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Abstract. Seismic risk mitigation comprises of land-use the communities, societies or even countries (Oliver-Smith,
planning policies that enable risk reduction in areas expose@004). The severity of disasters triggered by seismic events
to earthquakes. Thus, the assessment of land-use plans ris-the outcome of the interaction between the geophysical
garding urban growth in seismic prone areas is very imporphenomenon and the societies, namely, their built environ-
tant. This article analyses the urban expansion of Vila Francanent characteristics (Hewitt, 1997). During the 20th cen-
do Campo (island of S. Miguel, Azores, Portugal) from 1994 tury, the population growth stimulated the construction of
to 2005 based on ortophotomaps interpretations and simusettlements in risk areas which often adopted inadequate con-
lates a scenario of urban growth for the year 2016 with astructive solutions towards seismic risk, thus, contributing
Land-use and Cover-Change (LUCC) model (Geomod). Thefor an increase of the number (CRED, 2010) and severity
goal is to evaluate the potential impact of land-use plans inof earthquake-triggered disasters.
managing urban growth and promoting seismic risk mitiga- Nevertheless, societies have the ability to adjust to seismic
tion. Results indicate that the urban expansion, between 1994sk by adopting formal responses to the disasters (Birkmann
and 2005, was done according to the Municipal Master Plaret al., 2010), mainly found in risk mitigation policies. Risk
(MMP) restrictions. The scenario modelled for the year 2016mitigation is a coordinated strategy, based on goals, poli-
is potentially stricter for urban growth because it adds tocies and measures to minimise human and material losses
the previous plan the constraints defined by the South Coadtom natural hazards and resulting disasters, normally being
Management Plan (SCMP) that entered into force in 2007. Inplanned long term (Godschalck and Brower, 1985; Dynes,
both time periods, a continuing urban growth towards seis-1991). The mitigation of seismic risk is normally focused on
mic areas was identified. The absence of seismic risk mitigatand-use planning since it is the most effective tool to im-
tion policies and measures on both plans may contribute tglement mitigation policies (Berke and Beatley, 1992; God-
increase the seismic hazard exposure and vulnerability. Thechalck et al., 1998). According to UN/ISDR (2004), land-
results of this study strongly suggest the reformulation of fu-use planning allows the combination of urban areas manage-
ture land-use plans to include seismic risk mitigation goalsment and their need for social, economic and environmental
and policies. development, while ensuring the reduction of risk for indi-
viduals and communities.

Godschalck et al. (1998) identify the benefits of incorpo-
rating risk mitigation with land-use planning. These include:
1 Introduction: the theory and the aim (i) raising the awareness in communities regarding exposure

to natural hazards and their potential consequences; (ii) iden-

Earthquakes are massive, sudden and quite UnprediCtab[ﬁying the relationships and the conflicts between public in-

geophysical phenomena. Their location, frequency and magrerest and the proposed mitigation policies; and (iii) building
nitude may interfere negatively with the regular behaviour

of the social, economical and political environments of
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Fig. 1. The study area.

