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Abstract: Downward longwave radiation (DLR) is a critical parameter for radiation balance, energy
budget, and water cycle studies at regional and global scales. Accurate estimation of the all-weather
DLR with a high temporal resolution is important for the estimation of the surface net radiation and
evapotranspiration. However, most DLR products involve instantaneous DLR estimates based on
polar orbiting satellite data under clear-sky conditions. To obtain an in-depth understanding of the
performances of different models in the estimation of DLR over the Tibetan Plateau, which is a focus
area of climate change study, this study tests eight methods for clear-sky conditions and six methods
for cloudy conditions based on ground-measured data. It is found that the Dilley and O’Brien model
and the Lhomme model are most suitable for clear-sky conditions and cloudy conditions, respectively.
For the Dilley and O’Brien model, the average root mean square error (RMSE) of DLR under clear-sky
conditions is approximately 22.5 W/m2 for nine ground sites; for the Lhomme model, the average
RMSE is approximately 23.2 W/m2. Based on the estimated cloud fraction and meteorological
data provided by the China Land Surface Data Assimilation System (CLDAS), hourly all-weather
daytime DLR with a 0.0625◦ resolution over the Tibetan Plateau is estimated. Results demonstrate
that the average RMSE of the estimated hourly all-weather DLR is approximately 26.4 W/m2. With
the combined all-weather DLR model, the hourly all-weather daytime DLR dataset with a 0.0625◦

resolution from 2008 to 2016 over the Tibetan Plateau is generated. This dataset can contribute to
studies associated with the radiation balance and energy budget, water cycle, and climate change
over the Tibetan Plateau.

Keywords: downward longwave radiation (DLR); all-weather; Tibetan Plateau

1. Introduction

Downward longwave radiation (DLR) is a critical parameter for radiation balance,
energy budget, and water cycle studies at regional and global scales [1]. The estimation of
the surface net radiation, which serves the modeling of land surface processes (e.g., surface
evapotranspiration estimation and climate change analysis), is directly related to the
accuracy of DLR [2]. Thus, accurate estimation of DLR allows a better understanding of
land surface processes and climate change.

In the past decades, scientific communities have proposed a series of models to
estimate DLR. For example, Ångström [3] developed the first empirical model based on the
Stefan-Boltzmann formula. In this study, meteorological parameters were used to calculate
the atmospheric water pressure (e), and then the relationship between e and the atmospheric
emissivity (Es) was established; thus, DLR was calculated based on Es according to the
Stefan-Boltzmann formula. Subsequently, Brunt, Brutsaert (1975), Idso, Idso and Jackson,
Prata, and Dilley and O’Brien [4–9] have successively proposed several empirical models
for estimating Es through meteorological parameters for clear-sky conditions. In contrast,
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Swinbank [10] proposed an empirical method to estimate DLR directly using only the
surface air temperature (Ta) for clear-sky conditions.

The aforementioned empirical models are only applicable for clear-sky conditions
because the influences of clouds on DLR are not addressed. It is generally known that
the wavelength range for longwave radiation is 4.0–100.0 µm, and the longwave radiation
is mainly affected by H2O, CO2, and O3 molecules and cloud water droplets [7]. Clouds
increase DLR significantly; therefore, it is necessary to consider the influence of clouds in
the estimation of DLR. Many studies have tried to estimate DLR affected by clouds. For
example, Crawford and Duchon, Jacobs, Konzelmann et al., Lhomme et al., Maykut and
Church, and Sugita and Brutsaert [1,11–15] developed a series of cloud correction models
to estimate DLR for cloudy conditions.

In order to satisfy different applications, the models for estimating DLR under clear-
sky (DLR0) and DLR cloudy conditions (DLRC) have been examined and tested in different
regions. For example, to better predict the frost caused by the longwave radiation deficit
during the planting period in the Andean Plateau, Lhomme et al. (2007) [13] tested seven
clear-sky models at two ground stations and corrected the Brutsaert model [5]; furthermore,
an empirical model was also developed to estimate DLR under cloudy conditions. Based
on ground observations in Florida, Choi et al. (2008) [16] estimated the daily DLR over
different land surfaces under both clear-sky and cloudy conditions and then determined
the most suitable model for the regions under examination. Wang and Liang [17] used two
widely accepted models, the Brunt model [4] and Brutsaert model [5], to estimate global
DLR under both clear-sky and cloudy conditions, based on 3200 ground stations from 1973
to 2008; they succeeded in discovering that the daily average DLR increased year by year.
Carmona et al. [18] estimated the daytime instantaneous DLR using different clear-sky and
cloudy models based on the ground measurements in Tandil in Buenos Aires Province,
Argentina, and proposed two multiple linear regression models to estimate DLR under
all-weather conditions.

With the development of earth observations, acquisition of multiple satellite remote
sensing data sets has become increasingly feasible. Therefore, the estimation of DLR
through remote sensing data has become an effective way to obtain spatially dense DLR
data. For example, Wang and Liang [19] developed linear and nonlinear models using a
hybrid method to directly derive the instantaneous DLR under clear-sky conditions from
the 1 km top of atmosphere (TOA) radiance of the Moderate Resolution Imaging Spectrora-
diometer (MODIS). Yu et al. (2011) [20] used three different algorithms to estimate the clear-
sky DLR from MODIS data in the Heihe River Basin, Northwest China. Wu [21] estimated
DLR using eight models under clear-sky conditions based on meteorological parameters
derived from the MODIS atmospheric profile products (i.e., MOD07_L2/MYD07_L2); they
further proposed a multimodel ensemble approach to integrate the estimates of the eight
models. Yu et al. [22] estimated the clear-sky DLR from the Chinese HJ-1B thermal data,
based on extensive radiative transfer simulation and statistical analysis. Wang et al. [23]
proposed a model that could improve the accuracy of DLR estimation from satellite data for
conditions with heavy dust aerosol levels, and the results demonstrate that the level of dust
aerosols has an obvious “warming” effect on DLR, compared with other aerosols. These
studies have illustrated that it is feasible to estimate DLR through parametric models, using
satellite remote sensing data. Most of these studies are based on polar orbit satellite data.
Thus, the obtained DLR is the instantaneous value under clear-sky conditions. How to
obtain the all-weather DLR with a high temporal resolution (e.g., hourly) is a key problem
that needs resolution.

