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Abstract: In Hong Kong, reclamation is the main method for developing new land use areas as most
country parks and mountains are protected under a land policy that emphasizes conservation for
their high ecological value. Therefore, the land use for urbanized area in Hong Kong is limited,
which has become an issue of concern. Hong Kong’s population is increasing; however, the amount
of available land use is insufficient to meet the demand. Developing a high density of buildings is
one of the critical strategies of Hong Kong’s government. Highly dense development may result in
an urban heat island as well as health problems. In this study, we present an assessment of urban
impervious surface changes in coastal megacities like Hong Kong based on satellite images. Landsat
satellite images are employed to analyze urban impervious surface changes from 1995 to 2015 in
coastal urban areas of Hong Kong. The results show that the increase of impervious surface area
is almost the same as the increase in land reclamation area. This suggests that Hong Kong’s land
use policy, which underlines conservation for high ecological value and reclamation, may be able to
maintain its sustainable development of coastal land use.
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1. Introduction

Impervious surface [1] is a water resistant surface contributing to the assessment of the
urbanization [2]. Impervious surface can be found in the rooftops, roads and various infrastructures.
Urbanization is a term that describes the state where more people are moving into the city due to
economic factors or other reasons. Many infrastructures are built during the process of urbanization; the
amount of impervious surface therefore continues to increase as more residential buildings, business
centers and associated facilities are built to meet the demands of the growing population.

Remote Sensing has been widely applied to assess the impervious surface [3–5] with the rapid
development of the earth observation satellites. Starting in the 1970s, the Landsat Thematic Mapper
(TM) was introduced and remote sensing technology has become highly developed since that
time. Since the late 1980s and early 1990s, the ESA (European Space Agency), SPOT (Systeme
Probatoire d'Observation de la Terre), IRS (Indian Remote Sensing Satellite System), and IERS
(Japanese Earth Resource Satellite) have also launched new satellites to support a wide variety of
environmental analyses [5] such as monitoring land use and land cover changes and analyzing urban
environmental changes.

The V-I-S (vegetation–impervious–soil) model [3,6–9] was proposed as the fundamental tool
for the urban analysis. The V-I-S model was used to identify three compositions on land, including
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vegetation, impervious surface and soil, and the composition of water was ignored with regarding
to the model. The V-I-S model can only be the basis for a general analysis; while the earth contains
various kinds of materials and land types, but the V-I-S model cannot classify them all. The usefulness
of identifying the land types could explain the effect of urbanization as the impervious surface has an
interdependent relationship with the urbanization. A modified model, V-H-L-S model (vegetation–high
albedo–low albedo–soil) [10–12], was developed that divided the impervious surface into high
albedo and low albedo. A broad difference of spectral characteristics could be identified through the
V-H-L-S model.

In the V-H-L-S model, Minimum Noise Fraction (MNF) is used to optimize the data dimensionality,
which is adjusted by the Principle Component Analysis (PCA) [6]. The reduction of noise in the Landsat
image is to enhance the significant features on the image. The eigenvalues of each band can be obtained
from the MNF transform. The highest value of the eigenvalue of the MNF band indicates a favorable
spatial feature for endmember selection. The eigenvalue should be greater than 1.0. The process of
MNF transform is a crucial step in the estimation of impervious surface estimation. The land use
and land cover change could be identified after processing the V-H-L-S model of different periods.
Land use and land cover change recorded the significant regional anthropogenic disturbance to the
environment [13–15].

Although the V-I-S model has been widely used to estimate urban impervious surface in many
previous studies [16–18], there is little literature about monitoring the impervious surface changes in
Hong Kong as observed from satellite images. As a coastal megacity, Hong Kong has been selected
as the study area because the area has undergone the process of urbanization over the past 20 years.
Due to the land policy that emphasizes environmental conservation, the change in the impervious
surface area of Hong Kong has been small. In this study, the change in the impervious surface of Hong
Kong has been determined based on the Landsat TM5 and Landsat TM8 images. The Landsat TM
images have been processed using the V-H-L-S model analysis and Linear Spectra Mixing analysis
after selection of endmembers.

