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Abstract: In order to achieve a sustainable urban environment, the increase of green space
areas is commonly used as a planning tool and adaptation strategy to combat environmental
impacts resulting from global climate change and urbanization. Therefore, it is important to
understand the change of green space areas and the derived impacts from the change. This
research firstly applied space analysis and landscape ecology metrics to analyze the structure
change of the pattern of green space area within the Taipei Metropolitan Area. Then, partial
least squares were used to identify the consequences on microclimate and air pollution
pattern caused by the changing pattern of green space areas within the districts of the Taipei
Metropolitan Area. According to the analytical results, the green space area within Taipei
Metropolitan Areas has decreased 1.19% from 1995 to 2007, but 93.19% of the green space
areas have been kept for their original purposes. Next, from the landscape ecology metrics
analysis, in suburban areas the linkages, pattern parameters, and space aggregation are all
improving, and the fragmentation measure is also decreasing, but shape is becoming more
complex. However, due to intensive land development in the city core, the pattern has
becomes severely fragmented and decentralized causing the measures of the linkages and
pattern parameters to decrease. The results from structural equation modeling indicate that
the changing pattern of green space areas has great influences on air pollution and
microclimate patterns. For instance, less air pollution, smaller rainfall patterns and cooler
temperatures are associated with improvement in space aggregation, increasing the larger
sized green space patch.
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1. Introduction
The threat of disaster brought on by global climate change has captured the attention of most of
the world’s nations. Solutions to these threats fall primarily into two categories: mitigation and
adaptation. The former emphasizes removing the causes of climate change to reduce the effects of
the problems it poses. One result of this effect includes reducing the source of greenhouse gas
emissions (or strengthening the sequestration of greenhouse gases), and thereby treating the root of the
problem [1]. Current mitigation strategies target the reduction of greenhouse gas emissions in
specific sectors (such as energy, industry, transportation, residential, commercial, etc.). The latter
solution—adaptation—emphasizes responding and adjusting to the results of climate change, while
reducing the damage it causes, possibly turning it to an advantage [2]. The current strategies of
adaptation include comprehensively adjusting on a socio-economic level (such as strategies for land use,
water resource management, public health and public construction, etc.). However, solutions of
mitigation and adaptation compete with each other and conflict with regard to policy implementation
and limited administrative resources [3,4]. These solutions can share benefits in a few special cases, such
as in planting trees, developing and managing of green space, etc. In this paper, we will discuss the green
space issues.
Green space, for the purposes of this paper, is open space covered by plants [5,6]. Green spaces are
semi-natural areas [7] that not only have the environmental function of blocking noise [8], reducing
carbon emissions and air pollution [9–12], conserving water and soil [13,14], adjusting the microclimate
and moderating temperatures [12,15–19], but also have the ecological functions of recovering
fertility, preserving ecologically sensitive areas, providing the habitat and feeding spaces for various
species [20,21], and stabilizing ecological systems [22]. Moreover, green space has the landscape
functions of buffering interferential land use while enhancing environmental beauty and visual
aesthetics. It also has the socio-cultural functions of strengthening social cohesion and place identity by
providing environmental education, recreation and cultural exchange [23–25]. Additionally, green space
provides the health benefits of reducing tension and improving people’s sense of satisfaction and
happiness [26–28]. Thus, not only is green space the key to solving problems associated with climate
change and over-urbanization, but it also plays a significant role in creating a sustainable urban
environment that provides social and ecological balance. Therefore, the United Nations Conference on
Sustainable Development (UNCSD), Organization for Economic Co-operation and Development (OECD),
UKSDI (UKSDI is UK government sustainable development framework indicator) and Towards
Sustainable Europe all use green space as an important indicator for evaluation sustainable development.
The development and planning of green space can affect strategies of mitigation and adaptation
simultaneously. Furthermore, changes to green space impact biological habitat, biodiversity, hydrologic
cycle [29], soil properties [30], , and carbon storage [22]. Additionally, the impact of green space change
on air pollution and microclimate is most important. Previous studies of air pollution and microclimate
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in urban area emphasize anthropogenic factors (such as building intensity, transportation, industrial
development) [31–40]. There are few research papers that discuss the green space effects on air pollution
and microclimates. Thus, the relationship among green space change, air pollution and microclimate is
critical and calls for intensive study.
Previous research into the subject of green space has been exceptionally fruitful [9–11,22,29], but
most studies have only evaluated the total areas of green space. However, when making a green space
plan, not only should the total area be calculated, but also what is included within the same area must be
considered. Should we plan big city parks or create a higher number of smaller community parks? How
will their size and shape influence the functions of the green space? Past research has paid less attention
to the structural change of green space and the impact of green space changes. Moreover, the spatial
scale of analysis has been limited to the urban and community scale, seldom analyzing the districts
within the large-scale metropolitan areas. Most natural development of green space is cross-border, thus
analysis should include metropolitan districts and larger-scale geographic areas to acquire more reliable
and valid results.
Because green space in metropolitan areas provides many functions, the development and planning
of green space is an important way to mitigate and to adapt the environmental impact of climate change
and over-urbanization while helping to achieve sustainable development goals. The level of urban
development is different in each metropolitan area, and so the degree to which green space is impacted
by development is different. In order to make green space planning effective, one must take into account
the trends and impact of green space alterations. In addition, factors of air quality and microclimates are
key for the residents’ health. Because of this fact, green space alterations’ impact on air pollution and
microclimate requires closer examination. Therefore, for this paper, we will first apply spatial analysis
and landscape ecology metrics to analyze structural changes in the pattern of green space within the
districts of the Taipei metropolitan area. Then, we will use partial least squares to identify the impact on
microclimate and air pollution patterns brought on by the changes to green space patterns.
This paper consists of six parts. The research motives and purpose, contents and previous research
outcomes have been described in this section. The second part contains an outline of the research design,
including the analytical framework, method and definition of variables, and hypotheses. The description
of the empirical sample is provided in the third section. The analysis of the trend of green space changes
is provided in the fourth part. The fifth section contains an analysis of green space changes’ on air
pollution and microclimates, and an explanation of the results of model calibrations as well as empirical
analysis. The conclusions and suggestions are proposed in the final section.
2. Research Design
2.1. Analytical Framework
The contents of various steps in this framework include the following (See also Figure 1):
(1) Defining the content and the spatial scope of green space changes: Confirm the research category
and scope of green space change.
(2) Developing the research design: Determine the method, variables and hypotheses based on the
theme and purposes of this study.
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(3) Collecting and transferring the sample data: Collect and convert corresponding secondary data and
cartographic material of the National Land-Use Survey from 1995 and 2007 through spatial analysis.
(4) Analyze the trend of green space change: Identify the state of green space change and migration
between different land uses through land transfer matrix and spatial analysis. Additionally,
analyze the spatial structure/composition change of green space through landscape ecology metrics.
(5) Discovering the impact of green space change on air pollution and the microclimate: Analyze the
effect of green space change on air pollution and the microclimate, and identify the critical effect
through partial least squares (PLS).
(6) Proposing conclusions and corresponding suggestions.
Figure 1. Analytical framework.
Defining the content and spatial scope of green space change

