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 A B S T R A C T

The effectiveness of passive radiative cooling is highly dependent on local atmospheric conditions, particularly 
the spectral distribution of downward longwave radiation. Many existing models rely on simplified or 
generalized assumptions such as fixed atmospheric profiles or empirical fits based on surface-level parameters 
that overlook important aspects of the vertical composition and spectral variability of the atmospheric column. 
In this work, we present a python-based workflow that generates site- and time-specific estimates of surface 
downward thermal radiation resolved into sixteen longwave spectral bands with hourly resolution. Our method 
combines reanalysis data from open ECMWF ERA5 and seasonal climatology data, and the RRTM_LW radiative 
transfer model, allowing for consistent incorporation of cloud effects based on the available input data. We 
demonstrate the application of this tool by constructing spectrally resolved Typical Meteorological Year (TMY) 
datasets and show how it can be used to improve energy balance calculations for radiative coolers. Comparisons 
with simplified approaches highlight the systematic errors arising when spectral and vertical atmospheric 
information are neglected.
Introduction

Radiative cooling technologies, and in particular passive daytime 
radiative cooling materials (PDRC), exploit the transparency of the 
Earth’s atmosphere within the infrared ‘‘atmospheric transparency win-
dow’’ (approximately 8 μm–13 μm) to dissipate thermal energy to outer 
space and generate a net cooling power with no energy consumption. 
Evaluating the potential cooling power density generated at the surface 
of a PDRC system requires knowledge of the spectral solar irradiance 
on the surface, of the convective heat flux density, of the radiation heat 
flux density emitted by the surface toward the atmosphere and space, 
and of the radiation downwelling from the atmosphere that is absorbed 
onto the surface. Among all these factors, the latter is particularly 
challenging because it relies on the properties of the whole atmospheric 
column which are not easily measured. For this reason, most practical 
assessments of PDRC performance still rely on simplified representation 
of atmospheric radiative transfer, commonly assuming a uniform ‘‘sky 
temperature’’ or fixed ‘‘effective atmospheric transmissivity’’ which 
ignore the full vertical and spectral complexity of the atmosphere, 
leading to inaccuracies in the prediction of cooling power under specific 
application conditions.

∗ Corresponding author.
E-mail address: claudio.belotti@cnr.it (C. Belotti).

Several empirical or semi-empirical models have been proposed to 
correct for these simplifications due to their relative simplicity and 
modest computational requirements. Commonly used relationships or 
look-up tables include those proposed by Idso [1] or Das and Iqbal 
[2], which however neglect vertical variations in atmospheric compo-
sition and temperature, using surface-level meteorological parameters 
to extrapolate atmospheric properties [3]. Notably, the Das and Iqbal 
[2] has been reported to yield spectral irradiances within parts of 
the atmospheric window that are less than half of observed values, 
likely due to differences in the absorption data used for atmospheric 
constituents [3]. For instance, local precipitable water vapor has been 
commonly adopted as a proxy for atmospheric emissivity or transmit-
tance, particularly under clear-sky conditions [4,5]. However, these 
models typically neglect the vertical structure of the atmosphere and 
omit important radiatively active species such as CO2 or O3 as well as 
clouds and aerosols [6,7]. Additionally, they are not readily scalable for 
global assessment or for long-term performance evaluations across dif-
ferent years and climates, as they require the availability of measured 
meteorological data relative to the date and site of each experiment. 
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Cloudy-sky conditions introduce further complexity. While many stud-
ies either neglect clouds entirely or treat their effects using simple 
scalar corrections based on cloud cover fraction [8], such empirical 
approaches often fail to capture the thermodynamic and vertical struc-
ture of cloud layers. Yet, especially in the context of passive radiative 
cooling, the correct modeling of clouds is paramount, since clouds can 
both obstruct access to the cold sky or themselves act as a radiative heat 
sink depending on their altitude, temperature, and phase. To address 
these aspects, recent works have either assumed a fixed cloud temper-
ature [9] or proposed an empirical height-dependent cloud temperature 
model based on a fixed temperature difference scale [6] or a fixed 
atmospheric lapse rate [10]. While these studies raised awareness of the 
variable role of clouds in shaping downward longwave irradiance, they 
still rely on static or empirical assumptions regarding cloud height and 
temperature, and cannot capture the presence of multiple cloud layers, 
their vertical overlap, phase, or time- and location-specific evolution.

Compared to empirical models, observational datasets derived from 
satellite missions such as CERES [11] or MODIS-derived ELITE [12] 
provide high-quality estimates of surface longwave downwelling radi-
ation, yet only as spectrally integrated totals [13]. Spectrally resolved 
irradiance datasets with comprehensive spatial and temporal coverage 
remain unavailable, which severely limits the accurate performance 
evaluation of spectrally selective radiative cooling surfaces.

To overcome these limitations, several researchers started using 
radiative transfer models such as MODTRAN [14–16], which allow for 
more detailed treatment of gas absorption. Radiative transfer models 
are widely applied in climate science, remote sensing and meteorol-
ogy [17–23], but their integration into PDRC studies has remained 
relatively limited due to the high computational burden, lack of au-
tomation and difficulty in accessing appropriate input data on the local 
atmospheric composition.

