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EXECUTIVE SUMMARY

Floods are a natural hazard directly associated with loss of life and severe
socioeconomic and environmental impacts. At the same time, they constitute one
of the most frequently occurring hazards that affect both urban and rural areas
with similar severity, yet with variable consequences, depending on the human
activities undertaken and the ecosystem services provided in the affected areas.
Due to the inestimable damages which are frequently caused by floods, reliable
flood risk assessment and efficient flood risk management emerge as issues of
priority not only on a local but also on a national scale. To this end numerous
methodologies and practices have been developed in order to deal with this
hazard. Yet, the extent of flood impacts and the continuous theats posed on
human lives and properties reveal the inadequacy of applied concepts and
practices for effective flood risk assessment and management.

Forest fires are another devastating natural hazard that is also especially high in
national priority agendas due to their tremendous socioeconomic and
environmental impacts. Besides posing a direct threat on human lives and being
related with damage on public and private properties, forest fires also affect,
sometimes irrevocably, ecosystem services. In the last decades forest fire activity
has been particularly increased, especially in the Mediterranean areas (Esteves
et al., 2012; Pausas et al., 2008).

Periurban areas are particularly prone to both floods and forest fires. These areas
are hybrid landscapes characterized by a mosaic of different and, to a certain
extent, conflicting land uses. In these areas, forested land is often succeeded by
cultivated regions and pasture land, with industrial and urban zones prevailing
usually at the downstream regions. In the complex environment formed by this
interface between different land uses, complicated problems may arise in case of
occurrence of a flood event. In addition, zones close to the Wildland-Urban
Interface (WUI), i.e. the transition zones between areas with intense urban
development and unoccupied land, are exposed to greater risks from forest fires,
and consequently impacts on humans, society, the economy and the environment
are magnified due to nearby human activity.

The threats of floods and forest fires on humans and the environment have long
been identified in the European Union, and several environmental policies and
legislative measures had been proposed. However, an integrated approach to
manage the combined effects of these hazards is still missing. Further to the dire
consequences of floods and forest fires, when examined as individual natural
hazards, particular attention needs to be paid on the combined impact of these
hazards as a result of their interaction, which is usually intensified.

The impact of floods on forest fires is ambiguous and often underestimated; yet it
is not negligible. In general, the occurrence of flood events during the wet periods
is associated with reduced fire activity during the dry seasons, since the soil is
saturated, the vegetation has absorbed significant amounts of water and thus
forest fuels are less flammable. In apparent self-contradiction, severe floods can
be followed by fires either on a short-term basis (due to increased lightning activity
preceding a flood event or damages in the electric installations or even in gas
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pipes during floods) or in the long run (due to increased production of biomass
fuel in forests).

This research focuses on the inverse way of the floods-fires interaction, i.e. the
impact of forest fires on the hydrological behaviour of a river basin and thus on
upcoming floods, and verifies that efficient flood risk assessment and
management necessitate the consideration of this impact. More specifically, fires
provoke both direct and indirect impacts on the hydrological response of affected
catchments. In general, the alteration, and in many cases destruction, of forested
land due to a forest fire is associated strongly with decreased infiltration,
increased discharges and peak flows and decreased time to peak flows, rendering
the downstream parts of the affected area particularly prone to flooding.

The combined impact of floods and forest fires is magnified in the complex
environment of periurban areas, thus rendering flood modelling in these areas
even more challenging. In addition, the periurban environment is a “dynamic”,
constantly changing environment, the hydrological behaviour of which reflects the
constant impacts of man-made interventions and natural changes. Aiming to
interpret the behaviour of this complicated environment, decipher its underlying
mechanisms and eventually realistically simulate its response, a holistic and
flexible approach to flood risk assessment needs to be adopted.

The primary aim of this dissertation is the development of a methodological
framework to theoretically estimate the dynamic evolution of hydrological
parameters that affect flood risk as a function of time, following the occurrence of
forest fires. The research focuses on flood risk assessment under post-fire
conditions for Mediterranean periurban catchments. To this end, a methodological
framework to theoretically estimate the dynamic evolution of hydrological
parameters that affect flood risk as a function of time, following the occurrence of
forest fires has been developed.

Following a detailed literature review on natural hazards and disaster
management, the research focuses on floods and forest fires in periurban
environments. Initially, their generation mechanisms, particular characteristics,
impacts and risk management issues are analyzed. Then, research goes beyond
the significance of floods and forest fires as natural hazards that act independently
and examines their interaction and its importance in representative flood
analyses. In particular, the impact of forest fires on the hydrological behavior of a
catchment and its assessment has been analyzed in detail.

At this stage of the research the term “hydrological recovery” (Papathanasiou et
al., 2015a) was introduced to describe the (post-fire) stage when the hydrological
response of a burnt catchment has recovered, for all practical (hydrological
response) purposes, to its pre-fire state. It is suggested that hydrological recovery
may occur earlier than (a more complete) “environmental recovery’, which is
achieved when the catchment’s natural reforestation and ecosystem rebalance
occur — a process that often takes several years (if at all) after a major fire event.

An innovative, coherent and robust methodology has been developed for the
quantification of the impact of forest fires under variable initial soil moisture
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conditions on the hydrological response of a typical Mediterranean periurban
catchment and its incorporation in hydrological modelling. The methodology has
been developed for deterministic, physically-based, lumped or (semi-) distributed,
event-based or continuous hydrological models.

First, the impact of forest fires on a catchment has been examined from a
spatiotemporal perspective. This impact depends strongly on fire extent and Fire
Severity (FS), which serve as measures to quantify the effects of fire on soil and
overstory (Keeley, 2009; De Santis and Chuvieco, 2007).

Regarding the spatial impact of fires, FS mapping techniques which make use of
satellite remote sensing supported by in-situ fieldwork and complemented with
statistical and simulation modelling are considered as the most popular and
effective (Gitas et al., 2012; Lhermitte et al., 2011; Veraverbeke et al., 2010;
Viedma et al., 1997). A technique for FS mapping, which involves properly
processed satellite images and an analysis in GIS, was standardized and applied
in this research. As such, a burnt area can be discretized into patches of land
affected by different FS. Five FS classes were used, namely very high FS (i), high
FS (i), moderate FS (iii), low FS (iv) and no severity (referring to unburnt land).

Regarding the impact of fires on a catchment from a temporal perspective, time
periods of variable duration and different hydrological impact, directly associated
with the status of vegetation regrowth, were identified within each severity class.
Following an extended literature review on the conditions of typical Mediterranean
vegetation, in terms of annual changes in foliage, post-fire regrowth efc., the
duration of each time period has been defined, while the characteristic,
transitional periods that can be identified in post-fire vegetation regrowth and are
related with hydrological recovery were also taken into consideration.

Regarding the post-fire recovery rate of a typical Mediterranean catchment,
increased recovery is often observed during the first post-fire years, and is usually
followed by a decreased recovery rate (e.g. Thanos and Marcou, 1991; Trabaud
et al., 1985; Eccher et al., 1987 Marzano et al., 2012). The first post-fire spring is
also critical when examining vegetation recovery (Keeley, 2009). Hence, a sharply
descending hydrological impact with time was assumed for each FS class. In the
proposed methodology, which is developed for areas covered by successively
burnt Mediterranean forests, it is considered that hydrological recovery takes
place 4 years after the fire, with the first 2 years being more critical (Brown, 1972;
Moody and Martin, 2001a; Springer and Hawkins, 2005; Inbar et al., 1998; Rulli
and Ross0,2007; Robichaud, 2000).

In an attempt to associate FS with the temporal evolution of hydrological recovery,
it is assumed that in order to reach hydrological recovery, areas affected by low
or moderate severity need approx. 2 years, areas affected by high FS need
approx. 3 years and areas affected by very high FS need approx. 4 years. Thus,
the time windows of 7 months (1st post-fire spring), 12 months (1st year), 19
months (2" post-fire spring), 24 months (2" year), 36 months (3™ year) and 48
months (4t year) after a fire event have been used in this research, as transitional
periods in hydrological recovery. These considerations are often case-specific
and may need to be readjusted for different areas.

X1l



Then, initial conditions are examined in terms of soil moisture (SM). In this
research, initial SM conditions depend on the total rainfall depth of the five (5)
days preceding a flood event and are estimated according to the SCS Curve
Number method (USDA-SCS, 1985; USDA-NRCS, 2004b).

In order to quantify the impact of initial conditions, in terms of forest fire and SM,
on the hydrological response of a catchment and examine its evolution in time,
appropriate simulation methods need to be applied and representative
hydrological parameters need to be examined. Five typical hydrological
parameters that depend strongly on catchment characteristics, i.e. Curve Number
(CN), Initial Abstraction (lIA), Standard Lag (TP), Peaking Coefficient (CP) and
Muskingum K coefficient, were selected in this research and the change in their
values for different initial conditions has been quantified. The time interval
between the occurrence of a fire event and the analyzed flood events was also
taken into consideration.

Initially, the values of each one of these parameters for pre-fire and normal
conditions are estimated. Based on these values, the corresponding values for
pre-fire and variable SM conditions (either wet or dry) are estimated through a
pre-fire calibration process. This procedure results in the extraction of a set of
rules that directly associate pre-fire values for normal conditions with pre-fire
values for wet and dry conditions.

The values of the examined hydrological parameters are expected to be
significantly affected for post-fire conditions, especially for areas that have been
affected severely by fire. A sharply descending impact of fire with time has been
considered in the suggested changes in the values of the examined hydrological
parameters. Given that post-fire vegetation regrowth determines the post-fire
values of the examined hydrological parameters, this logical assumption is
verified. Therefore, the logarithmic profile of the characteristic time-windows in
post-fire vegetation development can be directly associated with a dynamic post-
fire evolution of hydrological parameters in time with regards to their pre-fire
values, with changes following a logarithmic profile (Papathanasiou et al., 2015a).

A set of equations was developed to express the post-fire evolution in time of each
examined hydrological parameter for normal SM conditions. In these equations
post-fire values depend on the corresponding pre-fire values, the time (in months)
after the fire event and the parameters a and b, which in turn depend on FS and
boundary conditions for the post-fire values of each parameter for each FS class.
These boundary conditions are classified into upper boundary conditions, which
refer to the first post-fire period and lower boundary conditions, which refer to the
period just prior to hydrological recovery. Given that the research performed so
far on the estimation of the post-fire change of hydrological parameters for
different FS is limited, a co-evaluation of threshold values identified in literature,
calibration results and, when relevant, particular conditions and restrictions,
needs to take place for each case study.

After the estimation of the post-fire values of the examined parameters for normal
SM conditions, the corresponding values for wet and dry SM conditions can be
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estimated applying the rules mentioned above, which associate normal pre-fire
SM conditions with wet and dry pre-fire SM conditions.

Based on the percentage of the affected area within each FS class (as estimated
from the GIS analysis performed for FS mapping) and the suggested parameter
values for each severity class (as estimated from the developed equations), a
composite, weighted parameter value for each subbasin of the examined
catchment is estimated and this value is imported in the hydrological model for
the necessary simulations.

In this research, the particularities of typical Mediterranean periurban areas were
considered, while particular attention was paid on the transferability of the
methodology to other areas with similar, yet not identical, hydrometeorological
and geomorphological characteristics. Special conditions under which deviations
from the proposed methodology can be observed, such as the first post-fire
floods, were also thoroughly investigated.

The methodology was incorporated in a semi-automated way in a properly
selected deterministic, physically-based, semi-distributed, event-based
hydrological model. Following extended literature review and testing of different
models, the incorporation of the methodology in the HEC-HMS (Hydrologic
Engineering Center — Hydrologic Modeling System) hydrological model of USACE
has been concluded. HEC-HMS was effectively calibrated and run for historic
flood events recorded at a selected study area.

A typical Mediterranean periurban area in Greece, Rafina catchment, has been
used as a study area for the testing of the methodology. This area extends over
approx. 123 km2 and is located in Eastern Attica region. Due to its particular
geomorphological and hydrogeological properties, as well as its increased
urbanization rate, especially during the last 30 years, Rafina catchment is
particularly prone to flooding. At the same time, its flammable vegetation renders
the area also vulnerable to forest fires. For all these factors, post-fire hydrological
modelling becomes an issue of high priority for the selected study area.

Regarding the results retrieved from the application of the methodology, for all
examined flood events the simulated peak flows, runoff volumes and times to
peak match well to the corresponding values derived from observed datasets,
when available. As expected, simulation results when the methodology is not
applied and especially for adverse conditions (wet SM conditions and flood events
after a recent forest fire) are poor when compared against the corresponding
results when the methodology is applied.

A detailed sensitivity analysis which involved two independent analyses was
performed. Initially, a sensitivity analysis was performed in order to quantify the
impact of each one of the five examined hydrological parameters on simulated
runoff volumes. Then, the efficiency of the proposed methodology was tested
through an innovative sensitivity analysis.

More specifically, the model ran for three sets of 1.000 random values for the five
examined hydrological parameter and all six subbasins of the study area and its
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performance was assessed using the Nash-Sutcliff indicator. The sampling
approach selected, which ensures the representativeness of the ensemble of
random values in terms of real variability is Latin Hypercube Sampling (LHS)
(McKay et al., 1979; Iman and Conover, 1980; McKay M.D., 1992; van Griensven
et al., 2006). For this purpose an original programming code was developed in
Matlab7.11.0 (version R2010b) and ran and additional analysis of the produced
matrixes with sampling values was performed. The set with the random values
that yielded the best results was compared against the exact values suggested
by the methodology and the proximity of the optimum values with the suggested
ones was checked.

The hydrological model was also set up and run for floods with return periods that
correspond to high, medium and low probability of occurrence and more
specifically for T=5, 200 and 1000 years, respectively. The outputs of this
hydrological analysis were imported in the HEC-RAS (Hydrologic Engineering
Center — River Analysis System) hydraulic model of USACE and eventually
representative flood hazard and flood risk maps were produced for the examined
return periods for the study area.

Given that the incorporation of the proposed methodology in a hydrological model
yields accurate and representative simulations, its incorporation in a flood model
chain results in the production of accurate flood hazard and flood risk maps.
Hence, ti can be safely concluded that the developed methodology can be used
effectively in flood risk assessment and support near-real time flood forecasting
platforms and operational civil protection systems, as well as flood risk
management on a planning basis at a later stage.

The analysis highlights the importance of considering initial SM conditions, even
in the application of an event-based hydrological model and verifies that the
consideration of constantly normal SM conditions for reasons of simplification or
constantly wet SM conditions during the rainy season for adverse conditions
undermines the robustness and the accuracy of hydrological simulations.

This research concludes that the calibration of CN, IA, TP, CP and K, which are
typical parameters, included in the vast majority of modelling structures, yields
optimum simulation results, contrary to current calibration practice which usually
involves the calibration of only CN and IA. TP, CP and K are definitely less
sensitive calibration parameters than CN and IA since they have a less intense
impact on runoff volume; however, they still need to be properly calibrated for
more representative hydrological simulations (Papathanasiou et al., 2015a).

The comprehensive methodology developed for this dissertation, allows for the
dynamic estimation of this footprint in time, without restricting its application to
particular case studies and considering also the fact that some time after fire
occurrence, hydrological recovery occurs. It is concluded that the post-fire impact
is very intense during the first post-fire period, while it is sharply decreasing with
time, until hydrological recovery occurs and the post-fire hydrological footprint
vanishes (Papathanasiou et al., 2015a). This impact is not the same on all
examined hydrological parameters. CN and |A are more sensitive parameters to
fire impact than TP and CP and to a lesser extent K and are thus associated with
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more severe post-fire changes and longer lasting post-fire impact. Also, during
the first post-fire years the post-fire impact is more intense on the examined
parameters than the impact of initial SM.

The generalized methodological framework developed for this research for the
estimation of the dynamical changes in time of five representative hydrological
parameters under variable initial conditions, in terms of forest fire occurrence and
SM conditions, serves the overall purpose of this research, i.e. the accurate flood
risk assessment in typical Mediterranean periurban areas under post-fire
conditions. The robustness of the developed methodology and its suitability for
further applications is enhanced by the use of state-of-art tools, modern
technologies and comprehensive analyses, the exploitation of well documented
relevant knowledge and experience, as well as its easy adjustability and thus
applicability to other areas (Papathanasiou et al., 2015a).

The innovative aspects of the methodology are as follows:

First, as mentioned above, a clear distinction has been made between
environmental and hydrological recovery. The term “post-fire forest recovery”, or
else called “relaxation time” (Moody and Martin, 2001) is frequent in literature.
Both terms refer to the so-called in this research “environmental recovery”, which
concerns the canopy cover replacement and the recovery of the ecosystem
services and may take a lot of years to occur, if at all. Nevertheless, a key factor
in hydrological studies, which is of particular interest and needs to be considered,
on the contrary to the current practice, is the recovery of the hydrological
behaviour of a burnt catchment to its pre-fire status. This is the so-called in this
research “hydrological recovery’, which is other than full vegetation recovery and
may occur several years after a forest fire. This distinction is necessary for
research on the post-fire hydrological response of a catchment, in order to avoid
misinterpretations and misunderstandings.

In addition, this research quantifies the impact of forest fires on the hydrological
behavior of typical periurban catchments and eventually supports the
incorporation of fire severity in hydrological modelling. Despite relevant, individual
attempts to estimate the impact of forest fires on the values of some of the
examined in this research parameters made in the past (Higginson and Jarnecke,
2007; Foltz et al., 2009), no other integrated and widely accepted approach was
identified in literature.

The temporal evolution of fire impact in typical Mediterranean areas is also
examined and quantified. The common practice is the examination of the fire
impact only for recently burnt areas, focusing on the limited period between fire
occurrence and the next growing season (e.g. Cerrelli, 2005; Higginson and
Jarnecke, 2007) or the first couple of post-fire years (Cannon et al., 2008; Rulli
and Rosso, 2007; Inbar et al., 1998; Scott and Van Wyk, 1990). The proposed
approach is innovative since it considers in an original way the fact that fire impact
changes dynamically in time and estimates not only an initial fire impact on
hydrology, but also its temporal evolution and of course the period when this
impact can safely be considered negligible, i.e. the time when hydrological
recovery OCccurs.
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Further to that, another scientific gap identified in literature and effectively
addressed with this research is the consideration of SM conditions in fire impact
studies. Usually, the impacts of SM and a forest fire are examined individually.
However, the concurrent conditions of a recent forest fire and wet SM conditions
have an adverse impact on a catchment’s response, as they are associated with
increased runoff volumes and peak flows and decreased times to peak. To this
end, both initial conditions and their interaction need to be co-evaluated in order
to avoid underestimated catchment’s responses and achieve more accurate
results in flood simulations.

Besides, the methodology has been developed for typical Mediterranean
periurban areas and is expressed in a generic way, so as to be easily adapted to
areas with similar hydrometeorological and geomorphological characteristics. The
particular characteristics of those areas were examined in detail and the
developed methodology is expressed via generalized equations adjusted to
different case studies following specific guidelines. For applications to areas other
than the study area, the temporal dimension of fire impact needs to be
reexamined, taking into consideration local features such as indigenous
vegetation, canopy and local climatic characteristics, vegetation development,
fire-tolerance, regrowth etc. Particular cases when deviations from the proposed
methodology may be observed and readjustment of the generic approach would
be necessary are also discussed.

Additionally, state-of-the-art tools and methods were applied for the testing of the
efficiency of the methodology. Innovative aspects include an original code written
in Matlab programming language for the generation of matrixes with random
values for the selected hydrological parameters, the consideration in this code of
Latin Hypercube Sampling (LHS), an efficient sampling method appropriate for
this research, as well as an original procedure typified for the statistical analysis
of the results of this research.

The proposed methodology can also be easily automated and integrated in Early
Warning Systems for floods and other operational systems for civil protection.
Besides the fact that such systems are very sensitive in the accuracy of their
inputs, no integrated approach for the incorporation of the combined fire and SM
impact on the hydrological response of a catchment supported by a Flood Early
Warning System is identified in literature. The import of more accurate
information, in terms of the examined initial conditions, in these systems is
another innovation that can be supported by this research.

For further research, the methodology could be tested to other case studies, with
similar characteristics, in terms of land use/land cover properties, urbanization
rate, hydrometeorological, geomorphological features etc. Further research could
also focus on the expansion of the applicability of this methodology to other
Mediterranean areas, which are of course typical periurban ones, yet they do not
share the specific particularities during the first post-fire period. In either case
different parts of the proposed methodology may need major readjustment, as
suggested in Chapter 5.
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The incorporation of the proposed methodology in deterministic, physically-based
models, set up in lumped and event-based or continuous mode or semi-
distributed and continuous mode, i.e. in hydrological models other than HEC-HMS
or even in HEC-HMS set up in a mode other than semi-distributed and event-
based, would also be interesting.

Another recommendation for further research concerns the use of remotely
sensed SM datasets instead of estimated SM using the total rainfall during the 5
previous days, which is used in this research. Research could also be made on
the examination of different inter-event time periods and the estimation of the
impact of those periods on SM for the period preceding a flood event and more
specifically the 5 days preceding a flood event, as specified in Chapter 9.

Further research could also be made on the standardization of the rules for the
implementation of the procedure for the estimation of fire impact in terms of its
spatial extend and severity, as applied in this research, so as to be easily
automated and potentially constitute a stand-alone software.

In the absence of detailed information for certain pre- and/or post-fire forest
conditions, further research could focus on safe assumptions that could be made,
as well as combined use of different sources of this information (in-situ
estimations, satellite imagery, existing studies efc.), so as to extract as accurate
as possible conclusions on fire effect and proceed to the application of the
methodology avoiding significant errors.

The recognition of post-fire vegetation, so as to estimate as accurately as possible
the potential of the affected vegetation for hydrological recovery and of course
environmental recovery, constitutes another field for further research. The
accurate estimation of post-fire vegetation and potential adaptation mechanisms
of affected species can also support more accurate estimation of the period when
hydrological recovery is expected.

Finally, a recommendation for further research concerns the automation of the
incorporation of the proposed methodology in a rainfall-runoff model for
hydrological simulations or even in a hydrological — hydraulic model chain for the
production of flood hazard maps, as is for example the FLIRE platform (Kochilakis
et al., 2016a; Kochilakis et al., 2016b; Kotroni et al., 2015; Papathanasiou et al.,
2015b; Poursanidis et al, 2015a).
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EKTENHEZ NEPIAHWH

O1 TTANUPUPEG TTPOKAAOUV PUOIKEG KATAOTPOYPEG TTOU EVOEXETAI VO 0ONYROOUV O€
ATTWAEIEG AVOPWTTIVWYV (WWV, EVW £XOUV KOI ONPAVTIKEG KOIVWVIKOOIKOVOMIKES KAl
TTEPIBAAMNOVTIKEG ETITITWOEIG. TauTdXpova, €TTNPEACOUV TOOO TIG ACTIKEG OCO KOl
TIC QYPOTIKEG TTEPIOXEG ME TTapopola o@odpdTNTa, OAAG HE  OIOQPOPETIKES
OUVETTEIEG, TTOU €§apTWVTAl atmd TIC avBpwTToyeveic dpacTnpIdTNTEG Kal TIG
AEITOUPYIEC TWV OIKOOUCTNMATWY OTIG TTAnyeioeg Treploxéc. Eaimiag Twv
avuTtoASYIOTWY CNUIWY TTOU  TTPOKOAOUVTAI OuXvd atmd TIG TTANMUUPES, N
agIOTTIOTN EKTIUNON KAl N OTTOTEAECUATIKA dlaxeipion Tou TTANUPUPIKOU KIvOUvVou
atroTeAOUV BépaTta TTPOoTEPAIOTNTAC OXI MOVO O€ TOTTIKA, aAA& Kal Ot €OVIKN
KAijaka. Na 1o Adyo autd, €xouv avaTrtuxBei TToAudpIBueg peBodoAoyieg kal
TIPAKTIKEG TTPOKEIMEVOU VA QVTIMETWTTIOTOUV ol Kivouvol. MNapdAa auTtd, n éKTaon
TWV TTANUMUPIKWYV ETTITITWOEWY KOl Ol CUVEXEIC ATTEINEC OTIC avBPWTTIVES (WES Kal
TTEPIOUTIEG ATTOKAAUTITOUV ThV QVETTAPKEIN TWV £QAPHUOCONEVWY TTPOKTIKWY YId
ATTOTEAECUATIKA EKTIMNON Kal dlaxEipIon TOU TTANUPUPIKOU KIVOUVOU.

Mia akOua oAEBpIa QUOIKR KATAOTPO®H TToU BpioKeTal YnAG OTNV ATCEVTA TWV
EOVIKWV TTPOTEPAIOTATWYV EEAITIAG TWV 1OIAITEPA DUCUEVWV KOIVWVIKOOIKOVOUIKWV
Kal TTEPIBAAANOVTIKWV ETTITITWOEWY HE TIG OTIOIEG OUVOEETAI, €ival OI OOOIKEG
Tupkayiég. Mépav Tou OTI atroTeAoUv Aueon aTtrelAn yia avBpwtTiveg (wES Kal
oxeTiCovTal e CnUIEG O€ BNUOCIEG EKTAOEIG KAl IDIWTIKEG TTEPIOUTIEG, O DATIKES
TTUPKAYIEG €TTNPEACOUV ETTITTAEOV, EVIOTE PN AVOCTPEWINA, TIG AEITOUPYIEG TWV
OIKOOUOTNUATWY OTIG TTEPIOXEG TTOU €kONAWVOVTAL TIG TEAEUTAIEG OEKAETIEG N
dpaoTNPIOTATA TWV dACIKWY TTUPKAYIWYV Eival 181AITEPA augnuUEévn, KUpiwg OTIG
Meooyelokég Treploxég (Esteves et al., 2012; Pausas et al., 2008).

O1 TTEPIOOTIKEG TTEPIOYEG €ival 10I1AITEPA ETTIPPETTEIC TOOO OTIC TTANUPUPES OCO Kal
oTic 0aolkéG TTupkayiéG. O1 TTePIOXEC auTEG aTToTeAoUV UBPISIKA TOTTiO TTOU
XapakTtnpidovral a1md £€va PwOoaike OIaQOpPETIKWY Kal, gt KATTol0 [Babuod,
AVTIKPOUOUEVWYV XPAOEWV YNG. ZTIG TTEPIOXEC QUTEG, TIGC DACIKEG EKTACEIC OUXVA
OladéxovTal KAAAIEPYAOIPES KAl QYPOTIKEC EKTACEIC, WE BIONNXAVIKEG KOl AOTIKEG
{Wvec va ETmMKPATOUV OUVABWG OTIC KATAVTN TIEPIOXEC. 2TO  TTOAUTTAOKO
mePIBAANOV TTOU Biapop@uVETAl OTN OIETTIPAVEIA PHETAEU OIOPOPETIKWY XPrOEWV
YyNG, MTTOPEI va TTpoKUWOoUV oUvBETa TTPORAANOTA OE TTEPITITWON EKOAAWONG EVOG
TIANUMUPIKOU yeyovoTog. EmmimmAéov, o1 TTeEpIoxEC TTou PBpiokovtal KOvTd OTIG
METORATIKEG CWVEG METALU OKATOIKNTWY KOl EVIOVA QVETTTUYMEVWY QOTIKWV
EKTAOEWV EKTIBEVTAI O€ HEYOAUTEPOUG KIVOUVOUG aTTO BACIKEG TTUPKAYIEG KAl KATA
OUVETTEIQ OI ETTITITWOEIG OTOUG avBpWTTOUG, TNV KOIVWVIa, TNV OIKOVOUIa Kal TO
TePIBAANOV peyeBUVovVTal €CaITiog TNG AvBpWTTIVNG dpacTNPIOTNTAG OE KOVTIVA
ammdéoTaon.

O1 amelAég TwV TTANPUUPWY Kal TwV dACIKWY TTUPKAYIWV OTOUG avOpwIToug Kal
TO TTEPIBAANAOV £XOUV avayvwpIoTEl EKTOG atTO €BVIKO Kal 0€ EUPWTTAIKO ETTITTEQO
Kal €xouv TTPoTaBEi dIAQOoPESG TTEPIBAAAOVTIKEG TTONITIKEG KOl VOPOBETIKA PETPA.
QoT1600, okdpa dev €xel UIOBETNBEI pia OAoKANpwuEvn TTPOCEYYION YA TN
dlaxeipion Twv CUVOUAOHUEVWYV ETTITTTWOEWY AUTWYV TWV KATAoTpopwv. MNMépav Twv
OEIVWV  ETTITITWOEWY TWV TIANUPUPWY KAl Twv OACIKWY TTUPKAYIWY  OTaV
eCetadovTal pePovwUEVaQ, 181aiTEPN TTPOCOXN XPEIGleTal va d0Bei 0Tn GUVOUAOTIKN
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EMIOPAON TWV KATAOTPOPWY AUTWY WG ATTOTEAECHA TNG AAANAETTIOPAOCT|G TOUG, N
oTToia gival ouvhBwg TTIo €vTovn,.

O1 emMTTWOEIG TWV TTANUUUPWY OTIC DACIKES TTUPKAYIES EiVal AUPIoNUES KOl TUXVA
UTTOEKTIMWVTAI, WOTOOO BV gival apeAnTées. Ev yevel, N ekOAAWON TTANUPUPIKWV
ETTEICO0IWV KATA TIG UYPEG TTEPIOOOUG OXETICETAI PE MEIWUEVN dPACTNPIOTNTA
TTUPKAYIWV KaTd TIC EnpéC TTEPIOdOUG, KaBWCS To £0aQOC eival KOPECUEVO, N
BAGOTNON £XEl ATTOPPOPNOEI ONUAVTIKEG TTOOOTNTEG VEPOU Kal €101 n OACIKN
Kauoiun UAn gival Aiyotepo eUQAEKTN. Z€ TTpo®avr] avTiBeon Pe Ta TTponyoupeva,
ONUAVTIKEG  TTANUUUPEG dTTOPEl va  ouvodelovTal ammd  TTUPKOYIEG  EiTE
BpaxutrpdBbeoua (eCaitiag TNG aunuévng KEPAUVIKAG OpaoTneIOTNTAG TTOU
TTPONYEITAl TOU TTANPUUPIKOU €TTEIC0BIOU 1) BAABWY 0€ NAEKTPIKES EYKATAOTACEIG
) akOPa O aywyoug agpiou 0T dIAPKEIA TwV TTANUUUPWYV) EiTE JaKpoTTPOBECUa
(egaitiag augnuévng TTapaywyng pioudlag ota daon).

H mmapouoa £psuva eoTIdlel 0TO AAAO OKEAOG TNG AAANAETTIOPACNG TTANUMUPWY —
QOOIKWYV TTUpKaylwyv, dnAadl oTtnv emidpacn Twv OACIKWY TTUPKAYIWV CTNV
UOPOAOYIKA CUUTTEPIPOPE AEKAVWIV OTTOPPONG KAl KAT ETTEKTACT O€ ETTEPYXOMEVES
TIANUMUPEG Kal ETTAANBEUEI OTI YIO TNV ATTOTEAECUATIKA EKTIMNON KAl KAT €TTEKTACN
dlaxeipion Tou TTANPUUPIKOU KIVOUVOU KaBioTaTtal avaykaia n €¢€taocn autng tng
emidpaong. EIdIKOTEPA, OI TTUPKAYIEG €XOUV TOOO AUECEG OCO Kal EUMPECEG
ETITITWOEIG OTNV UOPOAOYIKH ATTOKPIOT TV AEKAVWYV TTOU €X0OUV TTANYEi. Mevikd, n
aAAayh, Kal o€ TTOAAEG TTEPITITWOEIG KATAOTPOYPH, TwV dACIKWY EKTACTEWV AdYW
TTUPKAYIWV OXETICETAI APPNKTA UE MEIWMPEVN BINBNON, aunuéVES QATTOPPOES Kal
TTAPOXEG QIXMAG Kal PEIWPEVO XPOVO avodou, KaBIOTWVTAC TIG KATAVTN TTEPIOXES
TWV EKTACEWV TTOU €XOUV TTANYEI, IDICITEPA ETTIPPETTEIC OTIC TTANUUUPEG.

H ouvduaoTikh emTidpacn TTANUUUPWY Kal SACIKWY TTUPKAYIWVY PEYEBUVETAI OTO
TTOAUTTAOKO TTEPIBAAANOV TWV TTEPIACTIKWY TTEPIOXWY, KABIOTWVTAG KAT auTd TOV
TPOTTO TIC TIANUMUPIKEG TTPOCOMOIWCEIC OTIC TIEPIOXEG QUTEC AKOUA  TTIO
evola@Eépouaes ato emoTnuovik armown. EmimTAéov, 1o TTEPIAOTIKG TTEPIBAAANOV
givar éva «Ouvapiko», ouvexwg MeTafaAAdpevo TTepIBAAAOV, n UBPOAOYIKN)
CUMTTEPIPOPA TOU OTTOIOU AVTIKOTOTITPICEI TIG CUVEXEIG ETTIOPATEIG AVOPWITOYEVWV
TopeuBdocwy Kal Quoikwy aAaywv. ‘Exoviag wg otdéxo Tnv epunveia g
OUMTTEPIPOPAG aUTOU TOU TTOAUTTAOKOU TTEPIBAAAOVTOG, TNV ATTOKPUTITOYPA®NON
TWV UNXAVICUWY TOU Kal €V TEAEI TN PEANICTIKI) TTPOCOUOIWOCN TNG ATTOKPICHG TOU,
KadioTaTal avaykaio va uioBeTnBei pia oAIOTIKR) Kal EUENIKTN TTPOCEYYION YIA TNV
EKTIUNON KaI KaT €TTEKTACN TN SlaxEipIon Tou TTANUPUPIKOU KIvOUVoU.

MpwTapxikdg oT1dX0G TNG TrapoUcag €peuvag  €ival N avdamTuén evog
OAOKANpwWUEVOU TTAQICIOU YIO QTTOTEAEOUOTIKA €KTiUNOn TOou TTANUUUPIKOU
KivOUVOU 0TO TTOAUTTAOKO, EUMETARANTO Kal euaioBnTo TTEPIaoTIKG TTEPIBGAAOV. H
épeuva €0TIACEl OTNV €KTIUNON TOU TTANUMUPIKOU KIVOUVOU UTTO METATTUPIKEG
OuVvOnRKeS yio MeooyelokEG TTEPIOOTIKEG AekAveSG atmropponc. ‘ETal, avarrTuxdnke
éva ueBodoAoyIKO TTAQICIO yia Tn BewpnTIKN EKTIMNON TNG OUVAMIKAG EEEAIENG TWV
UOPOAOYIKWY TTAPAUETPWY TIOU ETTAPEACOUV TOV TTANMMUPIKOG  KivOUVO WG
ouvapTtnon Tou Xpdévou, PETA TNV ekOAAWON SACIKWY TTUPKAYIWV.

MeTta atrd evdeAexn BIBAIOYPA@IKY ETTIOKOTINGN TWV QUOIKWY KATACTPOPWY Kl
TNG dlaxeipiong KIvOUvwy, n €peuva €0TIACEl OTIC TTANUUUPES Kal TIG DACIKEG
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TTUpKAyIEG o€ TTEPIAOTIKG TTEPIBAANOV. ApXIKA, avaAUovTal Ta YEVECIOUPYA QiTIq,
Ta 10IAITEPA XOAPOAKTNPIOTIKA KAl Ol ETTITITWOEIS TWV OUO0 QAIVOUEVWY, EVW
avadeikvuovTal €TTioNG Ta ¢NTrUaTa dlaxeipiong KIVOUVOU. Tn CUVEXEID, N Epeuva
ETTEKTEIVETAI TTEPAV TNG ONUACIAG TWV TTANHMUUPWY KOl TwV dACIKWY TTUPKAYIWV
WG  QUOIKWV KATAOTPOPWY TIOU OpPOouV HEPOVWHEVA  Kal  €EeTdlel TNV
AAANAETTIOPOOT, TOUG KAl TN ONUAcia TG YIO ATTOTEAECUATIKEG TTANUMUPIKEG
avaAvoelg. EIdIKOTEpA, avaAUeTal AETTTOMEPWG N ETTidpacn Twv OACIKWY
TTUPKAYIWYV OTNV UDPOAOYIKI CUMTTEPIPOPA AeKAVNG ATTOPPONAG KAl N EKTIUNOA TNG.

2e aQuti TN @Aon NG €peuvag €1I0NXOn o 6pog «UdPOAOYIKN ETTAVAPOPA»
(Papathanasiou et al., 2015a) yia va TTeplypawel To (METATTUPIKG) OTABIO OTAV N
udpoAoyiKA atrokpIan AeKAVNG ATTOPPONG TTOU €XEI KAEN, EXEI ETTAVEADEI, aTTd KABE
TIPOKTIKY (UBPOAOYIKAG ATTOKPIONG) ATTOWN, OTAV KATACTACT) TTOU BPICKOTAV TTPIV
TNV TTupkayid. lpoteivetal 0TI n UBPOAOYIKN ETTAVOQOPA WTTOPEi va €TTENDE
vwpitepa ammdé Tnv (mo TIAAPN) «TrepiBaAdovrikn  emavagopd», n  oToia
ETTITUYXAVETAI PE QUOIKI avaddowon Kal €TAvVAKTNON TNG I00PPOTTIAS Twv
OIKOOUOTNNATWY — Hia S10dIKaaia TToU CUXVA XPEIAZETAI APKETA XPOVIA PETA ATTO
Mia onuavTik daoikn TTUpKayId yia va eTTEABEI, av TEAIKA ETTEADEL.

MNa Tnv TTooOTIKOTIOINON TNG €Tidpaong Twv OOCIKWY TTUPKAYIWY  UTTO
METOBOANOPEVEG APXIKEG OUVONKEG €BAQIKNAG Uypaoiag oTnv  USPOAOYIKN
ammokpion TUTTIKAG MEOOYEIOKNG  TTEPIACTIKAG  AEKAVNG ATTOPPONAG Kal Tnv
EVOWMATWONR TNG 0€ UOPOAOYIKO HOVTEAO QvOTITUXONKE Mia OUVEKTIKF Kal
KalvoToua peBodoAoyia. H peBodoloyia avamTuxOnke yia TTPocdIOPIOTIKA,
QUOIKNAG Baong, adiauépioTa 1 (NUi-) KATAVEUNUEVA, UEUOVWHEVWY YEYOVOTWV I
ouvexn UdPoAoyIKG JoVTEAQ.

ApXIKG €EeTAZETAI N XWPOXPOVIKN €Tidpacn Twv OACIKWY TTUPKAYIWV O€E Wia
Aekavn. H emidpaon auth e€aptdral o€ peydAo Babud amd Tnv €KTAon Kal Tn
oeodPATNTA  TNG TTUPKAYIAG, TTOU  XPENOIMOTTOIoUVTAl Ww¢  METPA  YIa TNV
TTOOOTIKOTTOINGN TWV E€MOPACEWY TNG TTUPKAYIAS OTO £€50QPOG KAl TOV AVWPOPO
(Keeley, 2009; De Santis and Chuvieco, 2007).

