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Abstract

:

Cities in the Spanish Mediterranean regions have undergone an extensive process of urban growth in recent decades. This urban transformation has often failed to consider the variable of flooding in its planning. Such a situation, combined with the current meteorological changes derived from climate change phenomena that increasingly cause less frequent but more extreme rainfall events in this part of the planet, has caused a sharp increase in the vulnerability of many urban areas against flooding. This research aims to analyze, from a spatiotemporal approach, in the case study of Murcia, a Mediterranean city in southeastern Spain, the existing spatial statistical correlation between urban planning patterns of growth of the city and the increase in risk due to its current vulnerability to flooding. Using GIS-based multivariate indicators and geostatistical analysis, the behavior patterns of said correlation will be numerically evaluated, and possible future trends and scenarios for this problem will be raised.
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1. Introduction


The need to plan the urban growth of cities, taking into account the natural risks associated with climate change, is a problem that is gaining increasing importance in the scientific field of urban planning [1]. In this context, flood risk analysis is a discipline that has traditionally been separated from research on urban planning since it is a problem that is univocally linked to the scientific field of hydrology and hydraulics [2,3]. However, the strong urban growth and population concentration that has occurred on the planet in the last 50 years (the United Nations Organization forecasts that almost 70% of the population will live in cities in the year 2050 [4]) requires rethinking that approach from a research point of view.



At the European level, the Spanish Mediterranean regions have been areas with the greatest urban growth in recent decades [5,6,7]. This growth has led to a major development of cities located in highly flood-prone environments, a variable that in the past has, on many occasions, not been considered, subsequently generating numerous problems in some cities today [8]. In this context, it should be noted that the problem of flooding is especially complex in urban environments, given the difficulty in reliably modeling the ground conditions [9]. In addition, these are environments in which the implementation of flood-rolling infrastructures is more complex, especially in large, low-density urbanized areas where the existing orography can limit the efficiency and profitability of these hydraulic infrastructures [10].



Currently, the increasing effect of climate change on the phenomena associated with torrential rains is forcing a rethink in those methodologies and approaches in this type of urban areas, where it is more rational to try to reduce vulnerability to flooding in urban planning sooner rather than having to undertake hydraulic lamination infrastructures later [10,11,12]. One of the locations where this change has been particularly virulent is in the Spanish Mediterranean basins. The appearance of the DANA (Spanish acronym for upper-level isolated atmospheric depression) phenomenon in those areas has replaced the traditional flash floods associated with cold fall phenomena [13]. In practice, a DANA is a weather phenomenon quite similar to a cold drop, although its intensity and effects are proving to be far more devastating. This has already prompted some researchers to begin to warn Europe about the growing phenomenon of “medicanes” [14,15,16]. These meteorological phenomena, named after the analogy in their effects with the usual hurricanes in the USA, are increasingly present every year in Mediterranean regions driven by climate change [17].



Mediterranean areas have traditionally been characterized by being subject to frequent floods, some of which are even historically quite relevant. However, during the last two decades, relevant flooding events and damage have increased exponentially (Figure 1). This phenomenon, which occurs in most of the Mediterranean basins, is likely influenced by the effects of climate change, as some recent studies have begun to alert [18,19]. Paradoxically, the existing predictions in the meteorological studies carried out in Mediterranean regions [20,21] show a global trend towards desertification in the area due to the annual loss of rainfall. This contrasts with a statistically rising value of maximum daily rainfall, detected and forecasted by Spanish authorities for recent years, which denotes a trend of increasing frequency and intensity for these extreme events (Figure 2).



This meteorological context, combined with the urban situation that has occurred in the cities of Spanish Mediterranean regions during the last three decades, has produced a dangerous cocktail in which the risk of flooding in all these urban areas has increased notably in a way that is hard to assess [24]. In addition, a relevant variable that scientific studies in this field do not normally take into account is the forecast of urban development of cities in areas concerned with the risk of flooding [8]. This problem is the result of the fundamentally hydraulic and hydrological approach to this type of research [25]. This issue, which shares many common approaches with the problem of seismic risk [26], has also recently begun to be studied from a more integrated perspective with urban planning. However, the most recent approaches have been fundamentally oriented, for example, towards analyses that have focused more on indicators of a socioeconomic nature [3] or in the search for environmental issues [27]. We can also find some analyses aimed at developing mitigation strategies for the problem of flooding in the context of climate change [28,29,30]. Nonetheless, these are concrete urban plans or frameworks of a palliative nature rather than sustained corrective actions in the field of urban planning.



It must not be forgotten that this situation is also a consequence, from a practical point of view, of the fact that urban planning instruments have habitually classified land as developable since long before flood risk assessment tools were sufficiently technologically accurate to assess the risks of existing urban planning from a holistic spatial perspective [2,31]. Thus, it is a problem that will entail a greater social impact and economic consequences in the coming years.



In this study, a new methodological approach is proposed to correlate, through spatial statistical analysis, the (past and future) urban growth patterns of cities with the risk of flooding. In this way, it seeks to demonstrate how the urban planning carried out in recent decades in many Mediterranean cities has failed to take into account the problem of flooding, which is now posing an important challenge for the future in this area of Europe due to climate change. In this context, for the case study of the city of Murcia, the urban development of the last 100 years and future areas classified as developable will be assessed, as well as what possible future scenarios may be. This will be carried out by means of a spatial trend analysis of current behaviors.



For this, a retrospective space-time analysis of multivariable GIS indicators related to different territorial anthropization phenomena will be used, which will later be statistically correlated with the evolution of the risk of flooding at a spatial level in the city. The different levels of statistical correlation of the indicators with the problem of current flooding will help us to determine which phenomena have most affected the current increase in the risk of flooding in the area.




