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Abstract: The surface solar radiation (SSR) is of great importance to bio-chemical cycle and life activities. However, 
it is impossible to observe SSR directly over large areas especially for rugged surfaces such as the Qinghai-Tibet Pla-
teau. This paper presented an improved parameterized model for predicting all-sky global solar radiation on rugged 
surfaces using Moderate Resolution Imaging Spectroradiometer (MODIS) atmospheric products and Digital Elevation 
Model (DEM). The global solar radiation was validated using 11 observations within the plateau. The correlation coef-
ficients of daily data vary between 0.67–0.86, while those of the averages of 10-day data are between 0.79–0.97. The 
model indicates that the attenuation of SSR is mainly caused by cloud under cloudy sky, and terrain is an important 
factor influencing SSR over rugged surfaces under clear sky. A positive relationship can also be inferred between the 
SSR and slope. Compared with horizontal surfaces, the south-facing slope receives more radiation, followed by the 
west- and east-facing slopes with less SSR, and the SSR of the north-facing slope is the least. 
Keywords: DEM; all sky; surface solar radiation; MODIS; Qinghai-Tibet Plateau 

 
 
1 Introduction 

 
Surface solar radiation (SSR) is the principal energy 
source for physical, biological and chemical processes, 
such as snow melt, plant photosynthesis, evaporation 
and crop growth, and is also a variable needed for bio-
physical models, hydrological simulation models and 
mathematical models of natural processes at local, re-
gional and global scales (Gueymard, 2003a). In the 
world, there are a large number of measuring basic me-
teorological variables, but few stations measuring solar 
radiation because of not being able to afford the meas-
uring equipments and techniques involved, especially in 
highlands and mountainous areas. In locations where 
radiation measurements are sparse, theoretical simula-
tion based on basic meteorological data and remote 
sensing data is an effective way to estimate the available 
solar radiation.  

In general, three types of methods can be used to esti-
mate solar radiation on the ground. The first type, the 
spectral transfer method, takes into account the vertical 

atmospheric in-homogeneity through a series of super-
imposed scattering and absorbing layers, including LO- 
WTRAN and MODTRAN. The second one is the em-
pirical model with a representative of A-P (Ångström- 
Proscott) model using the linear or non-linear regression 
equations between the observed radiation and meteoro-
logical variables such as sunshine hours (Ertekin and 
Evrendilek, 2007), air temperature (Winslow et al., 
2001), precipitation (Liu and Scott, 2001), relative hu-
midity and cloudiness (Mubiru et al., 2007). The third 
one, the parametric model, is based on the same physi-
cal principles as the spectral transfer method, and str0 
ongly simplifies estimation procedures with a set of 
parameterizations, which is dependent on preliminary 
integration of spectral transmittance functions and sen-
sitive to the most important extinction sources of the 
atmosphere (Wang et al., 2006). The third type includes 
the one-band model which considers the solar spectrum 
as one layer (Yang et al., 2001), such as MLWT (Gue- 
ymard, 2003a) and REST (Gueymard, 2003a; 2003b), 
and the two-band model which divides the whole spec-
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trum into the ultraviolet/visible band and the infrared 
band like CPCR2 (Gueymard, 1989), REST2 (Gueyma- 
rd, 2008). Due to the complexity of the ground and the 
great variation of the weather conditions, each kind of 
the above models has its shortcomings. For most practi-
cal purposes and users, the rigorous spectral transfer 
methods show to be unusable due to the large amount of 
atmospheric information required or time consuming; 
the empirical models are usually not easy to be extrapo-
lated to regional or global scales without local calibra-
tion because they are dependent on the local climatic 
conditions, the number and spatial distribution of mete-
orological stations and terrain undulation; and the para-
metric models are designed only for clear sky with 
horizontal surfaces.  

