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ARTICLE INFO ABSTRACT

Keywords: Evaluating long-wave radiation is a critical task for controlling surface energy budgets in various
Downward longwave radiation application fields. The long-wave radiation can be estimated using surface observations alone,
Pyrgeometers

such as direct measurements by pyrgeometers in weather stations, or through empirical models
based on air temperature and humidity, which are usually measured in most weather stations.
Adaptability is the main limitation of the literature’s empirical models; indeed, these models yield
mediocre accuracy when applied in locations other than the original development site, where
they were assessed. To overcome these limitations, this study presents the results of experimental
observations to evaluate the accuracy of literature models when used within the Mediterranean
Area. The cloudy cover, which is one of the main difficult data to retrieve for calculating the long
wave radiation, has been determined using data derived from satellite data or metar stations. The
comparisons between observations and literature models have evidenced that only a few litera-
ture models allow to achieve accurate results both under clear and cloudy sky conditions. This
research presents observations on long-wave radiation in Catania, an area where no previous
surveys were available. The identification of the most truthful literature models represents useful
information for a more accurate evaluation of the long-wave radiation in the Mediterranean
Region.

Sky temperature
Numerical models

1. Introduction

The net radiation (RN) is a component of the surface energy balance, defined through the surface radiative balance between the
absorbed solar radiation and the upward and downward longwave radiation (Rld). The Rld results from atmospheric re-emission of
H20, CO2, 03 molecules, and cloud droplets in the atmosphere near the Earth’s surface. It is the reversible consequence of the ab-
sorption by the gases in the atmosphere of the longwave radiation emitted from the Earth [1]. Estimating the downward longwave
radiation on the surface is essential for understanding the impact of increasing CO2 and other greenhouse gases (GHG) for studying
changes in the Earth’s climate [2,3]. While it is also the radiative component most poorly quantified from direct observations [4].
Estimating Rld is a critical task in controlling surface energy budget and subsequently renders a clue to yield accurate evapotrans-
piration (ET) estimations for many application fields, such as weather predictions and global climate change [5,6]. Rld can be
determined from sophisticated radiative transfer models in the atmosphere (e.g. LOWTRAN [7], MODTRAN [8], or STREAMER [9]) to
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simple empirical formulations. These radiative models require temperature and humidity profiles, cloud properties, and aerosols,
usually unavailable at the sites where Rld should be evaluated, the lack of this data limits their practical usage. The usage of global
reanalysis products provide, which estimates the lower atmosphere’s temperature and humidity profiles, are accurate enough for the
calculation of global Rld with a radiation transfer model. In recent decades, reasonably successful techniques have been developed to
estimate Rld based on surface observations alone. Indeed, since under clear sky conditions the temperature and humidity of the lowest
100 m of the atmosphere above all determine Rld [10], simple physical or empirical models using air temperature and humidity,
usually measured in most weather stations, have proved reliable [11,12].

In 1932, Brunt developed the first empirical relationship between R4 and the square root of near-surface vapour pressure, “e” [13].
In 1963 Swinbank [14] and Idso & Jackson in 1969 [15], correlated Ryq to the square of the temperature [14]. The former estimated an
RMSE of less than 5 W m ™2, while the last correlation had a correlation coefficient of 0.99. A physically rigorous parameterization of
atmospheric emissivity based on the assumptions of standard atmospheric lapse rates of temperature and vapour pressure was pro-
posed by Brutsaert (1975) [16]. Recently, the Brunt (1932) [13] and Brutsaert (1975) [16] models were applied by Wang and Liang
[17], to estimate global R4 under all sky conditions, mainly in North American sites.

The direct measurements of Rjg using pyrgeometers are challenging due to the cost of the measurement instruments, the spatial
coverage of Ry observation sites is scarce and even absent. Globally, only a few weather stations have long-term measurements of Ry
[18].

Coordinated monitoring activities with pyrgeometers have been made within the Baseline Surface Radiation Network (BSRN), a
project of the World Climate Research Programme (WCRP) [19], the Coordinated Energy and water-cycle Observations Project (CEOP)
[20], and the FLUXNET project [21]. The monitoring activities carried out at the BSRN sites have provided long-term continuous
measurements of Ryq for nearly 20 years.

