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Abstract 
This dissertation looks at the use of spatial analysis with big and open data for water-related 

vulnerability assessments in major river basins of Monsoon Asia. Special focus is on the spatial 
unit of analysis by exploring various ways to define it and by examining systematically the 
related Modifiable Areal Unit Problem (MAUP). 

The extent and availability of spatial data have grown rapidly. This big and open spatial data, 
when combined, mapped and analysed, increases our understanding of interlinked issues and 
provides support for decision-making. However, the seemingly transparent way of map overlay 
and zonal analysis require closer examination. This is particularly important, when GIS and 
spatial analysis are applied for water resources management, which involves actors, values, and 
demands from various sectors and drivers of change on multiple scales. 

In Monsoon Asia (covering the area from China to eastern Afghanistan, with a population of 
3.52 billion) the drivers of change include: climate change, population growth, urbanisation and 
various development pressures. The region has major and transboundary river basins making 
management of water resources particularly challenging. 

This dissertation includes four case studies that draw findings from three scales: regional, 
basin and subbasin. Both data-driven and a priori methods were utilised in defining the spatial 
unit of analysis and new approaches to finding appropriate spatial units of analysis were 
developed. 

Based on the case studies, this dissertation demonstrates that the big and open spatial data 
is extremely useful for water resources management. Yet, the findings indicate that the scale 
influences profoundly the applicability and performance of the spatial datasets. Moreover, the 
spatial unit of analysis through the MAUP has significant influence in the analysis results. A  
multizonal and multiscale approach was found to minimise the negative effects of MAUP. 
Through such approach it is possible to find appropriate spatial unit of analysis. 

The findings reinforce the importance of reporting explicitly the choices and assumptions 
behind the spatial units of analysis. Classifying spatial data to avoid accumulation of 
uncertainty and identification of data gaps is strongly recommended. Finally, simplicity should 
be emphasised when conducting vulnerability assessments to ensure comparability. However, 
also more complex methods were found to have potential to support the process of analysis. 
The findings help to develop spatial approaches to vulnerability assessments, and thus, 
enhance the applicability of big and open data for water resources management. 
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1. INTRODUCTION:  
Research setting and objectives 

Water, the crucial element of all forms of life, varies spatially and temporally. 
Managing water resources requires spatially-explicit understandings of this 
complex system, which can be vulnerable to various factors.  

This dissertation is generated within the applied science of water resources 
management under civil and environmental engineering. Generally the research 
aims to contribute to the sustainable use of natural resources, building on the 
principles of integrated water resources management (IWRM)1 and cross- and 
inter-disciplinary approaches. IWRM is here understood as a baseline 
framework: it emphasises the importance of looking at water issues from a wider 
perspective rather than just one sector’s point of view, and in such a way that 
equitable use of water is possible without endangering ecosystems or the 
possibilities for meeting the future needs for water (GWP-TAC, 2000). 

The disciplinary foundations lie mainly in water resources management, and are 
supported by geoinformatics and vulnerability assessment, with a focus on the 
use of spatial analysis with big and open spatial data (Figure 1). 

 

Figure 1. Scientific domains and conceptual framework of the dissertation. Details for each 
domain are presented in Chapter 2. 
                                                                    
1 Described in Chapter 2.1. 
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The integrative principles of IWRM, concepts from vulnerability science and the 
increasing availability of big and open spatial data have influenced strongly the 
case studies (Articles I-IV) that form the four pillars of this dissertation 
(presented in the appended articles). While the pillars differ and have their 
limitations, they nevertheless provide a platform for increasing our 
understanding about the key issues related to the use of spatial vulnerability 
assessment for water resources management. The appended articles are 
complemented by this synthesis that brings together the main findings from the 
case studies and puts them into a wider theoretical context. 

The concept of big and open data is here defined as large public datasets that are 
available free of charge or at minimal cost2. The focus is particularly in spatial 
data. The data used in this dissertation follows the classification for open data 
and big data by Joel Gurin (2014). Gurin classifies e.g. large datasets from 
scientific research and large public government datasets, such as census, 
weather, GPS, as both big data and open data. Classifications are not uniform. 
Kitchin (2014), for example, defines big data as generated continuously, with 
fine-grained scope and flexible and scalable production, thus defining census 
data actually as small data due to its limitations in scope, temporal coverage and 
size.  

This dissertation focuses on the use of structured secondary and tertiary data 
(Kitchin, 2014), i.e. the data is not generated by the author. The sort of big data 
described by Kitchin (2014) and Hurwitz, Halper & Kaufman (2013) is yet to 
emerge in the field of water resources management, and thus, the dissertation 
treats the data used in the appended articles as big and open data. Furthermore, 
despite the focus in openness and geoinformatics, the dissertation does not go 
beyond the data into discussing open source geographical information system 
(GIS) software or cloud processing applications. 

The overall goal for this dissertation is to increase the understanding about the 
use of spatial analysis with big and open quantitative data for water-related 
spatial vulnerability assessment. This goal is approached through more detailed 
research questions (Figure 2): 

Research Question 1:  
What is the applicability and performance of big and open spatial data in 
spatial platforms?  

The dissertation aims to increase understanding about the spatial units of 
analysis used in water-related spatial vulnerability assessments in particular by 
exploring ways to define appropriate spatial unit of analysis. 

                                                                    
2 It should be noted, however, that part of the data used requires registration or is freely available only 
for educational activities and research. 
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Research Question 2:  
What are appropriate spatial units of analysis for water-related spatial 
vulnerability assessments? 

Related to the previous, the third objective is to explore the role of the spatial 
unit of analysis for assessment results, particularly in relation to the 
phenomenon of Modifiable Areal Unit Problem (MAUP). 

Research Question 3:  
What is the role of the spatial unit of analysis and how the Modifiable Areal 
Unit Problem (MAUP) influences the assessment results? 

Finally, and based on the above three research questions, the fourth objective is 
to discuss and give practical recommendations for the way forward in water-
related spatial vulnerability assessments. 

Research Question 4:  
What kind of practical recommendations can be given to overcome the 
challenges in water-related spatial vulnerability assessments?  

 

Figure 2. Research questions with the contribution of appended articles (indicated with roman 
numbers I-IV). The scale as extent of the analysis and the detail and number of the spatial units 
of analysis are presented on the axes. 

The emphasis of this dissertation is on the large-scale quantitative assessments 
concerning changes and development pressures and their implications for water 
resources in the major river basins of Monsoon Asia (defined as the area 
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experiencing monsoon climate extending from China to eastern Afghanistan). 
The results of the dissertation contribute to increasing knowledge on main 
water-related vulnerabilities and pressures in the studied areas. According to the 
author’s knowledge, these research questions have not been studied to this 
extent before. Consequently, the appended articles provide an array of new 
findings from their respective study area. This synthesis focuses on the aspects 
related to spatial analysis and spatial data, while the actual context-specific 
findings can be found in the appended articles. 

This synthesis has altogether seven sections, including this introductory chapter. 
The next section introduces the scientific domains forming the disciplinary 
foundation and summarises the current knowledge related to each domain in 
terms of this dissertation. Description of focus area of Monsoon Asia and the 
case studies are presented then in Chapter 3. These are followed by the overview 
on the methods and data in Chapter 4. Key findings (Chapter 5), discussion with 
recommendations (Chapter 6) and, finally, conclusions (Chapter 7) form the 
latter part of this synthesis. 
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2. BACKGROUND:  
Introducing the three scientific domains 

2.1. Water resources management 

Water resources consist of rivers, wetlands, lakes, reservoirs, groundwater 
aquifers, glaciers, snow covered mountains, marine waters and water in the 
atmosphere, which are all connected through the hydrological cycle. This cycle is 
driven by sun energy that causes water to evaporate, transpirate, move, 
condensate and precipitate, and through interception, infiltration, and 
percolation water ends up to storage or continues moving through runoff in 
spatially and temporally varying ways (Costanza et al., 1997; Flügel, 2007). 
Hydrological cycle is connected to – and strongly influenced by – human 
activities, land use and climate. Consequently, changes in these factors influence 
the hydrological cycle (Flügel, 2007; Vörösmarty, Green, Salisbury, & Lammers, 
2000; Vörösmarty et al., 2010). Water is the primary medium through which 
climate change influences the ecosystems and people’s livelihoods and wellbeing 
(Gain, Giupponi, & Renaud, 2012).  

Water resources can further be seen as a complex system of individuals, 
organisations, society and environment (Gain et al., 2012; Simonovic, 2009). 
Lakes, rivers and wetlands are typical freshwater ecosystems that sustain many 
social and economic processes. Management of water resources must therefore 
consider multiple decision criteria and competing demands. These are often 
accompanied with high uncertainty and complex interactions at various spatial 
and temporal scales.  

Management includes activities such as planning and policy-making, which 
involve a continuous task of identifying multiple impacts and trade-offs of 
present-day and future (Loucks, 2000). Political processes of policies, strategies, 
programs, plans and projects of various scales (WWAP, 2012) and legislation 
then address these impacts and trade-offs, aiming to solve situations of 
conflicting interests (Loucks, 2000).  

The implementation of management varies depending on the scale, timeframe 
and scope of management, which Keskinen (2010) classifies in three 
dimensions, based on the work by Sutherland (1983) and Varis (1996): 



Background 

12 

operational, tactical and strategic levels. This dissertation concerns mainly the 
strategic level, leaving day-to-day management decisions and management 
routines out, and focuses on long-term planning and assessment of water 
resources. 

During last decades, the drive towards integrated management of rivers, lakes, 
groundwater with the consideration of social, economic and environmental 
aspects has been strong (GWP-TAC, 2000; Keskinen, 2010; Nilsson, 2003). 
Integrated Water Resources Management (IWRM) is widely accepted as the way 
forward for efficient and equitable management of water (Gain et al., 2012; 
GWP-TAC, 2000; Nilsson, 2003; UNEP, 2012; WSSD, 2002). The Global Water 
Partnership (GWP) defines IWRM as a “process, which promotes the 
coordinated development and management of water, and related resources, in 
order to maximize the resultant economic and social welfare in an equitable 
manner without compromising the sustainability of vital ecosystem” (GWP-
TAC, 2000). Thus, management of water consists of more than just concerns 
over physical water quantity and quality (Nilsson, 2003).  

Sustainable management of water resources (i.e. acknowledging and balancing 
social, economic and environmental aspects) requires information that 
considers the spatially and temporally varying nature of water resources and 
their linkages to society and environment (Liu, Zehnder, & Yang, 2009; Perveen 
& James, 2010; Raskin et al., 1997). Due to the multiple scales, information 
related to water comes in many forms and from many sources. At the same time, 
both data collection and analysis capacity are increasing, resulting in growing 
information (re)sources.  

Integrative drive has emphasised the importance of considering and managing 
water based on the hydrological boundaries (Molle, 2009). The argument for 
using river basin scale is based on the notion that freshwater is generated, 
transported and stored within river basins, thus making basin as an appropriate 
unit for effective research, assessment and management (Alcamo & Henrichs, 
2002; Lundqvist, Lohm, & Falkenmark, 1985; Millennium Ecosystem 
Assessment, 2005; Montgomery, Grant, & Sullivan, 1995; WWAP, 2009). It 
should be noted, however, that water can also be transported between basins. 
Besides physical diversion, water can be stored in various products that involve 
water use in certain basin, and this water along with the products can be 
transported to another basin. Moreover, Mollinga et al. (2007) argue that it is 
difficult to build a managing organisation for a river basin, particularly if it is 
assumed that it should follow the physical boundaries of the basin. Instead, the 
problems reach beyond the boundaries of watersheds creating a problemshed 
(Mollinga et al., 2007), or its optimistic counterpart solutionshed (Keskinen, 
2010). 
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Major part of the continental water system consists of rivers. The activities and 
phenomena occurring in the river basin area strongly influence the water 
quantity and quality in the river as well as the social, economic and 
environmental processes linked to the river (Revenga, Murray, Abramovitz, & 
Hammond, 1998). Thus, Integrated River Basin Management, which is closely 
related to IWRM, is also recognized as an important strategy for managing 
waters (Gain et al., 2012; Keskinen, 2010; Nilsson, 2003; Perveen & James, 
2010; Revenga et al., 1998; Wolf, Natharius, Danielson, Ward, & Pender, 1999).  

