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Preface

Global change studies are growingly considered a vital source of information to
understand the Earth environment, especially in the framework of human-induced
climate change and land use transformation. Earth observing systems and
geomatics technologies provide a unique tool to monitor and model those changes,
respectively. While the range of applications and innovative techniques is con-
stantly increasing, this book provides a summary of key study cases where the Earth
observation data offers critical information to understand both the causes and
consequences of global change and the geomatics technologies provide powerful
tools to model and analyze the effects of those global environmental changes,
toward minimizing their negative impacts.

This book focuses on the monitoring and modeling aspects in global changes and
provides the state of the art in geomatics technologies for detecting and modeling
global landscape dynamics.

This volume includes 15 chapters, which are organized in �ve topics:

� Monitoring and Modeling of Land Use Changes (Chaps. 1 and 2)
� Monitoring and Analyzing of Urban Dynamics (Chaps. 3, 4, and 5)
� Monitoring and Mapping Environmental Changes (Chaps. 6, 7, and 8)
� Environmental Modeling and Risk Assessment (Chaps. 9, 10, 11, and 12)
� Earth Observation Data Processing (Chaps. 13, 14, and 15)

Chapters are written by leading scholars and researchers from a variety of �elds,
including remote sensing, geoinformatics, geography, and environmental science,
with case studies predominately drawn from North America, Europe, and Asia.

This volume will be of greatest interest to graduates and undergraduates study-
ing geography, geosciences, and environmental sciences and to researchers and
professionals working in the �elds of remote sensing, geographic information
sciences, climate change studies, environmental modeling, and risk assessment.
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Chapter 1
Land Change Modeling: Status
and Challenges

Ting Liu and Xiaojun Yang

Abstract Over the past years, land change science has emerged as a fundamental
component of global environmental change and sustainability research, and model-
ing of land change has been recognized as a premier research area in land change
science. Various land change modeling approaches have been developed to explore
the functioning of land changes at aggregated and individual levels, across various
spatiotemporal scales, as well as in human, natural, or the coupled systems. This
chapter will review a collection of land change modeling approaches including
statistical regression models, artificial neural networks, Markov chain models,
cellular automata, economic models, and agent-based models. For each approach,
the theoretical and methodological basics and major characteristics will be exam-
ined. Moreover, several important issues challenging the successful implementa-
tion of land change modeling will be discussed, which include coupling human and
environmental systems, scale dependency and multilevel interactions, and temporal
dynamics and complexity. Finally, a review on the progress of integrating land
change models with other environmental modeling techniques for global environ-
mental change research will be provided.

Keywords Land change modeling • Land change science • Global change • Land
use and land cover change • Coupled human-environmental systems

1.1 Introduction

The process of global change is altering the earth system and its capacity to sustain
life (U.S. Global Change Research Program 2014). Rapid human population
growth, along with their increasing demand for food, water, energy, and other

T. Liu (*)
Department of Geography and Environmental Studies, Northeastern Illinois University,
Chicago, IL 60625, USA
e-mail: tliu1@neiu.edu

X. Yang
Department of Geography, Florida State University, Tallahassee, FL 32306, USA
e-mail: xyang@fsu.edu

© Springer Science+Business Media Dordrecht 2015
J. Li, X. Yang (eds.), Monitoring and Modeling of Global Changes:
A Geomatics Perspective, Springer Remote Sensing/Photogrammetry,
DOI 10.1007/978-94-017-9813-6_1

3

s2pirast@uwaterloo.ca

mailto:tliu1@neiu.edu
mailto:xyang@fsu.edu




changes given the complexity of the coupled human-environmental systems
(Rindfuss et al. 2004). Advances in geospatial theories, technologies and data
provide great opportunities for addressing various challenges and for developing
the next generation of LCMs. In the following sections, we first discuss the
theoretical foundations and major characteristics of various modeling approaches.
We then identify some outstanding issues for the LCM communities. Finally, we
describe several examples to illustrate how land change modeling can be coupled
with other ecological modeling techniques for integrated global environmental
change research.

1.2 Land Change Modeling Approaches

This section discusses several frequently used land change modeling approaches,
including statistical regression models, artificial neural networks, Markov chain
models, cellular automata, economic models, and agent-based models. The above
modeling approaches were identified based on the authors’ knowledge and a
personal archive of relevant publications, and a search on Web of Science using
the Keywords: (Topic ¼ “land change” or “land use change” or “land cover
change” or “land use and land cover change” or “urbanization” or “urban growth”
or “urbanization” or “deforestation” or “farmland”) AND (Topic ¼ model or sim-
ulation). In the following subsections, we will briefly present the theoretical and
methodological basics and the relative strengths and weaknesses of each modeling
approach with selected examples.

1.2.1 Statistical Regression Models

The basic structure of statistical regression models is based upon empirical analyses
that link between land use and land cover changes (i.e., dependent variable) and a
set of environmental and socio-economic explanatory variables. The derived rela-
tionships are usually used to generate maps of land transitional probability to
predict potential land changes in the future. Some frequently used statistical
methods for land change modeling include logistic regression (Hu and Lo 2007),
generalized linear models (Aspinall 2004), generalized additive models (Brown
et al. 2002), and Bayesian statistics (Agarwal et al. 2005). A popular example is the
CLUE-S (Conversion of Land Use and its Effects at Small regional extent) model
developed by Verburg et al. (2002). The CLUE-S model consists of a non-spatial
demand module and a spatially explicit allocation module. The non-spatial module
estimates the aggregate demand of land changes, and the spatial module allocates
the land demands at various locations on a raster space based on stepwise logistic
regression. Logistic regression is a form of multivariate models when the dependent
variable has a categorical output, e.g., change or no-change of land use. Logistic
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understanding of land changes in an integrated framework for global environmental
change.

1.3.1 Coupling Human and Environmental Systems

Land changes are both causes and consequences of earth system changes, including
the biophysical and the socioeconomic processes. Models taking specific drivers
into considerations have tried to include factors from both subsystems. One major
challenge arises from the integration of data and processes representing biophysical
conditions and human decision making. Difficulty lies in the different levels of
aggregation and spatial unit of observation (Rindfuss et al. 2004). In social-
demographic analysis, data are usually collected at some levels of aggregation,
whereas direct measurements and remote sensing techniques have been more
commonly used in extracting biophysical variables (Jensen 1983). As a result,
research of the coupled human-environmental systems has to deal with the problem
of (i) integrating different types of data (e.g., raster and vector), (ii) integrating
spatial data at different scales, (iii) integrating spatial data from different dimen-
sions (e.g., point, line, polygon), and (iv) integrating data acquired at different
locations (Gotway and Young 2002). These four types of spatial data integration
problems are often intertwined, which leads to even more challenges.

The issue of coupling human and environmental systems is also related to the
scale issues in that statistical modeling and machine learning are designed at the
scale of the coupled system as a whole while cell-based models can represent
multilevel dynamics in both dimensions. Moreover, it is quite challenging to fully
represent the processes in the human subsystems due to the lack of specific data on
human decision-making and a high level of uncertainty. Towards a comprehensive
understanding of the coupled system, the potential interactions and feedbacks
within the land change system need to be incorporated in the models. In this
sense, the structures of agent-based models and integrated models seem promising
for integrating human behaviors and biophysical feedbacks. Its capability in
representing temporal dynamics further facilitates the realization of simulating
system feedbacks in land change processes.

1.3.2 Scale Dependency and Multilevel Interactions

Research on the coupled human-environmental systems is further complicated by
the issue of scale dependency and the multilevel interactions within the system. One
of the early steps in spatially explicit modeling is to identify an appropriate scale
(e.g., extent and resolution) for analyzing the spatial phenomena, such as land
changes. This is known as the Modifiable Areal Unit Problem (MAUP) in
geospatial science, that is, the correlation between variables may change with scales
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(Openshaw and Taylor 1979). The common approach to deal with the MAUP issue
is to apply a multi-scale analysis to examine how the relationships among variables
change with varying levels of aggregation and different ways of zoning (e.g.,
Veldkamp and Fresco 1997; Walsh et al. 2001; Evans and Kelley 2004; Hu and
Lo 2007). Multilevel statistical modeling has also been used for analyzing land
change driving factors at nested hierarchical levels (Hoshino 2001).

Land change modeling is further complicated by the potential interactions and
feedbacks among different levels of processes (Verburg 2006). In simulating the
multilevel interactions, the modeling frameworks of cellular automata and agent-
based model allow for the representation and incorporation of processes at multiple
levels. The current land use models focus on two types of cross-scale dynamics:
top-down and bottom-up simulation. The top-down control is represented by the
government policies and global interactions affecting land demand and growth
suitability. From the bottom-up perspective, human makes decisions on land
allocation which produces the aggregate land use patterns. Further exploration on
their capabilities is needed given the challenges in theoretical development and data
availability, as well as the high computing demand of agent-based modeling.

1.3.3 Temporal Dynamics and Complexity

Simulating temporal dynamics is another critical issue for land change modeling,
which brings about the need to handle time lags and feedback responses in the
temporal dimension of land change processes (Agarwal et al. 2002). Under the
assumption of stationarity, statistical modeling and machine learning have very
limited capability to represent temporal dynamics and complexity of the land
change processes. They often assume the factors leading to the observed patterns
and processes in the past will continue to do so in the future. This assumption is
problematic as it is very likely the factors will alter their future behaviors given
changes in the landscape or some exogenous conditions. To the contrary, the
framework of cellular automata and agent-based models allows for the temporal
dynamics to be considered as the behaviors at individual level may alter in response
to landscape changes or incorporated external variables at each simulation
time step.

The ecological and socioeconomic responses within the coupled human-
environmental systems may not be immediately observable or predictable because
the existence of time lags between the human-nature interactions and the appear-
ance of ecological and socioeconomic consequences. To address this issue, a
temporally lagged variable can usually be included in some models such as the
statistical regression models. More complex models have the flexibility to represent
time lags in land use decisions. For example, Irwin and Bockstael (2002) treat the
interactions among neighboring agents making a residential conversion decisions as
a temporally lagged process to better represent the real world decision-making
processes.
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1.4 Land Change Modeling for Global Environmental
Changes

The use and integration of models will lead to a comprehensive understanding of
the complexity of the coupled human-environmental systems (i.e., synthesis and
assessment issues). In the context of global environmental change and sustainability
science, increasing concerns are given to research on sustainability that can inform
practice and decision making in planning and management domains. The develop-
ment of the next generation of LCMs needs to take these concerns into consider-
ation towards an integrated research framework for land change and earth system
studies. In this section, we review four research articles that illustrate the progress
of coupling land change modeling with other environmental analysis and modeling
techniques for studying the interactions between land change and other components
of global environmental changes, such as climate change, hydrological processes,
soil degradation, and biodiversity loss.

Kerr et al. (2003) described an integrated process-based modeling approach that
couples ecological modeling of Carbon dynamics with economic modeling of land
use for the prediction of land use and Carbon storage. This integrated model
contains three components to simulate the interactions and feedbacks between
ecosystems and human land-use activities. The ecological model and economic
model were coupled through the land manager’s choice of land use at each time
step. The complex interactions were then realized through the exchange of individ-
ual model outputs as endogenous variables that will affect the next step of simula-
tion. For example, the ecological model provides inputs to the land use choice
model through estimates of biomass productivity. The key outputs from the inte-
grated model include both land use and Carbon stocks.

Lin et al. (2007) developed an approach for modeling the impacts of future land
use and climate changes on hydrological process through integrating the CLUE-S
model (Verburg et al. 2002) and the generalized watershed loading functions model
(Haith and Shoemaker 1987). The structure of the CLUE-S model was described
earlier in Sect. 1.2.1. The hydrological model is a combined distributed/lumped
parameter watershed model that simulates runoff, sediment, and nutrient loadings
in a watershed using variable sized source areas of different land use/cover types.
The simulated land use/cover types have different coefficient values that are used to
determine the evapotranspiration in the hydrological model. Moreover, climate
change scenarios generated from general circulation models (GCM) simulations
have also been included to examine the impacts of climate change on the hydro-
logical cycle.

Van Rompaey et al. (2002) loosely coupled land use change model with soil
erosion model to predict future soil degradation and its on-site and off-site conse-
quences. They firstly applied stochastic simulations to simulate future land changes
based on the calculated afforestation and deforestation probabilities from historical
land use maps. Then a spatially distributed soil erosion/sediment delivery model,
SEDEM, was used to quantify the effects of afforestation or deforestation on soil
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erosion and sediment delivery. Land use classes are not directly involved in
calculating the soil erosion component of SEDEM. But the probability of land
conversion and soil erosion rate are both affected by the same factor of slope
gradient. The simulated future land use patterns were used as input for the sediment
transport component in SEDEM, with a transporting capacity coefficient estimated
for each land use class.

Reidsma et al. (2006) assessed the relationship between land use intensity and
related biodiversity in agricultural landscapes. For land use simulation, an inte-
grated model was applied to quantify the area changes in agricultural land use and
the CLUE model was used for land use allocation. Biodiversity in this study was
measured using the ecosystem quality, which is expressed as the mean abundance
of species originally present in the natural ecosystems relative to their abundance in
undisturbed situations. Following the land use scenarios, the ecosystem quality of
agricultural landscapes can be calculated as conditioned by land use. Then the
impact of agricultural land use changes on overall biodiversity was assessed by
comparing the relative size of nature area and the average ecosystem quality of
natural ecosystems.

1.5 Conclusions

Land changes are processes in which human and natural systems interact over space
and time to reshape the earth’s surface. They are both causes and consequences of
global change that interacts with other components of the earth system. Land
change science has recently emerged as a fundamental component of global
environmental change and sustainability science. However, the complexity of
land systems leads to many challenges for the research communities. Among the
research components in land change science, land change modeling appears to be
promising in improving our understanding of land use and land cover change as a
coupled human-environmental system.

A wide variety of modeling approaches has been developed to simulate the
processes of land changes. This chapter has reviewed some commonly used
approaches, including statistical regression models, artificial neural networks
(ANN), Markov chain modeling, cellular automata, economic models, and agent-
based models (ABM). These different approaches are built upon various theoretical
and methodological foundations. The order of these approaches generally repre-
sents the theoretical transition of land change modeling from aggregate to individ-
ual modeling frameworks. The best model to use depends on specific applications
given their unique strengths and weaknesses.

The complexity for land change modeling is owing to their need to represent the
spatiotemporal dynamics of the coupled human-environment systems. For coupling
the factors from human and environmental systems, development of data integra-
tion techniques can help address the differences in spatial data. However, more
comprehensive understanding and representation of the integrated processes within
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the coupled system is one of the major challenges for land change modeling. To
deal with the influences of spatial dependency, multi-scale analysis is necessary to
address the Modifiable Areal Unit Problem (MAUP). Another important issue is
to model the interactions and feedbacks among multiple scales in the land change
processes. New models need to take into consideration of the multilevel processes
and to integrate alternative perspectives into the existing modeling framework. In
modeling land change processes, a temporally dynamic modeling framework is
critical to capture the necessary behavior changes during the modeling time
periods. Moreover, the factor of time lags needs to be considered to avoid biased
simulation.

The advances in land change modeling offer great opportunities to study global
environmental change in an integrated framework. The examples reviewed in this
chapter should shed light on the progress of coupling land change modeling with
other ecological modeling and analysis techniques for analyzing the interactions
between land changes and other components of global environmental change. Many
of the integrated frameworks are based on the use of simulated land use patterns or
other land use/cover derived variables as input to the ecological models. More
complex examples make use of the process-based models that integrate land change
models and ecological models through individual decision-making using outputs
from each model.
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Chapter 2
Modeling the Effects of Land Use Change
and Climate Change on Stream Flow Using
GIS and a Hydrological Model

Maochuan Hu, Bin He, Pingping Luo, Kaoru Takara, and Weili Duan

Abstract This paper reports our research effort aiming to investigate the applica-
bility of integrating a hydrological model and the Hydrological Predictions for the
Environment (HYPE) model with a geographic information system (GIS) to exam-
ine the effect of land use change and climate change on stream-flows with the Kamo
River basin (KRB) located in the central Honshu island, Japan as a case study. The
goal of this study was to provide important information for understanding water
discharge variations as a basis to guide water resource managers in environmental
change decisions in this river basin. This goal was accomplished by two steps
(i) comparing HYPE-generated hydrographs for various meteorological data from
history to present at current land use (S1 and S2); and (ii) comparing HYPE-
generated hydrographs for historical and current land use scenarios at current
climate (S3 and S4). The calibration and validation results suggest that HYPE
performs well in the case study site for daily simulations. The results of S1–S2
indicate that with the impact of climate change, the trend of annual and seasonal
stream flows at the Kamo River Basin outlet would decrease. However, there is no
evidence to indicate that the flood risk would be decreasing. The results of S3–S4
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show that the conversion of forest, glass and agriculture (FGA) into urban area
would induce high peak flows, a reduction in annual evaporation and an increase in
annual surface runoff.

Keywords Land use change • Climate change • Hydrologic modeling • HYPE •
GIS • Kamo River basin

2.1 Introduction

In the last decades, the relentless usage of fossil fuel, growth of population,
migration to urban areas and consequent global climate change, land use transition
not only induce hydrological cycle variation and increase the risk of water-related
disasters also bring challenges to the current water management and planning
efforts. Water authorities in many places have paid special attention to water
management in order to mitigate the disaster risk. Understanding hydrological
processes, especially in the context of climate change and land use change is
necessary for water resources sustainable management.

A number of studies have been conducted on the impact of climate and land
cover variations on water resources balance at catchments (Cuo et al. 2013;
Cornelissen et al. 2013; Öztürk et al. 2013; Arheimer et al. 2012; Chu et al. 2012;
Zhang et al. 2012; Delpla et al. 2009). Cuo et al. (2013) found that the upper Yellow
River Basin hydrological regimes had undergone changes over the past decades as
reflected by a decrease in wet and warm season stream flow, and annual stream flow
due to climate change and human activity. Öztürk et al. (2013) showed the water
budget was most sensitive to variations in precipitation and conversion between
forest and agricultural lands but was less sensitive to the type of forest stands in the
Bartin spring watershed, Turkey. However, hydrological responses to climate and
land-use changes are different from place to place. It is necessary to conduct a study
of hydrological variation under climate and land-use changes on the regions with
few previous studies to provide valuable information for water management.

The basin of interest in this study, Kamo River basin (KRB), is the political and
socioeconomic center of Japan in history and also a famous tourist attraction with
about 1.5 million residents nowadays. The riverbank of Kamo River is popular with
tourists and residents for many activities such as sightseeing during Sakura blooms
(cherry blossoms), fishing and walking. These activities are sensitive to stream flow
changes. To date, there has been limited research on discharge variation in this
basin. Luo et al. (2014a) took a palaeoflood simulation in KRB and found that lower
discharge and earlier peak discharge time were exhibited under historical land use.
However, to what degree water discharge has been altered under climate and land
use changes certainly merits further investigation.

Rainfall-runoff dynamics are a complex process affected by various factors:
rainfall, temperature, vegetation etc. Many methods have been used to quantify
hydrological variations to all kinds of driving factors in river basins (Swank and
Crossley 1988; Singh and Gosain 2011; Beskow et al. 2012; Dixon and Earls 2012;
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Dechmi et al. 2012; Koch et al. 2013). Swank and Crossley (1988) studied hydro-
logical responses of deforestation and forestation from an early age using compar-
ative tests method. Dixon and Earls (2012) examined the effects of land use change
on a stream flow with a hydrological model. Hao et al. (2008) reports the variations
of surface runoff under climate change and human activities in the Tarim River
Basin by trend analysis of meteorological, socioeconomic and hydrological data.
Among them, hydrological simulation is the most widely used method and model-
ling can be looked upon as an objective and repeatable method with which to
interpolate and extrapolate knowledge in time and space between observations
(Str�omqvist et al. 2012). Also, the modelled data can be widely used by water
authorities where measured data are not available for expert judgments.

This study, by applying a rigorously calibrated and validated process-based,
integrated semi-distributed hydrology model over the KRB aims to identify the
variations of stream flow at the outlet of the basin and to estimate the effects of
climate change and land use transition on stream flow changes. The ultimate goal of
this study is to provide important information for understanding water discharge
variation, and guide water resource managers in environmental change decisions in
the KRB.

2.2 Methodology

2.2.1 Study Area

The KRB is in the central part of the island of Honshu, Japan. The length of the river
is about 31 km, flowing into Katsura River. The area of the basin is 210 km2,
ranging in elevation from 25 to 882 m, with average slope angles of about 25.7�.
There is no weather station in the basin and the nearest station is Kyoto station
(shown in Fig. 2.1). The annual precipitation from 1978 to 2008 at the Kyoto station
is 1,491 mm and 84.3 % of precipitation is concentrated from March to October.
The daily temperature ranges from �3.2 to 32.8 �C and annual mean temperature
from 1978 to 2008 is about 16 �C.
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2.3 Results

2.3.1 Variations of Precipitation and Temperature

The trend analysis was carried out for the annual, flood (from March to October)
and dry (from November to next February) seasonal rainfall and mean temperature.
The annual and seasonal results were shown in Table 2.1. The annual and flood
seasonal rainfall trended to decrease and dry seasonal rainfall trended to increase
during 1979–2008. However, the trend is statistically insignificant. Whereas annual
and seasonal mean temperature increased significantly.

2.3.2 Land Use Changes

Table 2.2 exhibited the land use types of KRB in 2006 and 1927. From 1927 to
2006, the trend is forestland, grassland and farmland converted into urban areas.
The city sprawled twice larger (from 10.7 % of total area to 21.3 %). Rising rate is
almost up to 100 %. The decreased areas of forest, grassland and farmland are
4.3 km2, 5.56 km2 and 9.09 km2, respectively. However, since the proportions of
grass and agriculture field in KRB are small, there are 80.6 % of grass and 69.1 % of
agriculture field disappeared.

2.3.3 Calibration and Validation of the HYPE Model

The HYPE model was calibrated for a 3-year period from 2003 to 2005 using the
land use of 2006 and the resulting parameters were kept constant for the validation
step for a different period from 1993 to 1995. Figure 2.3 provides observed and
HYPE simulated daily stream flow at the KRB outlet for calibrated and validated
periods. Simulations during the calibration period captured the observed evolution
well for daily time scales and in general, the observed peak flow was higher than the
modelled peak flow. Deficiencies in HYPE simulations included mismatched peak
flows for some days of extreme rainfall and underestimation of base flow, which

Table 2.1 Trend analysis for
precipitation and temperature Item Period

Mann-Kendall
Z P

Precipitation Annual �0.91 N
Dry seasonal 0.61 N
Flood seasonal �1.2 N

Temperature Annual 3.35 Y
Dry seasonal 1.75 Y
Flood seasonal 3.25 Y

Z is statistics of MKT; Y means significant at the level of P … 0.05
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was most due to errors in rough soil data. There is no initial soil observed data (field
capacity, wilting point, etc.). During the calibration period, correlation coefficients
and NSE were 0.87 % and 0.72, respectively.

During the validation period, simulated daily stream flow at the outlet of the
KRB also captured the observed evolution well. Peak flow simulations improved in
comparison to the calibration period. However, base flow still was underestimated.
Correlation coefficients and NSE were 0.83 % and 0.69, respectively.

2.3.4 Climate Change Impact

Figure 2.4 displays simulated annual and seasonal evaporation and outlet stream
flow at the KRB. The figure illustrates that linear trends occurred in evaporation and

Fig. 2.4 Simulated annual and seasonal evaporation and outlet stream flows in the KRB
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stream flow. Annual and flood seasonal stream flows trended to decrease from 1979
to 2008, whereas dry seasonal stream flow had rising trends. Annual and seasonal
evaporation seemed to increase. In addition, stream flow and evaporation have
same trends as precipitation and temperature (Table 2.1 and Fig. 2.4), respectively.

Table 2.3 shows average annual precipitation, mean temperature, stream flow,
surface runoff and evaporation in two scenarios of S1 and S2. It reveals that annual
and flood seasonal rainfall and surface runoff of S2 decreased 131.1 mm and
46.2 mm respectively in comparison to S1. Evaporation rose 9.1 mm and
0.7 mm, respectively. In arid season, however, rainfall, surface runoff and evapo-
ration all increased.

In addition, the comparison of average annual maximum daily (AAMD) stream
flows and maximum daily (MD) stream flows of S1 and S2 demonstrates that
AAMD stream flow of S1 was higher, while MD stream flow of S2 was larger
(Table 2.4).

2.3.5 Land Use Change Impact

Computed daily stream flows of scenarios 3 and 4 are shown in Fig. 2.5. There are
large differences on peak flows. The peak flows of S4 are much higher than the ones
of S3. It can be concluded that the conversion of forest, glass and agriculture (FGA)
into urbanization would lead to high peak flow.

Furthermore, annual and monthly differences of surface runoff and evaporation
between S3 and S4 were estimated (shown in Figs. 2.6 and 2.7). With respect to
evaporation, the conversion of FGA into urbanization would result in a reduction of
about 35 mm, 36 mm and 31 mm for the years of 2003, 2004 and 2005. Greatest

Table 2.3 Differences of mete-hydrology between S1 and S2 in the KRB

Precipitation Temperature Surface runoff Evaporation
S1 Annual 1,519.2 15.3 361 754.3

Flood season 1,320.8 19.6 327.7 672.2
Dry season 198.4 6.5 33.4 82.1

S2 Annual 1,388.1 16.2 314.8 763.4
Flood season 1,142 20.6 261.2 672.9
Dry season 246.1 7.4 53.7 90.7

S2–S1 Annual �131.1 0.9 �46.2 9.1
Flood season �178.8 1 �66.5 0.7
Dry season 47.7 0.9 20.3 8.6

Table 2.4 Simulated daily
stream flow at the outlet of
KRB for two scenarios

Stream flow S1 S2
AAMD (m3s�1) 69.7 54.8
MD (m3s�1) 102.2 104.5
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differences were presented in summer. On the contrary, the surface runoff increased
about 39 mm, 35 mm and 23 mm for the years of 2003, 2004 and 2005 under the
conversion of FGA into urbanization.

2.4 Discussion

2.4.1 Model Uncertainty

Model uncertainties are resulted from uncertainties in input data, model dynamics
and physics and parameter values. To reduce uncertainties of the HYPE model and
examine the suitability of HYPE for impact studies in the KRB, the model was
calibrated and validated at the gauge of the basin outlet. The calibration and
validation results showed that HYPE simulations matched observations well in
various periods. Although this ensures that HYPE is applicable in this basin, it is
recognized that HYPE displayed relatively large biases in terms of base flows that
were most likely due to lack of soil hydrology data (field capacity, wilting point,
etc.). These biases, however, should not compromise our analysis results since the
analysis was based on the comparison of different simulated scenarios and was not
focused on base flow.
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Fig. 2.5 Simulated daily stream flows at KRB outlet according to S3 and S4
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2.4.2 Results Discussion

As we know, runoff has positive correlation with rainfall and negative relation with
evaporation. The simulated results of annual and flood seasonal stream flows
demonstrate the relationships. In arid season, rainfall, evaporation and surface
runoff had the same rising trends revealing that the contributions of rainfall to
runoff were larger than these of evaporation to runoff. Similar results had been
reported in some regions suffered homogeneous climate changes (Hao et al. 2008;
Zhang et al. 2012). But, there is no evidence to prove the flood risk decreasing in the
KRB since there is no decreasing trend in the MD stream flow in the two different
periods, though AAMD stream flow decreased from S1 to S2 and annual stream
flows seemed to reduce.

The results of stream flow variations under land use changes indicate that the
conversion of FGA into urban area resulted in high peak flow, a reduction in annual

Fig. 2.6 Annual and monthly evaporation of S3 and S4 in the KRB
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and S4, which are inconsistent with monthly evaporation changes. These might be
due to the rainfall density and extreme rainfall and it requires more research.

2.5 Summary and Conclusion

In this study, the influences of climate and land use changes on stream flow in the
KRB were estimated by an application of the HYPE model. The simulated stream
flow and its components were shown to vary among different scenarios of climate
and land use. Comparing the results of climate scenarios revealed that annual and
flood seasonal stream flows had a decrease trend from 1979 to 2008, whereas dry
seasonal stream flow trended to rise. However, there is no evidence to prove the
flood risk decreased. The differences of simulated outputs between land use sce-
narios exhibited the conversion of FGA into urban area induced high peak flow, a
reduction in annual evaporation and an increase in annual surface runoff. In general,
the results of this study provide important information for understanding hydrology
variation, and guide water resource managers to plan decisions associated with
water environmental change.
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Cornelissen T, Diekkrüger B, Giertz S (2013) A comparison of hydrological models for assessing
the impact of land use and climate change on discharge in a tropical catchment. J Hydrol
498:221–236

Cuo L, Zhang Y, Gao Y, Hao Z, Cairang L (2013) The impacts of climate change and land cover/
use transition on the hydrology in the upper Yellow River Basin, China. J Hydrol 502:37–52

Dechmi F, Burguete J, Skhiri A (2012) SWAT application in intensive irrigation systems: model
modification, calibration and validation. J Hydrol 470:227–238

Delpla I, Jung AV, Baures E, Clement M, Thomas O (2009) Impacts of climate change on surface
water quality in relation to drinking water production. Environ Int 35(8):1225–1233

32 M. Hu et al.

s2pirast@uwaterloo.ca







Chapter 3
Combining Different Data Sources for City
Growth Analysis and Architectural Heritage
Mapping

Karel Pavelka and Eva Matoušková

Abstract This chapter discusses our research effort on city growth documentation
and architectural heritage mapping through the combined use of maps and sketches,
declassified satellite data, aerial photographs and modern satellite imagery. For
analyzing city growth, an extended time frame is preferred. We selected the City of
Erbil in northern Iraq as a case study site due to its extensive expansion and the lack
of information documenting this process. The area of Iraqi Kurdistan has been
inhabited for at least 6,000 years and the sandy dry landscape has retained many
monuments there. The centre of Kurdistan is the rapidly growing City of Erbil.
Shortly after World War II the city had about 40,000 inhabitants, but now the
number is close to two million. This area has become the commercial, cultural,
agricultural and administrative centre of the region. The world-renowned historical
monument known as the Citadel Al-Qala is located at Erbi’s historic center. This
project has focused upon the mapping of the Al-Qala citadel using satellite images
and aerial photographs. After creating a vector-based planimetric map, we have
further produced a virtual three-dimensional model covering the valuable parts of
the Citadel with textures, along with a citadel information system. Our work has
demonstrated the utility of combining various sources of data for temporal analysis
of city growth and for heritage mapping.
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3.1 Introduction

3.1.1 Data and Techniques

Civilian satellite data have become available for more than four decades. There is a
possibility to use declassified satellite images from the US Corona system (and
other orbital systems) for city growth documentation, particularly for the period
when civilian satellite data were not available. Before civilian satellites were
launched, we relied upon only on maps and sketches. It can be helpful not only
for documenting the past of a city, but also for sustainable urban development,
especially in developing countries, where the growth of cities is at a very rapid pace
and there aren’t precise urban plans, maps or documentation. The use of historical
and on-going satellite images can partially solve this problem.

