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Abstract:  The fractions of four components (sunlit leaves, shaded leaves, sunlit soil and shaded soil) and gap fraction are 

characteristic geometric parameters of canopy’s structure, and have great influence on radiative transfer of the vegetation. In this 
paper, POV-ray software was introduced to efficiently and accurately calculate the four components’ fractions and gap fraction 
of three-dimensional (3D) canopies. With the good agreements of computed four components’ fractions and gap fraction be-
tween POV-ray and Radiosity-Graphics combined Model (RGM) based on the same 3D canopy structure, more 3D structures 
generated by the Clumped Architecture Model of Plants (CLAMP) model were used to study the characteristics of four compo-
nents’ fractions and gap fraction. The key parameters of CLAMP model include sowing scheme, clumping index, average leaf 
angle (ALA) and leaf area index (LAI). By analyzing the sensitivity of these parameters to four components’ fractions and gap 
fraction, the changing features of four components’ fractions and gap fraction were found. The results show that: clumping index 
can effectively control the spatial distribution of leaves, which affects the relative proportion of vegetation and soil in the scene. 
Therefore, clumping index has a great impact on the distribution pattern of four components’ fractions and gap fraction. Average 
leaf angle influences the anisotropy of the results. When the average leaf angle is larger, the magnitude of anisotropy is higher. 
Compared with other parameters, the impact of row effect on the four components’ fractions and gap fraction is primary when 
the scene’s row structure is obvious. Therefore, when the canopy is in a row structure, the characteristic change of four compo-
nents’ fractions and gap fraction is more complex than that of homogeneous canopy. At the same time, the results of row canopy 
in three typical growing stages were compared, which shows that soil has a higher contribution to the four components’ fractions 
and gap fraction than that of vegetation at the early stage. With the increase of leaf area index, the influence of vegetation on the 
result is gradually enhanced and the fraction of sunlit leaves shows more apparent anisotropy. The research of this paper shows 
that POV-ray is a powerful tool to quantitatively study vegetation by remote sensing technology, and has potential of wider ap-
plications. 
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1  INTRODUCTION 

The fractions of four components (sunlit leaves, shaded 

leaves, sunlit soil and shaded soil) and gap fraction are charac-

teristic geometric parameters of canopy's structure, which are 

important to affect radiation transfer of the vegetation. Jackson 

et al. (1979) developed a model that based on the four compo-

nents’ fractions for calculating the directional reflectance of the 

row structure canopy where the row crops were abstracted as 

rectangular solids. In the simulation of maize directional 

brightness temperature, Kimes (1983) developed a model that 

took into account the canopy architecture in computing the 

radiative transfer within the vegetation. To describe canopy 

geometric and thermal characteristics, plant rows were ab-

stracted as extended opaque hedgerows. The canopy was as-

sumed to have four brightness temperature components: the  
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sunlit and shaded leaves, the sunlit and shaded soil. Each com-

ponent had a unique brightness temperature. However, the ef-

fect of gaps within the plant rows was neglected. According to 

the actual situation in sparse forest, Li and Straher (1985, 1986) 

proposed a geometric-optics model by building a relationship 

between the spare forest’s main parameters (plant density, can-

opy size and height, etc.) and four scene components to calcu-

late directional reflectance of forest.  

Gap fraction is one of the key variables governing radiative 

transfer processes in vegetation canopies, with applications to 

light interception and reflectance simulations. Gap fraction is 

defined as the probability of a light beam to pass through the 

canopy without any collision. It is determined by the canopy 

architecture (Gower et al., 1999). Four components’ fractions 

and gap fraction are dimensionless quantities between 0 and 1. 

The methods of studying four components’ fraction and gap 

fraction could be classified into three types, which include: (1) 

experimental methods; (2) analytical models; and (3) computer/ 

numerical simulation methods. Experimental methods are 

time-consuming and laborious, and have many uncontrollable 

sources of error (Bruno et al., 1994); analytical models, in order 

to solve the radiative transfer equation, adopt some assumptions 

that simplify the geometric structure of the canopy. However, 

actual vegetation canopies have complex three-dimensional 

structure characteristics, so the applications of such models 

have limitations to meet their assumption (Kimes et al., 1985); 

computer/numerical simulation methods can serve to generate 

various types of flexibility in the canopy, and to simulate the 

vegetation structural characteristics in different growth stages 

from simple to complex structures. With the fast development 

of computer technology, more and more scholars focus on these 

methods (Goel et al., 1991). 

In this paper, POV-ray (Persistence of Vision Ray-tracer, 

POV team, 2004) was introduced to efficiently and accurately 

calculate the four components’ fractions and gap fraction of 3D 

canopies generated by the Clumped Architecture Model of 

Plants (Nadia et al., 2002). By varying the key structural  

parameters of CLAMP, the changing features of four scene 

components and gap fraction in different geometric structure 

were studied.  

2  METHOD AND VALIDATION 

In this section, firstly POV-ray was introduced. Then its 

systematic parameters were explained by the sensitivity analysis. 

Based on the analysis, appropriate systematic parameters were 

chosen to calculate the four components’ fractions and gap 

fraction by POV-ray afterwards. The good agreements of the 

computed four components’ fraction and gap fraction between 

POV-ray and Radiosity-Graphics combined Model (RGM, Qin 

& Gerstl, 2000) base on the same canopies, demonstrated the 

reliability of applying the POV-ray to compute the four com-

ponents’ fractions and gap fraction. The canopy scenes here 

used to evaluate the POV-ray are row structure and homogene-

ous canopies. Leaves are represented by triangles with an erec-

tophile distribution, randomly distributed in the canopy scenes. 

Canopy structural parameters are listed in Table 1. 

2.1  POV-ray 

POV-ray (version 3.6, POV team, 2004) is a ray-tracing 

software devoted to image synthesis, which adopts reverse ray 

 
Table 1  Canopy statistical structure parameters used by sensitivity analyses of POV-ray’s systematic parameters and  

comparison with RGM 

 LAI 
Plant height 

 /cm 
Row distance 

/cm 
Row width 

/cm 
ALA 
/() 

max area of leaves 
/cm2 

min area of leaves 
/cm2 

average area of leaf 
/cm2 

Row structure 
canopy 

1.28 30 50 20 61.89 12.5 0.2 10.7 

homogeneous 
canopy 

4.89 100 - - 63.57 12.5 0.3 10.9 

 

tracing method. POV-ray can simulate the interactions between 

rays and objects (plants, leaves etc.). In this respect the ap-

proach used here is basically different from the one used in 

Monte Carlo ray-tracing models, where stochastic sampling 

thchniques are used to simulate the interactions between rays 

and objects, based on probability density functions describing 

objects scattering behavior (Govaerts & Verstraete, 1998). The 

output of POV-ray is an image, which is helpful to understand 

and analysis the results. The POV-ray scripting language for the 

scene description is very flexible and portable between different 

computer platforms (POV team, 2004).  

