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Improved empirical models
for estimating surface direct
and diffuse solar radiation
at monthly and daily level:
A case study in North China

Yao Feng
Queen’s University, Canada

Dongmei Chen
Queen’s University, Canada

Xinyi Zhao
College of Urban and Environmental Science, Peking University, China

Abstract
Precise knowledge of direct and diffuse solar radiation is important for energy utilization and agricultural
activities. However, field measurements in most areas of the world are only for total solar radiation. The
satellite-retrieved direct and diffuse solar radiation show poor performance under overcast skies. Therefore,
better empirical models are needed to estimate direct and diffuse solar radiation by considering the impact of
aerosols over polluted regions. A case study is conducted in North China with the ground-measured solar
radiation and satellite-retrieved aerosol optical depth to improve new empirical models at monthly (from
2000 to 2016) and daily (from 2006 to 2009) level. The improved empirical models are validated using the
field measurements and compared with the existing models. Results suggest that these models perform well
in estimating direct solar radiation at monthly (R2 ¼ 0.86–0.91, RMSE ¼ 0.76–0.83 MJ/m2) and daily (R2 ¼
0.91–0.94, RMSE ¼ 1.51–1.64 MJ/m2) level. The accuracy of estimated monthly (R2 ¼ 0.95–0.96, RMSE ¼
0.57–0.65 MJ/m2) and daily (R2¼ 0.91–0.93, RMSE¼ 1.09–1.15 MJ/m2) diffuse solar radiation, particularly the
maximum diffuse solar radiation value, has been improved compared to the existing models. The models
presented in this study can be useful in the improvement and evaluation of solar radiation dataset over
polluted regions similar to North China.

Keywords
Direct solar radiation, diffuse solar radiation, aerosols, empirical model, North China

I Introduction

Solar radiation is the key energy source for

many physical and biological processes on the

Earth. Total solar radiation (total radiation)

passing through the atmosphere comprises the
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direct and diffuse components (Qian et al.,

2007). Direct solar radiation (direct radiation),

the direct beam radiation on the horizontal sur-

face, also known as direct normal irradiance, is

important for the heat gain of buildings (Paula

et al., 2016) and solar power project (Polo et al.,

2016). Diffuse solar radiation (diffuse radia-

tion), radiation that has been scattered by mole-

cules and particles in the atmosphere, plays an

active role in thermal, chemical and biological

processes on the Earth surface (Mubiru and

Banda, 2007; Pedruzo-Bagazgoitia et al.,

2017; Yue and Unger, 2017). Therefore, knowl-

edge of total radiation alone is not sufficient,

precise information of direct and diffuse radia-

tion is also essential.

Field measurements of direct and diffuse

radiation are not available for most areas of the

world due to the high technical and financial

costs. Satellite products and reanalysis data pro-

vide estimates of solar radiation, which have

been evaluated by comparing with field mea-

surements (Ineichen, 2014; Urraca et al., 2017,

2018). Despite some good estimates (Amillo

et al., 2014; Bakirci and Kirtiloglu, 2018),

Alonso-Montesinos et al. (2015) have con-

cluded that the accuracy of satellite-derived

direct and diffuse radiation is overall lower than

that of total radiation and that it is the best under

cloudless skies but the worst under overcast

skies. Frank et al. (2018) have also found over-

estimates of global horizontal radiation by rea-

nalysis data in cloudy skies. Given these facts,

empirical models have been widely developed

to estimate direct and diffuse radiation.

Liu and Jordan (1960) have presented the

relationships of direct, diffuse and total radia-

tion on both clear and cloudy days from hourly,

daily and monthly scales. Since then, the esti-

mations of direct and diffuse radiation have

been improved by various empirically-derived

models (Jiang, 2009; Mubiru and Banda, 2007;

Zhang et al., 2017). Clearness index, the ratio of

total radiation to extraterrestrial radiation, intro-

duced by Erbs et al. (1982), has been a useful

factor in estimating diffuse radiation (Boukelia

et al., 2014; Bakirci and Kirtiloglu, 2018).