Recent studies have attempted to bridge this gap by combining re-
analysis datasets with radiative transfer calculations. For instance, Yang 
et al. [16] used total precipitable water vapor from the European Centre 
for Medium-Range Weather Forecasts (ECMWF) to parametrize spectral 
emissivity in MODTRAN, while adjusting for cloud height via empirical 
corrections. However, this approach remains constrained by the limited 
number of meteorological stations from the EnergyPlus database, and 
did not take full advantage of the vertical resolution available in 
reanalysis data. Similarly, Wu et al. [24] used ERA5 data to construct 
a (>50GB) global Typical Meteorological Year (TMY) database, which 
however offers limited flexibility in terms of user-specific or on-demand 
evaluations.

Other works relied instead on commercial software (e.g.,
Meteonorm) [15,25], which however provides only spectrally inte-
grated atmospheric data, lacking the spectral information required for 
the evaluation of radiative cooling surfaces that are explicitly designed 
for wavelength-selective emissivity profiles [26].

In general, several studies have shown that using only surface-level 
parameters such as ambient temperature or relative humidity leads 
to overestimated longwave downward radiation [6,27] and ultimately 
sky temperature models that are inaccurate for spectrally-selective 
materials [28]. As a matter of fact, besides the important spectral 
resolution, more recent studies have further stressed the importance of 
accounting for vertical gradients in the atmospheric composition and 
temperature [7,29,30]. For example, Mandal et al. [29] introduced a 
temperature correction to account for the colder upper atmosphere, but 
this approach remains applicable only under clear-sky conditions and 
cannot handle cloud effects.

Finally, spatial and temporal coverage of existing assessments re-
mains an issue, with most approaches being limited to individual 
cities [16] which may not be representative of larger areas.

In this work, we present a method that combines full-resolution 
global reanalysis data from ECMWF ERA5 with the efficient RRTM_LW 
radiative transfer model developed by the Atmospheric and Environ-
mental Research (AER) group to generate spectrally resolved longwave 
2 
irradiance across 16 discrete bands [31,32]. This development was car-
ried out within the EU project PaRaMetriC [33], aimed at establishing 
a metrological framework for the comparable performance evaluation 
of passive radiative cooling technologies.

The proposed approach, named PaRaMetriC Atmospheric Spectral 
Tool for Irradiance Calculation using Hourly ERA5 data (PASTICHE), pre-
serves the full vertical structure of the atmospheric column, including 
pressure levels and gas concentrations, and supports modeling under 
both clear- and cloudy-sky conditions while avoiding the computational 
burden of line-by-line models.

Exploiting the globally available, hourly-resolved ERA5 dataset 
(1940–present) enables scalable and consistent assessment of radiative 
cooling performance across time and space. As an example appli-
cation, we demonstrate the generation of on-demand TMY datasets 
for user-specified locations, using the PVGIS definition, while signifi-
cantly reducing data transfer and storage needs compared to full TMY 
archives. The modeling pipeline is illustrated via a Jupyter notebook, 
making the entire framework open, accessible and reproducible, in 
contrast with several previous approaches based on commercial or 
closed-source software tools.

By making this tool available to the community studying PDRC 
and radiative heat exchange phenomena in general, we aim to support 
more accurate, comparable and location-specific assessment of radia-
tive cooling performance under present-day and historical atmospheric 
conditions.

Methodology

Modeling of the Surface Downward Longwave Radiation (SDLR)

This section describes the methodology used to model site- and date-
specific, spectrally-resolved hemispherical irradiance at the surface. 
To this end, we developed a software framework that encapsulates 
the entire process of obtaining spectral irradiance: from receiving the 
atmospheric state data and integrating it with ancillary sources, to 
simulating the downward surface radiation resolved by spectral band 
through a third-party model, and finally packaging the results into a file 
format suitable for use by end users. The software, named PASTICHE 
is released as open-source under the GPL-3.0 license and is available in 
an online repository [34]. An overview of the workflow is provided in 
Fig.  1. RRTM_LW is a widely established radiative transfer model that 
computes spectrally binned longwave radiative fluxes using a layered 
atmospheric description and a correlated-𝑘 approximation for gaseous 
absorption [35]. PASTICHE translates ERA5-derived atmospheric pro-
files and cloud properties into RRTM_LW inputs, while additional gas 
species are specified using standard RRTM presets and climatological 
data [36].

Routinely monitoring spectral SDLR is currently feasible only at a 
limited number of sites [37], primarily due to the need for sophisticated 
instrumentation [38]. Moreover, the instruments currently in use typi-
cally cover a restricted spectral range, often excluding the far-infrared 
region (wavelengths longer than 15 μm) [39,40]. Consequently, the 
absence of direct measurements must inevitably be addressed through 
atmospheric radiative transfer modeling.