As a kind of efficient, simple and user-friendly software, 

POV-ray has been widely used in biochemistry, circuit simula-

tion, architectural design and 3D landscape generation and so 

on. Moreover, due to its characteristics of open source, the  

algorithms will be continuously improved and optimized. In 

recent years, a few scholars tried to introduce POV-ray to the 

remote sensing community. Using this approach it has been 

possible to simulate the light environment in canopies (Sinoquet 

et al., 1998) and inverse LAI from multiangular images (Casa 

& Jones, 2005).   

2.2  POV-ray systematic parameters sensitivity 

analysis 

The POV-ray outputs 24-bit color images. According to the 

definition of four components’ fractions and gap fraction, their 

results were obtained by calculating the ratio of different frac-

tions’ pixels numbers to those of the image. By analyzing the 

imaging process, three systematic parameters can influence the 

final results of POV-ray, namely: field of view (FOV), the  
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camera distance away from the ground and the image resolution. 

The canopy scene used to study the sensitivity of the systematic 

parameters is the row structure canopy in Table 1. The row 

direction is north-south oriented. The number of triangular 

leaves is 76800. The sun azimuth angle (SAA) is 140° (the 

north direction is assumed to be the origin with an azimuth 

angle of 0°. The azimuths of the south, the east, and the west 

are 180°, 90°, and 270°, respectively). The solar zenith angle 

(SZA) is 40°. The results of the principal plane (the view azi-

muth angle (VAA) is 140° or 320°) were shown for sensitivity 

analysis. The view zenith angle (VZA) changes from forward 

60° (VAA equals 320°) to backward 60° (VAA equals 140°) 

with an interval of 5°. Fig. 1 shows the sample result of 

POV-ray with VAA and VZA equaling 140° and 45° respec-

tively, in which the green parts represent the sunlit leaves, the 

black parts represent the shaded leaves, the white parts repre-

sent the sunlit soils and the gray parts represent the shaded soils, 

respectively. The sunlit fractions play a more important role for 

the radiative transfer than the shaded fractions, so just the sunlit 

fractions’ results were shown in the later analysis. 

2.2.1  FOV 

The FOV is the key parameter of camera, which determines 

the visible field size. It could be expressed as: 

 2(2 tan( / 2))S H FOV    (1) 
 

 
 

Fig. 1  Image rendered by POV-ray 

where S, the visible area, depends on FOV and the camera’s 

distance away from the ground (H) by Eq. (1). Here FOVs of 

0.01°, 0.5°, 10°, 20° and 30° were selected for sensitivity 

analysis. To ensure the visible area does not exceed the bound-

ary of the scenes at different angles, it was set as 9.329m2. To 

keep S constant with changing of FOV, H correspondingly 

changed, with 17500, 350, 17.46, 8.66 and 5.7m, respectively. 

Output image resolution is the systematic default of 320×240. 

Then the size of each image pixel is 1.215m2. Fig. 2 shows the 

distributions of sunlit leaves fraction, sunlight soil fraction and 

gap fraction in the principal plane with different FOVs. No 

significant differences were found in sunlit leaves and soils’ 

fractions (as shown in Fig.2 (a) and Fig. 2(b)) for FOVs ranging 

from 0.01° to 30° except for a marked decrease in the hotspot 

peak observed with wider FOVs; Fig.2 (c) shows the gap frac-

tion at the vicinity of zenith have some differences: the larger 

the FOV, the smaller the value of gap fraction. There are very 

small differences between 0.05° and 0.1°. Because the smaller 

FOV needs much more computation time, we fixed the FOV as 

0.5° for later calculations. 

2.2.2  Camera distance 

According to Eq. (1), under the same FOV, the camera’s 

distance from the ground (H) determines the visible area (S) 

and the number of leaves in the view, thereby affecting the re-

sults of the four components’ fractions and gap fraction. Here 

different values of 50, 200, 350 and 500m for H were chosen to 

carry out the sensitivity analysis. Correspondingly, S equals 

0.19, 3.046, 9.329 and 19.039m2. The FOV was fixed to 0.5° as 

mentioned above and the output image resolution is 320×240. 

The image pixel, equals 0.025, 0.397, 1.215 and 2.479cm2, 

respectively. Fig. 3 shows the distributions of sunlit leaves frac- 

tion, sunlight soil fraction and gap fraction in the principal 

plane with the different camera’s distance from the ground. 

When H equals 50m, the visible area is 0.19m2. Because the 

unit area of the row canopy is 0.25 m2, and the visible area 

can’t include one row unit, the results show fluctuations. When 

the visible area is lager than one row unit, the results of four 

scene components and gap fraction are stable. Taking into ac- 

count the computing efficiency and visual analysis, a smaller 

camera distance was chosen with the condition of inclusion of 

 

 
 

Fig. 2  Distributions of sunlit leaves fraction(a), sunlight soil fraction (b) and gap fraction (c) in the principal plane with different FOVs 
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at least one whole unit of row canopy. 

2.2.3  Image resolution 

Image resolution is a measurement of the distinguishability 

in an image. Here four kinds of image resolution for sensitivity 

analysis, namely, 160×120, 320×240, 640×480 and 1280×1024 

were chosen. By setting FOV as 0.5° and H as 50m, the visible 

area is 9.329 m2. With the above four resolutions, correspond-

ing image pixel sizes are 4.859, 1.215, 0.304 and 0.071 cm2, 

respectively. The time required to output the images, are 247, 

289, 340 and 575s, respectively. Fig. 4 shows the distributions 

of sunlit leaves fraction, sunlight soil fraction and gap fraction 

in the principal plane with different image resolutions. The 

results don’t show any discernable differences, because the 

average leaf size is 10.7cm2, larger than the pixel sizes of above 

four image resolutions. Taking into account the computing time 

and visual analysis, we set a low image resolution in the later 

calculations. 

2.3  Validating the results of POV-ray 

RGM was developed by Qin & Gerstl (2000) based on the 

radiosity method (Goel et al., 1991). Comparison results with 

other 3D radiative transfer models show good agreements 

(Pinty et al., 2004, Widlowski et al., 2007). Recently some 

researchers (Wu et al., 2002, Xie et al., 2003, Huang et al., 

2006, Song et al., 2007 and Liu et al., 2007) have improved 

and extended the model. 

POV-ray allows the definition of the elements of the scene 

from numerous shapes, also the geometry (i.e. location and 

direction) of the light sources illuminating the scene, and that 

of the camera looking at the scene. The advantage of using 

POV-ray is that the scripting language for the scene description 

is effectively and fully functional programming language 

(POV-team, 2004). By using its scripting language, the four 

components’ fractions and gap fraction can be calculated by 

POV-ray. RGM is based on the principle of radiosity method to 

calculate the radiative transfer process between the polygonal 

elements. Therefore, RGM need not only the geometrical rela-

tionships between the light source, camera and objects, but the 

spectral information, such as the light source characteristics, 

reflectance and transmission of the objects and so on. RGM can 

calculate the bi-directional reflectance and albedo etc. (Qin & 

Gerstl, 2000). Four components’ fractions are intermediate 

results generated in the process of calculation, but as the char-

acteristic parameters of the canopy its do not change along with 

the input spectral parameters. To evaluate the reliability of the 

four components’ fractions calculated by POV-ray, here we 

 

 
 

Fig. 3  Distributions of sunlit leaves fraction (a), sunlight soil fraction (b) and gap fraction (c) in the principal plane with the different 

camera’s distance from the ground 

 

 
 

Fig. 4  Distributions of sunlit leaves fraction (a), sunlight soil fraction (b) and gap fraction(c) in the principal plane with different image resolutions 
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carried out the comparisons between RGM and POV-ray under 

the same 3D scenes and sun-observer geometries.  

