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Cloud and aerosol contribution to the Earth’s radiative budget constitutes one of the most significant un-
certainties in future climate projections. To distinguish between clouds and cloud-free air, atmospheric scientists
have been using a wide range of instruments, techniques, and algorithms with various detection thresholds.
However, since the change from a cloudy to a cloud-free atmosphere may be gradual and, in some cases, far from
obvious, recent research is questioning where the threshold between both phases should be established. These
considerations lead to contemplate a transition zone (TZ) between cloud and cloud-free conditions. In the present
study, backscatter profiles obtained by a Vaisala CL31 ceilometer were processed to assess the transition zone.
First, two widely used cloud detection algorithms were applied and compared: the method provided by the
ceilometer manufacturer (Vaisala) and Cloudnetpy, the algorithm from ACTRIS Cloudnet, a project devoted to
aerosol, clouds, and trace gases research. Second, a sensitivity analysis was applied to the backscatter and signal-
to-noise ratio thresholds used for cloud detection in Cloudnetpy. This methodology has allowed us to assess the
vertical distribution of clouds, aerosols, the TZ, and its frequency of occurrence. Results indicate a gradual
transition in backscatter retrievals from cloud to cloud-free, where particles detected near cloud boundaries
induced higher backscatter values than those found further away. Depending on the thresholds used, we
observed a 9.3% (with an estimated range of uncertainty of 5.4—20%) variation in cloud occurrence which can
be attributed to TZ conditions. Analysing the whole backscatter profile, we found as many TZ conditions as
cloudy values, which emphasises the importance of studying the vertical distribution of the TZ. Moreover, the
analysis of TZ occurrence in height and time revealed that such conditions concentrate below 800 m during
night periods, although annual height-hour distributions involve a remarkable variability among seasons. These
findings highlight the importance of either including an additional phase between ‘pure clouds’ and ‘pure
aerosols’ or treating them as a continuum of suspended particles in the atmosphere.

1. Introduction Atmospheric aerosols are composed by small solid and/or liquid
particles (0.01-100 pm), excluding hydrometeors, such as cloud drop-

Aggregates of suspended particles in the atmosphere are classified as lets or precipitation (Wallace et al., 2006). The smaller aerosols

either cloud or aerosol based on their composition and physical char-
acteristics. Both clouds and aerosols are crucial in various environ-
mental processes, such as the global radiation budget and the
hydrological cycle (Ramanathan et al., 1989). Still, they both remain to
be a significant source of uncertainty in future climate projections.
Indeed, the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC) clearly states that predictions on how clouds will
change in a warmer climate have been one of the biggest challenges in
climate science (Masson-Delmotte et al., 2021).

(0.01-0.1 pm) are crucial in cloud formation processes as they can
activate as cloud condensation nuclei (CCN) allowing the condensation
of water vapour into cloud droplets or crystals (Lenoble, 1993). An in-
crease in the number of CCN caused by anthropogenic aerosols may
increase cloud reflectivity (Twomey, 1974), extend cloud lifetime
(Albrecht, 1989), reduce drizzle or precipitation (Twohy et al., 2009),
and change the cloud water content, affecting the cloud radiative forc-
ing. Rosenfeld et al. (2014) also indicated that the evaporation of
smaller droplets could enhance the mixing of unsaturated air into the
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cloud, further enhancing evaporation processes. Therefore, aerosols can
influence the radiation budget both directly, by scattering and absorp-
tion processes, and indirectly, by interacting and thus modifying cloud
properties (Igbal, 1983). In the shortwave band, aerosols scatter direct
solar radiation, leading to more diffuse radiation. As a result, less solar
radiation usually reaches the surface, causing localized cooling that
could spread regionally and vertically through atmospheric circulation
and mixing processes. In addition, radiation absorption results in the
heating of the aerosol layer. The cooling-warming balance is determined
by aerosol properties and environmental conditions. Despite the
remaining uncertainties (e.g. in black carbon amounts, Wang et al.,
2016), most studies agree that the overall aerosol radiative effect is to
cool the planet (Masson-Delmotte et al., 2021).

Similarly, clouds induce different effects on radiation depending on
their dimensions, opacities, and other properties, such as liquid water
(or ice) content, and droplet (or crystal) size distribution. For instance,
high wispy cirriform clouds, mainly composed of ice, generally have a
net warming effect. Due to their thinness, sunlight can pass through
them and warm the Earth’s surface. Furthermore, this type of clouds
absorbs more infrared radiation emitted by the Earth than they emit
upward as they are colder than the surface, thereby warming the at-
mosphere. In contrast, low thick stratiform clouds tend to induce a net
cooling effect. Composed primarily of water droplets, these clouds
reflect back to space part of the sun’s shortwave radiation, hence cooling
the Earth’s surface. Additionally, their relatively warm tops allow much
of the infrared radiation received from the Earth to be radiated upwards
(Ahrens, 2009).

Scientists studying the interactions between clouds and aerosols
have commonly distinguished between cloudy and cloudless (yet con-
taining aerosols) conditions in the atmosphere. However, this binary
classification is not always well defined, as a gradual change in particle
suspension characteristics from a cloudy to a non-saturated atmosphere
could exist. For this reason, some studies argue the convenience of
treating this phenomenon as a continuum between clouds and aerosols
(Koren et al., 2007; Varnai and Marshak, 2009; Calbo et al., 2024). This
is known as the “transition zone” or “twilight zone”, which sometimes
may be the result of turbulent mixing of clouds with non-saturated air
(Wen and Marshak, 2022). In the current study, these intermediate
conditions will be referred to as the Transition Zone (TZ). The TZ com-
prises all the aggregates of suspended particles in the atmosphere that
cannot be clearly identified as cloud or aerosol. These suspensions
include hydrated aerosol, haze, or forming/evaporating cloud frag-
ments, that are often ignored by cloud-cloudless distinction methodol-
ogies (Koren et al., 2007).

