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Abstract: This paper explores the potential to improve the impervious surface estimation accuracy using a multi-stage 
approach on the basis of vegetation-impervious surface-soil (V-I-S) model. In the first stage of Spectral Mixture 
Analysis (SMA) process, pixel purity index, a quantitative index for defining endmember quality, and a 3-dimensional 
endmember selection method were applied to refining endmembers. In the second stage, instead of obtaining impervi-
ous surface fraction by adding high and low albedo fractions directly, a linear regression model was built between im-
pervious surface and high/low albedo using a random sampling method. The urban impervious surface distribution in 
the urban central area of Shanghai was predicted by the linear regression model. Estimation accuracy of spectral mix-
ture analysis and impervious surface fraction were assessed using root mean square (RMS) and color aerial photogra-
phy respectively. In comparison with three different research methods, this improved estimation method has a higher 
overall accuracy than traditional Linear Spectral Mixture Analysis (LSMA) method and the normalized SMA model 
both in root mean square error (RMSE) and standard error (SE). However, the model has a tendency to overestimate 
the impervious surface distribution.   
Keywords: vegetation-impervious surface-soil model; spectral mixture analysis; impervious surface; Shanghai 

 
 
1 Introduction 

 
The status and trend of urban land use and land cover 
significantly impact the quality of human being’s life 
and urban ecosystems. Accurate, up-to-date and spa-
tially explicit data on urban land use and land cover are 
required to support urban land management deci-
sion-making, ecosystem monitoring and urban planning. 
Ridd (1995) proposed the vegetation-impervious sur-
face-soil (V-I-S) model for parameterizing biophysical 
composition of urban environments. In this model, ur-
ban land use and land cover classes can be modeled by 
the fraction of vegetation, impervious surface, and soil 
(Wu and Murray, 2003). The V-I-S model, especially 
impervious surface fraction might be a basis for a better 
understanding of urban environments, including both 
physical geography (urban heat islands, runoff modeling 
and urban change detection) and human geography 
(population density estimation and quality of life as-
sessment) (Ridd, 1995).  

However, due to the difficulties in the impervious 
surface estimation, the V-I-S model is only considered 
conceptually with limited applications. Although differ-
ent approaches have been developed (Deguchi and Su-
gio, 1994; Ji and Jesen, 1999; Slonecker et al., 2001; 
Brabec et al., 2002; Wu, 2004), the impervious surface 
extraction is still a challenge because of the complexity 
of urban landscape and limitation of remotely sensed 
data in spectral and spatial resolutions (Lu and Weng, 
2005). Recently, the V-I-S conceptual model has been 
successfully applied by using the technique of spectral 
mixture analysis (SMA). Small (2001; 2004) estimated 
urban vegetation distribution using a three-endmember 
linear mixture model, and also expressed difficulties 
associated with impervious surface estimation. Wu and 
Murray (2003) introduced a method for estimating im-
pervious surface distribution using linear spectral mix-
ture analysis and first suggested a linear relationship 
formula. Though the model was not really fulfilled in 
practice instead of a method by adding high/low albedo 
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fractions directly, it is significant to understand the 
composition of impervious surface from the view of 
remote sensing spectrum. Yue and Wu (2007) made a 
SMA application, in which they derived impervious 
surface fraction by adding high/low albedo fractions 
directly using the method of Wu and Murray (2003). Wu 
(2004), Weng and Lu (2008) estimated urban impervi-
ous surface by a new normalized spectral mixture 
analysis method, which at first assumes that spectrum 
shape is similar besides brightness difference between 
high/low albedo endmember, then derives impervious 
surface faction from the SMA model directly by consid-
ering impervious surface as one endmember. Although 
the estimation accuracy had been improved, according 
to on-spot spectrum measurement in Chinese urban area, 
the spectrum divergence among urban impervious sur-
face types is so dramatic. The difference puts up not 
only on spectrum brightness, but also on spectrum pat-
tern. It was very difficult to normalize impervious sur-
face as one endmember (Yue et al., 2006).  

