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Leave Area Index (LAI) is one of the most basic parameters to describe the geometric structure of plant 
canopies. It is also important input data for climatic model and interaction model between Earth surface 
and atmosphere, and some other things. The spatial scaling of retrieved LAI has been widely studied in 
recent years. Based on the new canopy reflectance model, the mechanism of the scaling effect of con-
tinuous canopy Leaf Area Index is studied, and the scaling transform formula among different scales is 
found. Both the numerical simulation and the field validation show that the scale transform formula is 
reliable. 

spatial scaling effect, remotely sensed LAI, the true LAI, the reflectance model of continuous canopy 

Leave Area Index (LAI) is one of the most basic pa-
rameters to describe the geometric structure of plant 
canopies. It is also an important input parameter for cli-
matic model and interaction model between earth sur-
face and atmosphere, and some other things[1―7]. Accu-
rate LAI retrieval is one basic task of remote sensing 
application. The spatial scaling of retrieved LAI has 
gained full attention in recent years. Many studies show 
that if the resolution of remote sensing image is different, 
the retrieved LAI values are also different. Generally 
speaking, the retrieved LAI values from coarse resolu-
tion image are lower than the values from fine resolution 
image, which depends on the nonlinearity of inversion 
method and the spatial heterogeneity[2,8―16]. MODIS LAI 
products were evaluated by multi-scaling validation, and 
results show that the inversion error is larger than usual 
when a kind of vegetation mixed with other kinds of 
vegetation along with scale increasing[12,13]. The inho-
mogeneous distribution of vegetation can result in scal-
ing effect. According to these thesis, “spatial scaling” 
means the resolution of sensor, and spatial scaling effect 
means the difference between the LAI values retrieved 
from images with different resolution. When discussing 
the scaling effect of remotely sensed LAI, the following  

basic questions should be answered: What are the basic 
reasons for the existence of spatial scaling effect? Does 
the relationship exist between scaled LAI with different 
resolutions? How do we find the transfer formulation of 
it? 

The inversion problem of LAI depends on a number 
of factors. First of all, the reflectance model is the fun-
damental issue, and the reflectance of canopy is different 
when the geometry of sun-target-sensor changes, so the 
difference of retrieved LAI caused by this should not be 
confused with scaling effect. Secondly, the information 
of plant and soil must be included in the measured signal 
simultaneously, but the soil reflectance depends on the 
soil type, the water content, and so on. Therefore, soil 
background information should be removed from meas-
ured signal before discussing spatial scaling effect of 
LAI. Of course, the atmospheric effect should also be 
excluded. Many researchers discuss the scaling effect 
based on the empirical relationships between values of  
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LAI and vegetation indices, such as NDVI and RVI. But 
the limitations of such methods are well known, because 
the problems mentioned above could not be solved sat-
isfactorily, the scaler diagram between LAI and vegeta-
tion index is not consentaneous, and the degree of dis-
persion is large, so the new model for retrieval of LAI 
should be found before discussing the spatial scaling 
effect.  

1  The concept and definition of LAI 

LAI is defined as one half of the total green leaf areas 
per unit horizontal ground surface area[17], but the 
boundary of horizontal ground surface area and the spa-
tial distribution of vegetation have not yet been clarified 
in definition[18]. Suppose a pixel (its area is A) consists 
of two components: the vegetation and soil (heterogene-
ity), the vegetation is homogeneously distributed in a1, 
the area a2 is occupied by soil only, the boundary of two 
areas can approximately be the vertical projection area 
of leaves, and the area of the pixel A=a1+a2 (Figure 1). 

 
Figure 1  The composition of mixed pixel. 

