode laser, with 

backscattered signals detected by a silicon avalanche photodiode (APD) analogue detector (Wagner et al., 

2024; Chen et al., 2025). They provide measurements on a vertical range 0–7.7 km for the CL31, 0–15.4 

km for the CL51, 0–7.5 km for the CT25K, with 5 m, 10 m, 15.24 m (50 ft) vertical resolution, and 2 s, 6 
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s, 15 s temporal resolution, respectively. The CL31 and CL51 lasers emit 110 ns-long pulses at 910 nm 235 
wavelength with pulse repetition rates of 10.0 kHz (CL31) and 6.5k Hz (CL51), respectively. The CT25 

emits 100 ns-long pulses at 905 nm wavelength with a repetition rate of 5.57 kHz. According to the 

manufacturer, the pulses have a nominal energy of 1.2, 3.0, 1.6 μJ and the average laser power are 12, 19.5 

and 8.9 mW, respectively (see Table 2 for technical information). 

b. LUFFT CHM15k  240 

The Lufft CHM15k uses photon counting technology, operating at 1064 nm wavelength. It has a maximum 

range of 15.4 km with a minimum vertical resolution of 5 m in the near range (up to 150 m) and 15 m 

resolution above, and a temporal resolution of 2 s. The laser pulse duration is 1 ns with a pulse energy of 8 

μJ, and a repetition rate of 5–7 kHz (see Table 2 for technical information). 

Table 2 ALC technical data 

ALC parameters CHM15k CL31 CL51 CT25K 

Manufacturer 
OTT HydroMet 

(former Lufft) 
Vaisala Vaisala Vaisala 

Wavelength (nm) 1064 910 910 905 

Maximum range (km) 15 7.7 15.4 7.5 

Minimum resolutions (m, s) 5, 2 5, 2 10, 6 15.24, 15 

Average laser power (mW) 50 12 19.5 8.9 

Pulse duration (ns) ~1 110 110 100 

Pulse repetition rate (kHz) 5–7 8.192 6.5 5.57 

Energy per pulse (μJ) 8 1.2 3 1.6 

 245 

2.3 Transition Zone Observations 

To assess TZ conditions from a ground-based perspective, we followed the method proposed by Ruiz de 

Morales et al. (2024), which involves applying different sets of thresholds on the signal-to-noise ratio 

(SNR), and the SNR-screened backscatter (β) variables used for cloud detection in the Cloudnetpy 

algorithm. More specifically, TZ conditions are defined as situations in which cloud detection changes when 250 
switching between a strict and a relaxed set of thresholds, which are used to delineate the boundary between 

cloudy and cloudless conditions. For the strict situation, the algorithm uses the default threshold values; a 

signal-to-noise ratio threshold (SNRth) of 5 and a backscatter threshold (Bth) of 20 × 10-6 m-1sr-1. These set 

of threshold values are consistent with those implemented by the manufacturer algorithm Vaisala (Ruiz de 

Morales et al., 2024). For the relaxed situation, the thresholds are reduced to SNRth = 4 and Bth = 3 × 10-255 
6 m-1sr-1. This approach was applied to three ALCs for which the original raw ceilometer data are available: 

GIR CL31, BUR CL51 and GRW CHM15k (Fig 3a; case studies are presented in Section 3.1). A simplified 

version of the method was applied to the CLOUDNET ALC data. Since CLOUDNET data has already been 

processed and the SNRth cannot be modified, TZ conditions for the ground-based ALC data (e.g., in Section 

3.2) are defined solely by changes in detections when switching from Bth = 20 × 10-6 m-1sr-1 to Bth = 3 × 260 
10-6 m-1sr-1, while keeping SNRth fixed at 5. 

In this study, a “hit” corresponds to a profile containing more than one backscatter value classified as 

cloudy, and the cloud occurrence (CO) is then quantified as the percentage of hit profiles, identified using 

the default set of thresholds, relative to the total number of processed profiles. Figure 3 shows the 

percentage of hits as a function of the threshold combinations. In Fig 3a, the method is applied to the GRW, 265 
BUR and GIR ALCs, showing the Bth values for both SNRth = 4 and SNRth = 5. The hit profile shape of 

GIR ALC resembles that reported by Ruiz de Morales et al. (2024), despite being based on a different year 

(2017 instead of 2022), confirming the robustness of the method for the same instrument and location. This 

profile shape is characterized by near 100% hit values for Bth < 0.2 × 10-6 m-1sr-1, and near 0% values for 

Bth > 500 × 10-6 m-1sr-1. A plateau area is observed for 5 × 10-6 m-1sr-1 < Bth < 70 × 10-6 m-1sr-1, while 270 
sharper transitions for 0.3 × 10-6 m-1sr-1 < Bth < 5 × 10-6 m-1sr-1 and 70 × 10-6 m-1sr-1 < Bth < 500 ×10-6 m-

1sr-1. The BUR and GRW ALCs show a similar hit profile shape pattern, however, their plateau regions are 
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less extended, and less gradual, making the decline from cloud-free to cloud more pronounced. Using the 

default threshold configuration (Bth = 20×10-6 m-1sr-1 and SNRth = 5), the CO for the 2017 dataset is 26.1% 

for GIR CL31, 26.1% for BUR CL51, and 65.7% for GRW CHM15k. While for the relaxed set of thresholds 275 
(Bth = 3×10-6 m-1sr-1 and SNRth = 4) the CO is 33.5%, 40.1%, and 76.6%, respectively. By comparing the 

number of hits obtained under relaxed and strict threshold configurations, TZ conditions account for 7.3% 

of the total number of profiles in GIR, 14.0% in BUR, 10.9 in GRW. As expected, the less restrictive SNRth 

= 4 results in a higher number of hits compared to the default SNRth = 5 value, which is particularly 

apparent for Bth between 0.2 and 20 (× 10−6 m−1 sr−1). Nevertheless, the overall impact of changing the 280 
SNRth from 5 to 4 is relatively small. For example, the number of CO hits (Bth = 20 × 10-6 m-1sr-1) increases 

from 33.4 to 33.5% for GIR CL31, from 36.7 to 40.1% for BUR CL51, and from 75.4 to 76.6% for GRW 

CHM15k when moving SNRth = 5 to SNRth = 4. In addition, differences in the local climatology contribute 

to the observed variability in CO, as GIR and BUR are Mediterranean sites while GRW is characterized by 

a northwestern maritime European climate, which is associated with a higher frequency of cloudy 285 
conditions. 

