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The transition zone has been defined as corresponding to atmospheric conditions between cloud-free (albeit
containing a suspension of dry particles, i.e. aerosol) and clouds (air containing a suspension of highly hydrated
particles, i.e. droplets or ice crystals). Since clouds significantly affect the infrared radiation reaching the Earth’s
surface, broadband infrared measurements, which are usually performed with pyrgeometers, are implicated in
some of the methods proposed for detecting clouds. The present work uses one of these methods to characterize
the transition between cloud-free and cloudy conditions. Two years of downwelling longwave irradiance
measured with a pyrgeometer located in Girona (in the northeast of the Iberian Peninsula) have been used to
determine the values of a cloud detection index. The method must be previously tuned against a set of selected
cloud-free cases to detect cloudiness to a certain confidence level. The effect of changing the detection confidence
level was studied and used to derive the occurrence of transition conditions. The performance of the cloudiness
detection method, with the support of observations by broadband shortwave instruments, ceilometer retrievals
and images captured by hemispherical camera, was then analyzed for some short time periods. The duration of
the transition periods is presented here, showing that 41% are very short (10 min, the temporal resolution of the
detection method), that the median of the distribution is about 20 min, and that, although periods of more than
one hour are observed, longer durations steadily decrease in frequency. It was found that 10-15% of the ob-
servations included may correspond to the transition zone, thus strengthening the estimations from other
shortwave-based methods that are only suitable for daylight periods.

1. Introduction

Aggregates of particles suspended in air are classified as cloud or
aerosol in relation to the water content of the particles: cloud particles
can be considered an extreme condition in which non-aqueous particles
(aerosol), acting as condensation nuclei, become highly hydrated.
Several properties have been considered to distinguish between the two
states and to characterize them: particle composition, mainly proportion
of water content, size distribution as the particles grow when hydrated,
and radiative effects in various spectral bands, including the appearance
in the visible range of human observers. The dynamics and the evolution
of the aggregates can further help to distinguish their nature. However,
to the extent that cloud and atmospheric aerosol can be envisioned as
different regimes of the same phenomenon, a continuum of intermediate
conditions between cloud and cloud-free air (i.e., containing only sus-
pended particles qualified as aerosol) should be considered when
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dealing with remote sensing of the atmosphere and radiative and at-
mospheric modeling. This intermediate region has been described in the
literature as a continuum of radiative properties (Charlson et al., 2007),
a “twilight zone” (Koren et al., 2007), a “transition zone” (Chiu et al.,
2009; Hirsch et al., 2014; Calbo et al., 2017a), or as some area showing
cloud-adjacent effects (Varnai and Marshak, 2009; Chiu et al., 2009;
Yang et al., 2016), and is receiving increasing attention. For example,
several works deal with the radiative effect of suspensions of particles in
the transition zone (Jahani et al., 2019; Jahani et al., 2020; Eytan et al.,
2020; Jahani et al., 2022). The terms “cloud halo” or “humidity
enhancement” have also been used to denote the region near the cloud
with increased relative humidity (Perry and Hobbs, 1996; Lu et al.,
2003; Koren et al., 2007; Yang et al., 2016). Likewise, the macroscopic
geometric extent of clouds (Koren et al., 2008) or the scales at which
cloudiness is detected from space (Di Girolamo and Davies, 1997), the
frequency in the occurrence of transition regions (Schwarz et al., 2017),
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the time scales at which their presence is detectable (Koren et al., 2007),
and their very short scale (centimeter) optical properties (Schwartz
et al., 2017) are becoming subjects of discussion. Even what can be
considered a cloud is under discussion (see, for example, Di Girolamo
and Davies, 1997, and the recent work of Spankuch et al., 2022).

The assessment of the spatial extent and frequency of appearance of
the transition zone is important because, as the radiative properties of
clouds and aerosol (or cloud-free sky) are different and affect the energy
balance in the climate system in different ways, they can lead to
different large-scale radiative fluxes. Koren et al. (2007) estimated that,
for an average global cloud fraction of 51%, a border area of 10 km (30
km) around cloud edges would lead to a transition zone reaching 17%
(30%) of the global coverage, corresponding to 34% (60%) of the area
considered cloud-free. According to Schwarz et al. (2017), 20% of all
MODIS pixels were not well classified as cloud or aerosol, and were not
accounted for radiative effects, for a set of observations over the
analyzed periods (February and August 2007-2011). Moreover, Calbo
et al. (2017a) estimated, for two locations (Girona, in the northeast of
the Iberian Peninsula, and the Atmospheric Radiation Measurement
program site in Boulder, CO), that about 10% of the time there is a
suspension of particles in the air that is difficult to classify as cloud or
aerosol.

