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ABSTRACT

Sunshine duration (SD) is strongly correlated with solar radiation, and is most widely used to estimate
the latter. This study builds a remote sensing model on a 100 m x 100 m spatial resolution to estimate
SD for the Ningxia Hui Autonomous Region, China. Digital elevation model (DEM) data are employed
to reflect topography, and moderate-resolution imaging spectroradiometer (MODIS) cloud products (Aqua
MYDO06_L2 and Terra MODO06_L2) are used to estimate sunshine percentage. Based on the terrain (e.g.,
slope, aspect, and terrain shadowing degree) and the atmospheric conditions (e.g., air molecules, aerosols,
moisture, cloud cover, and cloud types), observation data from weather stations are also incorporated into
the model. Verification results indicate that the model simulations match reasonably with the observations,
with the average relative error of the total daily SD being 2.21%. Further data analysis reveals that the
variation of the estimated SD is consistent with that of the maximum possible SD; its spatial variation is
so substantial that the estimated SD differs significantly between the south-facing and north-facing slopes,
and its seasonal variation is also large throughout the year.
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1. Introduction

Sunshine duration (SD) is an important indica-
tor of the amount of solar radiation received in a re-
gion. Adequate sunshine not only increases air tem-
perature and effective accumulated temperature but
also aids photosynthesis in plants, thereby promoting
their growth. SD is the most visible manifestation of
solar radiation (Watson and Albritton, 2001), and it
is strongly correlated with solar radiation (Takenaka,
1988; Ertekin and Evrendilek, 2007). As a result, SD
is the most widely used parameter to estimate solar
radiation (Yin, 1957; Weng, 1964; Sen, 2001; Sen and
Oztopal, 2003). Many empirical models for the predic-

tion of solar radiation from SD have been developed
(Angstrom, 1924; Ertekin and Evrendilek, 2007). SD
is also an important parameter in the study of ecosys-
tem process models, hydrological simulation models,
and biophysical models (Weng, 1997).

SD is affected by terrain factors (e.g., slope, as-
pect, and terrain shadowing degree) and atmospheric
factors (e.g., air molecules, aerosols, moisture, cloud
cover, and cloud types). Here, we use digital ele-
vation model (DEM) data to comprehensively reflect
the terrain. These data (with different resolutions)
have unique abilities to reflect and characterize ter-
rain. However, due to certain restrictions (e.g., com-

putation speed and model efficiency), the calculation
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model is rarely applied to DEM data on the 1:250000
scale in large-scale distribution modeling research (Li
et al., 2008). Additionally, we use the sunshine per-
centage estimated from the moderate-resolution imag-
ing spectroradiometer (MODIS) cloud products (the
Aqua MYDO06_12 and the Terra MOD06_1.2) to com-
prehensively reflect the atmosphere because clouds
strongly affect the solar radiation on the earth’s sur-
face (Suehrcke et al., 2013). The sunshine percentage
is also known as the sunshine fraction, i.e., the ratio
between the actual sunshine duration and the possi-
ble sunshine duration. The possible sunshine duration
must be measured on a day that is entirely cloudless.

