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Abstract.  Scaling effect of leaf area index (LAI) in remote sensing field means that values of LAI derived 
from different resolutions images also differ. The foundation of discussing LAI scaling effect problem is 
accurately retrieving LAI values from remote sensing images, and trying to exclude the influence of other 
factors.  A hybrid model for continuous vegetation is chosen to retrieve LAI from reflectance images of 2.5 
m, 10 m SPOT as well as 250 m and 500 m MODIS data. The task of scaling transform of LAI at different 
scales is deriving the expectation of LAI value at one specific scale from values of other scales. A formula 
for transforming LAI values at different scales is presented and successfully applied on these remote sensing 
images. The application results match well with ground truth. 
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1. Introduction 
Leaf area index (LAI) is one basic indicator for vegetation structure and growth condition, and an important 
input parameter for climate and land-atmosphere model [1]. Accurately retrieving LAI from remotely sensed 
data is groundwork for its application on reality.  

It is observed and even proved that scaling effect exists in retrieval of LAI, vegetation index, as well as 
biophysical parameters [2-4]. That means the retrieving values of these parameters in the same region often 
differ when they are from different resolutions data. For leaf area index, the value derived from coarse 
resolution data is generally lower than the value from fine resolution data. Two reasons responsible for this 
phenomenon are non-linearity of retrieving function as well as spatial heterogeneity [5-9].  

It was pointed out that the vegetation index has its own scaling effect [2,3], thus problem of LAI scaling 
may be complicated when its value is based on relationship with vegetation index. To solve this problem, we 
choose to derive LAI value directly from reflectance of remote sensing imageries with various resolutions to 
study its scaling effect, propose a formula for transforming values at different scales, and finally applying 
this method on these remote sensing images. The application results agree well with ground truth. 

2. LAI Retrieval and Scaling Effect 

2.1. LAI retrieval formula 
We focus the study object on continuous vegetation. Its reflectance is described by summation of single 
scattering and multiple scattering, 1 mρ ρ ρ= + , 1ρ  means the contribution of single scattering, mρ  stands 
for the contribution of multiple scattering. The calculation formula of 1ρ  and mρ  are as follows [10-12]: 
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where gρ  and vρ  are spherical reflectance of soil background and vegetation respectively, 0λ  is Nilson 
parameter accounting for vegetation clumping effect, sG  and vG  are the value of G function along the sun 
and viewing direction respectively, sμ  and vμ  are cosine value of the sun and viewing zenith angle, ( )φΓ  is 
an empirical function to describe hot-spot phenomenon, φ  is the angle between the sun and viewing 
direction, ( )0 1Γ = , ( ) 0πΓ = , when 0 φ π< ≤ , ( ) 1φ φ πΓ = − , dE  is irradiance from sky scattering, 0 0Fμ  
is irradiance from sun illumination. 

This equation includes reflective anisotropic characteristic caused by sun-target-sensor geometry, 
neglects reflective anisotropic characteristic caused by soil background and leaf.  As 0φ = (hotspot location) 
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The contribution of multi-scattering can be expressed by Hapke model[13]： 
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ω  is single scattering albedo of single leaf, v2ω ρ≅  
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Let ( )v v 1 mρ ρ′ = + , then 

( )v 1b LAI b LAI
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The form of formula (3) and formula (1) is coherent. When 0φ ≠ , through modifying gρ , vρ  and b, the 
form of formula (1) can be kept as well. Hereby formula (1) can become the basic formula for LAI scaling 
effect study.  

2.2. An introduction of  study area and data 
In order to study the scaling effect of LAI, a case study using remote sensing images were performed. They 
were carried on May 6th, 2005, in Jining City, Shandong Province, using 10 m SPOT-5, 250 m and 500 m 
MODIS multispectral image, as well as 2.5 m SPOT-5 panchromatic image. The area of the study region is 
60 km*34 km. 

MODIS dara is the reflectance product MOD 09 available on its website, and do not need preprocessing 
steps such as radiometric calibration and atmospheric correction. Their geometric corrections were 
performed by MRT software. These SPOT5 imageries were preprocessed in a flow of radiometric calibration, 
atmospheric correction, and geometric correction. Cross-radiation correction was performed on SPOT-5 2.5 
m panchromatic and 10 m multispectral image after atmospheric correction to correct interactions among 
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adjacent pixels. The 50 m SPOT-5 multispectral image was gained by linear resample 10 m SPOT5 image. 
The study region reflectance imageries at different scales are shown in figure 1. 