The basins consist of socially, economically and environmentally different areas 
that have different relationships to the river. Such areas include upstream and 
downstream areas, mainstream, tributaries and headwaters, and rural and 
urban areas. Population growth, climate change or development projects will 
influence the areas within a river basin differently. This variation may pose 
challenges for managing the water resources, especially in transboundary basins 
that are shared by two or more countries. In these basins, the boundaries of 
hydrology and administration can differ and overlap. However, large river 
basins even within one country may include various interests from sub-national 
administrative units similarly as in international river basins. As a result, such 
large basins are areas where water-related spatial vulnerability assessments are 
particularly important. 

2.2. Geoinformatics 

Spatial assessments have emerged as a response to the need to analyse 
interlinked drivers of change and challenges regarding complex systems by 
utilising increasing data resources and spatially-explicit characteristics. The 
generation, use and computing capacity of spatial information have significantly 
increased in recent years (Dark & Bram, 2007; del Campo, 2012). The 
geographical information system (GIS) and related computer-based decision-
support systems enhance planning and assessment processes by providing tools 
for recording, storing, processing, and integrating of various data sources 
(Burstein & Holsapple, 2008; Chapman & Thornes, 2003; Dark & Bram, 2007; 
del Campo, 2012; Díez & McIntosh, 2009; Volk, Lautenbach, van Delden, 
Newham, & Seppelt, 2010).  

Spatial data and GIS provide rapid information generation and prediction of 
potential (cumulative) environmental effects in a graphical form that enables 
visual and comparative examination (del Campo, 2012; Volk et al., 2010). GIS 
can be used to draw information on the hydrological, ecological and economic 
consequences of different management strategies (Volk et al., 2010).  

GIS and spatial analysis often have a dual role, meaning both creating and 
analysing data. For example, these can be used for creating continuous data 
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layers from point data or they can be used for applications which combine many 
spatial datasets to analyse them statistically (Chapman & Thornes, 2003). GIS is 
often separated from remote-sensing, even though these are closely related. 
Remote sensing is about the acquisition of large-scale comprehensive datasets, 
whereas GIS provides means to display and analyse the data. Remote sensing is 
the basis for many datasets that are used in GIS, e.g. digital elevation models, 
precipitation data, and land use. 

Within GIS, there are two methods of conceptualising phenomena (Couclelis, 
1992; Goodchild, 2011). Discrete object conceptualisation treats objects as 
discrete countable things that maintain their integrity (e.g. buildings, biological 
organisms), and these can be represented as points, lines, areas or volumes. 
Other phenomena are conceptualised as continuous fields (mountains, lakes, 
temperature). Both conceptualisations can be represented as raster (often 
regular square grid) or vector (shapefile) data. This spatial data can further be 
visualised in thematic maps (Slocum, McMaster, Kessler, & Howard, 2013): 

 a choropleth map (colour tone showing e.g. population density 
in river basins) 

 a map with proportional symbols (size of symbol scaled 
according to population in a basin) 

 an isopleth or isarithmic map (annual precipitation or 
elevation model with continuous colour tone) 

 a dot density map (dots indicating village spots or damages of 
natural hazards), or  

 a dasymetric map (a compromise between choropleth and 
isopleth map, e.g. using ancillary data on water bodies to show 
population distribution more realistically). 

The degree of detail is explicit in raster data based on the size of the raster cells, 
while it is more difficult to define for vector data (Goodchild, 2011). This is a 
strong argument for the scientific research community to use and provide data 
preferably in raster format (Goodchild, 2011). All data must be resolution-
specific, and thus all transformations and analyses must be resolution-specific as 
well (Goodchild, 2011). The level of resolution available is influenced e.g. by 
temporal and financial resources or even by the mechanisms of satellite used to 
produce the data (Dark & Bram, 2007). 

Del Campo (2012) has discussed a number of critical considerations that are 
crucial for successful application of spatial data and GIS. These include pre-
requisites for data: availability, accessibility, uniformity of reference systems, 
accuracy, scale, consistency, completeness and timeliness. Provision of detailed 
metadata plays an important role in ensuring these prerequisites (del Campo, 
2012; del Campo, Gilmer, Foley, Sweeney, & Fry, 2011). 
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Scale and spatial unit of analysis  

One fundamental decision when using spatial analysis involves defining of the 
unit of analysis and aggregation scheme, particularly when multiple sources of 
data with various resolutions are used. In the transformation of data to 
information, the level of aggregation usually increases (Volk et al., 2010). The 
results are therefore dependent on the choices concerning the unit of analysis 
and the aggregation scheme.  

Decisions on the unit of analysis relate to the definitions of scale. At least three 
meanings can be given to scale. First meaning stems from cartography and 
refers to the representative fraction of a map, i.e. the parameter that defines the 
scaling of the Earth’s surface to a sheet of paper and gives the ratio of distance 
on the map and the corresponding distance on the ground (Goodchild, 2011). 
With the use of GIS and spatial assessment, however, two other meanings are 
more relevant and refer to i) the extent of a study area (primarily in space but 
also to some degree in time or other dimensions) and to ii) the resolution of 
digital data (primarily in spatial terms) (Goodchild, 2011; Preston, Yuen, & 
Westaway, 2011). Scale can be understood also as a measurement dimension 
including physical, social, temporal and additional (e.g. administrative) criteria 
(Gain et al., 2012). Scale is often mixed with the term ‘level’, which refers to a 
region along a measurement dimension (Evans, Ostrom, & Gibson, 2003). For 
example, macro level refers in general to large regions (continents or global) on 
spatial scales and to large-scale phenomena. Also in social sciences level is often 
used in reference to the unit of analysis (e.g. study using data on household 
level). 

Drawing the boundaries of the unit of analysis is not straightforward. Looking at 
the earth from space, mainly the boundaries between land and water are clear. 
With a closer look, the boundaries caused by human impacts can also be visible. 
In the beginning boundaries are often very arbitrary and artificial, but they can 
be set to enclose certain characteristics and separate different cultures and 
different management practices. A nation is inherently a process, but through 
jurisdiction it gets very physical and crisp boundaries (Coombes & Openshaw, 
2001; Raper, 2001). However, boundaries will always be prone to uncertainty, as 
the ecological boundaries, for example, can never be accurately mapped (del 
Campo, 2012). 

Questions related to scale and the unit of analysis are particularly relevant in 
water-related spatial assessments. When looking at water issues, scale extends 
from microbiological to urban, local, subbasin, basin, regional and global (Gain 
et al., 2012). In global scale, water resources are mapped mostly at political or 
continental scales (Kulshreshtha, 1998; Meybeck, Kummu, & Dürr, 2013; 
Rockström et al., 2009; Wada et al., 2011; Vörösmarty et al., 2000). One of the 
most common approaches is using grid-based maps and discussing the results 
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along national, regional or basin boundaries (Arnell, 2004; Falkenmark, 1997; 
Falkenmark, Rockström, & Karlberg, 2009; Islam et al., 2007; Kulshreshtha, 
1998; Kummu, Ward, de Moel, & Varis, 2010; Perveen & James, 2010; Sullivan 
et al., 2003; WWAP, 2009; Vörösmarty et al., 2000; Vörösmarty et al., 2010). 
Some studies utilise multiple scales (Balica, Douben, & Wright, 2009; Perveen & 
James, 2010; Sullivan & Meigh, 2007). The scale of the assessment influences 
significantly the recommendations for management decisions. For instance, a 
study finding large inefficiency in irrigation water use at local scale might 
recommend different decisions compared with a larger-scale study finding the 
inefficiency smaller due to return flows (Lebel, Garden, & Imamura, 2005). 

It seems clear that there is no single scale or data structure that would be 
suitable for all purposes, and therefore the ability to disaggregate and aggregate 
data to various scales and to use various data structures is desirable (Perveen & 
James, 2010). GIS and spatial analysis can be used to demonstrate a variety of 
possible units of analysis (zonings) that produce a variety of possible results. 
Some of these results could be falsifying the results of other zonings (Raper, 
2001). 

Closely related to this falsifiability is the phenomenon of Modifiable Areal Unit 
Problem (MAUP). The MAUP has two dimensions, the first one related to the 
size of the unit of analysis and to aggregation of data into a larger scale (scaling 
effect), and the second one related to the criteria based on which the unit of 
analysis is chosen (zoning effect) (Dark & Bram, 2007; O'Sullivan & Unwin, 
2010b; Wong, 2009). In more detail, the zoning effect stems from the possibility 
of dividing the study area in various ways even when the scale or the size of the 
unit of analysis is staying the same. For example, provinces and hydrological 
subbasins can be very similar in size but different in location and shape. Article 
IV provides more details on the MAUP. 

2.3. Vulnerability assessment 

Vulnerability assessments have the potential to provide important information 
effectively. Vulnerability has therefore been assessed in numerous studies, but 
there is no universally accepted definition for the concept of vulnerability 
(Adger, 2006; Gregory Bankoff, 2001; Greg Bankoff, Frerks, & Hilhorst, 2004; 
Clark et al., 2000; Cutter, 1996; Eakin & Luers, 2006; Füssel & Klein, 2006; 
Gain et al., 2012; Ionescu, Klein, Hinkel, Kavi Kumar, & Klein, 2009; Luers, 
2005; Pelling, 2003; Preston et al., 2011; Thywissen, 2006; Turner et al., 2003). 
This is partly due to the fact that vulnerability depends on the aspect and focus, 
i.e. whether vulnerability is considered in terms of nature, people, ecosystems, 
biodiversity, individuals, or species. Further, the temporal scale influences, as it 
matters greatly whether we speak about a time span of one year or of hundred 
years. 
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In the 1970s, vulnerability was examined in the context of disasters (Adger, 
2006; O'Keefe, Westgate, & Wisner, 1976) and through the entitlement 
approach (Article I; Sen, 1976). Since then vulnerability has emerged in many 
fields of research, for example concerning resource management, social change, 
urbanisation and climate change (Adger, 2006).  

Contemporary vulnerability assessments utilise various approaches, methods 
and schools of thought. Debates have thus risen, for example, between 
objectivist and subjectivist schools of thought, between structuralist and 
individualistic approaches, between physical scientists and social scientists, and 
between engineering and human dimension focused approaches (Kasperson et 
al., 1988). During recent decades, interactive and integrative approaches have 
been promoted, moving away from the polarisation by debates described above.  

At least four schools of thought have influenced the definitions of vulnerability: 
disaster risk reduction community, climate change adaptation community, the 
sustainability science community, and global environmental change community 
(Gain et al., 2012) (Figure 1). The legacy of human geography and human 
ecology can be seen in the latter two (Adger, 2006). Also the political economy 
of resource use influences greatly to the views in the environmental change 
community (Adger, 2006). 

Disaster risk reduction community defines vulnerability as “the conditions 
determined by physical, social, economic and environmental factors or 
processes, which increase the susceptibility of a community to the impacts of 
hazards” (International Strategy for Disaster Reduction, 2004). 
Intergovernmental Panel on Climate Change (IPCC) on the other hand, defines 
vulnerability as “the degree to which a system is susceptible to, or unable to 
cope with, adverse effects of climate change, including climate variability and 
extremes. Vulnerability is a function of the character, magnitude, and rate of 
climate variation to which a system is exposed, its sensitivity and its adaptive 
capacity” (IPCC, 2001). This is very similar to the definition by White (1974) 
within the sustainability science: “vulnerability is the degree to which a system, 
subsystem, or system component is likely to experience harm due to exposure 
to a hazard, either a perturbation of stress/stressor” (White, 1974, cited in 
Preston et al., 2011). The global environmental change and sustainability science 
communities have introduced the notion of coupled socio-ecological system or 
human-environment system when conceptualising vulnerability (Gain et al., 
2012; Turner et al., 2003).  