3.1.2 Land Use Change and Urbanization

Monitoring urban development generally includes the use of evolving documenta-
tion techniques for built up areas (Pavelka and Svatušková 2008). Monitoring the
artificial environment components associated with human economic activities
began in the 1970s of the twentieth century (Tayyebi et al. 2014). It has become
necessary due to an attempt to monitor particular irreversible changes of Earth’s
surface, which are mostly unsustainable. The development of contactless data
collection methods such as remote sensing and photogrammetry has made possible
for rapid, inexpensive and reproducible analyses of the area of interest. At first, the
monitoring of vegetation based on multispectral satellite data had been enforced.
Nowadays, there is more than 40 years of civilian satellite multispectral images
ready to be used. This data can be employed to analyze the change in the past.

A number of multinational projects has been conducted because environmental
problems are not bounded by state borders. For example, the Black Triangle
includes the devastated area across the boundaries of the Czech Republic, Germany
and Poland (www.gisat.cz). Other projects were focused on the vegetation moni-
toring in connection to scientific research or for agricultural purposes (e.g., MARS,
Monitoring Agriculture with Remote Sensing). Many of these projects were
supported by the CEO (The Centre for Earth Observation, Ispra, Italy).

In addition to the built environment monitoring, some general projects dealing
with the global development or the condition of Earth’s surface have been
conducted (e.g., Tayyebi and Pijanowski 2014). In the last 20 years, projects aiming
to monitor urban development with the use of geoinformation system have also
emerged (Tayyebi et al. 2013a, b). This enables better decision-making for planning
future development (Antonson et al. 2010). In particular, the airborne laser scan-
ning method is a relatively new area, offering the possibility to monitor complex
urban areas.

38 K. Pavelka and E. Matoušková
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3.2 The Study Area

3.2.1 Iraq

The area of today’s Iraq is the location where the first important civilizations
formed (Ur 2000). Due to its long history, Iraq is very rich in valuable historical
monuments. Large numbers of monuments are unfortunately in very bad condition.
An urgent need for the preservation of the most important architectural monuments
arose in connection with the post-war reconstruction of the Iraqi culture. Architec-
tural monuments were often damaged by the war and today even simple preserva-
tion is impossible. Most of the architectural monuments suffered from a lack of
interest from state authorities under Saddam Hussein’s Republic and their condi-
tion, even before the latest conflict ended, can be described as critical in most cases.
Now, after the fall of Saddam Hussein’s regime, the situation, unfortunately, isn’t
any better; many areas are affected with civil or religious unrest. Research, resto-
ration of monuments and their protection is often very dangerous and, together with
the lack of finance and experts, impossible. In the last decade, many Czech
expeditions aimed for archaeological prospection and monuments restoration
were carried out in the northern part of Iraq, in the Kurdish autonomous region.
Iraqi Kurdistan has its own regional government in Erbil, which is the largest city in
the north, after Mosul.

3.2.2 Erbil

Erbil is an ancient, originally Sumerian and Assyrian city located in the foothills of
the eastern Iraqi mountains. Historically, the centre of Erbil (ancient Urbilum,
Arbela, Arbil or Irbil) belongs to the towns with the longest settlement continuity
in the world. The city began to gain importance during the Neo-Assyrian period
(tenth to seventh centuries BC). The city was a religious centre of the cult of Istar of
Arbela (Porter 2004) and a royal residence of King Assurbanipal (669–627 BC).
Nearby was also a legendary battle in which Alexander the Great defeated the
Persians and opened the way to Babylon; the headquarters of Persian King Dareios
was directly in Erbil (the Battle of Arbela or Gaugamela, 331 BC).

Erbil (also written as Arbil or Irbil and known as Hewler) is the capital city of the
Erbil (Kurdish Hewler) province and is located in the northeastern part of Iraq,
77 km east of Mosul. Thanks to its location, it is the big Kurdish commercial,
cultural, agricultural and administrative centre of the region, with a main railway
station and the intersection of roads leading to Turkey, Syria and Iran. Erbil is the
fourth largest city in Iraq after Baghdad, Basra and Mosul. In the historic centre of
Erbil, there are two world-renowned historical monuments: the minaret Choli and
the Al-Qala Citadel (Morris 1979) The Al-Qala Citadel in Erbil is one of the oldest
continuously inhabited urban settlements in the world. According to ICOMOS data,
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owner, the thickness of wall is around 36 cm. The minaret lost its upper part a long
time ago. Since then, it has been opened for weathering and particularly for
rainwater leakage. A large extent of precious historic fragments of renderings and
embossments were identified on the lower part of the object. A particularly large-
scale discovery of stucco decoration was found in niches of the tower. All frag-
ments of stucco decorations were seriously affected by weathering and mechanical
damage. The Choli minaret was in detail documented using photogrammetry and
other geodetic methods (Pavelka et al. 2007; Králová 2008) and after this was
successfully restored by the Czech firm GemaArt (Justa 2005).

Other expeditions were focused on the northern part of Kurdistan, Dalal Bridge
in Zakho (Pavelka 2009) and on archaeological research in Amadı́ja or on lost cities
on the Turkish border (Nováček and Sůvová 2011).

3.3 Methods

3.3.1 Data Sources

Many sites have been irretrievably destroyed due to the Erbil growth and a proper
study of the historical information may revive it again. There are old sketches,
maps, aerial and satellite images for this purpose (Ioannides et al. 2012).

3.3.1.1 Old Maps and Sketches

Only very few of older maps and sketches were available. Processing of these old
materials are difficult, although they have mostly historical values (Fig. 3.1a). Some
information is of course important for our aim.

3.3.1.2 Aerial and Terrestrial Photographs

In Iraq, there are no modern photogrammetric aerial photographs at disposal. A few
interesting old photos have been preserved, like photo in Fig.3.1b – it shows the
original south gate, which was destroyed during Saddam Husain’s regime and a
bridge over a deep wadi that no longer exists today (Verhoeven et al. 2012). On
Fig. 3.2a the best-preserved aerial photo with a lot of details is shown; aerial camera
parameters are unknown (Wilson 2000). This photo is one from the only preserved
stereo-pairs, taken during the Royal Air Force mission in January 1951. This stereo-
pair is archived in the John Bradford papers in the Pitt Rivers Museum, University
of Oxford, no.1998.296.67 and 68. A collection of oblique aerial images gives some
added details. As example oblique’s aerial images from 1973 (Fig.3.2b) and from
1933 (Fig. 3.3) have been found (Wilkinson 2008).
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3.3.1.3 Military Satellite Images

Although civilian satellite data became available since early 1970s, better data in
terms of image resolution from some improved sensors, such as Landsat Thematic
Mapper (TM) and SPOT High Resolution Visible (HRV), have become available
for a much shorter period of time. These data may not be sufficient for some studies
that need to look backwards for a long period, such as urban growth since the World
War II. Given these limitations, the declassified satellite images from 1960s to
1970s can provide a very good information source to look into the past. For areas
where there are no other historical image data, it is important to include geo-data
sources. Note that military satellite data with 1–3 m spatial resolution acquired in
1960s are at our disposal. Since later 1990s, satellite images with 1 m resolution

Fig. 3.1 (a) (left) – a map of Erbil (1944); (b) (right) – South gate of the Al-Qala citadel in Erbil
on a photo taken in 1918 by an unknown author

Fig. 3.2 (a) (left) – an aerial photo of Bradford (1951); (b) (right) – an oblique aerial photo of the
Al-Qala Citadel; major changes can be seen on this photo (destruction of the central part of Citadel
and main entry; 1973)
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3.3.1.4 Scientific Satellites

A new type of satellite data for non-military use became available after 1972
(Landsat 1, spatial resolution 80 m) but a spatial resolution of approximately 1 m
was achieved at the end of the 21st century. However, Landsat images do not
provide sufficient spatial resolution for detailed mapping and monitoring. The new
generation of commercial satellites such as IKONOS, QuickBird, WorldView or
GeoEye provides images with excellent quality and sufficient resolution for
detailed mapping of small cities. In this study, satellite images were used for the
Citadel base plain map creation. The processed image was geometrically rectified
with 16 ground control points and converted into a vector map using single
photogrammetrical method. Landsat 7 (2000-06-19), IKONOS (2005-05-12) and
QuickBird (2005-08-23) data were used (Pavelka and Svatušková 2008).

Fig. 3.4 (a) (left) – Corona satellite system (KH-4B); 16.8.1968; (b) (right) – details of the citadel
– geometrical resolution approximately 3 m; very good quality (Source: USGS)

Fig. 3.5 Erbil on declassified satellite images (Source: USGS). (a) (left) – 1973-12-23; (b)
(middle) – 1975-06-16; (c) (right) – 1980-07-07
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3.3.2 Methods Used for Documenting City Growth

At the beginning of the analysis digital editing of aerial and satellite images
(Geomatica, PhotoShop software) and image data transformation using the Topol
software was conducted. Automatic classification may not be suitable for black and
white aerial or satellite images, and this is especially true when a poor quality image
is employed. Based on the extension of textural signatures the classification has
been improved, but this technology seems not to be able to provide a fine classifi-
cation. A primary visual interpretation using the Topol software was done. It runs in
two steps – vectorisation and interpretation. Homogenous areas were manually
vectorised. For the interpretation a simplified and modified classification key from
the Corine Land Cover was elected. In this case it is primarily a demonstration of
research possibilities of urban growth (Muhmmad 2004).

The method of single-image photogrammetry with collinear transformation was
used (Pavelka 2001). When more than four control points were found and
implemented, the adjustment at individual point deviations from the ideal state
was found. Achieved deviations varied between 15 and 20 m on the ground control
points for the declassified satellite images from a relatively flat area (theoretical
geometrical resolution depends on the quality and satellite system; it can be 10 m or
better for high quality and resolution images). Better results cannot be achieved
without image orthogonalization. Due to the character of this project the absolute
accuracy is not the main factor. The main objective was to evaluate the content of
images on a case project that demonstrates the potential of this technology.

The main challenge was the image quality, which varies greatly. Images from
the 1970s have been worse from a radiometric point of view even after digital
image processing. In terms of evaluating the condition and type of vegetation
unambiguously these images are not suitable for such work because panchro-
matic range does not give a good alternative to separate classes using classifica-
tion and the number of classes is very hard to recognize. Either additional
information about the landscape (e.g. archive maps) or multispectral images
should be used. Unfortunately these images are not available for older data.
The classification of high quality black and white aerial photographs into core
classes (various types of built-up areas, roads, fields, low vegetation outside the
agricultural fields, forests of different ages, isolated trees, water) achieved an
accuracy of 86–93 % class depended. Experiments were made using recognition
software based on object-oriented classification with help of newly calculated
channels (Halounová 2004a, b, c).

Theoretically, it would be logical to start from the oldest images and to expand
the vector database to rectify based on visible changes. The procedure was neces-
sary to reverse because the latest images are of the best quality. There is a sufficient
amount of additional material and the possibility of multispectral images for the
new images. It is also possible to assume that the character of some essential parts
hasn’t changed fundamentally. The final task was to choose a suitable interpretive
key from the Corine Land Cover.
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Content of the photographs were interpreted as closed polygons which formed
each area. Those were assigned an attribute that categorized all areas as a type of
code. As in the Corine project the smallest interpreted elements of about 1 ha or
linear elements with a width of 20 m were defined (it is necessary to set a
generalization limit at this stage). The resulting classification images were not
possible to overlay and thus created exact differences between individual years.
The problem was the different size of the scanned area. For example, in 1951 an
image of the city centre without the outside city parts was the only one available,
whereas from the earlier period there were only sketches without the wider neigh-
borhood. Interpreted elements analysis was performed approximately in the area
around the city for the elements that clearly belonged to the urban areas (parks,
buildings, etc.), i.e. not losses of arable land. A full analysis would require cropping
all the interpretations made by the smallest of them and find out a comprehensive
acreage for each of the included classification classes. Given the purpose of
demonstration analysis selected classes for the entire area of the city were
performed.

3.3.3 Creating a Base Map of the Al-Qala Citadel

The Citadel is spread out over more than 10 ha of land (300–350 m in diameter). It
is a classic case of adapted hillock – “tell”. The height of hillock averages to about
30 m around flat surroundings. No maps or plans of Citadel were at our disposal –
only a copy of a cadastral plan from 1920 was available. Complex documentation of
this object during a short expedition was not possible. For this reason, the terrestrial
photogrammetry and satellite images were used.

In 2007, the vector plan of the Citadel was created based on aerial photos and
satellite data (supplemented and improved in 2010). On the other hand we have
processed photogrammetrical images into a virtual 3D model of the Citadel forti-
fication and the valuable objects inside (a big part inside was damaged and the
inhabitancies are provisory – slum). The last part of this project was the creation of
an information system for the Citadel, which can be used for all information
storage.

In the research and preservation of cultural heritage in Erbil, it is necessary to
take consideration of the rapid development and lack of documentation of things
such as maps and especially the older city status. As was mentioned above, the city,
after World War II, had about 40,000 residents while today the population is more
than 1.5 million. These information have been notified us by the governorate of the
city of Erbil in 2010 and also by consultation on local cultural heritage authorities.
About the postwar Erbil population other publications are written (Justa and
Houska 2006; Muhmmad 2004).

After the war in Iraq and the emergence of the Kurdish autonomous region,
experienced a markedly accelerated development mainly due to capital inflows
from abroad has been achieved. This enormous city growth brings many negatives.
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A number of historically valuable sites have been destroyed through quick con-
struction. The majority of finances is intended for economic activity. Planned,
responsive and sustainable development of the city is very problematic and hints
inter alia on lack of information about the state of the city (actual maps and plans).

3.3.3.1 Photogrammetry

A calibrated digital reflex camera (Canon 20D) with 8 MPix resolution was used for
the photogrammetric survey. A wide-range 22 mm lens was employed for terrestrial
images and a 17 mm lens was used for aerial photographs. Terrestrial images were
taken during several days in different times of the day to avoid the influence of sun
and shadows. Approximately 1,000 terrestrial photographs of the Citadel’s fortifi-
cation and interior were acquired. Of course, not all photographs were processed
using intersection photogrammetry.

Terrestrial images taken from peripheral communication were not sufficient for
3D model creation, so aerial images had to be acquired. Considering the fact that
Iraq is a no-flight zone, it was very hard to perform aerial imaging. Historical
photographs do not exist or are not available, so finally a short flight by an
American army helicopter was arranged. During this flight more than 80 photo-
graphs of the Citadel’s fortifications were taken and then used for intersection
photogrammetry. Unfortunately no perpendicular images of the interior were
acquired, so QuickBird satellite images were used for basic photo plan and vector
plan of the Citadel.

In the case of the new mapping of the Al-Qala Citadel, the intersection photo-
grammetry was used as a base photogrammetric method for the creation of the 3D
model. It means that about 150 terrestrial and 80 aerial images (see Figs. 3.6 and 3.7)
around the Citadel were selected. Only a part (images with good intersecting axis)
from this set was processed in Photomodeler software to the 3D model. Only good
visible outside facades and big houses inside were processed in real 3D. Next, parts
of the Citadel were constructed from a plain vector map (H€ohle 2013).

3.3.3.2 Satellite Images

Unfortunately, no perpendicular images of the interior were acquired during the
helicopter flight, so QuickBird satellite images were used for the basic photo plan
and vector plan of the Citadel (see Fig. 3.8). Histogram adjustments, filtration
methods and resampling to 25 cm pixel size were performed on the satellite image.

3.3.3.3 Geodetic Survey

The interior of the citadel is a set of temporary shelters and building ruins that are
connected by winding aisles no more than 1–2 m wide. The axis of the Citadel is a
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main street with width from 5 to 10 m. The only bigger buildings are palace-like
and located on the right side of Citadel’s new main entrance. Roofs of these
buildings were used as survey stations and as ground control points for aerial
imaging. A total of 16 survey stations and 600 detailed survey points were
measured.

On selected points, a GPS survey was conducted in order to transform the data
into geographic coordinates. A Trimble 5,000 total station with self-reflective laser
and GPS Trimble instruments were used for measurements. A geodetic point field
had been calculated and adjusted with a standard error of position mxy … 20,32 mm,
with an average standard error of adjusted elevation mh … 15,05 mm. These results
are sufficient for photogrammetric work and for following geodetic survey inside
the Citadel.

3.3.3.4 Data Evaluation and 3D Model Creation

The evaluation of available data and 3D model creation was performed using
intersection photogrammetry methods. Stereoscopy methods could not be used
due to the absence of perpendicular stereo pairs of the Citadel’s interior. Intersec-
tion photogrammetry is more time consuming than stereo photogrammetry because
it is necessary to find a single point on two or more oriented images and to ascertain
its image coordinates. When dealing with a smaller amount of detailed points and a
lower complexity of the objects as in the case of the Citadel’s building facades, this
work can be done with no difficulties. The only problem was the large number of
photographs, so high-performance computer technology had to be used. Before
final processing, photographs had to be categorized and only the best ones were

Fig. 3.8 Creating of a virtual model – texturing
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base for detailed point processing. The result is a line 3D model of the fortification.
The final point accuracy when using 53 photographs varies from several centime-
ters’ to 0.5 m depending on point position. Lower accuracy occurs on interior points
and on points with a mall beam intersection angle.

3.3.3.5 Vector Plan Creation

The survey of the entire Citadel interior by classical geodetic measurements is
hardly achievable. Part of it had been surveyed from building roofs; other parts
were processed from satellite images. No convenient images for vector plan
creation were acquired from the army helicopter flight due to its high speed (combat
type helicopter) and low flight height. Even if the flight height had been sufficient
many details were distorted or hidden. Due to this fact, an archived QuickBird
image with four multispectral channels (R, G, B, NIR) and one panchromatic
channel had been used. The resolution was 2.4 m in multispectral and 0.65 m in
panchromatic channel and the image was acquired on 2005-08-23. Pan sharpening
together with filtration methods and resampling to 25 cm pixel size had been
performed. The scene quality was excellent and together with geodetic survey
and PhotoModeller results these data were used for basic plan of the Citadel (see
Fig. 3.10).

The next necessary step was to transform the satellite data to geodetic coordi-
nates using ground control points measured by geodetical survey. Polynomial high-
level transformation based on number of ground control points was performed. Due
to problems with PhotoModeler data transformation, affine transformation had been
used for different type data merging. The deviations vary between 10 and 30 cm,
which are sufficient when the resolution of satellite image is taken into account.

Fig. 3.10 (a) Scheme of control points and measured data: black (Photomodeler), green (total
station), red (control and geodetic points), black lines (vectorisation of satellite image, 8/2007),
red lines (electric line); (b) vector processing of the Al Qala Citadel
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3.3.4 Citadel Information System

A virtual model of the citadel was created based on image data processing (Meyer
et al. 2007). Terrestrial, aerial and satellite data has been used. All 3D constructions
were created in Photomodeler software and supplemented and edited in AutoCAD
with original textures (see Fig. 3.11). After processing, the model was transferred
using an interchanging format to a newly established virtual information system
(.dxf to .wrl). The base map of the Al Qala Citadel was made from a QuickBird
satellite image which was digitally enhanced.

The information system was also partially developed in Aalborg University,
Denmark during an Erasmus internship (H€ohle 2013; Králová 2008). It consists of a
3D model of the citadel in Erbil based on the photogrammetric and satellite remote
sensing surveying, database of the citadel, according the demands of the archaeol-
ogists. It consists of more detailed data about the monument and user interface,
which is necessary for comfortable work with graphical data and database content.
It is built up separately in various programming languages like HTML (Hypertext
Markup Language), PHP (PHP Hypertext Pre-processor), SQL (Structure Query
Language), VRML (Virtual Reality Modeling Language), JavaScript and CSS
(Cascading Style Sheets). The emphasis is placed on open source software solutions
(Králová 2008). Final output is in wrl format, which can be investigated using open
source browsers like Cortona or BS Contact. The part of this system is accessible on
http://lfgm.fsv.cvut.cz/citadel/.

Fig. 3.11 A virtual model of the citadel created from a QuickBird imagery
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3.4 Results

3.4.1 Processing of the Image Time Series for Erbil

In this project, old sketches, historical (declassified) satellite data and new satellite
data were used. The aim of the project was to demonstrate the usefulness of
combining historical data for city growth documentation. The biggest develop-
ments of the city were recorded between 1950 and 1960 and after 2000.

Only a simple classification scheme similar to the one used for the Corine land
cover was used. With the use of satellite images, land uses are manually classified
into four classes: urban areas (red); parks (green); cemetery (yellow); and streets,
railways and airport (blue). The train station and airport are new dominants after
1980. For better classification, complementary data are needed. Although it is a
simple classification, it is a very well documentable enormous city growth and
outlines the directions of construction expansion. This can help in land use planning
and sustainable city development. The next pictures (Fig. 3.11) show the intensive
city growth of Erbil based on old plans or sketches and later on from satellite
images from the range of 1944–2012 is shown.

3.4.2 Creating a Base Map of Al-Qala Citadel

The second part of the project was to map Erbil’s historical centre (Al-Qala citadel).
The whole Citadel has never been documented with modern methods before. A
satellite image from the QuickBird satellite was used for the ground plan of the
Citadel (date of image acquisition: 2005-08-23). The satellite image was processed
by using Geomatica 10.0, ENVI Classic (pan-sharpening) and Adobe Photoshop
7.0. As mentioned above, the image sharpening, filtration and interpolating to
25 cm pixel were used for image quality improvements. The outputs of this
procedure are encouraging and enable the next step to process with better quality.
A provisory geodetic network in the Citadel area was built and over 600 object
points were geodetically measured. Next, 16 control points were signalized and
measured for aerial imaging, mainly on the roofs. The Photomodeler software was
used for all photogrammetric image processing (Pavelka and Bı́lá 2013). Finally the
33 aerial images and 19 terrestrial images were adjusted to the base model. The
mathematically least square adjustment and absolute transformation utilizing the
control points were sufficiently accurate: the mean co-ordinate’s error of control
points was approximately 15 cm (mean position error 20 cm). In the 3D model
about 1,000 object points were measured and calculated. A comparison of
geodetically measured and Photomodeler calculated object points were made; a
small systematical and scale error had been found (the model from Photomodeler
was a little bit bigger and moved to south; the typical differences were approxi-
mately 15–30 cm in comparison to geodetic measurement by total station). These
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displacements were solved by affine transformation into the geodetical measure-
ments. Finally, we had geodetically measured object points, points from
Photomodeler processing, measured control points and a transformed satellite
photo plan (as an under layer photo plan). These data were then used for processing
to the base vector plan (see Fig. 3.10).

3.4.3 Citadel in Erbil Information System

After creating a virtual model (see Sect. 3.4), an information system according to
the given specifications was created. It consists of a photorealistic, virtual reality 3D
model of the monument, a database, and a web-based user interface. Objects of the
model have built-in interactive elements that allow the bi-directional connection
between the model and the database. The database stores detailed data of interest to
the archaeologists (Ardissone et al. 2013). The user interface enables comfortable
work with both the graphical data and the database content. The system allows
remote access and management of the data in the Internet environment. There are
different access rights for system administrators, specialists, and general (anony-
mous) users. The emphasis is placed on open source software usage.

All outputs were stored as a model of the Citadel. For valuable parts, an
interactive information system was created, in which archaeological, architectural,
building structural, restoration and next information are stored. Our citadel infor-
mation system contains:

• Photo-realistic VR 3D model of the monument, database, web-based user
interface;

• User-friendly interface, different access rights, remote access;
• Interactive elements, bi-directional connection between model and database;

and
• Necessary – ordinary web browser with Java Script and cookies for working

with the database, for viewing the three model, one of several freeware plugins is
needed.

3.5 Discussion

Knowledge of behavior trends of techno-economic systems and processes is nec-
essary for their further development prediction. Economic phenomena lead to
fluctuations in the uniform development. To understand the behavior mechanisms
of the area development and their long-term activity, it is necessary to analyze the
previous development.

It appears that with some exceptions the development of the area in time series
can be made using a relatively simple method based on interpreting aerial and
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same time, it has supported the theory of Shortis et al. (2006) that digital cameras
equipped with zoom lenses may be used in photogrammetry practice with the
exception of projects with high precision demands.

For the Al-Qala citadel, there are distinctive benefits:

• A combination of different imagery types for a historic monument modeling;
• A visualization of the model with photo textures using precise methods;
• Model precision analysis;
• Information system creation consisting of a 3D model and a database;
• Information system establishment designed for archaeological data storing and

managing, promotion of the monument;
• The first documentation of the Citadel, though it is an important historical

monument that was placed on the UNESCO list of endangered historic sites;
• The project can serve as an example of documentation obtained in hard condi-

tions in a developing country. It may show a possibility of development of a
commonly usable technology for creating such systems of historical object
documentation;

• The project fulfilled the requirements of precision – a point error of 0.5 m
(standard deviation). Points in the PhotoModeler project have standard deviation
of 14 cm (internal project precision). Taking into account the data from geodet-
ical surveying, the estimated accuracy of point measurement is 45 cm; and

• A way to orient an irregular set of oblique aerial and terrestrial images together
with a satellite image was found. To solve such a large project meant to find a
solution for a system of equations with thousands of unknowns. Suitable soft-
ware, such as PhotoModeler, was chosen and special sequences of operations
were kept.

3.6 Conclusions

The use of satellite or aerial images provides a low-cost, non-contact and complex
overview for city planners and managers from comprehensive areas. This chapter
discusses the combined use of maps and sketches, declassified satellite data and
new satellite data for city growth documentation. As a case project, the city of Erbil,
Iraq was selected. This is an example of the mapping of urban dynamics based on
land cover/land use analysis. It can be helpful not only for the documentation of
Erbil in the past, but also for sustainable city development, especially in developing
countries, where the growth of cities is very rapid and there aren’t precise urban
plans, maps or documentation. The processing of historical and on-going satellite
images can partially solve this problem. The presented project is focused on city
growth monitoring based on the processing of historical sketches, old aerial images,
military declassified satellite images and new satellite images. In many countries,
there are no historical data for long-term area development monitoring at our
disposal. For this reason, declassified military satellite images give us the
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possibility to preview the past in the same way old maps or sketches would have.
The development of many cities and regions in recent years is almost uncontrolla-
ble and historical information is often absent. It was shown that it is possible to join
different image data sources. From image time series it is possible extract historical
information about cities. In this case project, the final classification based on land
use technology is very simple, because we did not have any additional information
at our disposal (but they do exist).

The second part deals with the mapping of Erbil’s city centre. A new vector map
of Al-Qala Citadel was created based on satellite images. Next, an accurate,
dynamic, and photorealistic virtual model of the citadel was made. The 3D model
of the citadel is based on photogrammetric surveying and vector mapping such as
on advanced virtual presentation technology.

Acknowledgement This project was supported with a grant from the Ministry of Education,
Youth and Sports (# MSM6840770040), Czech Republic.
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Chapter 4
Long-Term Change Dynamics Using Landsat
Archive for the Region of Waterloo
in Ontario, Canada

Anqi Fu, Jonathan Li, and Saied Pirasteh

Abstract Urban land use and land cover classification have always been crucial
due to the ability and to link many elements of human and physical environments.
Timely, accurate, and detailed knowledge of the urban land cover information
derived from remote sensing data is increasingly required among a wide variety
of communities. This chapter presents a surge of interest that has predominately
driven from the recent innovations in data, theories in urban remote sensing, and
technologies. The Region of Waterloo was chosen for land use and land cover
classification by applying remote sensing techniques to satellite images from 1984
to 2013.

