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ABSTRACT 
The objective of this paper is to present a comparison of two methods for the definition of 
regional metropolitan areas, in a perspective of identification of urban territories with similar 
characteristics. In this study it is assumed that population density is, in the absence of another 
measure that describe daily or weekly individual movements, a variable that can be used to 
evaluate, although indirectly, the activity level and dynamics of the territory. The first method 
explored here uses ESDA (Exploratory Spatial Data Analyses) techniques for the definition of 
regional metropolitan areas. The second method is based on an index value that results from a 
rank of the variable under analysis in a spatial context, both at the local and national (or 
regional) levels. The methods are implemented in a case study in the north of Portugal, where 
this is a very opportune issue. 
 
 
1. INTRODUCTION 
One of the challenges nowadays faced by planners everywhere is the existence of urban 
agglomerations that do not respect the official, administrative boundaries. These settlements 
go beyond the limits of a single city and they often comprise several neighbor municipalities. 
Many problems arise from this kind of spatial arrangement, such as the definition of the 
boundaries of these so-called conurbations or metropolitan areas. The methods developed 
with this aim can vary significantly depending on the input data used for the calculation, what 
can produce distinct outputs. 
Hence, the objective of this paper is to present a comparison of two of these methods for the 
definition of regional metropolitan areas, in a perspective of identification of urban territories 
with similar characteristics. Both methods use population data for defining clusters of 
neighbor census tracts with similar characteristics that are seen as uniform regions and 
therefore aggregated. In this study it is assumed that population density is, in the absence of 
another measure that describe daily or weekly individual movements, a variable that can be 
used to evaluate, although indirectly, the activity level and dynamics of the territory. 
The first method explored here uses ESDA (Exploratory Spatial Data Analyses) techniques 
for the definition of regional metropolitan areas. An analysis of the location of census tracts in 
the geographical context and in each one of the four quadrants of a Moran’s scatterplot makes 
possible to delimit regions that can be considered uniform regarding the variable under 
consideration. 
The second method is based on an index also associated to each one of the census tracts. The 
index value results from a rank of the variable under analysis in a spatial context, both at the 
local and national (or regional) levels. The index value can vary from 0 to 1. Values close to 
the unit indicate that the area is relevant at both the local and national/regional level. The 
index values decrease if the area is not so important either at the local or at the 
national/regional level. Finally, neighbor regions with similar index values can be used to 
define uniform regions. 



The methods are implemented in a case study in the north of Portugal, where this is a very 
opportune issue. The country has two consolidated major metropolitan regions, which are 
around the cities of Lisbon and Oporto, but there are certainly other regions that already meet 
the conditions to be included in the same category, as shown in the present study. 
 
 
2. METHODOLOGY 
The first method explores two branches of Spatial Analyses to examine the dynamics of 
metropolitan regions while establishing their boundaries: Spatial Statistics and Spatial 
Modeling. In the case of Spatial Statistics the focus is on Measures of spatial autocorrelation. 
Anselin (1995; 1998) defines ESDA as a collection of techniques to describe and visualize 
spatial distributions, identify atypical locations or spatial outliers, discover patterns of spatial 
association, clusters or hot spots, and suggest spatial regimes or other forms of spatial 
heterogeneity. 
As the concept of spatial autocorrelation or spatial association is central to these analyses it 
has to be clearly defined, as follows. It is the phenomenon where locational similarity 
(observations in spatial proximity) is matched by value similarity (attribute correlation). This 
can be observed in two types of spatial data: geostatistical data or lattice data (Cressie, 1993). 
The latter is the case of the present study and it consists of a fixed collection of discrete 
spatial locations (points or polygons). 
The Moran scatterplot/map, which are the techniques used for the visualization of global 
spatial association in a lattice approach, are applied in the present study. Moran’s scatterplots 
can be used as means to classify the behavior of each particular zone regarding the value of 
the attribute under consideration and the mean value of the same attribute for neighbor zones. 
The first step of the analysis is the estimation of spatial autocorrelation values, which makes 
use of three basic elements: 

• Spatial proximity matrix (W): matrix of dimension n x n, in which every pij element 
receives a value of one if zones i and j are neighbors and zero if not. The matrix is 
normalized by the division of each element equal to one of a line i by the total sum of 
the same line; 

• Vector of deviations (Z): each element of the vector is obtained by the subtraction of 
the total mean (µ) from the attribute value of each zone (zi = yi - µ); 

• Vector of weighed averages (WZ): product of W by Z. Each element of the vector is 
the average of the deviations of zone i neighbors. 