SD is calculated by using the maximum possible
SD (MPSD) and sunshine percentage. Traditionally,
the calculation of SD has been achieved by three ma-
jor methods: the empirical equation method (Wang,
1993), the analytical method (Fu, 1958; Zhu, 1988),
and the graphical method (Weng et al., 1981; Sun and
Fu, 1996). With the development of space technology,
many researchers have tried to improve the simulation
accuracy with regard to the calculation of SD. The
simulation accuracy of the portion of the MPSD used
in the calculation of SD was improved with the de-
velopment and promotion of the DEM (Moore et al.,
1991). Dozier and Outcalt (1979) proposed that using
the DEM to simulate solar radiation enabled a digital
approach to explore the effect of terrain on the MPSD.
Hetrick et al. (1993), Dubayah et al. (1990), Kumar
et al. (1997), and Bocquet (1984) studied the MPSD
in mountains with regard to the influence of terrain
on solar radiation by applying the geographic infor-
mation system (GIS). Zeng et al. (2003) investigated
the spatial distribution of MPSD in China using data
at a spatial resolution of 1 km x 1 km by establish-
ing a distribution model for MPSD in rugged terrains.
Chen et al. (2002) and Yuan et al. (2008) used the
sunshine percentage from the routine observation data
at weather stations to calculate the actual SD in spe-
cific research areas. Some researchers have attempted
to estimate SD from satellite data, which provide bet-
ter spatial coverage and representation (Good, 2010;
Shamim et al., 2012; Bertrand et al., 2013). Shamim
et al. (2012) presented an improved model for global
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SD estimation. The methodology incorporated geosta-
tionary satellite images by including snow cover infor-
mation, sun and satellite angles, and a trend correction
factor for seasons for the determination of cloud cover
index.

Based on previous studies, we now consider the
effects of both terrain and atmospheric factors by us-
ing the DEM data for the Ningxia Hui Autonomous
Region (abbreviated as Ningxia hereafter) to establish
a distribution model of MPSD and by using the 2003
daily MODIS cloud products to construct a remote
sensing estimation model for sunshine percentage. As
a result, we completed the estimation of SD in Ningxia
based on the MODIS cloud cover data. Section 2 de-
scribes the climate of Ningxia. Section 3 describes the
data used in the current study and the primary meth-
ods. Section 4 presents a systematic analysis of the
SD estimation results. The discussion and conclusions

are presented in Sections 5 and 6, respectively.
2. Climatic conditions in Ningxia, China

Ningxia is located in 35°14’-39°23'N, 104°17'—
107°39'E, and its capital city, Yinchuan, is located in
the center of the region, upstream of the Yellow River
in western China. This region spans 456 km north to
south and 250 km west to east, covering an area of
approximately 66000 km?.

Two climates occur in Ningxia: the eastern mon-
The

region is close to the Qinghai-Tibetan alpine area,

soon climate and the northwest arid climate.

placing it approximately at the transition zone of
three natural regions: the eastern monsoon region, the
northwest arid and semiarid region, and the Qinghai-
Tibetan alpine region. According to historical records
of standard weather stations, the annual average tem-
perature of Ningxia is approximately 8.2°C, and the

average annual rainfall is approximately 272.6 mm.
3. Data and methods

3.1 Data

The data used for this study consist of:

(1) Observations obtained by weather stations in
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Ningxia, including the monthly average total cloud
cover and low cloud cover, and SD observed from stan-
dard weather stations in 2003, as well as the monthly
average SD at the intensive observation stations during
the same year. The observational data at the standard
weather stations are used to develop the remote sens-
ing model for estimating the SD, and the data from
the intensive observation weather stations are used
to assess the model error. These data are provided
by the National Meteorological Information Center of
the China Meteorological Administration and are sub-
jected to strict quality control. Figure 1 presents a
distribution map of standard and intensive observa-
tion weather stations in Ningxia.

(2) Satellite remote sensing data, including
the daily TERRA/MODIS (MODO06_12) and the
Aqua/MODIS (MYDO06_L2) cloud data for Ningxia
and its surrounding regions in 2003, with a spatial res-
olution of 5 km x 5 km. These data are obtained from

the TERRA/MODIS and Aqua/MODIS image total
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Fig. 1. Distribution of the standard and intensive obser-

vation weather stations in Ningxia.

VOL.29

daily cloud cover data by using a geometric correc-
tion — image mosaic — total daily cloud cover im-
age superposition procedure. Due to movement of the
sensing platform, undulating terrain, curvature of the
earth’s surface, atmospheric refraction, and the earth’s
rotation, the remote sensing image distortion occurs
for a given geometric position. Through geometric cor-
rection, such problems can be solved. Due to changes
in the scanning position, the cloud cover of the study
area is distributed over multiple sets of images. An
image mosaic is constructed by splicing a series of flat
images together to create a continuous panoramic im-
age. The cloud cover for 15 April 2003 was obtained by
using geometric correction, image mosaic, and cloud
cover image superposition, as shown in Fig. 2.