2. Materials and Methods


2.1. Area of Study


The city of Murcia is in the southeast of Spain, and its metropolitan area has a population of over 600,000 inhabitants (the area under analysis in the case study is provided as Supplementary Information in a GIS file). Located on a large agricultural plain of more than 35,000 hectares called “Huerta de Murcia” (Figure 3), it is crossed by the Segura River, which in the past frequently overflowed during the rainy season.



It is a territory in which traditional agriculture has been deeply rooted since the time of the Muslim invasion of the Iberian Peninsula (8th to 14th centuries), which built a complex network of ditches that supplies water to the entire area. This sophisticated hydraulic infrastructure has allowed the city to live from agriculture for centuries, having been known as “the orchard of Europe”.



The city is subject to the traditional Mediterranean climate with little rainfall throughout the year (300 mm/year) but occasional torrential rains in autumn and winter that usually cause severe flooding in various zones of its urban area. To these boundary conditions, it must be added now that it is an environment with a fairly dispersed urban population whose built-up area has grown considerably in recent decades (Table 1).




2.2. GIS Indicators of Analysis of Urban Growth Patterns and Determination of Flood Zones


Based on the bibliographic review of certain publications on urban growth patterns in cities based on multivariate methods [32,33,34,35,36,37], the following GIS indicators for urban and territorial analysis have been selected, with some of them being adapted to the interest in the specific topic of spatial analysis of flooding to be studied. The indicators are:



2.2.1. Land “Artificialization” Rate (LAR)


The loss of natural land is the main example of urban sprawl transformation phenomena [38,39]. That transformation affects the intrinsic ability of a territory to mitigate the effects of a flood since it reduces its natural capacity to absorb water during a rainfall event. For the determination of this parameter, all the surfaces established as being artificial by the Information System on Land Occupation of Corine Land Cover 2018 (category 1 uses [40]) have been considered. Therefore, it is an indicator aimed at analyzing the phenomenon of soil sealing at a global level caused by urbanization processes.



Calculation Method: evaluation of land use changes according to European Corine Land Cover 2018 land uses and Inspire Directive criteria [41] for each reference sector. The higher the index value, the more “artificialized” the area is.


  L A R =    S n     S  t r      



(1)







Sn = Land use changed to Corine Land Cover 2018 category 1 uses (m²)



Str = territorial surface in reference (m²)




2.2.2. Indicator of Infrastructural Anthropization (IFA)


One of the characteristics of soft anthropization in a territory is the development of fragmented configurations through linear elements that “unstructure” the natural landscape of a territory and fracture the homogeneity of plots [42]. These linear communication infrastructures, such as urban paths, roads and highways, can generate “dam micro-effects” altering the course of the water if they lack appropriate cross-drainage elements. In addition, the number of crossings that occur between this type of infrastructure must be taken into account since these areas are usually points of conflict from the point of view of local drainage. In that context, the increase in the density of construction for these elements and its configuration (more or less generator of crosses in its layout) may be a clear indicator of flood vulnerability because of the generation of unbalanced urban sprawl in metropolitan areas.



Calculation method: evaluation of the fragmentation of the territory through the density of paths and urban roads per square meter; the higher the index value, the more important the fragmentation is.


  I F A =   ∑  h i    L i  2     S  t r     ·    c j     l k     



(2)







Li = length of existing linear infrastructures (m)



hi = weighting coefficient (highway = 1, normal road = 0.75, urban path = 0.5)



Str = territorial surface in reference (m²)



cj = number of crossings generated by linear infrastructures in a reference sector



lk = number of sections generated by the crossings in a reference sector




2.2.3. Indicator of Urban Fragmentation (UFI)


Fragmented urban structures are usually associated with mixed areas with dysfunctional plots where urban sprawl grows anarchically [43]. This type of growth is usually linked to a high degree of fragmentation of urban development, jeopardizing rural environments or agricultural spaces in the transition to urban areas. Therefore, certain links can be determined between the behavior of this parameter and the existence of unbalanced urban sprawl patterns in a territory. In addition, from the point of view of flood risk, it is possible that this type of fragmented urban fabric configurations, although they do not profoundly alter the traditional hydrographic network of a territory, may reduce its drainage effectiveness.



Calculation Method: fragmentation due to the increase in built-up areas. The evaluation of the fragmentation of the territory within urbanized areas creates a barrier; the higher the percentage of the index, the more important the fragmentation is.


  U F I =  ∑     L i     L  t r     ×    ∑      S u  i     S  t r            



(3)







Li = maximum dimension of urban boundary (m),



Ltr = dimension of reference boundary (m)



Sui = Urbanized area (m²)



Str = territorial surface in reference (m²)




2.2.4. Index of City Compactness (ICC)


One reason that several authors attribute to the increased vulnerability of cities to flooding is the lack of compactness of the urbanized territory [44]. Urban and agricultural areas sometimes have a tendency for plot atomization as a result of the loss of traditional land uses in its periurban areas or the unbalanced urban sprawl phenomena, creating mixed areas quite vulnerable to flooding. As explained before, this problem usually leads to flood risk management problems due to the difficulty of implementing corrective measures through mitigation infrastructures that are economically profitable and efficient from the functional point of view in areas with such a dispersed population.



Calculation Method: the relationship between the perimeter of the different homogenous land uses and the surface of this area to the circle, which has the same surface area as the urban area in consideration. The higher the value is, the more compact and homogeneous the global urban structure of the city is understood to be.