In Hong Kong, the land policy emphasizes ecological protection [19–21] and reclamation.
Reclamation enhances the innovative value in sustainable coastal land use management. The Town
Planning Ordinance prepared town plan with statutory land use to promote conservation or protection
for country parks, coastal protection areas, sites of special scientific interest, green belts or other
specified use [22]. The management of the coastal protection areas was to conserve, protect, and retain
the natural coastlines and the sensitive coastal natural environment. Praya Reclamation Scheme was
one of the earliest reclamation projects in the 1860s. The reclamation project was to stabilize the new
coastline against coastal erosion and most reclaimed areas such as Tuen Mun, Tai Po, and Kai Tak
Airport were developed as urbanized areas, which are impervious surface now. Impervious surface
estimation was calculated to determine the amount of change in Hong Kong. Estimation of the change
of impervious surface area in Hong Kong over the past twenty years can indicate whether the land
use strategy is sufficient to meet the requirement for land and lead to suggestions for sustainable land
use [23–25] in coastal megacities in the long term. Coastal megacities are the cities threatened by the
specific impacts of climate change [26–28]. Therefore, it is necessary to assess impervious surface
changes in coastal urban areas in Hong Kong.

2. Study Area and Data

2.1. Study Area

Hong Kong, located at 22.3964◦N and 114.1095◦E (Figure 1), is a special administrative region
with 2755 km2 of total area [29], including land and sea areas. The land area of Hong Kong is mainly
composed of New Territories, Kowloon Peninsula and Hong Kong Island. According to the census and
statistics for Hong Kong in 2015 [29], most of the land covers in Hong Kong are grassland, agricultural
land, and mountainous trees or shrubs. Hong Kong also has a hilly characteristic that means there
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are many mountains in Hong Kong. Reclamation is the main strategy to increase land use for new
building areas because most of the country parks have a high ecological value, which cannot be used
for any other purposes of land use.

Hong Kong has a free economic market and favorable economic development; therefore, many
young people come to Hong Kong to seek a new life. Hong Kong is undergoing urbanization as the
total population in 2017 is about 7.40 million and the population is increasing at a rate of about 0.75%
to 0.85%. Under the conditions of increasing population and almost unchanged land area, density in
Hong Kong is extremely high. The estimation of the change of impervious surface areas in Hong Kong
over the past twenty years can be helpful in understanding whether the land-use strategy is sufficient
in Hong Kong in the long term.
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Figure 1. Study Area in Hong Kong.

2.2. Data Collection

The Landsat Thematic Mapper (TM) images for the study were collected in 1995, 2004 and 2015.
Landsat TM5 images have been applied for in study for 1995 and 2004, while Landsat TM8 images
have been applied in the study for 2015. In order to extract the most cloud-free Landsat TM images,
2 November 1995, 29 November 2004, and 8 August 2015 have been adopted in the study area (Table 1).
The sensor altitude is 705 km, with a spatial resolution of 30 m.

Table 1. Data Information.

1995 2004 2015

Date 2 November 1995 29 November 2004 8 August 2015
Sensor Type Landsat TM5 Landsat TM5 Landsat TM8

Path 210 210 220 220 210 210 220 220 210 210 220 220
Row 44 45 44 45 44 45 44 45 44 45 44 45

3. Methods

Figure 2 shows the procedure from image processing to the extraction of impervious surface.
Landsat TM images were downloaded from the USGS website and then extracted in the ENVI software.
Atmospheric correction should be carried out to adjust the visibility of the Landsat TM image and a
high-level visibility of the image should be favorable to conduct the further data processing. The region
of Hong Kong on the Landsat TM images was set as the region of interested (ROI) in the ENVI
software. The water part surrounding and inside the Hong Kong region should be masked first to
assess an accurate impervious surface estimation. After creating a water mask for the Hong Kong
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Landsat TM images, Minimum Noise Fraction (MNF) transform was conducted to remove the noise
fraction. The results of the first three MNF bands were selected for the 2D scatter plot for selection
of endmembers, in which four types of endmembers could be selected through the linear triangle
formed on the 2D scatter plot. The four endmembers were vegetation, high albedo, low albedo, and
soil. The selected endmembers could be input into the linear spectral un-mixing analysis, and five
layers popped up. The first four layers were the fraction of each endmember, and the fifth layer was
the root mean square (RMS) result that indicated the accuracy of the data extraction. The combination
of high albedo and low albedo was the result of impervious surface. In order to assess accuracy, the
Google Earth images could be used to assess the impervious surface fraction. Finally, an analysis of
the change in impervious surfaces was conducted.
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3.1. Linear Spectral Mixture

The Linear Spectral Mixture (LSM) model is used to calculate each fraction of endmembers in a
pixel [11]. The LSM model generally describes the mixed compositions of land type covers with the
pure endmember using the following equation. The formula for the LSM model [30] is:

Ri = R
N

∑
i=1

fmRmi + ei (1)

N

∑
m=1

fm = 1; fm ≥ 0 (2)

where Ri is the total reflectance for band i in the Landsat image. N is the total number of endmembers
and fm is the fraction of endmember m. Rmi is the reflectance of the endmember m in the band i, and ei
is the unwanted residual [31,32].

