Understanding the information content of
night-time light satellite data for modelling
socio-economic dimensions of global change

by
Christopher Nicholas Hideo DOLL

Submitted in partial fulfilment of the requirements for the degree of
Doctor of Philosophy

Department of Geomatic Engineering,
University College London.
April 2003.




ProQuest Number: U643679

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest U643679
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



This thesis is dedicated to my parents.
They have always supported me in whatever I chose to do and have fostered a belief

that subject to my best efforts, nothing is beyond me.



Acknowledgements

A great debt of thanks must firstly go to my principal supervisor Professor Jan-Peter
Muller not only for his constant guidance and innumerable suggestions but also for
his pro-active monitoring of the research area, which has afforded me many leads
and opportunities throughout the course of the project. I am also very grateful to my
second supervisor Jeremy Morley for his advice with the Geographical Information
System aspects of the project and his methodical, scrupulous comments on my draft
chapters. I also wish to thank the head of the Department of Geomatic Engineering,
Professor Paul Cross for the financial support he has afforded me through the

department to attend international conferences where I could present my research.

The night-time light data products used in this thesis were processed and supplied by
Chris Elvidge and his team at NOAA-NGDC in Boulder, Colorado, USA. Thanks to
their efforts, a host of scientists around the world are discovering a wide range of

new applications for remotely sensed data.

This PhD was supported by the Natural Environmental Research Council (NERC)
studentship award GT 04/98 188/TS.

The friendship and support of Simon Bailey, Gordon Bentley, Andrew Wayne, Tim
Wilkinson and Helen Papadaki are greatly appreciated. Finally, to my family, who
have supported me in every way possible and to whom I owe more than words can

say.



Abstract

This thesis explores the ways in which Earth Observation data can be used to
provide information about the human dimensions of global change. After setting out
the key themes in global change research, attention is focused on the contribution
data from satellite remote sensing systems can make to the detection of human
impacts on the Earth’s surface. Data sources include night-time light imagery from
the Defense Meteorological Satellite Program’s Operational Linescan System
(DMSP-OLS), radar interferometry and new data products from the Moderate
Resolution Imaging Spectroradiometer (MODIS), part of the National Aeronautic
and Space Administration’s Earth Observing System.

Night-time light imagery was analysed with respect to its capability to provide
information on population, economic activity (via the Gross Domestic Product -
GDP) and carbon dioxide emissions. Using different levels of sub-national
economic data from the European Commission’s statistical organisation Eurostat,
relationships between radiance and GDP were established. This introduced issues
concerning the Modifiable Areal Unit Problem and the Ecological Fallacy, which
have been discussed in relation to the problem. These correlations were very high
and anomalies could be categorized into three different types. Disaggregated maps
of economic activity at Skm resolution have been produced for 11 countries in the
European Union as well as for the conterminous United States using these
relationships. The results gained from this exercise are highly encouraging with

most countries being mapped to within 5% of the published national GDP figure.

This thesis provides a timely contribution to the debate on the human dimensions of
global change at a time when international organisations are in the process of
identifying the best ways to proceed with the monitoring and modelling of its
impacts. The results and recommendations offer a great deal of encouragement for
further research and sets the scene for the explicit monitoring of human attributes

from remote sensing data.
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Chapter 1: Introduction

Chapter 1

Introduction

This is a broad ranging thesis incorporating the themes of global change, remote
sensing and GIS technology ultimately to produce consistent datasets describing
evidence of human activities, for use in global change studies. In doing so, different
aspects of current remote sensing technology are presented and evaluated in terms of
what they can contribute to the aims of the study. The first part of the introduction is
a general discussion of the main issues considered in the thesis leading to the
statement of the title and the formulation of the aims. The methods employed to
investigate these aims will then be described followed by a chapter-by-chapter

overview of the thesis.

Remote sensing is the science of acquiring, processing and interpreting information
about an object from a sensor not directly in contact with it. This term is most often
used in the context of Earth Observing (EO) satellites. A number of writers and
scientists have explored how observations of the Earth’s surface could be interpreted
(Levy, 1990; Sagan, 1993; Lovelock, 2000). Levy’s (1990) philosophical tale draws
logical but incorrect conclusions about the Earth’s urban environment deduced from
an alien point of view. Sagan et al. (1993) investigated the general remotely sensed
characteristics of the Earth from the perspective of treating the Earth as an
unexplored planet in the solar system. Making no assumptions as to the composition
of the Earth, Sagan et al. (1993) described how observable features such as the red
edge of reflectance in the visible part of the electromagnetic (EM) spectrum,
atmospheric chemistry and circulation observations strongly suggest that conditions
were favourable for the presence of life on Earth. Furthermore, the detectable
presence of narrow band, pulsed, amplitude modulated radio transmission was cited
as uniquely attributable to intelligent life. Although the treatise of Sagan et al.

