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Abstract: Global solar radiation (GSR) is the most direct source and form of global energy,
and calculation of its quantity is highly complex due to influences of local topography and
terrain inter-shielding. Digital elevation model (DEM) data as a representation of the complex
terrain and multiplicity condition produces a series of topographic factors (e.g. slope, aspect,
etc.). Based on 1 km resolution DEM data, meteorological observations and NOAA-AVHRR
remote sensing data, a distributed model for the calculation of GSR over rugged terrain within
the Yangtze River Basin has been developed. The overarching model permits calculation of
astronomical solar radiation for rugged topography and comprises a distributed direct solar
radiation model, a distributed diffuse radiation model and a distributed terrain reflectance
radiation model. Using the developed model, a quantitative simulation of the GSR space dis-
tribution and visualization has been undertaken, with results subsequently analyzed with re-
spect to locality and terrain. Analyses suggest that GSR magnitude is seasonally affected,
while the degree of influence was found to increase in concurrence with increasing altitude.
Moreover, GSR magnitude exhibited clear spatial variation with respect to the dominant local
aspect; GSR values associated with the sunny southern slopes were significantly greater
than those associated with shaded slopes. Error analysis indicates a mean absolute error of
12.983 MJm™ and a mean relative error of 3.608%, while the results based on a site authen-
tication procedure display an absolute error of 22.621 MJm™ and a relative error of 4.626%.

Keywords: rugged terrain; global solar radiation (GSR); distributed model; Digital Elevation Model; Yangtze
River Basin

1 Introduction

Global solar radiation (GSR) is the most direct source of energy on Earth, thus affecting all
physical, biological and chemical processes. GSR also represents a central component of the
income radiation energy of the Earth’s surface radiation exchange; this is of primary sig-
nificance with respect to the Earth’s surface radiation balance, air energy exchange and cli-
mate formation (Weng, 1997).
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Moreover, GSR is also considered a key variable within global ecosystem modeling of
carbon and nitrogen cycling, hydrological modeling and climate change prediction. Accord-
ingly, significant national and international research efforts have focused on quantification
of global surface radiation (Qiu, 2003). The development of remote sensing technologies has
provided an important tool for the acquisition of quantitative solar radiation data on a re-
gional scale; however, the majority of immediate remote sensing data can only reflect inver-
sion solar radiation elements (Van Laake and Sanchez-Azofeifa, 2004; Tang et al., 2006).
These include MODIS data and regional scale image data with high temporal resolution;
daily solar radiation values (e.g. GMS data) typically have low spatial resolution, therefore,
difficulties are frequently incurred in terms of national and international research require-
ments. Because of the inherent complexities and uncertainties associated with remote sens-
ing inversion, solar radiation spatialization based on ground observation networks still
represents an important data sourcing approach (He et al., 2004). Moreover, due to the high
observational costs associated with solar radiation, observation density remains at a signifi-
cantly lower level than that of routine meteorological stations; at present, solar radiation
observatories number just over 1000 globally, of which more than 100 are located in China
and are associated with shorter observational periods (Weng, 1997). Adequate description of
solar radiation is extremely difficult based upon limited observational data; accordingly, the
paucity of solar radiation data has represented a long-standing obstacle to accurate ecosys-
tem process modeling. Spatialization of regional solar radiation values requires extrapolation
and estimation based upon data collated from existing meteorological stations; to date, nu-
merous solar radiation estimation models have been developed, which are typically divided
into two categories, namely, theoretical and empirical models. Theoretical models aim to
account for the primary atmospheric factors of solar shortwave radiation, and frequently
comprise distinct simulations according to various radiation mechanisms, including both
direct radiation and diffuse radiation. Factors typically include physical atmospheric factors
(air molecules, aerosol dispersal, ozone, carbon dioxide and water vapor absorption) and
meteorological factors (cloud cover, cloud type, cloud distribution and atmospheric water).