The Tibetan Plateau, which is known as “the roof of the world” and “the third pole”, is
a focus region of radiation balance, energy budget, and climate change studies [24]. DLR is
one of the most important parameters for in-depth understanding of the radiation budget
process in this area. However, the ground sites providing DLR measurements are very
rare, and the acquisition of DLR is very difficult in the Tibetan Plateau. Furthermore, the
applicability of the associated parameterization model over the Tibetan Plateau is still
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unknown. Therefore, obtaining all-weather DLR products with a high temporal resolution
according to the characteristics of the Tibetan Plateau is a problem currently faced by the
scientific communities.

Most of the parameterization models for estimating DLR are obtained by model
training, based on the ground measured data in different regions. The applicability of
these models in different regions varies. Therefore, when using these DLR models, their
applicability should be tested first. In this context, the objectives of this study are (i) to
test the current models for estimating DLR under both clear-sky and cloudy conditions,
based on ground-measured meteorological data and to determine the optimal model(s)
suitable for the Tibetan Plateau, and (ii) to estimate the all-weather DLR with a high
temporal resolution over the Tibetan Plateau, based on the optimal model(s). This study
can compensate for the shortcoming that DLR estimated from remote sensing data has a
low temporal resolution under clear-sky conditions. The generated all-weather DLR can
contribute to better estimation of the surface net radiation and surface evapotranspiration
over the Tibetan Plateau.

2. Study Area and Datasets
2.1. Study Area

The study area is the Tibetan Plateau (73◦ E–106◦ E, 40◦ N–23◦ N), which has an
extraordinary impact on the climate of the surrounding area and even the world. The
digital elevation model (DEM) of the Tibetan Plateau is provided in Figure 1. The study
area has an average elevation of over 4000 m a.s.l. In the southeastern part of the mountain
area, the elevation varies very sharply. In the northwestern part of the Tibetan Plateau,
there are many glaciers, and this area is the birthplace of numerous rivers in Asia. Thus,
the Tibetan Plateau is also known as “the Asian water tower” [24,25]. The middle of
the Tibetan Plateau has a very high altitude. The complex terrain of the Tibetan Plateau
induces a complex atmosphere. Due to the importance of its regional function and the
complexity of the natural environment, DLR estimation in the Tibetan Plateau is always a
challenging task.
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Figure 1. Digital elevation model (DEM) of the Tibetan Plateau and the experimental sites that
provide the ground measured meteorological data as well as DLR (Note: NQ and BJ are spatially
close to each other; thus, these two sites overlap on this map).

2.2. Datasets
2.2.1. Ground Measurements

In this study, an observational dataset from nine ground sites is used to examine the
performance of associated DLR models over the Tibetan Plateau. The spatial locations of
the nine experimental sites are provided in Figure 1, and details of these nine sites are
presented in Table 1. These sites provide the instantaneous surface air temperature (Ta),
relative air humidity (RH), ground air pressure (q), downward solar radiation (DSR), and
DLR. The meteorological observation data (i.e., Ta, RH, q, and DSR) from all sites will be
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used to test the applicability of DLR models over the Tibetan Plateau. Among the nine
sites, DLR measurements of five sites (i.e., DX, HB, AL, MQ, and NQ) will be used to
evaluate the estimated all-weather DLR based on the CLDAS (China Land Surface Data
Assimilation System), because only these five sites have measurements during the time
span of the CLDAS data. It should be noted that all ground site data is independent of
the CLDAS data. Thus, both the test and validation results based on ground-measured
data are acceptable [26–28]. For the validity of the model test and the validation of DLR
estimation results, the data records with evident observation errors are removed.

Table 1. The nine ground sites providing the measurements of Ta, RH, q, DSR, and DLR.

Site Interval (min) Acquisition Period Data Source

AN 60 1 October 2002–31 December 2004 CEOP-CAMP 1 (https://data.eol.ucar.edu/, accessed on
10 December 2020) [29]

BJ 60 1 October 2002–31 December 2004 CEOP-CAMP 1 (https://data.eol.ucar.edu/, accessed on
10 December 2020) [29]

TD 60 1 October 2002–31 December 2004 CEOP-CAMP 1 (https://data.eol.ucar.edu/, accessed on
10 December 2020) [29]

GZ 60 1 October 2002–31 December 2004 CEOP-CAMP 1 (https://data.eol.ucar.edu/, accessed on
10 December 2020) [29]

DX 30 1 January 2002–31 December 2012 ChinaFLUX 2 (http://www.chinaflux.org/, accessed on
10 December 2020) [30,31]

HB 30 1 January 2010–31 December 2010 ChinaFLUX 2 (http://www.chinaflux.org/, accessed on
10 December 2020) [32]

AL 30 1 January 2012–31 December 2013 ChinaFLUX 2 (http://www.chinaflux.org/, accessed on
10 December 2020) [33]

MQ 30 1 January 2013–31 December 2013 NIEER 3 (http://www.nieer.cas.cn/, accessed on
10 December 2020) [34]

NQ 30 1 January 2010–31 December 2010 ChinaFLUX 2 (http://www.chinaflux.org/, accessed on
10 December 2020) [35]

1 Coordinated Energy and Water Cycle Observation Project (CEOP) Enhanced Observing Periods 3 and 4 (EOP-3 and EOP-4) CEOP
Asia-Australia Monsoon Project (CAMP) [29]; 2 China FLUX Observation and Research Network; 3 Northwest Institute of Eco-Environment
and Resources Chinese Academy of Sciences [34].

2.2.2. Assimilation Dataset

To estimate DLR of the entire Tibetan Plateau, the meteorological data provided by
the China Land Surface Data Assimilation System (CLDAS) are used [26–28]. Specifically,
the meteorological variables derived from the CLDAS include the air specific humidity
(SH), Ta, q, and DSR. The CLDAS data have a spatial resolution of 0.0625◦ and a temporal
resolution of 1 h. The CLDAS combines multiple types of source data. The first type
of data are ground observation data, including the hourly air temperature, air pressure,
humidity, wind speed, precipitation and other meteorological variables, observed at more
than 2400 national-level automatic weather stations and approximately 40,000 regional
automatic weather stations in China. The second type of data are the European Center for
Medium-Range Weather Forecasts (ECMWF) released data products, with a 3 h temporal
resolution and a 0.125◦ spatial resolution [36–38]. The meteorological variables of the
ECMWF are the Ta, air humidity, wind speed, and ground pressure. The third type of data
are the global ozone, atmospheric precipitation, ground pressure, and other data products
released by the National Centers for Environmental Prediction (NCEP) [39–41]. The fourth
type of data include precipitation products and other meteorological parameters released
by the National Satellite Meteorological Center of China. Therefore, compared with similar
products, the CLDAS product is believed to have better quality and more reasonable spatial
and temporal characteristics of the meteorological variables in China [26,27].