1995 and 2007
cartographic
material of National
Land-Use Surveying
 1995 and 2007
corresponding
secondary data


Research design

Collecting and transferring the sample data

Spatial analysis

Analyzing the trend of green space change

landscape
ecological

Impact of green space change on air pollution and microclimate

Partial least
squares

Proposing conclusions and suggestions

2.2. Method
2.2.1. Spatial Analysis
Spatial analysis is the method we employed to analyze spatial location, spatial distribution, spatial
form, spatial space, spatial relationships and spatial change of object/events by topological, geometric,
and geographic properties. The content of spatial analysis includes spatial data conversion and
production, map rendering, exploratory data analysis, spatial statistics and simulation analysis [41,42].
For this paper, we used spatial analysis from the Geographic Information System (GIS) to process
spatial data conversion, map rendering and spatial change analysis. With regard to spatial data
conversion, we converted the spatial data from vectors into grid form, and re-categorized the land-use
patterns of the Taipei Metropolitan Area from cartographic material provided via the National Land-Use
Survey for 1995 and for 2007. Additionally, we used the Universal Kriging method (Universal Kriging
method is Kriging with a local trend. The local trend or drift is a continuous and slowly varying trend
surface on top of which the variation to be interpolated is superimposed. The local trend is recomputed
for each output pixel and the operation is therefore more similar to the Moving Surface operation than
to the Trend Surface operation [43,44].) to interpolate the missing data on air pollution and the
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microclimate in the districts of the Taipei Metropolitan Area. Through map rendering, this study
illustrates green space change. For spatial change analysis, we identified the trends of green-space
changes and migration between different land uses within the Taipei Metropolitan Area through a land
transfer matrix, which was made by calculating transfer grids of land use from 1995 to 2007.
2.2.2. Landscape Ecological Metrics
Landscape Ecological Metrics can measure the context and structure of landscapes in different scales
(such as patch level; class level and landscape level). This method is an important type of analysis
utilized in landscape ecology (Landscape ecology emphasizes the interaction between spatial pattern,
ecological process and scale, and focuses on the structure, function, change and management of
landscape.) [45].
This paper uses Landscape Ecological Metrics to analyze the spatial structure of green space in the
Taipei Metropolitan Area and its districts in 1995 and 2007. Moreover, it analyses the trend of green
space change in the Taipei Metropolitan Area and its districts from 1995 to 2007.
2.2.3. Partial Least Squares
Partial Least Squares (PLS) is a form of structural equation modeling, distinguished from the classical
method by being component-based rather than covariance-based.
The PLS algorithm is employed in PLS path modeling, a method of modeling a causal network of
latent variables. The PLS model includes an inner model (The inner model is the part of the model that
describes the relationships between the latent variables.) and an outer model (The outer model is the part
of the model that describes the relationships between the latent variables and its observed variables.) [46].
PLS has an advantage in dealing with a reflective and formative model at the same time, strong predictive
power, is suitable for analysis of small sample sizes, allows for analysis with multiple dependent
variables and multiple independent variables, and avoids multicollinearity and limit on the sample
distribution, such as dealing with interference data and missing data [46].
The sample size of this study is relatively small (only 48 administrative districts of Taipei
metropolitan area), and the analytical model is reflective model. In addition, there are multiple dependent
variables, multiple independent variables, and a complex relationship among those variables in the model.
Thus, PLS is suitable for analyzing the impact of green space changes on air pollution and microclimate.
Because the sample size for this paper was relatively small, we adopted the Bootstrap Resampling
Method for drawing 10,000 samples, and we used these samples to estimate the parameters and to verify
our hypothesis. The Bootstrap Resampling Method is a nonparametric method that was proposed by
Efron [47], and it adopts resampling. Thus, even if the sample size of the PLS model is too limited, the
PLS model can be estimated accurately through resampling methods.
2.3. Definition of Variables and Hypotheses
The empirical analysis includes the trend of green space change and the impact of green space changes
on air pollution and the microclimate. Thus, the above mentioned variables and hypotheses will be
defined in the following section.
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2.3.1. Green Space Change Analysis
Analysis of green space change is achieved through such indicators as landscape ecology metrics.
Landscape ecology metrics includes three levels: patch level, class level and landscape level.
The patch level is the sum of the grids, and is measured by calculating the characteristics of each
patch (such as shape index, edge contrast index, etc.). The class level is the sum of a group of the same
category of patches, and is indicated by calculating the characteristics of all types of classes (such as
class area, core area, percentage of landscape, etc.). The landscape level is the sum of all patches or
classes in the region, and is indicated by measuring the characteristics of all kinds of classes (such as
Shannon’s diversity index, relative patch richness, etc.) [45].
When examining the green-space change in the Taipei Metropolitan Area from 1995 to 2007, we used
landscape ecology metrics of the class level for analysis. Since the indicators of landscape ecology
metrics are numerous and complex, an explanation of some indicators requires repetition. Therefore,
14 front indicators of landscape ecology metrics were selected and analyzed for the purpose of research,
such as Percentage of Landscape (PLAND), Number of Patches (NP), Patch Density (PD), Mean Patch
Area (AREA_MN), Area-weighted Mean Patch Area (Area_AM), Largest Patch Index (LPI), Mean
Shape Index (MSI), Area-weighted Mean Shape Index (AWMSI), Mean Nearest Neighbor Distance
(ENN_MN), Area-weighted Mean Nearest Neighbor Distance (ENN_AM), Percentage of Like
Adjacencies (PLADJ), Splitting Index (SPLIT), Radius of Gyration (GYRATE_MN), Area-weighted
Radius of Gyration (GYRATE_AM), Clumpiness Index (CLUMPY), Aggregation Index (AI).
The formula, units and methodology employed in measuring these 14 indicators are explained in
appendix, Table A1.
2.3.2. Impact of Green Space Change
(1). Definition of latent variables and of observed variables.
The purpose of analyzing the impact of green space change is to learn whether green space changes
will affect the microclimate changes and air pollution changes, and if so, the degree of that influence.
Therefore, we have provided the definitions of the perspective, the latent variables and the observed
variables in Table 1.
The perspective includes three parts: “change of green space,” “change of air pollution” and “change
of microclimate.”
The “change of green space” perspective includes six latent variables: “change of landscape,”
“change of fragmentation,” “change of aggregation,” “change of area,” “change of proximity” and
“change of largest patch percentage.” With the exception of the observed variable of “changed area of
maintaining and switching to green space,” the other observed variables for measuring each latent
variable are the changed rates of the landscape ecology metrics index.
The “change of air pollution” includes one latent variable: “change of air pollution emission.” The
observed variables for measuring the latent variable are the changed rates of different air pollutants, such
as sulfur dioxide, nitrogen oxide, airborne particulate, carbon dioxide, nitric oxide and nitrogen dioxide.
The “change of microclimate” includes two latent variables: “change of rainfall type” and “change
of temperature.” The observed variable for measuring the “change of temperature” latent variable is the
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“change of mean annual temperature,” and the observed variables for measuring the “change of rainfall
type” latent variable are the “change of mean annual rainfall,” “change of light rainy days,” “change of
torrential rainy days,” and “change of non-rainy days”. According to Taiwan's Climate Change Science
Report [48] and the rainfall classification of the Central Weather Bureau, a standard of 0.1 mm ≤ daily
precipitation <1.0 mm is defined as “light rainy day,” a standard of daily precipitation ≥50.0 mm is
defined as a “torrential rainy day,” and a standard of daily precipitation <0.1 mm is defined as a
“non-rainy day”.
Table 1. The variables of PLS model.
Perspective