Previous studies reported that about two to six endmembers could be selected from the linear
spectral mixture model [33]. Minimum Noise Fraction (MNF) transform [34] was employed for image
processing to remove noise in the image and enhance the data dimensionality. The eigenvalue with
higher values could be applied to the endmember selection process based on the 2D scatter plot.
Generally, MNF Band 1, MNF Band 2, and MNF Band 3 were chosen for the 2D scatter plot as these
three bands have the highest eigenvalue among the six bands. Four endmembers were selected in
this study, including high albedo, low albedo, soil, and vegetation. The water part had to be masked
first in order to achieve an accurate result. The combination of high albedo and low albedo was the
impervious surface area that was used to calculate the impervious surface estimation in the study.
The fraction of impervious surface areas in 1995, 2004, and 2015 will be compared.



Sustainability 2017, 9, 1029 5 of 20

3.2. Accuracy Assessment

The correlation coefficient (R2), the root mean square error (RMSE), and the mean absolute error
(MAE) were used to assess the accuracy of the impervious surface estimation [3]. The equations for
RMSE and MAE are written as below:

RMSE =

√
∑N

i=1(Xi −Yi)
2

N
(3)

MAE =
1
N

N

∑
i = 1
|Xi − Yi| (4)

where Xi is the estimated impervious surface fraction of sample i; Yi is the actual impervious surface
fraction; and N is the number of selected samples [4]. The lower are the RMSE and MAE values, the
higher is the accuracy of the estimation of impervious surface. The higher value of R2 implied a strong
linear relationship of the samples, in which the result was reliable as well [35–37].

4. Results and Discussion

4.1. Minimum Noise Fraction (MNF)

Figure 3a–f and Table 2 show that the eigenvalue of MNF 1, MNF 2, MNF 3, MNF 4, MNF 5, and
MNF 6 were 29.99, 9.49, 4.22, 3.15, 2.45, and 1.53, respectively. The contribution rates of MNF 1, MNF 2,
MNF 3, MNF 4, MNF 5, and MNF 6 were 59.01%, 18.67%, 8.30%, 6.20%, 4.82% and 3.01%, respectively.
The eigenvalue of MNF 1 was the largest, which demonstrated the highest data dimensionality, and
the eigenvalues of the six MNFs were greater than 1. MNF 1 showed the clearest demonstration of
the topologic characteristic, as its contribution rate was the highest. MNF 2 probably indicated high
albedo and low albedo. MNF 3 demonstrated soil and vegetation. Thus, MNF 1, MNF 2, and MNF 3
were applied in the 2D scatter plot to select the endmembers.
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Table 2. Eigenvalue and contribution rate of MNF of six bands for 2015.

MNF 1 MNF 2 MNF 3 MNF 4 MNF 5 MNF 6

Eigenvalue 29.99 9.49 4.22 3.15 2.45 1.53
Contribution rate 59.01% 18.67% 8.30% 6.20% 4.82% 3.01%

4.2. Endmember Selection

The endmember selection in the study was based on the V-H-L-S model, as there were four
endmembers: high albedo, vegetation, low albedo, and soil. The water area had to be masked to attain
a more accurate result. Figure 4a–c shows the 2D scatter plots of MNFs for MNF 1–MNF 2, MNF
1–MNF 3, and MNF 2–MNF 3, which were used to select the endmember. The angle of the linear
triangle is formed by three endmembers, indicating the specific endmembers. The high albedo land
type had a high reflectance as high albedo contained some buildings with special materials, roads,
and different infrastructures. The low albedo land type mainly contained residential buildings, shade,
wet soil, and water. The vegetation included trees (or shrubs) and grass (or crops). The land type of
soil was the dry soil and bare sand or rock. In the 2D scatter plot of MNF 1–MNF 2, high albedo, low
albedo, and vegetation were found. In the 2D scatter plot of MNF 1–MNF 3, high albedo, low albedo,
and soil were found. In the 2D scatter plot MNF 2–MNF 3, low albedo, vegetation, and soil were found.
Some dispersed black points around the linear triangle represented noise.