  I C C =   ∑  n       a 2      f   i       p i     



(4)







af = area of a homogeneous urban subunit i of urban land use



pi = perimeter in reference to the global urban sector of analysis i



n = total number of urban subunits analyzed in the area of study




2.2.5. Index of Agricultural Transformation (IAT)


The transformation of the use of periurban agricultural land into mixed or low-density residential uses often has important connections with the loss of the natural or traditional hydrographic characteristics of the land. In this sense, this global index seeks to highlight transformation processes in non-urban and periurban areas associated with human actions (partial urbanization, the transformation of natural areas and the transformation of historical crops into irrigated or greenhouse crops, etc.). This indicator, unlike the LAR indicator, is not limited solely to the problem of the sealing effect of the soil since it involves not only urban transformations but also land use changes within agriculture. The latter are not always significant large-scale alterations or do not always affect the landscape of a territory but do involve distortions in the hydrological functioning of a territory.



Another aspect that may have some impact concerns the changes within the agricultural land regime itself, both due to its conversion from rainfed to irrigated land as well as the transformation of large estates into partially urbanized agricultural areas as a consequence of the atomization of the parcel structure. All these transformations are relevant to analyze because one of the purposes of the research is also to assess to what extent the destructuring of the semi-naturalized historical hydrographic network generated since the time of the Muslim occupation in the Iberian Peninsula in Spanish orchard areas has contributed to the current increase in the vulnerability of peri-urban areas to flooding.



Calculation Method: Natural areas or permanent crops transformed into arable land and non-irrigated crops transformed into different agricultural periurban areas for year i:


  I A T = ∑   N A  T i  + N I  C i     S i     



(5)







NATi = Natural areas transformed into arable land or permanent crops for a year i [Ha]. These changes are evaluated by comparison of two different years for sufficiently significant areas (agricultural crops of 1 Ha have been taken as the minimum units of evaluation), and crops are identified using criteria based on Van Vliet et al. [45].



NICi = agricultural land use relevant changes for a year i [Ha]. Those crops existing in the territory prior to 1950 have been considered traditional historical crops. To ensure that these are structural alterations of the periurban areas of a territory, the changes must be permanent and not situational, so annual milestones have been taken for at least 10 years.



Si = surface of the sector of study for a year i in the reference area of study [Ha].




2.2.6. Flood Zones Index (FZI)


Numerous categories of flood-prone areas are included in the Spanish regulations, depending on the level of risk of occurrence and hazard for the population. The delimitation of the flood zones is conducted by defining the so-called Significant Potential Flood Hazard Areas (SPFHAs). These areas are obtained from the Preliminary Flood Risk Assessment (hereinafter, PFRA) in accordance with Directive 2007/60 of the European Commission [46]. In this research, for the analysis of the flooding spatial data and metadata, the return period of 100 years from the Spanish National Flood Mapping System geoportal website [47] has been used. This value was chosen because it is the one which currently has more urban planning implications in the regulations to obtain subsequent urbanization authorizations.



One of the usual main limitations of this official spatial data system published openly by the Spanish authorities is the limitation to realistically model the behavior of water flow in highly anthropized urban areas (the difficulties to adequately represent all the artificial elements that influence the characteristics of the flow in the hydraulic model, and the computational limitations derived from a large amount of processed data sometimes cause the flood results to differ from the model forecasts). The competent bodies need to update these flood maps every six years to adapt them to technological advances and to the statistical variations of the historical series.



These flood risk analysis maps, although they represent an important step forward in the management of this problem at the spatial level, are not easy to interpret since they lack a numerical or conceptual analysis to be transferred to the urban planning policies of the cities’ masterplans. Therefore, although they represent an interesting source of information, it is spatial information that is currently scarcely exploited from the point of view of urban planning research. In this context, the approach proposed in the present research may be of great interest to better understand how to update these maps, as well as to improve city planning.





2.3. Geostatistical Analysis


To assess the level of spatial correlation between the different GIS parameters described in the previous sections, a geostatistical evaluation will be carried out using ArcGIS Pro 10.5.0 (ESRI Corporation, Redlands, CA, USA) and GvSIG Desktop 2.5.1 (GvSIG Association, Valencia, Spain) software. This analysis will enable us to understand numerically the relationship between the spatial distribution of the urban growth patterns in the city of Murcia and the mapping of the risk of flooding existing in the territory of its metropolitan area from a spatial perspective.



To carry out this task, both georeferenced local historical cartography, as well as the spatial database of the Cadastre, with temporary metadata available from the Ministry of Finance of Spain, will be used. Historical cartography is available for the following years (1929, 1945, 1956, 1967, 1972, 1981, 1990, 1995, 1999 and 2001–2019) with differing levels of resolution; these are detailed in Table 2.



To implement the analysis of the spatial statistical correlation between urban growth patterns and flooding parameters, it will be necessary to discretize the territory into a finite number of parts of the study area. For this, homogeneous orographic-urban spatial units (HOUU) will be generated, whose implementation methodology will be detailed in the results section. This analysis will allow us to assess the extent to which the urban transformation patterns of the city of Murcia have influenced the current vulnerability to flooding of its metropolitan area. The spatial relationships of these units will be parameterized and assessed using Global Moran’s I [48] and Anselin Local Moran’s I [49] bivariate statistics (both are geoprocessing tools from ArcGIS software).