Mpyriad influential models utilizing a theoretical approach have been developed, for ex-
ample, the Bird Clear Sky Model (Bird and Hulstrom, 1981), Igbal Model C (Igbal, 1983)
and the MET-STAT (Meteorological/Statistical) Model, as employed in the construction of
the American national solar radiation database (Maxwell, 1998). The Page Model has been
applied for the development of the European solar radiation atlas (Page, 1997), while the
ASHRAE Model is widely used in engineering and construction applications (American
Society of Heating, 1999). The aforementioned theoretical models typically possess a solid
physical foundation; however, they also necessitate complex model structures and numerous
input parameters, including ozone thickness, aerosol content and atmospheric perceptible
water. These parameters are difficult to obtain, thus preventing widespread model applica-
tion in many cases. Conversely, empirical modeling employs a simpler approach and is fre-
quently used in solar radiation climatology. Empirical modeling employs meteorological
variables such as sunshine percentage and cloud cover, amongst others for the development
of conventional estimation models, thus permitting regional scale solar radiation quantifica-
tion.

The Yangtze River, with a total length of 6396 km, is the longest river in Asia and the
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third longest in the world; it originates from the Tibetan Plateau in Qinghai and flows
through 11 provinces and cities before entering the East China Sea at Shanghai. Climate
change is inherently related to surface water hydrology; accordingly, acquisition of suffi-
ciently accurate and timely data is critical to appropriately assess the effects and evolution of
climate change, anthropogenic activities and the ecological environment within the Yangtze
River Basin, at varying temporal and spatial scales. Thus, the reliable quantification of solar
radiation data in this region is of paramount importance.

Meteorological stations in China are typically situated in open flat locations characterized
by an absence of natural shelter, with monitory data only representative of horizontal obser-
vational results within a limited radius. Therefore, solar radiation data collated at these sta-
tions are categorically horizontal observations. However, at regional scale, apart from
cloudiness and other atmospheric variations, topography is the primary determining factor
with respect to the distribution of incoming solar radiation (Aguilar et al., 2010). Variability
in slope angle, slope orientation and shadows cast by topographic entities, can lead to sig-
nificant local solar radiation gradients (Dozier, 1980; Dubayah, 1992; Dubayah, 1994; Du-
bayah and van Katwijk, 1992; Shi et al., 2013). Thus, accurate and direct description of the
spatial distribution of GSR based solely on meteorological observations is difficult.

DEM data (1 km resolution) representing terrain conditions from 48 solar radiation ob-
servational stations within the Yangtze River Basin were employed to comprehensively ac-
count for the influence of solar radiation shielding. An estimation equation for the sunshine
percentage and its relationship to GSR was subsequently developed to calculate an associ-
ated empirical coefficient. This was then used in concurrence with monthly solar radiation
observations to obtain the spatial distribution of GSR within the Yangtze River Basin, in
addition to the temporal and spatial distribution of climate change via utilization of sunshine
percentage information from 1960 to 2010.

2 Data sources and processing

Meteorological data were collated and employed as follows: (1) monthly mean percentage of
sunshine from 1960 to 2010 (MJm?)
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3 Distributed GSR model for rugged terrain
3.1 Distributed GSR model for rugged terrain

Numerous previous studies have focused on estimation of solar radiation at the Earth’s sur-
face (Steven, 1977; Temps and Coulsom, 1977; Igbal, 1983; Proy et al., 1989; Dozier and
Frew, 1990). If multiple reflections between the Earth’s surface and the atmosphere are not
considered, surface solar radiation within regions characterized by complex terrain is com-
posed of direct solar radiation, diffuse radiation and reflected radiation sky terrain, which is

Oup =Orap + Quap + Crap Q)
where O, denotes monthly GSR total within complex terrain (MJm™?), Osqp represents the
monthly total of direct solar radiation within complex terrain (MJm ), Quqp 1s the monthly
total of diffuse solar radiation within complex terrain (MJm %) and Orqp 1s the monthly total
of terrain reflectance radiation (MJ: mfz).