The Longwave Rapid Radiative Transfer Model (RRTM_LW) [31] 
calculates the fluxes (irradiance) along the vertical dimension and 
on sixteen contiguous bands in the longwave (infrared) from 3 to 
1000 μm in wavelength, details on RRTM spectral bands are summa-
rized in Table  1. RRTM was selected for this study taking into account 
the availability of the code [32], the presence of scientific validation 
studies [23,31], its application into several general circulation models 
and the necessary compromise between accuracy and computational 
efficiency.
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Fig. 1. Workflow schematic for the PASTICHE framework. The framework computes downward irradiance by running the RRTM radiative transfer model for a 
user-specified scenario. Atmospheric inputs include temperature, water vapor, ozone, and cloud parameters from ERA5, while additional species (e.g., CO2, CH4, 
O2) are obtained from climatological datasets. Cloud overlap is handled using the maximum-random overlap scheme.
Table 1
Spectral bands and dominant absorbing gases for 
RRTM_LW. The primary atmospheric transparency 
window (8 μm to 13 μm) is resolved by multiple bands 
(Bands 5–9), including the ozone absorption band 
within this region (Band 7).
Band Wavenumber Wavelength Dominant

range [cm−1] range [μm] absorbers

1 10 350 1000.0 28.6 H2O
2 350 500 28.6 20.0 H2O
3 500 630 20.0 15.9 H2O, CO2
4 630 700 15.9 14.3 H2O, CO2
5 700 820 14.3 12.2 H2O, CO2
6 820 980 12.2 10.2 H2O
7 980 1080 10.2 9.3 H2O, O3
8 1080 1180 9.3 8.5 H2O
9 1180 1390 8.5 7.2 H2O, CH4
10 1390 1480 7.2 6.8 H2O
11 1480 1800 6.8 5.6 H2O
12 1800 2080 5.6 4.8 H2O, CO2
13 2080 2250 4.8 4.4 H2O, N2O
14 2250 2380 4.4 4.2 CO2
15 2380 2600 4.2 3.8 –
16 2600 3250 3.8 3.1 –

The model requires as input the state of the atmosphere, described 
by the temperature and pressure variation with altitude, gas com-
position of air and the presence of liquid and ice clouds. Its accu-
racy is comparable [31] to slower, high resolution line-by-line mod-
els, which in turn can attain an overall accuracy within 2Wm−2 of 
observations [23].

In order to obtain a realistic calculation, the state of the atmosphere 
input to the model was defined from the ERA5 [41] reanalysis.

Reanalyses are datasets that combine observations and climate or 
numerical weather prediction model simulations of the past by means 
of data assimilation [42], they are coherent with the laws of physics and 
offer a detailed representation of atmospheric and surface conditions 
at regular intervals [43]. ERA5 dataset [44,45] spans from 1940 to 
3 
the present, it provides hourly estimates for a large number of atmo-
spheric and land-surface quantities, the data cover the Earth on a 0.25° 
latitude–longitude grid and divide the atmosphere in 37 pressure levels.

In particular, for each location and time-step at which the irradiance 
was calculated, the atmosphere was defined from the vertical distri-
bution of temperature, water vapor, and ozone obtained from ERA5. 
Moreover, the specific cloud liquid water content and specific cloud 
ice water content profiles as well as the fraction of the reanalysis pixel 
covered by clouds at each height were used to simulate the radiative 
effect due to the presence of clouds. Finally, the values of concen-
tration of the remaining molecular species required by RRTM: carbon 
dioxide, nitrous oxide, carbon monoxide, methane and molecular oxy-
gen, were defined using the RRTM preset atmospheres and from a 
well-established latitudinally and seasonally-varying climatology [36].

Some of the sets covering a city, therefore a limited geographical 
area, were calculated over a 12-month period defined as a TMY, 
constructed by selecting representative months from multiple years 
to reflect average weather conditions. While the use of a TMY might 
not capture the current status and trend of climate change [46] — 
potentially introducing limitations in long-term energy performance 
assessments — it remains a widely accepted and standardized ap-
proach [47]. The months composing the TMY for each location were 
defined using PVGIS-ERA5 [48] which also based on ERA5 data from 
the 2005–2023 period, the variables used to select each typical month 
are global solar horizontal irradiance, air temperature, and relative 
humidity.

Thermal balance of a PDRC system

The heat fluxes acting at the surface of a PDRC emitter include 
the absorbed solar radiation, the infrared radiation absorbed from 
atmosphere, the radiative infrared flux emitted by the panel toward 
atmosphere and the convective flux.

The radiative power density emitted by the PDRC surface can be 
modeled as 

𝑄s = 𝜋
∞
𝜀s(𝜆)𝐼b(𝜆, 𝑇e)d𝜆 =

∞
𝜀s(𝜆)𝑀b(𝜆, 𝑇e)d𝜆 (1)
∫0 ∫0
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with 𝜆 the wavelength, 𝜀s(𝜆) the spectral normal emissivity of the panel 
surface, 𝑇e the surface temperature of the panel and 𝐼b(𝜆, 𝑇e), 𝑀b(𝜆, 𝑇e)
the spectral radiance of a blackbody and the hemispherical spectral 
emissive power of a blackbody at 𝑇e, respectively. In Eq. (1), the spec-
tral directional emissivity of the panel is assumed to be independent 
of direction. For an angular-dependent spectral directional emissivity 
the hemispherical spectral emissivity can be calculated using the usual 
equation given in [49], recalled in Eq. (B.1).