These indicators enable us to evaluate the statistical correlation of a set of geolocated data obtained spatially and to know whether the sign of this autocorrelation is positive or negative. The bivariate Global Moran’s I statistic formula is given as  I  (6):


  I =  n   S 0        ∑   i = 1  n    ∑   j = 1  n   w  i , j    z i   z j      ∑   i = 1  n   z i 2     



(6)




where    z i    is the deviation of an attribute for feature  i  from its mean      x i  −  X ¯     ,     w  i , j     is the spatial weight between feature  i  and  j ,  n  is equal to the total number of features and    S 0    is the aggregate of all the spatial weights of (6):


   S 0  =   ∑   i = 1  n    ∑   j = 1  n   w  i , j    



(7)







The    z I   -score for the statistic is computed as in (8):


   z I  =   I − E  I      V  I       



(8)




where   E  I    and   V  I    can be calculated as follows:


  E  I  = − 1 /   n − 1      



(9)






  V  I  = E  ⌈  I 2  ⌉  − E    I   2   



(10)







This autocorrelation statistic returns three types of values: the Moran’s I Index, the z-score and the p-value. Given a series of spatial features and an associated attribute, the bivariate Global Moran’s I statistic indicates whether the pattern of behavior for this feature is spatially clustered, dispersed, or random and its numerical degree of statistical correlation. When the z-score or p-value indicates statistical significance, a positive Moran’s I index value indicates a trend toward clustering, whilst a negative Moran’s I index value indicates a trend toward dispersion. The z-score and p-value are measures of statistical significance that provide us with information about whether to reject a null hypothesis of the statistical calculation. For this analysis, the null hypothesis states that the values associated with the spatial distribution of urban growth diagnosis indicators and flood risk mapping have no statistical correlation.



From this information, we can even implement, in a geolocated way, hot and cold spots in the mapping through the Local Indicators of Spatial Association (LISA) from Anselin [49] through Getis-Ord Gi* geoprocessing from ArcGIS. Each Anselin Local Moran’s I statistic of spatial association  I  is given as:


   I i  =    x i  −  X ¯     S i 2      ∑   j = 1 , j = i  n   w  i , j      x j  −  X ¯     



(11)




where    x i    is an attribute for feature  i ,   X ¯   is the mean of the corresponding attribute,    w  i , j     is the spatial weight between features  i  and  j , and:


   S i 2  =     ∑   j = 1 , j = i  n       x j  −  X ¯     2    n − 1    



(12)




with n equating to the total number of features. The    z I   -score for the statistic is computed as:


   z I  =   I − E  I      V    I i         



(13)




where   E  I    and   V  I    can be calculated as follows:


  E  I  = −     ∑   j = 1 , j = i  n   w  i , j     n − 1    



(14)






  V  I  = E  ⌈  I 2  ⌉  − E      I i     2   



(15)







When these parameters are calculated, the null hypothesis means that the correlation values of two features are randomly distributed. Therefore, the strong intensity of the clustering of these values is represented by a high (or low) z-score. In this sense, we have three possible scenarios: a z-score near zero that implies no apparent clustering, a positive z-score denoting clustering of high values, or a negative z-score indicating clustering of low values. Thus, a bivariate statistical correlation assessment between the distribution of urban GIS indicators and flood mapping can help us to understand the relationship that exists between urban growth patterns and flooding. Consequently, the spatial distributions of the multivariate spatiotemporal indicators that analyze past urban growth patterns and future urban planning trends in the city and the evolution of the distribution of the risk of flooding determined by authorities in the territory of the metropolitan area of Murcia will be statistically correlated to reveal the most important phenomena in the problem studied.





3. Results


Based on the methodological framework described in the previous section, the relationship between urban growth patterns in the city of Murcia and the increase in flood risk in its territory will be analyzed. In the first place, how these growth patterns of the metropolitan area have evolved will be analyzed through the GIS indicators proposed using a retrospective spatiotemporal approach. Secondly, the urban structure will be analyzed from a spatial point of view in the context of the risk of flooding in the study area, generating discrete homogeneous orographic-urban units (HOUU) for subsequent analysis of spatial correlation. Thirdly, from a numerical point of view, the statistical correlation existing between the spatial distribution of the GIS indicators of analysis of the urban growth patterns of the city and the distribution of the current indicator of flood risk will be evaluated.



3.1. Analysis of Spatial Patterns of Urban Growth in the City of Murcia


To carry out the analysis of urban growth patterns in the city of Murcia during the last century with a spatial-temporal approach, the database of the General Directorate for Cadastre of the Ministry of Finance of the Government of Spain has been used. This database, although not fully representative of all the data since the dates that appear correspond to rehabilitations of buildings (not to their first construction) on some occasions, is very reliable from the statistical point of view since that proportion of cases is numerically very low with respect to the total volume of data. Therefore, a spatial database is available with the construction dates of all the buildings in the Murcia metropolitan area over the last 120 years (see Figure 4).



If we analyze these spatial patterns on a larger scale, covering the entire metropolitan area of Murcia, we can observe how the development of linear transport infrastructures has greatly conditioned the urban growth of the city (Figure 5). At a general level, urban development has largely followed the layout of several of the main communication infrastructures of the city, such as the road that connects with Madrid in the north, the road to Alicante in the northeast, the Alcantarilla road to the west, or the Cartagena highway to the south. These linear infrastructures can also have the opposite effect. As can be observed with the railway line that crosses the southern part of the city horizontally from east to west, it has generated a “barrier effect” favoring greater urban development in the northern area compared to the southern area in recent decades.



This phenomenon of urban structuration of the city through the fragmentation generated by the infrastructures can be observed graphically and numerically in the evolution of the IFA parameter in Table 3. Another phenomenon that can also be seen from this table is the recently increased transformation of urbanized land. This is clearly seen in the early 20th century, in which yellow and green values are proportionally much smaller than the late 20th century bluish and dark values. This trend is verified at a numerical level in the table through the evolution of the LAR parameter.



We can also observe how, at a general level, the metropolitan area presents increasingly greater dispersion patterns over time (yellow and green colors present a higher level of spatial grouping compared to the more bluish and darker colors that show further distance, with no specific structural pattern). This hypothesis is corroborated numerically when we observe the numerical evolution of the ICC compactness values and the UFI urban fragmentation value.