Besides, sunshine duration, the most common

type of solar radiation measurements, is also

used for estimating diffuse radiation (Jiang,

2009; Sabzpooshani and Mohammadi, 2014).

Li et al. (2011, 2012) have improved the

temperature-based solar radiation model

(Maghrabi, 2009) by incorporating relative

humidity in estimating monthly diffuse radia-

tion. Yao et al. (2015) have also developed a

new anisotropic model based on the concept

of radiation intensity to estimate diffuse radia-

tion. In contrast, very few models have been

developed to estimate direct radiation (Safari-

pour and Mehrabian, 2011; Spitters et al., 1986).

Despite the good general estimates world-

wide, these models may not perform well in

heavy polluted region where solar radiation

would be highly altered by aerosols. In the

recent decade, the aerosol-effect on solar radia-

tion has been extensively discussed (Boers

et al., 2017; Kim and Ramanathan, 2008; Yang

et al., 2009). High aerosol concentration can

decrease the duration and intensity of sunshine

(Kaiser, 2002), reduce total radiation along with

the increasing diffuse radiation (Qian et al.,

2007). Zeng et al. (2018) have concluded that

the estimation accuracy of solar radiation can be

limited by using only sunshine duration without

considering aerosols. Fernández-Peruchena

et al. (2010) have estimated solar radiation

using aerosol optical depth by a clear sky model.

Therefore, further efforts are needed to improve

the empirical models for estimating direct and

diffuse radiation by considering the aerosol-

effect over heavily polluted regions under all

sky conditions.

The objective of this study is to improve

empirical models for estimating direct and dif-

fuse radiation by considering aerosols over pol-

luted regions at monthly (from 2000 to 2016)

and daily (from 2006 to 2009) level. A case

study is conducted in North China (NC), a very

populated and polluted region featured by an
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increasing proportion of anthropogenic aero-

sols. The improved empirical models are vali-

dated using the field measurements and also

compared with the existing empirical models

to evlaute the estimation accuracy and

performance.

II Data and method

2.1 Data preprocessing

2.1.1 Ground-measured solar radiation. The solar

radiation dataset was obtained from the China

Meteorological Data Sharing System (CMDSS,

http://cdc.cma.gov.cn/) including daily total,

direct and diffuse radiation (unit: MJ/m2). This

dataset has been through the preliminary quality

checks. Two meteorological and radiometric

stations (Beijing 54511 and Zhengzhou 57083)

located in NC, with over 99.9% daily total,

direct and diffuse radiation from 2000 to 2016,

were used to develop and validate the improved

empirical models. Daily sunshine duration

(unit: hour), the key measurement of solar radia-

tion reaching the Earth’s surface, was also col-

lected at the two stations from the CMDSS for

the same period. The few missing data in the

two radiation datasets were interpolated with a

three-day average moving window. Figure 1

presents the location of the study area and the

spatial distribution of the two stations.

2.1.2 Satellite-retrieved aerosol concentration. To

study the impact of the aerosol on solar radia-

tion at the Earth’s surface, satellite-retrieved

aerosol optical depth (AOD) was collected

from the Terra (MOD) and Aqua (MYD)

platforms onboard the Moderate Resolution

Imaging Spectroradiometer (MODIS). The

spatial resolution is 1��1�. The MODIS

instruments on the Terra and Aqua platforms

Figure 1. Location of the study area (North China, NC) and spatial distribution of the two stations in North
China. The study area is defined by Xu et al. (2015), who have divided China into six regions including North
China (NC) Southwest (SW), Southeast (SE), Northeast (NE), Northwest (NW) China and the Tibet Plateau
(TP) according to the social-economical and geo-climatic conditions.

