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ABSTRACT: The common approaches to flood risk management are based on a top-down view, which, from our
perspective, does not allow the adoption of effective solutions considering the different origins of this problem, such as
insufficient drainage systems, surface water level, and impermeabilization. With this bottom-up approach, the idea is to
consult the information available in municipal services to identify and delimit flooded areas. This mapping will allow the
definition of flood zones in which subsequent actions will be promoted. An integrated analysis can be carried out for each
affected area, which should include a definition of mitigation and/or adaptation measures to be implemented at a local scale.
In some locations, given the constraints, it will only be possible to develop adaptation strategies, such as the placement of
anti-flood barriers at the doors of affected buildings, which will allow for proactive rather than reactive actions. As a proof
of concept, a street in the floodable area will be selected, barriers will be purchased, and an evaluation will be made in the
next event. After this analysis and definition, the areas adjacent to the floodable areas should be analyzed to narrow the
systems contributing to flooding in each location.

RESUME: Les approches courantes de la gestion des risques d'inondation sont basées sur une vision descendante, qui, selon
notre perspective, ne permet pas l'adoption de solutions efficaces en tenant compte des différentes origines de ce probléme,
par exemple les systémes de drainage insuffisants, le niveau des eaux de surface, et 'imperméabilisation. Dans cette approche
ascendante, l'idée est de consulter les informations disponibles dans les services municipaux pour identifier et délimiter les
zones inondées. Cette cartographie permettra de définir des zones d'inondation sur lesquelles des actions ultérieures seront
promues. Une analyse intégrée peut étre proposée pour chacune des zones touchées, qui devrait inclure la définition de
mesures d'atténuation et/ou d'adaptation a mettre en ceuvre a I'échelle locale. Dans certains endroits, compte tenu des
contraintes, il ne sera possible de développer que des stratégies d'adaptation, comme la mise en place de barriéres anti-
inondation aux portes des batiments affectés, ce qui permettra des actions proactives plutét que réactives. Pour preuve de
concept, une rue dans la zone inondable sera sélectionnée, des barriéres seront achetées et une évaluation sera effectuée lors
du prochain événement. Aprés cette analyse et définition, les zones adjacentes aux zones inondables devraient étre analysées
afin de réduire les systémes contribuent aux inondations dans chaque localisation.
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1  INTRODUCTION because many people are unable to go to their
workplaces. During intense rainfall events, most urban
flooding is caused by overflow in former watercourses
that are occupied by buildings roads and pavements.
These structures act as obstacles to the unimpeded
flow of water, obstructing and hindering its movement
and thereby creating a barrier-like effect.

According to a study conducted by Antunes et al.
(2017), assessing vulnerability of sea level rising
(MSL) in urban areas is crucial for defining and
adopting strategies for climate change adaptation.

Based on the records of the Cascais tide gauge, in
operation since 1882, it can be concluded that the MSL
on the Portuguese coast has already risen about 22 cm

The city of Lisbon, located at the confluence of the
Tagus River with the Atlantic Ocean, is a major
economic center in Portugal with a high population
density. This location has given the city a prominent
geostrategic position but also exposes it to natural and
climatic hazards such as urban floods and an
increasing occurrence of extreme weather events.
Whenever episodes of intense precipitation occur,
exceeding the normal levels, parts of the city become
completely flooded, with several centimeters of water,
causing partial paralysis of the city and significant
financial losses for both Lisbon and the country
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since the second decade of the 20™ century, with 8 cm
of this increase occurring in the last 25 years. The
hypothesis that the MSL is in a process of increasing
its rate of rise is supported by the most recent ocean
observation data from satellites, altimetry, gravimetry,
and the network of floats measuring the evolution of
the average temperature of the top 300 m layer of the
oceans, showing an acceleration in the rise of MSL in
the last 10 years (Antunes, 2019).

Despite the uncertainty about the evolution of CO»
and greenhouse gas emissions into the atmosphere,
coupled with the complex dynamics of the oceans, a
continuous rapid rise in MSL is expected. Global
warming is the main contributor to the increase in
melting of the largest continental ice reservoirs located
in Antarctica and Greenland (Antunes et al., 2017).

With the increasing frequency of these intense
precipitation episodes, 2022 was a critical year for the
city, with December being an extremely warm month
in terms of air temperature and very rainy in terms of
precipitation. Classified in Portugal mainland as the
warmest December in the last 92 years, the average
value of the air temperature was 2.76°C above normal.
The average minimum air temperature was 9.58°C,
representing an anomaly of +3.53°C. Meanwhile, the
average maximum air temperature reached 15.87°C,
which is higher than the average value with an
anomaly of +1.99°C, being the second-highest value
since 1931. The extreme precipitation value in 24
hours was 110.7 mm in Lisbon (Gago Coutinho on the
13™ of December). The total average precipitation in
December was 250.4 mm, which corresponds to 174%
of the normal value, ranking as the 10" highest since
1931 and the 2nd highest since 2000 (IPMA, 2022).