4.1 Introduction

To date, the entire world is continuously experiencing rapid urbanization (Ridd and
Hipple 2006). Urban growth is mainly caused by population growth, economic
growth, environmental condition, availability of technologies and frequent human
activities such as industrialization and migration from rural to urban area and
resettlement (Bhatta 2010; Ridd and Hipple 2006). It is obvious that the aforemen-
tioned will inevitably lead to land use changes and landscape pattern alteration at
local and regional scale (Yin et al. 2011; Tan et al. 2009; Deng et al. 2009;
Sundarakumar et al. 2012). Those changes include losses of agriculture fields,
water bodies, forest and other vegetated green spaces and non-vegetated fields
(Yang 2002; Sexton et al. 2013a, b; Sundarakumar et al. 2012; Yin et al. 2011).
Disturbance of natural environment by urban growth can bring various urban
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the limitations and uncertainties of the change dynamics analysis method will be
discussed. In addition, some recommendations will be considered for future studies.

4.2 Satellite Data and Change Detection Methods

4.2.1 Satellite Data for Monitoring LULC Change

The objects on the earth surface and sometimes subsurface can be interpreted from
remotely sensed data such as Landsat ETM+, Quick Bird etc. The various tech-
niques can be applied to extract the information from the satellite images. Basically,
objects are interpreted based on their reflected or emitted electromagnetic radiation
(Patino and Duque 2013; Jensen 2005). Thus land use and land cover, urban
morphology, vegetation distribution, and some other biophysical information can
be extracted for planners and environmental scientists to analyze the environment
disturbance (Patino and Duque 2013). Since the late 1950s, aerial images have been
used for LULC change analyses. However, with the launch of several earth-orbiting
satellites, the focus of studies has shifted from using aerial images to satellite-based
images because of their lower costs, wider area coverage, and frequent image
updates (Patino and Duque 2013). Since the earliest satellite Landsat 1 with Mul-
tispectral Scanner (MSS) was launched in 1972, many satellites with various
sensors in different spectral, spatial and temporal resolutions were launched in
the past four decades (Patino and Duque 2013; Jensen 2005). Patino and Duque
(2013) reviewed that Earth-orbiting satellite sensors such as Landsat 5 Thematic
Mapper (TM), Landsat 7 Enhanced Thematic Mapper Plus (ETM+), SPOT 1–5,
QuickBird, IKONOS, NASA Terra Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) and Indian Remote Sensing (IRS-1C) are the most
often used earth observation (EO) systems in LULC change detection studies. They
also stated that the moderate spatial resolution images are appropriate for detecting
LULC change. It is because historical images can be used dating back to 1970s. To
illustrate the lengths of the archives of listed remote sensing systems, a time scale
figure, showed in Fig. 4.1 was generated by Patino and Duque (2013).

A long-term record of global landscape information has been acquired since the
first Landsat satellite launched in 1972 (USGS 2013a, b, c, d, e, f). Landsat project
is the oldest satellite project in the United States for land-surface observation
(Jensen 2007). Landsat Project which was initiated by National Aeronautics and
Space Administration (NASA) and USGS has launched eight satellites to collect
data from the earth surface. This provides the resources for people who manage
regional development, manage natural resources, and those who do research in
various environmental fields throughout the United States and worldwide (USGS
2013a, b, c, d, e, f). Based on Landsat Project Statistics on USGS website (2013) the
most primary use of Landsat data is detecting LULC change. To consider estab-
lishment of routinely gather earth resource information from space, the Landsat
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significant spatial change of LULC types can be obtained; and confusion matrix
showing very detailed statistical “from-to” information of each class can be
generated.

4.4 Change Detection Analysis

4.4.1 Multi-temporal Change Detection Analysis

To detect relatively more detailed change processes over the 30-year time period
than bi-temporal approach, multi-temporal change detection has been conducted
with 6-year interval. The classification maps extracted from the satellite images of
the years 1984, 1990, 1996, 2002, 2008, and 2013 have been used for analysis
(Fig. 4.6). Overall accuracy of each classification map is shown in Table 4.4. All
classification maps have shown a high overall accuracy. The growth process of
built-up area are detected roughly by visual interpretation of the maps. It is obvious
that both low-density built-up area and high-density built-up area expand outward
in general. Low-density area grows surrounding the existing built-up area in
Waterloo and Kitchener region, while it grows eastward and southward in Cam-
bridge. As for high-density built-up area, a significant growth has been occurred in
the following areas: (a) north of waterloo, (b) south of Kitchener, and (c) middle of
Cambridge. Another emergence of high-density industrial area is detected near the
boundary of Kitchener and Cambridge with rapid growth. In addition to outward
growth, high-density built-up area also has inward growth pattern which increases

Fig. 4.6 Classification maps of (a) 1984, (b) 1990, (c) 1996, (d) 2002, (e) 2008, and (f) 2013
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4.4.2 Change Dynamics Analysis

In terms of coarsely multi-temporal change detection method, intermediate LULC
classification maps have been generated with given time interval and are used and
analyzed to reveal the change processes during the time period. However, to detect
more complex dynamics of LULC changes, all classification maps need to be
involved to accomplish time-serial analysis. A trajectory of change process of
each class is clearly illustrated in Fig. 4.8. It shows a dynamic change of each
class too.

Obviously, urban built-up area experiences growth over the 30 years in general.
However, based on the statistics recorded in Table 4.6, the overall trend of built-up
area has been increased, but the process is torturous. The area increases in 1 year,
but falls back slightly in next year and increases again in later years. For example,
according to the table total percentage of built-up area is 48.3 % in 2002, but the
value decreases to 47.9 % in 2003 and rebounds to 51.3 % in 2005. The situation of
vegetated area is similar as built-up area that the coverage decreases over the period
but experiences fluctuation. As for forest land and barren land, they have erratic
change throughout the years, while water cover keeps relatively stable values
around 2 %. Based on the observation of built-up area over the entire time span,
the Region of Waterloo has experienced relatively accelerating urbanization pro-
cess in 1990s and in early 2000s.

Area net change
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Fig. 4.7 Normalized net change in municipality area by time period for each LULC class
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4.5 Discussion

With the free access to Landsat archive data, LULC change dynamics can be
completely explored by extracting LULC information from the temporally dense
and extensive time-serial classification maps. Complexities of LULC change of
urban systems of the Region of Waterloo have been successfully detected. One
major finding has been obtained from the time-serial trajectory analysis and it
shows that LULC change processes of urban area of the Region of Waterloo are
very complex, not simply increasing or decreasing all the way. Taking built-up area
as an example, it experienced dramatic growth over the time period, but the
coverage still had irregular fluctuation up and down during the process. Water
and forest which were not supposed to change too much, also experienced observ-
able fluctuation during this time period.

Apart from the real change, those fluctuations might be resulted from other two
aspects. One is the classification error which cannot be completely eliminated
because of the medium spatial resolution of Landsat data and atmospheric noise.
The other one might be the phenological effects that influence the classification
results. Under this circumstance, the use of long-term dense datasets reveals its
superiority of reducing the impacts caused by those factors. Time-series trajectory
analysis detects the long-term change of complex ecosystems in a macroscopic
view and reducing reliance on one single classification map. For example, it can be
detected that there was an acceleration of growth of urban built-up area of the
Region of Waterloo in 1990s and deceleration in late 2000s. Such valuable infor-
mation of change complexities are required by environmental researchers and
decision makers. However, it cannot be detected by bi-temporal method or coarsely
multi-temporal method.

4.6 Limitations and Uncertainties

Based on the case study of the Region of Waterloo there are some limitations and
uncertainties of performing change dynamics analysis. From the data perspective,
in order to detect long-term dynamic change of urban area the remote sensing data
are required for sufficiently dense and extensive in time. With long-term record and
free open policy Landsat archive data is the best choice for this study. However,
Landsat data with medium spatial resolution ( 30 m) cannot detect every subtle
object on land surface. Therefore, classification errors should be counted in a study
since it cannot be eliminated. In addition, in this study a classification was
performed on each Landsat image taken from 1984 to 2013 except for 1988,
2004, and 2012. Training samples were selected for each year. In this way, the
quality of classification maps can be guaranteed because the training samples are
sufficient. However, for high dense dataset selecting training samples for each year
was a huge task in this study. The work might become more burdensome when the
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study area is large. Additionally, it is hard to control all sets of training samples with
the same quality. Therefore, effective image normalization methods should be
developed to let training sample selection process much easier. During classifica-
tion process parameters determination of using SVM is critical for obtaining the
best result. Also, it is difficult to determine which combination of the parameter
setting is the most superior.

4.7 Recommendations

Based on both the superiorities and limitations of this study, some potential future
studies are proposed here. With the global coverage of Landsat data, the time-serial
change detection method can also be applied to other cities or metropolitan areas or
even global scale to detect the LULC dynamic change. As for urban area analysis
by using remote sensing data, an effort can be given into improving the urban area
classification result. Since machine learning classifiers can deal with high dimen-
sional dataset, various input features can be integrated together to investigate their
effectiveness of improving the classification result. Moreover, the time-serial
remote sensing data, GIS data and socio-economic data can be also incorporated
to generated more accurate urban growth model. Furthermore, the accessibility of
long-term Landsat record also makes it possible to detect time-serial dynamic
change of different land cover types, such as dynamic change of forest cover,
glacier, watershed and coastline.

4.8 Summary

This chapter gives an introduction of long-term change detection from a different
perspective. By using long-term high-dense Landsat dataset, specific detailed LULC
change dynamics can be extracted based on per-image classification. Compared to
coarsely multi-temporal change detection, long-term trajectory of LULC dynamic
change can provide higher-order complexities of LULC change. Information, such as
acceleration and deceleration can be analyzed. The detailed long-term change pro-
cesses are very valuable information for planners and governments to understand the
causes and consequences of LULC change to make more appropriate and effective
regulations and policies for better planning and environmental management.
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Chapter 5
Influence of Political Regime Change to Land
Use Development in Urban Areas
in the Czech Republic

Lena Halounová and Vladimı́r Holubec

Abstract This chapter focuses on the development of some selected cities in the
Czech Republic during the last 40 years. This time period has two halves. The first
one is before 1990 when the country was part of Czechoslovakia, one of the
communist countries; the second period covers a democratic regime after 1990.
Land use development of dozens of cities was analyzed on the base of basic land
use classes. These classes allow in an objective way to compare all the cities. The
development is shown through values of 14 attributes for cities grouped into
3 categories – big, medium and small cities. Spatial values show land use devel-
opment as total areas of land use classes and as ratios of the number of inhabitants
and land use areas. All the values are also related to road traffic intensity, as one of
the most important indicators of the development of society in the last 40 years.
Time development of the values of the indicators, multiple linear regression and
correlation for both periods were used to show their dependency on road traffic
intensity. The main conclusion from this analysis is that the political change
followed by economical change had a strong impact on some of the land use
class changes and road traffic intensity.

Keywords Land use • GIS • Multiple linear regression • Road traffic intensity •
Correlation coefficient

5.1 Introduction

Stimulating the development of human society is based on production, the
exchange and consumption of goods and other products of human activity. Trans-
port routes substantially influence the dynamics in an increase of production and
exchange. The main carrier of these economic relations is road transport; which has
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affect transport. He uses 12 factors as a location of development relative to the
regional urban centre, which reduces vehicle mileage per capita. The higher number
of people or jobs per unit areas reduces vehicle ownership, etc. He mentions that the
actual impacts will vary depending on the specific conditions and combinations of
applied factors. Similar argumentation about the relation between transportation
and land use can be found in (Jacobson 2003) who states that land use type
distribution and transportation systems are interdependent. The affects of various
land use characteristics on travel activity were analyzed in many other publications
(e.g. Barla et al. 2011; Ewing and Cervero 2010; Kuzmyak et al. 2006; Ristimäki
and Kalenoja 2011).

The relation between transport and land use has an impact on business analysis,
especially access management. Banister (2011a) and Banister et al. (2011)
emphasize that transportation infrastructure is one of the crucial phenomena of
economic development, which is a typical feature that changed in two different
political regimes in the Czech Republic. The increasing trend of road traffic is
unsustainable (Banister 2011b) causing high energy consumption. He suggests
reducing energy consumption based on a change of travel habits taking in to
account to land use and its planning.

Some other authors focus on this topic from the point of view of commuting. Ma
and Banister (2007) deal with commuting and its efficiency linked to the urban
form. They take into account excess commuting (additional journey�to�work travel
represented by the difference between the actual average commute and the smallest
possible average commute, given the spatial configuration of workplaces and
residential sites). Another type of analysis is of urban expansion by the gradient
analysis of multi-temporal data and the influence of road traffic (Fan et al. 2009).

5.2 Cities in the Czech Republic

A city or town is a geographical area with a set of attributes differentiating it from a
village. These attributes are the relative size of the area if we compare it with
villages, density of population, compactness, and concentration of urban areas.
Inhabitants of cities have typical demographic, social and professional structures, as
their employment is in services, industry, and business offering managing, educa-
tional business and cultural functions for larger surrounding areas.

The history of cities in the Czech Republic is similar to other European coun-
tries. Multifunctional centralized places came into being during the early Medieval
Ages. Places were more densely occupied and their inhabitants were not employed
in agriculture. These places were situated close to castles or bishop’s seats, and
monasteries in prevailing parts. The other reasons were suitable locations for
mercantile travelling, crossing of paths, places near fords or springs. These centers
accumulated crafts and markets. This city pattern is formed by centralized areas
with many job opportunities and surrounding areas dedicated to residential, pro-
ductivity and other areas.
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There are only a low number of cities in the Czech Republic whose history is
different. Ostrava, one of these processed cities, is such an example. It is a city,
which is not centralized as other Czech cities even though it is the third largest city
in the country as far as number of inhabitants. Ostrava (north-eastern part of the
Czech Republic) arose from the small city of Moravian Ostrava and seven
neighbouring settlements in the period of opening hard coal mines in the eighteenth
century and the development of heavy industry plants – steelworks in the nineteenth
century. The city of Ostrava as a unit has existed only since 1924.

There are 593 cities in the Czech Republic. The largest one is Prague with more
than 1,290 million inhabitants. According to the present Czech law about munic-
ipalities, the lowest number of inhabitants to become a city is 3,000.

One fifth of the inhabitants of the Czech Republic live in its three largest cities –
Prague, Brno and Ostrava. Moving people from rural areal to cities is a trend that
occurs in the Czech Republic as well as in many parts of the world.

The Czech Republic was a part of Czechoslovakia with the communist political
regime before 1990. The regime did not allow its inhabitants to become owners of
enterprises, companies, etc. All decisions about land use/land cover were performed
by the government, and local, district and regional representatives of the communist
party according to a planning system of short or long periods. The change to the
political system at the end of 1989 brought substantial development in many
spheres. The previous society, where most of the population was practically on
one standard of living without important differences, started to differentiate after
1990. This differentiation created a more layered society, which is allowed and able
to control and manage the country taking into account also the financial aspects of
individual decisions. The impact of this new way of thinking and management can
be also found in, for better or worse, land use development.

5.3 Methodology

5.3.1 Definition of Terms of Urban Areas

The urban development of Czech cities after 1970 was a reason why parts of their
areas have individual names of urban areas classification. The urban changes
(highlighted below) were allowed, initiated, and decided by governmental and
local authorities.

• Administrative city areas are their entire areas in individual years. They were
determined by local, regional and country headquarters of individual cities in
individual years using cadaster data of boundaries.

• Core city areas are administrative areas of individual cities at the end of 1970s
and early 1980s. The first half of 1980s was the first period when some villages
in the neighborhood of cities were amalgamated; the second half of 1980s was
the second period. Their land enlarged the original administrative areas of these
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5.4.2 Regression Analysis

To analyze mutual relations among indicators, multiple linear regression analysis
was chosen. Road traffic intensity is one of the very important indicators of urban
areas. There are significant differences between road traffic intensity in the regimes
(see Figs. 5.4, 5.5, and 5.6) and therefore road traffic intensity was chosen as one of
the indicators that reflects changes between the political periods. This analysis
should confirm if there is a dependency between the intensity and indicators of
land use areas in different regimes. Both periods show growth of road traffic
intensity. However, the intensity of growth in big cities was 25 % during the

Fig. 5.5 Development of indicators of medium cities
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that the null hypothesis is true. It confirms whether the components of the
regression line are statistically significant. P-value < 0,01, < 0,05, or < 0,1 are
usually used as significant (Sykes 1992).

The results of the regression analysis show that independent variables … explan-
atory indicators determine from 92,1 % (big cities in 1990–2005) to 99,98 % (small
cities in 1990–2005).

However, all P-values (except for two of nine indicators of small cities from all
used indicators) are higher than 0,05. In other words they have lower level of
significance. All indicators for small cities are smaller than 0,1 for the 1990–2005
period, however none for 1970–1990. It means that nearly none of the dependent
variables are statistically significant in all city groups in both periods. P-values for
the 1970–1990 period are in most cases even ten times higher (…worse) than in
1990–2005 for small cities. The P-values for small cities in 1990–2005 are the best
in the complete set of regimes and periods and vary in single percentage only.
Medium cities have some P-values higher in the democratic period and some in the
communist regime. P-values in big cities are lower in the 1970–1990 period.

The results of the individual groups of cities are different. As there are only six
cities in the group of big cities, the number of used indicators is substantially lower
and therefore the results are less representative. The regrouping of cities by adding
smaller cities to this group would not be correct as their “character” is different due
to their economical state, position in governmental hierarchy, education
opportunities, etc.

5.4.3 Correlation Analyses

Another tool was suggested to analyze the dependency of road traffic intensity and
land use areas in cities. It was the correlation coefficient. The equation for the
correlation coefficient is

Table 5.7 Results of multiple linear regression analysis for big cities before and after 1990

Indicator Std. error t- stat P-value
Number of inhabitants/traffic area 70-90 1.83503145 8.096590597 0.07823194
90-05 5.14758132 1.217860622 0.437664771
Number of inhabitants/production area
70-90

1.700598733 �3.553981472 0.174613907

90-05 4.859125158 �1.14128285 0.458056324
Number of inhabitants/residential area
70-90

13.95538909 �6.973847392 0.09066868

90-05 35.95796002 �2.819766287 0.216961197
R2 value 70 – 90: 0.9876
R2 value 90 – 05: 0.921
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5.5 Conclusions

The real political change in 1989 was replaced by 1990 in the analysis since the
most important economical changes occurred in 1990. It was a year when a lot of
private enterprises and companies came into being. It substantially changed the
relation between people and production, and people and the service sector. It was
also the starting year of activities of international organizations in Czechoslovakia –
previous country of the Czech and Slovak Republics. Higher economical power of a
certain part of the society appeared. Impacts of the change in cities were analyzed
using land use and other indicators. One of them was even visually detectable –
road traffic.

To determine the differences between two political and therefore also econom-
ical periods, three approaches were applied. Fourteen attributes were analyzed –
land use, number of inhabitants and its growth, ratios calculated from number of
inhabitants and land use areas, and road traffic intensity – are processed in this
chapter.

The first method shows development of individual indicators in discrete years –
in this chapter in 1970, 1980, 1990, 2000 and 2005 for two given periods: 1970–
1990 (communist regime) and 1990–2005 (democratic regime). These graphs were
processed for selected 14 indicators (each indicator in an individual graph for one
city group) show clearly how different the two political regimes are (see Table 5.3).
The development of residential areas in all city groups was relatively unchanged.
They grew in both periods, however, the growth gradients were different – higher in
the democratic regime. The higher growth started shortly after 1990. A similar
situation occurred in production areas. Distinctive differences can be found in
recreational areas where different behavior suggests in small cities than in medium
and big cities.

More distinctive values presented in the graph system were the ratios of the
number of inhabitants and individual land use areas. All these ratios had an
increasing trend in the first period and a decreasing trend in the second period
even though most land use areas increased since 1970s. The values in an objective
way describe the differences between the regimes in land use connected to the
number of inhabitants. These calculated indicators are more useful for determining
differences.

It is a quick evaluation when all necessary data are available. To make the result
clearer, the gradient of growth and decline can be calculated. The advantage of the
first method is its simplicity, easy visualization, calculation of trends individually
for individual indicators. The disadvantage of the method is the missing informa-
tion on mutual dependencies among indicators. It should be taken into account if we
would like to understand the changes in the land use indicators under different
political regimes.

Road traffic intensity is an indicator which clearly shows the differences
between both regimes. Therefore this indicator was used as a dependent variable
to find which indicators of urban areas influence the intensity.

106 L. Halounová and V. Holubec

s2pirast@uwaterloo.ca





data and their mutual relations. The advantage of geospatial science is its open
character allowing to implement an unlimited number of available attributes and
update the data on one side, and to visualize both data, and partial and/or final
results of analyses and modelling using spatial and non-spatial data.

The application of remote sensing data and city maps data allows for the use of
knowledge of urban architects to map the land use of urban areas. City maps
combined with aerial photographs – show and help to interpret individual land
use classes. Aerial photographs are – unlike city maps – accurately dated and that is
necessary for additional analyses with other data. GIS analysis are a very good
method how to find trends in the spatial development of features occurring on the
earth, in individual countries, or regions. The key point is to decide what spatial/
remote sensing data are suitable, especially their scale and thus spatial resolution,
spectral bands, and temporal resolution, and to choose other data describing the
features. As there are various data with similar spatial and spectral characteristics
(aerial photographs and VHR data, e.g.), temporal resolution and price can become
the decisive issue.
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Chapter 6
Mapping Sea Ice from Satellite SAR Imagery

Linlin Xu and Jonathan Li

Abstract Sea ice information is crucial for ensuring safe marine navigation and
supporting climate change studies in the polar regions. Spaceborne synthetic
aperture radar (SAR), due to its ability to cover large inaccessible areas without
the dependence on weather condition or sun-light illumination, provides a powerful
tool for sea ice mapping. This chapter provides a comprehensive overview of SAR
image analysis approaches to sea ice mapping with a focus on sea ice segmentation.
Sea ice segmentation is an essential step in computer-aided sea ice mapping
systems. Automated segmentation of SAR sea ice imagery is a difficult task due
to the complex sea ice physics and the ever-changing ocean environment, as well as
the numerous sensor parameters. In light of the difficulties, an efficient segmenta-
tion method has to utilize the spatial and textural information for modeling the label
correlation and increasing the discriminative capability. This Chapter presents a
Bayesian method for segmentation of SAR sea ice imagery, where a novel kernel
principal component analysis (KPCA) model is used for accounting for the textual
information, and a Markov random filed (MRF) is used for addressing the label
correlation effect. The proposed method is optimized by the graph-cut approach.
The results demonstrate that the proposed method is capable of effectively delin-
eating different sea ice types. Moreover, it requires less computational time than the
other advanced approaches.

Keywords Sea ice segmentation • Synthetic Aperture Radar (SAR) • Bayesian
estimation • Maximum a posterior • Markov random field (MRF) • Kernel principal
component analysis
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6.1 Introduction

Sea ice information in the polar regions is essential for various applications,
especially for climate change study and marine navigation. Sea ice is an integral
part of the Earth’s climate system. It interacts with both the ocean and the atmo-
sphere by modulating the heat and moisture fluxes. The state and dynamics of sea
ice determines and alters the surface albedo and salt-freshwater redistributions
(IGOS 2007). In particular, because of its high albedo, sea ice tends to reflect
most of the sunlight back to the atmosphere, resulting in cold climate in the polar
regions. However, with the current trend of the contraction of Arctic ice caps
(Kwok et al. 2009), the failure in controlling the amount of sun ray may cause
climate change in local or global scale, leading to serious influence on human life,
the earth’s ecosystem and natural environment. Consequently, sea ice information,
such as extent, type, concentration and thickness, has been recognized as an
Essential Climate Variable by both the World Meteorological Organization
(WMO) and the United Nations Framework Convention on Climate Change
(UNFCCC). Moreover, the sea ice information is essential for ensuring safe marine
navigation. The Northern Sea Route (NSR) in the Arctic region is the shortest
sailing route linking northwestern Europe and northeastern Asia. However, the
navigation in this region is greatly hampered by the presence of sea ice and iceberg
(Johannessen et al. 2006). Therefore, information regarding the conditions and
distributions of different sea ice types is required for reducing hazards of marine
transportation and offshore operations.

While optical sensors can be used for obtaining sea ice information, they depend
on weather condition or sun-light illumination, and are therefore limited by clouds
and darkness. Satellite synthetic aperture radar (SAR), due to its ability to penetrate
the cloud and work day and night, provides a powerful tool for sea-ice monitoring.
RADARSAT-1 and -2 have been the primary source for sea ice monitoring. At the
Canadian Ice Service (CIS), the operational interpretation of SAR sea ice images
relies on human operators to manually process a great number of image scenes
annually. The sea ice charts, as the final product, label each identified region with an
egg code, which indicates sea ice information (e.g., the type, concentration, stage of
development, and floe size). This visual interpretation of SAR sea ice images,
although capable of incorporating human knowledge and experiences, is very
demanding due to the vast amount of daily sea ice observations. Hence, there is
an urgent need to develop automatic programs that are capable of accurately and
time-efficiently discerning the types and extends of different sea ice from SAR
imagery.

This chapter is organized as follows. Section 6.2 describes the principles of SAR
imaging. Section 6.3 summarizes the available satellite SAR sensors. The auto-
matic segmentation of SAR sea ice imagery and the challenges are described in
Sect. 6.4. The proposed method for SAR sea ice segmentation is introduced in
Sect. 6.5. The results of experiments on both simulated and real SAR sea ice images
are presented in Sect. 6.6. Lastly, Sect. 6.7 concludes the study.
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6.2 Principle of SAR Imaging

SAR is a radar system (see Fig. 6.1a) where a transmitter generates successive
microwave pulses (A), which are focused by radar antenna into a beam (B) to
illuminate the surface obliquely, finally the receiver records the backscattered
energy (C) from various objects within the beam. The time delay between the
signal transmission and ‘echo’ reception is used to infer the distance of the targets to
radar, and thus the location of the targets. With the moving of sensor platform, the
continuous recording and processing of backscattered energy form a
two-dimensional image of the surface.

The SAR imaging geometry contains five elements (see Fig. 6.1b), i.e. flight
direction (A), nadir point (B), swath (C), range (D), azimuth (E). The spatial
resolution of SAR system entails the range resolution which is determined by the
pulse length, and the azimuth resolution which is determined by the angular width
of the beam and slant range distance. Because beam width is inversely proportional
to the length of radar antenna, a fine azimuth resolution requires antenna length
longer than what can be carried on satellite platform. To overcome the antenna size
limitation, the SAR system is designed to synthesize a very long antenna by taking
advantage of the moving of the platform. Most SAR systems have very high spatial
resolution, e.g. RADARSAT system provides resolution between 3 and 100 m. For
sea ice monitoring, the most commonly used RADARSAT mode is ScanSAR
narrow and wide modes which have spatial resolution of 50 m and 100 m
respectively.

Fig. 6.1 Illustration of (a) the principle of SAR imaging, and (b) the basic elements of SAR
imaging geometry (From CCRS 2009)
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6.3 Summary of SAR Imaging Satellites

Remote sensing of sea ice can be performed in visible, infrared (IR) ranges, using
sensors such as MODIS (Moderate Resolution Imaging Spectroradiometer), and
AVHRR (Advanced Very High Resolution Radiometer) and SeaWiFS (Sea Wide
Field of view Spectrometer). However, these sensors are limited by their coarse
spatial resolution and the susceptibility to the influence of weather conditions.

In contrast, the SAR sensors onboard satellites have been widely used for sea ice
monitoring, primarily because of the following reasons. First, SAR sensors are
active sensors, which are capable of sending radiations to the earth surface, and
receiving the backscattered signals. Consequently, SAR sensors do not rely on the
sun illumination and are able to work 24 h a day. This characteristic is especially
important for the polar regions that have long dark period in winter. Second, SAR
sensors work at microwave ranges, and therefore are capable of penetrating the
cloud. This feature also makes SAR sensors more suitable than the optical sensors
for monitoring the polar regions, where cloud is easily formed in the melting season
due to open water and the cold atmosphere. Third, SAR sensors are generally
characterized by wide coverage with medium spatial resolution. And this combi-
nation is suitable for delineating sea ice without compromising too much the
monitoring efficiency.

Various SAR sensors have been used for ocean monitoring, as summarized in
Table 6.1. Seasat launched in 1978 is almost the earliest SAR sensor that is
designed for ocean monitoring. ERS-1 and -2, launched by the European Space
Agency (ESA) in 1991 and 1995 are also specifically designed for ocean surveil-
lance. RADARSAT-1, launched by Canadian Space Agency (CSA) in 1995, has the
optimal combination of spatial resolution and coverage that is suitable for detecting
ocean features over large area. For example, with a spatial resolution of 50 m
(100 m) and swath width of 300 km (500 km), the ScanSAR Narrow (Wide) beam
mode in RADARSAT-1 is capable of providing detail information of large sea ice
area. The ENVISAT, launched by ESA in 2002, carries an advanced SAR (ASAR)
sensor, which is capable of providing the Precision and ScanSAR modes, with
spatial resolution of 30 m and 150 m, and swath width of 100 km and 400 km
respectively. In 2007, two X-band SAR satellites, the TerraSAR-X and COSMO-
SkyMed were sent into space. RADARSAT-2 was launched by CSA in the same
year, and it has widely been used for sea ice monitoring (Ochilov and Clausi 2012).
It is worth to mention that Canada has initiated a new mission, called the
RADARSAT Constellation Mission (RCM) in 2005 and intends to launch three
RCM satellites in 2018. Using the three satellites, RCM will be able to provide
complete coverage of Canada’s land and ocean with daily revisit, as well as daily
access to 95 % of the Earth’s surface.