Diverse processes take place within the TZ, such as the swelling and
hydration of aerosol particles (Fuchs and Cermak, 2015; Schwarz et al.,
2017; Murray et al., 2021), and the reduction in the size of cloud
droplets (Wen and Marshak, 2022). These changes affect various pa-
rameters with the distance from the known cloud boundary, such as
liquid water content (Simpkins, 2018), reflectance/emittance (Koren
et al., 2008), relative humidity (Twohy et al., 2009), and precipitable
water vapour (Wen and Marshak, 2022). Also, Gonzalez and Calbo
(2020) showed a rapid variation of optical depth, as well as rapid
changes in its spectral pattern, before and after cloud detection.

Research on the TZ can be categorized into three main groups:

(I) Studies that aim to establish the TZ importance in the radi-
ative balance. There are several noticeable studies within this category,
including woks such as Charlson et al. (2007) and Koren et al. (2007),
who advocate for a continuum of situations between clouds and cloud-
free air. As already mentioned, it is important to consider this contin-
uum, as excluding TZ aggregates to avoid the associated remote sensing
uncertainties or including them despite the uncertainties, may lead to
underestimated or overestimated aerosol optical depth, therefore
biasing the study towards weaker or stronger radiative effects (Varnai
and Marshak, 2011).

Other notable studies are those of Jahani et al. (2022) and Eytan

Atmospheric Research 310 (2024) 107623

et al. (2020), who aimed to represent the radiative effects of TZ sus-
pensions. Both researchers combined satellite observations of outgoing
longwave radiation with various other methodologies that estimate the
fluxes in a cloud-free and aerosol-free atmosphere.

(II) Studies that aim to estimate the radiative effects in the
longwave and shortwave spectral bands: The TZ affects radiation
fluxes, which has been studied in the longwave (Eytan et al., 2020;
Jahani et al., 2020), the shortwave (Jahani et al., 2019), and both
spectral bands (Sola et al., 2024). These studies conclude that the actual
effects of the TZ should be considered when parametrizing radiative
transfer within weather and climate models, as they currently treat
cloud and aerosols separately, not taking into consideration the TZ
continuum.

(III) Studies that aim to estimate the extension or frequency of
TZ conditions. Regarding TZ spatial coverage, Varnai and Marshak
(2011) revealed the ubiquitous presence of TZ conditions over all oceans
and extending up to 15 km away from the known clouds. Also, Twohy
et al. (2009) estimated that the TZ affects >50% of the free atmosphere,
highlighting its relevance in atmospheric processes. In order to estimate
the TZ frequency of occurrence, Calbo et al. (2017) used three cloud
observing systems (sky camera images, broadband solar radiation
measurements, and spectral measurements) at two sites (Girona, Spain;
and Boulder, Co, USA). Their findings revealed that, at least 10% of the
temporal period analysed, “the extension of scattered or broken cloud into
cloud-free areas is problematic to establish and depends on where the limit is
established between cloud and aerosol”. More recently, Gonzalez et al.
(2023) used downwelling longwave radiation from pyrgeometer mea-
surements with the aim of estimating TZ situations for both daytime and
nighttime periods and found that 10-15% of the observations could be
attributed to the TZ.

The current research aims to build upon the third group of studies by
incorporating ceilometer backscatter observations. Automatic Low-
Power LiDAR and Ceilometers (ALC) are active instruments that emit
brief laser-generated light pulses into the atmosphere and measure the
backscatter signal reflected by suspended particles (Miinkel et al.,
2007). The backscatter profile (i.e. backscatter as a function of altitude)
can be retrieved from the time delay between the emission and detection
of the laser pulse. Originally ALC were developed for cloud base height
(CBH) detection from the backscatter profile, but they have proven to be
versatile instruments: the resulting backscatter profiles can be further
processed to provide information on rainfall (Rogers et al., 1997), fog
formation and dissipation (Haeffelin et al., 2010, 2016), aerosols within
the atmospheric boundary layer (ABL) (Kotthaus and Grimmond, 2018),
the ABL height (Kotthaus et al., 2020), detection of elevated layers of
Saharan dust and biomass burning particles (Harrison et al., 2018),
volcanic ash (Bedoya-Velasquez et al., 2021; Diémoz et al., 2022), and
even drizzle properties by combining information with cloud radar data
(O’Connor et al., 2005). Furthermore, ALC offer several advantages over
other LiDAR, such as Raman or multiwavelength LiDARs. For example,
ALC are more cost-effective and are designed for continuous measure-
ments, enabling the generation of large datasets with high statistical
significance (Marcos et al., 2018). While traditionally ALC have been
deployed at airports for aviation purposes, they have also been used by
national meteorological services, weather stations, research on extreme
climates, and long-term campaigns (Wiegner et al., 2014; Kotthaus et al.,
2016). These advantages have led to the creation of dedicated networks
and programs focused on using ceilometers for atmospheric research.
Some examples are the E-profile programme within the European
Meteorological Services Network (EUMETNET), the Cloudnet project
operated by the Aerosol Clouds and Trace Gases Research Infrastructure
(ACTRIS), or the Aerosol LiDAR Ceilometer Network (ALICENET; Bellini
et al., 2024). Specifically, the Cloudnet project aims to provide a sys-
tematic evaluation of clouds in forecast and climate models by con-
trasting the model output with ground-based measurements of vertical
profiles of cloud properties (Illingworth et al., 2007).

Several methodologies have been developed to process ceilometer
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data. The resulting algorithms can be categorized into two main groups.
The first group provides information about the particles within the
boundary layer and lower atmosphere: STRATfinder (Kotthaus et al.,
2020), CABAM (Kotthaus et al., 2020), KABL (Rieutord et al., 2021),
among others. The second group is designed for cloud detection:
Cloudnet (Illingworth et al., 2007; Tukiainen et al., 2020), Polar
Threshold (PT) (Van Tricht et al., 2014), Temporal Height Tracking
(THT) (Martucci et al., 2010), ALCF 1.0 (Kuma et al., 2021), among
others.