Instantaneous Rjq has been estimated using the Moderate Resolution Imaging Spectroradiometer (MODIS) atmospheric products
under clear sky conditions [22] at 17 sites. The Ry estimated through eight meteorological parameterization methods exhibited
(RMSE) values less than 35 W m 2.

Even though empirical models have had varying degrees of success, their main problem seems to be their versatility; indeed, as the
methods have been empirically developed at one location and with one set of instruments they do not fare well in other sites. Often,
those developing new methods later show [23]. In summary, Ri4 can be estimated from ground-based observations, empirical methods,
reanalysis systems, and satellite retrievals.

Although several studies provide numerical models for the calculation of the downward longwave radiation, there is a lack of
analyses regarding their validity in different sites concerning their original development. In particular, there are no studies that have
investigated the effectiveness of literature models in the Mediterranean region, as well as the availability of experimental data con-
cerning direct measurements of the downward longwave radiation.

In this study, the results of experimental measurements done in Catania (south Italy) are presented. In Section 2 models for clear
and cloudy sky parameterisations are described, as well as instrumentation for direct measurements. The experimental surveys carried
out for clear and cloudy sky conditions and the analyses of the results are illustrated in Section 3. Conclusions are given in Section 4.

2. Long-wave radiation and surface energy budget

The evaluation of long-wave radiation is critical for assessing the surface energy balance of any surface on Earth, as it is one of the
components determining the surface energy budget.

The surface energy budget is defined by the interaction of the heat fluxes between the earth’s surface and atmosphere, that is the
latent heat flux (AE), the sensible heat flux (H), and the heat storage in the ground (G), whose sum allows to determine the Net-
Radiation (Ry) as expressed in Eq. (1).

Ryv=AE+H+G 1

Moreover, the Net radiation is evaluated through the surface radiative balance between the absorbed shortwave solar radiation
(Rsa), the upward longwave radiation (¢T¢), and the downward longwave radiation (Ry), as defined by Eq. (2) [24].

Ry=Ryq(1—0) + & (R — oT;) @

An interesting option to reduce the cooling load of building is the exploiting of the radiative cooling by longwave radiation emission
toward the sky, which can improve building energy performance. Outer space is an ideal and natural source of cooling for any
terrestrial surface, which allows the exploitation of Radiative Cooling, a passive method to cool a surface (e.g. building roofs and
facade [25]) The temperature in outer space is approximately equal to 3 K but the temperature of the sky measured overhead is higher,
as the water vapour in the atmosphere absorbs the infrared radiation emitted by the underlying ground.

The longwave net radiative energy flux between a surface (grqq) and sky vault is calculated as a function of the sky temperature (Eq.
(4)).

Grad = &s U‘FS*Sky . (T?'T?ky) 3

The evaluation of sky temperature (Ts,) and emissivity is fundamental and needs to be properly accounted [26]. The standard ISO
13790 [27] provides simplified correlations for calculating the sky temperature (see Table 1).
However, the ISO 13790 correlations provide just a reference value of (Tg,), which may not be sufficiently detailed for assessing
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Table 1

ISO 13790 Correlation for the calculation of the sky temperature.
Site Correlation
Temperate areas Tgy =Ta— 11 3)
Sub-polar areas Tgy =Tq— 9 “
Tropical areas Tgy = Tq— 13 5)

the surface energy balance under variable weather conditions.
As general rule, the evaluation of Ryq is essential for assessing the energy balance under different weather conditions.
Fig. 1 shows the different heat fluxes determining the energy balance for a building facade [28] and a solar panel [29] respectively.
The energy balance for the solar panel can be expresses by Equation (4).

Rld + Rxd + Rlu,ground = Rld,pan +a de + Rlu,pan +H+ Epmd (4)

The similarity between the structure of solar panels and radiant coolers suggested that the integrated application of solar heating
and radiative cooling can be addressed [30]. Gagliano et al. have developed an innovative system for exploiting nocturnal radiative
trough solar panels.