Despite differences in approaches and definitions, vulnerability is commonly 
seen to be constituted by components representing the system’s exposure and 
sensitivity to perturbations or external stresses as well as system’s capacity to 
adapt or in other words its resilience (Adger, 2006; IPCC, 2001). Exposure is the 
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nature and degree to which a system experiences the stress, sensitivity is the 
degree to which a system is modified or affected. Adaptive capacity, or sufficient 
resilience, means having the capacity to face stressors without significant losses, 
and to change, learn and evolve in order to accommodate hazards or policy 
changes and to increase the coping capacity of the system (Folke et al., 2002). 
The vulnerability components are also defined by the magnitude, frequency, 
duration and areal extent of stressors (Adger, 2006; Burton, Kates, White, 
1993). Vulnerability assessments are often based on the use of proxy indicators 
representing these components.  

Vulnerability factors can be presented in two broad classes of biophysical and 
socio-economic determinants (Preston et al., 2011). Further, various models 
(listed in Article I) are used for vulnerability assessments, as vulnerability itself 
is something that cannot be measured (Adger, 2006; O’Brien, Eriksen, 
Schjolden, & Nygaard, 2004). Models define how the quantitative indicators 
representing the determinants are thought to interact and influence the level of 
vulnerability (Article I; Füssel, 2007; Preston et al., 2011; Turner et al., 2003). In 
addition to the listed models, simple aggregation and weighed aggregation 
(based on statistical methods or expert opinions) of indicators to a composite 
index are used in vulnerability assessments (Article I; Hinkel, 2011; Kappes, 
Papathoma-Kohle, & Keiler, 2012; Lebel, Nikitina, Pahl-Wostl, & Knieper, 2013; 
Li, Wang, & Liang, 2006; Wang, Liu, & Yang, 2008).  

Practically all vulnerability assessments aim to identify the most vulnerable part 
of the system. However, the higher-level objective of assessments can differ. For 
example, assessments can be diagnostic and problem-oriented or decision-
support oriented. The first one indicates the need for targeting research or 
resources and the latter aims for policy intervention (Abson, Dougill, & Stringer, 
2012; Adger, 2006; Metzger & Schröter, 2006; Preston et al., 2011; 
Stelzenmüller, Ellis, & Rogers, 2010). In their current form, vulnerability 
indicators are appropriate for identification of vulnerable people, communities 
and regions at local scales (Hinkel, 2011). Also Turner (2003) emphasised the 
questions of who are vulnerable to multiple environmental changes and where 
are they located, leading the direction to spatial approaches. 

2.4. Putting the three together: Water-related spatial 
vulnerability assessments 

In relation to water resources, the term vulnerability was used in general policy 
debate for the first time in the 1992 international conference of Dublin (The 
Dublin Statement, 1992). Water-related vulnerability concerns generally the 
quantity and/or the quality of water, which is influenced by the temporal and 
spatial scale of analysis. The description or model for vulnerability varies 
depending on what is in the focus, e.g. people or biodiversity (eco-environment).  
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Martin Beniston (2002) describes the vulnerability of water resources: 

 

This description is found to represent well the approaches in the appended 
articles of this dissertation. While the indirect effects of human activities are 
important for the vulnerability of water resources, the appended articles have 
put more emphasis on direct human activities. In some cases, the inclusion of all 
direct human activities is challenging, as data is not readily available. 

In terms of quantity, vulnerability may stem from the imbalanced supply and 
use of water or changes in water availability due to changing climate. Further, 
when the focus is on people, vulnerability can also be thought to concern sea-
water intrusion, levee failures, floods or droughts, groundwater contamination, 
or water supply system failures. More specifically, a certain group of people 
might be vulnerable due to their social status being poor, elder, children or 
disabled or strongly dependent on water-dependent livelihoods. In terms of 
water quality, vulnerability is caused by many different factors including land-
use change, population growth, changes in the wetland status and protection, 
changes in agricultural fertilizer use, and changes in the sediment load. The 
conflicts often stem from a combination of challenges described above (Yoffe et 
al., 2004).  

Approaching water-related vulnerability through components of exposure, 
sensitivity and adaptive capacity is strongly case-specific. The exposure can be 
measured e.g. as extent of changes in hydrology or changes in land-use. The 
degree of the sensitivity of a user group depends on the significance water has 
for the group. Further, the adaptive capacity of a group may be enhanced by a 
range from alternative livelihoods sources and education to compensation 
mechanisms and access to irrigation. 

The role of spatial heterogeneity in physical, socio-economic, and cultural 
determination of vulnerability is important (Turner et al., 2003). Climate 
change, for instance, is believed to change the spatial distribution of hazards, 
creating a need for spatial and localised information (Preston et al., 2011). 

“Vulnerability assessments of water resources integrate multiple 
interacting stresses and feedbacks from climate change, climate 
variability, and direct effects of human activities, such as changes in 
land and water use, changes in distribution and age-profiles of 
populations, changes in economic activities and settlement patterns 
and changes in political environments. There is a strong human 
dimensions component in vulnerability assessments. Exposure to 
environmental stresses and reaction to such exposure are major 
factors, but also very important is the potential for adaptation, 
which is essentially region-specific. … A goal of integrated water 
resource management is to reduce vulnerabilities.” 
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Indeed, spatial specificity is crucial in water resources management as the 
spatial (and temporal) distribution of water varies. Location is important also 
from the upstream-downstream point of view. In addition, the mitigation, 
adaptive capacity and exacerbation vary spatially (Cutter, 2003), and planning 
and management involve reconciling competing demands that depend on the 
location.  

The mapping approach is increasingly used in vulnerability studies, firstly due to 
its ability to account for spatial heterogeneity and secondly due to the 
possibilities for an effective communication of the status of complex system and 
of interaction of determinants with the system components (Preston et al., 
2011). Maps are believed to act as powerful visual tools (Abson et al., 2012).  
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3. CASES FROM THE MAJOR ASIAN 
RIVER BASINS  

3.1. Study context: Monsoon Asia and its major river basins 

The oriental biogeographic region of tropical Asia, Monsoon Asia, is in this 
dissertation defined to consist of the area reaching from China to eastern 
Afghanistan. It includes ten major river basins and the nations located within 
those basins in mainland Asia (Figure 3). 

In Monsoon Asia there are five large river basins of size over 500×103 km2: 
Indus, Ganges-Brahmaputra-Meghna, Mekong, Yangtze, Huang He (Yellow) 
River, and five intermediate river basins of size larger than 100×103 km2: 
Irrawaddy, Salween, Chao Phraya, Hong (Red) River and Xun Jiang (Pearl) 
(Kummu, 2008). Seven of the river basins are transboundary, located within two 
or more nations. Two of the case studies cover the whole study area of Monsoon 
Asia (Article I & IV) while the other two cases focus either on certain little-
studied but major river basins (Irrawaddy & Salween in Article II) or on an 
important subbasin part of a major river (Tonle Sap from the Mekong in Article 
III). 

Monsoon Asia is an important area as significant quantities of the world’s 
population and food production is located there (Dudgeon, 2005; Sanyal & Lu, 
2004). Many parts of the area have rich biodiversity, which is endangered by 
various pressures from development and environmental change (Dudgeon, 
2005). The complexity of water resources management stems from the need to 
consider particularly the following drivers of change: population growth, 
demographic changes, economic development and related need for energy 
(including hydropower development), changes in food demand and production, 
and changes in political regime (Biswas, 2005; Kummu, Lu, Wang, & Varis, 
2010; Kummu, Ward, et al., 2010; WWAP, 2009, 2012; Vörösmarty et al., 2000; 
Vörösmarty et al., 2010). The climate (Hurd, Leary, Jones, & Smith, 1999) 
causes the area to experience high variation and extremes, which are seen in 
many of the river basins as strong seasonality in water availability (Sanyal & Lu, 
2004). Monsoon Asia is further plagued by poverty and the socio-economic 
challenges brought by it (The World Bank, 2008). 
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The above-mentioned drivers cause changes in water and land use. Related 
benefits and losses are not equally distributed in space or time. Particularly, the 
hydropower development in transboundary river basins is a key challenge 
having a wide impact on the environment (Dudgeon, 2005) and societies 
(Keskinen, 2006; Keskinen et al., 2013; Lamberts, 2008).  

This context has been the starting point for each of the case studies presented 
below. However, the issues under closer examination vary depending on the case 
study. Table 1 provides an overview and summary of the key characteristics of 
the appended articles. 

Table 1. Summary of the appended articles in terms of the general objective of the study, the 
scale and spatial unit of analysis as well as the approach to vulnerability analysis. 

Article I: Article II:  Article III:  Article IV: 

General 
approach 

Explorative and 
integrative 
mapping of 
socioeconomic-
environmental 
vulnerability 
status 

Explorative 
mapping of 
multiple 
environmental 
indicators on 
land use and 
human activity  

Examination of 
change in main 
economic sectors, 
particularly water-
related, and changes 
in demography  

Illustration and 
descriptive statistics 
of MAUP in water 
shortage  

Scale Regional River basins Subbasin Regional 

Spatial unit 
of analysis 

River basin Topography & 
climate-
ecological zone 

Topography, 
urbanity & 
administrative 
boundaries 

Multiple zonings: 
administrative, 
hydrological, 
groundwater basin, 
climate, & agro-
ecological zoning 

Vulnera-
bility of 
what/ to 
what? 

Vulnerability of 
basins to water 
stress, 
malnutrition, 
poverty, hazards, 
fragile 
governance, poor 
environmental 
system, human 
activities 

Vulnerability of 
river health and 
ecological state 
of wetlands, 
water quality to 
pressures from 
human activities 

Vulnerability of  
water-related 
livelihoods to 
changes in 
hydrology and 
ecology caused by 
hydropower 
development and 
climate change 

Vulnerability of 
people to water 
shortage depending 
on reduced water 
availability and/or 
growing population 

Assessment 
approach 

Aggregation of 
averaged and 
weighed (DPSIR-
approach) spatial 
indicators and 
population-
weighed national 
indicators for 
river basins 
& 
Comparing 
basins in terms of 
vulnerability 
index and 
individual 
indicators 

Principal 
Component 
Analysis (PCA) 
applied for 
indicators, 
individual PCs 
examined and 
combined as 
composite index  
& 
Comparing 
basins and the 
sub-areas within 
the basins with 
composite index 
scores 

Calculating 
indicators for two 
time steps of the 
Census data, both 
quantities and 
proportions. 
Clustering villages 
based on several 
indicators (partly 
combined with PCA) 
& 
Comparing changes 
and status of sub-
areas. Testing 
aggregation 
scheme’s relevance 
with k-means 
clustering and 
Levene’s test 

Calculating water 
shortage, and 
population under 
high water shortage 
with multiple 
zonings, descriptive 
statistics (average 
values and 
coefficient of 
variation) 
& 
Comparing 
differences in water 
shortage caused by 
the zoning scheme 
visually and with 
descriptive statistics 
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3.2. The socioeconomic-environmental vulnerability profiles 
of the ten major river basins (Article I) 

Article I analysed ten major river basins of Monsoon Asia (Figure 3) by 
considering and identifying the major vulnerabilities in the context of the 
multiple and interlinked change processes. 

 
Figure 3. Map of the study area in Article I consisting of 12 countries and 10 major river basins. 

National statistical data and globally available spatial datasets on various 
indicators were spatially analysed with ArcGIS 9.3 software (ESRI, Redlands, 
CA, USA). Spatial data was used for producing a socioeconomic-environmental 
vulnerability profile, which included spatial data on water stress, human 
footprint, multihazards, malnutrition and infant mortality. Data from national 
and global statistics on Gross National Income per capita, environmental 
systems, slum population, literacy rate, corruption, political instability, state 
fragility and multidimensional poverty index were also used. National level data 
from statistics were weighed with the proportion of national population within 
the basin. In addition, population density, precipitation, runoff and future 
population scenarios were examined.  