(1993) was intended as a control experiment for the search for extra-terrestrial life
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by the Galileo interplanetary spacecraft, it is the detection and inference of activities

from this human element of the global environment that sets the scene for this thesis.

1.1 Anthropogenic elements of global change

Remote sensing activities have traditionally been concerned with the mapping and
monitoring of physical elements of our environment. Starting with weather satellites
launched in the 1960s to sensors tuned to detect biophysical land surface features,
remote sensing data can make valuable contributions to large scale monitoring of
physical processes whether they exist on land, sea or in the atmosphere. Archived
datasets of such information are of great importance to researchers who study the
causes and effects of global change. Indeed, the term global change is itself a neat
description of the benefit environmental remote sensing technology can provide.
Given that we can now find out so much about the physical environment, the next
challenge is to develop means for remote sensing to contribute to the

‘anthroposphere’. This thesis is intended to be a step in this direction.

Evidence of humanity’s influence on the environment has been gradually increasing
since humans first started to settle and build societies. The development of tools for
agriculture and industry has resulted in this influence having an effect on every
natural system on Earth. Broadly speaking anthropogenic effects on the Earth can be
split into a number of areas, listed below. Although, they are listed as separate
points, it will hopefully become apparent that these factors are linked together and a

change in one is likely to affect at least one of the others.

1.1.1 Land use change

Vitousek et al. (1997) estimated that between 30-50% of the Earth’s land surface has
been altered by human action. The classical economic development model of a
country shifting from a primarily agrarian economy to an industrial and then to a

post-industrial state is largely driven through the process of urbanisation. Levels of
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urban population for 2000 vary from an average of 79% for high-income countries
(per-capita GNP > $9,266) to 31% for low-income countries (per-capita GNP <
$755) (UNDP, 2002), although the annual growth rate at which urbanisation in low-
income countries is occurring is more than 7 times that of industrialized countries
for the period 1995-2015 (UN-HABITAT, 2001). Despite their increasing
proportion of the total population, cities take up a small fraction of the total land
surface. The bulk of human induced land alteration involves the transformation of

lands for cultivation and forestry.

1.1.2 Pollution

Pollution from industrial processes takes many forms and has detrimental effects on
the surrounding land and water resources as well as on air quality. The widespread
use of nitrogen based fertilizers in intensive farming means that more nitrogen is
artificially fixed than occurs naturally in terrestrial ecosystems. Likewise the
combustion of fossil fuels releases far higher quantities of aerosols, sulphur dioxide
and nitrogen oxides than would otherwise be the case. Such emissions not only have
detrimental effects on human health where they contribute to smog events over
urban areas but also play an increasingly important role in modifying the Earth’s
climate. Of most significance in a global context is the emission of carbon dioxide

(COy) into the atmosphere from the burning of fossil fuels.

1.1.3 Resource depletion

A consequence of the pervasive aggrandisement of urban areas is that greater
numbers of people are demanding resources from an area. The management of
resources will therefore play an important role in the overall development of these
areas. The supply of fresh water is becoming an increasingly more critical issue
around the world, whilst the effectiveness of waste management schemes is also
gaining in importance as the consumption of goods increases. The increase in global

demand for energy rivals the availability of water as a cause for concern. The year-
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on-year increase in fossil fuel usage has stimulated debates not only on increased

energy efficiency but also on wholesale changes in the way we generate energy.

1.1.4 Climate change

The most important overarching theme to all these effects is that of climate change.
The effect of large-scale emission of CO; has been estimated to result in a possible
global mean temperature increase of between 1.4°C and 5.8°C (IPCC, 2002a)
between 1990-2100. Climate change can be seen as a general driver for other
manifestations of global change. Such an increase in temperature could lead to an
array of environmental changes. Climate change in itself may cause shifts in land
cover, for example semi-arid areas turning arid (desertification), and expansion of
the growing season. In a warmer world sea level rise would inundate many coastal
areas and low-lying islands could disappear altogether. Given that the bulk of the
world’s population centres have a coastal location, this implies future problems of
large-scale population migration. Individual countries may be unable to cope with

such an impact, which has the potential to cause political regional instability.

Individual component changes do not necessarily act in the same sense but can
reinforce or offset other changes in the climate system. The role of clouds for
example, can both warm and cool the Earth’s atmosphere. In the case of
desertification, a biogeophysical feedback mechanism exists where increasing
albedo (reflectance, see chapter 4) causes a decrease in rainfall, which could induce
or perpetuate drought conditions (Charney, 1975). Earth System modellers focus on
trying to describe these processes in complex models, but the human dimensions of

these is frequently overlooked.