 
Fig. 1: Reflectance imageries of the study region at some scales (R: infra-red, G: red, B: green) 

2.3. LAI retrieval and scaling effect 
The next process is supervised classification of these images. Main categories in the study region are 
vegetation (majority of them are winter wheat), town, road, water body and aqueduct and so on. Considering 
the differences of sun-target-sensor geometry both among pixels and imageries, formula (1) and formula (3) 
were used to retrieve LAI at each scale.  

These formulas require the prior knowledge of pure vegetation and pure background reflectance, both of 
which could be either from spectral library or directly picked up from remote sensing image.  The LAI 
distributions at each scale are shown in figure 2. In these figures, regions with redder color have relatively 
higher LAI value. It is to see from this series that the LAI value derived from remote sensing images 
decreases with the increase of scale. 

 
Fig. 2: LAI distribution at each scale 
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3. Scale Correction of LAI 

3.1. Definition of true LAI 
LAI is defined as one half the total green leaf areas per unit horizontal ground surface area [14], but the 
boundary of vegetation volume and the spatial distribution of vegetation are not clarified in this definition. 
Suppose a pixel (with area of A) contains vegetation covering region (with area of 1a ) and heterogeneity 
(considering pure soil) covering region (with area of 2a ), the boundary of the two regions can be 
approximately regarded as the vertical projection region of vegetation, the total area of this pixel 

21A a a= + (Figure 3). 

 
Fig. 3: The composition of mixed pixel 

According to traditional definition of LAI, two expressions can be given for LAI of mixed pixel:   

t
1

LALAI
a

=                                                                    (4) 

a
LALAI
A

=                                                                                 (5) 

where LA is one half the total green leaf areas within the vegetation volume. Apparently, tLAI  is a nicer 
indicator for vegetation growth condition within the pixel than aLAI , and also in accord with definition of 
crop sowing area, so it is called true LAI in the paper. On the other hand, aLAI  is called apparent LAI. The 
difference between the two definitions is that heterogeneous patch are excluded from the first definition, 
while apparent LAI assumes leaves are distributed in the whole region. Apparent LAI is always smaller than 
true LAI, because the same leaf area is divided by a wider area. LAI derived from remote sensing images 
belongs to apparent LAI, since leaves are supposed homogeneous distribution in each pixel. 

3.2. Description of scale 
Spatial scale in remote sensing refers to pixel spatial resolution r. In this paper, the concepts of relative scale 

Rr  and scale order are put forward [8]. 

R
0

rr r=                                                                             (6)  

where 0r  is the spatial resolution of zero order scale pixel; at this scale, almost no mixed pixels exist, 
vegetation homogenously distributes in the pixel. If the ratio of two adjacent order scales is a constant d,  

R
nr d= (or Rlogdn r= )                                                             (7) 

When 0n = , corresponding spatial resolution is that of zero order scale pixel, that is 0r r= , so the retrieved 
LAI is true LAI, note it by 0LAI ; when n 1≥ , using nLAI  to note the value of LAI at n order scale, at which 
scaling effect of LAI exists. Scaling correction of LAI is to find out the relationship between nLAI  and 0LAI , 
and retrieve the average 0LAI of the pixel of n order scale from data of other scales.  

a1 a2 

A 
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In this case, we consider 2.5 m SPOT-5 LAI distribution image to be 0 order scale image, then the 
relative scales of 10 m and 50 m SPOT-5 as well as 250 m and 500 m MODIS image are 4, 20, 100, 200 
respectively. Let the ratio of two adjacent order scales d=3, then the scale orders of 10 m, 50 m, 250 m and 
500 m resolution image can also be calculated to be 1.26, 2.73, 4.19, 4.82 respectively. First we chose the 
region of 500 m resolution pixel as research subject, calculating the expectations of LAI at each scale order. 
The expectation of LAI at 4.82 scale order is the retrieval LAI value of 500 m resolution pixels, expectations 
of LAI at other scale orders are averages of retrieval LAI value of vegetation pixels with corresponding 
resolutions. Then we further studied the whole region, calculating its expectation of LAI at each scale order. 
The expectation of LAI at 4.82 scale order is the average of retrieval LAI values of all 500 m resolution 
vegetation pixels, expectations of LAI at other scale orders are averages of retrieval LAI value of vegetation 
pixels with corresponding resolutions. The results are shown in figure 4.  

 
Fig. 4 Expectations of LAI at each scale order 

As shown in figure 4, with the increase of n, expectation of LAI at n scale order gradually decreases; they 
have an approximate negative linear relationship. 

