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Abstract: Incident solar radiation is a driving force for many ecological and hydrological processes. For this study, we
developed TopoRad, a new radiation model, to describe spatial and temporal patterns of daily radiation based on topog-
raphy and daily temperature regimes. The model was applied to the Mount Jumbong Forest, located in the mid-eastern
area of the Korean peninsula; and the model calculations were evaluated by varying the spatial scales of the digital ele-
vation models (DEMs). In the TopoRad, a clearness index was used to calculate global radiation on a horizontal sur-
face and to partition direct and diffuse radiation. Topographic corrections were separately calculated for each direct and
diffuse radiation, using daily topographic modifiers calculated from a DEM. TopoRad predicted daily global radiation
of five weather stations with a mean absolute error of 3.1 MJ·m–2·day–1 and a mean bias of –0.3 MJ·m–2·day–1. In the
spatial application for Mount Jumbong Forest, distinctively different patterns between direct and diffuse radiations were
found where direct radiation (5.2 MJ·m–2·day–1) had more influence than diffuse radiation (4.6 MJ·m–2·day–1) on annual
mean daily radiation. When the scaling effect was inspected across different spatial resolutions, the predicted global ra-
diation was nonlinearly related to spatial resolutions. As the spatial resolution became more coarse, the predicted radia-
tion decreased for south-facing slopes and increased for north-facing slopes, indicating that the predictions from the
models cannot be generalized for gradients. TopoRad is better suited to predict daily radiation in rugged landscapes
where fine-scale prediction is required.

Résumé : Le rayonnement solaire incident est la source d’énergie de plusieurs processus écologiques et hydrologiques.
Dans le cadre de cette étude, nous avons développé un nouveau modèle de rayonnement, TopoRad, pour décrire les va-
riations spatiale et temporelle du rayonnement journalier sur la base de la topographie et du régime journalier de tem-
pérature. Le modèle a été utilisé à la forêt du mont Jumbong qui est située dans le centre-est de la péninsule coréenne.
Les calculs effectués par le modèle ont été évalués en faisant varier l’échelle spatiale des modèles numériques
d’altitude. TopoRad utilise un indice de clarté pour estimer le rayonnement global sur une surface horizontale et sépa-
rer les rayonnements direct et diffus. Les corrections topographiques ont été calculées séparément pour les rayonne-
ments direct et diffus, en utilisant des modificateurs topographiques journaliers estimés au moyen d’un modèle
numérique d’altitude. TopoRad a prédit le rayonnement global journalier pour cinq stations météorologiques avec une
erreur absolue moyenne de 3,1 MJ·m–2·jour–1 et un biais moyen de –0,3 MJ·m–2·jour–1. Des patrons nettement différents
ont été observés pour les rayonnements direct et diffus suite à l’application spatiale du modèle à la forêt du mont Jum-
bong. Le rayonnement direct (5,2 MJ·m–2·jour–1) avait plus d’influence sur la moyenne annuelle du rayonnement jour-
nalier que le rayonnement diffus (4,6 MJ·m–2·jour–1). Lorsque l’effet d’échelle a été examiné en ayant recours à
différentes résolutions spatiales, le rayonnement journalier calculé était non linéairement relié à la résolution spatiale. À
mesure que la résolution spatiale devient plus grossière, le rayonnement calculé diminue sur les pentes orientées au sud
et augmente sur les pentes orientées au nord, indiquant que les prédictions des modèles ne peuvent pas être générali-
sées pour les gradients. TopoRad est mieux adapté pour prédire le rayonnement journalier pour les paysages accidentés
où il est nécessaire d’obtenir une prédiction à petite échelle.

[Traduit par la Rédaction] Kang et al. 497

Introduction

Incident solar radiation is a forcing variable that controls
the energy budget of an ecosystem and such hydrological

and ecological phenomena as evapotranspiration, photosyn-
thesis, and leaf morphology (Gates 1980; Monteith and
Unsworth 1990; Jose and Gillespie 1996). Accurate esti-
mates of solar radiation are essential for reliable estimates of
primary production and evapotranspiration (Running and
Coughlan 1988; Aber and Federer 1992; Landsberg and
Waring 1997). Although meteorological conditions (e.g.,
cloud cover, aerosols, and dust) account for major variations
in solar radiation regionally and globally, local topography
is responsible for significant spatial variations in solar radia-
tion in rugged terrain areas where meteorological conditions
are relatively homogeneous (Swift 1976; Dozier and Frew
1990). To describe this phenomenon, researchers have de-
veloped many topographic solar radiation models (Flint and
Childs 1987; Running et al. 1987; Dozier and Frew 1990;
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Dubayah 1992, 1994; Dubayah and Rich 1995; Rich et al.
1995; Dubayah and Loechel 1997; Antonic 1998; Thornton
and Running 1999; Fu and Rich 2000; Thornton et al. 2000).