consensus among those responsible for proposing and imple- The adoption of the theoretical principles of Land-Use and
menting mitigation measures. Cover-Change models in seismically active areas is useful for
The mitigation of seismic risk through land-use planning three main reasons. First, it allows the analysis of LUCC by
is a multi-stage process (Berke and Beatley, 1992). Initially,identifying the mechanisms that trigger land-use transitions
it is necessary to define the extent of the problem concerningnd the driving forces supporting them, and also their im-
the need to introduce risk mitigation, while the second stagepacts (Verburg et al., 1999). For instances, it is possible to
comprises the formulation of objectives and policies. In theverify if the former and/or current land-use planning poli-
third stage, planning measures are defined, according to theies foster sustainable urban growth by establishing an eval-
goals and policies outlined on the previous stage. The prouation comparison between the observed land-use allocation
cess is concluded with the implementation, monitoring andwith the restrictive regulations (Koomen et al., 2008). Sec-
revision of plans that support the policies. ond, LUCC models allow the assessing of the potential im-
The success of land-use planning in seismic risk reductiorpact of land-use plans in urban growth (He et al., 2008). They
depends on the type of plan being developed. Comprehensivmake possible the identification of mitigating measures and
plans are best suited to include mitigation policies, becausections within the plans, to know their regulatory or nonreg-
“that plan normally already has a standing in the communityulatory nature, and to measure the extent of their implemen-
as a policy guide, and the comprehensive plan encouragesition. Third, LUCC models may support the development of
integration of mitigation goals and programmes with otherfuture land-use plans (Verburg et al., 1999) by suggesting the
ongoing community goals and programmes” (Godschalck eincorporation of seismic risk mitigation policies.
al., 1998, p. 101). Comprehensive plans comprise mitiga- This article aims to raise the awareness of the need to
tion measures with regulatory nature, namely: building codesnclude seismic hazard mitigation policies and measures in
(e.g., Eurocode 8); zoning provision (e.g., peak ground acceltand-use plans in earthquake prone areas. Two objectives are
eration; faults lines); regulation of urban density; and urbanpursued: (i) to assess the impact of the Municipal Master Plan
clustering development (Berke and Beatley, 1992). Since then urbanisation and seismic risk reduction in the municipal-
land-use plans are the result and the support of the planningy of Vila Franca do Campo between 1994—-2005 using or-
process, being a key step towards seismic mitigation impletophotomaps interpretations; and (ii) to model urban growth
mentation, the assessment of their impact in the urban growtffor the year 2016, which also includes the South Coast Man-
on seismic areas is utterly relevant. agement Plan, to verify the possible outcomes of land-use
policies.
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Fig. 2. Isoseismal maps representing the historical seismic activity
in S. Miguel Island and Vila Franca do Campo (EMS-98). Adapted
from Silveira et al. (2003)(a) illustrates the maximum historical
intensity isoseismal map of S. Miguel Island (EMS-9®). repre-
sents the isoseismal map (EMS-98) of the 1522 earthquake and th ¥
epicentre.

Km b

2 Study area

Maritime Public Domain (MPD) Reserve areas of soil, fauna and flora

. . . . s Maritime public domain Beach
The Azores archipelago is located in the North Atlantic (/2 Wyicdomn:plans an shores of e sea = Ntural reserve: héu de Vi Franca do Campo
O H th M . b h | . t b [ Hydric domain: plains and shores of streams Special heritage protection
Cean' in e acaroneSIan IOgeogl’ap Ica reglon’a abot Built Environment in Areas at Risk Regional Ecological Reserve (RER)

1450 km from mainland Portugal (Fig. 1). The archipelago ® Fiociprone aress =
is composed of nine islands of volcanic genesis, along- P Re9‘°""‘”‘9”°“'“:'Rese”e“‘“’“
side a NW-SE orientation, and is divided in three groups: [ municipaity bouncry RAR and RER
Eastern group (Santa Maria and S. Miguel islands); Cen- L_|

tral group (Terceira, Graciosa, S. Jorge, Pico _and Faial IS'Fig. 3. Urban expansion restriction plans of MMP and SCMP.
lands); and Western group (Corvo and Flores islands). The

municipality of Vila Franca do Campo, with 78 Kmis lo-

cated on the southern coast of the island of S. Miguel, beGomes et al., 2005). In the map of the historical seismic
tween parallels 3A2-3747 N latitude and the meridian  activity of S. Miguel Island, the municipality is within the
25720~ 2529 W longitude (Fig. 1). Itis divided into the  rea fimited by the IX/X-grades maximum intensity iso-
parishes oAgua de Alto, Ponta Garga, Ribeira dasrif@s,  sejsmal (Fig. 2a) of the European Macroseismic Scale-1998
S. Miguel, S. Pedro and Ribeira Seca. According to the Ceng\s.-98) (Silveira et al., 2003). One of the most destructive
sus 2001 (SREA, 2001), the municipality had 11 150 inhabi-earthquakes which occurred in Azores was on the 22 Octo-
tants and a population density of 143 inh./krfihe parishes  per 1522, nefariously hitting Vila Franca do Campo (Fig. 2b).
of S. Miguel and Ponta Garca are the most populated and theps earthquake triggered a landslide which caused 5000 ca-
ones with a more consolidated urban area, contrasting witlyajties and the destruction of the settlers’ houses. Since then
other parishes where linear and dispersed patterns of humafe municipality suffered five more disastrous episodes as a

occupation are predominant. o ~ consequence of the earthquakes (Table 1).
The cohabitation of Azorean population with the seismic

threat dates back to the colonization during the 15th century.