The dependence of cloud detection on Bth for SNRth = 5, for all the ALCs used in this study, including all 

CLOUDNET network ceilometers, as well as the GIR, BUR and GRW ALCs, is shown in Fig. 3b. Most 

ALCs show a similar pattern shape; however, this behaviour is not consistent across all ALC, and it depends 

on the climatological characteristics of the observational site. In particular, the four Mediterranean sites 290 
(GIR, BUR, GRA and LIM) clearly have lower CO compared to the other sites, with CO values of 26.1%, 

26.1%, 25.0% and 15.0% respectively. Nevertheless, the profile shape of GRA and LIM is quite different 

to the other two Mediterranean sites. The plateau area in GRA is barely discernible and is absent in LIM. 

Similarly, in PAL, the shift between cloud-free and cloud is constantly gradual, but with a higher CO of 

62.1%. A possible explanation for this behaviour is the high presence of fog and/or polluted air masses, as 295 
PAL is located within the Paris metropolitan area. Other sites, such as LIN, JUL, and MUN, also show a 

relatively narrow plateau area that is slightly shifted toward lower Bth values. At NYA, the plateau area 

spans between 1 × 10−6 m−1 sr−1 and 7 × 10−6 m−1 sr−1, although it is not strongly pronounced. CHB and 

SFH show a CO of 66.0%, and 56.1%, respectively, with clearly identifiable plateau region extending from 

3 × 10−6 m−1 sr−1 to 20 × 10−6 m−1 sr−1. Finally, NOR and KEN hit profile shapes are similar to that of GIR, 300 
but with a higher overall CO, 68.7% and 72.4%. In both cases, the plateau region is shifted to lower Bth 

values: between 1 × 10−6 m−1 sr−1 and 10 × 10−6 m−1 sr−1 for NOR, and between 0. 4 × 10−6 m−1 sr−1 and 10 

× 10−6 m−1 sr−1 for KEN. In conclusion, the transition between aerosol and cloud conditions as observed by 

ceilometers is gradual. Consequently, cloud detection is sensitive to the choice of threshold values. 

However, the characteristics of the observed gradual transition may depend on other factors such as the 305 
instrument used, the climatological region, aerosol loading, and atmospheric water-vapour content 

(Wiegner et al., 2014; Kotthaus et al., 2016). For example, Vaisala ceilometers operate at 910 nm, within a 

water-vapour absorption band (~ 940 nm), which may influence the measured backscatter signal under 

varying humidity conditions (Chen et al., 2025). 
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310 
Figure 3: Sensitivity of ALC cloud detection to Bth and SNRth. a) Cloud Occurrence (CO) for different Bth 

values at SNRth = 4 and SNRth = 5, for the GRW (green), BUR (red) and GIR (blue) ALCs; b) Same as (3a), 

applied to all ALCs, but only with SNRth = 5. Thick orange dashed lines correspond to the set of Bth threshold 

used for characterizing the TZ (Bth = 20 × 10−6 m−1 sr−1 and Bth = 3 × 10−6 m−1 sr−1). Thin orange dashed lines 

correspond to the uncertainty Bth threshold values for TZ detection (Bth = 4 × 10−6 m−1 sr−1 and Bth = 315 
2 × 10−6 m−1 sr−1). 

To assess the TZ from the satellite perspective, we followed the approach of Ruiz de Morales et al. (2026). 

Specifically, considering the TZ as the layers within the no-confidence range (NCR; -20 ≤ CAD ≤ 20) of 

CALIOP’s CAD-Score, and the layers classified as cirrus fringes (CAD = 106). To avoid an overestimation 

of TZ conditions (i.e., to avoid the impact of artifacts), we applied the same filters used in that study: (a) a 320 
filter to exclude unrealistic values, just letting through layers with 0 ≤ ⟨β′532⟩ ≤ 1, 0 ≤ χ′ ≤ 2, and 0 ≤ δV  ≤ 2; 

(b) a filter to exclude layers with zmid detected above the tropopause; (c) a filter to reduce the impact of 

multiple scattering attenuation from thick layers, excluding features with IAB QA factor < 0.7; where the 

IAB QA is the variable “integrated attenuated backscatter above a feature quality assessment” provided by 

CALIPSO products. 325 

Applying these filters to the CALIOP Level 2 dataset over Europe results in the exclusion of 72.2% of the 

potential TZ layers (layers with -20 ≤ CAD ≤ 20 or CAD = 106). The IAB QA filter is the most restrictive 

filter, accounting for the exclusion of 59.4% of the TZ layers. The strict filtering procedure also affects the 

other categories, removing 23.0% of layers classified as clouds (20 < CAD ≤ 100), and 40.7% of the layers 

classified as aerosols (-100 ≤ CAD < -20). Differences are observed between the daytime and nighttime 330 
datasets. For nighttime conditions, 17.2% of clouds, 36.6% of aerosols, and 73.9% of TZ are removed. 

Whereas, for daytime conditions, 27.0% of clouds, 46.7% of aerosols, and 70.1% of TZ are removed.  

As this study retains only layers with a well-defined physical meaning, the reported results should be 

considered as a lower bound on the true frequency of TZ occurrences. 

3 Results & Discussions 335 

This section firstly presents a comparison of the two methods applied to several atmospheric conditions 

selected from CALIOP overpasses to the ground-based ALCs. By focusing on these coinciding 

observations, we assess the specific potentials and limitations of each method across different atmospheric 

conditions, as well as the level of agreement between CALIOP and ALCs. Secondly, to evaluate the TZ 

spatial distribution and consistency of the two methods, we apply the ground-based approach to all the 340 
ALCs used in the study, while simultaneously employing the satellite approach to the CALIOP observations 

over Europe for the same time period. 
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3.1 Sampled Atmospheric Conditions 

To compare the ground-based ALC and CALIOP retrievals, we used observations from the GRW CHM15k 

and the BUR CL51, which are the ALCs with the shortest distance (i.e., < 4 km) to CALIPSO’s ground-345 
track. During the study period, CALIPSO passed over GRW site at ~1:33 UTC during nighttime on a 

descending orbit and over BUR site at ~13:18 UTC during daytime on an ascending orbit, with a repeat 

cycle of 16 days. Over the 2017 period, there were 21 coincidences of CALIPSO over GRW and 18 

coincidences over BUR. From these coincidences, 8 case studies were selected, with 5 nighttime (GRW) 

and 3 daytime (BUR) events corresponding to five different atmospheric aerosol and cloud conditions 350 
(Table 3): PBL aerosols in cloud-free conditions (case studies 1 and 2), high-altitude semi-transparent cirrus 

clouds (cases 3 and 4), low-level clouds (case 5), dense tropospheric clouds attenuating both ground-based 

and satellite lidar signals (cases 6 and 7), and multi-layer cloud structures (case 8).  

For each case study, we analyze the raw backscatter profiles of CALIOP and ALC, compare the closest 

profiles, and evaluate the final (cloud-TZ-aerosol) classification from the satellite and ground-based 355 
perspective.  