Feng et al. 3
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scan the same area on Earth at approximately

10:30 am and 1:30 pm (local time), respec-

tively. AOD, an effective indicator of aerosol

concentration, is the degree to which aerosols

prevent the transmission of light by absorp-

tion or scattering. Monthly AOD was col-

lected from the Terra platform (MOD08M3)

for the 2000–2016 period given few monthly

AOD data from the Aqua platform. Daily

AOD was collected from both platforms for

four normal calendar years from 2006 to

2009 to increase the number of available

daily AOD data.

At monthly level, there are generally more

than 181 months’ AOD data available for

2000 to 2016. The few missing monthly

AOD data were interpolated by the seasonal

average given the strong seasonality of AOD

(Feng, Chen, Ouyang, et al., 2018). At daily

level, considering more AOD data with

higher accuracy from the Terra platform

(Segura et al., 2012), the missing AOD data

from the Terra platform were filled with

available AOD data from the Aqua platform

to increase the number of daily AOD data.

Despite the increased number, there are still

42.50–46.80% missing daily AOD data from

2006 to 2009, mainly detected in winter. To

spare any biases introduced by different

interpolation methods, daily direct and dif-

fuse radiation are separately estimated on

days with or without AOD data.

2.2 Model development

2.2.1 Model development at monthly level. Corre-

lations between aerosol concentration ðAODÞ,
sunshine duration ðSSDÞ, total radiation ðRÞ,
direct radiation ðRdirectÞ, and diffuse fraction

(Rdiffuse=R, the fraction of diffuse radiation in

total radiation) are analyzed using Pearson cor-

relation coefficients at each station (Table 1).

Meanwhile, scatterplots of the predictor vari-

ables ðAOD; SSD;RÞ against the response

variables ðRdirect;Rdiffuse=RÞ from the two sta-

tions are drawn in Figure 2.

Direct radiation, the part of total radiation that

directly reaches the Earth’s surface (Qian et al.,

2007), can be measured by sunshine duration.

More direct and total radiation are in reasonable

agreement with longer sunshine duration. There-

fore, there are significant (p < 0.01) positive cor-

relations between direct radiation and sunshine

duration modified by total radiation. However,

the increase of direct radiation caused by longer

sunshine duration may reduce the proportion of

diffuse radiation in a given total radiation. Mean-

while, atmospheric aerosols can greatly increase

diffuse radiation via scattering and reflection.

Hence, diffuse fraction is significantly (p <

0.01) negatively correlated with sunshine dura-

tion but positively correlated with aerosol con-

centration at the two stations.

Scatterplots reveal first-order polynomial

correlations between direct radiation and sun-

shine duration modified by total radiation (Fig-

ure 2a), between diffuse fraction and sunshine

duration (Figure 2b) and aerosol concentration

(Figure 2c). Thereby, direct radiation can be

estimated using total radiation and sunshine

duration, whereas diffuse fraction is influenced

by sunshine duration and aerosol concentration.

Based on the analysis above, two empirical

models are developed to estimate direct and dif-

fuse radiation at monthly level, as shown in

equation (1)

Table 1. Correlation coefficients between
Rdirect; Rdiffuse=R and SSD� R; SSD; AOD at monthly
level at each station.

Station ID

Rdirect Rdiffuse=R

SSD� R SSD AOD

54511 0.95** �0.43** 0.74**
57083 0.93** �0.50** 0.55**

** suggests that correlation coefficients are statistically
significant at 0.01 significance level.
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Rdirect ¼ a1 � R� SSDþ b1

Rdiffuse

R
¼ a2 � SSDþ b2 � AODþ c2

ð1Þ

where a; b; c are coefficients to be determined.

2.2.2 Model development at daily level. Similar

analysis is conducted at daily level with the

Pearson correlation coefficients and scatterplots

presented in Table 2 and Figure 3, respectively.

At daily level, similar to that at monthly

level, there are significant (p < 0.01) positive

correlations between direct radiation and sun-

shine duration from 2006 to 2009. Since the sum

of direct and diffuse radiation is total radiation,

the increased diffuse fraction by aerosols can

reduce direct fraction. Therefore, there are neg-

ative correlations between direct fraction and

aerosol concentration. Similar significant (p <

0.01) correlations between diffuse fraction and

sunshine duration, aerosol concentration at

monthly level are also detected at daily level.