2.2.3. Auxiliary Datasets

To estimate the theoretical DSR under clear-sky conditions, the DEM acquired by the
Shuttle Radar Topography Mission (SRTM) is also collected in this study. The original
resolution of the DEM data is 90 m. To match the DEM and the CLDAS dataset, the spatial
resolution of the DEM data is resampled to 0.0625◦. In the resampling process, the DEM

https://data.eol.ucar.edu/
https://data.eol.ucar.edu/
https://data.eol.ucar.edu/
https://data.eol.ucar.edu/
http://www.chinaflux.org/
http://www.chinaflux.org/
http://www.chinaflux.org/
http://www.nieer.cas.cn/
http://www.chinaflux.org/
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of a 0.0625◦ pixel is obtained by weighted average of the DEM of the all high-resolution
pixels within the 0.0625◦ pixel.

3. Methodology
3.1. Clear-Sky Model

In this study, eight widely used empirical DLR models for clear-sky conditions are
selected. Details of these eight models are presented in Table 2. These models are tested
and evaluated based on meteorological observations provided by the ground sites. Based
on the evaluation results of the eight models, the optimal model will be selected to estimate
DLR under clear-sky conditions for the Tibetan Plateau. For the eight selected models, the
input Ta (unit: K) is provided by the ground observations or the CLDAS dataset. Thus, e is
the only unknown parameter. It can be calculated according to:

e = es × RH (1)

where es is the saturation vapor pressure (unit: hpa).
When the surface air temperature is higher than 0 ◦C, es can be calculated according

to [42]:

es = 6.1078 exp[
17.2693882(Ta − 273.16)

Ta − 35.86
] (2)

When the surface air temperature is below 0 ◦C, es can be calculated as [42]:

es = 6.112 exp[
17.67t

t + 243.5
] (3)

where t is the surface air temperature in ◦C and es is the saturation vapor pressure in hpa.
Because RH is not available from the CLDAS dataset, the following formula is em-

ployed to calculate e:

e =
q × SH

0.622 + 0.378 × SH
(4)

where q is the ground air pressure (unit: hpa) and SH is the air specific humidity.

Table 2. The eight selected models for estimating DLR (DLR0) under clear-sky conditions.

Abbreviation Formula Source

AN-CK DLR0 = σ(0.83 − 0.18 × 10−0.067e)T4
a [3]

BT-CK DLR0 = σ(0.605 + 0.048e0.5)T4
a [4]

SW-CK DLR0 = 5.31 × 10−13T6
a [10]

IJ-CK DLR0 = σ(1 − 0.261 exp(−0.00077(273 − Ta)
2))Ta

4 [7]
BR-CK DLR0 = σ(1.24( e

Ta
)

1
7 )T4

a
[5]

ID-CK DLR0 = σ(0.7 − 5.95 × 10−5e exp( 1500
Ta

))Ta
4 [6]

PR-CK DLR0 = σ(1 − (1 + 46.5eTa) exp(−(1.2 + 139.5e/Ta)
0.5))Ta

4 [8]
DO-CK DLR0 = 59.38 + 113.7( Ta

273.3 ) + 99.96( 93e
5Ta

)
0.5 [9]

Note: DLR0 is DLR under clear-sky conditions; σ is the Stefan-Boltzmann constant; e and Ta are the screen level
water vapor pressure and air temperature, respectively.

3.2. Cloudy-Sky Model

When clouds occur, the water content in the atmosphere increases significantly, and
so does the atmospheric effective emissivity. According to the Stefan-Boltzmann’s law, an
increase in the atmospheric effective emissivity will cause an increase in DLR. Therefore,
the estimation of DLR under clear-sky conditions and cloudy conditions is evidently
different. How to correctly estimate DLR under cloudy conditions is the most difficult
part in DLR estimation. Several models for estimating DLR under cloudy conditions have
been proposed by literatures. In this study, six widely used models are selected and tested.
Details of these models are presented in Table 3. One should note that these six models
were trained in different study areas and they were reported to yield good performance in
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their corresponding areas. It is also worth to note that the training area of LH-CL is similar
to the Tibetan Plateau.

Table 3. The six selected models for estimating DLR under cloudy conditions.

Abbreviation Formula Training Area Source

MC-CL DLRc = DLR0(1 + 0.22c2.75) Barrow Alaska [14]
JA-CL DLRc = DLR0(1 + 0.26c) Broughton Island [11]
SB-CL DLRc = DLR0(1 + 0.0496c2.45) northeastern Kansas [15]
KO-CL DLRc = DLR0(1 − c4) + 0.952c4σT4

a Greenland Ice Sheet [12]
CD-CL DLRc = DLR0(1 − c) + cσT4

a 36.61◦ N, 97.49◦ W * [1]
LH-CL DLRc = DLR0(1.03 + 0.34c) Andean Altiplano [13]

Note: DLRc and c are DLR under cloudy conditions and the cloud fraction, respectively; * only the latitude and
longitude are provided by the reference, without the name of the training area.

Because cloud fraction observations are usually not available, there are no cloud
parameters in the ground observation and CLDAS data. Fortunately, the hourly DSR
is available in both ground observation and CLDAS data. Thus, we use the following
equation to calculate the cloud fraction [1]:

c = 1 − DSR
DSR0

(5)

where DSR and DSR0 are the actual downward solar radiation and the theoretical down-
ward solar radiation, respectively.

DSR0 in Equation (5) can be calculated based on the location, time, and altitude;
the detailed process is provided in the Appendix A. DSR is derived from the ground
measurements. When c is lower than 0.05, it is assumed that the weather is clear-sky.