 

Table 3 Summary of the sampled atmospheric conditions 

Case 

study 
Atmospheric Condition 

Date & Time overpass  

(Day or Nighttime dataset) 
Location 

ALC 

type 

Distance between 

CALIOP closest 

profile to ALC 

1 
Cloud-free & PBL aerosols 

07/08/2017 01:32:49 UTC (N) GRW CHM15k 1.01 km 

2 05/01/2017 13:18:33 UTC (D) BUR CL51 3.24 km 

3 
Cirrus clouds 

01/04/2017 01:33:06 UTC (N) GRW CHM15k 3.36 km 

4 06/02/2017 13:18:58 UTC (D) BUR CL51 1.92 km 

5 Low-level clouds 29/12/2017 01:33:16 UTC (N) GRW CHM15k 1.61 km 

6 
Dense tropospheric clouds 

21/01/2017 13:18:47 UTC (D) BUR CL51 0.10 km 

7 24/09/2017 01:32:54 UTC (N) GRW CHM15k 0.25 km 

8 Multi-layer cloud structures 26/10/2017 01:32:44 UTC (N) GRW CHM15k 3.67 km 

 

3.1.1 Cloud-free & PBL Aerosols 

Figures 4a and 4b show the 532 nm attenuated backscatter coefficient, ⟨β′532⟩, retrieved by CALIOP and 

the backscatter signal at 1064 nm (β) acquired by the CHM15k. The vertical white lines indicate the profiles 360 
with the closest spatial and temporal coincidences between CALIOP and the ALC; in this case, the closest 

CALIOP profile over GRW occurred at 53.3186º N 13.9550º E, at a distance of 1.01 km from the GRW 

CHM15k location (53.315º N 13.934º E) at 01:32:49 UTC. In Fig. 4a, the x-axis represents a horizontal 

window of ±10 km around the CALIOP profile closest to the ALC location, corresponding to 58 CALIOP 

single profiles. Whereas in Fig. 4b it represents the ALC backscatter on a temporal window of ±16 minutes 365 
around the satellite overpass. Even though both lidar signals appear quite noisy, especially CALIOP, the 

ground-based ALC has  higher vertical and temporal resolution. It should be noted that CALIOP data show 

a change in resolution around 8.2 km altitude, resulting from distinct vertical and horizontal resolutions of 

the CALIOP measurements (see Section 2.2.1).  

In this case, no clouds were detected in the vicinity of the coincidence. A horizontally stable aerosol 370 
structure within the PBL is observed before and after CALIPSO’s overpass at GRW’s site (Fig. 4a). The 

ground-based measurements also show the temporally stable PBL aerosol layer extending up to 

approximately 1.8 km (Fig. 4b).  

Figure 4c shows the backscatter profile retrievals of the spatially closest CALIOP profile to the location 

and the CHM15k temporally closest profile to the CALIPSO overpass. Single profiles of ⟨β′532⟩ and ⟨β′1064⟩ 375 
from CALIOP, as well as the raw (βraw) and processed (β) backscatter signals from the CHM15k are shown. 

To reduce the impact of noise and provide a clearer representation of the atmospheric condition, the average 
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of multiple profiles is also shown. For CALIOP, the average is calculated using all the profiles within ±10 

km around the closest profile to the location, while for the CHM15k the average includes all the ALC 

profiles within the temporal window of ±16 minutes of CALIPSO overpass time. These ranges were 380 
selected to provide sufficient and comparable sampling, considering the instrument resolution and a typical 

horizontal wind speed. They are only used to represent the case studies and do not influence the final feature 

frequency results.  The high values of ⟨β′532⟩, and ⟨β′1064⟩, detected near 0 km, correspond to the surface 

signal return.  

The final cloud-TZ-aerosol classification for the 07/08/2017 case, obtained after applying all filters to both 385 
methodologies, is represented in Fig. 4d. Both methods consistently identify a PBL aerosol structure 

extending up to approximately 2 km of altitude. The ALC final classification also reveals some dispersed 

TZ detections at the top of the PBL aerosol layer. These values may not correspond to the TZ between 

clouds and aerosols, but rather the aerosol – clear sky boundary with higher backscatter (but also noise), so 

aerosols at the edge of the PBL may not be detected with confidence. 390 

Figure A1 shows an atmospheric condition similar to that shown in Fig. 4, but for BUR CL51, and daytime 

observations. Thus, the backscatter retrievals also show a clear sky with an aerosol layer located below 1 

km. One difference in retrieval is that BUR CL51 data resolution is every 1 min while GRW is every 15 s. 

Moreover, daytime lidar data is noisier than that of nighttime. The profile comparison also shows a clear 

sky, with some low but detectable backscatter signals within the lowest kilometre. The final classification 395 
shows PBL aerosols with some TZ detections above the PBL for the BUR CL51, while CALIOP shows a 

TZ layer within the lowest 400 m. These findings are consistent with previous CALIPSO validation studies, 

which have shown that for cloud-free conditions, both satellite and ground-based lidars are capable of 

reliably detecting typical urban PBL aerosol layers (Kim et al., 2008). 
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400 
Figure 4: Comparison between concurrent ground-based and satellite lidar retrievals on 07/08/2017, showing a 

cloud-free atmosphere and PBL aerosols over the GRW CHM15k ALC. a) CALIOP 532 nm attenuated 

backscatter coefficient from 53.23 to 53.40º N (which corresponds to 10 km along the ground-track, before and 

after the closest profile to the ALC location). White line corresponds to the closest CALIOP profile to the ground-

based ALC location; b) Raw backscatter profiles of the GRW CHM15k between 1:16 UTC and 1:48 UTC 405 
(correspond to 16 minutes before and after the satellite overpass time). Note that the signal is represented as the 

logarithm of the βraw signal. White line corresponds to the profile closest in time to the CALIPSO’s overpass; c) 

Closest vertical profiles of CALIOP ⟨β′532⟩ and ⟨β′1064⟩ and CHM15k β and βraw; d) Final classification as clouds, 

TZ and aerosol layers. Left panel represents the CHM15k classification, whereas the right panel represents the 

CALIOP classification.    410 

3.1.2 Cirrus Clouds 

Several coincidences between ground-based and satellite lidars with cirrus clouds observations were found 

in the analysis (e.g., 20-06-2017, 23-08-2017 in Gruenow; not shown). Overall, these cases show that cirrus 

clouds can be detected by both lidars. However, depending on cloud optical depth (COD), cloud base height 

(CBH), and cloud top height (CTH) ground-based lidar measurements may fail to fully capture cirrus layers 415 
due to signal attenuation with height. Furthermore, as our objective is to assess the TZ layers with physical 

meaning, our filters are quite strict to ensure that instrumental artifacts are removed and not processed. This 

limitation leads to an underestimation of cirrus clouds and the associated TZ features at high altitudes (e.g., 

cirrus fringes) in ground-based observations.  
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Figure 5 presents a case of cirrus cloud observations over GRW on 01/04/2017, when the shortest distance 420 
between the ground-based and the satellite lidars profiles was 3.36 km. Besides, Figure A2 shows a case of 

cirrus clouds over BUR on 06/02/2017, with a closest separation of 1.92 km. 