In this patented study, the nocturnal radiative cooling is used for cooling the water flowing within the PV/T system, storing the
cooled water in a tank and using it for reducing the cooling load of buildings, thus making a PV/T trigenerative plant [24].

The effects of the geometric structure, ambient temperature, and sky temperature on the radiative cooling power were analysed in
Ref. [31].

3. Materials and methods

The downward longwave radiation results from atmospheric re-emission, due to the reversible effect of absorption of longwave
radiation emitted from the earth by chemical elements in the atmosphere. Water vapour (H30), Oxygen (O3), Ozone (Os3), and Carbon
Dioxide (CO) are the main emitters of longwave radiation in the atmosphere in the range of 4.0-100.0 pm. Rj4 can be determined by
assuming black body behaviour or grey body behaviour at a uniform temperature, thus two alternative equations are defined:

Rld:0~T4

sky; (6)

Rig = €am - 0 Tom

It can be challenging to define the atmospheric emissivity (e4m) or the atmospheric temperature (T,m,) for a vertical column of the
atmosphere. As a result, several models have been developed to estimate downward longwave radiation based on the ambient tem-
perature (T,) and/or the water vapour pressure (e,) near the surface. If the ambient temperature (T,) is used, the long-wave radiation
can be expressed by Eq. 9

Ryq = €5y0° T} 7
The sky temperature is obtained by equating Eq. (8) and Eq. (9):
Tsl‘(‘y = 851()’ Ta4 (8)

Thereby, for calculating the downward longwave radiation it necessary to find relations allowing to determine the sky emissivity
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Fig. 1. Longwave radiation exchanges at the exterior surface of a building (a). Energy balance of a solar panel (b).
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(esky) as a function of water vapour pressure (e,) and/or T,, as shown in Eq. (11).
Rldc = Sxky(Tas ea)o—T: (9)

To this aim, several empirical models based on least squares regression have been developed. Table 2 reports empirical formu-
lations widely used in the literature for clear skies, which were developed using the atmospheric data observed in different regions.
The partial vapour pressure e, [10~> bar] is determined through Eq. (10), in which Ry, is the relative humidity.

ea =Ry exp[65.81 —7066.2 / T, — 5.976 In(T,)] (22)

The limit of the previous empirical models is to consider only clear sky conditions.

Since the sky emissivity is higher on cloudy days than on clear days, it was necessary to develop empirical models, which take into
account the cloud cover. Typically, the cloudy-sky models are derived from clear skies models using the percentage of sky covered by
clouds, namely cloud fraction cover (CFC).

Egs. (25) and (26) [12,23] present two alternative methods used for calculating the long wave sky radiation under cloudy con-
ditions (Ryq).

Rig=Ruc (1 +aCFC?) (23)
Ryg =Ry (1 — CFC© )vCFC °oT,} (24)

Where a, b, c and v are constant experimentally determined.

Table 3 shows some of the literature methods used to estimate R;4, which include the cloud fractional cover. It is worth observing
that such models can also predict Rj; under clear sky, posing CFC = 0.

It is also helpful to point out that none of those empirical models includes only the contribution of the water vapour and does not
evaluate the contribution of the other greenhouse gases.

3.1. Cloud fraction cover

The cloud fraction cover can be directly assessed by observing the number of overcast sectors, assuming the whole sky subdivided
into 10 sectors.

3.1.1. Satellite observation

As far as the cloud fraction is concerned, it is possible to obtain data on CFC from satellite-based earth observations. In this
framework, the Copernicus project [34], which provides data for managing natural disasters, monitoring climate change, and studying
the temporal evolution of the state of the oceans, vegetation, and atmosphere [1], can be used for deriving the CFC.