The central role mankind plays on climatic and ecological processes has resulted in
the term ‘the anthropocene’ being used by some to describe a new geological epoch,
the origin of which, coincides with the Industrial Revolution (Crutzen and Stoermer,
2000). Human activity as a component of global change is under-represented in

current global change research efforts. Whilst the effects on the natural environment

-23.



Chapter 1: Introduction

are investigated, there is often little consideration given to human processes which
give rise to these perturbations. This is partly due to global change research
stemming from a consideration of the interactions between the elements of the
physical environment (land-ocean-atmosphere). It is also partly due to a paucity of
data with which to provide modellers. More recently, attention is beginning to be
focused on human-environment interactions. The initial questions being asked in this
area will require at least a basic description of socio-economic data. Remote sensing
data has the potential to provide some of these kinds of data at an enhanced
resolution above what is currently available. The research presented here is set in the
framework of such information making a contribution to current research efforts
being made in the human dimensions of global change (HDGC). The technology

combined with its application is summed up in the thesis title:

‘Understanding the information content of night-time light satellite data
for modelling socio-economic dimenslons of global change’

This topic is investigated based on the following set of underpinning questions:

e Which aspects of remote sensing can be used in conjunction with night-
time light data to detect the human fingerprints across the Earth’s surface?

e How can these signals be interpreted to provide calibrated, quantitative
information about human activity which is not currently available from
EO data?

e How does this contribute to our understanding of global human impact on

the environment?

These questions are intended to aid in the formulation of the aims, as well as to

guide the interpretation of results generated from the research.
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1.2 Data sources, methods and development of the aims

The wide scope of this thesis requires a number of different aspects of global change
research to be reviewed. The approach used to investigate the subject of this thesis
firstly involves an examination of the human dimensions of global change along
with its definition, status of understanding and the political initiatives which define
its data requirement. Having established a conceptual framework for the study,
attention is turned to the remote sensing techniques that can contribute to the
detection and analysis of anthropogenic activity. Anthropogenic activity is
concentrated in urban areas. They are the nodes of human interaction and provide a
focus for trade and exchange of ideas. As such they form a key element of the thesis.
The potential of remotely sensed data sources to provide information about urban
settlements is examined first, followed by an investigation to develop methods to
infer higher-level anthropogenic information about those areas. Higher-level
anthropogenic information refers to attributes of a settlement other than its spatial
extent, which cannot be directly measured from satellite data, such as population,

Gross Domestic Product (GDP) and CO, emissions.

In particular, this thesis concentrates on the use of night-time light imagery from the
Defense Meteorological Satellite Programme’s Operational Linescan System
(DMSP-OLS). Night-time light imagery provides the most readily understandable
representation of humanity’s presence on Earth. From city-lights through to gas
flaring in the North Sea and biomass burning in sub-Saharan Africa, human activity
can be seen on every continent. To complement this uniquely human source of
remotely sensed data, the use of radar interferometry to provide a different
perspective on the built environment is also considered. The comprehensive array of
data products from the Moderate Resolution Imaging Spectroradiometer (MODIS)
are also evaluated with respect to their capacity to map anthropogenic activity, and
how they relate to information derived from night-time light data. One dataset of
particular interest is the BRDF/Albedo product. Albedo plays a vital role in the
surface energy exchange of solar radiation and as such is crucial in evaluating the

effect of urbanisation on regional climate. The creation of dedicated products from
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new sensors as a means of building an archive of key land surface parameters
signify the importance that remote sensing will play in the effort to study global

change.

Studies have shown that night-time light imagery from the DMSP-OLS sensor has
the potential to provide information on a wide range of human activities (Elvidge et
al, 1997a; Doll, 1998; Doll et al, 2000). The remainder of the thesis (chapters 5-7)
examines night-time light imagery as a means of understanding the relationship
between light characteristics and socio-economic parameters (anthropogenic
activity) such as population, GDP, power consumption and CO, mapping, with a
view to estimating their values through a disaggregated map. This section will draw
heavily on Geographical Information System (GIS) analysis to process and analyse
the data. This is partly due to the integration of ancillary statistical data sources from
the European Union (EU) and the requirement to match satellite data to
administrative boundaries. The concept of spatial scale plays an important role in
this section, especially in the interpretation and presentation of results. In general,
the relevance of scale to HDGC is huge, not least because its meaning and treatment
varies between the satellite disciplines of HDGC. The diversity of disciplines
incorporated in HDGC research means that scale can have quantitative and
analytical dimensions in addition to spatio-temporal domains (Gibson et al., 2000).