The complex terrain and the amount and distribution 
of solar energy on the Qinghai-Tibet Plateau have sig-
nificant influences on the Asian monsoon and the global 
climate changes (Bai and Xu, 2004; Lau et al., 2006). 
However, the atrocious geographical and natural condi-
tions make it quite difficult for the scientists to carry out 
more and frequent solar radiation observations. Previous 
researchers focused on the energy budget at typical ar-
eas using sparse meteorological observations (Wu et al., 
2005; Li et al., 2007), but they could not map the solar 
energy over the Qinghai-Tibet Plateau at different spa-
tio-temporal scales. Up to now, however, we still know 
little about the thermal regime of the land surfaces over 
the plateau. 

Since solar radiation data are scarce in the Qing-
hai-Tibet Plateau, simply spectral models are inapplica-
ble over large areas. To solve the problem, in this study, 
a new improved parameterized model for estimating 
SSR, including direct solar radiation, diffuse solar radia-
tion and global solar radiation, under actual weather and 
terrain conditions of the Qinghai-Tibet Plateau was 
proposed by incorporating Moderate Resolution Imag-
ing Spectroradiometer (MODIS) atmospheric products 
with Digital Elevation Model (DEM). The model was 
validated by using 11 observations within the plateau, 
and the errors and the parameter sensitivities were also 
analyzed.  

 
2 Data and Methodology 

 
2.1 Study area 
The study area is a part of the Qinghai-Tibet Plateau wi- 

thin the territory of China, extending from 26º00′12″N 
to 39º46′50″N and from 73º18′52″E to 104º46′59″E, 
covering an area of 2.5724×106 km2 (Zhang et al., 2002) 
(Fig. 1). The altitude of the study area is 60–8 790 m 
above sea level. The eastern and southern parts of the 
Qinghai-Tibet Plateau are influenced by the south-east 
monsoon from the Pacific Ocean and the south-west 
monsoon from the Indian Ocean, respectively (Li and 
Kang, 2006). Most parts of the plateau belong to the 
semiarid or arid areas. The annual precipitation varies 
from 200 mm to 1 600 mm, of which 60%–70% happens 
in summer. The mean temperature in January and July is 
0–13℃ and 8–18℃, respectively. Forests are distributed 
in the warm and humid southeastern parts and grass-
lands in the cold and dry central and northwestern parts. 
Cultivated crops are mainly located in lower altitude 
with mild climatic conditions between grasslands and 
forests, while sparse shrubs or bare grounds mostly lie 
to the north of the grasslands with hostile climate (Xu 
and Liu, 2007). 
 

 
 

Fig. 1 Location of study area and global solar 
radiation observation stations 

 

2.2 Data sources 
All of the atmospheric parameters required by the pro-
posed method were readily available from LAADS web 
(Level 1 and Atmosphere Archive and Distribution Sys-
tem) (http://ladsweb.nascom.nasa.gov/data/). The ge-
olocation data and sensor viewing geometry were taken 
from the geolocation product MOD03/MYD03. The 
total atmospheric water content was acquired from 
MOD05/MYD05. The most sensitive parameters, cloud 
optical thickness and cloud fraction, were available at a 
resolution of 1 km from MOD06/MYD06. The snow 
albedo parameter was acquired from MOD10 products. 
DEM data with 30 m spatial resolution was acquired 
from the international scientific data service platform 
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(http://srtm.datamirror.csdb.cn/search1.jsp). Observatio- 
ns of SSR from National Meteorological Information 
Center, China Meteorological Administration were also 
used to evaluate the model. All MODIS daily data and 
observations were collected in 2007.  

All spatial data were collected in 2007 and georefer-
enced to geographic coordinate system with a spatial 
resolution of 1 km. The MODIS Terra observation was 
assumed to be representative of the early morning at-
mospheric conditions, while the MODIS Aqua observa-
tion was used for the late afternoon conditions. The at-
mospheric conditions during the crucial midday part, 
when irradiance is the highest, was linearly interpolated 
from the corresponding atmospheric products of the two 
observations. When either of the two observations did 
not report any of the least sensitive parameters (cloud 
optical thickness or total atmospheric water content), 
these values were held constant for the day from the 
other observation. If the parameters were missing from 
both observations then no calculation was made. 
 