Two approaches were used to build a composite vulnerability index: a simple 
aggregation of indicators and weighing indicators with a DPSIR method (Drivers 
– Pressures – States – Impacts – Responses model: OECD, 1993; Rapport & 
Friend, 1979; United Nations, 2001). The distribution of individual indicators 



Cases 

24 

was examined visually in addition to exploring the composite index scores of the 
basins. 

3.3. Utilising global datasets for data-poor areas in 
Irrawaddy & Salween River basins (Article II) 

Representing areas over which less scientific studies are available, the Irrawaddy 
and Salween River basins are prone to many changes and challenges identified 
in the region. These include, for example, land use change, hydropower 
development, population growth, and changes in the political regime.  

Article II utilised globally available spatial datasets to create environmental 
profiles that identify key issues concerning population and land use distribution 
for Irrawaddy and Salween River Basins (Figure 4).  

Gridded data on land cover was examined, particularly the extent and protection 
status of wetlands, distribution of night-time lights as urban area indicator and 
extent of croplands. Indicators were built also based on population distribution, 
estimates for nitrogen load from industrial fertilizer use, potential mobilizable 
nitrogen load and extent of potential rainfed cropland. Table 1 in Article II 
describes these indicators in detail. 

Indicators were analysed through specially defined spatial units of analysis that 
was based on a combination of slope and ecological zone. The map algebra of 
ArcGIS 9.3 software was used to calculate and classify the slope from Digital 
Elevation Model and the re-classified layer was overlaid with ecological and river 
basin datasets to create the spatial units of analysis (sub-areas). Then zonal 
analysis was used to extract indicator values for each sub-area.  

Principal Component Analysis (PCA) (Jolliffe, 2002) was conducted to reduce 
the multicollinearity of indicators in PASW Statistic 18 software (former SPSS 
Inc, Chigaco, IL, USA, current IBM, Armonk, NY, USA). Individual principal 
components were analysed and interpreted separately. These were combined to 
a composite index and mapped to indicate the sub-areas under most pressure.  
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Figure 4. The Irrawaddy & Salween River basins and the global spatial datasets utilised in 
Article II (modified from Article II).  
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3.4. Socio-economic changes in Tonle Sap Lake area with a 
spatial approach (Article III) 

The Tonle Sap Lake is a major part of the Mekong River system (Figure 5). The 
Tonle Sap Lake area is likely to be influenced by the development and changes 
occurring within the Mekong basin, as Tonle Sap Lake is receiving great 
quantities of the monsoon season flooding water and sediments of the Mekong 
River.  

Due to the pulsating system, the socioeconomic-environmental system of the 
lake area is adapted to five-fold change in the lake surface area and to water level 
changes from one to ten meters. The most common livelihoods, i.e. agriculture 
and fishing, are strongly dependent on water. 

The development pressures together with climate change pose challenges for 
maintaining the natural state of this river system, which is one of the world’s 
richest areas in terms of biodiversity and fisheries. The area is also strongly 
influenced by many other changes occurring in the Cambodian society. 

 

Figure 5. Tonle Sap Lake area (modified from Article III). 

Article III looked at the two census datasets and explored how the livelihoods 
and demographics have changed between 1998 and 2008 (the year of the census 
data) in the 1555 villages of the study area.  

Data from the national statistics was prepared to be comparable between these 
two years. Data was then spatially aggregated to the specially defined spatial 
units of analysis that considered topography (in this case meaning the proximity 
to the lake and flooding), census information on the urbanity of villages and the 
provincial boundaries. The method was developed further based on earlier 
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studies (described e.g. in Keskinen, 2006; Keskinen et al., 2013). In addition, the 
robustness of the developed spatial approach was tested with data-driven k-
means clustering method (e.g. Wang, Huo, Huang, Xu, Sun, Li, 2010) in Matlab 
R2014a software (MathWorks, Natick, MA, USA). 

Spatial analysis was conducted in ArcGIS 10.2 software. For k-means clustering, 
part of indicators were combined with the PCA (Jolliffe, 2002) in IBM SPSS 
Statistics v20 software to represent an ‘urban’ indicator. 

The status and change of demography and of economic sectors were mapped in 
a visually effective way to identify areas of stagnation or rapid change. The sub-
area division enabled creating a link between the socioeconomics and hydrology, 
which further enabled discussing the potential impacts and role of future 
changes in hydrology.  

3.5. Exploring water shortage and the Modifiable Areal Unit 
Problem (MAUP) in Monsoon Asia (Article IV) 

Article IV presents a regional scale study with focus on one indicator, water 
shortage (defined as available water divided by population). Water shortage is 
one of the key vulnerabilities in the region due to potentially changing water 
availability caused by growing population and climate change. 

The study calculated water shortage based on available global spatial datasets 
using altogether 21 different criteria for defining the spatial unit of analysis 
(zonings) (Figure 6). These included delineating the boundaries of the unit of 
analysis according to nations, river basins, agro-ecological zones, climate zones, 
groundwater basins, provinces, subbasins and various combinations of these.  

Data on average annual surface and sub-surface runoff, surface areas of the grid 
cells and population were used for calculating water shortage (Falkenmark & 
Widstrand, 1992) in Matlab R2014a software. Water shortage indicator values 
were classified to three classes of “no” (indicator value >1700 m3/cap/year), 
“moderate” (1000 – 1700 m3/cap/year) and “high” (<1000 m3/cap/year) water 
shortage.  

Population under high water shortage was calculated and the differences 
depending on the zonings were tabulated. The average water shortage, number 
of zonings under which a grid cell fell under high water shortage and the 
coefficient of variation for water shortage per grid cell were calculated and 
mapped to indicate areas that were particularly sensitive for the MAUP.  
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Figure 6. The 21 zonings for calculating the water shortage in Monsoon Asia (modified from 
Article IV). 
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4. METHODS AND DATA 

4.1. Methods 

The overarching methodology used in this dissertation is spatial analysis, which 
is a broad term identified at least in four different areas of literature (O'Sullivan 
& Unwin, 2010a). These concern i) spatial data manipulation, ii) spatial data 
analysis, iii) spatial statistical analysis, and iv) spatial modelling. Most research 
involves many, if not all, of these. Methodologically, this dissertation is situated 
between spatial data analysis and spatial statistical analysis, with emphasis on 
carrying a descriptive and exploratory approach. As such, it reports important 
first steps for spatial analysis with big and open datasets (O'Sullivan & Unwin, 
2010a). Spatial modelling is also considered, as some of the data examined are 
outputs of modelling approaches. 

This dissertation generally applies overlaying, map algebra and zonal analysis of 
pre-processed spatial datasets, and further conducts spatial analysis of other 
spatially-referenced data (e.g. attribute data for spatially-referenced objects). 
Statistical methods, such as Principal Component Analysis (PCA) (e.g. Jolliffe, 
2002) and k-means clustering (e.g. Wang et al., 2010; Larose, 2005), are also 
utilised. 

The methods are here presented in the context of the first three research 
questions, which then provide input for the fourth research question. The 
contribution of articles and related methods used for each of the three research 
questions are presented in Figure 7. 

It must be noted that the appended articles include other methods as well. 
Article III is part of a larger research project, for which spatial analysis provides 
only one assessment method. In addition, two articles form a series of studies 
with other publications, Article I with Kattelus, Kummu, Keskinen, Salmivaara & 
Varis (2015), Varis & Kummu (2012) and Varis, Kummu, Lehr, & Shen (2014) 
and Article II with Salmivaara (2009; 2012). Each article was briefly described 
in Chapter 3 and summarised in Table 1. More details of studies and methods 
used are available in the appended articles. 
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Figure 7. Summary of methods used in Article I-IV to study the three research questions.  

To seek an answer to the first research question, various sources of big and 
open data are used (described in Chapter 4.2.). This data is utilised as indicators 
to build a composite index with simple aggregation (Article I) and with weighed 
aggregation (Article I and II). Article I applies the DPSIR method (Driver – 
Pressures – States – Impact – Responses model) (Table 6 in Article I; OECD, 
1993; Rapport & Friend, 1979; United Nations, 2001) for weighing, while Article 
II utilises PCA method, which reduces the collinearity of the data (Jolliffe, 
2002). Risks related to collinearity are discussed in Article II. In Article III, a set 
of indicators are combined with PCA to one “urban” indicator.  

Besides aggregation to a composite index, other approaches are also used. In 
Article III, the national census data is prepared to be comparable over the two 
available points in time, 1998 and 2008. The change in the demographic and 
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socioeconomic indicators of the census, both in quantities and proportions, is 
explored using spatial units of analysis allowing exploration on two scales. 
Article IV explores only one indicator but with multiple spatial units of analysis 
of various scales.  

Third aspect in assessing the applicability and performance of big and open 
spatial datasets is using those as input to creating various criteria for defining 
the spatial unit of analysis (i.e. zoning schemes). These further contribute to 
finding answers to the second and third research question on the spatial unit of 
analysis. 

Related to the second research question, the criteria for finding appropriate 
unit of analysis can be based in theory, i.e. defined a priori, inductively, or the 
unit of analysis can be defined by the system conditions at hand, in which case 
they are defined by the data, deductively. For example, based on the theories of 
hydrological cycle (Shaw, 1994), climate has a major role in the generation and 
distribution of the water resources. Characteristics of climate can, therefore, be 
used as an argument for looking at variance of water-related indicators across 
climate zones. On the other hand, the data can be given a ‘chance to speak’ when 
statistical data mining methods are applied.  

Purely a priori defined criteria is used in Article I, in which data is aggregated 
according to river basins boundaries. More special and case-specific, but still 
theory-based, criteria are applied in other articles. Article II, for example, 
combined slope calculated from Digital Elevation Model and ecological zone for 
distinguishing especially the delta areas. Article IV uses various readily available 
zonings including nations, river basins, agro-ecological zones, climate zones, 
groundwater basins, provinces, and subbasins, while also creating combinations 
of these to find appropriate spatial units of analysis. Thus, the spatial units of 
analysis are either available as such (basin boundaries in Article I) or they are 
created by applying calculations (e.g. on slope) and combining available datasets 
(Article II-IV).  

A data-driven method of k-means clustering (considering notions related to the 
method by Wang et al., 2010; Rousseeuw, 1987) is applied in Article III to 
organise the census data into groups with maximum variance between groups 
and minimum variance within a group. This data-driven result is then compared 
with the spatial approach (using topography and census classification on 
urbanity) to provide information on the robustness of the spatially-defined unit 
of analysis. However, it also provides information on the applicability of data-
driven methods for finding appropriate spatial units of analysis for water-related 
vulnerability assessments.  

Levene’s test (Levene, 1960 in Gastwirth, Gel, & Miao, 2009) is applied to define 
cases where the differences between the k-means clusters (data-defined) and the 
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spatially defined zones are statistically significant. The test considers the 
similarity of variances of datasets in comparison and not only the means or 
centres. Comparing the variances of two datasets is more informative than 
comparing their means, as two datasets can have similar mean with very 
different variances (i.e. values are all close to the mean or values are spread on a 
wide scale). However, when variances are similar, the datasets have somewhat 
similar structure. The test is also applicable when data does not follow normal 
distribution or the sample sizes are unequal (Brown & Forsythe, 1974 in 
Gastwirth et al., 2009).  

The role of the spatial unit of analysis and the related phenomenon of the 
Modifiable Areal Unit Problem (MAUP), i.e. the subject of the third research 
question, is systematically explored through using multizonal and multiscale 
approach in Article IV. The variance in the indicator values (caused by the 
MAUP) is examined by calculating the coefficient of variation, the average water 
shortage value and occurrence of high water shortage for each grid cell over the 
21 different zonings.  

Article III contributes also to this research question, as the analysis is to some 
extent conducted as a multiscale assessment. This enables examining the role of 
the spatial unit of analysis for results through a visual comparison of maps 
produced with spatial units of analysis varying in scale. 

Furthermore, the appended articles as a combination can be considered as a 
multiscale and multizonal approach, which provides a method for examining the 
role of the spatial unit of analysis.  