3.1.1 Distributed direct solar radiation (DSR) model for rugged terrain
Based on the theory of DSR on slopes, the calculation formula of direct solar radiation ()
in areas characterized by rugged terrain is:
Qo Opap
9 O

where Qg is the extraterrestrial solar radiation quantity associated with rugged terrain (Fu,
1958), Osqp is the DSR quantity associated with rugged terrain (Zeng et al., 2005a), Oy is the
extraterrestrial solar radiation quantity on a horizontal plane and O}, is the DSR quantity on a
horizontal plane (Zuo et al., 1991).

2)

Given Qoap, Qo and Oy, the distribution of DSR quantity in areas characterized by rugged
terrain Oy, may be quantified using equation (2). In the current study, Oy and Qo4 had been
obtained using a previously developed algorithm (Zeng et al., 2003), with Q) simulated via
statistical data-fitting models.

3.1.2 Distributed diffuse solar radiation model of rugged terrain

The underlying mechanism of diffuse solar radiation is relatively complex, thus creating
difficulties with respect to accurate calculation of the quantity of diffuse radiation reaching
the surface in areas with complex terrain (Weng, 1997). Existing diffuse radiation models of
terrain slope are of two general types, namely, isotropic models (Liu and Jordan, 1962) and
anisotropic models (Hay, 1979; Hay and McKay, 1985). Anisotropic models operate under
the premise of anisotropic diffuse radiation intensity; the quantity of diffuse radiation
reaching the surface in areas with complex terrain depends upon the degree of terrain mask-
ing V, in addition to other factors (Li et al., 1999; Zeng et al., 2003; Li and Weng, 1988; Ra-
homa, 2001; Lagib ef al., 1999). The quantification of diffuse radiation, Oy, in areas char-
acterized by complex terrain is presented in equation (3). In the current study, modified ani-
sotropic modeling has been employed:

Ouap =Qul(Oy 1 O R, +V (1-0,,/ 0y)] (3)

where Qg is the monthly total of diffuse radiation in complex terrain (MJm™), Qy is the
monthly total of horizontal diffuse radiation (MJm 2) and R, is the ratio 0y/Qy.
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3.1.3 Distributed terrain reflectance radiation model of rugged terrain

The terrain reflectance calculation model for solar shortwave radiation, Q,,, is presented in
equation (4) (Zuhairy and Sayigh, 1995; Antonic, 1998):

0,y =0a,(1-V) @
where O, is the monthly quantity of terrain-reflected solar shortwave radiation MJm™), O

is the monthly quantity of horizontal GSR (MJm‘z) and a; is the mean monthly surface al-
bedo. Reference albedo is outlined in Section 3.4.

3.2 Horizontal DSR and diffuse radiation model
3.2.1 Horizontal GSR Q model

Several previous studies have reported a correlational relationship between GSR and sun-
shine percentage; accordingly, a linear estimation model (Kimball, 1919) has been employed
as follows:
0=0y(ag +bss)=Ohk, (5)

where ag and bg represent empirical coefficients affected by climactic characteristics (i.e.
cloudiness), atmospheric transparency and other factors that have no direct relationship with
terrain, s is the sunshine percentage (the percentage ratio of actual sunshine duration and
astronomically possible sunshine duration) and &, = Q/Q is the clearness index.

Physically, equation (5) shows that when s = 0, Q0 — Qpas and Q (value of incident sur-
face light) is minimized; whereas, when s — 1, O — Qy (ag + bg) and Q is maximized.