(3) National basic geographic data, including the
DEM (100 m x 100 m) data for Ningxia, an adminis-

trative map of Ningxia, and basic geographic informa-
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Fig. 2. The cloud cover over Ningxia on 15 April 2003,
obtained by using geometric correction, image mosaic, and

a cloud cover image superposition procedure.
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tion collected from the standard and intensive obser-
vation weather stations.

The data used for this study are subjected to rig-
orous quality control. The software used for data anal-
ysis includes SPSS (Statistical Package for the Social
Sciences), Access database, ArcGIS (the Environmen-
tal Systems Research Institute, Inc.’s geographic infor-
mation software), and ENVI (Environment for Visu-
alizing Images) remote sensing image processing soft-
ware. In this study, ENVI is used for remote sensing
image analysis and display, SPSS is used for statisti-
cal analysis of the data, and ArcGIS is used for the

projection and its secondary development.
3.2 Methods

3.2.1
Previous studies (e.g., Liu et al., 2009) have

The sunshine percentage estimation model

demonstrated that there is always some deviation be-
tween the satellite-retrieved cloud data and the total
cloud data observed at weather stations; thus, it is
necessary to correct the satellite-retrieved cloud data
before they are used. Cao et al. (2012) proposed five
correction methods for the MODIS cloud product with
ground observation data, of which the ratio method
showed the best correction results. A linear relation-
ship exists between the sunshine percentage and the
cloud cover, and the latter is the primary factor that
affects the variation of the former (Ding et al., 2005).
Recently, Matuszko (2012) also analyzed the influence
of cloudiness on SD. The major factors that affect sun-
shine percentage include low and total cloud cover,
which are corrected by the ratio method. Taking these
effects on sunshine percentage into consideration, we
established a remote sensing estimation model for sun-

shine percentage as follows.
SRy =a+b-CL, + ¢ Lowp, (1)
SR = interpolate(a) + interpolate(b) - CL
+ interpolate(c) - Low, (2)
where SR, represents the sunshine percentage ob-
served at the weather station; CL; is the total cloud
cover at the pixel corresponding to the weather sta-

tion location; Lowy, is the low cloud cover data at the

pixel corresponding to the weather station location; a,
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b, and c are regression coefficients; interpolate () rep-
resents the interpolation result of a, b, and ¢; SR is the
sunshine percentage image data; CL is the total set of
cloud image data after correction; and Low represents
the low cloud cover image data after correction.

The sunshine percentage estimation process in-
cludes the following steps. First, calculate the monthly
mean MODIS cloud cover based on the daily data.
Second, revise the MODIS total cloud cover image
based on the monthly total cloud cover reported by
ground observations and the monthly mean MODIS
cloud cover by using the ratio correction method.
Third, establish the ratio relationship between total
cloud cover and low cloud cover reported by ground
observations, and calculate the MODIS low cloud
cover image and MODIS total cloud cover image after
correction. Fourth, extract the monthly MODIS total
and low cloud cover for each meteorological station af-
ter correction, establish the linear regression equation
between the sunshine percentage reported by ground
observations and total and low MODIS cloud cover us-
ing Eq. (1), and calculate the monthly coefficients a, b,
and ¢ in Eq. (1). Fifth, interpolate the monthly coef-
ficients a, b, and c¢ to obtain the corresponding spatial
distribution. Sixth, calculate the sunshine percentage
from the image data by raster calculation, according
to Eq. (2).