Latent Variables

Latent
Variables Code

change of
Landscape

change of
microclimate

and switching to the
green space
change of NP
change of PD
change of SPLIT
change of PLADJ
change of CLUMPY
change of AI
change of AREA-MN
change of AREA-AM
change of ENN-MN
change of ENN-AM

cPLAND
cWAERA

CF

change of
aggregation

CA





change of area

CR




CN




CP

 change of LPI

cLPI

CAP








change of rainfall
type

CRT






SO2
NOx
PM
CO2
NO
NO2
Rain
lrd
brd
nrd

change of
temperature

CST

change of
proximity
change of largest
patch percentage

change of air
pollution

 change of PLAND
 changed area of maintaining





change of
fragmentation
change of
green space

CL

Observed Variables

Observed
Variables
Code

change of air
pollution emission



change of SO2 emission
change of NOx emission
change of PM emission
change of CO2 emission
change of NO emission
change of NO2 emission
change of mean annual rainfall
change of light rainy day
change of torrential rainy day
change of non-rainy day
change of mean
annual temperature

cNP
cPD
cSPLIT
cPLADJ
cCLUMPY
cAI
cAREA-MN
cAREA-AM
cENN-MN
cENN-AM

Temp

(2). Set of hypothetical relationship
The PLS model constructed for this study includes an outer model and an inner model. In the
hypothetical relationship of the outer model, with the exception of the relationships between the
“changes of rainfall type” the latent variables and the “change of mean annual rainfall,” the “change of
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light rainy days” observed variables were negative, and the other relationships of latent variables and
observed variables were positive. The hypothetical relationships of the inner model include the impact
of green space change on air pollution change and the microclimate change, and the impact of air
pollution change on the microclimate change (Table 2).
Table 2. Hypothetical relationship of latent variables in PLS model.
Endogenous
latent
variables/
exogenous
latent
variables
change of air
pollution
emission
change of
rainfall type
change of
temperature