The radiative power density coming from the atmosphere and ab-
sorbed by the panel surface is modeled as: 

𝑄atm = ∫

∞

0
𝜀s(𝜆)𝑞atm(𝜆)d𝜆 (2)

with 𝑞atm the hemispherical SDLR on the panel surface.
Considering the thermal balance on the surface of the PDRC ma-

terial (incoming components are considered positive, while outgo-
ing components are negative), the net heat flux density is given by 
relation [50]: 
𝑄net = −𝑄s +𝑄atm +𝑄sol −𝑄conv and 𝑄net = 𝑚𝑐p

d𝑇
d𝑡

(3)

with 𝑄sol absorbed solar power density, 𝑄conv convective losses, and 
𝑚𝑐p

d𝑇
d𝑡  heat accumulation term. 𝑄net is positive when heat is gained by 

the PDRC system.
The absorbed solar power density is given by: 

𝑄sol = ∫

∞

0 ∫2𝜋
𝛼s(𝜆)𝑖sol(𝜆) cos(𝜃)d𝛺 d𝜆 = ∫

∞

0 ∫2𝜋
𝜀s(𝜆)𝑖sol(𝜆) cos(𝜃)d𝛺 d𝜆

(4)

with 𝛼s(𝜆) directional spectral absorptance, 𝑖sol directional spectral 
density of radiance of incident solar radiation.

The convective losses are derived from the convective heat transfer 
coefficient ℎconv calculated from the wind speed 𝑣w according to [51] 
and see also Eqs. (B.2) and (B.3).

Hemispherical emissivity and solar absorptance

For determining the spectral near-normal emissivity 𝜀n(𝜆) or ab-
sorptance 𝛼n(𝜆), respectively, the spectral directional-hemispherical re-
flectance 𝑅dh near-normal to the surface has been measured using 
an integrating sphere setup. For the solar spectral region an inte-
grating sphere with an interior polytetrafluoroethylene surface and 
an UV/VIS/NIR diffraction spectrometer has been used. For the MIR 
wavelength range an integrating sphere with an interior gold surface 
and a FTIR-spectrometer has been used [52]. The total near-normal 
emissivity 𝜀n gives the total amount of thermal radiation that is emitted 
or absorbed by the surface nearly perpendicular to its orientation. 
The total near-normal emissivity 𝜀n with respect to the temperature 
𝑇  can be calculated by integrating the spectral near-normal emissivity 
𝜀n over all wavelengths with the Planck-function 𝐼b(𝜆, 𝑇 ) as a weight 
function [49]: 

𝜀n(𝑇 ) =
∫ 1000 μm
3.1 μm 𝜀n(𝜆)𝐼b(𝜆, 𝑇 )d𝜆

∫ 1000 μm
3.1 μm 𝐼b(𝜆, 𝑇 )d𝜆

(5)

The Planck-function 𝐼b(𝜆, 𝑇 ) gives the spectral intensity emitted by 
a black body at a certain temperature T. The calculations are done in 
accordance with DIN EN 12898 [53]. Finally, the total hemispherical 
emissivity 𝜀h can be calculated from the total near-normal emissivity 𝜀n
following the formula given in DIN EN 12898 and recalled in Eq. (B.4).

Furthermore these calculations can be performed for the respective 
wavelengths bands, which are used in the atmospheric models by 
adapting the integration limits in Eq.  (5) to the respective bands given 
in Table  1.

The solar absorptance 𝛼sol is calculated, in accordance with DIN EN 
410 [54], by integrating the spectral near-normal absorptance 𝛼𝜆,𝑛 over 
the solar spectrum range with the solar radiation onto the soil 𝐼sol as 
weight function as recalled in Eq. (B.5).
4 
Results and validation

Model results

The spectral dimension of SDLR provides insight into various at-
mospheric processes that modulate its values. Spectral regions where 
the atmosphere exhibits higher opacity are particularly sensitive to 
variations in the state of tropospheric atmospheric layers. In contrast, 
the transparency of the so-called atmospheric window (780 cm−1 to
1250 cm−1) results in very low SDLR values under clear-sky conditions, 
as the surface effectively observes the cold background of outer space. 
This behavior changes in the presence of clouds, which emit radiation 
at the temperature of the cloud layer itself, thereby increasing SDLR 
values within this spectral range.

An example of the output generated by the software discussed 
in Section ‘‘Modeling of the Surface Downward Longwave Radiation 
(SDLR)’’ is presented in Fig.  2, which displays a time series of at-
mospheric and meteorological variables for the city of Paris during 
June 2015, corresponding to the TMY month of June. The top panel 
illustrates the spectral SDLR as a color map with the spectral dimension 
represented along the 𝑦-axis. A recurring diurnal pattern is evident 
across several spectral bands, particularly below 630 cm−1 and within 
the range 1480 cm−1 to 1800 cm−1, reflecting variations in tempera-
ture and humidity. In contrast, within the atmospheric transparency 
window, the influence of cloud cover is evident, resulting in increased 
values of SDLR.

The four lower panels display meteorological data obtained or 
derived from ERA5 for four grid boxes surrounding Paris. From bottom 
to top, these include cloud fraction (the percentage of each grid box 
covered by clouds), relative humidity, temperature of air at 2m above 
the surface, and incoming solar radiation. All panels share a common 
𝑥-axis, representing time (days in June TMY).

