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Abstract 13 

Passive radiative coolers can preserve the surface temperature below ambient by simultaneously reflecting 14 

incoming solar radiation and emitting thermal radiation to the sky. Apart from thermo-optical properties of the 15 

materials, radiative cooling performance is affected by various environmental factors which determine the 16 

atmospheric transmittance. As such, field investigations lack convergence and completion. And energy balance 17 

consideration, which aids in interpreting the field investigative results, is a deterministic cogitation on convective 18 

and radiative heat transfer by the radiative cooler that ignores the uncertainties abundant in field study. In this 19 

work, we examine the cooling performance of radiative cooling materials under different subtropical weather 20 

conditions in Hong Kong and approach the problem based on probabilistic regression modeling as an alternative. 21 

At nighttime, the response variable of surface temperature reduction can be correlated with a single predictor 22 

variable of sky temperature difference, which is a lumped parameter of ambient temperature, relative humidity, 23 

and cloud fraction. At daytime, it should be parametrized with an additional variable regarding solar intensity. The 24 

regression analysis reveals that, the higher the thermal emissivity, the larger is the temperature reduction at 25 

nighttime, especially obvious for large sky temperature difference . And heavy solar heat load is absorbed by the 26 

coolers at daytime even they feature reasonably high solar reflectivity. In this regard, further increment in solar 27 

reflectivity poses the top priority in improving daytime radiative cooling performance. 28 
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Nomenclature 1 

1a , 
2a , 

3a , 
4a   empirical constants of clear sky temperature models. 2 

1b , 
2b , 

3b , 
4b , 

5b  empirical constants of cloudy sky temperature models. 3 

c (m/s)   speed of light, 83 10 m/s. 4 

d (g/kg dry air)  moisture content. 5 

cf (%)   cloud fraction. 6 

ch (W/m2-℃)  convective heat transfer coefficient. 7 

ph (J-s)   Planck constant, 346.63 10− J-s. 8 

I (W/m2-µm)  spectral intensity. 9 

1.5AM gI (W/m2-µm) air mass 1.5 global solar spectrum. 10 

bbI (W/m2-µm)  spectral blackbody intensity. 11 

skyI (W/m2)   atmospheric thermal radiation. 12 

sunI (W/m2)   solar radiation. 13 

( )0

sunI (W/m2)   solar radiation at 
( )0

skyT . 14 

*

sunI     dimensionless solar radiation. 15 

K (m2)   extinction cross section of extinctive particles. 16 

cK (m2)   extinction cross section of clouds. 17 

jK (m2)   species extinction cross section. 18 

vK (m2)   extinction cross section of vapors. 19 

bk (J/K)   Boltzmann constant, 231.38 10− J/K. 20 

N (/m3)   number density of extinctive particles. 21 

cN (/m3)   number density of clouds. 22 

jN (/m3)   species number density. 23 

( )0

jN (/m3)   species number density at 
( )0

skyT . 24 

vN (/m3)   number density of vapors. 25 

atmp (hPa)   standard atmospheric pressure, 1013.25 hPa. 26 

wp (hPa)   partial pressure of water vapor. 27 

2R     coefficient of determination. 28 

s (m)    optical path length. 29 

S (m)   optical path length designated at ground. 30 

T (℃) / (K)  temperature. 31 

ambT (℃) / (K)  ambient temperature. 32 

dewT (℃)   dew point temperature. 33 

skyT (℃) / (K)  sky temperature. 34 
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( )0

skyT (℃) / (K)  reference sky temperature. 1 

,0wT (℃)   surface temperature. 2 

0̂ , 1̂ , 2̂   empirical coefficients of regression equations. 3 

0 , 1 , 2   empirical coefficients of Beer-Lambert law. 4 

*

1 , 
*

2    dimensionless empirical coefficients of Beer-Lambert law. 5 

skyT (℃)   sky temperature difference. 6 

( )0

skyT (℃)   reference sky temperature difference. 7 

*

skyT     dimensionless sky temperature difference. 8 

,0wT (℃)   surface temperature reduction. 9 

     spectral emissivity/absorptivity of radiative cooler. 10 

sky     sky emissivity. 11 

,sky c     sky emissivity specific to a clear sky. 12 

sl     spectrally averaged solar emissivity/absorptivity of radiative cooler. 13 

th     spectrally averaged thermal emissivity/absorptivity of radiative cooler. 14 

 (µm)   wavelength. 15 

 (W/m2-K4)  Stefan-Boltzmann constant, 85.67 10− W/m2-K4. 16 

̂ (℃)   standard deviation of ,0wT . 17 

 (%)   relative humidity.  18 
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1. Introduction 1 

A sky-facing surface emitting longwave radiation through the atmospheric window lying within 8-13 µm of the 2 

electromagnetic spectrum can preserve its temperature below ambient under a clear nocturnal sky. This is a result 3 

of passive radiative cooling. Utilizing a photonic radiative cooler composed of 7 layers of alternating silicon 4 

dioxide (SiO2) and hafnium dioxide (HfO2) mid-infrared emitter stacked on a silver (Ag) solar mirror, Raman et 5 

al. (2014) demonstrated radiative cooling under direct sunlight, reporting a device temperature of 5 ℃ below 6 

ambient and a cooling power of 40 W/m2 [1]. Shortly afterwards, ultra-low device temperature, remarkable 7 

cooling power, flexible materials selection and scalable manufacturing feasibility were discovered [1 – 7]. Novel 8 

engineering applications, especially in HVAC and energy systems in buildings, were also inspired by radiative 9 

cooling [8 – 13]. Radiative cooling is expected to save tremendous amounts of energy and serve as the driving 10 

force behind the evolution of efficient HVAC design and energy use in the built environment. 11 

 12 

However, radiative cooling performance may vary geographically. Despite fascinating field investigative results 13 

reported from North America, some studies conducted elsewhere failed to achieve sub-ambient daytime radiative 14 

cooling [14, 15]. Bao et al. developed and tested nanoparticle based solar reflecting thermal radiators in Shanghai, 15 

where the temperature and humidity were above 24 ℃ and 50 % respectively, but the device remained 3 – 10 ℃ 16 

above ambient at daytime [14]. Tso et al. compared the performance of Raman’s photonic radiative cooler in 17 

vacuum and non-vacuum enclosures under the subtropical climate in Hong Kong but were not successful in 18 

reproducing daytime radiative cooling [1, 15]. Jeong et al. tested the modified titanium oxide photonic radiative 19 

cooler and bio-inspired polymeric radiative cooler, only the ones under solar shades were accomplishing in sub-20 

ambient daytime radiative cooling [7, 16, 17]. Han et al. assessed Raman’s photonic radiative cooler and enhanced 21 

specular reflective film under tropical climate in Singapore and attributed large solar intensity and high humidity 22 

counteract radiative cooling effect [1, 18]. Radiative cooling performance relies heavily on the transparency of 23 

the atmospheric window. Longwave radiation emitted by the radiative cooler penetrates through a clear sky, which 24 

accompanies a highly transparent atmospheric window without significant scattering, attenuation, and absorption. 25 