The available data are the results of a joint project between the European Agency for Satellite Meteorology (EUMETSAT) and the
Satellite Application Facility on Climate Monitoring (CM SAF). In Copernicus, the CFC can be retrieved from the “CLAAS-3 cloud data
record based on SEVIRI observations”, which is publicly available via the CM SAF website [35]. The CLAAS-3 record provides cloud
properties derived from inter-calibrated measurements of the SEVIRI sensor on board METEOSAT second-generation (MSG) satellites
[36]. From this database, it is possible to obtain: the average daily cloud cover, the average diurnal cloud cover, or the average
nocturnal cloud cover on a 0.05 x 0.05 grid (longitude x latitude). The Panoply software is used for data post-processing to achieve a
graphical output.

Fig. 2 shows an image of the METEOSAT full disk, which includes Europe, Africa, and the Atlantic Ocean. It is possible to observe
the spatial variation of the average daily CFC for September 27, 2023.

The fractional cloud cover for a site of interest can be determined by spatial interpolation between adjacent nodes [37].

Table 2

Empirical clear sky models.
Reference Clear sky longwave radiation
Brunt (1932) [6] Rige = (0.605 + 0.048el/?)oTh a1
Idso and Jackson (1969) [6] Riyge = {1-0.261-exp(—7.77-10~*(273—T))}oTH 12)
Brutsaert (1975) [6] Rige = 1.24(eo/T)Y 7 oTh 13)
Satterlund (1979) [6] Rige = {1.08(1—exp(—eg(T,/2016)))}oTe 14)
Prata (1996) [6] Rige = {1—(1 + 46.5(eo/To))-exp((1.5 + 46.5-3(e/T)) 2o T (15)
Anderson (1954) [23] Rige = (0.68 + 0.036e'*)oTa 16)
Swinbank (1963) [23] Rige = (9.36:10 7T )o T a7
Idso (1981) [32] Rige = (0.7 + 5.95-10 %e,-exp(1500/T))oTa 18)
Abramowitz (2012) [33] Riyge = 0.031e, + 2.84T,—522.5 (19)
Angstrom (1924) [25] Rige = (0.83—0.18-10(—0.067¢,))oTa (20)
Raman (1935) [25] Ryge = (0.62 + 0.029¢Y )0 Th 21
Elsasser (1942) [25] Rige = (0.21 + 0.22In(e))oTh (22)
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Table 3
Empirical models for all sky conditions.

Reference All sky model

Maykut and Church (1973) [6] Rig = Rige(1 + 0.22CFC275) (25)
Jacobs (1978) [6] Rig = Rige(1 + 0.26CFC) (26)
Sugita and Brutsaer (1993) [6] Rig = Rige(1 + 0.0496CFC?*%) 27)
Konzelmannet al. (1994) [6] Rig = Rige(1—CFC*)+0.952CFC* 6 T (28)
Crawford and Duchon (1999) [6] Rig = Rige(1—CFC) + CFC 6 Th (29)
Duarteet al., Eq. (21) (2006) [6] Rig = Rig(1 + 0.242CFC%58%) (30)
Duarteet al., Eq. (22) (2006) [6] Rig = Rige(1—CFC*%71)4-0.99CFC*"! 6 T4 31)

3.1.2. Surface observation

Cloud fractional cover data can also be derived from surface weather observations available through the Automated Surface
Observing System (ASOS) [38]. ASOS’ weather observations report several weather elements, among which the cloud sky conditions
(i.e. cloud height and cloud taxonomy: clear, scattered, broken, overcast) up to 12,000 feet. The cloud taxonomy is differenced within
three layers: namely low, medium, and high clouds. However, high clouds do not have a measurable effect on R4 variability and/or
additional effect at the earth’s surface) [39].

ASOS network report is a text file, commonly named METAR (Meteorological Aerodrome Report), which is a codified message
containing the weather conditions observed at a weather station. A METAR file, updated hourly or semi-hourly, classified the CFC into
several groups as a function of the number of oktas where clouds are present, i.e. NSC, FEW = 1-2 oktas; SCT = 3-4 oktas; BKN = 5-7
oktas; and OVC = 8 oktas. The classification within each group is determined considering the highest value between the low and
middle layers if the clouds are present in both. Table 4 reports a METAR “text-annotated” with the matching numerical interpretation
adopted by the National Oceanic and Atmospheric Administration [40].