Results for multiple global locations, covering entire TMY peri-
ods as well as shorter time spans associated with heatwave events, 
are accessible under the Zenodo community page of the PaRaMetriC 
project [55].

Model validation

Building on RRTM extensive validation in dedicated studies [23,31] 
against the Line-By-Line Radiative Transfer Model (LBLRTM) [56], 
which itself has demonstrated high accuracy through numerous com-
parisons with observational measurements [57], here we present a 
comparison of our radiative calculations with both ERA5 total fluxes 
and ground-based Baseline Surface Radiation Network (BSRN) mea-
surements [58] to assess the performance of PASTICHE in reproducing 
atmospheric radiative properties.

Table  A.1 reports the validation metrics (correlation, bias, RMSE) 
used to quantify the differences between the SDLR, integrated over the 
spectral range, and the corresponding variable from ERA5 for multiple 
global locations over a whole TMY.

Discrepancies between the integrated irradiance results from PAS-
TICHE and those from ERA5 can be attributed to several factors. First, 
the radiative transfer models differ: while the ECMWF IFS radiation 
scheme previously relied on RRTM [59], the current version employs 
ECRAD [60]. Second, PASTICHE’s treatment of cloud effects relies on 
the cloud parameters available in ERA5, which do not include detailed 
microphysical data (e.g., particle effective radii). This may introduce 
differences in cloud-related radiative contributions. Third, aerosol ef-
fects were excluded from the PASTICHE simulations because of the 
technical challenges of incorporating them into RRTM. Finally, ERA5 
employs a high vertical resolution with 137 model levels, whereas the 
publicly available data are provided on a coarser grid of 37 standard 
pressure levels, potentially affecting the accuracy of radiative flux 
results.
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Fig. 2. Paris June TMY time series showing spectral irradiance and various meteorological variables. All panels share a common 𝑥-axis representing time (days in 
June TMY). Top panel: atmospheric spectral irradiance, averaged over the whole city area, with the left 𝑦-axis showing wavenumber and the right 𝑦-axis showing 
wavelength. The remaining panels display corresponding atmospheric data, either downloaded or derived from ERA5, for each of the four grid boxes. From 
bottom to top: cloud fraction (percentage of the grid box covered by clouds), relative humidity, 2-meter air temperature, and shortwave flux (solar radiation).
To contextualize the tabulated metrics, Fig.  3 displays two-
dimensional histograms comparing the spectrally integrated SDLR (𝑦-
axis) with the corresponding ERA5 values (𝑥-axis) for Paris over the 
entire TMY period. The left-hand panel illustrates the density of data 
points within each bin, providing a visualization of the distribution 
and agreement between the two datasets. The dataset comprises 35026 
data points, derived from 4 grid points, sampled hourly over 365 days. 
The correlation between the datasets is 0.95, with a negative bias of 
−5.7Wm−2, and an RMSE of 13.8Wm−2. Notably, the small negative 
bias values are consistent with the effect expected from including 
aerosols [61]—which are accounted for in the ERA5 fluxes, but not 
included at the moment in the RRTM_LW workflow. The histograms 
indicate that the vast majority of data fall within bins aligned along the 
Cartesian diagonal. In contrast, the right-hand panel examines cloud 
influence, depicting the same data color-coded by ERA5 cloud fraction. 
Pixels with cloud fractions higher than 0.5, tend to deviate further from 
the 1:1 diagonal; in particular, for PASTICHE, the most overcast pixels 
exhibit higher SDLR values than those in ERA5. However, the left-hand 
panel confirms that these bins contain very few data points.

In addition to validation against reanalysis data, ground-based mea-
surements were sought to validate the results against field observa-
tions. The Palaiseau SIRTA Observatory BSRN station (PAL, latitude 
48.713°N, longitude 2.208°E) [62] is located near one of the locations 
selected for the PaRaMetriC project (Paris), approximately 5 km from 
the ERA5 grid point centered at 48.75°N, 2.25°E. The station measures 
SDLR together with additional parameters at 1-minute intervals. Hourly 
5 
averages were created from the PAL time series for comparison with the 
corresponding grid point.

The comparison metrics for PASTICHE versus BSRN measurements 
are reported in Table  A.2 for each TMY month and the whole TMY. 
Annually, the correlation between the datasets is 0.88, with a negative 
bias of −8.6Wm−2 and an RMSE of 21.0Wm−2; these values are 
comparable to previous studies [63–65]. The comparison is also con-
textualized in Fig.  A.1, which contrasts the spectrally integrated SDLR 
against BSRN radiation measurements. It is worth noting, however, that 
single observation stations might not be representative of the areal 
mean of a grid-level product, even when the station is located near 
the center of the grid cell [66]. Indeed, comparing ERA5 SDLR to 
the PAL dataset yields similar values for correlation and RMSE, 0.86 
and 21.2Wm−2, respectively, although with a lower mean bias of 
−2.4Wm−2, as reported in Table  A.2 and Fig.  A.2.