The structural parameters of canopies for comparisons were 

listed in Table 1. Fig. 5 shows the polar contour maps of RGM 

and POV-ray, with VZA from 0° to 360° at an interval of 10° 

and VAA from 0° to 60° at an interval of 5° (522 results for 

comparisons). Table 2 gives the correlation coefficients and 

RMSEs between these two models. The results show that two 

models have good agreements. 

Through making the sensitivity analysis of the POV-ray’s 

systematic parameters (FOV, the camera distance from the ground 

and the image resolution), we selected the appropriate systematic 

parameters of POV-ray to calculate the four components’ 

fractions and compared its results with those of RGM for the 

same 3D scenes and sun-observer geometries, which proved 

that the reliability of using POV-ray to calculate the four 

 

 
 

Fig. 5  Polar contour maps of RGM and POV-ray. Homogeneous vegetation: RGM’s sunlit leaves fraction (a) and sunlit soil fraction (b), POV-ray’s 

sunlit leaves fraction (e) and sunlit soil fraction (f); Row structure: RGM’s sunlit leaves fraction (c) and sunlit soil fraction (d), POV-ray’s sunlit 

leaves fraction (g) and sunlit soil fraction (h) 
 

Table 2  Statistical results of POV-ray and RGM model fitting 

Row structure 
canopy 

Sunlit 
leaves 

Shaded 
leaves 

Sunlit 
soil 

Shaded 
soil 

homogeneous 
canopy 

Sunlit 
leaves 

Shaded 
leaves 

Sunlit 
soil 

Shaded 
soil 

R2 0.9993 0.9990 0.9988 0.9995 R2 0.9976 0.9930 0.9491 0.9991 

RMSE 0.0038 0.0030 0.0079 0.0082 RMSE 0.0137 0.0125 0.0016 0.0033 
 

 

 

components’ fractions. 

3  APPLICATION 

3.1  CLAMP model 

With the minimum possible input parameters, CLAMP 

model can generate three dimensional canopy scenes efficiently, 

which explicitly describes the non-random distribution of cano-

pies at the stand and leaf level. A detailed description of this 

model was given in Rochdi et al. (2002).The input parameters 

of CLAMP model are: sowing scheme (R), plant density (d), 

clumping index (X), leaf relative size (S, hot spot parameter, 

Kuusk, 1985), the average leaf angle (ALA, Campbell, 1990), 

leaf shape parameter (B, the ratio of isosceles triangle leaf be-

tween the bottom and the height) and leaf area index (LAI).  

3.2  Sensitivity analysis of CLAMP parameters   

In this section, key parameters of CLAMP were used to study 

the changing characteristics of four components’ fractions and 

gap fraction computed by POV-ray. Settings of POV-ray system-

atic parameters are as follows: FOV=0.5°, the camera distance 

from ground (H) = 60m and the image resolution is 320×240. So 

the field size (S) equals 0.273m2 and the corresponding pixel size 

equals 0.036cm2. The leaf area equals 0.115 cm2.  

3.2.1  The sensitivity analysis of sowing scheme and clumping 

index 

The radiative transfer of the row crops and homogeneous 

canopies have significant difference (Jackson, 1979; Zhao et al., 

2009). CLAMP controls the spatial distribution of plants by 

changing sowing scheme (R): With R equaling 1, leaves ran-

domly distribute in the cuboids limited by the row distance, row 

width and row height; With R equaling 0, leaves continuously 

distribute in the canopy scene. The horizontal distance between 

leaves and the corresponding stem is described by the clumping 

index (X): with X equaling 0, the horizontal distance between 

leaves and the corresponding stem is 0, namely leaves attach the 

stem; with X equaling 1, leaves randomly distribute in the canopy 

(no clumping effect). When clumping index varies from 0 to 1, 

leaves are correspondingly change in the degree of concentration. 

In this paper, sensitivity analysis was performed to four ex-

treme instances, R0X0 (homogeneous canopy with leaves at- 
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taching the stem closely); R0X1 (homogeneous canopy with 

randomly distributed leaves); R1X0 (row structured canopy with 

leaves attaching the stem closely); R1X1 (row structured canopy 

with randomly distributed leaves). The row direction is oriented 

in the north-south direction. Input parameters for CLAMP 

model are listed in Table 3. 

In Fig.6, the fractions of sunlit leaves and soil reach their 

maximums in the sun direction (hot spot). In other azimuthal 

angles, the sunlit leaves’ fractions of two cases in which leaves 

randomly distribute (X = 1) are greater than the corresponding 

cases where leaves completely attach the stems, which is due to 

higher mutual shading probability of leaves for clumping leaves 

than that for randomly distributed leaves. So, with the increase 

of VZA, more leaves are directly sunlit and visible for ran-

domly distributed canopies. When the canopies are in row 

structure (R = 1, as shown in Fig.6(c), Fig.6(d), Fig.6(g) and 

Fig.6(h)), there are high-value and low-value strips approxi-

mately parallel to the row direction in the polar maps, which is 

the features for typical row canopies, namely the row effect 

(Zhao et al., 2009). This feature is absent for homogeneous 

canopies (R = 0, as shown in Fig.6(a), Fig.6(b), Fig.6(e) and 

Fig.6(f)). When the leaves completely attach the stems (X=0), 

there are large interspaces between the plants. So sunlit soil 

fractions are larger than their counter-parts, for example, 

Fig.6(e)Fig.6(f), and Fig.6(g)Fig.6(h), especially for low 

VZAs. 

In Fig.7 (a) and Fig.7 (b), the maximum values of the frac-

tions for sunlit leaves and soil are shown as a peak at the sun 

position in the profile along the solar principal plane. The sunlit 

leaves’ fractions for the canopies of randomly distributed leaves 

(X=1) are higher than those of the canopies with clumped 

leaves (X=0). For the clumped canopies, when the VZAs are 

low (lower than 20°), the sunlit leaves’ fractions of homogene-

ous canopies (R=0) are higher than those of row structured 

canopies (R=1). For high VZAs (higher than 20°), the relation-

ship of the sunlit leaves’ fractions of these two canopies re-

verses. The reason for this phenomenon is that the density of 

leaves in the row is higher than that of homogeneous canopies. 