3.3. Evaluation Metrics

To quantitatively evaluate the test results of the clear-sky and cloudy-sky models
and the estimation accuracy of the final all-weather DLR, the mean bias error (MBE) and
root mean squared error (RMSE) are used as evaluation metrics. MBE can reflect the
overestimation or underestimation, while RMSE can measure the deviation between the
estimate and the true value. MBE and RMSE are calculated as follows:

MBE =
∑N

i=1 (DLRe − DLRsite)

N
(6)

RMSE =

√
∑N

i=1 (DLRe − DLRsite)
2

N
(7)

where DLRe and DLRsite are the estimated DLR and the ground measured DLR, respectively,
and N is the sample size.

4. Results and Discussion

To test the applicability of every DLR model over the Tibetan Plateau, we use different
models to estimate DLR and then validate the DLR estimate against the ground measure-
ments. In the validation, the root mean squared error (RMSE), mean bias error (MBE) and
coefficient of determination (R2) of the estimates of the different models are calculated as
validation indices. Then, the optimal model(s) will be used to estimate DLR of the entire
Tibetan Plateau.

4.1. Estimated DLR for the Ground Sites
4.1.1. Under Clear-Sky Conditions

We estimate DLR0 of each site based on the DLR estimation method for clear-sky
conditions, listed in Table 2. We find that the BR-CK model has a large systematic error
of up to 100 W/m2 for all the nine sites. Thus, the validation results of this model are not
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provided here. For the other seven models, the errors are presented in Table 4. The average
RMSE is 22.5 ± 6.4 W/m2 for DO-CK. It is clear that this model has higher accuracy and
stability than the other six models for most sites.

Table 4. Evaluation of the estimated DLR by the seven models under clear-sky conditions for the nine sites.

Method

Site
AL AN TD BJ DX GZ HB MQ NQ Average Value

AN-CK
RMSE (W/m2) 16.7 22.8 31.1 30.1 43.4 17.8 29.1 23.7 26.6 26.8
MBE (W/m2) 10.3 10.4 16.1 20.2 38.4 11.9 5.4 −2.7 −4.7 11.7

R2 0.72 0.73 0.61 0.7 0.84 0.88 0.68 0.75 0.84 0.75

BT-CK
RMSE (W/m2) 13.2 20.9 27.9 25.3 36.3 13.7 29.7 18.3 30.9 24.1
MBE (W/m2) −2.9 2.3 7.9 11.7 29.5 3.1 −3.3 −6.4 −13.7 3.1

R2 0.73 0.72 0.64 0.7 0.83 0.88 0.67 0.74 0.84 0.75

SW-CK
RMSE (W/m2) 19.4 28.8 35.1 43.1 52.7 36.6 36.9 22.8 29.5 33.9
MBE (W/m2) 9.5 13.7 17.1 27.7 45 29.8 3.6 5.3 2.7 17.2

R2 0.61 0.65 0.54 0.54 0.71 0.79 0.5 0.81 0.75 0.66

IJ-CK
RMSE (W/m2) 19.8 37.2 46.0 48.4 62.0 42.1 40.8 26.0 33.8 39.6
MBE (W/m2) 10.9 28.1 34.5 40 56.1 38.1 18.8 16.4 14.4 28.6

R2 0.61 0.64 0.59 0.56 0.75 0.81 0.49 0.82 0.78 0.67

ID-CK
RMSE (W/m2) 23.2 38.5 37.2 36.7 48.6 26.2 36.6 23.6 35.2 34.1
MBE (W/m2) −15.6 13.3 20.2 22.8 38.5 18.3 2.6 −2.7 −4.1 10.4

R2 0.6 0.61 0.56 0.5 0.7 0.79 0.54 0.8 0.73 0.65

PR-CK
RMSE (W/m2) 13.4 24.3 32.7 31.8 44.7 20.1 30.7 24.6 29.0 27.9
MBE (W/m2) 4.3 11.4 17.6 21.2 38.7 13.8 5.0 −3.4 −4.5 11.6

R2 0.75 0.71 0.61 0.67 0.82 0.86 0.68 0.73 0.82 0.74

DO-CK
RMSE (W/m2) 14.1 19.8 25.1 19.5 29.7 14.8 27.2 19.7 34.3 22.5
MBE (W/m2) −6.3 −3.4 1.9 4.6 22.5 −8.3 −6.1 −10.6 −20.8 −2.8

R2 0.77 0.79 0.71 0.78 0.89 0.91 0.77 0.89 0.87 0.82

To further verify the systematic errors of the models, the MBE of each model for
each site is also calculated. As presented in Table 4, AN-CK, SW-CK, IJ-CK, ID-CK, and
PR-CK clearly overestimated DLR0; BT-CK had a slight overestimation; DO-CK had a slight
underestimation and had the minimum systematic error: the average MBE and RMSE are
−2.8 ± 6.4 W/m2 22.5 W/m2.

The R2 values of the evaluations are also provided in Table 4. The R2 of the DO-CK
model is 0.82 ± 0.066. The other six models all have lower R2 values than the DO-CK
model, and at different sites; the differences between models are large. The main reason for
the R2 difference is that the models used to estimate DLR0 are empirical models, and they
have different applicability in the Tibetan Plateau. After comparative analysis, we found
that the DO-CK model had the highest and most stable R2, consistent with the performance
of the RMSE and MBE. Therefore, the DO-CK model is the optimal model for estimating
DLR0 over the Tibetan Plateau.

To explore the reasons for the differences in the accuracy of each model, we further
compare all the models from the theoretical perspective. We find that only DO-CK directly
considers the effect of Ta and precipitable water on DLR. In the SW-CK model, only Ta is
considered, but the influence of e on DLR is not considered. The other five models are based
on DLR calculated by Stefan-Boltzmann’s law; thus, the Es needs to be estimated by Ta
and e; e also needs to be estimated by the model. Thus, the entire estimation process would
produce a certain amount of error accumulation, and the estimation accuracy of these five
models is also relatively lower. In general, the DO-CK model has the best performance
on the Tibetan Plateau. It should be noted that its performance elsewhere needs to be
tested further.