To examine temporal variability, Fig.  4 shows the time series of the 
spectrally integrated SDLR (green line), ERA5 all-sky dataset (blue), 
and BSRN measurements for the Paris grid point containing the PAL 
station for June 2015. Overall, the calculated values closely follow the 
temporal evolution of the ERA5 dataset, with differences averaging 
−1%, though some discrepancies are apparent during cloudy intervals. 
The temporal variability of the BSRN time series is qualitatively con-
sistent with the other datasets, although it exhibits more pronounced 
differences in both absolute values and fine temporal evolution. The 
lower panel quantifies these differences by displaying the percentage 
deviations between the datasets.
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Fig. 3. 2D histogram plots of data for Paris, whole TMY, showing the spectrally integrated Surface Downward Longwave Radiation calculated as in Section 
‘‘Modeling of the Surface Downward Longwave Radiation (SDLR)’’ (𝑦-axis) and the same quantity from the ERA5 product (𝑥-axis). The left-hand side panel 
represents the density for each bin, the inset reports the values of correlation, bias, RMSE, and number of points. In the right-hand side panel, data are color-
coded by the corresponding ERA5 cloud fraction.
Fig. 4. Time series of Surface Downward Longwave Radiation for Paris during June (TMY). Upper panel: spectrally integrated DLR calculated as described in 
Section ‘‘Modeling of the Surface Downward Longwave Radiation (SDLR)’’ compared to ERA5 reanalysis all-sky product and ground-based measurements from 
the Palaiseau SIRTA Observatory station. Lower panel: Percentage differences between the three datasets PASTICHE (P), BSRN (B), and ERA5 (E).
Illustrative PDRC scenarios

As an illustrative application, results generated with PASTICHE are 
used to simulate the radiative cooling effects of a PRC surface following 
the methodology described in Section ‘‘Thermal balance of a PDRC 
system’’. The simulations are presented for the month of June in Paris 
and are intended to demonstrate how site- and date-specific, spectrally 
resolved atmospheric irradiance data can be used in practice.

Two scenarios are considered. In the first scenario, the PRC surface 
is treated as massless and its temperature is constrained to be equal 
to the ambient air temperature. In this case, only radiative heat fluxes 
are evaluated. In the second scenario, the PRC surface is assumed to be 
applied on top of a 5 cm thick concrete slab with a specific heat capacity 
of 1000 J kg−1 K−1 and a density of 2200 kgm−3. The backside of the 
slab is assumed to be adiabatic, allowing the surface temperature to 
vary dynamically in response to climatic conditions and the associated 
heat fluxes appearing in Eq.  (3). In this second scenario, convective 
heat transfer between the surface and ambient air is also considered.

For the massive case, the calculations are performed at each time 
step using a transient energy balance. The surface temperature 𝑇surf,0 is 
initialized to the ambient temperature at time 𝑡 = 0 and subsequently 
updated based on the net heat gains and losses at each time step 
according to Eq.  (3).

For this illustrative example, we selected one of the PRC materi-
als studied within the PaRaMetriC project. The material consists of 
6 
a silver-based highly reflective substrate (VEGA98®, Almeco S.p.A.) 
coated with a thin polymeric layer with spectrally selective emissivity 
(Cooling Photonics S.L.). This composite PDRC material, referred to 
as V98RF, was characterized spectrally using a UV/VIS/NIR spec-
trometer and a FTIR-spectrometer, each equipped with an integrating 
sphere setup, as described above. For visualization purposes, the spec-
tral hemispherical emissivity was derived from the measured spectral 
near-normal emissivity. The resulting spectral hemispherical emissivity 
is shown on the left side of Fig.  5 and is in excellent agreement 
with previous independent spectral characterization performed by the 
Physikalisch-Technische Bundesanstalt [67]. In Fig.  5, the measured 
spectral hemispherical emissivity is plotted as a blue line. The light 
gray areas visualize the solar irradiation onto the soil and the ther-
mal radiation at ambient temperature, respectively. The hemispherical 
emissivity calculated for each RRTM_LW wavelength band is plotted as 
purple bars. The total hemispherical emissivity, obtained by integrating 
the spectral hemispherical emissivity over all wavelengths is 0.637 and 
is indicated by a green line for comparison. Additionally, the solar 
absorptance, calculated using Eq.  (5), is 0.025 and is shown as a yellow 
line in Fig.  5.

The net surface heat gains or losses are calculated for both scenarios 
using the heat fluxes described in Section ‘‘Thermal balance of a PDRC 
system’’. In the massless scenario, convective heat transfer is omitted. 
Solar absorption and infrared emission are calculated using the mea-
sured emissivity data, the prescribed surface temperature, the incident 
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Fig. 5. Left: Measured spectral hemispherical emissivity of the V98RF surface (blue curve). The effective emissivity values for the solar and IR regions are 
indicated by the yellow and green lines, respectively. Purple bars represent the emissivity values for each IR band used in the proposed model. Top right: Heat 
flux components at the surface for the no-mass PRC surface. The resulting radiation balance is shown in purple for the calculation using the IR bands and in 
green for the calculation using the averaged IR emissivity (IR-total). Bottom right: Difference in radiation balance between band calculation and average value 
calculation.
solar irradiance, and the downward longwave irradiance provided by 
PASTICHE. Infrared fluxes are evaluated on a per-band basis (see Table 
1). For the massive scenario, convective heat transfer is additionally 
estimated using ERA5 wind speed data together with surface and air 
temperatures. Ambient air temperature, solar irradiance, and wind 
speed are obtained from ERA5 reanalysis data.