In principle, any method of atmospheric sensing or radiative flux
measurements can be used to detect macroscopic aggregates of sus-
pended particles, namely clouds or aerosol. For this purpose, both pas-
sive and active methods may be suitable. Passive methods include those
based on measurements employing broadband shortwave instruments
(Long and Ackerman, 2000), spectral channel sunphotometers (CIMEL,
Dubovik and King, 2000), multifilter rotating shadowband radiometers
(MFRSR, Harrison et al., 1994), scanning spectroradiometers, and mi-
crowave radiometers. Whole sky imagers based on RGB cameras are also
used to screen and characterize clouds and aerosol (see for example Long
et al., 2006a, and more recent works by Kazantzidis et al., 2012, Letu
et al., 2014, and Roman et al., 2022). Moreover, neural network tech-
niques are applied to characterize cloudiness from sky imagery (see for
example the recent work of Fabel et al., 2022). Besides these, active
devices such as radar and lidar (and ceilometers), and methods inte-
grating different instruments (Active Remote Sensing of Clouds, ARSCL,
Clothiaux et al., 2001) extend the techniques available for remote
sensing of the atmosphere. Other techniques, such as radiosonde
profiling (Costa-Suros et al., 2014), involve in-situ measurements. For a
review of cloud detection and characterization methods, see Tapakis and
Charalambides (2013).

In the abovementioned methods, instrumental detection or cloud
screening to distinguish them from aerosol or cloud-free conditions re-
quires (even for in-situ determination) the use of thresholds for some
critical variables (or the tuning of some parameters) to be established
beforehand, either on a theoretical or purely empirical basis. This affects
any detection and characterization method that takes advantage of the
radiative characteristics and effects of clouds, whether passive or active.
Similarly, in meteorological modeling, some thresholds are involved to
decide when/where a cloud would/should be present. The criteria used
in the selection of thresholds, albeit reproducible, may introduce some
subjectivity or arbitrariness, as human decisions do (Schwartz et al.,
2017), which leads to some uncertainty in the cloudiness characteriza-
tion and quantification. This uncertainty in satellite and ground-based
cloud detection can have important consequences when assessing cli-
matic effects. From a climate perspective, the globally averaged radia-
tive forcing within transition areas of about 4 km around clouds is
equivalent to adding 75 ppmv CO; to the atmospheric column (Eytan
et al., 2020). Other studies have shown that avoiding near-cloud pixels,
as they do not coincide with the thresholds for cloud and cloud-free
conditions, results in a negative bias toward a drier atmosphere (Sohn
et al., 2010).

The estimate of 10% of cases being difficult to classify as cloudy or
cloud-free obtained by Calbo et al. (2017a) was based on uncertainties
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derived from a sensitivity analysis performed on three selected methods.
There, variations in specific internal thresholds or parameters were
deliberately applied. Specifically, the methods used in that work were:
(i) the technique from Long and Ackerman (2000) and Long et al.
(2006b), which uses broadband shortwave measurements, (ii) the
techniques applied to measurements performed by MFRSR, which are
described by Harrison et al. (1994) along with other references in Calbo
et al. (2017a), and (iii) the analysis of images captured by RGB whole
sky cameras, such as the Total Sky Imager (TSI, from Yankee Environ-
mental Systems). Note that all of these methods are inherently limited to
daytime periods.

The goal of the present research is to extend the work of Calb¢ et al.
(2017a) to a method usable for both daytime and nighttime periods. A
similar strategy to that of Calbo et al. (2017a) has been followed and
applied here to a cloud detection method from surface measurements of
downwelling longwave radiation (DLR), with the aim of estimating the
frequency in the occurrence of conditions corresponding to the so-called
transition zone between cloudy and cloud-free (though with some
aerosol loading) skies.

Several atmospheric constituents affect the DLR reaching the surface
such as water vapor, carbon dioxide, ozone, and other trace gases, as
well as aerosol, which can emit and absorb in the longwave spectral
range. Their vertical concentration profile, together with their spatial
distribution over the surface, is very relevant. The temperature profile
also determines the emission that occurs in different atmospheric layers
and how DLR is distributed in the atmosphere. In general, for a cloudless
atmosphere, water vapor content and temperature conditions at the
lower layers of the atmosphere (i.e., close to the surface) are the main
determinants of DLR reaching the ground (Vitdez-Mora et al., 2009).

On the other hand, clouds, through absorption and emission by their
constituent water droplets or ice particles, have an observable impact on
DLR reaching the surface (for a sensitivity analysis, see Vitidez-Mora
et al., 2015). The main variation in DLR introduced by clouds is caused
by the effects in the atmospheric window (the spectral band between 8
and 14 pm). Further, the high spatial and temporal variability of
cloudiness, including both horizontal inhomogeneity (from scattered-to-
broken clouds to overcast skies) and cloud vertical structure, has its
corresponding effect on the variability of the DLR reaching the surface at
any point. Consequently, DLR observed at surface can be used to detect
clouds, and even to characterize cloud cover (Diirr and Philipona, 2004).