These models differ in their methods of calculating atmo-
spheric transmittance, direct and diffuse partitioning, and
topographic modifications. Direct radiation could be esti-
mated from the optical air depth (depending on the amount
of cloud cover, aerosols, and dust), followed by deriving dif-
fuse radiation using a ratio of diffuse ration to direct radia-
tion (Iqbal 1983; Hetrick et al. 1993; Dingman 1994;
Dubayah and Rich 1995; Rich et al. 1995; Fu and Rich
2000). In South Korea, however, cloud data are rare (0.7 sta-
tions per 1000 km2), compared with temperature data (4.0
stations per 1000 km2). This practical problem was well rec-
ognized by Running et al. (1987) and was used to develop
the mountain microclimate simulation model, MT-CLIM
(Thornton et al. 1997, 2000; Thornton and Running 1999).
Instead of cloud data, they used air temperature to calculate
atmospheric transmittance (Bristow and Campbell 1984) and
to estimate diffuse radiation fraction (Running et al. 1987;
Hungerford et al. 1989).

A new solar radiation model, TopoRad, was developed to
predict spatial and temporal patterns of daily radiation in
rugged montane areas. TopoRad is based on daily tempera-
ture ranges (DTR) to calculate atmospheric transmittance.
Unlike MT-CTIM, TopoRad estimates diffuse radiation frac-
tion (Earbs et al. 1982) and then completes topographic cor-
rections on direct and diffuse radiation (Dubaya and Loechel
1997; Fu and Rich 2000) more rigorously than the MT-
CLIM (Thornton et al. 2000). TopoRad incorporates many
topographic features derived from DEM, such as sky view
obstructions by adjacent ridges, seasonal variations in local
sunrise or sunset horizon angles, and shadows (Fu and Rich
2000).

In this paper, we apply the TopoRad model to the Mount
Jumbong Forest in the mid-eastern area of the Korean penin-
sula. At base weather stations, we compared the TopoRad
predictions with the MT-CLIM predictions (Thornton and
Running 1999; Thornton et al. 2000). We assume that the
sensitivity of model outputs to spatial resolutions varies with
the local topography. Hence, we evaluated radiation calcula-
tions with different spatial resolutions of DEM to offer in-
sight into issues of spatial scale.

Materials and methods

Daily global radiation
Dubayah and Loechel (1997) suggest a mathematical for-

mula of hourly global radiation on an arbitrarily oriented
surface (R s

h ). If reflected radiation is much smaller than di-
rect and diffuse flux, then the reflected radiation term can be
ignored (Iqbal 1983; Dingman 1994; Fu and Rich 2000) and
then R s

h is described only with direct and diffuse terms as

[1] R F V Bs
h h

d
h

i≈ + δ θcos

where Fh and Bh are hourly diffuse and direct radiation, re-
spectively, on a horizontal plane; Vd is a sky view factor de-
fined as the unobstructed portion of sky at any given point
(Dozier and Frew 1990); δ is a Boolean variable in the pres-
ence of either cast shadows or self-shading; and θi is the so-
lar incident angle. In eq. 1, isotropic diffuse radiation was

assumed. Integration of eq. 1 from sunrise to sunset yields
daily topographic solar radiation (Rs). This requires informa-
tion on hourly direct and diffuse radiation or on hourly
cloud cover and dust density to estimate direct and diffuse
radiation indirectly. However, since this information is rare
in South Korea, we introduced a daily radiation model with
two daily topographic factors and with daily direct and dif-
fuse radiation (Fig. 1):

[2] R FV Bts d f d≈ + δ

where F and B are daily direct and diffuse radiation on a
horizontal surface derived by two climatological equations
(Erbs et al. 1982; Bristow and Campbell 1984); the topo-
graphic factor (tf) accounts for the effects of local sunrises
and sunsets, and slope and aspect; the shading factor (δd) ac-
counts for the effects of shadows during the day. The vari-
ables tf and δd will be further defined in the next section
(eqs. 3 and 4). The estimation of daily solar radiation is an
aggregate process that yields all the terms on the right-hand
side of eq. 2. The modeling procedure is presented in Fig. 1.
Symbols and terminology used in TopoRad are described in
Appendix A.