It is interesting to observe the contrast between the behavior of the city compactness index ICC and that of the urban fragmentation index UFI. The compactness index has increased progressively in recent decades after an initial decrease, which should theoretically indicate a higher level of compactness of the built-up structure. However, the fragmentation index clearly shows an increasing trend right from the start, which underscores a rather scattered pattern of growth. This possibly shows that the compactness index is too rudimentary to analyze the behavior patterns of urban growth since possibly its increasing value is not due to greater urban compactness but rather to a higher aggregated level of saturation as there is more and more urbanized surface. The higher level of analytical sophistication of the formulation of the urban fragmentation index, therefore, confirms that the urbanization process is increasingly dispersed, thereby giving this indicator a higher level of reliability.



Finally, we can indirectly infer, with the IAT parameter, how the transformation of agricultural land use has evolved in favor of urban land. This can be easily verified numerically by comparing its evolution with that of the LAR parameter, which only analyzes the transformation of the land due to urbanization processes. The initial decoupling of almost 50% between the two values has progressively diminished until they have become practically similar in recent years due to the growing weight of urbanization processes in the orchard as opposed to simple changes in agricultural land use.




3.2. Implementation of the Flood-Urban Growth Correlation Model


As described in the methodology section, Flood risk maps for a 100-year return period from the National Flood Zone Cartography System [47] have been used to incorporate the flooding variable into the analysis of urban growth patterns in the city of Murcia. In this section, metadata, including information on two issues, have been incorporated into the spatial analysis model. On the one hand, the floodplain with risk for the population of urban areas has been included for the said return period. On the other hand, information on the level of drafts and speed of the water has been incorporated, taking into account the orography and contour conditions of the terrain to prioritize the level of said danger (see Figure 6).



If we evaluate the buildings in the city of Murcia located in flood-prone areas according to the criteria established in the previous section, we can see that such construction has been mainly carried out in recent decades. In addition, there is currently a large amount of land classified as developable located in currently floodable areas that are earmarked for new construction in the coming years (Figure 7). Another relevant issue to observe is that, during the last decade, there has not been a large amount of building in these flood-prone areas, which may be connected to the greater number of restrictions due to the improvement of the diagnosis of this problem. However, it is quite possible that this question is more related to the economic crisis that notably hit the real estate sector in Spain during this period, as can be verified by the existing drop in the urbanized area globally in Murcia during that decade (see Table 1).



In any case, in light of these data, it is evident that it is important to incorporate the variable of flooding into the urban planning of the city to improve this planning. However, this approach is not easy to integrate since the effect of existing buildings in each case is not known, nor how current urban forecasts may affect this in the future. Consequently, the common procedure is usually to demand that specific flooding studies are carried out for the development of each individual urban planning sector likely to be affected by flooding in the master plan. However, this procedure is increasingly controversial in many cases since it involves private land developers undertaking heavy investments in flood mitigation infrastructure, which generates conflicts that we shall address later in the scientific discussion section. In this case study, to more accurately assess how the city’s growth patterns have affected the current flood risk in recent decades, the spatial distributions between the analysis indicators of the city’s urban growth and the current distribution of floodable areas will be statistically correlated.



To achieve this, the analysis areas need to be discretized into a finite number of sectors. These sectors, called homogeneous orographic-urban units (HOUU), will be spatially established from the weighted intersection of internal orographic sub-basins of the main basin corresponding to the Huerta de Murcia and sectors of homogeneous urban land use included in the masterplan of the metropolitan city area (Figure 8). The numerical diagnosis of how each of the variables analyzed with the indicators has affected these sectors will provide us with more precise knowledge regarding the level of interaction between these variables. This will help us to improve future urban planning by taking a priori planning actions to design greater resilience to the problem of flooding instead of referring said problem to subsequent actions related to the execution of the urbanization.




3.3. Geostatistical Analysis of the Spatial Correlation between Indicators


Based on the model described in the previous sections, the level of statistical correlation between the current spatial distributions of the growth patterns indicators for the city of Murcia corresponding to each of the homogeneous orographic-urban units (HOUU) of its urban metropolitan area and the indicator of flood risk in each one of these units has been calculated (Table 4). As indicated in the methodology section, the risk of flooding has been carried out following the distributions of the GIS maps of the National Mapping System for flood-prone areas of Spain [47].



These maps, made by the Spanish Ministry of Ecological Transition, are updated every six years to incorporate technological innovations that improve the model’s accuracy and take into account the statistical variations of the historical series. Therefore, two spatial data series are available for the FZI flood risk indicator generated by official bodies since the approval in 2007 of the European flood risk management directives [46]: the first one was carried out during the period 2007–2013, whilst the second one was carried out during the period 2013–2020.



The results obtained numerically corroborate several of the issues that had been observed conceptually from a spatial point of view. There is a clear positive correlation between the LAR indicator related to land urbanization, but this correlation is even greater when said urbanization presents high levels of urban fragmentation shown for UFI. This can be verified since there is also a clear negative correlation with the level of compactness ICC (that is to say, the higher the compactness, the lower the risk of flooding), given that the urban structure of the metropolitan area of Murcia presents a very dispersed configuration. In the fragmentation caused by linear communication infrastructures, IFA also shows stronger values than LAR, which denotes that it is a determining parameter within the phenomenon as a whole.



Another interesting issue is the comparison between the values of the first period 2007–2013 of the flood risk indicator and those corresponding to the second period 2013–2020. As can be seen, all the values in the former case are higher than in the latter. This denotes an implicit increase in the risk of flooding since the values of the indicators associated with the urban growth patterns of the city have not increased (as verified in the first subsection of the results). The values of AIC and R2adj corroborate this hypothesis since they present comparatively higher values than those of the other GIS indicators, showing their higher ability to explain the phenomenon as a model variable.



Two factors may be responsible for this situation. On the one hand, it may be due to a higher level of precision of the flood analysis tools in this second period, when a greater risk was quantified in the area than had initially been diagnosed. On the other hand, the statistical series of precipitation are increasingly frequent and of greater intensity as a consequence of climate change. Both phenomena are probably partially to blame in this matter, so this issue will be addressed in greater detail in the scientific discussion section.





