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ABSTRACT

The information on downward longwave (LW) radiation is necessary for the design of the passive cooling system of buildings. Because the
measured LW radiation data are not available in most locations, few studies have focused on the modeling of LW radiation in China. In this
study, empirical models for estimating LW radiation were proposed under all-sky conditions based on the meteorological parameters such as
the ambient dry-bulb temperature, water vapor pressure, and relative humidity, which can be classified into four cases: All day, nighttime,
and daytimes with and without considering the cloud modification factor. The proposed models performed are well compared with the
existing models. The LW radiation datasets for 351 locations of China were developed using the proposed model for all the day based on the
typical meteorological year. Moreover, the distribution map of radiative cooling potential in July was created using the proposed model for
the nighttime, which can provide a valuable reference for building cooling design.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5117319

I. INTRODUCTION

Downward longwave (LW hereafter) radiation is a significant
factor in energy balance on the Earth’s surface, as well as in the design
of building radiative cooling systems.1 The LW radiation is usually
observed at very few stations, while the routine meteorological param-
eters such as temperature and relative humidity are easy to access;
therefore, developing models to estimate LW radiation is necessary
based on the available routine meteorological elements.

The LW radiation originates from gases present in the atmo-
sphere such as water vapor, carbon dioxide, and ozone, among which
the water vapor plays a major role. Moreover, 90% of the LW radiation
at the ground level comes from the first 800–1600 m above the Earth’s
surface.2 Therefore, the water vapor pressure and the ambient temper-
ature of the Earth’s surface are closely related to LW radiation. In addi-
tion, the cloud and the relative humidity can also affect LW
radiation.3–5

Currently, there are three main methods to estimate the LW radia-
tion. The first type is the empirical model,6 which established the rela-
tionship between the measured LW radiation and routine meteorological
parameters such as the water vapor pressure and ambient temperature.
The second type is the physical model, which is based on the atmo-
spheric radiative transfer phenomena, such as the LOWTRAN7 and
MODTRAN.8 However, the detailed profiles of atmospheric constituents
utilized in the model are not often available. The last type is the remote

sensing method, which can estimate the LW radiation on a large scale
based on the retrieval of some meteorological parameters such as the
Earth’s surface temperature.9 However, the estimation accuracy for spe-
cific location needs to be improved.

The empirical models are widely used for estimating the LW radi-
ation in the world. Brunt10 proposed a model based on the water vapor
pressure under clear-sky conditions for California. Some models were
established11–14 subsequently just based on the ambient temperature
and water vapor pressure for different locations. Then, other meteoro-
logical parameters such as dew point temperature and relative humidity
were used for establishing LW radiation models.15–17 The empirical
models mentioned above were only suitable for clear-sky conditions,
while the existence of clouds could increase LW radiation.2 Moreover,
for the design of building passive cooling systems, the data utilized
should reflect the long-term change in LW radiation under all-sky con-
ditions, especially for the nighttime. Therefore, it is also significant to
develop empirical models for all-sky conditions. So far, very few models
can be used for all-sky conditions, though Crawford and Duchon18 pro-
posed a model under all-sky conditions by considering the cloud cover.

Few studies were conducted to estimate LW radiation for China
since little measured LW radiation data were available. Wang et al.19

addressed the estimation of LW radiation using the remote sensing
method with the Moderate resolution imaging spectroradiometer
(MODIS) data for the Tibetan Plateau region, China, but no empirical
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model was proposed in this study. Zhang and Yu20 estimated the LW
radiation in different locations to obtain the radiative cooling potential
over China; however, the calculation results were not validated due to
the lack of the measured LW radiation data. Therefore, it is necessary
to develop the empirical models that can be utilized for meteorological
and geographic conditions of China.