Topographic modifiers for direct and diffuse radiation
Three topographic modifiers were introduced in TopoRad

(eq. 2): Vd is the unobstructed portion of sky at a given
point; tf is the ratio of daily radiation on an arbitrarily ori-
ented plane to daily radiation on a horizontal plane; and δd
indicates effects of shadows’ presence and timing on daily
direct radiation. The shading factor is normalized with a
weighted sum of the daytime solar incident angle; Vd was
calculated with a method suggested by Dozier and Frew
(1990); and tf was calculated using a formula suggested by
Iqbal (1983) but modified for the effect of adjacent ridges:

[3] tf
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since calculating tf requires both sunrise and sunset angle in-
formation specific to the local topography. We derived sun-
rise and sunset angles using Dozier et al.’s (1981) proposed
method. The weighted sum of δ in eq. 1 is δd. The weight is
a normalized solar intensity determined with the solar inci-
dent angle at each integration time step:
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∆

where ωsr and ωss are, respectively, the sunrise and sunset
hour angles on an arbitrarily oriented plane surrounded by
adjacent ridges; ωs is a sunrise (or sunset) hour angle on a
infinite horizontal plane; θz is a solar zenith angle on the
horizontal plane; θi is a solar incident angle on an arbitrarily
oriented plane; and ∆ is a searching interval for sunrise and
sunset angles. The presence of shadows, δj, is a Boolean
variable that is 0 when the current point is shadowed at the
jth time step.
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Local horizons were determined by 16 horizontal direc-
tions (an interval of 22.5°) and were linearly interpolated to
derive elaborate local horizons at every 15-min hour angle
(∆, an interval of 3.75°) (Dozier and Frew 1990; Fu and Rich
2000). By comparing the local horizon and solar altitude ev-
ery 15 min, we estimated ωsr, ωss, and δj to calculate tf and
δd. This process was repeated every Julian date.

Global radiation on a horizontal surface and
partitioning

Bristow and Campbell (1984) proposed an algorithm that
relates diurnal air temperature range (DTR) to atmospheric
transmittance (Tt). Hungerfored et al. (1989) modified the
original algorithm after considering the elevation correction
of clear sky Tt at sea level (Ao):

[5] T A t E
C

t o s
DTRe= + − − ×( )( )1 β

where E is site elevation in metres and ts is a correction fac-
tor for increasing transmittance with increased elevations.
The parameter Ao represents maximum clear-sky total trans-
mittance at sea level and is specific to local atmospheric
conditions, along with β and C (Bristow and Campbell
1984). Hungerford’s algorithm (eq. 5) does not account for
the effects of aerosols on radiation explicitly. The effect may
account for the broad distribution of the predictions for ob-
served radiation as indicated by Thornton and Running
(1999) and Thornton et al. (2000). They solved this problem
by using near-surface water vapor pressure to estimate clear-
sky total transmittance. Their logically objective algorithms
do not need to parameterize the model on a case-by-case ba-
sis. These methods have merit when applied over a large
area but do require complicated calibrations on six parame-
ters before application to particular climate regimes (Thorn-
ton et al. 2000). For simplicity, we proposed the algorithm
of eq. 5 for this study. Parameters Ao, β, and C were
recalibrated using meteorological data from the five national
weather stations (NWS) (Table 1). We did not use precipita-

tion data as Hungerford et al. (1989) did; ts was set as a
constant, 0.000 08 m–1 (Hungerford et al. 1989).

The clearness index (atmospheric transmittance, Tt) has
often been used to partition global radiation into direct and
diffuse terms (Orgill and Hollands 1977; Duffie and
Beckman 1980; Erbs et al. 1982; Vignola and McDaniels
1984; Hollands 1985; Jacovides et al. 1996; Iziomon and
Aro 1998). In this study, the algorithm proposed by Erbs et
al. (1982) was used to estimate B and F on a horizontal sur-
face. The algorithm was applied successfully in a recent
study (Dubayah and Loechel 1997). In their comparative
study, Jacovides et al. (1996) concluded that predictions
from several types of the model do not statistically differ
and that site dependency may not be a major factor in the
model’s performance.

Parameterization and validation
Five NWS (see map in Fig. 2a) in the mid-eastern Korean

peninsula that measure global radiation in the area were se-
lected for regional parameterization of TopoRad and for val-
idation of TopoRad predictions (Table 1). For this study, we
used the NWS’s daily measurements (1980–1998) of global
radiation, air temperature, and precipitation. The data sets
were divided into two subsets of even-year (10 years) and
odd-year (9 years) data. Even-year data were used for
parameterization and odd-year data were used for validation.
Three parameters of TopoRad (eq. 5) were empirically esti-
mated using the even-year data (10 years). The total trans-
mittance was calculated using methods suggested by Iqbal
(1983) and Bristow and Campbell (1984). In this study, we
fixed Ao at a value that corresponded to the upper 1% of
daily total transmittances so that these would be undisturbed
by the abnormally high transmittances found in our data set.
This allowed us to concentrate on rigorous parameterization
on β and C; β and C were simultaneously determined to min-
imize the overall mean absolute error (MAE) and the bias of
TopoRad predictions.
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Direct/Diffuse Partitioning