The mean MBE of these seven clear-sky models is 1.45 W/m2 for AL, 10.8 W/m2 for
AN, 16.4 W/m2 for TD, 21.2 W/m2 for BJ, 38.4 W/m2 for DX, 15.2 W/m2 for GZ, 3.7 W/m2

for HB, 0.58 W/m2 for MQ, and 4.38 W/m2 for NQ. These models had no fixed systematic
errors in AL, HB, and MQ, but there are systematic overestimations or underestimations
at the other sites. Further examinations reveal that all the models perform slightly better
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for AL than for the other sites, as presented in Table 4. The reason for this phenomenon
is that AL has different geographical and climatic backgrounds compared to the other
sites. As demonstrated in Figure 1, AL is located on the southwestern edge of the Tibetan
Plateau. It belongs to the monsoon climate zone and the subtropical mountain climate.
The other sites on the Tibetan Plateau are located in the northwestern or northern part of
the Tibetan Plateau, where the atmosphere is dry and clean, and the climate belongs to
the plateau climate region. However, these models are all empirical models and have not
been investigated in the plateau climate region. The atmospheric conditions and climatic
conditions of AL are more similar to the study areas of these models, leading to this result.

Through our previous analysis of the various validation indices for DLR0 estimation
results, it is clear that the DO-CK model is the most suitable model for estimating DLR
under clear-sky conditions over the Tibetan Plateau. To further understand the perfor-
mance of DO-CK, its estimates of DLR0 are further examined. The scatter plots of the
ground-measured DLR0 and the estimated DLR0 based on the DO-CK model are pro-
vided in Figure 2; the MBE, RSME, and R2 values are also presented. According to the
MBE values for the nine sites, it is evident that the DO-CK model has slight systematic
deviations for all sites except DX and NQ. There is a certain overestimation for the DX
site (MBE = 29.7 W/m2), and an underestimation for the NQ site (MBE = −20.8 W/m2).
This finding reveals that the DO-CK model has no general positive/negative systematic
errors over the Tibet Plateau. Nevertheless, we can see that some DLR samples are un-
derestimated. The reason for the small undervaluation is mainly the misjudgment of the
clear-sky conditions (i.e., the weather of a site is considered clear-sky when it is cloudy).
This phenomenon suggests that DLR under cloudy conditions cannot be well estimated
through this model. R2 ranging from 0.71 to 0.91 at the nine sites indicate that the esti-
mated DLR has a good correlation with the measured DLR of the site. RMSE ranging from
14.1 W/m2 (AL) to 34.3 W/m2 (NQ) at the 9 sites indicate that the estimated DLR has
acceptable accuracy.

The daytime mean Ta and e of the nine ground sites under clear-sky conditions are
provided in Table 5. Ta and e are the main parameters in the DO-CK model; thus, it is
necessary to test the sensitivity of the DO-CK model to these two parameters. From Table 5,
it can be observed that the AL site has higher temperatures and humidity than the other
eight sites. Ta fluctuation of the AL site is the lowest, and the fluctuation of water vapor
pressure estimated from Ta is also lower than the other eight sites. This indicates that the
atmospheric condition of AL is relatively stable. This finding supports our analysis of the
reasons why all the models perform slightly better at AL than at the other sites. Thus,
we divide the nine sites into two categories according to the daytime mean and standard
deviation of Ta, each with a sensibility test. The first category is represented by the AL site.
Its daytime Ta is 286.7 ± 3.5 K. We test the sensitivity of e under three Ta conditions (i.e.,
Ta = 286.7 − 3.5 K, Ta = 286.7 K, and Ta = 286.7 + 3.5 K), and the test result is displayed
in Figure 3a. Under these three Ta conditions, the effect of e on DLR is about 4.0 W/hpa.
In the first category, the daytime mean e value is 11.166 ± 3.685 hpa. Thus, we test the
sensitivity of Ta under three e conditions (i.e., e = 11.166 − 3.685 hpa, e = 11.166 hpa, and
e = 11.166 + 3.685 hpa), and the test result is provided in Figure 3b. Under these three
e conditions, the effect of Ta on DLR is about 2.4 W/K. The sensitivity analysis results
demonstrate that Ta and e can induce some estimation error to the DO-CK model. Thus, in
addition to the error of the model itself, the error of the DO-CK model estimation result
also contains the error caused by the input parameter error.
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Table 5. The daytime mean and standard deviation of Ta and e for the nine ground sites under
clear-sky conditions.

Site Daytime Mean Ta (K) STD of Ta (K) Daytime Mean e (hpa) STD of e (hpa)

AL 286.7 3.5 11.166 3.685
AN 271.7 6.3 3.145 1.794
BJ 275.2 7.8 3.907 2.659
TD 271.3 6.4 3.211 2.106
DX 278.4 6.7 3.994 2.750
GZ 277.5 7.8 2.555 1.998
HB 275.6 7.5 4.706 2.753
MQ 278.5 7.3 5.602 3.342
NQ 278.0 7.1 3.553 2.223
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The other eight sites are classified into the second category, and the second category
has lower Ta and e. The mean Ta and e of the second category site were 275.8 ± 7.1 K and
3.834 ± 2.453 hpa, respectively. Similar to the first category, we also tested the sensitivity of e
and Ta under three Ta conditions (i.e., Ta = 275.8 − 7.1 K, Ta = 275.8 K, and Ta = 275.8 + 7.1 K)
and three e conditions (i.e., e = 3.834 − 2.453 hpa, e = 3.834 hpa, and e = 3.834 + 2.453 hpa), and
the test result is presented in Figure 3c,d. For the second category, the effect of e on DLR is
approximately 6 W/hpa, and the effect of Ta on DLR is approximately 2.2 W/K.
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4.1.2. Under Cloudy Conditions

The estimation of DLR under cloudy conditions is necessary for obtaining the all-
weather DLR. In this study, when c is higher than 0.05, the weather is assumed to be
cloudy at the corresponding moment. Here, DLRc at each site is estimated based on
the models listed in Table 3. As described previously, these models are based on DLR0,
which is estimated with the DO-CK model. The atmospheric conditions in the different
regions are different, and the appearance of clouds further exacerbates the complexity of
the atmospheric conditions. To determine the most suitable model for estimating DLRc
over the Tibetan Plateau, the estimates of the six cloudy models are examined here.

RMSE values of the six cloud models as well as the DO-CK model are provided
in Table 6. It is clear that if the effect of clouds on DLR under cloudy conditions is not
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considered; even if the most suitable model (DO-CK) is used for estimating the local DLR0,
the estimation results still have large errors. In this study, the mean RMSE for the nine sites
is 44.9 ± 8.6 W/m2, before considering the cloud coverage in the DO-CK model. When the
six models for DLRc are used, the estimation error is reduced. In particular, LH-CL has the
smallest estimation error, with an average RMSE of 23.2 ± 3.1 W/m2 for the nine sites.