116 L. Xu and J. Li

s2pirast@uwaterloo.ca













6.5.2 Kernel PCA Texture Feature

The likelihood function is realized as the distribution of KPCA features. In this
section, we introduce in detail the proposed KPCA features. This section is orga-
nized as follows. First we briefly introduce KPCA approach. Then we explain the
extraction of texture features based on KPCA approach as well as the interpretation
of the extracted features. Lastly, we explore the compatibility of KPCA texture
features with K-Means algorithm.

6.5.2.1 Kernel Principal Component Analysis

Similar to classic PCA, the KPCA approach intends to obtain a series of orthogonal
directions that explain most of data variance. However, KPCA works in nonlinear
feature space rather than the original space (Sch€olkopf et al. 1998). As such, the
KPCA is supposed to be more powerful in terms of discovering meaningful patterns
hidden in the dataset. The nonlinear transformation is achieved by a mapping
function � (�) that maps the original space to feature space. Then KPCA can be
achieved by performing classic PCA in nonlinear feature space. Alternatively,
KPCA can be implemented by using kernel function without explicitly exploring
the form of mapping function (Sch€olkopf et al. 1998). This purpose of approach is
mainly to avoid the complexity of nonlinear mapping operation. In this chapter, we
adopt the logarithmic function as the mapping function in order to take into
consideration the multiplicative nature of SAR speckle noise. And we employ the
mapping function instead of the kernel function, considering that the mapping
function here is not complex and does not increase the dimensionality of the data.

6.5.2.2 KPCA Local Texture Features

Texture features are usually predefined linear or nonlinear transformations of
original image pixels. However, instead of using these predefined texture features,
we design a set of totally data-driven local texture features based on KPCA
technique. These adaptive features are capable of revealing meaningful information
hidden in image patches, while achieving Gaussian-like noise characteristics.

Assuming that the speckle noise is fully developed, a SAR image patch variable
can be modeled as (Hoekman 2001):

y … x1n1, x2n2, . . . , x pn p
� �T ð6:9Þ

where xi and ni are respectively the terrain backscatter intensity and the speckle
intensity of the ith pixel in image patch. For fully developed speckle noise, xi and ni
are independent, and ni is spatially uncorrelated. Accordingly, we denote the SAR
image as a collection of all the image patches by a data matrix:
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labels is independent of noise variance. Therefore, the number of unknown
parameters can be reduced.

2. The features are discriminative. The KPCA texture features are linear projec-
tions of image patches onto the leading principal axes. Since the principal axes
reveal the largest variations in patch stack, the corresponding PCs therefore
amount to linear texture patterns that reflect the greatest variations among
different sea ice types. The subspace with the largest variance is highly possibly
the subspace where sea ice classes demonstrate their differences. Suppose that
texture patterns are similar within a certain class, but are different among
different classes. Then the KPCA’s goal of seeking subspaces with large vari-
ances will naturally drive it to find the subspaces that are capable of revealing
between-class variations, instead of subspaces revealing within-class variations.

3. The features are compact. In KPCA domain, the signal is mainly captured by
several leading PCs, while the last PCs are primarily due to noise. Therefore,
dimension reduction can be achieved by preserving several leading PCs as
texture features. In practice, KPCA features zt include only the first several
PCs that explain a fixed amount (e.g. 80 %) of the data variance. Therefore, it
can help reduce the computation in Eq. (6.8), since zt has much lower dimen-
sionality than yt. Moreover, due to the orthogonal constraint, the variables in zt
reflect mutually independent information, thus are capable of reducing informa-
tion redundancy.

4. The features are adaptive. For predefined features, such as Gabor filter and
GLCM, it is always a hard task to select relevant texture features from all
available ones. But it is not the case for the KPCA features, because they are
totally data-driven and capable of automatically adapting to the “best” trans-
formations of the pixel values.

Therefore, the KPCA local texture features are powerful for sea ice segmenta-
tion. While in this chapter we adopt KPCA features to be combined use with MRF
in a Bayesian framework for sea ice segmentation, it is also promising to combine
them with other clustering or classification techniques for other SAR applications.

6.5.2.3 Noise Distribution of KPCA Texture Features

Since the data likelihood in the MAP estimation is realized by KPCA texture
features, it is important to investigate the noise distribution of KPCA features.

In logarithmic feature space, following Eq. (6.15), we express the centralized
patch variable as:
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6.6 Results and Discussion

In this section, the results achieved by the proposed method are reported and
discussed, in comparison with several other popular methods. Before reporting
the results on real SAR images, we first examine the results on simulated SAR
sea ice images, where clean images with ice-like gray tones were degraded by
speckle noise. In simulated study, the clean images were used as ground truth to
produce numerical measures for performance evaluation. For real SAR images, the
evaluation of segmentation result was by visual interpretation based on prior
knowledge and ice-chart concerning sea ice types and their spatial distributions.

6.6.1 Results on Simulated Imagery

One clean image (Fig. 6.6a) was degraded by speckle noise that satisfies a squared-
root Gamma distribution (Xie et al. 2002). Simulated images with different noise
levels measured by equivalent number of looks (ENL) were used to feed segmen-
tation methods, in order to examine their robustness to varying noise levels.

On the simulated images, we compared the proposed method with four popular
methods, such as K-Means clustering (Redmund et al. 1998), Gamma mixture
(Samadani 1995), GLCM (Clausi and Yue 2004) and VMLL technique (Deng
and Clausi 2005). Moreover, we also used for comparison the combination of
KPCA features and K-Means clustering model, where the KPCA features are
used to feed K-Means method. For the MRF-based method, we adopted the gray
tone values as features, used 150 EM iterations and 10,000 simulated-annealing
iterations. For GLCM, we used 12 features (i.e. entropy, dissimilarity and correla-
tion in four directions), 64 quantization levels and the patch-size of 15 � 15.

Figure 6.3 presents the segmentation results obtained by different algorithms
when ENL … 4. The results suggest that the proposed method outperformed the
other three techniques. As we can see, Gamma mixture and K-Means approaches
produced intense artifacts, due to the sensitivity of single pixel to speckle noise. The
GLCM and MRF methods, although were better at resisting the influence of speckle
noise, produced certain misclassifications. For example, GLCM failed to delineate
the boundaries accurately; MRF also failed to provide smooth boundaries. KPCA
also produced artifacts due to the fact that the label correlation effect is not
addressed. The proposed Bayesian method nevertheless produced segmentation
results that are very similar to the true image.

We adopt the overall accuracy for quantitative evaluation. The overall accuracy
is calculated as the ratio between the number of pixels that are correctly classified
and the total number of pixels. Figure 6.4 shows the overall accuracy of different
algorithms as a function of noise level measured by ENL. As we can see, the values
of overall accuracy of the proposed method are above all the other methods. With
the increasing of noise level, Gamma mixture deteriorated sharply, while MRF
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achieved relatively stable results. The curve of KPCA is generally above the curve
of GLCM. It is remarkable that GLCM increased slightly with the increasing of
noise level. It is probably because the performance of GLCM relies on strong
textual patterns, which tend to be available when speckle noise is abundant. In
contrast, the proposed method achieved stable overall accuracy values on different
noise levels, indicating that the proposed method is robust to speckle noise.

6.6.2 Results on RADARSAT-2 Sea Ice Imagery

A HH-polarization RADARSAT-2 image comprising several sea ice types located
off the coast of Newfoundland, a Canadian island province, was provided by the
CIS for this study. The image was acquired in ScanSAR Wide beam mode at
22:29:36 UTC on 16 March 2009. Considering the large size (7,291 � 7,296 pixels)
of the original image scene (Fig. 6.5), a subset of 684 � 544 pixels was used for fast
processing (see Fig. 6.7).

Fig. 6.3 Simulated images segmented by different techniques, (a) true image, (b) image with
speckle noise (L … 4), (c) Gamma mixture, (d) K-Means, (e) GLCM, (f) MRF, (g) KPCA, (f) the
proposed method
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6.7 Conclusions

In this chapter, we have provided an overview of satellite SAR image analysis
techniques for sea ice mapping. Based on the characteristics of SAR sea ice
imagery, we have presented a Bayesian method for fast and accurate segmentation
of SAR sea ice imagery. The proposed segmentation scheme is capable of account-
ing for the spatial correlation effect on both pixel observations and the pixel labels.
The proposed KPCA technique was performed on the image patches to extract
compact and discriminative texture features with Gaussian-like noise characteris-
tics. These KPCA texture features are totally data-driven and capable of revealing
between-class variations. In the proposed Bayesian method, the combined use of
KPCA feature likelihood and the MRF label prior constitutes a coherent and
powerful scheme for automated segmentation of SAR sea ice imagery. Both
simulated SAR images and RADARSAT-2 sea ice images were used for comparing
our segmentation scheme with several other popular methods, such as K-Means,
Gamma mixture, GLCM and MRF. The results evaluated by both visual interpre-
tation and quantitative measures suggested that the proposed method achieved
higher accuracy than the referenced techniques. Moreover, the proposed method
achieved very high time-efficiency, thus may better support the operational seg-
mentation of SAR sea ice imagery.
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Chapter 7
Landscape Ecological Mapping
for Biodiversity Evaluation Using Airborne
Laser Scanning Data

Mamoru Koarai

Abstract In this chapter, we describe our method for landscape ecological map-
ping in support of biodiversity evaluation through the use of airborne laser survey
data. Our study areas include the Siretoko Peninsula, well known as a World
Natural Heritage area, and the Chugoku mountainous area in the Satoyama Region,
Japan. The landscape ecological map consists of the combination of a three
dimensional vegetation structure classification derived from a detailed digital
surface model (DSM) and a micro landform classification generated from a detailed
digital elevation model (DEM). Airborne laser survey data were used to derive
micro landforms under forest areas by using the last pulse data in a Fall season.
Vegetation classification was generated by using the seasonal difference of the
airborne laser survey data acquired in Summer and Fall. An overlay analysis of the
vegetation classification and the landform classification indicates that at
the Shiretoko Peninsula, three dimensional vegetation structures are more related
to terrain elevation rather than micro landforms. And at the Chugoku mountainous
area, some early deciduous high thin crown trees are located in historical mining
sites within several micro landform categories such as gentle slope, concave and
rough texture.

Keywords Airborne laser survey • Landscape ecological mapping • Three
dimensional vegitation structure • Automated micro landform classification

7.1 Introduction

For biodiversity assessment, in addition to the distribution of species and the degree
of deterioration of the natural environment, the topographic conditions of the
assessment area must also be examined. Thus, the importance of a landscape
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ecological viewpoint that allows understanding of an ecosystem based on its
topographic conditions is now recognized. Since Japan is a contracting state of
the Convention on Biological Diversity, the acquisition of information on its
biodiversity based on landscape ecology is essential.

Landscape ecology is the science of studying and improving relationships between
ecological processes in the environment and particular ecosystems. This is done
within a variety of landscape scales, development spatial patterns, and organizational
levels of research and policy (Wu 2006). Landscape ecological map is the thematic
map which shows the distribution of eco-topes, which are the smallest ecologically
distinct landscape features with uniform landform, soil and vegetation. These maps
are usually consisting of the combination of landform classification and vegetation
classification with middle scale such as 1/25,000 or 1/50,000. Recently, by the
development of airborne laser survey technology (Light Detection and Ranging;
LIDAR), it is possible to detect micro landform under the forest (Sato et al. 2007)
and three dimensional forest structure (Nelson et al. 1984; Næsset 1997a, b).

This study aims at understanding the detailed topographic information and the
three dimensional structure of vegetation using airborne laser survey data (airborne
LIDAR data), and developing a technology to construct a dataset to be used for
biodiversity assessment in Japan, based on the above understanding. In this paper,
the author introduces two types of landscape ecological study and mapping using
airborne LIDAR data in natural heritage area and rural area (Koarai et al. 2010a, b,
2011, 2012).

7.2 Airborne Laser Survey Data

Airborne laser survey is an active measurement method in which the distance from
the sensor to the ground is measured by processing the laser beam emitted from the
onboard scanner and reflected on the ground. Aircraft positions are calculated using
combinations of GPS data, both on the aircraft and on the ground. Aircraft accel-
eration and three-axial attitude data measured by an IMU (Inertial Measurement
Unit) are also used for the calculation. Furthermore, the direction data of the laser
beams are measured by an onboard sensor. These data are combined to calculate the
three dimensional position (X, Y, Z) on the ground (Fig. 7.1).

Akutsu et al. (2005) shows vertical accuracy of airborne laser survey. The sites
which were selected as points for accuracy verification were flat ground surfaces
such as parks. Coordinates of verification points acquired by airborne laser survey
were compared with those derived from the ground survey using GPS and leveling.
The results of comparison with the altitude value of leveling, was 0.03 m on average
(maximum +0.42 m minimum �0.32 m) and the standard deviation was 0.16 m.

One of characteristics of airborne laser survey is the possibility to detect micro
landform under forest. Because of the stereo matching method using aerial photos
will match on a tree crown, DSM will be made from aerial photo. Since a laser pulse
passes through between leaves and reflects a ground surface, it is possible to detect
micro landform under the forest using airborne LIDAR data. Many researches of
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the automatic landform classification were carried out using DEM with 50–10 m
grid size (Iwahashi and Pike 2007; Ho et al. 2011; MacMillan et al. 2003). Sato
et al. (2007) was performing the automatic landform classification using airborne
LIDAR data in Shirakami Mountain as the World Natural Heritage site, northeast
Japan, based on the method of Iwahashi and Pike (2007).

Another characteristic of airborne laser scanning is the possibility to acquire
vegetation three-dimensional information, using laser pulse reflected in levees and
branches of tree. For example, tree height can be extracted with about 1 m error
(Nelson et al. 1984; Næsset 1997a, b). Næsset (1997b, 2002) show that trees
numbers and sum of cross-sectional area of evergreen forest can be guessing
from LIDAR data.

7.3 Study Areas

The author had selected two study areas in Japan. One is Siretoko Peninsula,
Hokkaido Island as a wildness area, and another is Chugoku Mountain, Tottori
Prefecture as a Satoyama rural area (Fig. 7.2). The Shiretoko Peninsula is the World
Natural Heritage Site, and a great portion of the peninsula is designated as
Shiretoko National Park. The park has been subject to strict regulation as a nature
preserve, and entering is prohibited in some area. The objective of the study is to
understand biodiversity of this nature preserve, and to establish a landscape eco-
logical map to ensure protection of biodiversity by using high resolution airborne

Fig. 7.1 Principle of airborne laser scanning
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7.5.2 Produce of Automated Landform Classification Map

Automatic landform classification was carried out using 1 m grid autumn season
DEM, by combining three categories, such as slope degree (gentle and steep),
convexity (convex and concave) and roughness (rough and smooth) derived from
the DEM (Fig. 7.12).

Fig. 7.11 LIDAR vegetation map on the north foot of Mt. Dogo (Koarai et al. 2010b)
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Rough texture areas of 1 m grid DEM are dominated by flood plain and artificial
cutting areas such as Kanna-Nagashi sites. In particular, the areas, which the values
of roughness by 1 m grid DEM is approximately 0.4, correspond to Kanna-Nagashi
sites located along Mt. Dogo. It is expected the value of texture indicate the
existence of Kanna-Nagashi sites (Koarai et al. 2011) (Table 7.1).

7.5.3 Relationship Between Vegitation and Landform

The results of overlay analysis of LIDAR vegetation map and automated landform
classification map are shown in Fig. 7.13. This result shows many forests consisting
of early deciduous tree such as J. mandshurica were distributed in areas with gentle
slope, rough texture, and concave, which were considered to be mainly created by

Fig. 7.12 Automated landform classification map on the north foot of Mt. Dogo (s steep, g gentle,
cv convex, cc concave, sm smooth, ro rough) (Koarai et al. 2011)
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Kanna-Nagashi. J. mandshurica is often observed as riverside vegetation and it
inhabits places with abundant soil moisture. Since Kanna-Nagashi removes the soil
from the mountain slopes, the slopes were flattened to become gentle slopes with
rough texture and concave. Because of these unique topographic features, a
riverside-like environment with abundant soil moisture was generated.
J. mandshurica is characteristically distributed in a large area at present (Koarai
et al. 2011). The eco-tope elements model in Kanna-Nagashi site are shown in
Fig. 7.14.

7.6 Produce of Landscape Ecological Mapping
for Biodiversity Evaluation

The author produced landscape ecological map combined with three dimensional
vegetation structure and micro landform classification. Sample of landscape eco-
logical map of the north foot of Mt. Dogo is shown in Fig. 7.15. The author

Table 7.1 Value of texture on each artificial sites (From Koarai et al. 2011)

Sites Roughness (1 mDEM) Roughness (50 mDEM)
A (Valley plain) 0.56–0.58 0.63
B (Valley plain) 0.52–0.54 0.64
C (Iron sand mining site) 0.38–0.40 0.66
D (Iron sand mining site) 0.40–0.42 0.62

Fig. 7.13 Results of overlay analysis between LIDAR vegetation map and automated landform
classification map by 1 m grid DEM (s steep, g gentle, cv convex, cc concave, sm smooth, ro
rough) (Koarai et al. 2011)
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7.7 Conclusion

The landscape ecological maps using airborne laser survey data have been pro-
duced in Mt. Rausu of the Shiretoko Peninsula as World Natural Heritage area and
Mt. Dogo of the Chugoku Mountains as rural area. The basic legend for landscape
ecological map consists of the combination of three dimensional vegetation struc-
ture classification using detailed DSM and micro landform classification using
detailed DEM. The legend of three dimensional vegetation structure maps consists
of the combination of vegetation height, thickness of crown and differences
between the two seasons (deciduous single layer tree, deciduous multiple layer
tree and evergreen tree). Landform classification has been carried out by automatic
landform classification using 1 m grid DEM, combining three categories, such as
slope degree, convexity and texture. At the Mt. Rausu, three dimensional vegetation
structures are subject to site elevation rather than micro landform classification. At
the Mt. Dogo, some early deciduous high thin crown trees (a kind of nut) are located
in historical mining sites (Kanna-Nagashi) with the following micro landform
categories such as gentle slope, concave and rough texture. As the landscape
ecological maps produced by LIDAR data in this study is possible to extract the
important eco-topes, these maps are useful for the fundamental material of evalu-
ation of biodiversity.
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Chapter 8
Grassland Productivity Simulation:
Integrating Remote Sensing
and an Ecosystem Process Model

Yuhong He, Zhangbao Ma, and Xulin Guo

Abstract The heterogeneous nature of semi-arid grasslands in Canada creates
significant challenges in monitoring grassland conditions, especially in light of
increasing human activities and rapid environmental changes. It is thus imperative
to develop a spatially-explicit tool to monitor and predict grassland productivity
and to examine its responses to land-use and environmental change processes. In
response to this need, we use a spatial BIOME-BGC model to estimate spatially
distributed net primary productivity (NPP) for a mixed semi-arid grassland in
Canada. Given the importance of the foliar C:N ratio in modelling terrestrial
biochemical cycles and the ability of remote sensing in deriving spatially distrib-
uted data, a C:N ratio map is first produced from MODIS data which is then used to
drive the spatial BIOME-BGC model. The simulated NPP driven by the fixed foliar
C: N (i.e., C:N … 24.0) has an average of 112.53 g C m�2 years�1, while simulated
NPP driven by MODIS-derived spatial foliar C:N has an average of 107.36 g C m�2

years�1. The latter better reflects the actual NPP on the ground which is 98.29 g C
m�2 years�1. The results demonstrate that spatial foliar C:N can produce a more
accurate simulation of grassland biogeochemical cycles thus improving NPP
simulation accuracy.

Keywords Grassland ecosystems • Productivity modelling • MODIS derived C:N
ratio map
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8.1 Introduction

Globally, grasslands are important in the study of terrestrial ecosystems as they
cover nearly 20 % of the Earth’s surface (Lieth 1978); contain approximately 30 %
of global carbon stocks (Ojima et al. 1996; Parton et al. 1996); and store at least
10 % of the global soil organic matter (Eswaran et al. 1993). There are approxi-
mately 24 M ha of mixed grasslands in Canada, serving a variety of economic,
environmental, and ecological purposes. In recent years, grassland degradation has
become a worldwide problem due to intense human activities and environmental
changes, and the mixed grasslands of Canada are no exception. As a result, mixed
grasslands have frequently been associated with fluctuating, and unreliable produc-
tivity (Curll et al. 1985a, b; Fothergill et al. 2000; He 2014; Laws and Newton 1992;
Orr et al. 1990; Schwinning and Parsons 1996a, b). To ensure the sustainable
development of Canadian mixed grasslands and to predict the cascading effects
of human activities and climate change on these grasslands, ecosystem process
modeling is required because it can simulate and predict vegetation productivity
and also project ecosystem response to a wide range of environmental conditions.

Over the past 30 years, a considerable number of ecosystem process models such
as BIOME-BGC (Running and Hunt 1993) and CENTURY (Parton et al. 1993)
have been developed to investigate many different aspects of ecosystems, including
vegetation productivity, changing vegetation distributions, and land carbon sinks
(Adams et al. 2004). These models have significantly improved our understanding
of the possible consequences and responses of terrestrial ecosystems to different
environmental conditions (e.g. Cramer et al. 1999; Song and Woodcock 2003). At
the core of most of these models is a net primary productivity (NPP) sub-model,
which can be used to simulate or predict global vegetation productivity for a
specific ecosystem. However, these NPP sub-models are typically site-specific,
meaning they assume vegetation is homogenous within the ecosystem under study.

When applied in a spatially distributed mode, ecosystem process models can
effectively integrate a diverse assemblage of data and simulate ecosystem condi-
tions with spatial details (Turner et al. 2004). Over landscape or regional scales,
remote sensing provides the only practical source of spatial information that is
required to parameterize, drive and validate process-based models (Psomas
et al. 2008; Turner et al. 2004). Many of the relevant data on vegetation ecosystems
are now available from remotely sensed platforms, and the integration of remote
sensing derived variables and process modeling is a rapidly evolving field (Cohen
and Goward 2004). Examples of ecological variables that can be obtained from
remote sensing data are: (1) biophysical parameters (the leaf area index and the
minimum canopy resistance to evaporation), which can be assessed by spectral
indices to aid biological processes that control fluxes of mass; (2) surface temper-
ature, which can be achieved from various satellite sensors to improve simulation of
energy balance components, and (3) surface soil moisture content, which can be
derived from microwave data to improve the process modeling of bare soil and
sparsely vegetated surfaces. The feasibility of using remote sensing data in
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ecosystem models has been demonstrated in several land cover types, such as
grasslands (Cayrol et al. 2000; forests (Hasenauer et al. 2012; Liu et al. 1997;
Ranson et al. 2001), and croplands (Bouman 1992; Clevers and van Leeuwen 1996;
Guerif and Duke 2000; Maas 1988; Weiss et al. 2001).

For Canadian mixed grassland ecosystems, a conceptual remote sensing-based
BIOME-BGC model simulating spatially explicit mixed grassland productivity has
already been developed (He 2008). However, there still remains a question to be
addressed within this modeling framework: to what extent and with what limita-
tions can the critical parameter(s) required by the model be derived from available
remote sensing data? A critical parameter in a model is one in which minimal
changes to its value would generate major changes in model output (Makler-Pick
et al. 2011). When high uncertainty in a parameter coincides with high sensitivity of
the model to that parameter, model predictions may not be reliable.

Foliar carbon to nitrogen ratio (C:N) drives terrestrial biogeochemical processes
such as decomposition and mineralization, and is thus one of the most important
parameters that significantly controls NPP in the BIOME-BGC model (White
et al. 2000). Research conducted by Psomas et al. (2008) in semi-natural grassland
types in the Central region of the Swiss Plateau also indicated that NPP estimates
using spatial estimates of foliar C:N derived from remote sensing data are signif-
icantly different from those produced when single C:N values representing indi-
vidual land cover classes were used.

Since foliar C:N ratio within the current Biome-BGC model is assumed to be
constant for a given biome and given that it varies dramatically over space for
different species (Psomas et al. 2008), more spatially accurate information regard-
ing grassland spatial heterogeneity of this key parameter (i.e. foliar C:N ratio)
obtained from remote sensing is needed to improve model predictions. Thus, the
objectives of this research are to: (1) develop methodology for the estimation of
spatially distributed foliar C:N ratio from remote sensing data; (2) test the sensi-
tivity of the model to foliar C:N ratio; and (3) evaluate spatial C:N ratio driven
modelling results.

8.2 Study Area and Field Data

The study area is located in the West Block of the Grasslands National Park (GNP)
and its surroundings in southwest Saskatchewan, Canada (Fig. 8.1). A detailed
description of this area could be found from He (2014). Field data were collected in
mid-June 2005, the approximate date of peak growing season. A total of 24 ran-
domly selected sites were visited, 10 of which are located in upland areas, and the
remaining 14 in sloped areas. Each field site is limited to a homogeneous area of at
least 1 ha in size in order to accommodate positional errors. In each field site, fresh
biomass samples were collected from ten 50 � 50 cm quadrats. A detailed descrip-
tion of field sampling design and field data collection protocol can be found in
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He (2014). The dominant native grass species found in the study sites are needle-
and-thread grass (Stipa comata), western wheat grass (Agropyron smithii), June
grass (Koeleria gracilis) and blue grama (Bouteloua gracilis). Fresh biomass
samples were dried in an oven for 48 h at 60 �C and weighed.

8.3 Integration of Remote Sensing Data and Modeling
Approach

The methodology section (Fig. 8.2) starts with a brief overview of the BIOME-
BGC model, is followed by the desicritpion of C:N ratio mapping for the study area,
and ends with an assessment of modeling results based on field observations. The
main focuses are on producing a C:N ratio map from MODIS data and on the
comparisons between field-based NPP, the fixed C:N ratio driven modeling results,
and the C:N ratio map driving NPP.

Fig. 8.1 Study area and distribution of sites in Grasslands National Park, Saskatchewan, Canada
and surrounding pastures
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8.3.4 Modeling Results Evaluation

Above ground biomass data collected from the study area in the peak growing
season of 2005 were converted to NPP for the purpose of model evaluation. This
conversion is needed because simulated NPP is the total annual production which
includes both above ground and below ground production. Specifically, total
biomass was calculated using a ratio of 0.57 between above ground NPP and
total NPP. This ratio is adapted from Bradford et al. (2005), whereby above ground
NPP of native Northern American vegetation in the Great Plains was estimated to
be 164 g C/m2, while below ground NPP averaged 122 g C/m2. The assumptions
behind the above-ground biomass and NPP conversion are: (1) any standing dead or
litter was carried over from the previous year, and dead vegetation in the current
year is negligible; and (2) live biomass was not carried over from previous years.

To ensure that the biomass data collected in 100 � 100 m2 sites could be used to
evaluate simulated NPP at a 250 � 250 m2 scale, SPOT 5 imagery acquired in the
summer of 2005 was utilized to investigate the homogeneity of each site and for
visual comparison between vegetation density and modeling results. Mean NDVI
values were calculated from the SPOT image for the 100 � 100 m2 sites and also for
the surrounding buffered 250 � 250 m2 areas. If a significant difference of NDVI
values was found between 100 � 100 m2 and 250 � 250 m2 areas, the site was ruled
out for model evaluation.

8.4 Results and Discussion

8.4.1 MODIS-Based Foliar C:N Ratio

Using the two MODIS images, a foliar C:N ratio map was produced for the entire
study area – the West Block of the GNP (Fig. 8.3). In the park, the foliar C:N ratio
values range from 9.5 to 25.4 with a low ratio in the majority of the park area and a
high ratio along the Frenchman River. The descriptive statistical analysis of the
map indicates that mean C:N ratio in the park is 15.8 with a standard deviation of
5.5. The mean C:N ratio of 15.8 is much lower than the model default C:N ratio of
24 for C3 grass. Visually comparing the C:N ratio map with the SPOT 5 image
(Fig. 8.3) indicates that foliar C:N ratio is high in areas with high vegetation cover
(e.g. river bank), and low in areas with low vegetation cover.

8.4.2 Sensitivity of the Model to Foliar C:N Ratio

Figure 8.4 shows averaged model-simulated NPP, the highest simulated NPP
values, and the lowest simulated NPP values from the study area in 2005, as a
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8.4.3 Total Biomass Data and Their Usefulness for Model
Evaluations

Total biomass data for 24 sites have been calculated based on field-collected above
ground biomass in 2005 (Fig. 8.5). Total biomass averaged 95.6 g/m2, with a range
from 43 to 172 g/m2.

To test the usefulness of the biomass data for model evaluation, each sampling
site was examined to see how well it can represent its surrounding area using the
SPOT 5 image. Figure 8.6 shows that only three sampling sites (SG2C, SG9C, and
U4T3) have a consistent NDVI between 100 � 100 m2 site and its surrounding
areas, while the rest (21 sampled sites) shows a moderate to large difference.
Dramatic differences between 100 � 100 m2 NDVI and 250 � 250 m2 NDVI can
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be found in six sites (VG4D, VG5D, VG7D, VG8D, VG9D, and VG14D). Visual
interpretation of these sites in the SPOT 5 image in a standard false color composite
indicates that all six sites were adjacent to the Frenchmen river, with the most
heterogeneous vegetation composition at a scale of 250 � 250 m2 in the study area.
As a result, the biomass data from these six sites had to be removed when evaluating
model NPP, as the biomass data collected in the areas of 100 � 100 m2 cannot
represent modeled NPP at the 250 � 250 m2 scale.