In December, there were several instances of heavy
precipitation, particularly on the 4%, 5t 7t gh 12t
and 13" and at the end of the month. The two most
extreme episodes of precipitation, on the 7%-8" and
12-13% accounted for approximately half of the total
monthly precipitation.

2  METHODOLOGY, RESULTS AND
DEVELOPMENTS IN PROGRESS

The work began with consulting operational services
to identify and delineate the flooded areas during the
floods in December of 2022. These floods prove to
have a high return period, so their occurrence is com-
parable to those that happen every 100 years. Under-
taking the drafting of this map will facilitate the delin-
eation of the various zones in which the actions to be
taken will take place. It is proposed that each of the
affected areas be analyzed in an integrated manner, in-
cluding the definition of a strategy with mitigation and
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adaptation measures to be adopted in the building or
along the block. As this is on a local scale, it is recom-
mended that measures be implemented at the level of
urbanization plans and detailed plans, but also at the
level of green areas and unoccupied public spaces.

2.1 Mapping occurrences

The Fire Department records all flooding incidents
within the municipality. This record was made availa-
ble to the authors of this work so that they could use
this information as a basis for identifying vulnerable
areas. The aim of this task was to identify the periods
of flooding corresponding to the centennial rainfall
values (with a return period or recurrence of 100
years). To this end, the events were filtered to periods
that met these requirements, namely the rainfall events
of December 7, 8, 12, and 13 of 2022 that affected Lis-

bon (Figure 1).
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Figure 1. Flooding incidents reported to the Lisbon Fire
Department Regiment on December 7, 8, 12 and 13 of 2022.

In addition, the tide values recorded during these
periods were checked, and it was identified that the pe-
riods with the highest number of occurrences corre-
sponded to high-tide periods. Thus, at the end of this
phase, it was possible to obtain a list of events that oc-
curred during the hours of greatest rainfall and with the
highest tides, which were likely occurrences of cen-
tenary rainfall events. Duplicate occurrence records
were also checked and excluded (sometimes the same
occurrence was recorded twice, which is normal be-
cause firefighters receive information from more than
one data source).

2.2 Mapping of flood-prone areas

Case studies:

e December 7-8: The weather in Portugal main-
land was conditioned by the presence of a de-
pression centered to the east of the Azores Is-
land. This rainfall led to several flash floods in
various urban areas of the Lisbon metropolitan

Proceedings of the XVIIl ECSMGE 2024



Flash floods in Lisbon — Local scale mitigation and adaptation measures

area, and two daily rainfall maximums were rec-
orded by Instituto Geofisico (83.3 mm) and
Gago Coutinho (78.9 mm) weather stations.

e December 12-13: The weather was conditioned
by an intense SW flow associated with the
passage of warm, humid, and unstable air
masses with a high content of precipitable
water. There was persistent rain, which was
sometimes heavy, and caused flash floods,
particularly in Greater Lisbon. During this
period, there was an extremely high 3-hour
rainfall at the Gago Coutinho (76.9 mm) and
Relogio (73.5 mm) stations between 03:10 and
06:10 on December 13. As for the 24-hour
figures, it is worth noting that the rainfall is
close to the typical climatological values for the
month at three weather stations.

The occurrences provided by the Lisbon Fire De-
partment) are recorded on their platform in a point ge-
ometry. The analysis of the areas where the incidents
were recorded depends on many factors, and the con-
sideration of theoretical factors, such as soil type or
geomorphology, proved to be ineffective in delimiting
the areas of expected flooding, since Lisbon is a city
that has most of its area sealed off and where water
infiltration is essentially done through the sewage
structure. It was therefore decided to meet with the
firefighters who attended each event to find out which
area was affected in each event. Additionally, it will be
ascertained how high the water level reached at the
stage of greatest flooding.

This information will be obtained from the fire bri-
gade, and further data can be obtained from the resi-
dents of the affected areas by working with volunteers
from the city's parish councils and filling in the infor-
mation in the AGEO App, an application developed by
the Lisbon Municipality as part of the AGEO Project,
which aims to report occurrences related to risks of ge-
ological origin. This empirical process, which is cur-
rently underway, allows for the delimitation of the ar-
eas affected by the extreme rainfall events that oc-
curred in Lisbon and is a reliable and credible way of
transforming the occurrences in point geometry into
areas that were actually flooded (polygons).