Change of
largest
patch
percentage

Change
of air
pollution
emission

Change of
Landscape

Change of
fragmentation

Change of
aggregation

Change
of area

Change
of
proximity

−

+

−

−

+

−

none

−

+

−

−

+

−

+/−

−

+

−

−

+

−

+/−

The above mentioned hypothetical relationships are as follows:
(1) The impact of green space change on air pollution change and microclimate changes.
The number and area of green space changes negatively affect changes in air pollution emissions and
the microclimate. Thus, the “change of landscape” latent variables of the “change of green space”
perspective are assumed to be opposite to the “change of air pollution emission,” the “change of rainfall
type” and “change of temperature” latent variables.
A large green space is synergistically helpful in reducing air pollution, the temperature and changes
of rainfall type. Therefore, reducing the size of the green area and the percentage of the largest patch
negatively impacts air quality, temperature and rainfall type. Keeping with the above statement, for this
paper, we assumed the “change of air pollution emission,” “change of rainfall type” and “change of
temperature” latent variables were affected by the “change of area” and “change of largest patch
percentage” latent variables of the “change of green space” perspective.
The aggregate effect of green space is the same as the scale effect of large green space; it can reduce
air pollution, the temperature, and the change of rainfall type. Thus, the “change of aggregation” latent
variables of the “change of green space” perspective are assumed to be opposite to the “change of air
pollution emission,” “change of rainfall type” and “change of temperature” latent variables.
The greater the nearest neighboring distance of green space, the more dispersive the patches and the
less their effect in reducing air pollution, the temperature and the change of rainfall type. Moreover, the
fragmentation of green space also has the same effect as the proximity of green space. Thus, the “change
of fragmentation” and “change of proximity” latent variables of the “change of green space” perspective
are assumed to be comparable to the “change of air pollution emission,” the “change of rainfall type”
and the “change of temperature” latent variables.
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(2) The impact of air pollution change on microclimate change
Airborne particulate and sulfate aerosol reduce the volume of solar radiation and temperature through
solar short wave radiation scattering (Because solar radiation enters into the atmosphere in the form of
the short wave radiation, the more airborne particulate there are, the more the short wave radiation is
reflected directly back into space. Thus, the above situation reduces the solar radiation reaching the earth
surface). Air pollutants form easily in clouds, and clouds can reflect sunlight. In addition, clouds can
warm through absorbing thermal radiation, as well as cool by diverting thermal radiation. The effect
depends on the height and type of clouds [49–53]. Thus, the “change of air pollution emission" latent
variables are assumed to affect the “change of temperature” latent variables.
Air pollutants are the source of cloud condensation nuclei (CCN). When air pollutants increase, the
formation of rain is more difficult due to the number of cloud droplets increasing while the size of cloud
droplets becomes smaller. Therefore, the formation of rain requires a substantially greater number of
cloud droplets. Such a situation results in a change in the level of total rainfall and the number of rainy
days, decreasing the number of light rainy days while increasing the frequency of torrential rainy
days [52,54]. Thus, the “change of air pollution emission” latent variables are assumed to affect the
“change of rainfall type” latent variables.
3. Data
3.1. Empirical Area
In this paper, we are examining the rapid development of green space change in the Taipei
Metropolitan Area, and the impact of green space change on air pollution and on the microclimate. In
surveying the development of each metropolitan area in Taiwan, we found it apparent that the Taipei
Metropolitan Area has attracted the largest population and greatest number of industries, and these
developments have taken place rapidly. Thus, the Taipei Metropolitan Area is suitable as an empirical
research subject. In this paper, the spatial scale of empirical analysis includes the 48 administrative
districts of Taipei City, New Taipei City and Keelung City.
3.2. Description of the Empirical Sample
The empirical analysis focuses on the trend of green space change and the impact of green space
change on air pollution and on the microclimate. Thus, the above empirical sample is described as follows:
(1) Green space change analysis
For this paper, we collected the empirical sample from the National Land-Use Survey for 1995 and
2007, and took the land use (attributes) of each grid in the empirical area by reclassifying land use
categories through GIS technology (Figures 2 and 3). The empirical sample uses the land transfer matrix
and landscape ecological metrics as the input data for calculations. The data type of the empirical sample
is the nominal scale.
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Figure 3. Taipei metropolitan area land use investigation in 2007.
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(2) Impact of green space change.
In PLS modes, all empirical samples of observed variables are numerical data, and the units are
percentages. The empirical sample of the “change of green space” perspective was collected from the
National Land-Use Survey for 1995 and 2007, and was calculated by landscape ecological metrics and
GIS technology. Additionally, the empirical sample of the “change of air pollution” and “change of
microclimate” perspectives were gathered from the Environment Protection Agency for 1995 and 2007,
and calculated by the Universal Kriging method to interpolate those missing data for air pollution and
microclimates in the districts of the Taipei Metropolitan Area.
4. Trend of Green Space Change
4.1. States of Green Space Changes
According to the results of the green space transfer matrix in the Taipei Metropolitan Area from 1995
to 2007 (Table 3), green space area was reduced by 2339.5 hectares (occupies 1.19%), and 93.19% of
the green space still retains its original use. According to the migration status, most green space is used
for construction (occupies 4.87%), and increases in green space were created from wetland reclamation
(occupies 32.38%) and barren land (occupies 38.15%), based on forestation and riverbank improvements.
Further analysis of green space in each sub-category of land use (such as wooded land, agricultural
land, and grass land) finds that wooded land area has increased by 3377.5 hectares (occupies 2.03%),
agricultural land area has decreased by 2323.5 hectares (occupies 12.05%) and grass land area has
decreased by 3393.5 hectares (occupies 31.92%). According to the migration status of each sub-category
of land use, 90.37% of the wooded land still maintains its original use, and the majority of agricultural
land and grass land has been transfer to wooded land.
Table 3. Green space transfer matrix of Taipei Metropolitan Area from1995 to 2007 (Unit: ha).
Land use area in 2007
Land use area in 1995

Green
space

Green space
Wooded Agricultural
land
land

Wooded land
150,204.5
Agricultural land
7917
Grass land
5056.5
Total
163178

Wetland
Building land
Barren land
Total
Area change

1735.75
384.25
1995.5
167,293.5
1090

Wetland

Building
land

Barren
land

Total

159,062.5
15,382.25
8316.75
182,761.5

953.75
279
186.5
1419.25

4989.25
2975.25
1592.25
9556.75

1198
648.5
537
2383.5

166,203.5
19,285
10,632.5
196,121

3595
1379
3058.5
190,794
−5327

4877.5
283.75
188
6768.5
−3288.75

Grass
land

Total

6524.5
6591.25
2036.25
15152

2333.5
874
1224
4431.5

532.75
491.5
360.25
16,536.5
−2748.5

1326.5
503.25
702.75
6964
−3668.5

1297.5
287.25 10,057.25
25,376
1201.75 28,240.5
2953.5
721.5
6921.5
39,183.75
4594
241340.3
10,943.25 −2327.5
-

Notes: 1. Left hand side represents the land use categories in 1995, and the land use categories in 2007 is on
the top; 2. The number in the table represents the transferred areas from 1995 to 2007.

The districts of suburban and sub-core areas in the Taipei Metropolitan Area have decreased their
maximum amount of green space, which change may have been caused by green space being transferred
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to public construction land or to large-scale residential land. In contrast, the built-up districts in the
Taipei Metropolitan Area have preserved green space from development because the small amount of
green space available is too limited to be advantageous to development, in addition to the fact that local
residents guard it as a precious resource (Figure 4).
In summary, the green space area of the Taipei Metropolitan Area has been decreasing slightly, and
most of the remaining green space is being transferred to the development of building projects. However,
the area of green space has also increased from reclaimed wetlands (occupies 32.38%) and barren land
(occupies 38.15%) based on forestation and riverbank improvements. Green space can still maintain its
original function while not suffering serious damage from urban development.
Figure 4. Taipei metropolitan area green space change from1995 to 2007.