2g O, agopd TN XWPIKA €TidpAON TWV TTUPKAYIWY, TEXVIKEG ATTEIKOVIONG TNG
oQOdPOTNTAG TNG TTUPKAYIAG TTOU KAVOUV XPHon dopUPOpPIKAG TNAETTIOKOTTNONG,
uttooTnpifovtal atrd €T TOTTOU €pyacieg TTEdIOU KAl CUPTTANPWVOVTAl HE
OTATIOTIKEG HEBODOUG KAl TTPOCONOIWCEIG BEWPOUVTAl WG O1 TTIO dNUOWPIAEIG Kal
amroteAeopatikég (Gitas et al., 2012; Lhermitte et al., 2011; Veraverbeke et al.,
2010; Viedma et al., 1997). Ztmnv Tapouca £peuva TUTTOTTOINONKE Kal
EQAPUOOTNKE Wia TEXVIKA YIa ATTEIKOVIOT TNG 0QOdPOTNTAG TNG TTUPKAYIAG, N OTToix
mepINauBavel KATAANAQ eTTEEEPYAOUEVEG DOPUPOPIKES EIKOVEG Kal avaAuon o€
mePIBGAOV ZuoTnudtwy Mewypa@ikng MAnpogopiag (2IMT). ‘ETol, pia kapévn
€KTAON UTTOPEI va BIAKPITOTTOINDEI O€ ETTINEPOUG TUIUATA TTOU €XOUV ETTNPEACTEI
atrd dIOPOPETIKA 0@OdPATNTA TTUPKAYIAG. ZTNV £€PEUVA XPNOILOTTOINONKAV TTEVTE
KAGOEIC 0@odpOTNTOG TTUPKAYIAG: TTOAU peydAn o@odpdtnta (i), MEYAAN
o@odpotnTa (i), YéTpia o@odpdTtnTa (iii), xaunAn oeodpdtnTa (iv) Kal INOEVIK
o@odpPOTNTA (aPOopPd O€ EKTACEIC TTOU OeV ETTARYNCAV ATTO TNV TTUPKAYIA).

E¢etalovrag atmd oTTIKA Atroywn TIG ETTITITWOEIS TWV TTUPKAYIWY CE Hia Aekavn
aTTOPPONG, 0€ KABE KAGON O@OJPOTNTAG EVTOTTIOTNKAV XPOVIKEG TTEPIOdOI
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METABANTAG BIGPKEIOG Kal BIAPOPETIKAG UOPOAOYIKAG €TTidpacng, O€ AUEDN
OUOXETION JE TNV KATAoTAOT avayévvnong TG PAAOTNONG. AKOAOUBWVTAG EKTEVI)
BIBAIOYPO@IKA ETTIOKOTINON €T TwV OUVONKWY TNG TUTTIKAG Meooyelakig
BAGoTNONG ava@opik& HeE TIC €TAOIEC AAAAYEC OTO QUAAWWMGQ, TN METATTUPIKN
avayévvnan KTA., opioTnke n OIAPKEIQ KABE XPOVIKAG TTEPIOdOU, evw eANPONCav
UTTOWN KaI 01 XAPOKTNPIOTIKEG METARATIKES TTEPIODOI TTOU UTTOPOUV VA EVTOTTIOTOUV
OTn METATTUPIKA avayévvnon Tng BAdoTnong kai oXeTiovial PJE TNV UOPOAOYIKN
ETTAVAQOPG.

Avo@opIKa pe To puBuod emmava@opdc piag Tummikng Meooyelakng AekAvng PETA
aTrod TTUpKayId, cuxva TTapartneeital augavouevn eTava@opd Katé Tn didpKeIa TwV
TPWTWV ETWV META TNV TTUPKAYIA, TNV OTToia ouvhBw BIadEXETAl PEIOUPEVOS
puBuog eTavagopds (Thanos and Marcou, 1991; Trabaud et al., 1985; Eccher et
al., 1987; Marzano et al., 2012). H TTpwtn dvoign YETA TNV TTUpKayId gival €1TioNg
Kpiolun otav egetaletal n emavagopd Tng PBAdotnong (Keeley, 2009). ‘ETol,
otnpifetal n uttéBeon piag ATTOTOPA MEIOUUEVNG ME TO XPOVO UBPOAOYIKAG
emidpaong yia kK&Be KAGon o@OJPOTNTAG TTUPKAYIAG. 2TNV  TTPOTEIVOUEVN
peBodoAoyia, n oTtroia avamTuxBnke yia TTEPIOXEG TTOU  KAAUTITOVTAl OTTO
Meooyelokd ddon Tou €Xouv Kaegi ermavelAnuuéva, yivetal n Bewpnon 6T n
udpoAoyIkh eTavapopd Aaupavel xwpa 4 £Tn YETG TNV TTUPKAYIE, YE TO TTPWTA 2
€n va gival Ta TAéov Kpioipya (Brown, 1972; Moody and Martin, 2001a; Springer
and Hawkins, 2005; Inbar et al., 1998; Rulli and Rosso,2007; Robichaud, 2000).

2¢ pia TTpooTTdBEIn va CUOXETIOTEI N 0@OdPAOTNTA TTUPKAYIAS PE TNV €CENIEN OTO
XPOVO TNG UOPOAOYIKNAG €TTAVAQOPAC, YiveTal n uTtOBeon OTI TTPOKEINEVOU VA
€TTEANDEI N UOPOAOYIKA ETTAVAPOPA, Ol TTEPIOXES TTOU £XOUV ETTNPEACTEI ATTO XAUNAR
N METPIA aQOdPATNTA XPEIACOVTAI KATA TTPOCEYYION 2 €T, Ol TTEPIOXEG TTOU €XOUV
eTNPeaoTei ammd uwnAn oeodpdTnTa XpeldlovTal KaTd TTpooéyyion 3 £€Tn Kail ol
TTEPIOXEG TTOU €XOUV ETTNPEACTEI ATTO TTOAU UWNAR 0@odpdTnTa XpPEeIddovTal KaTd
mpooéyyion 4 €tn. ‘ET0l, OoTnV €pEuva auTr} XPNOIYOTTOIRBNKav Ta XPOVIKA
Tapdbupa Twv 7 pnvwyv (11 dvoign petd tnv TTUpKayid), 12 pnvwyv (1° €1og), 19
MNVWV (27 Gvoign JETA TNV TTUPKAYIA), 24 unvwy (2° €106), 36 pnvwy (3° £€106) Kal
48 punvwy (4° €10G) META TNV TTUPKAYIG WG PETORATIKEG TTEPIOdOI TNV UOPOAOYIKA
ETTAVOQOPA.

2Tn OUVEXEID, €EETACOVTAl OI APXIKEG OUVONKEG WG TTPOG TNV £0AQIKN UypacTia.
21NV TTapouca €PEuva ol ApXIKEG ouvlnKkeg eDAPIKAG uypaoiag ¢apTwvTal atrd
TO OAIKO UWog BpoxOTTwong Twv Trévie (5) nuUEPWV TTOU  TTponyouvTal
TTANUUUPIKOU  ETTEICOBIOU KAl EKTINWVTAI CUPQWvVa HdE T HEBodo ApiBuou
KaptuAng (SCS Curve Number, USDA-SCS, 1985; USDA-NRCS, 2004b).

Mpokelyévou va TTOCOTIKOTTOINGEI N €TTIOPACH TWV APXIKWY OUVONKWY WG TTPOG
TNV TTUPKAYIG KAl TRV £DA@IKI uypacia aTnv UdPOAOYIKN atToKpIon TNG AekdAvng
ATTOPPONG Kail va eEeTaaTel N €EEAIEH TNG OTO XPOVO, XPEIAZETAl VA £QAPPOCTOUV
KATAAANAEG uEBODOI TTPOCOUOIWONG Kal va €CETAOTOUV QVTITIPOOWTTEUTIKEG
udpoAoyIKEG TTapdaueTpol. MNa Tnv €peuva autrh €TMAEXONKAV TTEVTE TUTTIKEG
UOPOAOYIKEC TTAPAUETPOI TTOU  €LapTWwvVTal O MEYOAO Pabud ammd Ta
XOPAKTNPIOTIKA TNG AekaAvng atmoppong: o ApiBudg KautuAng (CN), or ApxIkéEg
AtwAeieg (IA), Tumkn Yotépnon (TP), o ZuvreAeotng Aixung (CP) kai o
2uvteAeot¢ Muskingum K kai TToo0TIKOTTOINONKE N aAAayA TwV TIHWV TOUG yia
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OIAPOPETIKEG APXIKEG OUVONKES. TO XPOVIKO dIA0TNUA YETALU TNG EKONAWONG TNG
TTUPKAYIAG KAl TOU UTTO €¢€Taon TTANUMUPIKOU £TTEICOBIOU ETTIONG EARPON UTTOWN.

APXIKA eKTIUABNKAV OI TINEG KABE Piag €K TWV TTAPAPETPWY AUTWY YIO KAVOVIKEG
OUVOAKEG TTPIV TNV TTUpKayId. BAoEl auTwyv TWV TIHWV EKTIUABNKAV 01 AVTIOTOIXES
TIMEG VIO DIAQOPETIKEG CUVONKES £DAPIKAG Uypaaiag (eiTe uypEG €ite ENPEG) TTpIV
TNV TTUpKayId, PJéow piag dladikaoiag Babuovounong yia GuvBnAKES TIpIV TNV
TTUpKayId. ‘ETo1 TTpoéKUYE £va OUVOAO KAVOVWY TTOU CUOXETICOUV AUECA TIG TIMEG
yIO KQVOVIKEG OUVOAKEG TTPIV TNV TTUPKAYIA HE TIG TIMEC YIO UYPEC Kal EnNPES
OUVORAKEG TTPIV TNV TTUPKAYIA.

O1 TIgEG TV UTTO €€ETATN UOPOAOYIKWYV TTAPAUETPWY avaPEVETal va eTThpedlovTal
ONMAVTIKA VIO JETATTUPIKEG CUVOAKEG, IBIQITEPA YIA TTEPIOXEG TTOU £XOUV TTANYEI O€
peydAo BaBud atrd mrupkayid. MNa 1o Adyo autd, BewprBnke amméToua PEIOUPEVN
ME TO XPOVO N €TTidpacn TNG TTUPKAYIAG OTIG TTPOTEIVOUEVEG AAAAYEG OTIG TIMEG TWV
UTTO €EETOOT UBPOAOYIKWY TTAPAUETPWY. H Aoyikry auTr) uttéBeon eTaAnBeleTal
atrd 10 OTI N avayévvnon TnG BAGoTnong PETA TNV TTUpKAyIG KaBopilel TIG TIMEG
TWV UTTO €&ETaONn UDPOAOYIKWY TTOPAMETPWY META TNV Trupkayid. 'ETol, TO
AOYapPIBUIKO TTPOQIA TWV XOPAKTNPIOTIKWY XPOVIKWY TTapaBupwyv oTnv avarmTugn
NG BAGOTNONG PETA TNV TTUPKAYIA PTTOPEI VO CUCXETIOTEI AUECA PE Mia OUVAUIKA
METATTUPIKE €CENIEN TV UOPOAOYIKWV TTAPAUETPWY OTO XPOVO aAVAQOPIKA PE TIG
TIMEG TOUG TTPIV TNV TTUPKAYIA, PE TIG AAAQYEG TWwV TIMWV va akKoAouBouv éva
AoyapiBuiké Tpo@il (Papathanasiou et al., 2015a).

270 TTAQiCI0 auTo, avaTtrTuxBnkav ol €EI0WOEIG TTOU TTAPOUCIAOVTal OTN CUVEXEIQ
yld TOV UTTOAOYIOWO TNG METATTUPIKAG €EEAIENC OTO XPOvo Twv €EETACOPEVWV
UOPOAOYIKWYV TTOPANETPWY VIO KAVOVIKEG OUVONKES EBAPIKAG UYypaaTiag.

CNprps(t) = CNgg + hey ps(t) (ES. al)

1Apf ps(t) = TAgr + hygps(t) (ES. a2)

TPprrs(t) = hrp ps(t) * TPr (EE. a3)

CPysrs(t) = MAX[(CPay + hepps(®)),p] (EE. ad)
Kprrs(t) = hy ps(t) * Kop (ES. @5)

oTToU:
henps(t) = acn ps * In(t) + bey s (ES. b1)
hiars(t) = ajaps *In(t) + byaps (ES. b2)
hrpps(t) = arp s *In(t) + brp s (ES. b3)
hepps(t) = acpps * In(t) + bep s (ES. b4)
hi ps(t) = ag ps * In(t) + bg ps (ES. bS)
KAl OTTOU:

0 0¢eikTnG pf: avTioToIXEI O€ PETATTUPIKEG OUVONKES (post-fire),

o 0¢eikTng af: avTioToIxei o€ oUVONKEG TTPIV TNV TTUpKayid (ante-fire),

o Ociktng FS: utrodeikvuel Tn o@odpdTnTa TnNG TTupkayidg (fire severity) 1mou
eCaptaral amd 10 % Twv eKTACEWV TTOU €XOUV TTANYEl €viog KABe KAAONG
opodPATNTAG TTUPKAYIAG,

t: 0 xpbOvog YeTA TNV eKOAAWON TNG TTUPKAYIAS [MAVES] Kal

a, b: TapdueTpol TTou EaPTWVTAI ATTO TN 0POJPATNTA TNG TTUPKAYIAG KAl OPIAKES
OUVONAKEG YIa TNV EKTINNON TWV PETATTUPIKWY TIHWV KABE TTAPAUETPOU.
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MNa Tov UTTOAOYIONO TwV TTaPAPETPWY a Kal b oTig E¢iowoeig b1-b5 TTapatrdvw,
XPEIAZeTal va gival YVWOTEG OI OPIaKEG OUVOAKES yia KABe KAGon o@odpdTnTag
Tupkayidg. O OpIOKEC AUTEC OUVONKES TALIVOUOUVTOl OE QVWTEPEG OPIAKES
OUVOAKEG, TTOU aVO@EPOVTAI OTNV TTPWTN METATTUPIKN TTEPIOdO Kal ek@pdalovTal
ammd TNG TIWEG ToUu h yia OIOQOPETIKEGC TUVONKEG T@OJPOTNTAG VIA tupper Kal
KATWTEPEG OPIAKEG OUVOAKEG, TTOU ava@épovTal oTnV TTEPIOdO POAIC TTpIV TV
UdPOAOYIKA €TTAVOPOPA Kal eKPPAlovTal atTd TNG TIMES TOU h yia dIaPOPETIKESG
OUVONKEG o@OBPOTNTAG VIA tiower. AEDOPEVOU OTI PEXPI TWPO £XOUV  Vivel
TIEPIOPIOUEVEG EPEUVEG YIA TOV UTTOAOYIOUO TNG METATTUPIKAG OAAAQYAS Twv
USPOAOYIKWV TTAPANETPWY VIO BIAPOPETIKEC TUVONKESG OPOBPATNTAG TTUPKAYIAG,
N OUVEKTIUNON TWV OPIGKWY TIYWV TTOU UTTapxouv oTn BIBAloypagia, Twv
ATTOTEAEOUATWY BaBuovounong Kail, 0Tav gival OXETIKO, TWV 181AITEPWY TUVBNKWYV
Kl TTEPIOPICUWY, TTPETTEI VA AaPBAvVEl Xwpa yia KAOe TTepIoXr MEAETNG.

‘ETO1, TTPOKEINEVOU VA EKTIMNOOUV OI TIUEG TWV TTEVTE £CETACOUEVWYV UDPOAOYIKWV
TTOPOUETPWY UETA TNV _TTUPKAYIA Yia KAVOVIKEC ouvBnRKeC £6aQIKAC Uypagdiac,
TIPETTEI TTPWTA VA KABOPIOTOUV TA tupper KA tiower, OTTWG ETTIONG KAI Ol QVTIOTOIXEG
TINEG TOU h yia OAEG TIG TTOPAPETPOUG Kal TIG OIOPOPETIKEG KAATEIG 0QodPOTNTAG
TTUpKayIdg. Baoel autwyv Twv 0pIaKwy ocuvBnkKwy, JTTopouV va EQapuocTolV Ol Ol
E¢lowoeig b1-bS yia Tov uttoAOYIOPO TwV TTAPAPETPWY a Kal b Kal 0Tn cuvéxeia
ol E¢lowoeig a1-a5 yia Tov TEAIKO UTTOAOYICHO TWV TINWV TWV TTEVTE UOPOAOYIKWV
TTAPAUETPWY YIA METE TNV TTUPKAYIA.

2¢ 6,7l aQopd TIC TIMEC TWV UOPOAOYIKWY TTOPOUETPWY UETA TNV TTUPKAYIA VIO
UYPEC Kal ENpéC ouvbnkeg e0aQIKAG Uypaaiag, ol Kavoveg TTOU avagEpovTal
TTOPATTAVW, Ol OTTOI0I CUOXETICOUV TIC KAVOVIKEG OUVONKES €0A@IKNAG Uypaaciag
TIPIV TNV TTUPKAYI& PE TIG UYPEC Kal ENPEC OUVONKES £BAQIKNAG Uypaaiag TTpIv TNV
TTUPKAYIA, UTTOPOUV VA £QAPUOCTOUV VIO TNV EKTIMNON TWV TIHWV YIQ UYPES Kal
ENPEC ouvbnkeg edAPIKAG Uypaciag YETA TNV TTUPKAYIA O€ OXECN MWE TIG TIUEG Yia
KQVOVIKEG OUVONRKES €BQQIKNG Uypaciag PMETA TNV TTUpKayId, OTTWG TTPOKUTITOUV
amo TIg E€lcowaoeig a1-a5 kal b1-b5. Mia yevikeuuévn e€icwon 1Tou eKQPAdel T
oX€0n METOLU TWV TIHWV TWV TTAPOUETPWY YIA KAVOVIKEG, UYPEC Kal ENPEC
ouvenkeg eda@IknG vypaaciag gival n EE. c.

Xaf,dry/wet =C* Xaf,normal +d, (ES. c),
OTTOU:
X: Mia udpoAoyIKA TTAPANETPOGS KAl
C, d: ouvTEAEOTEG TTOU £CapTWVTAI OTTO KATA TTEPITITWON OUVONKEG.

Bdoel Ttou TT0000TOU TWV €KTACEWV TTOU €£xouv TTANyeEi yia KABe KAdon
oQOodPOTNTAG TTUPKAYIAG (OTTWG AUTO KTINATAI ATTO avaAuon o€ TrepIBAAAov 211
TTOU YiVETQI VIO aTTOTUTTWON TG OPOdPATATAG TTUPKAYIAG) KAI TWV TTPOTEIVOUEVWV
TIMWV TWV TTOPANETPWY YIa KABE KAAon a@odpdTnTag (OTTWG auTéG uTToAOYiCovTal
ato T E€iowoeig a1-ab), ekTipdTal Jia ouVvOETIKR, OTABUIOUEVN TIUA TTAPAPETPWYV
yla K&Be uttoAekAvn TNG UTTO £€€TA0N AEKAVNG ATTOPPONAG KAl N TIUA AUTH eI0AyETal
OTO UBPOAOYIKS HOVTEAOD VIO TIGC ATTAPAITNTEG TTPOCOUOIWCEIG.

2Tnv Trapouca €peuva, €CeTAOTNKAV O1 1IB1IAITEPOTNTEG TUTTIKWY Meooyeiakwy
TTEPIACTIKWY TTEPIOXWYV, €VW 101aiTEPN TTPpoooxr 066nke atn duvaTtdtnTa TNG
peBodoAoyiag va e@apuooTei 0t AANEC TTEPIOXEG ME TTapopola, aAAd Ol
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TAUTOONUA,  UOPOUETEWPOAOYIKA KAl  YEWHUOPPOAOYIKA  XOPOKTNPIOTIKA.
MapdAANAa, HEAETABNKAV EKTEVWG IDITITEPEG OUVONKES UTTO TIG OTTOIEG PTTOPOUV
va TrapatnenBouv artrokAioeigc atrd Tnv TrpoTeivouevn pebodoAoyia, OTTwG yia
TIPAdEIYHA OI TTPWTEG TTANPMUUPEG HETA TNV TTUPKAYIE.

H pebodoAoyia evowpatwbdnKe HE NUIAUTOPATO TPOTTO O€ €va  KATAAAnAa
EMAEYUEVO TTPOCOIOPIOTIKG, QUOIKAG BAONG, NUI-KATAVEUNUEVO, WEMOVWHEVWV
YEYOVOTWY UdPOAOYIKO HovTEAD. MeTd amd extevry BIBAIOYpaA@IKA €peuva Kal
OOKIUEG BIAPOPETIKWY HOVTEAWYV, ETTIAEXONKE N evOWMPATWON TNG pEBodoAoyiag
oto HEC-HMS (Hydrologic Engineering Center — Hydrologic Modeling System)
udpoAoyikd povtého Tou USACE. To HEC-HMS BaBuovounbnke katdAAnAa kai
EQAPPOOTNKE YIA ICTOPIKA TTANMUUPIKA €TTEICOdIA TTOU KATAypd@nKav oTnv
ETMAEYHEVN TTEPIOXA MEAETNG.

Mia Tutrikii Meooyelakf TTepIaoTik TTEPIoXA oTnv EAAGDQ, n Aekdvn atmmoppong
Tou pépatog Pagrvag, emAEXONKe wg TTepIOX MEAETNG yia TR OOKIPA TNG
peBodoAoyiag. H Treploxn) auth ekTeivetal og katd Tpooéyyion 123 km?2 kai
Bpioketal otnv AvatoAikf ATTIKN. EEaiTiag Twv ID1iTEPWY YEWUOPPOAOYIKWYV Kal
UOPOYEWAOYIKWYV XOPAKTNPIOTIKWY TNG, OTTWG £TTIONG Kal AOyw TOU augavouevou
puBuoU aoTIKoTToINONG, IBIaITEPA KATA TN dIdpKEIa Twv TeAeuTaiwv 30 €TWv, N
Aekavn atroppor¢ Tou pépaTtog Pagrvag eival 1Idlaitepa EMIPPETTAG OTIG
TTANUMUpES. Tautdypova, n TTepIoXn €ival eUAAWTN Kal o€ BACIKEG TTUPKAYIEG
eCaitiog TNG emKparoloag eUPAEKTNG BAdotTnong o€ auth. MNa autolug Toug
AOYOUG, 01 HETATTUPIKEG UOPOAOYIKEG TTPOCOUOIWCEIS ATTOTEAOUV CATNUA UWNAAG
TIPOTEPAIOTATAG VIO TNV ETTIAEYUEVN TTEPIOX MEAETNG.

O1 UBPOAOYIKEG TTPOCOUOIWCEIG YivovTal yia TNV TTEPIdo PETA Tov AUYOUCTO TOU
2009, otTou n TTeEPIoXA MEAETNG TTARYN aTTd onuavTikh dAcIKh TTupKayid. ApxIKa
uttoAoyidovtal ol TIMEG Twv  ETTIAEYUEVWY  UDPOAOYIKWYV  TTAPAPETPWY VIO
KQAVOVIKEG, UYPEG Kal ENPEC oUVONKES E6QQIKNG UypaTiag TTPIV TNV TTUPKAYI& Kal Ol
KAVOVEG TIOU TIG COUOYXETICOUV. 2Trn OUVEXEID TrapéxovTal odnyieg yia Tnv
mpooapuoyr Twv Eglowoewv al-ad otnv TrepIoX MEAETNG YIA KAVOVIKEG
OUVORKEG £DAYIKNG UYPACiag Kal OTIG TIPOCAPHOCUEVES ECICWOEIG EQAPPOlovTal
0l KAVOVEG TTOU avagEpovTal TTaparravw. ETol, TTpoKUTITOUV O €5I0WOEIG YIA TIG
TINEG TWV TTEVTE UDPOAOYIKWYV TTAPAPETPWY YIa TIG KAAOEIG O@QOdPOTNTOG
TTUPKAYIAG TTOU £XOUV TTPOaVAPEPBE Kal YIO UYPEG Kal ENPEG OUVONRKES EDAQPIKNAG
uypaoiag.

H epapuoyy Twv €glowoewv £€0woe TIG TEAIKEG TIMEG TWV  UDSPOAOYIKWV
TTOPAMETPWY YIa KAOE UTTOAEKAVN, Ol OTTOIEG EI0AXONCAV OTO UBPOAOYIKO JOVTEAO
Kal  €ylvav  TTPOCOMOIWCEIG  I0TOPIKWY  TTANUPUPWY.  AvOoQOopiKa e  Ta
aTroTEAEOUATA TNG €QAPMOYAG TNG MeBodoAoyiag, yia OAa Ta egeTaldpeva
TIANHHUPIKG ETTEICODIA Ol TTIPOCOUOIWPEVES TTAPOXES AIXMNAG, OYKOI ATTOPPONG Kal
XpOvol avodou €ival o€ KA CUPQWVIQ PE TIG AVTIOTOIXEG TIMEG TTOU TTPOKUTITOUV
amd TapaTtnpnoelg, otav  diatibevral. H oUykAion Twv TTapatnpnuévwy
udpoypaPnUATWY HE Ta TTPOCOPOIWUEVA udpoypagruaTta otav AauBdveral
utTOWwn n peBodoAoyia gival TTOAU peyaAuTtepn TNG oUYKAIoONG 6Tav n peBodoloyia
ayvoeital Kal 1I81aiTepa yia SUOUEVEIC apXIKEG OUVONRKES (UYPEC APXIKEG OUVONKEG
€0QQIKNG uypaciag Kal TTANUUUPIKA €TTEICOdIO PETA ATTO TTPOCQATN TTUPKAYIA).
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AvTiOoTOIXO €ival TO CUPTTEPACHOTA KAl VIO TIG TTAPOXEG aIXUAG. EVOEIKTIKA
TTapatiBevral Ta pagriuata 1 Kal 2, TToU ATTEIKOVICOUV Ta TTPOAVAPEPOPEVA.

5 Rafina station (10-11/12/2009)

45 Estimated peak flow 45.5 m*3isec _—_ ____..... Simulated flow (ignoring methaodology)
40
o35 A bt Y —— Simulated flow (considering methodalogy)
o .
2N 38
L)
E 25
g 20
o 15
10
5
0 i = 1 1
22:00 0:00 06.00 12:00
10M2/2008  11/12/2009 11022003 11/12/2009

Fodoenua 1. Npooouoiwuéves ammroppoéS oTav papuoleral kal oTav ayvoeiral n
HEBOOOAOYIa KAl EKTIUWMEVN TTAPOXN AIXMAS YIA TO TTANUUUPIKO £mIoddio oTi 10-
11/12/2009 (21a6uo¢ Papnvac —mAnuuupiko emeicodia auvroua UeTd tnv
TTUpKayid).

Rafina station (22/02/2013)

+++»+ Simulated flow (ignoring methodology)

— Simulated flow (considering methodology)

= = Observed flow

Flow [m?/sec]

(=)
(=]

o " ‘-..n."-ﬁp.\.u.‘.«-u.h‘.*.u.h.._..
0 1 I
0:00 12:00 0:00 12:00 0:00 12:00 433
2110212013 210212013 2210212013 2210212013 2310202013 2310212013

lpaenua 2. MNaparnpnuéves Kai TTPOOOUOIWUEVES ATTOPPOES OTaV eQapuoleral
Kai orav ayvoeiral n peBodoAoyia yia 1o mANUUUPIKO €moddio oTig 22/02/2013
(2TaBudc Papnvag — mANUUUPIKOG eTTEICO0I0 UE UYPES QPXIKEC TUVONKEC).

2T ouVvéxela €yIve AETTTOPEPNG avaAuaon euaioBnaiag, n otroia TrepIAdupBave dUo
ave¢dpTnTec avaAuoelg. Apxikd, €yive avaAluon euaicbnoiag TTPoKeEIYEVOU va
TTOCOTIKOTTOINGEI N €TTidpacn KABE piag ammod TIG TTEVTE £LeTAlOUEVES UOPOAOYIKES
TTOPANETPOUG OTOUG TTPOCOUOIWMEVOUG OYKOUG atmoppong. H avdAuon katéAnge
oTo ouuTtrépacua o1l ol TTapdueTpol CN kai IA €xouv onuavTikKOTEPO UOPOAOYIKO
amoTuTTwua atmmd TIGC AANeC TpelG eCeTaldpeveg UDPOAOYIKEG TTAPAUETPOUG.
Tautoéxpova, o1 Trapauetpol CN, IA kai TP, o1 omroie¢ oxetiCovial oTtnv
TTPOTEIVOUEVN PEBOBOAOYIO PE TTIO ONUAVTIKEG OAAQYEC OTNV TIKK TOUG PETA TNV
TTUPKAYIA Kal geyaAuTeEPNG OIGPKEIOG UETATTUPIKN ETTIOPAON, €ival TTIO UAICONTES
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otnv emidpacn TNG TTUPKAYIAG KAl Ol UETATTUPIKEG TIMEG TOUG OUVIOTATAI VA
EKTINWVTAI pE TTpocoxn. QoTdéoo, TTAPOAO TTOU Ol UETATTUPIKEG AAAAYEG OTIG
TTapauéTpoug CP kal K uttd SI1a@OopeTIKEG OUVONKeS €BAQIKAG uypaaciag eivai
MIKPOTEPEG, TTAPAUEVOUV OPKETA CNPAVTIKEG WOTE VA JNV UTTOEKTIKMWVTAL.

Ev ouvexeia, eAEyxBNKe N atTOTEAECPATIKOTATA TN TTPOTEIVOPEVNG PeBodoAoyiag
MEOW Hiag TTpWTOTUTING avaAuong euaicbnaoiag. Mo ouykekpipéva, To uSPOAOYIKO
HovTéAO €papudoTnKe yia Tpia cuvoAla Twv 1.000 Tuxaiwy TIMWV YIA TIG TTEVTE
e€eTalOPEVEG UOPOAOYIKEC TTAPAUETPOUC Kal OAEG TIG 6 UTTOAEKAVEG TNG TTEPIOXNG
MEAETNG Kal n eTTidoor) Tou agloAoynbnke xpnoiyotroiwvTag 1o Oeciktn Nash-
Sutcliff. H emAexBeioa Tpooéyyion Tuxaiag derypuatoAnyiag, n otroia dlaa@alilel
TNV QVTITTPOCWTTEUTIKOTNTA TOU OUVOAOU TWV TUXQiwV TIMWV WG TTPOG TNV
TTPOYMOTIKN METABANTOTNTA €ival n delypoaToAnyia Latin Hypercube Sampling
(LHS) (McKay et al., 1979; Iman and Conover, 1980; McKay M.D., 1992; van
Griensven et al., 2006). INa 10 OKOTTO aAUTO avaTITUXONKE €vag TTPWTOTUTTOG
TTPOYPANMPATIOTIKOG KWAIKAG o€ TTePIBGAAov Matlab7.11.0 (version R2010b) kai
€EQAPUOOTNKE Kal Eyivav ETTITTAEOV AVOAUOEIG TwV TTOPAXBEVTWY TTIVAKWY ME
Tuxaieg TIUEG. To OUVOAO TWV TUuXAiwv TIHWV TOU £€dWOE Ta KOAUTEPQ
ATTOTEAEOUATA OUYKPIONKE ME TIC OKPIBEIC TIMEG TTOU TTPOTABNKAV ATTO TN
peBodoAoyia Kal EAEyXBNKE N eyyuTNTA TWV BEATIOTWYV TINWV UE TIG TTPOTEIVOUEVEG.
EvOeikTIKG TTapatiBeTal o MNivakag 1, 61Tou TapaTtiOevral ol TTPOTEIVOUEVES OTTO TN
peBodoAoyiIa TINEG TwV TTEVTE TTOPAPETPWY YIA TPEIG UTTOAEKAVEG TNG TTEPIOXNAG
MEAETNG, OI AVTIOTOIXEG TIMEG TTOU €XOUV TTPOKUWEl WG Péool opol Twv 100
KAAUTEPWYV TTPOCOMOIWOEWY KAl N OXETIKA dlagopd TOUG Kal ATTODEIKVUETAI N
ATTOTEAECUATIKOTNTA TNG TTPOTEIVOPEVNG HMEBOBOAOYIOG.

lMivakag 1. lNpoteivéueves amo 1n peBodoAoyia TIUES TWV TTAPAUETOWY KQl JETES
TIUESC TTAPAUETPWYV TTOU EXOUV TTPOKUWE! atro TS 100 KAAUTEPES TTPOOOUOIWTEIS
oro HEC-HMS, yia uypéc ouvBnkes e0aQIkNgG uypaaiag otic uttoAekaves NTpdel,

Paprva kai Papriva?2.
MpoTeivopevn M.o. Twv 100 ZXETIKA
YtroAekdvn | MapdueTpog aTmroé BéATIOTWYV Slagpopd
peBodoAoyia | TTPOCOUOIWCEWV [%]
CN 48 47 21
NTpdo! IA 11 12 -9.1
(W15460) TP 0.49 0.49 0
CP 0.4 0.4 0
K 0.50 0.49 2
CN 57 57 0
Pagriva IA 11 12 -9.1
(W15020) TP 0.80 0.79 1.3
CP 0.4 0.4 0
K 0.91 0.92 -1.1
Pagpniva2 CN 57 57 0
(W16340) IA 10 10 0
TP 0.70 0.69 1.4
CP 0.4 0.4 0
K 0.65 0.65 0
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Etriong, 10 UdPOAOYIKO HOVTEAO TTPOCOMOIWOE TIANUUUPEG PE  TTEPIGOOUG
ETTAVOQOPAC TTOU avTIoToIXoUV O€ HEYAAN, deoaia kal MIKPR moavetnTa
ekOAAWoNG kKal ouykekpigéva yia T=5, 200 and 1000 €1n, avrioToixa. Ta
atroTeAéouaTa TNG UBPOAOYIKAG avaAuong eionxBnoav ato udPaUAIKG HOVTEAO
HEC-RAS (Hydrologic Engineering Center — River Analysis System) tou USACE
Kal TEAIKA KOTAPTIOTAKAV QVTITTPOCWTTEUTIKOI XAPTEG ETTIKIVOUVOTATAG TTANUMUPAG
KAl XAPTEG KIVOUVOU TTANUMPUPAG Yia TIG eEETACOUEVES TTEPIODOUG ETTAVAPOPAG YIA
TNV TTEpIoX)  MEAETNG.  EvdekTIKG Trapartibetar o pdenua 3, OTT0U
TTapoucidfovtal ol XApTeG KIvOUVOU TTANUPUPOG Kal YIa TIG TPEIG €TTIAEXOEioEg
TTEPIGOOUG ETTAVAPOPAG YIa DIAPOPETIKEG APXIKEG TUVONKEG.

Value

- High: §

Low :1

I — e —— —lomelors e —— w— lometers
012525 8§ 785 W0 012525 5 7.5 10 012525 5 75 10

T=1000 yr mee

- Low: 1

Value Value Value
T=5yr e || T =200 yr | || T=1000yr | o

- — e Kilometers T — w— |0 meters
012525 5 7.5 10 012528 E s s 012525 5 75 10

Fodenua 3. Xapreg kivouvou mAnuuupag yia T=5, 200 and 1000 £1n yia uypéC
ouvenkes e6aQIKNS uypaaoiag Kai otav Oev Exel TANEEI TNV TTEPIOXN TTPOCPATN
TTUPKQayIQ (ETTAvw ypauun) Kai yia KaVoVIKEC OUVBNKES €6A@IKNS uypaaoiac Kai

UETG aQ1TO TTPOCQATN TTUPKAYIG (KATw O€Ipa).

Aedopévou OTI N eVOWPATWON TNG TTPOTEIVOUEVNG HEBoBOAoyiag ae udpoAoyIkKo
MOVTEAO KOTOARYEl O€ AKPIBEIC KAl AVTITTPOCOWTTEUTIKEG TTPOCOUOIWOEIG, N
EVOWMATWONA TNG o€ UOPOAOYIKO POVTEAO TTOU OUVOEETAI PE UDPAUAIKO, OTTWG
AVAQEPETAl TTAPATTAVW, KATAANYEI OTAV KATAPTION AVTITTPOCWTTEUTIKWY XAPTWV
ETTIKIVOUVOTNTAG TTANUPUPAG KAl XOPTWV TTANUPUPIKOU KIVOUVOU. ZUMPTTEPAIVETAI
€101 611 n MeBodoAoyia TTou  avamrTuXbnke uTTopEl  va  XpnoldoTToinOei
QTTOTEAEOUATIKA OTNV €KTIUNON TOU TTANUPUPIKOU KIVOUVOU KOl VO UTTOOTNPIEE!
TTAATQOPUEG TTPOYVWONG TIANUPUPWY O€ OXEDOV TTPAyHATIKO XPOvo Kal
ETTIXEIPNOIOKA CUCTAMATA TTOAITIKAG TTPOOTACIAG, OTTWG ETTIONG Kal dlaxEipion Tou
TIANPHUPIKOU KIVOUVOU O€ ETTITTEDO OXEDIOTUOU O€ ETTOUEVO OTADIO.

Ta ammoteAéopaTa TNG avadAuong uttoypapui¢ouv Tn onuacia Tng Bewpnong Twv
ApPXIKWV ouvOnNKwyv €8aQIKNAG Uypaciag KATA TNV €QAPPOYr UOPOAOYIKWY
MOVTEAWV HEPOVWHEVOU YeEYOVOTOG Kal €TTOANBeUoUvV OTI n Bewpnon MOVIPA
KAVOVIKWV OUVONKWV €00QIKAG uypacoiag yia Adyoug atmAouoTeuong f Hoviua
uUypwyv ouvonkwyv £da@IKAG uypaciag KaTd Tn SIAPKEIA TWV BPOXEPWV TTEPIODWV
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€TTi TO DUOUEVEDTEPO, UTTOVOUEUEI TNV EUPWOTIA KAl TNV akpiBeia Twv udpoAoyIKwWV
TTPOCONOIWCEWV.

H £peuva kataAnyel 61 n Babuovéunon Twv CN, IA, TP, CP kai K, 1Tou eival
TUTTIKEG TTAPAUETPOI TTOU TTEPIAaUBAvOovVTal OTNV TTAEIOWPN@Ia TwV PHOVTEAWY, BiVEl
BEATIOTO aTTOTEAEOUATA TTPOCOUOIWONG, OE AVTIOEDN UE TNV TPEXOUCA TTPOKTIKN
BaBuovounaong, n otroia ocuvABwg TTepIAapBavel Tn Babuovoéunon povo Twv CN
kal IA. O1 rapduetpol TP, CP kai K gival ca@wg AlydTepOo euaiobnTeg TTApAPETPOI
BaBuovounaong atd Tig TapauéTpous CN kal IA KaBwg £xouv PIKPOTEPN ETTIOpACN
oTNV TTANUUUPIKI OTTOPEON, WOTOCO VYIA TTIO QVTITIPOCWTTEUTIKEG UOPOAOYIKEG
TIPOCONOIWCEIG XpEIdleTal va BaBuovopouvTal KatdAAnAa (Papathanasiou et al.,
2015a).