The global spatial autocorrelation index applied here was Moran’s I. That coefficient, which 
varies from -1 to +1 and has an expected value approaching zero for a large sample size in the 
absence of autocorrelation, is calculated through equation (1). 
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where the superscript t denotes transposed vector. 
The Moran’s coefficient can be interpreted as the linear regression coefficient, looking at WZ 
as the dependent variable and Z as the independent variable. In such a way, the index I could 
be thought as the slope of the regression line adjusted to the set of pairs. From that analogy, 
one can conclude that: 

• If the slope is zero, the WZ values do not vary according to Z values; 
• If the slope is positive, when the Z values grow, the WZ values also increase. It means 

that when the value of the attribute measured for a particular zone increases, the 
average value of the same attribute in the neighbor zones also increases; 

• If the slope is negative, when the Z values grow, the WZ values decrease. It means that 



when the value of the attribute measured for a particular zone increases, the average 
value of the same attribute in the neighbor zones decreases. 

For each zone there is one among four possible classifications that correspond to quadrants of 
the scatterplot (Figure 1). 
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Figure 1 - Interpretation of the Moran’s scatterplot 

Points located in quadrants Q1 and Q2 indicate that the attribute value of a particular zone is 
similar to the average value of the same attribute in neighbor zones (positive value for the 
zone and positive average value for neighbors in Q1 and negative value for the zone and 
negative average value for neighbors in Q2). This is an indication of positive spatial 
autocorrelation. Points are located in quadrants Q3 and Q4 if the attribute value of a particular 
zone is dissimilar to the average value of the same attribute in neighbor zones (positive value 
for the zone and negative average value for neighbors in Q4, and negative value for the zone 
and positive average value for neighbors in Q3). This is an indication of negative spatial 
autocorrelation. Zones located in quadrants Q3 and Q4 can be seen as extreme cases regarding 
the variable under consideration, since the attribute values do not follow the pattern of the 
close neighbors. 
Thematic maps based on the point’s location in Figure 1 can also be drawn. This kind of 
representation allows the identification of each element according to its classification (Z and 
WZ values), directly by the identification of the quadrant they belong to. In that way, one can 
visually identify the relationship between the attribute value measured for a particular zone 
and the average value obtained for its neighbors. The analyses of both the points in the 
scatterplots and their associated locations in a map give a clear indication of clusters of zones 
with similar characteristics, which can be seen as uniform regions. 
The second approach was originally presented by Office of Management and Budget (1998). 
This method results from the hierarchization of census tracts, according to its occupation 
intensity at both the national and regional levels. 
The implementation of this method produces an index I that represents the land parcels 
ranking at both levels. There is a regional ratio (the order of importance regarding the number 
of regional parcels) and a national ratio (the relative importance of the land parcel at the 
national level). Both ratios can vary from 0 (for the land parcel with the lowest order) to 1 (for 
the land parcel with the highest order). 
The index number assigned to any given census tract is determined by multiplying its 
population density ranking ratio at the regional level by its ranking ratio at the national level. 
This provides a relative measure of activity intensity for comparative purposes nationwide by 
taking into account both the national and regional contexts. 
Concisely, the calculation of the index I involve the following steps: 



i. The overall residential population density for each census tracts is calculated by the 
division of its total population by its total land area; 

ii. All census tracts within a given region are ranked according to population density. The 
highest-density census tract is assigned the rank N, where N equals the number of 
census tracts in the region. The second highest-density area is assigned the rank N - 1; 
third-highest, N - 2; and so forth. For example, if there are 100 census tracts in a 
region, then the census tract with the highest population density has a rank of 100; the 
census tract with the second highest population density is 99; etc. 