Scatterplots suggest second-order polyno-

mial correlations between direct radiation and

sunshine duration (Figure 3a), and between

direct fraction and aerosol concentration (Fig-

ure 3b) but they are opposite in signs. Mean-

while, diffuse fraction suggests a first-order

polynomial correlation with sunshine duration

(Figure 3c) but a logarithmic correlation with

aerosol concentration (Figure 3d). Thereby, at

daily level, direct radiation increases in line

with sunshine duration, whereas diffuse fraction

cannot always increase with aerosol concentra-

tion as diffuse radiation cannot exceed total

radiation and total radiation can be reduced by

aerosols (Chou et al., 2006; Qian et al., 2007).

Based on the analysis above, two models

incorporating three scenarios (S1–S3) are

developed to estimate daily direct and diffuse

radiation. S1 refers to the scenario where sun-

shine duration is zero. S2 and S3 refer to the

scenarios with or without daily AOD data,

respectively.

In S1 where sunshine duration (SSD) is zero,

direct and diffuse radiation are estimated as in

equation (2)

Rdirect � 0

Rdiffuse � R
ð2Þ

Two weather conditions are considered in S1;

one is the overcast or heavily polluted days

when diffuse radiation is almost equal to total

radiation whereas direct radiation is close to

zero ( and Rdirect � 0); the other is rainy days

without any solar radiation (Rdiffuse � Rdirect �
R ¼ 0).

Figure 2. Scatterplots of Rdirect; Rdiffuse=R against SSD� R; SSD; AOD at monthly level from the two stations.

Table 2. Correlation coefficients between
Rdirect; Rdirect=R; Rdiffuse=R and SSD; AOD at daily level
from the two stations.

Year

Rdirect Rdirect=R Rdiffuse=R

SSD AOD SSD AOD

Y2006 0.86** �0.82** �0.83** 0.82**
Y2007 0.87** �0.75** �0.81** 0.75**
Y2008 0.86** �0.79** �0.80** 0.79**
Y2009 0.89** �0.84** �0.74** 0.84**

** suggests that correlation coefficients are statistically
significant at 0.01 significance level.

Feng et al. 5



In S2 where aerosol optical depth (AOD) and

sunshine duration (SSD) are both available,

based on Table 2 and Figure 3, direct and diffuse

radiation are estimated as in equation (3)

Rdirect

R
¼ a3 � AOD2 þ b3 � AODþ c3

Rdiffuse

R
¼ a4 � SSDþ b4 � logðAODÞ þ c4

ð3Þ
In S3 where aerosol optical depth (AOD) is

not available, alternative methods are applied.

Direct radiation is estimated as in equation (4)

Rdirect ¼ a5 � SSD2 þ b5 � SSDþ c5 ð4Þ
where a; b; c are coefficients to be determined.

Meanwhile, the method from Erbs et al.

(1982) in equation (5) is used to estimate daily

diffuse radiation. So far, all the empirical mod-

els have been developed.

For ws < 1:4208

Rdiffuse

R
¼ 1:0� 0:2727KT þ 2:4495� KT

2

� 11:9514� KT
3 þ 9:3879

�KT
4 for KT < 0:715

Rdiffuse

R
¼ 0:143 for KT � 0:715

For ws � 1:4208

Rdiffuse

R
¼ 1:0þ 0:2832� KT � 2:5557� KT

2

þ 0:8448� KT
3 for KT < 0:722

Rdiffuse

R
¼ 0:175 for KT � 0:722

KT ¼
R

R0

ð5Þ

where KT is the clearness index, ws is sunset

hour angle and R0 is the extraterrestrial radiation.