Considering all these previous studies, the goal of the present
research is to determine the TZ frequency of occurrence using ground-
based ceilometer observations processed by the open-source LiDAR
scheme of the Cloudnet algorithm. This methodology will provide in-
formation about the vertical distribution of clouds, aerosols, and TZ
conditions.

2. Methodology

To determine TZ conditions, we rely on cloud detection algorithms,
following a similar strategy of Calbo et al. (2017) or Gonzdlez et al.
(2023). More specifically, we consider as TZ situations all those cases in
which there is a shift in cloud detection when employing different values
for the thresholds applied to separate between cloudy and cloudless
situations —the various thresholds used and the way they were deter-
mined will be discussed in Section 3b—. Indeed, most, if not all, cloud
detection algorithms in any instrument (including ceilometers) require
at some point an ad-hoc threshold for the separation. Determining what
is classified as a cloud or cloud-free from a specific threshold may be
quite controversial, and uncertain, particularly when deciding the exact
value of that threshold. The applied scheme allows us to evaluate the
occurrence of transition conditions, by distinguishing situations with
more relaxed and stricter threshold values in the cloud detection algo-
rithm applied to retrieved ceilometer backscatter profiles.

2.1. Profile retrieval

This work is based on the observations (retrieved backscattering
profiles) from a Vaisala ceilometer model CL31 operating at the mete-
orological and radiometric station of the University of Girona (41.962°
N, 2.829°E, 115 m a.s.L.). This is located next to the urban area of Girona
(about 103,000 inhabitants by 2022), between the Mediterranean coast
and the Pyrenees in a mainly flat area. Due to its location, the aerosol
load above the site may contain some rural and oceanic particles, as well
as urban (anthropogenic) aerosols. In addition, sometimes, and partic-
ularly in summer, the site is under the influence of Saharan dust in-
trusions and may also receive smoke plumes from wildfires (Sanchez-
Romero et al., 2016). The average annual cloudiness is about 50%, with
a strong seasonality that shows a clear minimum in summer (about 40%
of cloud cover) (Calbo and Sanchez-Lorenzo, 2009).

The CL31 ceilometer located at Girona has been providing mea-
surements on a vertical range 0-7.7 km, with 10 m resolution, since
2007. It is equipped with a CLE311 + CLR311 receiver (CLR) and engine
board (CLE) and works under the firmware version 1.57. The laser
source used by the CL31 is an Indium Gallium Arsenide (InGaAs) diode
laser which emits 110 ns-long pulses at 910 + 10 nm wavelength (at
25 °C) with a repetition rate of 10.0 kHz. According to the manufacturer,
the pulses have a nominal energy of 1.2 pJ and are emitted by a trans-
mitter with a half-angle beam divergence of 0.4 mrad x 0.7 mrad. The
backscattered light is received and redirected to an optical interference
filter with a typical centre wavelength of 915 nm and a 50% pass band of
36 nm. After the interference filter, the light reaches the silicon
avalanche photodiode (APD) detector, which has a surface diameter of
0.5 mm, and a field-of-view divergence of +0.83 mrad (Vaisala Ceil-
ometer CL31 User’s Guide).

In this work, about 1,9 million profiles retrieved during the year
2022, with a period of 16 s, have been analysed.
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2.2. Profile treatment

The cloud detection algorithms used in this work are the Python
package Cloudnetpy (Tukiainen et al., 2020) which implements the
Cloudnet processing scheme (Illingworth et al., 2007), and the ceilom-
eter manufacturer algorithm from Vaisala company. The limitation of
the manufacturer algorithm is that neither the algorithm nor the
thresholds used are published and cannot be changed (Kotthaus et al.,
2016). However, given the extensive use of Vaisala ceilometers, the
information resulting from that algorithm is commonly applied (e.g.
Costa-Suros et al., 2013). Hence, in this study it is used as a reference for
cloud detection. In contrast to Vaisala’s algorithm and other ceilometer
cloud detection algorithms and methodologies reviewed (i.e. Temporal
Height-Tracking, THT, Martucci et al., 2010; Polar Threshold, PT, al-
gorithm, Van Tricht et al., 2014; ALCF 1.0, Kuma et al., 2021; among
others), Cloudnetpy stands out as an open-source, published, and highly
cited algorithm. It not only allows the detection of clear-cloudy condi-
tions, but also to classify the detected features between clouds and
aerosols. It includes tests, documentation, and a user-friendly interface
that the research community can use to further develop the existing
methods and to create new products. Cloudnet processing scheme treats
and combines information from LiDAR, cloud radar, microwave radi-
ometer and numerical weather prediction models to retrieve diverse
atmospheric conditions: rain drops, ice particles, melting ice particles,
liquid droplets, supercooled liquid droplets, drizzle drops, insects and
aerosol particles (Tukiainen et al., 2020). However, in the present study
only the Cloudnetpy LiDAR scripts are used to treat only the ALC
backscatter profiles.

Specifically, the function ceilo2nc in Cloudnetpy was used to retrieve
the Signal-to-Noise Ratio (SNR) screened backscatter. This function can
read several raw ceilometer files (including Vaisala CL31 files) and
convert them into a Cloudnet Level 1b netCDF file. The resulting file
contains three variants of the attenuated backscatter: the raw back-
scatter (Braw), the SNR screened backscatter (), and the SNR-screened
backscatter with smoothed weak background (Bsmooth)-

To begin, the function establishes some parameters as the site in-
formation (the site name, altitude, calibration factor, if it is range cor-
rected, etc.), and the Signal-to-Noise Ratio threshold (SNRth) is set. The
SNRth establishes how much of the background noise is removed, where
higher SNRth values are more restrictive and lower values are more
relaxed (the predefined, default SNRth is set to 5). Function ceilo2nc
englobes various embedded functions, but only the retrieval of the f
variable is explained, as it is the only variable used for cloud detection in
the present study. p is calculated using the function calc_screened product
that screens the noise from the backscatter variable calling the function
screen_data. Screen_data involves the following steps:

- Background noise calculation. The background noise is estimated
by taking a subset of the top gates (i.e. levels) of each backscatter
profile. This estimation involves calculating the square root of the
variance of each subset. After that, a function (adjust noise) checks
whether the estimated background noise is lower than a defined
noise threshold. If so, it replaces those values with a defined mini-
mum value (1 x 102 m ! sr ).