3.2.2  The SD model

In general, two different definitions exist for
MPSD: 1) the astronomical MPSD (without tak-
ing atmospheric and terrain shading factors into ac-
count) and 2) the geographical MPSD (which con-
siders terrain-shading factors without atmospheric ef-
fects). The MPSD in this study refers to the geograph-
ical MPSD (Zuo, 1990). Studies have shown that the
SD at any point in actual rugged terrains for a given
day is the product that combines the MPSD for rugged
terrains and the sunshine percentage. This model is

written as
Laﬁ = LOa,H . SR7 (3)

where L,g is the SD of rugged terrains, and Lo.g is
the MPSD of rugged terrains. Long is calculated by
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using the MPSD distribution model developed by Zeng
et al. (2003) for rugged terrains, and SR is de-
rived from the sunshine percentage estimate model
described in Section 3.2.1. Figure 3 illustrates the cal-

culation procedure for the SD model.
4. Results

4.1 Estimation of sunshine percentage

Based on the computation flow chart in Fig. 3
and Egs. (1)—(3), we derived the corrected total cloud
cover image data, the estimated low cloud cover image
data (Cao et al., 2012), and the estimated sunshine
percentage image data combined with its associated
ground data. The sunshine percentage estimates ob-
tained by using remote sensing are presented in Fig. 4.
The overall sunshine percentage in January and Octo-
ber was greater than that in April and July, primarily
because sunny days predominated during the fall and
winter seasons of 2003 in Ningxia. The sunshine per-
centage magnitudes are higher in the north than in
the south in this case. An error analysis for sunshine
percentage is conducted by using 13 intensive observa-
tion stations in Ningxia, and the results are presented
in Table 1. The maximum monthly average absolute
error (MAE) is 8.23% and it occurred in April, and
the average absolute error for the entire year of 2003
is relatively small (5.30%).

4.2 Estimation of SD and its seasonal varia-

tion

We estimated SD wusing the aforementioned
method. Its estimation results and magnified regional
maps are presented in Fig. 5, which clearly demon-
strates that the annual average total daily SD in
Ningxia in 2003 was distributed with higher values in
the north and west than in the south and east. In
general, the average total daily SD in 2003 was 7.18 h
in Ningxia. The duration was lowest over the south-
ern mountainous area, where the annual average total
SD was only 4.3-5.3 h. The second lowest SD was in
the southeastern and southwestern mountainous areas,
where the annual average daily total SD ranged from
5.2 to 6.4 h. The highest SD was in the northernmost
and mid-west of Ningxia, which had an annual average
daily total SD of approximately 8.6 h. It can be eas-
ily inferred that the regional topography significantly
affected the SD, especially in mountainous areas with
rugged terrains. The shading effects of slope, aspect,
and the surrounding terrains on SD are fully demon-
strated here.

January, April, July, and October were chosen
to represent winter, spring, summer, and fall, respec-
tively. Figure 6 illustrates spatial distributions of the
monthly averaged total daily SD over Ningxia during
the four seasons of 2003. In general, the spatial dis-

tribution of SD during the four seasons is consistent
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A
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Fig. 3. Flow chart of the calculation procedure for the SD model.
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Fig. 4. Sunshine percentage estimates over Ningxia in (a)
January, (b) April, (c) July, and (d) October 2003.

with that of the annual SD, with obvious distribution
characteristics, e.g., SD is higher in the mid-west than
the south, and higher in high-latitude areas than low-
latitude areas. The average SDs in Ningxia were 7.25,
7.77, 7.25, and 7.03 h in spring, summer, fall, and
winter, respectively. Moreover, SD values decreased
in the order: summer > spring > fall > winter; this
order reveals an asymmetric SD distribution for the
four seasons. The maximum SD appeared in the or-
der as follows: spring > summer > fall > winter. The
minimum SD occurred in the following order: summer

> spring > fall > winter.
4.3 Model verification

To estimate the accuracy of SD simulation for
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rugged terrains, we compared the observation data
at the 13 intensive observation weather stations in
This verifi-
cation mainly focused on two aspects: (1) we verified

Ningxia with the simulated SD results.