Therefore, for high VZAs, more parts of the leaves of the row 

structured canopies are sunlit and visible. Fig. 7 (c) shows that  

 

Table 3  Input parameters for CLAMP model when R and X change 

R X ALA / (°) LAI S B d / (plants/ m2) Row distance / cm Row width/ cm Plant height / cm 

0; 0; 1; 1 0; 1; 0; 1 58 2 0.2 0.3 400 10 5 20 

 

 
 

Fig. 6  Polar contour maps with four canopy types. R0X0: sunlit leaves fraction (a) and sunlit soil fraction (e), R0X1: sulit leaves fraction (b) and sunlit 

soil fraction (f), R1X0: sulit leaves fraction (c) and sunlit soil fraction (g), R1X1: sulit leaves fraction (d) and sunlit soil fraction (h) 

 

 
 

Fig. 7  Fractions’ distributions for four canopy types. The principal plane’s fractions of sunlit leaves (a), sunlight soil (b) and gap fraction(c) 
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the clumped canopy has the highest degree of anisotropy, and 

the anisotropies of row structured canopies (R=1) are more 

obvious than those of homogeneous canopy (R=0). 

3.2.2  Sensitivity analysis of average leaf angle 

Leaf angle distribution (LAD) is a key parameter to charac-

terize canopy structure and plays a crucial role in controlling 

energy and mass balance in soil-vegetation-atmosphere-transfer 

system. Generally it is assumed that plant leaves have azi-

muthal symmetry, so that LAD effectively only deals with leaf 

inclination distribution. CLAMP model adopts the sin-

gle-parameter (average leaf angle, ALA) ellipsoidal distribution 

function (Campbell, 1990) to control the leaf angle. Wang et al. 

(2007) compared several widely-used LAD functions, whose 

results show that the single-parameter ellipsoidal distributions 

function can faithfully represent the distribution of leaf inclina-

tion angle. 

In this part, three typical leaf angle distributions were com-

pared: planophile (ALA=10°), spherical (ALA=58°) and erec-

tophile (ALA=75°). Other input parameters for CLAMP model 

are listed in Table 4. 

Fig.8 shows that, with the increase of ALA, row effect and 

anisotropies of sunlit fractions distributions become more pro-

nounced. In Fig.9 (a) and Fig.9 (b), the maximum value of the 

fractions of sunlit leaves and soil are shown as a peak at the sun 

position (SZA=40°, SAA=140°) in the profile along the solar 

principal plane. When VZA is low, the sunlit leaves’ fraction of 

planophile distribution is the biggest among three patterns. 

When VZA becomes higher, the sunlit leaves’ fraction of erec-

tophile distribution turns up to be the biggest. Similar trends 

also occur to the distribution of gap fractions (Fig.9 (c)). 

 
Table 4  Input parameters for CLAMP model when ALA changes 

ALA / (°) LAI R S X B d / (plants/m2) Row distance / cm Row width / cm Plant height / cm 

10; 58; 75 2 1 0.2 1 0.3 400 10 5 20 

 

 
 

Fig. 8  Polar contour maps with three LAD distributions. ALA=10: sunlit leaves fraction (a) and sunlit soil fraction (d); ALA=58: sunlit leaves 

fraction (b) and sunlit soil fraction (e); ALA=75: sunlit leaves fraction (c) and sunlit soil fraction (f) 

 

 
 

Fig. 9  Fractional distributions with three ALA types. The principal plane’s sunlit leaves fraction (a), sunlight soil fraction (b) and gap fraction(c) 
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3.2.3  Sensitivity analysis of leaf area index 

Leaf area index is another key parameter to characterize 

canopy structure, which is defined as the total one-sided area of 

leaves above unit area of soil. LAI depends on species compo-

sition, developmental stage, prevailing site conditions, season-

ality, and the management practices, which controls the vegeta-

tion in many physiological and physical processes, such as 

photosynthesis, respiration and transpiration etc. (Jonckheere at 

al., 2004). 

In this part, three LAI values (1, 2 and 4) at typical row 

crops’ growth stages were chosen to perform the sensitivity 

analysis. The row distance kept constant, but the row width and 

clumping index were changed proportionally along with the 

change of LAI. Input parameters for CLAMP model are listed 

in Table 5. 

When LAI (LAI=1) is small and leaves clump in the canopy, 

there are large gaps among leaves. So the fraction of sunlit soil 

(Fig. 10(a)) is the largest and that of sunlit leaves (Fig. 10(d)) is 

minimum among these three canopies. What’s more, row effect 

and hot spot is relatively weak. With the enlargement of row 

canopy’s biomass, these latter two features become evident. 

In Fig.11 (a), for the case of LAI = 1, the hot spot of sunlit 

leaves’ fraction is not obvious and the values are smaller than 

the other two cases. Meanwhile, the sunlit soils and gap fraction 

have the biggest values. For the medial case (LAI = 2), the hot 

spot effect and anisotropy are the most prominent in three cases. 

 
Table 5  Input parameters for CLAMP model when LAI changes 

 LAI X Row width / cm ALA / (°) R S B d / (plants/ m2) Row distance / (cm) Row height / (cm) 

Early stage 1 0.3 3 58 1 0.2 0.3 400 10 20 

Middle stage 2 0.5 5 58 1 0.2 0.3 400 10 20 

Late stage 4 0.8 9 58 1 0.2 0.3 400 10 20 

 

 
 

Fig. 10  Polar contour maps with three LAI values. LAI=1: sunlit leaves fraction (a) and sunlit soil fraction (d); LAI=2: sunlit leaves fraction (b) and 

sunlit soil fraction (e); LAI=4: sunlit leaves fraction (c) and sunlit soil fraction (f) 

 

 
 

Fig. 11  Fractions’ distributions with three LAI values in the principal plane: sunlit leaves fraction (a), sunlight soil fraction (b) and gap fraction (c) 
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4  CONCLUTION AND DISCUSSION 

POV-ray adopts reverse ray-tracing method to render 3D 

scenes. With its powerful computing ability and simple pro-

gramming language, POV-ray has been widely applied in 3D 

scene simulation and visualization. But its application in remote 

sensing was rarely mentioned. In this paper, POV-ray has been 

applied to efficiently calculate the four components’ fractions 

and gap fraction of 3D scenes generated by CLAMP model. 

The results visually display the changing features of four 

components’ fractions and gap fraction. POV-ray is a useful 

tool for quantitative remote sensing research. 

This paper focused on the study of four components’ frac-

tions and gap fraction of homogeneous and row structured 

canopies with different architectures generated by the CLAMP 

model, such as sowing scheme, clumping index, ALA and LAI. 

The results show that clumping index can effectively control 

the spatial distribution of leaves, which affects the relative pro-

portion of vegetation and soil in the scene. Therefore, clumping 

index has a great impact on the distribution pattern of four 

components’ fractions and gap fraction. ALA influences the 

anisotropy of the results considerably: the larger ALA is, the 

higher magnitude of anisotropy is. Compared with other pa-

rameters, the impact of row effect on the four components’ 

fractions and gap fraction is primary when the canopy shows 

clear row structure. Therefore, when the canopy is in a row 

structure, the characteristic change of four components’ fraction 

and gap fraction is more complex than the homogeneous can-

opy. The results of row canopy in three typical growing stages 

were compared, which shows that soil has a higher contribution 

to the four components’ fractions and gap fraction than vegeta-

tion at the early stage. With the increase of LAI, the influence 

of vegetation on the result is gradually enhanced and the sunlit 

leaves’ fraction shows more apparent anisotropy. 