The primary objective of this study is to develop new empirical
models of LW radiation based on the routine meteorological parame-
ters for locations in China. To accomplish this objective, the following
steps were carried out: (1) the empirical models were established
between the LW radiation and the ambient temperature, water vapor
pressure, and relative humidity under all-sky conditions, which can be
classified into four cases: All day, nighttime, and daytimes with and
without considering the cloud modification factor; (2) the proposed
LW radiation models were validated using the measured LW radiation
in four locations of China: Changbaishan, Haibei, Qinghai, and
Yucheng; (3) the hourly LW radiation dataset was developed based on
the typical meteorological year (TMY) dataset21 for 351 locations in
China; (4) the distribution maps of the LW radiation and the radiative
cooling potential were generated over China, which can provide a
valuable reference for building cooling design.

II. METHODOLOGY
A. Measured data

Since the routine meteorological stations do not provide the LW
radiation data in China, the LW radiation data in this study were

obtained from the AsiaFlux Database.22 Then, the LW radiation (watts
per meter square), solar radiation (watts per meter square), water
vapor pressure (hectopascal), ambient temperature (Kelvin), and rela-
tive humidity (percentage) with 1-h intervals were selected from the
AsiaFlux Database in four locations of China (Changbaishan, Haibei,
Qinghai, and Yucheng, as shown in Fig. 1). The detailed geographic
information of the four locations, as well as the time period of the
measurement, is summarized in Table I. The measured data were
divided into two parts according to its use: One was used for develop-
ing new LW radiation models; the other was used for validating the
proposed models.

B. Development of new models

Because the measured LW radiation data are not available in the
routine meteorological stations, empirical models of the LW radiation
were established based on different meteorological parameters from
previous studies, where ambient dry-bulb temperature and water
vapor pressure were commonly used.

In this study, the correlation analysis was first conducted between
the LW radiation and various meteorological parameters. The correla-
tions between the LW radiation and the different meteorological
parameters are shown in Figs. 2 and 3 (taking Yucheng as an exam-
ple). It can be seen that the LW radiation has a strong correlation with
the ratio of the water vapor pressure to the ambient temperature,
which complies with the natural logarithm function. Based on the
ideal gas state equation, the ratio of the water vapor pressure to the

FIG. 1. Distribution of the four observation locations in China.
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ambient temperature can represent the water vapor density, and with
the increase in that, the LW radiation will also increase. Moreover, the
LW radiation also has a correlation with relative humidity. Therefore,
the ambient dry-bulb temperature (Ta), water vapor pressure (ea), and
relative humidity (percentage) were employed in developing the new
models as shown in Eq. (1).

The LW radiation during the daytime is necessary for the energy
balance application, while that during the nighttime is more favorable
for the building passive cooling system.3 Therefore, the empirical coef-
ficients in Eq. (1) were calculated through regression analysis for the
all day, nighttime, and daytime.

R# ¼ r � Tað Þ4 � a � ln ea
Ta

� �
þ b � uþ c

� �
; (1)

where R# is the downward longwave radiation (watts per meter
square) under all-sky conditions; Ta is the ambient dry-bulb tempera-
ture (Kelvin); ea is the water vapor pressure (hectopascal); u is the rela-
tive humidity (percentage); r is the Stefan-Boltzmann constant, 5.67
� 10�8 (W m�2 K�4); a, b, and c are the empirical coefficients.

Clouds can increase the LW radiation up to 34% with a 100%
cloud cover of low (<2 km) clouds,4 and therefore, it should be

considered in the LW radiation model. Crawford and Duchon18 pro-
posed an LW radiation model for all-sky conditions with a cloud frac-
tion instead of the cloud cover data, where the cloud fraction [in Eq.
(2)] was defined as the ratio of the measured solar radiation to the
clear-sky radiation.

In this study, the cloud cover data in the four locations of
China were unavailable, while the global solar radiation was mea-
sured in the daytime. The clearness index, which is defined as the
ratio of the measured solar radiation to the extraterrestrial solar
radiation [Eq. (4)], can be regarded as an indicator of cloud
cover.23 Therefore, for the daytime, another LW radiation model
[Eq. (6)] was proposed with a cloud modification factor based on
the clearness index,

clf 0 ¼ 1� S; (2)

clf ¼ 1� Kt; (3)

where clf 0 is the cloud fraction in the Crawford and Duchon
model; clf is the cloud modification factor in this study; S is the
ratio of the measured solar radiation to the clear-sky radiation, the
detailed formula of which can be seen in the Appendix; Kt is the
clearness index.