The location of the Azores Archipelago in the triple junc- 3 Land-use planning at the local scale

tion of American, Eurasian and African litospheric plates,

and the presence of three main tectonic structures in the réeFhe municipality of Vila Franca do Campo is regulated by
gion: the Mid-Atlantic Ridge, the East Azores Fracture Zonetwo land-use plans: the MMP and the SCMP of S. Miguel Is-
and the Terceira Rift (Vald@ et al., 2002), increases the land. The MMP was approved by the 184/1997 resolution
exposure of the archipelago to the seismovolcanic episodestom 02/10, and it was later changed by the declarations
Vila Franca do Campo is located on a seismogenic regior82/1997 from 06/11, and 4/1998 from 23/03. Article 4 of

dominated by the presence of regional tectonic structureshe MMP considers three restrictive elements of urbanisa-
with a NW-SE, NE-SW, WNW-ESSE and E-W orientation tion in the municipality: (i) Constrained Areas; (ii) Regional

www.nat-hazards-earth-syst-sci.net/12/2731/2012/ Nat. Hazards Earth Syst. Sci., 12, 272M4, 2012
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Table 1. Earthquakes occurred in the Azores Archipelago which caused human and material losses in Vila Franca do Campo (CMVFC,
1999; Silveira et al., 2003).

Date Maximum Deaths/ Consequences
intensity (EMS-98)  Injury

22 0ct1522 X More than 5000 deaths  The earthquake triggered a landslide that hit Vila Franca do
Campo, causing the death of its inhabitants and devastating
all the buildings.

26 Jul 1591 Vil Many injured Several buildings collapsed, especially in the village of Vila
Franca do Campo.

16 Apr 1852 VI No casualties Slight damages in the buildings and in the S. Pedro Church.

5Aug 1932 VI No casualties Several damages in buildings in Ponta Garga (including the

church). Small damages in other settlements.

27 Apr1935 VI No casualties Several damages in buildings, namely, in Ponta Gar¢a and
Ribeira Seca.

26 Jun 1952  VI-VII Few injured Approximately 331 buildings destroyed in Ponta Garca.
Several damages in the majority of the buildings.

Agricultural Reserve (RAR) and (iii) Regional Ecological simulation of an urban growth scenario for the year 2016
Reserve (RER) (Fig. 3a). Concerning seismic mitigation, twousing Geomod. The initial stage aims to analyse the land-
regulatory articles were identified within the MMP: (i) Arti- use allocation in the period 1994—2005 and use the resulting
cle 8, disallowing the construction of public buildings in ar- land-use maps as input for the simulation model. The second
eas of geological faults; and (ii) Article 24, preventing urban- stage presents a heuristic suitability assessment which incor-
isation inside geological fault zones (CMVFC, 1997). Nev- porates expert knowledge in the modelling approach, avoid-
ertheless, these areas are not mapped in the MMP restrictioimg a stochastic model based on conditional probabilities that
plans. We must notice the lack of seismic mitigation regula-would worsen the results (Cabral, 2006). The last stage com-
tion in the MMP and the absence of seismic hazard zonatiomprises urban growth modelling and validation procedures for
within the plan, i.e., local peak ground acceleration maps. creating an urban growth scenario for 2016 using the results
The SCMP was approved by the 29/2007 resolution fromfrom the previous stages. The different stagg®naleis ex-
5/12 and covers the 14 km coastline. It contains a shorelinglained in the following subsections.
protection area with a maximum width of 500 m from the
coastline and a full marine protection area defined by the4.2 Mapping urban areas of years 1994 and 2005
—30m isobaths. Article 5 of the SCMP defines four urban
expansion restrictions in the area: (i) Maritime Public Do- The land-use maps were produced based on visual inter-
main; (ii) reserve areas of soil, fauna and flora; (i) RAR and pretation of ortophotomaps of years 1994 and 2005 (0.5m
(iv) RER (Fig. 3b). To minimise natural risk situations, the pixelresolution; 1 5000 scale) (SRCTE, 2010). The adopted
SCMP presents a multi-hazard approach to regulate urbanomenclature was the 1st level of Corine Land Cover pro-
growth which includes a hazard zoning where “Built Envi- gramme which considers five categories of land-use: (i) artifi-
ronment in Areas at Risk” are identified (Fig. 3b). Articles 32 cial areas; (i) agricultural areas; (iii) forest and semi-natural
and 33 define the multi-hazard mitigatory measures to adop@reas; (iv) wetlands; (v) water bodies (EEA, 2000). For both
in these areas, namely: urban growth restrictions, relocatiofmaps, a 2 hectare Minimum Mapping Unit (MMU) was de-
and buildings rehabilitation (DROTRH/SRAM, 2007). fined with a 1: 5000 work reference scale.
Thematic generalisation operations were carried out in
which the areas with a MMU lower than 2 hectares were