This preliminary study shows that POV-ray can be applied 

to accurately and efficiently calculate the important parameters 

of vegetation remote sensing (four components’ fractions and 

gap fraction). POV-ray is a powerful tool to study remote sens-

ing of vegetation, and has potential of wider applications. 
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摘  要:  利用 POV-ray快速计算三维冠层的四分量比例及孔隙率, 在与计算机模拟模型对比结果、验证其可靠性

的基础上, 针对植被真实结构模型的主要参数对冠层四分量比例和孔隙率的敏感性进行分析。敏感性分析结果表明: 

当冠层为垄行结构时, 相对于其他因素, 行结构对四分量比例和孔隙率的影响占主导, 因此当植被冠层为垄行结构

时, 四分量比例和孔隙率的变化较连续冠层更加复杂; 集聚指数可以有效的控制叶片的空间分布模式, 进而影响

到视场中植被与土壤的相对面积比例, 对于四分量比例和孔隙率结果有较大影响; 叶倾角分布类型对四分量比例

和孔隙率结果的各向异性特征影响明显; 同时, 通过对垄行作物 3个典型生长期的四分量比例和孔隙率结果分析得

出, 在作物生长初期土壤对结果影响更大, 在作物生长后期植被对结果的影响占主导, 亮叶分量比例各向异性特征

较为明显。研究表明, POV-ray是进行植被定量遥感研究的有利工具, 具有较好的应用前景。 

关键词:  POV-ray, CLAMP模型, 四分量比例, 孔隙率 

中图分类号:  TP751.1/TP79       文献标识码:  A  

 
 
 
 

 

1  引  言 

传感器观测到的植被冠层光照叶片、阴影叶片、

光照土壤和阴影土壤的面积占传感器视场总面积的

比例(简称四分量比例)是植被遥感几何光学建模的

重要参数。 Jackson等(1979)通过对四分量比例建模

计算行播冠层的反射率; Kimes(1983)将玉米冠层简

化为截面无限长、不透光、相互平行的矩形立方体, 

通过对四分量比例建模得到冠层的方向亮温; Li 和

Straher(1985, 1986)根据稀疏林实际情况, 采用森林

结构的主要参数(株密度、冠层大小和高度等)对四分

量比例进行建模, 建立了稀疏林 BRDF 模型。孔隙

率是光线透过冠层未被拦截到达地表的概率, 是视

场中亮土和暗土分量比例之和, 孔隙率在植被冠层

能量平衡估计、水胁迫和多角度信息提取等遥感应

用中得到广泛应用(Gower, 1999)。四分量比例和孔

隙率是无量纲量, 值在 0—1之间。 

在植被冠层四分量比例和孔隙率的研究中, 常

用的方法有 3 种: 实验、解析模型和计算机模拟模

型。实验方法费时费力, 且有很多不可控的误差来

源(Bruno 等, 1994); 解析模型为了便于辐射传输方

程的求解, 对冠层的几何结构进行简化假设, 但是

由于实际植被冠层复杂的三维结构特征, 这类模型

的应用局限于满足其假设的植被结构类型(Kimes等,  

引用格式: 王剑庚, 赵  峰, 李  虎, 余  涛, 顾行发, 薛  廉, 叶李灶. 2010. POV-ray应用于冠层可视光照和阴影组分比例变

化分析.遥感学报, 14(2): 232—251 

Wang J G, Zhao F, Li H, Yu T, Gu X F, Xue L and Ye L Z. 2010. Sunlit coponents’ fractions and gap fraction of canopies
based on POV-ray. Journal of Remote Sensing. 14(2): 232—251
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1985); 计算机模拟模型则具有生成各类冠层的灵活

性, 可以由简至繁的模拟植被的各种形态及生长结

构特征, 随着计算机技术的不断发展计算机模拟模

型越来越受到学者的重视(Goel等, 1991)。 

本文通过 POV-ray光线追踪软件(Persistence of 

Vision Ray-tracer)(POV-team, 2004)快速计算植被真

实结构模型 CLAMP (the Clumped Architecture 

Model of Plants)(Nadia等, 2002)生成的三维冠层的

四分量比例和孔隙率, 尤其针对不同结构行播冠层

四分量比例和孔隙率的变化规律进行分析。 

2  POV-ray的参数分析和验证 

首先介绍 POV-ray, 并对其系统参数进行敏感

性分析 ; 在此基础上 , 选择适当的参数设置 , 针对

相同冠层分别用基于光线逆向追踪的 POV-ray 和基

于辐射度的 RGM模型(Radiosity-Graphics combined 

Model)(Qin & Gerstl, 2000)计算四分量比例, 通过分

析结果, 验证 POV-ray 在应用于冠层四分量比例计

算中的可靠性。所用冠层分为行播冠层和连续冠层, 

叶片为三角形, 在冠层内为喜直型随机分布, 具体

冠层结构参数见表 1。 

2.1  POV-ray简介 

POV-ray 是应用光线逆向追踪(即蒙托卡罗方法, 

Govaerts & Verstraete. 1998)绘制三维图像的开源软件

(POV-team, 2004), 其输出图像直观地表现了光线与实

体(如植被叶片等)相互作用后的结果。作为一个计算高

效、简洁易用的软件, POV-ray广泛应用于生物化学、

电路模拟、建筑设计和三维景观生成等领域。由于其开

源的特点, 可以保证各模块不断优化、完善, 始终达到

最优的效果。在对地遥感领域, 近年有学者尝试引入: 

Sinoquet等(1998)利用 POV-ray模拟了冠层的三维光环

境; Casa和 Jones(2005)利用POV-ray进行了从多角度图

像中反演叶面积指数的研究。 

2.2  POV-ray参数的敏感性分析 

POV-ray 的输出是图像, 根据四分量比例的定

义, 统计不同组分像元数与整幅图像像元总数之比, 

可得到视场中植被冠层四分量比例结果。通过对遥

感成像过程的分析, POV-ray中有 3个参数可以对最

后的结果产生较大影响, 分别是: 视场角(Field of 

View , FOV), 相机距地面距离和图像分辨率。对这

3个参数分别进行敏感性分析, 场景为表 1中的行播

冠层, 此时垄行方向为南北方向, 三角形叶片个数

为 76800个, 太阳方位角(Sun Azimuth Angle, SAA)