TABLE I. Information related to the four observation locations.

No. Location Latitude (�N) Longitude (�E) Elevation (m MSL) Period-aa Period-bb

1 Changbaishan 41.40 128.10 736 2003, 2004 2005
2 Haibei 37.48 101.20 3200 2004 2003
3 Qinghai 37.61 101.33 3250 2002, 2003 2004
4 Yucheng 36.50 116.34 28 2003, 2004 2005

aPeriod-a: Used for model development.
bPeriod-b: Used for model validation.

FIG. 2. Correlation between LW radiation and ln ea=Tað Þ, Yucheng, 2003–2004. n
is the sampling number.

FIG. 3. Correlation between LW radiation and the relative humidity, Yucheng,
2003–2004. n is the sampling number.
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The clearness index can be calculated as follows:

Kt ¼
Hm

H0
; (4)

H0 ¼
12 � 3600

p
�Gsc � 1þ 0:033cos

360n
365

� �

� cosL � cosd � sinx2 � sinx1ð Þ þ
p x2 �x1ð Þ

180
� sinL � sind

� �
;

(5)

where Hm is the hourly measured solar radiation (watts per meter
square); H0 is the hourly extraterrestrial solar radiation (watts per
meter square);24 Gsc is the solar constant, 1367W/m2; n is the Julian
day of the year; L is the local latitude (degree); d is the declination
angle (degree); x1 andx2 are the hour angle at the beginning and end
of the time interval (degree).

The proposed model with the cloud modification factor for the
daytime is expressed as follows:

R# ¼ r � Tað Þ4 � clf þ 1� clfð Þ � a � ln ea
Ta

� �
þ b � uþ c

� �� �
; (6)

where clf is the cloud modification factor in Eq. (3).

C. Existing LW radiation models

Two existing LW radiation models developed for all-sky condi-
tions were selected to compare with our proposed models.

1. Sridhar model

Brutsaert17 proposed a model based on the water vapor pressure
and ambient temperature for the clear-sky condition, and Sridhar and
Elliott25 then calibrated the Brutsaert model for four locations repre-
senting different geographical and climatological conditions.
Therefore, the Sridhar model can be used for all-sky conditions (clear
and cloudy) [Eq. (7)], which was compared with our proposed model
for the all day in this study,

R# ¼ r � Tað Þ4 � 1:31 � ea
Ta

� �1
7

" #
: (7)

2. Crawford and Duchon model

As mentioned above, the Crawford and Duchon model was used
for all-sky conditions with consideration of the cloud fraction, which
can be expressed by

R# ¼ r � Tað Þ4 �
�
clf 0 þ 1� clf 0

� �

� 1:22þ 0:06 � sin monthþ 2ð Þ � p
6

� �� �� �
� ea
Ta

� �1
7
	
; (8)

where month is the number of months in a year; clf 0 is the cloud frac-
tion in Eq. (2).

D. Assessment metrics

The values of R2 and root mean square error (RMSE) were used
to evaluate the accuracy of the proposed and existing LW radiation
models. These indicators can be calculated as follows:

R2 ¼ 1�

Xn

i¼1 LWi;m � LWi;cð Þ2Xn

i¼1 LWi;m � LWm;avgð Þ2
; (9)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1 LWi;m � LWi;cð Þ2
r

; (10)

where R2 is the coefficient of determination; RMSE is the root mean
square error; LWi;m and LWi;c are the ith measured and estimated val-
ues, respectively (watts per meter square);LWm;avg is the average of
the measured values (watts per meter square); n is the total number of
measurements.