However, atmospheric transparency is a dynamic property interacting with local meteorological conditions and 26 

becoming blurred under a humid and cloudy sky. Consequently, considerable upwelling radiation can be absorbed 27 

and re-emitted. Besides shortwave solar radiation, atmospheric thermal emissions impose a heavy heat load on 28 

the cooler and can raise the temperature above ambient. Huang et al. studied the impact of humidity, cloudiness, 29 

and aerosol concentration, and revealed the geographical variance in radiative cooling performance quantitatively, 30 

where the estimated potential in Stanford and Hong Kong are 61 W/m2 and 25 W/m2 respectively. [19]. Han et al. 31 

offered a different viewpoint and identified higher solar radiance in Singapore is the major cause of degraded 32 

radiative cooling performance besides atmospheric thermal radiation, where the predicted cooling power limit is 33 

30 W/m2 [20]. Li et al. presented the radiative cooling resource map for the contiguous United States, and showed 34 
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the southwestern has the highest potential of 70 W/m2, whereas the southeastern has the lowest potential of 30 1 

W/m2 [21]. Zhu et al. and Chen et al. developed similar radiative cooling resource maps for China independently 2 

and identified the northwestern has the highest potential of 70 – 90 W/m2, whereas the southeastern has the lowest 3 

potential of 10 – 40 W/m2 [22, 23]. 4 

 5 

Contrary to mainstream theoretical based investigation on the variance in radiative cooling performance arising 6 

from climatic factors, we approach the problem by mean of probabilistic regression modelling on collected surface 7 

temperature measurement at different subtropical weather conditions in Hong Kong. And, contrary to 8 

deterministic energy balance consideration concerning overall heat flow by the radiative cooler, statistical 9 

modelling is advantageous in tolerancing the uncertainties arising from time varying and uncontrolled atmospheric 10 

conditions abundant in field investigation. This paper is organized as follow. In Section 2, it reviews the empirical 11 

models of sky temperature, a lumped parameter of meteorological variables of ambient temperature, relative 12 

humidity, and cloudiness, quantifying the downwelling atmospheric radiation, available in the literature. In 13 

Section 3, it outlines the procedures of materials preparation and fabrication of two radiative coolers, and the setup 14 

of outdoor field investigation for surface temperature measurement. In Section 4, it discusses the nocturnal and 15 

diurnal radiative cooling performances separately. With the scattered pairs measured at different weather 16 

conditions, statistical correlation between the response variable regarding surface temperature and the predictor 17 

variable regarding sky temperature are established. Finally, it prospects the applications of statistical models for 18 

building scale and city scale energy saving prediction. 19 

 20 

2. Empirical models of sky temperature and sky emissivity 21 

In sky temperature modelling, the atmosphere can be interpreted as a grey body of sky emissivity sky  at the 22 

ambient temperature ambT . sky  is defined by the downwelling atmospheric radiation in accordance with Stefan-23 

Boltzmann equation, i.e. 24 

 
4

atm sky ambI T = , (1) 25 

where 85.67 10 −=  W/m2-K4 is the Stefan-Boltzmann constant. And sky temperature skyT , distinct from ambT , 26 

can be viewed as the equivalence of atmospheric thermal intensity in absolute temperature scale, i.e. 
4

atm skyI T= . 27 

The radiative heat flux is identical to the one given by eq. (1). Hence, sky  and skyT  are inter-connected by  28 

 
1

4
sky sky ambT T= . (2) 29 

As sky   ranges from 0 to 1, skyT   is always lower than ambT  , i.e., sky ambT T  . sky   can be measured by a 30 

pyrometer experimentally, simulated by an atmospheric radiative heat transfer model numerically, and estimated 31 

by a sky emissivity model empirically. A pyrometer produces an output voltage by scanning in situ infrared 32 

radiance within 4.5 – 100 µm, but it requires careful calibration to eliminate background radiation from buildings 33 
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and vegetations. A radiative transfer model evaluates the atmospheric spectral emissivity within 0.2 – 100 µm 1 

line-by-line upon comprehensive specification of absorbing gases, aerosol, water vapor, cloud characteristics, 2 

vertical temperature, and humidity profiles, as well as various secondary atmospheric variables [24, 25]. In 3 

contrast, an empirical model is simpler to apply, correlating sky   with fundamental meteorological variables 4 

measurable by the observatory. Since the 1910s, plenty of sky temperature models, falling into two categories 5 

regarding clear and cloudy skies, have been suggested. 6 

 7 

2.1 Clear sky temperature model 8 

Under a clear sky, suspended water vapors serve as the primary source of atmI . Clear sky emissivity ,sky c  can 9 

be parametrized with meteorological variables like ambT  (in ℃), relative humidity   (in %), partial pressure 10 

of water wp  (in hPa), dew point temperature dewT  (in ℃), and moisture content d  (in g/kg dry air). These 11 

variables are not mutually independent, but inter-connected by Magnus equations [26] in the form of  12 

 
17.63

6.11 exp
100 243.04

amb

w

amb

T
p

T

   
=   

+   
, (3) 13 

 

243.04ln
6.11

17.63 ln
6.11

w

dew

w

p

T
p

 
 
 

=
 

−  
 

, (4) 14 

and 15 

 
0.62 w

atm w

p
d

p p
=

−
, (5) 16 

where 1013.25atmp = hPa is the standard atmospheric pressure. Table 1 (a) tabulates the clear sky temperature 17 

models available in the literature. A few attempts [28, 29] parametrized ,sky c  with a single variable of ambT , but 18 

the mainstream correlated ,sky c   with two principal variables of ambT   and   . Brunt formulated one of the 19 

earliest two-variable models, expressing ,sky c  as 20 

 
1

2
, 1 2sky c wa a p = + , (6) 21 

where 1 0.52a =  and 2 0.065a =  are the empirical constants [27]. Afterwards, various parametric forms were 22 

suggested [28 – 42] and published models were also recalibrated [43 – 50]. These reports revealed the difficulties 23 

in the development of a universal sky temperature model because the models were established based on localized 24 

and biased meteorological data drawn from one or several weather stations. Li et al. might have analyzed the most 25 

comprehensive meteorological and radiation data, collected from 7 stations of the Surface Radiation Budget 26 

Network in the United States, located at Goodwin Creek (Mississippi), Bondville (Illinois), Penn State University 27 

(Pennsylvania), Fort Peck (Montana), Sioux Falls (South Dakota), Boulder (Colorado) and Desert Rock (Nevada). 28 

The meteorological data, covering climatic diversity in the northern hemisphere, were used to recalibrate the Brunt 29 
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model. With the renewed empirical constants of 1 0.62a =   and 2 0.056a =  , root-mean-square errors were 1 

reduced by 2.8 – 58.9 % [50]. 2 

 3 

2.2 Cloudy sky temperature model 4 

Clouds are clusters of liquid phase water and solid phase ices, absorbing and emitting longwave radiation more 5 

vigorously than gaseous phase vapors. To cater for additional heat load imposed by clouds, ,sky c  ought to be 6 

corrected by a factor regarding cloud fraction cf , ranging from 0 to 1, and gauged by the naked eye [51], solar 7 

radiation measurement [52] and satellite imaging [53]. Table 1 (b) tabulates the cloudy sky temperature models 8 

available in the literature. Initially, cloudy sky emissivity sky  was suggested by multiplying ,sky c  by a factor 9 

depending on cf  only [35, 54]. Later, it was reformed by adding a corrective term dependant on, but not limited 10 

to, cf  [43, 50, 52, 55, 56]. Recently, sky , proposed by Li et al., takes the form of 11 