Figure 5 shows the reflectance of the four endmembers. The true color of the Landsat 8 image
applied for RGB was Band 4—Band 3—Band 2. The high albedo had the highest reflectance for
Bands 1–5, as these areas had a wide variety of materials and facilities. The soil had a slightly higher
reflectance than low albedo and the vegetation for Bands 1–4. The vegetation had the lowest reflectance
as the forest absorbed the most radiation and reflected less to the remote sensor. The soil and vegetation
had a higher reflectance than high albedo and low albedo in Band 5. These four endmembers were
selected for the linear spectral un-mixing analysis. Figure 6 shows an example of the land area of Hong
Kong in 2015 after the water area was masked in the study.
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4.3. Linear Spectral Un-Mixing

The linear spectral un-mixing analysis [38] provided five types of layers: the reflectance values
of the high albedo, low albedo, vegetation, soil, and root mean square (RMS) [39,40]. The fraction
composition of each endmember was shown regarding their specific features. The image of linear
spectral un-mixing of high albedo was the bright area with some special infrastructures. The most
distinctive area was the Hong Kong international airport in Chek Lap Kok. The image of linear spectral
un-mixing of low albedo was the area with a high density of residential buildings in the urban area in
each district. The image of linear spectral un-mixing of soil was the area with the bare soil and sands
or rocks. The image of linear spectral un-mixing of vegetation was the area with mountainous trees (or
shrubs) and grass (or crops).

As shown in Table 3, according to the statistics for the linear spectral un-mixing in 1995, the mean
proportion rates of high albedo, low albedo, soil, and vegetation were 13.81%, 23.80%, 19.77%, and
42.62%, respectively. According to the statistics for the linear spectral un-mixing in 2004, the mean
proportion rates of high albedo, low albedo, soil, and vegetation were 12.46%, 25.48%, 15.69%, and
46.26%, respectively. According to the statistics for the linear spectral un-mixing in 2015, the mean
proportion rates of high albedo, low albedo, soil, and vegetation were 13.80%, 24.77%, 16.06%, and
45.36%, respectively. Figure 7 shows an example of the linear spectral un-mixing results in 2015.

Table 3. Fraction of each endmember in 1995, 2004 and 2015.

High Albedo Low Albedo Soil Vegetation

1995 13.81% 23.80% 19.77% 42.62%
2004 12.46% 25.48% 15.69% 46.26%
2015 13.80% 24.77% 16.60% 45.36%
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Figure 7. (a) Linear spectral un-mixing of high albedo of 2015; (b) linear spectral un-mixing of low
albedo of 2015; (c) linear spectral un-mixing of soil of 2015; and (d) linear spectral un-mixing of
vegetation of 2015.
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4.4. Impervious Surface Estimation

The impervious surface estimation was obtained from the combination of two endmembers:
high albedo and low albedo. The variability of brightness of the impervious surface fraction image
demonstrates the amount of the impervious surface area and the spatial distribution. Brighter areas
indicate higher abundance of impervious surface fraction. In the impervious surface fraction of
1995, the abundance of impervious surface fraction distributed in the center of Hong Kong (i.e.,
Tsim Sha Tsui, Mong Kok, Tsuen Wan, Central, Wan Chai, and Causeway Bay) and the Chek Lap
Kok was the highest. As Central is the commercial business district: Tsim Sha Tsui, Causeway
Bay, and Mong Kok include many business-purpose buildings; and Chek Lap Kok had an airport
construction project, the abundance rate in these areas could therefore reach nearly 95%. There were
many high-density residential buildings in these areas, in which the abundance rate was above 70%.
The area in western Hong Kong, New Territories, which had a relatively low abundance rate, was
about 40% to 60%. Residential buildings were the main portion of buildings developed in the New
Territories. The abundance rates of vegetation and soil were about 20% or below.