4.2. Results of Landscape Ecological Metrics
In accordance with the results of landscape ecological metrics is shown in Table 4 and the spatial
change status of green space in the Taipei Metropolitan Area from 1995 to 2007 is shown in Appendix.
As shown in Table 4 and Appendix (Figure A1), the total green space area has been decreasing
slightly, the green space still has a large proportion (occupies 80%) of the overall landscape and plays a
vital role. The number and density of the green space patches is incremental, pointing to the more
fragmented trend of the green space. In the change of the green space patches area, it shows the area of
the large patch increasing and the area of small patch decreasing. In the change of the green space shape,
it shows the shape of the entire green space tending toward simple shapes, while the shape of the large
patch tends toward a complex shape. In the change of the green space aggregation, it indicates green
space is still highly centralized (above 90%). In the change of the green space proximity, it represents

Sustainability 2014, 6

8839

the distribution of the entire green space tending toward aggregation and the distribution of the large
patch showing no change. In the change of the green space extendibility, it demonstrates the connection
of the large patch increase and of the small patch reduction, as it closely relates to the area change of
large and small patches.
According to the results of landscape ecological metrics, Table 4 and Appendix (Figures A2–A4) also
show the sub-category changes of green space in the Taipei Metropolitan Area from 1995 to 2007.
Comparing landscape ecological metrics in change of the green space, the results of wooded land are
similar except for the increase of the total wooded land area. It is not significant change of the wooded
land proximity.
In light of the landscape ecological metrics for change of the agricultural land, the decrease of the
total agricultural land area and its small proportion (occupies 7%) of overall landscape indicates that
agricultural land is not in the primary position. The increasing of the number and density of the
agricultural land patches, and the decreasing of the agricultural land patches area show a more fragmental
trend with agricultural land from 1995 to 2007, and the large patch is more critical. In the change of the
agricultural land shape, it indicates that the shape of all agricultural land is being simplified, closely
related to an anthropogenic subdivision. In the change of the agricultural land aggregation, it means the
centralization of agricultural land has been reduced, and it also closely relates to the anthropogenic
subdivision. In the change of the agricultural land proximity, it represents the distribution of the entire
agricultural land, and the large patch shows no change. In the change of the agricultural land extendibility,
it means the connection between the entire agricultural land and the large patch is being reduced.
According to the landscape ecological metrics, the change of grass land, the decrease of the total grass
land area and the small proportion of the overall landscape mean the grass land is not in the main
position. Compared with landscape ecological metrics change of the agricultural land, the results for the
grass land are similar. However, the grass land is more fragmented and decentralized than the
agricultural land.
Table 4. Landscape ecological metrics results of green space in Taipei Metropolitan Area.
landscape ecological
metrics
PLAND
NP
PD
AREA_MN
AREA_AM
LPI
MSI
AWMSI
PLADJ
ENN_MN
ENN_AM
SPLIT
GYRATE_MN
GYRATE_AM

Green space
1995

2007

Wooded land
1995

2007

80.11
79.15
67.89
69.27
1433
2450
1531
2456
0.59
1.00
0.63
1.00
136.86
79.10
108.56
69.045
104,529.1 164,396.1 99,271.33 148,504.8
55.81
72.85
51.28
64.8
1.31
1.26
1.36
1.25
19.59
36.59
30.11
51.33
95.41
93.90
93.25
91.80
154.95
137.05
137.52
138.41
100.65
100.35
100.63
100.41
2.92
1.88
3.63
2.38
81.61
62.37
85.15
55.8
14,120.05 18,448.3 14,408.84 18,302.39

Agricultural land

Grass land

1995

2007

1995

2007

7.88
6313
2.58
3.05
149.67
0.4
1.30
4.24
62.26
152.8
119.2
20,767.1
56.08
472.2

6.93
9524
3.89
1.78
112.62
0.38
1.23
4.06
52.52
148.06
120.48
31,379.9
45.68
414.56

4.34
3918
1.60
2.71
111.06
0.22
1.24
3.30
64.31
203.76
148.80
50,762
52.7
413.53

2.96
5637
2.30
1.28
79.44
0.21
1.15
2.73
51.58
210.74
162.10
104,239
41
429.23
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5. Impact of Green Space Change
5.1. Model Calibrations and Verifications
For calibrating and verifying the impact model, we first analyzed the reliability and validity of the
outer model, and then verified the explanatory power and significance of the path coefficient in the
inner model. Finally, this paper verifies the goodness of the fit in the empirical model through goodness
of the fit (GoF) index. (GoF index is a global criterion of goodness-of-fit, and was proposed by
Tenenhaus et al. [55].)
(1) Outer model verification
In the test of reliability, Bollen [56] considered the significance of the coefficient value in which the
t-value of observed variables must be greater than 1.96 (α = 0.05, under two-tailed test) showed that the
observed variable could reflect the meaning of the latent variable and that the outer model was suitable.
The loadings of observed variables in this paper are significant, except for the “change of torrential rainy
day” observed variables. This means that the most observed variable can reflect the meaning of the latent
variable, and that the outer model is suitable (Table 5). The composite reliability (CR) in the empirical
model is between 0.72 and 1 (Table 6); the value is higher than the standard (0.7) [57,58] proposes. The
above results demonstrate the internal consistency of latent variables and meet the requirements of
construct reliability.
In the test of validity; the square roots of the average variance extracted (AVE) for each latent variable
are all greater than the correlation coefficient of the latent variable and other latent variables; which
means the latent variable in the model has discriminating validity [59,60]. In addition; the composite
reliability value of the latent variables is greater than 0.7; and the AVE value of latent variables are all
greater than 0.5. As follows; the latent variables in the model have convergent validity [57,61].
Table 5. Results of loadings and test statistics in outer model development.
Perspective

Latent Variables

Observed Variables

Loadings

Z-value

Significance

change of Landscape

 change of PLAND
 changed area of maintaining and
switching to the green space

0.849
0.956

4.186
4.508

***
***

 change of NP
 change of PD
 change of SPLIT

0.933
0.933
0.679

9.461
9.461
3.486

***
***
***

change of aggregation

 change of PLADJ
 change of CLUMPY
 change of AI

0.996
0.981
0.996

11.101
8.120
11.110

***
***
***

change of area

 change of AREA-MN
 change of AREA-AM

0.966
0.952

14.067
14.170

***
***

 change of ENN-MN
 change of ENN-AM

0.967
0.963

5.544
4.508

***
***

 change of LPI

1.000

-

change of
fragmentation
change of
green space

change of proximity
change of largest
patch percentage
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Table 5. Cont.

Perspective

change of air
pollution

change of
microclimate

Latent Variables

Observed Variables

Loadings

Z-value

Significance

change of
air pollution emission








change of SO2 emission
change of NOx emission
change of PM emission
change of CO2 emission
change of NO emission
change of NO2 emission

0.888
0.987
0.920
0.873
0.893
0.974

30.560
190.027
34.084
53.975
37.403
148.107

***
***
***
***
***
***

change of rainfall type






change of mean annual rainfall
change of light rainy day
change of torrential rainy day
change of none rainy day

-0.686
-0.895
0.296
0.385

2.909
4.211
1.819
1.997

**
***

1.000

-

change of temperature

 change of mean annual
temperature

*

Note: * p < 0.05, ** p < 0.01, *** p < 0.001.