The DLR density flux (irradiance) incident onto a horizontal plane
(hereafter denoted by LW|) can be routinely measured with pyrge-
ometers. Subsequently, the DLR effect due to cloudiness can be quan-
tified by comparing actual (measured) LW| with the corresponding
estimation for an otherwise equivalent cloud-free atmosphere. This can
be computed, to a certain degree of accuracy, by radiative modeling if
the actual atmospheric temperature and water profiles are known or
simulated (see, for example, Vitidez-Mora et al., 2009). Since these
profiles are scarcely measured, several papers (see, for example, Brunt,
1932; Brutsaert, 1975; Ohmura, 1982; Andreas and Ackley, 1982; Guest,
1998) suggest that LW| for cloud-free conditions can be estimated from
air temperature and water content at screen level due to their close
relationship with atmospheric conditions at lower layers, from which
LW| mainly originates. Information on cloudiness could thus be
retrieved by comparison of measurements with parameterized clear sky
LW|. However, here we have preferred to use a method specifically
developed to characterize cloudiness; that of Diirr and Philipona (2004).
This method includes estimating long-term (annual) and short-term
(daily) clear sky LW| evolutions, using a local empirical adjustment.
This adjustment depends, at the end, on a single parameter, which is
particularly convenient for the main objective of the present study: the
assessment of the frequency in the occurrence of conditions associated to
the transition zone.
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2. Cloud detection

In this study, the method described by Diirr and Philipona (2004) to
detect clouds from DLR has been applied to two years (2018 and 2019)
of surface measurements of downwelling longwave irradiance, LW|,
taken at the station located at the Polytechnic School of the University of
Girona (41.962°N, 2.829°E, 115 m a.s.L.), in the northeast of the Iberian
Peninsula. It should be stressed that the present work is not devoted to
applying the whole APCADA (Automatic Partial Cloud Amount Detec-
tion Algorithm) method, which is dedicated to assessing cloud cover
(Section 4.5 in Diirr and Philipona, 2004). Here, only the Cloud-Free
Index as defined in Section 4.2 in Diirr and Philipona (2004) is used.

2.1. Data

At the Girona station, LW| measurements are performed with a
CGR4 pyrgeometer from Kipp&Zonen (Delft, The Netherlands), which is
continuously shadowed by a device mounted on a solar tracker. Infor-
mation on other variables measured at the station, along with routine
maintenance tasks, can be found in Calbo et al. (2017b). Specifically,
LW/ is measured at 1-s intervals, whereas 1-min averages are stored in
the database. The pyrgeometer is recalibrated every two years at the
manufacturer’s facilities to obtain its sensitivity. For this study the
relevant sensitivity values are 12.46, 12.64 and 12.62 W m 2 mv!,
obtained from calibrations performed at the end of 2016, 2018 and
2020, respectively, thus within a range of <2% of the central value.
Despite this low range of variation, daily sensitivity constants obtained
by linear interpolation between calibrations were used to calculate LW/.
In addition, the maintenance of the pyrgeometer follows the main rec-
ommendations: periodic calibration traceable to the World Infrared
Standard Group (WISG) of pyrgeometers at PMOD/WRC (Davos,
Switzerland), ventilation and continuous shadowing, daily cleaning, and
supervision of retrieved data. Therefore, we are confident that the
measurements are sufficiently accurate for the purpose of this work,
with uncertainties in the order of a few W m 2,

The method for cloud detection also requires air temperature and
relative humidity (T, and RH) at the location of LW| measurements.
These variables are measured with a Vaisala HM35AC probe (using a Pt-
100 resistor for temperature and a HUMICAP sensor for relative hu-
midity). Measurements are performed at 1-s intervals and stored in 5-
min averages.

The stored values of LW, air temperature and humidity were aver-
aged in 10-min intervals (as prescribed in Diirr and Philipona, 2004) to
build the dataset for this study. For the two years considered, >95,000
cases were used (corresponding to >90% of the 105,120 possible cases
over a two-year period). Data gaps, around 9% of the possible cases,
correspond mainly to the calibration period at the end of 2018.

Other measurements and observations were helpful to check the sky
conditions for this study. At the station, solar direct normal and diffuse
horizontal irradiances (DNI and DHI), respectively, are measured with a
pyrheliometer (CH1, from Kipp&Zonen) and a pyranometer (CM11, also
from Kipp&Zonen) mounted on a solar tracker with a shadowing device.
A digital camera (SONA, from Sieltec Canarias) takes hemispherical

Table 1

Measurements used and details of the instruments deployed at the Girona station.
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images of the sky. Programmed exposure allows image acquisition
during both daylight and nighttime periods. Both irradiance measure-
ments and camera observations are stored in 1-min periods. Besides this,
a ceilometer (CL31, from Vaisala) allows for the backscatter profile to be
obtained, from which the cloud base is derived with a built-in algorithm.
A summary of all the observations and instruments involved is displayed
in Table 1.

2.2. Method

The Diirr and Philipona (2004) method (hereinafter referred to as
DP2004) is intended to detect clouds based on LW|, air temperature and
water vapor pressure right at the Earth’s surface (screen level). First, the
Cloud-Free Index (CFI) is defined as:

cF1 = A o))
€ac

with e4 being the apparent emissivity of the sky, and e the corre-

sponding emissivity for an equivalent cloud-free atmosphere, which is
considered a grey body. The apparent emissivity of the sky is defined as:

LW
B oT?

(2)

€4

where 6T is the blackbody thermal emittance, ¢ is the Stefan-Boltzmann
constant, and T, is the absolute air temperature. Thus, CFI can be
expressed as:

LwW|

CFI =
excoT?