为 140 (向北的方向定义为 0方位角, 方位角顺时

针增加, 则东, 南和西的方位角分别是 90, 180和

270), 太阳天顶角(Sun Zenith Angle, SZA)为 40。

文中取主平面(观测方位角(View Azimuth Angle, 

VAA)为 140)进行分析, 观测天顶角(View Zenith 

Angle, VZA)从前向 60变化到后向 60, 每隔 5成像

一次。图 1 为 POV-ray 所得冠层四分量比例结果示

例图, 此时 VAA =140, VZA=45,图像中绿色为亮 

 
表 1  用于 POV-ray 系统参数敏感性分析及结果验证的冠层结构统计参数 

 LAI 株高/cm 行距/cm 行宽/cm 平均叶倾角/() 叶片最大面积/ cm2 叶片最小面积/ cm2 叶片平均大小/ cm2

行播 1.28 30 50 20 61.89 12.5 0.2 10.7 

连续 4.89 100 - - 63.57 12.5 0.3 10.9 

 

 
 

图 1  POV-ray所得冠层四分量比例结果示例图 

叶, 黑色为暗叶, 白色为亮土, 灰色为暗土。由于视

场中, 亮的组分对于辐射传输的贡献更大, 后面的

分析中只给出亮叶、亮土分量比例和孔隙率的演算

结果。 

2.2.1  FOV的影响 

传感器视场面积由视场角和相机距地面距离共

同决定, 计算公式为:  

 2(2 tan( / 2))S H FOV    (1) 

式中, S为视场面积, FOV为视场角, H为相机距地面

距离。本文选取 FOV分别为 0.01, 0.5, 10, 20和
30进行敏感性分析。为确保在不同的观测角度下, 

视场不超出场景, 取地面面积 S=9.329m2, 在 FOV变

化的同时, H也相应变化, 以确保 S不变,对应的相机
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距离分别为 17500, 350, 17.46, 8.66和 5.7m。输出图

像的分辨率为系统默认的 320×240, 此时图像像元

大小为 1.215cm2。图 2为主平面(VAA=140)分量结
果图, 可以得到亮叶、亮土分量在其他天顶角下没

有太大的差异 , 但是在热点(VZA=40)附近差异较
大 , 视场角越小 , 热点效应越明显; 孔隙率在天顶

附近有差异, 视场角越大孔隙率越小, 均与理论相

符。由于视场角为 0.5和 0.01时所得四分量比例在
热点和天顶附近差异很小, 而当视场角较小时, 计

算时间较长, 因此在下文中统一设置视场角为 0.5
进行计算。 

2.2.2  相机距离的影响 

由式(1)可知在相同 FOV 下, 相机距地面的距

离(H)决定视场大小(S), 进而决定视场中的叶片总

数, 对四分量比例的结果有较大影响。因此, 本文

取 H分别为 50, 200, 350和 500m进行敏感性分析, 

FOV 设置为 0.5, 其对应的 S 分别为 0.19, 3.046 , 

9.329 和 19.039m2, 输出图像的分辨率仍为 320×

240, 此时像元大小分别为 0.025, 0.397, 1.215 和

2.479 cm2。图 3 为不同相机距离时主平面

(VAA=140)分量结果图 , 此时场景中单位垄行面

积为 0.25m2。当距离为 50m时, 对应的 S为 0.19 m2, 

视场中不能包含整垄冠层, 因此结果波动较大; 当

视场面积大于 0.25m2后结果趋于一致, 表明当视场

面积大于完整的垄行单元后, 四分量比例结果即可

稳定, 不再变化。考虑到运算效率和对结果的直观

分析, 在后面的运算中, 在保证视场中包含完整垄

行单元的前提下尽量取较小的相机距离。 

2.2.3  图像分辨率的影响 

图像分辨率是图像分辨能力的度量。本文选择 4

种分辨率进行敏感性分析, 分别是 160×120, 320×

240, 640×480和 1280×1024。FOV设置为 0.5, 地

面面积 S=9.329m2, 对应的像元大小为 4.859, 1.215, 

0.304和 0.071cm2, 输出 25个结果所需的时间分别为: 

247, 289, 340和 575s。图 4为主平面(VAA=140)分

量结果图, 可以看出在 4 个分辨率下结果差异不大, 

因为此时场景中叶片的平均大小为 10.7cm2, 均大于

像元大小。考虑到运算时间和图像的直观分析等因

素, 在后面的运算中, 尽量设置较低的分辨率进行

计算。 

2.3  POV-ray与 RGM结果一致性分析 

RGM模型是Qin和Gerstl(2000)在Goel等(1991)

的辐射度模型基础上改进发展起来的, 经过参与一 
 

 
 

图 2  不同 FOV时主平面分量结果图 

(a) 亮叶分量; (b) 亮土分量; (c) 孔隙率 

 

 
 

图 3  不同相机距地面距离时主平面分量结果图 

(a) 亮叶分量; (b) 亮土分量; (c) 孔隙率 
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系列辐射传输模型的比较实验, 其计算结果的可靠

性得到认可(Pinty等, 2004,  Widlowski等, 2007)。

已有许多学者, 如Wu等(2002)、Xie等(2003)、Huang

等(2006)、Song等(2007)和 Liu等(2007)对其进行了

改进和扩展。 

POV-ray 是利用计算机图形学进行场景渲染成

像的通用软件, 在给定太阳和相机的几何关系、读入

三维场景的位置坐标后, 使用其自带的脚本语言进

行编程即可计算视场的四分量比例和孔隙率。RGM

是基于辐射度原理计算多边形面元间的辐射传输过

程, 因此, 它除了输入太阳、相机几何关系和三维场

景位置坐标外, 还要输入光谱信息, 如光源特性、场

景组分的反射率和透过率等, 经过求解、计算可得场

景的双向反射率因子和反照率等结果(Qin 和 Gerstl, 

2000)。四分量比例只是 RGM 模型计算过程中产生

的中间结果, 但作为表征冠层几何结构的重要参数, 

四分量比例结果不随 RGM 输入的光谱信息的变化

而改变。本文为验证 POV-ray 计算的四分量比例结

果的可靠性, 在太阳、相机几何关系和三维场景等输

入条件一致的前提下, 将 RGM的四分量比例结果作

为参考值, 进行两者结果的比对。 

将表 1 中冠层结构统计参数对应的两种场景分

别用 POV-ray 和 RGM 计算不同角度下视场的四分

量比例, 方位角从 0开始, 每隔 10为一个平面, 各

平面内由 0—70每隔 5成像一次, 共得 522个结果, 

行播冠层垄向为南北方向。图 5为 RGM和 POV-ray

得到的连续冠层和行播冠层分量极化图。表 2 为两

个模型所得的 522 个太阳—目标—相机观测几何下

四分量比例的相关系数和 RMSE, 可以得到两个模

型结果具有很好的一致性。 

通过对 POV-ray 的系统参数: FOV、相机距地

面距离和图像分辨率进行敏感性分析; 选择适当的 

 

 
 

图 4  不同分辨率时主平面分量结果图 

(a) 亮叶分量; (b) 亮土分量; (c) 孔隙率 

 

 
 

图 5  RGM和 POV-ray得到的分量极化图 

(a) RGM连续冠层亮叶分量; (b) RGM连续冠层亮土分量; (c) RGM行播冠层亮叶分量; (d)RGM行播冠层亮土分量; (e) POV-ray连续冠