2.3 Model validation

Measurements at each station are used to cali-

brate and validate these models for the initial

model validation. Once these models perform

well at each station, measurements from the two

stations are used to calibrate and validate those

models for regional application. Apart from the

initial model validation, another two types of

model validations are conducted. One is the

validation of the empirical models between

the two stations (the Type I validation), and the

other is the comparisons between the empirical

models presented in this study and the existing

models in previous studies at the two stations

(the Type II validation). The Type I validation

ensures that the empirical models developed at

site are applicable on a large regional scale. The

Type II validation highlights the significance of

aerosols in estimating diffuse radiation over

heavy polluted regions.

In the Type I validation, the empirical models

are calibrated using measurements from one sta-

tion. Based on the calibrated models and mea-

surements from the other station, the estimated

direct and diffuse radiation are compared with

Figure 3. Scatterplots of Rdirect; Rdirect; =R; Rdiffuse=R against SSD; AOD at daily level from the two stations. Take
the year 2006 as an example.
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the field measurements to validate the models.

The Type I validation is applied to all empirical

models presented in this study.

In the Type II validation, only the empirical

models for estimating diffuse radiation at

monthly and daily level are compared with

those existing models in previous studies. At

monthly level, according to Li et al. (2011,

2012), diffuse radiation ðRdiffuseÞ is estimated

using extraterrestrial radiation ðR0Þ, actual and

maximum sunshine duration ðS; S0Þ, surface

temperature ðTaÞ and relative humidity ðRhÞ as

in equations (6-1) and (6-2). At daily level, Erbs

et al. (1982) have proposed to estimate daily

diffuse radiation using clearness index as in

equation (5). These existing models mentioned

above are compared with the empirical models

in this study.

Rdiffuse

R
¼ aþ b

S

S0

 !
þ c

S

S0

 !2

þ d
S

S0

 !3

ð6� 1Þ

Rdiffuse

R0

¼ aþ b
S

S0

 !
þ clog

S

S0

 !
þ dTa þ eRh

ð6� 2Þ
In all the model validations, the coefficient

of determination (R2) and root mean square

error (RMSE) are used to indicate the estima-

tion accuracy.

III Results and discussions

3.1 Model calibration at monthly level

Sunshine duration, total radiation and

aerosol concentration at each station are

used to calibrate two models in equation

(1) with the measured direct and diffuse

radiation for model validation. Both empiri-

cal models show good performance in esti-

mating monthly direct (R2 ¼ 0.86–0.91) and

diffuse (R2 ¼ 0.96) radiation at each station

(Figure 4).

Then, measurements from both stations are

used to calibrate the two generic models in

equation (1) as suggested in equations (1-1)

and (1-2), respectively. Figure 5 presents the

validations of the calibrated models. Both

models perform well in estimating monthly

direct (R2 ¼ 0.89) and diffuse (R2 ¼ 0.95)

radiation. In combination with the initial vali-

dations at each station in Figure 4, two

empirical models at monthly level can

explain 86–91% of direct radiation variations

and 95–96% of diffuse radiation variations,

which confirms the reliability and application

of both models.

Rdirect ¼ 0:0516� SSD� Rþ 1:6999 ð1� 1Þ

Figure 4. Comparisons of the observed against the estimated monthly direct and diffuse radiation at each
station using equation (1).

Feng et al. 7



Rdiffuse

R
¼ �0:0387� SSDþ 0:1778� AODþ 0:6362

ð1� 2Þ

3.2 Model calibration at daily level

3.2.1 Daily direct radiation. The empirical model

for daily direct radiation is calibrated and ini-

tially validated at each station in S2 and S3

(Table 3). The estimated direct radiation can

reach a good agreement with field measure-

ments at both stations under two scenarios.

Then, measurements from two stations are

used to calibrate and validate the empirical

models for daily direct radiation in S2 and S3

(Tables 4 and 5). Despite the slight differences,

similar coefficients and good performance are

suggested in S2 (R2� 0.88) and S3 (R2� 0.89)

in four years.