4 Data and methods aggregated to the neighbouring land-use categories with a
MMU greater or equal than 2 hectares. The land-use maps
4.1 Modelling approach were converted from vector to raster data using a 10 m reso-

lution. Figure 4 reveals an increase of the territory occupied
The LUCC model was developed using IDRISI Andes soft- by artificial areas between 1994 and 2005 due to urbanisation
ware in three stages: (i) mapping of the urban areas otowards the agricultural areas.
years 1994 and 2005 based on ortophotomaps interpretation; Finally, a reclassification operation was carried out in
(ii) suitability map assessment for urban areas using Multi-which the urban class corresponded to the artificial areas
criteria Analysis (MCA) techniques; and, (iii) validation and and the non-urban class resulted from the aggregation of

Nat. Hazards Earth Syst. Sci., 12, 27312741, 2012 www.nat-hazards-earth-syst-sci.net/12/2731/2012/
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agricultural areas, forest and semi-natural areas, wetlandsig. 5. Land-use maps of Vila Franca do Campo in 1994 and 2005.
and water bodies. Two binary maps for 1994 and 2005 were
produced (Fig. 5).
During the third stage, the estimation of tHactors
4.3 Suitability map for urban areas weighting was carried out using the Analytical Hierarchy
Process (AHP) method (Saaty, 1980). AHP is based on a

This map defines the suitability of a cell changing from comparison matrix to evaluate criteria according to the rel-
non-urban to urban class based on driving forces and ex@ive importance of the pairwise éctorsbeing estimated
clusionary factors which can be obtained using MCA tech-(Eastman, 2006). The relative Importance of efacftor was
niques (Voogd, 1983). In this case, a suitability map wasdefined bas_ed on the authors _knowle_dge abou_t the study
created to incorporate expert knowledge based on a multi2réa regarding the demographic, socioeconomic and cul-
stage group decision-making approach involving the authordural dimensions (Martins et al.,, 2012). Results (Table 2)
of this study. This process was carried out in four stages angnoWw that topography and distance from the urban centre of
the result was used as an input of the model. Vila Franca do Campo have the highest suitability weights