Figure 8a–c shows the impervious surface proportions of 1995, 2004, and 2015 were 37.61%, 37.94%
and 38.57%, respectively. The proportion of impervious surface area of Hong Kong increased over
each decade. The rate of increase was 0.33% from 1995 to 2004 and the increasing rate was 0.63% from
2004 to 2015. The overall rate of increase over this twenty-year period from 1995 to 2015 was 0.96%.
The impervious surface area included the urban areas of each district, such as Mong Kok, Causeway
Bay, Tsim Sha Tsui, Yuen Long, Sha Tin, and Chek Lap Kok.
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Figure 8. (a) Impervious surface fraction of 1995; (b) impervious surface fraction of 2004; (c) impervious
surface fraction of 2015; and (d) composite of 1995, 2004, 2015.

Figure 8d is composed the impervious surface of 1995, 2004, and 2015, in which blue color
represented the impervious surface of 1995, green color represented the impervious surface of 2004,
and red color represented the impervious surface of 2015. The increased impervious surface area
was caused by the reclamations. The increase of the reclaimed areas from 1995 to 2004 was the
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southern Tuen Mun (Figure 9a) and Hong Kong Disneyland Resort (Figure 9b). The increase of the
reclaimed area from 2004 to 2015 was the northeast of Chek Lap Kok, including the seawall of the
Hong Kong–Zhuhai–Macau Bridge (Figure 9c).Sustainability 2017, 9, 1029  10 of 19 
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(22°18′N, 114°04′E); and (c) the Hong Kong–Zhuhai–Macau Bridge (22°19′N, 113°57′E). 

4.5. Accuracy Assessment 
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the fifth layer of the result of linear spectral un-mixing analysis. The root mean square should be 
within 0.02 for an acceptable result. For example, the minimum value, maximum value and mean 
value of the RMS in 1995 are 0.00, 0.21, and 0.00093, respectively. The minimum value, maximum 
value and mean value of the RMS in 2004 were 0.00, 0.28, and 0.0021, respectively. The minimum 
value, maximum value and mean value of the RMS in 2015 were 0.00, 0.31 and 0.0016, respectively. 
Most pixels were less than the acceptance standard 0.02; thus, the accuracy of the study is high and 
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Figure 9. (a) The southern of Tuen Mun (22◦21′ N, 113◦55′ E); (b) Hong Kong Disneyland Resort
(22◦18′ N, 114◦04′ E); and (c) the Hong Kong–Zhuhai–Macau Bridge (22◦19′ N, 113◦57′ E).

4.5. Accuracy Assessment

The root mean square (RMS) was used to assess accuracy result as shown in Figure 10, which
is the fifth layer of the result of linear spectral un-mixing analysis. The root mean square should be
within 0.02 for an acceptable result. For example, the minimum value, maximum value and mean
value of the RMS in 1995 are 0.00, 0.21, and 0.00093, respectively. The minimum value, maximum
value and mean value of the RMS in 2004 were 0.00, 0.28, and 0.0021, respectively. The minimum
value, maximum value and mean value of the RMS in 2015 were 0.00, 0.31 and 0.0016, respectively.
Most pixels were less than the acceptance standard 0.02; thus, the accuracy of the study is high and the
results are reliable.
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Figure 10. RMS (root mean square) result of 2015.

The RMS value was high in the region at 0–0.001220 in 1995, 0–0.001126 in 2004, and 0–0.00805
in 2015. The high RMS value was mainly located in between the low albedo and vegetation regions
because Hong Kong has many mountains that have a shading effect on other vegetation areas.
The shading effect would be classified as low albedo. The land cover type of high albedo was
complex, leading to a high degree of RMS. Thus, complicated land types in those areas affected the
accuracy of the classification of the endmembers.

In order to validate the results, Google Earth images were used to assess the accuracy of the
result regarding impervious surface estimation from Landsat TM images. A random sampling of 100
numbers of 3 × 3 pixels of Landsat TM data was chosen for comparison with the equivalent location
of the photograph in Google Earth. The actual fraction of endmembers could be digitized through the
examples of Google Earth photographs (Table 4).