In Fig. 5a, a cirrus cloud extending from 10 to 12 km is clearly identified from CALIOP backscatter 

retrievals. From the ground-based perspective (Fig. 5b), the same layer is also detectable but appears 

optically thinner, likely due to increasing signal attenuation with altitude. This layer can be clearly identified 425 
in the backscatter comparison where both methodologies show enhanced backscatter values at this height. 

However, in the final classification, a large fraction of the GRW CHM15k detections are filtered out, 

showing that it is a very restrictive method, designed to avoid classifying noisy values. CALIOP classifies 

this layer as a HC cloud from 9.9 to 12.0 km. Additionally, a very thin layer can also be distinguished at 

about 7 km altitude from the CHM15k backscatter retrievals. This layer is more difficult to identify in the 430 
CALIOP backscatter retrievals and in the profile comparison for both systems; nevertheless, in the final 

classification CALIOP detects a cloud layer at this altitude, while the CHM15k shows some dispersed 

cloudy and TZ conditions. Both observing systems consistently detect an aerosol layer from the surface up 

to about 2 km, although the CHM15k additionally shows some dispersed TZ conditions at the top of this 

aerosol layer. 435 

Figure 5: Same as Fig. 4, but for cirrus clouds on 01/04/2017 over GRW. The CALIOP 532 nm attenuated 

backscatter coefficient spans 53.23 - 53.39º N, while the ALC raw-backscattered is from 01:17 to 01:49 UTC. 
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Similarly, Fig. A2a shows four layers of cirrus clouds located between 10 and 13 km, along the CALIOP 

backscatter retrievals. These layers can be clearly identified on the single and multiple averaged profiles. 440 
In the final classification, these features are classified as a continuous layer of cirrus clouds between 9.8 

and 12.9 km, potentially simplifying the vertically layered structure. From the ground-based perspective, 

only a thin cirrus layer can be identified at 10.1 km, which can also be identified in the βraw_avg backscatter 

profile. However, due to the noise at high altitudes, particularly around the mid-day, most of the 

corresponding detections are filtered out in the final classification. Both lidars also identify a cloud located 445 
at 2.6 km, even though this layer is filtered out in the CALIOP final classification as a result of the IAB QA 

filter, which only retains the layers with sufficient signal quality. The BUR CL51 further detects aerosol 

layers within the PBL up to 1 km, along with some TZ values at the top of the PBL and in the vicinity of 

the cloud located at 2.6 km. 

3.1.3 Low-level Clouds 450 

A comparison of retrievals for low-level clouds is presented in Fig. 6. In this example, a dense stratocumulus 

cloud layer is detected by both lidar backscatter retrievals (Fig. 6a and 6b), with CBH at about 1 km. The 

backscatter profile comparison shows good agreement between both observing systems in terms of the 

CBH. Besides, the cloud layer is optically thick, leading to strong signal attenuation in both instruments. 

Consequently, the GRWCHM15k is unable to detect the CTH, while CALIOP has limited sensitivity to the 455 
aerosol layer beneath this cloud layer. The final classification for both methods provides a more 

comprehensive representation of the atmospheric condition. Both methods identify a stratiform cloud layer. 

However, the ground-based approach, beneath the stratiform cloud, further reveals regions of aerosols, 

some with enhanced hydration, resulting in the detection of TZ aggregates. CALIOP, in contrast, shows a 

simplified classification, just identifying the cloud layer between 0.7 to 1.5 km without resolving the 460 
underlying TZ structure.  

This behaviour, characterized by the detection of TZ layers located right below or in the vicinity of low 

clouds in ALC observations, has been consistently observed in multiple cases (see for example Ruiz de 

Morales et al., 2024, Yang et al., 2024, and Hu et al., 2025).  
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 465 

Figure 6: Same as Fig. 4, but for low-level clouds on 29/12/2017 over GRW. The CALIOP 532 nm attenuated 

backscatter coefficient spans 53.23 - 53.40º N, while the ALC raw-backscattered is from 01:17 to 01:49 UTC. 

 

3.1.4 Dense Tropospheric Clouds 

Dense tropospheric clouds represent a main limitation for both methods as they can fully attenuate lidar 470 
signals and prevent the laser beam from penetrating optically thick cloud layers. Such clouds can block the 

laser beam, and/or the return signal from the scattering particles, preventing the detection of other layers. 

Furthermore, spatially and vertically inhomogeneous cloud distributions at horizontal scales of a few 

kilometres can further contribute to discrepancies in the determination of CBH and CTH (Kim et al., 2008). 

Examples of dense atmospheric clouds are illustrated in Fig. 7 and A3. 475 

In Fig. 7, CALIOP backscatter retrieval over BUR shows a cloud layer located between 7.9 and 10.4 km 

altitude. This cloud layer strongly attenuates the lidar signal preventing a reliable characterization of the 

atmospheric structures beneath it. Conversely, BUR CL51 detects a cloud layer with CBH at 1.1 km, as 

well as an aerosol layer below the cloud, with localized regions of enhanced backscatter that are likely 

associated with hydrated aerosols. Nevertheless, the CL51 lidar signal becomes fully attenuated within the 480 
cloud, preventing the detection of atmospheric layers above it.  
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The CALIOP profile closest to the ALC station shows enhanced backscatter values at around 9.3 km 

altitude. In contrast, the final CL51 classification provides a detailed characterization of the cloud layer at 

1.1 km, the aerosol layer below, and the associated TZ features beneath the cloud, although it cannot observe 

the atmospheric structure above the cloud. 485 

 

Figure 7: Same as Fig. 4, but for dense tropospheric clouds on 21/01/2017 over BUR. The CALIOP 532 nm 

attenuated backscatter coefficient spans 39.42 - 39.59º N, while the ALC raw-backscattered is from 13:02 to 

13:34 UTC. 