2upTrepaivetal 0Tl N €MidpACN TNG TTUPKAYIAG €ival TTOAU €vTovn KATG TNV TTPWTN
METATTUPIKY TTEPIODO, EVW MEIWVETAI OTTOTOMA HE TO XPOVO HEXP! va €ETTEABEI
udpoAoyiKf eTTava@opd Kal va €ga@avioTEl TO METATTUPIKO  USPOAOYIKO
amoTutwua (Papathanasiou et al., 2015a). Auth n emidpaon d¢ev eival n idla o€
OAeg TIG e€eTalOPEVES UDPOAOYIKES TTapapéTpous. Or rapdaueTpol CN kai lA eival
MO €UAICONTEG TTAPAPETPOI OTNV £TTIOPACN TNG TTUPKAYIAG OTT TIG TTAPANETPOUG
TP kai CP kai o€ pikpdétePOo Babud atmd Ty mapdueTpo K kal €101 oxeTiCovTal PE
ONMAVTIKOTEPEG METATTUPIKEG AAAAYEG KAl PEYOAUTEPNG OIAPKEIOG METATTUPIK
emidpaon. Etriong, katd tn dIdpKeEIa TwWV TTPWTWV ETWV WETA TNV TTUpKAYIA N
METOTTUPIKN €TTIOpaCN €ival TTI0 €viovn OTIC €EeTAlOUEVEG TTEPIODOUG QTTO TNV
EMIOPACN TWV APXIKWY CUVONKWYV £BAQIKNG UYPATiag.

To yevikeupévo PeBodoAoyIKO TTAQICIO TTOU avaTITUXONKE yia QUuTA TNV £€pEuUva YIa
TV EKTIUNON TWV OUVAUIKWY AANQYWYV OTO XPOVO TTEVTE QVTITTPOCWTTEUTIKWY
UOPOAOYIKWVY TTAPAUETPWY UTTO OIOQOPETIKEG APXIKEGC OUVONKES, WG TTPOG TNV
eEKONAWON TTUPKAYIAG Kal TIC OUuvOnkeG €BQQIKNAG uypaciag, €EUTTNPEETEI TO
YEVIKOTEPO OTOXO TNG £PEUVAG, TTOU Eival N AKPIBAG EKTIUNON TOU TTANUMUPIKOU
KIVOUVOU 0€ TUTTIKEG MECOVYEIOKEG TTEPIOOTIKEG TTEPIOXEG UTTO  METATTUPIKEG
ouvenkec. H eupwaTia TnNg peBodoAoyiag Tou avatTuxdnke Kal N KATAAANASTATA
TNG YIA TTEPAITEPW EQAPUOYEG EVIOXUETAI ATTO TN XPAON EPYAAEIWV TTPONYHEVNG
TEXVOAOYIOG, MOVTEPVWYV TEXVOAOYIWV KAl EUTTEPIOCTATWHEVWY QVOAUCEWY, TNV
aglotroinon ETTAPKWG TEKPNPIWKEVNG OXETIKAG YVWONG KOl EUTTEIPIOG, OTTWG
ETTIONG KAl TNV EUKOAIO TTPOCOPUOYNG KAl KAT ETTEKTACN EQPAPUOYNS O AAAEG
meploxég (Papathanasiou et al., 2015a).

Ta kaivotopa oToixeia TG pebodoAoyiag TTapatiOevral 0Tn CUVEXEIQ:

Katapxryv, Omwg £&xel TTpoava@epBei, yivetal ca@ng O1akpion METAEU TG
TTEPIBAANOVTIKAG Kal TNG UdPOAOYIKAG eTTavagopds. O 6pog «emavapopd Twv
OaowWV UETG a1Toé TTUPKAYIG», | OTTWG OANIWG avapépeTal «XpovoC xaAdpwaong
(relaxation time)» (Moody and Martin, 2001) civai cuxvég otn BiBAloypagia. Kai
ol dUo Opol avagépovtal o€ auTO TToU OpifeTal O€ aAUTA TNV £PEUvVA WG
«mepIBarAovTikh  emavagopdy», N OToia a@opd OTnv avTIKaTdoTaon TnNg
KOMOOTEYNG KAl TNV ETTAVAQPOPA TWV AEITOUPYIWV TWV OIKOCUCSTANATWY KAl JTTOPEI
va eTTEABEI TTOAAG XpOVIa PETA aTTO Wia TTUpKayId, av TEAIKG eTTEABEL. MNapdAa auTd,
Mia Baoik TTapAUETPOG OTIC UOPOAOYIKEG MEAETEC, n oTroia eival 181aiTEPNG
onpaciag kar xpeldletal va AauBAavetal utrown, €v avTiIBECEl YE TNV TPEXOUOQ
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TIPOKTIKY, €ival n €Tava@opd TNG UDBPOAOYIKNG CUUTTEPIPOPAG MIOG KAPEVNG
AEKAVNG OTNV KATAOTAON TNG TTPIV TNV TTUPKAYIA. AUTA N KATdoTaon opifeTal oTnv
TTOPOUCQ £PEUVA WG «UOPOAOYIKN ETTAVAPOPA», N OTToIa €ival dIAPOPETIKA aTTO
TNV TTARPN €Tava@opd TNG BAACTNONG Kal ITTOPED va ETTEABEI EPIKA XPpOVIa PETA
amo Jia Tupkayid. H didkpion autr) €ival amrapaitntn yia tnv €peuva Tng
UOPOAOYIKAG ATTOKPIONG AEKAVNG ATTOPPONG META OTTO TTUPKAYIQ, TTPOKEINEVOU VA
ATTOPEUXO0UV E0PAAUEVES EPUNVEIEC KT TTAPAVORTEIG.

EmmpooBEiTwg, otnv €peuva auTr) TTOCOTIKOTTOIEITAI N €TTidpacn Twv dATIKWVY
TTUPKAYIWY OTNV  UOPOAOYIKI] CUMTTEPIPOPA  TUTTIKWY TTEPIOCTIKWY  AEKAVWV
ATTOPPOING KAl £V TEAEI UTTOCTNPICETAI N EVOWMATWON TNG 0QOdPATNTAG TTUPKAYIAG
o€ UBPOAOYIKEG TTPOCOMOIWCEIC. MNapd OXETIKES, MEMOVWMPEVES TTPOOTTABEIEG VO
EKTINNBEI n emidpaon Twv OOCIKWY TIUPKAYIWY OTIG TIUEG MEPIKWY €K TWV
e€eTadOPEVWYV OTNV TTAPOUCA EPEUVA TTAPAUETPWY TTOU £XOUV Yivel OTO TTAPEABOV
(Higginson and Jarnecke, 2007; Foltz et al., 2009), dev uttdpxel otn BiIBAIoypagia
KATTOI0 OAOKANPWHEVN KAl EUPEWG ATTOOEKTH) TTPOCEYYION.

ETriong, €€etddeTal kal TTOCOTIKOTTOIEITAI N €6ENIEN OTO XPOVO TNG ETTIOPACNS TNG
TTUPKAYIAG o€ TUTTIKEG Meooyelakég TTEPIOXEG. H KoIvr) TTPAKTIKA €ival n €¢€Taon
TNG €TTidpacng TNG TTUPKAYIAG HOVO VIO TTPOCEATA KAUEVEG EKTACEIG, EOTIALOVTOG
OTNnV TTEPIOPIOUEVN XPOVIKA TTEPIOdO PETAEU TNG EKONAWONG TNG TTUPKAYIAG KAl TNG
emouevng emoxng BAdoTtnong (e.g. Cerrelli, 2005; Higginson and Jarnecke, 2007)
N oTa TTPWTA €va Pe dUo £Tn YETA TNV TTUPKayId (Cannon et al., 2008; Rulli and
Rosso, 2007; Inbar et al., 1998; Scott and Van Wyk, 1990). H tmrpoteivouevn
TIPOCEYYION €ival KAIVOTOPA, KABwWG Aauavel utrtown YE TTPWTOTUTTO TPOTTO TO
YEYOVOG OTI n €TTIdpacn TNG TTUPKAYIAG AAAACEI DUVOUIKG OTO XPOVO Kal eKTIUG OXI
MOVO pia apxIKA €TTidpacn TG TTUpKAyIAS oTnv udpoAoyia, aAAd etTiong Kai Thv
€EENIEN TNG OTO XPOVO Kal eTTIITAEOV TRV TTEPIOdO OTAV AUTH N ETTIOPACN WTTOPEI HE
ao@aAeia va BewpnBei apeAnTéa, dnAadr To XpOvo TToU ETTEPXETAI UOPOAOYIKA
ETTAVAQOPa.

‘Eva akOun €TTIOTNPOVIKG KEVO TTOU €VTOTTIOTNKE 0T BIBAIOYpa@ia Kal KAAUTITETAI
ATTOTEAECUATIKA HE TNV TTApoUca €peuva gival n Bewpnon Twv ouvlnkwv
€OQQIKNG uypaoiag OTIG PEAETEG €TTIOPAONG BACIKWY TTUPKAYIWY. ZUVABWG, N
emidpaon Twv ouvonkwv eda@IKAG uypaoiag eCeTdleTal XwploTd amd Tnv
emidpaon Twv TTupkaylwyv. QoTdo0, O TAUTOXPOVEG CUVONRKEG Hiag TTPOCYATNG
QOOIKNG TTUPKAYIAG KAl Uypwv ouvenkwv £da@IKAG uypaoiag €xouv dUOUEVEIG
EMITITWOEIC OTNV ATTOKPION Miag AeKAvNG OTTOPPONG, KaBwg oxeTiovtal Me
augnUEVOUG OYKOUG OTTOPPONG Kal TTOPOXEG QIXMAG Kal MEIWUEVOUG XPOVOUG
avédou. MNa autd 1o Adyo, Kal ol dUO auToi TTAPAYOVTEG TTOU KaBopifouv TIg
ApPXIKEG OUVOAKEG, OTTWG €TTiONG KAl n aAANAETTidOpacr) Toug XpeEIdleTal va
OUVEKTIJWVTAI TTPOKEIJEVOU VA  ATTOPEUXOOUV  UTTOEKTIUNUEVEG  ATTOKPIOEIG
AEKavwy Kal va emTeuxBolv okpIBECTEPO QTTOTEAEOUOTA OE TTANUUUPIKES
TTPOCOMOIWTEIG.

EmmAéov, n peBodoAoyia avarrTuxdnke yia TUTTIKEG MeCOYEIOKES TTEPIACTIKES
TTEPIOXEC KAl EKPPACETAl PE YEVIKO TPOTTO, TTPOKEINEVOU va UTTOPEI EUKOAA va
TTPOCAPUOCTEI O TTEPIOXEG ME  TTAPOMOIA  UDPOUETEWPOAOYIKA  Kal
YEWHOPEPOAOYIKA XOPOKTNEIOTIKA. Ta ID1aiTEPA XAPAKTNPIOTIKA TWV TTEPIOXWV
QUTWV EEETAOTNKAV AETTTOMEPWG Kal N ueBodOAOYia TToU avaTrTuxBnke ekpdadleTal
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MEOW YEVIKEUUEVWYV EEICWOEWV TTOU TTPOCAPHUOLOVTAl O€ DIAPOPETIKEG TTEPIOXES
MEAETNG OKOAOUBWVTAG OUYKEKPIUEVEG 0ONYiES. MNa epapuoyEG o€ AANEG TTEPIOXEG,
XPEIAZeTal VO ETTAVECETAOTEI N XPOVIKN dIACTACN TNG ETTIOPACNS TWV TTUPKAYIWY,
AauBdvovtag utTOWn TOTTIKA XOAPOKTNPIOTIKA OTTwG Ta 10ayevr) €idn Tng
BAGOTNONG, TNV KOPOOTEYN, KAI TOTTIKA KAIMOTIKA XOPAKTNPIOTIKA, N avAaTTTugn NG
BAGoTNONG, N aviox oTnv TTUpKayid, N avayévvnon tng BAAoTnong KTA. Etriong,
e€etalovTal  Kal 10IQITEPEG  TTEPITITWOEIS OTTOU  UTTOPEI  va  TTapaTtnpnBouv
aTTOKAIOEIG atTd TNV TTPOTEIVOPEVN HeBodOAoyia Kal Ba puTTopoloe va XpeldleTal
ETTOVATTPOCAPHOYI TNG YEVIKEUPEVNG TTPOCEYYIONG.

AKOUn, epyaAeia Kal pEBodol TTponyuévnG TEXVOAOYIAg eQapuOOTNKAV VIO TOV
¢éAeyxo TNG  amodoTiKOTNTaG Tng  MeBodoAoyiag.  Kaivotéopa  oToixeia
mrepIANapBdvouy éva TTPwTOTUTTIO KWOIKA yYpauuévo o Matlab yia tTnv TTapaywyn
TIVAKWY TUXQIWV TIHWV VIO TIG ETTIAEYUEVEG UDPOAOYIKEG TTAPAPETPOUG, TN
Bewpnon otov KWOIKA autd Tng HeBGdou deiypatoAnwiag Latin Hypercube
Sampling (LHS), piag atroteAeopaTikAg peBddou delypaToAnyiag KatdAANANG yia
QUTA TNV €peuva, OTTWG ETTIONG KAl TNV TTPWTOTUTIN TUTTOTTOINCTN TNG OTATIOTIKAG
avAaAuoNG TwV aTTOTEAEOUATWY TNG £PEUVAG.

H Ttrpoteivopevn peBodoloyia ptropei eTmiong va  autopartotroinBei kal va
evowpatwlei oe Zuotiuata ‘Eykaipng Eidotroinong yia TTANUUUPESG Kal GAAa
ETIXEIPNOIOKA CUCTAPATA TTOAITIKAG TTpooTaciag. EKTOG Tou 6T Ta cuoTAPOTA
auTd eival TTOAU euaiocbnTa oTnv akpifeia Twv dedopévwy €10600U TOUG, BeV EXEI
BpeBei otn BiIBAIoypagia KATTOI0 OAOKANPWPEVN TTPOCEYYION YIA TV EVOWUATWON
TNG CUVOUAOTIKAG €TTIOPAONG dACIKWY TTUPKAYIWY Kal £€DAQIKNAG uypaciag oTnv
udPOAOYIKA aTTOKPIoN AEKAVNG TTOU UTTOOTNPICeTal aTTd ZUuoThua ‘Eykaipng
Eidotroinong MAnuuupag. H €icaywyrn TTEPIOCOOTEPO €yKUPNG, WG TTPOG TIG
eCeTalOPEVEG QAPXIKEC OUVOAKES, TTANPOPOPIag o€ autd Ta CUCTAMATA Eival pia
OKOWN KAIVOTOWIO TTOU PTTOPE VO UTTOOTNPIXBEI atTd TNV TTapoloa £peuva.

Avo@OpIKA PE TTPOTACEIS VI TTEPAITEPW €PEUVA, N PeEBodoAoyia Ba utTopoloe va
OOKIMOOTEI 0 AANEG TTEPIOXEG MEAETNG, ME TTAPOPOIA XAPAKTNPIOTIKG WG TTPOG TN
xpnon / kKAAuwn yng, TO pPubud aoTIKOTToINOoNG, UOPOPETEWPOAOYIKA Kal
YEWMOpPPOAoYIKA oToixeia KTA. MNepaimtépw £peuva Ba PTTopouce va €0TIACElI OTNV
eMEKTOON TNG OuvardtnTag TnG PeBodoAoyiag va e@apuooTei 0 AAAEG
MeooyelokEG TTEPIOKEG, O OTTOIEG €IVl PEV TUTTIKEG TTEPIAOTIKEG, AAAG Oev €xOuUV
TIG iBIEG 1IDIAITEPOTNTEG KATA TNV TTPWTN TTEPIOSO WETA TNV TTUPKAYIA. € KABE
TTEPITITWON, OI ETTINEPOUG CUVIOTWOEG TNG TTPOTEIVOUEVNG HEBODOAOYIOG EVOEXETAI
va XpEIAZovTal CNPAVTIKI ETTAVATTPOCAPHOYH, OTTWG TTpoTEiveETal 0TO KepdAaio 5.

H evowpdtwon mng TpoTeivouevng peBodoloyiag oe TTpoadIopIoTIKA, QUOIKAG
BAong MOVTEAQ, adIAUEPIOTA KAl PEMOVWHEVWVY YEYOVOTWV A OouveXH 1 nui-
Kataveunuéva Kal oguvexn, onAadr oe povréAa diagopeTikd atd 1o HEC-HMS n)
akoun kai oto HEC-HMS og popery SI0QOpPETIKA aTTd NUI-KATAVEUNUEVO KAl
MEMOVWPEVWYV YEYOVOTWY, OTTWGS OTNV TTapoUoa £peuva, Ba ATav evolapépouada.

Mia akopa trpdétacn yia PEAAOVTIKA €peuva a@opd oTn XPAON TNAEOKOTTIKWV
OedopévV €DAPIKNG uypaoiag avTi yia dedopéva edAQIKAG Uypacioag TTou
EKTIMWVTAI BACEI TOU OUVOAIKOU UWoug BPoxOTITwong Katd TIC 5 PEPEC TTOU
TTpoNyouvTal TOU TTANUMUPIKOU €TTEICOdIOU, T OTTOIQ XPNOIUOTTOIOUVTAl OTNV
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TTapouoa €pguva. Etmiong, 6a pytmmopouce va digpeuvnOei n e¢ETaon dIOPOPETIKWV
XPOVIKWV TTEPIOdWY METOAEU E€TTEICOdIWV BPOXOTITWONG KAl N EKTIUNON TNG
EMidOpAONG TwV TTEPIOdWY AUTWY OTNV £0AQIKN Uypadia yia TV TTEPIOdO TToU
TTPONYEITAI EVOG TTANUPUPIKOU £TTEICODIOU Kal EIDIKOTEPA KATA TIG 5 NUEPES TTPIV TO
TIANPHUPIKO ETTEICODI0, OTTWG dleUKpIviCeTal oTo KepdAaio 9.

Mepaitépw €peuva Ba PTTOPOUCE €TTIONG va Yivel OTAV TTPOTUTTOTTOINCN TWV
Kavovwy yIa TNV EKTIUNCN TNG ETTIdOPACNSG TNG TTUPKAYIAS WG TTPOG TN XWPEIKA
EKTOON Kal TN 0@odpoTnTa, OTTWG £papudleTal OTNV TTapoUca £peuvd, WOTE va
auTopaToTToINOei  €UKOAQ Kal €VOEXOMEVWG VO aTTOTEAECEl €va  avegdpTnTo
AOYIOUIKO.

EAAeigel AeTTTOPEPWYV TTANPOPOPIWYV VIO CUYKEKPIPMEVEG OUVORKES TWV dACWV TTPIV
/KAl JETA TNV TTUPKAYIA, TTEPAITEPW EPEUVA BA UTTOPOUCE VA ECTIACEI OE AOQPAAEIG
uTT0B£0 €IS TTOU Ba uTTopOoUC AV VA Yivouv, OTTWG ETTIONG KOl 0€ OUVOUQOTIKI XPron
TWV OIAPOPETIKWY TTNYWV TTANPoPopiag (ETITOTTIEG EKTIUAOEIS, DOPUPOPIKES
EIKOVEG, UTTAPXOUOEG HEAETEG KTA.), LOOTE VA UTTOPOUV Va £EayxB0oUV KATA TO duvaTto
AKPIBECTEPO CUPTTEPACUATA VIO TNV ETTIOPACH TWV TTUPKAYIWY KAl VO EQAPPOOCTEI
n MeBodoAoyia atro@elyovTag onUavTIKa oeaAuara.

H avayvwpion Tng BAAOTNONG PETA TNV TTUPKAYIA, WOTE VA EKTINNOEI e KATA TO
duvaTto peyaAuTepn akpiBela n duvatdTNTd TNG yia UBPOAOYIKN Kal TTEPIBAANOVTIKA
eTava@opd, atroteAei éva akdpa TTedio evoexOpevng MEAAOVTIKNG €peuvag. H
OKPIBAG €KTiuNon TG PAAOTNONG META TNV TIUPKAYIA Kal €VOEXOMEVWV
MNXOVIOPWY TTPOCAPHOYAS TWV TTANYEVTWY €I0WV PTTOPEI ETTIONG va OTNPIgE! pia
MO aKPIBA €KTIUNON TNG TTEPIOOOU KATA Tnv OTTroia avauéveTral udpoAoyIKn
ETTAVAQOPa.

Ev téAel, repaitépw €peuva Ba PTTOopoUCE va Yivel TNV QUTOMATOTTOINGN TNG
EVOWMATWONG TNG TIpOoTEIVOPEVNG HeBodoAoyiag oe éva povTéAo Bpoxng-
aATTOPPONG YIa UOPOAOYIKEG TTPOCOMOIWCEIC | OKOUN Kal o€ éva udpoloyikd
MOVTEAO TTOU OUVOEETAl HE UOPAUAIKO HOVTEAO VIO TNV KATAPTION XOAPTWV
ETTIKIVOUVOTNTAG TTANUPUPAG, OTTWG cuuBaivel otnv TTAaT@éppa FLIRE (Kochilakis
et al., 2016a; Kochilakis et al., 2016b; Kotroni et al., 2015; Papathanasiou et al.,
2015b; Poursanidis et al, 2015a).
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CHAPTER 1: INTRODUCTION
1.1 Context

Floods are one of the most disastrous natural hazards that affect human societies,
bringing about dire consequences, including inter alia loss of human lives,
ecological degradation and inestimable damage costs. Thus, flood risk
assessment and management become particularly important issues that humans
need to deal with and to this end several methodologies and practices have been
developed. Despite the profusion of such practices, floods keep affecting humans
and the environment, a fact that reveals the inadequacy of existing, applied flood
risk assessment and management strategies.

The assessment and management of flood risk becomes even more challenging
in periurban environments, where flood impacts are magnified and thus flood risk
management becomes more critical. The particularity of periurban areas lies in
the fact that these areas are hybrid landscapes, in which fragmented urban and
rural characteristics coexist. More specifically, periurban areas are characterized
by the vicinity of areas with different, frequently changing and often conflicting
land uses (e.g. forested areas coexist with cultivated land, pasture land, industrial
zones and urban cells within a geographically limited area). This interface
between different land uses contributes to the formation of a complex
environment, in which complicated problems may arise in case of occurrence of
a flood event.

Periurban areas are also particularly prone to another natural hazard which is
interrelated with floods, i.e. forest fires. Large scale forest fires are also associated
with tremendous impacts on humans and the environment. Particularly for
periurban areas, along the zone close to the Wildland-Urban Interface (WUI), i.e.
the transition zone between areas with intense urban development and
unoccupied land, the exposure to fire danger is higher, since wildfires are more
frequent; while at the same time their impact on humans, society, the economy
and the environment is also magnified due to nearby human activity.

Therefore, periurban areas are prone to both natural hazards independently.
However, the impact of forest fires on flood occurrence and vice versa is
enormous, and hence, for efficient flood and fire risk assessment and
management, emphasis needs to be placed not only to the particularities and
generation mechanisms of each hazard, but also to their combined impact.

More specifically, the occurrence of a wildfire in the forested land of a periurban
area results in the direct and considerable change of land cover, since local
vegetation is destructed, if not destroyed completely, and the properties of upper
soil layers are drastically modified. Therefore, retention and infiltration are
minimized and in case of a subsequent rainfall event, runoff is significantly
increased, resulting often in severe flooding.



At the same time, floods affect a potential subsequent wildfire in two, contradictory
though, ways. On the one hand, frequent flood or even storm events during the
wet period in a periurban area, result in increased growth of low vegetation and
foliage which constitute a particularly flammable material during the dry period.
On the other hand, increased rainfall during the wet period also results in
increased stored wetness on trees and plants, which may inhibit a rapid fire
expansion especially during the early dry period.

All the aforementioned factors that describe the interaction of floods and forest
fires need to be taken into consideration appropriately and thus a realistic
quantification of their combined impact becomes an issue of high priority for the
accurate examination of the post-fire impact on the hydrological response and
therefore for flood risk assessment and management in periurban areas.

Further to its increased vulnerability to floods, forest fires and their combined
impact, the periurban environment is a “dynamic” environment, since it constantly
changes in multiple ways, with its hydrological behaviour reflecting constantly the
impacts of man-made interventions and natural changes. In order to interpret the
behaviour of such a complicated environment, decipher its underlying
mechanisms and finally achieve effective flood risk assessment and at a later
stage management in periurban environments, a flexible approach needs to be
adopted for its realistic representation.

Typical Mediterranean periurban areas are significantly prone to both floods and
forest fires, and therefore their flood modelling necessitates the consideration of
these factors. On top of that, it also needs to be noted that according to climate
change scenarios for such areas, intense storms during the wet periods are
expected to be succeeded by extended dry and hot periods in the upcoming
years. By that way, the vulnerability to floods, forest fires and their combined
action is expected to be even more intensified, thus prioritizing representative
flood simulations.

1.2 Aim and objectives

The primary aim of this doctoral thesis is the development of a methodological
framework to theoretically estimate the dynamic evolution of hydrological
parameters that affect flood risk as a function of time, following the occurrence of
forest fires.

The secondary objectives of this research are listed below:

= Consideration of soil moisture conditions as an integral part of hydrological
analysis,

» Quantification of the impact of fire and initial hydrological conditions on the
hydrological behavior of periurban catchments,

» Development of a flexible methodology for efficient flood risk assessment in
a periurban environment,

= Coupling of appropriate hydrologic and hydraulic models for enhanced flood
simulation of a periurban environment and

= Incorporation of the hydrological footprint of fires and initial conditions in
hydrological and hydraulic analyses in a semi-automatic way, aiming to
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support near-real time flood forecasting platforms and civil protection
systems.

1.3 Methodology

Aiming to an integrated approach towards efficient flood risk assessment in a
periurban environment and at the same time the achievement of the above
mentioned objectives, innovative methodologies and flexible tools need to be
developed and used in combination with reliable and state-of-the-art modelling
techniques. The application of these methodologies, tools and models can
support flood risk assessment, and at a later stage flood risk management, both
on a near real-time basis and on a planning basis. The overall approach that has
been adopted in this research is described in brief in the following paragraphs.

After a thorough literature review on natural hazards, focusing on floods and forest
fires, and their impacts as individual hazards, research was made on their
interaction and particularly the impact of forest fires on the hydrological behaviour
of a catchment. Based on the extended literature review and also after repetitive
testing of properly processed relevant datasets that were retrieved from
monitoring networks, an attempt to quantify the floods-fires interaction in typical
Mediterranean periurban environments was made.

In order to incorporate the hydrological footprint of forest fires and initial conditions
in a flood analysis, it is necessary to identify first appropriate hydrological and
hydraulic models. To this end, a long list of advanced and reliable hydrological
and hydraulic models was compiled and the capacities of many of these models
were further investigated. Beyond the thorough literature review for each model,
demo versions were tested, when available, and direct communication with model
developers, as well as interaction in hydrological modelling forums for exchange
of relevant experience took place during this part of the research. The hydrological
model that was considered most appropriate for the current research and it was
applied in order to efficiently simulate the hydrological behaviour of both urban
and rural areas in a selected periurban river basin is the HEC-HMS (Hydrologic
Engineering Center — Hydrologic Modeling System) model (HEC, 2009).
Regarding hydraulic modelling, HEC-RAS (Hydrologic Engineering Center —
River Analysis System) model has been selected as the most appropriate
hydraulic model for this research (Brunner, 2010).

An innovative, coherent and robust methodology was then developed for the
quantification of the impact of forest fires and initial soil moisture conditions on the
hydrological response of a Mediterranean periurban catchment and its
incorporation in hydrological modelling. This methodology has been developed
for deterministic, physically-based, lumped or (semi-)distributed, event-based or
continuous hydrological models.

More specifically, five representative hydrological parameters, i.e. Curve Number
(CN), Initial Abstraction (lA), Standard Lag (TP), Peaking Coefficient (CP) and
Muskingum K coefficient, were selected for the development of this methodology.
Based on the outcomes of the extended literature review on the hydrological
footprint of forest fires and using a fire severity map, an attempt was made to
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quantify the change in the values of the five parameters for different initial
conditions. The initial conditions were classified into initial soil moisture conditions
and post-fire conditions. Particularly for this latter case, the time interval between
the occurrence of a fire event and the analyzed flood events was taken into
consideration. The particularities of typical Mediterranean periurban areas were
also considered for the development of this methodology. Particular attention was
paid on the development of the methodology in such a way so as to be easily
adjustable to other areas with similar, yet not identical, hydrometeorological and
geomorphological characteristics. In addition, conditions under which deviations
from the proposed methodology can be observed were also investigated in detail.

The developed methodology for the quantification of initial soil moisture conditions
and fire occurrence impact was incorporated in a semi-automated way in the
selected hydrological model, which was a deterministic, physically-based, semi-
distributed, event-based hydrological model, during its “setting-up” phase. The
model was effectively calibrated and run for appropriately selected historic flood
events recorded at a selected study area. Solid results from the analysis lead to
the conclusion that the incorporation of the proposed methodlogy in a hydrological
model yields accurate and representative simulations.

In order to verify the efficiency of the proposed methodology, a detailed sensitivity
analysis was performed. Three sets of random values were properly selected for
the five examined hydrological parameters and for these values, the performance
of the hydrological model was tested using the Nash-Sutcliff indicator. The set
with the random values that yielded the best results was compared against the
exact values suggested by the methodology, so as to check the proximity of the
optimum values with the suggested ones.

The hydrological model was also set up and run for floods with return periods that
correspond to high, medium and low probability of occurrence (i.e. T=5, 200 and
1000 years, respectively). The outputs of this hydrological analysis were imported
in a set up hydraulic model and eventually flood hazard and flood risk maps were
produced for the examined return periods for the selected study area. Given that
the incorporation of the proposed methodlogy in a hydrological model yields
accurate and representative simulations, its incorporation in a flood model chain
results in the production of accurate flood hazard and flood risk maps. By that
way, the developed methodology has been applied successfully for flood risk
assessment, and can therefore support near-real time flood forecasting platforms
and civil protection systems, as well as flood risk management on a planning basis
at a later stage.

1.4 Innovative aspects of the research

The methodology developed for this doctoral thesis leads to novel insights into
effective post-fire flood risk assessment in the complex, easily variable and
sensitive periurban Mediterranean environment. The innovative aspects of this
research, are presented in the following paragraphs.

In this research, and as analyzed in Chapter 3, a clear distinction has been made
between environmental and hydrological recovery. This distinction has not been
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made so far in literature, where the term “post-fire forest recovery”, or else called
“relaxation time” (Moody and Martin, 2001) is frequent. Both “post-fire forest
recovery” and “relaxation time” refer to the so-called in this doctoral thesis
“environmental recovery”, which concerns the canopy cover replacement and the
recovery of the ecosystem services. Nevertheless, a key factor in hydrological
studies, which is of particular interest and needs to be taken into consideration
and should not be ignored, as is the current practice, is the (post-fire) stage when
the hydrological response of a burnt catchment has recovered, for all practical
(hydrological response) purposes, to its pre-fire state. This is the so-called in this
research “hydrological recovery’, which is other than full vegetation recovery, as
discussed in Section 3.3.2. Under particular conditions, analysed in this research,
hydrological recovery may occur earlier than (a more complete) environmental
recovery, as described above — a process that often takes several years (if at all)
after a major fire event. This distinction is necessary for research on the post-fire
hydrological response of a catchment, in order to avoid misinterpretations and
misunderstandings.

Two additional innovations of this research include the transformation of fire
severity into changes in the values of properly selected, representative
hydrological parameters and thus the quantification of the impact of forest fires on
the hydrological behavior of typical periurban catchments and eventually the
incorporation of fire severity in hydrological modelling. The selected parameters
affect all features of the simulated flood hydrographs, since they affect runoff
discharge, peak volume and time to peak, and thus are parts of an integrated
approach for the examination of the hydrological footprint of floods. Relevant,
individual attempts to estimate the impact of forest fires on the values of some of
the examined in this research parameters have also been made in the past (see
also Chapter 3); however no other integrated and widely accepted approach was
identified in literature.

In addition, the proposed methodology examines and quantifies the temporal
evolution of fire impact in typical Mediterranean areas. The common practice (see
also Chapter 3), is the examination of the fire impact only for recently burnt areas,
focusing on the limited period between fire occurrence and the next growing
season (e.g. Cerrelli, 2005; Higginson and Jarnecke, 2007) or the first couple of
post-fire years (Cannon et al., 2008; Rulli and Rosso, 2007; Inbar et al., 1998;
Scott and Van Wyk, 1990). However, fire impact is a phenomenon that changes
dynamically in time and the proposed approach is innovative since it considers
this fact and estimates not only an initial fire impact on hydrology, but also its
temporal evolution and of course the period when this impact can safely be
considered negligible, i.e. the time when hydrological recovery occurs.

Another scientific gap which has been identified through the literature review and
is effectively addressed with this research is the consideration of soil moisture
conditions when studying fire impact. Usually, the impacts of soil moisture and a
forest fire are examined individually. However, the concurrent conditions of a
recent forest fire and wet soil moisture conditions have an adverse impact on a
catchment’s response, as they are associated with increased runoff volumes and
peak flows and decreased times to peak. To this end, both initial conditions and



their interaction need to be co-evaluated in order to avoid underestimated
catchment’s responses and achieve more accurate results in flood simulations.

A maijor innovation of the proposed methodology, is the fact that it has been
developed for typical Mediterranean periurban areas and is expressed in a
generic way, so as to be easily adaptable to areas with similar
hydrometeorological and geomorphological characteristics. The particular
characteristics of those areas were examined in detail and the developed
methodology is expressed via generalized equations that are adjusted to different
case studies following specific guidelines. The methodology was then properly
adjusted to a particular case study, the typical Mediterranean catchment of Rafina
in Eastern Attica, as presented in detail in Chapter 7, in order to test its efficiency.
For applications to other, similar areas, the temporal dimension of fire impact
needs to be reexamined, taking into consideration local features such as
indigenous vegetation, canopy and local climatic characteristics, vegetation
development, fire-tolerance, regrowth efc. Particular cases when deviations from
the proposed methodology may be observed and readjustment of the generic
approach would be necessary are also discussed (Section 5.5).

Also, state-of-the-art tools and methods were applied for the testing of the
efficiency of the methodology. In particular, a detailed sensitivity analysis,
presented in Chapter 8, was performed in this research. Innovative aspects
include an original code that was written in Matlab programming language for the
generation of matrixes with random values for the selected hydrological
parameters, the consideration in this code of Latin Hypercube Sampling (LHS),
an efficient sampling method appropriate for this research, as well as an original
procedure typified for the statistical analysis of the results of this research.

Finally, the proposed methodology can be easily automated and integrated in
Early Warning Systems for floods and other operational systems for civil
protection. As discussed in Chapter 2, such systems are very sensitive in the
accuracy of their inputs. Additionally, no integrated approach for the incorporation
of the combined fire and soil moisture impact on the hydrological response of a
catchment supported by a Flood Early Warning System is identified in literature.
Therefore, the import of more accurate information, in terms of the examined initial
conditions, in these systems is another innovation that can be supported by this
research.

1.5 Structure
The Thesis is structured as follows:

Chapter 1 (Introduction) presents the context of this doctoral thesis, making a
short introduction to the problems targeted with this research and the main
challenges that had to be confronted. The primary aim, as well as the secondary
objectives of the research are also discussed in this Chapter. Then the
methodology that was undertaken in order to accomplish the purpose of this
research is described in brief, it is followed by a brief presentation of the innovative
aspects of the research that was performed and /ntroduction concludes with a
short description of the content of all Chapters.



Chapter 2 (Background — Natural hazards) includes a literature review on natural
hazards. The first Section includes facts and statistics for natural hazards in
general, as well as a discussion on disaster management. Then, the Chapter
focuses on floods and forest fires in periurban environments. Generation
mechanisms, particular characteristics, impacts and risk management issues for
each hazard individually are analyzed in detail in the second and third sections of
Chapter 2.

Further to the significance of floods and forest fires as natural hazards that act
independently, their interaction needs also to be taken into consideration in flood
analyses. This interaction and more specifically the impact of forest fires on the
hydrological behavior of a catchment and its assessment is analyzed in detail in
Chapter 3 (Floods-fires interaction). A new scientific term is introduced and further
discussed in this Chapter. This term is hydrological recovery, which refers to the
conditions when the hydrological response of a burnt catchment has recovered to
its pre-fire state and may occur a few years after a fire, as opposed to the
environmental recovery, which is achieved with natural reforestation and
ecosystem rebalance and is expected to occur far later than the hydrological
recovery, while it may even not occur at all. The impact of floods on upcoming
forest fires is also discussed in this Chapter. The Chapter Floods-fires interaction
concludes with a Section on the existing knowledge gap in the quantification of
fire impact on the hydrological behavior of a catchment, a gap that this research
aims to bridge.

In order to perform a flood analysis two types of models need to be coupled: a
hydrological model that will transform rainfall into runoff and a hydraulic model
that will transform runoff into water levels along the river. A full list of state-of-the-
art hydrological and hydraulic models, the capacities and characteristics of which
are further tested, is presented in Chapter 4 (Flood Modelling). As mentioned
above, the hydrological model that was selected for this research is the HEC-HMS
model, while the selected hydraulic model is HEC-RAS. Both models are reliable,
widely applied models, developed by the U.S. Army Corps of Engineers (USACE)
Institute for Water Resources (IWR) and they are freely available through the
website of the organization (http://www.hec.usace.army.mil/software/). Their
selection is justified in this Chapter. The hydrographic network of the study area,
as well as the subbasins and their particular geomorphological characteristics
were defined and further analysed through the use of the HEC-GeoHMS module,
a toolkit extent that operates in Geographic Information Systems (GIS)
environment. For the geometry of the river sections another GIS extension, i.e.
HEC-GeoRAS was used. Both modules are also developed by USACE and are
freely available through the website of the organization.

Based on the extended literature review performed in the aforementioned
Chapters, an innovative methodology for the appropriate selection of the values
of five typical hydrological parameters, has been developed and is presented in
Chapter 5 (Methodology). This methodology is a systematization of the
interpretation of the dynamic change of initial conditions (in terms of forest fire
occurrence and initial soil moisture conditions) in time into change in the values
of the selected hydrological parameters and is generalized to the extent that this
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is possible. The incorporation of the suggested changes in hydrological modelling
is analyzed in detail in Chapter 5. This Chapter also includes a review on
particularities of the first post-fire floods. Conditions under which the proposed
methodology may need readjustment for the first post-fire floods are also
discussed.

The study area of the proposed methodology is described in Chapter 6 (Study
area). The methodology has been applied in Rafina catchment, a typical
Mediterranean periurban area in Eastern Attica that extends over approximately
130 km2. The area has been carefully selected, in order to fulfill the requirements
of an area with a typical Mediterranean climate, variable and to a certain degree
conflicting land uses, for which reliable hydrometerological and other datasets of
relevance to this research are available for further analysis and exploitation.
Another reason for the selection of Rafina catchment for this research is the fact
that this area is particularly prone to floods, for several reasons analyzed in
Chapter 6, while at the same time it has suffered from successive forest fires in
the recent past. Therefore, Rafina catchment prevails as the optimal catchment
for research on the forest fire impact on the hydrological behavior of typical
Mediterranean periuraban catchments.

