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Abstract Urban flooding is becoming increasingly
destructive in the Mediterranean region as more and more
urban infrastructure and socioeconomic activities are
exposed to flood risk. The metropolitan area of Athens,
Greece, is no exception to this flood-prone regime, pre-
senting a rich record of flood events during the last century.
On February 22, 2013, a high-intensity storm that lasted
7 h hit Athens, severely impacting the transportation sec-
tor, hindering vehicle circulation and the overall perfor-
mance of the road network. This paper studies the
impacts of high-intensity storms in urban areas by exam-
ining the effects of the February 2013 Athens storm and the
resultant flood event. Its novelty lies in the impacts quan-
tification approach, applying cutting-edge traffic flow
control methodologies in the form of macroscopic funda-
mental diagrams. It quantifies the storm’s impacts on
vehicular traffic in terms of operational disruptions during
the event, by analyzing various traffic-related indicators,
such as travel time, delays, speed drop and re-routing of
vehicles, using data from the Athens traffic management
center and urban freight vehicle fleets. Results show
increased travel times, significant changes in routing and
substantial speed drops, highlighting the disruptive effects
of the flooding event on traffic. The importance of devel-
oping a qualitative and quantitative understanding of the
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effects of such events in urban areas is particularly high,
considering the context of the changing climate and the
increasing frequency and intensity of extreme weather
events.
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Introduction

The predicted increase in the frequency of extreme weather
events (EWE) due to climate change has been studied in
the literature, mostly focusing on detailed statistical anal-
yses of extreme weather and climate event trends based on
observations (Rosenzweig et al. 2001; Monirul and Mirza
2003; Meehl et al. 2000; Easterling et al. 2000; Amin et al.
2013). Findings show that the impacts of climate change
might become more severe in the coming years, due to the
increasing frequency of EWE rather than due to the overall
change of the “average” climate (Mitsakis et al. 2013).
Particularly within the context of the projected increase in
the mean precipitation intensity and the probability of
extreme rainfall across most of Europe (Dankers and
Hiederer 2008), the analysis of the impacts of hydrome-
teorological phenomena in major urban centers becomes
highly important.

Flooding is often the result of such EWE, leading to
extensive economic damages, numerous fatalities and sig-
nificant impacts on property and infrastructure (Barredo
2007, 2009; Jonkman 2005; Baloch et al. 2014). Especially
in urban environments, where the concentration of popu-
lation is higher, vulnerability to floods is increased, as the
literature suggests that poorly planned development limits
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the capacity of the natural drainage network and decreases
the water infiltration rate (James 1965; Hollis 1975; Bailey
et al. 1989; Paul and Meyer 2001). Furthermore, flooding
has the potential to disrupt social groups and economic
sectors outside the actual flooded areas. Transportation of
people and goods is among these sectors, as flooding
directly impacts transport infrastructure and the circulation
of vehicles, disrupting normal traffic operations (Suarez
et al. 2005; Sohn 2006; Chang et al. 2010).

Interest in the effects of extreme weather conditions on
traffic activity rose in the late 1970s, when it was observed
that such conditions have a considerable impact on the
overall traffic activity (Road Research Laboratory 1965).
Later studies revealed that mode-switching (from public
transport or walking to private vehicle use) and trip canc-
elations are directly related to adverse weather conditions,
in addition to changes reported in a series of travel-related
parameters: departure time, travel time and destination of
trips (Hassan and Barker 1999; Mitsakis et al. 2014). In
general, there are three predominant traffic-related areas
that weather conditions have an impact on (Maze et al.
2006):

e Traffic demand—travelers might defer or cancel
journeys

e Traffic safety—studies reveal that the risk of being
involved in a car accident is up to 25 times higher

Table 1 Literature findings on vehicle flow reduction and speed drop
due to rainfall

Researcher Study Vehicle flow  Vehicle

location reduction speed drop

Ibrahim and Hall Canada 10-20 % Up to
(1994) 10 km/h

Brilon and Ponzlet Germany Upto 8 % -

(1996)

Maze et al. (2006) USA Upto22 % Upto 6 %

Sabir et al. (2008) Netherlands — 10-15 %

Koetse and Rietveld USA - Upto 25 %
(2009)

Transportation USA - Up to
Research Board 32 km/h
(2010)

Skabardonis et al. USA Upto 14 % -

(2013)