the error of the interpolation results at the standard
stations using the SD data from the intensive obser-
vation stations in Ningxia; (2) we verified the error of
the SD estimation using the remote sensing method
(Fig. 3) at the intensive observation stations. To ob-
tain the value at the grid point corresponding to the
latitude and longitude of each weather station, the ef-
fect on the errors of the geographic and topographic
parameters was considered. The major errors include
precision error in the DEM data and weather station
location error. Therefore, we adopted a previously de-
scribed pixel method (Qiu et al., 2009) to extract the
data at the grid points corresponding to the weather
stations. As Table 2 shows, MAE of SD was 0.39-0.78
h, MRE (monthly average relative error) of SD was
5.41%—-11.82%, the annual average absolute error was
0.57 h, and the annual average relative error was ap-
proximately 7.9% for the 2003 data in Ningxia, based
on the interpolation method at the standard stations
and the verification with the observational data at the
Table 3 lists the SD
simulation errors derived by using the intensive sta-
tion data and the MODIS cloud data. Table 3 also
shows that the MAE of SD was 0.10-0.51 h, MRE of
SD was 1.47%-8.80%, the annual average absolute er-

intensive observation stations.

ror was approximately 0.16 h, and the annual average
relative error was approximately 2.21% for the 2003
data in Ningxia. The error in Table 3 was generally
much smaller than in Table 2, indicating that the in-
troduction of the MODIS cloud data has increased the

accuracy of the SD estimation.
4.4 Sub-regional distributions of SD

To further analyze the effect of the local topog-
raphy on SD and to highlight the variation of MPSD

Table 1. Error analysis for sunshine percentage estimation at the intensive observation stations in Ningxia

during 2003

Month 1 2 3 4 5 6

7 8 9 10 11 12 Average

MAE (%) 4.84 445 507 823 620 451

4.00 5.94 4.28 3.59 6.12 6.41 5.30

Note: MAE denotes the monthly average absolute error of sunshine percentage.
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and SD with terrain, we examined the MPSD and SD
anomalies, which are the differences between the grid
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Fig. 6. Monthly average distributions of the total daily
SD in Ningxia in (a) January, (b) April, (¢) July, and (d)
October 2003.

Table 2. Error analysis for the 2003 SD results derived by using the interpolation method based on the station

data
Month 1 2 3 4 5 6 7 8 9 10 11 12 Average
MAE (h) 0.46 0.50 0.50 0.78 0.65 0.65 0.75 0.68 0.46 0.39 0.43 0.59 0.57
MRE (%) 5.93 6.72 6.99 9.51 7.13 6.46 11.62 11.82 6.83 5.41 7.63 8.86 7.90
Table 3. Error analysis for the 2003 SD estimates based on the MODIS cloud data
Month 1 2 3 4 5 6 7 8 9 10 11 12 Average
MAE (h) 0.22 0.15 0.10 0.13 0.14 0.13 0.10 0.14 0.10 0.10 0.13 0.51 0.16
MRE (%) 2.89 2.05 1.57 1.62 1.60 1.32 1.32 1.93 1.48 1.29 2.28 7.27 2.21

point values for certain terrain aspects and the average
of all the grid points for all terrain aspects. The MPSD
anomaly variations with terrain aspects for different
months are illustrated in Figs. 7a and 7b. The fig-
ures show that the MPSD anomalies for the 90°-180°
aspect decreased in the order of January > October
> April > July, and the order of MPSD anomalies for
the 0°-90° and 180°-360° aspects were July > April >

October > January. Moreover, the MPSD variation on

the 15° southern terrain slope was larger than the 10°
slope in January. The SD variation trend illustrated
in Figs. 7c and 7d is similar to the trend in Figs. 7a
and 7b. The cloud cover anomaly variations with as-
pects for different months are illustrated in Figs. 7e
and 7f. These figures show that in January, the cloud
variation is as strong as in other months, and the cloud
cover and the terrain have no obvious regularity. In

January, the direct sunshine point is located near the
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October.