Since the proposed methodology is presented in Chapter 5 in a generic way,
aiming to be easily applicable in other catchment with similar hydrometeorological
and geomorphological characteristics, Chapter 7 (Adjusting the methodology to
the study area) describes the adjustment of the methodology to the study area.
The fire impact of a recent fire in the area is estimated, while initial soil moisture
conditions are calculated for selected rainfall events. Then, the selected
hydrological model is set up for the study area and calculations are made for the
estimation of the exact values of the examined hydrological parameters for
variable initial conditions. Then the hydrological model is run in an event-based
mode for the selected events.

Chapter 8 (Results and discussion) includes the results of the analysis and a
relevant discussion. Initially, the results of the hydrological modelling for selected
flood events when the methodology is applied and when the methodology is
ignored are presented and compared against observed datasets. A detailed
sensitivity analysis that serves a twofold purpose has been performed. On the one
hand, the impact of each examined parameter on runoff volume, as well as the
suggested by the methodology post-fire changes on the parameters were
quantified and on the other hand an analysis was performed for efficiency testing
of the methodology. According to this analysis, the hydrological model runs for
different, properly selected values for the selected parameters. More specifically,
a code was written in Matlab for the generation of three sets of random numbers
that are within narrow, moderate and wide marginal limits respectively. Simulated
flows for the different runs are compared against observed flows in order to
identify the parameter values that correspond to the best model runs and compare
these values against the values suggested by the methodology. The hydrological
model is then coupled with the selected hydraulic model and the model chain runs
for different design storms, taking also into consideration different initial conditions
in terms of soil moisture and forest fire occurrence. The design storms selected
for the coupled model runs refer to floods with low, medium and high probability
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of occurrence, as suggested in EU Floods Directive 2007/60/EC and in particular
floods with return periods equal to 5, 200 and 1000 years respectively. The core
outputs of the model chain runs are flood hazard maps and flood risk maps for
different return periods and variable initial conditions. Chapter 8 concludes with a
discussion on the results of the different analyses presented above.

The conclusions of this doctoral thesis are summarized in Chapter 9
(Conclusions). This Chapter includes an overview of the main findings from the
research, focusing on the core findings from the proposed methodological
framework for the estimation of the impact of initial conditions, in terms of forest
fires and soil moisture, on a catchment’s hydrological behaviour, main findings
from the adopted methodology for the overall implementation of the research, as
well as main findings for the particular case study. A dedicated Section with all
the conclusions of the research performed is foreseen in this Chapter, which
eventually concludes with recommendations regarding interesting fields for
further research.

In order to complete this innovative research and ensure that its outcomes will be
scientifically sound and technically correct, and as also mentioned above, a
thorough literature review had to be performed on numerous aspects of this
research. References include scientific publications and other relevant works
found in international literature and are all listed in alphabetical order in Chapter
10 (References).



CHAPTER 2: BACKGROUND — NATURAL
HAZARDS, FOCUSING ON
FLoOODS AND FOREST FIRES

2.1 Natural hazards

2.1.1 Facts and statistics about natural hazards

Natural hazards are severe and extreme natural phenomena, the occurrence of
which is often associated with tremendous impacts on people (human life, health),
society, economy and the environment. Due to their significant footprint, natural
hazards become natural disasters upon occurrence. Natural hazards can be
classified into geophysical hazards, hydrometeorological hazards and other
hazards. Geophysical hazards are related with the geological characteristics of
an area and include inter alia earthquakes, volcanic eruptions and lahars’,
sinkholes, tsunamis, landslides and rock falls. Hydrometeorological hazards are
primarily related with the weather and the climate of an area and include inter alia
floods and flash floods, forest or wildland fires, droughts, avalanches, tropical
cyclones, severe thunderstorms, tornadoes, hailstorms, ice storms, thermal
extremes and strong winds (WMO, 2014). Natural hazards that may not be
classified into either of these two categories, for example diseases, insect
infestations etc., may be classified as other natural hazards.

As mentioned above, natural disasters are associated with severe impacts on
humans, society, economy and the environment both on a short-term and on a
long-term basis. The most significant short-term impacts are the loss of human
lives, human health problems and damages or even total destruction of properties
and infrastructure. On a long-term basis, the environmental degradation and the
severe deterioration of ecosystem services need to be considered, as well. The
direct impact of natural disasters on humans for the period 2002-2012 on a global
scale is illustrated in Figure 2.1, while indicative figures of their impact on
economy for the period 1980-2012, on a global scale as well, are presented in
Figure 2.2. Based on information retrieved from PreventionWeb of the United
Nations Office for Disaster Risk Reduction (UNISDR) and especially for the period
2000-2011, the overall impact of natural disasters on humans and economy on a
global scale is illustrated in the following figures: 1.1 million of people were killed,
2.7 billions of people were affected and total damages reached approx. 1 trillion
Euros.

1 Eruptions of (glaciated) volcanoes, which include large masses of water (from melted ice)
mixed with sediment, rock and ash (Vallance and Iverson, 2015).
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Figure 2.1. Statistics for the impact of natural disasters on humans (total killed

top, total affected bottom) for the period 2002-2012 on a global scale (Source:
PreventionWeb of the UNISDR ).
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Annual reported economic damages from natural disasters: 1980 - 2012
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Figure 2.2. Statistics for the impact of natural disasters on the economy for the
period 1980-2012 on a global scale (Source: PreventionWeb of the UNISDR).

It becomes obvious that, practically, natural hazards can occur in any part of the
world. Nevertheless, some areas may be characterized as more prone to specific
natural hazards in comparison to other areas, mainly due to their particular
climatic, hydrometeorological, geological and topographic features, urbanization
rate and particularly for diseases sanitation standards. In addition, some of these
disasters are quite frequent, while others are very rare; yet, associated with more
severe impacts. The frequency of occurrence of each natural hazard depends on
numerous parameters, the most important of which are the area particularities as
mentioned above and of course the nature of the hazard itself, which may be
associated with special conditions (e.g. volcanic eruption). An indicative
illustration of the geographical extent of natural disasters in 2012 is presented in
Table 2.1, while a graph with the frequency of occurrence of the most significant
natural disasters during the period 2002-2012 is presented in Figure 2.3.
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Table 2.1 Statistics for the geographical extent of natural disasters in 2012
(Source: PreventionWeb of the UNISDR).

Natural disasters by number of deaths — 2012 (incl. reported missing persons)

Tropical storm “Bopha”, December  Philippines 1901
Flood, August - October Pakistan 480
Flood, July — October Nigeria 363
Earthquake, August Iran Islam Rep. 306
Cold Wave, June Peru 252
Flash Flood, July Russia 171
Cold Wave, December Russia 170
Flood, July Korea Dem. P. Rep. 169
Flood, July China, P. Rep. 151
Avalanche, April Pakistan 135
Number of reported natural Total killed and affected people by natural
disasters by country — 2012 disasters per 100.000 inhabitants — 2012
China, P. Rep. 23 Somalia 29.840
Philippines 20 Gambia, The 23.463
United States 17 Paraguay 23.071
Indonesia 12 Chad 20.995
Afghanistan 11 Zimbabwe 14.312
India 10 Angola 14.033
Russia 8 Philippines 12.557
Japan 6 Malawi 12.509
Bangladesh 5 Guatemala 11.305
Pakistan 5 Kenya 10.065
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Natural disaster occurrence by disaster type
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Figure 2.3. Statistics for the frequency of occurrence of significant natural

disasters for the period 2002-2012 on a global scale (Source: PreventionWeb of
the UNISDR).

2.1.2 Disaster management

The previous figures assist in illustrating in brief the dire consequences of natural
disasters. However, the hydrometeorological and geological processes that
determine the occurrence of natural hazards cannot be easily, if at all, managed
and are not fully predictable. Hence, the reduction of the likelihood of occurrence
of natural hazards becomes uncertain and to some extent problematic. At the
same time, the impact of natural disasters on humans and the environment has
been dramatically intensified, as a result of the population growth and expansion,
which is in constant increase.

Therefore, disaster management becomes an issue of vital importance. The core
components of efficient disaster management are: Prevention and Mitigation,
Preparedness, Response and Recovery. The relationship between these
components is rotational and is better presented through a Disaster Management
Cycle. Schouppe (2008) incorporated two additional components: Alerts and Post
Disaster. A comprehensive disaster management cycle is presented in Figure 2.4.
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Disaster Management Cycle
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Figure 2.4. Disaster Management Cycle (Source: Schouppe, 2008).

Prevention and Mitigation include activities undertaken prior to a disaster. These
activities include capacity building through scientific and technical progress, as
well as awareness raising and education. Scientific progress will contribute to a
better understanding of the generation mechanisms of natural hazards and the
processes involved with their occurrence, while technical progress will enable the
adoption of continuously improved engineering practices in relevant measures.
Through education and public awareness people become familiar with
technological achievements (e.g. issued hazard warnings) so as to fully exploit
them when necessary. Preparedness involves activities undertaken on a central
basis and also prior to a disaster. These activities support contingency planning
through the development of hazard and disaster management plans and
response scenarios (e.g. evacuation plans), as well as appropriate training,
through which people become aware of emergency management plans and
procedures and thus are prepared against natural hazards. An initiative of
UNISDR has been the development of “Regional platforms for disaster risk
reduction” on a global scale. Particularly for Europe, the European Forum for
Disaster Risk Reduction (EFDRR) brings together regional organizations and
representatives from other national platforms in Europe and facilitates discussions
and exchange of experiences on disaster risk management issues (EFDRR,
2011).

Alerts involve real-time monitoring and accurate forecasting of conditions,
primarily hydrometeorological, that may trigger a natural disaster and the issuing
of early warnings. Response concerns real-time conditions and includes the
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undertaking of necessary actions (planned during the previous phases) in order
to mitigate the impacts of a hazard. These actions include issuing of alerts (usually
fitered when disseminated to the public), emergency operation of hazard
protection engineering works (e.g. bank strengthening, watercourse diversion to
drainage networks) etc. Recovery refers to the early post-disaster period and
includes an initial damage assessment and the re-establishment of destroyed
infrastructure and public utilities. On a long-term basis, Post disaster refers to the
re-evaluation and if necessary re-planning of the previous activities, which will be
based on thorough socio-economic and environmental impact assessment.

The research performed for this research focuses on the hydrological behavior of
typical Mediterranean periurban areas. As a result of climatic conditions,
geomorphological and land cover properties, as well as increased urbanization
rate in some cases, these areas are severely affected by two of the most
significant, in terms of impact, natural hazards, i.e. floods and forest fires. In
Sections 2.2 and 2.3, additional information for these two natural hazards is
presented. A discussion on Early Warning Systems for floods is presented in
Section 2.2.1.5, while Section 2.3.1.5 includes information on a particular method
for fire danger management.

2.2 Floods

2.2.1 Facts and statistics about floods

Since the dawn of civilization, man appears to contend with floods. Legends
describing severe floods that have allegedly inundated the whole surface of Earth
thrive in human cultures all over the world. Typical legends presenting man
striving for his life against this natural hazard, which remarkably share numerous
features, stem from ancient Babylon, ancient Greece, China, Lithuania, the
Norsemen in ancient Scandinavia and the Indians of South and North America
(several legends are presented in Champ, 1986). Already in ancient civilizations,
flooding and the protection against it are present in everyday life. This becomes
evident not only through surviving legends from ancient mythology, which usually
present flooding as the worst disaster of all?, but also through other official
documents (e.g. construction and maintenance of flood protection works are
mentioned in Hammurabi’s Code), as well as through the fact that quite often
historical floods constitute fundamental elements of several religions (e.g. the
flood of Noah described in the Old Testament).

2.2.1.1 Principal cause and generation mechanisms

Floods are a natural hazard and are therefore triggered by a purely natural cause,
i.e. precipitation. In many cases, floods are associated with severe precipitation,
however, for the reasons presented in the following, this may not always be the
case. In particular, the flooding of a certain area depends strongly on several
additional factors which may worsen the impact of precipitation or even cause
flooding when precipitation per se would not be adequate to do so.

2 The Sumerian god Enlil punished people for being too noisy by sending them the worst
possible disaster: a flood (Champ, 1986).
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These additional factors, which eventually undertake the role of flood generation
mechanisms, can be classified into natural and anthropogenic (or human-
induced). The npatural flood generation mechanisms are associated with
hydrometeorological, geomorphological and topographic features of a catchment
and include inter alia early and sudden snowmelt due to warm wind, clogged
loamy soils, sparse or burnt vegetation, considerable rivers slopes and steep hills
within a catchment (Champ, 1986). The anthropogenic flood generation
mechanisms include inter alia urbanization and the entailed increase of
impervious areas, clogging of sewer systems and improper maintenance of sewer
network (Figure 2.5) and river reaches, debris discarded in rivers, improper design
of or under dimensioned hydraulic works aimed to manage floods (e.g. levees,
river regulations) and improper operation or even structural failure of hydraulic
works aimed to manage floods (e.g. release of massive water volumes from
upstream dams to the downstream areas for maximization of potential
hydropower (Papathanasiou et al., 2013c), not controlled spillway discharges or
dam break). It becomes obvious that the aforementioned factors may be
determinant of a flood event irrespective of the amount of precipitation during a
given rainfall event, and for this reason the natural trigger of floods becomes
precipitation and not exclusively severe precipitation.

DA i e L S TR O A
Figure 2.5. Clogging of sewer systems from tree leaves and litter (personal
archive).

2.2.1.2 Flood characteristics

Each flood has its particular characteristics that are evaluated in order to estimate
the severity of a flood event, in terms of its subsequent damages and impacts on
humans and the environment. Significant flood characteristics that may serve as
metrics for the estimation of flood severity are described in the following,
regardless of the activated flood generation mechanisms that may cause a flood
event.
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One of the most important characteristics of a flood is water depth. It is estimated
either along a river (flooding occurs when water depth exceeds case-specific
thresholds) or over inundated areas that are normally not covered by water. It is
expected that water depth varies over the whole flooded area, depending on its
geomorphology and the permeability of its particular land cover types. A flood
event is also characterized by its_ extent. Flood extent expresses the spatial extent
of a floodplain and together with water depth they support the generation of flood
hazard maps, as specified in EU Floods Directive (Directive 2007/60/EC). Another
characteristic of a flood is its duration, i.e. the time from inundation to the
recession of ponding water from areas that are normally not covered by water.
This factor also depends strongly on geomorphology and land cover permeability
and determines to a certain extent the damages caused by a flood. Floodwater
velocity (both in the river and the floodplain) also characterizes a flood. Hydraulic
models, described in detail in Section 4.4, are widely applied tools for a
representative estimation of floodwater velocity (FEMA, 2009). Other flood
characteristics include its erosional capacity, i.e. the capacity of moving flood
water to remove soil from the ground surface (FEMA, 2009) and its alluvia storage
capacity, as well as the shape, volume and growth rate of flood waves.

An additional factor that characterises a flood is flood frequency. It expresses the
probable frequency of occurrence of a given flood and refers to a particular area.
Flood frequency can be expressed though several ways, such as Return Period
(T), Annual Exceedance Probability (AEP) and Probable Maximum Flood (PMF)
of particular floods.

Return Period or else called Recurrence Interval (Dinicola, 1996) refers to the
average time period (in years) between floods of certain extent. High, intermediate
or low return periods correspond to events of low probability (extreme events),
medium probability or high probability of occurrence, respectively. A flood of a
particular return period may occur more than once during the given period. A
typical example concerns Mississipi river, where floods of T=100 years return
period occurred 4 times within 8 years (in 1943, 1944, 1947 and 1951) (Champ,
1986). Return period is widely used among hydrologists, yet it may be confusing
or even misleading for the general public. To this end, the use of the less
confusing term Annual Exceedance Probability is encouraged by several
agencies, such as USGS (Holmes and Dinicola, 2010). AEP is the probability that
a particular flood will occur in any year and is expressed as a percentage (%). For
example a 1% AEP flood has 1% chance of occurring in a year; hence it is
expected to occur once every 100 years. Probable Maximum Flood is the
theoretically largest flood that can result from the combination of the most severe
hydrometeorological conditions that could potential occur in a given area (FERC,
2001). This term is widely used in the design of hydraulic structures such as dams,
and also as a security assessment for relevant existing structures.

As mentioned above, the aforementioned quantifiable characteristics support the
estimation of the extent of damages caused by a flood and thus the estimation of
its severity. In general, their values vary for different flood types, described in the
following Section.
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2.2.1.3 Flood types

Floods can be further distinguished into different types, according to their
generation mechanisms, their impacts and their area of impact. Sometimes
definitions of different flood types overlap and additional information is required
for their classification. Each flood type is associated with different socioeconomic
impact, while different areas are prone to specific flood types depending on their
geomorphologic features and their hydrometeorological regime. The most
common flood types are presented in the following.

A typical classification of floods includes fluvial, coastal or pluvial flooding. Fluvial
flooding occurs when water bodies (rivers, streams, creeks or lakes) overflow their
banks as a result of continuous or intensive rainfall. Particularly for rivers, fluvial
flooding is also called riverine (FEMA, 2009) or river flooding, whereas for lakes
the term lake flooding (French et al., 2005) is also used. Coastal flooding occurs
when extreme tidal conditions, including high tides, storm surges and tsunamis,
result in the seawater intrusion in low-lying and normally dry land. Pluvial flooding
occurs when water that comes from heavy rainfall does not enter the drainage
network (usually when it has reached its capacity) or watercourse and is ponding
or flowing over the ground surface instead. Pluvial flooding is also known as
surface water runoff (Lester and McNally, 2012).

Floods are also distinguished into regional and flash floods, based again on their
generation mechanisms and also on their impacts. Regional floods (also known
as slow floods) are caused by sustained and sometimes heavy rainfall usually
during the snow-melting season. Reduced infiltration due to frozen ground or
saturated soil increases runoff and magnifies their impact (Perry, 2000). These
floods affect medium and large size catchments, which exceed a few thousand
km2. The area is inundated within a relatively long time due to the advancing of
water from upstream river zones. Usually, regional floods extend over large
surfaces and they have a long duration, ranging between a few days for medium
scale catchments to weeks or even months for large scale catchments
(Dougherty, 2011). On the other hand, flash floods occur due to rainfall activity
(increased intensity and/or duration), reduced infiltration (e.g. soil clogging,
urbanization and therefore increased impermeable soils) and particular
geomorphology (e.g. steep slopes, dense hydrographic network). Flash floods
affect small catchments (extending over a few hundred km?2). They produce rapid
rises in water levels and are associated with high flow velocities. On the contrary
to regional floods, it may take several seconds to several hours to a rainfall to
evolve into a catastrophic flash flood (Perry, 2000), while their duration is usually
reduced (typically being restricted to a few hours).

As mentioned in the anthropogenic flood generation mechanisms (Section
2.2.1.1) improper design and improver operation or even destruction of hydraulic
works that aim to manage floods can also result to structural failure floods or
overtopping floods. They occur downstream of dams and areas protected by
levees, when the hydraulic works are inadequately designed (under
dimensioned), inadequately constructed or when their design capacity is
exceeded. The water released after dam overtopping or levees failure carries
tremendous energy and becomes a catastrophic flash flood (Perry, 2000).
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Another common flood type which incorporates in its definition different flood
types mentioned above is urban flooding. This type of flooding concerns flooding
within an urban area, due to pluvial flooding (e.g. due to clogging or overflow of
drainage network) or fluvial flooding (flooding of urban rivers) or more rarely due
to structural failure or overtopping flooding (e.g. failure of flood protective
upstream dams). Regardless of its generation mechanism, urban floods always
share the characteristics of a flash flood due to the increased impermeability of
the land cover and thus are particularly destructive and dangerous.

2.2.1.4 Flood impacts and statistics

The impacts of floods on humans and the environment are presented in brief in
the following. Casualties constitute their most severe direct impact on humans. In
classical mechanics, the kinetic energy of the water, and consequently the power
of the water, increases with the square of its velocity (Eq. 2.1).

E = smV? (Eq. 2.1),
where:
Ek = kinetic energy of a body [J],

m = mass of a body [kg] ,
V = velocity of a body [m*s"].

During a flood, this velocity can reach 32 km/h and hence the power of water is
sufficient to remove almost any obstacle, and carry away and ultimately drown
people (Champ, 1986). In addition, floods are followed by severe socioeconomic
damages. More specifically, their major social impact is their impact on human
health, since stagnant waters often contain pathogens, which may trigger the
evolving of contagious diseases, such as cholera and typhus, to deadly epidemics
(Champ, 1986). Typical socioeconomic impacts include increased number of
homeless people, destroyed crops, damages on a country’s infrastructure, public
utilities and other public and private works (e.g. communication systems, road
network, electricity). Finally, floods are associated with severe environmental
consequences, as a result of destruction of wetlands, inundation of point pollution
sources such as industrial units and installations that contain large quantities of
chemicals and toxic materials (e.g. pesticides and paints) etc. Evidently, the
aforementioned impacts are magnified in case of frequent recurrent and
devastating floods.

Flood impacts vary in space and depend on flood characteristics and flood type.
In order to generalize the estimation of a flood impact, floods may be classified
into different categories, based on their effect on humans and the environment
and expressed in quantitative terms. A typical example is the US National
Weather Service (NWS) that has defined different levels of flood severity, i.e.
minor, moderate, major and record flooding, based on public threat posed by a
flood and eventual property damage (US NWS, 2004).

It is highlighted here that water that overtops a river’s banks supplies the adjacent
areas with water, humidity and nutritional matters. Hence, from an ecological
perspective, when these areas are rural, agricultural areas, flooding may even be
beneficial. However, even in such cases and despite the moderate human activity
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in such areas, flooding may become detrimental or even destructive, for example
for specific cultures.

In an attempt to quantify the impact of floods, relevant information and statistics
from historical floods were collected and are presented in the following. As a result
of the flooding of Arno in Florence in 04/11/1333, 300 people lost their lives, while
a new flooding of Arno in 1547 brought about the death to another approx. 100
people (Champ, 1986). According to a relevant study, between 1947 and 1967
173.170 people lost their lives due to direct consequences of river flooding, while
in total 269.635 people lost their lives due to 18 other disasters, such as
hurricanes, tornados, volcanic eruptions etc (Champ, 1986). In 1955 floods
affected North India and caused the destruction of hundreds of villages, leaving
tens of thousands of people homeless (Champ, 1986). In United States, damages
from floods caused by hurricane Agnes in June 1972 reached 10 Million Euros,
while this sum was overrun in September 1975 when damages from floods
caused by the hurricane Eloise reached 13.6 Million Euros (Champ, 1986). In
Australia, floods are characterized as “the most expensive natural disaster’
(Queensland Government, 2011), with its direct costs for the period 1967-2005
averaging at approx. 254 Million Euros per year. During the period 1998 and 2002
Europe suffered from more than 100 devastating flood events, including the major
floods in Danube and Elbe Rivers in the summer of 2002. As a consequence of
these floods, approx. 700 people lost their lives, approx. 500.000 people were
displaced, while insured economic losses exceeded 25%103 Million Euros (EEA,
2004). Additional statistics for floods are presented in Figures 2.6 — 2.12.
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Figure 2.6. Flood events reported during the period 1980-2008 on a global scale
(Source: PreventionWeb of the UNISDR ).
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Figure 2.7. Flood disasters by country reported during the period 1974-2003 on
a global scale (Source: EM-DAT: The Emergency Events Database — Université
catholique de Louvain (UCL) — CRED, D. Guha-Sapir— www.emdat.be,
Brussels, Belgium).

The data set comes from the Dartmouth Flood Observatorys global listing of
extreme flood events compiled from various sources for the 19-year period
from 1985 - 2003. Some flooding is evident in more than one-third of the world's land area.

Figure 2.8. Flood hazard distribution during the period 1985-2003 on a global
scale (Source: Dilley et al., 2005).
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Figure 2.9. The number of people affected by floods during the period 1980-
2008 on a global scale (Source: PreventionWeb of the UNISDR ).
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Figure 2.10. The number of people killed by floods during the period 1980-2008
on a global scale (Source: PreventionWeb of the UNISDR ).
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Figure 2.11. The reported economic damages (in 10° Million US dollars) from
floods that occurred during the period 1980-2008 on a global scale (Source:
PreventionWeb of the UNISDR ).
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Figure 2.12. The annual average cost of flood damages as a percentage of the
Gross Domestic Product (GDP) during the period 1998-2002 for the most
affected EU countries (Source: EM-DAT — The International Disaster Database).

As an overall conclusion drawn from this research and illustrated in Figures 2.6 —
2.12, floods prevail as the most frequent and one of the most devastating natural
hazards on a global scale.

2.2.1.5 Flood Early Warnings Systems

For the reasons presented in Section 2.2.1, flood risk management is now widely
acknowledged as an issue of strategic importance for both socioeconomic and
environmental reasons. However, despite the global wealth of experience in flood
risk management and the standardization of measures and practices for its
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efficient handling, this field remains still open to further research. It is noted here
that different flood types have different particular characteristics and thus require
different risk management strategies. In general, measures and practices for
efficient flood risk management are incorporated in the components of the
Disaster Management Cycle discussed in Section 2.1.2.

Flood Early Warning Systems (FEWSs) are smart systems that issue timely and
accurate flood warnings when necessary and may contribute significantly in
efficient flood risk management. Such systems are effective when they issue early
warnings for decision makers within reasonable time, so as to provide them with
sufficient time in advance to act. It needs to be considered that the operation of
most of these systems relies on complicated computational methods that often
require a lot of time (sometimes hours or even days) to run, thus making it
challenging to keep pace with fast-changing situations (Duncan et al., 2013),
which is common during flash floods.

In addition, issued warnings need to be as accurate as possible. Such systems
are associated with inherent uncertainty that can be propagated all the way down
from system inputs (i.e. hydrometeorologilcal information, weather forecasts etc.),
to its components (i.e. incorporated models and other computation structures) and
eventually its final outputs (i.e. the issued warnings).

Nowadays, modern technology and state-of-the-art tools enhance significantly the
capabilities of meteorologists and hydrologists in terms of flood risk assessment
(Champ, 1986). Technological achievements are widely used in remote sensing.
Weather radars, satellite imagery, as well as sensors that automatically record
the values and the fluctuation of hydrometeorological parameters at selected sites
within a catchment constitute fundamental elements of an enhanced monitoring
of a catchment’'s hydrometeorological regime, which is necessary for efficient
FEWSs. Therefore, weather forecasts, which are core inputs in FEWSs, are
issued timely and are more accurate. Additionally, powerful computers and
enhanced processing software, combined with accumulated experience of
modelers, enormously improve the accuracy and representativeness of
simulation results. Consequently, accurate and timely weather forecasts and
efficient flood modelling outputs support the issue of more precise flood warnings.

Nevertheless, the occurrence of a flood depends strongly on numerous,
interrelated and difficult to foresee and manage parameters. Therefore, despite
the undoubtful progress in the representativeness of inputs and outputs of
FEWSs, uncertainty still exists in the issued warnings. To this end, a proper and
integrated exploitation of effective techniques, datasets efc., as well as the regular
update of adopted methodologies and applied tools in FEWSs, become priority
issues in order to further enhance the efficiency of early warnings for floods.
Approaches that can be easily adopted in robust FEWSs and support their
seamless operation are necessary. This research considers these elements and
concludes with the development of a methodology (presented in detail in Chapter
5) for efficient post-fire hydrological modelling that can be easily incorporated in
relevant FEWSs. From this perspective, FEWS are applications that may improve
the accuracy of issued warnings when considering the proposed methodology.
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2.3 Forest fires

2.3.1 Facts and statistics about forest fires

Similarly to floods, forest fires had always been a major hazard that affected
humans and the environment. Archeological findings and, when available, written
evidence reveal the occurrence of large scale fires that have severely affected the
socioeconomic status of affected areas. The recorded fire events refer primarily
to city fires (e.g. the Great Fire of Rome (64 A.C.), a great fire that burnt down
much of Constantinople (406 B.C.), the Great Medieval fires of London (1135 and
1212)) and building and structure fires (e.g. the burning of the 15t temple in
Jerusalem (586 B.C.), the burning of Acropolis in Athens during the 2" Persian
invasion of Greece (480 B.C.), the burning of the temple of Artemis at Ephesus
(356 B.C.)), which were basically arsons or accidental urban fires. Information on
ancient forest fires is limited, yet wildfires are recorded systematically since the
early 19t century. Fire scars observed on tree rings are a common source of
information for historic fires and overall past canopy disturbances (Figure 2.13).

Figure 2.13. Close up of tree ring with fire scars (Source: Laboratory of Tree-
Ring Research, University of Arizona, Photo by Tom Swetnam, available at:
http.//www.ltrr.arizona.edu/~sheppard/swland/scartree.html).

2.3.1.1 Forest fire ignition sources

The ignition sources of forest fires are either natural or anthropogenic. In the first
category, lightning strikes seem to be the most frequent source, especially at the
start of the wet period, when the biomass has dried out completely and strong
winds and frequent lightning strikes, sometimes not even followed by rainfall, may
occur (Heinl et al., 2007). Anthropogenic induced fires may be either accidental
or set in purpose (e.g. an arson or a fire set in order to induce grass regrowth for
grazing animals, to clear land and remove dead biomass for the subsequent
cultivation and harvesting periods etc.). Especially when logging activities take
place, slash left on site corresponds to high fuel loads and forest fire danger is
increased. Regarding the principal ignition source of forest fires in Europe, and as
also discussed in Section 2.3.1.4, their overwhelming majority concerns human-
induced forest fires (San-Miguel-Ayanz et al., 2012).
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Human-related factors, such as rural out-migration and abandonment of
agricultural lands, induce changes in plant cover composition and structure
(Mayor et al., 2007) and increase the number of wildfires on a global scale. In
addition, increased temperatures and prolonged dry periods are expected to be
intensified based on climate change scenarios, thus contributing to expected
increased frequency of wildfire activity (Esteves et al., 2012). Given that this
research focuses on typical Mediterranean areas, i.e. areas characterized by the
Mediterranean climate, as presented in Chapter 6, the forests of which include
representative species of Mediterranean vegetation, two additional reasons which
increase fire occurrence in these areas need to be highlighted.

The first one is the fact that Mediterranean vegetation, includes besides several
highly resilient to fire species, also numerous fire-sensitive species (Pausas et al.,
2008). In particular, typical Mediterranean vegetation, focusing on the
Mediterranean basin, includes sclerophyllous woods, consisted chiefly of Pinus
and Quercus communities and ordinarily small trees, shorter than 2.5 m, broad-
leaved evergreen shrubs which on calcareous soil form widely spaced bush
associations with (usually extensive) space, the so-called “garrigues” or
“phrygana” and on silicious soil become closely set and taller, forming the so-
called “méquis™ and bushes. Mediterranean vegetation is also characterized by
a considerable floristic diversity. These vegetation types may have some
differences in their composition and structure, mainly attributed to soil and
geographical features. However, despite their differences these shrubs and trees,
which are typical for areas lying between 30° and 40° north and south latitudes,
always exhibit vertical, rigid dull green leaves (Schimper, 1903; Davis et al., 1996;
Encyclopaedia Britannica, 2013). The representative types of Mediterranean
ecosystems which are mentioned above are highly flammable, favoring thus fire
ignition and as a result recurrent wildfires are an integral part of these ecosystems
(Thanos and Marcou, 1991).

The second reason why Mediterranean wildfires are frequent is the sub-humid
Mediterranean weather, which favors vegetative growth during the wet season
and the high fuel loads produced are subjected to increased fire danger during
the hot and dry summer periods (Esteves et al., 2012). In Mediterranean forests
extended fires occur usually during the summer time, when herbaceous
vegetation is dormant or dead, in case of annual grasslands, and deciduous trees
have shed their leaves. Under these circumstances, dry and easily combustible
biomass fuels are accumulated and increase the vulnerability of the forests to fire.
Besides, Mediterranean weather conditions also favor fire propagation during the
summer.

3 C’est avec raison qu’on le [le golfe d’Ajaccio en Corse] compare a la baie de Naples; et au
moment ou la goélette entrait dans le port, un maquis en feu, couvrant de fumée la Punta di Girato,
rappelait le Vésuve et ajoutait a la ressemblance. (Mérimée P., 1840) / The Gulf of Ajaccio [on
Corsica] is compared, with justice, with the Bay of Naples, and at the moment when the schooner
entered the harbor, maquis on fire, which covered with smoke the Punta di Girato, woke up
memories of Vesuvius, intensifying by that way the resemblance.
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2.3.1.2 Fire characteristics

In order to proceed to further analysis of given fire events it is necessary to
somehow characterize the behavior of a forest fire by quantifying specific fire
properties. This purpose is served by the use of specific fire science terminology.
In the current research all key fire properties were further investigated and it was
concluded that the most important and commonly used fire-related terms are
those mentioned below.

The spatial characteristics of a fire include the fire spatial extent (expressed in
spatial units, usually ha) and the fire perimeter, i.e. the boundary of a fire
(expressed in length units). Fire front refers to the part of fire within which
continuous flaming combustion is taking place. It is often assumed as the leading
edge of the fire perimeter and is expressed in length units (NWCG, 2012). Another
fire property is the rate of fire spread, which describes the rate of fire increase in
terms of either spatial or linear dimensions and is usually expressed in m/min.
The Forward Rate Of fire Spread (FROS) which describes the rate of spread in
the heading direction is also commonly applied (Byram, 1959). The radiant heat
energy released per unit time is the Fire Radiative Power (FRP), a metric that is
usually expressed in mW/mZ2 and is also widely exploited in fire analyses.

Another key physical property of fire is fire intensity; it is a more general term that
expresses the energy released during a fire and is commonly quantified through
fireline intensity or reaction intensity. Fireline intensity (which is also referred as
Byram’s fire intensity (Byram, 1959) or frontal fire intensity (Santoni et al., 2010)
expresses the rate of energy or heat that is released per unit length of fire front,
regardless of its depth. It is calculated as the numerical product of rate of fire
spread, fuel consumption (the mass that is removed from fire either per unit area
or as a percentage of the existing fuel load prior to the fire (NWCG, 2012)) and
heat yield (the heat of combustion after correcting for various heat losses,
primarily due to moisture in the fuel, also called low heat of combustion (NWCG,
2012)) at a given point on the fire perimeter and is usually expressed in KW/m.
Reaction intensity is the rate of heat release per unit area of the flaming fire front
and is expressed in units of heat energy (Kcal or Btu)/area units /time units
(NWCG, 2012). An additional indicator of fire intensity is flame length, which is
the distance between the flame tip and the midpoint of the flaming zone at the
base of the flame (generally the ground surface) and is expressed in length units
(NWCG, 2012).

In practice, several of these fire properties are used together to characterize a
given fire event. However, during this research it was concluded that besides fire
spatial extent, a critical fire property that can support post-fire analyses is fire
severity. Due to its importance, this critical fire characteristic has been extensively
analyzed during this research and is presented in detail in Section 2.3.1.3.

2.3.1.3 Fire severity
A measure that quantifies the effects of fire on soil and overstory expressing its

impact on ecosystems immediately after a fire event is fire severity (Keeley, 2009;
De Santis and Chuvieco, 2007). Another term that has gained popularity in recent
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years and is often used interchangeably with fire severity is burn severity (Keane
et al., 2012; Keeley 2009; Chuvieco et al., 2005; Key, 2005; Parra and Chuvieco,
2005). This latter term addresses the same concept, combining the direct impact
of fire on soil and plants after fire extinguishment and expressing post-fire
ecosystem change (Veraverbeke et al., 2010), and is associated with longer-term
fire effects, as opposed to fire severity that expresses the more immediate fire
effects (Keane et al., 2012). The incorporation of ecosystem responses in the
aforementioned terms may lead to confusion and thus, in order to avoid
misunderstanding, fire severity and burn severity could rather be considered
independent of ecosystem responses, while for more accuracy burn severity can
be subdivided into vegetation burn severity and soil burn severity (Keeley, 2009).
In the following, the term fire severity is used to express fire impact on
aboveground and belowground organic matter.

The approaches to map fire severity include field surveys, satellite imagery
processing and statistical and simulation modelling and as expected, a plethora
of fire severity classifications is available in literature, each one of which being
based on an inevitably limited subset of potential fire impacts. Unavoidably, the
definition and measurement of fire severity indices is associated with inherent
uncertainties, subjectivity, lack of standardization and potential inconsistency,
which impose limitations in their use (Keane et al., 2012). However, fire severity
indices are undoubtedly useful, integral tools to quantify fire impact, even when
they are followed by numerous assumptions. Considering the previous, the
adoption of a proper, ordinal index, even if it may often needs to be case-specific,
becomes critical, as also recognized in Keane et al. (2012).

The most widely used fire severity indices are the Normalised Difference
Vegetation Index (NDVI), the Normalized Burn Ratio (NBR), the Composite Burn
Index (CBI), which incorporates a complementary field sampling approach, the
Relative differenced Normalized Burn Ratio (RANBR) and the satellite-derived
Differenced (or Delta) Normalized Burn Ratio (ANBR (or ANBR respectively)),
which is the temporal difference between pre- and post- fire NBR (Key and
Benson, 2006; Keane et al., 2012; Miller et al., 2009). The values of each index
are associated with different levels of fire severity.

Fire severity is usually classified into three to six categories (Keane et al., 2012),
the majority including the categories low, moderate and high, in many cases
supplemented by the category very high. In general, high severity is associated
with removal of the duff layer, heating of soil surface and burning of the vegetative
canopy (Springer and Hawkins, 2005). These categories can be assumed as
representative of the entire magnitude of fire-imposed biophysical changes in the
environment. Sometimes, one more fire severity category may be identified, i.e.
enhanced regrowth. However, when the extent of this class is limited, this class
may be ignored.

2.3.1.4 Forest fires impacts and statistics

Forest fires are frequently occurring natural hazards that affect forested land and
are associated with dire socioeconomic consequences and particularly
unfavorable environmental conditions. More specifically, forest fires pose a direct
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threat on_human lives. In addition to that they are often related with massive
amounts of damage on properties (both public and private) and significant
disruption of human _activities not only in the affected area but also in the
neighboring zones. However, it is the environment and the ecosystems hosted
within a forest that are directly affected, and usually destroyed, during a forest fire.

A direct consequence of forest fires is the release of carbon dioxide in the air and
the creation of heavy smog, which is particular harmful to human and animal life
and may even last for weeks. In the aftermath of a fire, the habitat of the
environment is severely affected through deforestation, changes in species
population and distribution. As documented in literature, wildfires are considered
to have one of the highest environmental impacts in the Iberian Peninsula
(Esteves et al., 2012), while they have been also characterized as the most
important single agent of geomorphological change in parts of the western USA
(DeBano et al., 2005).

The extent of these impacts depends strongly on geomorphological particularities
and fire characteristics, the most important of which are fire severity and spatial
extent of forest fire. The overall environmental footprint of forest fires is amplified
in case of frequent and successive forest fires, which eventually destroy
completely the habitat of the affected areas. Lands or even communities that lie
inthe WUI, i.e. in the transition zone between unoccupied land (e.g. forested land)
and land characterized by intense human activity (e.g. fully urbanized areas), are
exposed to increased fire danger and are thus more prone to intensified impact
of forest fires (Mitsopoulos et al., 2015). Typical are the recent cases of California
(US)in 2003 and 2007, Greece in 2007 and Victoria State (Australia) in 2009 (Mell
et al., 2010; Haynes et al., 2010).