To further quantify the systematic errors of the above six models, the MBE of the
DO-CK model and the other six models of the estimation of DLRc are calculated and are
provided in Table 6. All six cloudy models have different systematic deviations, among
which LH-CL has the smallest systematic deviation and the MBE is 6.4 ± 8.1 W/m2.
According to the MBE values, we know that DO-CK does not consider the contribution
of clouds to DLR. Thus, the estimate based on that model exhibits great underestimation.
The six cloudy models alleviate the underestimation of DLR by DO-CK under cloudy
conditions. There is minimal systematic error when LH-CL is used to estimate DLRc over
the Tibetan Plateau.

Table 6. Evaluation results of the estimated DLR under cloudy conditions by the six models as well as the DO-CK model,
for the nine sites.

Method

Site
AL AN TD BJ DX GZ HB MQ NQ Average Value

DO-CK
(clear-sky model)

RMSE (W/m2) 54.9 38.8 41.7 37.6 40.6 30.4 51.7 49.9 57.8 44.9
MBE(W/m2) −48.4 −28.0 −25.7 −25.8 −25.4 −21.7 −43.1 −43.4 −52.3 −34.8

R2 0.62 0.76 0.73 0.82 0.62 0.85 0.65 0.73 0.74 0.72

MC-CL
RMSE (W/m2) 34.2 32.8 34.0 27.9 30.9 24.9 38.9 40.0 48.6 34.7
MBE (W/m2) −28.5 −22.2 −17.6 −17.8 −16.9 −17.0 −31.0 −34.6 −42.6 −25.4

R2 0.79 0.81 0.79 0.89 0.75 0.89 0.77 0.83 0.75 0.81

JA-CL
RMSE (W/m2) 18.0 23.6 26.6 18.2 21.7 17.6 25.5 24.4 34.3 23.3
MBE (W/m2) −5.8 −8.0 −2.6 −2.2 0.3 −3.6 −14.2 −17.6 −25.3 −8.8

R2 0.82 0.83 0.81 0.91 0.82 0.89 0.82 0.88 0.76 −0.84

SB-CL
RMSE (W/m2) 49.3 37.1 39.5 34.9 37.9 28.8 48.1 47.2 55.2 42.0
MBE (W/m2) −43.5 −26.5 −23.6 −23.8 −23.2 −20.5 −40.1 −40.9 −49.9 −32.4

R2 0.72 0.78 0.76 0.84 0.66 0.86 0.70 0.76 0.75 0.76

KO-CL
RMSE (W/m2) 40.5 33.5 35.1 28.8 31.8 25.4 40.0 41.8 49.1 36.2
MBE (W/m2) −34.1 22.5 −17.3 −18.5 −17.5 −17.4 −31.1 −36.3 −42.4 −21.3

R2 0.74 0.80 0.76 0.88 0.74 0.89 0.74 0.81 0.72 0.79

CD-CL
RMSE (W/m2) 21.1 25.0 31.3 22.0 28.1 22.4 23.1 18.1 29.6 24.5
MBE (W/m2) −1.7 6.6 13.7 11.9 16.4 11.3 1.1 −6.6 −6.4 6.5

R2 0.73 0.78 0.78 0.91 0.81 0.86 0.78 0.88 0.75 0.81

LH-CL
RMSE (W/m2) 24.9 22.2 27.8 21.0 25.7 19.9 22.4 18.0 26.9 23.2
MBE (W/m2) 16.2 4.4 10.9 11.9 15.5 8.6 2.0 −2.2 −9.7 6.4

R2 0.80 0.82 0.81 0.91 0.84 0.88 0.83 0.89 0.74 0.84

R2 values between the estimated DLRc and ground-measured DLR are also presented
in Table 6. The average R2 value is 0.84 ± 0.48 for LH-CL. We can see that the estimation
results based on LH-CL have the highest and most stable correlation with the ground-
measured DLR. LH-CL could express approximately 84% of DLR under cloudy conditions.
When we estimated DLRc using the DO-CK model (clear-sky model), the R2 value was
only 0.72 ± 0.08.

Through the comparison of the six cloudy models, we find that MC-CL, JA-CL, and
SB-CL have the same expression as LH-CL. In these four equations, the coefficient of c in
LH-CL is the largest, and the coefficients of c in the other three equations are relatively
smaller. c in MC-CL and SB-CL is added with a power higher than 1. Since c is lower
than 1, the contribution of c to DLRc is further reduced. MC-CL, JA-CL, and SB-CL do not
fully express the contribution of clouds to DLR, which lead to the obvious underestimation
of DLRc by these three models. KO-CL and CD-CL have the same expression. When c
is between 0 and 1, the fourth power of c is lower than c; thus, KO-CL is weaker than
CD-CL in describing the contribution of the cloud coverage to DLR. Therefore, KO-CL is



Atmosphere 2021, 12, 1692 12 of 20

not very suitable for the Tibetan Plateau. As for CD-CL and LH-CL, the LH-CL model
was developed to estimate DLR of the Andean Altiplano, which has similar altitude and
atmospheric conditions to the Tibetan Plateau. Thus, LH-CL is most suitable for estimating
DLRc over the Tibetan Plateau. In addition, Table 3 also lists the study areas of the other
five models, and we can see that there are some differences with the climatic conditions
of the Tibetan Plateau, and it is difficult to have better applicability in the Tibetan Plateau.
This conclusion is consistent with the evaluation results.