3.3. Scaling transform formula for LAI 
In the case of skipping vegetation growth variations within vegetation pixels, through mathematical 
deduction, the relationship between nLAI  and 0LAI  is found out to be [8]: 

( ){ }0,a
vln 1 1 b LAI

nb LAI a n e− ⋅⎡ ⎤⋅ = − − −⎣ ⎦                          (8) 

( )v v, v, 1,a v,1,an na n a a a−= L  
where ( )va n  is vegetation proportion in the target n order scale pixel (note that our discussion subject is 
vegetation, the target pixel must contain some vegetation). av,i,a,  i=1, …, n-1, is the expectation of vegetation 
pixel proportion at i-1 order scale included in i order scale pixel. v,na  is vegetation pixel proportion at n-1 
order scale included in the target n order scale pixel. Function of ( )va n  to n is found out to be:  
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where c is a constant, depending on the value of v,na . ( )f n  is a mono-increase function to n and satisfies 
( )0 0f = ; commonly, it has the linear form ( )f n pn= , where p is an empirical constant.  

In a word, equation (8) enables calculation of LAI0,a (the expectation value of 0 order scale LAI, or the 
expectation of true LAI) from LAI values at other scales. Considering variations of vegetation growth, 
acquired 0,aLAI  should also be revised by LAI variance [8]: 

*
0,a 0,a LAI,0LAI LAI m V= + ⋅  
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where LAI0,a  represents the expectation of true LAI derived from equation (8) in which the variations of 
0LAI  is omitted, m=0.3589, VLAI,0  is the variance of  LAI0,i at 0 order scale. VLAI,0 can be calculated from the 

variance at other scale, the relationship is found out to be: 

LAI, LAI,0
n

nV V e−= ⋅  
When images at 1 and 2 order scale are known, 

2
LAI,1

LAI,0
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V

V
=  

Formula (8) can be rewritten as: 

( ) ( )0,a1 1 1n b LAIb LAI pne e c c e− ⋅− ⋅ −⎡ ⎤= − − + −⎣ ⎦  

For a specific region, c and ( )0,a1 b LAIe− ⋅− are constant or near constant, so it can be further transformed as 

( )1nb LAI pne D B e− ⋅ −= − − ⋅  

( )( )0,a1 1 b LAIB c e− ⋅= − −  

( )0,a1 b LAID c e− ⋅= −  

So the relationship between nLAI  and scale order n is approximately negative linearity, which satisfies with 
remote sensing experiments carried above. The function of  ( )va n  is based on statistical mean, the values of 
c are varied with pixels, so it is understandable that some of the curves in figure 4 departure from negative 
linearity. 

3.4. LAI scaling transform 
In this part, we took 2.5 m SPOT-5 LAI distribution image to be unknown, and aimed to derive the 
expectation LAI value at this scale from LAI values of other scales. According to the derived law of LAI at n 
order scale nLAI  to n, this goal is possible as long as the two constants c and p in the formula can be 
confirmed. Thus there are three unknowns in the formula and we needed at least data of three other scales to 
solve it. Data at 4 scales were available: 10 m and 50 m SPOT as well as 250 m and 500 m MODIS. We used 
them and solve the equations with mean square error (MSE) standard and got the expectation of LAI value at 
2.5 m scale for each MODIS pixel of 500 m resolution. Comparisons of retrieved expectation values of LAI 
and real expectation values are shown in figure 5. 

 
Fig. 5: Comparisons of retrieval LAI and ground truth. 
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The three lines in the figure have a slope of 45 degree. The middle line in the figure passes the origin, points 
on it indicating a zero error. The other two are shifted up or down with 0.5 unit, points on it indicating error 
with abstract value of 0.5. Most points are constrained between the two lines, showing the retrieval results 
match well with ground truth. 

4. Conclusions 
1. Scaling effect of LAI means retrieval values of LAI at different scales is different. The purpose of 

scaling transform is obtaining LAI value at a specific scale, especially 0 order scale, from values of other 
scales. Remote sensing image at 0 order scale indicates that vegetation inhomogeneous can be neglected 
within each pixel; the LAI value at this scale is considered to be true LAI. 

2. Both mathematical deduction and remote sensing image experiments show that the law of LAI at n 
order scale ( nLAI ) to n is negative linearity. The result replicates other researches. 

3. With the scaling transform formula of LAI, we succeeded in derive the expectation of LAI at 0 order 
scale from LAI values of other scales. The result agrees well with ground truth.  

4. The scaling transform formula is derived for continuous vegetation, limiting its application on 
vegetation with continuous characteristic. Formula suitable for discrete vegetation needs further develop. 
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