The weather station closest to the analyses carried out in this study is the Catania Fontanarossa weather station (ICAO code: LICC),
whose data are publicly available for download from the Iowa State University of Science and Technology website [41].

3.2. Pyrgeometers measurements

A pyrgeometer measures the Rld from the difference between the downward longwave radiation from the atmosphere and the
upward radiation from itself. Considering the thermopile sensor surface absorbs and emits as a blackbody and its voltage linearly
related to the net gain of radiant power, the downward longwave radiation is determined by Eq. (34) [42].

Ry=Uems/S+0c-T, (32)

Where T} is the measured temperature.
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Fig. 2. Average diurnal daily CFC (2023, September 27) [34].
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Table 4

METAR “text annotated” of cloud fraction.
METAR text-annotated cloud coverage NSC FEW SCT BKN ovC
Numerical CFC 0 0.125 0.375 0.75 1

For a cloudy overcast sky, the upward radiation emitted by the earth is almost totally absorbed and re-emitted as downwelling
radiation. As a result, the net radiation measured by the thermopile is a little negative (a few W/m?), due to a small heat exchange
between the relatively warm pyrgeometer and the colder sky. Under clear sky conditions, a relatively large heat loss occurs through the
atmospheric window, resulting in a lower R;; compared to overcast conditions. Conversely, during cloudy sky periods, the increased re-
emission of downwelling radiation leads to a more pronounced negative net radiation, from —90 to —130 W m™2.

Fig. 3 shows these two typical situations, in the left it is represented a cloudy sky conditions, when the downward radiation assumes
a large value and consequently RN has low value, from 0 to —20 W m™2, while in the right side is represented a clear sky conditions,
when the downward radiation assumes small value and consequently RN has high value, from —90to —130 W m™~2), thus determining a
meaningful cooling of the surface.

The main characteristics of the Kipp & Zonen CG3 pyrgeometer are shown in Table 5.

4. Experimental surveys

In this section, the empirical models exhibited in Tables 2 and 3, have been applied for calculating R;y. The numerical results
obtained are compared with experimental measurements conducted in Catania (37.52° N, 15.07° E) during September and October
2023. The analysis focuses on two clear-sky days and four cloudy-sky days. Meteorological data were recorded at 1-min intervals using
an LSI data logger.

Figs. 4 and 5 show the Global Horizontal Irradiation (GHI), Direct Normal Irradiation (DNI), air temperature (Ta), and relative
humidity (Rh) observed during two clear-sky days (September 27 and October 2) and two cloudy days (September 8 and 9),
respectively.

4.1. Evaluation of Ry beneath clear sky conditions

The Copernicus Climate Data classifies September 27 and October 2 as clear sky days (CFC-day = 0 %). Consequently, the hourly
values of downward longwave radiation (Ryy) and sky temperatures were calculated using models suited for clear sky conditions.

Fig. 6 presents the predicted and observed data of Ryq., as measured by the pyrgeometer on September 27 (left) and October 2
(right).

Fig. 7 displays the sky temperatures derived from Equation (10), using the observed values of Ry4.. during September 27 (left) and
October 2 (right) ().

Each numerical model gives different predictions, some of which may be meaningful but inaccurate for the two investigated days
(for example, Raman’s model). In contrast, the clear sky model by Idso & Jackson provides Ry predictions that align well with the
observed data. Rld reaches its highest values during the central hours of the day, approximately 380 W m~2, and its lowest values at
night, around 350 W m~2, which is consistent with atmospheric thermodynamics on a sunny day. The numerical data was more
accurate on October 2, whereas some discrepancies appeared on September 27. Notably, the models failed to capture the peak value
recorded by observations at 5:00 a.m., likely due to sparse clouds that the models did not detect. This issue will be investigated in the
following sections. When comparing the models’ results, significant variations in sky temperature (Ty,), from 270 to 287 K, are
observed. The Ty, is consistently lower than the ambient air temperature (T,) by 5-15 K and its diurnal distribution is like that of Rg.
Interestingly, the ISO standard for temperate climates provides only a constant difference of 11 K between Ty, and T,. While the ISO
norm provides a useful approximation of sky temperature, achieving higher accuracy requires the use of specific models or the
availability of Riy measurements. Calculations of Ty, using the Brunt, Angstrom, Raman, and Elsasser models show similar trends, but
they differ by several degrees Kelvin. This discrepancy arises because these empirical models were developed based on local

Atmosphere Ty Atmosphere Ty
s 2 »
Downward radiation Downward radiation
(relative large value) | Upward radiation (relative small value) Upward radiation ‘
L 4

Net radiation (from -90 to -130 W/m?)