- Filter negative and low values above consecutive negatives. The

function mask_low_values_above consequent negatives identifies pro-

files that have over 5 consecutive negative backscatter values. It uses
the first 100 gate values from the 5th gate (in CL31 corresponds from

50 m to 1050 m). After that, the function removes from the pro-

cessing the subsequent backscatter values below a given threshold, in

this case 8 x 108 m ! sr~! (these values are called “masked” values
hereinafter) and returns an array indicating which profiles contain
negative values. If the filter negative is set to True, the negative values

are set to a small positive value (1 x 10712 m! sr D).

Filter saturated profiles. The function _find fog profiles finds satu-

rated profiles (e.g. thick fog, thick clouds) from p,w, based on a
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combination of signal sum and variance thresholds in the first 20

gates (in CL31 corresponds to the first 200 m) from each profile.

Profiles that either exceed the signal sum threshold (predefined value

is 1 x 10°° m~! sr'!) or have lower variance than the variance

threshold (predefined value is 1 x 105 m~1 sr 1) are considered as
saturated profiles. In the saturated profiles found, the function

_clean fog profiles detects the values that are above the peak

(maximum backscatter) and are smaller than a threshold value (the

predefined value is 2 x 107® m™! sr™1). If the filter fog is set to

“True”, those values are set to a small positive value (1 x 1072 m™!

sr’l).

Remove values with high SNR. The function filter snr masks values

with higher SNR than a given SNRth value, as mentioned above. SNR

values are calculated for each point, where each backscatter value is
divided by the calculated background noise.

- Range correction calculation. The range corrected signal (RCS) is
defined as “the background corrected signal, additionally corrected
for the 1/r? dependency” (Mattis and Wagner, 2014), being r the
range (distance from the ceilometer). In this regard, the _cal-
¢ range_corrected function takes the range as a factor for some values.
If the parameter range corrected is set to “False”, it takes the first
2400 m, otherwise, it takes all ranges.

Once the f variable is retrieved, cloud detection is estimated based
on a backscatter threshold (Bth) value (in the code referred to as clou-
d_limit). In other words, Bth determines whether a backscatter value can
be considered as cloud or not. The predefined value for cloud detection
in the original Cloudnet scheme is Bth = 20 x 107® m™! sr! (Tuononen
et al., 2019).

Additional details of the Cloudnetpy code and methodology are
provided by Tukiainen et al. (2020), Illingworth et al. (2007) and in the
Cloudnetpy documentation (accessible at the website https://cloudne
tpy.readthedocs.io/en/latest/).

The data provided by the CL31 ceilometer is already corrected for
overlap, atmospheric background signal and range. However, the sys-
tem software does not subtract the electronic background from the total
signal (O’Connor et al., 2004). Usually, this electronic background is
several orders of magnitude weaker than the signal backscattered by
clouds and can be disregarded for studies focused on cloud detection
(Marcos, 2017). Moreover, as the evaluation of absolute calibration
techniques is beyond the scope of this study, the calibration factor is
neglected (i.e., calibration factor is set to 1). Nonetheless, the un-
certainties in the calibration are considered within the magnitude of the
Bth, as the calibration factor multiplies the backscatter values.

3. Results and discussion
3.1. Cloud detection

This section assesses the accuracy of the Cloudnetpy algorithm for its
cloud detection and cloud occurrence estimation. A set of conditions are
applied to the algorithm to determine the predefined situation: Bth = 20
x 107% m™! sr™!, SNRth = 5, calibration factor = 1. A comparative
analysis between this and the proprietary Vaisala algorithms was con-
ducted by contrasting cloud detection for each profile and by comparing
the hourly Cloud Occurrence (CO). The CO is the ratio of cloud hits to
the total number of profiles analysed within a given time period (1 h in
our case). In this context, a “hit” refers to a backscatter profile con-
taining at least one cloud detection. The CO is usually considered a
rough estimator of the cloud cover (CC) which is defined as the portion
of the sky cover that is attributed to clouds.

First, the differences in testing each profile with the two algorithms
were analysed. The results show that the two algorithms agree in 94.3%
of the cases, as 28.7% profiles exhibited cloud detection hits while
65.6% were identified as cloud-free. For the remaining 5.7% of profiles,
cloud detection depended on the algorithm used, including 3.2%
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missing hits (detected by Vaisala and not by Cloudnetpy), and 2.5% false
detections (detected by Cloudnetpy and not by Vaisala). Through visual
observations of the backscatter profiles, we perceived that missing hits
appear to be related to the presence of high clouds, whereas Cloudnet
detects more low-level features than Vaisala.

Regarding the hourly CO obtained by the two algorithms, a com-
parison is shown in Fig. 1. In an ideal situation where the two algorithms
perfectly agree, the points would align along the diagonal, referred to as
the identity line between the two estimations. Although it is quite
apparent that most points cluster along the identity line, further detail
about the differences between the algorithms is given in Fig. 2, which
shows the histograms of the hourly CO in bins of 5%. Most of the hourly
CO exhibit values of 0-5% (>4000 profiles), and 96-100% (>1000
profiles) for both Cloudnetpy and Vaisala estimations. Therefore, to
provide a clearer contrast, Fig. 2b excludes values that are exactly 0% or
100% in CO (so the first bin in Fig. 2b contains the range 1-5% and the
last bin, the range 96-99% of CO). Then, the distribution reveals a U-
shape pattern, with greater frequency for low and high occurrence
ranges (<20% and > 75%). Both algorithms show similar distributions
across all CO bins. However, Cloudnet presents slightly higher values for
CO = 100%, and also in the range 1-25%, while lower values are
observed for CO = 0%, and in the range 80-99%. Therefore, it is difficult
to generalize a tendency of over or underestimation, but the average CO
for the whole dataset is 31.9% from Vaisala and 31.2% by applying
Cloudnetpy. These values are clearly lower than climatic mean of cloud
cover, which may be due to some missing high clouds (as the range of
CL31 ceilometer reaches only up to 7.7 km) and due to the limited time
period (1 year) analysed in the present study (so with no climatic
representativeness). As a conclusion of the comparison, Cloudnetpy al-
gorithm with the default thresholds (Bth = 20 x 10 °m! sr’l, SNRth
= 5) accurately reproduces the cloud detection as performed by the
Vaisala algorithm.