Table 5 shows the results of the regression model for the actual value and sample value of the
impervious surface fraction estimation [41,42] for 1995, 2004, and 2015. Figures 11–13 show that the
value of R2 of the Landsat TM image in 1995 was 0.98; the value of R2 of the Landsat TM image in 2004
was 0.92; and the value of R2 of the Landsat TM image in 2015 was 0.98. The values of R2 implied in
the Landsat TM images were acceptable. The residual analysis of the impervious surface estimation
for 1995, 2004 and 2015 was calculated below as well. The values of RMSE (Equation (3)) and MAE
(Equation (4)) from 1995 were 3.29% and 2.16%, respectively. The values of RMSE (Equation (3)) and
MAE (Equation (4)) from 2004 were 5.60% and 4.89%, respectively. The values of RMSE (Equation (3))
and MAE (Equation (4)) from 2015 were 0.98% and 0.79%, respectively. The range of residual analysis
was between 0.2 and −0.2, as shown in Figures 11b, 12b and 13b. The fractions of samples with
more than 70% contained the highest amount of error when compared with the actual fraction as
most of the samples were underestimated. Some of the sample fraction of soil and vegetation were
overestimated, which should be lower than 0.25 of the abundance rate. Because of the shade covering
on the vegetation and soil in reality, those parts were defined as the low albedo fraction through the
endmember classification.

High correlation coefficients, low RMSE, and low MAE were obtained from the three data sets in
1995, 2004, and 2015; thus, the accuracy of the results of the three data sets was high; the charts for the
regression model and residual analysis were plotted as shown in Figures 11–13.
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Table 4. Random Samples of Landsat TM images and Google Earth photographs.
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Figure 11. (a) Regression results in 1995, y = 0.9828x + 0.0066, R2 = 0.98 (n = 100); and (b) residual results 
in 1995, RMSE (root mean square error): 3.29% (n = 100), MAE (mean absolute error): 2.16% (n = 100). 
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Figure 12. (a) Regression results in 2004, y = 1.004x − 0.0049, R2 = 0.92 (n = 100); and (b) residual results 
in 2004, RMSE: 5.60% (n = 100), MAE: 4.89% (n = 100). 
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Figure 11. (a) Regression results in 1995, y = 0.9828x + 0.0066, R2 = 0.98 (n = 100); and (b) residual
results in 1995, RMSE (root mean square error): 3.29% (n = 100), MAE (mean absolute error): 2.16%
(n = 100).
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Figure 12. (a) Regression results in 2004, y = 1.004x − 0.0049, R2 = 0.92 (n = 100); and (b) residual
results in 2004, RMSE: 5.60% (n = 100), MAE: 4.89% (n = 100).



Sustainability 2017, 9, 1029 14 of 20
Sustainability 2017, 9, 1029  14 of 19 

 
(a)

 
(b)

Figure 13. (a) Regression results in 2015, y = 0.9717x + 0.0047, R2 = 0.98 (n = 100); and (b) residual results 
in 2004, RMSE = 0.979% (n = 100), MAE = 0.792% (n = 100). 

5. Analysis and Discussion 

5.1. Changes Related to Land Use and Land Cover 

Figure 14 shows the change trend related to the abundance of high albedo, vegetation, low 
albedo, and soil in 1995, 2004, and 2015. The fraction of high albedo decreased from 13.81% in 1995 
to 12.46% in 2004 and increased to 13.80% in 2015 (see Table 3). The decreasing rate of high albedo 
from 1995 to 2004 was 1.35%, and the increasing rate from 2004 to 2015 was 1.34%. The fraction of 
vegetation increased from 42.62% in 1995 to 46.26% in 2004 and decreased to 45.36% in 2015 (see 
Table 3). The increasing rate of vegetation from 1995 to 2004 was 3.54%, and the decreasing rate from 
2004 to 2015 was 0.90%. The fraction of low albedo increased from 23.80% in 1995 to 25.48% in 2004 
and decreased to 24.77% in 2015 (see Table 3). The increasing rate of low albedo from 1995 to 2004 
was 1.68%, and the decreasing rate from 2004 to 2015 was 0.71%. The fraction of soil decreased from 
19.77% in 1995 to 15.69% in 2004 and increased to 16.06% in 2015 (see Table 3). The decreasing rate of 
soil from 1995 to 2004 was 4.08%, and the increasing rate from 2004 to 2015 was 0.37%. 

The overall change rate of each endmember from 1995 to 2015 was calculated. There was a 
decrease of 0.01% in the high albedo fraction. There was an increase of 2.74% in the vegetation 
fraction. There was an increase of 0.97% in the low albedo fraction. There was a decrease of 3.71% in soil. 