It needs to be mentioned that at the same time small-scale forest fires constitute
an integral, sometimes even essential, physical process of forest ecosystems,
since they destroy diseased plants, harmful insects and decaying material, and
they result in increased sunlight which fosters seed regeneration. In such cases
the absence of fire may become equally detrimental with frequent forest fires to
plant communities. Prescribed fires, which are discussed in Section 2.3.1.5,
constitute a common practice for fire danger management. However, when this
phenomenon occurs frequently, without control and at an extended scale, it
becomes a real threat to the natural environment.

Focusing on Mediterranean areas, wildfire activity is particularly increased,
especially during the last decades (Esteves et al., 2012; Pausas et al., 2008).
According to San-Miguel-Ayanz et al. (2012) on average 65.000 fires occur in
Europe every year, which burn approx. 5.000 km2 (500.000 ha) of wildland and
forested land. The 85% of the affected areas are located in the European
Mediterranean region. As reported by EEA (2004), the area burnt from forest fires
per year in 5 Mediterranean countries (Greece, Italy, France, Spain and Portugal)
varied between 2.000 km2 (200.000 ha) and 6.000 km2 (600.000 ha) during the
period 1980-2002, while according to WWF (2003) the total burnt area in Greece,
Portugal, Italy and Spain has quadrupled since 1960.
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Regarding their ignition source, analyses of relevant datasets retrieved from the
European Forest Fire Information System (EFFIS) conclude that more than 95%
of fires in Europe are human-induced (San-Miguel-Ayanz et al., 2012). As far as
frequency of occurrence of fire events is concerned, a year characterized by an
increased fire activity is usually followed by several years of lower fire activity.
This can be mainly attributed to the fact that fuel loads are significantly reduced
after a large scale fire event. In a relevant research study by Heinl et al. (2007)
fire activity peaks seem to be repeated roughly every 6 years. In terms of their
economic impact, according to the UN Food and Agriculture Organization (FAO)
Forestry Department, Mediterranean forest fires cost the region approx. 103
Million Euros each year (Kinver, 2011). Only for Spain, the annual cost of the
direct impact of erosion due to fires on the environment is approx. 280 Million
Euros, while the cost of rehabilitation is estimated at 3.000 Million Euros for a
period of 15 to 20 years (WWF, 2003).

Additional statistics for wildfires on a global scale are presented in Figures 2.14 —
2.16, while relevant statistics particularly for the five southern EU member states
(Greece, ltaly, France, Spain and Portugal) are presented in Figures 2.17-2.18.
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Figure 2.14. Wildfires reported during the period 1980-2008 on a global scale
(Source: PreventionWeb of the UNISDR ).
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Figure 2.15. The number of people killed by wildfires during the period 1980-
2008 on a global scale (Source: PreventionWeb of the UNISDR ).
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Figure 2.16. The reported economic damages (in 10° Million US dollars) from
wildfires that occurred during the period 1980-2008 on a global scale (Source:
PreventionWeb of the UNISDR ).
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period 1980-2002 in the five Southern EU Member States (Source: EEA, 2004).
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Figure 2.18. The average fire size (in ha) during the period 1980-2012 in the five
Southern EU Member States (Source: JRC, 2014).

2.3.1.5 Prescribed fires

Fire danger management is beyond the purposes of this research, however this
Chapter includes a short discussion on fire danger management for reasons of
completeness. From the previous Sections, it becomes obvious that wildfires
need to be properly accounted for so that appropriate fire management practices
will be adopted. It needs to be highlighted that fire management practices should
not be restricted to firefighting, as is the current practice in most cases nowadays,
but may also include the regular application of prescribed fires.
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As mentioned above, forest fires are an integral part of the physical process of
forest ecosystems that under certain conditions can enhance the natural process
of forest regeneration. Prescribed fires burn primarily in surface fuels, leaving a
high percentage of overstory trees alive (Oliveira and Fernandes, 2009).
Prescribed burning occurs on significantly smaller scales, in terms of spatial
extent, intensity (related to rate and amount of energy released) and severity in
comparison to wildfires, while prescribed fires are typically set during the dormant
season of the vegetation, when high levels of moisture make fire control easier
(Oliveira and Fernandes, 2009; Carter and Foster, 2004). Such fires modify the
quantity and the structure of fuels and thus assist in preventing high-severity fires
and reducing negative impacts of extended wildfires, such as increased post-fire
soil erosion (Oliveira and Fernandes, 2009; Scott and Van Wyk, 1990; Esteves et
al., 2012).

Even though sometimes the results of prescribed fires published in literature are
contrasting, a closer look may show that ineffectiveness of this practice is usually
associated only with specific forest species (e.g. Quercus forests (Franklin et al.,
2003); combined Quercus and Pinus forests (Barton, 1999) efc.). In general,
controlled burns, which are commonly used in fire-prone areas like the
Mediterranean, are reportedly as one of the most effective practices for reducing
a fire’s impact, including rate of spread, fireline intensity, flame length and heat
per unit of area (van Wagtendonk, 1996; Oliveira and Fernandes, 2009; Carter
and Foster, 2004; Fernandes and Botelho, 2004).
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CHAPTER 3: FLOODS-FIRES INTERACTION

The tremendous impacts of floods and forest fires on humans and the
environment are presented in Chapter 2. Both natural hazards and their impacts
were examined for the case when each hazard acts in isolation. However, floods
and forest fires interact, and consequently their impact is intensified. The current
research investigates thoroughly one way of this interaction (similarly to the one-
way causal effect approach), i.e. the impacts of forest fires on ecosystems,
examined from a hydrological perspective, in an attempt to quantify it and
incorporate it in hydrological modelling. These impacts are the most obvious and
intense ones and are presented in Section 3.1. The forest fire impacts on typical
catchment characteristics are assessed in Section 3.2, while Section 3.3 analyses
in depth the term “post-fire recovery”. The inverse way of the floods-fires
interaction, i.e. the impact of floods on forest fires is often underestimated; yet it
is not negligible. This impact is examined in brief in Section 3.4. This Chapter
concludes with the identification of the existing gap in literature regarding the
quantification of the impact of forest fires on the hydrological behaviour of a
catchment.

3.1 Impacts of forest fires on ecosystems from a
hydrological perspective

As clarified above, the current research examines the impacts of wildfires on
ecosystems from a hydrological perspective. More specifically, fires provoke both
direct and indirect impacts on the hydrological response of affected catchments.
These impacts are not uniform over time and space; they are characterized by
variable temporal and spatial scales instead (Keane et al., 2012). In the following,
the impacts of fires on hydrological catchments are presented in brief.

3.1.1 Directimpacts

The most evident direct effect of forest fires on a catchment is the change in the
coverage of a catchment’s surface. A fire clears the soil surface from vegetation,
litter and other barriers. Particularly for vegetated land, the vegetation cover is
modified or even completely destroyed, depending on fire severity. Since land
cover is a decisive feature in hydrological modelling, burnt catchments have a
totally different hydrological response than catchments not affected by fire.

Another direct impact of forest fires is the alteration of the soil properties in the
affected areas. The conversion of organic ground cover to soluble ash, the
removal of the overhead foliage and the resulting modification of the microclimate
at the affected area contribute to the alteration of the physical and chemical soil
properties (Lavabre et al., 1993).

Regarding the physical soil properties, prior to a fire and when high vegetation
covers the soil, soil hydraulic conductivity is increased and macropore fluxes are
favoured (Campo et al., 2006). However, after a fire event hydraulic conductivity
is expected to be significantly diminished. Relevant studies have identified a
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relation between fire severity and fire impact on physical and hydraulic soll
properties (Rulli and Rosso, 2007).

As far as fire-induced changes in chemical soil properties are concerned, one of
the most profound such change is the development of a hydrophibic, water
repellent coating over the upper soil layers. More specifically, during a fire event,
very intense heating takes place, especially during high-intensity fires, and both
volatile and non-volatile substances are produced. The volatile substances are
evaporating soon, while the non-volatile ones affect significantly the litter and the
upper soil layers. Non-volatile substances and part of vaporised water and organic
compounds move downwards into the soil and towards lower temperature soil
layers, where condensation on mineral soil particles takes place. This procedure
results in the development of a water repellent upper soil layer of varying
thickness, which is developed in parallel with the soil surface of the burnt areas,
the properties of which have been studied extensively in literature (Rulli and
Rosso, 2007; DeBano, 1981 and 2000). The modification in soil water repellency
due to fire is presented in Figure 3.1. Before the fire, a water repellent layer is
developed below the litter layer and the upper parts of the mineral soil (Figure
3.1a). During the fire, the litter and vegetation is destroyed and the hydrophobic
substances move downwards, towards lower temperatures (Figure 3.1b). As a
result, after the fire, a water repellent zone is developed lower in the wettable soil
and parallel to the burnt soil surface (Figure 3.1c) (DeBano, 1981).

A - Unburned C - Burned
Litter Water repellent zone Water repellent layer
?j iDecreasing temperatu re({z — Wettable layer
Water repellent layer
Wettable Soil Wettable Soil Wettable Soil

Figure 3.1. Modification in soil water repellency prior to (a), during (b) and after
(c) a fire (adapted from DeBano (1981)).

Water repellency is determined in the field by means of special tests on soil (e.qg.
water drop penetration time (WDPT) and critical surface tension (CST)), also
described in DeBano (1981). In Scott and Van Wyk (1990) repellent soils were
developed to depths up to 150 mm below the surface, with decreasing frequency
of repellence below 100 mm. In general, extended repellency was tracked in
greater depths at locations where high fuel load conditions predominated during
the fire. In the aforementioned study, the frequency of occurrence of repellency in
surface layers was particular low, since sufficient level of heating in the soail
surface took place.
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In general, the repellent layer is not continuous over a large area (Scott and Van
Wyk, 1990; DeBano, 1981). In some cases, the soil hydrophobicity is associated,
albeit weakly, with fire severity, (Lewis et al. 2006; Robichaud, 2000), while in
other cases there seems to be no correlation between the soil water repellency
and fire severity (Doerr et al. 2006; Cannon et al. 2001). It is mentioned however
that in some exceptional cases post-fire soil hydrophobicity may not be increased.
This takes place for example when the soil affected by fire is covered with limited
organic material and is fine-textured and thus less susceptible to develop water
repellency (Mayor et al., 2007).

3.1.2 Indirect impacts

Forest fires are mainly associated with indirect impacts on the hydrological
behaviour of a catchment. These indirect impacts come as a result of the
aforementioned direct fire impacts and are analyzed in the following.

The change in the coverage of a catchments surface (removal of vegetative cover,
litter and other barriers), which is the most evident direct fire impact, speeds up
surface flow, since few obstacles, if any, block water flow. Particularly for the
vegetation cover, as a result of its destruction or modification, canopy interception
and evapotranspiration are significantly modified and the hydrological cycle is
affected. In particular, the vegetation removal results in reduced interception and
transpiration and increased evaporation, given the insolation and the increased
wind velocities due to opening in the formerly vegetated area (Lavabre et al.,
1993).

Further to the aforementioned change in the soil coverage, the ash layer that is
laid over the surface of the affected catchment and which is dominant especially
during the first post-fire period contributes to decreased infiltration and increased
runoff. Of course, it also needs to be considered that this upper layer acts to a
certain extent as a protective layer to rainfall erodibility and soil detachment,
especially during the first post-fire rainfall events, as also confirmed by Campo et
al. (2006).

The alteration of physical and chemical soil properties after a fire is also
associated with the indirect fire impacts presented in the following. Regarding the
physical soil properties, due to decreased soil hydraulic conductivity after a fire,
soil loss is increased and runoff is augmented. Changes in chemical soil
properties and more specifically the development of a hydrophobic, water
repellent layer is related with reduced rainfall infiltration, since it allows infiltration
only up to a limited depth, i.e. until the wetting front that starts from the surface
will reach this layer. Therefore, increased and erratic runoff is to be expected,
especially in soils that have been affected by fires of high severity (Rulli and
Rosso, 2007; Scott and Van Wyk, 1990; Besson et al., 2001; Bolin and Ward,
1987). Increased runoff is expected even under low intensity rainfall conditions,
when their duration is long. The modified infiltration rate due to the development
of a water repellent layer after a fire for different soil depths, as well as its
modification over time is examined in DeBano (1981). Regarding the modified
infiltration rate due to the development of a water repellent layer, the research
concludes that the existence of a water repellent layer makes the infiltration rate
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curve sharper. As far as infiltration modification over time is concerned, the
research conludes that infiltration rate in a water repellent soil increases with
time, contrary to the typical decline of infiltration rate with time for wettable soils.

Forest fires also result in increased soil erosion. In general, soil erosion is a
natural process that occurs as a result of the action of water, wind and/or gravity
and is characterized by three main processes: detachment, transport and
deposition. The presence of local disturbances (existing structures, vegetation,
roots, gravels etc.) may induce the formation of flow preferential paths and
localised erosional patterns. This natural process is intensified due to changes in
land uses or land cover, which may many times be human-induced, and soil
erosion is expected to be significantly increased after wildfires. Focusing on
erosion due to the action of water and particularly for detachment and transport,
exposed slopes are subjected to four types of erosion, i.e. raindrop erosion, sheet
erosion, rill and gully erosion and stream and channel erosion, as presented in
Figure 3.2 (IUM, 2013; NSW, Soil Erosion Factsheets).

ALl AND SLLLY
ERDEION

4

NTET . STREAM AND CHANMEL
= EROE/ON

Figure 3.2. The four types of erosion that affect exposed slopes (Source: IUM,
2013).

Raindrop erosion is the effect of falling rainfall drops on the soil. Soil particles are
detached due to the force of raindrops and can be transported easily by the
surface flow. Sheet erosion expresses the removal of thin soil layers as a result
of raindrop splash and shallow surface flow. The finest particles of the upper soil
layers which contain most of the nutrients and organic matter are removed due to
sheet erosion. When surface water is concentrated into rivulets, shallow drainage
lines less than 30 cm are produced and rill erosion occurs. In case surface water
cuts channels deeper than 30 cm through the soil, then gully erosion takes place.
When the volume and the velocity of runoff is increased and particularly when
water moves through dispersive subsoil, i.e. soil easily erodible when wet, stream
and channel erosion takes place, the stream bottom and bank toe may be
severely modified and large sections of the stream bank may fail (IUM, 2013;
NSW-DPI, Soil Erosion Factsheets).

All these types of erosion are significantly intensified after forest fires. Esteves et
al. (2012) clearly state that post-fire erosion is undeniably increased. The degree
of fire-induced erosion depends on numerous factors, such as fire severity, fire
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frequency in the affected area, topographic characteristics, soil properties,
alteration in land cover, local meteorological conditions efc.

Particularly for fire _severity, Inbar et al. (1998) state that surface erosion is
significantly accelerated only in areas affected by intense fires. According to
Cannon et al., (2000), Bisson et al., (2005) and Dragovich et al., (2002) it is
expected that increased fire severity is associated with increased soil erosion.
Regarding topography, slope (Bisson et al., 2005; Scott and Van Wyk, 1990) and
to a lesser extent hillslope curvature (Bisson et al., 2005) usually play a significant
role in soil erosion in general and post-fire erosion in particular. In terms of slope,
slopes greater than 25° are often associated with increased soil erosion and
debris flow. An upper limit slope cannot be easily selected. However, relevant
research has resulted that areas with very high slopes are less prone to erosion,
primarily due to lower water infiltration (Pallas et al., 2004). As far as hillslope
curvature is concerned, mainly concave hillslopes have been identified by several
researchers as slopes of increased risk of failure (Bisson et al., 2005). However,
other studies conclude that slope aspect and exposure have a trivial effect on
erosion (Inbar et al., 1998). In addition, as analyzed above, forest fires affect soil
properties (physical, chemical and mechanical) and thus alter the binding capacity
of the soil particles. According to Hubbert et al. (2006) the structural alterations in
soil properties affect erosional processes decisively. According to Scott and Van
Wyk (1990), Wondzell et al. (2003), Bisson et al. (2005) and Inbar et al. (1998)
changes in soil properties, such as detachment of soil aggregates that takes place
after a high-intensity fire, trigger increased erosion. At this point, it needs to be
clarified that the term fire intensity refers to the amount of energy released during
a fire event, which is different from fire severity that is basically associated with
the impact of fires on organic matter aboveground and belowground, as described
in Section 2.3.1.3 (Keeley, 2009). In fact, there are cases where fire intensity and
fire severity are negatively correlated, e.g. the case of grass and shrubland fires
(Keane et al., 2012). The vulnerability of a soil to erosion is particularly high
especially after repeated fires, which contribute to increased soil degradation
(Campo et al., 2006). Post-fire erosion is also increased due to changes in the
upstream contributing area (Cannon et al., 2001) and severe changes in land
cover and land use (Giovannini et al., 2001). The extent and speed of post-fire
vegetation recovery also affects soil erosion (Inbar et al., 1998). Taking also into
consideration the fact that forest fires are associated with increased runoff volume
and velocity, it becomes clear why wildfires intensify sheet, rill, gully and stream
and channel erosion.

At the same time, forest fires indirectly facilitate raindrop erosion as well. In
particular, raindrop detachment is mainly affected by the characteristics of the
rainfall (intensity, duration), the soil characteristics, the existing land cover
(ground and canopy cover) and the surface water depth (Rulli and Rosso, 2007).
A positive correlation between rainfall intensity and soil loss was identified by
Campo et al. (2006), while soil loss was not significantly correlated with rainfall
volume. However, repeated fire events result in a more degradable and thus a
more sensitive to rainfall energy soil (Campo et al., 2006). Furthermore, as a result
of the loss of the aboveground biomass due to fire, more soil surface is exposed
to rainfall and the kinetic force of precipitation on the soil surface is increased
(Moody and Martin, 2001a) and therefore raindrop erosion is also increased. As
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also verified in numerous relevant studies, post-fire soil erosion depends on local
climate (Soto et al., 1998; Cerda et al., 1995; Kutiel et al., 1995; Wondzell et al.,
2003, Rulliand Rosso, 2007; Inbar et al., 1998) and the timing of post-fire storms
(Inbar et al., 1998).

Since soil erosion is directly related with sedimentation, forest fires trigger
increased post-fire sediment transport. As also mentioned above, as a
consequence of the burning-off of all the leaves and the undergrowth, the soil is
exposed and thus more vulnerable to erosion by raindrops. Therefore, an
increased amount of sediment becomes available for transport by the main
channels (Brown, 1972). In addition, the higher overland flow velocities that occur
as a result of the destruction of forest litter and other debris on the ground, also
contribute to an increase in sediment transport (Brown, 1972; Scott and Van Wyk,
1990). Furthermore, the catchment roughness and time of concentration are
reduced after a forest fire. Taking also into consideration the post-fire increased
channel and overland flow velocities for given amounts of rainfall, increased
stream discharges and therefore increased sedimentation are expected (Brown,
1972). Relevant studies also confirm a high correlation between sediment
transport and fire severity (e.g. Rulli and Rosso, 2007; Scott and Van Wyk, 1990;
Bolin and Ward, 1987).

Another indirect fire impact is the inducement of debris flow. Debris flow can be
initiated either from surface runoff or from soil saturation. It has a highly
destructive power, it occurs without previous warning and it exerts significant
loads on objects tracked in its path, thus resulting in significant damages in
structures and endangering human lives. Post-fire debris flow is expected to be
significantly increased (Mitsopoulos et al., 2015; Scott and Van Wyk, 1990). More
than 160 people were killed in Sarno (Italy) in 1998 by debris flows after a fire
event (Bisson et al., 2005). Particularly at recently burnt areas, debris flows
generated during storm events, unlike landslide-triggered debris flows, have no
identifiable initiation source and may occur even in case of limited or even absent
antecedent moisture (Cannon et al., 2008). In unburned areas, landsliding occurs
as a result of infiltration, while in burnt area and especially within the first two
years after a wildfire, debris flow is primarily resulted from the progressive
entrainment of material that has been eroded from hillslopes and channels during
surface runoff, even after short-recurrence interval periods (Cannon et al., 2008).
The most significant debris flows of this type usually occur during the first
significant storm that affects the burnt area, when antecedent soil moisture is still
negligible. In unburned areas, however, antecedent soil moisture conditions are
quite critical for debris flow initiation. In terms of recurrence intervals of the storms
that triggered debris flows, periods of less than or equal to two years seem to
have as a result significant debris flows (Cannon et al., 2008). Any change in
rainfall characteristics during a storm event may have effect on triggered debris
flow and thus it is useful to take into account the exact rainfall pattern when
examining debris flows. In Cannon et al. (2008), debris flows seem to have
occurred as a response to periods of high-intensity rainfall during the storms.
Even though rainfall is the primary driver of a post-fire runoff response and
therefore of the resulting debris flow, fire severity, soil properties, basin
characteristics etc. also play a significant role in the amount of debris flow
(Cannon et al., 2008). For example, smaller and steeper basins are expected to
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respond with debris flows in shorter time periods and after lower rainfall totals and
intensities and severely affected areas are expected to yield increased debris
flows.

As mentioned above, as a result of the direct impacts of fires on the soil (i.e.
destruction of vegetation coverage and litter and modification of physical and
chemical soil properties), increased and erratic runoff is to be expected,
particularly in case of soil severely affected by fire. Still, increased soil erosion,
sedimentation and debris flow, which are analyzed above, contribute in turn to an
increase in peak flows and runoff volumes during post-fire flood events. Actually,
these two consequences, i.e. the considerable post-fire increase in runoff
volumes and peak flows, are the most evident and important impacts of forest
fires on the hydrological behaviour of a catchment during post-fire flood events.

Increases in flood runoff volumes after fire events have been analyzed extensively
in literature. The studies of Brown (1972), Bisson et al. (2005), Scott and Van Wyk
(1990), Lavabre et al. (1993) and Beeson et al. (2001) are indicatively mentioned.
In general, increased discharges are most of the times not associated with
exceptional rainfall events (Bolin and Ward, 1987; Springer and Hawkins, 2005).
Yet, they are more significant for intense events. According to Lavabre et al.
(1993) and Scott and Van Wyk (1990), increased runoff volume after a fire event
is mainly observed during “high water days”, while Lavabre et al. (1993) also
states that “low water days” may result in no particular change in observed runoff.
In addition, runoff volumes are particularly increased in areas that have steep
slopes and also areas that are affected by high-severity fires (Beeson et al.,
2001).

Springer and Hawkins (2005), Lavabre et al. (1993) and Scott and Van Wyk
(1990), among others, have also studied increases in peak flows after fires. Peak
flow has been characterised as a sensitive parameter in describing post-fire
hydrological response (Moody and Martin, 2001b). Beeson et al. (2001) conclude
that post-fire increases in peak runoff depend strongly on rainfall characteristics,
without this meaning that increased post-fire peak flows are necessarily, if at all,
associated with differences in post-fire rainfall patterns (Bolin and Ward, 1987).

Inevitably, due to changes in catchment characteristics and increase in runoff
volumes and peak discharges after wildfires, the shape of flood hydrographs of
affected catchments is heavily modified. Generally, in the aftermath of a fire event,
sharper hydrographs are to be expected. The formerly vegetated basin needs no
previous saturation, given that it is coated by a hydrophobic layer, and therefore
runoff response is expected to start shortly after the initiation of the rainfall.
According to relevant studies performed for catchments partly affected by fire,
prior to the fire, many hydrographs showed a fairly rounded peak several hours
after the beginning of rainfall, which was followed by a steady recession. After the
fire, it was observed that, very frequently, pronounced sharp peaks were followed
by more rounded peaks, similar to the pre-fire ones. In other cases, a very sharp
sole peak followed by an equally rapid recession could be observed (Brown, 1972;
Lavabre et al., 1993). Peak flow rate is increased with more significant rate than
the direct flow, and when the pre- and post-fire runoff duration is not affected (e.qg.
in Scott and Van Wyk, 1990) a steepening of the rising limb of the hydrograph is
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to be expected. In many cases the post-fire runoff duration is decreased, while
runoff volume and peak discharge are increased (e.g. Springer and Hawkins,
2005; Rycroft, 1947) and this results in even more steep rising limbs.

Under particular weather conditions, wildfires and the resulting sediment yield
may trigger desertification, especially in the absence of timely mitigation
measures (Rulli and Rosso, 2007) or also in case of repeated fire events, which
are associated with increased vulnerability to soil erosion (Campo et al., 2006).
Figures 3.3a-c depict the desertification due to successive destructive forest fires
that have affected the Torres del Paine National Park in Chile in the last years.
The most recent forest fire occurred between December 2011 and January 2012
and the pictures were taken two years later, in December 2013. Post-fire
desertification risk appears to be particularly increased in typical Mediterranean
drylands (Mayor et al., 2007).

Figures 3.3a-c. Desertification due to successive fire events in different parts of
the Torres del Paine National Park, Chile (personal archive).

Finally, the secondary effects of fire per se can be considered as a kind of indirect
fire impact. More specifically, post-fire soil erosion could be mitigated when for
example burnt trees fall and stabilize slopes or even when scorched trees release
needles over erodible soils (Keane et al., 2012). However, such effects besides
occurring over long and difficult to determine time periods, usually have trivial
impacts when compared to the aforementioned effects, so they could be ignored.
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It is highlighted here, that as expected and as also mentioned throughout the text
above, the impacts of forest fires, either direct or indirect, are more intense for
catchments for which fire severity and the extent of fire are more significant. This
has been verified by numerous studies which compare pre- and post-fire
behaviour of catchments subjected to prescribed fires and wildfires. More
specifically, the main characteristic of prescribed fires, which are presented in
more detail in Section 2.3, is the considerably decreased fire severity in terms of
rate and amount of energy released, in comparison to wildfires (Scott and Van
Wyk, 1990). Relevant studies (Esteves et al., 2012; Oliveira and Fernandes,
2009; Scott and Van Wyk, 1990) conclude that prescribed fires are associated
with more moderate impacts on catchments than wildfires and therefore it can be
concluded that increased fire severity is associated with more intense impacts on
catchment characteristics.

3.2 Assessment of forest fires impacts on typical
catchment characteristics

The assessment of the impacts of forest fires on the hydrological behaviour of
affected catchments has been the main research topic of numerous relevant
studies that have been performed in the last decades. Some of these studies are
based on observations of catchment characteristics or, when available, on
measurements of parameters that represent the hydrological response of an
affected catchment. Yet, in the absence of relevant information, which is usually
the case, the majority of such studies include assumptions and rely on estimations
of the extent to which catchment characteristics are affected by wildfires. A
thorough literature review has been performed on similar studies and their
outcomes, in terms of documented attempts to assess the impact of forest fires
on hydrology and express it in quantifiable terms, are summarized in the following
paragraphs. The impact assessment presented below concerns changes in runoff
volume, peak discharges, flood return period, infiltration rate, hydraulic
conductivity, soil roughness, sediment vyield and soil loss, potential
evapotranspiration and raindrop erodibility.

Based on literature review for the impact of forest fires on runoff volume, after a
destruction of approximately 85% of a forested area from fire, 25-30% increase in
runoff was observed in the following year (Lavabre et al., 1993). In Bolin and
Ward (1987) severely affected plots yielded 60 times higher runoff than lightly
affected plots. A wildfire that affected approximately 80% of an afforested
catchment in South Africa resulted in 62% and 201% increase in total and direct
runoff volumes respectively during floods, while the runoff coefficient was
increased by 242% and the mean weekly stream flow was increased by 12.4% in
the subsequent year of the fire event (Scott and Van Wyk, 1990). In a period of 6
years after a fire event in a Mediterranean scrubland, the runoff coefficient was
reduced by 45% during the first winter and by 6% during the sixth winter after the
fire (Rulli and Rosso, 2007). In Campbell et al. (1977) stream flow was increased
by 800% and runoff efficiency increased by 450% the following year of a fire. The
first rainfall season that followed a fire event in Mt. Carmel in Israel resulted in
increased runoff by 500 times (Inbar et al., 1998). In Mediterranean areas,
increased runoff varies from 11% up to 300% in large basins (Batalla, 2002),
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reaching 800% in small basins (Batalla, 2002; Campbell et al., 1977). As a result
of a second experimental fire in catchments in Valencia, Spain, a three-fold
increase in runoff rate was reported by Campo et al. (2006).

Similarly for peak flow, significant post-fire increase has been recorded in peak
flow values of affected catchments. In a forested catchment in New Mexico that
was severely affected by a fire event, post-fire peak flow was increased by two
orders of magnitude one year after the fire (Bolin and Ward, 1987). A similar
increase in peak flow was reported for the following two years of the Cerro Grande
fire that also occurred in New Mexico in 2000 (Springer and Hawkins, 2005). In
Scott and Van Wyk, (1990) the peak flow rate was increased by 290% one year
after a fire event in South Africa. Particularly for Mediterranean areas, peak flow
increments vary from 45% up to 600% in large basins (Batalla, 2002), reaching
5700% in small basins (Batalla, 2002; Campbell et al., 1977).

Regarding reported changes in flood return periods, the T=10 year return period
flood can be increased up to 100% after a fire event (Rulli and Rosso, 2007).
According to Lavabre et al. (1993), the T=10 year return period flood changes into
a T=1 year return period, at least for the first year after a fire. In the
aforementioned research the T=1 year return period flood has been exceeded 3
times in the post-fire year and was induced by rainfall events that did not exceed
the T=1 year return period of the 12-h rainfall. In general, Rulli and Rosso (2007)
mention that the probability of occurrence of significant flood events one year after
a fire event is increased by an order of magnitude.

Characteristics of typical catchments affected by fires also include infiltration rate,
hydraulic conductivity and soil roughness. The outcomes of relevant literature
review on the assessment of fire impact on these characteristics in quantifiable
terms are presented in the following. Based on Campbell et al. (1977) the
infiltration rate in severely affected areas after a fire event in a pine forest in
Arizona was reduced by approximately 63% in comparison to unburned parts of
the area. In Soulis et al. (2009) soil samples from two sites in the north part of
Rafina catchment in Easter Attica in Greece were analysed, aiming to estimate
the hydraulic conductivity of the soil prior to and after the significant fire event that
affected the area in 2005. The research concluded that the hydraulic conductivity
was reduced by 72% and 83% respectively at the selected sites. Another key
catchment’s hydraulic property is roughness coefficient. In general, post-fire
Manning'’s roughness coefficient (n) is expected to change significantly. Rulli and
Rosso (2007) suggest that pre-fire values of n=0.2 m-"3*s in hillslopes and n=0.05
m-13*s in channels change to the post-fire n=0.05 m-'3*s in hillslopes and n=0.03
m-13*s in channels values respectively.

As also highlighted in Section 3.1.2, increased soil loss and sediment yield are
typical expressions of fire impact on a catchment. Extended assessments of this
particular impact have been tracked in literature. More specifically, a twofold
increase in soil loss was observed after a second experimental fire in catchments
in Valencia, Spain (Campo et al., 2006). The fraction of sediments detached from
raindrop erosion is also significantly increased after a fire event and according to
Rulli and Rosso (2007) fires in a basin in California resulted in the post-fire fraction
ranging between 0.16-0.88 (mg*m2*s-') in the post-fire period, in comparison with
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the pre-fire 0.045-0.44 (mg*m-2*s-') range. Regarding sediment yield, its post-fire
annual values are expected to exceed 6 to 30 times the pre-fire ones (Rulli and
Rosso, 2007). In Scott and Van Wyk (1990) a roughly four-fold increase was
observed in both the mean suspended sediment yield and the bedload loss one
year after a fire. In Inbar et al., (1998) an increase in sediment yield by 100.000
times was observed during the first rainfall season after a fire event in Mt. Carmel
in Israel. As mentioned above, successive fire events affect significantly the
sediment yield of a basin. In Campo et al. (2006) the sediment yield was increased
by two orders of magnitude after a fire event, while a subsequent fire event in the
same basin resulted in an increase by three orders of magnitude. In Bolin and
Ward (1987), sediment yield from severely affected plots in New Mexico was 35.4
times greater than the corresponding yields from lightly affected plots. In the same
study, it was observed that sediment yield rates were considerably increased
during the first couple of post-fire years, while they declined sharply afterwards.

Further to the aforementioned catchment characteristics, which are measurable
(at least to a certain degree), there are several other characteristics harder to
quantify. Assumptions are quite common in literature for such characteristics. In
particular, one of the most difficult to quantify component of the hydrological cycle
is evapotranspiration. Especially, for potential evapotranspiration assumptions
are inevitable. Regarding the fire impact on a Mediterranean catchment’s potential
evapotranspiration, Lavabre et al. (1993) suggest that fire has similar effects with
a 50% reduction of the potential evapotranspiration for the subsequent year of the
fire. Raindrop erodibility is also hard to quantify. Even though raindrop erodibility
factor (Kr) is expected to change after a fire event, the estimation of its value
remains hard. In Rulli and Rosso (2007), Kr was considered equal to 35 (Nm)-"
for the pre-fire period and equal to 85 (Nm)-* for the post-fire period in a catchment
in southern California. Sometimes, in the absence of relevant measures, the
impact of fire on certain catchment characteristics is translated to impact on other,
more manageable and easier quantifiable characteristics. A typical example is
presented in Rulli and Rosso (2007), where in the absence of relevant
measurements, the impact of fire on soil hydraulic conductivity, i.e. the presence
of the hydrophobic layer, was assumed equal to the post-fire reduction of the soil
depth from 0.5-1 m to 0.05-0.1 m.

3.3 Recovery

In the aftermath of a significant forest fire event, recovery processes start taking
place. Such processes are natural, but they can be accelerated through human
intervention, such as reforestation activities. Post-fire forest recovery, or else
called relaxation time (Moody and Martin, 2001a), has been examined in
literature. However, research on post-fire forest recovery has been performed
from scientists of different disciplines and specialties and therefore the extracted
conclusions often refer to different aspects of recovery in order to serve different
purposes.

As a general conclusion, following an extended literature review on the post-fire
recovery phase of forests, recovery can be distinguished into environment

4 Additional information on rainfall erosivity and soil erodibility is presented in Chapter 5.5.1.
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recovery and hydrological recovery, based on the perspective from which this
phenomenon is analysed. Characteristics of both types of recovery are presented
in the following Sections, while in this research particular emphasis has been
placed on hydrological recovery.

3.3.1  Environmental recovery

It can be considered that environmental recovery is achieved with natural
reforestation and ecosystem rebalance, i.e. practically, when mainly the post-fire
canopy cover and in a second stage the overall ecological services of an affected
forest have reverted to their pre-fire conditions, at least to a considerable extent.
The post-fire environmental recovery, examined from the perspective of full
vegetation recovery is analysed in the following.

There are several factors that affect vegetation recovery. More specifically,
vegetation recovery depends strongly on fire severity (Agee, 1993; Diaz-Delgado
et al., 2003; Polychronaki et al., 2013; Mayor et al., 2007), the type of affected
vegetation (Viedma et al. 1997; Inbar et al., 1998; Lhermitte et al., 2011; Diaz-
Delgado et al., 2003; Veraverbeke et al. 2010; Mayor et al., 2007), soil properties
(Bisson et al., 2008), post-fire meteorological conditions (Cannon et al., 2008;
Henry and Hope, 1998; van Leeuwen et al., 2010; Mayor et al., 2007), as well as
on the interaction of these factors. In addition, successive and frequent burnings
affect forest fuel properties and delay vegetation recovery.

Regarding the time period between fire occurrence and vegetation recovery, it
needs to be noted that, in general, each species that populates an area develops
its own post-fire regeneration strategy (Rulli and Rosso, 2007). Vegetation
recovery, at least to a certain degree, is much more rapid in case fire-adapted
sclerophyllous shrublands are affected, and may take a few years (Viedma et al.
1997; Pausas and Verdu, 2005); while when boreal forests are affected recovery
may last for several decades (Nepstad et al., 1999). Prolonged post-fire
vegetation recovery, with differences between burnt and unburnt areas persisting
even 6 years after a fire may also be attributed to dry periods after the fire that
delay vegetation recovery (Mayor et al., 2007).

Re-established vegetation after a severe fire in a typical Mediterranean forest
covered 10-30% of the affected area one year after the fire, extended over 50-
70% of the area in the second post-fire year (Inbar et al., 1998) and reached 90%
between the third and the fifth post-fire years (Viedma et al., 1997). Stickney
(1986) examined reforestation process for 10 years after a holocaustic fire (i.e. a
particularly severe natural fire disturbance) in the Selkirk Range in northern Idaho,
USA. Detailed information on the development of different species is provided in
his research.

Regarding the recovery rate in typical Mediterranean ecosystems, in many cases,
increased recovery can be observed during the first post-fire years, which is often
followed by a decreased recovery rate in the following years (e.g. Thanos and
Marcou, 1991; Trabaud et al., 1985; Eccher et al., 1987; Marzano et al., 2012).
As mentioned in Brown (1972), when several years of relatively low rainfall follow
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a large scale fire event and also in the absence of livestock activities over burnt
areas, the regrowth of vegetation in affected catchments is significant.

In many cases, grassy ground cover is regenerated within weeks after a fire,
especially in woodland and grassland areas that in general experience lower fire
severity in comparison to forest ecosystems (Carey et al., 2003). In a forested
catchment in New Mexico affected by fire, a relevant research concluded that 1
month after the fire grass reforestation seeds began germinating and a couple of
months after the fire crown spouts from shrubs that were not killed by fire were
15-30 cm high (Bolin and Ward, 1987).

A general conclusion that can be extracted from this research is that certain types
of vegetation (e.g. herbs and shrubs) start becoming evident even during the first
post-fire growing season, while full vegetation recovery, including tree
colonization, occurs some decades later. It becomes thus obvious that re-
established vegetation of specific species that are dominant in Mediterranean
areas, needs approximately one year after a fire event to reach a certain extent,
while this re-establishment becomes even more extended in the second post-fire
year and recover maturity could be reached approximately 5 years after the event.
The plant cover in the first post-fire spring is also critical when examining
vegetation recovery (Keeley, 2009). Indicative pictures with vegetation recovery
one, two and seven months after an extended forest fire are presented in Figures
3.4-3.6.

Figure 3.4. Vegetation recovery of Tidbinbilla Nature Reserve (Australia), one
month after extended fires in 2003 (Source: Technical Report 17, Wildfires in the
ACT 2003, by Carey et al., 2003).
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Figure 3.5. Vegetation recovery of Ginini Wetlands (Australia), two months after
extended fires in 2003 (Source: Technical Report 17, Wildfires in the ACT 2003,
by Carey et al., 2003).