Based on the fitted model in combination with the QO-linear form, the number of QO
observational stations is more than that of Q,. In addition to temporal variation, spatial
variation was also considered with respect to the empirical coefficient. Typically, four
procedures are undertaken for O fit modeling, as follows. (1) All meteorological observation
stations for all months are amalgamated into a single sample dataset (Q) to establish a uni-
form Q estimation model (model N = 1). (2) All stations for the same months are amalga-
mated as a sample data set of Q for the development of Q estimate patterns by month (model
N = 12). (3) Use of a single meteorological observation station for all months as a sample
data set of Q followed by the development of O estimation models by station (model N =
48). (4) Use of a single weather station in the same month as a sample data set of Q to
develop estimate models by month and station (model N = 48 x 12 = 576). In the
month-based model, temporal patterns empirical coefficients are considered, while spatial
variation is accounted for via the station-based model. Accordingly, with respect to statisti-
cal estimation accuracy, resulting patterns from the aforementioned month-based and sta-
tion-based models were used to obtain ag and bs. Via inverse distance weighting (IDW)
interpolation on calculated ag, bg and s, the mode (equation 5) was used to calculate
monthly Q.

3.2.2 Improved horizontal direct radiation and diffuse radiation component decomposition
model

Direct radiation is the primary component of global radiation reaching the Earth’s surface,
with direct radiation and GSR exhibiting a high level of correlation (Louche et al., 1991).
Sunshine percentage and GSR are also closely related; thus, the association direct radiation
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and sunshine percentage may be directly calculated. Zeng et al. (2005b) have previously
applied a modified calculation formula to the Yellow River basin, as follows:

0, =0, (ag +sbg )(1-a)(1-e"")=0f, (6)

where s is the sunshine percentage, a, b and ¢ are empirical coefficients determined by the
corresponding measured data and all other notations have been previously outlined.

Physically, equation (6) shows that when s = 0, there is no direct radiation and Q, = 0;
when s — 1, GSR surface incidence is primarily composed of direct radiation, O, — Qo (ag
+ bg) (1—a). In the current study, equation (6) has been applied using just sunshine percent-
age (s) observations for the estimation of Q.

Diffuse radiation is also an important quantitative component of GPS reaching the Earth’s
surface. Based upon previous research pertaining to diffuse radiation model calculations
(Liu and Jordan, 1963; Bartoli et al., 1982), a model for horizontal diffuse radiation Q, cal-
culation takes the following form:

0, =0(@a+(1-a)e™ ") (7)

where O, is the monthly quantity of horizontal diffuse radiation, and a, b, and c are experi-
ence coefficients required for determination of corresponding measured data.

Equation (7) shows that, when s=0, horizontal solar radiation is entirely composed of dif-
fuse radiation; when s—1, horizontal solar radiation is primarily composed of direct radia-
tion.

3.2.3 Horizontal solar radiation sunshine percentage calculation model

Sunshine percentage has been explained above. Possible sunshine duration may be directly
calculated via a pre-existing astronomical equation, while actual sunshine duration may be
obtained from meteorological observation. An IDW interpolation method has been used in
the current study to derive the spatial distribution of sunshine percentage s within the scope
of the Yangtze River Basin using data from the Yangtze River Basin and sunshine percent-
age data from 227 meteorological stations observations (Figure 1).

3.3 Distributed model of the degree of terrain masking

In complex terrain, mountain shelter depends upon the degree of mutual shading provided
by the surrounding topographical features; numerical integration within a 27 orientation is
required for accurate quantification of mutual shading. With respect to the undulating terrain
of mountain P, the following distributed model algorithm pertaining to mountain has been
developed (Qiu, 2003):
=
V==—>1V. (8)

1
n iz

Along the circumference of the integral line (2x), mean mountain shade V; is used to ob-
tain mountain shade V. In equation (8), n pertains to a given azimuth integration step A®
(degrees), with integration number and subsequent rounding along the 2x circumference.

3.4 Surface albedo calculation model

As an element of the surface shortwave radiation balance, surface albedo determines the
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distribution of energy between the ground surface and atmosphere via ground energy ex-
change; accordingly, it is a central parameter with respect to radiative transfer, numerical
weather prediction and general circulation models (Zeng et al., 2003).