2.3 Model description 
The amount of global solar radiation received by a given 
surface is a function of the solar declination, atmos-
pheric transmittance, geographical location, sun eleva-
tion angle, surface slope, aspect and elevation (Allen et 
al., 2006). Total radiation incident on a tilted plane con-
sists of two components: direct solar radiation and dif-
fuse solar radiation.  
2.3.1 Direct solar radiation  
Under cloudy sky, the atmosphere is treated as a com-
bination of a cloud layer and a clear layer from the 
cloud bottom downwards. The solar irradiance is at-
tenuated by absorption and reflection of the cloud in the 
top layer under cloudy sky, and the main extinction 
processes in the clear layer are: aerosol extinction, 
Rayleigh scattering, and absorption by ozone, uniformly 
mixed gases and water vapor.  

The direct solar irradiance under cloudy sky can be 
calculated by incorporating the transmittance of cloud 
layer and clear sky (Gueymard, 2008). 

      Idiri = I0iTcloiTcleiE0sinhαβ         (1) 

where Idiri denotes the direct solar irradiance at the ith 
band on tilted surface, i = 1, 2, i.e., ultraviolet/visible 
band (0.29–0.70 μm) and near infrared band (0.70–4.00 
μm), respectively; I0i, the solar constant at the ith band 

with the values I01 = 0.038 MJ/(m2
·min) and I02 = 0.043 

MJ/(m2
·min) (Gueymard, 1989); Tcloi and Tclei represent 

the transmittances of the cloud layer and the clear layer at 
the ith band, respectively; E0, sun-earth distance correc-
tion factor; hαβ refers to the sun height angle of a slope 
with an aspect α (radian) and a slope β (radian), which is 
calculated using the algorithm provided by Wang et al. 
(2006) .  

The transmittances for clear sky and cloudy sky are 
calculated using equations (2), (3) and (4): 

     Tclei = TOiTRiTGiTWiTAi            (2) 

where TOi, TRi, TGi, TWi and TAi represent the transmit-
tance functions for ozone absorption, Rayleigh scatter-
ing, uniformly mixed gases absorption, water vapor ab-
sorption and aerosol extinction at the ith band, respec-
tively. The transmittance for clear sky is acquired using 
the algorithm provided by Gueymard (1989; 2008).  

Tclo1 = 1 – (γ(μ0)τC / μ0) / (1 + γ(μ0)τC / μ0)  (3) 

  Tclo2 = 4U / V               (4) 

where μ0 is solar zenith angel (radian); γ(μ0) is the back 
scattered fraction of incident radiation as a function of 
μ0; τC is the cloud optical thickness, which can be de-
rived from MODIS atmospheric products (MOD06/MY- 
D06); U and V are parameters dependent on γ(μ0) and μ0. 
Values for γ(μ0), U and V are linearly interpolated from 
the look-up table given in Stephens (1978) and Stephens 
et al. (1984). 

Daily direct solar radiation (Wdir) can be calculated by 
integrating the irradiance from sunrise to sunset in 30 
min intervals using Equation (5). 

dir dir1 dir 2
1

( ( )d ( ))
ssn

t sr

W I I t f dem
ω

ω=

= + ×∑ ∫   (5) 

where ωsr and ωss (radian) are the solar hour angles at 
sunrise and sunset respectively during the time intervals; 
f(dem) is the shading status of a object depending on the 
status of at sunrise and sunset during the time intervals. 
If the object were both shaded at sunrise and sunset, it 
was assigned 0, otherwise it was assigned 1, and it was 
assigned 0.5 while the status was opposite at sunrise and 
sunset.  