 490 

Figure A3 shows a similar condition at GRW, with cirrus clouds and a thick low cloud that attenuates both 

lidars. The GRW CHM15k perceives a strong backscatter signal in the lowest range gates, which fully 

attenuates the lidar signal above the first 300 m. In contrast, CALIOP detects the cirrus layer between 7.5 

and 10.8 km, as well as the top of a cloud layer located at 1.9 km, below which the lidar signal becomes 

strongly attenuated. In the final classification, the CHM15k identifies only the lowest range gates as cloudy, 495 
while CALIOP classifies the cirrus layer with TZ conditions below the cirrus base. Although the cloud at 

1.9 km is initially detected and classified by the CALIOP algorithms, it is subsequently filtered out due to 

the restrictive IAB QA filter. 
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3.1.5 Multi-layer Cloud Structures 

A multilayer cloud structure was observed on 26/10/2017 at GRW by both the ground-based CHM15k and 500 
the spaceborne CALIOP lidars (Fig. 8). The backscatter observations from both lidars consistently identify 

two cirrus cloud layers at 7–8 km and 10–12 km, as well as some clouds embedded with PBL aerosols. The 

profile comparison highlights the overall good agreement between the two observations.  

In the final classification, a cirrus layer with CBH of 10.2 km and CTH of 11.8 km is derived from CALIOP, 

while the CHM15k shows some scattered cloudy and TZ values between 10.7 and 11.2 km. Both 505 
observational methods coincide in a TZ layer observed between 7.6 to 8.1 km, with the CHM15k identifying 

some cloud values at these altitudes. The CHM15k further resolves lower-altitude layers, detecting a 

permanent TZ layer between 0.2 to 0.5 km, with cloudy values above this layer around 01:19 UTC and 

between 01:32 UTC and 01:42 UTC. PBL aerosols are observed from the surface up to 1.3 km, with some 

TZ values located at the top of the aerosol layer. The original CALIOP CAD-values (before filtering, not 510 
shown) show some additional layers that were removed by the IAB QA filter, including two cloud layers 

from 7.0 to 8.3 km, and 0.2 to 0.7 km, a TZ layer from 9.9 to 10.5 km and 0.2 to 1.1 km, and an aerosol 

layer from 0.7 to 1.1 km.  

 

515 
Figure 8: Same as Fig.4, but for multi-layer cloud structures on 26/10/2017 over GRW. The CALIOP 532 nm 
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attenuated backscatter coefficient spans 53.23 - 53.40º N, while the ALC raw-backscattered is from 01:16 to 

01:48 UTC. 

As a partial conclusion of this section, the case studies show that TZ detections from ALC and CALIOP 

observations complement each other well, although some layers were detected by only one method. 520 
Ground-based ALC measurements are more effective for detecting TZ conditions at low altitudes; however, 

their sensitivity decreases for optically thin layers at higher altitudes. In contrast, CALIOP provides better 

detection of high-altitude TZ layers, although its coarser resolution and “strict” filtering can reduce the 

detection of layers at lower altitudes, Finally, complete signal attenuation caused by optically thick layers 

remains as the major limitation for both lidars, leading to an underestimation of TZ occurrence above (for 525 
ALC) or below (for CALIOP) dense clouds.  

These results agree and complement other studies focused on integrating satellite and ground-based lidar 

observations. For instance, Kim et al. (2008) validated aerosol and cloud layer structures from CALIOP 

using a ground-based two wavelength polarization lidar (SNU lidar) in Seoul (Korea), and concluded that 

simultaneous CALIOP and SNU lidar observations complement each other and can be combined to provide 530 
full information on the vertical distributions of aerosols and clouds. In addition, top and base heights of 

cloud and aerosols are generally in agreement in 0.1 km, particularly for nighttime observations. Kim et al. 

(2014) used the same instruments and location to study geometric and optical properties of cirrus clouds. 

Interestingly, they found that about 50% of both lidar profiles were classified as “sub visual” or “optically 

thin clouds” with COD < 0.3. Perrone et al. (2011), through direct profile comparisons with Raman lidars, 535 
also showed that CALIOP can reliably detect aerosol layers at least up to ~0.3 km from ground in cloud-

free conditions. Additional comparisons have been made with Raman lidars from EARLINET (Pappalardo 

et al., 2010, 2014), which aim to provide long term ground-based observations to support spaceborne lidar 

missions in order to homogenize observations obtained with different instruments. 

 540 

3.2 Spatial Distributions 

This section shows the horizontal and vertical distributions of the atmospheric features, as observed by the 

satellite and ground-based products. The distributions are assessed in two distinct ways using column 

integrated measurements that consider the entire vertical atmospheric profile as a single column. First, the 

column integrated feature frequency (CI-FF) shows the frequency of occurrence of clouds, TZs, or aerosols, 545 
regardless of whether another type of layer is present in the same profile. Second, the column- integrated 

hierarchical frequency (CI-HF), classifies each profile: if a cloud is detected in a profile, this is counted as 

such (regardless of the other detections); if no cloud but TZ is detected in a profile, that profile is counted 

as TZ; and if only aerosols are detected, the profile is counted as aerosol. Thus, aerosol profiles do not 

include clouds or TZ, and TZ profiles do not include clouds. 550 

Figure 9 shows the heatmaps of the CI-FF detected by CALIOP, along with the CI-FF for each of the ALC 

sites. Table B1 presents the exact CI-FF values represented in Figure 9. As expected, due to the general 

atmospheric circulation, frequencies of cloud occurrence show a latitudinal dependency (Figure 9a), being 

clearly higher above 45º N. Also, CALIOP shows slightly higher cloud frequencies in some grid cells over 

the North Atlantic Ocean, such as the Greenland Sea and North East Atlantic, compared to cells over land 555 
Europe and Greenland. Ground-based observations show a similar distribution with higher frequencies over 

central and northern Europe than over Mediterranean sites. It is worth noting that the ALCs from KEN and 

GIR reach a lower altitude (7.7 km) compared to the other ALCs (15 km). As the tropopause is lower at 

polar regions, high clouds are also located at lower altitudes, which may not have such large impact for 

KEN, whereas it may affect GIR ALC, underestimating features located at high altitudes such as cirrus 560 
clouds, or some TZs and aerosols. The sites at lower latitudes, GRA and LIM, are also the ones with less 

cloud occurrence: 25.0% and 15.0%, respectively, from ground-based point of view, and 34.4% (35–40º N, 

-5–0º E) and 22.3% (30–35º N, 30–35º E) from CALIOP (Table B1). In general, for cloud detection there 

is good agreement between the two methods, as both instruments are designed to detect clouds, and thus 

https://doi.org/10.5194/egusphere-2026-3737
Preprint. Discussion started: 28 August 2026
c© Author(s) 2026. CC BY 4.0 License.