3.2. Transition zone

Having established that Bth = 20 x 107 m™! sr! and SNRth = 5
result in a good estimate for cloud detection, we investigated the impact
of varying each threshold. As an example of the assessment, the back-
scatter values with their classification (cloud/cloud-free) acquired in a
particular day, 27th September 2022, are shown in Fig. 3.

First, Fig. 3a shows conditions throughout the 27th September 2022
as recorded by a number of sky hemispheric images, taken with a SONA
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Fig. 1. Cloudnetpy versus Vaisala hourly cloud occurrences. Identity line is
also shown.
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Fig. 2. Distribution (in 5% bins) of the absolute frequency of CO, as retrieved
by the Cloudnetpy and the Vaisala algorithms. a) All cases; b) Excluding cases
with 0 or 100% CO.

(from Sieltec Canarias) camera. During the early morning, the atmo-
spheric conditions exhibited a predominantly cloudless sky, although a
few middle clouds appeared at around 4 UTC (image not shown). From

00:00 UTC
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sunrise to 9 UTC high wispy Cirrus clouds were detected (some of them
still visible in the SONA image for 10 UTC), and as the morning pro-
gressed into the afternoon (9-15 UTC), scattered low-level clouds kept
appearing on the site. Towards the evening (from 18 UTC onwards, see
image for 20 UTC), broken clouds appeared, contributing to the overall
cloud coverage. Finally, the SONA image at 23:59 UTC shows again an
almost cloudless sky.

In the evolutions shown in Fig. 3b-3d, values of SNR and B higher
than the corresponding SNRth and Bth thresholds (i.e., cloudy values)
are represented in red, and cases with values lower than the thresholds
but not masked out by the Cloudnetpy algorithm are shown in light red
(i.e., atmospheric aerosol, haze, etc). Additionally, values masked out by
the Cloudnetpy algorithm are depicted in white; such values are not
considered as valid in the rest of the analysis, and would correspond to
very small or negative values, saturated profiles, high background noise,
etc. Specifically, Fig. 3b correspond to applying the default thresholds;
Fig. 3c shows the effect of lowering SNRth to 2.5; while Fig. 3d shows the
effect of lowering Bth to 1 x 107® m™! sr1. On the top of each panel
(Fig. 3b-3d), hits (that is, the presence of at least one cloudy value in a
profile) are shown in a coloured band. Cloud hits with default thresholds
are shown in blue, no hits in white, and new hits obtained by lowering
the threshold values are highlighted in orange.

For this particular day, the cloudy values for the default thresholds
represent 0.73% out of all backscatter values, and a CO (i.e., hits divided
by the total number of profiles) of 48.7% (Fig. 3b). For the lowered
SNRth, high cloud detections are enhanced, but also more noisy values
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across all height ranges are introduced (Fig. 3c). For that situation,
cloudy values represent the 0.94%, and CO is 57.8%. Finally, for the
lowered Bth, more features are detected near low-level clouds (Fig. 3d).
Thus, in this situation the cloudy values reach 5.90% of all backscatter
values and CO grows up to 93.0%.

A direct comparison between the images and the cloud detections
from the ceilometer observations does not make much sense, as ceil-
ometers can only detect the vertical structure directly above the in-
strument. Another limitation is the low sensitivity for detecting high
clouds that may bias the analysis (Roman et al., 2017). Nevertheless,
cloud detections, and in particular profile hits, match in a general sense
what can be observed in the images, at least for the case of the default
thresholds; for the lowered thresholds, the number of detections appears
to be excessive as compared to whole sky images.

Furthermore, we conducted a sensitivity analysis to assess more
comprehensively the impact of the detection thresholds; this analysis is
the basis to determine the occurrence of TZ conditions. First, we counted
hits (profiles containing at least one backscatter value labelled as
cloudy) depending on the combinations of threshold values (Bth and
SNRth). This is shown in Fig. 4a, as a percentage of hits relative to the
total number of profiles. Fig. 4a clearly shows that as the thresholds are
relaxed, more hits are obtained. For example, in the bottom left corner
(SNRth <3;Bth <1 x 10 °m™! sr’l) the thresholds are too relaxed that
result in a lot of hits (close to 100%), which means that many noisy
backscatter values are classified as cloudy. At the other end, in the right
side of the figure, values of Bth > 200 x 10~® m~! sr! are too strict, and
the number of hits falls down to <20%, so they are useless as cloud
detection threshold, since these extremely high backscatter values likely
correspond to very dense/big cloud droplets or precipitation. The per-
centage of hits obtained by all ranges of Bth with SNRth values set to 5
and 4 is depicted in Fig. 4b (that is, the frequencies corresponding to the
blue and red dashed lines of Fig. 4a, respectively). Since SNRth = 4 is
less strict than the default value (SNRth = 5), it gives more hits, which is
particularly apparent for Bth between 0.5 and 20 (x 10°® m~! sr™1).
Both curves show a significant decrease in the number of hits for Bth
between 1 and 4 (x 10°®m~! sr1) and from 100 to 1000 (x 10 ®m™!
st 1). As already mentioned, there is little variation for Bth < 0.7 x 107
m ! sr~! (as all profiles are identified as hits because the threshold is too
relaxed), and also for Bth > 1000 x 10~® m™! sr™! (as hardly any profile
is identified as hit because the threshold is too strict). Curves present an
additional “plateau” for values of Bth of around 10 x 107% m™? sr™?