Earth surface Tea > Tam Earth surface Teyn >> Tatm

Fig. 3. Downward longwave radiation: a) Cloudy overcast sky; b) Clear sky conditions.
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Table 5
Pyrgeometers main technical specifications (Kipp & Zonen CG3).
Performance
Spectral range (50 % points) 4.5-42 pm
Sensitivity 5-15 pV/W/m?
Response time <18s
Window heating offset <15Wm™2
Zero offset B <4Wm2
Temperature dependence of sensitivity (—10 °C to +40 °C) <5%
Operational temperature range —40 to +-80 °C
Net irradiance range —250 to +250 W m~2
Field of view 150°
Non-linearity <1%
——GHI ~——DNI —Ta ——Rh
1000 100 1000 100
900 20 900
= 800 . =800
.§ 700 S § 700
= 600 & E 600
£ 500 & g s00
5 400 £ F 400
S 300 = E 300
200 200
100 100
0 il 0 ———
8 B & 88 5 % &= 838
8 8 8 88 88 8 8 8 8 8 8
Fig. 4. Trends in weather variables on September 27 (left) and October 2 (right).
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Fig. 5. Trends in weather variables on September 8 (left) and 9 (right).
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Brutsaert ——Satterlund ——Prata —— Anderson
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Fig. 6. Observed and calculated R;q on September 27 (left) and October 2 (right).
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Fig. 7. Observed and predicted Ty, on September 27 (left) and October 2 (right).

atmospheric conditions in specific regions, such as Algeria, the United Kingdom, and India. As a result, they may not provide accurate
predictions outside the areas where the models were initially tested. Table 6 shows the statistical analyses performed on September 27
to assess the accuracy of the investigated clear sky models.

Otherwise, the statistical analyses applied on Oct. 2 highlights better performance, assuming as reference the Idso and Jackson’s
model, the R? value decreases from —1.25 to 0.23 and MBE from 16.3 to 7.29 W m 2.

On September 27, the limited accuracy of the models’ forecasts was likely due to the presence of sparse low and middle clouds, as
indicated by the METAR cloud coverage data. To account for these clouds, the downwelling longwave radiation was calculated.

Fig. 8 presents the value of Rj4 calculated using the all-sky models on September 27.

Using cloudy sky models results in a significant improvement in the forecasts of nearly all models. It is clear that even a modest
amount of cloud fraction (CFC) strongly influences the amount of downward longwave radiation (Rld). When the CFC is present
(indicated by the grey dotted line), the observed Rld increases, reaching peak values close to 400 W m™2. This finding confirms the
consistency between the pyrogeometer observations and the CFC data derived from the METAR file. As anticipated, sparse clouds
determine significant variations in the sky temperature. This result underscores the importance of accurately evaluating the CFC. The
use of a clear sky model leads to an underestimation of more than 30 % (approximately 60 W m~?) for Ryq and over 10 K for Tsky-
However, the cloudy sky models give significant deviations in T,. from 272 to 293 K.

4.2. Evaluation of downward longwave radiation beneath cloudy sky conditions

Downward longwave radiation on cloudy sky days has been calculated using the empirical models presented in Table 2 and cloud
cover derived from the e CFC-day Copernicus data.

The following days were taken as samples, September 25 and 26 with CFC-day of 33 and 64 %, September 8 and 9 with CFC-day of
90 and 100 %. The hourly value of the CFC provided by the METAR files for Catania Fontanarossa is used for the calculation. For
September 8, 9, 25, and 26, Fig. 9 shows the hourly values of Rj4 calculated through the empirical models for cloudy sky conditions, the
CFC (grey dotted line) and the measured Rj4 for September 8, 9, 25 and 26.