19 
 

observe the same phenomena, because the lidar can see through the other features (e.g., TZ and aerosol 565 
layers). As we count column integrated frequencies, when there is a thick layer in the profile (e.g., stratus 

or deep convective clouds) that attenuates both lidar systems, it will be counted by both, even though one 

observes from above and the other from below. In such cases, the cloud counted by both systems at the 

same atmospheric column may not correspond to exactly the same cloud. Regarding TZ and aerosol 

conditions, there are more differences between the retrievals from the two perspectives. From the satellite 570 
point of view the European mean CI-FF is 8.2% for total TZ, and 34.6% for aerosols, considering all 

profiles. Whereas from the ground-based point of view, aerosol is detected in almost all profiles of all 

locations (96.9%), while total TZ for all ALC stations is 59.9%. A first explanation for such differences is 

that aerosol suspensions are mostly concentrated at lower altitudes, which facilitates their detection from 

the ground-based method, as seen in the case studies of Section 3.1. Additionally, the high (spatial and 575 
temporal) resolution of the ground-based method allows aerosol detection within the PBL in almost all 

profiles. The ground-based method also allows for the detection of aerosols with higher backscatter 

(probably bigger and hydrated aerosols) mostly located at the top of the PBL, which are classified as TZ 

detection. This high resolution of ALC also allows for the detection of TZ conditions surrounding most 

cloud layers, whereas CALIPSO would classify the same layers as just cloud. In some cases, TZ layers are 580 
also detected far from clouds. TZ conditions from the satellite point of view are more frequently located in 

regions with higher cloud occurrence, while aerosol layers are more frequent at northern Africa and 

Mediterranean regions, probably due to the detection of Saharan dust intrusions, but also by the low cloud 

frequency in these regions, which allows to detect more aerosol layers. Without applying the filters to the 

CALIOP datasets, the TZ profile frequency would be 24.5% (29.5% for nighttime and 20.6% for daytime), 585 
clouds frequency would be 66.6% (64.7% and 68.1% for daytime), and aerosol frequency 54.6% (68.2% 

and 44.1%). Note that there were more CALIOP profiles in the daytime dataset than in the nighttime.  

 

Figure 9: Spatial distribution of the column integrated feature frequency (CI-FF) detected in CALIOP data and 

in the ground-based ALC observations. a) Cloud frequency by CALIOP (20 < CAD ≤ 100) and for each of the 590 
ALC (values with Bth > 20 × 10-6 m-1 sr-1); b) TZ frequency by CALIOP (-20 ≤ CAD ≤ 20) and by the ALC 

(values between Bth = 3 × 10-6 and Bth = 20 × 10-6 m-1 sr-1); c) Aerosol frequency by CALIOP (-100 ≤ CAD < -

20) and by the ALC (values with Bth < 3 × 10-6). Note that in this plot we used the simplified ground-based 

method, so SNRth = 5 for all the TZ and aerosol detections. Grid resolution is 5º and each feature has its own 

scale. 595 

 

To provide additional context to these results, the TZ layers detected by CALIOP were further assessed 

using ⟨β′532⟩, χ′, δV, and zmid as input variables for the k-means clustering algorithm on the layers with |CAD| 

≤ 20, as in Ruiz de Morales et al. (2025). As a result, three TZ subtypes were obtained: the resulting two 
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clusters, and the cirrus fringes, which correspond to layers with CAD = 106. As described by Ruiz de 600 
Morales et al. (2025), Cluster 1 corresponds to layers with optical properties between high-altitude ice 

clouds and aerosols (e.g., cirrus, aerosols, and wispy cloud fragments), characterized by particle aggregates 

that are bigger, slightly less reflective, and have higher depolarization ratio than typical aerosols. However, 

they are smaller, less reflective, and with lower depolarization ratio than non-spherical ice cloud droplets. 

Cluster 2 correspond to layers with optical properties that lie between water clouds and aerosols at lower 605 
altitudes (e.g., large hydrated aerosols). These layers are more variable in size, likely depending on the 

hydration stage. They are generally bigger, slightly more reflective and non-spherical (with a low 

depolarization ratio) compared to aerosols, but still, they are smaller and less reflective than liquid water 

cloud droplets. Figure C1 shows the CI-FF spatial distribution of these subtypes across Europe. Cluster 1 

and cirrus fringes are more frequently observed at high altitudes (approximately between 4 to 14 km), 610 
especially between latitudes 45º N and 65º N, over central and northern Europe, the North Sea and the 

North Atlantic Ocean. In contrast, Cluster 2 layers are more frequent at lower heights (from 0 to 8 km, with 

the highest frequencies from the surface to 2 km) of the Mediterranean basin from 30º N to 45º N and at 

the Arctic (latitudes over 70º N). 

Figure 10 shows the CI-HF detected by CALIOP along with each of the ALC, and Table B2 presents the 615 
exact CI-HF values. Figure 11 further complements this information by showing the layer detection height 

distributions for some sites located in the Mediterranean, Arctic, and Central Europe. When analyzing the 

CI-HF (profiles can only be classified as cloud, TZ or aerosol/cloud-free, being cloud the most important 

radiatively, then TZ and finally aerosol), the spatial distribution of TZ layers completely changes, showing 

more detection frequency at the Mediterranean basin and southern Europe. Still, there are large differences 620 
between the two methods. Apart from the methodological reasons already explained, these differences 

could also be due to the climate (and microclimate) at each location. For instance, the high frequency of TZ 

detections at PAL (24.9%) may be related to the presence of haze, fog and urban pollution within the Paris 

metropolitan area (Elias et al., 2009). These conditions characterized by enhanced aerosol loading under 

high relative humidity lead to an increase in particle hygroscopic growth and lidar backscatter, which then 625 
are classified as TZ rather than aerosol (Fig. 11). Whereas the high presence of TZ conditions in GRA and 

LIM are likely related to frequent Saharan dust intrusions combined with high humidity from the 

Mediterranean. As shown in previous research, the atmospheric circulation during a Saharan dust intrusion 

over Europe may pull moist air from the eastern Atlantic and Mediterranean into the dust plume, creating 

“dust-cloud mixes” with relative humidity up to 70-80 % in the dust layer (Peshev et al., 2022). During 630 
these events, some dust particles may become more hydrated, producing aggregates with optical 

characteristics that fall between clouds and aerosols. These high TZ frequencies can already be observed in 

the curves of Fig. 3, which show a constant gradual change between cloud and cloud-free (containing 

aerosol), accounting for a large presence of TZ conditions, particularly in PAL, GRA and LIM. In these 

locations, TZ detections likely correspond to Cluster 2 aggregates. In BUR, the TZ conditions may be also 635 
associated with regional pollution from Valencia, marine aerosols from the Mediterranean Sea, some dust 

intrusions and high relative humidity (Segura et al., 2017). At GRW and the other ALCs located in central 

Europe (LIN, JUL, MUN and SFH), TZ layers are likely associated with continental clouds and aerosols 

processes (Barthlott et al., 2018). In central Europe, the frequent formation and dissipation of fog and low 

stratus clouds are also influenced by topography and seasonality (Pauli et al., 2022), both of which can 640 
affect the occurrence of TZ conditions. In northern Europe and the Arctic (NYA, KEN and NOR), TZ 

detections are related to polar clouds, which have low optical depth. Observations from campaigns such as 