E. Radiative cooling potential

Radiative cooling is a thermal process, the heat from which is
transferred from a high-temperature object to a low-temperature one
through emitting longwave radiation. For the buildings, the radiative
cooling is a kind of passive cooling technique which uses the radiative
heat transfer effect to cool the building facing a colder atmosphere.2

The building envelope can be cooled by radiative heat transfer espe-
cially during the nighttime since it can obtain more heat from solar
radiation during the daytime. Radiative cooling can reduce the energy
consumption for building cooling in summer; therefore, it is necessary
to calculate the radiative cooling potential of different locations in
summer.

In this study, the radiative cooling potential of the ground surface
was defined as the difference between the longwave radiation emitted
by the ground surface and the atmospheric downward longwave
radiation [Eq. (11)].20 Assuming that the ground surface temperature
(Ts) in Eq. (12) is equal to the ambient temperature (Ta) for simplicity
(Ts ¼ Ta), then the radiative cooling potential can be calculated as
follows:

Rcooling ¼ R" � R#; (11)

R" ¼ r � Tsð Þ4; (12)

where Rcooling is the radiative cooling potential (watts per meter
square); R" is the ground surface longwave radiation (watts per meter
square);R# is the LW downward radiation (watts per meter square);
Ts is the ground surface temperature (Kelvin).

III. RESULTS AND DISCUSSION
A. Empirical coefficients

The empirical coefficients in Eq. (1) were first calculated using
the measured LW radiation, the ambient dry-bulb temperature, the
water vapor pressure, and the relative humidity based on the regres-
sion analysis. Regression analysis was conducted on each of the four
locations, respectively, as well as on the whole dataset (All locations)
combining the four locations. The empirical coefficients of Eq. (1) for
the all day, nighttime, and daytime are shown in Tables II, III, and IV,
respectively.

For the daytime, if cloud cover or solar radiation data were
unavailable for one location, Eq. (1) can be employed simply with only
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routine meteorological parameters. To further explore the effects of
clouds on LW radiation, Eq. (6) was proposed with a cloud fraction
parameter subsequently. The empirical coefficients of Eq. (6) are
shown in Table V.

The empirical coefficients of the four locations had a little differ-
ence with each other, in order to obtain more general LW radiation
models for applying at different locations of China; they were also

calculated using the whole dataset (All locations) combining the four
locations. It can be seen that the correlation coefficients (r) of the
whole dataset (All locations) were all very good in Tables II–V. The
correlation between the measured and estimated hourly LW radiation
for the whole dataset is also shown in Fig. 4.

Comparing the empirical coefficients in Tables IV and V, it was
worthy to notice that the values of b were very small in Table V, even
became zero for the whole dataset (All locations). It may be due to the
fact that the relative humidity can indirectly represent the effect of
clouds on LW radiation. The relative humidity had a correlation with
the cloud modification factor as shown in Fig. 5 in this study; however,
the accurate relationship between the relative humidity and the cloud
cover needs further investigation.

Based on the above discussion, the proposed models for four
cases in this study are shown in Table VI, which were validated using
the measured LW radiation (shown in Table I) subsequently.

B. Model validation

The model validation was first conducted on each of the four
locations, respectively, and then on the whole dataset (All locations)
combining the four locations. The determination coefficient (R2) and
the root mean square error (RMSE) are shown for the four cases in
Tables VII, VIII, and IX.

For the all day, the performance of the proposed model [Eq.
(13)] had a little difference, among which Yucheng showed the best
performance with the largest R2 and smallest RMSE, while the All
locations also had very good performance with an R2 value of 0.86 and
an RMSE of 30.26W/m2, which means that the general proposed
model is suitable for application in China.

For the nighttime, the performance of Eq. (16) was very good,
where the RMSE of both Haibei and Qinghai was smaller than that in
Table VII. The radiative cooling usually operates during the nighttime
since the solar radiation existed in the daytime, and therefore, Eq. (16)
was recommended to apply in calculating the radiative cooling poten-
tial for locations in China.

For the daytime, it can be seen that the performance of the pro-
posed model was improved in Changbaishan and Haibei by adding
the cloud modification factor, and Eq. (15) performed better than
Eq. (14) with an R2 value of 0.87 and an RMSE of 28.59W/m2 for the
whole dataset. Therefore, Eq. (15) is more favorable than Eq. (14) if
the cloud data or cloud modification factor was available. Otherwise,
Eq. (14) was also acceptable to be applied with routine meteorological
parameters only.