Due to oblique viewing angles of MODIS sensors, the 
apparent position of cloud as seen from the satellite will 
be off its projected location, which is called three di-
mensional (3D) effects. At oblique sun angles, the cloud 
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shadow becomes displaced from the projected cloud 
position. The true location of the cloud shadow at any 
given time is corrected by taking a single cloud top 
height for each pixel and projecting this height to the 
surface for the given viewing geometry or solar eleva-
tion angle. As the cloud top height is difficult to retrieve 
and a rough estimation of the cloud top height can be 
used without taking much considerable bias (Wyser et 
al., 2002). In this paper, the cloud top height is held a 
constant of 5 km. 
2.3.2 Diffuse solar radiation 
Diffuse solar irradiance (Idifi) at ground level is treated 
as a combination of three individual components, i.e., 
sky diffuse irradiance (Isi) (corresponding to Rayleigh 
diffuse irradiance (IRi), aerosol diffuse irradiance (IAi)), 
multiple backscattering between surface and sky (Issi), 
and the additional irradiance from the neighborhood (Ini) 
for tilted surfaces. 

The total cloud fraction (TCF) is one of the effective 
factors that reflect the impact of cloud on solar irradi-
ance. Equation (6) is used to consider the cloud impact 
on diffuse solar irradiance: 

     Idifi = (Isi + Issi + Ini) × (1 – TCF) + (1 – Tcloi) ×  

TCF × (Idiri + Isi + Issi + Ini)         (6) 

Isi = (IRi + IAi) × V × (1 + cosα)        (7) 

Issi = Issi(hor) × V × (1+cosα)              (8) 

Ini = ρgi(Isi + Issi + Idiri(hor)) × (1 + cosα – V) / 2  (9) 

where TCF (%) is derived from MODIS atmospheric 
products; V is terrain openness factor; Issi(hor) is multiple 
backscattering, between surface and sky on horizontal 
surface (MJ/(m2

·min)); ρgi is the ground albedo of the ith 
band derived from MOD10 product; Idiri(hor) is the direct 
solar irradiance at the ith band on horizontal surface.  

Daily diffuse solar radiation (Wdif) can be calculated 
by integrating the irradiance from sunrise to sunset in 30 
min intervals using Equation (10). 

dif dif1 dif2
1
( ( )d )

wssn

t= wsr

W = I + I t∑ ∫       (10) 

 

3 Results and Analyses  
 
3.1 Model validation 
The improved parameterized model presented in this 
paper was validated using observations from 11 stations 

within the Qinghai-Tibet Plateau (Fig. 1). Model valida-
tion was made by means of mean bias error (MBE) and 
correlation coefficient (R2). As the components of solar 
radiation (direct radiation and diffuse radiation) were 
only observed in Lhasa and Golmud stations, they were 
validated using the observations of the two stations, 
while the global solar radiation were validated using  
11 observations. The scatter plots of the simulated and 
observed direct and diffuse radiation are shown in Fig. 2, 
and the global radiation results are shown in Table 1. 

From Fig. 2 it can be seen that the correlation coeffi-
cients between the simulated solar radiation and the ob-
served series were around 0.70 except the direct radia-
tion of Golmud with 0.82. The MBEs were –0.46 
MJ/(m2

·d) (Lhasa) and 0.68 MJ/(m2
·d) (Golmud) for 

direct radiation, and 0.03 MJ/(m2
·d) (Lhasa) and 0.26 

MJ/(m2
·d) (Golmud) for diffuse radiation, respectively.  

Table 2 shows that the correlation coefficients of simu-
lated daily and 10-day average of global solar radiation 
were higher than 0.71 and 0.85, respectively, except for 
Guoluo with R2 of 0.67 and 0.79. It can be inferred that 
the proposed model can yield a better performance to 
simulate daily SSR compared with the sunshine based 
model proposed by Shen (1987). 
 
3.2 Error analysis  
(1) Error from different spatial resolutions of the ob-
served and simulated data. Considering the spatial resolu-
tion, the data could only be measured at the point where 
the global radiation meter is located. However, the simu-
lated global radiation has the spatial resolution of 1 km, 
which may affect the eventual simulating results.  