In the first stagefactorsand constraintswere identified. ~ (0-3523), followed by the distance from the 1st level urban
The driving forces incorporated in LUCC models are fre- centre (0.1680). Distance from road networks (0.0800) and
quently related to socioeconomic and biophysitzaitors distance from 2nd level urban centres (0.0475) are the less
(Heniiquez et al., 2006). Based on the potential behavioudMmportantfactorsfor suitability assessment. The consistency
of the local population towards land-use development, fiveratio which measures the consistency of the pairwise com-
factorswere selected: (i) distance from roads (regional andParisons was 0.05 indicating a reasonable consistency level
municipal roads); (ii) topography (slope); (i) distance from (Malczewski, 1999). _ _ _
the 1st level urban centre (Ponta Delgada city); (iv) distance Decision rules is the final stage of the process, in which
from 2nd level urban centres (Ribeira Grande and Lagoa vil-the suitability criterions are aggregated using Weighted Lin-
lages); and (v) distance from the urban centre of Vila France€a" Combination (WLC). This method aggregatesfétutors
do Campo (IGEOE, 1999). Twoonstraintsrestricted urban By means of a weighted average (Eastman, 2006) which con-
growth: (i) MMP and SCMP maps (Fig. 3); and (ii) the built siders the criteria weights determined in the previous stage.
areas of 1994, since urban growth cannot occur into previ£ccording to Hansen (2005), the WLC Eq. (1) considers the
ously built areas. We stress that the selectiofaoforsand ~ Suitability $* at thek-th pixel:
constraintsreflects the basic constraints used for urbanisa-¢r _ Zw-xl‘
tion in general and ignore the mitigation of geo-hazards. - i

The second stage comprised tiaetors standardisation. whereuw; is the weight andcf is the value of criterioni in

The integration and comparison of suitabilfaCtorsis con-  yhe y th pixel (Hansen, 2005). The suitability is represented
ditioned by the different measuring scales, making it Imper-yhrqqh a continuous scale of values, where 0 express the

ative to standardise them on a common scale (Rashed ang,, gy itapility while 255 is assigned to high suitability values
Weeks, 2003). Fuzzy Set Membership was employed to stan(Fig_ 6).

dardise the factors (Malczewski, 1999). It expresses the “rel-

ative degree of belonging to a set, ranging from 0.0 to 1.04.4 Urban modelling for year 2016 with Geomod

indicating a continuous growth from not belonging up to to-

tal belonging” (Hansen, 2005, p. 78). Table 2 summarises th&eomod (Pontius et al., 2001) is a LUCC model imple-
standardisation procedure. mented by several authors to simulate land-use changes and

@)
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Table 2. Standardisation procedures of the land-use change (non-urban to urban) ffétorgandfactorsweights resulting from AHP.

Factor Normalisation Control Description Weights
function points (AHP)
Distance from road Decreasing sigmoidal  50-500m 0-50 mis the maximum suitability. 0t0800
network (1999) decreases between 50 and 500 m. For
values higher than 500, suitability is
minimal.

Topography (slopes) Decreasing sigmoidal 5-10 degrees Areas with slope between 0 to 5 d€yB&es
have maximum suitability. Between 5
and 10 degrees, the suitability decreases
sharply. For values higher than 10 de-
grees, suitability is minimal.

Distance from the 1st Decreasing sigmoidal 22—-30km Areas between 0 and 22km from 4680
level urban centre city of Ponta Delgada have the maxi-

mum suitability. It decreases between

22 and 30km and it is minimal from

30 km onwards.

Distance from 2nd level Decreasing sigmoidal 10-14km Areas between 0 and 10 km from 20:©475
urban centres level urban centres have maximum suit-
ability. It slightly decreases between 10
and 14 km and it is minimal from 30 km

onwards.
Distance from the Decreasing sigmoidal 2.5-6km Areas between 0 and 2,5km from h&523
urban centre of Vila urban centre of Vila Franca do Campo
Franca do Campo have maximum suitability. Between 2.5

and 6 km, suitability decreases. For val-
ues higher than 6 km, is minimal.

3 mapping land-use in more than two time moments (1994 and
@ 2005).

The modelling of Vila Franca do Campo urban expansion
considers the 1994 land-use image as reference time 1, the
2005 year as the reference time 2, while the year 2016 (an
equivalent time period to the one between 1994 and 2005)
corresponds to simulated time 3. The suitability map was
used to locate the cells changing their state according to the
transition rules, while a neighbourhood constraint search of
5 x 5 cells was employed for an 11 yr time step. Geomod re-
stricts the change of land-use state to cells that are on the
edge between two categories of land-use assuming that the
wony Constaintareas development of new areas can only succeed in previously de-
., P Hign:285 (] veloped areas.