 
According to the traditional definition of LAI, two 

expressions can be given for LAI of the mixed pixel:  

t
1

,LALAI
a

=                 (1) 

a
LALAI
A

= ,                 (2) 

where LA is one half of the total leaves area in unit 
horizontal ground surface area. It is obvious that the 
physical meaning of the two definitions is different: 

tLAI can indicate the real growing condition of plant 
canopy and accords with definition of crop sowing area, 
so it is called true LAI in this paper. LAIa is LAI of the 

mixed pixel, so it is called apparent LAI. The difference 
between the two definitions is that heterogeneous patch 
is excluded from the first definition, and the homoge-
nous distribution of vegetation is supposed to be in a1, 
but the apparent LAI is on the opposite side. Its value is 
always smaller than true LAI, because the same leaves 
area is divided by larger area. Does the true LAI exist in 
real remote sensing image? The area mainly distributed 
by continuous canopies is measured by multi-scale sen-
sors, and the area ratio (av) of vegetation in the pixels is 
statistically analyzed. The SPOT-5 multi-spectrum im-
age of May 6, 2005 of Jining City, Shandong Province 
was chosen as the study area. The winter wheat field 
was in the mature stage with typically continuous can-
opy character. The results are shown in Figure 2. The 
horizontal axis means value of av, and value ranges from 
0 to 1. av=1 means pure vegetation pixel, av=0 means 
heterogeneity pixel. The vertical axis represents the 
characteristics of probability density distribution of av. 
The lines represent different resolutions of image, which 
means the resolution is 20 m × 20 m, 50 m × 50 m, and 
so on. 

 
Figure 2  The probability density distribution of av in images with dif-
ferent resolutions. 

 
Figure 2 shows that along with decreasing of the pixel 

scale, the ratio of pure pixels increases, and ratio of 
mixed pixel reduces. The probability density of av is 
high for the two extreme values of av, and low for the 
intermediate values. When the size of pixel increases, 
the probability density of the extreme value of av+ de-
creases, the probability density is high for the intermedi-
ate value of av, and low for the extreme value of av. 
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Here most of pixels are mixed pixel, and the pure pixel 
almost disappears. By this token, for the continuous 
canopy, along with the decreasing of the scale, a scale 
that is macroscopically fine but microcosmically coarse 
can be found. In this scale, the ratio of mixed pixels can 
be neglected, and the spatial distribution of leaves within 
pixel is approximately homogenous, therefore, the LAI 
measured on this scale can be regarded as true LAI, and 
we call it zero-order scale. Any remote sensing image 
with scale lager than zero-order can be regarded as the 
mosaic of zero-order scale image. As the true LAI of 
zero-order scale varies in spatial, the true LAI of the 
mixed pixel should be the area ratio weighted summation 
of true LAI of zero-order pixels. The scaling correction of 
LAI actually means deriving the true LAI value from the 
apparent LAI retrieved from the remote sensing image.  

2  The basic formula for LAI scaling 
effect study 

The research target is continuous canopy; the height of 
canopy is H. There are four components within the field 
of view of sensor, which are illuminated as ground and 
canopy, as well as shadowed ground and canopy; Kg, Kc, 
Kz and Kt represent area ratios of the four parts. Reflec- 
tance of targets can be described by ρ=ρ 1+ρ m, here ρ1 
means the single scattering reflectance and ρm means the 
reflectance caused by multiple scattering[19―22]: 
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where Gv and Gs mean G function of view direction and 
sun direction; μv=cosθv  and μ0=cosθ0, where vθ  and 

θ0 are the viewing zenith angle and the sun zenith angle 
respectively. Nilson parameter (λ0) is used to describe 
the clumping effect of foliage[23]. Γ (φ) is an empirical 
function used to describe hot spot effect. φ is the angle 
between light and viewing directions. Γ (0)=1, Γ (π)=0, 

0<φ≤π, and Γ (φ) = 1−φ/π. 
Radiance of single scattering received by the sensor is 