The results for the massless scenario are shown on the right side 
of Fig.  5. The solar heat flux (yellow shading) and the net infrared 
heat flux (red shading) are shown, together with the resulting radiation 
balance (purple curve). For comparison, the radiation balance com-
puted using a spectrally averaged hemispherical emissivity is shown as 
a green curve. The difference between the band-resolved and spectrally 
averaged radiation balances is reported in the lower-right panel of Fig. 
5. The corresponding results for the massive scenario are shown on 
the left side of Fig.  6, where the solar, infrared, and convective heat 
fluxes are indicated by yellow, red, and blue shading, respectively. 
As in the massless case, the purple and green curves represent the 
band-resolved and spectrally averaged radiation balances, and their 
difference is shown in the lower-left panel. For context, we note that 
the net cooling fluxes obtained here for the massless, no-convection 
scenario in Paris are of the same order of magnitude as radiative cooling 
potentials reported in previous large-scale studies for this location, 
despite differences in modeling assumptions [25].

In the massive scenario, the inclusion of thermal mass allows the 
surface temperature to be computed from the net surface heat flux. 
The resulting surface temperature is compared with the ambient air 
temperature, and the corresponding average monthly cooling values for 
different locations are summarized on the right side of Fig.  6.

Conclusion

In this work, we introduced a method that combines full spatial 
resolution and hourly global reanalysis data with an efficient radiative 
transfer model to generate site- and date-specific, spectrally resolved 
longwave atmospheric irradiance. Unlike empirical or semi-empirical 
approaches that rely on surface-level parameters and spectrally aver-
aged representations, the proposed framework preserves the complete 
vertical structure of the atmosphere and explicitly accounts for spectral 
variability and cloud effects, addressing key limitations of existing 
methods commonly used in passive radiative cooling studies.

Validation against ERA5-integrated longwave fluxes demonstrated 
strong agreement (correlation up to 0.98, RMSE ≈ 11Wm−2; see Table 
7 
A.1 and Fig.  3), confirming the robustness of the ERA5-to-RRTM_LW 
data translation and the consistency of the resulting irradiance esti-
mates. In addition, the integrated longwave irradiance estimates were 
found to be consistent with independent ground-based observations 
from the BSRN network.

Applying the model to the TMY datasets showed sub-ambient tem-
peratures and therefore sub-ambient cooling of the investigated PDRC 
surface not only at night but also during the day. An illustrative applica-
tion was presented to demonstrate how the spectrally resolved outputs 
provided by PASTICHE can be used in practice. By comparing band-
resolved and spectrally averaged formulations under both massless and 
massive surface assumptions, the results highlight systematic differ-
ences in the resulting surface energy balance. Even under conservative 
conditions, differences on the order of 10Wm−2 to 20Wm−2 are 
observed for spectrally selective PDRC materials between band-based 
and averaged calculations, underscoring the importance of account-
ing for spectral effects when modeling radiative cooling performance. 
These results emphasize that the spectral structure of atmospheric 
longwave irradiance is not a secondary detail, but can lead to rele-
vant deviations in predicted cooling fluxes if neglected. Additionally, 
given that one approach for improving PDRC surfaces is the selective 
increase of the spectral emissivity in the wavelength range of the at-
mospheric transparency window, this model supports the development 
and optimization of PDRC materials.

To encourage broader adoption, PASTICHE is made available as 
an open-source software framework that orchestrates data sourcing 
and interfaces with the radiative transfer model, enabling accurate, 
comparable, and location-specific assessments of radiative cooling per-
formance. Its open implementation and reduced computational burden 
make it a practical and reproducible alternative to commercial or 
closed-source tools.

Recent studies have highlighted the relevance of radiative cooling 
in the context of climate change, both in terms of projected perfor-
mance under future climates [25] and its potential role in large-scale 
climate mitigation strategies [68]. In principle, future climate scenarios 
could be explored by coupling projected atmospheric datasets with the 
present modeling framework; such extensions are left for future work.

Taken together, the methodological advances and open implementa-
tion presented in this work provide a scalable foundation for accurate, 
location-specific evaluation of radiative heat exchange involving sky-
facing materials, the systematic investigation of spectral effects in 
radiative cooling applications, and their reproducible integration into 
energy and climate analyses.
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Fig. 6. Top left: Heat flux components at the surface for a PRC surface applied on top of a 5 cm thick slab of concrete. The resulting radiation balance is shown 
in purple for the calculation using the IR bands and in green for the calculation using the averaged IR emissivity (IR-average). Bottom left: Difference in radiation 
balance between band calculation and average value calculation. Right: Average monthly cooling effect for V98RF across multiple locations.
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Appendix A. Supplementary results of PASTICHE validation

Table  A.1 reports validation metrics for several sites.
Additional results of the comparison between PASTICHE and BSRN 

PAL station observations are reported in Figs.  A.1, A.2, and Table  A.2.