—— K B w50 After the previous stage of calibration, the assessment of
the predictive power of LUCC models is developed through
the verification of the “goodness-of-fit” of validation (Pon-
tius et al., 2004; Pontius and Malanson, 2005). The validation
of LUCC models predictive scenarios require a three-map
predict the expansion of urban areas (Pinto et al., 2009; Chepomparison where the maps are reference time 1, reference
and Pontius, 2010). Geomod was the selected model to sifime 2, and simulation time 2. Validation comprehends the
ulate urban growth between two categories (non-urban tegreement (or error) resulting from the comparison between
urban) considering the MMP and SCMP regulations. Addi- the simulation time 2 map and the reference (or real) time 2
tionally, Geomod does not require a large amount of data tanap. In this case, quantity disagreement and allocation dis-
run which was a decisive feature due to the impossibility of agreement (Pontius and Millones, 2011) were the measures

Fig. 6. Urban areas suitability map.
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Fig. 7. Prediction correctness and error based on 1994 (reference), 2005 (reference) and 2005 (simulated) land-use maps.

used for assessing the accuracy of the model. The numbdactors responsible for urban growth in the modelling pro-

of urban cells of the reference image of 2005 was used forcess.

modelling urban growth for year 2005, thus, there is not any Finally, an urban growth scenario was modelled for the

disagreement due to quantity when comparing the model reyear 2016. This scenario assumes that urban growth tendency

sult for 2005 with the reference image of 2005. is the same as the one that was verified between 1994 and
Figure 7 shows the comparison of the observed chang@005, so the suitability map used was the same suitability

with the predicted change and distinguishes four types ofmap employed for modelling year 2005. The cells that are

correctness and error (Chen and Pontius, 2010): Corredikely to change their state from non-urban to urban for year

due to Observed Persistence Predicted as Persistence (n@l016 were obtained by linear extrapolation.

successes), Error due to Observed Persistence Predicted as

Change (false alarms), Correct due to Observed Change Pre-

dicted as Change (hits), Error due to Observed Change Pré@ Results

dicted as Persistence (misses). This map was created using

the predicted land cover map of 2005 which was overlaid!n 1994, the urban areas represented 149.6 hectares of the

with the reference map of 1994 to reflect persistence versulerritory while, in 2005, this value was 285 hectares. Dur-

change. The percent of landscape that is hits correspond tH9 1994-2005, there was a significant urban growth in the

0.33% while the false alarms correspond to 0.83%. ThereSurrounding areas of previously urbanised areas (Fig. 8). Ur-

is only allocation error because we used the correct quantitpP@n growth occurred mainly in the areas defined as “ur-

(2.5%). The total error (2.5%) is greater than the observecP@n perimeters” or “potentially urban areas” by the MMP

model, i.e., a model of no change. of urban growth (in the period 1994-2005) occurred within

The “figure of merit” is a ratio where the numerator is the these areas, while the remaining 16.6 hectares (12.3 %) oc-
number of hits and the denominator is the sum of hits, misse§urred outside (Fig. 8). On the other hand, regarding the ur-
and false alarms. It ranges from 0%, meaning no overIa;Pan expansion occurred outside the “urban perimeters” and
between observed and predicted change, to 100 %, meanpotentially urban areas” (Fig. 9), only 4.5 hectares (37.1 %)
ing perfect overlap between observed and predicted changdere located in areas where the urban growth is strictly re-
(Pontius et al., 2011). In this case, the figure of merit wasStricted, while 12.1 hectares (62.9 %) were located in non-
17 % which is a low performance, although higher than in_res_trlcted areas (Fig. 8). Although_urban growth is residual
some of the case studies presented in Pontius et al. (2008}1side the areas mapped as restricted by the MMP regula-
The reasons for this performance may be explained by thdory plans, it occurred in areas protected by RER regulations
small urbanised area between 1994 and 2005 (1.7 % of th&Fig. 3a) which aim to protect natural resources and to avoid

total study area) and also by not having considered all th¢h€ urbanisation of hazardous places. Urban expansion has
progressed towards the interior of the municipality and not

www.nat-hazards-earth-syst-sci.net/12/2731/2012/ Nat. Hazards Earth Syst. Sci., 12, 272M4, 2012
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along the coastline due to restrictions of the MMP, which 140
define a buffer zone around the cliffs (Fig. 3a). We can es- 120
tablish, based on the previous remarks, that MMP regulatory

plans (Fig. 3a) had a restraining effect on urban growth be-

tween 1994 and 2005 despite the slight urban growth insidex
the restricted areas defined by the MMP (4.5 hectares). Thi: 60
shows that the regulations of MMP (non mitigatory) were 49