C. Comparison with the existing models

In order to better discuss the performance of the proposed LW
radiation model, the proposed models were compared with some pre-
vious models. Since the existing models used for all-sky conditions
were fewer compared to those for clear-sky conditions, two existing
models for all-sky conditions were selected for comparison using the
validation dataset (shown in Table I) in this study.

For the all day, both the proposed model [Eq. (13)] and the
Sridhar model [Eq. (7)] were using the whole dataset (All locations)
combining the four locations, and the comparison results are shown in
Fig. 6. The results showed that the proposed model performed much
better than the Sridhar one with the RMSE being reduced by 17.73%.

TABLE III. Empirical coefficients in Eq. (1) for the nighttime.

No. Location a b c r RMSE (W/m2) na

1 Changbaishan 0.080 0.0013 1.030 0.91 30.68 7046
2 Haibei 0.100 0.0027 1.025 0.89 30.13 4600
3 Qinghai 0.074 0.0017 1.017 0.92 24.10 7538
4 Yucheng 0.087 0.0012 1.037 0.92 28.34 8574
5 All locations 0.080 0.0014 1.026 0.92 29.87 27 758

an: Sampling number.

TABLE IV. Empirical coefficients in Eq. (1) for the daytime.

No. Location a b c r RMSE (W/m2) na

1 Changbaishan 0.045 0.0025 0.837 0.93 27.68 6994
2 Haibei 0.052 0.0038 0.762 0.86 32.50 4088
3 Qinghai 0.037 0.0029 0.778 0.87 28.12 7678
4 Yucheng 0.093 0.0012 1.054 0.93 28.25 8586
5 All locations 0.086 0.0014 1.044 0.92 31.26 27 346

an: Sampling number.

TABLE V. Empirical coefficients in Eq. (6) for the daytime with the cloud modification
factor.

No. Location a b c r RMSE (W/m2) na

1 Changbaishan 0.074 0.0008 0.858 0.95 23.59 6994
2 Haibei 0.111 0.0003 1.021 0.85 33.99 4088
3 Qinghai 0.103 0.0004 1.035 0.91 24.35 7678
4 Yucheng 0.139 0.0004 1.045 0.93 26.56 8586
5 All locations 0.118 0 1.033 0.93 28.67 27 346

an: Sampling number.

TABLE II. Empirical coefficients in Eq. (1) for the all day.

No. Location a b c r RMSE (W/m2) na

1 Changbaishan 0.080 0.0013 1.037 0.92 30.28 14 040
2 Haibei 0.101 0.0026 1.036 0.88 32.10 8688
3 Qinghai 0.080 0.0015 1.032 0.89 27.88 15 216
4 Yucheng 0.080 0.0011 1.022 0.92 28.12 17 160
5 All locations 0.080 0.0011 1.029 0.92 31.54 55 104

an: Sampling number.
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Although the Sridhar model was proposed with different geographical
and climatological conditions, the newly proposed model [Eq. (13)]
was more suitable for China.

For the daytime, the proposed model [Eq. (15)] and the
Crawford and Duchon model [Eq. (8)] were compared based on the
whole dataset (All locations) combining the four locations. The new
proposed model has better performance than the Crawford and
Duchon one with smaller RMSE (shown in Fig. 7). Therefore, it was
recommended to employ for the daytime in China.

D. Distribution of LW radiation and radiative cooling
potential

The hourly LW radiation was required for building energy simu-
lation, and the calculation of LW radiation exchange between the
building surface and the atmosphere was also necessary for building
radiative cooling design. Zhang and Yang21 developed the typical
meteorological year (TMY) for 360 locations in China for building
simulation. The TMY dataset can represent the long-term typical

FIG. 4. Correlation between measured and estimated hourly LW radiation using the whole dataset for four cases. n is the sampling number. (a) All day, (b) daytime, (c) daytime
with the cloud modification factor, and (d) nighttime.