Surface albedo reflects the surface reflectance characteristics of solar radiation, thus, sur-
face albedo variation has a significant impact on land surface processes. Surface albedo is
frequently treated as a constant in traditional lumped evapotranspiration models for calcu-
lating shortwave radiation balances. However, it is a complex parameter, which may be af-
fected by multiple variables including the angle of solar elevation, underlying surface
roughness, soil moisture and vegetation type. Therefore, albedo data should reflect the spa-
tial data distribution, with remote sensing representing a powerful tool in this regard.

The development of satellite remote sensing technology has permitted the collation and
quantification of increasingly accurate ground albedo data; conventional climatology also
represents a potential albedo data source, with both methods requiring subsequent inversion
calculations (Xu and Liu, 2002; Arnfield, 1975; Morton, 1983). The inversion formula for
albedo based on NOAA-AVHRR data is given by equation (9) (Valiente et al., 1995):

a, =0.545 4y, +0.320 peyy, +0.035 ©)

where oy is the mean monthly surface albedo, pcy and pcyr are AVHRR channels 1 and 2
observations. Monthly observations from NOAA-AVHRR channels 1 and 2 (8 km x 8 km
resolution) during the period 1981 to 2010 have been employed to obtain a monthly albedo
spatial distribution for the Yangtze River Basin.

4 Distribution of GSR of complex terrain in the Yangtze River Basin
4.1 Spatial distribution of GSR of rugged terrain in the Yangtze River Basin

Based upon the spatial distribution of annual global radiation means for rugged terrain
within the Yangtze River Basin (1960-2010) (Figure 2), GSR exhibits a ‘ladder-like’ distri-
bution. The value of GSR associated with the Qinghai-Tibet Plateau (upriver), the Hengduan
Mountains (southwest) and the western Sichuan Basin have the highest levels of GSR.
Among these, the magnitude of annual solar radiation associated with the Tibetan Plateau
occurs within the range of 6500-7247 MJm>. A second GSR gradient is located in the
Qinling-Daba Mountains in the northern Sichuan Basin, the southern Yunnan-Guizhou Pla-
teau and the Southeast Hills in the middle-lower reaches of the river. Among which the an-
nual magnitude of solar radiation of the Hengduan Mountains and the Yunnan-Guizhou Pla-
teau occurs within the range of 5100-6400 MJm >, while downriver areas of the Yangtze
River in the hilly and plain region have a GSR range of 4000-5000 MJm 2, followed by the
Sichuan Basin. The lowest GSR range is found within the Sichuan Basin (2700-3400
MJm?). Overall, mean annual GSR is shown to positively correlate with altitude.

The spatial distribution of annual global radiation mean difference between rugged terrain
and horizontal planes within the Yangtze River Basin (1960-2010) is presented in Figure 3.
As shown, the magnitude of annual solar radiation differs significantly between rugged ter-
rain and horizontal planes on both the sunny and shady sides of western mountains. These
differences represent the composite effects of terrain-associated radiation factors. In charac-
teristically flat areas, e.g. the Yangtze River Basin and Sichuan Basin, terrain-associated
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impacts may be ignored; however, in the Qinghai-Tibet Plateau and Hengduan Mountains,
the impact of mountainous terrain is highly significant.