In general SMA procedure, selecting suitable end-
members is very important to obtain high quality frac-
tion images and the key factor to determine the overall 
accuracy (Weng and Lu, 2008). However existing stud-
ies seldom adopted a quantitative criterion to gauge the 
quality of selected endmembers, thus it was very hard to 
duplicate the estimate results (Wu and Murray, 2003; 
Wu, 2004; Lu and Weng, 2005; 2006). Additionally, in 
existing researches, all endmember selection is from 
two-dimensional feature space after minimum noise 
fraction (MNF) transformation, which would facilitate 
the selection while be opt to miss information. In this 
paper, improvements were introduced to estimate urban 
impervious surface fraction. Firstly, a quantitative index 
of endmember quality, PPI (Pixel Purity Index) and an 
endmember selection method in 3-dimensional pixel 
feature space were applied to assisting the endmember 
selection. Secondly, it is the first time to estimate the 
impervious surface faction by a quantitative regression 
model between impervious surface faction and high and 
low albedo fractions.  

 
2 Data and Methods 

 
2.1 Study area 
Shanghai is located on the east coast of China (Fig. 1). 
For more than one and half centuries since about 1850, 

Shanghai has been China’s biggest economic center. 
Under the period of planned economy (1949–1978) in 
China, Shanghai became an industrial production center 
(Cai and Victor, 2003). Its urban development has pro-
gressed at an unprecedented pace since the implementa-
tion of the economic reforms after 1978 (Xu et al., 
2004). According to the Fifth Population Census in 2000, 
there were more than 9,150,000 people in an area of 
660km2 inside Out Ring Road, and the population den-
sity got to 14,000 person/km2. So, the building density 
and road density were very higher. In order to describe 
the composition of urbanized area, the urban central 
area inside Out Ring Road was put on more considera-
tion in this study (Fig. 1). 
 

 
Fig. 1 Location of study area 

 
2.2 Data set 
The Landsat 7 ETM+ images (path 118/row 38; path 
118/row 39) received on June 14, 2000 were served as 
the primary data sources. The data were acquired under 
a very clear atmospheric condition by National Remote 
Sensing Center of China (NRSCC), and the radiometric 
and geometrical distortions of the images have been 
improved to a 1G level before delivery. After a radio-
metric enhancement, the image was then further recti-
fied to a Shanghai coordinate system (a modified 
Transverse Mercator coordinate system), and was re-



           Improvement of Urban Impervious Surface Estimation in Shanghai Using Landsat7 ETM+ Data   285

sampled using the nearest neighbor algorithm with a 
pixel size of 30m×30m. The resultant root mean square 
error (RMSE) was found to be less than 0.5 pixels. No 
atmospheric calibration was conducted for the ETM+ 
image, because previous research had demonstrated that 
atmospheric calibration did not have an effect on frac-
tion images if image endmembers were used (Lu and 
Weng, 2006; Small, 2004). The aerial photographs for 
entire Shanghai urban area were acquired in August 
2000. It had a spatial resolution of 1m, and was repro-
jected to ETM+ image’s coordinate system after being 
merged. Aerial photograph was used for deriving water 
surface distribution and validation of impervious surface 
estimation. The boundary of water surface distribution 
was derived by manual digitizing way. Then the vector 
map was used to mask the water distribution of Land-
sat7 ETM+ image. 

 
2.3 Methods 
2.3.1 Linear Spectral Mixture Analysis 
Linear Spectral Mixture Analysis (LSMA) is a method 
physically based on image processing, which assumes 
that spectrum measured by a sensor is a linear combina-
tion of the spectra of all components within the pixel. It 
is the simplest condition of SMA. It can be expressed as 
(Small, 2004): 
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where Ri is the spectral reflectance of band i which con-
tains one or more endmembers, i=1, 2, 3…m; fk is the 
proportion of endmember k within a pixel, k=1, 2, 3…n; 
Rik is the known spectral reflectance of endmember k 
within the pixel on band i; and ERi is the error for band i. 
Root mean square (RMS) was used to measure the ac-
curacy of solution: 
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A constrained inverse least squares deconvolution 
model was used in this research, assuming that the fol-
lowing two conditions are satisfied simultaneously: 
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This will restrict each endmember fraction between 0 
and 1, and all the summation is equal to 1, which can 
avoid any fraction larger than 1 or smaller than 0. 

The minimum noise fraction (MNF) transformation 

can reduce the correlation between bands and concen-
trate most information on the first several components, 
which can improve the accuracy of LSMA as a result 

(Lu and Weng, 2005). Unlike principal component 
transformation, the MNF transformation orders the 
components according to the ratio of signal to noise 
(Green et al., 1988).  