L1, L1=KgLg+KzLz+KcLc+KtLt. Lg, Lc, Lz and Lt represent 
radiance of illuminated ground and canopy, as well as 
shadowed ground and canopy respectively; fg and fv 
stand for BRDF of ground and canopy respectively. 
Lg=fg(μ0F0+Ed), Lz=fgEd, Lc=fv(μ0F0+Ed), Lt=fvEd, and 

suppose 1 1
0 0π /( ),dL F Eρ μ= +  μ0F0 is the direct ir-

radiance of sun, and Ed is the diffuse irradiance of at-
mosphere; suppose leaf and soil are the entire diffuse 
reflective surface, ρg and ρv are the hemispherical al-
bedos of the soil background and the leaf, then 
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Eq. (7) includes the reflective anisotropic characteristic 
caused by sun-target-sensor geometry, neglecting the 
reflective anisotropic characteristic caused by the soil 
background and the leaf. As φ=0 (hotspot location), then  
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The contribution of multi-scattering can be expressed by 
Hapke model[24,25]: 
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where ω is single scattering albedo of single leaf, 
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Since the leaves of the canopy can form gaps by shading 
each other and the gap can weaken the multiple scatter-
ing, the approximate expression can counteract the effect 
of overestimation caused by Hapke model. As the mul-
tiscattering effect is considered, ρv should be equiva-
lently modified. Suppose v v (1 ),mρ ρ′ = +  we have  

ve (1 e ).b LAI b LAI
gρ ρ ρ− ⋅ − ⋅′≅ + −       (10) 

The forms of formulae (10) and (8) are coherent. When 
0φ ≠ , if gρ , vρ  and b are modified, the form of for-

mula (8) can be kept. So formula (8) can become the 
basic formula for LAI scaling effect study. During the 
deduction of formulae (10) and (8), some approximation 
and parameters are introduced, hereby, the retrieval of 
LAI can not absolutely avoid the influence of factors, 
such as BRDF, and the variation of soil background. Yet 
as the formula keeps the fundamental characteristic of 
canopy reflectance, it can be adapted to different soil 
backgrounds by adjusting ρg and correct the errors due 
to the geometry, clumping effect, LAD, and so on, when 
b is adjusted. In conclusion, compared with precise LAI 
retrieving model, the precision of formula (10) is a little 
lower. But it can be feasible to discuss the scaling effect 
caused by LAI spatial variation, and is easy to inverse. 

3  The physical mechanism of scaling 
effect 

Supposing pixel A is composed of two small pixels 
called sub-pixel 1 and sub-pixel 2, the LAI of them is 
LAI1 and LAI2 respectively, where 2 1 .LAI LAI LAI= + Δ  
The average LAI of pixel A, namely, the apparent LAI,  
is ( )a 1 2 1/ 2 / 2,LAI LAI LAI LAI LAI= + = + Δ  and the 

range of LAIΔ  is 1 .LAI− → ∞  As 1LAI LAIΔ = − , 

and 2 0LAI = , the sub-pixel 2 is heterogeneous, and 

according to the definition of the true LAI, t 1LAI LAI= , 

but a 1 / 2;LAI LAI=  except this condition, 2 0LAI > , 

and a tLAI LAI= . In conclusion, a tLAI LAI≤ . 
Scenario 1 To keep the spatial inhomogeneity of 

sub-pixel, 0LAIΔ ≠ , the multi-scattering between two 
sub-pixels is neglected, and the reflectance of mixed 
pixel, A,mρ , should be the summation of the reflectance 

of sub-pixel ( 1ρ and 2ρ ) weighted by the area ratio: 

( )

( ) ( )1

A,m 1 2

g v v

1
2
1      e 1 e .
2

b LAI b LAI

ρ ρ ρ

ρ ρ ρ− ⋅ − ⋅Δ

= +

= − + +
 

If the LAI of pixel A A,mLAI  is retrieved by formula 

(10), then 
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Scenario 2  The spatial inhomogeneity of sub-pixel 
is neglected, the LAI of pixel A is average LAI, 

1 / 2,LAI LAI+ Δ  and the relationship between the re-

flectance of mixed pixel, A,sρ , and the average LAI, 

A,aLAI , is shown as follows:  
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(13) 
If 0LAIΔ ≠ , A,m A,a tLAI LAI LAI< ≤ . 