Topographic Radiation
Topographic Corrections

Horizontal Global Radiation

Extraterrestrial Radiation

Weather Station (TMAX, TMIN) DEM
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and Validation

Total
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Daily Topographic Modifiers

- Topographic factor
- Shading factor

- Sky view factor

Fig. 1. A schematic diagram on modeling procedure of TopoRad. TMAX and TMIN, daily maximum and minimum temperature, re-
spectively. In a parameterization and validation, TMAX, TMIN, and daily radiation from the weather stations are required but in a spa-
tial application, only TMAX and TMIN are required for inputs.
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After parameterization, TopoRad predictions were vali-
dated at the five NWS using the odd-year data set (9 years).
We also compared the TopoRad predictions with the predic-
tions from MT-CLIM version 4.3 (Thornton et al. 1997,
2000; Thornton and Running 1999) and the predictions from
the Bristow and Campbell’s algorithm using the parameters
suggested by Hungerford et al. (1989) (Ao = 0.65, β =
0.0030,C = 2.4) (see Table 3).

Applications of TopoRad in Mount Jumbong area
TopoRad was applied in an area of the rugged, forested

landscape of Mount Jumbong (38°02′N, 128°26′E) in the
mid-eastern Korean peninsula (Fig. 2b). The study area is
temperate hardwood forest in a UNESCO Biosphere Reserve
and is designated as a Natural Forest Reserve by the Office
of Forestry, Korea. The study area’s elevation and slope
range from 267 to 1410 m and from 0 to 51°, respectively.
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Fig. 2. Digital elevation model (DEM) of study area and weather stations used in this study: (a) DEM of northern Kangwon Province
where solid circle and square are the national (NWS) and automatic weather stations, respectively, and (b) Triangulated Irregular Net-
work presentation of study area, Mount Jumbong with a area of 8.8 × 6.6 km. A key map of the Korean Peninsula is also shown, indi-
cating NWS where radiation data used in this study was monitored.

Taegwallyoung Chunchon Kangnung Wonju Chongju

Latitude (°N) 37.69 37.90 37.75 37.33 36.67
Longitude (°E) 128.75 127.73 128.90 127.95 127.43
Elevation (m) 842 74 26 149.8 59
Annual meantf × δd* 0.975 0.997 0.995 0.997 0.923
Sky view factor 0.979 0.998 0.998 0.999 0.994
Data period 1980–1998 1980–1998 1980–1998 1980–1998 1980–1998
No. of missing days 43 62 8 54 0

* tf × δd is a daily multiple of topographic factor and shading factor.

Table 1. Summary of climate data from the five national weather stations (NWS) that have daily
global radiation data and are located mid-eastern Korean Peninsula.
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Site details can be found in other literature (Lee et al. 1999;
Oh et al. 1999; Kang et al. 2000).

Meteorological data of daily maximum and minimum air
temperatures were prepared for model application in the
Mount Jumbong area (Fig. 2a). The data were based on
readings taken in 1997 by the Korean Meteorological Ad-
ministration in northern Kangwon Province. The readings
were taken from 27 weather stations (5 NWS and 22 auto-
matic weather stations (AWS)) where elevations varied from
10 to 1388 m above sea level, with a mean of 357 m and a
standard deviation of 260 m. A base DEM with a resolution
of 30 m was generated by using the Korean National Geog-
raphy Institute’s digital topographic maps with a scale of
25 000 : 1.

Maps showing daily minimum and maximum air tempera-
ture were prepared using the method of “kriging with an ex-
ternal drift” (Deutsch and Journel 1992; Hudson and
Wackernagel 1994). DEM was used as the external drift; this
method is an extension of a trend model (so called “univer-
sal kriging”) that uses elevation as a second variable. Cross
validation was used where actual data were individually
dropped and then re-estimated by using the values of neigh-
boring data. Each datum was replaced in the data set after
re-estimation (Deutsch and Journel 1992). Each Julian date,
parameters and a type of variogram model were determined
using air temperature data from 27 weather stations (Fig. 1a)
and geostatistical software (GS+, Gamma Design Software).
This information was then used as parameters for cross vali-
dation and for spatial estimation of GSLIB routines
(Deutsch and Journel 1992).

Predicted radiation was used to examine the effects of ele-
vation, aspect, and slope on radiation. The annual-mean
daily radiations of different topographic conditions were
compared. For the comparison, predicted radiations were ex-
tracted from a modeled map of the annual-mean global radi-
ation by the intervals of 20 m in elevation, 10° in aspect, and
1° in slope. Mean radiation for each group was plotted on
phase spaces of aspect–elevation, aspect–slope, and slope–
elevation.