4. Discussion


The research carried out has highlighted a problem that, although in this case it has been analyzed specifically for the city of Murcia, could be clearly generalizable to many other cities in Spain and almost certainly to the European Mediterranean arc [50,51]. These are regions that have traditionally had a strong urban development in their cities, both as a consequence of phenomena associated with tourism and economic growth, as well as by the simple vegetative growth of the population. In the case of Spain, the urban planning of most of the cities of the Mediterranean zone underwent a major expansion during the decades of the 1980s, 1990s and 2000s as a result of real estate bubbles. This pushed the urban planning departments in many cities to classify a lot of land as developable at a time when flood risk diagnostic tools did not have the level of sophistication and accuracy available today.



In the last decade, thanks to the technological development of tools based on geographic information systems, it has been possible to catalog the risk of flooding with greater accuracy from the point of view of spatial evaluation. This technological improvement has also been accompanied by a legislative drive at the European level thanks to the approval of Directive 2007/60/EC on flood risk assessment and management, which has been transposed in subsequent years to all European Union countries [46]. In the case of Spain, this has allowed the development in recent years of numerous national regulations on land use limitations due to flood risks, with an approach linked to the spatial planning of the territory.



However, those in charge of executing urban planning and its subsequent urbanization processes are not state agencies but city councils. In this regard, we are currently in a situation in which a major part of the urban planning of cities has already been approved for many years, as the economic crisis of 2008 slowed down the real estate development of many cities in Spain and Europe [52]. With the economic recovery of recent years, we have found thus ourselves in a context in which greater knowledge of the risk of flooding in cities is combined from the spatial point of view with the existence of numerous constructions and buildings developed in the last decades located in flood-prone areas. This problem regarding flooding is, moreover, of a growing nature in these areas of the Mediterranean arc, where the phenomenon of climate change produces more and more frequent and intense torrential rainfall [53]. This phenomenon will therefore require national authorities to periodically reconsider the statistical return periods associated with the risk of flooding in cities.



To add further controversy to the situation, this complex situation is compounded by the existence of large pockets of developable land now located in areas determined to be at risk of flooding in the various urban plans of the cities that, with the current economic recovery, may be developed in the coming years. These are areas in which landowners have already legally consolidated their right to build, and so public administrations must manage that difficult situation. Nowadays, municipal authorities often have to choose between legally litigating with those owners to oblige them to make large private investments in flood mitigation infrastructures in order to authorize the execution of development. Otherwise, they face having to subsequently carry out important public investments in hydraulic infrastructures for the rolling of avenues to avoid unsafe situations. Given the low socioeconomic profitability in the case of low-density areas, these investments are also, in some cases, politically controversial.



This complex combination of events can currently be found in numerous cities throughout Spain, and the rest of the European Mediterranean arc [13,51] and will arise more and more often in the coming decades. In this context, it is advisable to try to avoid a priori the greatest number of future flooding problems in the general urban planning of cities instead of referring them to the evaluation of subsequent specific studies of each of the sectors to locally authorize their development. In this sense, the investigative approach adopted in this study using geostatistical analysis to parameterize the extent to which urban planning can pose an added risk to the current vulnerability to flooding of a city may be quite interesting in diagnosing future problems. This approach makes it possible not only to determine to what extent a city’s growth patterns have contributed to increasing its vulnerability to flood risks but also enables future scenarios based on current urban planning forecasts to be estimated.



In the specific case of the city of Murcia, through the geostatistical analysis carried out, we have been able to observe how the patterns of urban transformation of the city have significantly contributed to increasing its vulnerability to flooding. The Huerta de Murcia area had a natural hydrographic network whose orography and territorial structure allowed the floods that occurred due to torrential rains from cold drop phenomena to be laminated quite efficiently. This natural structure has been disappearing as a consequence of the intense urbanization process that the city has experienced in the last five decades. Although this phenomenon can be found in other places in the world [10,11,54], it presents certain interesting local nuances here.



The process has developed fundamentally in two ways. On the one hand, the continuous transformation of the periurban territory of the municipality from orchards into low-density urbanized land has generated a global phenomenon of soil sealing, significantly reducing the absorption capacity of this territory against floods. In this sense, it can be said that the traditional territory of the Huerta de Murcia has gradually become a residential structure of the “garden city” type (Figure 9). On the other hand, this process of transforming the territory by replacing orchard paths and nature trails with roads has completely modified the natural and traditional hydrographic structure of the basin that had covered the metropolitan area of the city of Murcia for centuries (Figure 10). A new artificial configuration has been created with multiple sub-basins generating “micro-dam effects” because of these linear infrastructures. According to that observed in the statistical numerical analysis, this has resulted in contributing to a notable increase in the risk of flooding in the city.



If we spatially project the current urban growth patterns identified in the city into the future, this problem, far from being mitigated or stabilized, will grow in the coming years. This will be caused both by the current forecast of urban development of different “conflictive pockets of land” classified as developable in the master plan of the municipality (Figure 11), as well as by the aforementioned effects of climate change on rainfall in these Mediterranean areas. Consequently, it can be concluded that there is a dangerous general trend in the current urban growth patterns to accentuate flood risks that occur in this metropolitan area, therefore requiring a rethinking of urban planning that takes the issues of flooding more into account.