Skabardonis et al. Greece Upto 16 % -

(2013)

(Eisenberg and Warner 2004; Norrman et al. 2000;
Perry and Symons 1991)
e Traffic operations and flow

Heavy rainfall and flooding impact traffic circulation by
significantly reducing visibility and vehicle performance,
while hindering traffic operations by increasing the accident

Fig. 1 a Map illustrating the
locations of rain-gauges across
the Athens basin and the
distribution of total rainfall
during February 22, 2013, storm
event and, b the rainfall record
of three characteristic rain-
gauges in the western, central
and northeastern part of the
basin

Saronic Gulf

0 4 8 Km

Legend
o Raingauges

51,3 Total rainfall
’ accumulation

] sea

Rainfall distribution
l High : 112,8
Low : 28,0

Psytaleia Raingauge (A)

8
6
q i |
2 1]
0
o o o o o o (=]
© & ¥ © a4 ¥ ©
Athina Raingauge (B)
15
10
5 |
0+
8 8§ § 88 8 8
<~ w0 © © 23 ?_ ‘l‘_l
B Nea Penteli Raingauge (C)
5
0

4:00
5:20
6:40
} 8:00
9:20
10:40
12:00

* @ Springer



Int. J. Environ. Sci. Technol. (2014) 11:2145-2154

2147

aa
- - =
w
o o
== AN
'i. ..l. -
B ™
o
Zonhe 3 - Peristeri |g s
po
=
- a o
= »
B r,
Zone 2 -Aigaleo. | /o - s |
- u - - Ed
] Fiy =
1
3
o Zone 4 - City center
Zone 1 - Nikaia -~
Zone § - Poseldonos
Count Locations in Attica
= Zone1
®  Zone2
o
m  Zone3
= Zonos ]
Zone 5
H Al ohter locations %
Attica Network

Fig. 2 Count locations within the Athens road network

risks and reducing vehicle speed and roadway capacity
(Goodwin 2002). Table | summarizes recent findings
regarding the quantification of these reductions. As observed,
rainfall can induce a traffic flow decrease of up to 22 %, while
the presence of rain regardless of intensity can result in an
average decrease of up to 25 % in operating vehicle speeds.

Yet to the authors’ knowledge, no universal methodol-
ogy for quantifying the impacts of EWE exists in the lit-
erature, rendering approaches used so far neither
transferable nor easily applicable to other cases. The
objective of this paper is to explore the impact of high-
intensity storms on transportation in the complex environ-
ment of a metropolitan area, by applying latest advances in
the field of traffic flow theory and control [in the form of
macroscopic fundamental diagrams (MFDs)]. The February
2013 Athens storm is used as a case study. Its impacts are
quantified by measuring the disruptions in the circulation of
urban and freight transport vehicles and by analyzing var-
ious traffic-related indicators, such as traffic flow, occu-
pancy, vehicle speed and re-routing of vehicles.

Study area

Athens is the largest urban settlement in Greece, built in a
morphologic basin formed by Penteli, Parnitha, Ymittos and
Aigaleo mountains and Saronikos Gulf to the south, which
contains the Kifissos and Ilissos drainage networks. The

area is relatively dry (Mimikou et al. 2002) with a mean
annual rainfall of approximately 390 mm (Koutsoyiannis
and Baloutsos 2000). During the last century, Athens has
been a rapidly evolving urban center, leading to a gradual
urbanization of a significant part of the basin. Several parts
of the Athens drainage network were diminished or even
converted into streets (Mimikou et al. 2002; Baltas and
Mimikou 2002; Alexouli-Livaditi et al. 2007), which
together with the increasing impermeable surfaces have
rendered Athens among the most flood-prone areas within
Greece (Diakakis 2013; Diakakis et al. 2011). These effects
contributed to a rich flooding record during the last century,
presenting at least 52 major flooding events (Nikolaidou
and Hatzichristou 1995; Diakakis 2013) and noteworthy
fatalities (Diakakis et al. 2013), especially in vehicle-related
flood incidents (Diakakis and Deligiannakis 2013).