8.4.4 Evaluating Model Simulated NPP Data

After removing the sites that were not able to represent a 250 � 250 m2 study area,
the field NPP averaged from 18 sites was 98.29 g C m�2 years�1 with a standard
deviation of 43.49 g C m�2 years�1. The simulated NPP based on the fixed foliar C:
N has an average of 112.53 g C m�2 years�1 with a standard deviation of 21.08 g C
m�2 years�1, while simulated NPP based on remote sensing derived spatial foliar
C:N has an average of 107.36 g C m�2 years�1 with a standard deviation of 35.38 g
C m�2 years�1 (Table 8.1). The results demonstrated that simulated NPP based on
remote sensing derived spatial foliar C:N parameters are better than those based on
the fixed C:N parameter for reflecting actual ground conditions.

In general, the model overestimated NPP in the area (Fig. 8.7). The relationships
and RMSE between simulated NPP and observed NPP (Figs. 8.7 and 8.8 –
R2 … 0.17 using fixed C:N and 0.34 using spatial C:N; RMSE … 27 g C m�2 years�1

using the fixed C:N and 22.6 g C m�2 years�1 using spatial C:N) indicate a
relatively poor model predictability. Nevertheless, in comparison with fixed C:N
values, spatial C:N greatly increases the accuracy of modeling results.

Even when using the foliar C:N ratio map to drive the model, the modeling
accuracy is not very high. This is considered an acceptable deviation given that
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C:N driven modeling process, two major factors may have contributed to the
uncertainty of the NPP prediction: the constant C that is used for C:N ratio
prediction and the N prediction model. As a result of unavailable field C and N
data, this study only contributes on narrowing the uncertainty in NPP simulation
that is introduced by the constant C:N ratio for Canadian mixed grasslands.

8.5 Conclusions

This study describes a method for integrating a critical remote sensing derived
model parameter with the spatial BIOME-BGC model to estimate NPP in Canadian
mixed grasslands. Consistent with previous findings in the literature (Psomas et al.
2008), the spatial BIOME-BGC model was also found to be highly sensitive to the
critical model parameter foliar C:N ratio. Given the importance of the foliar C:N
ratio in terrestrial biochemical cycles and the ability of remote sensing in providing
spatially distributed foliar C:N, we coupled remote sensing derived C:N maps and
ecosystem modeling in order to increase model accuracy for Canadian mixed
grasslands.

MODIS data were used to derive spatial foliar C:N values for the study area. The
foliar C:N ratio map indicated that MODIS derived C:N ratio has a much lower
mean than the model default C:N ratio. Grassland NPP was simulated using a foliar
C:N ratio map to drive the BIOME-BGC model, and field NPP data collected in
2005 were used to evaluate the model results. We found that simulated NPP based
on spatially-derived foliar C:N parameter is better than that based on the fixed C:N
parameter to reflect actual ground conditions. Further analysis indicated that sim-
ulated and observed NPP displayed acceptable correlations and RMSE. In compar-
ison with fixed C:N values, spatial C:N greatly increased the accuracy of modeling
results, although both simulated NPP outputs overestimated observed NPP. These
results demonstrate the importance of using spatially explicated foliar biochemical
parameters as an input to ecosystem process models. The use of spatial foliar C:N
ratio could also lead to a better understanding of local interactions on biogeochem-
ical cycles thus improving model accuracy.

Further work will focus on developing an experimental-based carbon and nitro-
gen dataset for different vegetation communities in the study area, and establishing
remote sensing based C:N ratio models for these vegetation communities. In the
longer term, we will also investigate other important model parameters and develop
methodologies to provide spatially explicit parameters to further improve model
accuracy.
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Chapter 9
Glaciological Studies at Pasterze Glacier
(Austria) Based on Aerial Photographs

Viktor Kaufmann, Andreas Kellerer-Pirklbauer, Gerhard Karl Lieb,
Heinz Slupetzky, and Michael Avian

Abstract This chapter describes and analyses glacier recession observed at
Pasterze Glacier, Hohe Tauern Range, Austria, for the time period 2003�2009.
Pasterze Glacier is the largest glacier of the entire Eastern Alps, and it is highly
indicative of ongoing glacier melt in the Alps. We evaluated three glacier stages
(2003, 2006 and 2009) and the glaciological changes between them. The quantita-
tive analysis is based on aerial surveys carried out during the summer of these years.
The photogrammetric work�ow provided high resolution datasets, such as digital
elevation models and orthophotos of each stage. We evaluated the extent, surface
elevation, �ow velocity �eld, supraglacial debris cover, and geomorphological
changes at the glacier surface and the adjacent paraglacial environment. The
main numerical results can be summarized as follows: the glacier covered
17.3 � 0.1 km2 in 2009, the mean surface elevation change was �1.31 � 0.07 m
a�1 for the period 2003�2009, the glacier surface �ow velocity in two test areas at
the glacier tongue decelerated from 2003�2006 to 2006�2009 (�4 % and �31 %),
and the debris cover of the glacier tongue increased from 63 % (2003) to 72 %
(2009). We conclude that Pasterze Glacier is far from equilibrium and that its
glacier tongue will turn into a large dead ice body in the near future.
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Keywords Pasterze Glacier � Glacier change � Glacier recession �
Photogrammetric mapping � Geomorphological mapping

9.1 Introduction

Glaciers in the European Alps have lost around 50 % of their volume between the
end of the Little Ice Age (LIA, ~1850 AD) and 1975, approx. 10 % in the period
1975�2000, and again 10 % in the period 2000�2009 (Haeberli et al. 2007, 2013a).
These values highlight the strong in�uence of the �rst decade of this century on
glacier recession in the European Alps. Furthermore, projected future atmospheric
warming will cause almost complete deglaciation in the European Alps within a
matter of decades. However, predicting this evolution gets more complicated when
considering various feedbacks such as size effects (small/large glaciers), thermal
aspects (temperature/cold �rn/ice areas), albedo, insulation (debris cover), surface
elevation (glacier surface lowering into warmer climate) and process changes (ice
collapse; lake formation) (Haeberli et al. 2013a, b; Vaughan et al. 2013). Glaciers
that persist tend to be (i) small ice patches on very high and/or radiation-sheltered
locations or (ii) mighty glacier tongues with large ice thickness which need longer
time periods to melt (Zemp et al. 2006; Haeberli et al. 2013b).

This study focuses on Pasterze Glacier, the largest glacier of the Eastern
European Alps with a present (2009) area of 17.3 km2. As all other glaciers in the
Alps, it has more or less continuously receded since the end of the LIA maximum
(~1850 AD), interrupted by relatively short periods of minor advances and stagna-
tions. During the LIA maximum the glacier covered 26.5 km2 (Paschinger 1969)
and has thus lost about one third of its area during the past 160 years.

Atmospheric warming is the driving force behind glacial recession. Tempera-
tures in the Alps increased by about +2 �C over the last 100 years (Auer et al. 2007).
The warming is indicated by long-term climatic observations at the Meteorological
Observatory Hoher Sonnblick (Sch€oner et al. 2000) located approx. 16 km to the
east of Pasterze Glacier. During the last few years accelerated recession and decline
of the glacier tongue has been observed (Avian et al. 2007; Kellerer-Pirklbauer
et al. 2008) accompanied by a considerable increase in the areal extent of the
supraglacial debris cover (Kellerer-Pirklbauer 2008). Ongoing mass balance studies
at Pasterze Glacier applying the glaciological method con�rm the observed mass
loss (ZAMG 2013).

The glaciological and geomorphological changes examined in this paper are
largely connected to the speci�c topographical setting of the glacier. The upper part
is separated from the lower one by a distinct icefall known as ‘Hufeisenbruch’
(German for ‘horseshoe’). The icefall has changed its appearance substantially
since the 1990s with a steady increase in bedrock outcrops (hereafter termed
‘rock windows’) within the icefall on the one hand and a steady decrease in the
glacier motion through the icefall on the other. Rapid glacier disintegration created
circular collapse structures which occur more frequently at the glacier tongue
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(Avian et al. 2007). The morphology of the glacier tongue is peculiar: its right side
(as seen in the �ow direction) is strongly debris-covered, whereas the left side is
relatively debris-free and bare ice occurs at the surface. The accelerated glacier
recession has important paraglacial implications (Ballantyne 2002) on the vicinity
of the glacier, e.g. by the exposure of unstable rock walls prone to rock fall events
(Kellerer-Pirklbauer et al. 2012) or by the development of a chaotic and highly
dynamic proglacial area where large volumes of sediments are stored (Geilhausen
et al. 2011).

The speci�c aim of this study is to analyze glaciological and related paraglacial
changes at Pasterze Glacier and its surroundings in the two time periods 2003�2006
and 2006�2009. We used high-resolution aerial photographs and products derived
therefrom, such as topographic line information, digital elevation models (DEMs)
and orthophotos. We (a) quanti�ed changes of the entire glacier regarding surface
extent, elevation and volume, and (b) analyzed glacier velocities and the extent of
the supraglacial debris cover at the glacier tongue. In a further step (c) we quanti�ed
major glacier-related morphological changes such as the evolution of rock windows
in the massive icefall of Pasterze Glacier and a large paraglacial rock fall event.

9.2 The Study Area

Pasterze Glacier is a valley glacier located in the central part of the Hohe Tauern
Range, Austria (Fig. 9.1). The glacier catchment consists of different metamorphic
rocks which are part of the Penninic tectonic unit. These rocks are predominantly
calcareous mica schist and prasinite (a type of greenschist derived from basalts)
with some amphibolite from the Jurassic to Cretaceous periods (H€ock and Pestal
1994). The climatic conditions are largely continental. At an automatic weather
station (AWS) near Pasterze Glacier located at 2,070 m a.s.l. (AWS-MA; see
Fig. 9.1), the annual precipitation in the period 2003�2009 was 1,000 mm and the
mean annual air temperature (MAAT) about 2.1 �C (data provided by VERBUND-
Austrian Hydro Power). The potential upper timberline can be estimated at 2,150 m
a.s.l. (Lieb 2007). The mean lower limit of discontinuous permafrost depends on
substrate and aspect and is at around 2,900 m a.s.l. on south-facing slopes and
2,600 m a.s.l. on northeast-facing slopes (Kellerer-Pirklbauer et al. 2012).

The glacier has a length of 8.3 km and a maximum ice thickness of about 190 m
considering georadar data (Span et al. 2005) and recent glacier thickness losses
based on own measurements (see below). Together with the nearby Großglockner
(3,798 m), Austria’s highest mountain peak, Pasterze Glacier forms a unique Alpine
landscape which attracts up to a million visitors a year. Glaciological surveys have
been carried out at Pasterze Glacier almost annually since 1878 (initiated by
Ferdinand Seeland) representing one of the longest time series of continuous glacier
monitoring globally (Wakonigg and Lieb 1996). The surveys include measure-
ments of glacier length, surface velocity and surface elevation change. The annual
campaigns have been organized by the Department of Geography and Regional
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northwest where the mountain slopes gently towards Pasterze Glacier. During the
LIA, Mittlerer Burgstall was fully surrounded by two glacier tongues of Pasterze
Glacier. Kellerer-Pirklbauer et al. (2012) presented possible causes (deglaciation,
permafrost degradation, unfavorable geology, unusually warm winter 2006/2007)
for this rock fall event and gave a �rst estimation on the displaced rock volume. In
the present paper we provide more detailed geomorphometric information.

9.3 Material and Methods

9.3.1 Aerial Surveys 2003, 2006 and 2009

In summer 2003 the temperature in Central Europe was extremely high (Beniston
and Diaz 2004). Due to the heat Austria’s glaciers were almost free of snow from
the previous winter by early summer (mid-August), thus favoring strong glacier ice
melt (Slupetzky and Wiesenegger 2005). An aerial survey of the study area was
carried out on 13 August.

Fig. 9.2 Set of four terrestrial photographs taken in northwesterly direction showing Pasterze
Glacier with its prominent Hufeisenbruch icefall. Date of photography: (a) 1863 (Photo by
Ja¤germayer G, © Albertina, Vienna, http://www.albertina.at/), (b) 8 August 2003 (Photo by
Lieb GK), (c) 21 September 2006 (Photo by Lieb GK) and (d) 8 October 2009 (Photo by
Hohenwarter G)

9 Glaciological Studies at Pasterze Glacier (Austria) Based on Aerial Photographs 177

s2pirast@uwaterloo.ca

http://www.albertina.at/






5 m were interpolated for each epoch in order to support further data manipulation
and analysis. Missing elevation data of areas not covered by the photo �ights was
complemented by a DEM (10 � 10 m grid spacing) provided by BEV.

9.3.2.3 Digital Orthophotos

High-resolution orthophotos with a spatial resolution of 0.5 m were generated using
ImageStation OrthoPro of Intergraph. These were used as a basis for deriving
datasets of lower resolution (1 m, 2 m, 5 m and 10 m) to facilitate image processing
(cp. Sect. 9.3.2.5) and cartographic work. The mosaicing process of stitching
together the overlapping orthophotos was time consuming for the 2003 data since
cloud cover, shadows, strong relief distortion and occlusions forced us to work with
small tiles and to check each tile separately.

9.3.2.4 Glacier Boundaries

Glacier boundaries of the three epochs were interactively mapped as 3D polylines
using the photogrammetric workstation. The glacier boundaries of the Austrian
glacier inventory of 1998 (Lambrecht and Kuhn 2007) were taken as a reference for
the consistent delineation of directly neighboring glaciers. In cases of continuous
snow cover at higher elevations (for 2006), snow accumulation in depressions at the
glacier limits (for 2009) and dense debris cover (for all epochs, Pasterze Glacier
tongue) the delimitation of the glacier boundaries was often only vague or some-
times even impossible. In areas with debris cover we were successful in precisely
mapping the glacier boundaries by superimposing the interpolated contour lines of
the DEM of a younger epoch with the stereo model (cp. Abermann et al. 2010). The
glacier boundaries of 2009 could thus not be checked using this 3D technique,
assuming overall glacier recession.

9.3.2.5 Glacier Flow Velocity

Glacier �ow velocity is an important parameter describing the state of a glacier, and
it is also needed for numerical modeling in glaciological research (Oerlemans
2001). Surface �ow velocity can be measured by various techniques (Ka¤a¤b 2005;
Bollmann et al. 2012). In the present study we applied an image-based technique
based on optical �ow estimation.

Kaufmann and Ladsta¤dter (2003) describe a rigorous photogrammetric tech-
nique of how to retrieve a dense �eld of 3D displacement vectors in multi-temporal
stereomodels using image matching. The authors propose to use pre-recti�ed image
data, i.e. quasi-orthophotos, for image matching. However, quasi-orthophotos
obtained using accurate and high-resolution DEMs will become ‘true-orthophotos’.
Based on this presumption, the 3D problem can be reduced to a 2D problem. A wide
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variety of methods exists for �nding corresponding points in two images
(Goshtasby 2012). Successful examples of mapping the kinematics of glaciers,
rock glaciers and other mass movements by remote sensing techniques are given,
for example, by Ka¤a¤b (2005).

In the present study we focused on the kinematics of the tongue of Pasterze
Glacier. Feature tracking, i.e., �nding corresponding points in the multi-temporal
dataset, was accomplished by means of automatic image matching maximizing the
normalized cross-correlation coef�cient (NCC) at pre-de�ned grid points.
Sub-pixel accuracy was achieved by interpolation of a parabola at the position of
the peak-value of the correlation function. Back-matching, i.e. applying the image
matching algorithm in the reverse direction for consistency check, helped to sort out
most of the gross errors. Remaining outliers of the 2D displacement vectors were
identi�ed visually and eliminated manually. The accuracy obtained was quanti�ed
at stable regions, e.g. bedrock, where no surface movements can be expected.

Two morphologically interesting areas at Pasterze Glacier were investigated
(Figs. 9.3 and 9.4). The image matching technique applied will fail if (1) the
geometry of the two patches to be compared has changed excessively, (2) the
surface textures have decorrelated in time, or (3) suf�cient surface texture is
completely lacking. The results of both test sites show that areas with bare ice are
prone to rapid decorrelation of surface texture, and thus image matching fails. Best
results are obtained on completely debris-covered areas and on bedrock. In order to
fully bene�t from the high resolution of the original photographs additional
orthophotos with a spatial resolution of 0.25 m were computed for both test sites.

Lower test site (LTS) The window size for image matching was 41 pixel �
41 pixel. Flow velocities obtained are accurate to �0.17 m a�1 (2003�2006) and
�0.12 m a�1 (2006�2009).

Upper test site (UTS) Here the surface texture is mostly determined by
supraglacial debris and ogive-type structures. The �ow velocities are much higher
than in the lower test site, resulting in faster surface texture decorrelation. This
problem was overcome by re-computing the orthophotos at a relatively large
GSD of 2 m, and increasing the window size for successful image matching to
101 pixel � 101 pixel. Subsequently, accuracies of �ow velocities obtained are
lower than for the lower test site, i.e., �0.24 m a�1 in the best case for stable areas.

9.3.2.6 Glacier Surface Elevation Change

Glacier mass balance can be computed using the geodetic method or the glacio-
logical method. Both methods have advantages and disadvantages (Benn and Evans
2010; Fischer 2011; Zemp et al. 2013). The geodetic method is based on simple
glacier surface elevation change. The numerical transformation of volume change
to mass loss or gain requires spatial information on the density of the material
involved, i.e. ice, �rn and snow. Most glacier studies assume a mean density of
900 kg m�3 for glacier ice (Huss 2013). Speci�c mass balances are often calculated
in mm water equivalent (w.e.).

9 Glaciological Studies at Pasterze Glacier (Austria) Based on Aerial Photographs 181

s2pirast@uwaterloo.ca



Surface elevation change can be easily computed by subtracting multi-temporal
DEMs. A prerequisite is the perfect geometric co-registration of the DEMs
involved. A computer program (Kaufmann and Pl€osch 2000) was used to exploit
the available data, i.e. DEMs and glacier masks, following glaciological standards
and needs. Outputs are hypsometric curves of the glacier (Fig. 9.5), detailed
information on glacier elevation/volume change for discrete altitude intervals
(Fig. 9.6), and other glaciological parameters.

9.3.2.7 Evolution of the Supraglacial Debris Cover and Meltwater
Channels

A supervised classi�cation was performed within ArcGIS 10.1 in order to differ-
entiate between debris-covered glacier parts and bare-ice parts. This approach
involves manually selecting training areas for the categories to be mapped in
order to develop the spectral signatures of these classes (Ka¤a¤b 2005). The aerial
photographs for 2003, 2006 and 2009 contain no thermal information but only the
three color bands RGB. Thermal and multispectral remote sensing information of

Fig. 9.3 Surface �ow vector �eld at the lower test site (LTS) of the glacier tongue (see Fig. 9.1 for
location) for 2003�2006 indicating the complex movement pattern (combination of valley-center
and downvalley �ow)
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classes to the class ‘bare ice’, and used (d) a low-pass �lter (applying 3 � 3 window)
to smooth the classi�cation result. Errors in the supervised classi�cation procedure
occurred due to identical spectral signatures for some sparsely debris-covered
glacier ice and illuminated debris-covered slopes near the glacier terminus. Fur-
thermore, glacier crevasses with shadows showed similar spectral signatures to
debris-covered areas. This led in some cases to wrong classi�cations. However, the
areal extent of these classi�cation problems is minor as judged from direct visual
comparison of the orthophotos and the classi�cation result. Therefore, and in order
to keep the classi�cation procedure consistent, the supervised classi�cation results
were not manually corrected. Additionally, the main supraglacial meltwater chan-
nel near the glacier terminus was manually mapped for the three stages. This
channel separates the continuously debris-covered part (southwestern part) from
the sparsely debris-covered and bare-ice parts during all three relevant glacier
stages.

9.4 Results

9.4.1 Glaciation Changes

Pasterze Glacier covered an area of 18.14 km2 in 2003, 17.65 km2 in 2006 and only
17.28 km2 in 2009. The accuracy of the areal extents given can be estimated at
�0.05�0.10 km2, which is due to the uncertain mapping of the glacier boundaries,
e.g. in areas with snow cover or shadow. Thus, the areal extent of the glacier was
reduced signi�cantly by 4.8 % or 0.86 km2 within only 6 years. The areal distribu-
tion of the glacier surface with respect to altitude (at 50 m intervals) for 2003 and
2009 is indicated in Fig. 9.5. An asymmetric bimodal hypsometric distribution is
evident. As shown in this graph, no change has occurred for altitude intervals above
3,250 m ASL and for the interval 2,800�2,850 m ASL. Areal losses prevailed
between 2,150 and 2,800 m ASL, which is basically the entire glacier tongue below
the icefall. The pattern can be explained by the area-wide lowering of the entire
glacier tongue. The areal extent of the interval 2,200�2,250 m ASL was almost
identical in 2003 and 2009, although this altitude interval shifted up-valley. The
lowest two intervals (2,050�2,150 m ASL) increased from 0.51 km2 in 2003 to
0.60 km2 in 2009. Changes above the icefall were less distinct with small gains or
losses at the individual altitude intervals. This is also indicated by the total glaciated
area above 2,900 m a.s.l. which was almost identical in 2003 (10.7 km2) and 2009
(10.6 km2).

Changes in surface elevation during the six years of monitoring are indicated in
Figs. 9.6 and 9.7. Figure 9.6 depicts the mean annual values at different altitude
intervals and hence the gradient. It clearly indicates that there is no altitude interval
(in contrast to speci�c areas; see Fig. 9.7) with a positive surface elevation change.
Figure 9.7 shows the spatial distribution of the mean annual surface elevation
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change. This �gure reveals substantial elevation losses particularly at the glacier
tongue and even some elevation gains at the highest northeast-facing cirques.
During the period 2003�2009 the glacier lost about 144 � 106 m3 of ice, �rn and
snow (Table 9.2). The mean surface elevation change for the entire glacier during
this 6-year period was �1.31 � 0.07 m a�1. For the glacier tongue, however, this
value is much higher (�4.32 m a�1) with a slightly higher mean annual value for
the second 3-year period.

9.4.2 Glacier Velocity

Figures 9.3 and 9.4 show the �ow vector �eld for the lower (LTS) and upper test
sites (UTS) at the glacier tongue for the period 2003�2006. The accuracy of the
horizontal �ow velocities obtained has already been described above and is in the
order of 0.1�0.3 m a�1. The results of the calculated surface �ow velocities for both
3-year periods are summarized in Table 9.3. Additionally, the glacier movement
was visualized in an animated GIF (Kaufmann 2013). The vector �elds measured
for the LTS are almost identical during both 3-year periods. The mean �ow
velocity � derived from a 0.29 km2 large area at the glacier surface with valid
data for both periods � is 2.3 m a�1 in the �rst period and 2.2 m a�1 in the second.
The observed change in the overall velocity is, however, not signi�cant. Of
particular interest in the LTS is the movement pattern, i.e. the direction of the
individual �ow vectors. The ones calculated for the area close to the glacier margin
moved perpendicular to the glacier’s main axis, hence towards the valley center.
This is related to the fact that those point measurements are located on northeast-
facing and relatively steep slopes (20�30�). Further away from the glacier margin
(lower right part of Fig. 9.3) the �ow direction changes gradually from northeast to
east and velocities increase correspondingly. Flow vectors at the upper part of the
LTS point �rst towards southeast following the main valley axis/main �ow direc-
tion of the glacier. Further below, however, vectors change to east, i.e. towards the
valley center. This change is related to the change in glacier surface slope.

Table 9.2 Changes in volume and surface elevation between 2003 and 2009 for the entire glacier
and for the glacier tongue (as delineated in Fig. 9.8) for the two 3-year periods

Area Period
Volume change (ice/�rn/snow)
[106 m3]

Mean surface elevation change
[m a�1]

Entire
glacier

2003�2009 �144.53 �1.31

Glacier
tongue

2003�2006 �56.46 �4.52

(Below
icefall)

2006�2009 �46.74 �4.07

2003�2009 �103.20 �4.32
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The UTS is located below the icefall resulting in higher �ow velocities. The
mean velocity exceeded 20 m a�1 in the �rst period and was only about 14 m a�1 in
the second one, which is a statistically signi�cant velocity change of 31 %. The
general �ow direction, however, did not change during the two periods. The �ow
vectors of the central part of the glacier are parallel to the main valley axis, which is
in contrast to the LTS.

9.4.2.1 Supraglacial Debris Cover

Supraglacial debris covered about 62.8 % of the glacier tongue in 2003, 73.3 % in
2006 and 72.1 % in 2009 (Table 9.4). Therefore, the density of the supraglacial
debris cover increased by 9.3 % during the 6 years of observation, whereas in the
same time the area of the glacier tongue was reduced by 14.5 %. The slight decrease
in debris density between 2006 and 2009 is related to the fact that previously
connected glacier parts near the terminus of the glacier either lost their connection
to the main glacier tongue or melted. Furthermore, one debris-covered ice stream
tributary lost its connection to the glacier tongue (Fig. 9.8).

The spatial distribution of the debris cover did not change signi�cantly through-
out the observation period. A largely continuous debris cover at the right side of the
glacier tongue is in contrast to the left side, which is only partly covered by a
discontinuous debris cover. A closer look, however, reveals various changes. For
instance, the boundary between the continuous and discontinuous debris-covered
part was shifted towards the valley center, in particular close to the terminus. This is
illustrated by the displacement of the main supraglacial meltwater channel. The
strongly meandering channel shifted by about 30 m within the 6 years (Fig. 9.8d).
This change can be explained by the increase in the difference of the surface
elevation between the two parts as a result of differential ablation. The gradually
changing glacier surface topography led to a strong valley-center �ow component

Table 9.3 Glacier velocities at two areas (LTS, UTS) of the glacier tongue for both time periods

Area Period Measurements [n]
Mean
[m a�1]

Minimum
[m a�1]

Maximum
[m a�1]

LTS (Fig. 9.3) 2003�2006 � 2.3 0.6 5.4
2006�2009 � 2.2 0.7 4.9
Difference in % �4.3

UTS (Fig. 9.4) 2003�2006 172 20.7 7.3 30.4
2006�2009 263 14.3 3.3 23.9
Difference in % �30.9

The locations of LTS and UTS are indicated in Fig. 9.1, values given refer to the areas outlined in
Figs. 9.3 and 9.4
LTS: GSD of 0.25 m, correlation window 41 pixels � 41 pixels
UTS: GSD of 2 m, correlation window 101 pixels � 101 pixels
n number of measurements
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super�cial thermal regime and increases ablation. In contrast, a thicker layer
reduces ablation by shielding the ice underneath the debris mantle (e.g. Østrem
1959; Mattson et al. 1993). We compared the differential ablation at the glacier
tongue below the icefall (Fig. 9.8 for extent). As shown in Table 9.5, the mean
surface lowering for the debris-covered area was about 4.0 m less than for the bare-
ice area in both periods. The annual difference in mean surface lowering amounts to
1.32 m a�1. Hence, the shielding effect of the debris cover was clearly dominant in
both periods.

9.4.3 Morphological Changes

We quanti�ed two major glacier-related morphological changes in our study area.
First, we focused on areal extent of the rock windows in the massive icefall of
Pasterze Glacier. Second, we quanti�ed the volume of the relocated rock mass
released in a large rock fall event in 2007.

Figure 9.9 depicts the evolution of several large rock windows in the icefall. In
this �gure, areas 1 and 2 covered 0.072 km2 in 2003, 0.131 km2 in 2006 and
0.190 km2 in 2009. The rock outcrops in this area thus increased 2.6 times in the
6 years of observation. The ice-free areas at the left (area 4) and right (area 3)
margins of the glacier in the icefall also increased substantially. The deglaciation
caused a substantial reduction in ice transport through the icefall. By 2009 only two
minor ice streams at the southwest side of the icefall were still connected with the
glacier tongue. Both are insigni�cant for glacier ice transport and hence for the
nourishment of the glacier tongue. Only the main glacier ice stream transports
signi�cant amounts of glacier ice to the glacier tongue.

The mass relocation of a major rock fall event in 2007 at Mittlerer Burgstall is
depicted in Fig. 9.10. We quanti�ed the total area in�uenced by the rock fall as
89,300 m2 (detachment area 13,800 m2, deposition area 75,500 m2). A rock volume
of 428,000 m3 was detached by this event at the sharp and distinct mountain ridge.
The highest change in elevation in this area was �67 m and the mean was �31 m. In
contrast, the total volume of the deposited rock material was 523,000 m3, resulting

Table 9.5 Mean surface elevation changes below the icefall (for extent see Fig. 9.8) for debris-
covered and bare ice parts for the periods 2003�2006 and 2006�2009

Period Surface type during both stages
Area
[km2]

Mean surface elevation change
[m]

2003�
2006

Bare ice 0.89 16.1
Debris-covered 2.28 12.1
Difference 4.0 (24.9 %)

2006�
2009

Bare ice 0.66 14.3
Debris-covered 2.33 10.4
Difference 3.9 (27.1 %)
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in an estimated pore volume of 18 %. The mean increase in elevation in the
deposition area was +7 m and the maximum value (at the northeast side of the
former ridge) was +32 m.

9.5 Discussion

9.5.1 The Fading of a Glacier

At present Pasterze Glacier is far from equilibrium. As indicated by our analyses
there is basically no accumulation area left. The surface elevation change at
Pasterze Glacier (Fig. 9.6) below 2,500 m a.s.l. is strongly in�uenced by the
presence of supraglacial debris. The general increase in debris cover thickness
towards the glacier terminus (as shown by Kellerer-Pirklbauer 2008) offsets the
effect of increasing air temperature at lower elevations. This effect is not as strong

Fig. 9.9 Evolution of the rock windows (areas 1�4) in the Hufeisenbruch icefall between 2003
and 2009
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as for heavily debris-covered glaciers where the net ablation at the glacier terminus
might even be zero (e.g. Khumbu Glacier, Nepal; Inoue 1977; Benn and Lehmkuhl
2000). As shown in an earlier study (Kellerer-Pirklbauer et al. 2008), the debris-
covered part of Pasterze Glacier exhibited almost identical net ablation rates over a
wide range of altitude intervals during the period 1981�2000. The present study
shows that the steadily growing supraglacial debris cover conserves the glacier ice
and signi�cantly reduces the amount of ice mass loss by about 25 %.