It can be observed that both the measured and modelled longwave radiation increase when CFC increases and vice versa. The
discrepancy between the measurements and prediction could be attributed to the uncertainties in determining fractional cloud cover
(CFQ). It is worth to notice that the cloud cover at Fontanarossa’s meteorological station (37.467, 15.05) could differ respect to the
observation point (37.516, 15.006), located at the Catania’s University campus.

Table 7 shows an example of the statistical analyses performed to evaluate the accuracy of the different models.

As a general finding, among the analysed models, Duarte’s model (Equation (22)) is the most suitable for evaluating downward
longwave radiation (Rld) under cloudy-sky conditions.

Fig. 10 illustrates the scatter plot obtained comparing the measured downward longwave radiation with the values of Rjq predicted
by the Idso & Jackson model for clear sky conditions and Duarte’s model (Equation (22)) for all-sky conditions.

From this scatter plot it is possible to derive the following linear regression equations, which is chtacterized by an R-squared value
of 0.7421,

y=0.9658x + 9.463 (35)

Our global analyses have enabled us to identify the empirical literature model that best fits the experimental data. However, a
significant limitation of this study is the restricted amount of experimental data available, which could enhance the proposed in-
vestigations further. In this context, could be of interest to investigate the numerical stability of the empirical models used for
calculating the long-wave radiation [43-45].

4.3. Evaluation of net radiation

This section aims to show an example of calculation of Net Radiation during a clear sky day, as sample the September 12, 2023, has
been selected. The evaluation of the Net Radiation (Ry) by Eq. (2), along with the assessment of Rjq also needs the knowledge of the
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Table 6
Statistical analysis of clear sky models (September 27).
Model R? MBE (W m~2) RMSE (W m~2) MAPE
Idso & Jackson -1.25 16.3 20.6 0.046
Brutsaert —-2.7 24.5 26.5 0.066
Idso -3.3 25.6 28.5 0.068
Satterlund -3.7 27.4 29.8 0.072
Brunt -5.0 32.2 33.5 0.086
Anderson —-6.0 34.3 36.3 0.091
Swinbank -5.7 33.9 35.5 0.090
Angstrom -7.2 37.3 39.2 0.099
Prata -7.6 38.4 40.1 0.102
Elsasser —-9.7 43.0 44.8 0.115
Abramowitz -16.0 55.7 56.6 0.149
Raman —-26.0 70.3 71.3 0.187
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Table 7

All sky model statistical metrics at the Catania site (September 26, 2023).
Model R? MBE (W m~2) RMSE (W m~2) MAPE
Maykut & Church —0.907 32.2 38.6 0.084
Jacobs 0.150 13.0 25.8 0.049
Sugita & Brutsaert —-1.28 35.5 42.3 0.093
Konzelmann —1.22 35.2 41.7 0.092
Crawford & Dunchon 0.157 15.7 25.7 0.048
Duarte Eq. 21 0.264 2.15 24.0 0.050
Duarte Eq. 22 0.353 8.34 22.5 0.043
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Fig. 10. Comparisons between the measured and modelled Ry4 for all sky conditions.

Table 8
Clear sky net radiation (September 12-9:53 UTC). Note: “1” denotes values derived from measurements; “2” denotes values estimated with the Idso &
Jackson model.

a & Ts [K] T, [°C] Ry, [%] Ryq [W/m?] Rige,1 [W/m?] Rige,2 [W/m?] Ry,; [W/m?] Ry,2 [W/m?]