Journal of Renewable
and Sustainable Energy ARTICLE scitation.org/journal/rse

J. Renewable Sustainable Energy 11, 066501 (2019); doi: 10.1063/1.5117319 11, 066501-6

Published under license by AIP Publishing

https://scitation.org/journal/rse


weather conditions over a year for one location, however, which was
lacking hourly LW radiation data. Therefore, the hourly LW radiation
was calculated using Eq. (13) for 351 locations in China based on the
TMY dataset, which can be a valuable supplement to TMY.

Building envelops can be cooled by effective radiation especially
during the nighttime since solar radiation was significantly stronger
than LW radiation during the daytime. Recently, it was demonstrated
that the new glass-polymer hybrid metamaterials have a high reflec-
tance in the solar spectrum and high emittance in the longwave spec-
trum for the daytime;26 however, further research is also needed for
building radiative cooling during the daytime. In most regions of
China, the hottest month is July; therefore, the hourly average of

FIG. 5. Correlation between the cloud modification factor and the relative humidity
during daytime periods for the whole dataset. n is the sampling number.

TABLE VI. LW radiation models for the all day, daytime, and nighttime.

Period Formulation

All day R# ¼ r � Tað Þ4 � 0:08 � ln ea
Ta

� �
þ 0:0011 � uþ 1:029

� �
(13)

Daytime R# ¼ r � Tað Þ4 � 0:086 � ln ea
Ta

� �
þ 0:0014 � uþ 1:044

� �
(14)

Daytime with the cloud modification factor R# ¼ r � Tað Þ4 � clf þ 1� clfð Þ � 0:118 � ln ea
Ta

� �
þ 1:033

� �� �
(15)

Nighttime R# ¼ r � Tað Þ4 � 0:08 � ln ea
Ta

� �
þ 0:0014 � uþ 1:026

� �
(16)

TABLE VII. Validation results of the proposed model [Eq. (13)] for the all day.

No. Location R2 RMSE (W/m2) na

1 Changbaishan 0.86 31.33 7320
2 Haibei 0.77 35.04 4968
3 Qinghai 0.76 30.52 8352
4 Yucheng 0.90 25.39 7968
5 All locations 0.86 30.26 28 608

an: Sampling number.

TABLE VIII. Validation results of the proposed model [Eq. (16)] for the nighttime.

No. Location R2 RMSE(W/m2) na

1 Changbaishan 0.86 31.04 3648
2 Haibei 0.83 30.20 2743
3 Qinghai 0.82 25.86 4157
4 Yucheng 0.87 27.82 4005
5 All locations 0.87 28.59 14 553

an: Sampling number.

TABLE IX. Validation results of the proposed models [Eqs. (14) and (15)] for the
daytime. a: Equation (14). b: Equation (15). n: Sampling number.

No. Location R2-a
RMSE-a
(W/m2) R2-b

RMSE-b
(W/m2) n

1 Changbaishan 0.87 30.09 0.90 26.14 3672
2 Haibei 0.75 35.50 0.80 31.59 2225
3 Qinghai 0.75 29.24 0.75 29.13 4195
4 Yucheng 0.87 28.38 0.87 28.41 3963
5 All locations 0.85 30.30 0.87 28.59 14 055
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radiative cooling potential was calculated in July for the nighttime
based on Eqs. (11), (12), and (16).

In order to describe the spatial distribution of LW radiation and
radiative cooling potential,27 the values for 351 locations were interpo-
lated using the Kriging method in ArcGIS 10.0 software; then, the dis-
tribution maps of LW radiation and radiative cooling potential were
obtained over China.

For the distribution map of LW radiation (shown in Fig. 8), the
LW radiation gradually decreases from Southeast to Northwest China
excluding the Xinjiang area; it is the smallest in the Tibetan Plateau
region. It may be because the temperature in Southeast is higher than
that in Northwest in summer, and the Tibetan Plateau region has the
lowest temperature with the highest altitude. For the distribution map
of radiative cooling potential (shown in Fig. 9), the radiative cooling

FIG. 6. Estimated LW radiation with respect to the measured LW radiation for the all day. n is the sampling number. (a) Proposed model [Eq. (13)] and (b) Sridhar model.