The difference between the two scenarios is: the spa-
tial variation of LAI is kept in Scenario1, but it is ne-
glected by the average LAI for Scenario 2. So if the spa-
tial variation of LAI exists within the pixel, the retrieved 
LAI of the pixel is definitely smaller than the true LAI. 

tLAI  and aLAI  of two scenarios are the same, but the 
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retrieved LAI is different, which is the scaling effect of 
LAI. Two conclusions can be gained as follows:  

(1) The inhomogeneity ( 0)LAIΔ ≠  and non-linear 
algorithms are the necessary and sufficient preconditions 
for the existence of spatial scaling effect. 0LAIΔ ≠  is 
due to two reasons: 1) the variation of LAI within pixel 
exists, 2) the pixel is the heterogeneously mixed pixel; 
the two reasons are equally important. In other words, 
the inhomogeneity of LAI is the reason for the existence 
of LAI scaling effect. In fact, the retrieval model is based 
on homogeneous condition; if the formula is forced to 
the opposite condition, errors would be inevitable.  

(2) The spatial scaling effect can only reduce the 
value of LAI smaller than true LAI value. Pixel A covers 
the spatial variation of LAI within Pixel A; as pixel size 
rises, the scale of spatial variation of LAI covered by 
pixel also increases. Each rank reduces retrieved value 
of LAI in certain level. So the apparent LAI ( aLAI ) de-
creases correspondingly as the pixel size increases, 
which accords with the fact. 

4  The scale transform model 

4.1  The description of scale 

The spatial scale of remote sensing image is the spatial 
resolution of pixel r. In this paper, the concept of rela-
tive scale rR and scale order are put forward:  

R
0

,rr
r

=                (14) 

where r0 is zero-order scale of pixel. In this scale, almost 
no mixed pixels exist, and vegetation homogenously 
distributes in the pixel. If the ratio of two adjacent or-
ders’ scales is a constant d, then 

R
nr d= (or Rlogdn r= ).        (15) 

So n=0 means r=r0, and the retrieved LAI is true LAI, 
represented by 0LAI ; if n≥1, the value of LAI is nLAI , 
and the scaling effect of LAI exists. The scale transform 
of LAI is just the relationship between nLAI and 0LAI .  

4.2  The scaling transform formula neglecting the 
spatial variation of LAI 

For zero-order pixels, we have 

( ) 0
0 g v ve .b LAIρ ρ ρ ρ− ⋅= − +         (16) 

Supposing there are N pixels of zero-order in the 
first-order pixel, and 0,iLAI  represents the true LAI of 

number i zero-order pixel, 0, 0,a 0, .i iLAI LAI LAI= + Δ  

Here 0,aLAI  is the mean true LAI value of all zero- 

order pixels in the first-order pixel:  
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Supposing 0, 0iLAIΔ = , 

( ) 0,a
0,a g v ve b LAIρ ρ ρ ρ− ⋅= − + .       (17) 

Assuming m1 represents the area ratio of zero-order pix-
els totally occupied by heterogeneity within first-order 
pixel, the area ratio of vegetative zero-order pixels 
within first-order pixel is v,1a ( 1 v,11m a= − ), then  
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If the mixed pixel of first-order can be regarded as an 
integer, the next formula is tenable: 

1
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(19) 
This formula indicates the function between the LAI1 of 
the first-order pixel and the mean value of true LAI of 
zero-order pixel LAI0,a.  

Similarly, the area ratio of the first-order pixels totally 
occupied by heterogeneity within the second-order pixel 
is represented by m2, and the area ratio of vegetative 
first-order pixels within the second-order pixel is repre-
sented by av,2 (m2=1−av,2), so 

( )2 2 1,a 2 g1 ,m mρ ρ ρ= − +  

1,a 1,
1

1 ,
N

i
iN

ρ ρ
=

= ∑              (20) 

where ρ1,i represents the spatial variation of ρ1 caused by 
the spatial variation of m1, which can be expressed by 
m1,i; hereby the average space of ρ0,a is extended from 
the first order to the second one, and if the assumed 
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condition does not change, then  
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Substituting the above into formula (21), we have 
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where v,2 21 ,a m= −  and if the mixed pixel of second 

order can be regarded as an integer, the next formula is 
tenable:  
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by analogy,  

( )( )0,a
vln 1 1 e ,b LAI

nb LAI a n − ⋅⎡ ⎤⋅ = − − −⎢ ⎥⎣ ⎦
    (23) 

where ( )v v, v, 1,a v,1,an na n a a a−= . 