SNR threshold

1 10
Backscatter threshold (x 106 m~! sr})

100 1000 10000
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which is precisely the region where some arbitrariness or subjectivity
appears when choosing the adequate thresholds for cloud detection. In
other words, the shift between cloud and cloud-free conditions is
gradual, so the detection by a ceilometer depends quite critically on the
thresholds used.

As mentioned above, we will assume that those profiles that show or
do not show a hit depending on the thresholds used for cloud detection
correspond to transition zone conditions over the site. The default values
of SNRth = 5 and Bth = 20 x 107® m™! sr™! are considered as the strict
set of thresholds, since with these values the result matches very well the
cloud detection by the Vaisala algorithm. With these values, we obtain
31.2% of hits. For the relaxed situation, we take SNRth = 4 and Bth = 3
x 1079 m™1 sr7!, values that are in the limit of the “plateau” area. With
these values, the number of hits reaches 40.5%. As the uncertainties in
the calibration propagate through Bth values, we have checked two
additional Bth values: 2 x 10 °m !'sr ' and 4 x 10°®m ! sr ! (thick
orange lines in Fig. 4b). With these values, the number of hits is 36.6 and
51.2% respectively. Comparing the number of hits from the relaxed
thresholds with that from the default (strict) thresholds, we conclude
that TZ conditions represent about 9.3% [5.4-20%] of the total, where
the number within brackets indicate the range of uncertainty related to
the uncertainty derived both from the arbitrariness in the selection of
thresholds and from not applying a calibration factor to backscatter
values. A summary of the thresholds applied is shown in Table 1.

These results are similar to those of Calbo et al. (2017) or Gonzalez
et al. (2023), who found “at least 10%”, and “10-15%" of TZ conditions
in Girona, respectively. They are also comparable to other studies that
analysed the TZ spatial coverture (e.g. Varnai and Marshak, 2011;
Twohy et al., 2009). All these studies classify sky conditions as cloud,

Table 1
Thresholds used to detect cloud, transition zone and aerosol in backscatter
profiles from ceilometer.

SNRth Bth (x10°m™! Threshold
srl) tolerance
Cloudy SNR > 5 p>20 STRICT
4 <SNR <5 3<p<20 RELAXED
Transition zone 4 <SNR <5 2<p<20 MORE RELAXED
4 <SNR<5 4<p<20 LESS RELAXED
Cloud-free
(aerosol) SNR < 4 p<3
b) Sensitivity of cloud detection on SNRth and Bth
100
—— SNRth 4
—— SNRth 5
80
- 60 1
8 Cloud-free
2
T
40 4 b
Mranmnon zone
20 A
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0 v v , Y
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Backscatter threshold (x 1076 m~! sr~1)

Fig. 4. Cloud detection on Bth and SNRth. a) Contour plot of the relative number of hits, that is a backscatter profile containing at least one cloud detection,
depending on thresholds Bth and SNRth. Blue and red dashed lines correspond to SNRth = 5 and SNRth = 4, the lowest and highest thresholds used for TZ
determination and represented in Fig. 4b. The orange dot is the exact position for the default (strict) thresholds (SNRth = 5 and Bth = 20 x 10~ m~! sr™1), while the
yellow dot corresponds to the relaxed thresholds (SNRth = 4 and Bth = 3 x 107% m~! sr™1); b) Relative number of hits for different Bth values. Dashed orange lines
correspond to the set of thresholds used for characterising the TZ as described in Table 1. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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TZ, or cloud-free (albeit containing aerosols), by considering the at-
mospheric conditions integrated in the whole column, as all methods
applied rely on ground-based measurements or observations that are
unable to provide any vertical structure. In contrast, ceilometers allow
us to go further and analyse the backscatter signal along the vertical.

Before studying the vertical structure, however, we have analysed
the effect of changing the thresholds on each backscatter value. Thus,
Fig. 5 illustrates the number of cloudy values depending on Bth (and for
the two values of SNRth above considered). This approach reveals an
additional 103% [84-153%] of TZ values (from Bth = 3 [2—4] x 10~°®
m~! sr™1; SNRth = 4) compared to the cloudy values (from Bth = 20 x
1079 m~! sr™!; SNRth = 5), that is a number of TZ values similar to the
number of the initial cloud categorization. These results for the volu-
metric view of the atmosphere suggest that the TZ may have a greater
presence than initially estimated, as particle suspensions with charac-
teristics of TZ conditions may be as ubiquitous as those suspensions
corresponding to cloud conditions. Consequently, this justifies the need
for a more exhaustive investigation of its vertical extension.

Therefore, having established the classification thresholds for each
condition (cloud, transition zone, cloud-free —albeit containing aero-
sols—, see Table 1), we first applied them to the backscatter profiles of
the case study analysed in Fig. 3. Indeed, Fig. 6 shows the results of such
analysis, and it is observed that TZ conditions are detected mostly above,
below, and around (in the temporal sense, which due to cloud move-
ment, corresponds to spatial sense too) cloud features. This is especially
obvious from 18 UTC to midnight. Given the interest of this period,
Fig. 6b provides a detailed view of the ceilometer detections between
18:45 UTC and 20:30 UTC, and Fig. 6¢ shows the SONA images taken
every 5 min between 19:15 UTC and 20:10 UTC. During this period,
many cloud pockets were forming and dissipating, so the cloud cover
above the station continuously changed. At the same time, the ceilom-
eter profiles exhibited an almost constant layer of TZ detections below
800 m, and clouds appearing above it. Moreover, the raw backscatter
profiles suggest that the TZ layer detected below 800 m during the
evening could potentially correspond to humified aerosols (Fig. B1).

3.3. Detection distributions

The analysis of the vertical structure of the different conditions can
be extended to all backscatter profiles included in the present study.
Figs. 7 and 8 present the vertical and temporal distributions of the
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detected features, categorized as cloud, TZ, or aerosol based on the
thresholds given in the previous section (Table 1) for the whole 2022
dataset. It should be noted that in these figures we are representing the
counts of backscatter values, not of profiles; therefore, as we showed in
Fig. 5, the amount of TZ detections is comparable to the number of
cloudy values.