After a comprehensive analysis of the six estimation models, it is easy to understand
that using DO-CK in combination with LH-CL can estimate DLR most accurately under
cloudy conditions. We further analyze the performance of the LH-CL model at every site.
The scatter plots between the ground-measured DLR and the estimates before considering
the clouds by DO-CK, and the estimates after considering the clouds by LH-CL for the
nine sites, are provided in Figure 4. Before considering the clouds, the MBE values range
from −52.3 W/m2 (NQ) to −21.7 W/m2 (GZ), exhibiting a negative deviation of the
estimated DLR by DO-CK. The corresponding RMSE values range from 30.4 W/m2 (GZ) to
57.8 W/m2 (NQ). After considering the cloud coverage, the MBE and RMSE values range
from −9.7 W/m2 (NQ) to 16.2 W/m2 (ALS), and −19.2 W/m2 (GZ) to 27.8 W/m2 (TD). It
is evident that LH-CL can be largely deficient in the negative deviation caused by DO-CK
when clouds are present. The combination of LH-CL and DO-CK allows DLRc to have an
estimated error of less than 30 W/m2.
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4.2. Estimated DLR for the Entire Tibetan Plateau, Based on the CLDAS Dataset

After comparing the models for estimating DLR under clear-sky and cloudy condi-
tions, the DO-CK model is found to be suitable for clear-sky conditions, and the LH-CL
model can be used to estimate DLRc based on DO-CK for cloudy conditions. e in the
DO-CK model can be calculated from p, SH, and Ta derived from the CLDAS dataset
according to Equation (4). Therefore, we can estimate the all-weather DLR over the entire
Tibetan Plateau.

As mentioned previously, the time span of the CLDAS is from 2008 to 2016, and
certain ground sites (i.e., AN, TD, BJ, and GZ) had no ground measurements during this
period. Therefore, only five ground sites, including HB, NQ, AL, DX, and MQ, are used
to evaluate the estimated all-weather DLR based on the CLDAS dataset. The evaluation
results of the five sites are presented in Figure 5; MBE, RMSE, and R2 are also provided.
To quantitatively evaluate the model that uses the ratio of DSR provided by the CLDAS
to DSR0 to determine the cloud fraction, the all-weather DLR estimated directly by the
DO-CK model is evaluated before considering the cloud coverage.
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Before considering the cloud coverage, the MBE and RMSE values of the DO-CK
model range from −38.6 to 1.3 W/m2 and 36.2 to 48.3 W/m2, respectively. For HB, NQ,
ALS, and MQ sites, the estimates of DLR yield large negative deviations. The main reason
is that the presence of clouds increases the atmospheric moisture content and then increases
DLR. However, the DO-CK model can only be applied under clear-sky conditions and does
not take the contribution of clouds to DLR into account. For the DX site, although there is
no significant negative deviation, a large error is still observed. The main reason is that
DO-CK has a certain overestimation of DLR under clear-sky conditions for the DX site (as
displayed in Figure 2e), which offset the underestimation under cloudy conditions and
lead to no significant positive or negative deviation.

After considering the cloud coverage, the MBE and RMSE values range from −22.5
to 19.5 W/m2 and 24.9 to 34.8 W/m2, respectively. Compared with the results obtained
without considering clouds, the LH-CL model can significantly reduce the underestimation
of DLR by DO-CK. Specifically, for the HB, NQ, AL, and MQ sites, the negative deviations
are decreased by approximately 20 W/m2. The RMSE of all five sites is smaller than before
considering the cloud coverage. The reduction in the RMSE ranges from 1.4 to 16.7 W/m2.
Therefore, the results demonstrate that the method based on the CLDAS dataset to account
for clouds in the DSR determination is effective, and the estimated all-weather DLR of the
Tibetan Plateau based on the CLDAS dataset has an acceptable accuracy.

To evaluate the contribution of the input parameters to the all-weather DLR estimation
error, we calculate the error of Ta provided by CLDAS and e estimated based on CLDAS
(Table 7). DLR estimation errors caused by Ta and e are also presented in Table 7. Note
that the DLR estimation error mentioned here refers to the error in the all-weather DLR
estimated by the DO-CK model before considering the influence of the cloud on DLR.
From Table 7, it is clear that Ta and e have large estimation errors for the AL site, and their
estimation errors caused a DLR estimation error of approximately 20 W/m2. The influence
of the cloud on instantaneous Ta and e is also very significant. Thus, cloud will increase
the estimation error of Ta and e, and then the error of the estimated DLR becomes larger.
After considering the influence of cloud on DLR, the estimation error of DLR is reduced by
22.4 W/m2 (Figure 5). The correction of DLRc by the cloudy estimation model is actually
to correct the DLR estimation error caused by the estimation error of Ta and e. Ta and e at
the other four sites have different estimation errors, and DLR estimation errors induced
by Ta and e are 18.7 W/m2 for MQ, 13.4 W/m2 for HB, 11.5 W/m2 for NQ, and 93 W/m2

for DX, respectively. After considering the influence of cloud on DLR through the LH-CL
model, there is a significant positive correlation between the decrease of DLR estimation
error at four sites and the estimation error caused by Ta and e. It can be observed that the
error of the all-weather DLR estimation result is largely due to the uncertainty of the input
parameters; the rest of the error is from the error of the model itself.

Table 7. Errors of Ta provided by CLDAS and e estimated based on CLDAS for five sites.

Site Ta RMSE (K) DLR Error Caused by Ta (W/m2) e RMSE (hpa) DLR Error Caused by e (W/m2)

AL 5.2 12.5 1.798 7.2
DX 1.4 3.1 1.032 6.2
HB 3.9 8.6 0.797 4.8
MQ 2.2 4.9 2.302 13.8
NQ 2.7 5.9 0.932 5.6

Note: the reference values are the ground measured values of Ta and e at the five sites.

To further understand the contribution of c estimated by the CLDAS to the estimation
of the all-weather DLR, DOY 062 in 2012 is selected as an example, as many clouds appeared
on this day. The spatial distributions of the values of c over the entire Tibetan Plateau
during the daytime are provided in Figure 6. It can be observed that the cloud fraction over
the Tibetan Plateau was low around sunrise (i.e., between 01:00 and 02:00 UTC) and sunset
(i.e., at 09:00 UTC), whereas almost all the plateau was obscured by clouds at approximately
noon (i.e., between 03:00–08:00 UTC). The value of c is larger in the southeastern part of the
Tibetan Plateau but lower in the northwestern part. The main reason for this phenomenon
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is that the air humidity in the southwestern part is more likely to form thick clouds; in
contrast, the air humidity in the northwest part is lower, which is more likely to produce
broken clouds [43,44].