4.2. Data 

The availability of data is increasing all the time. Many institutions provide 
spatial datasets in their digital libraries or data portals, where the user can find 
data in terms of the area or the theme of interest. For example, various 
hydrological characteristics are provided by data libraries (e.g. GEO Data Portal, 
2014; GWSP Digital Water Atlas, 2014). The increasing availability of globally 
consistent datasets that are relatively cheap to produce, enables application of 
such data in research and management of natural resources. Thus, reporting the 
application of multisource big and open spatial data contributes to the future 
development of water-related spatial assessments. 

The datasets used in the appended articles represent only a fraction of what is 
currently available. The general types of spatial data are listed in Table 2 with 
reference to datasets used in the appended articles and general examples of 
datasets. General data types include digitized maps, data produced with remote 
sensing technology, data layers produced with spatial interpolation of point 
data, modelled data based on physical or mathematical models and spatially 
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referenced statistics i.e. census data. Additionally, ‘mixed data types’ are 
combinations of the general types of data or involve qualitative measures such as 
expert estimations or classifications. 

It should be noted that remote-sensing data products are increasingly available 
covering various different components of the hydrological cycle. However, the 
majority of data products available are mixed data products. While remote-
sensed data are increasing, there will be continuous value to mixed data 
products for assessments aiming at combining multiple and not only 
measurement-based aspects.  

Another thing to note is that while there are potential to provide temporally very 
detailed data, particularly with remote-sensed data, this is not yet the case with 
the data available for end-users (Table 2). Data is aggregated and also the 
calculation of more specific indices requires time and reduces the possibilities 
for data producers to provide this data. Furthermore, until recently, the demand 
has not perhaps been there. The spatial scope and scale of the data increasingly 
cover the whole globe i.e. providing big data. However, many other 
characteristics usually associated with the term big data, are not fully met with 
the contemporary data available.  

There are issues to consider, particularly concerning the mixed data products. 
For example, the reason for listing ‘river basin modelled data’ under the mixed 
data section is that often the datasets available are aggregations of daily or 
monthly outputs of models. These can be provided in shapefile format instead of 
the original model output as raster data, which is relevant to consider when 
using these datasets for further analyses.  

In the case of population models, it should be noted that there are different ways 
to produce the data: for example LANDSCAN (2008) uses dasymetric modelling 
with the imagery analysis technologies of a satellite picture to disaggregate 
census counts, while datasets by GPWfe (2005), GRUMP (2004) and GWSP 
Digital Water Atlas (2008a, 2008b, 2008c) distribute country level urban and 
rural population statistics according to night-time lights and points of populated 
places. These methods result in different distributions, particularly in areas with 
limited access to electricity. 

Finally, the datasets that are produced as combinations of layers and involve 
special classifications (e.g. climate zones or potential rain-fed cropland in Article 
II) require careful consideration when they are used in vulnerability 
assessments. The assumptions behind the classifications need to be in line with 
the assumptions behind the vulnerability assessment. When these are in line, 
such datasets are useful as they reduce the workload involved in an assessment 
process. 
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Table 2. The main spatial data types. Datasets with bold font were used in the appended articles 
(I-IV). The table includes also examples of datasets that were not utilised by this dissertation. 
Source information and acronyms are available in the appended articles. The big data 
characteristics in terms of spatial scope and scale as well as temporal scale are indicated for the 
data used [spatial: G=global, R=regional, L=local; temporal: De=decadal, Y=yearly, Da=daily].  

Data type: Description and examples 

Digitized maps Compilation of maps,  
aerial photographs,  
decisions concerning 
areas 

Lakes and Wetlands (II) [G;De],  
Protected areas (II) [G;De],  
Administrative areas (I,II,III,IV) [G;Y] 

Remote-
sensing 

Satellite sensor of 
various wavelengths:  
visual light;  
infra-red;  
microwave 

Land cover data (II) [G;Y/Da],  
Night-time lights (II) [G;Y/Da],  
groundwater (GRACE), precipitation (TRMM), 
evapotranspiration (Landsat, ASTER, MODIS), 
Soil moisture (TRMM, METOP), water level 
(TOPEX POSEIDON, ENVISAT) 

Interpolation of 
observations 

Interpolating point data 
into continuous layer 

Digital Elevation Model (DEM) (II,III) [G;Y], 
precipitation, temperature 

Modelled data Mathematical model 
based on physical 
equations 

Potential mobilizable nitrogen load (II) [G;De], 
river discharge 

Census data Usually household level 
detail, village level 
aggregate, based on 
questionnaires covering 
in theory all households 

Cambodian Census (III) [L;De] 

Mixed data 
products 
 

National level data 
gridded 

Nitrogen load from industrial fertilizer use 
(II) [G;De], 
GDP per grid 

River basin (or other 
system based) modelled 
and complemented with 
other ancillary or 
modelled data then 
gridded or provided as 
shapefile 

Water stress (I) [G;De],  
Average annual surface runoff (I,IV) [G;De],  
Relative change in discharge due to 
deforestation (II) [G;De], 
River basin boundaries (I,II,IV) [G;De], 
Annual river discharge 

Population models  Gridded population (I,II, IV) [G;De/Y]  

Expert estimates and 
calculations + 
compilations of various 
sources  

Political stability (I) [G;Y], 
Corruption Perception Index (I) [G;Y],  
Environmental System component from 
Environmental Sustainability Index (I) [G;Y],  
Gross National Income per capita (I) [G;Y],  
Slum population (I) [G;Y],  
Literacy rate (I) [G;Y],  
State fragility (I) [G;Y],  
Multidimensional Poverty Index (I) [G;Y]  

Datasets defined and 
classified by multiple 
layers and criteria 

Potential rainfed cropland (II) [G;De], 
Köppen-Geiger Climate Zones (IV) [G;De],  
Global ecological zones (II) [G;De],  
Global Agro-Ecological Zones (IV) [G;De],  
Groundwater resources with annual recharge 
rates (IV) [G;De], 
Water footprint data, 
Water scarcity 
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5. FINDINGS 

5.1. Applicability and performance of big and open spatial 
data 

The key finding based on the appended articles was that big and open spatial 
datasets are crucial, perform well and enable large-scale comparative studies 
concerning major river basins. Most of the assessments could not have been 
conducted in same extent and efficiency if big and open spatial datasets were not 
available. Another key finding was the preference for using simple aggregation 
of the indicators when using multiple spatial datasets, providing more 
transparent approach compared to using more complex weighing methods (such 
as the DPSIR method in Article I). Transparency is important, as the available 
data did not cover all the data that could have been relevant. The applicability 
and performance of big and open spatial data are elaborated according to each 
article in detail below. 

Geographical information system (GIS) enables consideration of multiple data 
layers on the same platform. Through the availability of various data, it is 
possible to go beyond sectoral assessments, as spatial analysis enables a 
transparent method that puts emphasis on visual inspection of the components 
used. Thus, taking a multisectoral view, ‘looking outside the water box’, is 
possible through the use of spatial analysis. Such a view was taken in Article I, 
resulting in visually effective profiles for the ten major river basins of Monsoon 
Asia.  

According to Article I, the Ganges-Brahmaputra-Meghna basin and the Indus 
basin scored the highest in the overall vulnerability assessment. Other basins’ 
vulnerability scores were on the same (lower) level but their profiles differed. 
For example, the Irrawaddy and Salween basins were vulnerable in terms of 
hazards and economic factors. The Mekong basin also had the economic factors 
as cause for vulnerability. The Indus and Yellow River basins were the only ones 
experiencing water scarcity. More detailed results are presented in Article I. 

In Article II, big and open spatial datasets enabled the study of the Irrawaddy 
and Salween River Basins, which form one of the least studied regions in 
Monsoon Asia. Article II included a large number of indicators, and Principal 
Component Analysis (PCA) was applied to avoid multicollinearity and 
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aggregating indicators that are highly correlated, which may occur when using 
simple aggregation of indicators. PCA reduced the number of indicators to three 
in the case of Irrawaddy (representing 74% of variation in the original dataset) 
and to four in the case of Salween (representing 84% of the original variation). 
Individual PCs were interpreted, and for example, one PC was found to 
represent the potential for land use change. Irrawaddy delta and Salween river 
mouth areas scored the highest with most of the PCs and also with the 
composite index combined from the PCs.  

Article II provides support for preferring the simplicity, as the results from PCA 
on the most vulnerable areas are very similar to results of a simple aggregation 
of indicators (based on partly the same indicators, presented in Salmivaara, 
2012). The PCA generally performs well, when there are multiple indicators that 
can be interpreted as representing the same phenomenon (e.g. see below for 
urbanity in Article III). However, the big and open datasets used in water-
related spatial vulnerability assessments can be too heterogeneous, as in Article 
II. In such cases, the complexity and difficulty of interpretation increases to that 
extent that simple aggregation is more informative and transparent. 

In Article III, the big and open data of Cambodian Census was examined 
according to spatial distribution of the villages. Article III found that there is 
great potential when more emphasis is put on the spatial dimensions of this 
socioeconomic data. Using topography together with census data, the livelihood 
profiles were possible to be grouped in an effective way. This enabled the 
discussion with more linkages to the hydrology of the Tonle Sap Lake, and 
addressing the spatial heterogeneity in such a way that would have not been 
possible if analysed according to provincial or national level statistics. The 
examination of change between the two census datasets, both in quantities and 
proportions, provided important information on the areas of change and 
stagnation.  

Article III further found that the main livelihood sectors are fishing and 
agriculture, which are clearly located in rather distinctive spatial zones, and are 
thus strongly dependent on the Tonle Sap’s unique hydrology. These could be 
influenced by hydrological changes by hydropower development in upstream of 
the Mekong or climate change induced changes in the precipitation and 
hydrological cycle. The special role of the Siem Reap as driving the changes in 
the area was explicit in the results, which were made visible by using the spatial 
approach on the census data.  

The role of big and open global data sets was crucial in Article IV. To calculate 
water shortage indicator, an assumption on the spatial unit of analysis is 
required. This assumption defines the available water resources for the 
population located in that area, and entails uncertainty, because it is not 
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straight-forward to define accurately who are using which water resources. For 
example, using the most detailed level (grid-cell level) would require an 
assumption that the population strictly within that parallelogram3 would use the 
water available in that same area.  

With lack of detailed information on how much, when and who are using water, 
deciding over one spatial unit of analysis is not simple. Thus, alternative spatial 
units of analysis are required. The availability of multiple big, consistent and 
open spatial datasets for creating alternative spatial units of analysis is thus 
crucial to overcome the uncertainty in the assumption of water availability and 
demand within a certain spatial unit of analysis.  

5.2. Exploring the ways to find appropriate spatial unit of 
analysis 

One of the most brilliant possibilities of spatial data and spatial analysis is the 
ability to define the spatial unit of analysis freely. Yet, responsibility follows this 
freedom due to the Modifiable Areal Unit Problem (discussed in section 5.3). 
This section takes, however, a more optimistic view and considers the 
phenomenon as modifiable areal unit possibility.  

In Article I, the possibility to organise the information and explore the status of 
various indicators according to the major river basins was informative. Article I 
also paid attention to the problem of excluding important areas that were very 
close but not within the physical boundaries of the basin. Including those areas, 
e.g. Shanghai in case of Yangtze, could have changed the quantitative 
vulnerability profiles to some extent. With GIS and specially defined spatial 
units of analysis, that do not necessarily follow the physical basin boundaries, 
this could be addressed in future spatial assessments. However, considering the 
scope of Article I, river basin provided an appropriate unit of analysis. 

Article II and Article III were both particularly concerned with finding an 
appropriate spatial unit of analysis. In Article II, the spatial tools were used for 
calculating the slope from the Digital Elevation Model, which was then used 
together with data on ecological zones to create sub-areas that share similar 
biogeographical characteristics. The developed approach enabled distinguishing 
the important delta areas, particularly in the Irrawaddy basin (Figure 8). This is 
an important finding as there are no readily available datasets of delta and river 
mouth areas, even though these areas are generally stated to be very vulnerable 
(e.g. Ericson, Vörösmarty, Dingman, Ward, & Meybeck, 2006). River delta areas 
are naturally changing areas, and thus this possibility to utilise spatial tools and 

                                                                    
3 A square grid cell in WGS84 projection dataset would correspond to a parallelogram having upper 
end shorter compared to lower end, and also grid cell size would decrease when moving north or 
south from the equator. 
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data for the specially defined spatial unit of analysis will maintain as a crucial 
feature for anybody conducting spatial assessments in major river basin scale. 