Figure 3.6. Resprouting of a Coast Live Oak seven months after the Grand Prix
Fire, in Claremont Hills, California, 2003 (Photo by Cliff McLean, available at:
http://www.natureathand.com/Main/NAHEssays StationFireRecovery.htm,
originally published in Southern Sierran, Vol. 65 No. 12, December, 2009,
Angeles Chapter of the Sierra Club).
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It needs to be mentioned though, that numerous plant species that dominate fire-
prone ecosystems ultimately evolve adaptation mechanisms for post-fire
regeneration (Thanos and Marcou, 1991; Kruger, 1983; Trabaud, 1987; Carey et
al., 2003; Calvo et al., 2003). Furthermore, it is already well established that such
alterations in recovery dynamics and the consecutive development of new
reproduction strategies affect inevitably the future forest composition (Marzano et
al., 2012; Buscardo et al., 2011). As a result, in some cases, the direct
regeneration of species affected by fire, partially fails (Rodrigo et al., 2004). In
other cases, increased fire severity affects post-fire vegetation properties and
vegetation succession, i.e. colonization by different vegetation species, can be
induced over time. For example Polychronaki et al. (2013) observed a gradual
shift from low vegetation to shrublands in severely affected areas. Nevertheless,
this is not always the case, as negative correlation between high fire severity and
alien plant invasion in some shrublands has also been observed (e.g. Keeley et
al. (2008)).

In fact, in order to assess the ecological effects of wildfires and consequently
estimate the required time for environmental recovery fire severity and site-
specific information both prior to and after the fire need to be retrieved.
Considering the extended spatial distribution and often the limited accessibility of
affected areas, ground truth verification is often missing (Gitas et al., 2012).
Therefore, satellite remote sensing becomes an essential technology for relevant
research, especially for the research on vegetation recovery, while vegetation
indices, with NDVI being one of the most commonly used indices, are widely
employed in post-fire vegetation monitoring (Gitas et al., 2012; Shoshany, 2000;
Henry and Hope, 1998; Lhermitte et al., 2011; Diaz-Delgado et al., 2003; van
Leeuwen et al., 2010; Veraverbeke et al., 2010; Viedma et al., 1997).

3.3.2 Hydrological recovery

The intensity of the impacts of forest fires on the hydrological response of a
catchment also seems to vanish progressively with time (Brown, 1972; Lavabre
et al., 1993). Hence, hydrological recovery can be considered as this type of
recovery that is practically achieved when the post-fire catchment hydrological
characteristics are similar to the pre-fire ones and the hydrological parameters
have resumed their pre-fire values. In this case, the full recovery of vegetation
coverage to its pre-fire conditions is not necessary, given that the post-fire
hydrological behaviour of a catchment could be similar to its pre-fire behaviour,
even in the absence of the same vegetation coverage — if for example the overall
hydrological behaviour has resumed its pre-fire characteristics. It is due to
revegetation, which is other than full vegetation recovery, that post-fire
hydrological recovery will start taking place. According to Inbar et al. (1998)
revegetation reduced significantly runoff and sediment yield and was considered
the main factor for basin recovery to pre-fire conditions in Mt. Carmel in Israel. In
addition, it is obvious that hydrological recovery occurs within shorter time periods
in comparison to environmental recovery. In the current research, the examination
of recovery from a hydrological perspective is an issue of priority and therefore
research focuses on hydrological recovery.
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3.3.2.1 Factors that affect hydrological recovery

Hydrological recovery rate depends primarily on fire severity, vegetation
coverage, post-fire precipitation rate and total amount and erosion processes that
may have followed the fire event and are linked in turn with the geological,
hydromorphological and geographic characteristics of the affected area.

Regarding fire severity, severely burnt catchments present a relative slow
hydrological recovery rate that could exceed 4 years in contrast to less affected
areas, the recovery rate of which could be even 1 year (Brown, 1972). Vegetation
recovery has been analysed in Section 3.3.1, as a principal component of
environmental recovery. A full vegetation recovery is not a prerequisite of the
hydrological recovery, since the hydrological behaviour of an affected catchment
could resume its pre-fire status even if the affected vegetation has not fully
recovered. For example, seed germination takes place in average a couple of
months after a fire (the timespan depends on the parameters analysed in Section
3.3.1) and the vegetation coverage of affected land starts then being recovered
(see Figure 3.5). A few years later (the timespan depends again on the
parameters analysed in Section 3.3.1) vegetation will grow and the catchment is
expected to resume its pre-fire hydrological behaviour (in terms of infiltration,
retention efc.). Therefore, hydrological recovery is expected to occur sooner than
the full vegetation recovery. Moody and Martin (2001a) suggest that relaxation
time for the regrowth of trees is expected to be even longer than the hydrological
recovery, which in terms of runoff could even reach 30 years in some cases.

Similarly to environmental recovery, hydrological recovery also depends on post-
fire meteorological conditions and in particular post-fire rainfall totals and intensity,
given that such conditions determine the recovery of the vegetation coverage.
Aiming to collect and analyse pre- and post-fire rainfall events and the
corresponding hydrological response of the catchment to each event, it is
necessary to classify the rainfall events in different categories, i.e. low rainfall rate
events, intense events, medium rainfall rate events, events with long or short
duration etc. However, due to the significant spatiotemporal distribution of rainfall,
it is important to collect relevant datasets from adequate raingauges, which need
also to be installed in representative locations within or around the catchment,
and thus minimize over- and underestimation of rainfall depth and intensity
particularly during events that are developed locally. Evidently, even when such
a classification has taken place, it still remains difficult sometimes to tell whether
a variation in the hydrological response may be attributed to the rainfall
characteristics or to particular local conditions (e.g. area affected by a previous
wildfire event).

The recovery rate also depends on the degree and sometimes the type of erosion
that has occurred in an affected area. Thus, areas where sheet erosion has
occurred are under a slow hydrological recovery rate, even for many years after
the wildfire (Brown, 1972).
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3.3.2.2 Temporal dimension of hydrological recovery

Analyses relevant with hydrological recovery are sometimes distinguished into:
analyses of the pre-fire period, analyses of the post-fire period (that usually
extends from the time of fire extinguishment to the end of spring in the subsequent
year) and analyses of the transient period (a time-variant period necessary for soil
restoration) (see for example Rulli and Rosso, 2007). Thorough literature review
was performed at this stage in order to identify typical timespans between fire
occurrence and hydrological recovery as regards different hydrological
characteristics. It is difficult, not to say risky, to extract universal rules from this
research; however, the issues presented below support a more comprehensive
understanding of the temporal component in hydrological recovery.

The time period for the recovery of runoff rates to their pre-fire values is highly
variable, as illustrated by the relevant studies presented in the following. In
particular, a forested basin in New Mexico that has been affected by fire recovered
its long-term average runoff 2 years after the occurrence of fire (Bolin and Ward,
1987). In Inbar et al. (1998) two years after a fire event in Mt. Carmel in Israel,
runoff rate was decreased by 1-2 orders of magnitude in comparison with the first
post-fire year. In Rulliand Rosso (2007) it is assumed that post-fire runoff matches
the pre-fire one, two years after fire occurrence. Brown (1972) suggests that
increased runoff is to be expected for at least the first 4 years after the occurrence
of a fire event. More specifically, Brown (1972) states that in severely affected
catchments of New South Wales in Australia, the recovery rate of runoff exceeds
4 years, while in less affected areas this rate could be even 1 year. A period of at
least 3-4 years for the runoff recovery of forest zones in Colorado is suggested by
Moody and Martin (2001a). In Mayor et al. (2007) annual runoff remained about
two orders of magnitude higher when burnt areas were compared with unburnt,
even 5 years after the fire. However, this rather abnormal persistence and
unordinary for Mediterranean conditions values of runoff and sediment yield was
attributed to two dry years after the fire, which delayed plant recovery. Inbar et al.
(1998) presented some results from a study in California and indicated that
approx. 30 years are necessary for runoff recovery. These 30 years for runoff
recovery are also mentioned in Moody and Martin (2001a). Regarding the
recovery of peak flows, according to Springer and Hawkins (2005) post-fire peak
flows seem to be of the same order of magnitude with the pre-fire ones within 3
years after the Cerro Grande fire in New Mexico.

Increased sediment yield seems to persist for years after a fire. According to a
research on the post-fire conditions of the affected Mt. Carmel in Israel, sediment
yield was decreased by 1-2 orders of magnitude the second post-fire year, in
comparison to the yield during the first post-fire year (Inbar et al., 1998). Mayor et
al. (2007) refer an increase of two orders of magnitude in sediment yield between
unburnt and burnt areas, with high values persisting even 5 years after a fire. A
period of 5-10 years for recovery of a burnt Mediterranean area in terms of
sediment yield is suggested by Inbar et al. (1998), while relevant studies also
presented in Inbar et al. (1998) concluded that 10-20 years are necessary for
sediment yield recovery in California. In Moody and Martin (2001a) relaxation time
for sediment yield is supposed to vary between 1 and 3 years. According to Moody

51



and Martin (2001a), a period of 4-5 years is necessary for the recovery of
sediment transport rates of affected forested land in Colorado.

According to Campo et al. (2006) soil erosion is more intense for a period of 4 to
6 months after a fire in Mediterranean areas due to their particular rainfall
distribution. Particularly for gully and rill erosion, the processes are pretty faster
and probable to start taking place immediately after the fire event (Bisson et al.,
2005). In a severely affected catchment a thousand fold increase in erosion rate
over the first 12 to 18 months after the fire is expected (Brown, 1972). Moody and
Martin (2001a) suggest that the recovery of erosional response in affected
forested zones in Colorado needs at least 3-4 years to take place, while Rulli and
Rosso (2007) suggest that soil loss recovery takes 2 to 10 years in Mediterranean
areas. The recovery of soil hydrophobicity also seems to last a few years.
According to Robichaud (2000) soil hydrophobicity usually disappears 1 to 2 years
after fire occurrence.

Shallow landslides generate debris flow and usually occur several years after a
fire event (Bisson et al., 2005). According to Meyer et al., (2001) shallow
landslides usually occur within 4-10 years after a fire, while debris flow that results
from surface runoff usually occurs 1-2 years after a severe fire event. In burned
areas in southwestern Colorado, debris flow started 6-10 min (i.e. practically
instantaneously) after high-intensity convective storms of short-duration (less
than 3 h), and approx. 16 h after lower-intensity frontal storms of long-duration
(up to 30 h) (Cannon et al., 2008). Inbar et al. (1998) indicated a period of approx.
7 years for debris recovery, based on the results of a study in California.

The majority of fire events in typical Mediterranean areas occur during the late
summer (usually between late July and early September). The beginning of the
growing season, which is typically in early spring (usually March), is critical for
post-fire vegetation regrowth in these areas, especially during the first post-fire
years. Therefore 7 and 19 months after the fire event, which denote the first and
the second post-fire springs respectively, are critical for vegetation regrowth, as
presented in Section 3.3.1. The 12, 24, 36 and 48 post-fire months correspond to
the first 4 post-fire years, which, as deducted from the abovementioned statistics
on hydrological recovery, can also be considered as typical benchmarks for post-
fire vegetation regrowth in such areas. For these reasons, the time windows of 7,
12, 19, 24, 36 and 48 months after a fire event can be considered as typical
benchmarks for post-fire vegetation regrowth and thus hydrological recovery in
areas affected by successive forest fires.

3.4 Effect of floods on imminent forest fires

Even though this research focuses on the other way of floods-fires interaction, i.e.
the effect of forest fires on upcoming floods, a brief discussion on the effects of
floods on imminent forest fires is presented in the following paragraphs for
reasons of completeness. As presented in the following, these effect are
ambiguous, difficult to quantify and could be part of another research.

In apparent self-contradiction, severe floods are many times followed by fires. On
a short-term basis this happens when the lightning activity that precedes a flood
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event is particularly intense and may itself set a forest to fire. Especially in urban
areas, forest fires after flooding may occur due to successive short-circuits as a
result of damages in the electric installations or even due to damages in gas pipes.

Focusing on periurban areas, floods are associated with forest fires in the long
run. The total rainfall depth and intensity during the wet periods as well as the
extent, level and duration of potential flooding affect significantly the vulnerability
of an area to forest fire and its potential severity. More specifically, after a
particularly wet winter the soil is saturated, the vegetation has absorbed
significant amounts of water and thus forest fuels are less flammable. Therefore,
in general, the occurrence of flood events during the wet periods is associated
with reduced fire activity during the dry seasons. In Heinl et al. (2007), the highest
fire activities in the southern Okavango Delta in Botswana were observed after
several years with declining flood intensity.

On the other hand, increased rainfall activity and to some extent even flooding,
result in increased production of biomass fuel (grass, shrubs, dead wood efc.) in
forests, and then fire activity is expected to be more frequent. As commented in
Heinl et al. (2007), exceptionally wet winters produce sufficient fuel for fire
spreading. As a result, spring precipitation is often associated with summer fires.

3.5 Identification of existing gap in literature

Numerous studies have been performed aiming to quantify the impact of forest
fires on the hydrological behaviour of a catchment. In some studies relevant pre-
and post-fire datasets have been analyzed, however, in many cases, no gauging
or calibration has taken place in order to verify or improve suggested post-fire
alterations (Cerrelli, 2005).

Another gap identified in literature is the fact that the majority of relevant studies
focus on the overall post-fire hydrological response of a catchment and not on the
impact of forest fires on particular, representative hydrological parameters that
determine this response (e.g. Cannon et al., 2008; Rulli and Rosso, 2007; Inbar
et al., 1998; Scott and Van Wyk, 1990). Only in some studies is fire impact on
specific hydrological parameters examined; yet these parameters are limited
(Papathanasiou et al., 2012), usually restricted to the runoff Curve Number, CN
(Higginson and Jarnecke, 2007; Foltz et al., 2009), and they do not readily explain
the post-fire CN trends (Springer and Hawkins, 2005). Fire impact on other
hydrological parameters that still have a significant impact on a catchment’s
response, such as initial abstraction (IA), standard lag (TP) efc. is systematically
ignored. However, an integrated approach towards efficient post-fire flood
modelling necessitates the estimation of the post-fire values of all parameters that
are associated with the individual aspects of flood hydrographs, i.e. parameters
that affect runoff discharges, peak flows and times to peak.

Parallel to that, research in this field focuses on the estimation of post-fire values
of hydrological parameters (usually CN, as mentioned above) for recently burnt
areas, commonly referring to the period between the fire event and the beginning
of the next growing season (e.g. Cerrelli, 2005; Higginson and Jarnecke, 2007) or
the first 1-2 post-fire years (Cannon et al., 2008; Rulli and Rosso, 2007; Inbar et
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al., 1998; Scott and Van Wyk, 1990). Still, as examined in Section 3.3, after a
specific time period from a fire occurrence, which depends strongly, albeit not
exclusively, on fire severity, hydrological recovery occurs and post-fire values
recover to the pre-fire ones. Therefore, post-fire values need to be estimated for
longer post-fire periods. This disregard of the temporal dimension of fire impact
on a catchment’s hydrological behavior is another gap identified in literature.

As discussed in Chapter 2, FEWS are useful tools for efficient flood risk
management. In order to perform representative flood simulations and issue
accurate warnings, such sensitive systems need to be updated with reliable
information. As a result of the fact that only the recent forest fires are usually
considered in hydrological simulations, FEWS and other operational systems for
civil protection that operate in areas prone to both floods and forest fires may often
issue inaccurate warnings. In practice, typical operational FEWS in fire-prone
areas identified in literature either ignore the potential fire impact (e.g. Berni et al.,
2009) or, even when fire is considered, they do not account for fires-floods
interaction (e.g. Kalabokidis et al., 2005). This interaction needs to be taken into
account aiming to the effective operation of FEWS.

Additionally, in studies for fire impact on a catchment, the overall hydrological
conditions of the catchment are usually simplified. In particular, and as presented
in Chapter 5, one of the most significant “short-term” initial hydrological conditions
indicator is soil moisture. As analyzed in detail in Section 5.2, in the absence of
regular and representative monitoring of a catchment’s soil moisture conditions,
this factor is typically assumed to be static, usually constantly wet during the rainy
season and constantly dry during the dry season (Berthet et al., 2009). This
oversimplification however, may lead to significant errors and inefficient
simulations (Brocca et al., 2008; Tramblay et al., 2012; Massari et al., 2014;
Ponziani et al., 2013).

A holistic approach to post-fire flood modelling that can also support civil
protection operational systems on a short-term basis and flood risk management
plans in the long run is still missing in literature. Based on the aforementioned
issues, such an approach necessitates the incorporation of the impact of fires in
hydrological models, while the concurrent consideration of soil moisture
conditions also emerges as a necessity. In literature, these factors are not only
examined inefficiently (despite relevant recent works, a coherent, widely
applicable and clear guidance regarding the choice of post-fire values of
hydrological parameters is missing (Foltz et al., 2009; Springer and Hawkins,
2005; Cerrelli, G., 2005), while soil moisture conditions are ignored or simplified),
but they are also examined individually.

In addition, the wide applicability of the results of most of these studies is restricted
due to variable initial conditions in terms of fire severity and soil moisture and
different rainfall characteristics during each one of the analyzed rainfall-runoff
events and for this reason these results can only be considered representative
within their specific conditions (e.g. the study of Marzano et al. (2012) for
catchments in northwest Italy, the study of Zhou et al. (2013) for southeast
Australia, the study of Cerrelli (2005) for Montana State, the study of Springer and
Hawkins (2005) for Cerro Grande fire that occurred in New Mexico in 2000, the
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study of Livingston et al. (2005) for Los Alamos in New Mexico, the study of Inbar
et al. (1998) for Mount Carmel in Israel efc.) (Papathanasiou et al., 2015a).

Therefore, a need for an integrated, coherent and as generalized as possible
methodological framework for the estimation of post-fire values of representative
hydrological parameters that will also consider the temporal dimension of fire
together with initial soil moisture conditions emerges in literature. This
methodological framework needs to be widely accepted and applicable and easily
incorporated in flood modelling, aiming to support also civil protection operational
systems, as well as flood risk management planning in the long run. The attempt
made to develop this framework during this research is presented in detail in the
following Chapters.
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CHAPTER 4: FLOOD MODELLING

The environmental and socioeconomic impacts of flash floods on individuals and
communities, as well as the intensification of these impacts in case a forest fire
precedes a flood event, are highlighted in Chapters 2 and 3. This floods-fires
interaction is critical in periurban areas, in which the existence of forests increases
fire risk and the vicinity of residential areas and cultivation areas to forests (WUI)
is associated with increased impact of flooding. As also mentioned in Chapter 2,
the combined action of floods and fires is quite frequent in typical Mediterranean
areas, since Mediterranean vegetation is highly flammable (Thanos and Marcou,
1991) and typical hydrometeorological conditions favor increased fire risk during
the hot and dry summer periods (Esteves et al., 2012) and flood risk during the
rainy season. Therefore, a necessity to improve flood risk assessment and
management, define flooding scenarios and if possible predict flood events in
typical Mediterranean periurban areas emerges. This imperative need may be
covered through effective and representative simulation of the hydrological
processes in a periurban catchment. To this end, it is crucial to have reliable
relevant datasets and exploit them through the application of appropriate
modelling tools. This Chapter focuses on flood modelling that supports efficient
flood risk assessment. Given that the current research focuses primarily on
efficient hydrological modelling, which in turn will support hydraulic modelling,
hydrological models are described in detail.

In order to perform an integrated flood study for an area with mixed rural and
urban land uses it is necessary to perform a hydrologic study and then produce
flood inundation maps. Therefore, a complete flood study basically requires two
modelling phases, i.e. hydrological modelling and hydraulic modelling. The sound
implementation of each modelling phase necessitates the exploitation of reliable
datasets through efficient modelling tools. A short description of each modelling
phase, as well as particular characteristics and further classifications of the
corresponding tools required for flood modelling, i.e. the hydrological models and
the hydraulic models, are presented in the following.

4.1 Hydrological modelling

The first phase of flood modelling is hydrological modelling, i.e. simulation of the
response of a catchment to rainfall, in terms of produced runoff discharges at
properly selected locations in a catchment. The mathematical equation that
represents the hydrological cycle is the water balance equation, each component
of which is calculated using mathematic relationships, often adapted to particular
case-specific conditions. Thus, hydrological modelling is the integrated and
simplified solution of a properly chosen set of such relationships, which can result
in the calculation (for historic or real-time datasets) or prediction (for stochastic
timeseries) of the values of specific parameters at predefined locations (e.g.
discharge timeseries at the outlet of a watershed). Since several components of
the hydrological cycle are crucial in the hydrological planning and the flood
management of an area (e.g. an accurate calculation of stage and discharge
values is critical for a representative estimation of flood extent in an area) and
given the difficulty in their estimation without hydrological modelling, the
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application of hydrological models has gained ground widely and during the last
decades hundreds of hydrological, and in particular rainfall-runoff models, have
been developed and are used extensively.

As mentioned above, hydrological modelling aims at the estimation of runoff
discharges at selected locations in a catchment. To this end, rainfall is converted
to runoff and the produced runoff is routed to the selected locations. In general,
flood routing, which is the propagation of a flood wave in a channel, is governed
by the continuity (Conservation of Mass) and the momentum equations.

In their full (not simplified) form the quasi-linear hyperbolic partial differential
equations need to be solved numerically and this is computational demanding. To
this end, numerous simplified routing schemes have been developed. These
simplification schemes are classified into purely empirical, linearized, hydrologic
and hydraulic routing schemes (Fread, 1985).

In the following Section a description of the types of hydrological models is
presented, while a review on representative and widely applied hydrological
models, including the routing schemes incorporated in them is presented in
Sections 4.2.1 and 4.2.2.

4.2 Hydrological models

Hydrological models can be classified into numerous categories, according to
their particular characteristics and modelling procedures. The main categories
and the corresponding types of models are briefly presented in the following.

According to its mathematical structure, a hydrological model can be classified as
stochastic or deterministic. In particular, when a hydrological model uses
mathematical and stochastic concepts, describes the random variation and
incorporates it in the predictions of outputs, it can be characterized as a stochastic
model. On the other hand, in the case of a deterministic approach, i.e. when all
input data, parameters and processes in the model are considered free of random
variation and are supposed to be known with certainty, then the model is a
deterministic model (Feldman, 2000). In stochastic models the input is partly
randomized, the outputs are not exactly repeatable and the probabilistic solutions
are ranged. This is not the case for a deterministic model, the input in which is
absolutely known and controlled, the outputs are exactly repeatable and its
solutions are specific and fully defined (Gregory and Goodie, 2011).

According to the knowledge base upon which the mathematical models are built,
they can be either empirical models (or black-box systems or system theoretic
models) or conceptual (or process-based) models. When the knowledge base is
observation of input and output and the explicit representation of the conversion
process is ignored, then the model is classified as empirical. Detailed knowledge
of the physical processes that explain the transformation of specific input to
particular output and representation of this knowledge by means of mathematical
equations allows for the development of conceptual models. When these
mathematical equations represent the physics governing a phenomenon, i.e.
streamflow and flux generation in hydrology, then the conceptual models are
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characterized as physics-based (or physically-based) (El-Shaarawi and
Piegorsch, 2002). Equations of conservation of mass and momentum for flow are
typical equations that need to be solved in physics-based hydrologic models.

Another major feature that may classify a hydrological model concerns their
spatial distribution. More specifically, a hydrological model may describe a
watershed as a single aggregate entity, in which case it is characterized as
lumped model, as a number of subcatchments with different properties attributed
to each subcatchment, characterized in this case as a semi-distributed model, or
as a number of discrete cells, each cell having different properties, being
classified in this latter case as a (fully) distributed model. In order to set up a
lumped model, a relative small number of parameters and variables is necessary
(Refsgaard, 1997) and the spatial variations of catchment and rainfall properties
(e.g. soil properties, topographic, land cover and land use characteristics,
spatiotemporal distribution of rainfall) are averaged out or ignored. Inevitably, as
also stated in Shultz (2007), many assumptions need to be made in a lumped
modelling approach, which in the end may distort the overall hydrological
behaviour of a catchment. The structure of fully distributed hydrological models
makes allowances for the incorporation of the spatial variation of catchment and
rainfall properties at a grid point basis, which however makes the application of
these models particularly data- and time-demanding. In principle, the necessary
parameters and variables for distributed models are usually two to three orders of
magnitude higher than the corresponding parameters for lumped models, for the
same catchment (Refsgaard, 1997). The intermediate approach, i.e. the semi-
distributed modelling is frequently favored, in order to avoid the aforementioned
drawbacks of the other two approaches. Nevertheless, it needs to be highlighted
that increased spatial distribution is not necessarily related with increased model
performance (Shultz, 2007; Boyle et al., 2001; Smith et al., 2004) and thus,
available datasets, required computational time, modeler expertise and required
accuracy need to be evaluated separately for each model application. Ajami et al.
(2004) referred to an additional classification of spatial distribution in models, i.e.
the semi-lumped models, which constitute an intermediate type between lumped
and semi-distributed models and which uses the semi-distributed structure with
the constraint that the parameters remain identical for all subcatchments.
However, it is widely accepted that the classification of models into lumped, semi-
distributed and (fully) distributed is adequate to cover all cases and no additional
classification is required.

The time scale selected for a hydrological simulation is determinant of whether a
steady-state or a dynamic model is more appropriate for this simulation. When it
is required to perform a continuous simulation of the long-term hydrological
properties of a catchment, then a steady-state (or continuous) hydrological model
needs to be selected. A steady-state model performs simulations for continuous
time periods, e.g. days, months, years, decades, selected according to the
specific requirements and data availability of each simulation. On the other hand,
when it is required to simulate the hydrological response of a catchment for a
given event then it is more appropriate to apply a dynamic (or event-based)
hydrological model. A dynamic model can simulate a single event (e.g. a particular
flood event), regardless of its duration, which is case-specific and needs to be
defined by the modeler during the setting up of the model.
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Hydrological models can be further classified into groundwater, surface water or
combined models according to their application field. In general, since hydrology
incorporates both groundwater and surface water analysis, a hydrological model
can be either a groundwater model, if it focuses on the simulation of the properties
and the conditions of aquifers, a surface water model, which mainly focuses on
the simulation of the rainfall-runoff procedure and flow (and/or flood) routing, or a
combined model, if it includes elements for the simulation of both groundwater
and surface water conditions. For example the LGSI model presented in Wanders
et al. (2011) is a combined groundwater and surface water lumped model.
However, the simulation of groundwater conditions is skipped during flood
modelling, especially for event-based applications, given the limited temporal
scale that is required for flood analyses.

4.2.1 Review on lumped (and semi-distributed) hydrological
models

Historically, the lumped approach has been the initial approach towards the
estimation of streamflow at a basin outlet. However, it has been recognized that,
especially for large catchments, the application of lumped models could be
considered acceptable only until more suitable spatial distributed models (either
semi- or fully-distributed) would become widely available (Becker, 1992). As a
result, the lumped approach has progressively been complemented and
sometimes replaced by the semi-distributed approach (currently the semi-
distributed approach is incorporated in most lumped models); while over time and
under particular conditions (which include inter alia data availability, computation
efficiency and modeler expertise) the application of fully distributed modelling has
emerged as a robust option. Focusing on hydrological models applied for flood
modelling and considering the fundamental classification of hydrological models
into lumped and distributed, the models described in the following paragraphs
have been identified as the most representative and widely applied ones.

4.2.1.1 HEC-HMS

HEC-HMS (Hydrologic Engineering Center — Hydrologic Modeling System)
is a software that has been designed for the simulation of the complete
hydrological processes of dendritic watershed systems. It is a product of the
Hydrologic Engineering Center, an organization of the U.S Army Corps of
Engineers (USACE). Hydrologic Engineering Center has developed a
comprehensive list of models that can be applied for relevant simulations in the
technical areas of surface and groundwater hydrology, river hydraulics, hydrologic
statistics, risk analysis, sediment transport and many other related technical
fields5. HEC-models are continuously being updated and new, improved versions
of the models become regularly available. HEC-HMS is one of the most widely
applied models that have been developed under the umbrella of HEC-models and
it is also ranked among the most widely applied hydrological models on a global
scale.

5 A full list of models is available at the link: http://www.hec.usace.army.mil/software/
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HEC-HMS can be used either in a fully lumped or in a semi-distributed mode. As
described in Section 4.2, in the first case the whole catchment is considered as
an integrated unit, with uniform catchment characteristics, while in the second
case the catchment can be divided into a number of subcatchments. Preferably,
and when applicable, the outlets of each subcatchment coincide with the locations
where stream flow gauges are installed, so that the produced discharges at the
outlets can be calibrated with observed measurements from flow gauges.
Hydrological analysis with HEC-HMS is based on the establishment of
independent submodels for the computation of the following hydrological
parameters: hydrological loss, direct runoff, baseflow and channel flow routing.
After the selection of the methods that will be used for those models, a
meteorological model and a control specifications manager are established
(Scharffenberg and Fleming, 2010). In addition, HEC-HMS can run either in a
dynamic mode (for representative flood events) or in a continuous mode (for a
defined simulation period). HEC-HMS needs to be calibrated with observed
datasets (for some events in the dynamic mode or for a selected period in the
continuous mode) and then validated (for the rest of the events or the rest of the
simulation period, respectively) in order to produce reliable discharges at the
selected locations. Regarding channel routing, HEC-HMS offers six different
options (the Lag method, the traditional Muskingum method, the Muskingum-
Cunge method, the Modified Puls method, the Kinematic-wave method and the
Straddle Stagger method), while for surface runoff HEC-HMS provides two
options (either empirical models (the typical unit hydrograph models) or a
conceptual model (the kinematic-wave model of overland flow)) (Lastoria, 2008).

The main factors that have contributed to the extended application of HEC-HMS
include inter alia the fact that this model (similarly to all HEC-models) is open
source and can be freely downloaded from the website of USACES, the software
is accompanied by comprehensive documentation for its application, it is quite
easy to apply and it offers a wide range of methods incorporated within the model
for the simulation of the hydrological behaviour of a catchment. Another main
advantage of this model is its seamless coupling with Geographic Information
Systems (GIS). In particular, HEC-HMS can be coupled with the Geospatial
Hydrologic Modeling Extension (HEC-GeoHMS). HEC-GeoHMS is an extension
that can be incorporated in Spatial Analyst in ArcGIS (a platform for mapping and
analysis of spatial information, developed by ESRI?) that allows for accurate
processing and visualization of spatial catchment characteristics.

4.2.1.2 TOPMODEL

TOPMODEL is a continuous, semi-distributed, physically-based hydrological
model designed basically for the long term simulation of hydrological processes.
Similarly to most semi-distributed models, it also offers the option to model a
single catchment (lumped approach). The model, originally named TOPography
MODEL (Beven and Kirkby, 1979) was introduced by Kirkby and Weyman in 1974
(Kirkby and Weyman, 1974) at the School of Geography, University of Leeds and
was further developed by Beven at the Lancaster University.

6 http://www.hec.usace.army.mil/software/hec-hms/
7 http://www.esri.com/software/arcgis
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TOPMODEL is a variable contributing area rainfall-runoff and routing model that
takes into consideration the effects of hillsplope topography. Given topography
information and flow patterns, the model clusters together areas of similar soil
conditions and predicts slope discharge. Segmental slope discharges are then
distributed to the channel network, through the appropriate routing sub-model,
and routed to the outlet of the basin. As a result of this “lumping-approach” and
regardless of further required validation, the computing requirements are
significantly reduced. In general, the model is most appropriate for the modelling
of catchments with shallow soils and moderate topography, which do not suffer
from excessively long dry periods. TOPMODEL was initially developed to simulate
catchment behavior under humid conditions in UK, Eastern USA and Scotland.
Its updated versions improved its suitability for different conditions. The model is
successfully applied over a range of small and medium sized basins. Regarding
channel routing in TOPMODEL, a simple non-linear routing scheme was
incorporated in the updated version of the model, which considers the average
kinematic wave velocity of the channel network as spatially constant and equal to
water velocities measured by tracer experiments (Beven and Kirkby, 1979). For
the estimation of overland flow routing TOPMODEL includes two different
mechanisms, the infiltration excess and the saturation excess (Lastoria, 2008).

The model can be downloaded for free® for academic and research purposes.
Another advantage of TOPMODEL is its suitability for implementation within GIS.
However, it needs to be noted that the model does not include an automatic
optimization routine. Yet, its updated versions are compatible with the GLUE
Freeware, a software that provides tools for calibration, sensitivity analysis,
uncertainty estimation using the results of Monte Carlo simulation®. Thus,
TOPMODEL offers the option to export Monte Carlo simulation results for further
use with GLUE. The fact that TOPMODEL assumes steady-state conditions at a
point is recognized by Ciarapica and Todini (2002) as the main disadvantage of
this model, since such an assumption becomes unrealistic for cells that have a
magnitude of hundreds of meters.

4.2.1.3 ARNO

ARNO is a continuous, semi-distributed, conceptual rainfall runoff model applied
both in land-surface-atmosphere processes research and in operational flood
forecasting. It was developed by Prof. Todini (University of Bologna, Department
of Earth and Geo-Environmental Sciences) in 1988 within the framework of the
implementation of a hydrological study for river Arno in Tuscany in Italy (Todini,
1988). Besides the aforementioned operational applications in real-time flood
forecasting (ARNO is a core component of the European Flood Forecasting
Operational Real-Time Systems (EFFORTS)) and research applications in
catchment modelling, ARNO may also be applied as a tool for examining the
impact of land uses changes (Todini, 1996; Lastoria, 2008).

8 TOPMODEL can be downloaded for free at:
http://www.es.lancs.ac.uk/hfdg/freeware/hfdg freeware top.htm
9 The GLUE Freeware can be downloaded for free at:
http://www.es.lancs.ac.uk/hfdg/freeware/hfdg freeware glue.htm
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The model is characterized by two main components; the most important
component concerns the highly complicated soil moisture balance, while the other
main component concerns the routing of runoff along the hillslopes to the drainage
channels and along the channel network to the outlet of the basin. The
contribution from upstream subcatchments is routed downstream by means of a
concentrated-input linear parabolic model and channel routing is performed
through a distributed-input linear parabolic model (Todini, 1996).

Additional modules incorporated in the model concern evapotranspiration,
snowmelt and groundwater (Todini, 1996). All modules are interlinked and a
detailed representation of physical phenomena is achieved through the
communication of all modules. Required datasets in order to set up ARNO for a
catchment include: an orographic map of the basin (the scale ranges between
1:25000 and 1:100000, depending on the actual size of the catchment),
continuous historical records of precipitation, temperature and water levels at
several monitoring stations within the catchment, historical records (not
necessarily continuous in time) of monthly average temperature, rating curves for
all the hydrometrics stations where the discharge will be simulated, geographical
coordinates and elevation above mean sea-level for all monitoring stations and
when possible a soil map and a land use map at a coarse scale (Todini, 1996). In
general, even though ARNO cannot be directly matched with GIS and fine
discretized radar images, it is simple, flexible, well-documented and it
incorporates simplified calibration operations. As a result, ARNO is widely and
successfully applied to operational flood forecasting systems and to modelling of
medium and large catchments with different hydromorphological conditions.
However, the lack of physical interpretation of model parameters, especially of
those of relevance to the horizontal movement in the unsaturated zone, is the
main disadvantage of ARNO, particularly with regards to GCM (General
Circulation Model) applications (Ciarapica and Todini, 2002).

4.2.1.4 SWAT

SWAT (Soil and Water Assessment Tool) is a physically based, continuous,
semi-distributed river basin scale model that quantifies the impact of land
management practices in large complex watersheds, with varying soil, land use
and management conditions and over long time periods. It was initially developed
in the early 1990s and was the an outcome of the joint effort of US Department of
Agriculture — Agricultural Research Service (USDA-ARS) and TEXAS A & M
AgriLife Research, part of the Texas A & M University System. The model is
regularly updated and supported by USDA-ARS and TEXAS A & M AgriLife
Research.

This model simulates both the qualitative and quantitative properties of surface
and groundwater and provides predictions of the environmental impact of
changes in land use and land management practices. For simulations in its semi-
distributed mode, SWAT allows the division of a catchment into a maximum of
100 subcatchments. For the simulation of the physical processes the model needs
input for the weather, the soil properties, the topography, the vegetation and
dominant land management practices occurring in the watershed. The detailed
information that needs to be provided for climate and the relevant options that are
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offered make this model appropriate for efficient simulations of climate change
scenarios. Regarding flood routing, SWAT incorporates the Muskingum routing
method, and it also offers the option for flow routing through a variable storage
coefficient method (Neitsch et al., 2011).

SWAT is a public domain model that can be downloaded for free0. It can also be
easily connected with GIS, expanding its capabilities for spatial processing. As
mentioned above, SWAT is exclusively a continuous model, on the contrary to
other hydrological models that may offer the option for either continuous or event-
based simulations (e.g. HEC-HMS), and thus it cannot simulate single events. As
a result of the required inputs and produced outputs from SWAT, it is widely
applied for assessment and control of soil erosion, non-point source pollution and
regional watersheds management.

4.2.1.5 Hydrological modules provided by hydraulic models

In literature, one may find several flood models that include both a hydrological
and a hydraulic component. These models simulate both procedures that are
necessary for a flood analysis, i.e. rainfall-runoff conversion and flow routing;
however, in general, they can be considered as most accurate for one of these
components. The most frequent case is to find “hydrologic modules” incorporated
in models characterized in principle as hydraulic models. These modules serve
as hydrological models that produce the necessary runoff datasets for the
hydraulic analysis. These hydraulic models are either compulsorily coupled with
their corresponding hydrological module, or can be applied independently, i.e.
coupled with any other hydrological model. In the current research these models
are classified as hydraulic models (and are presented in the Section 4.4), while
representative hydrological modules that are incorporated in hydraulic models are
presented in Sections 4.2.1.5.1 and 4.2.1.5.2 below.

4.2.1.5.1 NAM and UHM

DHI (Dansk Hydraulisk Institut) Water & Environment is an independent, self-
governing, consulting and research organization in Denmark. It was originally
founded in 1964 as an offshoot of the Technical University of Denmark and has
extended expertise in water-related issues. DHI has developed the MIKE series,
a comprehensive suite of modelling software related to integrated water
resources; urban and marine (offshore, coastal, and port) hydraulics;
environmental engineering; water quality and ecology'!. The full list of MIKE by
DHI software is available at the official website of the organization'2. MIKE by DHI
is commercial software. Academic, demo versions of several DHI products are
distributed by the Institute at lower prices. In this Section, two hydrological
modules, i.e. NAM and UHM are presented.

MIKE11 (described in Section 4.4.1.2), which is a typical hydraulic model of DHI,
can be coupled with any hydrological model which will provide runoff to the
hydraulic model, but it also offers the possibility to simulate runoff using either

10 SWAT can be downloaded for free at http://swat.tamu.edu/software/swat-model/.
1 http://www.stevenswater.com/software/modeling.aspx
12 http://www.dhigroup.com

63



simple empirical rainfall-runoff methods or complex fully distributed process-
based modelling techniques. Simple rainfall-runoff methods include inter alia the
application of the NAM or the UHM modules, which are typical hydrological
modules, incorporated in DHI hydraulic models, such as MIKE11, and are
presented below. Regardless of the selected rainfall-runoff module, channel
routing is performed by MIKE11, as described in Section 4.4.1.2.

The NAM (Nedbgr-Afstramnings-Model) is a deterministic, lumped and
conceptual rainfall-runoff modeling software appropriate for the simulation of
overland flow, interflow and baseflow. It can be applied in both continuous and
event-based modes. The model represents the storage capacity of a catchment
as a function the water storage in each one of four mutually interrelated storages.
Man-made interventions in the hydrological cycle, such as water extraction e.qg.
for irrigation, groundwater pumping efc. can be taken into account in the
simulation. Parallel to that, NAM has a number of optional extensions (e.g. a
snow-melt routine) which further enhance its capabilities. Its efficiency is improved
by the option for auto-calibration for 9 parameters that represent the surface zone,
the root zone and the ground water storages (DHI, 2007b).