(2) Error from spatio-temporal resolution of data sour- 
ces. The spatio-temporal resolution of the MODIS atmos- 
pheric data is a bit rough for the Qinghai-Tibet Plateau. 
The variation of cloud could not be described accurately 
with only two instantaneous images during the daytime. 
Meanwhile, the weather in the plateau, especially in rainy 
season, changes frequently. Furthermore, with the spatial 
resolution of 1 km, much detailed topography informa-
tion is ignored and the deriving parameters such as slope 
and aspect will inevitably contain errors. 

As the correlation coefficient of daily data varies 
greatly among the 11 stations, the Golmud and Guoluo 
station with highest R2 and lowest R2 were selected to 
further analyze the effect of spatial resolution on the 
model performance, and the variation of extraterrestrial 
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Dash line represents the 1︰1 regression 

Fig. 2 Scatter plots of simulated and observed daily solar radiation at Golmud and Lhasa in 2007 
 

Table 1 Accuracy assessment of global solar radiation simulation 

 Golmud   Lhasa   Geer  Naqu   Gangcha Xining Guoluo Hongyuan  Ganzi Yushu Changdu 

MBE 2.25 –2.05   –4.76 –0.97   –1.31   13.98   4.05 2.08 –3.54  –14.25 –0.77  
R2* 0.86 0.77   0.85 0.74   0.75   0.83   0.67 0.72 0.71  0.77 0.71  
R2** 0.95 0.96   0.97 0.88   0.91   0.95   0.79 0.85 0.91  0.97 0.92  

Notes: MBE represents daily mean bias error; * represents correlation coefficient of daily data; ** represents correlation coefficient of averages of 10-day 
data 

 
solar radiation (ESR) at a resolution of 30 m and 1 000 
m were also computed respectively.  

The ESR increased at both sites as the topography 
caused less obstruction at a coarse resolution of DEM 
(Fig. 3). The ESR with the resolution of 1 000 m at Guo-
luo station was lower than that on horizontal surface due 
to the rouged surfaces, and the daily variation of ESR 
with 30 m resolution is greater than that with 1 000 m 
resolution (Fig. 3a). The ESR with the resolution of 1 000 
m at Golmud is the same as that on horizontal surface due 
to the lower terrain (slope = 0.3° at 1 000 m resolution) 
(Fig. 3b). The mean annual difference of ESR at Guoluo 
and Golmud at 30 m and 1 000 m resolution are 9.43 
MJ/(m2

•d) and 12.79 MJ/(m2
•d), respectively. 

The Terra and Aqua satellite platform cross the Equator 

during the daytime at approximately 10:30 local time on 
the descending node, and 13:30 local time on the ascend-
ing node, respectively. The gap between the weather con-
ditions when MODIS crossed and the weather variation 
during the daytime may contribute a lot to the model error. 
As the ground was covered by cloud at Guoluo during 
most time of 2007 (Fig. 4), the cloud variation can not be 
described accurately using two instantaneous MODIS 
image per day, furthermore, the uncertainty of the MOD- 
IS products (MOD05/MYD05 and MOD06/MYD06) will 
arise when the ground was covered by thick cloud and 
precipitation occurred. The weather of Golmud was clear 
or partially clear during the year of 2007, the uncertainty 
of the MODIS products was lower, and thus the model 
performance was much better. It can be concluded that the 
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For Guoluo, when resolution is 30 m, slope is 2.2° and aspect is northeast; 
when resolution is 1000 m, slope is 1.4° and aspect is shouthwest. For Go- 
lmud, when resolution is 30 m, slope is 3.7° and aspect is northeast; when 

resolution is 1000 m, topography is almost horizontal, and curve of Gol- 
mud at resolution of 1000 m is overlapped with that on horizontal surface 

Fig. 3 Variations of daily extraterrestrial solar radiation 
(ESR) at Guoluo (a) and Golmud (b) 

 

 
Fig. 4 Monthly sunshine duration at Guoluo and Golmud in 2007 
 
the temporal resolution of the atmospheric parameters 
was more important than the spatial resolution of the ter-
rain. 