层亮叶分量; (f) POV-ray连续冠层亮土分量; (g) POV-ray行播冠层亮叶分量; (h)POV-ray行播冠层亮土分量 
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表 2  统计结果 

行播 亮叶 暗叶 亮土 暗土 连续 亮叶 暗叶 亮土 暗土 

R2 0.9993 0.9990 0.9988 0.9995 R2 0.9976 0.9930 0.9491 0.9991 

RMSE 0.0038 0.0030 0.0079 0.0082 RMSE 0.0137 0.0125 0.0016 0.0033 

 
参数设置 , 计算植被冠层四分量比例 ; 将结果与

RGM 针对相同场景所得的四分量比例结果进行比

对, 得到 POV-ray 在应用于冠层四分量比例计算中

的可靠性。 

3  CLAMP模型参数对四分量比例和

孔隙率的敏感性分析 

3.1  CLAMP模型 

CLAMP 模型能够模拟植被冠层的真实结构 , 

该模型的特点是输入参数少, 且与农学、遥感应用

等直接相关, 参数包括: 种植模式R, 植株密度d, 集

聚指数 X, 叶片相对大小 S (热点参数)(Kuusk, 1985), 

平均叶倾角(Average Leaf Angle, ALA) (Campbell, 

1990), 叶片形状参数B (等腰三角形叶片底边与对应

高的比 )和叶面积指数 (Leaf Area Index, LAI)。

CLAMP 模型能普适、通用地模拟各种植被冠层, 可

根据具体的植被特征调整参数, 具有较大的灵活性

(Nadia等, 2002)。 

3.2  参数敏感性分析 

本节针对 CLAMP 模型的主要参数对冠层四分

量比例和孔隙率的影响进行敏感性分析。场景中叶

片大小为 0.115cm2, POV-ray 系统参数: FOV=0.5, 

相机距离 H=60m, 视场面积 S=0.273m2, 图像分辨

率为 320×240, 对应像元为 0.036cm2。太阳位置固

定在方位角 140、天顶角 40处。 

3.2.1  种植模式和集聚指数变化分析 

行播冠层与连续冠层的辐射特性存在很大差异

(Jackson等, 1979; Zhao等, 2009)。CLAMP模型中的

种植模式控制植株的空间分布情况: R＝1 时表示叶

片在以行宽、行距和行高限定的周期性平行垄行内

分布; R＝0 时表示叶片在整个场景中连续分布。集

聚指数控制冠层中叶与植株之间的水平距离: X=0

时表示叶株距离为 0, 叶片完全呈集聚分布; X=1时

表示叶片完全随机分布, 无集聚效应; 当 X 的值介

于 0—1时, 叶片的集聚程度也相应变化。 

本文取 4种情况进行敏感性分析, 分别是: R0X0, 

代表连续冠层、叶片完全集聚分布; R0X1, 代表连续

冠层、叶片随机分布; R1X0, 代表行播冠层、叶片完

全集聚分布; R1X1, 代表行播冠层、叶片随机分布; 

垄行走向为南北方向。CLAMP模型的具体输入参数

见表 3。 

图 6 是种植模式和集聚指数变化时亮叶、亮土

分量极化图, 由图 6可知: 热点效应均较明显, 在热

点(VAA=140, VZA=40)附近, 亮叶和亮土分量达

到最大值; 亮叶分量在叶片随机分布(X=1)的两种情

况大于与之对应的叶片完全集聚(X=0)的两种情况, 

这是由于叶片完全集聚时, 在视场中叶片间相互遮

挡的概率比叶片随机分布的情况大, 使得视场中任

意观测角度下叶片的组分均小于随机分布的情况。

当冠层为行播冠层(R=1)时, 垄行结构均较明显, 有

一近似平行垄行方向的极值条带(亮叶为小值条带, 

亮土为大值条带), 行效应明显, 特别是当叶片随机

分布时, 此时“碗边”效应也很明显; 而当叶片完全

集聚时 , 由于前述原因 , 在垂直垄行方向 , 当天顶

角较小时出现类似垄行的条带。当冠层为随机连续

冠层(R=0)、叶片随机分布时, 无论亮叶分量还是亮

土分量较为均一 , 只是在热点附近有一极大区域 ; 

当叶片完全集聚分布时 , 株与株之间的距离较大 , 

导致极化图在圆心处呈发散状。 

图 7 为种植模式和集聚指数变化时主平面

(VAA=140)分量结果图。当叶片随机分布(X=1)时, 

亮叶分量均大于叶片完全集聚(X=0)的情况, 天顶和

热点附近处尤为明显; 完全集聚的情况比叶片随机

分布的情况各向异性更明显, 是因为此时叶片相互

遮蔽概率较大, 亮叶组分对观测天顶角的变化更为

敏感 ;  在相同集聚指数下 ,  当观测天顶角较小时 , 

连续冠层(R=0)的亮叶分量均大于对应的行播冠层

(R=1)的, 而当天顶角逐渐增大超过 20左右后, 行

播冠层的亮叶分量反过来大于连续冠层的, 其原因

是行播冠层垄行内叶片密度大于连续冠层, 大角度 

 
表 3  种植模式和集聚指数变化时 CLAMP 参数设置 

R X ALA/(°) LAI S B d/(株/m2) 行距/cm 行宽/cm 株高/cm 

0; 0; 1; 1 0; 1; 0; 1 58 2 0.2 0.3 400 10 5 20 
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观测时密集的叶片中更多的被照射和观测到; 当叶

片完全集聚分布时孔隙率各向异性最明显, 当叶片

随机分布时, 行播冠层的孔隙率各向异性比连续冠

层明显。 

3.2.2  叶倾角变化分析 

叶倾角分布函数(Leaf Angle Distribution, LAD)

是描述植被冠层空间分布的重要参数, 是叶片方位

角和倾角的函数, 通常情况下可假设叶片方位角对

称分布。CLAMP模型采用的是由 ALA控制的单参

数椭球分布函数控制叶片的倾角分布 (Campbell, 

1990)。Wang 等(2007)对几种常用的叶倾角分布函

数进行比较, 结果表明虽然椭球分布函数是单参数

控制函数, 但也较好的描述了冠层的叶倾角分布情

况。本文取 3种叶片倾角分布类型进行敏感性分析, 

分别是喜平型(ALA=10)、近似球型(ALA=58)和

喜直型(ALA=75), CLAMP模型的具体输入参数见

表 4。 

图 8 是平均叶倾角变化时亮叶、亮土分量极化

图, 可以看到: 亮叶分量随着叶倾角的增大, “碗边”

效应逐渐增强, 各向异性愈加明显; 各分量的行效

应也随着叶倾角的增大更加明显。 

图 9 是叶倾角变化时主平面分量结果图。由图

可知, 主平面内热点效应明显, 亮叶、亮土分量在热

点处(VZA=40)均达到最大值; 当观测天顶角较小

时, 叶片喜平型分布的亮叶分量较喜直型分布得大, 

当观测天顶角逐渐增大时, 喜直型分布的亮叶分量

反过来大于喜平型分布的情况。喜平型分布的孔隙

率, 在观测天顶角较小时变化率较大, 在较大天顶 
 

 
 