GSR over rugged
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Figure 2 Spatial distribution of annual global radiation mean magnitude over rugged terrain within the Yangtze
River Basin (1960-2010)
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Figure 3 Spatial distribution of annual global radiation mean difference between rugged terrain and horizontal
planes within the Yangtze River Basin (1960-2010)

The spatial distribution of seasonal global radiation mean over rugged terrain within the
Yangtze River Basin (1960-2010) is presented in Figure 4. As shown, the magnitude of sea-
sonal solar radiation may be ranked in the following order: summer > spring > autumn >
winter, with the highest levels of radiation correlated with increasing altitude, e.g. the Ti-
betan Plateau, followed by the Hengduan Mountains and the Yunnan-Guizhou Plateau. The
lowest levels of global radiation were associated with the Sichuan Basin. High radiation
values during spring were found in the Tibetan Plateau and Hengduan Mountains, while ra-
diation values during the summer months were high in the majority of investigated regions,
except for Sichuan, Chongqing, etc. Radiation values during autumn within the Yangtze
River source regions (e.g. Yushu) were relatively high, while other regions exhibited sig-
nificantly lower values. The majority of regions exhibited low radiation values during winter
months.
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Figure 4 Spatial distribution of seasonal global radiation mean magnitude over rugged terrain within the Yang-
tze River Basin (1960-2010)

4.2 Local distribution of GSR over rugged terrain changing with topographical fac-
tors

The ratio of the monthly magnitude of terrain solar radiation and horizontal solar radiation (»
= Q.p/ Q) represents the degree of impact on GSR accounted for by local topography. In the
current study, spatial statistical analyses were conducted, based upon variation of the r curve
with respect to season, latitude, altitude, slope and aspect. r curves were developed using
calculated results of terrain GSR and horizontal GSR within the Yangtze River Basin, in
concurrence with spatial analysis functions for altitude, slope and aspect. Accordingly, these
analyses permit quantification of the influence of season, geographical latitude and terrain
factors (like altitude, slope, aspect, etc.) on global radiation. r curve variation with respect to
the Yangtze River Basin (1960-2010) is presented in Figure 5; for calculative purposes,
spring, summer, autumn and winter were represented by April, July, October and January,
respectively. Slope was defined as: 0°, northerly; 90°, easterly; 180°, southerly; 270°, west-
erly.

With respect to a latitude of 35° and a slope of 23° for varying seasons (Figure 5a), radia-
tion variation during January exhibited the most dramatic response to aspect, followed by
that of October, with the smallest response observed during July. Thus, it may be concluded
that during autumn and winter months, solar radiation magnitude is most affected by aspect.
From January onwards, with the aspect on the (horizontal) axis, solar radiation from a
southern aspect (sunny) is significantly greater than 1, i.e. GSR of the topographic relief is
greater than the horizontal plane, with the most significant differences observed in a south-
erly direction. Conversely, the solar radiation from a partially northern aspect (shady) is less
than that observed from the horizontal plane, with the greatest difference located in a north-
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erly direction. The trend curve for October was similar to that for January; however, the de-
gree of influence (7) represented by aspect is weaker than that during January; in April, this
influence is weaker again; in July, the influence exerted by the aspect becomes minimal,
with an r value approaching 1, suggesting that GSR magnitude over the terrain is almost
equal to that over the horizontal plane during this period. Moreover, r values of the westerly
aspect and easterly aspect are both =1, indicating that GSR magnitude for both aspects are
approximately equal. Additionally, local fluctuations in the graph line reflect mutual shad-
owing effects of topography.
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Figure 5 Variation of  curve vs. slope of the Yangtze River Basin (1960-2010)

As the observed response for January was most significant, January has been used as a
reference month for investigation of r-value variation with respect to slope, latitude and al-
titude.

As shown in Figure 5b, from 30°N to 36°N, in concurrence with increasing latitude, »
significantly increases in parallel; the curves intersect at the eastern and western aspects,
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with respective r values of ~1. From the western and eastern aspects to the southern aspect,
the r value gradually increases, whereas a gradual decrease is observed within the transition
from the western and eastern aspects to the northern aspect.

As shown in Figure 5c, the r value increases in concurrence with an increased degree of
slope, as slope increases from 0° to 12°. This pattern is evident within the majority of curves,
with an intersection of the eastern and western aspects, and an r value =1. The r value
gradually increases during the transition from the western and eastern aspects to the southern
aspect, whereas, the opposite is observed with respect to the transition from the western and
eastern aspects to the northern aspect.