iii. The region ranking ratio (RRR) of each census tract is calculated by dividing the rank 
of the census tract by the total number of census tracts in the region, using the 
following equation:  

RRR = N [N - 1, N - 2,...]/N (2) 

iv. After assigning each census tract a ranking ratio within the region, steps 1, 2, and 3 are 
repeated at the national level. In this iteration, N will represent the number of census 
tracts within the country; 

v. Each census tract is assigned an index number (I) by multiplying its regional ranking 
ratio (RRR) and the national ranking ratio (NRR) using the following equation:  

I = RRR x NRR (3) 

This produces an index value that can be used to classify and compare census tracts in terms 
of population density, and thus relative social and economic importance. The land parcels of 
higher order at the regional and the national levels present an index value around 1. This value 
decreases if the order of the land parcels is higher at the regional level and lower at the 
national level. Finally, land parcels of lower order at both levels presents an index value 
around 0. 
The classification of the land parcels according to their index values and the subsequent 
visualization of their spatial distribution can be used to identify continuous areas. These areas 
correspond to patterns of equal territorial occupation (from higher occupation to lower 
occupation). 
 
 
3. AN APPLICATION IN PORTUGAL 
The application of the proposed approaches was carried out in two stages. In the first stage 
both methodologies were implemented in the entire continental territory of Portugal, while in 
the second stage just the northwestern part of the country was analyzed. The main sources of 
information for the analysis here presented were the latest two decennial Censuses conducted 
in Portugal (INE, 1992; 2002), from which only data about population by Freguesia were 
taken. Freguesia is the lower political-administrative level in the country and it also matches 
the census tracts. 
In a first phase, the 1991 dataset was reorganized in order to have the same boundaries of the 
4037 Freguesias officially registered in 2001. The analyses were developed using built-in 
tools of the Geographical Information System software ArcView (ESRI, 1996) along with the 
Spacestat extension (Anselin and Bao, 1997; Anselin and Smirnov, 1998). Spacestat made 
possible to obtain the Freguesias Spatial Proximity Matrix, which was thereafter used in a 
regular spreadsheet in order to finish the calculations. After the conversion of the absolute 
data of total population per Freguesia into population densities and following the proposed 
steps for both approaches mentioned in the methodology, the Moran’s quadrant and the index 
I for every Freguesias were obtained. 
In the maps shown in Figure 2 one can observe the spatial distribution of the population 
density by Freguesia. The red zones in the maps represent values above the national average 
(555.91 inhabitants for km2 in 1991 and 522.04 inhabitants for km2 in 2001) and the grey 



zones values below the national average. The map classes highlight the well-known 
concentration of population around the two more important urban centers of the territory 
under study, Lisbon (more to the south) and Oporto (more to the north). It shall be noticed, 
however, the existence of other zones with high values of density (i.e., higher than 1500 
inhabitants for km2) distributed by the whole territory. In addition, the northwestern part of 
the territory stands out with an extensive area where the population density is well above the 
average in both years. 
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Figure 2 – Thematic maps showing the distribution of the population density variable by 

Freguesia in the years 1991 and 2001. 
 
The maps of Figure 3 show the spatial distribution of the Freguesias according to the 
quadrant classification of the variable population density in the Moran’s scatterplots. By the 
analysis of the maps one can conclude that most Freguesias belonging to quadrant 1 are 
located in two well-defined territorial areas, which are the cities of Lisbon and Oporto (and 
their surroundings). In those areas a positive correlation exists between the attribute of the 
zone and the average value of the attribute in neighboring zones, in both cases with the 
density values in the zones higher than the average value obtained for the whole territory. In 
addition, the zones belonging to quadrant 2, which are scattered throughout the country, 
constitute most of the Freguesias. Again, there is a pattern of similarity between the density 
values in the zones and the average density values of neighboring zones. In this case, 
however, both values are below the average of the whole territory. 
It is interesting to analyse the spatial distribution of the zones corresponding to quadrants 3 
and 4. Close attention should be given to the zones belonging to quadrant 3, those where the 
attribute value is below the average value of the entire territory, although the average of their 
neighboring zones is just the opposite (i.e., higher than the zone value). As a consequence, 
those zones are likely to move to quadrant 1 in the future due to the “pressure” imposed by 
the neighboring zones. 