Table 6. Goodness of fit in model development.
Perspective

Latent Variables

Cronbach’s α

CR a

Average

change of green space

change of Landscape
change of fragmentation
change of aggregation
change of area
change of proximity
change of largest patch percentage

0.892
0.818
0.991
0.913
0.927
1.000

0.907
0.854
0.994
0.958
0.965
1.000

0.895
0.841
0.982
0.919
0.932
1.000

change of air pollution
change of microclimate

change of air pollution emission
change of rainfall type

0.965
0.701

0.972
0.718

0.883
0.699

R Square

0.479
0.328

Note: a CR means composite reliability.

(2) Inner model verification
According to the results of the inner model, the R2 of “change of air pollution emission,” “change of
rainfall type” and “change of temperature” respectively are 0.4789, 0.3282 and 0.4656 (Table 6).
According to the classification of explanatory power by Chin [62], the explanatory power for the impact
of green space change on air pollution and on the microclimate is above the medium level.
Based on the significant test results of the path coefficient (Table 7), all latent variables in the “change
of green space” perspective significantly affect the “change of air pollution emission” latent variable.
The “change of landscape,” “change of fragmentation,” “change of area” and “change of air pollution
emission” latent variables significantly affect the “change of rainfall type” latent variable. Finally, the
“change of landscape,” “change of fragmentation,” “change of aggregation,” “change of area,” “change
of largest patch percentage” and “change of air pollution emission” latent variables significantly affect
the “change of temperature” latent variable.
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Table 7. Empirical results of path coefficient in inner model.
Endogenous latent
variables/exogenous
latent variables
change of

Change of

Change of

Change of

Change of

Change of

Change

Change of

largest

air

Landscape

fragmentation

aggregation

of area

proximity

patch

pollution

percentage

emission

−0.3619 **

0.2067 *

−0.2268 *

−0.2158 *

0.1161 *

−0.2211 *

-

change of rainfall type

−0.1162 *

0.1028 *

0.0088

−0.1042 *

0.0949

−0.1076

0.2726 *

change of temperature

−0.3523 *

0.2328 *

−0.1108 *

−0.1912 *

0.3148

−0.2022 *

−0.1707 *

air pollution emission

Notes: * p < 0.05, ** p < 0.01, *** p < 0.001.

(3) Goodness of fit in model
In this paper, the results have verified the goodness of fit in the empirical model through the GoF
index as proposed by Tenenhaus et al. [55]. The GoF index was obtained as the geometric mean of the
average communality index and the average R2 value. The GoF of the empirical model equals 0.61,
a value higher than the 0.36 that Wetzels et al. [63] suggested, implying a suitable goodness of fit.
5.2. Results Analysis
The results of this study have verified the hypotheses and proposed the effects (such as direct effect,
indirect effect, and total effect) of latent variables through PLS analysis (Figure 5). Among the effects,
the indirect effect was calculated by the product-of-coefficients approach from Sobel [64], and tested
the significance of the indirect effect with the Aroian test (The formula of Aroian test:
( a  b ) SQRT b 2  S a2  a 2  S b2  S a2  S b2  , a, b is non-normalized coefficient, S a2 , S b2 is the standard errors
of a, b.) [65,66]. The effects of the latent variables are stated respectively as follows (Figure 5):
(1) The impact of green space change on air pollution change and microclimate change
According to the empirical results of the “change of landscape” latent variables, the number and area
of green space change negatively affects the change of air pollution emission and microclimate. The
total effect of the green space area and the amount of air pollution change was −0.3619, and the total
effect was derived entirely from the direct effect. The total effect of the green space area and the amount
of rainfall patterns change was −0.1876, which summarizes the direct effect (−0.1162) and the indirect
effect (−0.0714) from air pollution change. The direct effect of green space area and the number of
temperature changes was −0.3523, and the total effect equaled the direct effect based on the statistical
test of indirect effects not being significant.
According to the empirical results of the “change of area” and “change of largest patch percentage”
latent variables, the changed size of the green area and the changed percentage of the largest patch
negatively affect the air quality and the temperature. In addition, the changed size of the green area also
negatively affects the rainfall type. Thus, the empirical results prove the existence of scale effect. The
total effect of “change of area” and “change of largest patch percentage” on “change of air pollution
emission” respectively were −0.2158 and −0.2211. The total effect of “change of area” and “change of
largest patch percentage” on “change of temperature” respectively were −0.1912 and −0.2022. The total
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effect of “change of area” on “change of rainfall type” was −0.1042. Moreover, these influences were all
entirely from the direct effect.
According to the empirical results of the “change of aggregation” latent variables, the aggregate effect
of green space change negatively affects the change of air pollution emission and temperature. Thus, the
empirical results prove the existence of the aggregate effect. The total effect of green space aggregation
on air pollution change was −0.2268, and the total effect of green space aggregation on the temperature
change was −0.1108. Furthermore, the influences were all entirely from the direct effect.
According to the empirical results of the “change of fragmentation” latent variables, the
fragmentation of green space change positively affect the change of air pollution emissions and the
microclimate. Thus, the empirical results are proof of the existence of the fragmented effect. The total
effect of “change of fragmentation” on “change of air pollution emission,” “change of rainfall type” and
“change of temperature” respectively were 0.2067, 0.1028 and 0.2328. Additionally, the influences were
entirely from the direct effect. According to the empirical results of the “change of proximity” latent
variables, the connection of green space change positively affects the change of air pollution emissions.
The total effect of “change of proximity” on “change of air pollution emission” was 0.1161, and the
influences were all entirely from the direct effect.
In summary, the green space functions to reduce air pollutants, to reduce temperatures, and to improve
rainfall types. Additionally, green space also has the effect of scale and aggregation on these functions.
Thus, increasing the number, aggregation, area, scale/size of the green space and decreasing the
fragmentation and proximity of green space can strengthen its function of reducing air pollutants, cooling
temperatures and improving rainfall types.
(2) The impact of air pollution change on microclimate change
According to the empirical results, air pollution emissions changes negatively affect temperature
change, which means the cooling effect is higher than the warming effect. This result may be the cause
of solar short wave radiation scattering and cloud cooling. The total effect of “change of air pollution
emission” on “change of temperature” was −0.1707, and the influences were entirely from the direct effect.
According to the empirical results, the air pollution emissions changes positively affect rainfall type
change, with the total effect being 0.2726. This result means that higher emissions of air pollution would
reduce the frequency of the light rainy days and the mean annual rainfall, while increasing the number
of non-rainy days. This result may reflect the cause of increases in the number of cloud droplets and the
scale of cloud droplets becoming smaller.
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Figure 5. The calibration results of the modified model.