Tropic of Capricorn, the maximum solar elevation an-
gle is relatively small, and a general decreasing trend
of SD was observed from south to north. The spatial
difference for SD in the mountainous areas was obvi-
ous, and a large deviation in SD was observed between

the south- and north-facing slopes.
5. Discussion

Several studies have used satellite data to esti-

mate solar radiation (Tarpley, 1979; Gautier et al.,

1980; Cano and Monget, 1986; Rigollier et al., 2004;
Liu et al., 2008; Zhang and Wen, 2014). SD is strongly
correlated with solar radiation, and it has been the
most widely used variable to estimate solar radiation
(Hu et al., 2010). Sahin et al. (2013) compared ar-
tificial neural network (ANN) and multiple linear re-
gression (MLR) solar radiation estimation models in
Turkey using NOAA/AVHRR data. Their results indi-
cated that the ANN model achieved satisfactory per-
formance compared to the MLR model. Moreover,
satellite data improve the accuracy of solar radiation



152 JOURNAL OF METEOROLOGICAL RESEARCH

estimation results. Lu et al. (2011) proposed a simple
and efficient algorithm to estimate the daily global so-
lar radiation from geostationary satellite data. Their
results demonstrated that the ANN model using geo-
stationary satellite data showed acceptable accuracy
with regard to both space and time.

We developed a remote sensing model to estimate
SD using MODIS data. The annual average relative
error was approximately 2.21%, and the relative inter-
polation error was approximately 7.90%. It is found
that the use of satellite data to improve the model es-
timation accuracy led to significant improvement. Our
model only requires the use of three commonly avail-
able data (i.e., DEM data, MODIS cloud cover data,
and ground station observation data), and the acqui-
sition of these data is generally feasible. Nonetheless,
the current approach must be employed in more places
to provide a more generalized SD estimation model.

SD is observed at meteorological stations and
used to estimate solar radiation. The distribution of
SD is significantly different in regions without meteo-
rological stations or rugged mountains. Robaa (2008)
developed three empirical formulae to estimate SD us-
ing readily available observational cloud cover data,
which can only reflect the SD of these stations. Our
estimation clearly reflects the distribution of SD, espe-
cially the SD estimates for rugged terrains. Hu et al.
(2010) developed a calculation method for SD at any
given point within natural canopy gaps. They primar-
ily studied SD among natural canopy gaps, whereas we
focused on SD estimation in rugged terrain areas. Sen
and Oztopal (2003) presented a method to group so-
lar irradiation/SD data into convenient seasonal sub-
groups, and then made quantitative predictions within
each group. They sought to identify the biases caused
in parameter estimates and to eliminate them with

additional consideration in solar energy calculation.
6. Conclusions

Given the effects of terrain and atmospheric fac-
tors on SD, we used the Ningxia DEM data to provide
comprehensive information about the local terrains,
and used the MODIS cloud products for 2003 to sim-
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ulate sunshine percentage and SD in this region. By
applying this comprehensive SD model, we estimated
the SD distributions in Ningxia and analyzed its sea-
sonal and sub-regional variations. The major conclu-
sions of this study are as follows:

(1) SD estimation is more accurate with the in-
troduction of MODIS cloud data.

(2) The SD variation trend in Ningxia is consis-
tent with that of the MPSD. The SD fluctuation is
largely due to the effect of cloudy weather in April,
July, and October; however, sunny days predominate
in January, and the SD fluctuations in that month are
relatively mild.

(3) The SD spatial variation is so substantial
that the differences in the estimated SD between the
south- and north-facing slopes are quite significant.
Furthermore, the seasonal variation is also significant
throughout the year.

The SD estimation method applied in this study
only requires the use of three commonly available data
(i.e., the DEM data, the MODIS cloud cover data, and
the ground station observation data), and the acqui-
sition of these data is generally feasible. Moreover,
this estimation method could be of great significance
for other areas of research, such as solar-resource as-
sessment, surface-radiation numerical simulation, and
surface energy balance research. This method might
improve the accuracy and reliability of SD computa-
tion, and may be of great potential value in various

solar energy related applications.
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