Local topography within the Yangtze River Basin is complex and comprises significant
altitude variation. From Figure 5d, it is evident that with increasing height, the r value is
affected by the degree of aspect, with this influence gradually increasing in parallel with
altitude. Similarly, the intersections of the curves are located at the western and eastern as-
pects; transitions from the western and eastern aspects to the southern aspects concur with
an increasing r value, while a decreasing r value is observed during the transition to the
northerly aspect.

From Figure Se, it may be observed that r values associated with the southern, southeast-
ern, southwestern, western and eastern slopes are greater than or equal to 1, with increasing r
values in concurrence with increasing slope, i.e. GSR magnitude is higher than that on hori-
zontal terrain. The r values associated with the northern, northwestern and northeastern
slopes are less than 1, with r values decreasing in parallel with increasing slope, i.e. GSR
magnitude is lower than that on horizontal terrain.

4.3 Analysis of errors

Based on observational data from radiation 800
. : . ¥=0.9637x+11.79
stations during the period 1960-2010, _ 700 R-0.0816
.. . S & 600
mean monthly radiations from each station % 5y,
. . (=}
were calculated to obtain an overall simu- gé 400
. . . . . Q
lation value for grid points via an adjacent gg ;gg
similar pixels procedure. Through com- © 100
parison of mean climate observations and % 100 200 300 400 500 600 700 800

simulation values, a mean absolute error of GSR simulation value (MJm™)

12.983 MJm % was obtained, in concurrence Figure 6 Contrast between observations and simula-
tion values of normals of daily global radiation

with a mean relative error of 3.608% (Fig-
(1960-2010)

ure 6) (Qiu et al., 2009; Deng et al., 2013).
4.4 Site validation

To verify simulation accuracy, radiation stations not involved in the simulation process were
employed to provide reference values. Simulation values for these sites were extracted from
simulation results of the distributed GSR, and subsequently compared with the mean value
of GSR based on observations from 1960 to 2010. Results indicate an absolute error of
22.621 MJm'z, in concurrence with a relative error of 4.626%.
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5 Conclusions

Distributed simulation of GSR over rugged terrain is affected by interacting of astronomy,
geography, local topography and other atmospheric factors. In the current study, astronomi-
cal radiation and terrain masking models have been developed for applications with respect
to rugged terrain. Meteorological station observations from the Yangtze River Delta from
1960 to 2010, NOAA-AVHRR remote sensing data and 1 km X 1 km resolution DEM data
were employed for the development of a DSR model, a terrain diffuse radiation model and a
reflected radiation model. Comprehensive analyses of GSR results based upon characteristi-
cally rugged topography within the Yangtze River Basin were subsequently undertaken. The
major study conclusions have been summarized as follows:

The use of topography astronomical radiation modeling and terrain masking modeling
represents key technologies for the effective development of distributed topography DSR
models, distributed topography diffuse radiation models and distributed topography reflec-
tion models.

Clustering procedures permit more stable and reliable empirical estimation of horizontal
solar radiation. In the current study, data clustering procedures were based upon meteoro-
logical station and monitory month, and were used to examine the spatial and temporal
properties of horizontal empirical coefficients. This approach was used to effectively over-
come inherent instability with respect to empirical geo-statistical modeling over time and
space. Accordingly, it provides a significantly enhanced approach for the quantitative spatial
extension of GSR and others elements of ground space.

Results from the Yangtze River Basin indicate that GSR varies with season, altitude, lati-
tude, slope and aspect. Aspect effects declined in concurrence with season in the order
spring > winter > summer > autumn. Increased altitude, slope and latitude were shown to
concur with an upward trend with respect to the degree of influence (r). The southern aspect
(sunny) of GSR was shown to be significantly higher than the northern aspect (shaded).
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