An analysis of the pattern changes that took place along the years shows an accentuated 
growth in all red zones located in the northeast part of Oporto. 
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Figure 3 – Thematic maps showing the spatial distribution of the points in Moran’s 

scatterplots based on the population density of the Freguesias in 1991 and 2001 
 
In the maps of Figure 4 the spatial distribution of the index defined in the second approach 
mentioned in the methodology is presented. As the calculated index reflects the importance of 
each zone at both the national (in this case considering the entire continental territory of the 
country but excluding the insular areas) and regional levels (in this case the NutsIII statistical 
subdivisions), there is a larger number of areas in red (i.e., the ones ranking higher). In this 
analysis, these are the zones in the capitals of district and other Freguesias with high density 
values relative to the regional context. The method also generates, though, an extensive area 
in the Northwest of the country extending from to the south of Oporto to the East and 
Northeast. It includes the strongly industrialized areas in the south of Oporto and the valleys 
of the rivers Ave and Cávado. Other areas ranking high in Figure 4 (i.e., values higher than 
0.60) are found along the coast in the central part of the country, as well as in the hinterland. 
The analysis of the maps presented in Figures 2, 3, and 4 led to a second stage of the case 
study. Some particularities of the northwestern part of the territory that have been highlighted 
in the analysis justified an extension of the study in order to look to that region with a deeper 
level of detail. This sort of more detailed territorial analysis can be used not only to 
demonstrate the potentiality of the methodologies for identifying uniform urban areas but also 
to characterize the region under study. This new region encompasses seven NutsIII: Ave, 
Baixo Vouga, Cávado, Entre Douro e Vouga, Grande Porto, Minho-Lima and Tâmega. 
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Figure 4 – Thematic maps representing the spatial distribution of the index I based on the 

variable population density by Freguesia in 1991 and 2001  
 
In this phase, the administrative subdivision Concelho become the unit of analysis. Concelhos 
are the subdivisions of the country there are just one level above the Freguesias in the 
administrative hierarchy, i. e., every Concelho is necessarily formed by one or more 
contiguous Freguesias. This option was taken at this point of the study in order to better 
reproduce the legal conditions for the aggregation of administrative subdivisions in Portugal. 
Due to regulation constraints, although two (or more) Concelhos can be combined to form a 
region, it is not possible to join together only Freguesias of different Concelhos. Accordingly, 
the next step of the analysis in the case of the first approach was the evaluation of the 
percentage of Freguesias belonging to each one of the four quadrants in the Concelhos. This 
was done only in the restricted study area, as displayed in Figure 5. Similarly, the average 
value of the index I of the Freguesias was calculated in the case of the second method (Figure 
7). The values were calculated in both cases for the sixty-five Concelhos that constitute the 
seven NutsIII analysed, which are shown at the right hand side of Figures 5, 6, and 7. 
In 1991, the Concelhos that belong to the Grande Porto NutsIII subdivision were essentially 
the ones that had more than 60 % of their Freguesias in quadrant 1. In 2001, however, the red 
areas have extended to the northeast, beyond the west border of the Tâmega region. In 
addition, a few isolated Concelhos had more than 80 % of Freguesias in quadrant 1 in both 
periods. São João da Madeira (located in the Entre Douro e Vouga NutsIII subdivision) in 
1991 and 2001, and Vizela (located in the Ave NutsIII subdivision) just in 2001. 
The two maps show that the main urban agglomeration of the study area is located in the 
Grande Porto subdivision, although it has grown to the neighbor municipalities located in the 
east, northeast and southeast of it. This area contrasts with the Minho-Lima region, where 
none of the Concelhos had more than 20 % of Freguesias in quadrant 1. The same is 
happening in a significant part of the Baixo Vouga and Cávado, and in the interior 
municipalities of Ave, Tâmega and Entre Douro e Vouga. 
 