The 2013 flooding event

In the early morning of February the 22nd, 2013, a storm
started over the Athens basin as a result of a low barometric,
which moved northeast from the shores of Northern Africa
towards the southern Ionian Sea and subsequently to Athens,
transferring a considerable amount of African dust. As a
consequence, by the noon of Thursday the 21st, most of the
country experienced a hot weather front, along with rainfalls,
which were most notable in the northern parts. Until the late
evening of the day before (21/02), there was no storm out-
break reported over Athens, which highlights the fact that a
cold front was either absent or inactive. However, during the
night of the 21st, the increased transmission of perpendicular
positive vortices and the atmospheric instability caused the
activation of the cold front just after 4:00 a.m. (Lagouvardos
et al. 2013). After the first hour of the storm over Athens
(shortly before 5:00 a.m.), cool air masses were confined to
the lower atmospheric layers, creating the conditions for
strong upward movements that triggered more precipitation.
The system was trapped over Athens basin for a prolonged
period of time, leading to a re-feeding phenomenon and
resulting in increased rainfall (amounts) (Lagouvardos et al.
2013). Although precipitation was firstly recorded in the
western part of the city, the system expanded eastward rel-
atively quickly, affecting the central and northeastern parts
of Athens basin. These phenomena were accompanied by
greatly increased electrical activity, high winds and hail.

Materials and methods
Weather-related data

The flooding event was recorded in at least 32 weather sta-
tions across the Athens basin, including the monitoring
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Fig. 3 Vehicle flow—speed and occupancy variations within the 3 days of analysis in a 24 hourly interval

network of the National Technical University of Athens and
that of the National Observatory of Athens (Fig. 1). The
quality of data collected from the weather stations was
checked for missing values or inconsistencies through
quality and homogeneity controls. The weather stations used
were chosen, so as to obtain a maximum spatial coverage of
the study area and to ensure satisfying documentation of the
spatial variability of rainfall. Data were available in 10-min
time-steps, providing both the intensity and the total rainfall
amounts that were recorded during the storm.

The analysis time period considers three daily intervals,
including two Fridays prior to the one of the flooding
occurrence (08, 15 and 22/02/2013).

Traffic-related data

As a first step, documentary data regarding the effects of the
storm and the resultant flooding on the road network of Athens
were collected from the press and electronic media, in an effort
to develop a systematic record of the event’s impacts on the
overall road transport sector and to identify the regions that were

w @ Springer

mostly affected. The analyses presented next focus on geo-
graphical zones within the Athens road network that were
mostly affected by the flooding event. Traffic data were obtained
from field detectors (inductive loops) of the Athens traffic
management center, measuring vehicle flow, speed and occu-
pancy. A total of 219 field detectors were used for the analysis,
distributed within the zones previously identified as mostly
affected by the event. The count locations and the respective
zones are depicted in Fig. 2.

In order to quantify the flooding impacts on the traffic
flow relationships in the Athens road network, an analysis
was conducted based on the MFDs (vehicle flow vs. vehicle
speed vs. occupancy) for the three examined days. As
MFDs exist at a network level only when congestion is
considered to be homogeneous over an area (Geroliminis
and Daganzo 2007), data from detectors located within the
same zone were grouped and analyzed.

In addition, Floating Car Data (FCD), obtained from freight
vehicle fleets, were analyzed, in order to determine the extent
to which freight transport was hindered during the flooding of
February the 22nd, 2013, with regard to freight vehicles’ speed
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Fig. 4 Vehicle flow-hourly speed and occupancy variations within the 3 days of analysis

drop and changes in the usual course of vehicles (detours). The
FCD databases contain GPS coordinates and speed informa-
tion for freight vehicles during February 2013.

Results and discussion

Alarge number of commuters were exposed to the impacts of
the high-intensity storm and the ensuing flooding, with many
of them trapped in their vehicles or in standstill traffic due to
intense traffic jams. During the event, a woman died of heart
attack in her vehicle, which was found on a flooded road in
the northern part of the city. By the end of the event, the fire
service and other rescue teams received at least 1.675 calls
from people, whose residencies were flooded and needed to
be safely evacuated or whose vehicles were overturned or
swept away by water (Fire Service 2013).

Impacts on the transportation network

Vehicle circulation along the main road axes and highways
was hindered as water overflows caused disruptions in the

operation of private and public transport. Two subway
stations were closed during the heavy rainfall and there
were several problems reported regarding the operation of
the Athens tram, which was shut down for more than an
hour, while scheduled urban rail services were also dis-
rupted. Limited disruptions have also been reported
regarding ferry operations.