Aerosol suspensions are detected within the first 2000 m, especially
below 1000 m. It should be noted that the number of aerosol detections
reaches nearly 1.8 million at some low heights (Fig. 7). Regarding cloud
detection, more cloudy values are observed at lower altitudes, with the
number of detections gradually decreasing with height. Notably, very
few clouds are detected above 7000 m, due to the ceilometer range of
detection. As the ceilometer beam approaches this altitude, it might
already be quite attenuated, thus underestimating cloud detections.
Furthermore, as the beam is weaker, and there is more noise, Cloud-
netpy masks (do not consider valid) low backscatter signals (i.e. po-
tential TZ and aerosols) and only processes stronger signals that are
categorized as clouds. Therefore, this contributes to underestimation of
TZ and aerosols at high altitudes. The distribution of the TZ suspensions
lies in between that of aerosol and that of clouds. Indeed, most TZ de-
tections are found below 800 m (with a maximum frequency at very low
levels), while between 800 and 2400 m, the number of detections pro-
gressively decreases. Beyond 2400 m and up to 7700 m, TZ conditions
are still detected but in a lesser amount, specially over 4000 m.

The hourly evolution (Fig. 8) shows that in general there are more
feature (cloud-TZ-aerosol) detections between 15 and 4 UTC (i.e., from
evening to early morning) compared to 6-13 UTC (morning and early
afternoon). This is particularly true for aerosol detections, which show a
clear daily cycle with a minimum in the morning (7-12 UTC) and a
maximum in the evening (18-19 UTC). Clouds and TZ exhibit a similar
evolution with less detections in the morning (6-12 UTC) than in the
afternoon-night periods (15-4 UTC). The number of cloudy values is
slightly higher than TZ values at around noontime, while the opposite is
true during evening and early night hours.

Fig. 9 shows the daily evolution of vertical distributions, which re-
veals differences between day and night. During night-time and early
morning (20-9 UTC), clouds are found at all heights, but especially
below 200 m, corresponding to foggy conditions, as also seen for
instance by Haeffelin et al. (2016) and Toledo et al. (2021). In contrast,
during daytime (10-19 UTC), a greater number of clouds are found
between 200 m and 3000 m, probably as result of convective clouds
(Fig. 9a and d). As far as aerosol detection is concerned, these values are
concentrated below 1000 m height, and scarcely found higher than
2000 m (Fig. 9c and f). As expected, TZ distribution is somewhat in
between the other two: it follows a similar pattern to clouds as most
detections are found below 300 m during 18-6 UTC and under 3000 m
between 13 and 18 UTC; while TZ conditions are hardly detected above
3000 m at any time (although there are some detections at all heights,
like in the case of clouds). The high frequency of transition zone ag-
gregates during nighttime and low altitudes suggests that these aggre-
gates are the result of hydrated stages of aerosols. During nighttime, the
surface and low altitude temperatures decrease, while the relative hu-
midity increases, leading to more moisture, more humid aerosols, haze,
and in some cases, fog and low clouds. Furthermore, the TZ aggregates
found during daytime (e.g. around convective clouds, boundary layer
clouds), may result from cloud-aerosol interactions, cloud formation,
cloud edges, or thin clouds with low optical depths.

These annual height-hour distributions englobe a remarkable vari-
ability among seasons (see Fig. Al presented in Annex A). Indeed, during
colder seasons, such as autumn and winter, cloud and TZ detections are
mainly localized below 200 m between 22 and 10 UTC, corresponding to
fog or mist that could further develop into a layer of low stratus clouds.
In summer, there are fewer clouds (and also fewer TZ) detections, and
they are much more concentrated in afternoon hours, as a result of the
daily evolution of convective clouds. In spring, there is a high variability
in clouds found below 5000 m and TZ below 3000 m. Contrarily, the
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Fig. 6. An example of cloud, TZ and aerosol detections at Girona’s radiometric station, on 27th September 2022. a) ALC detections throughout the day; b) Close up
detections for 18:45-20:30 UTC; c) SONA images taken every 5 min between 19:15 UTC and 20:10 UTC.
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distribution of aerosols does not vary much among the seasons.
4. Concluding remarks

The main objective of the present study has been to determine the
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Fig. 8. Hourly distributions of cloud-TZ-aerosol detections for 2022. As in
Fig. 7, the brown colour is the result of superposition between the other three
colours (orange, blue, beige). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

frequency of transition zone situations by using observations from a
ground-based LiDAR ceilometer, specifically a Vaisala CL31 ceilometer
located at Girona, Spain. The underlying hypothesis is that establishing a
specific threshold value to determine whether a backscatter value is
classified as cloud or not is inherently challenging due to the cloud-
aerosol continuum. We have based the study on processing the back-
scatter values with the Cloudnet LiDAR algorithm (Cloudnetpy) which
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has first been compared to the proprietary Vaisala algorithm. The
analysis has been performed over a set of backscatter profiles retrieved
every 16 s along the year 2022.

Even though the criteria of the two algorithms are not the same,
there is a noticeable agreement between them. Using Cloudnet LiDAR
processing scheme with the default thresholds of SNRth = 5 and Bth =
20 x 10°®m™! sr1, cloud detection (counting profiles with at least one
cloudy value) is 94.3% in accordance with Vaisala algorithm. The main
differences between the two methods are some missing hits (Vaisala
seems to detect high clouds better), and some false detections (Cloud-
netpy tends to detect more low-level features).