Scale sensitivity of TopoRad
TopoRad considers topography in determining daily radia-

tion. Since topography is recognized differently depending
on the level of spatial resolution, we hypothesized that mod-
eled radiation might not be invariant across diverse spatial
resolution. To examine the scale sensitivity of TopoRad on
local topographic complexity, the study area in Fig. 2 was
divided into 12 subregions, each with an area of 2160 ×
2160 m (Table 2). TopoRad predicted annual-mean daily
global radiation at every grid cell with eight selected spatial
resolutions (30, 90, 180, 270, 540, 810, 1080, and 2160 m).
Next, all the grid cells were averaged over each subregion,
and these means were plotted against spatial resolution.

Topographic indices of the base topographic map may be
related to the scale sensitivity of TopoRad predictions. If this
is the case, an intuitive perception of the scale problem can
be developed before rigorous simulation efforts are begun.
Topographic indices, which represent the topographic com-
plexity of each subregion, were introduced to account for the
variations in the scale sensitivity. These indices include
slope, topographic surface area index, Vd, tf, and standard

deviations of elevation, slope, sky view factor, and topo-
graphic factor (Table 2). Here, the topographic surface area
index is a ratio of real surface area to projected area on a
horizontal plane. In this study, the range of variation (the
difference between maximum and minimum values) in pre-
dicted radiation across spatial resolutions was chosen as a
surrogate of the scale sensitivity. Pearson correlation values
were calculated using SAS statistical software (SAS release
6.12).

Results

Parameterization and validation
The even-year data from the five NWS were used to deter-

mine the three parameters of eq. 5, Ao, β, and C. First, Ao
was determined at a value that corresponded to upper 1% of
daily total transmittances, 0.74. The parameters β and C
were determined at values where prediction errors were min-
imized in terms of MAE and bias which resulted in 0.013
and 1.9, respectively. As Thornton and Running (1999) re-
ported, we found better results with DTR without a 2-day
average for TMIN; that is, DTRj = TMAXj – TMINj. We
then examined the validity of the parameterization and com-
pared model predictions with predictions from alternative
models by using the odd-year data set (Table 3).

In daily based predictions, TopoRad was superior to
Bristow and Campbell’s model with biases from –2.1 to –0.3
MJ·m–2·day–1 and MAE from 3.9 to 3.1 MJ·m–2·day–1.
TopoRad also resulted in better predictions than MT-CLIM.
In daily based predictions, TopoRad was superior to the MT-
CLIM with biases from +2.5 to –0.3 MJ·m–2·day–1 and MAE
from 3.6 to 3.1 MJ·m–2·day–1. In our study area, we found a
larger MAE and bias in MT-CLIM predictions than in values
estimated in the United States (2.4 and 0.5 MJ·m–2·day–1)
(Thornton and Running 1999) and Austria (2.5 and +0.02
MJ·m–2·day–1) (Thornton et al. 2000). However, the system-
atic positive bias of MT-CLIM predictions found in this
study indicates that the relatively large errors found in MT-
CLIM predictions could be improved by using new empiri-
cal parameters of MT-CLIM as determined by Thornton et
al. (2000).

The validation scheme used in this study is not sufficient
for TopoRad because the five NWS are located in relatively
flat areas where the sky view is not significantly blocked by
the surrounding ridges (Tables 1 and 2). Unfortunately, we
have not yet had any radiation measurements at a very rug-
ged montane area to further validate the topographic algo-
rithms described in eqs. 2–4.

Spatial and temporal patterns of solar radiation in
Mount Jumbong area

TopoRad was applied for the Mount Jumbong forest
(shown in Fig. 2b). Accuracy of estimated temperature was
tested before preparing temperature maps for the study area.
In spite of the limited number of available weather stations
(Fig. 1a; n = 27), errors in cross validation were comparable
with the results of Thornton et al. (1997). In the case of
maximum air temperature, mean absolute error and bias
were 1.20°C and 0.033°C (r2 = 0.97), respectively. Similarly,
for minimum air temperature, absolute error and bias were
1.25°C and 0.041°C (r2 = 0.98), respectively. A map of DTR
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was derived from the estimated minimum and maximum air
temperature.

The spatial patterns of tf and δd changed with the seasons
and resulted in higher spatial variabilities in winter than that
in summer. On the winter solstice, tf and δd ranged from 0 to
2.3 and from 0 to 1, respectively. The spatial variability de-
creased as the summer solstice approached: tf and δd ranged
from 0.27 to 1 and from 0.97 to 1, respectively. The modifi-
ers for direct radiation were higher for south-facing slopes
than for north-facing slopes (Figs. 3b and 3c), whereas Vd
was temporarily invariant because it is determined only by
topographic configurations and resulted in distinctly differ-
ent spatial pattern from tf and δd (Fig. 3a). The modifier for
diffuse radiation was high on the ridges and low in the steep
valleys. Figure 3 shows derived maps of Vd and samples of
integrative topographic effect on direct radation (tf × δd) dur-
ing the summer and winter solstices.