The following aims for the thesis were defined bearing this discussion in mind:

i) to examine the capability of RS data sources to contribute to the
expanding toolchest of techniques for settlement mapping;

ii) to investigate the capability of night-time light imagery to infer
information about human activity over and above what is currently
available from existing remote sensing resources;

1ii) to frame these results in a format, which can be of use to

researchers investigating the human dimensions of global change.
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The third aim essentially deals with making socio-economic parameters accessible
to be used in conjunction with other sources of global environmental data. As a large
proportion of these data are already obtained in a gridded format from EO satellites,
it is desirable to generate products which are also in this format. Socio-economic
data is usually provided on a national basis. Whilst this is a convenient
administrative unit to collect the data, it may be an inappropriate unit on which to
conduct large-scale environmental analysis. A major advancement would be to
provide the scientific community with socio-economic datasets on a regular grid
format. This fundamental difference in data collection methods is one of the major
obstacles preventing more widespread integration of socio-economic datasets with
environmental datasets. Raster datasets also offer the flexibility to perform analysis
at more convenient aggregated spatial units such as ecological zones or watersheds
rather than nation states. Finally, its gridding has considerable advantages for

analytical studies.

In the night-time lights dataset, remote sensing stands uniquely poised to contribute
to providing gridded information on socio-economic parameters. This comes at a
time when debate as to what are the socio-economic drivers of global change and
how these can be best represented is gaining currency amongst global change

research scientists. This thesis intends to make a timely contribution to that debate.

1.3 Overview of the thesis

Chapter 2 reviews the current state of global change research highlighting what are
the current themes and driving concepts within the discipline. This identifies the

need and the ‘end-user’ of any output.
Chapter 3 reviews the different kinds of remotely sensed data, which may be used

to meet the requirements set out in chapter 2. Remote sensing technology is the

central theme to the whole thesis. Without it there would be nothing to feed into the
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GIS analysis downstream and the global change modelling and monitoring

community would be deprived of an important data-source.

Chapter 4 presents results from studies using remote sensing techniques outlined in
chapter 3. These include radar interferometry and land-surface products from the
MODIS sensor. These are evaluated in conjunction with night-time light imagery

and other urban indicators.

Chapter 5 examines the capability of night-time light imagery to predict human
population figures at the country level. Results are directly compared with those
from a similar study made by Sutton et al. (2001). The chapter goes on to develop
ideas about population morphology within cities and concludes with a description of
the Landscan project, which uses night-time light imagery as an input dataset to

produce a global population map at 30 arcseconds (30’).

Chapter 6 reports the results of comparing total night-time radiance to Gross
Regional Product (a term used to describe a regional contribution to the Gross
Domestic Product) and power consumption at the regional level for 11 European
Union countries as well as the United States. This analysis is designed to derive
relationships between radiance and economic activity. This process will also identify
those few areas which do not fit a model. These areas can then be dealt with more

suitably in the final map product.

Chapter 7 discusses results from mapping exercises using night-time light imagery.
In addition to coarse resolution (1°x1°) maps of GDP and CO, emissions, the results
of finer resolution maps derived from sub-national analysis of radiance and
economic activity in chapter 6 are also presented. These represent the final products
of the thesis, having been through the process of analysing the information content
in relationships to produce a map that is of use to researchers working in the human

dimensions of global change driven by the requirements identified in chapter 2.
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Chapter 8 reports and synthesises the conclusions from each chapter and comments
on further avenues of research, which would build upon the existing body of

knowledge obtained from the thesis.

There are six appendices which accompany this thesis. Appendix A contains notes
associated with Chapter 2. Further explanations and examples of figures from
Chapters 3 and 4 are listed in Appendix B, whilst data tables from Chapters 5, 6 and
7 are in Appendices C, D and E respectively. A list of publications produced during
the course of the thesis along with copies of those where C.N.H. Doll is the first-

named author is to be found in Appendix F.
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Chapter 2

Literature review (1): A review of global change
theories and programmes

The term ‘global change’ is an umbrella term used to describe the wider impacts
arising from, and associated with climate change. Climate change occupies a central
place in global change research since it has wide-ranging impacts on both the
physical and human environment. The detection of climate change and the
identification of its causes have stimulated research into the description and
modelling of the Earth’s climate system. As we have improved our understanding of
the interaction of the atmosphere, biosphere and oceans, these various disciplines
have evolved into what we now term Earth System Science (ESS). Figure 2-1 shows

the key elements of the Earth system and how they relate to one another.