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

Sa
m

pl
e 

Va
lu

e

Actual Value

-0.4

-0.2

0

0.2

0.4

0 0.2 0.4 0.6 0.8 1 1.2

Re
sid

ua
l V

al
ue

Predicted Actual Value

Figure 13. (a) Regression results in 2015, y = 0.9717x + 0.0047, R2 = 0.98 (n = 100); and (b) residual
results in 2004, RMSE = 0.979% (n = 100), MAE = 0.792% (n = 100).

5. Analysis and Discussion

5.1. Changes Related to Land Use and Land Cover

Figure 14 shows the change trend related to the abundance of high albedo, vegetation, low albedo,
and soil in 1995, 2004, and 2015. The fraction of high albedo decreased from 13.81% in 1995 to 12.46% in
2004 and increased to 13.80% in 2015 (see Table 3). The decreasing rate of high albedo from 1995 to 2004
was 1.35%, and the increasing rate from 2004 to 2015 was 1.34%. The fraction of vegetation increased
from 42.62% in 1995 to 46.26% in 2004 and decreased to 45.36% in 2015 (see Table 3). The increasing
rate of vegetation from 1995 to 2004 was 3.54%, and the decreasing rate from 2004 to 2015 was 0.90%.
The fraction of low albedo increased from 23.80% in 1995 to 25.48% in 2004 and decreased to 24.77% in
2015 (see Table 3). The increasing rate of low albedo from 1995 to 2004 was 1.68%, and the decreasing
rate from 2004 to 2015 was 0.71%. The fraction of soil decreased from 19.77% in 1995 to 15.69% in 2004
and increased to 16.06% in 2015 (see Table 3). The decreasing rate of soil from 1995 to 2004 was 4.08%,
and the increasing rate from 2004 to 2015 was 0.37%.
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The overall change rate of each endmember from 1995 to 2015 was calculated. There was a
decrease of 0.01% in the high albedo fraction. There was an increase of 2.74% in the vegetation fraction.
There was an increase of 0.97% in the low albedo fraction. There was a decrease of 3.71% in soil.Sustainability 2017, 9, 1029  15 of 19 
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Figure 14. The change rate of fraction of each endmember.

Figure 15 shows the change trend regarding the fraction of impervious surface was calculated.
The fraction of impervious surface increased from 37.61% in 1995 to 37.94% in 2004 and further
increased to 38.57% in 2015. The increasing rate of the impervious surface area of Hong Kong was
0.33% from 1995 to 2004 and 0.63% from 2004 to 2015. The overall increase of the fraction impervious
surface was 0.96%.

Figure 16 shows the change trend of fraction for land, sea, and impervious surface was calculated,
in which the total area of the study area was composed of land and sea areas as 2755 km2 [29].
Table 6 shows the percentage of fraction of land as 35.68% in 1995, 40.15% in 2004, and 45.68% in
2015. The percentage of the fraction of sea was 64.32% in 1995, 59.85% in 2004, and 54.32% in 2015.
The percentage of the fraction of impervious surface calculated with the land area as a basis was
37.60% in 1995, 37.94% in 2004, and 38.56% in 2015. The rate of increase of land area from 1995 to 2015
was 10.00%. The rate of decrease of sea area from 1995 to 2015 was 10.00%. The increasing rate of
impervious surface area from 1995 to 2015 was 0.96%.
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Table 6. Percentage and area of land, sea, and impervious surface in each year.

Type/Year 1995 2004 2015

Land 35.68% (982.99 km2) 40.15% (1106.01 km2) 45.68% (1258.43 km2)
Sea 64.32% (1772.01 km2) 59.85% (1648.99 km2) 54.32% (1496.57 km2)

Impervious surface 37.60% (369.61 km2) 37.94% (419.67 km2) 38.56% (485.27 km2)

Table 6 also shows the area of land, sea, and impervious surface in 1995, 2004, and 2015. The areas
of land in 1995, 2004, and 2015 were 982.99 km2, 1106.01 km2, and 1258.43 km2, respectively. The areas
of sea in 1995, 2004, and 2015 were 1772.01 km2, 1648.99 km2 and 1496.57 km2, respectively. The areas
of impervious surface in 1995, 2004 and 2015 were 369.61 km2, 419.67 km2, and 485.27 km2, respectively.