3

Sufficiently thick clouds exhibit an emissivity approaching that of
the blackbody, i.e., unity. Consequently, cloudy conditions lead to a
higher LW| than clear sky conditions do, so the CFI becomes >1. This
value can therefore be used as a threshold for cloudiness detection: CFI
< 1 represents cloud-free conditions, and CFI > 1 cloudy conditions.

In DP2004, e¢4c is calculated as:

1/7
eac = eap + k(1) + Ak(1) ] (Ti> )

where ¢4p is an altitude-dependent emissivity of a completely dry at-
mosphere. Its value for the Girona station (115 m above sea level) has
been estimated by linearly extrapolating the results obtained (using
radiative modeling) by Marty and Philipona (2000), for stations at
different altitudes. Fig. 1 shows those e4p values plotted against altitude,
together with the estimate of 0.233 for Girona.

In the second term of Eq. 4, e is the water vapor pressure (in Pa),
which can be calculated from air temperature and relative humidity RH.
The time-dependent site-specific functions k(t) and Ak(t) approximate
the effects of both diurnal and annual cycles of clear-sky emissivity that
are connected to the temperature vertical profile near the surface during
nighttime and daytime and aim to describe the effects of variations with
respect to the standard lapse rate (Marty and Philipona, 2000). To the
base evolution function k(t), a time-dependent shift function Ak(t) is

Measurement Abbreviation Instrument Acquisition rate Aggregation for this study
Surface downwelling longwave irradiance Lw| Kipp-Zonen CGR4 1s 10 min
Air temperature Tq Vaisala HM35AC probe 1s 10 min
Air relative humidity RH Vaisala HM35AC probe 1s 10 min
Kipp&Z:
Solar (shortwave) direct normal irradiance DNI PP oner'l 1s 1 min
CH1 pyrheliometer
Shad d Kipp&Z
Solar (shortwave) diffuse horizontal irradiance DHI adowed Kipp&onen 1s 1 min
CM11 pyranometer
Cloud detection Vaisala CL31 ceilometer 16 s 10 min
Sky images SONA Sieltec Canarias hemispherical camera 1 min
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Fig. 1. Dependence of the calculated emissivity for a completely dry atmo-
sphere on altitude (blue dots), according to the results shown in Table 2 of
Marty and Philipona (2000), together with the corresponding linear fit. The red
dot represents the extrapolation to the altitude of the Girona station (115 m a.s.
1) from which measurements for the present study have been taken. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

added to constrict the cloudiness detection to a selected confidence level
(CL; see below). In the original method, k(t) takes the form:

T

k(t) = ki + ki ampcos (z—ﬂ t— 7> 5)

24 4

to describe the diurnal cycle, with t in hours. The —z/4 term applies a 3-
h phase shift to the diurnal evolution due to the expected time lag be-
tween maximum irradiance and lapse rate. However, the time shift used
in the present work was modified to zero to better adjust to the local
diurnal cycle based on the climatology of the Girona station. A full
description of the estimation of the phase shift can be found in the Ap-
pendix. The term k; and the factor ki amp evolve, in turn, on an annual
cycle according to the day of the year i. They are defined as:

k= ki night + Kiday ©)
2
Kinight — Ki.day
kiamp = % )
with
1 1 2r . 7w
ki,night = 5 (knight,wimer + knighl.xummer) + 5 (knight,wimer - night,.\ummer)cos (%l - Z)
(8)
1 1 2r . 7w
ki,dd)' = 5 (kdav,wimer + kday,.vummer) + z (kday,wimer - kday,.mmmer) cos <%l - Z)
©)

For leap years, the period would be 366 days. In Egs. 8 and 9 the term
—n/4 applies a phase shift of 1.5 months in the annual evolution of k(t),
which was also used for the Girona station in accordance with its
climatology. Thus, four parameters (knightsummers Knight,winters Kday,summer
and kgay,wineer) determine the time evolution of k(t). A formulation like
that in Egs. 5-9 is used to calculate Ak(t) from four other parameters:
Akrligh);summen Aknigh);winter; Akdcly,summer and Akday,winter~ It is sufficient to
change any k by Ak in Eqs. 5-9 to obtain the analogous formulation for
Ak(t). It should be noted that some details of the notation have been
slightly adapted here from that in DP2004.

Determining the eight parameters needed to calculate the site-
specific functions k(t) and Ak(t) is based on fitting over four selected
datasets corresponding to night-winter, day-winter, night-summer, and
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day-summer, all under cloud-free conditions. Specific values of k and Ak
are found from the fitting at the diurnal and annual minima and maxima
of the lapse rate, taken during the afternoon (day) and early morning
(night) for the diurnal extrema, and in June-September (summer), and
December—March (winter) for the annual extrema.

The Appendix provides some more details on how the cloud-free
cases were filtered to build the four datasets, how the fit was per-
formed and how the parameters describing k(t) and Ak(t) were
retrieved. In particular, the Appendix includes the different values taken
by the parameters that describe the function Ak(t), depending on several
confidence levels (CL) applied to the cloudiness detection: 80%, 90%
(the original value in DP2004), 95% and 99%. Specifically, the effect of
the confidence level is a change in the values of Ak. The latter value acts
upon the value of k obtained from fitting a function to the cloud-free
cases previously selected. When k + Ak is used in the function, the
result is that the fitted function is displaced toward higher values of
apparent emittance. Finally, this displaced curve defines which samples
are left in or out (that is, which samples will be considered cloud-free or
cloudy when we later apply the CFI <> 1 threshold).