Since backscatter observations exhibit a gradual transition from
clouds to cloud-free, and cloud detection is influenced by the thresholds
used, we have defined transition zone conditions as those backscatter
values that are not considered clouds by the default thresholds, but that
are, in contrast, considered clouds by a “relaxed” set of thresholds
(SNRth = 4 and Bth = 3 x 10°m™1 sr’l). To account for the associated
uncertainty, we also checked two other values for Bth (2 x 10 %and 4 x
10~° m ! sr ). Within the whole set of backscatter values, we found as
many TZ conditions as cloudy conditions (the number of TZ counts is
103% [84-153%] of cloudy counts), which emphasises the importance
of the transition zone suspensions and of studying their vertical distri-
bution. If we take a vertically integrated view (that is, we count the
profiles that contain at least one TZ value but no cloudy values), the
result is that TZ situations appear 9.3% [5.4-20%] of the time period
analysed. This value is comparable, and similar to the estimations of TZ

frequency by Calbo et al. (2017) and Gonzalez et al. (2023) using other
kind of observations at the same site (Girona’s radiometric station), but
a similar methodology built upon the uncertainty of applied thresholds.
Thus, Calbo et al. (2017) used sky camera images, broadband solar ra-
diation measurements, and spectral measurements, finding at least 10%
of the temporal period attributed to the TZ, whereas Gonzalez et al.
(2023) used downwelling longwave radiation from pyrgeometer mea-
surements, finding that 10-15% of the observations could be attributed
to the TZ.

Unlike the latter studies, the use of ceilometer backscatter data al-
lows the study of the vertical distribution of cloud, transition zone and
aerosol suspensions. It should be noted that we have defined aerosols as
those backscatter values that are not filtered out or masked by the first
steps of the algorithm, but which are not labelled as cloud even when
applying the “relaxed” set of thresholds. With these definitions, aerosols
were mainly observed below 1000 m, while clouds were detected at all
heights with a greater occurrence at low altitudes. The distribution of TZ
suspensions lies between that of aerosol and clouds, but its pattern is
more like clouds, with more TZ detections at lowest levels (< 300 m) and
fewer detections above 3000 m. From the temporal point of view,
greater detection rates were observed during the evening and night
periods, whereas the morning hours (e.g. 5-12 UTC) exhibited fewer
detections. Such results agree for instance with two very recent studies.
Yang et al. (2024) states that resolving droplet formation under atmo-
spheric cloud conditions is challenging, which impedes understanding
cloud-aerosol interactions. By using a single-photon lidar their results
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also show that “the air-cloud interface is not a perfect boundary but rather a
transition zone where the transformation of aerosol particles into cloud
droplets occur. The observed distributions of first-arriving photons within the
transition zone reflect vertical development of a cloud, including droplet
activation and condensational growth.” Khain et al. (2024) studied the
dynamics and microphysics of cumulus clouds, with special attention to
the mechanisms of cloud-surrounding interactions. They also show that
turbulence is responsible for forming “an interface zone between the cloud
and the surrounding air” (in the present paper referred to as TZ).

It is important to notice that occasionally TZ aggregates are found
without any nearby clouds, both spatially and temporally. As a result,
the TZ encompasses not only “the gradual transition from clouds to
cloud-free” conditions but also suspended aggregates with borderline
properties, like haze, that may not necessarily be located near cloud
fragments.

The results of this research highlight the noticeable frequency and
vertical spatial extension of TZ situations, emphasizing the importance
of further investigation in this area. Regardless of the methods and in-
struments used for cloud detection (either visual observations or so-
phisticated sensors), there are always conditions under which clouds are
difficult to distinguish. Furthermore, sensors such as cameras, lidars,
radars and other narrow-band radiometers may operate at different
wavelengths than visible (infrared, microwaves, etc.) and from various
platforms (ground-based, satellites, aircraft). These instruments, how-
ever, do not necessarily detect the same as a human observer would see,
which further complicates the traditional binary categorization of at-
mospheric particle suspensions into cloud and cloud-free states (Calbo
et al., 2024). These suspended aggregates that cannot be clearly classi-
fied as cloud or cloud-free (but containing aerosol load) have a signifi-
cant impact on the radiative balance (in the shortwave and longwave)
and should not be ignored. Excluding TZ aggregates to avoid the asso-
ciated uncertainties, or including them despite the uncertainties, may
lead to underestimated or overestimated aerosol optical depths, there-
fore biasing the study towards weaker or stronger radiative effects
(Varnai and Marshak, 2011). This calls for a more comprehensive
approach, as clouds are parametrised but still not resolved in climate
models, needing more precise observations and presenting challenges in
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their parametrisations (Khain et al., 2024; Yano et al., 2018). To
improve such parametrisations (in particular, the radiative effects) a
suggestion could be to either include an intermediate phase between
clouds and aerosols or treat all suspended particles in the atmosphere as
a continuum of states. Such approach could eventually improve the
accuracy of atmospheric models and forecasts, particularly by better
representing the radiative effects of this continuum of conditions (Calbo
et al., 2024).
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a) CL31 Raw backscatter (Girona, 27-09-2022)
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Fig. B1. Comparison between raw measurements and feature classification in the study case conducted in Girona on 27th September 2022. a) Raw backscatter
profiles. Note that the signal is represented as the logarithm of the backscatter signal; b) Cloud, TZ and aerosol classification.

Appendix C. Glossary

ABL atmospheric boundary layer

ACTRIS aerosol clouds and trace gases research infrastructure
ALC automatic low-power LiDAR and ceilometers

ALCF automatic LiDAR and ceilometer framework
ALICENET aerosol LiDAR ceilometer network

APD avalanche photodiode

B signal-to-noise ratio screened backscatter

Braw raw backscatter

Bsmooth signal-to-noise ratio screened backscatter with smoothed weak background
Bth backscatter threshold

CBH cloud base height

cC cloud cover

CCN cloud condensation nuclei

CLE ceilometer engine board

CLR ceilometer receiver board

Cco cloud occurrence

EUMETNET European meteorological services network

InGaAs indium gallium arsenide

IPCC intergovernmental panel on climate change

LiDAR light detection and ranging

PT polar threshold

RCS range corrected signal

SNR signal-to-noise ratio

SNRth signal-to-noise ratio threshold

SONA Sistema de observacién automatico de nubes (automatic cloud observation system)
THT temporal height tracking

TZ transition zone
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