Calculated maps of topographic modifiers were combined
with maps of horizontal diffuse and direct radiation to pro-
duce topographic diffuse, direct, and global radiation maps
(eq. 2) for every Julian date (Fig. 4). The topographic direct
radiation resulted in higher spatial variabilities in winter
than in summer. When annual mean terms were compared,
direct radiation (0.3–9.3 MJ·m–2·day–1; Fig. 4a) showed

more spatial variability than diffuse radiation (2.8–
5.6 MJ·m–2·day–1; Fig. 4b). The ratio of direct to diffuse ra-
diation ranged from 0.08 to 2.5. The low ratio was found in
north-facing slopes and valleys, while the high ratio was
found in south-facing slopes and ridges. Varying topography
generally produced lower daily radiation than that produced
by horizontal planes. The ratio of annual mean daily radia-
tion over a varied topography to radiation on a horizontal
plane ranged from 0.40 to 1.15. An aspect–elevation phase
space (Fig. 4d) indicated that southern aspect and high ele-
vations received more radiation. As slopes increased, more
rapid decreases in radiation were found in northern aspects
than those found in southern aspects. The phase-space analy-
sis indicates that aspect and slope act as determinant factors
in valleys and northern aspects, respectively.

Scale sensitivity of TopoRad
Annual radiation means for each of the 12 subregions

were plotted over the spatial resolutions (Fig. 5). Here, only
the selected results were shown for ease of interpretation.
North-facing slopes showed an increase across spatial reso-
lutions, while south-facing slopes showed a decrease. Others
showed a damped oscillation with increasing spatial res-
olution. Compared with the 11% variation in whole-area
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Subregion
Elevation
(m)

Slope
(%)

Topographic
surface area
index

Sky view
factor

Topographic
factor*

SD
elevation

SD
slope

SD
sky view

SD
topographic
factor

1 989 23.6 1.14 0.86 0.59 115 8.0 0.054 0.53
2 798 27.8 1.23 0.82 0.38 185 9.6 0.071 0.45
3 714 24.9 1.21 0.84 0.51 153 10.7 0.064 0.48
4 572 27.7 1.20 0.83 0.31 155 8.2 0.060 0.35
5 991 28.7 1.21 0.82 0.74 185 6.6 0.065 0.69
6 1031 19.9 1.11 0.87 0.94 120 6.1 0.034 0.49
7 824 18.5 1.12 0.86 0.89 69 7.9 0.042 0.44
8 906 21.1 1.17 0.84 0.83 86 7.9 0.054 0.54
9 850 28.9 1.22 0.84 0.98 142 8.2 0.067 0.73
10 1059 20.6 1.13 0.94 0.78 81 6.8 0.045 0.53
11 828 20.1 1.13 0.86 0.75 107 7.7 0.040 0.51
12 877 22.4 1.15 0.84 0.90 93 7.1 0.048 0.59

*Topographic factor was calculated for the winter solstice.

Table 2. A summary of mean geographic characteristics of 12 subregions at 30 m resolution digital elevation model.

Taegwallyoung Chunchon Kangnung Wonju Chongju Total

Odd-year mean (MJ·m–2·day–1)
Obseved 12.8 12.3 12.8 12.4 12.4 12.5
B–C 9.8 11.5 7.9 11.7 11.0 10.4
MT-CLIM 16.2 15.1 13.9 15.3 14.2 15.0
TopoRad 11.7 13.5 10.4 13.8 13.0 12.3
Mean absolute error (bias) (MJ·m–2·day–1)
B–C 4.5 (–2.9) 3.0 (–0.7) 5.6 (–5.0) 2.9 (–0.7) 3.5 (–1.1) 3.9 (–2.1)
MT-CLIM 4.5 (+3.5) 3.7 (+2.9) 3.1 (+1.1) 3.5 (+2.8) 3.4 (+2.0) 3.6 (+2.5)
TopoRad 3.6 (–1.0) 2.7 (+1.0) 3.8 (–2.4) 2.6 (+1.1) 3.1 (+0.6) 3.1 (–0.3)

Note: Among 19-year daily data from 1980 to 1998, odd-year data (9 years) were used for model validation and
comparisons. B–C, modified Bristow and Campbell’s algorithm suggested by Hungerford et al. (1989); MT-CLIM,
MT-CLIM version 4.3 (available from http://www.forestry.umt.edu/ntsg/).

Table 3. Validation and comparisons of TopoRad predictions with the predictions from two alternative
models at the five national weather stations (NWS).
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mean radiation, subregion mean radiations showed substan-
tial variations from 3% (10th subregion) to 49% (4th subre-
gion) across the studied spatial resolutions. This indicates
that in the case of fourth subregion, solar radiation
(11.03 MJ m day2 1⋅ ⋅− − ) at 2160-m resolution is 1.5 times
greater than that (7.42 MJ·m–2·day–1) predicted at 30-m reso-
lution.