The influences of the estimated c on the estimated DLR, based on the CLDAS data
for the five ground sites, are further investigated (Figure 7). When the clouds are present,
the estimated DLR would be significantly lower than the ground-measured DLR if the
contribution of the clouds to DLR is not addressed. In contrast, after considering the
contribution of the clouds, the estimated DLR has a much better agreement with the
ground-measured DLR. In addition, the varying trend of the estimated DLR is basically
consistent with the varying trend of the c values. The latter is especially true at the NQ and
AL sites.
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Based on the aforementioned all-weather DLR models, we generate a DLR dataset
with a 0.0625◦ spatial resolution and a 1-h temporal resolution for the entire Tibetan
Plateau. The all-weather DLR at 06:00 UTC on DOY 001, 061, 122, 183, 245, and 305 in
2012 are presented in Figure 8 as examples. As displayed in Figure 1, the elevation of the
southeastern Tibetan Plateau is low (approximately 60 to 4000 m); thus, the atmosphere
in this region is humid and thick. In contrast, the average elevation is higher than 4000 m
in the northwestern plateau, and the atmosphere is dry and thin. The difference in the
atmosphere caused by the variation in elevation directly affected DLR. Therefore, we can
clearly observe that DLR is higher in the southeast region of the Tibetan Plateau than in the
northwest region. The temporal variations in DLR over the Tibetan Plateau are also very
clear. DLR values displayed on DOY 122, 183, and 245 are significantly higher than DLR
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values on DOY 001, 061, and 305. The main reason for this phenomenon is the variance in
Ta in different seasons, as Ta is one of the main input parameters of the DRL model.
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We further compare the all-weather DLR estimated based on CLDAS and the GLASS
Longwave Radiation Product (GLASS-LRP) from the National Earth System Science Data
Center, National Science & Technology Infrastructure of China (http://www.geodata.cn,
accessed on 28 December 2020) [45]. Since GLASS-LRP is estimated based on MODIS
observation data, its temporal resolution is daily, and its spatial resolution is 1 km. Its
observation time is the MODIS overpassing time. In contrast, the temporal and spatial
resolutions of the all-weather DLR are 1 h and 0.0625◦, respectively. Therefore, it is difficult
to accurately match these two data in the temporal and spatial dimensions. Here, these two
DLR data are compared based on the RMSE obtained from this study and the developer of
GLASS-LRP [45]. For GLASS-LRP, the average RMSE is 26.9 W/m2; for the all-weather
DLR, the average RMSE is approximately 26.4 W/m2 [45]. It is evident that the estimated
all-weather DLR has a very similar accuracy to GLASS-LRP. On the one hand, the all-
weather DLR estimated based on the CLDAS dataset has a higher temporal resolution and
all-weather properties; on the other hand, GLASS-LRP has a much better spatial resolution.

http://www.geodata.cn
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5. Conclusions

DLR is a critical parameter for radiation balance, energy budget, and water cycle
studies at regional and global scales. In the past decades, there have been many studies on
parameterization methods for estimating DLR. Based on these methods, several scientists
have used satellite remote sensing data to estimate DLR. So far, most of DLR products
that have been released involve instantaneous DLR products under clear-sky conditions.
Therefore, the current DLR products that have a low temporal resolution and do not include
the all-weather DLR are unable to meet the ever-increasing demands of related studies and
applications. The Tibetan Plateau is a vital region for energy balance and climate change
studies in Asia, even globally. Therefore, a high temporal resolution and the all-weather
DLR are indispensable for related research on the Tibetan Plateau.

In this study, we compare eight models for estimating DLR under clear-sky con-
ditions and six models for estimating DLR under cloudy conditions based on ground
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measurements at nine spatially distributed sites located in the Tibetan Plateau. The results
indicate that the models proposed by Dilley and O’Brien (1998) (i.e., the DO-CK model)
and Lhomme et al. (2007) (i.e., the LH-CL model) are most suitable for clear-sky and cloudy
conditions over the Tibetan Plateau, respectively. For DLR under clear-sky conditions,
estimated by the DO-CK model, the mean RMSE is approximately 22.5 W/m2. For DLR
under cloudy conditions, estimated by the LH-CL model, the mean RMSE is approximately
23.2 W/m2.

Based on the meteorological data provided by the CLDAS dataset, we further combine
these two models to estimate the daytime all-weather DLR with a high temporal resolution
(i.e., 1 h). Results demonstrate that the mean RMSE of the estimated DLR based on the
CLDAS data is approximately 26.4 W/m2, which represents an acceptable level of accuracy.
Thus, estimating DLR based on assimilation data is a very effective way, and the parametric
model is still one of the effective methods for estimating DLR. Meanwhile, based on the
current study, the all-weather DLR with a 1 h temporal and 0.0625◦ spatial resolution
for the entire Tibetan Plateau from 2008 to 2016 is generated. This DLR dataset will be
beneficial to the long-term analysis of the radiation balance and energy budget over the
Tibetan Plateau.
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Appendix A. The Calculation of DSR0

In this study, the theoretical downward solar radiation (DSR0) in clear-sky is used as
one of the main parameters of the cloud fraction. DSR0 is parameterized as [13,20]:

DSR0 = Rexτ = Rex exp(
−0.018q
Kt cos z

) (A1)

where Z and Kt are the solar zenith angle and the turbidity coefficient (Kt = 1 under clear-sky);
q is the atmospheric pressure.

q is calculated based on altitude h (in meters):

q(h) = 1013(1 − (0.0065h/293))5.26 (A2)

Rex in Equation (A1) is parameterized as follows:

Rex = I0d2
r cos Z = I0d2

r (sin ψ sin δ + cos ψ cos δ cos H) (A3)
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where I0 is the solar constant (1367 W/m2); dr is the ratio of the mean sun-earth distance
over the actual measure, depending on the day of the year (D); ψ, δ, and H are the latitude,
solar declination, and hour angle, respectively.

The variables in Equation (A3) can be parameterized as follows:

d2
r = 1 + 0.33 cos(2πD/365) (A4)

δ = 0.409 sin(
2πD
365

− 1.39) (A5)

H = (
π

12
)(12 − ts) (A6)

ts = t + Lc + Sc (A7)

where D and ts (in hour) are the day of year (1–365 or 366) and local solar time, respectively;
Sc is parameterized as follows:

Sc = 0.1645 sin(2 f )− 0.1255 cos( f ) + 0.0250 sin( f ) (A8)

f =
2π(D − 81)

364
(A9)

where t, Lc, and Sc are the local time in hour, the correction for longitude in hour, and the
seasonal correction for the solar time, respectively [13,20].
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