The case study analyzed is quite paradigmatic but is not exclusive to the city of Murcia (Barriendos et al., 2019; Delgado-Artés et al., 2022). If we evaluate the data on land transformation and urbanization in recent decades for other cities in the Spanish Mediterranean arc, it can be confirmed that orchard areas are usually in regression. In metropolitan areas with size and periurban contour conditions similar to those of Murcia, such as Valencia, Zaragoza, or Barcelona, we can observe similar patterns of behavior from the point of view of the temporal evolution of the urbanization of the city over the last decades. This situation is combined with the growing consolidation of a significant risk of flooding in the areas surrounding the urban areas of these cities, and it can also be encountered on a smaller scale in many other middle-sized Spanish Mediterranean urban areas such as Figueres, Roses, Blanes, Castellon, Alzira, Jávea, Castellón, Cartagena, Lorca, Los Alcazares, etc.



In the case of Barcelona and Valencia, for example, the peri-urban growth in the north and south of the cities is currently strongly conditioned by the risk of flooding in the old orchard areas. In the case of Zaragoza, the dispersed urban growth of the city to the east and west, following the course of the river on the old agricultural areas that were cultivated on its banks, is also strongly conditioned by the current controversy of the risk of flooding. These issues are verified from the numerical point of view of the generation of urbanized or planned land as developable in their urban masterplans (Figure 12).



In addition, this problem is not exclusive to the European Mediterranean area. It is a phenomenon that, with different local nuances, is beginning to have an increasing impact in several cities all over the planet. We can find specific problems in urban areas that have grown very fast in developed countries in recent decades, such as Seoul [55], or derived from suburbanization phenomena in cities of developing countries, such as Rio de Janeiro [56]. The enormous casuistry existing in this matter is nothing more than a sample of the need for greater integration of flood risk analysis in master plans and large-scale urban planning instruments for cities.



In this sense, the methodological framework proposed can be very useful to diagnose and therefore introduce improvements in the urban planning of cities a priori at the time of its update instead of waiting for the generation of specific studies when a specific sector of the city masterplan is to be developed. Even so, it must be assumed that the method proposed still poses numerous limitations due to its fundamentally prospective nature. In this sense, the analysis carried out must be strengthened through its implementation in other case studies to verify its correct functioning. It should also be perfected in future lines of research. Given its initiatory nature, the approach may have left aside other variables whose inclusion could help the model to become more reliable and robust in other cases that present different boundary conditions. Finally, at the level of policy implications, once the model has been developed in a more sophisticated way, it would be interesting for it to be capable of helping at the spatial level in a segmented way rather than in an aggregated one as has been proposed in this research. It would be a real advance in the matter to develop a more robust graphic design tool with greater computing capacity that would be capable of integrating flooding analysis and urban planning, transferring results in a localized manner for each of the city’s urban planned sectors. This would enable what is currently a simple scientific investigation to become a true graphic tool in order to help to design the urban planning of cities.




5. Conclusions


The incorporation of flood risk as a design variable in urban planning is a challenge for the future of cities in the 21st century. The great growth of urbanized areas in most regions around the world, together with the meteorological changes caused by climate change, make it increasingly necessary to consider the impact of urban growth patterns in the study of flood risk in a city. In this field, the proposed analysis framework raises a new and innovative methodological approach that integrates urban growth patterns with traditional elements of flood risk analysis to improve future city planning. This approach makes it possible to numerically quantify from a spatial point of view interaction phenomena that until now had been applied from a more conceptual perspective.



Using this innovative approach, the Spanish city of Murcia and its metropolitan area have been analyzed from a retrospective spatiotemporal point of view. The results obtained for this case study show that the increase in variables such as urban fragmentation or the transformation of the traditional agricultural hydrographic network caused by linear infrastructures can be even more negative from the point of view of vulnerability to flooding than the simple soil sealing effect caused by land use transformation. The diagnosis of future problems is also particularly interesting, given that the current urban inertia combined with a large amount of land planned as developable in the master plan and located in potentially floodable areas will generate a greater scenario of conflict and risk for safety in the coming decades.



Even so, this is an initial proposal that addresses in an aggregate way this increasingly important problem in the urban areas of the Mediterranean arc due to climate change. Therefore, it should be further developed in greater depth through future lines of research to address, in more varied cases and with greater precision, the two-dimensional relationships between each of the urban planning variables and the future risk of flooding.
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Figure 1. Impact level of flooding events between 1950 and 2020 in the Region of Murcia. Source: Consorcio de Compensación de seguros de España [22]. 
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Figure 2. Climate change scenarios for 2020–2100 regarding precipitation in the city of Murcia area using three different Representative Concentration Pathway (RCP) greenhouse scenarios: (a) annual rainfall and (b) maximum daily rainfall. Source: AEMET [23]. 
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Figure 3. Metropolitan area of the so-called “orchard of Murcia” (up) and the main urban area of the city (bottom). Source: Sentinel 2 satellite. 
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Figure 4. Spatial representation at a city scale of existing buildings by date of construction in the city of Murcia in 1980 (left) and 2019 (right). Source of data: General Directorate for Cadastre of Spain. 
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Figure 5. Spatial representation at a metropolitan scale of the evolution of urban growth in the metropolitan area of the city of Murcia in 1940 (left), 1980 (center) and 2019 (right). Data source: General Directorate of the Cadaster of Spain. 
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Figure 6. Implementation of spatial information on flood-prone areas: terrain elevation model incorporating orographic conditions in areas at risk of flooding (upper left), map of flood-prone areas with risk for the population in urban areas (upper right), map depths (bottom left) and preferential flow areas where the water flow only acquires greater speed (bottom right). 






Figure 6. Implementation of spatial information on flood-prone areas: terrain elevation model incorporating orographic conditions in areas at risk of flooding (upper left), map of flood-prone areas with risk for the population in urban areas (upper right), map depths (bottom left) and preferential flow areas where the water flow only acquires greater speed (bottom right).