Then, three scenarios (S1–S3) are all consid-

ered to estimate daily direct radiation at two

stations in each year (Figure 6). Results suggest

that the empirical model incorporating three

scenarios performs well in estimating daily

direct radiation (R2 ¼ 0.91–0.94, RMSE ¼
1.51–1.64 MJ/m2) from 2006 to 2009.

3.2.2 Daily diffuse radiation. Similarly, the empiri-

cal model for daily diffuse radiation is cali-

brated and initially validated at each station in

S2 (Table 6). The estimated diffuse radiation

can reach a good agreement with field measure-

ments on both stations in S2 in four years.

Then, measurements from two stations are

used to calibrate and validate the empirical

model for daily diffuse radiation in S2

(Table 7). Despite the differences in coeffi-

cients, the estimated daily diffuse radiation

suggests a good agreement with field measure-

ments in S2 (R2 � 0.85) from 2006 to 2009.

Diffuse radiation in S3 (where daily AOD is

not available) is estimated using the method

from Erbs et al. (equation (5)), which has been

proved as a reliable method in estimating daily

diffuse radiation (Feng, Chen and Zhao, 2018).

Difference between the improved empirical

model and the Erbs et al. method is discussed

in Section 3.3.2.

Then, three scenarios (S1–S3) are all consid-

ered to estimate daily diffuse radiation over two

stations in each year (Figure 7). Results suggest

that the empirical model incorporating three

scenarios shows a good performance in estimat-

ing daily diffuse radiation (R2 ¼ 0.91–0.93,

RMSE ¼ 1.09–1.15 MJ/m2) from 2006 to 2009.

3.3 Model validation

3.3.1 Type I validation at monthly and daily level. In

the Type I validation, measurements from one

station (Beijing, 54511) are used for model cali-

bration and measurements from the other station

(Zhengzhou, 57083) are used for model valida-

tion (Figure 8). R2 and RMSE suggest high esti-

mation accuracy of four models for estimating

direct and diffuse radiation at monthly and daily

level. This confirms that the empirical models

developed at site (one or two stations) in this

study can be applied to a larger region (North

China) with reliable estimates of direct and dif-

fuse radiation.

3.3.2 Type II validation at monthly level. Monthly

diffuse radiation estimated by the methods from

Li et al. (2011, 2012) (equations (6-1) and (6-2))

can reach a good agreement with field

Figure 5. Comparisons of the observed against the
estimated monthly direct and diffuse radiation using
equations (1-1) and (1-2).
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measurements (Figure 9), whereas the improved

model in equation (1) obtains better estimates

(R2 ¼ 0.96, RMSE ¼ 0.57–0.59 MJ/m2).

Besides, comparisons of the estimates and the

measurements suggest that our model can

improve the estimation accuracy of monthly

maximum diffuse radiation (Figure 10).

Additionally, differences of diffuse radiation

ðDRdiffuseÞ between the estimates by equations

(6-1) and (6-2) and the measurements are sig-

nificantly (p < 0.01) correlated with monthly

AOD (Table 8), which highlights the signifi-

cance of aerosols in improving the estimation

accuracy of diffuse radiation.

According to the previous study at the two

stations in North China (Feng, Chen and Zhao,

2018), the Erbs et al. method (1982) can have a

good estimate of monthly diffuse radiation

(R2 ¼ 0.96, RMSE ¼ 0.59–0.92 MJ/m2) using

the clearness index. The method from Chen

et al. (1999) can significantly underestimate dif-

fuse radiation (R2 ¼ 0.95–0.96, RMSE ¼ 1.78–

2.55 MJ/m2) by not considering aerosols. In

addition, another model in the work of Li

et al. (2011) also fails to reach a good estimate

of the maximum monthly diffuse radiation

value (R2 ¼ 0.91–0.93, RMSE ¼ 0.80–0.93

MJ/m2). These comparisons reveal that the esti-

mates of monthly diffuse radiation, particularly

the maximum diffuse radiation, can be signifi-

cantly improved by our empirical model (R2 ¼
0.96, RMSE ¼ 0.57–0.59 MJ/m2).