 ( ) 52 4

, 1 31
bb b

sky sky c c cb f b f  = − + , (7) 12 

where 1 0.78b =  , 2 1b =  , 3 0.38b =  , 4 0.95b =   and 5 0.17b =   are the empirical constants and ,sky c   is the 13 

recalibrated Brunt clear sky emissivity given by eq. (6). The model outperforms the former ones by 15 – 32 % 14 

[48]. For 0cf = , it represents the clear sky condition, and sky , given by eq. (7) is reduced to ,sky c . Hence, 15 

cloudy sky temperature model is applicable for all sky conditions. 16 

 17 

3. Methodology 18 

3.1 Materials preparation and characterization 19 

The first device to be examined was the polymeric radiative cooler suggested by Zou et al. [3]. The fabrication 20 

commenced with the cleaning of quartz substrate in a piranha solution at 120 ℃ for 10 minutes. After rinsing in 21 

deionized water and spin-drying, a 200 nm Ag film was deposited on one face in high vacuum of 10-6 torr by E-22 

beam evaporation. Last, a 100 µm polydimethylsiloxane layer was spin-coated on another face at 1,000 rpm for 23 

1 minute and cured in the oven at 80 ℃ for 1.5 hours. 24 

 25 

The second was the photonic radiative cooler, modified based on the one proposed by Raman et al. [1]. The 26 

composition of two constituent dielectric materials remained unchanged, but HfO2 layers were replaced by silicon 27 

nitride (Si3N4) featuring not only high visible light and near infrared transparency, but also strong 8 – 13 µm 28 

emissivity. Hence, thermal emissive layers could be grown by plasma enhanced chemical vapor deposition, 29 

benefitting from higher processing pressure and deposition rate, as well as shorter processing time, relative to 30 

physical vapor deposition. The fabrication began with sequential cleaning of silicon wafer in a piranha solution at 31 

120 ℃ for 10 minutes and hydrofluoric acid at room temperature for 1 minute. After rinsing and spin-drying, 200 32 

nm Ag and 20 nm titanium films were deposited on the substrate by E-beam evaporation. Then, dielectric films 33 

were grown for designated thicknesses by chemical vapor deposition in the presence of 13.56 MHz radio 34 
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frequency induced plasma at 0.9 torr. Platen and showerhead temperatures were held at 300 ℃ and 250 ℃ 1 

respectively. For SiO2 deposition, precursor gases of saline, nitrous oxide, and nitrogen were reacted at a radio 2 

frequency power of 30 W. For Si3N4 deposition, precursor gases of saline, ammonia, nitrous oxide, and nitrogen 3 

were reacted at a power of 20 W. 4 

 5 

Mid-infrared and visible light spectral absorptivity/emissivity    were characterized by Fourier-transform 6 

infrared spectrometry and UV-Vis NIR spectrometry respectively. For wavelengths    within 2.5 – 25 µm, 7 

measured spectral   of polymeric and photonic radiative coolers are shown in Figure 1 (a). Atmospheric spectral 8 

transmittance at Mauna Kea [57], as a representative clear sky condition, is overlaid on the same graph for 9 

reference. Polymeric cooler displays superior broadband mid-infrared   , whereas photonic cooler features 10 

moderate  . Spectrally averaged thermal emissivity th  is defined as 11 

 
( ) ( )

( )

2.5 25μm

2.5 25μm

,

,

bb

th

bb

I T d

I T d

   


 

−

−

=



, (8) 12 

where ( )2 52 1p bh c k T

bb pI h c e


= −   is the blackbody radiance, 83 10c =   m/s is the speed of light, 13 

346.63 10ph −=  J-s is the Planck constant, 
231.38 10bk −=  J/K is the Boltzmann constant and T  is the absolute 14 

temperature, and th  value 86 % and 61 % for polymeric cooler and photonic cooler respectively, at a convenient 15 

reference T  of 300 K. For   within 0.25 – 2.5 µm, measured spectral   of polymeric and photonic radiative 16 

coolers, as well as air mass 1.5 global solar radiance 1.5AM gI , are shown in Figure 1 (b). Polymeric cooler exhibits 17 

excellent reflectivity in an entire visible light regime despite strong ultra-violet absorption. Photonic cooler 18 

demonstrates comparable reflectivity for    longer than 750 nm, but it undergoes absorption through a few 19 

discrete bands elsewhere. Spectrally averaged solar absorptivity sl  is defined as 20 

 
( ) ( )

( )

1.5
0.25 2.5μm

1.5
0.25 2.5μm

AM g

sl

AM g

I d

I d

   


 

−

−

=



, (9) 21 

and sl  value 3.3 % and 9.5 % for polymeric cooler and photonic cooler respectively. 22 

 23 

3.2 Setup for outdoor field investigations 24 

Outdoor field investigations were conducted on the rooftop of the campus of The Hong Kong University of 25 

Science and Technology. Figure 2 shows the schematic diagram and picture of experimental setup. With reference 26 

to ref. (3), each radiative cooler was positioned on an annular acrylic holder, placed in a glass Petri dish, and 27 

covered by a polyethylene film. The assembly was fixed to a tripod laid on an aerogel blanket. Table 2 summarizes 28 

all the testing configurations. For each type of radiative cooler, one was exposed to direct sunlight, and one was 29 

shadowed by an external solar shade made up of two pieces of erecting polished aluminum foil of 45 cm in height 30 

and 50 cm in width facing the southeast and the southwest. Exposed coolers experienced both direct and diffuse 31 
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solar radiation, whereas shaded coolers could access the diffuse component only. As a control reference, a naked 1 

silicon wafer in the same enclosure was also examined. Local ambT   and ,0wT   were measured by T-type 2 

thermocouples and recorded by a data logging system. The thermocouple measuring ambT  was placed in the 3 

vicinity of experimental setup far away from any heat sources and guarded from direct sunlight by a solar shade, 4 

and the ones measuring ,0wT  were adhered to the back of samples. They were sampled every 1 s and deployed 5 

for the calculation of hourly averaged values. T-type thermocouples, along with the data logging system, were 6 

calibrated in a diluted ethylene glycol bath, and the range of measurement error is within 0.2 ℃. 7 

 8 

4. Results and discussion 9 

Figure 3 (a) depicts the temporary profiles of measured ambT  at site, and ,0wT  of all examined devices on a dry 10 

and cloudless day. It also shows the recorded hourly ambT ,  , cf  and solar intensity sunI  from neighboring 11 

weather stations operated by The Hong Kong Observatory. Reported   and cf  were as low as 20 – 65 % and 12 

0 – 25 %, respectively. With a minor deviation from the recorded values by weather station, measured ambT  varied 13 

between 21.3 ℃ and 31.8 ℃. At nighttime, polymeric radiative coolers achieved the deepest surface temperature 14 

reduction ,0wT  of -7.2 ℃ relative to the ambient, i.e., ,0 ,0w w ambT T T = − , whereas photonic radiative coolers 15 

and silicon wafer displayed lighter ,0wT  of -6.5 ℃ and -4.7 ℃, respectively. Thus, nocturnal radiative cooling 16 

performance ranks in the ascending order of th  and is not altered by the shade because involved radiative heat 17 

exchanges are diffuse in nature. At daytime, all the shaded devices realized sub-ambient radiative cooling, where 18 