Notes: 1. Green lines: the impact of “change of green space” on “change of air pollution”, Blue lines:
the impact of “change of green space” on “change of rainfall”, Black lines: the impact of “change of
green space” on “change of temperature”, Red lines: the impact of “change of air pollution” on
“change of rainfall” and “change of temperature”. 2. * p < 0.05, ** p < 0.01, *** p < 0.001.

6. Conclusions and Suggestions
Faced with the threats posed by global climate change while striving for the goal of sustainable
development, increasing and conserving the green space area not only simultaneously achieves the effect
both of mitigation and adaptation, but also helps in solving the problem of urbanization and
non-sustainability. Recently, green space has often been transferred to other land uses because of the
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high level of urbanization. As a result, the environmental impact of reducing green space area is
gradually becoming more significant. Therefore, for this research, we first applied space analysis and
landscape ecology metrics to analyze the structural change of the pattern of green space areas within the
48 districts of the Taipei Metropolitan Area. We then used partial least squares to identify the consequences
on microclimate and air pollution patterns caused by the changing patterns of green space area.
According to the empirical results, this paper concludes as follows:
(1) According to the analytical results, the green space area within the Taipei Metropolitan Areas
has decreased 1.19% from 1995 to 2007, but 93.19% of the green space area have kept their
original purposes.
(2) The results of landscape ecological metrics show the more fragmented trend of the green space.
Regarding the change of the green space area, the large patch area is shown as increasing and the
small patch area as decreasing. Regarding the change of the green space shape, the shape of the
entire green space is shown as tending toward being simple, while the shape of the large patch
tends toward being complex. The changes in green space aggregation mean that green space is
still highly centralized. The changes in green space proximity represent the distribution of the
entire green space tending toward aggregation, and the distribution of the large patch shows no
change. The changes in green space extendibility demonstrate the connection between the large
patch increase and the small patch reduction, as it closely relates to the area changes of the large
and small patches.
(3) The results from the PLS model indicate that the changing pattern of green space area has a great
influence on air pollution and microclimate patterns. For instance, less air pollution, smaller
rainfall patterns, and cooler temperatures are associated with improvements in space aggregation,
increasing the large sized green space patch. These results are similar to the research findings by
Beatley [9], Jo [10], Yang et al. [11], Shin and Le [15], Herb et al. [16], and Leuzinger et al. [17].
However, they didn’t discuss the patterns of green space, they only emphasized the total areas of
green space. Although anthropogenic heat release is one of the important factors affecting air
pollution and microclimates [32,36] in urban areas, we would assume that green space changes
and anthropogenic heat release increase are major factors affecting the air pollution and
microclimate pattern in cities.
(4) According to the results of the PLS model, the air pollution emissions change negatively affects
the temperature change because of the cooling effect being higher than the warming effect. These
results are similar to the findings by De Oliveira et al. [49], Koronakis et al. [50], and Wei and
Hsu [52]. Moreover, the air pollution emission change positively affects the rainfall type change,
which means the higher emission of air pollution reduces the occurrence of light rainy days and
the mean annual rainfall and increases the number of non-rainy days. These results are consistent
with Allen and Ingram [54].
Finally, in this paper we propose several suggestions based on the empirical results:
(1) The transfer of green space always occurs in the core area, in the sub-core area, and in the
surrounding area. Thus, an urban growth boundary should be designated to avoid urban sprawl
and the loss of green space.
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(2) The trends and locations of wooded lands, agricultural lands and grass lands are different, and
the conservation policies for green space should be adjusted for these different forms. The
wooded land in suburbs should be effectively conserved to avoid decreases in the core areas and
sub-core areas. Agricultural land should avoid arbitrary releases and transfers to land for
development and construction while maintaining the integrity of the land. The grass land should
be the focus of concern with regard to its change in the suburbs and sub-central area, and
enhanced with conservation to avoid its loss.
(3) Green space has the function of reducing air pollutants, cooling temperatures and improving
rainfall types. In addition, green space has the effect of scale and aggregation with regard to these
functions. Thus, the development of the green space concept (such as a green city, garden city,
green infrastructure) and policy (green space conservation) can be one of the solutions to climate
change. Moreover, laws and governmental mechanisms relating to green space should be drafted
immediately to help implement green policies.
(4) In this paper, we have only analyzed the changes from 1995 to 2007 due to limitations in data. If
sufficient data can be provided in the future, these changes can be analyzed over a longer term.
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Appendix
Table A1. The indicators of landscape ecology metrics (class level).
Indicator

Formula

Percentage of

 n

  a ij A (100 )


 j 1


Landscape (PLAND)

aij: area of patch j (class i).

Units

indicator content and measuring purpose
PLAND equals the percentage the landscape
comprised of the corresponding patch type. The

%

higher PLAND is, the more important the patch of
corresponding class is. This paper use PLAND to

A: total landscape area.

analyze the importance of green space in landscape.
NP equals the number of patches of the

Number of Patches
(NP)

ni
ni: number of patches in the

corresponding patch type. The higher NP is, the
None

landscape of patch type (class) i.

more fragmented the patch of corresponding class
is. This paper use NP to analyze the fragmentation
of green space in landscape.
PD equals the percentage the landscape comprised

Patch Density (PD)

(ni/A)(10,000)(100)
ni, A: definition as before.

Number

of the patches of the corresponding class. The

per 100

higher PD is, the more fragmented the patch of

hectares

corresponding class is. This paper use PD to analyze
the fragmentation of green space in landscape.
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Indicator

Formula

Units

Mean Patch Area

 1
 n
  a ij ni (
 10000 )


 j 1

indicator content and measuring purpose
AREA_MN provides the measure of patch area in

(AREA_MN)

corresponding class. The higher AREA_MN is, the
Hectares

larger the patch of corresponding class is. This
paper use AREA_MN to analyze the size of green

aij, ni：definition as above.

space patch in landscape.
AREA_AM provides the measure of area-weighted
patch area in corresponding class. The higher


 a ij ( a ij

j 1 


1
a ij )  (
)

10000
j 1


n

Area-Weighted Mean
Patch Area
(AREA_AM)

n

AREA_ AM is, the larger the patch of corresponding
Hectares

class is. This paper use AREA_MN to analyze the
size of green space patch in landscape based on

aij: definition as before.

reducing the impact of small patches changes, and
to compare with AREA_MN.
LPI equals the percentage of the landscape

MAXa  A(100)

Largest Patch Index

comprised by the largest patch. The higher LPI is,

ij

(LPI)

%

aij, A: definition as before.

the more important the patch of corresponding
class is. This paper use LPI to analyze the
contribution of largest patch, and to identify the
advantage category in landscape.