3.3.3 Type II validation at daily level. The Erbs et al.

(1982) method performs well in estimating

daily diffuse radiation (R2 ¼ 0.89–0.94,

RMSE ¼ 1.20–1.28 MJ/m2) and therefore can

be an optimum method when daily AOD is not

available (Figure 11). However, clearness index

ðKT Þ, the ratio of total radiation to extraterres-

trial radiation, is directly modified by total

radiation instead of atmospheric components

like aerosols. Besides, extraterrestrial radiation

Table 3. Comparisons of the observed and the estimated daily direct radiation in S2 (where daily AOD is
available) and S3 (where daily AOD is not available) at each station in each year.

Y2006 Y2007 Y2008 Y2009

Station ID R2 RMSE R2 RMSE R2 RMSE R2 RMSE

S2 54511 0.90 1.70 0.91 1.88 0.89 1.87 0.93 1.90
57083 0.89 1.85 0.86 1.82 0.86 1.75 0.89 1.87

S3 54511 0.92 1.19 0.89 1.24 0.92 1.09 0.92 0.75
57083 0.79 0.93 0.84 0.81 0.83 1.91 0.89 1.23

Table 4. Coefficients in equation (3) to estimate
daily direct radiation and the comparisons of the
observed and the estimated daily direct radiation
by R2 and RMSE in S2 (where daily AOD is available)
in four years.

S2 aðAOD2Þ bðAODÞ c R2 RMSE

Y2006 0.079 �0.491 0.823 0.89 0.79
Y2007 0.072 �0.464 0.803 0.88 1.99
Y2008 0.071 �0.453 0.800 0.88 1.83
Y2009 0.075 �0.491 0.845 0.91 1.95

Table 5. Coefficients in equation (4) to estimate
daily direct radiation and the comparisons of the
observed and the estimated daily direct radiation
by R2 and RMSE in S3 (where daily AOD is not avail-
able) in four years.

S3 aðSSD2Þ bðSSDÞ c R2 RMSE

Y2006 0.126 �0.198 0.243 0.90 1.11
Y2007 0.104 �0.037 0.178 0.89 1.05
Y2008 0.105 �0.043 0.260 0.89 1.10
Y2009 0.113 �0.097 0.175 0.89 1.11

Feng et al. 9



varies only spatially rather than temporally,

which is fixed for a given location. In this case,

the Erbs et al. (1982) method relating diffuse

fraction ðRdiffuse=RÞ as a function of KT limits

the estimation accuracy of daily maximum dif-

fuse radiation. Therefore, it is important to con-

sider aerosols when estimating daily diffuse

radiation.

Aerosol concentration is also referred when

comparing the two methods. Both stations and

Figure 6. Scatterplots of the observed against the estimated daily direct radiation using the improved
empirical model.

Table 6. Comparisons of the observed and the estimated daily diffuse radiation in S2 (where daily AOD is
available) at each station in each year.

S2
Y2006 Y2007 Y2008 Y2009

Station ID R2 RMSE R2 RMSE R2 RMSE R2 RMSE

54511 0.87 1.39 0.86 1.34 0.89 1.43 0.83 1.09
57083 0.86 1.26 0.86 1.36 0.92 1.18 0.86 1.41

Table 7. Coefficients in equation (3) to estimate
daily diffuse radiation in S2 (where daily AOD is
available) from 2006 to 2009 and the comparisons
of the observed and the estimated daily diffuse radia-
tion indicated by R2 and RMSE.

S2 aðSSDÞ bðlogðAODÞÞ c R2 RMSE

Y2006 �0.033 0.169 0.844 0.87 1.33
Y2007 �0.036 0.161 0.866 0.87 1.32
Y2008 �0.033 0.161 0.843 0.90 1.24
Y2009 �0.037 0.159 0.871 0.85 1.38

Figure 7. Scatterplots of the observed against the estimated daily diffuse radiation using the improved
empirical model.
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Figure 8. Type I validations of four improved empirical models at monthly (a, b) and daily (c, d) level. Only
results in the year 2006 are shown at daily level.