A flow chart summarizing the method is presented in Fig. 2. To sum
up, we are applying a cloudiness detection based on a threshold for CFI
(Eq. 3), i.e., CFI > 1, which depends on the apparent cloud-free emis-
sivity eac and, therefore, on the time-dependent parameters included in
Eq. 4. Ultimately, this function depends on the confidence level selected
for cloudiness detection (90% in DP2004) through the values of Ak. In
other words, the selected confidence level, which is somewhat arbitrary,
introduces an inherent uncertainty in the method, which mainly affects
cloudiness detection in boundary (between cloudy and cloud-free)
situations.

Of course, apart from the uncertainty introduced by the confidence
level selected in the cloudiness detection, several causes of uncertainty

Measurements: LW\, T,, RH
Estimated €,,=0.233
[1

Cloud-free filter
Low LW variability
First estimation of CFI with k(t) +Ak(t) = 0.48 in Eq. 4.
Determination of the cluster containing cloud-free cases.
L1
FitEq.4toe,vse/T, for
each cloud-free dataset

knight—winter Aknight—winter Cttlange CL
kday-winter Akday—winter <—— EEE
. Ak ] 80 and 99%
night-summer night-summer T e
(]
kday—summer Akday-summer DP2004 method)

k(t), Ak(t) (Egs. 5-9)

U U
€4 (Eq. 2) €4c (Eq. 4)
! !

CFI (Eq. 1)

Fig. 2. Flow chart summarizing the DP2004 method and how the change in
confidence level of cloudiness detection affects the CFI calculation.
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remain: those corresponding to the measurements (LW|, T, and RH), to
the determination of e4p, to the form of Egs. 4-9, and to the procedure
used for the initial selection of clear-sky cases for the function fits
(indeed other methods could be used for this selection, the most obvious
being the direct visual inspection of the sky if possible).

3. Results and discussion
3.1. Method performance

After applying the Diirr and Philipona (2004) method (briefly
described in Section 2, and in the Appendix), the evolution of CFI over
the course of the two years of data was obtained. First, however, in
Fig. 3a we show the evolution of LW|, together with the corresponding
evolution of the estimated cloud-free value, eACaTg (for 90% CL), ob-
tained using Eqs. 4—9, over the years 2018 and 2019. Meanwhile,
Fig. 3b shows the difference between the two quantities. The evolution
of eacoTa follows the annual cycle of the measurements reasonably well
in the low range of LW| values, as is expected for cloud-free cases. Thus,
many differences are slightly negative (corresponding to clear skies),
whereas the largest positive differences indicate the presence of clouds
that enhance the emission of LW radiation.

Next, some examples of the DP2004 method’s short-term perfor-
mance are presented. Fig. 4 shows a set of periods selected to illustrate
the method’s capability in detecting cloudiness. To this aim, the evo-
lution of several variables is shown (at the 10-min time resolution): LW/,
CFI for 90% CL in cloudiness detection, direct normal and diffuse hori-
zontal shortwave irradiances (DNI and DHI), and the occurrence of
detection of clouds by the ceilometer within each 10-min interval. It
should be noted, firstly, that the ceilometer can only detect clouds in the
pointing (vertical) direction and is limited up to a nominal maximum
distance (height) of about 7 km. Secondly, that the use of shortwave
irradiances is, of course, limited to diurnal periods, when the Sun is
above the horizon. Despite their limitations, these variables can be
helpful in identifying cloudiness and characterizing sky conditions. In-
spection of the images taken by the hemispherical camera can further
confirm the presence of clouds.

500
450
400
NE 350
300

250

200
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The first period selected (see Fig. 4a) lasts 48 h: starting at 0000 UTC
on 2018/05/01. An initial cloudy period extends throughout the first
day shown, with cloudiness disappearing at about 1700 UTC. A long
cloudless period then follows, lengthening from the evening of 2018/
05/01 until the afternoon of 2018/05/02, except for a short interruption
around 0400 UTC on 2018/05/02 (as detected by the DP2004 method).
Clouds reappear around 1700 UTC on 2018/05/02. During daylight
cloudy periods, the low values of DNI (often down to near zero values)
reveal sun occultation by clouds. High DHI (caused by radiative scat-
tering) also reveals the presence of clouds over the same periods. Con-
trary to this, cloudless conditions throughout the morning of 2018/05/
02 lead to high DNI and very low DHI. The evolution of the sky condi-
tions over the entire period selected derived from measurements of ir-
radiances, is confirmed by inspecting the images taken by the
hemispherical camera (see some examples in Fig. 4c). In addition, the
ceilometer corroborates the presence of clouds at least in the vertical
direction for the two long cloudy periods described.

The detection of cloudy periods by means of CFI computed in
accordance with DP2004 (with 90% CL) is quite correct for this selected
two-day period: CFI takes values >1 throughout the two long cloudy
periods described. Even other short periods showing cloud presence can
be detected. For instance, the brief drop in the DNI (combined with the
increase in the DHI) around 1530 UTC on 2018/05/02 (see the corre-
sponding sky image in Fig. 4c). Before that (i.e., throughout the morning
and early afternoon), CFI was steadily increasing, until clouds appeared,
even over the vertical of the site, as revealed by ceilometer observations.