,0wT  of polymeric cooler and photonic cooler were -7.7 ℃ and -5.4 ℃, respectively. Under direct exposure to 19 

the peak sunI  of 861 W/m2, unshaded devices settled at significantly higher ,0wT , in which ,0wT  of polymeric 20 

cooler remained slightly below the ambient by -0.9 ℃, whereas ,0wT  of photonic cooler heavily exceeded the 21 

ambient by 13.7 ℃. Last, ,0wT  of silicon wafer was the highest at 70.6 ℃. Hence, diurnal radiative cooling 22 

performance critically depends on both th   and sl   that can be boosted by the blockage of direct solar 23 

illumination. Figure 3 (b) depicts the correspondences on a humid and cloudy day, when the recorded   and cf  24 

were as high as 79 – 97 % and 88 – 100 % respectively, and the measured ambT  ranged from 20.4 ℃ to 25.7 ℃. 25 

At nighttime, all devices exhibited profoundly reduced ,0wT  , where ,0wT   of polymeric coolers, photonic 26 

coolers, and silicon wafer were -0.8 ℃, -0.5 ℃ and -0.4 ℃, respectively. At daytime, they climbed up to -0.2 ℃ 27 

below the ambient, 1.6 ℃ and 6.8 ℃ above the ambient under a decayed sunI  of 200 W/m2 at noon. Shaded and 28 

unshaded devices displayed roughly equal ,0wT   throughout the day because debilitated and scattered solar 29 

incidence dominated the skies. It can be summarized that, besides the intrinsic thermo-optical properties of 30 

materials, radiative cooling performance can be significantly affected by a batch of external meteorological factors. 31 

Hence, the investigation under the same setting was repeated for 70 times at nighttime and 35 times at daytime. 32 

Under the peak solar radiance, unshaded radiative coolers could not realize sub-ambient radiative cooling in most 33 

of the cases. Prior to these investigations, a preliminary study was conducted, comparing ,0wT   of the same 34 
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radiative cooler in different enclosures. Besides glass petri dish, naked styrofoam, aluminized mylar decorated 1 

styroform and radiative cooling materials blend coated styrofoam were tested. All measured ,0wT   remained 2 

higher than ambT  . This was coincident with pervious reports on subtropical and tropical radiative cooling 3 

performance [15 – 18]. And ,0wT  of the radiative cooler enclosed by a petri dish was the lowest. It is because 4 

thermal insulation is unfavorable of net heat dissipation by the radiative coolers at super-ambient ,0wT . Glass, 5 

albeit mid-infrared absorbing, does not obstruct thermal radiative transfer significantly because major radiation 6 

propagates through the covering polyetheylene film in the sky-facing direction. It is also solar transparent, which 7 

does not absorb heat heavily under solar incidence. Subjected to wind convection, enclosure temperature can be 8 

kept near the ambient, and heat exchange between the sample and the enclosure can be minimized. This sustains 9 

the choice of petri dish as the system enclosure during gathering field investigative results for statistical analysis.    10 

 11 

4.1 Nocturnal radiative cooling performance 12 

To establish the correlation between a radiative cooling performance indicator and a representative meteorological 13 

factor, a reasonable selection for the response variable can be ,0wT , but an appropriate choice for the predictor 14 

variable remains unconcordant. From an energy balance consideration, net radiative heat exchange by the radiative 15 

cooler results from outfluxing emission proportional to 
4

,0wT  and inflowing absorption proportional to 
4

skyT  in 16 

the absence of solar heating. They share a common pre-factor of th   due to the identity in emissivity and 17 

absorptivity. Thanks to the small differences among ambT , skyT  and ,0wT , component radiative heat fluxes can 18 

be expressed as a first order Taylor expansion about ambT . Then, net radiative heat exchange can be scaled with 19 

a single lumped meteorological variable of sky temperature difference skyT  defined as sky sky ambT T T = − . It 20 

can be estimated by eq. (7) and associated equations based on collected values of ambT  ,    and cf   from 21 

weather stations. The parameter can also serve as an appropriate predictor variable, and thus, measured ,0wT  22 

can be correlated with estimated skyT . Figure 4 shows the scatterplots of response variable of ,0wT  against 23 

predictor variable of skyT  upon time-averaging, as well as the linear regression lines for different radiative 24 

cooling materials at nighttime. Table 3 tabulates the numeric values of statistical parameters regarding the linear 25 

regression model. From a statistical perspective, each data-pair scatters about the best fitted line whose equation 26 

can be expressed as ,0 0 1
ˆ ˆ

w skyT T  = +  , where 0̂  is the intercept coefficient and 1̂  is the slope coefficient. 27 

They can be estimated by the least squared error method. 0̂  is the predicted value of ,0wT  at a skyT  of 0 28 

℃, ranging from -1.4 ℃ to -0.9 ℃, and 1̂  is the expected increment in ,0wT  associated with a unit increment 29 

in skyT , varying from 0.33 to 0.48. Prospective 0̂  should be 0 ℃ because skyT  is the prioritized driving 30 

force of radiative cooling. The incongruity, appearing in a systematic right shift in scatterplots and regression lines, 31 

as well as an underestimated 0̂  thereby, can be attributed to speciously estimated skyT  by Li’s model [50]. 32 

Moreover, the pre-factor of skyT  , resulting from counterbalanced deterministic convective and linearized 33 

radiative heat flows equals ( )31 1 1 4 th amb cT h − + , where ch  is the convective heat transfer coefficient, and 34 
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values 0.49 and 0.40 for polymeric coolers and photonic coolers respectively, after substituting 27ambT = ℃ and 1 

5.5ch = W/m2-℃. 1̂  and the pre-factor share the same increasing trend with 
th . The supposed 

ch  of 5.5 2 

W/m2-℃ is much smaller than the value reported by Zou et al. [3], which can be attributed to the difference in 3 

wind environment during field investigation. Measured and regressed ,0wT  are distinct by an unbiased random 4 

error, where the amount of variability inherent in the regression model can be represented by the variance 2̂  of 5 

,0wT , and the proportion of variation in ,0wT  predictable from skyT  can be interpreted by the coefficient of 6 

determination 
2R  . 2̂   vary in a broad range, but the standard deviations ̂  , after normalization by the 7 

expected values of 0 1
ˆ ˆ

skyT +    are almost invariant. For instance, ̂   value -0.17, -0.18 and -0.18 for 8 

unshaded polymeric cooler, photonic cooler, and silicon wafer, respectively, at a skyT   of -10 ℃. Hence, 9 

deterministic factors impact on expected radiative cooling performance, but do not alter ̂  of random deviation. 10 

For shaded radiative coolers, 2̂  are 11 – 15 % less than the ones for their unshaded counterparts. Due to wind 11 

sheltering, convective heat flow can be obstructed by wind approaching from certain directions, in which 12 

convective fluctuation may be the major cause of random deviation in cooling performance. Therefore, 13 

probabilistic factors do not affect averaged cooling performance, but incur an incalculable move in 2̂ . Last, 14 