100

80

implemented. 20

Nevertheless, considering the elements that characteris -

ismic hazard in Vila Franca do Campo — geological faults ~ °
seismic 'azar_ p g X g i Inside Municipal |Outside Municipal |In restricted areas| In non-restricted
and the isoseismal map (CMVFC, 1999) —1Itis pOSSIbIe to Master Plan areas |Master Plan areas areas
set some considerations regarding the success of MMP il Urban growth in the period 1994-2005| Urban growth outside Municipal
mitigating seismic risk. In the 1994-2005 period, the urban Master Plan areas

expansion corresponded to a total area (.)f 1354 heptgreﬁg. 9. Urban growth in the study area between 1994 and 2005
where 124 hectares (91.6 %) were located in the area “m'te(iihectares) considering the MMP jurisdiction areas
by the X-grade isoseismal on EMS-98, while the remaining '

11.4 hectares (8.4 %) were inside the area enclosed by the

IX-grade isoseismal (Fig. 10). Between 1994 and 2005, ur- ) ) ) .
ban growth occurred in areas with geological faults inside the/S POSsible to identify vulnerable areas to tsunamis (CMVFC,

urban perimeter (8 hectares), mainlyAgua de Alto, Ponta 1999) where the areas of gree}test exposure correspond to the
Garga and to the N of the parish of S. Pedro (Fig. 10). ThisTain urban centres of the parishes of S. Miguel and S. Pedro
shows that the lack of hazard zoning (e.g., peak ground accef16 hectares). _
eration; fault lines; historical seismic activity maps) prevents N the period between 2005 (reference) and the scenario

the effectiveness of the 24th article of the MMP. In Fig. 8, it or 2016 (Fig. 8), the urban areas are predicted to repre-
sent 420 hectares. In this case, as verified in the period
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[T urban growth between 2005 (reference) and 2016 (simulated) within X-grade isoseismal (EMS-98) Isoseismal line

[ ] urban growth between 2005 (reference) and 2016 (simulated) within IX-grade isoseismal (EMS-98) IEMI-”x'”*
- Urban growth between 1994 (reference) and 2005 (reference) within X-grade isoseismal (EMS-98) X
[ urban growth between 1994 (reference) and 2005 (reference) within IX-grade isoseismal (EMS-98)

[ ] urban- 1994

[ Non-urban - 2018

[ Administrative boundary: Vila Franca do Campo

Fig. 10. Land-use change within the study area, taking into account the seismic hazard zonation, namely, isoseismal lines (EMS-98) and
visible faults.

1994-2005, the development of new urban areas may ocaction in controlling urbanisation according to the estab-
cur within the “urban perimeters” and “potentially urban ar- lished restrictive zoning regulations. The predicted scenario
eas” of the MMP. It must be noted that these areas have thér 2016 reinforces this conclusion. On the other hand, con-
highest suitability values (Fig. 6). The scenario for 2016 sug-sidering the effect of mitigatory restrictions of the MMP
gests that the restrictive plans of MMP, and also the SCMP(e.qg., article 24) on urban growth, the MMP failed to promote
restrictions, will restrain urban growth (Fig. 3b). Neverthe- the seismic risk reduction since it has occurred towards seis-
less, the predictive scenario appears to confirm a continuousiic prone areas in the period 1994—2005. Thus, the above
urban growth in the areas mainly classified as X-grade by thepositive seeming effects of the MMP are not comprehen-
EMS-98 and also in the areas with geological faults (Fig. 10).sive, since it does not couple land-use planning with seismic
It should be stressed that the areas classified by the SCMP aisk mitigation. We conclude that the planning process and
“Built Environment in Areas at Risk”, where the flood-prone land-use plan (MMP) were not structured towards seismic
and cliff/slope instability areas are located, showed no urbarisk mitigation. These findings support the conclusions of the
growth for 2016 because they were used as a constraint imworks from Calado et al. (2011) where it is stated that un-
the model (Fig. 8). These areas had a minor urban growttderstanding the unique characteristics (e.g., population den-
between 1994 and 2005, when the SCMP was not in force. sity; socioeconomic activities; natural hazardousness) of the
Azores small islands is critical to establish the most appro-
priate land-use management policies, measures and actions.
Vila Franca do Campo is the municipality with the largest