The analysis of the traffic data collected from field
detectors concerned the impact quantification of the event.
Figures 3 and 4 depict the variations due to the heavy
rainfall in the following traffic-related parameters: vehicle
flow, vehicle speed and occupancy. Table 2 presents the
maximum percentage change in the three analyzed
parameters.

As shown, there is a clear tendency of reduction in
vehicle flow, speed and occupancy in all zones, although
the magnitude differs, based on the severity and the dura-
tion of the event in each zone. Although the analyzed
parameters are theoretically linearly related to each other
(vehicle flow equals speed multiplied by occupancy),
fluctuations in the average, maximum and minimum values

W @ Springer
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Table 2 Impact of flooding event on traffic-related parameters

Average daily vehicle flow (veh/h)

Average daily difference (%)

Average difference
during the event (%)

Maximum difference
during the event (%)

8/2/2013 15/02/2013 22/02/2013
Zone 1 1,122 1,131 851 —24.5 —25.9 —50.6
Zone 2 2,149 2,069 1,547 —26.6 —30.4 —52.3
Zone 3 2,830 2,735 2,557 —8.1 -7.3 —293
Zone 4 1,145 1,154 1,060 -7.8 —8.2 —21.2
Zone 5 1,756 1,748 1,315 —24.9 —26.3 —46.5
Athens region 1,139 1,083 1,052 —5.3 —5.0 —13.9

Average daily speed (km/h)

Average daily difference (%)

Average difference during

the event (%)

Maximum difference
during the event (%)

8/2/2013 15/02/2013 22/02/2013
Zone 1 58.8 57.7 539 —7.6 —11.5 —-52.9
Zone 2 69.8 66.0 62.5 —7.9 —11.3 —57.1
Zone 3 66.4 61.7 58.6 -85 —10.2 —50.1
Zone 4 432 41.8 423 —0.4 -1.7 —29.8
Zone 5 48.6 472 44.7 —6.7 —11.0 —56.2
Athens region 84.0 82.6 80.1 —-3.8 —5.6 —-229
Average daily occupancy Average daily difference (%) Average difference during Maximum difference
the event (%) during the event (%)
8/2/2013 15/02/2013 22/02/2013
Zone 1 7.9 8.2 8.2 2.0 34 86.9
Zone 2 9.3 10.1 8.0 —17.8 -21.9 —74.1
Zone 3 11.6 12.4 14.0 17.1 20.4 88.2
Zone 4 8.0 8.9 8.0 —53 —4.0 55.6
Zone 5 11.8 12.7 14.4 17.6 234 439
Athens region 2.8 2.8 2.8 0.6 2.2 58.1
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Table 3 Impact of rainfall on freight vehicle speed (km/h) and distance (vehicle—kilometers) traveled

t — T — T — |
01234567 891011121314151617181920212223

Average dail

y freight

vehicle speed (km/h)

Duration of
event’s impact

Average daily
difference (%)

Average difference
during the event (%)

Maximum difference
during the event (%)

08/02/2013  15/02/2013  22/02/2013
Zone 1 20 20 18 —-10 5:00-8:00 —10.7 —34.8
Zone 2 33 33 27 —18 5:00-12:00 —14.1 —47.5
Zone 3 32 32 28 —13 5:00-12:00 —15.6 —493
Zone 4 20 20 18 —10 5:00-11:00 —55 —37.7
Zone 5 52 52 33 —37 5:00-19:00 —23.1 —67.8
Athens Region 32 32 28 —-13 - —8.3 —31.6

Average distance traveled by freight vehicles (vehicle-kilometers)

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Athens region
08/02/2013 194 619 981 369 280 27.101
15/02/2013 160 627 1.025 366 315 27.143
22/02/2013 144 491 747 307 181 20.530
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Fig. 7 Diverse freight vehicle detours due to flooding

of the differences are observed in certain zones. For
instance, observed occupancies in Zone 2 and 3 behave
oppositely to each other given the differences in vehicle
flow and speed. This is due to the event’s impact duration,
in the sense of accumulated rainfall in the network, which
continued to hinder transport operations in certain zones
even after the rainfall was over. Overall, the average values
of vehicle flow and speed reduction are consistent with
those reported in the literature.