2R  lies within 0.63 and 0.7 for all devices, which denotes a substantial correlation between ,0wT  and skyT , 15 

but it does not show an unambiguous dependence on materials properties. 16 

 17 

4.2 Diurnal radiative cooling performance 18 

Solar absorption imposes an additional heat load on the radiative cooler at daytime. Diurnal radiative cooling 19 

performance is investigated under the peak sunI . Figure 5 shows the scatterplots of response variable of ,0wT  20 

against predictor variable of skyT   upon time-averaging, as well as the bivariate linear regression lines for 21 

different radiative cooling materials at daytime. Table 4 (a) tabulates the numeric values of statistical parameters 22 

regarding the bivariate regression model. Shaded radiative coolers substantially keep a linear relationship between 23 

,0wT  and skyT . For the polymeric cooler, estimated 0̂  and 1̂  are 1.0 ℃ and 0.51, respectively. For the 24 

photonic cooler, the respective values are 3.9 ℃ and 0.48. In contrast, exposed devices do not show an increased 25 

,0wT  with decreasing skyT , but ,0wT  rises with decreasing skyT  , rapidly for small skyT , and plateauing 26 

for large skyT . 0̂  and 1̂  do not reveal any traceable trends and interpretative physical meanings. For shaded 27 

radiative coolers, both 2̂   and 
2R   lie within statistically valid ranges. ̂   span from 1.1 ℃ to 1.4 ℃, 28 

equivalent to the relative errors of 23 – 28 % at a skyT  of -5 ℃, and 
2R  range from 0.67 to 0.78, promising 29 

an unbreakable correlation between skyT  and ,0wT . For unshaded devices, owing to tremendous departure 30 

between measured datasets and regressed equations, 2̂  and associated random errors are magnified enormously, 31 

but 
2R  are reduced dramatically, questioning the linear coupling between skyT  and ,0wT . 32 

 33 

Bivariate linear regression model is deficient in describing daytime radiative cooling performance of exposed 34 
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radiative cooling materials. As such, it is essential to revise the model by introducing an extra predictor variable 1 

regarding solar heat load. Obviously, skyT  and 
sunI  are not mutually independent variables, but 

sunI  should 2 

be regarded as a single variable function of skyT . Hence, the revised regression model takes the modified form 3 

of ( ),0 0 1 2
ˆ ˆ ˆ

w sky sun skyT T I T   = +  +   , where 2̂   is the slope coefficient of sunI  . The explicit form of 4 

( )sun skyI T  ought to be pre-determined otherwise. From the interpretation of Beer-Lambert law [58, 59], spectral 5 

radiative extinction dI  traversing a thin layer of medium is proportional to local spectral intensity I , number 6 

density N   , and extinction cross-section K   of extinctive particles, as well as medium thickness ds  , i.e. 7 

( ) ( ) ( ) ( ), ,dI s K N s I s ds  = − . Radiative attenuation can be attributed to scattering and absorption by the 8 

medium, and hence, K  is the sum of scattering and absorption cross-sections. For the atmosphere composed of 9 

multi-component gases and suspended particulates, the contribution of K   by each species is additive, i.e., 10 

( ) ( ) ( ) ( )j j

j

K N s K N s = , where jN  and jK  are the number density and extinction cross-section of each 11 

species, respectively. As a result, the integral form of Beer-Lambert law can be written as  12 

 ( ) ( )
( ) ( )' '

, ,0
j j

s
j

K N s ds

I s I e


 
− 

= . (10) 13 

Constituent gases, like nitrogen, oxygen, and argon occupy permanent fractions in the atmosphere, whereas 14 

suspended particulates, like aerosols, water vapors, and clouds are time and space varying in concentration. 15 

Aerosols, abundant in desert and urban areas are produced by natural processes and human activities. In contrast, 16 

water vapors and clouds are mostly affected by climatic factors. They are stratified in the troposphere, where the 17 

concentrations are determined by local hydrological cycle via evaporation, condensation, precipitation, and large-18 

scale transport processes. The variability shows a bimodal distribution, with the maximum at the subtropics of 19 

both hemispheres. A water molecule has a triatomic structure, forming an isosceles triangle. The arrangement 20 

permits three fundamental vibration modes of symmetry, bending and anti-symmetry, responsible for multiple 21 

solar and near infrared absorption bands at 940 nm, 1.1 µm, 1.38 µm and 1.87 µm. Clouds are clustered water 22 

droplets and ice crystals, characterized by phase and size distribution. The radii of water droplets cover from 1 23 

µm to 20 µm, whereas the characteristic lengths of ice crystals typically exceed 10 µm [60]. Because of large 24 

particle size relative to   , solar scattering is dominated by Mie scattering, where the major radiative flux 25 

advances. For a spherical water droplet, scattering and absorption cross-sections are dependent on particle size 26 

and a complex refractive index via serial coefficients of scattered wave functions, but not strongly dependent on 27 

  [61]. For a group of randomly oriented hexagonal ice crystals, extinction properties are determined by the 28 

shape and orientation of individual obstacles with respect to incident light [60]. Obviously, complicated absorption 29 

and scattering mechanisms, as well as comprehensive specification of jN   and jK   for each atmospheric 30 

constituent throughout the optical path, do not facilitate practical implementation of Beer-Lambert law. In many 31 

circumstances, including this study, it is essential to recognize these changes with respect to climatic parameters 32 

like skyT  rather than their absolute values. Because of a small variation in skyT , the term of j j

j

K N  in Beer-33 

Lambert equation at any skyT  can be expressed as a Taylor’s expansion about a reference skyT  of 
( )0

skyT , where 34 
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a convenient choice of 
( )0

skyT   can be taken as the lowest possible skyT   corresponding to 0 =   and 0cf =  . 1 

Hence, the contributions from water vapors and clouds become the only terms dynamic with skyT  . Further 2 

neglecting spectral variations in extinction cross-sections of vapors 
vK   and clouds 

cK   yields the territorial 3 

sunI  written as 4 

 ( ) ( )
( )( ) ( ) ( )
0

' ' '0 sky v v sky c c skysky
S

T T K N s T K N s T ds

sun sky sunI T I e
 −  −   +   

 = , (11) 5 

where 
( ) ( )

( ) ( ) ( )
0

' '
0

,0
j j

s
j

K N s ds

sunI I e d



 

− 
=   represents the solar intensity at 

( )0

skyT , which can be as high as 1,140 6 

W/m2 at low-to-mid altitude areas [62], 
( )0

jN  is the species number density at 
( )0

skyT  and S  is the optical path 7 

length destinated at the ground upon integration of eq. (10) over all solar   . Admittedly, constant vK  8 

assumption may not stand because water vapors are spectrally selective solar absorbers as explained above. 9 

 10 

Figure 6 (a) surveys the local historical meteorological data pairs of the peak sunI  against skyT , collected by 11 

the weather stations in the period of 2015 – 2017. They show a strong non-linearity between skyT  and sunI . In 12 

logarithm-normal scale, sunI   converges to a maximal value at which skyT   reaches the largest value and 13 

decreases at distinct rates, predominantly as skyT  reduces, and thus, the dataset is bounded by a triangular sector. 14 

The observation coincides with the description by eq. (11), where the peak sunI  valuing 
( )0

sunI  is well-defined at 15 

( )0

skyT  and the exponential declining rate equaling the integral of ( ) 'v v sky c c sky
S