“Arctic CLoud Observations Using airborne measurements during polar Day” (ACLOUD) in 2017 near 

Svalbard reveal complex interactions between the Arctic boundary layer and mid-level clouds (Wendrich 

et al., 2019).  645 

The CI-HF spatial distribution of aerosol layers shows a much better agreement between the two methods, 

with higher frequencies in the Mediterranean and lower frequencies at northern latitudes. The stations with 

the highest aerosol frequency are BUR and GIR, probably explained by the low cloud occurrence (26.1% 

for both), and not so frequent TZ (10.6 and 7.3%). GRA and LIM also had low cloud frequency (25.0 and 

15.0%), but the presence of larger Saharan dust aerosols, which produce strong enough backscatter signals, 650 
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may have been classified as TZ instead of aerosol. At central and northern Europe, the ground-based method 

shows higher detections, compared to the satellite, likely due to the persistent detection of PBL aerosols by 

the ALC. 

 

 655 

Figure 10: Spatial distribution of the column integrated hierarchical frequency (CI-HF) detected in CALIOP 

data and in the ground-based ALC observations. a) Cloud frequency by CALIOP (20 < CAD ≤ 100) and for each 

of the ALC (values higher than Bth = 20 × 10-6 m-1 sr-1); b) TZ frequency by CALIOP (-20 ≤ CAD ≤ 20) and by 

the ALC (values between Bth = 3 × 10-6 and Bth = 20 × 10-6 m-1 sr-1); c) Aerosol frequency by CALIOP (-100 ≤ 

CAD < -20) and by the ALC (values lower than Bth = 3 × 10-6). Note that in this plot we used the simplified 660 
ground-based method, so the SNRth = 5 for all the TZ and aerosol detections. Grid resolution is 5º and each 

feature has its own scale. 

 

 

 665 

Figure 11: Height distributions of the layer detections in the Mediterranean (BUR and GRA), Arctic (NYA), and 

Central Europe (GRW, MUN and PAL). a) ALC detections; b) CALIOP detections. Note that y-axis frequency 

is every 0.5 km, and the x-axis values follow individual scales for each subplot. 

https://doi.org/10.5194/egusphere-2026-3737
Preprint. Discussion started: 28 August 2026
c© Author(s) 2026. CC BY 4.0 License.



22 
 

4 Conclusions 

This study aims to assess the potentials and limitations of two ground-based and space-based active remote 670 
sensing techniques for TZ characterization. The goal is to enhance the current understanding of TZ 

conditions and provide context for their respective interpretation. To this end, TZ distributions over Europe 

from ground-based ALC and spaceborne CALIOP were assessed. First, case studies of coincidental 

observations under various atmospheric conditions are presented, which have demonstrated the consistency 

and limitations of both methodologies. Second, we present the horizontal and vertical spatial distributions 675 
of clouds, aerosols, and TZ in two distinct ways: the CI-FF and CI-HF. For cloud detection, there was some 

variability, although both methods showed good agreement. Clouds were detected in 60.0% of all CALIOP 

profiles over Europe and in 52.7% of the ALC profiles, with higher frequencies at northern latitudes. 

However, differences were observed in the detection of aerosols and TZs. When counted as CI-FF, TZ and 

aerosol detections from ALCs are very high, being detected in 59.9% and 96.9% of all profiles, respectively. 680 
Whereas, from CALIOP they are detected in 8.2% and 34.6% of all profiles. These differences can be 

attributed to the fact that aerosol suspensions are mostly concentrated at low altitudes, which facilitates 

their detection from the ground-based method, but also due to the high vertical resolution and sensitivity of 

ALC. When counted as CI-HF, TZs and aerosols account for 13.8 % and 33.5 % of ALC profiles, 

respectively, compared to just 2.2% and 21.9% from CALIOP. These differences arise not only from the 685 
previously mentioned methodological factors such as the strict filtering criteria, but also from the local 

climate and microclimate at each site. The TZ layers detected by CALIOP were further classified as cirrus 

fringes (being present in 4.4% of all CALIOP profiles), Cluster 1 (1.4%; corresponding to features with 

optical properties between high-altitude ice clouds and aerosols at high altitudes, such as wispy cloud 

fragments) and Cluster 2 (2.7%; corresponding to features with optical properties between water clouds at 690 
low altitudes, such as hydrated aerosols). 

In the present study, results show that TZ (also the case for clouds and aerosols) detected distributions are 

the combination of two sets, where some TZ layers are detected by both methods, others are only detected 

by one of the methods, and perhaps some layers are not being detected by any of the methods. Ground-

based ALC observations offer high temporal and spatial resolution and are particularly useful for detecting 695 
TZ conditions at low altitudes, such as those associated with the top of the PBL, or with the formation and 

dissipation of shallow clouds. However, this method cannot cover large land or ocean areas, and the reduced 

sensitivity to optically thin, high-altitude layers, due to signal attenuation by height, resulted in an 

underestimation of TZ conditions at higher altitudes (e.g., cirrus fringes). In contrast, CALIOP provides 

global coverage and a comprehensive view of the vertical distribution of atmospheric layers. This method 700 
is especially useful to detect TZ conditions at high altitudes, such as cirrus fringes and Cluster 1 layers. 

Nevertheless, its coarser spatial resolution and the application of strict filters, lead to an underestimation of 

TZ layers at lower altitudes (e.g., Cluster 2). In addition, the CAD-score algorithm is biased towards 

classifying uncertain features as cloud in order to avoid cloud contamination in aerosol retrievals. As a 

consequence, a significant fraction of TZ layers is likely classified as clouds in the CALIOP products, 705 
consistent with previous findings (Fuchs and Cermak et al., 2015; Winker et al., 2009). Even though both 

lidars are capable of detecting multiple atmospheric layers within the same profile, attenuation by optically 

thick layers remains the main limitation for both methodologies. This laser attenuation by distance leads to 

an underestimation of TZ occurrence above (or below for CALIOP) dense cloud layers.   

These findings are consistent with previous studies validating satellite retrievals with ground-based lidar 710 
(e.g., Kim et al., 2008; 2014; Perrone et al., 2011), and with studies studying TZ frequency of occurrence 

and spatial distribution (Fuchs et al., 2015; Marshak et al., 2011; Yu et al., 2026). To our knowledge, this is 

the first study to compare ALC retrievals (such as the CL51, CL31 and CT25K) with CALIOP, to assess 

diurnal and nocturnal TZ variations from CALIOP observations, and to present case studies of coincidental 

observations at small distances between the ground-based site and the satellite ground-track, varying from 715 
0.10 to 3.67 km. 