Figure 9. Scatterplots of the observed against the estimated monthly diffuse radiation at each station using
equations (6-1) and (6-2).

Figure 10. Comparisons of the observed and the estimated monthly diffuse radiation by the improved
model in this study equation (1) and the model in previous study at each station. Here, only the model in
equation (6-1) is taken for an example.
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NC suggest that aerosol concentration is higher

in 2006 but lower in 2009 (Figure 12). Com-

pared to the estimates from Erbs et al. (1982)

(R2 ¼ 0.89, RMSE ¼ 1.28 MJ/m2), our method

shows great improvement in estimating daily

diffuse radiation (R2 ¼ 0.91, RMSE ¼
1.14 MJ/m2) in 2006. In 2009, despite slightly

lower R2 (0.91), still, our method obtains

smaller RMSE (1.15 MJ/m2). Particularly, dif-

ferent from the Erbs et al. (1982) method, our

model can improve the estimation accuracy of

daily diffuse radiation, particularly the daily

maximum diffuse radiation value, by consider-

ing different sky conditions. Therefore, it is

more applicable in regions with high aerosol

concentration.

IV Conclusions

Empirical models are improved to estimate

direct and diffuse radiation at monthly and daily

level in heavily polluted regions using the

ground-measured total radiation, sunshine dura-

tion and satellite-retrieved aerosol concentra-

tion. Results of the case study in North China

reveal that the improved empirical models per-

form well in estimating monthly (R2 ¼ 0.86–

0.91, RMSE ¼ 0.76–0.83 MJ/m2) and daily

(R2 ¼ 0.91–0.94, RMSE ¼ 1.51–1.64 MJ/m2)

direct radiation, and the estimation accuracy

of monthly (R2 ¼ 0.95–0.96, RMSE ¼ 0.57–

0.65 MJ/m2) and daily (R2 ¼ 0.91–0.93, RMSE

Table 8. Correlation between Ddiffuse radiation
and AOD at monthly level at the two stations.

Station ID Equation 6-1 Equation 6-2

54511 0.51** 0.33**
57083 0.65** 0.44**

** suggests the correlation coefficients are statistically
significant at 0.01 significance level.

Figure 11. Scatterplots of the observed against the estimated daily diffuse radiation from two stations using
equation (5).

Figure 12. Annual average aerosol optical depth at each station and NC in four years.
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¼ 1.09–1.15 MJ/m2) diffuse radiation, particu-

larly the maximum diffuse radiation value, have

been improved compared to the existing

methods.

Since the ground-measured total radiation

and sunshine duration are more readily available

and the satellite-based aerosol concentration is

open for access, models presented in this study

can be applicable in polluted regions featured

by high anthropogenic aerosol concentration

similar to North China. However, certain limita-

tions of these empirical models should be men-

tioned. First, when these empirical models

based on two stations are applied at the regional

level, the estimates of direct and diffuse radia-

tion are subjected to some uncertainties due to

the varying stationary conditions such as the

meteorology and air pollution. Despite these

uncertainties, these models still provide a reli-

able improvement in the estimation accuracy of

direct and diffuse radiation over the highly-

polluted region. Besides, different from the

fine-mode anthropogenic aerosols which can

increase diffuse fraction, the coarse-mode natu-

ral aerosols, such as sands or dust in Northwest

China, may reduce diffuse fraction rather than

increase it (Feng and Li, 2018). Therefore, the

empirical models for diffuse radiation will need

further calibration with more ground-measured

data over different regions featured by varied

aerosol types and levels. Additionally, in

regions with relatively good air quality, where

the aerosol-effect on solar radiation may be neg-

ligible, these models may have no significant

improvement in the estimation accuracy of

direct and diffuse radiation. Future efforts are

still needed to improve those models based on

more in situ measurements with specific cali-

brations for different aerosol types or under dif-

ferent aerosol concentration levels.
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