As there is no heterogeneity in zero-order pixel, 
av,0=1. Compared with the largest heterogeneous patch, 
if the scale of n order pixel is so large that there are no 
pure heterogeneity pixel of n−1 order pixel in n order 
pixel, then mn=0, so av,n=1. 

In other words, if the pixel is big enough, c ap-
proaches to a constant determined by the value of av (n) 
of the coarse scale. The relationship between av (n) and n 
can be acquired by numerical simulation (Figure 3). 

( ) ( )v
1 ,
e f n

ca n c−
= +            (24) 

where c is an undetermined constant determined by the 
av,n value of coarse scale. f(n) is a monotonous function 
increasing progressively with increasing n, and it should 
satisfy the condition of f(0)=0. Normally, it can be as-
sumed as linear increasing function f(n)=pn, in which p 
is an empirical constant. 

 
Figure 3  The law of av descending with scale. 

 

4.3  Correction for spatial variation of LAI0 

In aforementioned discussion, the assumption neglecting 
the spatial variation of LAI in the finest pixel (LAI0) does 
not accord with reality. It is obvious that the larger the 
spatial variation of LAI is, the larger the errors caused by 
it will be. If the variance of LAI0 (VLAI,0) is used to rep-
resent the spatial intensity variation of LAI0, the nu-
merical simulation shows that the retrieving error of LAI 

0LAIΔ  is in direct proportion to VLAI,0 (Figure 4). 

 

Figure 4  The relationship between the retrieved error of 0LAIΔ  and 

the variance of LAI0 ( ,0LAIV ). 

 
The correctional formula is  

*
0 0,a ,0,LAILAI LAI m V= + ⋅         (25) 
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where 0,aLAI  is the retrieved mean true value of LAI 
from formula (23) neglecting the spatial variation of LAI, 

,0LAIV  is the variance of 0,iLAI , and m=0.3589. It is 

obvious that ,0LAIV  is unknown, and according to the 
numerical simulation, the variance of different order 
scale can be approximated by formula (26): 

, ,0 e n
LAI n LAIV V −= ⋅ .            (26) 

If the remote sensing image of first-order and second- 
order scales is known, then 

2
,1

,0
,2

.LAI
LAI

LAI

V
V

V
=               (27) 

5  The numerical simulation of LAI scal-
ing effect 
Make sure the finest spatial scale (supposing it is 1 m), 
ascertain the random spatial distribution of heterogene-
ous patch with different scales, and then initialize the 

0,iLAI  of each plant pixel (Figure 5).  

 
Figure 5  The simulated remote sensing image. White pixels are the pure 
soil pixels, and the black pixels are pure vegetation pixels. 

 

Suppose the values of ρg, ρv, Gv, θv are known and 

0 1,λ =  in the hotspot direction, as the 0,iLAI  of every 

pixel have been ascertained, 0,iρ of each pixel can be 

calculated according to formula (8), and the spatial dis-
tribution of 0,iρ  can be obtained. If the relation be-

tween the relative pixel scale and order number is 

R 3nr = , the zero scale is 1 m × 1 m, the first-order scale  

is 3 m × 3 m, the second-order scale is 9 m× 9 m and so 
on and so forth. ρ1,i and ρ2,i distribution image of the 
first-order, second-order and so on can be created via the 
summation. Then according to the formula, we have  

,
, ln .n i v

n i
g v

b LAI
ρ ρ
ρ ρ

⎛ ⎞−
⋅ = − ⎜ ⎟⎜ ⎟−⎝ ⎠

 

The retrieval ,n iLAI  of each order pixel can be de-

rived. Based on the distribution image of 0,iLAI  and 

the definition of mixed pixel ,tnLAI , the distribution 

image of , ,tn iLAI  is created. The comparison between 

retrieved LAI and real LAI is shown in Table 1. When 
the real LAI is small, the retrieval error is also small. 
Along with the increase of real LAI, the retrieval error 
also increases, but the relative errors are less than 10%. 
By the variance correction of ,n iLAI  using formula 

(25), the retrieved LAI can be acquired. The retrieval 
errors before and after the variance correction are listed 
in Table 1. 
 