5.2. Effect of the Change of Land, Sea, and Impervious Surface Area

Due to the policy regarding conservation of country parks in Hong Kong, reclamation is the
only way to expand the land area. The Praya Reclamation Scheme, the earliest reclamation project
in Hong Kong, was carried out in the 1860s, and the reclamation projects that followed have been
carried out up to the present time. Land was added at the southern end of Tuen Mun in the impervious
surface fraction estimation for 2004. There was also land added to the northeast of Chek Lap Kok,
which was the seawall for the Hong Kong-Zhuhai-Macau Bridge, in the impervious surface fraction
estimation for 2015. Therefore, the land area increased from 1995 to 2015 as well as the impervious
surface area. Because the study area is composed of land and sea in a fixed area, the sea area had an
inverse relationship with the land area. Thus, the sea area decreased as the land area increased. As the
area of reclamation was used to develop residential buildings and infrastructures, the impervious
surface increased. However, Hong Kong has a set of policies to protect the high-ecological-value
country parks. The increase in vegetation was probably due to the re-colonization of vegetation (2015)
in the areas first occupied by bare soil. The decrease in soil was probably was replaced by vegetation
and/or low albedo.

5.3. Factors in the Discrepancy between Actual and Estimated Fraction

A Greening Campaign was held in Hong Kong in 2010. Therefore, many trees and shrubs
have been planted in residential areas. Furthermore, the rooftops of some commercial buildings and
residential buildings were planted with different shrubs or trees. These areas, therefore, would probably
be considered as vegetation when conducting an impervious surface estimation. The uncorrected
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classification between urban area and vegetation could lower the amount of impervious surface area;
thus, the result may be affected.

Due to the hilly characteristic of Hong Kong, the huge mountains generated some shade over
their surrounding areas. The shade was classified as the low albedo area. The estimation of the
impervious surface fraction could be affected by the shading effect. In order to minimize the shading
effect, manual classification on the pixels of the shaded area was carried out to change it from low
albedo to vegetation.

5.4. Challenges for Hong Kong

As the rate of population growth remains high in Hong Kong (Figure 17), more residential
buildings and infrastructures will have to be built to meet the basic needs of citizens. The total
population is about 7.40 million now, and the population growth rate is anticipated to increase
in the coming years. From the chart showing population growth [5], there will be 8.10 million of
population in 2034 (Figure 17). The concerning for Hong Kong is whether there is sufficient flat land
for further development. Because of limited land available for use in Hong Kong, there are many
pencil-thin buildings now and the density is extremely high. High density development in Hong Kong
is accelerating urbanization, which in all probability is resulting in an urban heat island [43]. The high
temperatures in urban areas may lead to various health problems.
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Figure 17. The growth rate of population in 2014, 2019, 2024, 2029, and 2034.

6. Conclusions

In this study, we presented an estimation of urban impervious surface in Hong Kong from Landsat
TM satellite images using the V-H-L-S model and linear mixture analysis. High albedo, low albedo,
soil, and vegetation were classified in the Landsat TM images, and the combination of high albedo and
low albedo was considered the urban impervious surface. The reliability of the Landsat TM images
(with 30-m spatial resolution) was reasonable and acceptable compared with the Google Earth images
and our investigation.

In the process of impervious surface estimation, there were some constraints on the classification
of endmembers from Landsat TM images. The shade on the Landsat TM images may have caused
an error classification, which may have affected the results as well. Further development of image
classification should be focused on handling this issue using high-resolution satellite images such
as SPOT images (i.e., 10-m spatial resolution), which shall be used for the estimation of impervious
surface in Hong Kong in the future.

The policy implications regarding conservation of the country parks, mountains and coastal
protection areas are the key for the land use development in Hong Kong. Due to the protection
policy, sustainable land use in Hong Kong is limited, but is observable in this study. The rate of
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increase for impervious surface area was low from 1995 to 2015, even though the rate of population
growth was rapid. The strategies to increase the amount of available land to deal with the increasing
population growth include building more pencil buildings and reclamation. In fact, these two strategies
have limitations in the long term because the increasing number of pencil-thin buildings affects the
temperature of the urban area greatly, accelerating the urban heat island problem, and it will probably
result in public health issues. Moreover, the land from reclamation required a lengthy period of time
for consolidation to enhance usability. Therefore, from a long-term view, it is still necessary to monitor
impervious surface changes regarding the sustainability of coastal land use in Hong Kong.
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