In the LSMA process, endmember selection is a key 
step. An optimal approach for selecting endmembers is 
using laboratory-based measurements of endmember’s 
spectra, defined as “reference endmember”. Although 
substantial problems exist in correcting atmospheric 
conditions in satellite sensor data, they are solved by 
considering the mixed spectra as a linear combination of 
endmembers derived from an image (image endmember) 
(Lu et al., 2003). In practice, image endmember selec-
tion methods are frequently used, because endmenbers 
can be easily obtained and they represent the spectra 
measure at the same scale as the image data (Lu and 
Weng, 2006). Image endmembers could be derived from 
the extremes of the image feature space, assuming that 
they represent the purest pixels in the images (Mustard 
and Sunshine, 1999). In this paper, image endmembers 
were also seclected from the feature spaces formed by 
MNF components. 
2.3.2 First stage improvement 
In order to improve the quality of endmember, two 
measures were adopted to aid the selection process. In 
the first step, a Pixel Pure Index (PPI) of ENVI was in-
troduced to constrict the selection range of very pure 
pixels. In the study area, the number of pixels is 
1,665,292, after PPI iteration computation, the remain-
ing pure pixel is 71,046 which accounts for 4.26% of 
total pixels. At the same time each selected pixel had a 
measurable index to describe the pure degree. A mask 
image gained from PPI result was used to filter pure 
pixels. Then pure pixels which represented endmembers 
could be selected. Through PPI, the range of selection 
was reduced by near 95%. In the next step, we used a 
3-dimensional endmember selection tool with a user-fri- 
endly graphical interface in place of the unapproachable 
GUI provided by ENVI (Fig. 2). In the tool, the coordi-
nate axis could be circumrotated and tilted, and polyhe-
dron by pixels formation and its projections on three 
sides could be observed at the same time. A linkage was 
built between the pixels in the 3D feature space and PPI 
result so that the spatial position and purity can be easily  
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MNF1–3 represent the first three components of minimum noise 

fraction transformation respectively 
Fig. 2 Pixel scatter plot in 3D space 

 
checked by interactive comparison. 
2.3.3 Second stage improvement 
According to Ridd’s V-I-S model, the high/low albedo 
endmembers could not be directly interpreted as imper-
vious surface. Thus, finding a relationship between the 
high and low albedo endmembers and impervious surface 
was important (Ridd, 1995). Wu and Murray (2003) con-
sidered that most impervious surfaces might be repre-
sented by low and high albedo endmembers as follows.  

Rimp,b=flowRlow,b+fhighRhigh,b+eb         (3) 
where Rimp,b is the reflectance spectra of impervious 
surfaces for band b, and flow and fhigh are the fraction of 
low albedo and high albedo, respectively. Rlow,b and 
Rhigh,b are the reflectance spectra of low and high albedo 
for band b, and eb is the unmodeled residual. Associated 
with determining Rimp,b is the requirement of flow+ fhigh≤1, 
flow≥0 and fhigh≥0. 
  But in the process of estimation, Wu and Murray 
(2003) did not use this model instead of adding the frac-
tions of high/low albedo endmenbers directly. According 
to the principle of LSMA, there should be a linear rela- 

tionship between high and low albedo endmembers. But 
we are not well known the quantitative relationship be-
tween impervious surface fraction and high/low albedo 
fractions. In this paper, we also assumed that a pure im-
pervious surface land cover type might be modeled by 
high/low albedo types excluding water surface. The 
simplest relationship between impervious surface and 
high, low albedo endmembers is linear, and then we got 
Equation (4). 

Fimp=aflow+bfhigh+c            (4) 
where Fimp is the fraction of impervious surfaces for 
each pixel; flow and fhigh are the fractions of low albedo 
and high albedo, respectively; a and b are the function 
coefficients between low and high albedo endmembers 
and impervious surface; and c is constant.  

Then in order to estimate the parameters in Equation 
(4), a regression model was introduced through random 
sampling. At first, we generated 239 square window 
samples randomly with a size of 150m×150m in aerial 
photograph (Fig. 3) and then, we digitalized the imper-
vious surface manually in the 239 windows and ob-
tained the ‘really’ percent of impervious surface for each 
sample. Then, values of high and low albedo fraction 
were derived from the modeled unmixing results by a 
GIS (Geographic Information System) zonal statistics 
method. And 94 samples among all samples were put 
into model and the rest 145 samples would be used to 
assess the accuracy of impervious surfaces estimation. 
 