FIG. 7. Estimated LW radiation with respect to measured LW radiation for the daytime. n is the sampling number. (a) Proposed model [Eq. (15)] and (b) Crawford and Duchon
model.
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FIG. 8. Distribution map of LW radiation (watts per meter square) over parts of China for the all day in July.

FIG. 9. Distribution map of radiative cooling potential (watts per meter square) over parts of China for the nighttime in July.
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potential is large in Northwest, while it is small in Southeast. It is well-
understood that the LW radiation is strongly related to the absolute
water vapor content in the atmosphere, and so it is larger for more
humid conditions. Based on Eq. (11), the radiative cooling potential
will be smaller for more humid conditions such as Southeast China.

E. Applicable range of the proposed models

As shown in Table I, the longitude ranges of the four observation
locations were 101.2�E–128.1�E, while the latitude ranges of that were
36.5�N–41.4�N, and there is no observation station for South China in
this study. Therefore, the adaptability of the proposed models to the
geographic and meteorological conditions in South China needs fur-
ther verification. Moreover, further investigation is also needed to
apply the proposed models and the LW radiation dataset in the build-
ing simulation and the design of the building radiative cooling system.

IV. CONCLUSIONS

In this study, new hourly LW radiation models were proposed
under all-sky conditions with the measured LW radiation dataset in
four locations (Changbaishan, Haibei, Qinghai, and Yucheng) of
China. The new hourly LW radiation models (shown in Table VI) can
be classified into four cases: All day, nighttime, and daytimes with and
without the cloud modification factor. The main conclusions of this
study are as follows:

1. For the all day, the proposed LW radiation [Eq. (13)] performs well
with an R2 value of 0.86 and an RMSE of 30.26 W/m2, which is more
accurate than the Sridhar model under all-sky conditions for loca-
tions in China.

2. For the daytime, if the hourly cloud data or the solar radiation data
are available, the model with the cloud modification factor [Eq. (15)]
is favorable, which is more accurate than the Crawford and Duchon
model with an R2 value of 0.87 and an RMSE of 28.59 W/m2; other-
wise, Eq. (14) is recommended for simplicity with limited errors.

3. For the nighttime, the proposed model [Eq. (16)] was employed in
calculating the radiative cooling potential of 351 locations in China,
which can provide a valuable reference for the design of building a
radiative cooling system.

4. The hourly LW radiation dataset of 351 locations in China was
developed using Eq. (13), which can be a valuable supplement to the
typical meteorological year (TMY).
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APPENDIX: THE INEICHEN CLEAR-SKY SOLAR
MODEL

The Ineichen clear-sky global solar radiation in Eq. (2) can be
expressed as3,28–31

Hc ¼ c1 � I0 � sin hð Þ � e0:01�AM1:8�c2�AM� f1þf2� TL�1ð Þð Þ;

where Hc is the clear-sky solar radiation (watts per meter square);
c1, c2, f1, and f2 are the altitude correction coefficients; I0 is the
extraterrestrial irradiance (watts per meter square); h is the solar

altitude angle (degree); AM is the air mass; TL is the Linke turbidity
factor.

The altitude correction coefficients are

C1 ¼ 5:09� 10�5 � Alt þ 0:868;

C2 ¼ 3:92� 10�5 � Alt þ 0:0387;

f1 ¼ e�Alt=8000;

f2 ¼ e�Alt=1250;

where Alt is the altitude (meter).
The extraterrestrial irradiance I0 is expressed as

I0 ¼ 1367� 1þ 0:033cos
2p
365
� DOY

� �� �
;

where DOY is the Julian day of the year.
The air mass AM is expressed as a function of solar altitude

angle,

AM ¼ 1

sin hð Þ þ 0:50572� hþ 6:07995ð Þ�1:6364
:

The Linke turbidity factor TL is extracted from monthly Link tur-
bidity images.32
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