(3) Error from data sources themselves. Another pos-
sible reason for the biases may be introduced by the 
MODIS cloud-detection algorithm with a maximum 
uncertainty of 200% (Houborg et al., 2007). As cloud is 
the main controlling factor of the SSR, large uncertainty 
of the cloud parameters will bring much bias of the 

model performance. Besides, the longitude and latitude 
of the stations acquired from National Meteorological 
Information Center, China Meteorological Administra-
tion are accurate to minute instead of second, which 
results in a mismatch of one or two kilometers. 

 
3.3 Topographic effects on surface solar radiation  
Topographic factors such as slope, aspect and altitude 
have important effects on incident solar irradiance on 
uneven land surfaces. An assessment on the degree of 
the effects should be considered. A variable of Rb is de-
fined to be the ratio of the direct solar radiation on tilted 
surfaces to that on horizontal surface, and the curves of 
Rb at the point with a latitude of 22°N in January verse 
slope and aspect are shown in Fig. 5 (without consider-
ing the obstruction of the terrain). 
 

 
Aspect is defined as north (0°), east (90°), south (180°) and west (270°) 

Fig. 5 Ratio of direct solar radiation on tilted surfaces to that 
 on horizontal surface (Rb) verse aspect (a) and slope (b) 

 
More direct solar radiation can be received under a 

given slope as the aspect changes from north to south, 
and a positive relationship can be found between the 
direct solar radiation and the slope, while the aspect was 
held constant (Fig. 5a). The south-facing slopes can re-
ceive more radiation than horizontal surfaces, followed 
by the east slope and the west slope, while the north-fa- 
cing slopes receive less radiation than horizontal sur-
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faces (Fig. 5b). However, it should be noted that the 
maximum value of Rb depends on the latitude of the 
target, the surface roughness and the day of the year. 

 
3.4 Parameter sensitivity analysis 
A sensitivity study was carried out to observe the rela-
tionship between the surface solar radiation and the sur-
face roughness and cloud. The results show that both of 
them may play an important role in the transmittance of 
solar radiation under different weather conditions.  

The direct and diffuse radiation had the characteristics 
of being the strongest in summer (Fig. 6). Under clear 
sky, the topography is the primary controlling factor of 
the surface direct solar radiation (Fig. 5, Fig. 6). How-
ever, the cloud is the main attenuation of the direct ra-
diation rather than topography for actual weather condi-
tions. Much less diffuse radiation can be received on the 
tilted surfaces than horizontal surface under clear sky, 
while cloud is the primary contributor to diffuse radia-
tion instead of the topography under cloudy sky. It can 
be concluded that as cloud has the strongest impact on 
shortwave radiation at ground, the spatio-temporal reso-
lution and the accuracy of the cloud dominates the 
model accuracy. 

 

 
 

Fig. 6 Daily solar radiation under different conditions 
at Lhasa station 

From contrasting results between the observed and 
simulated data shown in Fig. 6, it is easily to conclude 
that the model results will be much better especially for 
diffuse radiation if the topographic conditions were 
taken into account. 

 
4 Discussion 

 
The objective of this study was to develop a simplified 
method for calculating SSR using pairs of MODIS 
products. The overall accuracy obtained with the 
method relative to the measured data indicates that the 
model might be accurate enough to be applied in bio-
physical models. The model can be extrapolated to other 
areas without further validation as the inputs were solely 
from satellite data and the attenuation factors of SSR 
were also considered.  