As expected, the agreement between methods for detecting cloud
occurrence is not perfect. This can been see in both Fig. 4a and b.
Sometimes, the DP2004 method detects clouds, and the ceilometer does
not, as in the case of the CFI peak at 0220 UTC on 2018/06/18. Other
times, the DP2004 method fails to detect cloudiness. For example,
shortwave irradiances show evolutions and temporal variability indi-
cating the presence of clouds for several hours around noon on 2018/
06/18 (decreased DNI and relatively high DHI, and the presence of high
thin clouds confirmed by the camera imagery) but the DP2004 method
only detects cloudiness for a relatively short interval. On the other hand,
cloud detection from the DP2004 method (for 90% CL) and ceilometer

100

50

W m™

2018/1

2018/5

2018/9

e LW

2019/1

o encoTy ®

2019/5 2019/9 2020/1

LW J« —EACO'T;

Fig. 3. (a) Evolution over the 2018-2019 period of LW| measurements (blue; 10-min averages) and the estimated cloud-free value eacoTh (orange; 90% CL). Note
the gap in the measurements of LW| in fall 2018, due to a pyrgeometer calibration period. (b) Evolution of the difference between LW| and eacoTh (grey). (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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Fig. 4. (a) Evolution over a two-day period (2018/05/01 and 2018/05/02) of several magnitudes, either measured or computed: downwelling longwave irradiance
LW/, shortwave direct normal irradiance DNI, shortwave horizontal diffuse irradiance DHI, CFI calculated for several confidence levels in cloudiness detection (80%,
90%, 95% and 99%). Irradiances are referenced to the left axis scale, whereas computed CFI are referenced to the right axis scale. Ceilometer cloud detection over 10-
min periods is indicated by thick blue blocks at the top of the plot. Similarly, cloud detection by DP2004 method (90% CL) is indicated by thick grey blocks.
Transition-zone conditions periods, as defined in Section 3.2, are indicated by thick purple blocks. (b) The same as in (a) but for a selected period within days 2018/
06/18 and 2018/06/19. Note the different scales (right axes) to represent CFI in (a) and (b). (c) Some sky images taken by the hemispherical camera corresponding to
these two periods. All time specifications correspond to Coordinated Universal Time (UTC). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

are quite consistent for two short intervals of cloudiness during the same
nighttime period (18/06/2018 at 2230 UTC and 2018/06/19 at 0210
UTC).

Of course, to explain some of the discrepancies between methods one
must first consider the different field of view each instrument has: whole
sky for the pyrgeometer (measuring downward longwave irradiance
LW|) and shadowed pyranometer (measuring shortwave DHI), and
camera imagery; a narrow field of view in the vertical direction for the
ceilometer, and in the Sun direction for the pyrheliometer (measuring
DNI). In addition, some sensors suffer from distance limitations: the
detection range of the ceilometer depends on the emitting power of the
laser, whereas cloud observations with the camera (which is sensitive to
the visible spectral range) at night needs some light source, either nat-
ural (from the Moon when it is above the horizon) or artificial (city
lights). Even the illumination by artificial light has a distance limitation:
high clouds are barely visible in the camera’s nighttime images.

3.2. Transition conditions

Although the selection of a 90% CL (the original value in the DP2004
method) is generally used in case filtering, it introduces an inherent
arbitrariness in the detection of cloudiness, as occurs in other techniques
like those used by Calbo et al. (2017a). In the latter paper, for each
technique, a set of threshold parameters was used to assess the uncer-
tainty in cloud detection/evaluation associated with the transition zone
between a cloudy and cloud-free sky. A similar procedure is used here to
estimate the frequency in the occurrence of these transition conditions.
Based on the selected detection method, we qualify some conditions as
belonging to the transition zone between cloud and cloud-free sky when

it meets or not the requirement (CFI > 1) depending on the value of the
threshold (the confidence-level). Specifically, we consider that condi-
tions for which

CFI at 99%CL < 1 < CFI at 80%CL (10)

cannot be clearly qualified as either cloud-free or cloudy, and we assume
that they could correspond to the transition zone between those pure
cases. In other words, situations with CFI < 1, even at 80% CL, are
definitely cloud-free cases, whereas situations with CFI > 1, even at 99%
CL, must be necessarily cloudy. In this sense, it is worth noting that the
aim of this work is not to analyze in detail what kind of conditions lead
to the DP2004 method detecting transition periods, but it is interesting
to see some examples showing how the method classifies some situations
as belonging to transition periods, and how these situations are extended
in time.