Through a discussion of climate change, this chapter begins to explore the range of
responses society can make to environmental change. The discussion of key issues
such as societal vulnerability and adaptability transcends the climate change
problem and forms the core of what is now being termed the ‘human dimensions of
global change’ (HDGC). The concept of sustainability is believed to present the best
chance for a society to adapt successfully or mitigate the effects of climate change.
However, how this is achieved is subject to debate especially with regard to
developing countries, where levels of poverty can be high. Taking sustainability as
the goal, global change research programmes are presented with a view to identify
what the current level of understanding is within global change research and where
the focus of future research lies. This is framed by 23 questions (Schellnhuber and
Sahagian, 2002) covering topics such as improving understanding of processes,
integration of disciplines and the conceptual underpinning of global change
research. This chapter concludes by examining two projects, which aim to use the
results of global change research for wider dissemination and as an input into

regional policy decision-making.
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Chapter 2: Literature review (1): A review of global change theories and programmes

2.1 Climate change scenarios and responses

The potential impacts of global climate change along with concerns over the
uncertainties in climate prediction prompted the establishment of the
Intergovernmental Panel on Climate Change (IPCC) in 1988. This was done under
the auspices of the United Nations Environment Programme (UNEP) and the World
Meteorological Organization. The IPCC consists of three working groups (WG),
which between them cover all aspects of climate change starting with the scientific
basis (WG I), the impact, vulnerability and adaptation of both human and natural
systems (WG II) through to the mitigating options available to abate climate change
(WG III). The human component (causes and consequences) of climate change is a

central theme of the IPCC.

2.1.1 Background

The state of the global climate system has varied throughout Earth’s history. Over
the last 1,000,000 years the Earth’s climate has been characterised by ice ages
lasting on the order of 100,000 years with inter-glacial periods of around 15,000
years. The Earth’s orbit is known to vary in its eccentricity, angle of tilt and time of
perihelion. These cyclic variations have periods of 100,000, 41,000 and 23,000
years respectively (Houghton, 1997). The total amount of radiation received by the
Earth is largely determined by the eccentricity of the Earth’s orbit, whilst the other
two parameters determine how this radiation is distributed over the Earth’s surface.
When combined, these variables exert a profound effect on global temperatures
(Lowe and Walker, 1997). Serbian geophysicist Milutin Milankovic observed the
correlation between these cycles and ice ages and produced a theory of

astronomically forced climatic variation.

Further information about the state of the environment during glacial periods has
also been obtained from ice-cores. Data obtained from polar ice-cores have provided

information on atmospheric composition by examining the gases trapped in air
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bubbles. Cores drilled in both the Arctic and the Antarctic have revealed that carbon
dioxide (CO,) concentrations were significantly lower during glacial periods than
during interglacial periods. More importantly there is a very strong correlation
between concentrations of CO,, methane (another important greenhouse gas) and
retrieved temperatures suggesting that these parameters are very closely linked

(Houghton, 1997).

Carbon dioxide is central to the current climate change debate because its
atmospheric concentration is increasing at an unprecedented rate. CO, is released
during the combustion of fossil fuels and also in the production of cement; both of
these are fundamental to the industrial economy of the world. Since the beginning of
the industrial revolution towards the end of the 18" century, CO; emissions have
steadily increased from 270 ppmv (parts per million by volume) towards around 380
ppmv now. Whilst there are other greenhouse gases, their emission and atmospheric
concentration are minuscule in comparison. Industrial processes not only emit gases
but also aerosols which, when in the stratosphere, are good reflectors of incoming
solar radiation and can offset some of the warming caused by greenhouse gases.
Lower down in the troposphere, aerosol particles can act as nuclei for cloud
formation, which depending on their type, play key roles in both reflecting incoming
and trapping outgoing radiation. Their atmospheric lifetime is short however, in
contrast to CO, whose atmospheric lifetime can range between 50-200 years (IPCC,
2001a). This variation is caused by uncertainties in the sources and sinks of the
carbon cycle. The global carbon cycle is characterised by natural fluxes between the
ocean, atmosphere and terrestrial vegetation. Schimel e? al., (2001) have analysed
temporal and spatial patterns of carbon sinks. Considerable uncertainty exists in the
year-to-year variability of sinks and in particular the amount of carbon uptake of
new forests as opposed to mature forest. The variable lifetime of CO, causes lags in
the carbon cycle, which affects the stabilization time of CO, in the atmosphere after
emissions have stopped increasing. In particular, temperature increases have been
shown to lag even further behind CO; stabilisation, with temperatures predicted to

increase for a century or more over the stabilisation time (IPCC, 2001b). Over the
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