2.3 Flood map cartography

Once the relevant events are identified, corresponding
to rainfall periods with a return period of 100 years,
and the affected areas are delimited, it will be possible
to create a new flood-vulnerability map. This map will
identify the flood-prone areas based on the previously
flooded ones, as well as define a level of susceptibility
based on the height that the water has reached in the
various locations.
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2.4 Geological and geotechnical framework

Lisbon's geological formations range from the
Cretaceous to the Holocene period. The Cretaceous
formations are hard rocks, composed of limestone and
basalts from the Lisbon Volcanic Complex, both of
which with geotechnical aptitude. Above, there is a
detritic Oligocene formation of continental origin,
which is heterogeneous from a geological and
geotechnical perspective. Most of Lisbon's urbanized
area was raised above a sequence of Miocene
formations classified as hard soils, composed of thick
alternation of sandstone, limestone and claystone,
reaching around 200m. These formations are generally
geotechnically  competent, except for the
decompressed surface layers. Finally, the Holocene
formations are made up of alluvium, which are
distributed along the water courses (streams) and on
the city's riverfront, where they can be up to 40 m
thick. In addition, there are landfills of anthropogenic
origin. The landfills and alluvial fans are poorly
geotechnically competent and do not offer the capacity
to support structural elements with prior improvement.

The city is heavily impermeabilized by anthropo-
genic action (except in the Monsanto area). Even so,
the Cretaceous limestones have high permeability val-
ues (fracturing), while the volcanic complex and the
Oligocene formation have lower permeability. In the
Miocene system, permeability is quite variable, being
lower in the clay formations and higher in the sand for-
mations. Finally, the alluvial fans have very variable
permeability values depending on the main lithologies,
although they tend to be high.

2.5 Identification of the type of measures to be
implemented in each area

Lisbon Municipality is implementing the Lisbon Gen-
eral Drainage Plan 2016-2030, in which large collec-
tors are being built so that the water drains into the
river. In addition, increasing the acceptable flow rate
of the drainage network is another action that should
be taken to mitigate the impacts of extreme rainfall
events. It is also recommended that actions be taken to
clean the gutters, thus facilitating water infiltration.
Studies are also underway to create water-retention ba-
sins.

Nevertheless, even when considering these
measures, there are areas whose characteristics reduce
the effectiveness of the planned mitigation measures.
The riverside area of the city is affected by the pres-
ence of water at near-surface levels due to its proxim-
ity to the river. This effect is even more evident at high
tide, as the water inside the estuary is still significantly
affected by this phenomenon.
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2.6 Development of a solution

In this work, the priority is to identify the most vulner-
able areas for which it is estimated that general miti-
gation measures may be insufficient or ineffective.
Therefore, the Lisbon Municipality is conducting a
study to identify which adaptation solutions are avail-
able for the population to purchase, namely, anti-
flooding barriers that can be implemented without
technical knowledge or specialized material.

Flood barriers are designed to protect every room
in a building and prevent water from entering through
doors, garages, windows, gates, and/or underground
floors. As well as homes, they can be used in public
areas, stores, shopping centers, industrial buildings,
churches, museums, historic buildings, and storage
buildings. One of the models of this type allows one to
adjust the width of the barrier, whereas another allows
one to adjust its height. They do not require invasive
construction work because they fit into the existing
wall next to the access point frame and are secured by
moving the lever or by inflating the seals on the sides
and base of the structure (depending on the type of bar-
rier, you will usually have one of two mechanisms).
Installation is quick, easy, and accessible to anyone,
and has been tested under extreme conditions. If it is
necessary to protect a larger area in which the entry
exceeds the maximum measures of applicability of a
single barrier, several barriers can be joined together
because of a removable element when unnecessary,
leaving the anchoring base covered. There are also
measures to be adopted to prevent theft and extend the
life of the equipment. This type of solution allows the
population living in areas frequently affected by flood-
ing to adapt to areas where mitigation measures have
proved ineffective. The idea is that whenever warnings
are issued forecasting heavy rainfall events, people
will be able to put up these barriers, avoiding flooding
in their homes, with consequent material losses and
their safety at risk. This is the definition of the type of
reaction that the population is supposed to be able to
acquire: proactive, rather than reactive.

2.7 Implementation

The effective implementation of adaptation solutions
that protect everyone’s home is ultimately the respon-
sibility of everyone. However, the Lisbon Municipal-
ity, as a public management and governance body that
cuts across the entire city, plays a role in supporting
populations that are often affected by flooding caused
by extreme rainfall events. Thus, the implementation
of the products studied is up to everyone, but there are
lists of options for solutions that can be purchased at
reasonable prices, which everyone can install in their
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homes. A list will also be provided of the most effec-
tive solutions to be implemented in each area, depend-
ing on its level of vulnerability, as well as the effec-
tiveness of the mitigation solutions currently being im-
plemented. The evaluation of the success of the solu-
tions implemented will be carried out by Lisbon Mu-
nicipality after heavy rainfall events, again by collect-
ing data on the level of water reached and the damage,
namely the damage caused and the areas of the prop-
erty or establishment affected, and this data will be en-
tered and forwarded via the AGEO app.

3 CONCLUSIONS

The work in progress involves a micro-scale analysis,
starting with the information obtained through access
to the first responders’ records of occurrences, which
will then evolve into a macro-scale analysis so that it
can be included in Lisbon’s Municipal Master Plan.
This will result in a map highlighting the areas that
have flooded and are frequently impacted by it. For
future reference, the ideal would be to have a dynamic
map that is updated as more recent data comes in.
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