[image: Land 12 00543 g006]







[image: Land 12 00543 g007 550] 





Figure 7. Breakdown of the surface areas built in the different decades in areas currently determined as flood-prone areas in the metropolitan area of the city of Murcia. 
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Figure 8. Generation of discrete homogeneous orographic-urban units (HOUU) for spatial analysis: (a) zoning map of urban planning uses of the Murcia masterplan; (b) current orthophoto of the city of Murcia with a layer superimposition of sub-basins of homogeneous orography; (c) superposition of layers of homogeneous sub-basins and classification by masterplan land planning classes and (d) homogeneous orographic-urban planning units generated. 
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Figure 9. Example of evolution over time of a traditional orchard area in the metropolitan area of Murcia (above). Images of the current landscape configuration of the old peri-urban areas of Huerta: the construction of numerous paved roads as a consequence of an increasingly fragmented plot structure focused on residential urban development has ended up completely misconfiguring the natural hydrographic network (below). 
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Figure 10. The Huerta de Murcia traditional landscape: (a.1) Extension of the area and subunits of the Huerta directly linked to the metropolitan area of the city of Murcia (a.2) example of its traditional landscape, (b) scheme of the traditional agricultural hydrographic network of the Huerta and (c.1,c.2) traditional hydraulic infrastructures existing since the Muslim period (8th–14th century). 
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Figure 11. Graphical scheme representation of trend analysis of growth patterns in the city of Murcia: (a) spatial distribution of the main vectors of growth and transformation of the peri-urban space vs. the resistance inertia of the orchard; (b) Levels of the demographic intensity of the urban areas of the city and main “pockets” of urban development foreseen in the planning in flood-prone areas. 
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Figure 12. Temporal evolution of the urbanized vs. flooded areas in Murcia, Valencia, Zaragoza and Barcelona. 
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Table 1. Evolution of the urban metropolitan area of Murcia area in terms of urbanized land and population from 1950 to 2019.
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1950

	
1960

	
1970

	
1980

	
1990

	
2000

	
2010

	
2019

	
Planned






	
Urbanized land (Ha)

	




	
Urban metropolitan area

	
526

	
1079

	
1886

	
2782

	
3931

	
6156

	
8532

	
8867

	
11,624 1




	
Population

	




	
Metropolitan area district

	
260,023

	
297,806

	
304,522

	
371,237

	
432,851

	
491,290

	
551,119

	
626,451

	
680,409 2








1 Planned as buildable land in the current masterplan of the municipality. 2 Population estimated for the year 2030.
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Table 2. Technical characteristics of georeferenced spatial data used.






Table 2. Technical characteristics of georeferenced spatial data used.





	
Mapping Data Years

	
Pixel Size Projected on the GSD Ground (cm)

	
Planimetric Accuracy (X, Y) Mean Squared Error (m)

	
Altimetric Accuracy (Z) Mean Squared Error (m)

	
Mesh Step




	
Flight

	
Orthophoto






	
<1956

	
90

	
100

	
<2.00

	
<2.00

	
5 × 5




	
1981

	
45

	
50

	
<2.00

	
<2.00

	
5 × 5




	
1990–2004

	
45

	
50

	
<1.00

	
<2.00

	
5 × 5




	
2005–2020

	
22

	
25

	
<0.50

	
<1.00

	
5 × 5
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Table 3. Numerical evolution of GIS indicators of urban growth in Murcia from 1950 to 2019.
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	1950
	1950
	1960
	1970
	1980
	1990
	2000
	2010
	2019





	LAR
	0.028
	0.036
	0.068
	0.116
	0.174
	0.232
	0.396
	0.515
	0.548



	IFA
	0.064
	0.075
	0.088
	0.101
	0.125
	0.174
	0.223
	0.279
	0.310



	ICC
	0.233
	0.216
	0.195
	0.220
	0.221
	0.228
	0.236
	0.252
	0.257



	UFI
	0.346
	0.374
	0.411
	0.459
	0.510
	0.552
	0.614
	0.646
	0.668



	IAT
	0.041
	0.053
	0.077
	0.121
	0.177
	0.234
	0.398
	0.516
	0.548
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Table 4. Results of the evaluation of the existing statistical correlation between the indicators for the analysis of urban growth patterns in the city of Murcia and the FZI flood zone indicator.
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GIS Indicators

	
FZI Flood Hazard Index (1st Cycle 2007–2013)




	
B

	
Std. Error

	
t

	
Sign.




	
   L A R   

	
0.238

	
0.007

	
2.179

	
0.000 *




	
   I F A   

	
0.265

	
0.005

	
2.744

	
0.000 *




	
   I C C   

	
−0.138

	
0.008

	
−2.575

	
0.000 *




	
   U F I   

	
0.255

	
0.009

	
4.003

	
0.000 *




	
   I A T   

	
0.098

	
0.009

	
1.510

	
0.000 *




	
Akaike’s information criterion (AIC): 21,364.7




	
Multiple R-squared: 0.19




	
Adjusted R-squared: 0.18




	
F-statistic: 136.72 Prob (>F) (3,3) degrees of freedom: 0




	
GIS Indicators

	
FZI Flood Hazard Index (2nd Cycle 2013–2020)




	
B

	
Std. Error

	
t

	
Sign.




	
   L A R   

	
0.249

	
0.006

	
2.684

	
0.000 *




	
   I F A   

	
0.286

	
0.006

	
3.368

	
0.000 *




	
   I C C   

	
−0.192

	
0.011

	
−1.884

	
0.000 *




	
   U F I   

	
0.313

	
0.006

	
2.811

	
0.000 *




	
   I A T   

	
0.062

	
0.009

	
1.667

	
0.000 *




	
Akaike’s information criterion (AIC): 23,191.3




	
Multiple R-squared: 0.22




	
Adjusted R-squared: 0.22




	
F-statistic: 154.88 Prob (>F) (3,3) degrees of freedom: 0








* Significant at 0.01 level.
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