K N T K N T ds−   +    carries at 16 

least two degrees of freedom of   and cf  via v skyN T   and c skyN T  . In a semi-empirical treatment, it is 17 

essential to estimate the integral in normalized scale. Without normalization, predicted 
( )0

skyT  (in K) by Li’s sky 18 

temperature model is proportional to ambT , implying that the apparent scattering center spans a finite line segment, 19 

but not a definite point. Upon normalization as dimensionless sky temperature difference 
*

skyT   and 20 

dimensionless solar intensity 
*

sunI  , where ( )( ) ( )0 0*

sky sky sky skyT T T T =  −    and 
( )0*

sun sun sunI I I=  , the operation 21 

translates the scattering core to a unified point at (0, 1) and the dataset to the first quadrant. Figure 6 (b) depicts 22 

*

sunI   against 
*

skyT  , and shows that the slopes of the upper bound and lower bound feature two distinct 23 

characteristic rates. At large 
*

skyT  limit, estimated slopes are -0.177 and -0.536 for the upper bound and low 24 

bound, respectively. At small 
*

skyT   limit, they are 0.119 and -7.150 for the upper bound and lower bound, 25 

respectively. For any 
*

skyT  away from these limits, they are supposed to be the linear interpolations of two 26 

limiting characteristic rates for simplicity. The argument leads to a continuous change with 
*

skyT , though the true 27 

transition takes place sharply at an intermediate critical 
*

skyT . Hence, the integral in eq. (11) regarding the change 28 

in j j

j

K N  with respect to skyT  can be based on the best estimation of exponential declining rate taken as the 29 

average of two bounding slopes for regression purposes. Its empirical form in dimensionless scale can be written 30 

as 
* *

1 22 skyT +   , where 
*

1 0.178 = −   and 
*

2 1.669 = −   are the empirical constants. Strictly speaking, the 31 

equivalence in dimensional scale ought to be expressed in terms of 
( )0

skyT , but, upon setting 
( )0

skyT  as a constant 32 

estimated at the averaged ambT  of the dataset, it can be simplified as 1 22 skyT +  , where 1 0.105 = − ℃-1 and 33 

3

2 1.403 10 −= −  ℃-2 are the empirical constants. As a result, eq. (11) upon simplification and the multivariate 34 
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regression equation become 1 

 ( ) ( )
2

0 1 20 sky skyT T

sun sky sunI T I e
  +  + 

 =  (12) 2 

and 
2

0 1 2

,0 0 1 2
ˆ ˆ ˆ sky skyT T

w skyT T e
  

  
+  + 

 = +  +  respectively, where 0 1.936 = −  is the empirical constant.  3 

 4 

Figure 5 also depicts the multivariate regression lines, and Table 4 (b) tabulates the numeric values of statistical 5 

parameters regarding the multivariate regression model. Compared to bivariate regression model, it provides a 6 

better fit with scattered data pairs, features decreased 2̂  , as well as increased 
2R  , and improves overall 7 

interpretability of the statistical model. For shaded radiative coolers, ̂  range from 1.1 ℃ to 1.4 ℃ and 
2R  8 

range from 0.69 to 0.79. The refinement is the least notable because without the action of direct solar illumination, 9 

bivariate regression model with a single predictor variable of skyT   has rationalized radiative cooling 10 

performance. For exposed radiative coolers and silicon wafer, the advancement is more significant, revealing the 11 

crucial role of solar heat load on cooling performance. Even the radiative coolers feature reasonably high solar 12 

reflectivity. ̂  is reduced by 5 % to 2.0 ℃ and 
2R  is more than doubled valuing 0.11 for polymeric cooler. 13 

The small random uncertainty affirms the reliability of the regression model, whereas the feeble correlation stems 14 

from the interaction of radiative cooling and solar heating. Undoubtedly, skyT   retains the cardinal role for 15 

daytime radiative cooling performance, which is not only the direct measure of net atmospheric radiative heat 16 

dissipation, but also the best estimation on solar incidence. Net cooling effect can be impassive to skyT , resulting 17 

from in step escalation of radiative cooling and solar heating with increasing skyT . In contrast, ̂  are 3.0 ℃ 18 

and 9.0 ℃ for photonic cooler and silicon wafer, respectively, and 
2R  are 0.58 and 0.54 for photonic cooler and 19 

silicon wafer, respectively. The revised regression model reduces the random uncertainty but reinforces the 20 

correlation between skyT  and ,0wT . Compared to the polymeric cooler, relative errors remain the same order 21 

of magnitude, but 
2R  increases are approximately 5 times. The substantial correlation is a consequence of out 22 

of step vitalization of radiative cooling and solar heating. ,0wT  climbs up with skyT  predominantly, which 23 

implies that solar heating is overwhelming. this can be attributed to detrimental radiative cooling materials 24 

properties of low th   and solar reflectivity. Conversely, radiative cooling can become forceful, ,0wT   can be 25 

declining with increasing skyT  , and even drop below the ambient at sufficiently large skyT  , providing 26 

reconcilable materials properties of th   and solar reflectivity higher than benchmarked polymeric cooler. 27 

Undeniably, skyT  might not be the unique dependent parameter of sunI . Aerosol concentration, visibility, and 28 

more, could also be the influential factors [58]. Furthermore, skyT  and sunI  are accepted the key impactors on 29 

daytime radiative cooling performance. Secondary factors are not identified and omitted in the statistical models. 30 

It can be noted from the fact that 
2R  values featured by the multi-variate daytime radiative cooling model remain 31 

smaller than the ones of nighttime model. As such, the present statistical model offers a simplified overview on 32 

daytime radiative cooling performance, more precise models with promoted predictability and reliability are 33 

demanding for development. 34 
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 1 

4.3 Applications for building scale and city scale energy saving prediction 2 

For building scale energy saving prediction, it can be done by coupling the established statistical models with 3 

building energy simulation models. Building energy simulations can be categorized as white box model-based 4 

simulation [63, 64] and black box data-driven simulation [65, 66]. The former solving zonal conservation of mass, 5 

momentum and energy requires comprehensive specification on building envelope, zoning, building system 6 

parameters, as well as occupancy, scheduling and weather data, and the empirical models enable a simple and 7 

direct computation of ,0wT  and associated parameters under different weather conditions. The later capturing 8 

direct correlation between building performance indicators and operation data needs on-site measurement data 9 

over a certain period, and the collected data-pairs offer training datasets for machine learning and data mining. 10 

 11 

Last, for city scale energy saving prediction, radiative cooling potential at a specific site, i.e. a city, as a figure 12 

merit, is defined as the annual average cooling power of ideal radiative cooler featuring unity emissivity for   13 

within 8 – 13 µm and zero absorptivity elsewhere, where the cooling power is the net radiative heat dissipative 14 

by the radiative cooler at ambT  [21, 67]. Cooling power can be estimated by skyT , therefore, radiative cooling 15 

potential can be noted from the frequency distribution of skyT . Figure 6 (c) surveys the frequency distribution 16 

of skyT , estimated by meteorological data collected by the weather stations in Hong Kong, from 2015 to 2017. 17 