 0 . 25 p
n

j 1

Mean shape index
(MSI)

a ij

ij

n

MSI provides the measure of patch shape in
corresponding class. The higher MSI is, the more

i

pij: perimeter of patch j (class i).

None

complex the patch shape in corresponding class is.
This paper use MSI to analyze the complexity of

aij, ni: definition as above.

the green space patch shape in corresponding class.
AWMSI provides the measure of area-weighted
patch shape in corresponding class. The higher



  0 . 25 p
n

Area-Weighted Mean
Shape Index (AWMSI)

j 1






a ij  a ij


ij

n



j 1


a ij  
 

AWMSI is, the more complex the patch shape in
None

pij, aij: definition as above.

corresponding class is. This paper use AWMSI
to analyze the complexity of green space patch
in corresponding class based on reducing the
impact of small patches changes, and to
compare with MSI.

n'

h
j 1

ij

n'i
ENN_MN provides the measure of patch distance

hij：distance between patch j (class i) to
Mean Nearest Neighbor
Distance (ENN_MN)

patch of the corresponding type; n'i：

in corresponding class. The higher ENN_MN is, the
Meter

more dissipative the patch in corresponding class is.

number of patches in the landscape of

This paper use ENN_MN to analyze the proximity

patch type (class) i which having

of each green space patches in corresponding class.

nearest neighbor distance.
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Indicator

Formula

Units

indicator content and measuring purpose
ENN_AM provides the measure of area-weighted
patch distance in corresponding class. The higher

n

Area-Weighted Mean



Nearest Neighbor

j 1

Distance (ENN_AM)


 h ij



 a ij



n



j 1


a ij  
 

ENN_AM is, the more dissipative the patch in
Meter

hij, aij：definition as above.

corresponding class is. This paper use ENN_AM
to analyze the proximity of each green space
patches in corresponding class based on reducing
the impact of small patches changes, and to
compare with ENN_MN.


 g ii


m



k 1


g ik  (100 )


PLADJ equals the percentage of cell adjacencies
involving the corresponding patch type that are
like adjacencies. PLADJ equals 0 when the

gii: number of like adjacencies
Percentage of Like

between pixels of patch type (class) i

Adjacencies (PLADJ)

based on the double-count method.

corresponding patch type is maximally
%

disaggregated and there are no like adjacencies.
In contrast, The higher of PLADJ means high

gik: number of adjacencies between

aggregation of the same type patch. This paper

pixels of patch types (classes) i and k

use PLADJ to analyze the aggregation of green

based on the double-count method.

space patches in corresponding class.
SPLIT provides the measure separation of patch
in corresponding class. SPLIT equals 1 when the

A2
Splitting Index (SPLIT)

n

a
j 1

landscape consists of single patch. SPLIT increases

2
ij

None

as the focal patch type is increasingly reduced in
area and subdivided into smaller patches. This

aij, A: definition as above.

paper use PLADJ to analyze the separation of
green space patches in corresponding class.

 h
z'

r 1

ijr

z

GYRATE_MN provides the measure of patch
connection and extendibility in corresponding class.

hijr: distance between cell ijr (located
Radius of Gyration
(GYRATE_MN)

within patch ij) and the centroid of

Meter

patch ij (the average location), based

The higher GYRATE_MN is, the more connected
the patch in corresponding class is. This paper use
GYRATE_MN to analyze the connection of green

on cell center to cell center distance.

space patch in corresponding class.

z: number of cells in patch ij.
GYRATE_AM provides the measure of areaweighted patch connection in corresponding class.
Area-Weighted Radius
of Gyration
(GYRATE_AM)

 z'

  h ijr z  a ij

j 1 
 r 1

n


a ij  

j 1
 

The higher GYRATE_AM is, the more connected

n

hijr, aij, z: definition as above.

Meter

the patch in corresponding class is. This paper use
GYRATE_AM to analyze the connection of green
space patch in corresponding class based on
reducing the impact of small patches changes,
and to compare with GYRATE_MN.
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Indicator

Formula

Units

Gi  Pi  Pi  for Gi  Pi  0.5

Gi  Pi 1  Pi else
G i  g ii

CLUMPY provides the measure of patch

 m


   g ik   min e i 

  k 1


Clumpiness Index

Pi: proportion of the landscape

(CLUMPY)

occupied by patch type (class) i.

indicator content and measuring purpose

aggregation in corresponding class. CLUMPY
equals -1 when the focal patch type is maximally
None

disaggregated. CLUMPY equals 0 when the focal
patch type is distributed randomly, and approaches
1 when the patch type is maximally aggregated.

min ei: minimize the perimeter under

This paper use CLUMPY to analyze the aggregation

the compact patch type (class) i of

of green space patch in corresponding class.

fixed grid number.
gii, gik: definition as above.

gss max gss (100)

AI provides the measure of patch aggregation in

gss: number of like adjacencies

corresponding class. AI equals 0 when the focal
patch type is maximally disaggregated. AI increases

between pixels of patch type (class) s
Aggregation Index (AI)

based on the single-count method.

%

max→gss: maximum number of like

as the focal patch type is increasingly aggregated
and equals 100 when the patch type is maximally
aggregated into a single, compact patch. This paper

adjacencies between pixels of patch

use AI to analyze the aggregation of green space

type (class) s based on the

patch in corresponding class.

single-count method.

Source: Leitão et al.[45], McGarigal and Mark [67].

Figure A1. Change of landscape ecological metrics results from 1995 to 2007 (Green Space).
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Figure A2. Change of landscape ecological metrics results from 1995 to 2007 (Wooded Land).
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Figure A3. Change of landscape ecological metrics results from 1995 to 2007 (Agricultural Land).
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Figure A4. Change of landscape ecological metrics results from 1995 to 2007 (Grass Land).
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