We derived the Pearson correlation values by comparing
the topographic indices with the range of variation of each
subregion (Table 2); only the elevation, tf on the winter sol-
stice, and the standard deviation of tf significantly correlated
with the range of variation, where the Pearson correlation
value was –0.68, –0.68, –0.66, respectively, (p < 0.05, n =
12). This indicates north-facing slopes have greater scale
sensitivity to solar radiation than south-facing slopes since
north-facing slopes have smaller tf than south-facing slopes.
Similarly, this correlation implies that monotonic slopes,
where tf is not very variable, could be more scale sensitive
than ridges and valleys, where tf is very variable.

Discussion

TopoRad is comparable with two existing solar radiation
models; TopoRad inherited many of their features. TopoRad
accounts for topographic influences on direct radiation with
a Boolean variable that accounts for shadows. Although this
represents a good first-order estimate, it could overestimate
the effect of shadows, since the shadow period depends on
the modeling time interval. The penumbral effect near the
horizon is not considered in this study. The model, Solar An-
alyst (Fu and Rich 2000), accounts for both problems by us-
ing hemispherical viewsheds and a sunmap, corrected by
penumbral effect, to evaluate contributions of direct insola-
tion from each sky direction. The former problem was
solved by narrowing TopoRad’s modeling time interval but
requires more computing time. Because TopoRad estimates
daily total atmospheric transmittance using DTR, TopoRad
is compared with MT-CLIM. TopoRad is less complete than
MT-CLIM in dealing with the effects of humidity and snow
cover (Thornton and Running 1999; Thornton et al. 2000).
Our approach was to use the Hungerford’s algorithm, which
is simpler in terms of parameterization than that of MT-
CLIM, and we did not use precipitation data, since precipita-
tion is a variable difficult for use in estimating the Korean
montane climate. This simplification seems to result in nega-
tive biases at two coastal stations compared with positive bi-
ases found at inland stations (Table 3). We, therefore,
suggest weather stations for parameterization and validation
of TopoRad should be chosen carefully to represent the cli-
mate of the modeling area.

Although Bristow and Campbell’s (1984) method of using
DTR accurately determines incident solar radiation on a flat
surface, it may be insufficient to determine incident solar ra-
diation on a complex terrain. In general, the DTR is greater
in a valley than on a ridge, especially in a clear weather be-
cause of cold air drainage at night, which serves to lower the
minimum temperature in the valley. The air mixes during the
day and the temperatures rise. These differences in DTR, re-
sulting from topographic positioning, cause Bristow and
Campbell’s (1984) equations to overestimate solar radiation
in valleys and underestimate solar radiation on ridges (C.

Daly, personal communication). This situation is problem-
atic where DTR is estimated with air temperature from
weather stations within a watershed. However, in a spatial
application of TopoRad, our estimation on DTR is based on
larger scale data than the size of watersheds, and hence, the
result might not be disturbed by the effects of cold air drain-
age. Our findings show an increase in DTR with increased
elevations in clear weather (not shown).

TopoRad predicted higher radiation on ridges and south-
facing slopes than on valleys and north-facing slopes, re-
spectively. By controlling radiation, local topography influ-
ences spatial patterns of such ecological variables as

© 2002 NRC Canada

Kang et al. 493

Fig. 3. Grid maps of (a) topographic modifier for diffuse radia-
tion (Vd) and for direct radiation (tf × δd) in the Mount Jumbong
area on the (b) winter and (c) summer solstices. The grid used
has a cell size of 30 × 30 m.
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vegetation, evapotranspiration, and primary productivity.
Kang (2001) found a significant spatial correlation, 0.4 (p =
0.09, n = 64 460), between leaf area index (LAI) and inci-
dent solar radiation in this study area, when satellite-driven
LAI and TopoRad prediction were correlated. This indicates
that incident solar radiation acts as one of the potential fac-
tors that governs LAI distribution across watersheds. How-
ever, fine-scale distribution of LAI seems to be determined
by other variables that are more heterogeneous than that of
incident solar radiation when considering a shorter effective
range of semivariogram of LAI (397 m) than that of incident
solar radiation (633 m) (Kang 2001).