An alternative to the NAM module for event-based rainfall-runoff simulation
provided by MIKE11 is the Unit Hydrograph Module (UHM). MIKE11 — UHM is
appropriate when historic streamflow records are not available and unit
hydrograph techniques for flood simulation are already well established. Several
unit hydrograph models which separate the rainfall into excess rainfall (runoff) and
water loss (infiltration) are incorporated in the module and the estimated final
runoff of a single storm event is the output of a selected unit hydrograph model
(DHI, 2007b).

4.2.1.5.2 Hydrological module of SWMM

Similarly, the Storm Water Management Model (SWMM) (described in Section
4.41.3) is another typical hydraulic model that has its own hydrological
component. SWMM is a combined dynamic rainfall-runoff-subsurface runoff
simulation model and conveyance system hydraulics software, developed by US
Environmental Protection Agency (EPA), primarily for urban areas. EPA is
particularly active in the development of environmental systems, including
models, databases and applications. Such systems are provided in the Registry
of EPA Applications, Models and Databases' (READ). SWMM was first
developed in 1971 and since then it has undergone major upgrades.

A drainage system is conceptualized in SWMM as a series of water flows between
four environmental compartments. For the runoff component of SWMM, i.e. for
the production of runoff in selected subcatchments, the atmospheric
compartment, the land surface compartment and the groundwater compartment
need to be modeled. The fourth compartment that needs to be modeled is the
transport compartment which is necessary for its routing component, (also
described in Section 4.4.1.3). Focusing on its runoff component, it is deterministic,
physically-based and it can perform either event-based or continuous simulations.

13 http://ofmpub.epa.gov/sor internet/registry/systmreg/home/overview/home.do
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The catchment is subdivided into small and homogeneous subcatchments, which
drain to user defined discharge points. Each subcatchment has uniform values
for imperviousness, Manning coefficient, slope and depression storage, while the
other properties of the catchment remain user-defined. Overland flow is simulated
through the kinematic wave routing method and channel routing is performed by
SWMM, as described in Section 4.4.1.3.

The main advantages of the hydrological module of SWMM are that it is freely
available' and also it is a component of a widely used and well-documented flood
model. Besides, it offers the option to include in a simulation various types of Low
Impact Development (LID) practices for capture and retention of rainfall — runoff
(Rossman, 2010). However, its hydrological capabilities are limited, since they
primarily aim to cover the needs of a hydraulic model and hence this module does
not support a detailed hydrological analysis.

4.2.2 Review on distributed (GIS-based) hydrological
models

The accurate representation and interaction between surface flow, base flow,
groundwater conditions and spatially varied precipitation, canopy storage,
infiltration and evapotranspiration is particularly difficult and demanding and to
this end a distributed hydrological model for the simulation of these physical
procedures is necessary. The application of 2D physics-based numerical models
for the simulation of the non-linear response of watersheds to spatially varied
rainfall (and infiltration) has gained popularity among hydrologists since the early
90s (Julien et al., 1995). Advances in remote sensing and computer power and
the proliferation of Geographic Information Systems (GIS) tools and software
have strengthened the potential of distributed hydrologic modeling and have thus
contributed significantly to their wide application.

4.22.1 CASC2D & GSSHA™

CASC2D is a 2D physics-based, distributed rainfall-runoff model, the original
version of which was a 2D overland flow routing algorithm developed and written
in programming language (APL) by Prof. P. Y. Julien, from Colorado State
University. This flow routing module keeps being improved, refined and updated
with new technology, mainly during the implementation of several doctoral
dissertations. Initially, the model was improved with the integration of the Green
& Ampt infiltration component and the explicit diffusive-wave channel routing
component and was converted from APL to FORTRAN by Saghafian (Julien and
Saghafian, 1991; Saghafian, 1992; Julien et al., 1995). The model was linked with
the public-domain Geographic Resources Analysis Support System (GRASS)
GIS developed by U.S. Army Construction Engineering Research Laboratories in
Champaign, lllinois, a linkage which further enhanced its efficiency. As a result,
the model would simulate the hydrological response of a watershed to rainfall
according to the outputs of its three major components: infiltration, overland flow
routing and channel routing. Regarding overland flow the model used a 2D explicit

14 SWMM can be downloaded for free at:
http://www.epa.gov/nrmrl/wswrd/wg/models/swmm/#Downloads.
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finite difference, diffusive-wave formulation, while the channel flow was simulated
through a 1D explicit finite volume, diffusive-wave formulation. As far as infiltration
is concerned, the model, as already mentioned, used the Green and Ampt
infiltration method and considered spatially varied infiltration rate.

The main advantage of the CASC2D model is its ability to simulate spatially varied
surface runoff while fully utilizing raster GIS and gridded weather radar rainfall
data. The model produces runoff hydrographs which are generally more accurate
than either the SCS or Snyders Instantaneous Unit Hydrograph approaches with
Muskingum - Cunge channel routing in HEC-1 (Julien et al., 1995). Additionally,
the diffusive wave formulation enables overbank flow storage and routing, while
allowing for the simulation of backwater effects in the channel. However, in its
initial versions, the model did not consider the infiltration capacity recovery as a
result of soil moisture redistribution between successive storm events. This had a
trivial effect on single storm simulations, but infiltration should be reset for multiple
storm simulations. In addition, CASC2D is particularly sensitive to the appropriate
selection of the size of its square grid, the typical values of which range between
100 and 200 m.

This version of the model was further enhanced with the integration of continuous
simulation capabilities, numerous other improvements and bug fixes and the
ability to interface with the Watershed Modeling System (WMS) graphical user
interface that was developed by the Environmental Modeling Research
Laboratory (EMRL), at Brigham Young University (BYU). The updated version of
the model which includes WMS-specific output routines is known as CASC2D for
WMS. For public domain use WMS is available free of charge’. Despite its
capabilities, especially in sedimentation simulations, CASC2D remains a complex
hydrodynamic model, particularly time- and effort-demanding to apply and for this
reason it is primarily applied for academic and research purposes (Ogden and
Julien, 2002).

Previous work done by Kilinc (1972) and Kilinc and Richardson (1973) at the
Colorado State University concerning upland erosion and channel sediment
transport was incorporated to CASC2D model by Johnson (Johnson 1997,
Johnson and Julien 2000). The integration of this new module resulted in its new
version CASC2D-SED, which additionally allowed for the simulation of overland
sediment transport. Further improvements of the sediment transport algorithm
over this version were performed by Rojas (Rojas, 2002). The improved CASC2D-
SED can simulate better the transition between supply-limited and capacity-
limited sediment transport, allows the transport by advection of suspended
material even when the transport capacity can be considered as negligible and
improves the simulation of sedimentation in backwater areas. The final outputs of
the CASC2D-SED model are hydrographs, sedigraphs and time-series thematic
grids, including rainfall rates, infiltrated volume, water depth, eroded/deposited
material, sediment flux and suspended sediment. This model has been
successfully coupled with precipitation forecasts from weather radar and can thus
predict local flooding conditions in a watershed based on distributed rainfall data

15 http://www.scisoftware.com/products/wms_freeware/wms freeware.html
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(Jorgeson, 1999). The source code of CASC2D-SED can be downloaded for
frees,

A new reformulation and significant improvement of the model by Ogden and
Julien in 2002 resulted in the development of the finite difference based GSSHA™
(Gridded Surface/Subsurface Hydrologic Analysis) model, in which the simulation
of the runoff mechanism is not restrained to infiltration excess. The GSSHA™
model is developed and maintained by the US Army Engineer Research and
Development Center (ERDC) Hydrologic Modeling Branch, in the Coastal and
Hydraulics Laboratory and its features include 2D overland flow, 1D stream flow,
1D infiltration, 2D groundwater and full coupling between the groundwater,
shallow soils, streams and overland flow. It can be applied in both arid and humid
environments, for both large and small scale simulations, either as an event-
based or as a continuous model, where the soil surface moisture, groundwater
levels, stream interactions and constituent fate are continuously simulated. Its
spatially explicit nature makes GSSHA™ appropriate for analysis of inherently
distributed problems, such as sediment and non-point source pollution
assessment and mitigation. Finally, as a physics-based continuous hydrologic
model, GSSHA™ can be used inter alia for the assessment of fire threat, irrigation
needs and the analysis of land use change and management scenarios for flood
control, sediment and pollutant transport. GSSHA™ is periodically updated and
released versions can be downloaded for free'”. A comprehensive list of
GSSHA™ tutorials is also available on-line'8.

4.2.2.2 Vflo™

Vflo™is a physics-based, fully distributed hydrologic model developed by Vieux,
Inc., and is appropriate for water management studies, flood forecasting, drainage
and hydropower design, investigation of the impacts of land use changes etc. Two
different Vflo products are available, both of which are based on a common
modelling framework. These products are the Real-time Vflo, a software that
supports real-time runoff monitoring and flash flood predictions that can exploit
short-term Quantitative Precipitation Forecasts and Desktop Vflo, a software that
supports automated catchment delineation, model setup, calibration and design
functions, and includes additional modules for continuous simulation, floodplain
analysis, generation of design storms and sensitivity analysis™®.

Vflo™ is scalable from catchment to regional scales and as a distributed model it
can efficiently use grid-based precipitation information and GIS data. In fact, the
model was designed properly so as to exploit distributed rainfall information from
Gauge-Adjusted Radar Rainfall (GARR). Thus, high-resolution precipitation
estimates from weather radar, satellites, raingauge networks, forecasting models

16 The source code of CASC2D-SED can be downloaded for free at:
http://www.engr.colostate.edu/~pierre/ce old/Projects/CASC2D-
SED%20Web%20site%20082506/CASC2D-SED-Download.htm.

17 Released versions of GSSHA™ are available at the GSSHA wiki:
http://www.gsshawiki.com/GSSHA Download#GSSHA.E2.84.A2 Executable Installation Down
loads

18 GSSHA™ tutorials can be downloaded at: http://www.gsshawiki.com/Tutorials:Tutorials.

19 Relevant information is provided at the official website of Vieux and Associates, Inc.:
www.vieuxinc.com /.
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and combinations of these data sources can be imported and fully utilized from
the model, which can also make full use of geospatial digital data sets, such as
LiDAR terrain data and other digital soil, land use/land cover efc. digital maps. All
parameters can be imported and edited manually or via ArcView grids of square
cells. The governing equations for channel routing are the simplified momentum
equation and the continuity equation, which comprise the kinematic wave analogy
(KWA) (Vieux B. E. and Vieux J. E., 2002). Therefore, VFLO™ solves the
conservation equations and the hydraulics of drainage networks and produces
hydrographs, flow rates and flow depths at any location in a watershed.

A catchment can be discretized into finite elements ranging between a few
hundred (in case the catchment is small) and a million (for large catchments). A
simulation of a catchment for a period of a few days can be performed in seconds,
depending on the size of the drainage network. Model resolution depends on the
resolution of available spatial datasets (e.g. DEM) and the size of the basin, and
is not limited by other factors (Vieux B. E. and Vieux J. E., 2002). As a physics-
based model, it can be used in areas with inadequate observed flow timeseries
and lack of previous modeling studies. Extensions to VFLO™ support continuous
modeling and the production of inundation maps in real-time or in post analysis.
Vflo™ is an efficient distributed hydrological model; yet, the fact that it is
commercial software restricts its wide application for research and academic
purposes.

4.2.2.3 MIKE SHE

MIKE SHE is a deterministic, distributed, physically-based hydrological model that
has its origins in the Systéme Hydrologique Européen (SHE). SHE was developed
in 1977 by the Danish Hydraulic Institute (DHI), the British Institute of Hydrology
and SOGREAH (France) and has been widely applied for hydrological simulations
(Abbott et al., 1986a and 1986b). Since the mid-eighties DHI Water &
Environment has further improved SHE and developed MIKE SHE, an advanced,
flexible tool for hydrological simulations, which is another model of the MIKE
series (discussed in Section 4.2.1.5.1 above). MIKE SHE has been successfully
applied in regions of different hydrometeorological regimes, supporting both
research and consultancy projects in the scientific fields of integrated catchment
hydrology, floodplain management, irrigation and drought management,
groundwater and wetland management, ecological evaluations etc. (DHI
Software, 2007a).

MIKE SHE incorporates process modules for the major components of the
hydrological cycle, allowing for simulations of overland, unsaturated groundwater
and channel flow, evapotranspiration, as well as their interactions over a square
grid-based raster system. Particularly for channel routing, MIKE SHE uses
MIKE11, a dynamic 1-D modelling tool that offers options for fully dynamic,
diffusive wave, kinematic wave, quasi-steady state and kinematic routing
(described in Section 4.4.1.2). For overland flow, MIKE SHE uses the same 2D
mesh as the groundwater component and adopts a 2D finite difference diffusive
wave approach (Lastoria, 2008). Regarding applications in urban environments,
MIKE SHE can be coupled with another MIKE software, i.e. the MOUSE sewer
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model, which simulates the interaction between urban storm water and sanitary
sewer networks and groundwater (DHI Software, 2007a).

One of the main advantages of MIKE SHE is its easy coupling with GIS (e.g. with
ESRI’'s ArcView) for advanced applications. The necessary data preprocess can
be performed either in GIS environment or with the MIKE SHE's built-in graphic
pre-processor. Even though MIKE SHE theoretically poses no limits to the grid
size, some practical limits of the model regarding number of cells, nodes, river
links etc. need to be taken into consideration (DHI Software, 2007a). Van Der
Knijff et al. (2010) recognize the advanced capabilities of MIKE SHE, they
underline however that the model cannot be used for accurate representation of
the hydrological behaviour of large river basins. Furthermore, MIKE SHE needs
extensive input data for model parameterization and thus its application to
ungauged catchments may become problematic (Shukla, 2011). The wider
application of MIKE SHE is restricted by the fact that this model is commercial;
nevertheless, similarly to other MIKE by DHI software, demo academic versions
are available for free.

4.2.24 LISFLOOD

LISFLOOD is a GIS-based distributed and (to some extent) physics-based
hydrological model, developed by the floods group of the Natural Hazards Project
of the Joint Research Centre (JRC) of the European Commission, that simulates
rainfall-runoff and channel routing processes in hydrologic catchments. It was
initially developed for the hydrologic simulation of large and transnational
European river basins and can be applied inter alia in operational flood
forecasting, simulation of historic river discharges, assessment of the impact of
land use change and climate change on the hydrologic response of a river basin,
assessment of the effectiveness of measurements taken against flooding etc.
(Van Der Knijff and De Roo, 2008). The model uses a combination of the
PCRaster Dynamic Modelling language and the Python scripting language and
its code is stable, short, easy to read and can be easily modified and adjusted to
different research needs.

A special feature of the model is that it simulates both rainfall-runoff and channel
routing processes in a fully distributed mode, which makes LISFLOOD differ from
other models. As far as routing of water in each channel pixel is concerned,
LISFLOOD offers the option for either kinematic or dynamic wave routing. Given
the fact that the full dynamic wave routing is particularly data-demanding (it
requires detailed channel cross-section data, which are not readily available data
for most channels) routing is usually performed through the four-point implicit
finite-difference solution of the kinematic wave equations. This scheme is also
used for the routing of surface runoff to channel (Van Der Knijff and De Roo,
2008).

An executable version of LISFLOOD can be obtained for free20. Since the model
was initially developed for the simulation of large European river basins, with the

20 |In order to obtain an executable version of LISFLOOD, an email needs to be sent to its
developers at: Ad.de-roo@jrc.ec.europa.eu.
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aim to make the best possible use of spatial datasets with pan-European
information (on soils, land cover, topography, meteorology etc.), it often simulates
small-scale processes in a simplified way. Therefore, even though grid resolutions
of 1 to 5 km have been employed in recent applications, the recommended grid
resolution ranges between 10 and 100 km, while higher resolution is preferably
avoided. Another characteristic of LISFLOOD is that it does not simulate deep
groundwater systems and capillary forces that rise water from subsurface layers
and this is why the model may prove to be inappropriate for the simulation of areas
that are very dry and/or influenced by deep groundwater conditions (Van Der Knijff
et al., 2010). The model incorporates optional modules for the simulation of lakes
and reservoirs, but man-made structures cannot be easily simulated.

4.2.2.5 CHYM

CHYM (Cetemps Hydrological Model) is a grid-based, physical land surface
hydrological model developed by the hydrological group of the Cetemps Center
of Excellence at the University of L’Aquila. The program is written in FORTRAN
language and the relevant computations can run in the main UNIX platforms. The
principal aim of the model was to provide a general purpose tool for flood alert
mapping and hydrological risk management and to this end it was originally
developed to simulate the short-term (few days) response of catchments to
severe weather conditions, taking into consideration remotely sensed datasets.
Therefore, its main applications are relevant with severe weather forecasting and
in particular flood alerting. CHYM was initially developed for applications over the
Italian area. The main characteristics of the model are presented in Coppola et al.
(2003).

The maximum spatial resolution that can be applied in CHYM is 300 m, while its
grid is built on equally spaced latlon cells. For typical catchments in central-
southern ltaly a few hundreds of cells per side are usually adequately to cover the
area. The model simulates the standard hydrological processes, i.e. surface
runoff, infiltration, evapotranspiration, percolation and melting. The model
receives rainfall input from different heterogeneous sources (raingauges,
forecasted MMS5 rainfall fields, satellite rainfall estimation etc.) and integrates and
merges the different data at each time step using a Cellular Automata (CA)?!
based algorithm. This algorithm may also be applied for rebuilding (smoothing)
the drainage network. The surface overland routing and the channel routing are
based on the kinematic wave approximation.

An innovative aspect of CHYM concerns the rainfall data integration. In particular,
different updating rules are established for different classes of cells, on the
contrary to other, typical CA applications. It is obvious that when there is sufficient
availability of necessary datasets the CA method is not as efficient as other
statistical methods (such as Kriging, Thiessen polygons, physically-based models
etc.) Nevertheless, when sufficient datasets are not available for efficient
statistical representation then CA method is particularly efficient. Academic

21 CA are simple, theoretical models that can be used to study the behavior and the evolution of
a complex (physical) system, applying specific rules for the interaction of its elements (cells). CA
behave as self-organizing systems and constitute an important state-of-the-art tool for modelling
spatially distributed processes in general (Wolfram, 1982).
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institutions and non-profit organizations have free access to the source code of
CHYM for any kind of scientific application.

4.2.2.6 TOPKAPI

TOPKAPI (acronym for TOPographic Kinematic APproximation and Integration)
is a physically-based hydrological model, developed by Prof. E. Todini and the
hydrological research group of the University of Bologna. Although it was initially
developed to operate in either lumped or fully distributed version, in the following
its latter, most developed version is presented. The model can be used either as
an off-line stand-alone application or as part of real-time operational flood
forecasting systems. In addition, it can run either as an event-based or as a
continuous model. TOPKAPI keeps being regularly improved (Liu et al., 2005;
Peng et al., 2008), with its most recent version, TOPKAPI-X, being developed by
Dr. G. Coccia on behalf of the Italian private company Idrologia & Ambiente22.

As implied by its name, the basic idea of the model is the combination of the
kinematic approach with topographic characteristics of the basin, which is a lattice
of square cells. Each cell is connected upstream with up to three cells,
downstream with a single cell and constitutes a computational node for the
physical characteristics of the model, i.e. the mass and the momentum balance
(Ciarapica and Todini, 2002). TOPKAPI simulates subsurface, overland and
channel flow and it includes components for the representation of infiltration,
percolation, evapotranspiration and snowmelt. It includes also a component for
lake/reservoir simulation. Calculations are performed and flow predictions are
generated for any point of the channel network. The kinematic approach is
adopted for channel routing in steep cells, while a hydrological parabolic routing
based on the Muskingum-Cunge method is adopted when channel slope is too
small (Lastoria, 2008). The kinematic approach is also adopted for overland flow

routing.

The reduced execution times even for fine resolutions, both temporal (a few
minutes) and spatial (typically ranging between 100 and 1000 m), and with no
impact on the physical interpretation of model parameters (Ciarapica and Todini,
2002) have contributed to its wide applicability in several European countries
(mainly in Italy) and in other parts of the world. Furthermore, as a result of these
capabilities of TOPKAPI, the model is enrolled in EFFORTS flood forecasting
system together with the semi-distributed ARNO model (described in Section
4.2.1.3). According to Melone et al., the hourly timestep is the suggested temporal
resolution. Particularly for applications of TOPKAPI in Mediterranean areas,
Latron et al. (2004) highlight that a catchment response is characterized by a
considerable non-linearity due to the frequent landscape heterogeneity and the
seasonality of the Mediterranean climate. This non-linearity is not captured
adequately, if at all, by the mathematical equations embedded in physically-based
models and to this end, it is suggested that the application of such models in
relevant cases should rather be preferred at least when abundant datasets for

22 According to personal communication with model developers.
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model calibration are available. The full version of TOPKAPI is commercial
software, while a demo version is provided for free for academic purposes?23.

4.2.2.7 WATFLOOD/SPL

WATFLOOD is an integrated set of computer programs applied for flood flows
forecasting and long-term hydrological modelling that started being developed by
Prof. N. Kouwen (University of Waterloo, Canada) in 1972 and is regularly
updated since then. WATFLOOD is also applied in climate change and
environmental impact studies. The programs that constitute WATFLOOD are
written in FORTRAN language and the relevant computations can run either in
DOS or in several UNIX platforms (Lastoria, 2008). The hydrological modelling
component of WATFLOOD is the SIMPLE (SPL), which is designed for fully
distributed hydrological modelling. In addition to SPL, WATFLOOD offers a range
of supporting programs necessary for data processing and presentation of outputs
(Lastoria, 2008).

Focusing on SPL, i.e. the hydrological component of WATFLOOD, it combines a
physically-based routing approach and a conceptual hydrological simulation
approach (Kouwen, 2010). For modelling large catchments, SPL applies the
Grouped Response Unit (GRU) method, which is based on the assumption that
vegetation and/or land use are the principal indicators of hydrological response
(Lastoria, 2008). It is properly designed so as to receive gridded remotely sensed
data, such as digital terrain data land cover maps (that may be retrieved from
LANDSAT or SPOT imagery) and weather data (e.g. rainfall fields in ASCII files
retrieved from weather radars). The physical processes simulated with SPL
include interception, infiltration, evaporation, snow accumulation and ablation,
interflow, baseflow, aquifer recharge and routing (both overland and channel).
Regarding channel routing, the continuity equation and Manning’s formula are
applied. The shape of cross-section was originally assumed triangular, but in
updated version of the model it is considered as rectangular with flat bottom and
near vertical sides in the main channel and rectangular in the banks and is thus
more realistic. As far as overland flow routing is concerned, SPL includes a
mechanism for calculation of infiltration excess (Lastoria, 2008).

WATFLOOD is a flexible and not particularly sensitive to grid size distributed
model that may be applied to a variety of landscapes. Its efficiency is also
demonstrated by the short computational time. Indicatively, it is mentioned that it
needs approx. 6 minutes to run a 1-year simulation for a 1.000.000 km2 catchment
with 4000 grid points and hourly temporal resolution on a 3.2 Ghz Pentium 4™
(Kouwen, 2010). The available grid sizes for simulations range between 1 and 25
km and, similarly to most distributed models, the choice of the appropriate grid
size for simulations with WATFLOOQOD is determined by the resolution of available
gridded datasets, given that cells need to match conveniently. The model can be
applied for hydrological simulations of either small or large catchments, ranging
between 15 and 1.700.000 kmZ2, while it can run either as event-based model or
as a continuous model, in this latter case through the chaining of up to 36 events
(Lastoria, 2008). WATFLOOD is a commercial software package. Yet, for

23 According to personal communication with model developers.
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academic applications, a simplified version of WATFLOOD (WATFLOOD LITE)
together with software documentation can be freely downloaded?+.

4.2.3 Evaluation of identified hydrological models

A coherent evaluation of the identified hydrological models presented in the
previous Sections is summarized in Table 4.1, based on typical model
characteristics and requirements that need to be addressed by a hydrological
model.

24 The simplified, academic version of WATFLOOD (WATFLOQOD LITE) is freely available at:
http://www.civil.uwaterloo.ca/watflood/downloads/watflood downloads.htm.
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Table 4.1. Evaluation of the identified hydrological models.
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It can be concluded from this Table that HEC-HMS addresses all typical
requirements from a hydrological model applied for academic purposes.

4.3 Hydraulic modelling

In general, hydraulic modeling involves the simulation of the behavior of a fluid
flow by means of numerical modelling (i.e. through simulation performed on a
computer) or physical modelling (i.e. when the geometry of a physical model is
scaled in a laboratory in an appropriate way, so that its behavior can be efficiently
simulated). This Section focuses on numerical hydraulic models. Considering
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hydraulic modelling as the second phase of flood modelling, its aim can be
summarized in the prediction of surface water elevation and other flow
characteristics (e.g. channel flow velocity, sedimentation) at each cross-section
that has been identified at the initial phase of model set up, with the ultimate
purpose to produce flood inundation maps.

As mentioned in Section 4.1, flow routing consists in the calculation of flood
propagation, which can be achieved through the application of several routing
schemes. The hydraulic routing scheme is incorporated in hydraulic models and
in general is more precise and computationally demanding. The hydraulic models
that incorporate the fully dynamic (complete) hydraulic routing scheme, as well as
their different categories are described in Section 4.4.

4.4 Hydraulic models

Hydraulic models and in particular those that are applied for simulations of flood
inundation, can be further classified according to the number of dimensions in
which the spatial domain and the flow processes that take place within it are
represented (Hunter et al., 2007). Therefore, even though flow in channels is fully
three-dimensional, for reasons of computational efficiency and given the fact that
an accurate representation of free water surface for example is many times
unnecessary, one-dimensional (1D) simplified codes have been developed and
are widely used for the simulation of channel flow. Given that such codes are most
of the times oversimplified, two-dimensional (2D) schemes have also been
developed and represent an intermediate approach between the 3D reality and
its 1D simplified approximation. 2D models are based on the 2D Shallow Water
Equations (or else 2D Saint-Venant equations) and provide a higher order
representation of river hydraulics. However, even though 2D schemes remain
simplified in comparison to the 3D reality, they are data-demanding and are
associated with increased computational cost, especially for floodplain analyses.
Therefore, full 2D codes are sometimes not a viable solution and to this end the
so called 1D2D approaches (Bates et al., 2005) that combine the simplicity of 1D
channel routing with simpler methods for spatially distributed floodplain analysis
are a recent, widely applied development. 1D2D approaches include the so called
1D+ approaches (sometimes referred to as pseudo-2D (Evans et al., 2007) or
quasi-2D (Néelz and Pender, 2009)) and the 2D- approaches, depending on
whether they involve enhanced 1D or simplified 2D approaches for their hydraulic
simulations. Particularly for 1D hydraulic models, floodplain analysis is usually
supported by special tools that are either integrated within the model software
(e.g. RAS Mapper in HEC-RAS, described in Section 4.4.1.1) or allow for the
seamless communication of the model with GIS applications (e.g. HEC-GeoRAS,
a GIS extension of HEC-RAS, also described in Section 4.4.1.1).

Another classification of hydraulic models, which is typical for the dynamic wave
(complete) hydraulic models, concerns the numerical solution schemes that are
applied for the full solution of Saint-Venant equations. In particular, routing in
dynamic wave models may be performed with characteristic, finite difference or
finite element methods (Fread, 1985). Characteristic Methods constitute the initial
approach to numerical flood routing, in which the two partial differential equations
are transformed to four ordinary differential equations before being approximated
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with finite differences for the generation of solutions (Fread, 1985). In Finite
Difference Methods (FDM), or else called direct methods (Fread, 1985), the two
partial differential equations are directly approximated by finite differences for
each point on a finite grid. Finite Element Methods (FEM) encompass several
methods for connecting numerous simple element equations over numerous finite
elements. Such methods are commonly applied to 2D unsteady flow models and
they are equally effective for 3D problems. FEMs were introduced by Cooley and
Moin (1976) and are further analyzed in Szymkiewicz (1991).

Regardless of the method used for the solution (either simplified or full) of the
Saint-Venant equations, numerical solution schemes are distinguished into
explicit or implicit, depending on the finite difference scheme used in the solution
of the Saint-Venant equations. In explicit schemes, the equations are solved point
by point in space and time along one time line, until the evaluation of all the
unknown parameters associated with that time line. This solution is then
advanced to the next time line and so on, until the evaluation of all the unknown
parameters of the simulated system. In implicit schemes, the Saint-Venant
equations are solved simultaneously for all points along one time line and then
the solution is advanced to the next time line, until the evaluation of the unknown
parameters for all time lines. A description of both numerical schemes and a
thorough review of relevant approaches are presented in Fread (1985). In
general, it can be concluded that implicit methods are associated with less stability
problems and are often independent of the size of the time and distance step, on
the contrary to explicit methods (Fread, 1985).

Each type of hydrological and hydraulic model has its advantages and
disadvantages and the selection of an appropriate model for a complete flood
analysis depends strongly on the expected outcomes and the quality, quantity and
appropriateness of the provided input data. Typical 1D and 1D2D hydraulic
models are presented in the following.

441 Review on 1D hydraulic models

As mentioned above, the main advantage of 1D hydraulic models is their low
computational demand. Therefore, the updating of weather and water conditions
and re-running of these models takes considerably less time than the required
time to update complex 2D models. As a result, 1D models emerge as a viable
option for an accurate river analysis particularly for operational applications
(Fread and Lewis, 1985). Besides, 1D models offer a wider range of options for
advanced modelling of hydraulic structures in comparison to typical 2D models
used either operationally or for research purposes (Mashriqui et al., 2014).
Typical, widely applied and well-proven 1D hydraulic models have been selected
and are presented in the following.

4.4.1.1 HEC-RAS

HEC-RAS (Hydrologic Engineering Center — River Analysis System) is a
software for 1D hydraulic calculations designed by the Hydrologic Engineering
Center (HEC) of USACE (HEC is also presented in Section 4.2.1.1). The initial
HEC-software for river hydraulics was HEC-2, which performed 1D steady flow
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water analysis. HEC-RAS constitutes a significant advancement over HEC-2 in
what concerns both hydraulic engineering and computer science. The first version
of HEC-RAS, i.e. HEC-RAS 1.0, was released in July 1995. Similarly to other
HEC-models, HEC-RAS is also regularly updated and its latest version (HEC-
RAS 4.1) was released in January 2010 (Brunner, 2010). This model is one of the
most widely applied 1D river hydraulics modelling software on a global scale.

HEC-RAS is comprised of four 1D river analysis components for steady flow water
surface profile computations, unsteady flow modelling, movable boundary
sediment transport computations and water quality analysis. Several hydraulic
design features are included in HEC-RAS and may be incorporated in the
analysis. Focusing on flow analysis, steady flow modelling results in the
calculation of water surface profiles for steady and gradually varied flow at a single
river reach, a dendritic system or a channel network, under subcritical,
supercritical and mixed regime. The 1D unsteady flow is simulated for channel
network primarily under subcritical flow regime (Brunner, 2010). The river channel
and the floodplain are considered as a series of cross sections perpendicular to
the direction of flow and therefore it is convenient to apply standard field surveying
methods for their parameterization (Bates et al., 2005). For unsteady flow, HEC-
RAS solves the full, dynamic, 1D Saint- Venant equations using an implicit finite
difference scheme. The numerical solution of the governing equations for defined
infow and outflow boundary conditions allows for the calculation of the cross
section averaged velocity and water depth at each location (Bates et al., 2005).

A new improvement incorporated HEC-RAS is its capability to perform inundation
mapping of water surface profiles directly within the software. The floodplain
delineation tool is called RAS Mapper and it allows the use and visualization of
geospatial data in a single modelling environment with RAS simulation results
(Ackerman et al., 2010). Prior to this development, HEC-RAS outputs were further
processed in HEC-GeoRAS (a GIS extension of HEC-RAS) in order to perform a
complete floodplain analysis. In addition to its aforementioned advantages, HEC-
RAS has become a quite popular model for river hydraulic modelling because it
is an open access software that can be downloaded for free, similarly to all
modelling tools developed by HEC?25.

4.4.1.2 MIKE11

MIKE11 is a 1-D, dynamic, river modeling software developed by the Danish
Hydraulic Institute (DHI) and is widely used in flood analyses, real-time flood
forecasting studies, sediment transport and river morphology studies, water
quality assessments in rivers and wetlands, dam break analyses etc. MIKE11
includes three different modules: the rainfall-runoff module (RR), the
hydrodynamic module (HD) and the updating procedure, or else flood forecasting
module (FF). The RR module of MIKE11 includes inter alia the NAM and UHM
hydrological modules described in Section 4.2.1.5.1. The FF module allows for
real-time data management in terms of automating updating and correction of
differences between simulated and observed hydrographs and thus supports

25 HEC-RAS can be downloaded for free at: http://www.hec.usace.army.mil/software/hec-
ras/downloads.aspx.
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forecasting and updating. The core computational module of MIKE11 is the HD,
which is applied for simulation of flow propagation along rivers and channel
networks.

Focusing on the HD module, roughness coefficients for river bed and floodplain,
head loss factors for hydraulic structures and parameters related to computational
scheme are the main model parameters that need to be defined during the setting
up phase of the model. Default values are provided for all these parameters (with
the exception of roughness coefficient) and may be adopted in the absence of
relevant datasets, resulting in reliable hydrodynamic simulations. The model
produces water level and discharges at the computational grid point, while
additional information for velocity, Froude number, hydraulic radius etc. may also
be generated (Melone et al., 2005). The simulation mode may be either unsteady
or quasi steady. The HD module provides different options for channel routing,
i.e. the fully dynamic solution to the complete non-linear 1-D Saint-Venant
equations of open channel flow, the diffusive wave and kinematic wave
approximations, as well as the simplified hydrological routing methods of
Muskingum and Muskingum-Cunge (DHI, Software, 2007b). Overland flow is
simulated through either a simplified, semi-distributed method or a 2D diffusive
wave method. This latter case allows a simplified 1D2D flood modelling within the
1D MIKE11. Similarly to HEC-RAS, MIKE 11 uses an implicit finite difference
scheme for the solution of the Saint-Venant equations.

Similarly to other MIKE by DHI software, MIKE 11 is a commercial modelling tool,
a demo academic version of which is freely available. The RR component of
MIKE11 is not sophisticated enough and thus not efficient enough for detailed
hydrological analyses (Van Der Knijff et al., 2010). In order to overcome this
restriction, the model may be coupled with other more detailed hydrological
models. The main advantages of the hydraulic model MIKE11 are, inter alia, its
fast and robust numerical scheme, its wide range of hydrologic and flood
modelling modules, its GIS add-on modules and the fact that it can be linked to
other advanced hydrologic modelling tools28. In addition, MIKE 11 can simulate
efficiently standard hydraulic structures, such as bridges, culverts, weirs, pumps
etc. (DHI Software, 2007b).

4.4.1.3 SWMM

As mentioned in Section 4.2.1.5.2, SWMM is a hydraulics software that
incorporates a combined dynamic rainfall-runoff-subsurface runoff simulation
model and a conveyance system model. Even though SWMM has a hydrologic
component (for the production of runoff discharges from rainfall events), a
hydraulic component (for the routing of the produced discharges), and a water
quality component (for water quality simulations), it is classified here as a
hydraulic model, since it is primarily applied for its routing capabilities. It needs to
be mentioned that SWMM may be used exclusively as a hydraulic model, since it
offers the option for use of pre-defined hydrographs as inputs and can thus be
coupled with other hydrological models. Its hydrologic module is presented in
Section 4.2.1.5.2 above and its water quality module extends beyond the purpose

26 Source: http://gcmd.nasa.gov/records/MIKE11.html.
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of this research and its description is hence skipped. Its enhanced hydraulic
module is presented in brief in the following paragraphs.

SWMM is widely used for planning, analysis and design of stormwater runoff,
combined and sanitary sewers and other drainage systems, primarily in urban
areas (Rossman, 2010). Recently, its application has been expanded to some
non-urban areas as well; nevertheless, this model is primarily applied for urban
flood simulations. As described in Section 4.2.1.5.2, the simulation of a drainage
system with SWMM calls for the modelling of a runoff component (and the
corresponding atmospheric, land surface and groundwater compartments) and a
routing component for the transportation of runoff to catchment outfalls. Focusing
on the routing component, the transport compartment needs to be modeled. In
particular, flow can be conveyed through a network of conveyance elements
which include pipes, channels, pumps, storage/treatment devices and regulators.
The components of this latter compartment are modeled through Nodes and Links
and flow depth is calculated in each pipe and channel for multiple time steps of a
selected simulation period (described in detail in Rossman, 2010). SWMM
includes the kinematic and dynamic wave flow routing algorithms and it uses an
explicit finite difference scheme for the numerical solution of the 1D Saint-Venant
equations. Both the overland and sewer system of SWMM are typically 1D.
Therefore, regarding the spatial classification of its hydraulic component, SWMM
can be considered as a 1D model, when used for either overland or sewer system
simulations, or as a 1D/1D model, when these systems are coupled for a given
simulation. It is also mentioned that the capacities of SWMM have recently been
expanded and hence it can be applied as a 1D2D model, similar to the models
presented in the following Section. As mentioned in Section 4.2.1.5.2, overland
flow is simulated through the kinematic wave routing method.

As mentioned in Section 4.2.1.5.2, one of the main advantages of SWMM is the
fact that it can be downloaded for free from the website of EPAZ. Its wide
applicability is also attributed to the fact that SWMM can handle networks of
unlimited size using a wide variety of standard shapes for conduits and channels,
it can model different flow regimes, including backwater effects, surcharging,
reverse flow and surface ponding, and can apply dynamic, user-defined control
rules for the simulation of the operation of pumps and regulators (Rossman,
2010). The advanced capabilities of SWMM address primarily the needs of a
detailed urban flood modelling. However, its recent expansion to non-urban areas
is promising for the wider application of this model in mixed (urban — non-urban)
areas.

4.4.2 Review on 1D2D hydraulic models

In spite of the computational efficiency of 1D hydraulic models, they inevitably
adopt numerous assumptions in order to simplify the 3D reality. In many
applications, 2D models are preferable to 1D models, since they provide more
reliable simulations. According to Cunge et al. (1980), a partially calibrated 2D
model is in several cases preferable to a 1D model, since the former offers an
approximation of that may be improved through complimentary survey. It is also

27 http://www.epa.gov/nrmrl/wswrd/wg/models/swmm/#Downloads
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mentioned that even in case of limited dataset availability, 2D simulations are
usually proven more accurate. At this point it needs to be clarified that the choice
between a 1D and a 2D model needs to be associated with the required output,
the available datasets and the modeller experience. As also mentioned in Section
4.4, the 1D2D models are an intermediate approach that bridges the gap between
simplified 1D and complicated 2D models. Two typical 1D2D hydraulic models
are presented in the following Section.