Figure 9.7 reveals that small areas show an increase in surface elevation over the
period 2003�2009. This is related to the fact that there was almost no winter snow
left in 2003 and the �rn line was substantially higher than in 2009. The positive
elevation changes observed between 2003 and 2009 at higher altitudes and in areas
less exposed to solar radiation are thus the result of both glacier-hostile conditions
in 2003 and glacier-friendly conditions in 2009. The massive ice loss during the
observation period 2003�2009 is also evident in other places in the European Alps.
Haeberli et al. (2013a) report that the mean speci�c mass balance of nine Alpine
glaciers (Gries, Silvretta, Vernagt, Hintereis, Kesselwand, Careser, Saint Sorlin,
Sarennes, Stubacher Sonnblick) was �1.2 m a�1 during the period 1999�2009. This
speci�c mass balance value is the highest decadal mean measured during the period
1949�2009. A similar accelerated trend in glacier mass loss since the turn of this
century has also been revealed on a global scale at 30 reference glaciers in nine
mountain ranges (Haeberli et al. 2013b).

Direct measurement data on the speci�c mass balance at Pasterze Glacier have
been available from the Central Institute for Meteorology and Geodynamics
(ZAMG 2013) since the glaciological year 2004�2005 (Table 9.6). The comparison
of mean surface elevation changes obtained using the photogrammetric method
(2003�2009) and direct measurements (2004�2009) reveals very similar results and
con�rms the reliability of our method, notwithstanding the caveats mentioned in
Sect. 9.3.2.6. Submergence and emergence velocities of glacier ice cannot be
measured photogrammetrically. Recent measurements at the tongue of Pasterze
Glacier by ZAMG revealed notable emergence velocities only at ablation stakes
close to the icefall (W. Sch€oner; personal communication 2006). Thus, the
photogrammetrically derived volume change of the glacier in the period 2003�
2009 is presumably close to the real mass loss.

9.5.2 Towards a Big Dead Ice Body

The successful computation of displacement vectors depends on the stability of the
surface texture and the time elapsed between two glacial stages. Ice surfaces are
dif�cult to monitor over a longer (multi-annual) time span because of changing
surface texture and associated decorrelation of surface radiometry. On the contrary,
a too short observation period would not allow the detection of signi�cant changes.
This is a substantial problem in monitoring the kinematics of glaciers (Ka¤a¤b 2005).
Kaufmann et al. (2008) estimated the surface �ow velocity at Pasterze Glacier by

9 Glaciological Studies at Pasterze Glacier (Austria) Based on Aerial Photographs 193

s2pirast@uwaterloo.ca





ice avalanches. A prominent example of a present regenerated glacier is
Morsarj€okull in south Iceland. Morsarj€okull lost its connection with Vatnaj€okull
in recent times (Barry and Gan 2011).

Once the tongue of Pasterze Glacier is separated from the upper part of the
glacier, ice-�ow movement pointing down-valley will decrease eventually to zero.
This will presumably not be the case for the ice movement towards the valley center
assuming further topographical changes due to differential ablation. The areal
extent of the supraglacial debris cover and the debris thickness will further increase
if we project the evolution seen between 1964 and 2009 into the future. In 1964,
21.0 % of the glacier tongue was debris-covered (Kellerer-Pirklbauer et al. 2008)
whereas 45 years later this percentage had increased to 72.1 %.

9.6 Conclusions and Outlook

The high resolution photographs of 2003, 2006 and 2009 allowed the preparation of
base data, i.e. DEMs, orthophotos and glacier boundaries, needed for the antici-
pated glaciological and geomorphological studies. This base data helped us to
quantify important glacial and paraglacial processes associated with the recession
of Pasterze Glacier. We applied the geodetic method for glacier mass balance
measurements for the period 2003�2009. Our results correspond very well with
the annual mass balance measurements carried out by ZAMG (2013) using the
glaciological method, keeping in mind the limitations of both methods (Fischer
2011). Our study gives clear evidence that Pasterze Glacier is far from equilibrium.
Furthermore, we demonstrated that the icefall connecting the glacier tongue with
the main glacier is rapidly disintegrating. We thus assume that the remaining glacier
tongue will turn into a large dead ice body in the near future. However, the
supraglacial debris cover will most likely increase in extent and thickness, hence
reducing the ablation rate. The evaluation of further aerial surveys (e.g. 2012) is
planned in order to continue the high resolution glacier monitoring. We presented a
selection of possible evaluations of the base data. Exemplary �elds of interest in
further studies could be: (a) in-depth analysis of surface �ow pattern, (b) analysis of
ice collapse structures, and (c) mapping and quantifying paraglacial landforms and
processes in recently deglaciated areas.
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Chapter 10
Mapping Coastal Erosion Risk
in the Southern Red River Delta, Vietnam

Mizue Murooka, Yasuhiro Kuwahara, and Shigeko Haruyama

Abstract In recent years, the Red River Delta has suffered from coastal erosion
due mainly to human activities. To determine the characteristics of coastal erosion,
a coastal dynamic index was calculated by overlapping eight JERS-1 SAR
(Synthetic Aperture Rader) images from 1994 to 1998. After combining the fea-
tures of natural environment and land use, 74 meshes covering 500 m along the
coastline were classified by cluster analysis of UPGMA (unweighted pair-group
method using arithmetic averages) using the three major factors, i.e., costal dynam-
ics index, banks, and land elevation. A coastal erosion risk map was produced by
clustering 686 meshes, including the inland area. The coastline clusters and dis-
tance from the sea were used in the clustering. Finally, a vulnerability map of
coastal erosion considering land use was constructed. The present land use was
assessed by randomization of land use, and it became clear that the current land use
was vulnerable to coastal erosion. This study indicates that when other information
is not available, satellite data can be very useful for coastal erosion risk mapping.

Keywords Red River Delta • Coastal erosion • JERS-1/SAR • Risk mapping

10.1 Introduction

In recent years, coastal erosion has become a worldwide phenomenon. The cause of
coastal erosion includes natural factors and human activities, and the damage from
coastal erosion can be tremendous. In the Red River Delta, Vietnam, coastal erosion
has been a serious problem. In this area, cultivation has occurred without an appro-
priate land use planning (Asian Development Bank and Ministry of Agriculture and
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Rural Development 2000; Haruyama 2004). Rice is the main agricultural product of
the delta, and paddy fields and their concomitant villages extend to the shoreline.
Coastal erosion extends from the agricultural land or villages to the inland areas,
causing higher soil salinity, salty water wells, and crop damage.

In Vietnam, the data related to the natural hazards are not easily available. In a
previous study conducted by the authors (Murooka and Haruyama 2005), satellite
remote sensor data were used to assess coastal erosion risk in the Red River Delta.
In the current study, we will try to reconstruct the methodology to assess the coastal
erosion risk using satellite remote sensor data.

10.2 The Red River Delta

10.2.1 Geographical Settings

The Red River rises in China and flows southeast for about 1,300 km before
entering the Gulf of Tonkin. The extensive delta covers 17,000 km2. The Red
River Delta, a fluvial plain located in the crustal movement region, is in the northern
part of Vietnam.

Vietnam is the second largest rice exporting country in the world. The Red River
Delta has been cultivated for a very long period of time, and the population density is
the highest in Vietnam. Because of the excellent agricultural conditions, the Delta has
become the nation’s primary farming region. Agriculture land accounted for 37 % of
the entire Delta, forestry 25 %, and homestead land 7 % in January 2012 (GSO 2014).

Deltas are generally formed by the soil deposits of streams. The Red River has
expanded because the people have created embankments along its course to protect
against flooding. The delta has expanded a maximum of 80–100 m per year at the
Red River mouth during the last 70 years (Nguyen 1992). The Red River Delta was
affected by the tides and waves when the delta expanded (Hori 2012). The study
area is a wave-dominated system and is composed of a fine-grained tidal flat and
marsh sediments (Mathers and Zalasiewicz 1999).

There are many sand ridges in the southern Red River Delta. Because the sand
ridges are dry and slightly higher than the surrounding ground, they are conducive
to human settlement. The sand ridges are smaller and well developed in the inland
area and larger in the coastal area. Most of the sand ridges are in the area between
the Ninh Co River and the Red River.

10.2.2 Climate

The Red River Delta is affected by tropical monsoons during the dry and cold
winters. In summer, it is hot and humid with heavy rains or typhoons. The region is
a part of K€oppen Cwa, warm, humid and subtropical with plentiful precipitation.
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10.3.3 Coastal Dynamics Index (CDI)

To investigate the coastline change, JERS-1/SAR data were used. JERS-1 is the
satellite which was launched by NASDA (National Space Development Agency of
Japan) in 1992 and discontinued in 1998. JERS-1 loaded the SAR (Synthetic
Aperture Radar). The SAR sensor is an active microwave sensor. SAR emits
microwaves and receives the reflected waves from the earth. Therefore, SAR can
acquire images even at night or on rainy, cloudy, and smoky days. JERS-1/SAR
used the L-band which was long wave. L-band can observe the ground regardless of
forest cover because the wave passes through the trees and reflects from the land
surface. The digital value of the data is called the backscattering coefficient. When
the soil water is high, the pixel shows blackish and the water surface shows black.
Conversely, artificial things show whitish because the radio wave reflection is high;
and the backscattering coefficient is high.

The 1990s in the Red River Delta is an important era. Construction of Hoa Binh
Dam began, and the areas of the paddy fields rapidly expanded (GSO 2014) and
coastal erosion accelerated remarkably. In this study, eight sheets of satellite
images, which were taken from 1994 to 1998 were collected: September
30, 1994; February 9, 1995; September 17, 1995; January 27, 1996; January
13, 1997; October 4, 1997; February 13, 1998; September 21, 1998. JERS-1/SAR
provided by NASDA had been running from 1992 to 1998. However, the satellite
images in the first two years could not be used because of strong noise. So data after
1994 was used to calculate CDI in this analysis.

A total of 149 measuring points were tracked across the coastline with an
interval of 500 m. The measurement lines, which were perpendicular to the
coastline, were laid down on the each measuring point. The coastline change was
recorded based on the coastline on September 30, 1994. Next, the CDIs of seasonal
change were calculated by subtracting a CDI from the CDI of the next season.

PCI Geomatica Ver. 7 software in a PC was used to conduct the image analysis.
The nearest neighbor interpolation was used in all of the JERS-1/SAR Images, and
15 GCP points were secured in each satellite image based on the topographic map
with a 1:50,000 scale.

The RMS error between the topographic map and the satellite image was 1.2,
and the RMS error between each satellite image was under 0.5. Frost Filtering was
used to diminish the speckle noise in each satellite image (Frost et al. 1982).

10.3.4 Production of the Coastal Erosion Risk Map

10.3.4.1 Parameters for Assessing Coastal Erosion

CDIs are closely related to coastal erosion in the southern Red River Delta.
Therefore, a risk map of the coastal erosion based on CDIs was prepared.
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Considering the CDI measurement scale is 500 m, the map is divided into 500 m
meshes, covering all CDIs on the coastline. The average CDI is calculated to
represent the CDI value in each mesh. For example, if there is only 1 CDI in
1 mesh, this CDI value represents this mesh; if there are 2 CDIs in 1 mesh, then the
average of the CDIs represents the CDI value in this mesh.

The authors made the 500 m mesh map of embankment locality by using data
from the documents preserved in provincial government offices. In the field study,
the authors measured the height of the sea wall, along with the relative heights of
sand dunes or sand ridges and the swampy lowlands between the ridges using
HANDLEVEL K50-1560 (Nobel) among Hai Hau, Nghia Hung, Thanh Hoa areas,
etc. The authors used the longest embankment to represent each mesh. There are
some geomorphological features along the coast: the tidal plain, former river
courses, sand ridges, sand dunes, and offshore beaches. The authors also used
HANDLEVEL to measure the height of the coastline and the inland area of
banks. The heights of areas were taken into account also. However, only CDIs,
the heights of the banks, and heights of land can be taken into consideration since
all the other information was quite fragmentary and incomplete.

The risk map now can be built by integrating those three major factors: CDIs,
banks, and height of land. CDIs are subtracted from immediately succeeding CDIs
using data from eight sheets of JERS-1 image, that is, these CDIs directly measure
the coastline changes of the terms. To measure the risk of the banks, a risk ranking
from 0 to 2 is assigned to each bank by using the height of the banks. The standard
height of bank in this study area is 4 m. Risk level 0 is assigned to those existing
banks with the height more than 4 m; risk level 1 is assigned to those banks less than
4 m; risk level 2 is assigned to those areas without any banks. The risk measurement
regarding sea level can be classified into two categories: risk ranking 0 represents
the land level of the coastal area being higher than sea level; risk ranking 1 results if
the land level is lower than sea level. Based on the above nine items (seven sets of
CDI data, bank data, and heights of land data), 74 meshes in 500 m squares were
subjected to cluster analysis.

10.3.4.2 Numerical Estimation Using Hierarchical Cluster Analysis

In this study, cluster analysis was used to categorize the meshes. Cluster analysis
has been used by evolutionary biologists as a tool for phylogenetic relationship
studies since the 1960s. Hierarchical cluster analysis is one of the classical methods
in dynamic programming (DP) in multivariate analyses and often is used as a
heuristic approach.

The results of cluster analyses are normally expressed as the dendrograms.
Similarities and dissimilarities can be applied to the all calculable dataset. From
the perspective of pattern recognition, hierarchical cluster analysis is categorized as
the uncensored learning method. The objective of hierarchical cluster analyses is
the discovery of the cluster by classification of the ranks. The rank is absolutely
determined by the range of the similarities or the dissimilarities. Commonly used
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hierarchical cluster analyses techniques are; the single linkage clustering method,
complete linkage clustering method, Ward’s clustering method, WPGMA
(weighted pair-group method using arithmetic average) and UPGMA (unweighted
pair-group method using arithmetic average) (Sneath and Sokal 1973; Romesburg
1989).

The calculated dendrogram is assessed by the CPCC (cophenetic correlation
coefficient) (Sneath and Sokal 1973). CPCC is the coefficient of correlation
between the similarity matrix (or the dissimilarity matrix) and cluster topology,
arrived at by calculating the data. If CPCC is near 1, the topology is a highly
reproducible result. Because UPGMA is simple and useful and shows the higher
CPCC (Farris 1969), it is considered a highly reproducible cluster analysis.

In the numerical vulnerability estimation, the shoreline is divided into
108 meshes. These shoreline meshes are called an Operational Taxonomic Unit
(OTU) and the intermediate node is called a Hypothetical Taxonomic Unit (HTU).
Here, the Pearson’s product moment correlation coefficient is used as the similarity.

UPGMA algorithm is expressed as follows:
i, j, k, l, mk, ml, n and N are natural numbers and S is a real symmetric square

matrix of order N.

1. Substitute n for N and calculate a similarity matrix S.
2. Select a taxonomic unit (TU) pair, i and j, with a maximum similarity value

S(i, j).
3. Replace a TU pair to HTU k. Substitute N-1 for N and update the similarity

matrix S. When mk and ml are numbers of OTUs in cluster k and l, an update
formula is

S k; lð Þ …
1

mkml

Xmk

i…1

Xml

j…1
S ki; l j
� �

;

ki 2 {i th unit of cluster k, 1 � i � mk}, lj 2 {j th unit of cluster 1, 1 � j � ml}.
4. If N is not 1, return to 2.
5. Stop.

If S is a dissimilarity matrix, select a TU pair with minimum dissimilarity at 2.

10.3.5 Land Use Vulnerability

10.3.5.1 Distance from the Sea

The inland areas also suffer damage from coastal erosion. Salt water from the sea
damages the crops and seawater intrudes into ground water, but the damage is less
than that in the coastal area. In this study, an extra factor, “distance from the sea,”
was included to assess the coastal erosion risks.
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The authors define a total of 686 meshes and use the same clustering calculation
as coastal 74 meshes. The coastal meshes are assigned to clusters which were
calculated in a previous paragraph. The inland meshes are identified as the same
group of the nearest coastline meshes. The meshes which are on the opposite side of
the Day River are identified as those whose CDIs are small. If a mesh is on the
coastline, the distance is 0 km from the sea; otherwise, the distance is calculated in
km by multiplying the number of meshes to the coastline by the length of the
diagonal line or side line.

10.3.5.2 Land Use

Current land use is important is assessing the coastal erosion risk due to human
factors as well as to natural factors. In this study, the authors used the land use data
by the Ministry of Agriculture and Rural Development in 1996. Five types of land
use are classified as follows: village, rice paddy, rush field, saltpan, and mangrove
forest. The village has been destroyed by coastal erosion; and houses, churches and
other buildings ceased to exist. The people living there had to move to another area.
Then, the importance of the villages is assigned as the highest, 4. The paddy fields
were also destroyed or contaminated by salty sea water. Because the produce of the
paddies is very valuable, damage to them entails serious economic loss. Therefore,
the importance of the paddy field is assigned as 3. The saltpan uses sea water, and
salt is not so expensive so the importance of a saltpan is assigned as 2. There are
rush forests in the deposition area because the rush is highly resistant to salt water;
and the produce of the rush forests is less valuable than that of the paddies. There
are mangrove forests in some areas, but the mangroves are not salable. The
importance of rush field and mangrove forest are assigned as 1, the lowest. The
land use mesh map is Fig. 10.8 below.

10.4 Results

10.4.1 Altitude Map

An altitude map of the southern Red River Delta was constructed (Fig. 10.1). The
delta is very flat and low with an altitude varying from 0–5 m. There are some
patchy areas of 0 m. The Red River and Day River are partly raised bed rivers.
Upstream of the Red River and Day River, the altitude of the rivers is higher than
that of the surrounding area.

There are some sand ridges which are perpendicular to the rivers. The sand
ridges show how the delta has been expanded. The Giao Thuy area has been formed
by the Red River and Hai Hau, The Nghia Hung and Kim Son areas have been
formed by the Day River and Ninh Co River. There are islands formed by
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sedimentation in the mouths of the rivers. These islands will become a peninsula
when they connect to the mainland.

10.4.2 Climate Analysis

Table 10.1 shows the result of calculating the wind data by Van Ly Obserbatory
Station, the average number of days by month and by directions.

From May to September, the typhoon season, the winds from E, ESE, SE, SSE, S
are strong. The wind directions in the typhoon season are from the sea to inland. Not
only is the coastal damage great, there is severe damage to the paddies from salty
sea water. Hainan Island of China protects the northern coast from the wind and
waves. The damage is less than in the southern part of the northern area of the
coastline of the Red River Delta,

From October to the following April, the winter season, the winds from NE,
ENE, E are strong. The wind in the winter damages the banks of the coastline and
washes away the planted mangroves. In all seasons, the wind is from NE–SE. The
wind heaves the waves up and they attack perpendicularly the banks of the
coastline. Also, paddies are damaged by the saline water blown from the sea.

Fig. 10.1 Altitude map made by SRTM (Shuttle Rader Topography Mission) (The numbers are
the measuring points of the Coastal Dynamics Index in Fig. 10.2)
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10.4.3 Coastal Dynamics Index (CDI)

Figure 10.2 shows the Coastal Dynamics Index (CDI) from 1995 to 1998; Fig. 10.2a
shows the accumulated CDI and the Fig. 10.2b shows the seasonal CDI. Fig-
ure 10.2a can be roughly divided into two parts, a positive section and a negative
section. Measuring points from the 20th to the 80th shows a negative sign, indicat-
ing an erosion zone. The location is from the northern Hai Hau to the mouth of the
Ninh Co River. Measuring points from the 85th to the 130th shows a positive sign,
representing a deposition zone. The location is from the mouth of the Ninh Co River
to the Day River. The maximum expansion captured through CDIs is more than
1 km per year in the western part of the Ninh Co River mouth. The minimum is –
500 m in northern Hai Hau to the mouth of the Ninh Co River.

The average CDI in the erosion section from 20th to 80th is – 50 m from 1994 to
1998. CDIs in the year 1998 indicate that more serious erosion occurred in this area.
Almost all CDIs in this erosion area exhibit the same tendencies every other year.

As for the seasonal CDI in Fig. 10.2b, coastal erosion occurs in the winter and
deposition occurs in the summer season. In summer, some big erosion occurs
locally. It is because of high precipitation in the summer season, sometimes with
typhoons, which brings sediment from upstream, that the deposition occurs in

Fig. 10.2 Coastal Dynamics Index (CDI) from 1995 to 1998 calculated by JERS-1/SAR. The
negative numeric means erosion and plus numeric means the deposition in metric units. The
vertical axis shows the measuring points which were shown in Fig. 10.1. (a) Shows the accumulate
CDI where 0 is the September 1994 coastal line; (b) shows the seasonal CDI where 0 is the
beginning coastal line of the season
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summer. The typhoons have destroyed the banks and much coastal erosion has
therefore occurred locally. In winter, because the precipitation is low, sedimenta-
tion is insufficient; and therefore coastal erosion occurs.

The tidal effect needs to be considered. However the time of the satellite images
could not be obtained. The tide amplitudes were 1.1–3 m in September 30, 1994;
1.3–2.3 m in February 9, 1995; 1.3–2.9 m in September 17, 1995; 1.8–2.1 m in
January 27, 1996; 0.8–3.2 m January 13, 1997; 2–2.5 m October 4, 1997; 1–2.9 m in
February 13, 1998; 1.7–2.7 m September 21, 1998. The tide amplitude was large
only on January 13, 1997. The other dates had narrow tide amplitudes. The
coastline changes because of the tide are narrow, while the coastline changes due
to erosion are larger than those resulting from the tidal change. Additionally, Thuy
et al. (2012) analyzed the coastline change in Hai Hau area by satellite data,
determining the times of high, middle and low tides. The results showed the
coastline is apparently less affected by the tide than by erosion and deposition.

10.4.4 Coastal Erosion Risk Map

By using the CDIs, banks, and, heights of land, the authors classified the 74 coastal
meshes. The coastline was divided into four large clusters (Fig. 10.3). The CPCC
(cophenetic correlation coefficient) was 0.941. The features of those four groups are
as follows: Group I – regardless of CDIs, most parts of the banks in each mesh are
not over 4 m; Group II – coastal erosion occurs, land level is below sea level; Group
III – coastal erosion or small deposition occurs, the land level is above sea level;
Group IV – large deposition occurs. Therefore, the construction of a coastal erosion
risk map was possible (Fig. 10.4).

10.4.5 Risk Map of Coastal Erosion

By using the CDIs, banks, and, heights of land, the authors classified the 74 coastal
meshes. The coastline was divided into four large clusters (Fig. 10.5). The CPCC
(cophenetic correlation coefficient) was 0.941. The features of those four groups are
as follows: Group I – regardless of CDIs, the greater part of the banks in each mesh
are not over 4 m; Group II – coastal erosion occurs; land level is below sea level;
Group III – coastal erosion or small deposition occurs; the land level is above sea
level; Group IV – large deposition occurs. Therefore, the construction of a coastal
erosion risk map was possible (Fig. 10.4)
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10.5 Land Use Vulnerability Map

10.5.1 Risk Ranks

With another factor, “distance from the sea,” added to the previous four groups, a
total of 686 meshes and 9 new clusters were classified (Fig. 10.5). The CPCC was
0.897. Since the inland area had a lower erosion risk than did the coastal area, the
risk ranking assigned to the new clusters were as follows (from the highest risk

Fig. 10.3 Dendrogram based on UPGMA cluster analysis, with Coastal Dynamics Index (CDI),
banks and height of land. The cophenetic correlation coefficient (CPCC) was 0.941. If the CPCC is
near 1, the topology is highly reproducible
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10.5.2 Vulnerability Diagnosis: Spatial Randomization
for Current Land Use

Is current land use in the southern Red River Delta vulnerable? Because of the
importance of the problem, we introduce a vulnerability index (Murooka and
Haruyama 2005).

Where one study area is divided into n meshes, the vulnerability of i-th mesh, �i,
is a product of coastal erosion risk and land use importance,

vi … cili;

ci: coastal erosion risk of i-th mesh, li: land use importance of i-th mesh.
�i is the original vulnerability index.
Where an area vulnerability is defined as a total sum of all vulnerabilities,

Varea …
Xn

i…1
vi:

Varea is a unique measurement based on observation. Furthermore an average
mesh vulnerability is

Fig. 10.5 Dendrogram of risk ranks of 686 meshes based on UPGMA cluster analysis with the
group I–IV in Fig. 10.4 and the distance from the sea. The cophenetic correlation coefficient was
0.897. If the CPCC is near 1, the topology is highly reproducible
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10.5.3 Vulnerability Map of the Coastal Erosion

Vulnerability was ranked by six levels as follows; (1) 0–4, (2) 5–9, (3) 10–14,
(4) 15–19, (5) 20–24, and (6) 25–27. The total number of meshes was 686. The
numbers and percentage of meshes of each vulnerability were as follows: vulner-
ability 1 had 332 meshes (48.4 %), 2 had 124 meshes (18.1 %), 3 had 88 meshes
(12.8 %), 4 had 59 meshes (8.6 %), 5 had 70 meshes (10.2 %), 6 had 13 meshes
(1.9 %). The average vulnerability was 2.2 and standard error was 0.46.

The land use vulnerability map indicated that the coastal erosion risk from the
aspect of land use was highest at the Van Ly area and the village in Hoang Hoa. The
coastal erosion risk of rice paddies was highest in the coastal area of Giao Thuy and
inland area of Van Ly.

There were rush fields in the inland area of Nghia Hung and Kim Son which was
the deposition area. These rush fields could be considered to be of low vulnerability
to the threat of coastal erosion (Fig. 10.8).

10.6 Conclusions

In this study, making a risk map for coastal erosion was accomplished through the
use of UPGMA cluster analysis of the fragmentary data in the Red River Delta,
Vietnam. Not only in Vietnam, but also in other developing countries, the necessary
data are almost always lacking. Under these circumstances, satellite remote sensor
data can be quite useful. Coastline changes can be assessed by using satellite remote
sensor data. This study could be employed to make a vulnerability map, including
land use, banks and salinity, by using the UPGMA cluster analysis. The Coastal

Fig. 10.7 Permutation distribution constructed by table in Fig. 10.6-5
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(Asian Development Bank and Ministry of Agriculture and Rural Development
2000). However, a proper land use policy is absolutely necessary because it can
enable local areas to overcome natural hazards.

Based on the natural environmental characteristics of coastal erosion and the
affected areas, erosion potential can be assessed by using remote sensing data
analysis. This methodology can also apply to the other regions in Vietnam and
beyond. In high risk areas, suitable means, corresponding to the particular condi-
tions of the area, must be taken for disaster prevention.
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Chapter 11
Modelling Shallow Landslide Risk Using GIS
and a Distributed Hydro-geotechnical Model

Pingping Luo, Apip, Bin He, Kaoru Takara, Weili Duan, Maochuan Hu,
and Daniel Nover

Abstract GIS and distributed hydrological models are important tools for shallow
landslide prediction, particularly as such disasters are exacerbated by global change
driven changes in precipitation regimes. The main objective of this chapter is to
outline a detailed methodology for shallow landslide risk assessment using GIS and
a hydrological model. We have developed a method to assess shallow landslide risk
using GIS tools and a distributed hydrological model and further used this method
to analyze the probability of shallow landslides in a case study. The physically
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based distributed landslide model was developed by integrating a grid-based
distributed kinematic wave rainfall-runoff model combined with an in�nite slope
stability module. Application of the model to assess shallow landslide risk using
rainfall data for Kyushu Island shows that the model can successfully predict the
effect of rainfall distribution and intensity on the driving variables that trigger
shallow landslides. The modeling system has broad applicability for shallow
landslide prediction and warning.

Keywords GIS � Distributed hydro-geotechnical model � Shallow landslide risk �
Probability � Kyushu Island

11.1 Introduction

As climate change intensi�es during the twenty-�rst century, extreme events such
as typhoons, extreme rainfall, droughts, etc. are expected to become more common.
Recent decades have seen more frequent shallow landslides, driven by typhoons
and extreme rainfall events (Duan et al. 2014). Shallow landslide risk mapping is a
necessary tool for the risk management community. Recent developments in GIS
tools and hydrological/geotechnical modeling enable researchers and resource
managers to analyze land surfaces for shallow landslide potential.