Our results showed that TopoRad predictions varied
across spatial resolutions depending on local topography
(Table 2 and Fig. 5). In the case of the fourth subregion, a
highly obstructed steep north-facing slope, solar radiation at
2160-m resolution was 1.5 times as large as that predicted at
30-m resolution; however, only 3% difference was found be-
tween the predictions in the 10th subregion, an open ridge
area. These results indicate that radiation predicted at a
coarse resolution produces considerable errors in some topo-
graphical areas. Our results compare with those suggested
by Thornton et al. (1997) in their scaling study for tempera-
ture and precipitation using grid resolutions from 500 m to
32 km. They noted that their choice of prediction grid reso-
lution did not have any notable effect on areal means of the

variables when measured at scales considerably larger than
the grid resolution.

Based on our results from the scaling study, we assume
that a stratified modeling strategy that uses different spatial
resolutions and reflecting different local topographic com-
plexity is ideally recommended for fine-scale predictions.
The strategy can reduce the potential errors with fine-scale
predictions in scale-sensitive topographic areas and save
computing efforts with coarse-scale predictions in scale-
insensitive areas. We recommend that an intuitive perception
of the scale problem needs to be developed before beginning
rigorous simulation efforts. We found some encouraging re-
sults showing significant negative correlations between the
scale sensitivity and two topographic indices (tf on the win-
ter solstice and the standard deviation of the topographic
factor). We interpret this correlation to mean that where fine-
scale predictions are recommended, north-facing slopes and
monotonically increasing or decreasing slopes are highly
scale sensitive. In future, additional studies are necessary to
further elucidate the relationship between scale sensitivity
and topographic indices.

Conclusions

A model of daily solar radiation (TopoRad) was devel-
oped and applied to the rugged montane area of Mount
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Fig. 4. Annual mean daily topographic (a) direct, (b) diffuse, and (c) global radiation (MJ·m–2·day–1) in Mount Jumbong area. The grid
used has a cell size of 30 × 30 m. (d) Radiation map (MJ·m–2·day–1) on aspect–elevation phase space.
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Jumbong. TopoRad is a useful modeling tool when acquisi-
tion of temperature data is easier than acquisition of cloud
data and when the local topographic effect on solar radiation
is significant. TopoRad predicts daily surface-level topo-
graphic effects of direct, diffuse, and global radiation over
landscape scales using DEM and available air temperature
data from weather monitoring stations. In the study, topogra-
phy appeared to be responsible for variations in the radiation
field. Distinctively different patterns between direct and dif-
fuse radiation were found where direct radiation had more
influence on annual radiation than on diffuse radiation.
When the scaling effects were inspected using TopoRad
across different spatial resolutions, the predicted radiations
were related nonlinearly with spatial resolutions. This indi-
cates that the results across the gradient of spatial resolu-
tions cannot be reliably generalized. Although tf on the
winter solstice and the standard deviation of topographic
factor were identified as statistically significant to the scale
sensitivity of solar radiation, more extensive study is re-
quired for a deeper understanding of what factors affect so-
lar radiation.
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Symbol Terminology Unit Description

R s
h Horizontal global radiation MJ·m–2·day–1 Daily global radiation on a horizontal plane

Rs Topographic global radiation MJ·m–2·day–1 Daily global radiation on an arbitrarily oriented plane
surrounded by neighboring ridges

F Diffuse radiation MJ·m–2·day–1 Daily diffuse radiation on a horizontal plane
B Direct radiation MJ·m–2·day–1 Daily direct radiation on a horizontal plane
Vd Sky view factor Unitless Portion of sky unobstructed by neighboring ridges
δ (δj) Presence of shadows Unitless Boolean variable indicating the presence of shadows

at every integral time step; when shadowed, δ = 0
and otherwise, δ = 1

δd Shading factor Unitless Daily normalized weighting factor on shadows
tf Topographic factor Unitless Ratio of daily global radiation on an arbitrarily ori-

ented plane to that on a horizontal plane
ωs Sunrise hour angle h Sunrise hour angle in an infinite horizontal plane
ωsr, ωss Sunrise, sunset hour angle h Sunrise or sunset hour angle in an arbitrarily oriented

plane surrounded by neighboring ridges
θi Incident angle Radians Angle between normal to the surface and the sun–

earth vector
θz Solar zenith angle Radians Angle distance from a local zenith to solar altitude
Tt Daily total transmittance Unitless Tt = (daily global radiation on a horizontal plane)/

(the extraterrestrial daily insolation received on a
horizontal surface)

Ao Bristow–Campbell coefficient* Unitless Daily total transmittance at the sea level
E Bristow–Campbell coefficient m Elevation
B and C Bristow–Campbell coefficients °C–1, unitless Regression coefficients of Bristow and Campbell’s

algorithm
TMINj Minimum air temperature °C Daily minimum temperature on jth Julian date

TMAXj Maximum air temperature °C Daily maximum temperature on jth Julian date

DTRj Daily temperature range °C Daily temperature range on jth Julian date; DTRj =
TMAXj – TMINj

*Bristow and Campbell (1984).

Table A1. Symbols and terminology used in this paper.
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