 

Figure 8. Distinguishing the delta areas (Modified from Article II). 

In Article III, appropriate spatial units of analysis were found based on 
topography (following the contour line of six meters), census information on the 
urbanity of villages and administrative province boundaries. The advantages of 
the spatial units were explicit, when results were compared with using mere 
topographical zoning or mere provincial boundaries. As can be seen in Figure 9, 
important pieces of information would not have been visible if the spatial units 
of analysis developed in the study were not used. The spatial dimension 
improved the informativeness of the Census data. The topographic zoning 
enabled creating a connection to water level and hydrology, and the inclusion of 
administrative boundaries connected the results with actual planning processes 
and more detailed level survey design. The results enabled putting future 
changes in hydrology into socioeconomic context. 

In both Article II and III, the term ‘appropriate spatial unit of analysis’ entails 
certain assumptions, which could be different if the general approach of the 
assessment would be changed. However, when sub-areas are created in a 
transparent way using big and open spatial data, it is possible to find other 
appropriate spatial units of analysis as well.  
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Figure 9. Two examples on the advantages of using a spatial analysis unit that is based on both 
the topography and the administrative units of analysis, instead of using only one of those. The 
spatial variation and interesting spatial differences become more visible with the unit of analysis 
combining topography, urbanity and administrative boundaries. (Modified from Article III). 

Transparency and robustness in defining appropriate spatial unit of analysis can 
be increased when statistical methods are incorporated in the analysis. In Article 
III, the robustness of using the contour line of six meters and the census 
classification of urban villages for defining the unit of analysis was compared 
with the results from the k-means clustering. Altogether 14 indicators were used 
for clustering the villages. One of those was an ‘urban’ indicator that was a 
combination of ten indicators (combined with PCA). Various numbers of 
clusters were tested and the clusterings were performed multiple times to ensure 
the robustness of the k-means clustering (as described in the Article III). 

Both methods ended up grouping the villages similarly to three main groups 
(Table S5 in the supplement for Article III). There was a clear pattern in the 
Census data, which divided the villages into roughly three groups, particularly 
distinguishing the villages mainly dependent on fishing and the urban areas as 
their own groups. The bulk of agricultural villages were clustered as one group. 
The majority of villages were grouped similarly with both of these methods. 
Figure 10 shows the differences between the results of the k-means clustering 
and spatial approach. The urban areas were the most difficult to be clustered 
together, which indicates their high level of heterogeneity that is characteristic of 
urban areas. The fastest changes are occurring in the Siem Reap area, and the 
decadal Census cannot keep up with defining the urbanity of the area close to 
Siem Reap. This explains much of the differences between k-means clustering 
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and spatial definition. It is important to note that without spatial dimension, it 
would have been more difficult to interpret the results from the k-means 
clustering and putting them into context.  

 

Figure 10. The differences in village grouping between spatial zoning and k-means clustering 
mapped and tabulated. Modified from Article III. 

While Articles I, II and III used basically only one criterion for the spatial unit of 
analysis, Article IV used altogether 21. As a result, Article IV brought one of the 
key findings that especially in case of water issues, it is often not possible to 
decide one optimal spatial unit of analysis. In such case using multiple and 
various spatial units of analysis is required. Further, it is possible to explore 
various assumptions e.g. regarding climate’s influence on water shortage within 
a nation by calculating water shortage according to national boundaries and 
climate zones. By conducting an assessment with specially designed spatial unit 
of analysis, it is possible to include non-quantitative information into the 
assessment. Examining water shortage according to a climate zone classification 
provides one example, as it compares water shortages between areas that have 



Findings 

41 

different climate characteristics and thus probably also different approaches to 
management and organization of society (e.g. arid areas versus monsoon areas).  

5.3. The role of the spatial unit of analysis and the influence 
of MAUP for assessment results 

The role of the spatial unit of analysis is significant in shaping the assessment 
results. This statement is supported by the previous section stating the 
possibility to find certain criteria for spatial unit of analysis that remarkably 
increases the potential and informativeness of an assessment (especially Article 
III and II). Due to the influence of the spatial unit of analysis, the related 
Modifiable Areal Unit Problem requires a systemic analysis. This was conducted 
in Article IV, which studied the effects of the MAUP.  

The key finding of Article IV was that the results change remarkably depending 
on the spatial unit of analysis (zoning) used (Figure 11). The results reveal how 
the areas for high water shortage (water availability less than 1000 
m3/capita/year) vary throughout the 21 zonings examined. At the same time, it 
was possible to find areas that fall under this category with most of the zonings. 
In terms of the MAUP, the most interesting areas were those that have higher 
average water availability but still fall under the high water shortage threshold 
with some of the zonings (Figure 4b in Article IV, light blue and green areas). 

Population under high water shortage with different zonings ranged between 
782 million (22% of total population) with the Köppen-Geiger climate zoning 
and 2.11 billion people (60% of total population) with subbasins as the unit of 
analysis (Table 2 in Article IV). The difference between these two extremes was 
almost three-fold. Twelve out of 21 zonings resulted in population under high 
water shortage exceeding half of the total population, i.e. between 1.76 billion 
and 2.11 billion. The scaling effect was visible when nations and provinces and 
basins and subbasins were compared. In both pairs the former is a direct 
aggregation of the latter. The multizonal and multiscale approach enabled a 
more profound and explicit exploration of the effects of the MAUP and brought 
robustness to the results.  

Article III gave a good visual example of how the spatial unit of analysis 
influences the results (Figure 9). Furthermore, the study examined the status 
and changes in socioeconomy and demographics on different scales. For 
instance, the overwhelming role of fisheries sector of the Tonle Sap area for the 
whole nation was clearly revealed in the study. The trends in demographics and 
in tertiarisation process were explored according to the main three zones and 
the more detailed development of main economic sectors was examined 
according to the 18 sub-areas that revealed the spatial heterogeneity and the 
special role of the Siem Reap. Thus, Article III supports the finding on the 
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usefulness of the multizonal and multiscale approach, as otherwise important 
issues would have not been as clear as with the approach used. 

 

Figure 11. The variation in water shortage over the 21 zonings used. (Modified from Article IV). 
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6. DISCUSSION AND 
RECOMMENDATIONS 

The key findings of the appended articles were summarised by the three 
research themes presented in the previous chapter. The research questions 
addressed issues that have not been studied to this extent before. While big and 
open data has been widely used in water-related vulnerability assessment (e.g. 
Vörösmarty et al., 2000; Vörösmarty et al., 2010), the applicability of such data 
has been less discussed (for exceptions, see e.g. Yamamoto, Fukuda, Nakaegawa, 
& Nishijima, 2007). Related to the second research question, the criteria for 
defining the unit of analysis have been less discussed in the water resource 
management field except for global scale4. However, alternative criteria are 
increasingly used e.g. in poverty mapping (Erenstein, Hellin, & Chandna, 2010) 
and in the studies of complex agro-ecosystems (Nelson, 2001). In terms of the 
third research question, the MAUP has been only little studied in the water 
resources management except for Perveen & James (2010, 2011, 2012). 

The presented findings are thus novel and contribute to increasing 
understanding about the use of spatial analysis with big and open data for 
water-related spatial vulnerability assessments at multiple scales. Together with 
this discussion chapter, these findings lead to recommendations for overcoming 
some of the challenges encountered, thus contributing to the 4th research 
question (Figure 2). 

6.1. Potential and limitations of spatial data 

Big and open spatial datasets and census data were used extensively in the case 
studies providing a cross-cut of available data products and various 
methodological approaches for utilising those. Due to the extensive geographical 
and thematic scope of cases, it was not possible to compare the results with data 
from ‘local’ or primary sources i.e. to perform some sort of ground truthing. 
Instead, the dissertation aims at reporting the applicability and performance, for 

                                                                    
4 In global scale, for example, hydrobelts and hydroregions by Meybeck et al. (2013) and food 
production units (Kummu, Ward, et al., 2010) have been used. Latitudinal bands (Baumgartner, 
Reichel, 1975; Kummu & Varis, 2011), climate zones (Kottek, Grieser, Beck, Rudolf, & Rubel, 2006), 
hydro-ecoregions with consideration to fish populations of river basins (Abell et al., 2008) and 
ecosystem bands (Holdridge, 1967) have also been used (Meybeck et al., 2013). 
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which the appended articles provide a sufficient set of cases to prove the 
potential of big and open spatial datasets in water resources management field.  

The dissertation extends the discussions related to the use of big and open 
spatial data in the field of water resources management by Perveen & James 
(2010, 2011, 2012) and Chapman & Thornes (2003) covering various other 
datasets and a wider spatial extent in Monsoon Asia. The findings here on the 
potential and limitations of big and open spatial data for water-related 
vulnerability assessments are similar to those of the report prepared for UN-
Water (FAO, 2006). However, the dissertation provides a more detailed picture 
with examples applying the data for Monsoon Asia.  

Besides potential, there are naturally plenty of limitations. Despite increasing 
availability of big and open spatial data and transparency in combining and 
analysing multisource spatial data, one set of limitations stems from the 
accumulation of uncertainty occurring in the process. Article II discussed this 
issue in more detail. 

Generally adjusting the resolution of a spatial assessment according to the 
coarsest dataset keeps uncertainty in minimum when using spatial data from 
various sources (e.g. ArcGIS 9.3 Desktop Help, 2009; O'Sullivan & Unwin, 
2010c). This ensures that the ability of spatial analysis of operating at more 
detailed level is not used in a way that would create a falsified sense of detail. 
Article II did not quite follow this guideline, and showed that it is possible to 
conduct seemingly detailed assessment by using a spatial unit of analysis that 
was in some cases one order of magnitude smaller than the input data. However, 
the end-user cannot judge the veracity in such case, unless explicitly informed 
on the resolution mis-match. 

This same falsified sense of detail is evident in datasets that are made spatial 
through distributing national level information according to population 
distribution. The detail of these datasets is not as high as it seems, and this 
should be considered when gridded data is used for comparing areas that are 
within the same national boundary. In such case, areas actually differ only based 
on the amount of population and not based on the actual indicator.  

The benefits of such gridded national statistics do come up when examining 
transboundary river basins, e.g. the Salween basin (Article II). It differs from the 
Irrawaddy basin as it is more clearly distributed within several countries and the 
population distribution varies greatly within the basin. These sorts of datasets, 
however, do not consider spatial and special characteristics, and thus, lower 
scores do not always mean less vulnerability, especially in areas with ethnic 
minorities. In Salween, the ethnic minorities might be more vulnerable due to 
their restricted possibility to influence policies and participate in decision-
making while in quantities they are smaller and could thus get lower 
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quantitative vulnerability scores. Therefore, fitting the national main population 
averages based solely on the distribution of population might not give reliable 
information. Even when sub-national data would be available, it is still not clear 
whether the data truly reflects the internal variability (Kattelus et al., 2015; Varis 
et al., 2014).  

Another set of limitations stems from the representativeness of the data, 
including the lack of temporal coverage both in terms of seasonal changes and 
trends as time series. Also the lack of sufficient level of detail (meaning a coarse 
resolution) limits the applicability of the analysis results. This has been 
discussed in Salween by Yamamoto et al. (2007) in terms of the applicability of 
rather coarse GRACE satellite-based dataset. Truly big data with high velocity 
and detail is thus yet to emerge to cover data needs for spatial vulnerability 
assessments for water resources management. 

The practical usefulness and limitations of proxy indicators is related to 
representativeness of data. Chape et al. (2005), for example, discuss the 
effectiveness of using data on protected areas as an indicator for meeting 
biodiversity goals (also discussed in Article II). In terms of water shortage, 
Article IV and Varis, Kummu, Lehr & Shen (2014) discuss the effectiveness of 
indicators to inform us about the actual water shortage. Thus, even though 
availability of data is increasing, its relevance is another question. 