3 Results 

 
3.1 Fraction image calculation 
After the first stage improvement, three endmembers of 
vegetation (grass and trees), high-albedo (metal material,

 

 
Fig. 3 Sample demonstration in aerial photograph      
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new concrete surface, sand and some compound mate-
rial), low-albedo (old concrete surface, cyan tile and as-
phalt) were identified and selected from feature spaces. 
The spectra values of endmembers were shown in Fig. 4. 

 
Fig. 4 Reflectance of three endmembers at six bands 

The endmember fraction images (Fig. 5) were calcu-
lated by solving a fully constrained three-endmember 
linear mixing model using the Landsat7 ETM+ data. 
The vegetation fraction image correlated with known 
green areas within the original image. That is, the vege-
tation fraction changed from near zero in urban center to 
high value in the area near Out Ring Road. Most low 
albedo fraction was above 50% inside Inner Ring Road, 
and decreased fast in non-built-up area. High albedo 
fraction was mainly located in urban sprawling area. 

The RMS maximum of LSMA was 0.0867, and 98.5% 
of RMS values were smaller than 0.02. The RMS values 
of urban central area were higher than those of outer area, 
and those of old city area were also higher than those of 
newly-built urban area. Comparatively, mixed pixels were 
inclined to have larger RMS than pure pixels. The more

 

 
Fig. 5 Three endmember fraction images inside Out Ring Road after unmixing 

 

complicated the inside mixed pixel was, the larger the 
RMS would be, which suggests that there may be an-
other spectral endmember, for example shade. 
 
3.2 Impervious surface estimation 
In the second improvement process, 94 random samples 
were selected to estimate the parameters of above-men- 
tioned model by a linear regression method of SPSS. The 
results of parameter estimation appear as Equation (5). 
The estimated model and parameters had passed the t test, 
F test and Durbin-Watson test respectively.  

    imp low high1.283 0.890 0.188R R R= + −       
(5) 

(Std. error: 0.077, 0.112, 0.055) 
(R2=0.796  Adjusted R2=0.792  N=94) 

  Vegetation shade can be identified through detailed 

studies of urban vegetation canopy structure (Gilabert et 
al., 2000). In this research area, most vegetation surface 
was artificial lawn. So the effect of vegetation shade 
was ignored. Water surfaces were masked by digitized 
water cover type. Thus modeled high and low albedo 
fractions were input to the Equation (5).  

As shown in Fig. 6, the range of urban impervious 
fraction was consistent with that of urban built area 
density in the mass. Several basic spatial patterns were 
found through further analysis. At first, urban impervi-
ous fraction was basically higher than 85% in the urban 
centre area between the east of People’s Square, the 
west of Huangpu River and along the banks of the 
Suzhou River, where business centre and high density 
residential area were mainly distributed; then, urban 
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impervious fraction was between 60% and 85% in the 
area with industrial zones and moderate density resi-
dential area around the urban heartland; finally, urban 
impervious surface fraction basically varied from 20% 
to 60% in the outer region showing rapid urban spraw- 
ling. 

 

 
 

Fig. 6 Result of impervious surface estimation 

3.3 Accuracy assessment and comparison 
By digitized ‘really’ impervious surface value from ae-
rial photograph an accuracy evaluation was performed. 
Figure 7 shows the comparison of the impervious sur-
face estimating results and the residual between mod-
eled fraction and actual fraction. It showed a much 
higher accuracy, except for several windows with the 
residual higher than 0.15, most samples were within 
±0.1. According the Fig. 7, the number of overestimated 
samples was less than that of underestimated samples. 
But for the value of urban impervious surface fraction, 
there was overestimating trend as a whole. 