Comparing annual frequency distribution for different years, it can be regarded as time invariant. For skyT  18 

within the interval of -1 ℃ and 0 ℃, the frequencies differ by the most, from 36 % in 2016 to 28 % in 2017. The 19 

occurrence drops with skyT   monotonically until it vanishes at skyT   of -20 ℃ approximately. Mean and 20 

median skyT  of 3-year frequency distribution are as low as -2.5 ℃ and -1.1 ℃ respectively. These are typical 21 

skyT  distribution in the subtropics, arising from prevailing humid and cloudy climate. Frequently small skyT  22 

hinders the radiative cooling potential. With specified ideal optical properties, estimated radiative cooling 23 

potential is 4.7 W/m2 at a mean skyT  of -2.5 ℃. With specified ideal optical properties and skyT , radiative 24 

cooling potential can be estimated for Hong Kong, which is 4.7 W/m2. This value is on per area basis, and the 25 

accumulative territorial radiative cooling potential over a year can be evaluated then, which is 165,116 TJ. This 26 

figure offers an insight on the upper bound of replaceable energy by a sustainable source. It fosters the comparison 27 

with current building energy use for space cooling at the city scale and projects possible energy saving due to 28 

chilled water harvesting by radiative cooling [67 – 70] in Hong Kong. As defined in ref. (67), energy conversion 29 

efficiency is the ratio of converted enthalpy by the working fluid to the radiative cooling potential and was shown 30 

around 10 % for weighty fluid temperature reduction by a proof-of-concept experiment. In Hong Kong, annual 31 

electricity spent on space cooling in buildings was 48,622 TJ in 2020 [71]. Assuming 10 % for the efficiency of 32 

radiative fluid cooling system and 5 for the coefficient of performance of commercial chiller, 6.8 % of the cooling 33 

demand can be replaced by radiative cooling prospectively. This may save the electricity consumption by 3,302 34 
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TJ, equivalent to reduced carbon dioxide emission by 642,000 tons [72]. 1 

 2 

5. Summary and conclusion 3 

This study identifies sky temperature difference as a critical environmental factor impacting radiative cooling 4 

performance. Sky temperature is a direct measure on downwelling atmospheric thermal radiation. In the literature, 5 

plenty of empirical sky temperature models have been suggested, connecting sky emissivity and sky temperature 6 

with fundamental meteorological variables of ambient temperature, relative humidity, and cloud fraction. 7 

Polymeric and photonic radiative coolers were fabricated, characterized, and examined for radiative cooling 8 

performance under different subtropical weather conditions in Hong Kong. Field investigative results are analyzed 9 

based on probabilistic regression modelling. Nocturnal and diurnal radiative cooling performances are considered 10 

separately. At nighttime, response variable of surface temperature reduction can be correlated with a single 11 

predictor variable of sky temperature difference, where the correlations accompany coefficients of determination 12 

ranging from 0.63 to 0.70. At daytime, it should be parametrized with an additional variable regarding solar 13 

intensity, where the correlations associate coefficients of determination up to 0.79. Statistically, median sky 14 

temperature difference is as low as -1.1 ℃, but corresponding solar intensity is as high as 1,130 W/m2 in Hong 15 

Kong. Prevalently small sky temperature difference and high solar intensity are the major causes of degraded 16 

daytime radiative cooling performance under a subtropical climate. Hence, to accommodate the climate, the 17 

enhancements in sky window emissivity and solar reflectivity raise the equally important issues in radiative 18 

cooling materials development. 19 
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Table 1. A summary of (a) clear sky temperature model; and (b) cloudy sky temperature model available in the literature. ambT  is the ambient temperature, dewT  is the dew 

point temperature,   is the relative humidity, 
wp  is the vapor pressure, d  is the moisture content, 

cf  is the cloud fraction, sky  is the sky emissivity, and ,sky c  is the 

clear sky emissivity. 

(a) 

Author(s) Index of reference Independent variable(s) Empirical expression Empirical constant(s) 

Brunt (1932) (27) wp (hPa) 
1

2
, 1 2sky c wa a p = +  1 0.52a = , 2 0.065a =  

Swinbank (1963) (28) ambT (K) 2

, 1

a

sky c amba T =  6

1 9.4 10a −=  , 2 2a =  

Idso and Jackson (1969) (29) ambT (K) ( ) 3

, 1 21 exp 273.15
a

sky c amba a T  = − −
 

 
1 0.26a = , 

4

2 7.8 10a −= −  , 3 2a =  

Staley and Jurica (1972) (30) wp (hPa) 2

, 1

a

sky c wa p =  1 0.67a = , 2 0.08a =  

Brutsaert (1975) (31) ambT (K), wp (hPa) 

2

, 1

a

w

sky c

amb

p
a

T


 
=  

 
 1 1.24a = , 2 0.14a =  

Satterlund (1979) (32) ambT (K), wp (hPa) 2

, 1 1 exp

ambT

a

sky c wa p
  
 = − − 

    

 
1 1.08a = , 2 2016a =  

Idso (1981) (33) ambT (K), wp (hPa) 3

, 1 2 expsky c w

amb

a
a a p

T


 
= +  

 
 

1 0.7a = , 
5

2 6 10a −=  , 

3 1500a =  

Berdahl and Fromberg 

(1982) 
(34) dewT (℃) , 1 2sky c dewa a T = +  

1 0.73a = , 2 0.006a =  

Berdahl and Martin 

(1984) 
(35) dewT (℃) 

2

, 1 2 3
100 100

dew dew

sky c

T T
a a a

   
= + +   

   
 

1 0.71a = , 2 0.56a = , 

3 0.73a =  
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Prata (1996) (36) ambT (K), 
wp (hPa) 

, 1 2 1 31 1 expw w

sky c

amb amb

p p
a a a a

T T


  
= − + − +    

   
 

1 1.2a = , 
2 3a = , 

3 46.5a =  

Dilley and O’brien (1998) (37) ambT (K), wp (hPa) 

6

1 2 3

, 4

0.186
273.15

amb w

amb

sky c

amb

T p
a a a

T

T




 
+ + 

 
=  

1 59.38a = , 2 113.7a = , 

3 96.96a =  

Niemela et al. (2001) (38) wp (hPa) 
( ), 1 2 3sky c wa a p a = + − , if 3wp a  

( ), 1 2 3sky c wa a p a = − − , if 3wp a  

1 0.72a = , 2 0.009a = , 

3 2a =  

Iziomon et al. (2003) (39) ambT (K), wp (hPa) 
, 11 exp 10 w

sky c

amb

p
a

T


 
= − − 

 
 1 0.35a =  

Ruckstuhl et al. (2007) (40) d (g/kg) ( ) 2

, 1 3 4

a

sky c a a d a = −  
1 147.8a = , 2 0.26a = , 

3 2.4a = , 4 1.6a =  

Dai and Fang (2014) (41) wp (hPa) ( )
4

3

, 1 2
1013

a

a atm

sky c w

p
a a p

 
= +  

 
 

1 0.48a = , 2 0.17a = , 

3 0.22a = , 4 0.45a =  

Carmona et al. (2014) (42) ambT (K),  (%) , 1 2 3sky c amba a T a = + +  

1 0.34a = , 

3

2 3.4 10a −=  , 

3

3 1.9 10a −=   
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(b) 