Furthermore, attention must still be given to the unavailability of data. In the 
appended articles, for example, information on hydropower dams (Article II, 
III), and fisheries (Article III) or on sub-national governance and socioeconomic 
indicators are missing from the analyses (Article I, II). Generally, data on water 
quality would be important to extend the discussion on water availability beyond 
physical and economical aspects. While the availability of data is of course 
increasing, it is not likely that full coverage of all relevant data would even in 
theory be possible. It is important to note that the (un)availability of data 
influences the assessments in great deals, and the assessments can thus be 
guided more by the availability of rather than the actual need for information 
(Article II).  

Despite the limitations, the ability to extend the view, ‘looking outside the water 
box’ (Article I; Biswas, 2005; WWAP, 2009, 2012), and to integrate socio-
economic issues with environmental information possess great potential. As 
Sullivan (2011) states, assessments combining data from multiple sources make 
it possible to explicitly recognise that our understanding is not perfect. In order 
to better manage the accumulation of uncertainty and ensure the 
representativeness of data, it is recommended to classify the input data in the 
spirit of Table 2 to keep track on the structure and assumptions behind each 
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dataset and to consider how they go together. Also the gaps in data should be 
explicitly considered. 

6.2. Importance of simplicity and transparency for 
comparison of assessment results 

The most important feature of assessments in macro-scale is the 
comparativeness. As Article I states, an assessment conducted with simple 
methods enables comparison to be made more easily, also between other 
assessments. Complex methods are more sensitive to problem setting and scale 
(Svarstad, Petersen, Rothman, Siepel, & Wätzold, 2008). However, it should 
also been noted that simple aggregation of indicators, while easier to 
communicate and thus widely used, assumes independency of indicators and 
equal influence of indicators, which should be considered when used for 
decision-making. However, as discussed later, the application of methods 
reducing this multicollinearity do not directly solve the issue for enhanced or 
less-risky decision-making either. 

Preference for simpler methods and results (principles of parsimony) are also 
confirmed by other studies in the water resources management field 
(Koutsoyiannis, 2009; Pavelic, Xie, Sreedevi, Ahmed, & Bernet, 2014). However, 
it should be noted that following this principle can also mean that what starts as 
vulnerability assessment ends up being only a profiling of some sort, and thus 
not addressing all the adaptive capacity, sensitivity and exposure components of 
the vulnerability. Moreover the dynamic nature of uncertainty involved in the 
very idea of vulnerability is not often very much represented in the outcome of 
vulnerability assessments. On the other hand, the lack of dynamism is very 
generic problem of static mapping analyses that the case studies in this 
dissertation represent.  

Simplicity involves particularly the definition of the spatial unit of analysis. The 
various sizes of the spatial units of analysis can make comparison problematic. 
For example, in Article II altogether 14 sub-areas for both of the basins were 
created, but only 5-6 areas accounted for the majority of the surface areas of the 
basins (Figure 8, Figure 3D in Article II). When aggregating indicators and 
applying the PCA to these sub-areas, comparing areas of 200 km2 with 20 000 
km2 with similar vulnerability score is challenging. These sorts of difficulties are 
similar in planning and policy-making, e.g. comparing the status of capital city 
and remote rural area that might occupy significantly different surface areas.  

In the case of Article II, the results of the PCA could have been simpler to 
interpret and compare, if it had been conducted for original gridded data. In 
such case the spatial zoning would have not changed the variation in the data to 
be quite different compared to the variation in the original data. Thus, the 
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combined use of case-specific spatial unit of analysis and complex statistical 
method, such as PCA, for weighing the indicators makes comparison difficult 
and new analysis is required, if dataset is updated due to changes in the 
correlations and other statistical relationships.  

Another issue to consider is that when incorporating statistical analysis into 
spatial studies, the data should be analysed in a form that fulfils the assumptions 
of the statistical analysis at hand (such as normality, independence) (e.g. Larose, 
2005, p.34). This often means that standardisation of the data is required, which 
can lead to exclusion of the outliers in the data that are actually important parts 
for a vulnerability assessment aiming to identify extreme areas. Even the simple 
aggregation of indicators requires scaling of the indicators to the same 
measurement scale and often also standardisation. This might reduce variation 
(information) carried by the indicators. In some cases, however, cutting outliers 
is necessary as otherwise high/low values outside the study area would distort 
the results (e.g. in case of Article I, high score of an indicator occurring e.g. in 
South America or in Greenland vs. in Monsoon Asia).  

Besides comparability, the limitations mentioned hinder the effective 
communication of the results. Thus, when using certain pre-defined or specially 
defined spatial unit of analysis, the methods concerning the indicators should be 
very simple. Attention should be given on how the indicator’s strength in 
conveying information is altered in the assessment process. The methods can be 
more complex when the data is allowed to organise itself and the variation and 
resolution of the original input data has not been changed by applying a spatial 
zoning beforehand the statistical method (as in Article III).  

6.3. Acknowledging MAUP and plausibility of the spatial 
unit of analysis  

The dissertation provided a systematic examination of the role of the spatial unit 
of analysis and the Modifiable Areal Unit Problem in water shortage assessment 
(Article IV), contributing to the discussion by Perveen & James (2010, 2011, 
2012) on scale effects in water scarcity. Also Article III provided illustrative 
results showing the influence of the modifiability of the spatial unit of analysis.  

In water resources management, the baseline hydrological modelling is already 
subject to MAUP, as the slope, flow accumulation, flow direction and watershed 
boundaries are derived from Digital Elevation Models and depend on the 
resolution of the elevation model used (Dark & Bram, 2007; Goodchild, 2011; 
Sanyal & Lu, 2004). 

There is no way to avoid changing the descriptive statistics calculated for data 
when using other than the original resolution of the data, as the spatial unit of 
analysis chosen for the assessment involves neglecting the variation below the 
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level of the chosen unit of analysis. Thus, also the message conveyed differs. For 
example, comparison of Article I and an article by Kattelus et al. (2015) shows 
that the upstream-downstream asymmetry is more explicit in the latter due to 
the more detailed unit of analysis. This was partly also caused by the availability 
of higher resolution data for some indicators.  

One possibility to address the MAUP is using multizonal and multiscale 
approach (Article IV; Perveen & James, 2010). As such, also the appended 
articles form a multiscale approach, and convey different messages primarily 
due to their slightly different focus but also due to differences in scale and detail 
of the assessments. In Article I, the profiles of the Irrawaddy and Salween River 
basin are quite different compared to the profiles created in Article II. Multiscale 
approach is crucial and efficient similarly when exploring the results for the 
Mekong in Article I and the results for the Tonle Sap in Article III or the water 
scarcity result of Article I compared with the variation of water shortage in 
Article IV. While the influence of scale is intuitive, the multiscale approach 
makes it more tangible. 

The possibility to define the spatial units of analysis can generate more 
complexity, or as George Gore puts it “every problem that is solved produces 
other problems to deal with” (Antiseri, 2006). Openshaw & Alvanides (2001) 
suggest that the User Modifiable Areal Unit Problem has more degrees of 
freedom than the classical MAUP and thus even greater possibility to produce a 
wider range of results. They also note that there is no real knowledge of what the 
‘true’ result is, only a glowing awareness of how easy it is to lie with maps of 
aggregated data. Multizonal and multiscale approaches should therefore be 
designed carefully not to include unnecessary complexity and uncertainty (e.g. 
by including zonings that are weakly representative of issues at hand as 
discussed in Article IV). The spatial units of analysis need to be plausible.  

In future, methods to define the unit of analysis in such a way that the influence 
of MAUP can be minimised might be more easily accessible, e.g. considering the 
internal homogeneity of a spatial unit of analysis. However, this will not reduce 
the challenges caused by the indicators (related to the ambiguous assumptions 
on, for example, water availability, demand and use), which in their complexity 
leave room for multiple possible spatial units of analysis. Further, defining the 
spatial unit of analysis should be added in the methodology guidelines for water-
related vulnerability assessments, as these are being currently absent (e.g. 
guidelines by UNEP in Huang & Cai, 2009).  
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6.4. Potential of spatial vulnerability assessments for 
planning and policy-making  

Articles I, II, and III all confirm the ability of spatial analysis to create a platform 
to integrate data in an effective and visually inspiring way. The spatial platform 
thus provides a basis for further discussions and can also be useful for planning 
and policy-making (del Campo, 2012; Huby, Owen, & Cinderby, 2007; 
Martinuzzi, Gould, & Ramos González, 2007; Radeloff, Hagen, Voss, Field, & 
Mladenoff, 2000; Walker & Young, 1997).  

Water-related spatial vulnerability assessments can inform water resources 
management about the heterogeneity of water uses, demands, and the states of 
environment and the status and needs for quantitative data. Assessments are 
effective in shaping the bigger picture and trends in terms of various aspects 
related to water resources management. These assessments enable comparison 
and provide baseline for further discussions, but are often not directly applicable 
to local-scale management. Generally, even though aiming more to the strategic 
level, approaches could benefit from considering more the manageable scale. 
This means the scale at which actions can be directly implemented (Sullivan, 
2011).  

Furthermore, assessments are more likely to be influential in shaping the policy 
if stakeholders simultaneously perceive it as legitimate (how fair information 
production is in the perspective of different actors), credible (how falsifiable and 
transparent the methods are), and salient (how relevant information is for 
decision-making) (Cash & Moser, 2000; Lebel et al., 2005; Social Learning 
Group, 2001). As shown by the dissertation, the spatial unit of analysis and the 
scale together with the integrative and comparable data sources play important 
roles in meeting these conditions. 

Policy making most often occurs according to administrative boundaries, which 
explains partly why issues concerning the scale for management other than 
nation state have been less addressed (Norman & Bakker, 2009). The basin 
approach has emerged as a response to this (Gleick, 1993 in Norman & Bakker, 
2009; Lundqvist et al., 1985 in Norman & Bakker, 2009). But the question of 
using e.g. river basin as the spatial unit of analysis touches also upon 
depolitising issues that are inherently very political (Keskinen, 2010; Käkönen & 
Hirsch, 2009; Molle, 2009; Mollinga et al., 2007). Water resources cannot be 
only seen as material and having fixed boundaries due to being a flow resource 
(Norman & Bakker, 2009; Norman, Bakker, & Cook, 2012). Instead, water 
resources constitute a dynamic and complex interlinked system of networks, and 
thus, an issue to note is that the chosen spatial unit of analysis always leaves out 
something relevant.  
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Article I touches upon this theme by noting that basin boundaries leave out 
important areas that can depend on the river and influence on the use of water 
resources of that basin but do not belong within the physical boundaries of the 
basin area. The influence of transportation routes for food and goods, electricity 
grids, and location of remote industrial or high-populated trade areas are 
important factors and should be considered in delineating the analysis units. 
This is discussed also by Lebel et al. (2005) who use the term ‘politics of place’, 
by Mollinga et al. (2007), who refer to ‘problemsheds’, and by Keskinen (2010), 
who discussed ‘solutionsheds’ in this regard. Thus, the MAUP related to spatial 
unit of analysis can stem from possible variation in the basin boundaries due to 
the politics of space (Cash & Moser, 2000; Lebel et al., 2005; Swyngedouw, 
1997). 

Generally, the scale could be seen as a socially constructed concept (Brown & 
Purcell, 2005; Cash et al., 2006; Delaney & Leitner, 1997; Lebel et al., 2005; 
Norman & Bakker, 2009; Norman et al., 2012; Swyngedouw, 1997, 2010). This is 
not often the case from the point of view of a practitioner, as scale is seen as 
fixed and given. Ultimately, the whole practice in science of classifying and 
defining is conducted by people i.e. socially. Therefore, the processes of basic 
technical mapping should be considered more carefully as they can too easily 
produce scales that achieve this stable status. This same goes for spatial unit of 
analysis, which should not be seen fixed or stable. Thus as Norman et al. (2012) 
state, there is much room in geography and the social sciences (as well as in the 
environmental engineering) “to continue to refine and redefine our 
understanding of hydrosocial processes and the politics of scale within water 
governance”.  