Appendix B. Detailed equations

For an angular-dependent spectral directional emissivity the hemi-
spherical emissivity can be calculated by using the following equation: 

𝜀h(𝜆) =
1
𝜋 ∫hem

𝜀s(𝜆) cos(𝜃)d𝜔 (B.1)

with 𝜃 the angle to normal direction (zenith) and d𝜔 the differential 
element of solid angle.
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Table A.1
Validation metrics for PASTICHE integrated SDLR for 
several locations over a whole TMY. 𝑁 indicates the 
number of data points considered for each location.
Location Corr. Bias RMSE N

[Wm−2] [Wm−2]

Denver 0.97 −2.7 12.0 78807
Las Vegas 0.98 −4.7 10.9 78825
Madrid 0.96 −3.6 11.4 175146
Paris 0.95 −5.7 13.8 35026
Rome 0.97 −3.7 11.5 34967
Turin 0.96 −2.2 14.0 35024

The convective losses can be derived from the convective heat 
transfer coefficient ℎconv: 

𝑄conv = ℎconv(𝑇s − 𝑇air) (B.2)

The convective heat transfer coefficient was calculated from the wind 
speed 𝑣w according to [51]: 

ℎconv = 8.3 + 2.2𝑣w (B.3)

The total hemispherical emissivity 𝜀h can be calculated from the 
total near-normal emissivity 𝜀n following the formula given in DIN EN 
12898: 

𝜀h = 1.1887𝜀n − 0.4967𝜀2n + 0.2452𝜀3n (B.4)

The solar absorptance 𝛼sol is calculated by integrating the spec-
tral near-normal absorptance 𝛼𝜆,𝑛 over all wavelengths with the solar 
radiation onto the soil 𝐼sol as weight function: 

𝛼sol =
∫ 2.5 μm
0.3 μm 𝛼n(𝜆)𝐼sol(𝜆)d𝜆

∫ 2.5 μm
0.3 μm 𝐼sol(𝜆)d𝜆

(B.5)

The calculations are done in accordance with DIN EN 410 [54].

Data availability

The data for this study is available from: https://zenodo.org/recor
ds/17227622.

https://github.com/21grd03-parametric/pastiche/
https://github.com/21grd03-parametric/pastiche/
https://github.com/21grd03-parametric/pastiche/
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622
https://zenodo.org/records/17227622


C. Belotti et al. Sustainable Energy Technologies and Assessments 91 (2026) 105046 
Fig. A.1. Same as Fig.  3, but showing the spectrally integrated Surface Downward Longwave Radiation calculated as in Section ‘‘Modeling of the Surface 
Downward Longwave Radiation (SDLR)’’ (𝑦-axis) and the BSRN PAL measurements (𝑥-axis). 2D histogram plots of data for Paris, whole TMY. The left-hand side 
panel represents the density for each bin, the inset reports the values of correlation, bias, RMSE, and number of points. In the right-hand side panel, data are 
color-coded by the corresponding ERA5 cloud fraction.
Fig. A.2. Same as Figs.  3 and A.1, but showing the spectrally integrated Surface Downward Longwave Radiation from the ERA5 product (𝑦-axis) and the BSRN 
PAL measurements (𝑥-axis). 2D histogram plots of data for Paris, whole TMY. The left-hand side panel represents the density for each bin, the inset reports the 
values of correlation, bias, RMSE, and number of points. In the right-hand side panel, data are color-coded by the corresponding ERA5 cloud fraction.
Table A.2
Monthly comparison statistics for PASTICHE vs. BSRN (P–B), PASTICHE vs. ERA5 (P–E), and 
ERA5 vs. BSRN (E–B) at PAL. 𝑁 indicates the number of data points considered for each
month.

Correlation Bias RMSE N
[Wm−2] [Wm−2]

P–B P–E E–B P–B P–E E–B P–B P–E E–B

January 0.80 0.92 0.75 −12.3 −6.4 −6.0 27.2 16.6 27.0 744
February 0.93 0.96 0.91 −6.5 −4.7 −1.8 17.2 12.6 17.3 672
March 0.90 0.92 0.85 −6.3 −8.4 2.1 17.0 15.9 19.4 744
April 0.80 0.90 0.74 −5.7 −5.7 0.0 19.2 14.2 21.6 720
May 0.87 0.93 0.87 −5.0 −4.3 −0.6 18.0 12.9 17.7 744
June 0.89 0.94 0.86 −2.9 −4.7 1.7 14.8 11.8 16.3 720
July 0.85 0.92 0.82 −11.7 −5.7 −6.0 18.8 12.1 17.5 744
August 0.84 0.92 0.81 −6.6 −7.7 1.0 17.9 14.1 18.5 744
September 0.87 0.93 0.84 −5.6 −6.8 1.2 17.4 13.9 18.5 703
October 0.87 0.93 0.83 −5.5 −5.6 0.1 17.5 13.0 18.7 744
November 0.91 0.94 0.87 −9.2 −6.6 −2.6 20.0 15.4 21.6 720
December 0.67 0.92 0.67 −25.1 −7.4 −17.7 37.0 15.9 33.3 736

Annual 0.88 0.95 0.86 −8.6 −6.2 −2.4 21.0 14.1 21.2 8735
9 
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