As GIS tools have become more commonplace, they have been widely used in
hydrological modeling. The Soil and Water Assessment Tool (SWAT) combined
with ArcGIS (called ArcSWAT) is becoming a popular modeling tool applied for
studying water resources in the USA (CEAP 2008; Gassman et al. 2007), China
(Zhang et al. 2008), Japan (Luo et al. 2012), and West Africa (Schuol et al. 2008).
Hydrological models such as grid-Cell Distributed Rainfall Runoff Model Version
3 (CDRMV3) take input hydrological data including �ow accumulation, �ow
direction and so on from ArcGIS (Luo et al. 2014a). The Geospatial Hydrologic
Modeling Extension (HEC-GeoHMS) is a public-domain software package also
linked with ArcGIS. TOPMODEL, originally developed at the University of Leeds
(United Kingdom) in the mid-1970s has recently been coupled with the Geographic
Resources Analysis Support System (GRASS) GIS software. A GIS-based frame-
work for systematic landslide hazard analysis was developed and applied in Hong
Kong with geologic, climatic, historical landslide data and rainfall data (Chau
et al. 2004). Safety maps for slope stability in the northern part of the Rasuwa
district in Nepal were generated through an analysis of physical processes using
GIS tools (Acharya et al. 2006). Spatial analysis and prediction of landslide hazards
have also used GIS techniques in the Xiaojiang watershed in Southwest China (Lan
et al. 2004). Using GIS, the dynamic characteristics of shallow landslides can be
analyzed in response to rainfall events (Lan et al. 2005). A grid-based GIS frame-
work is required for susceptibility and hazard assessment of shallow landslides
(Godt et al. 2008). The proliferation of GIS tools and extensions has vastly
expanded the potential for hydrological modeling and shallow landslide analysis.
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Shallow landslide studies generally require a distributed hydrological model
coupled with a slope stability model. For example, a topography-based hydrolog-
ical model linked with a slope stability model was applied to predict the location of
shallow landslides in a mountain catchment in the Dolomites, Italy (Borga
et al. 1998). SHETRAN is a physically based distributed basin hydrology and
sediment transport model system coupled with a geotechnical stability model to
assess the impact of forest cover on shallow landslides (Bathurst et al. 2010). The
TIN (triangulated irregular network) based Real-Time Integrated Basin Simulator
(tRIBS) implemented with the Stability module and Movement module are also
tools used to simulate spatio-temporal hydrologic processes (in�ltration, evapo-
transpiration, groundwater dynamics and soil moisture conditions) affecting shal-
low landslides (Arnone et al. 2011). Distributed hydrologic rainfall-runoff models
linked with geotechnical models have also been developed and applied for shallow
landslide prediction using satellite-derived estimated rainfall in the upper Citarum
catchment, Indonesia (Apip et al. 2010). Previous studies show numerous instances
where hydrological rainfall-runoff models coupled with geotechnical models are
developed and applied in large-scale areas for assessing the triggering conditions of
shallow landslides. However, the detail assessment of shallow landslide risk in a
large scale by using the improved hydro-geotechnical model has not been done yet.

This chapter presents a GIS framework and a distributed hydrological-
geotechnical model that together identify the location and likelihood of shallow
landslide on Kyushu Island, Japan. Additionally, spatial shallow landslide hazard
maps are presented using results from modeling simulations and ArcGIS. The
results of this study provide guidelines for spatial shallow landslide risk analysis.
This chapter is organized in the following sections: Section 11.2 �Methodology�;
Section 11.3 �Application Study in Kyushu Island�; Section 11.4 �Analysis
Results�; Section 11.5 �Discussion�; Section 11.6 �Conclusion�.

11.2 Methodology

This section describes the methodology through which GIS and hydro-geotechnical
modeling systems can be used to analyze shallow landslide risk. GIS is used to
prepare input data and display outputs for the hydro-geotechnical modeling system.
A detailed introduction to hydrological and slope stability models is also given in
this section. The methodology is applied in the context of a large island, Kyushu,
Japan, and results are presented in Sect. 11.3.

11.2.1 GIS Process and Framework of the Modeling System

There are three main parts to the GIS process including Automated Meteorological
Data Acquisition System (AmeDAS) rainfall data, hydrological and soil types and
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11.4 Results and Discussion

11.4.1 Hydrological Model Performance

Hydrologic model performance was evaluated by modelling hydrological response
at the Senoshita and Arase Stations of the Chikugo River (Fig. 11.6). The elevation
of Chikugo River basin ranges from �3 m to 1,724 m with a main stream channel
143 m long with 70 % forest coverage. Calibration results at Arase Station (Fig.

Fig. 11.6 Location of Chikugo river with the observed discharge stations, river channel and DEM
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matches observed discharge. Simulated discharge at Senoshita Station is very
similar to observed discharge with a Nash-Sutcliffe (NS) coef�cient of 0.86 (Fig.
11.7b). However, simulation results overestimate observed discharge. Simulated
discharge from the 22nd hour to the 36th hour and from the 57th hour to 82nd hour
underestimate observed discharge. The calibrated parameters are shown in Table
11.1.

11.4.2 Performance of the Slope Stability Model

The potential for shallow landslides was de�ned only for stable/unstable grids,
where the critical relative soil saturated depth values ranged between 0.0 and 1.0.
Comparison of observed landslides with the slope stability model predictions pro-
vides an assessment of geotechnical parameters calibration. The comparison was
obtained by mapping predicted critical relative saturated depth on a map of
observed landslide locations and comparing the proportion of catchment area
placed in the various critical relative saturated depth ranges (the zone of potential
instability) with the corresponding fraction of the observed landslide grids. The soil
type data is taken into account for calculating the shallow landslides in this study.
The hydro-geotechnical model for shallow landslide prediction was simply cali-
brated by comparing the spatial pattern of shallow landslides between these two
maps. This model is not intended to simulate the size of the landslide and its eroded
soil distribution.

Figure 11.8 shows the critical relative saturation level map. Red color with a
value equal or less than 0 represents the area of highest landslide potential. The area
with the critical relative saturation level of 0.8 is the most stable area where shallow
landslides are rare. The area around the Aso Mountains presents high potential for
shallow landslide occurrence. The central area of Kyushu Island shows high
potential for shallow landslide occurrence. Elevation maps indicate that the
Aso Mountain area has steep slopes. The main reason of the high potential

Table 11.1 Hydrological model calibrated parameter value of each sub-basin

Model parameter Description Arase outlet
Senoshita
outlet

n of forest (m�1/3 s) Manning’s roughness coef�cient 0.79197 0.43245
n of cropland
(m�1/3 s)

Manning’s roughness coef�cient 0.26058 0.39511

n of paddy (m�1/3 s) Manning’s roughness coef�cient 0.26458 0.21702
n of urban (m�1/3 s) Manning’s roughness coef�cient 0.18070 0.15405
n of river (m�1/3 s) Manning’s roughness coef�cient 0.00957 0.00714
D (mm) Total soil depth 1602.65 2878.41
ka (mm s�1) Hydraulic conductivity of saturated soil

layer
0.00152 0.00159

� Exponent constant of unsaturated �ow 6.61 5.40
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11.4.3 Analysis Result of Mean Shallow Landslide Risk

Based on the simulation result from the hydro-geotechnical model, the monthly
shallow landslide risk has been calculated as a percentage. The different risk levels
have been divided into �ve levels which are 0�10 %, 10�30 %, 30�85 %, 85�98 %,
98�100 % levels (Table 11.2). Stable conditions are re�ected by a score of 0�10 %.
The detailed description of the other �ve risk levels is shown in Table 11.2.
Figure 11.10 shows the mean shallow landslide risk, which is calculated based on
the monthly shallow landslide information and presents a spatial distribution of the
shallow landslide risk. Figure 11.10 shows that landslide risk is principally located

Fig. 11.9 Observed landslide Locations map (the green point is the detail locations of landslides)
(NIED 2013)
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in the area of Aso Mountain and the central part of Kyushu Island. Aso Mountain is
an active volcano with steep slopes. Volcano activity may be considered one of the
major reasons for frequent shallow landslides in this area. The high potential risk in
central Kyushu Island may be related to the steep slope of the mountain area and the
extreme rainfall events such as typhoons which often pass through central Kyushu
Island.

11.5 Discussion

The mean monthly shallow landslide risk map can be used to identify where the
most dangerous area of shallow landslides is and inform local residents of areas to
avoid during the extreme rainfall events. The hydrogeotechnical model is a grid-
cell distributed model which has two main sub models; namely hydrological sub
model and in�nite slope instability model. The hydrological sub model considers

Table 11.2 Shallow
landslide potential risk levels

Percentage (%) Risk levels
0�10 Stable
10�30 Low potential risk
30�85 Middle potential risk
85�98 High potential risk
98�100 Highest potential risk

Fig. 11.10 Mean risk of the shallow landslides (2000�2008): (a) Mean risk of whole Kyushu
Island, (b) Mean risk of the center part in Kyushu Island
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two soil layers namely capillary and non-capillary layers. The water movement in
the soil layers and land surface (overland �ow) is accounted for numerically using a
kinematic wave approach. This model is very good for use in the hill slope and
humid areas like Japan. This study re�ects advances on previous studies which for
the most part use a simple hydrological model and assume a steady state condition
in simulating hydrological responses and shallow landslide risk.

The limitation of this study is lack of a detailed deposition map for shallow
landslides. Using only the deposition map for all landslide types makes it dif�cult to
identify shallow landslides, the most common form of landslide in Japan. Our
hydro-geotechnical model was not constructed for this purpose. The resolution of
DEM is suf�cient for shallow landslide risk analysis on a large scale, because we
are not trying to identify the detail basin scale shallow landslide events. In future
100 m mesh land use data will be used as input data. Land use type is also an
important driver of shallow landslide risk.

11.6 Conclusion

We use GIS tools and hydrological modeling linked with a slope stability model to
estimate shallow landslide risk levels. A detailed introduction on the framework of
the GIS process and hydrological modeling for large-scale shallow landslide risk
analysis is presented. Model performance was evaluated with a NSE of 0.93 at the
Arase station and 0.86 at the Senoshita Stations of Chikugo River compared with
the observed discharge. We calculated the shallow landslide risk map in Kyushu
Island, and divided the risk into �ve levels for better understanding. The central part
of Kyushu Island presented the highest risk levels. In order to capture the intricacy
of many related hydro-geotechnical processes combined hydro-geotechnical
modeling for analysis of large-scale shallow landslide risk. This combined model-
ing system can be applied in the other large scale study areas for shallow landslide
risk simulation. The results of this study can provide scienti�c information for
future shallow landslide management to reduce economic loss and contribute to
developing sustainable and survivable societies.
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Chapter 12
An Integrated Model for Assessing Carbon
Dioxide Emissions Considering Climate
Change Mitigation and Flood Risk
Adaptation Interaction

Kumiko Nakamichi, Yoshiki Yamagata, and Hajime Seya

Abstract Planning for climate change mitigation/adaptation for enhancing urban
resilience against natural disaster risks is an important issue in Japan. For such
planning to be effective, studies suggest that it is important to consider the inter-
action (co-benefits and trade-offs) between adaptation and mitigation measures. For
example, climate change mitigation and adaptation measures could be compatible if
our government got people to move from flood prone areas with considering urban
structure (e.g., compact city). In order to simulate the effectiveness of such inter-
actions, we propose an integrated assessment model for carbon dioxide (CO2)
emissions under several urban land-use scenarios considering (i) urban form (dis-
persion/compact city) (ii) urban resilience (adaptation to flood risks) and (iii)
diffusion of electric vehicles (EVs) and photovoltaic (PV) panels at a local town
level in Tokyo. The developed model can be used to evaluate the co-benefits of both
mitigation and adaptation measures from the viewpoint of CO2 emissions. Indirect
emissions based on households’ expenditure are also estimated in addition to direct
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emissions. The obtained results suggest that climate change mitigation and adap-
tation can generate a synergistic effect from the viewpoint of CO2 emissions.

Keywords Climate change mitigation and adaptation • Direct and indirect CO2
emissions • Land-use scenario • Electric vehicles • Photovoltaic panels

12.1 Introduction

12.1.1 Climate Change Mitigation and Adaptation Options

Scientific forecasts predict that climate change will raise the risk of climate
disasters in the future. The 4th Assessment Report of Intergovernmental Panel on
Climate Change (IPCC 2007) emphasizes the importance of both climate change
mitigation and adaptation strategies in order to deal with the challenges of climate
change. Climate change mitigation options include not only a direct reduction of
greenhouse gases (GHGs) but also an enhancement of the carbon sinks of GHGs.
Climate change adaptation options involve adjustments in natural or human sys-
tems in order to minimize or prevent the harmful impacts produced by climate
change. Figure 12.1, adapted from Penney (2008), illustrates the overlap between
climate change mitigation and adaptation in the urban context.

The 5th Assessment Report (AR5) of IPCC (2014) stated that many global risks of
climate change are concentrated in urban areas. Climate change will be gradual, but
extreme weather events will increase in intensity. Vulnerability created by floods is

Fig. 12.1 Climate change mitigation and adaptation options in the urban context
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12.2.1.3 Estimation of Direct/Indirect CO2 Emissions

For the evaluation of land-use scenarios, we estimated the direct and indirect
emissions on the neighborhood scale. Because urban improvement projects are
implemented on such micro zone scales, the evaluation of the effect on CO2
emissions should be localized. In order to accurately estimate the lifecycle CO2
(LC-CO2) related to household consumption, the emission intensity of each con-
sumer goods (expenditure item), such as gasoline, food, etc. must be estimated. The
categories of the items used in this study are shown in Table 12.1. Because emission
intensity differs by region and by consumer (household) type, it is important to
consider its heterogeneity. We employed the algorithm proposed by Tanaka
et al. (2008), who had employed statistical methods (Bayesian estimation method
and Genetic Algorithm) for estimating the emission intensity of each expenditure
item by prefecture by seven household types (Table 12.2). The annual CO2 emis-
sions (kg-CO2/year) in each zone (micro district on the neighborhood scale) i was
calculated in the following manner:

CEi …
X

j
Hi j

X

k
Ei jk icik þ dcikð Þ

" #

ð12:1Þ

where,

CEi: annual CO2 emissions in each zone i (kg-CO2/year)
Hij: the number of household type j in zone i
Eijk: annual expenditure on item k by household type j in zone i (yen/household/

year)
icik: emission intensity of indirect CO2 emissions for item k (kg-CO2/yen)
dcik: emission intensity of direct CO2 emissions for item k (Gas, kerosene and

gasoline) (kg-CO2/yen)

The estimated CO2 emissions of each household were allocated on the basis of
the number of households in each of the seven household types in each micro zone.
The number of households was taken from the 2005 census. Table 12.3 shows the
estimated average CO2 emissions per household of Yokohama City in 2005 as an
example.

Table 12.2 Seven household
types

Household type
a. One-person households (65 years of age or over)
b. One-person households (under 65 years of age)
c. Married couple only (either of them 65 years of age or over)
d. Married couple only (both under 65 years of age)
e. Married couple with child(ren)
f. Single parent and child(ren)
g. Other types
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12.2.2 Spatially Explicit Land Use Model

So far, many integrated land-use and transportation models have been applied to
real urban policy planning and the creation of land-use change scenarios. The
present study employed a multi-market static economic equilibrium model based
on urban economic theory (e.g., Ueda et al. 2013). In this study, we developed a
spatially explicit land-use model which was created based on micro district level
zones.

The structure of our model is given in Fig. 12.2. The major assumptions of this
model are as follows: (1) There exists a spatial economy whose coverage is divided
into zones i. (2) The total number of each household type j, say Hj in the metro-
politan area is given (closed city). (3) The society is composed of three types of
agents: households, developers, and absentee landlords. The behavior of each agent
is formulated on the basis of microeconomic principles, that is, utility maximization
by households and profit maximization by developers and absentee landlords.
(4) Households belonging to the same type j have identical preferences. The
households choose their locations in accordance with maximized utility.
(5) There is one residential land market and residential (building) floor market in
each zone. These markets reach equilibrium simultaneously. The model can output

Table 12.3 Average CO2 emissions per household (Yokohama)

Emission group
Indirect CO2 emissions
(kgCO2/year)

Direct CO2 emissions
(kgCO2/year)

1. Food 1,530 0
2. Housing 154 0
3. Fuel, light and water
charges

3,719 1,304

Electricity (2,242) (0)
City gas (866) (795)
LP gas (420) (383)
Kerosene (136) (126)
Water and sewerage charges (55) (0)
Others (0) (0)

4. Furniture and household
utensils

187 0

5. Clothes and footwear 349 0
6. Medical care 256 0
7. Transportation and
communication

1,459 484

(Gasoline) (559) (484)
8. Education 136 0
9. Reading and recreation 655 0
10. Others 290 0
Total 8,735 1,788
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a set of variables which describe a real urban economy such as distribution of
locators (households), distribution of land rent and building floor rent, land and
building floor area, etc. The detailed mathematical description of our model and the
input data is given in Yamagata and Seya (2013) and Yamagata et al. (2013). The
ratio of detached houses was estimated using the projected population density using
the relationship shown in Fig. 12.3.

12.2.3 Integrated CO2 Emission Evaluation System

The structure of our integrated CO2 emission evaluation system is seen in Fig. 12.4.
We can use HES data not only for the estimation of CO2 emissions but also for the
estimation of energy demand. Energy demand change can be projected even if EVs
and PVs will be introduced. The installable area of roofs depends on the supply-
demand balance of buildings which is provided by the land-use model. The details
are given in Nakamichi et al. (2013b).

As to EVs, the CO2 emission rate could be estimated as shown in Table 12.4. In
order to consider the change of percentage of the electricity supply source (from
nuclear to thermal) after the Great East Japan Earthquake, we calculated the CO2
emission factor from April 2011 to March 2012 to be 0.50 (kgCO2/kWh) using the
reports of the federation of electric power companies of Japan.

As to PVs, we assumed that PVs were installed on the roofs of all detached
houses in the study area. Following Yokoi et al. (2010), the hourly average of unit
electric supply by PVs (kWh/h) can be estimated as

Fig. 12.2 Structure of our spatially explicit land-use model
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PVi … I � � � LPV
i � � pc � Kpt � T ð12:2Þ

where I denotes the total (solar) irradiance (kWh/m2/h); �: array conversion effi-
ciency (…0.1); LPV: installation area (m2); ��pc: running efficiency of power
conditioner (…0.95); Kpt: temperature correction coefficient (…0.9221 for May to
October, …1 for the other months); T: performance ratio (…0.89). I was taken from
METPV-2 database. LPV is defined as

LPV
i … Li � � � � � 1= cos � ð12:3Þ

where � denotes the building-to-land ratio; �: possible area of installation on the roof
(…0.3); �: optimal angle of inclination (…30�). Li was projected using our land-use
model.

The introduction of EVs has the potential to reduce both direct and indirect
emissions by gasoline use. Instead, indirect emissions for electricity use would
increase for the battery charge of EVs. As to the introduction of PVs, the indirect
emissions could be reduced because people would save electricity which was
supplied by the electric power company.

The outline of scenarios which could be assessed by our integrated CO2 emis-
sions evaluation system is described in Fig. 12.5. This evaluation system can be
used as a decision support system for evaluation of CO2 emissions under land-use
scenarios considering climate mitigation and flood risk adaptation.

12.3 The Case Study

12.3.1 Scenario Building for the Tokyo Metropolitan Area
in 2050

The base year for the projection was 2005, while 2050 was set as the target year by
taking into account the reliability of projection results. The study area is shown in

Table 12.4 CO2 emission
rate of EVs

Transportation method CO2 emissions (gCO2/km)
General gasoline car 136.0 a

EV (Lief) 62.1 b

EV (i-MiEV) 55.1 c

aCalculated from Fuel consumption: 17.0 km/L (MLIT 2012)
bCalculated from AC power consumption rate: 124 Wh/km
(Nissan 2012)
cCalculated from AC power consumption rate: 110 Wh/km
(Mitsubishi 2012) (JC08 mode)
All calculations are based on uniquely estimated CO2 emission
factors after the Great East Japan Earthquake (2011):
0.50 kgCO2/kWh
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Our future urban scenario is described in Table 12.5. We set four land-use
scenarios and five scenarios of PVs and EVs introduction. We combined each other.

12.3.1.1 Land Use Scenarios

We created four land-use scenarios: climate change mitigation (compact city),
adaptation (flood risk prevention), mitigation + adaptation and a dispersion city

Table 12.5 Scenarios for the Tokyo Metropolitan Area in 2050

Technological
mitigation

Without introduction of PVs and
EVs

With introduction of PVs and EVs
(Technological mitigation
measures, resilient from energy
use perspective)Land use

Climate change mit-
igation (Mit.): com-
pact city

Shrinking urbanized areas in
suburbs

In addition to the left column,

Available area of the residential
land will be ½ (if distance to sta-
tion is >500 m)

Cars will be replaced by EVs

Subsidy to living in the central
district

Gasoline consumption will be zero
but the electricity consumption for
charging EVs will increase

100,000 yen/year (if distance to
station is <250 m)

PV panels will be installed on the
roofs of all the detached houses

Modal share will be changed Generated electricity from PVs
will be subtracted from the elec-
tricity consumption of households

Car trips around the train stations
will be reduced by 50 %
(if distance to station is <250 m)

Cars will be replaced by EVs
PV panels will be installed on the
roofs of all the detached houses

Climate change
adaptation (Ad.):
flood risk prevention

Retreat from the flood-hazard
areas
Available area of the residential
land will be ½ (if the liquefaction
risk index is 2 (middle) or
3 (high))

Climate change
mitigation and
adaptation (Mit. +
Ad.)

Retreat from the flood-hazard
areas
Shrinking urbanized areas in
suburbs
Subsidy to living in the central
district
Modal share will be changed

Dispersion (BAU) Business as usual
The suburban development will
continue
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12.3.1.2 Scenarios of Pvs and Evs Introduction

As mitigation measures, we considered not only land-use change like a compact
city but also the large-scale introduction of EVs and PVs. In each land-use scenario,
we set a different rate of diffusion for EVs and PVs (Table 12.6).

12.3.2 Results and Discussion

The spatial distributions of population under each land-use scenario are shown in
Fig. 12.8. Figure 12.9 shows the distribution of CO2 emissions in the Tokyo
Metropolitan Area under different scenarios. The total CO2 emissions from house-
holds could be reduced as seen in Fig. 12.10.

Even without technological mitigation measures (introduction of PVs and EVs),
the estimated CO2 emissions are likely to decrease by 3.2 % depending on the
population decline in the Tokyo Metropolitan Area in 2050. The reduction rate of
scenario Mit.+Ad.1 (5.0 %) is higher than that of scenario Ad.1 (4.8 %) implying
that CO2 emissions can be reduced if compact city is realized. Taniguchi
et al. (2005) estimated the reduction rate of transportation energy for a local city
to be about 3 % under the compact city scenario and 6 % under the scenario
considering both compact city and flood disaster prevention. The depopulation of
the whole city was not considered in their study. Nakai and Morimoto (2008)
calculated the change of both automobile energy consumption in the transportation
sector and electric power consumption in the residential sector in cases when a
compact city policy was implemented for the central city of a local area. In their
study, the reduction rates were 2.5–4.2 % in the transportation sector and 1.5–4.0 %
in the residential sector. The target year was 2020 and the depopulation of the whole
city was included in these scenarios. Such energy consumption has a direct corre-
lation with CO2 emissions. Because these cities are automobile dependent cities,
the reduction rate in the transportation sector generally becomes higher than in the
cities in the metropolitan area. Nakamichi et al. (2013a) assumed a more compact
city scenario in Yokohama city included in the Tokyo Metropolitan Area, and
estimated the CO2 emissions (direct and indirect emissions) from all sectors. The
reduction rate was 5.4 % under the compact city scenario. The assumptions, the
target year and target area were not the same among these scenarios. However, they

Table 12.6 Scenarios of PV
and EV introduction

Scenarios of PV and EV
introduction

Diffusion rate of
EVs (%)

Diffusion rate of
PVs (%)

1 0 0
2-i 100 100
2-ii 50 50
2-iii 100 50
2-iv 100 30
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12.4 Conclusions

This study developed an integrated evaluation system for CO2 emissions under
(i) land-use scenarios considering both climate change mitigation and adaptation
and (ii) technological mitigation scenarios considering the introduction of PVs and
EVs. The land-use scenarios built by using a spatially explicit land-use model
which had been based on real estate data, were applied for the case study of this
evaluation system. Our CO2 emission estimation model could estimate not only
direct emissions but also indirect emissions based on household expenditure. As a
case study, we showed the future spatial distribution of CO2 emissions by using this
integrated evaluation system.

This evaluation system could be used as a decision support system for the
evaluation of CO2 emissions under land-use scenarios considering climate mitiga-
tion and flood risk adaptation for resilient cities. Urban and regional planners might
implement economically-based planning of urban improvement projects, spatial
distribution of population density, public transportation projects and energy saving
of households. They could also select retreat and cohesion areas considering
compact city design and disaster prevention on the neighborhood scale. A different
diffusion rate of PVs and EVs in each zone could be set as scenarios. Policy-makers
could compare each effect on CO2 emission reduction.

The results of this case study suggest that climate change mitigation and
adaptation can generate both a synergistic and trade-off effect from the viewpoint
of CO2 emissions. We have to find a strategy for compatibility between mitigation
and adaptation using an evaluation system like the one in this study.

The results suggest that the compactness of land use and the introduction of PV
panels installed on detached houses are not compatible from the viewpoint of CO2
emission reduction because more compactness means fewer detached houses. In the
future, we should consider scenarios assuming the installation of PV panels on the
top of apartment/office buildings in the city center or around stations, and
the introduction of mega solar power plants in suburban areas where people
retreated. We postpone these considerations to future research. It is necessary to
consider the interchange of surplus electricity generated by PVs. The electric power
interchange among household types with different living hours should also be
considered, as pointed out by Taniguchi and Ochiai (2012). In this study, the
indirect emissions were estimated per year. The variations in time for both PV
supply and household demand must be considered as pointed out by Esteban
et al. (2012). The emissions were related to energy and gasoline change by
scenarios. Emissions from other sources should be considered from the viewpoint
of Life Cycle Assessment. Also, the cost for realizing land-use scenarios such as
people’s move should be calculated and compared with the cost of infrastructure for
flood disaster prevention such as levee and padding based on cost-benefit analysis.
The dispersed city has the potential of making services inefficient in the city and of
increasing the cost for infrastructure. Because the compact city may be economical
and efficient in consideration of CO2 emissions by logistics, further studies are
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needed from this viewpoint, too. Furthermore, the scenarios should be evaluated in
terms of QOL such as accessibility and amenity. In order to realize a climate change
adaptation scenario, risk communication tools like those suggested by Burch
et al. (2010) and resilience against multiple disasters including earthquake and
tsunami are also important.
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Chapter 13
Support Vector Machines for Land Cover
Mapping from Remote Sensor Imagery

Dee Shi and Xiaojun Yang

Abstract Land cover mapping is an important activity leading to the generation of
various thematic products essential for numerous environmental monitoring and
resources management applications at local, regional, and global levels. Over the
years, various pattern recognition techniques have been developed to automate this
process from remote sensor imagery. Support vector machines (SVM) as a group of
relatively novel statistical learning algorithms have demonstrated their robustness
in classifying homogeneous and heterogeneous land cover types. In this chapter, we
review the status and potential challenges in the SVM implementation for land
cover classification. The chapter is organized into two major parts. The first part
reviews the research status of using SVM for land cover classification, focusing on
some comparative studies that demonstrated the algorithm effectiveness over other
conventional classifiers. We identify several areas for additional work, which are
mostly related to appropriate treatments of some parametric and non-parametric
factors in order to achieve improved mapping accuracies particularly for working
over heterogeneous landscapes. Then, we implement the support vector machine
technique to map various land cover types from a satellite image covering an urban
area, and demonstrate the robustness of this pattern recognition technique for
mapping heterogeneous landscapes.

Keywords Land cover • Image classification • Support vector machines •
Heterogeneous landscapes • Thematic accuracy assessment

13.1 Introduction

Land cover is the pattern of ecological resources and human activities dominating
different areas of Earth’s surface (Turner and Meyer 1994). It is a critical type of
data source essential for many environmental monitoring and natural resources
management applications at local, regional, and global scales (Foley et al. 2005;
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13.2 Support Vector Machines

13.2.1 Basics

The basic idea behind the support vector machines (SVM) is to construct separating
hyperplanes between classes in feature space through the use of support vectors
which are lying at the edges of class domains; SVM seek the optimal hyperplane
that can separate classes from each other with the maximum margin (Vapnik 1995).

SVM were originally designed as a binary linear classifier, which assumes two
linearly separable classes to be partitioned. In most cases, the best separable
hyperplane may not be located exactly between two classes. To account for this,
an error item is introduced to manipulate the tradeoff between maximizing the
separation margin and minimizing the count of training samples that locates on the
wrong side. SVM are further extended to deal with non-linear classification by
using a non-linear kernel function to replace the inner product of optimal hyper-
plane. Several commonly used kernel functions include linear kernel, polynomial
kernel, radial basis function (RBF), and sigmoid kernel (Haykin 1999). Each of
these kernel functions is constructed with multiple parameters, and the parameter
settings can influence the performance of a specific support vector machine (Yang
2011).

Moreover, SVM have been used for multi-class mapping through reducing the
multi-class problem into a set of binary problems so that the basic SVM principles
can be still applied. Two commonly used strategies for this purpose include one-
against-one and one-against-all (Foody and Mathur 2004b; Kavzoglu and Colkesen
2009). The former is generally preferred because of its less computational intensity
and comparable accuracy to the later. The one-against-all method can result in
unclassified instances (Huang et al. 2002; Hsu and Lin 2002; Pal and Mather 2005;
Mountrakis et al. 2011), which is not suitable for land cover mapping.