This dissertation has contributed to this call by using and promoting the 
multizonal and multiscale approach that indeed enables to “disentangle scale as 
a fixed unit and open up the between-ness of spaces and interrelationships” and 
other assumptions related to the spatial units of analysis” (Norman et al., 2012). 
While this recommendation is seemingly concrete and concerns mapping 
workflow, it actually also highlights the link from the basic technical assessment 
processes to the higher decision-making and management level. The multizonal 
and multiscale approach can reduce the gap between the scale and level at which 
the problem is experienced, analysed, and discussed and the scale of the 
decision-making (Lebel et al., 2005; Towers, 2000). Integrating both spatial and 
discursive concepts in applying the spatial analysis should be developed in the 
future. 

6.5. Way forward and recommendations 

Scale-dependent knowledge on the interactions between system heterogeneity, 
process dynamics and system response over various scales is still incomplete 
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(Flügel, 2007). In future, however, large-scale and long-term comparative 
studies and research efforts can be systematically applied for dealing with global 
change, based on a shared data and knowledge base across the science-policy 
interface (Pahl-Wostl, Nilsson, Gupta, & Tockner, 2011). Thus, future studies 
will be heavily dependent on data intensive spatial analysis (Chapman & 
Thornes, 2003). Also other methods to support spatial analysis, such as 
Geographically Weighed Regression, Self-Organizing Maps, neural networks 
analysis, fuzzy logic, Bayesian nets and agent-based modelling, are becoming 
more convenient to use in GIS environment.  

Ever-increasing amount of data and related methods are not, however, fully able 
to solve the inherent challenges related to vulnerability. The exposure, 
sensitivity and adaptive capacity components of vulnerability are generally 
something that cannot be measured. Therefore, getting rid of one-sided profiling 
of vulnerability can be problematic and even impossible with the means of 
quantitative spatial analysis. Ultimately, we are dealing with an epistemological 
question on vulnerability (de Souza Porto, 2012), meaning that even if we had all 
data and a known stress event, could we think about vulnerability as a 
deterministic factor that would realise to certain status after a certain stress 
event?  

Without going further into discussing the true meaning of vulnerability and the 
ability of quantitative spatial assessments to provide deep insight about the state 
of vulnerability, this dissertation emphasises that numbers can give us ideas for 
improving our understanding and knowledge. It is becoming increasingly 
possible to mine and visualise previously unseen patterns in datasets (e.g. 
Coombes & Openshaw, 2001). While there is potential in more complex 
methods, it is important to ensure that assessment results are relevant and 
plausible. 
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Summary of findings and recommendations 

 

 

Research Question 1:  
There is rather extensive and fast-growing coverage of big and open spatial 
datasets (on hydrology and also on indicators ‘outside the water box’) that are 
applicable and perform well. However, crucial data e.g. on socio-economic 
aspects of water are still missing. Accumulation of uncertainty and 
representativeness of data are major hindrances for spatial water-related 
vulnerability assessments that integrate data from many sources. 

Recommendation 1 (Research Question 4): 
It is recommended to classify data by resolution, formulation and 
structure and explicitly present the gaps in data. This can keep 
accumulation of uncertainty better under control and the assessment is 
not driven by the availability of the data but also contributes in 
identifying needs for improving data coverage. 

Recommendation 2 (Research Question 4): 
The use of simple methods is recommended when conducting 
explorative quantitative vulnerability assessment that combines data 
from multiple sources. 

Research Question 2:  
Spatial analysis methods provide efficient ways to find appropriate spatial units 
of analysis. For example, approaches utilising topography and various 
combinations of zoning criteria were developed in the case studies and these 
proved to be very useful. Methods are, however, strongly location- and case-
specific and assumptions behind influence a great deal. 

Recommendation 3 (Research Question 4): 
Simple methods, transparency and explicit argumentation in defining 
the spatial unit of analysis are recommended. This maintains 
interpretability of the results particularly when using pre-defined spatial 
units of analysis. More complex methods, e.g. statistical methods, can 
be used as complementary methods or for mining data for alternative 
unit of analysis. 

Research Question 3:  
The spatial unit of analysis and related phenomenon of MAUP influence on the 
results and results depend on zoning and scale. 

Recommendation 4 (Research Question 4): 
The use of multizonal and multiscale approach is recommended for 
explicit presentation of the role of the unit of analysis and exploration of 
scale-dependency. 

Recommendation 5 (Research Question 4): 
Explicit consideration of the MAUP is recommended with the use of 
multiscale and multizonal approach with careful consideration and 
explicit reporting of assumptions of included zonings. 
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7. CONCLUSIONS 

This doctoral dissertation examined four research questions aiming to increase 
the understanding of the use of spatial analysis with big and open spatial data 
for water-related spatial vulnerability assessments. The findings of this 
dissertation contribute to discussion concerning spatial vulnerability 
assessments in terms of multiple and interlinked change processes5 and the 
increasing availability of big and open spatial data. The research was conducted 
through four case studies addressing the major river basins in Monsoon Asia at 
three different scales: regional, basin and subbasin.  

The appended articles represent new and valuable scientific findings with 
concrete results for the globally remarkable river basins in Asia. The compilation 
and analysis of the underlying datasets provide considerable contribution for 
further development of spatial vulnerability assessments in the context of water 
resources management. Particularly the identification of data types with work 
flow recommendations and notions on the spatial unit of analysis form the key 
contribution of this dissertation.  

The research questions were: 

1) What is the applicability and performance of big and open spatial data 
in spatial platforms?  

2) What are appropriate spatial units of analysis for water-related spatial 
vulnerability assessments? 

3) What is the role of the spatial unit of analysis and how the Modifiable 
Areal Unit Problem (MAUP) influences the assessment results? 

4) What kind of practical recommendations can be given to overcome the 
challenges in water-related spatial vulnerability assessments? 

The case studies used various big and open spatial datasets to examine different 
aspects of water-related vulnerability. Starting from the smallest level, the 
appended articles include examples where data on village level was analysed at 
sub-province level with subbasin as the boundary of the study (Article III). In 
addition, grid level data (resolution ranging from 300 m to 0.5 degree or roughly 
60 km in the Equator) was analysed at subbasin level with major basins as the 

                                                                    
5 For example, population growth and other demographic changes, climate change, as well as 
changes in land use, hydropower development, political regimes, economy, demand and 
consumption of water. 
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boundary of the study (Article II). On the coarsest scale, data with 30 arc-second 
to 0.5 degree resolution and national level data was aggregated to basin level, 
the ten major river basins giving the extent to the study (Article I). In the Article 
IV, 0.5 degree grid level data was aggregated to subbasin, province, basin, 
groundwater basin, agro-ecological, and climate zones with the tributary nations 
giving the boundaries to the study, hence, exceeding the mere basin boundaries. 

The approaches ranged from merely exploring the physical water shortage 
calculated based on annual average water availability and population (Article IV) 
to looking at multiple indicators with different weightings (Article I), their co-
dependencies with PCA (Article II), as well as patterns and change (Article III). 
Spatial analysis and statistical methods were utilised to create new ways to find 
appropriate spatial units of analysis and to study the role of the spatial unit of 
analysis in particular.  

The key finding in terms of the first research question is that big and open 
spatial datasets are crucial and facilitate large scale comparative and explorative 
studies on water-related vulnerability. The extent and increasing detail of such 
datasets allow freedom in choosing the spatial unit of analysis and scale. 
Particularly, the spatial dimension enhances the applicability of big and open 
data, as was found in the case of Cambodian Census. Yet, the accumulation of 
uncertainty hampers the possibility to use the results for direct guidance for the 
management and planning decisions.  

Spatial datasets with global coverage provide bridges between global scale 
studies and regional or local scale studies. The spatial vulnerability assessments 
end up many times being profiling, but succeed in framing the analysis and 
results in such way that something not quantitatively measurable can still be 
discussed with the help of quantitative analysis. The power of vulnerability 
assessments lies in this process rather than in having a quantitative value for 
vulnerability for a certain area.  

In order to manage the accumulation of uncertainty, close attention should be 
given to classifying the input data in the spirit of Table 2 to keep track on the 
‘anatomy and diet’ of the assessment. Also it is important to identify the gaps in 
data. 

While big and open spatial data and the spatial platform are thus considered 
highly useful, these need to be accompanied with a thorough understanding of 
the spatial unit of analysis and its influence on the application of methods, as 
well as on comparativeness and communication of the results.  

The findings of this dissertation support the recommendation of simple methods 
when using certain pre-defined or specially defined spatial unit of analysis. 
Simple methods are transparent and allow comparison. The methods can be 
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more complex when the data is allowed to organise itself and tell its story 
without the distortive influence to the variation by the spatial unit of analysis. 
However, with a careful design, more complex methods can be used to increase 
the robustness of spatial approach. In such cases, the more complex methods 
would be separate from the vulnerability scoring and concern more the 
refinement and special definition of the spatial unit of analysis.  

The possibility to explore various scales and non-traditional spatial units of 
analysis and to give up the stabile and fixed nature of scale is one of the greatest 
assets of spatial data. But possibility makes way for problems as well. The 
Modifiable Areal Unit Problem is introduced whenever there are multiple 
possibilities for spatial unit of analysis and scale. 

This dissertation presented examples to answer the second research 
question on the appropriate spatial units of analysis for spatial water-related 
vulnerability assessments. The answer is that there is no universal way to find 
one appropriate unit of analysis. The examples were location-specific and 
particularly context-specific, meaning that a slight change in the focus of the 
research questions could set the boundaries of the appropriate spatial unit of 
analysis differently. The examples do show the potential of utilising spatial 
approach for finding appropriate units of analysis. The ability to utilise 
topography and other ancillary data to distinguish important areas or to link 
socio-economy and hydrology better together provided illustrative examples. 

The general recommendation following these examples is that a free choice on 
the spatial unit of analysis comes with responsibility, and this has not been 
discussed explicitly in the methodological guidelines and spatial assessments 
concerning water-related vulnerability. The spatial unit of analysis needs to be 
plausible, meaning that the assumptions behind the choices on the level of 
variation neglected and the issues left outside the boundaries are stated, well-
argumented and considered.  

The complexity of water issues can make finding one optimal spatial unit of 
analysis unfeasible, and thus, the multizonal and multiscale approach is 
recommended. Various spatial units of analysis can be used if their plausibility is 
thoroughly considered. This dissertation showed as an answer to the third 
research question that the MAUP influences greatly to the results of 
assessments. These findings emphasise the important role of the spatial unit of 
analysis. Recommendation of the use of multizonal and multiscale approach 
follows also from this finding enabling the explicit acknowledgment of the 
MAUP. 

The fourth research question on what kind of practical recommendations 
can be given to overcome the challenges in water-related spatial vulnerability 
assessments has been answered particularly in the previous chapter and 
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repeated in this concluding chapter. One final recommendation is related to the 
future development of water-related spatial vulnerability assessments. 

The future prospects look promising for vulnerability assessments, as the 
availability of big and open data is increasing along with the development of 
data mining methods and modelling. However, as K. R. Popper has stated6:  

 

Thus, while it is important to pursue a holistic, integrative approach and 
explorative curiousness in water-related spatial vulnerability assessments, it is 
crucially important to keep in mind that no method will ever be able to 
automatically turn data into well-argumented information or knowledge. Thus, 
the participation of intellectuals from various scientific backgrounds in solving 
problems is important. Ensuring this requires integration and systematic 
applications, which should be utilised to develop water-related spatial 
vulnerability assessments to better serve the science-policy interface. 

                                                                    
6 Cited from Antiseri (2006, p.13): K. R. Popper, Perché siamo liberi? Computer, mente, razionalità, 
cit., p.1. 

“in agreement with Peirce and Socrates,  
I also believe that human beings are fallible,  

and that they know so little; 
 I also believe that computers,  

which are produced by men, are fallible. 
 Are they less fallible than men?  

Perhaps they are, but they are also much less responsible.”  
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