Despite the limitations stated, the synergy between both methods improves the description of the vertical 

structure, thickness, and occurrence of atmospheric layers. This integrated perspective is particularly 
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relevant for advancing the understanding of cloud-aerosol transition zones and their role in the atmosphere. 

Future work of our project aims to integrate other TZ observational methods (such as sky cameras, 720 
pyrgeometers and radiometers), to evaluate TZ representation in atmospheric models, with the final 

objective of reducing uncertainties associated with aerosol-cloud interactions and their radiative effects. 

 

Appendix A 

 725 
Figure A1: Same as Fig. 4 (cloud-free and PBL aerosols), but for the daytime case in (05/01/2017) at the BUR 

CL51 site. The CALIOP 532 nm attenuated backscatter coefficient spans 39.42 - 39.59º N, while raw-

backscattered is from 13:02 to 13:34 UTC. 
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Figure A2: Same as Fig. 4, but for cirrus clouds on 06/02/2017 over BUR. The CALIOP 532 nm attenuated 730 
backscatter coefficient spans 39.42 - 39.59º N, and raw-backscattered is from 13:02 to 13:34 UTC. 
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 735 
Figure A3: Same as Fig. 4, but for dense tropospheric clouds on 24/09/2017 over GRW. The CALIOP 532 nm 

attenuated backscatter coefficient spans 53.24 - 53.41º N, while raw-backscattered is from 01:16 to 01:48 UTC. 

Appendix B 

Table B1 Column integrated feature frequency (CI-FF, in %) detection for each of the ground-based ALC and CALIOP in 5º grid 

    CALIOP  ALC 

Station 

code 
Grid  Clouds 

Total 

TZ 

Cirrus 

fringes 
Cluster 1 Cluster 2 Aerosols  Clouds 

Total 

TZ 
Aerosols 

NYA 75–80º N, 10–15º E  76.6 8.8 4.9 1.2 3.0 20.3  64.3 73.8 99.8 

KEN 65–70º N, 20–25º E  68.0 8.6 5.4 1.4 2.3 18.4  76.6 60.2 78.9 

NOR 60–65º N, 15–20º E  64.3 7.0 3.8 1.3 2.3 20.8  68.7 70.8 99.5 

GRW 50–55º N, 10–15º E  64.8 10.0 5.9 2.2 2.4 34.6  65.7 68.2 96.4 

LIN 50–55º N, 10–15º E  64.8 10.0 5.9 2.2 2.4 34.6  66.0 75.0 95.3 

CHB 50–55º N, -5–0º E  68.6 9.8 6.0 2.1 2.0 29.0  66.0 71.4 99.6 

JUL 50–55º N, 5–10º E  64.7 8.6 5.1 1.9 2.0 32.3  61.6 73.2 98.9 

PAL 45–50º N, 0–5º E  61.7 7.5 4.1 1.8 1.8 34.0  62.1 81.9 96.2 

MUN 45–50º N, 10–15º E  55.9 6.5 3.5 1.3 1.9 32.5  56.0 60.4 97.3 

SFH 45–50º N, 10–15º E  55.9 6.5 3.5 1.3 1.9 32.5  58.1 57.3 97.3 

GIR 40–45º N, -5–0º E  46.9 6.5 2.9 1.6 2.3 37.5  26.1 23.1 98.9 

BUR 35–40º N, -5–0º E  34.4 7.1 2.5 1.2 3.7 52.7  26.1 36.1 100.0 
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GRA 35–40º N, -5–0º E  34.4 7.1 2.5 1.2 3.7 52.7  25.0 56.3 98.9 

LIM 30–35º N, 30–35º E  22.3 6.4 1.8 0.8 4.0 75.5  15.0 30.2 99.8 

Total 

Europe 
30–80º N, -10–35º E  60.0 8.2 4.4 1.4 2.7 34.6  52.7 59.9 96.9 

             

 

Table B2 Column integrated hierarchical frequency (CI-HF, in %) detection for each ALC and CALIOP in 5º grid 

  CALIOP  ALC 

Station code  Clouds Total TZ Aerosols  Clouds Total TZ Aerosols 

NYA  76.6 1.6 7.0  64.3 10.2 25.5 

KEN  68.0 1.2 8.1  76.6 8.8 14.6 

NOR  64.3 1.9 10.9  68.7 4.3 27.0 

GRW  64.8 2.6 18.4  65.7 9.7 24.6 

LIN  64.8 2.6 18.4  66.0 14.0 20.0 

CHB  68.6 1.9 15.8  66.0 7.1 26.9 

JUL  64.7 2.1 18.1  61.6 15.0 23.4 

PAL  61.7 2.0 20.2  62.1 24.9 13.0 

MUN  55.9 1.6 21.1  56.0 12.5 31.5 

SFH  55.9 1.6 21.1  58.1 15.5 26.4 

GIR  46.9 2.4 24.9  26.1 7.3 66.6 

BUR  34.4 3.8 39.5  26.1 10.6 63.3 

GRA  34.4 3.8 39.5  25.0 33.4 41.6 

LIM  22.3 4.2 64.8  15.0 20.2 64.8 

Mean Europe  60.0 2.2 21.9  52.7 13.8 33.5 

 

 740 

https://doi.org/10.5194/egusphere-2026-3737
Preprint. Discussion started: 28 August 2026
c© Author(s) 2026. CC BY 4.0 License.



27 
 

Appendix C 

 

Figure C1: Transition zone subtypes distribution over Europe. a) Spatial distribution of the column integrated 

feature frequency (CI-FF) of cirrus fringes at 5º grid resolution; b) same as (a) but for Cluster 1; c) same as (a) 

but for Cluster 2; d) Vertical frequency of occurrence of cirrus fringes with 1º resolution on the x-axis, and 0.5 745 
km on the y-axis; e) same as (d) but for Cluster 1; f) same as (d) but for Cluster 2. 

Code and data availability 

The GRW CHM15k data was provided by Deutscher Wetterdienst (DWD), the BUR CL51 was provided 

by the “Departament de Física de la Terra i Termodinàmica of the Universitat de València, and the GIR 

CL31 data by the “Departament de Física” of the Universitat de Girona. All this data is available at 750 
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reasonable request. The Cloudnet ALC data was generated by ACTRIS and is available for download from 

https://cloudnet.fmi.fi. The ALC data was processed using the open-source Cloudnetpy algorithm 

(Tukiainen et al., 2020) available at https://github.com/actris-cloudnet/cloudnetpy.  

The CALIPSO data was obtained from the NASA Langley Research Center Atmospheric Science Data 

Center (ASDC) available from https://asdc.larc.nasa.gov/: V4.51 CALIOP level 1B 755 
(https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L1-Standard-V4-51); and V.51 CALIOP level 2 

merged layers (https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_05kmMLay-Standard-V4-51). 
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