Two types of error measurement, root mean square 
error (RMSE) and standard error (SE) were introduced 
to assess the accuracy of modeled impervious surface 
distribution. In order to show the estimation accuracy of 
improved method, a comparison with three researches 
was performed. Table 1 indicated that the improved 
method provided in this paper had a higher overall ac-
curacy than traditional LSMA (obtaining impervious 
surface fraction by adding high and low albedo fractions 
directly) method applied by Yue and Wu (2007) and the 
normalized SMA (NSMA) model suggested by Wu 
(2004). Although with different samples, the result

 

 
(a) Accuracy assessment of impervious surfaces estimation; (b) Residual analysis of impervious surface estimation 

Fig. 7 Result of impervious surface estimation accuracy assessment 
 

Table 1 Comparison of estimation accuracy  
with different methods 

Method RMSE (%) SE (%) Sample number Source 

NSMA  10.10 –3.40 200 Wu, 2004 

LSMA  14.46 –6.50 125 Yue and Wu, 2007

Improvement 
method 

8.01 –1.23 145 This paper 

 
still revealed that NSMA had a better accuracy than tra-
ditional LSMA, and obviously the improved method of 

this paper performed better than LSMA and NSMA with 
respect to RMSE and SE indices. 
 
4 Discussion and Conclusions  

 
4.1 Discussion 
V-I-S composition, especially impervious surface frac-
tion, has substantial potential for detecting and monitor-
ing a wide variety of environmental change factors, in-
cluding urban heat island, runoff, land use/cover change, 



           Improvement of Urban Impervious Surface Estimation in Shanghai Using Landsat7 ETM+ Data   289

urban sprawl, population density, urban morphology, etc. 
There is a great need to estimate impervious surface dis-
tribution using mid-resolution remote sensing model for 
urban environment research, urban planning and urban 
management. The work performed by Ridd (1995), Small 
(2001; 2002; 2004), Wu and Murry (2003), Wu (2004), 
Weng et al. (2004), Weng and Lu (2008) and Lu and 
Weng (2005; 2006) has made a significant contribution to 
advancing the development and application of this model. 
However, there is still potential to explore the improve-
ments in the estimation accuracy of impervious surfaces 
using remote sensing technology, as well as expansion of 
model application to different cities. Due to the high 
building density and extremely complicated spectral fea-
tures of Shanghai, one of China’s largest cities, it is nec-
essary to determine representative urban spectrum com-
position by generalizing and grouping a number of land 
surfaces. Furthermore, a statistical method may produce 
more accurate impervious surface estimates, although the 
random sampling process is difficult and tedious. The role 
of shade provided by urban buildings and trees is a key 
factor in urban SMA modeling, even as a separated end-
member in some researches. The effects of shade may 
vary from city to city. In the central area of Shanghai, 
there is very little shade from vegetation, but some vege-
tation in areas shaded by buildings was mistaken for low 
albedo, which resulted in a slight overestimation of im-
pervious surface distribution. Further research is needed 
to eliminate this overestimation.  

The application of mid-resolution remote sensing 
model to impervious surface estimation should be varied 
for different cities. For most Chinese cities with high 
building density, it is difficult to apply impervious sur-
face estimation results to detailed urban regulatory 
planning, urban hydrological simulation, detailed popu-
lation density estimates, and land use classification. 
However, the results can be used effectively for coarser 
scale applications, such as urban morphology, evalua-
tion of urban biophysical and human systems, environ-
mental management and urban master planning. In order 
to broaden the application of urban impervious surface 
estimation to more detailed scales, it is necessary to ex-
plore new estimation models based on remote sensing 
images at higher resolutions.  

 
4.2 Conclusions 
Through the estimation of the urban impervious surface 

distribution in the urban central area of Shanghai, it is 
indicated that it is possible to improve the urban imper-
vious surface estimation accuracy for Chinese high den-
sity urban area based on mid-resolution Landsat images 
after a two-stage improvement. Urban average impervi-
ous surface fraction is more than 80% in Shanghai cen-
tral area. The ratio is much higher than those of the 
comparative cities in most developed countries, so there 
is a big potential for Shanghai to improve its urban hu-
man settlement environment. In comparison with dif-
ferent research methods, this improved estimation 
method has a higher overall accuracy than traditional 
Linear Spectral Mixture Analysis (LSMA) method and 
the normalized SMA model both in root mean square 
error (RMSE) and standard error (SE). And the result of 
estimation could be applied to many urban planning and 
urban management fields. In the first stage improvement 
process, the key goal is just to improve selected end-
members quality, then get better endmember fraction; 
while in the second stage, it is to derive more accurate 
urban impervious surface really. So it is important to 
combine these two stages.  
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