The MFD analysis in Fig. 5 shows a plot of vehicle flow
and occupancy. Each point of the diagram represents
average data taken over a 15-min period during the 3 days.
For the vehicle flow versus occupancy diagrams, it is noted
that the data points fit into a curve, the top of which rep-
resents maximum flow in the area, given normal weather
conditions (08/02/2013 and 15/02/2013). To the left of the
maximum vehicle flow area are points observed under
uncongested vehicle flow and points to the right (greater
than approximately 15-20 % occupancy) represent con-
gested flow, which as observed occurs on the day of the
flooding event (22/02/2013).

ﬁ @ Springer

Plots of the vehicle speed versus vehicle flow using data
taken from the same detectors clearly indicate two weather
conditions; as weather grows more severe during the
flooding, speeds are reduced, headways increase and flow
is reduced.

Impacts on freight transport

The analysis presented next is based on an FCD for
assessing the impacts of the flooding event on the circu-
lation of freight vehicles and the evaluation of the opera-
tional disruptions that occurred on February the 22nd,
2013. In order to identify the impacts on an hourly basis, a
speed analysis was conducted for all zones. Figure 6
depicts the results of the analysis.

The impact of the flooding event was considerably dif-
ferent on each study zone, ranging from lower impacts in
Zone 1 to higher impacts in Zone 5, where the average
speed dropped by up to 25 km/h (67.8 % difference) dur-
ing the course of the event. The duration of the impact was
also different on each zone, ranging from 3 to 12 h.
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Combining the duration and the severity of the impact, it
can be concluded that Zone 1 was the least affected and
Zone 5 the most affected one, while Zones 2, 3 and 4
present different combinations, with lower impact and
larger duration or higher impact but shorter duration. A
quantification of the speed drop (both for all days and
during the event) is presented in Table 3, which summa-
rizes the impact of the flooding on freight vehicle speed
and the distance traveled by freight vehicles within the
zones of analysis.

As observed, there is a significant average daily speed
drop in the overall Athens region (up to 14 % on average),
which is higher when focusing on the study zones during the
event (up to >70 %). It is noted that the impact was higher in
zones where the average daily speed was over 20 km/h.
Fluctuations observed in vehicle speed between 08/02 and
15/02 in certain zones during particular time intervals are
attributed to differing traffic conditions that might have
occurred during these days.

At individual freight vehicle level, the analysis shows
that certain regular routes of Friday the 22nd, 2013, were
different compared to the preceding Fridays (08/02/13 and
15/02/13). Figure 7 depicts diverse detours of randomly
selected freight vehicle routes due to the flooding event.
The first two trucks significantly changed their routes, in
order to avoid the most affected zones during the course of
the event, while the regular route was re-established during
the evening. The third truck avoided the affected zones.

Although the detours are obvious, leading to a higher
distance travelled by the freight vehicles (in order to avoid
closed roads or heavy congestion due to the rainfall) in all
depicted cases, the overall distance traveled by the vehicle
fleet is reduced, leading to the conclusion that a significant
amount of planned trips were canceled or postponed due to
the high-intensity storms.

Conclusion

This paper analyzes the impacts of a high-intensity storm
on the transportation network of Athens, Greece. In order
to determine the nature and the extent of the impact, this
work examined different transport indicators using data
from field detectors and FCD from freight vehicle fleets.
The analyses revealed that the prevailing weather condi-
tions, the intensity of rainfall and the resultant flooding on
February the 22nd had a significant impact on the perfor-
mance of the Athens transportation network. Detailed
results showed increased travel times for all vehicles, sig-
nificant changes in routing of freight vehicles and sub-
stantial speed drops, highlighting the disruptive effects of
the flooding event on traffic.

Macroscopic fundamental diagrams based on observed
data during or after adverse weather conditions or extreme
events were used for quantifying the impact on traffic
circulation. As data of that form are often available in real
time, traffic management strategies and traffic flow control
methodologies can be deployed in the sense of controlling
traffic in the perimeter of the event, so as to minimize
disruptions in the overall network performance.

Given that climate projections predict an increase in
future climate variability, frequency and intensity of EWE,
the present analysis provides a thorough qualitative and
quantitative understanding of the potential future effects of
climate change on urban transportation. An understanding
that is particularly important, given that the projected
growth of urban population has the potential to make such
extreme hydrometeorologic phenomena in urban areas
account for an increasing part of the total climate change
impact.
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