. . . number of casualties due to earthquakes in the Azores
This study draws important conclusions about the regulatory, ) . .

; o Archipelago with a long record of earthquake-triggered
action of the land-use plans in Vila Franca do Campo regar disasters. Accordingly, the land-use planning process (and
ing the urban development and their (in)efficiency in control- ' gy, P gp

ling this phenomenon according to seismic risk exposure plans) must be more comprehensive towards seismic risk re-

. 2 " duction (Martins et al., 2012). Thus, the construction of dis-
Regarding the general restrictions (non mitigatory) of the e . . g
. . aster resilient communities must be based in hazard mitiga-
MMP, the urban expansion was done according to the plan;

. . . tion and land-use planning, since it is the most capable ally
ning and development strategy outlined by the mummpahtyto introduce mitigatory goals, policies and measures (God-
during the period 1994-2005. Since the MMP was imple- gatory g » P

: . schalck et al., 1998). This process must be supported by haz-
mented and met with the general planning goals and urban :

. : ..._ard zonation (Berke and Beatley, 1992).
development constraints, we conclude that it had a positive

6 Conclusions
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Geomod provided relevant spatio-temporal information CMVFC: Camara Municipal de Vila Franca do Campo: Plano mu-
about the urbanisation process and the possibility to under- nicipal de emergncia do concelho de Vila Franca do Campo,
stand the influence, effectiveness and efficiency of land-use ilha de S. Miguel, CVARG, Ponta Delgada, 1999.
plans on urban dynamics and seismic risk exposure. The [oi?RED: Centre for Research on thg Epidemiology of Disasters:
performance of the model, as indicated by the figure of merit EMergency events database, availablengp://www.emdat.be/

(17 %), calls for future experimentations using other fac- _ 2dvanced-seardhast access: 10 November 2010), 2010.
tors/constraints and/or modelling approaches. The scenarig o) R/ SRAM: Direc@o Regional de Ordenamento do Ter-

. - . . : ritdrio e Recursos Hricos/Secrétria Regional do Ambiente e
for ,2016 IS, as In.any futgre scenario (Pontius etal., 2008), to do Mar: Plano de ordenamento da orla costeira da costa sul da
be interpreted with caution. ilha de S. Miguel, Reldtrio Sintese, Volume 5, Ponta Delgada,

Despite these limitations, the results are relevant for rais- 2007.
ing the awareness of policy makers, public officials and advo-Dynes, R. R.: Social science research on earthquake hazard mitiga-
cates of the need to include seismic risk mitigation policies in tion: relevance for policy and practice, Preliminary Paper 163,
land-use plans. Establishing the relationship between urban Disaster Research Center, University of Delaware, Delaware,
expansion and seismic risk also allows measuring the poten- 1991.
tial impact of future disasters triggered by earthquakes. Thigastman, J. R.: IDRISI Andes: guide to GIS and image processing,
can also be useful to support emergency management OpeIrE-E(;\I'a IrEkuIr_(?pt))esé\r? Erl;l\(/igonr:\rfé?gi X\g)éﬁiiteéglg?l\?E land cover tech
ational strategies. Future research will extend this methodol- nical guide — Addendum 2000, Technical Report no. 40, EEA.

ogy to all the Azores Archipelago. Copenhagen, 2000
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