Following the previous definition of transition conditions, the evo-
lutions shown as examples in Fig. 4a and b can be revisited. Thus, we
have also indicated the transition periods (purple blocks at the top of
each panel) according to the criterion stated in Eq. 10, and several
different situations are observed. First, some transition periods clearly
correspond to the beginning and end of cloudy periods, such as that of
2018/05/01 in which both transitions were relatively fast. Second, other
very short transition periods (with the limitation of the 10-min resolu-
tion) can be observed at other times (around 1500 UTC on 2018/05/02
and 0200 UTC on 2018/06/18). Third, several longer transition periods,
lasting up to one hour, are also observed, even in cases for which the
ceilometer did not report cloud detection (e.g., the early morning of day
2018/05/02 or at 0400 UTC on 2018/06/18). Some conditions during
the night between 2018/06/18 and 2018/06/19 are likewise labeled as
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transition periods.

For the entire database, a total of 4126 transition periods have been
found, ranging in duration from the 10-min resolution of the method up
to several hours. Fig. 5 shows the distribution of the duration of the
transition periods. Short periods (10-min) are the most frequent (1686
cases), constituting almost 41% of the total transition periods. These
short periods, however, totalize <12% of the total transition time. The
median of the transition duration is 20 min. Longer periods, lasting an
hour or more, constitute about 17% of the transition periods. Overall,
15% of the time is spent in transition conditions. This is computed as the
total time duration of the 4126 transition periods divided by the total
length of the period analyzed (two years minus the missing data due to
calibration).

3.3. Distribution of the Cloud-Free Index

The values of the CFI show a bimodal distribution for any selected
confidence level in cloudiness detection, as can be seen in Fig. 6. A
Gaussian peak-fitting analysis performed on the distribution for 90% CL
gives a first peak centered at the value 0.985, with width 0.048, and a
second peak centered at 1.088 with width 0.192. The two-peak fitting is
very good, with a determination coefficient of 0.995. Moreover, Fig. 6
highlights the strong overlying between the two modes of the distribu-
tion. Changing the confidence level in the cloudiness detection method
mainly affects the center of the distribution, but not its width. A
straightforward interpretation of the bimodal behavior as corresponding
to cloud-free and cloudy situations (first and second peaks, respectively)
would lead to interpreting the overlying region as that connected to
transition cases.

An estimate of the frequency in the occurrence of transition condi-
tions can be derived from the distributions shown in Fig. 6. For the
analyzed database, and for a 90% CL in cloudiness detection, 47% of the
10-min registers have a CFI lower than 1 and, therefore, are qualified as
corresponding to cloud-free conditions. From this value we can derive
that 53% of the cases have cloudiness. This value is consistent with the
cloudiness (mean cloud cover) obtained at the same measurement sta-
tion in other studies (Calbo and Sanchez-Lorenzo, 2009).

As stated above, changing the confidence level in cloudiness detec-
tion modifies the distribution of CFI: 80% CL, 95% CL and 99% CL lead
to 42%, 51% and 57%, respectively, of cloud-free cases. The difference
between the cloud-free cases for the extreme values of confidence level,
i.e., 80% and 99%, is 15%, obviously the same occurrence as obtained
above after the analysis of the duration of transition zone situations (at
the end of Section 3.2). This value would constitute the fraction of cases
that cannot be clearly classified as either cloudy or cloud-free as CFI
values depend on the confidence level assumed in the DP2004 method
within the range 80-99%. Of course, a stricter CL range would reduce
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Fig. 5. Distribution of the duration of the transition periods, for the whole
database. Inset: the same but in logarithmic scale.
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the estimation of the occurrence of transition conditions. For example,
the 90-99% range would give a 10% occurrence of transition conditions.
As a conclusion, based on the DP2004 method applied, we consider
10-15% to be a reasonable range for the occurrence of cloud-free to
cloudy transition conditions in the analyzed data.

4. Concluding remarks

The methodology from Diirr and Philipona (2004) was applied to
two years (2018 and 2019) of downwelling longwave irradiance
measured with a pyrgeometer at Girona (northeast of the Iberian
Peninsula). The method defines the Cloud-Free Index (CFI) as the ratio
between the irradiance measured for any sky condition (ranging from
cloud-free to cloudy) and that corresponding to the otherwise cloudless
atmosphere. The emissivity of the cloudless atmosphere is estimated
through an empirical method that implies a fitting to four sets of selected
cloudless cases for combined winter/summer and day/night periods.
The possibility of varying the confidence level in the tuning for cloudi-
ness detection in those four datasets implies changes in the conditions
labeled as cloud-free or cloudy, therefore allowing for the frequency in
the occurrence of the transition zone (i.e., conditions between cloud-free
and cloudy) to be estimated. For this work, the phase in the sinusoidal
function that describes the diurnal period of cloud-free emissivity was
changed with respect to that proposed in Diirr and Philipona (2004), to
obtain a better fit to the measurements taken at Girona.

A median duration of 20-min is obtained for the transition periods
found in this study (which is performed on a 10-min time resolution
dataset). Shorter transitions (occurring in only 10-min) are the most
frequent, but transitions lasting several hours are also detected.

The Cloud-Free Index shows a bimodal distribution with a strong
overlap between modes. This overlap could be revealing the contribu-
tion of transition conditions to the CFI distribution. The analysis of the
CFI for the two years of data treated indicates that about 10-15% of the
time the sky conditions could be associated with the transition between
cloud-free and cloudy sky. This result is found by analyzing the changes
in the distribution of the CFI when the confidence level in cloudiness
detection (a single parameter) is modified. The 10-15% range is close to
results derived in previous works using methods focused on the short-
wave band (Calbo et al., 2017a), and satellite observations in the



J.-A. Gonzdlez et al.

longwave band (Schwarz et al., 2017). Even higher estimates of the
occurrence of the transition zone are given in Koren et al. (2007).