N
1991 2001

Ave

Tâmega

Minho-Lima

Cávado

Baixo Vouga

Grande
Porto

Entre Douro
e Vouga

0 - 20
21 - 40
41 - 60
61 - 80
81 - 100

25 0 25 50 75 km

 
Figure 5 – Thematic maps showing the percentage of Freguesias in quadrant 1 in the 

Concelhos located in the northwestern part of Portugal 
 
Furthermore, considering that the Freguesias belonging to quadrant 3 constitute potential 
areas of urban growth, those Freguesias were added to the figures represented in Figure 5. 
New maps were then generated in order to show the proportions of Freguesias in quadrants 1 
and 3 for each Concelho, in terms of their spatial distribution, see figure 6. The subsequent 
analysis is in everything similar to the previous one done for the data displayed in Figure 5. 
An important difference in this case is the fact that Ilhavo, which is one of the Concelhos 
located in Baixo Vouga, had more than 60 % of its Freguesias in quadrants 1 or 3 in 2001. 
Also interesting is that Ilhavo is not adjacent to the urban area of Grande Porto. Conversely, 
it is located 30 km in the south direction. 
In the analysis done for the index I, the average of the values obtained in the Freguesias was 
assumed as the representative value for each Concelho. The spatial distribution of those 
values is represented in the maps of Figure 7, where five main urban areas are evident: Porto 
and Matosinhos in Grande Porto, Braga in Cávado, the west part of Tâmega and Vizela in 
Ave, and the west part of Entre Douro e Vouga and the north parts of Baixo Vouga and Ílhavo 
in Baixo Vouga. Although these five areas are not contiguous, they are somehow connected 
by other Concelhos with I values ranging from 0.4 to 0.6. 
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Figure 6 – Thematic maps showing the percentage of Freguesias in quadrants 1 or 3 in the 

Concelhos located in the northwestern part of Portugal 
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Figure 7 – Thematic maps representing the spatial distribution of  the average value of the 

index I found in the Concelhos located in the northwestern part of Portugal 
 



 
4. CONCLUSIONS 
Unlike the usual political options, the methodologies here proposed privilege a context of 
territorial administrative construction in that the space continuity is one of the most relevant 
aspects. Both methodologies favor the analysis of the spatial arrangement of the variable 
under  investigation. The maps showing the spatial distribution of the zones in specific 
quadrants and of the indexes obtained for the zones translate with clarity the form of 
occupation of the territory and enhance the larger or smaller homogeneity and space 
continuity, although in this case limited to only one variable, which was population density. 
The application of the methodologies to the Northwest part of Portugal led to interesting 
results. A comparison of the results obtained with the need of defining new borders for the 
metropolitan areas in the Northwest region of Portugal can suggest two possible alternatives 
of action. The first one maintains the current metropolitan area of Oporto and aggregates 
contiguous urban municipalities located in the west parts of Cávado, Ave, Tâmega and 
Entre-Douro e Vouga and in the north part of Baixo Vouga. The second one results in the 
definition of multiple metropolitan areas, one in Grande Porto, another one in the Ave and 
Cávado regions, other in the west part of Tâmega and a last one in the west part of Entre-
Douro e Vouga and the north region of Baixo Vouga. The first solution, which was already 
proposed by Ramos and Silva (2003), seems to be the most interesting in territorial terms, 
because it will allow the creation of a large area with capacity to answer to the paradigm of 
the great metropolitan areas. That means that the area is able to answer not only to the internal 
needs of the country, but also and preferably it contains the elements for an effective 
relationship with other metropolitan areas at a global world scale (Ascher, 1995). 
Finally, it is important to highlight that the proposed methodologies are promising options for 
the intended objective of having the integrated and holistic approach necessary for the 
analysis of territory variables. 
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