13.2.2 SVM for Land Cover Classification

The performance of SVM has been examined through some comparative studies
with other pattern classifiers for various land cover types (e.g., Huang et al. 2002;
Foody and Mathur 2006; Keramitsoglou et al. 2006; Su and Huang 2009). Huang
et al. (2002) found that SVM substantially outperformed maximum likelihood
(MLC) or decision tree (DC) in terms of classification accuracy and even surpassed
multilayer perceptron neural networks (MLP). Su and Huang (2009) implemented
SVM and MLC on a Multi-angle Imaging SpectroRadiometer (MISR) image to
differentiate eight semi-arid vegetation types, and found that SVM significantly
outperformed MLC. Keramitsoglou et al. (2006) mapped various vegetation types
using IKONOS data, and compared the performance of SVM with radial basis
(RBF) neural networks. They found that SVM had strengths in terms of
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samples were generated through the stratified random sampling method
(Table 13.2). The identity of each sample was determined by the combined use of
high spatial resolution data from Google Earth, USGS 2006 National Land Cover
Data, and our field survey data. Kappa coefficients were calculated to quantify the
overall and categorical accuracies (Congalton 1991).

13.3.5 Results and Analyses

The classification maps from SVM and MLC are displayed in Fig. 13.5. Both maps
were geographically linked with the original remote sensor image, and specific land
cover categories were further checked. In general, both maps show an overall
correct land cover classification but misclassified areas or pixels can be clearly
observed. While the two maps do not show much different large landscape patches,
the one from SVM shows many scattered, isolated patches being correctly classi-
fied. In terms of specific classes, grassland and low density urban are classified
differently, as shown on the two maps. Some grassland patches on the map from
SVM were misclassified as low density urban class on the other map. And some
mixed forest patches were classified as low density area, and some small patches of
evergreen forests and shrubs were classified as mixed forest. Thus, if the spectral
characteristics of a class are similar to other classes or if a class is dominated by
mixed pixels, SVM clearly performed better than MLC.

Fig. 13.5 Land cover maps produced by using support vector machines (SVM) (Left) and
maximum likelihood classifier (Right)
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13.4 Conclusion

In this chapter, we have reviewed the research status of using support vector
machines (SVM) for land cover mapping with special attention on heterogeneous
landscape types. Then, we have implemented this technique to map various land
cover types in an urban area from a satellite remote sensor image. Our studies
further confirm that SVM can significantly outperform the maximum likelihood
classifier (MLC), the most widely used pattern recognition method in the remote
sensing community. We found that SVM can significantly improve mapping
accuracy, particularly for spectrally and spatially complex land cover categories.

Acknowledgements The authors like to thank the Florida State University for the time release in
conducting this work. The research was partially supported by the Florida State University Council
on Research and Creativity, CAS/SAFEA International Partnership Program for Creative
Research Teams of “Ecosystem Processes and Services”, the Natural Science Foundation of
China through the grant “A Study on Environmental Impacts of Urban Landscape Changes and
Optimized Ecological Modeling” (ID 41230633).

Fig. 13.6 Visual comparison of the land cover classification by support vector machines (SVM)
and maximum likelihood classifier (MLC) at the three selected sites. Note that a1, a2, and a3 are
natural color composites of very high resolution satellite images from Google Earth; b1, b2, and b3
are false color composites of the Landsat TM image used in this study; c1, c2, and c3 are subsets of
the land cover classification by SVM; and d1, d2, and d3 are subsets of the classification by MLC.
See Fig. 13.5 for specific legends for the land cover maps
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Chapter 14
Digital Processing of SAR Data and Image
Analysis Techniques

Saied Pirasteh, Hojjat O. Safari, and Somayeh Mollaee

Abstract Digital SAR processing is referred to the correlation process and
computer vision approaches to utilize the outcome of the image to identify an
object from the image. Thereby, the SAR signal from the image can be examined to
extract the optimum Doppler returns. These are necessary for the successful
reconstruction of the return signals into an acceptable image format. In addition
to SAR signal processing of data, a number of computations may carry out from a
digital SAR processor. Digital SAR processors allow the user to specify additional
processing options which may include slant-range to ground-range conversion,
range dependent gain correction, the number of independent looks in the azimuth
dimension, or pixel spacing. These can also apply for the post-image generation
phase. The general theory behind these methods is presented in this chapter. Then it
follows the introduction and various digital radar image techniques that may use by
an image analyst utilizing a digital image analysis system and suitable computer
software packages.

14.1 Introduction

The applications of RADAR technology products particularly derived from space
earth observation satellite and remote sensing integrated with GIS technology to
various areas of earth sciences, geology, natural resources, agriculture, forest, oil
spills pollution, geohazards, mapping, management, planning, early warning sys-
tem and development has been highly rewarding. The use of RADAR remote
sensing has opened the door for immense opportunities in large-scale investigation,
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updating of existing maps, projects planning and decision-making. This phenome-
nal growth in the �eld of RADAR remote sensing is due to the successful launching
of series of satellites.

The digital SAR processing is referred to the correlation process thereby the
SAR signal use to extract the optimum Doppler returns. Digital SAR processors
allow the user to specify additional processing options which may include slant-
range to ground-range conversion, range dependent gain correction, the number of
independent looks in the azimuth dimension, or pixel spacing. These can also be
applied in the post-image generation phase. The general theory behind these
techniques is presented in this chapter, followed by an introduction of various
digital enhancement techniques that may be applied by an image analyst using a
digital image analysis system and suitable computer software packages.

14.1.1 Why Do We Use Radar Remote Sensing?

Nowadays, everyone is trying to work effectively on remote sensing and under-
standing of various applications of this technology. This is because, we can reduce
the time and cost in a project. In addition, for the places that are inaccessible remote
sensing can be implemented effectively to detect an object we are looking for.

Imaging radars are among the latest additions to a variety of remote sensing
instrument available for analyzing Earth resources and for monitoring the environ-
ment. So far, the results obtained from many application oriented Research and
Development (R&D) studies and from the operational use of airborne imaging
radars are encouraging. But knowledge regarding the full extent of their capabilities
and applications of radar remote sensing are still relatively limited compared to the
experience with established techniques such as aerial photography and optical
remote sensing techniques from space, e.g. LANDSAT TM, SPOT (Drury 1987;
Ulaby 1989; Ali and Pirasteh 2004; Avery and Berlin 1992; Bu¤rgmann et al. 2000;
CCRS 2004, 2006; Pirasteh et al. 2009). So, why do we use radar?

The answer to this question is threefold. A very valid reason for using radar,
from an operational point of view, is its all-weather imaging capability, since
microwaves can penetrate cloud and any weather condition. Radars operating at
wavelengths greater than 2 cm are not signi�cantly affected by cloud cover,
whereas rain does become a considerable factor for systems imaging at wave-
lengths below 4 cm. Furthermore, imaging radar operates independently of sun
illumination, since it provides its own scene illumination as an active remote
sensing system. The radar images have more potential to extract the information
in haze climate conditions. This makes the advantages of using radar images
(Goldstein 1997).

Microwaves also have the ability to penetrate a surface layer, for example, a
vegetation canopy, more deeply than optical wavelengths can. However, there are a
number of limiting factors (Goldstein 1997) to consider, since the extent of pene-
tration is determined by the moisture content and the density of the vegetation on
one hand, and by the wavelength of the radar and its viewing geometry on the other.
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14.5.2 Edge Enhancement

The brightness variations that de�ne the edges and the text texture of objects in a
SAR scene are an important element in image interpretation. Objects of interest
may include those with a strong linear component, for instance geological fractures,
ocean wave fronts, or the edges of pack ice. An increase in local contrast may be
achieved by suppressing gradual brightness variations, which tend to obscure the
object of interest. Edges and linear features are composed of rapid brightness
variations, or high spatial frequencies, of a set of dark pixels next to a set of bright
pixels in an image. There a number of edge enhance algorithm which have been
designed to highlight these features. The examples presented below include the
high pass �lter, the K-averaging �lter and Fast Fourier Transform (FFT). The
variance and convex hull �lters may be used for this purpose as well, but they are
better suited for reducing the appearance of speckle.

In the high pass, or Laplacian �ltering process the low frequency component of
an image, as averaged over the �lter window, is subtracted from the original image.
In order to avoid the occurrence of negative pixel values, a constant is added to the
intensity value of each pixel. An important consideration in the choice of the
�ltering window is not only the size of the window, but also its shape. Square

Fig. 14.5 Synthetic color image
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windows tend to enhance edges in all directions. A particular directional trend or
orientation of edges and linear features may also be enhanced by using a rectangular
�ltering window.

In the K-averaging �lter process (Ghandeharian et al. 2009), the �ltering win-
dow is divided into sub-windows, thus creating a two-dimensional �lter. A com-
parison of the average values and the standard deviation of the various
sub-windows determine where in the window rapid brightness variations,
e.g. ‘edges’, occur. This feature is then enhanced by averaging only those
sub-windows along the features where rapid brightness variations were detected.

Linear features can also be analyzed through the fast Fourier transformed (FFT)
of an image. The FFT can be used as an edge enhancement tool by smoothing the
transformed image by means of an average �lter, and then removing the very low
and very high frequency components of the image by intensity level slicing. After
the FFT, averaging and level slicing procedure the image is inverse Fourier
transformed back into a residual image of the original scene.

14.5.3 Contrast Stretching

Synthetic aperture radar data potentially have a very wide dynamic range,
encompassing intensity levels from 0 to more than 107. Once processed and output
on a CCT, the signal intensity is compressed to intensity levels which in the case of
8-bit data range from zero, for dark signatures, to 255, for very bright signatures.
Yet, the full recording range of 256 intensity levels is rarely utilized. On average,
SAR scene intensity occupies only half the digital levels available. This results in a
greatly reduced image contrast, which may potentially cover the remaining inten-
sity levels. The intention is to make optimal use of the limited dynamic range of the
digital tape and avoid saturation of the intensity values.

Therefore, the idea behind contract stretching is to redistribute the pixel values
utilizing the full brightness range of the digital tape. A number of algorithms have
been developed to enhance digital imagery in this fashion. Contrast stretching can
also be applied to match image intensities to the characteristics of display and
recording devices. The data manipulation process usually consists of two steps;
First, the distribution, or histogram, of the pixel intensities in a given scene within
the potential range, e.g. zero to 255, is evaluated. Then, the pixels are redistributed
within the range of 0�255. Criteria for the redistribution can be selected by the
image analyst and may include linear contrast stretch and non-linear contrast
stretch. It is important to note that digital contrast enhancement should only be
performed after other processing procedures have been completed, since contrast
stretching results in some manipulation of the original pixel values.

The simplest form of contrast enhancement is called linear contrast stretching. It
is based on the following procedure: Once the histogram of scene intensity values is
generated, a digital number (DN) in the low range of this histogram is assigned to
very dark, e.g. zero. Likewise, a high DN value in the upper range is assigned to
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very bright, e.g. 255. In the example, digital number values of 49 and 106 are
assigned to 0 and 255, respectively. In the following contrast stretch the remainders
of the pixel values are distributed linearly between the assigned extreme values of
zero and 255. This results in an improved contrast ratio of most brightness values in
the original image. However, it should be noted that linear contrast stretch may also
result in a loss of contrast at the extreme DN values. This implies saturation, or
‘clipping’ of very low and very high DN values.

Another form of contrast enhancement is the non-linear contrast stretch,
whereby the intensity values of the original histogram are subject to a uniformly
distribution stretch, i.e. the original histogram is being redistributed to produce a
uniform population density of pixels along the DN axis. This enhancement is most
effective in providing better contrast for the most populated range of intensity
values in the original scene. The drawback of the uniform distribution stretch is
its compression of intensity values in the lower and upper ranges of the original
histogram, similar to the one encountered in the linear contrast stretch procedure.
However, a contrast stretch of the lower or upper ranges is required, and a
non-linear Gaussian stretch may be applied in order to accommodate this. The
Gaussian stretch �ts the original components of the histogram to a normal distri-
bution curve with zero and 255 as its lower and upper limit, respectively. The trade-
off is a relative loss of contrast in the moderate intensity range.

14.6 Simulation of SAR Imagery

Many aspects in the design of a SAR system have very large cost impacts.
Therefore, it is very important to fully understand the implications of speci�c
design and system parameters on the resultant imagery prior to the implementation
of a SAR. The question of how, for instance, a spaceborne SAR design can meet the
requirements of the user must be addressed. Some parameters can be modeled by
system engineers. However, the impact of other parameters, such as wavelength
and incidence angle, on the re�ectivity of targets needs to be explored and evalu-
ated for a particular application by means of image simulation.

By examining simulated imagery with known characteristics the system
designer and the user of SAR data alike obtain valuable information that helps to
optimize the system design. Furthermore, systematic image simulation can also
assist in the development of useful interpretation methodologies for spaceborne
SARs appropriate �ltering techniques (Sabins 1987) for image enhancement, the
de�nition of SAR data compression and sampling techniques (Gibbins and Slaney
1991), as well as in the development of image and map registration techniques.
Consider this example from an applications point of view. By simulating a
spaceborne SAR with a 100 m 6-look resolution from a high resolution airborne
SAR image of sea ice in the Beaufort Sea some important image characteristics
could be derived. The simulations suggested that small hazards for shipping in these
ice infested waters, for example multiyear ice �oes, pressure ridges and icebergs
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less than 100 m in size, were partly lost in the speckle pattern; otherwise, the scale
and the resolution of the simulated imagery proved to be very valuable for large
area strategic ice forecasting and operational planning.

The generation and evaluation of realistic image examples from hypothetical
spaceborne SAR systems is of interest to those nations, which plan to implement
such systems. In Canada, a methodology (Singhroy and Saint-Jean 1999) has been
developed under contract by Intera Technologies Limited to simulate SAR imagery
(CSA 2007; D’Iorio et al. 1997). The main purpose of the SARSIM software package
is to simulate spaceborne SAR data of the ERS-1 and RADARSAT type, as they
have been available since 1990s. The package provides a set of �lters that resample
�ne resolution airborne SAR data, or those from synthetic test sites, and simulate
the parameters of the spaceborne SAR under consideration. This can be accom-
plished by generating an idealized yet realistic source target re�ectively map and
by generating speckle, thermal system noise and other system perturbations.
Re�ectivity map, speckle and thermal noise data are then combined to create the
simulation. Speckle is simulated by generating a two-dimensional array of noise
values. The user can specify the position, shape and weight for each sub-aperture
(‘look’). The usefulness of the resulting image can be determined from the means of
standard digital image analysis techniques. Moreover, new image analysis, interpre-
tation and classi�cation techniques can be re�ned and tested using simulated imagery.

14.7 Visual Interpretation of SAR Imagery

The most common approach to visual SAR image interpretation is that of a
modi�ed air photo analysis procedure. The majority of airborne radar surveys
conducted during the 1970s and early 1980s relied heavily on visual interpretation
methods. Image analysts were familiar with both air photo and radar techniques.
Major natural resource surveys, such as RADAM BRAZIL (Marcelo et al. 2011) or
the Nigerian NIRAD Project, contributed to the development of manual analysis
techniques. Likewise, airborne radar imagery of ice infected coastal waters of
northern and eastern Canada have been interpreted manually by skilled ice
observers for many years.

Visual image analysis procedures examine various important image elements,
including tone, texture, size, shape and association. These image elements are
equally applicable for the interpretation of SAR imagery. But in modifying the
principles of visual air photo analysis for use in radar image interpretation, one
should keep in mind that radar is a range measuring device. The analyst has to
consider the radar parameters and the ground parameters when interpreting a radar
image, since variations in the average backscatter cross-section (�o) result in
different image characteristics, �rst and foremost. One must be familiar with
interaction mechanism(s) of radar system parameters and ground parameters and
what effect changes in these parameters might have on �o. still, the analyst is left
with two basic questions; �rst, are the parameters that the analysis of ground
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features is concerned with of signi�cance to the radar backscatter? Secondly, which
ground parameter(s) determine(s) a ‘boundary’ or tonal change?

14.7.1 Tone

The visual interpretation of a radar image attempts to infer signi�cant features in an
area from observed tonal variation. Unlike aerial photography, where changes in
tone are related to the re�ection characteristics of an illuminated surface averaged
over a relatively broad spectrum, radar image tone is the result of re�ection at only
one wavelength. The tonal expression in a SAR scene is generally a function of the
strength of the radar backscatter form a corresponding ground area. The variations
in the average backscatter cross-section �o for a given target has a profound
in�uence on radar image tone, and therefore on the interpretability. �o is a function
of many parameters:

�o … f �, �, P, �, �, �1, �2, �ð Þ ð14:6Þ

where the radar system parameters are given by:

� … wavelength of the radar;
� … depression angle;
P … polarization of the radar beam (both transmit and receive);

and where the ground parameters given by:

� … aspect angle (local incidence);
� … complex dielectric constant;
�1 … micro-scale surface roughness of the air � solid boundary relative to the radar

wavelength;
�2 … subsurface of a discontinuity layer;
v … complex volume scattering coef�cient

To determine which parameter(s) cause(s) a particular change in grey tone
(Fig. 14.6) requires ancillary information with regard to the terrain and surface
properties; this may require the collection of ground data and/or the use of multi-
parameter radar data, data from other sensors, or a combination of the above. The
obvious approach is to select the controllable radar system parameters and strive to
optimize the information that might be obtained from the terrain parameters. This
selection requires knowledge of the backscatter mechanisms and the study of
theoretical models and experimental data on the part of the interpreter.

The grey tone on the image is a relative index rather than an absolute one,
because the exposure level of a particular SAR scene is controlled by a number of
factors. These include, for example the gain setting of the radar system, chemical
�lm processing of optically correlated data, or numerical corrections applied during
digital processing. Imagery can therefore be as light or as dark as desired. For this
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and other reasons, visual interpretation of (uncalibrated) radar imagery can only
make a qualitative assessment of discrete tonal elements by detecting, identifying
and recognizing light or dark levels of grey tones. Image tone, or density, may be
described in a qualitative manner by means of grey tone scales, similar to those used
for air photo interpretation. These can be combined with texture scales. An effec-
tive procedure may consist of three steps. First, the range of grey tones for a
particular surface category must be assessed. Secondly, a number of individual
features are identi�ed by means of �eld check or other sources of information, using
these features as a reference for the tonal classi�cation; other features of the same
category can then be interpreted.

14.7.2 Texture

Texture is of similar importance for the identi�cation, mapping and classi�cation
process, particularly for geologic and vegetation mapping. Texture is de�ned as the
spatial pattern or frequency of tonal variation within a particular area. It is produced
by an assembly of features too small to be identi�ed individually. Like contrast in
grey tones, contrast in image texture, or speckle for that matter, allow for the

Fig. 14.6 Changes in tone
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identi�cation and delineation of homogeneous areas with particular surface
properties.

The texture of a SAR scene may be classi�ed as being smooth, �ne, linear,
gravity, speckled, �ecked or checkered. Various degrees of coarseness can be
applied in the different categories. Factors in�uencing the appearance of texture
on a radar image include the dynamic range of the SAR system, processing and the
amount of enlargement of the photographic product. These affect the coarseness of
texture and must be considered in the interpretation. The texture on radar imagery is
not as easily affected by the �gain setting� of the SAR system as tone and, therefore,
remains relatively constant from one image to another.

Three components of texture, i.e. micro-texture, meso-texture and macro-
texture, can be identi�ed. Micro-scale texture, or speckle, is an inherent character-
istics of SAR imagery, because of the sampling statistics of the fading signal,
resolution, and independent sampling, i.e. single or multi-look processing. Even
though a surface may be very smooth, it will still display a very �ne, random texture
at the micro-scale level. Meso-scale texture is produced by spatial in homogene-
ities, usually on the order of several resolution cells. It tends to be spatially and not
randomly organized and relates, for example, to the distribution of vegetation
associations; however, individual elements within a plant community may not be
identi�ed. Macro-scale texture allows the identi�cation and delineation of unit
areas that are located within boundaries of relative homogeneity. These may consist
of an assembly of well-resolved terrain elements, but with different backscattering
levels. In very general terms, macro-sacle texture can also be conceived as a
pattern, if it refers to an orderly spatial arrangement of features on an image.
Patterns can be assessed and described using such categories as orientation, spac-
ing, density or uniformity.

14.7.3 Size and Shape

The size of features in a radar image is essentially a function of the radar system
parameters, the scaling ratio of the imagery and the amount of magni�cation. High
resolution SAR imagery can be enlarged as much as ten times without suffering an
appreciable loss of detail. Radar imagery are generally smaller in scale than aerial
photographs. Therefore, the images of particular features are smaller than their
equivalents on air photos obtained from similar platforms altitudes. However, SAR
does have an advantage in that its resolution is independent of range, which makes
its rendition of small sized features in far range superior to aerial photography.

Shape is de�ned as the spatial form of an object or area with respect to a
relatively constant contour, or background. Regular geometric shapes, and the
regular spatial arrangement of certain patterns for that matter, are valuable clues
for distinguishing natural and cultural features. Even though natural features tend to
have irregular outlines, many can be identi�ed by their size and shape alone, for
instance volcanic cones, glacial features or alluvial fans. The shape of natural
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features and manmade objects is closely related to the oblique viewing geometry of
the radar. the shape of radar shadows gives an indication of the terrain type,
whereby the length of the shadow may provide an estimate of terrain height.
Likewise, the shape of radar shadowing may be used to infer the spatial form, as
in the shadow projection of the crest line of a mountain range.

14.7.4 Association

Many features or objects are so closely interrelated that one tends to indicate, or
con�rm, the other. An interpreter of a radar image can often derive additional
information about a feature of interest by examining associated elements. Elements
usually associated with it may provide valuable clues for the presence of this feature
even if it is obscured. Take the example of a ship at sea. Imaging radar may detect
the characteristic V-shape of the ship’s bow wake, but the signature of the ship itself
may be dif�cult to detect. Therefore, the term association refers to a situation where
a feature is not recorded or only poorly displayed on the radar image, but where
some of its attributes are recorded to allow the detection of the latent features.
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Chapter 15
Development of a New Wetness Index Based
on RADARSAT-1 ScanSAR Data

Quazi K. Hassan and Charles P.-A. Bourque

Abstract A new wetness index (WI) was developed based on the temporal patterns
in radar brightness (�0) in a timeseries of RADARSAT-1 ScanSAR images col-
lected over the July�September period of 2005. The WI proposed here provided an
indirect measure of soil water content (SWC), as �0 was documented to vary with
land-surface water content. Hydrological factors affecting SWC, such as soil
texture, topography, evapotranspiration, etc., were not considered in the current
determination of WI. WI-values generated with the proposed method were subse-
quently compared against �eld measurements of SWC collected from three separate
areas, including densely- and sparsely-forested and non-forested areas (i.e., bare
�elds), all located in southcentral New Brunswick (NB), Canada. The comparison
revealed adequate agreement between WI and SWC for all three areas, including
dense forests, yielding coef�cients of determination (r2’s) of 74�99 %. Reasonable
agreement for dense forests (r2 … 74 %) indicated the potential of the method in
determining SWC under heavily-vegetated conditions. This correlation would arise
because of the equilibrium established between foliage water content (picked up by
the radar signal) and SWC under normal, non-stressed conditions. A second
evaluation of the method was conducted by comparing WI-values with spatial
calculations of SWC obtained with the Soil Water Assessment Tool (SWAT) for
bare-�eld conditions common to the potato-growing area of northwestern
NB. Again, suitable agreement was obtained, yielding r2-values ranging from
65 % to 81 %. However, further research is needed to evaluate the usefulness of
the method for other forested and non-forested regions of the world. In principle,
because the method relies mostly on �0, it is highly likely the method can be used to
assess SWC in many different types of natural environments.
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Keywords Foliage and soil water equilibrium � Radar brightness � Soil water
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15.1 Introduction

Soil water content (SWC) is a measure of the total amount of water, including water
vapour, contained within a column of soil above the saturated zone above the
groundwater table. The variable is one of the most critical regarding: (i) the
duration and intensity of droughts; (ii) the production of crops; and (iii) the amount
of soil erosion and runoff. The most standard protocol in estimating SWC is based
on the �gravimetric� or �volumetric� method (Hassan et al. 2007). Both methods
estimate SWC accurately, but only provide point measurements given the extent of
work required to process a single �eld sample. Consequently, soil sampling fails to
provide the spatial information needed for land-management applications. Remote
sensing platforms, however, can provide greater detail of SWC at high spatial
resolution, but small enough for implementation at the land-management unit
(Hassan et al. 2007).

Radar remote sensing is an effective way of mapping SWC under adverse
weather conditions, including under cloudy conditions. Since 1991, a number of
microwave sensors have been launched (e.g., ERS, JERS, RADARSAT, and
ENVISAT), creating opportunity to study and map SWC at a multitude of spatio-
temporal resolutions. Radar-based methods of estimating SWC have been broadly
classed into �ve main algorithm-types based on: i.e., (i) semi-empirical Synthetic
Aperture Radar (SAR) formulations, (ii) multi-temporal SAR for SWC change
detection, (iii) SAR data fusion of images from both passive and active microwave
sensors, (iv) SAR-data fusion of images from microwave and optical sensors, and
(v) SAR and microwave scattering properties (Moran et al. 2004). The method is
based on processing multiple radar images from identical passes (i.e., same polar-
ization and incident angles), but for different times. Due to the simplicity and ease
with which the �multi-temporal SAR for SWC change detection� method can
remove artifacts created by uneven terrain and changes in vegetation cover, enor-
mous opportunity exists with using the method in an operational setting. Table 15.1
summarizes various �multi-temporal SAR for SWC change detection�-based
methods developed over the past few years.

Here, we propose to (i) develop a new wetness index (WI) based on a chrono-
logical series of RADARSAT-1 ScanSAR images of the same area taken at
different times over the July�September period of 2005, and (ii) evaluate its
potential to estimate SWC in areas of diverse vegetation cover, including dense
forests in humid, forest-dominated landscapes of southcentral New Brunswick
(NB), Canada, and the potato-growing area of northwestern NB. In the latter
evaluation, we use SWC calculated with the Soil Water Assessment Tool
(SWAT) as �eld-measurements of SWC were not available to us.
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15.2 Study Area and Data

The study area extends over 70 % of the Province of New Brunswick (NB) in
eastern Canada, from NB’s southern coast along the Bay of Fundy to northcentral
NB (Fig. 15.1). The area is characterized by its temperate evergreen-deciduous mix,

Table 15.1 �Multi-temporal SAR for SWC change detection� approaches used in the past

Source Approacha

Shoshany
et al. (2000)

Introduced multi-temporal backscatter ratios, such as the simple ratio
(SR) and normalized radar backscatter soil moisture index (NBMI); used
ERS SAR images over humid to semi-arid regions of Israel. Obtained
strong relations for both ratios (r2>85 %). However, the NBMI produced
a stronger relationship with SWC in the 20�40 % range.

Wagner and Scipal
(2000)

Determined a relative measure of SWC from dry, wet, and instantaneous
values of radar backscattering coef�cient, �0; used ERS Scatterometer
images over western Africa. Demonstrated promising qualitative results
with soil water index (SWI) over wet-dry climatic zones.

Wickel et al. (2001) Established relations between �0 with SWC; used RADARSAT SAR
images over the Southern Great Plains 1997 Hydrology Experiment Sites
in Oklahama, USA. Observed strong correlation for wheat stubble �elds
(r2 … 89 %) and no correlation for pasture �elds. Demonstrated potential
of using ScanSAR modes of RADARSAT for multi-temporal estimates of
SWC (e.g., Boisvert et al. 1996).

Lu and Meyer
(2002)

Used a correlation image computed from radar-image pairs for explaining
observed changes in SAR intensity; used ERS SAR over southeast New
Mexico, USA. Correlated SWC increments (within the 5�20 % range)
with increments in SAR intensity.

Thoma et al. (2006) Employed four approaches; i.e., empirical, physical, semi-empirical, and
image difference-based (i.e., delta index; DI) approaches; used ERS SAR
and RADARSAT SAR images over Southern Arizona, USA. DI produced
strong correlations with SWC (r2…91 %) and provided overall better
results in comparison to the other methods considered.

Pathe et al. (2009) Calculated a relative SWC as a function of dry, wet, and instantaneous
�0 from ENVISAT ASAR acquired over Oklahoma, USA. ASAR-derived
SWC were compared against ground-based measurements of SWC and
found that in 75 % of the cases, the standard deviation fell within 13�27 %
of �eld-based SWC.

Baghdadi
et al. (2011)

Used a change-detection technique between data acquired during rainy
and dry seasons (considered as the reference images) to retrieve SWC.
Derived SWC-values were approximately 2.3 % (RMSE) from ground-
based measurements.

Qin-Xue and You
(2013)

Applied approaches similar to those of Wagner and Scipal (2000) and
Pathe et al. (2009) to calculate relative SWC using ENVISAT ASAR-data
over Hubei Province, China. Demonstrated reasonable correlation for
cotton �elds (r2…78 %).

aSR-ratio of �0 from two different dates; NBMI-a function of instantaneous �0 and �0 for dry soil;
SWI-a function of actual SWC, wilting point and �eld capacity; DI-a function of instantaneous
�0 (i.e., wet condition) and �0 for the same soil under dry conditions; ASAR-advanced Synthetic
Aperture Radar
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15.5 Concluding Remarks

The method developed here has been shown to be viable for detecting SWC for
speci�c landcover types (i.e., dense forests, sparse forests, bare �eld, and potato
�elds). Generally, good agreement was obtained between WI and �eld-
measurement and modeled SWC, with r2-values ranging in between 65 % and
99 %. Our analysis has also shown the potential of using the method as an indirect
measure of SWC in forest-dominated landscapes, where C-band radar signals have
been shown to be most directly in�uenced by vegetation-cover water content. This
is because radar-signal penetration into the forest is limited to a small fraction of the
upper canopy. This indirect measurement of SWC is possible because of the
equilibrium established between foliage water content and SWC under normal,
non-stressed conditions. Further research is needed to evaluate the usefulness of the
method in other areas of the world.
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