0.206 0.971 314.87 28.42 40.00 661.00 382.37 371.26 379.34 365.41

short-wave albedo (a), surface emissivity (es), and land surface temperature, (Ts), which can be derived from remote sensing analysis
of Landsat 8 and 9 satellite imagery. The shortwave albedo was estimated using the Liang algorithm adapted to Landsat 8 and 9
spectral bands [46]:

0.356p, +0.13p, + 0.373p, + 0.85p + 0.072p, — 0.0018 (33)

Where p; represents the surface reflectance of the i-th band. Surface emissivity and land surface temperature were retrieved from
Landsat 8-9 Level-2 Collection 2 products [47], with a spatial resolution of 100 m. Table 8 shows the comparison between the RN
calculated on September 12 at 9:53 UTC using the observed and the R4 calculated using the Idso & Jackson clear sky model.

Comparing Ry,; and Ry 2, it can be observed that the net radiation estimated by the Idso & Jackson clear sky model differs by less
than 4 % from that derived from measurements. This example highlights that starting from satellite data and observed/predicted data
on Ryq allows us to determine Ry under given atmospheric conditions. It is worth mentioning that the knowledge of the Net Radiation is
fundamental for the evaluation of the energy balance of any surface on the Earth, as well as for determining the evapotranspiration in
green roof [48] or water basins [49].

5. Conclusions
This study illustrates the results of the experimental observations carried out through the pyrgeometer installed in the weather
station of the DIEEI in Catania (south Italy), under clear and cloudy weather conditions. Subsequently, several literature models have

been applied using as input data air temperature and relative humidity measured by the weather station installed at the same site. As
regards the model used for the prediction of Rld under cloudy conditions, the fractional cloud cover has been derived from free online
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available sources. In particular, the CFC data from Copernicus and METAR from Catania Fontanarossa have been used.

The comparisons between observations and measurements have evidenced that only a few literature models deliver quite accurate
results for both clear and cloudy sky conditions. The truthfulness of these latter models is strictly related to the accuracy of the
fractional cloud cover, which is the most difficult input to identify.

An imprecise assessment of the CFC of less than 1/8 oct, which could determine the use of a clear instead of cloudy model, gives rise
to an underestimation of Rld of about 30 %.

However, the analyses carried out showed that the Idso & Jackson and Duarte models, for clear and cloudy conditions respectively,
are those whose predictions are the more truthful for the investigated site. Moreover, the calculated/measured Rld has been used for
the calculation of the Solar Net Radiation (RN), which is fundamental for determining the energy balance of the results of these
preliminary surveys can be used as a reference as there are no previous surveys on Rld in the Sicilia Region.

Future development of this study aims to increase the experimental data to enhance the validation of the presented results and to
create a new empirical model tailored to the investigated region.
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Nomenclature

Rjg: downward longwave radiation [W m3

Ry: net radiation [W m™2]

JE: latent heat flux [W m~2]

H: sensible heat flux [W m~2]

G: heat storage in the ground [W m 2]

Ryq: downward shortwave radiation [W m™2]

a: surface shortwave albedo [—]

&g surface emissivity [—]

o: Stefan-Boltzmann constant [W m 2 K*]

Ts: surface temperature [K]

Tsky: sky temperature [K]

£am: atmosphere emissivity [—]

Tam: atmosphere temperature [K]

&sky: sky emissivity [—]

Ty ambient temperature [K]

Ryge: Clear sky downward longwave radiation [W m3

eq: Water vapour pressure [10_3 bar]

Rp: relative humidity [—]

CFC: cloud fractional cover [—]

Ruugrouna: upward longwave radiation from the ground intercepted by the solar panel [W m2
Rigpan: downward longwave radiation emitted by the solar panel to the ground [W m 2
Ryypan’ long-wave radiation emitted and reflected by the solar panel to the sky [W m 2]

Eyroq: energy produced from the panel [W m
Qrqa: Net radiative heat exchange [W m

,2]
,2]

F_sy: sky-view factor [—]
Uenys: thermopile output voltage [pV]
S: pyrgeometer calibration factor [uV W ~! m?]
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Tp: body temperature [K]

n: number of observations (n = 24 since hourly averaged data are considered) [—]
yi: hourly data observed [W m2

. hourly data estimated from empirical models [W m 2]

¥;: daily average data observed [W m~2]

DHI: diffuse horizontal irradiance [W m~%]

GHI: global horizontal irradiance [W m’z]

p: Surface reflectance [—]
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