图 6  种植模式和集聚指数变化时分量极化图 

(a) R0X0时亮叶分量; (b) R0X1时亮叶分量; (c) R1X0时亮叶分量; (d) R1X1时亮叶分量; (e) R0X0时亮土分量; (f) R0X1时亮土分量;  

(g) R1X0时亮土分量; (h) R1X1时亮土分量 
 

 
 

图 7  种植模式和集聚指数变化时主平面分量结果图 

(a) 亮叶分量; (e) 亮土分量; (c) 孔隙率 
 

表 4  ALA 变化时 CLAMP 参数设置 

ALA/(°) LAI R S X B d/(株/m2) 行距/cm 行宽/cm 株高/cm 

10; 58; 75 2 1 0.2 1 0.3 400 10 5 20 
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角观测时, 孔隙率变化很小; 喜直型分布的孔隙率

对观测天顶角的变化一直较敏感。 

3.2.3  叶面积指数变化分析 

叶面积指数是单位地表面积上总叶面面积的一

半, 它控制着植被的许多生理、物理过程, 如光合、

呼吸和蒸腾等, 是空间尺度上重要的冠层结构参数

(Jonckheere等, 2004)。 

本文按照典型行播作物生长发展过程, 选取 3

个阶段进行敏感性分析, 分为作物生长早期、中期

和晚期, LAI分别为: 1, 2和 4, 均为垄行结构, 在行

距保持不变的前提下, 随着 LAI 的增大, 相应的行

宽、集聚指数也在变化, CLAMP模型的具体输入参

数见表 5。 

图 10是叶面积指数变化时亮叶、亮土分量极化

图, 图中直观的反映了行播作物生长期的变化规律, 

即亮叶分量逐渐增大 ,  亮土分量逐渐减小 ;  当

LAI=1 时, 亮叶分量的热点效应和垄行效应都不明

显, 是因为此时叶面积指数较小, 场景中叶片所占 

 

 
 

图 8  平均叶倾角为 10, 58, 75时分量极化图 

(a) 10时亮叶分量; (b) 58时亮叶分量; (c) 75时亮叶分量; (d) 10时亮土分量; (e) 58时亮土分量; (f) 75时亮土分量 

 

 
 

图 9  叶倾角分布变化时主平面分量结果图 

(a) 亮叶分量; (b) 亮土分量; (c) 孔隙率 

 
表 5  LAI 变化时 CLAMP 参数设置 

 LAI X 行宽/cm ALA/(°) R S B d/(株/ m2) 行距/cm 株高/cm 

初期 1 0.3 3 58 1 0.2 0.3 400 10 20 

中期 2 0.5 5 58 1 0.2 0.3 400 10 20 

后期 4 0.8 9 58 1 0.2 0.3 400 10 20 
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的比例不大, 且较集聚于植株分布(X=0.3), 植株比

较稀疏 , 视场中更多的土壤被照射和观测到 ; 当

LAI=2时, 热点效应、“碗边”效应和垄行结构均较明

显, 此时场景中叶片增多, 且集聚指数 X=0.5, 行宽

=5cm, 是典型的行结构冠层。在垂直垄行方向有一

类似垄行的条带, 是由于叶片受集聚指数控制, 在

垄行内并不是完全连续分布, 植株间存在较大空隙; 

当 LAI=4时, 热点、“碗边”效应明显, 垄行结构并不

明显, 其原因是此时叶片较多, 集聚指数 X=0.8, 行

宽=0.9cm, 叶片在冠层内十分接近于连续分布, 虽

然亮土在垄行方向有一大值区域, 但是其值很小。 

图 11为叶面积指数变化时主平面分量结果图。

可以看到, 当 LAI=1 时亮叶分量的热点效应十分微

弱, 其值相比其他两种情况小很多, 而亮土分量的

热点效应较明显 , 其值也比其他两种情况大很多 ; 

此时孔隙率最大, 各向异性不明显。当 LAI=2时, 热

点效应、“碗边”效应均较明显, 孔隙率较大, 各项异

性最明显。当 LAI=4 时, 场景中叶片比例是 3 种情

况中最大的, 热点效应和“碗边”效应均较明显, 孔

隙率较小, 且各向异性较明显。 

4 结  论 

POV-ray 采用光线逆向追踪方法进行三维场景

成像, 以其强大的计算能力和方便、简洁的命令语言, 

已在三维场景仿真和可视化等领域得到广泛应用 , 

但在遥感中的应用较少。本研究利用 POV-ray 快速 

 

 
 

图 10  LAI=1,2,4时分量极化图 

(a) LAI=1时亮叶分量; (b) LAI=2时亮叶分量; (c) LAI=4时亮叶分量; (d) LAI=1时亮土分量; 

(e) LAI=2时亮土分量; (f) LAI=4时亮土分量 

 

 
 

图 11  叶面积指数变化时主平面分量结果图 

(a) 亮叶分量; (b) 亮土分量; (c) 孔隙率 
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计算植被真实结构模型 CLAMP 生成的复杂冠层的

四分量比例和孔隙率, 其计算效率较高, 结果直观

的显示了不同观测角度下冠层四分量比例和孔隙率

的变化情况, 是进行定量遥感研究有利的工具。 

本文以典型农作物的四分量比例和孔隙率为考

察对象, 对 CLAMP 模型的主要输入参数进行敏感

性分析 , 结果表明 : 当冠层垄行结构明显时 , 相对

于其他因素, 行效应对于四分量比例和孔隙率的影

响占主导 , 因此 , 当植被冠层为垄行结构时 , 其四

分量比例和孔隙率的变化较连续冠层更加复杂; 集

聚指数可以有效的控制叶片的空间分布模式, 进而

影响视场中植被与土壤的相对面积比例, 对于四分

量比例和孔隙率结果有较大影响; 叶倾角分布类型

对四分量比例和孔隙率结果的各向异性特征影响明

显, 当平均叶倾角越大时, 所得结果各向异性越明

显; 本文还比较了垄行作物的 3 个典型生长期的四

分量比例变化情况, 在作物生长初期土壤对结果影

响更大, 到作物生长后期植被对结果的影响占主导, 

亮叶分量各向异性特征较为明显。 

本研究初步表明 POV-ray 可准确、快速的计算

植被遥感中的重要参数: 四分量比例和孔隙率, 并能

有效的用于植被主要结构参数的敏感性分析, 在遥

感机理研究中有较大的应用潜力。在以后的工作中, 

可进一步研究 POV-ray 在三维场景真实再现及不同

光照入射情况下的光影渲染技术, 计算定量遥感研

究更感兴趣的方向反射率因子和反照率等参数。 

 
致   谢   Casa 教授和 POV-ray team 在使用

POV-ray 时提供了有益的指导和帮助; 北京林业大

学的黄华国博士和北京师范大学的陈敏、谢东辉博

士和宋金玲博士在使用 RGM 模型进行模型比较验

证时给予了大量帮助, 在此一并表示感谢。 
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