As stated in the Introduction, any cloud detection method is poten-
tially suitable for estimating the frequency in the occurrence of transi-
tion conditions between clouds and cloud-free air with the methodology
applied here. For this, some reasonable change in the tuning parameters
for cloudiness detection must be possible. The extension of methods for
estimating the occurrence of transition conditions (or the spatial extent
of the transition region) is largely significant, given the importance of
clouds’ effects on the climate balance.

The extent to what transition conditions could be present in the at-
mosphere points to a non-negligible effect in the global climate balance,
which should be taken into account when assessing the already high
uncertainties in the effects of cloudiness. Further efforts should be
devoted to evaluating the extent to what different methodologies coin-
cide when qualifying atmospheric conditions as belonging to the tran-
sition zone, and to establish a range of optical depths corresponding to
these conditions.
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Appendix

Section 4.4 in Diirr and Philipona (2004) shows an example of how the adjustment of the k(t) and Ak(t) functions is performed for day-winter cases.
The selection of cloud-free cases for the adjustment starts with the use of the standard deviation (Stdev) of LW| calculated over 2 h around 1530 UTC,
hence 3 h (z/4) after the average noontime in Switzerland. Only cases with Stdev <1 W m ™2 are considered. These cases of low variability in LW/ (note
that there is one datum every 10 min) might correspond to both overcast and cloud-free cases, but plotting a first estimation of the CFI based on Eq. 4
with a guess value of 0.480 for [k(t) + Ak(t)] results in two clusters of samples which are obviously separated; therefore, an upper limit of the CFI can
be obtained to separate cloud-free from cloudy cases.

For the present work, we modified the phase shift in Eq. (5) to better describe the local diurnal cycle of the derived sky apparent emissivity for the
database used, since it is expected that the climatology in Girona differs from the stations used in the work of Diirr and Philipona (2004). To select a
suitable phase, we plotted the value of the factor k(t) + Ak(t) of Eq. (5) versus time for all data (Fig. Ala). The factor was computed from the ratio (¢4 —
sAD)/(e/Ta)l/ 7 where we used ¢4 instead of eac since not only cloud-free situations were considered. From this plot, a phase of 0 (corresponding to
0000 UTC for nighttime cases and 1200 UTC for diurnal cases) was selected to perform the diurnal cycle fit of k(t) + Ak(t). In fact, values within the
intervals 2340—0020 UTC (centered at 0000 UTC) and 1140—1220 UTC (centered at 1200 UTC) were used in the fitting for the nighttime and
daytime periods, respectively (Fig. A1b).

The CFI upper limits obtained after the previously explained treatments were 1.03, 0.92, 1.01 and 0.93, respectively, for the four datasets cor-
responding to night-winter, day-winter, night-summer, and day-summer cloud-free conditions.
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Fig. Al. (a) Diurnal evolution of the factor k(t) + Ak(t) estimated from the ratio (e — €ap)/(e/ T,,)l/ 7 for all data (blue dots) and the adjusted k(t) + Ak(t) function
(orange dots) for 90% CL in cloudiness detection. (b) Yearly evolution of the same quantities, but only for 0000 UTC and 1200 UTC. (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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For each of the four datasets, the apparent emissivity e4 (LW|/oT?) is plotted against the ratio e/T, (i.e., the basis of the last term in Eq. 4). The
function in Eq. 4 is then fitted to the data, assuming Ak(t) = 0, to obtain kgqy, wincer (in the example in Diirr and Philipona, 2004). On the other hand, the
value of Akgqy, winter is obtained as the difference between the function and the upper 90% confidence level (CL) of the fit, evaluated for the average
value of e/T,. The same procedure is applied to the night-winter, night-summer, and day-summer datasets. In Table A1, the second and fourth columns
show, respectively, the values of k and Ak, the latter for the 90% CL (the default confidence level for cloud detection in DP2004 method) of the fit for
each of the four clear-sky datasets from the Girona station. The other columns show the values of Ak obtained when the CL for cloudiness detection is
adjusted to 80%, 95% and 99%. Values of Ak increase monotonically with CL, so in this way e4¢ is also increased (and the calculated CFI, decreased),

finally inducing a lower detection of cloudy cases, which will result in greater likeliness of these cases actually being cloudy.

Table Al

Values of k and Ak obtained for Girona, for the different confidence levels for the detection of cloudiness situations in the four reference datasets. The values retrieved

with the original 90% CL in DP2004 are in boldface.

Cloud-free dataset k Ak / 80% CL Ak / 90% CL Ak / 95% CL Ak / 99% CL
Night-winter 0.4609 0.0224 0.0288 0.0344 0.0453
Day-winter 0.4016 0.0147 0.0189 0.0225 0.0297
Night-summer 0.4632 0.0149 0.0191 0.0228 0.0301
Day-summer 0.4146 0.0127 0.0163 0.0195 0.0258
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