Author(s) Index of reference Empirical expression Empirical constant(s) 

Maykut and Church (1973) (54) ( )2

, 11
b

sky sky c cb f = +  1 0.22b = , 2 2.75b =  

Berdahl and Martin (1984) (35) ( )2 3

, 1 2 31sky sky c c c cb f b f b f = + + +  
1 0.022b = , 3

2 3.5 10b −=  , 

4

2 2.8 10b −=   

Konzelmann et al. (1994) (55) ( )4 4

, 11sky sky c c cf b f = − +  1 0.95b =  

Crawford and Duchon (1999) (52) ( ), 11sky sky c c cf b f = − +  
1 1b =  

Duarte et al. (2006) (56) 

( )2

, 11
b

sky sky c cb f = +  

or 

( )3 5

, 41
b b

sky sky c c cf b f = − +  

1 0.24b = , 2 0.58b = , 3 0.67b = , 

4 0.99b = , 5 0.67b =  

Carmona et al. (2014) (42) , 1sky sky c cb f = +  
1 0.21b =  

Li et al. (2017) (50) ( ) 52 4

, 1 31
bb b

sky sky c c cb f b f  = − +  
1 0.78b = , 2 1b = , 3 0.38b = , 

4 0.95b = , 5 0.17b =  
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Table 2. A summary of testing configurations for outdoor field investigations. th  is the spectrally averaged thermal emissivity and s  is the spectrally averaged solar 

absorptivity. 

Index Materials th  s  External shading 

1 Polymeric radiative cooler 86 % 3.3 % Yes 

2 Polymeric radiative cooler 86 % 3.3 % No 

3 Photonic radiative cooler 61 % 9.5 % Yes 

4 Photonic radiative cooler 61 % 9.5 % No 

5 Silicon wafer - - No 
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Table 3. A summary of numeric values of statistical parameters regarding the linear regression analysis on nocturnal passive radiative performance. 
skyT   is the sky 

temperature difference, 
,0wT  is the surface temperature reduction, 

0̂  is the intercept coefficient of regression equation, 
1̂  is the slope coefficient of regression equation, 

2̂  is the variance of 
,0wT , and 

2R  is the coefficient of determination. 

Regression equation: ,0 0 1
ˆ ˆ

w skyT T  = +   

Predictor variable: 
skyT  

Response variable: 
,0wT  

Number of sampled observations: 70n =  

Index Testing device 0̂  
1̂  2̂  

2R  

1 Shaded polymeric radiative cooler -1.414 0.475 0.923 0.698 

2 Unshaded polymeric radiative cooler -1.361 0.481 1.083 0.669 

3 Shaded photonic radiative cooler -1.130 0.432 0.910 0.660 

4 Unshaded photonic radiative cooler -1.224 0.425 1.021 0.627 

5 Silicon wafer -0.948 0.328 0.555 0.648 
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Table 4. A summary of numeric values of statistical parameters regarding the (a) bivariate and (b) multivariate regression analysis on diurnal passive radiative performance. 

skyT  is the sky temperature difference, 
,0wT  is the surface temperature reduction, 

0̂  is the intercept coefficient of regression equation, 
1̂  is the slope coefficient of 

solar intensity 
sunI  of regression equation, 

2̂  is the slope coefficient of regression equation, 
2̂  is the variance of 

,0wT , and 
2R  is the coefficient of determination. 

(a) 

Regression equation: ,0 0 1
ˆ ˆ

w skyT T  = +   

Predictor variable: 
skyT  

Response variable: 
,0wT  

Number of sampled observations: 35n =  

Index Testing device 0̂  
1̂  2̂  

2R  

1 Shaded polymeric radiative cooler 0.984 0.505 1.277 0.776 

2 Unshaded polymeric radiative cooler 2.675 0.113 4.341 0.049 

3 Shaded photonic radiative cooler 3.912 0.480 1.965 0.670 

4 Unshaded photonic radiative cooler 6.643 -0.674 13.688 0.366 

5 Silicon wafer 18.586 -2.029 111.548 0.391 
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(b) 

 
Regression equation: 

2
0 1 2

,0 0 1 2
ˆ ˆ ˆ sky skyT T

w skyT T e
  

  
+  + 

 = +  +  

 Predictor variable(s): 
skyT  and 

2
0 1 2sky skyT T

e
  +  +   

 Response variable: 
,0wT  

 Number of sampled observations: 35n =  

Index Testing device 0̂  
1̂  

2̂  2̂  
2R  

1 Shaded polymeric radiative cooler -1.701 1.051 21.987 1.254 0.787 

2 Unshaded polymeric radiative cooler 10.438 -1.467 -63.577 3.95 0.108 

3 Shaded photonic radiative cooler 7.098 -0.169 -26.093 1.938 0.685 

4 Unshaded photonic radiative cooler 31.226 -5.676 -201.310 8.775 0.578 

5 Silicon wafer 80.873 -14.704 -510.076 81.15 0.543 
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Figure 1. (a) Spectral emissivity/absorptivity ( )   of polymeric and photonic radiative coolers within 2.5 - 25 µm characterized by Fourier transform infrared spectrometry 

and referring to atmospheric radiative spectrum at Mauna Kea [57]. (b) Spectral emissivity/absorptivity ( )   of polymeric and photonic radiative coolers within 250 nm - 

2.5 µm characterized by UV-Vis NIR spectrometry and referring to air mass 1.5 global solar spectrum. 
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Figure 2. (a) A schematic diagram; and (b) a picture of experimental setup for outdoor field investigations.  

(a) 
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(b) 
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Figure 3. Temporary profiles of measured ambient temperature ambT  at site and surface temperatures 
,0wT  of all examined devices, and recorded hourly ambient temperature 

ambT , relative humidity  , cloud fraction
cf  and solar intensity 

sunI  from neighboring weather stations operated by The Hong Kong Observatory on (a) a dry and cloudless 

day; and (b) a humid and cloudy day. 
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(b) 
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Figure 4. The scatterplots of response variable of surface temperature reduction 
,0wT  at nighttime against predictor variable of sky temperature difference 

skyT  upon 

time-averaging, as well as the bivariate linear regression lines, for (a) shaded polymeric radiative cooler; (b) unshaded polymeric radiative cooler; (c) shaded photonic radiative 

cooler; (d) unshaded photonic radiative cooler; and (e) silicon wafer. 
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(b) 
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(c) 
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(d) 
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(e) 
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Figure 5. The scatterplots of response variable of surface temperature reduction 
,0wT  at daytime against predictor variable of sky temperature difference 

skyT  upon time-

averaging, as well as the bivariate and multivariate regression lines, for (a) shaded polymeric radiative cooler; (b) unshaded polymeric radiative cooler; (c) shaded photonic 

radiative cooler; (d) unshaded photonic radiative cooler; and (e) silicon wafer. 
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(b) 
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(c) 
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(d) 
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(e) 
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Figure 6. Local historical meteorological data pairs of the (a) peak solar intensity sunI  against sky temperature difference 
skyT ; and (b) dimensionless peak solar intensity 

*

sunI  against dimensionless sky temperature difference *

skyT ; as well as the (c) frequency distribution of 
skyT , collected by the weather stations operated by The Hong 

Kong Observatory during the period of 2015 – 2017. 
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(b) 
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