Table 1  The errors of LAI retrieval before and after the variance correc-
tion (unit: %) 

 Max error Min error Average error SDT
Before correction 6.62 5.90 6.32 6.33
After correction 2.78 0.11 0.81 1.13

6  The scaling transform of remote 
sensing image 

Figure 6 is the SPOT-5 multi-spectrum image of May 6, 
2005, of Jining City, Shandong Province, China. The 
resolution is 10 m. This image consists of 5994×3402 
pixels corresponding area of 60 km × 34 km. It is a win- 
ter wheat growing season. The ground cover is winter 
wheat field, villages, water body, roads and so on. 

Firstly, radiant calibration and geometric correction 
are carried out. In order to gain the transfer model of 
scaled LAI from multi-resolution images, we must re-
move all the other effects, such as atmospheric effect, 
directional effect caused by bidirectional reflectance of 
target, and so on, except scaling factor. As a basic mate-
rial for analysis of spatial scaling effect, the multi-scal- 
ing images can only be formed by the same high resolu-
tion image through weighted linear summation of radi-
ance of pixels. 

Secondly, the classification was applied to images in 
different scales, and the main categories are vegetation  
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Figure 6  SPOT-5 multi-spectrum false color composites image of Jining, 
Shandong Province, China. 

 
(majority of it is winter wheat), town, road, water body 
and aqueduct and so on. As the spectral characteristic of 
water body is different from the other categories, the 
area ratio of water body in coarse resolution image 
should be indicated. The SPOT-5 image of ten meters 
can offer the background reflectance of rude pixel in 
details, so ρg is close to the real value. Considering the 
difference of sun-target-sensor geometry of each pixel, 
formulae (8) and (10) were used to retrieve LAI, mean-
while, formulae (25) and (26) were used to calculate the 
correction values according to the variance of zero-order 
LAI VLAI, 0. Results show that the value of LAI0 is about 
3―5, the relative error caused by variance of LAI0 is 
about 5%, the heterogeneity is the main reason of scal-
ing effect in this case. Formula (23) can be transformed 
as follows: 

( ) 0,ae 1 [e 1 ](1 e ),n b LAIb LAI pn c c − ⋅− ⋅ −= − − + −  

where c and 0,a(1 e )b LAI− ⋅−  are constant or nearly con-
stant.  

( )e 1 enb LAI pnD B− ⋅ −= − − ⋅ , 
0,a(1 )(1 e ),b LAIB c − ⋅= − −  

0,a(1 e ).b LAID c − ⋅= −  
So the relationship between LAIn and number of scale 
order n is approximately negative linearity. Figure 7 
shows the relationship between LAIn and n in Figure 6, 
with each curve representing the relationship between 
LAIn and n of a 1 km × 1 km pixel, showing that the ap-
proximately negative linear relationship between LAIn 
and n exists. Since the function of av(n) is based on sta-
tistical mean and the value of c varies as the size of pixel 
changes, it is understandable that some of the curves in 
Figure 7 depart from negative linearity.  

 
Figure 7  The relationship between LAI and scale orders. 

7  Conclusions 

(1) According to the homogeneous canopy, the spatial 
scaling effect of retrieved LAI exists. The heterogeneity 
within pixel and non-linearity of retrieving method are 
the two major reasons. 

(2) To the continuous canopy, the formula of scale 
transform is composed of two parts, the scaling effect 
caused by heterogeneity can be corrected by formula 
(23), and the errors caused by spatial variation of LAI0,i 
can be corrected by formulae (25) and (26). 

(3) From the viewpoint of remote sensing, the plant 
canopy can be classified into two categories, discrete 
and continuous canopies. As the discreteness is the 
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characteristic of discrete canopy, the definition of real 
LAI and the retrieval model should be changed, and the 

scaling effect of discrete canopy should be studied as 
another independent topic. 
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