The errors caused by the aerosol can be neglected in 
the Qinghai-Tibet Plateau with a relatively low aerosol 
load. But the effect of the aerosol will be much more 
pronounced in the SSR estimation of other areas with 
higher aerosol load, and an accurate input of aerosol 
data is advised when simulating SSR using the proposed 
model. The short temporal scale of many atmospheric 
processes (particularly the cloud parameters in the trop-
ics and mountainous areas) is still one of the problems 
causing of the model accuracy. Though higher temporal 
resolution data can be obtained from meteorological 
satellites, the degration at higher latitude and sensor 
viewing angle makes it inapplicable in practice. Interna-
tional Satellite Cloud Climatology Project (ISCCP) 
produces atmospheric parameters including cloud opti-
cal thickness at a spatial resolution of 30 km and a tem-
poral resolution of 3 h. In many circumstances, the 30 
km spatial resolution introduces generalizations of sur-
face heterogeneity that have a profound effect on ir-
radiance, especially for mountainous regions such as 
Qinghai-Tibet Plateau. It is a dilemma to choose high 
temporal resolution at reduced spatial resolution, or high 
spatial resolution at reduced temporal resolution (Van 
Laake and Sanchez-Azofeifa, 2004) 
  A commonly used method in simulating SSR is the 
sunshine duration based equations, which builds upon 
empirical relationships, and there is no mechanism to in- 
corporate actual atmospheric conditions. Compared with 
the Food and Agricultural Organization (FAO) model 
with MBE of –2.66 MJ/(m2·d) and –1.05 MJ/(m2·d) at 
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Lhasa and Golmud respectively, Gopinathan model (GM) 
with MBE of –3.32 MJ/(m2·d) and –0.72 MJ/(m2·d) at 
Lhasa and Golmud respectively, and A-P model with 
MBE of –2.42 MJ/(m2·d) and –1.13 MJ/(m2·d) at Lhasa 
and Golmud respectively (Yang et al., 2006), the pro-
posed model in this paper can simulate SSR with com-
parable accuracy. Further, the above models are com-
pletely insensitive to topography and it would be diffi-
cult to extrapolate the results over large area. As Ze-
lenka et al. (1999) indicated, only 25 km away from a 
ground station, the satellite-derived radiation becomes 
more accurate than extrapolated ground measurements. 
The SSR derived from MODIS products performs much 
better both in spatial and temporal domain. 
 
5 Conclusions 
 
This paper presented an improved parameterized model 
to calculate direct and diffuse solar radiation on tilted 
surfaces for all-sky conditions. The inputs to the model 
are solely from daily pairs of MODIS Terra and Aqua 
images, and this makes the method particularly suitable 
for mapping regional SSR from satellite imagery. Com-
pared to field observations, the simulated daily direct 
and diffuse radiation values have correlation coefficients 
of 0.70–0.82, daily global surface solar radiation has 
correlation coefficients of 0.67–0.86, but ten-day aver-
aged values show much better correspondence with ob-
servations, yielding average correlation coefficient of 
around 0.92. 

It can be concluded that under clear sky, the topogra-
phy has great effect on direct and diffuse solar radiation, 
while cloud is the primary attenuation for solar radiation 
rather than topography under cloudy sky. The direct ra-
diation has a positive relationship with slope. The accu-
racy of modeled SSR was improved greatly while the 
terrain obstruction was taken into account. Under clear 
sky, the obstruction of the terrain is a main factor of the 
solar radiation attenuation, while the cloud plays a 
greater role than terrain under cloudy sky.  

With the sensitive parameters, cloud optical thickness 
and precipitable water, derived from pairs of MODIS 
images, moderately detailed maps of global shortwave 
radiation on rugged surface can be produced for regional 
studies. There are at most two observations of atmos-
pheric conditions per day, which are sufficient to capture 

the major diurnal atmospheric dynamics in many places 
on the Earth, but can not describe the higher frequency 
events such as appearance and clearing of cloud cover 
accurately. One should rather rely on temporally aggre-
gated data to get a more accurate estimate of solar radia-
tion due to the daily variation of cloud.  

While the combination of pairs of images from 
MODIS Terra and Aqua sensors yields good estimates 
of surface solar radiation, the use of new generation of 
meteorological satellites (with the spatial resolution 
ranges from 1 km to 10 km and temporal resolution 
ranges from 30 minutes to 12 hours, such as METEOS- 
AT Second Generation, GOES satellite, and GMS satel-
lites) or NCEP/NCAR reanalysis data holds great prom-
ise for the accurate estimation of surface solar radiation 
from remotely sensed imagery. 
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