4.4.2.1 LISFLOOD-FP

LISFLOOD-FP is a flood inundation model developed in 1999 in a joint effort
between the University of Bristol and the EU Joint Research Centre (Bates and
de Roo, 2000). Being an extension of the LISFLOOD catchment model (described
in Section 4.2.2.4), LISFLOOD-FP is a raster-based flood inundation model that
simulates channel and floodplain flow and is continuously upgraded (it has since
been re-coded in c++), the latest version of its code (Version 2.6.2) being released
in 2005. This model has been widely applied for fluvial and plain flooding
simulations for both research and academic purposes.

LISFLOOD-FP is written in a dynamic GIS language, PCRaster that further
facilitates the rapid development of spatiotemporal models (Bates and De Roo,
2000). It is designed to work on a regular lattice to allow easy integration with
available GIS datasets. The model can dynamically simulate flood events on grids
of up to 108 cells, exploiting datasets from remote sensing techniques, such as
airborne laser altimetry and satellite interferometric radar. Channel flow is based
on the 1D kinematic wave approximation and using an explicit finite difference
scheme for its solution. Floodplain flow is two-dimensional (2D) and is modelled
through the diffusion wave approximation (Bates et al., 2005).

This coupled 1D2D approach results in reliable predictions of water depths in
each grid cell at each time step and sufficient simulation of flood wave dynamic
propagation over fluvial, coastal and estuary floodplains. Unlike most relevant
hydraulic models that require both upstream and downstream boundary
conditions, LISFLOOD-FP requires only upstream inflow hydrographs. In
addition, the model structure is designed in such a way that secondary processes
to flood inundation, which is the main aim of LISFLOOD-FP, are either ignored or
minimized, on the contrary to other models, as for example CASC2D that
considers infiltration (Bates and De Roo, 2000). Besides, LISFLOOD-FP is a non-
commercial research code?8. However, the code of the model is limited to
situations of availability of high resolution and accurate topographic data and
sufficient information for the model boundary conditions.

44.2.2 FLO2D
FLO-2D is a 1D2D flood routing model, available from FLO-2D Software, Inc., for

integrated river and floodplain simulations. It is characterized as a 1D2D model,
since it is developed so that it exchanges 1-D channel overbank discharges with

28The code of LISFLOOD-FP is freely available at:
http://www.bris.ac.uk/geography/research/hydrology/models/lisflood/downloads/.
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2-D floodplain grid elements. This model is the evolution of a former model called
MUDFLOW that was developed in 1989 by J. O’'Brien for Federal Emergency
Management Agency (FEMA) of the US Department of Homeland Security (FLO-
2D, 2009). This combined rainfall-runoff (hydrologic) and flood routing (hydraulic)
model can simulate river, alluvial fan, urban and coastal flooding since urban
detail features, sediment transport, mudflow and groundwater modelling are
incorporated in the software and has thus been widely used in flood mitigation
design, surface and groundwater interaction studies, river overbank flooding,
urban flooding and even modelling of progression of tsunami waves and ocean
storm surges.

Focusing on its hydraulic component, which is the core component of FLO-2D,
the model is equipped with several modules in order to achieve enhanced flood
routing, including inter alia simulation of flow obstructions, hydraulic structures
and hyper-concentrated sediment flows (mudflows), levees and levee failure.
Natural, rectangular or trapezoidal cross sections may represent the channel
geometry of the 1-D channel flow. The 2-D overland flow is modelled as either
sheet flow or flow in multiple channels (gullies and rills) and is computed in 8
directions. The timestep used may have a variable incrementing and
decrementing scheme and the array allocation, i.e. the grid elements, is unlimited.
Regarding grid size, values between 3 m and 100 m are typical applied values in
most simulations. Its flood routing scheme is based on volume conservation,
which also determines its numerical stability and its computational speed. In
particular, the two-dimensional flood routing is accomplished through the dynamic
wave approximation to the Conservation of Momentum equation. The differential
form of the governing equations is solved with an explicit finite difference
numerical scheme (FLO-2D, 2009).

FLO-2D is enhanced through the incorporation of a Grid Developer System (GDS)
and a MAPPER program. GDS is a pre-processor program that creates and edits
the attributes of the grid system and data files, while MAPPER automates flood
hazard delineation and generates detailed flood inundation and flood damage and
risk maps. There are two different FLO-2D products, the FLO-2D Basic Model,
which is a freely available software?® and FLO-2D Pro, which is its advanced,
commercial version that incorporates additional modules for sediment transport,
mud and debris flow, storm drains, dam and levee breach and groundwater
modelling.

4.4.3 Evaluation of identified hydraulic models

A coherent evaluation of the identified hydraulic models presented in the previous
Sections is summarized in Table 4.2, based on typical model characteristics and
requirements that need to be addressed by a hydraulic model.

29 The FLO-2D Basic Model can be downloaded for free at: http://www.flo-2d.com/download/.
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Table 4.2. Evaluation of the identified hydraulic models.

Not Not [Simulation Easily coupled Compre-
Model 1D |1D2D komputational ddata pf standqrd with GIS & hensive Regularly[Easy to| Open
. ema- | hydraulic docume- |updated | apply | source
demanding nding |structures RACHLEEEE ntation
HEC-RAS v v v v v v v v v
MIKE11 v v v v v v
SWMM vV v v v v v v v v
LISFLOOD-FP v v v v v v v
FLO-2D Pro
FLO2D v v v v v is
commercial

It can be concluded from this Table that both HEC-RAS and SWMM address all
typical requirements from a hydraulic model applied for academic purposes.

4.5 Coupled hydrological — hydraulic modelling

In the paragraphs above several hydrological models that include routing methods
which allow for simplified flow routing (e.g. LISFLOOD, HEC-HMS, TOPMODEL
etc.) were presented. However such routing schemes are not sufficient for a
detailed flood study. On the other hand and as also mentioned above, there is
software that performs both rainfall-runoff and hydraulic channel routing, e.g.
FLO2D, SWMM, CA2D-Todini etc. Nevertheless, such models are basically
hydraulic (dynamic flood routing) models that may only be applied for simplified
rainfall-runoff simulations. Besides, many hydraulic models are limited to river
routing and do not contain a rainfall-runoff component at all, as for example HEC-
RAS.

In order to conduct a detailed flood study, the coupling of hydrological and
hydraulic models needs to take place. In general, independent hydrological and
hydraulic models of the same developer offer enhanced coupling options (e.qg.
models under the HEC-software umbrella (HEC-HMS / HEC-RAS), the MIKE by
DHI-software umbrella (MIKE11 / MIKE21), LISFLOOD / LISFLOOD-FP). A
recent trend in coupled hydrological-hydraulic models is the application of
platforms that support standardized data transfer and may be either “fixed”, i.e.
they incorporate standard hydrological and hydraulic models already coupled or
“customized’, i.e. they offer the option to couple variable datasets and different,
user-defined models within their environment. The idea for integrated modelling
is not new. However, recent advances in computational software, remote sensing
and data process have contributed to the development of numerous and
enhanced such platforms, particularly in the last decade. Indicative platforms of
both types are presented in the following.

451 “Fixed” platforms for inteqgrated modelling

As mentioned above, “fixed” platforms constitute an integrated environment, in
which standard software and modelling tools are incorporated. Typically, within a
single platform, the user may choose among a wide range of options in terms of
different modules, processing and visualization tools, which enhance a
simulation. Yet, the simulation software is fixed and hence there is no option to
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integrate in these platforms user-defined software, nor is there any interaction
between the user and the platform for model selection. “Fixed” platforms may be
either commercial or free.

A typical “fixed” platform for coupled hydrological-hydraulic modelling is MIKE
FLOOD. This integrated modelling platform developed by DHI combines two
numerical hydrodynamic models, the 1-D MIKE 11 (described in Section 4.4.1.2)
and the 2-D MIKE 21 for efficient urban, coastal and river flood modelling.
Focusing on river flood modelling, MIKE 11 is used for the 1-D open channel
modelling and MIKE 21 for the 2-D overland flow modelling. This platform utilises
GIS not only for enhanced visualization, but also for automated model
development and generation of flood maps. Typical outputs include water levels
and flow velocities in the main channel and the floodplain and 2D and 3D flood
animations (DHI, 2003). The main advantage of MIKE FLOOD is the fact that it is
built on well-proven technology and simulation engines, while it also applies
enhanced tools for floodplain visualization. MIKE FLOOD is a commercial
platform; yet, demo academic versions may be provided for free.

Another “fixed” platform for integrated flood analysis is KALYPSO, an open
source model system for numerical simulations in water sector, collaboratively
developed by the Department for River and Coastal Engineering of Technical
University of Hamburg-Harburg (TUHH) and the Bjornsen Consulting Engineers
(BCE) Company, Germany. KALYPSO system is modularly designed. Currently,
these modules include Kalypso Hydrology, Kalypso WSPM (Water Surface Profile
Module), Kalypso 1D/2D, Kalypso Flood, Kalypso Risk and Kalypso Evacuation.
A KalypsoBASE framework is a structure that combines additional functionalities,
such as GIS and data processing functions. The pure hydrological and hydraulic
modules of KALYPSO may be used independently. However, focusing on its
operation as a platform, KALYPSO Flood module offers the option for coupled
hydrological and hydraulic modelling. In this module, the Kalypso WSPM and
Kalypso 1D/2D modules are integrated and inundated areas, flow depths and
water surface profiles are produced (TUHH, 2008). These outputs may serve as
input to Kalypso Risk module for the generation of flood risk maps.

SOBEK is one more modelling suite for integrated water-related simulations. It
has been developed by Deltares, a Dutch institute for applied research in water,
subsurface and infrastructure fields and keeps being updated and further
improved. Particularly for integrated hydrological-hydraulic modelling, SOBEK
offers a powerful hydrodynamic 1D/2D engine, which couples the 1D SOBEK-
River for channel modelling and the 2D SOBEK-Overland Flow for floodplain
analysis. In Vanderkimpen et al. (2009) SOBEK 1D2D and MIKE FLOOD were
applied for a flood analysis in a Belgian catchment and the research concludes
that these packages offer similar possibilities and the produced inundated areas
and water depths are in good agreement, while some differences in flow velocities
were attributed to differences in computation schemes. SOBEK is a commercial
software package. Deltares also distributes educational packages at reduced
price30.

30 According to personal communication with Deltares Systems.
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InfoWorks ICM (Integrated Catchment Modelling) is another option for coupled
hydrological and hydraulic modelling. The platform is developed by Innovyze, a
company that emerged from the merging of the MWH Soft and the Wallingford
Software, both of which being companies that specialize in software development,
particularly for water resources and environmental applications. This platform
performs 1D river channel and 2D floodplain hydrodynamic simulations. Its Real-
Time Control module offers the option to integrate control structures during a
simulation, while is also offers the option to perform water quality and
sedimentation simulations. InfoWorks ICM is compatible with ArcGIS and its
performance is further improved through the incorporation in the platform of the
outcomes of recent advances in hardware development (Innovyze, 2014).
Similarly to all Innovyze software packages, InfoWorks ICM is a commercial
product.

4.5.2 “Customized’ platforms for inteqgrated modelling

In addition to the “fixed” modelling platforms described above, numerous
“customized” modelling platforms have also been developed and are widely
applied. The basic concept underpinning such platforms is the development of an
interface that allows the coupling of user-defined software and tools for integrated
modelling. “Customized’ platforms usually come with a comprehensive library of
models and tools already integrated in it, while they offer at the same time tools
that facilitate the integration of additional, user-defined models and tools. These
platforms are usually freely available.

The Delft-FEWS (Flood Early Warning System) platform is a sophisticated
collection of modules developed by Deltares (also mentioned in Section 4.5.1)
that supports hydrological forecasting. The platform provides an open shell for
managing data handling and forecasting process. Currently more than 40
commercial and well-proven software packages applied for both hydrological and
hydraulic modelling, including inter alia HEC-HMS, TOPKAPI, HEC-RAS, MIKE
11, SOBEK and SWMM, are integrated in the system as external, independent
forecasting modules3'. Besides these models any other model may be
incorporated in the platform, provided that an adapter for this model to the Delft-
FEWS interface will be developed. Through appropriate data processing and
model coupling techniques, data, models and model outputs interact and produce
outputs for efficient flood forecasting. Delft-FEWS is a scalable system, i.e. it can
run either as an independent manually driven forecasting system or as a fully
automated distributed client-server application (Delft-FEWS, 2010). Its main
advantage is its efficient coupling with external data sources, e.g. on-line
hydrometeorological information, through its enhanced import modules. Delft-
FEWS is available for free under licence.

Another platform that constitutes an integrated environment for model coupling is
OpenMI (Open Modelling Interface). It was initially developed in the framework
of the implementation of the FP7 EC research project HarmonIT and further
expanded though the EC LIFE ENV Programme OpenMI-LIFE. Currently the

31 The complete list of models integrated in FEWS is available at:
http://public.deltares.nl/display/FEWSDOC/Models+linked+to+Delft-Fews.
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platform is owned and maintained by the non-profit group of international
organizations and individuals OpenMI Association. OpenMI Standard is an
interface that allows data exchange between time-dependent models at run-time.
The platform enables the communication of models even in the case of different
timesteps and different spatial distribution of datasets (e.g. grid size) between
coupled-in models. OpenMI| was developed for linking models in the
environmental domain and hence it can be exploited in flood modelling. A library
of relevant OpenMI-compliant softwares is already integrated in the platform,
while a set of software tools facilitates the integration of new model codes. The
tools for migrating and linking different models are available for free under an
Open Source licence (Moore et al., 2007).

OGS (OpenGeoSys) project is another relevant platform. OGS is an open source
modelling platform that enables numerical simulations of thermo-hydro-
mechanical-chemical (THMC) processes in porous media and hydrosystems,
using either independent or coupled models. The platform provides a flexible
numerical simulator that uses primarily the Finite Element Method (FEM) for
application in energy and water research. The OGS idea has its origins in the mid-
eighties. In the following decades the idea was incorporated in research schemes,
expanded and further enhanced. Currently it is hosted by the Helmholtz Centre
for Environmental Research (UFZ). Numerous simulation codes are integrated in
OGS, while OGS also offers to the user and model developer community
complete freedom to customize and further develop its existing functionalities
(Kolditz et al., 2012). The original code was renamed to OGS in 2009, when it
became a platform freely available through the internet.

On top of these platforms, several frameworks that facilitate the communication
of different sources of datasets and thus indirectly support integrated models have
been developed as well. The application range of such frameworks is quite wide.
A typical such framework is DynaMind, a software tool that can be applied for
simulations of the urban environment and its infrastructure (e.g. drainage
systems). It has been developed by the Unit of Environmental Engineering (IUT)
of the University of Innsbruck and includes a set of basic processing and storage
modules, which can be easily expanded with the integration of new modules. This
framework is an open source, freely available software using the GPL license
(Urich et al., 2012).

4.6 Flood models applied in this research

It becomes obvious from the previous paragraphs, that nowadays, in order to
simulate the hydrological and the hydraulic behavior of a catchment, a modeler
may choose among a wide range of available and efficient hydrological and
hydraulic models respectively, which may be tailored to the modeler’s particular
needs. Similarly, a modeler has numerous options for coupling hydrological and
hydraulic models in order to perform an integrated flood study. The reliability of
widely accepted models, such as those described above, is often taken for
granted. In such cases, the choice of a model or a coupling platform is determined
by their efficiency, which is associated with the problem investigated, the
availability of datasets of acceptable quantity and quality that will be used as input
or calibration data, the required output, the experience of the modeler, the ease
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of access to relevant documentation and support for the application of the models
and often the cost of model or platform purchase and their user-friendliness. In
addition, efficiency depends strongly on the proper choice of simulation methods
selected within each model and of parameter values. The choice of a model may
also be submitted to constraints, which are imposed when models need to cover
particular requirements of their end users, e.g. use of remotely sensed datasets
and generation of results that can be incorporated in existing operational systems
(Melone et al., 2005).

The current research focuses on the development of a methodology for the
quantification of the impact of forest fires and initial soil moisture conditions on the
hydrological response of a catchment. This methodology (described in detail in
Chapter 5) will be integrated in a hydrological model, which will be coupled with a
proper hydraulic model and their integrated application will allow for a more
accurate integrated flood analysis. The criteria mentioned above were applied for
the selection of an appropriate hydrological and an appropriate hydraulic model
for this study.

Following extended relevant literature review and testing of different models and
coupling platforms, a coherent evaluation of the identified hydrological and
hydraulic models was performed in Tables 4.1 and 4.2, respectively. HEC-HMS
prevails as the most appropriate model to apply for this research, since it
addresses all typical requirements from a hydrological model applied for
academic purposes. Regarding the outcomes of the evaluation of the hydraulic
models, both HEC-RAS and SWMM are appropriate for this research; yet, HEC-
RAS is easily coupled with HEC-HMS, since both models are under the HEC
models umbrella. For these reasons, the application of the HEC-HMS hydrological
model and the HEC-RAS hydraulic model has been concluded for this research.
The main advantages of both models, already described in Sections 4.2.1.1 and
4.4.1.1, include inter alia their efficiency and reliability, their extended application
on a global scale, their comprehensive documentation and of course the free
access to both of them. In addition, both models are particularly flexible, mainly
due to their structure, which incorporates numerous simulation methods and thus
offers a wide range of modelling options. These advantages, together with the
appropriateness of both models for this research due to their flexibility, also
described in Chapter 5 (Methodology), and the relevant datasets that are
available, have dictated their selection.

In this research, HEC-HMS has been used in a semi-distributed, dynamic (event-
based) mode, while HEC-RAS was applied for steady, mixed (subcritical,
supercritical) flow. Further to these models, the GIS extensions HEC-GeoHMS
and HEC-GeoRAS were also applied for the hydrological and the hydraulic
simulations respectively.
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CHAPTER 5: METHODOLOGY

The accurate estimation of the initial conditions in a catchment has been
recognized as an issue of significant importance when attempting a reliable
hydrological simulation (Moore et al., 2006), particularly for catchments with
complicated geomorphology and land uses, such as typical periurban
catchments. The current research examines initial conditions of a catchment from
an integrated perspective. In particular, in this research the potential post-fire
impact on catchment characteristics, which is the primary focus of this research,
has been studied along with the initial soil moisture conditions, which are both in
need of further exploration.

This Chapter, which focuses on hydrological modelling, proposes a new
methodology that has been developed for the quantification of the impact of initial
conditions, in terms of forest fire and soil moisture, on the hydrological response
of a catchment. In addition, the post-fire impact is examined for the first time from
a “temporal perspective”, which allows for the investigation of its dynamic
evolution in time. For the development, testing and finalization of this
methodology, successive hydrological simulations had to be performed. The
methodology has been developed for deterministic, physically-based, lumped or
(semi-)distributed, event-based or continuous hydrological models. Therefore, for
the necessary hydrological simulations, the HEC-HMS model has been selected
out of the long list of efficient hydrological models presented in Chapter 4, for the
reasons presented in more detail in Section 4.6.

The conditions that determine the post-fire status of a catchment have been
analyzed in detail in Chapter 3; the estimation of post-fire conditions in a
catchment, as used in this methodology, is discussed in Section 5.1. The
estimation of initial soil moisture conditions is discussed in Section 5.2. Guidance
on the estimation of core hydrological parameters for pre-fire, normal soil moisture
conditions is presented in Section 5.3, while an innovative methodology for the
estimation of the same hydrological parameters under variable initial conditions,
taking into consideration the temporal dimension, which eventually quantifies the
impact of initial conditions on the hydrological behavior of a catchment, is
presented in Section 5.4. Section 5.5 concludes with a list of particularities of the
first post-fire floods that determine specific conditions under which the
methodology can be applied as proposed, without needing further readjustment.

5.1 Estimating fire impact

The hydrological footprint of a forest fire with limited extent and/or limited intensity
is often ignored and in such cases the initial conditions of the catchment are often
assumed undisturbed and thus static (see for example Zhou et al., 2013).
Alternatively, a stochastic approach may be adopted in fire modelling, according
to which the statistical properties of past fires are replicated in stochastic
simulation fire models, aiming to make predictions for the impact of the analyzed
fires. Inevitable assumptions need to be made in such cases (e.g. Willgoose,
2011; Esteves et al., 2012), primarily for fire severity. The numerous assumptions
and oversimplifications that are required from both approaches, make them
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unsuitable for extended applications, particularly in operational systems, the
reliability (and usefulness) of which are heavily dependent on their ability to
correctly account for such changes in the catchment and propagate their impact
downstream — in terms for example of changing flood risk.

The impact of a forest fire on a catchment’s hydrological response depends
strongly on fire extent and Fire Severity (FS), which serve as measures to quantify
the effects of fire on soil and overstory (Keeley, 2009; De Santis and Chuvieco,
2007). As analyzed in Section 2.3.1.3, several techniques have been developed
to map burnt surfaces and estimate the severity of a fire event. As demonstrated
in literature (Gitas et al., 2012; Lhermitte et al., 2011; Veraverbeke et al., 2010;
Viedma et al., 1997) the most popular and effective FS mapping techniques are
those that make use of satellite remote sensing supported by in-situ fieldwork
complemented with statistical and simulation modelling.

Both, the spatial extent and the temporal evolution of FS are critical elements for
the quantification of hydrological footprint of forest fires and have been
incorporated in the methodology presented in this Chapter, as described in the
following.

5.1.1 Examining fire impact from a spatial perspective

Clearly, FS is not uniform over the whole area that has been affected by fire, with
different patches of land affected by different FS. In general, according to Keane
et al. (2012), the exact definition and estimation of FS is associated with inherent
uncertainties, subjectivity and lack of standardization. Yet, several reliable FS
indices exist in literature, most of which can be calculated from satellite imagery
(Key and Benson, 2006; Keane et al., 2012; Miller et al., 2009).

In this research, a FS map has been produced for the study area based on
satellite images. More specifically, two Landsat TM images, the first one for the
period prior to an examined fire event and the second one for the period shortly
after the fire event were radiometrically and geometrically corrected so that the
quality of the satellite data would be enhanced. Thorough literature review was
performed at this part of the research, in order to identify and adopt the most
appropriate fire severity index for this research out of the most widely used indices
presented in Section 2.3.1.3. Given that the proposed methodology refers to
historic fire events and hence fieldwork is not an option, and also after considering
issues of satellite imagery availability and representativeness, the Differenced (or
Delta) Normalized Burn Ratio (ANBR (or ANBR respectively)) index has been
selected as most appropriate for the production of a FS map for the current
research. To this end, the bands 4 and 7 of the Landsat TM images were linked
for the calculation of two indices of Normalized Burn Ratio (NBR), i.e. NBRpRE-FIRE
and NBRrosT-FIre for the pre- and post-fire images respectively.

The DNBR was then estimated from the subtraction of the NBR maps and the
values of DNBR were classified into distinct classes, which correspond to different
FS levels. Initially, the FS levels included very high, high, moderate, low severity,
unburnt areas and areas with enhanced vegetation regrowth. The analyzed
satellite image was imported in ArcGIS 9.3 and was further analyzed in ArcMap,
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in Geographic Information System (GIS) environment. At a first stage, the burnt
area of the study area was isolated. At this stage and aiming to achieve a more
detailed representation of FS conditions, FS levels were restricted to five, namely
very high FS (i), high FS (ii), moderate FS (iii), low FS (iv) and no severity
(referring to unburnt land), since areas with enhanced regrowth were not identified
in the affected land within the boundaries of the study area.

The results of this analysis for the study area are presented in more detail in
Section 7.1. The clipped FS map of the study area was further analyzed in GIS
for the identification of the exact spatial extent of each FS class within each
subbasin of the study area. For the application of the methodology, presented in
Section 5.3, the percentages of the affected area within each FS class were used
for the estimation of weighted hydrological parameters for each subbasin.

5.1.2 Examining fire impact from a temporal perspective

A major challenge in this research has been the incorporation of the temporal
variation of post-fire hydrological behavior in hydrological modelling. In literature,
the temporal dimension of this impact is thoroughly examined from an ecological
perspective, i.e. extended research has been performed on post-fire vegetation
recovery and natural reforestation researches focus either on the early
regeneration stages of vegetation, which is usually restricted to the first one or
two post-fire years (Thanos et al., 1989; Oliveira and Fernandes, 2009; Bolin and
Ward, 1987; Cannon et al., 2008; Rulli and Rosso, 2007; Scott and Van Wyk,
1990; Inbar et al., 1998) or on the period several years after the fire (Polychronaki
et al., 2013; Nepstad et al., 1999; Thanos and Marcou, 1991; Eccher et al., 1987;
Mayor et al., 2007), when forest regrowth has occurred, vegetation density is
increased and ecosystems are almost reset to their initial status (Gitas et al.,
2012; Marzano et al., 2012; Veraverbeke et al. 2010; Lhermitte et al. 2011; Le
Houérou, 1987; Trabaud et al., 1985; Viedma et al. 1997). However, as also
discussed in Chapter 3, limited research has been performed so far on how a
forest fire’s impact changes in time and when it can be assumed that the
catchment has reverted to its pre-fire conditions from a hydrological perspective
(Willgoose 2011; Esteves et al., 2012; Mayor et al., 2007; Springer and Hawkins,
2005).The fact that post-fire hydrological recovery depends strongly on site-
specific parameters, such as dominant vegetation, soil, topography and slope
properties, geographical characteristics, local meteorological conditions and FS
in the affected area (Gitas et al., 2012; Esteves et al., 2012) is a main reason for
this limited research.

One of the innovative elements of this research is the fact that FS and hydrological
recovery (in terms of vegetation regrowth and not necessarily full vegetation
recovery, as clarified in Sections 3.3.1 and 3.3.2) have been examined not only
from a spatial perspective, but also from a temporal perspective. More specifically,
time periods of variable duration and different hydrological impact, directly
associated with the status of vegetation regrowth, were identified within each
severity class. The duration of each time period has been defined based on
extended literature review on the conditions of typical Mediterranean vegetation,
in terms of annual changes in foliage, post-fire regrowth etc. (presented in detail
in Chapter 3 and including inter alia the findings of Carey et al., 2003; Inbar et al.,

89



1998 efc.), while the characteristic, transitional periods that can be identified in
post-fire vegetation regrowth and are related with hydrological recovery (analyzed
in Section 3.3.2.2) were also taken into consideration for this research.

More specifically, when examining revegetation in typical Mediterranean areas,
as well as in repeatedly burnt Mediterranean forests, mainly covered by evergreen
broadleaved shrublands, conifers (mainly Aleppo pine) and schlerophyllous forest
types known as garrigues or maquis (Inbar et al., 1998; Davis et al., 1996), the
plant cover during the first post-fire springs becomes critical (Keeley, 2009).
Viedma et al. (1997) mention that vegetation recovery in these areas usually
needs a few years to occur. In relevant studies, re-established vegetation one
year after a severe fire event in a typical Mediterranean forest covered 10-30% of
the affected area, in the second post-fire year it extended over 50-70% of the area
(Inbar et al., 1998), reaching eventually 90% between the third and the fifth post-
fire years (Viedma et al., 1997). In addition grasses, forbs, and more fire-tolerant
low vegetation need approximately one year after a fire event to regrow, while
other, less fire-tolerant species of low vegetation may need three of four years to
regrow. This vegetation cover, even though it cannot be considered as indicative
of ecological recovery, needs yet to be considered when studying hydrological
recovery. When available, earth observation data validated by field observations
of the vegetation cover can support the study of the temporal perspective of fire
impact.

Based on these findings a general rule that was adopted for the study of the
temporal perspective of fire impact was the assumption of a sharply descending
hydrological impact with time for each FS class. In the proposed methodology,
which is developed for areas covered by successively burnt Mediterranean
forests, it is considered that hydrological recovery takes place 4 years after the
fire, with the first 2 years being more critical (Brown, 1972; Moody and Martin,
2001a; Springer and Hawkins, 2005; Inbar et al., 1998; Rulli and Rosso,2007;
Robichaud, 2000). In an attempt to associate FS with the temporal evolution of
hydrological recovery, it is assumed that in order to reach hydrological recovery,
areas affected by low or moderate severity need approx. 2 years, areas affected
by high FS need approx. 3 years and areas affected by very high FS need approx.
4 years. For all these reasons and also for the reasons presented in Section
3.3.2.2, the time windows of 7, 12, 19, 24, 36 and 48 months after a fire event
have been used in this research, as transitional periods in hydrological recovery.

These considerations are often case-specific and may need to be readjusted for
different areas. In order to verify them for the study area of this research
(presented in Chapter 6), relevant datasets from satellite imagery, cross-validated
with in-situ observations of the vegetation cover, were studied (Eftychidis and
Varela, 2013). The considerations on the temporal evolution of the hydrological
recovery mentioned above are consistent with the outcomes of this study and in
accordance with the findings from literature review.

It needs to be clarified that, as also defined in Section 3.3.2, this hydrological
recovery needs not to be confused with the full environmental recovery, which,
especially in severely affected areas, can only take place after the replacement
of the canopy cover, i.e. many years after the fire event, if at all.
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5.2 Estimating initial soil moisture

A reliable estimation of initial Soil Moisture (SM) conditions in a catchment
necessitates the regular monitoring of its hydrometeorological conditions.
Preferably, a dense network of SM sensors is installed in appropriate locations
over the catchment and properly selected depths in the soil, so that representative
measurements of the catchment’s SM conditions are ensured. However, regular
monitoring is rarely practiced and such historic datasets are usually unavailable.
It becomes thus a standard practice to assume that initial SM conditions are static
(e.g. constantly wet during the rainy season and constantly dry during the dry
season) (Berthet et al., 2009). Undoubtedly, this assumption is an
oversimplification and may induce significant errors undermining the robustness
of the simulations (Brocca et al., 2008; Tramblay et al., 2012; Massari et al., 2014).
Correctly identifying initial SM conditions is also critical for (automated) early
warning systems, which depend strongly on the availability and accuracy of SM
datasets in order to perform representative flood simulations and in turn issue
accurate warnings. However, generalizations and simplifications in such systems
are inevitable (Ponziani et al., 2013).

A recent trend in estimating a catchment’s SM conditions is the use of updated
SM information from satellite images, such as the Advanced Scatterometer
(ASCAT) products (Tramblay et al., 2012). SM-related satellite products can be
used either as stand-alone SM datasets in the absence of relevant in-situ
measurements (Chen et al., 2014; Wanders et al., 2012) or validated and/or
calibrated with ground SM measurements, when available (Dorigo et al., 2015;
Su et al., 2013; Albergel et al., 2013). However, the exclusive use of remotely
sensed datasets remains controversial, since validation of satellite data with
ground truth SM measurements is not straightforward due to differences in spatial
resolution, observation depths and measurement uncertainties (Brocca et al..,
2011), while at the same time relevant in-situ measurements are usually not
available (Matgen et al., 2012; Brocca et al., 2010; Massari et al., 2014, Wanders
et al., 2012). Hence, it can be concluded from literature that despite the significant
progress that has been made in the estimation of SM conditions, the incorporation
of reliable SM estimations in semi-automatic hydrological systems, such as those
needed for example for flood forecasting, remains challenging.

In the current research and given the frequent absence of long historic SM
datasets, the estimation of initial SM conditions has been based on the so-called
Antecedent Moisture Conditions (AMC) as identified in the SCS Curve Number
method (USDA-SCS, 1985; USDA-NRCS, 2004b). According to this method,
initial SM conditions depend on the total rainfall depth of the five (5) days
preceding a flood event. Based on this total rainfall depth and on whether the
season is dormant or growing, three different AMC classes are distinguished: dry,
normal and wet. The marginal values for the classification of the antecedent
conditions in each class, which have also been adopted in this research, are listed
in Table 5.1. In this Table, the corresponding values presented in a relevant table
in Chow et al. (1988) have been converted from inches to millimeters and rounded
to the closest integral number.

91



Table 5.1. Different classes of Antecedent Moisture Conditions.

Total rainfall depth of the
AMC previous 5 days [mm]

Dormant Growing

Season Season
| (dry) <13 <36

Il (normal) 13+28 36+53
[l (wet) > 28 > 53

The validity of this Table for large basins has been questioned, since its
applicability was generalized even though its development was based on limited
data and it does not account for regional differences or scale effects (Ponce and
Hawkins, 1996). Nonetheless, for small river basins, similar to the river basin
studied in this research, the AMC are represented well when they follow the
values of this Table.

5.3 Hydrological modelling — selected simulation
methods and hydrological parameters

In order to quantify the impact of initial conditions, in terms of forest fire and SM,
on the hydrological response of a catchment and examine its evolution in time,
appropriate simulation methods need to be applied and representative
hydrological parameters need to be examined. The estimation of the hydrological
losses, the design of a catchment Unit Hydrograph and the calculation of channel
routing are core components of hydrological simulations which are strongly
affected by the fire impact on a catchment and its initial soil moisture conditions.
During this research, widely applied simulation methods for each one of these
hydrological modelling components, as incorporated in flexible and typical
hydrological models (in this case HEC-HMS and more specifically the version
HEC-HMS 3.5 (Scharffenberg and Fleming, 2010)), have been selected and the
representative hydrological parameters necessary for application of these
simulation methods have been thoroughly investigated.

The selection of the simulation methods was based on required input and
available datasets, considering the fact that model efficiency depends strongly on
the selected methods (see also Section 4.6). Regarding hydrological parameters,
the basic criteria for their selection have been their representativeness, their
sensitivity in initial conditions and their wide applicability in hydrological studies.
Their selection has also been determined by the accumulated experience gained
from the use of these parameters as calibration parameters in numerous
applications. This experience has been recorded in relevant scientific publications
(Papathanasiou et al., 2012; Bariamis et al., 2014; Papathanasiou et al., 2013e)
and has supported the implementation of several graduate and post-graduate
theses that have been performed in the Laboratory of the Hydrology and Water
Resources Management (Alonistioti, 2011; Kassela, 2011; Pagana, 2012;
Bariamis, 2013).

Eventually, five typical hydrological parameters that depend strongly on
catchment characteristics and its initial conditions have been selected and

92



thoroughly examined. These five parameters are: the Curve Number (CN), the
initial abstraction (IA), the standard lag (TP), the peaking coefficient (CP), and the
K Muskingum coefficient. CN and IA are used in the estimation of the hydrological
losses, TP and CP are used in the design of the Unit Hydrograph and K is used
in the Muskingum channel routing method. CN and IA are very sensitive
calibration parameters, since they significantly affect simulation results, while TP,
CP and K affect to a smaller extent simulation results, remaining however
significant enough not to be ignored (as justified in Chapter 8). The simulation
methods that were selected including a detailed presentation of the selected
hydrological parameters are presented in Section 5.3.1.

5.3.1 Hydrological loss method

Hydrological losses are estimated on a subbasin basis and include infiltration,
subsurface loss, retention efc. All these processes and their interaction are
simulated in an integrated way in HEC-HMS through a “loss method” that needs
to be defined for every subbasin. HEC-HMS 3.5 offers twelve different
hydrological loss methods for estimating the actual infiltration, which are
designated for either event-based or continuous simulations. These methods
include inter alia deficit constant loss method (either gridded or lumped),
exponential loss method, Green and Ampt loss method (either gridded or lumped)
and SCS Curve Number loss method (either gridded or lumped). Required input
for each method and available datasets were examined and eventually, the SCS
Curve Number loss method (lumped version) was selected, for reasons of wide
applicability, representativeness and simplicity, as well. The option to use a
different method for each subbasin is also available; however, considering the
available datasets as well as the inherent uncertainty in those methods, a
common method was applied in all subbasins.

The SCS Curve Number _method was selected in order to account for
hydrological losses in the hydrological model. This method was developed by the
US Department of Agriculture Natural Resources Conservations Service (NRCS),
formerly the Soil Conservation Service (SCS), for the estimation of runoff and
peak flow during a flood event. The method is described in detail in USDA-SCS
(1985), first published in 1954 and revised several times ever since (USDA-
NRCS, 1986; USDA-NRCS, 2004b). According to this method, CN is the SCS
Curve Number and can be estimated from relevant Tables, based on the land
cover type and treatment, the dominant hydrologic conditions and the hydrologic
soil group, as presented below.

The method seems to perform best at agricultural sites, for which it was originally
developed, fairly at range sites and poorly at forest sites, while it is also
recommended for use in urban areas (Mishra and Singh, 2003). In general, it is a
simple, widely applied, empirical method that has been tested and has proved its
efficiency in time, with its main disadvantage being the fact that it does not
incorporate time in its calculations, it is particularly sensitive to one parameter
(CN), which unavoidably depends on a limited number of other parameters, while
it also ignores the impact of rainfall intensity and its temporal distribution on runoff
(Mishra and Singh, 2003, Ponce and Hawkins, 1996).
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In HEC-HMS, the runoff Curve Number (CN), the initial abstraction (la) and the
percentage of impervious areas need to be defined for the estimation of
hydrological loss based on the SCS CN method (HEC, 2009). The current study
focuses on CN and IA and examines thoroughly the impact of initial conditions on
both parameters, as described in Sections 5.3.1.1 and 5.3.1.2 respectively. The
percentage of imperviousness expresses the percentage of the directly
connected impervious areas in the subbasin. This parameter can either be
adjusted to CN or can be calculated separately. In this research imperviousness
has been considered in the estimation of a composite CN for each subbasin and
has been thus set to zero in the hydrological loss method.

5.3.1.1 Estimating CN for pre-fire and normal SM conditions

CN quantifies the impact of a subbasin’s soil properties and land uses on its
hydrological response. As mentioned in Section 5.3.1, in order to determine the
runoff Curve Number (CN) the land cover type and treatment, the dominant
hydrologic conditions and the hydrologic soil group need to be determined first.

Regarding land cover type, it is usually determined from land cover maps.
Treatment includes mechanical practices (e.g. contouring and terracing) and
management practices (e.g. crop rotations and reduced or no tillage) and needs
to be defined for cultivated agricultural lands.

Regarding the hydrologic conditions, they can be estimated from the density of
plant and residue cover on sample areas and they are classified as poor, fair or
good, with good hydrologic condition denoting that the soil has a low runoff
potential for the specific cover type, treatment and hydrologic soil group.
Regarding the hydrologic soil group, soils are classified into 4 types: A, B, C and
D, according to their minimum infiltration rate, obtained for bare soil after
prolonged wetting, as presented in detail in USDA-NRCS (1986) and USDA-
NRCS (2009).

5.3.1.2 Estimating IA for pre-fire and normal SM conditions

Initial abstraction, IA, indicates the amount of precipitation that needs to fall
before surface excess, i.e. direct runoff, starts and mainly includes interception,
initial infiltration, surface depression storage and evapotranspiration (USDA-
NRCS, 1986). In the SCS method, infiltration volume during a storm is
recalculated at the end of each time interval and incremental precipitation is then
computed. In HEC-HMS model, when choosing the SCS-CN method for the
estimation of the hydrological losses, the definition of IA is optional. A blank IA
field is automatically filled in with the value IA = 0.2*S, where S is the potential
retention calculated directly from the CN value.

However, this generalized equation is based on datasets from agricultural
watersheds in the United States and should be adopted with caution in other
applications. For example, in more urbanized areas initial abstraction may be
totally different, and in particular IA could be significantly decreased due to
numerous impervious areas or it could even be increased in case of existence of
surface depressions that store runoff on impervious areas (USDA-NRCS, 1986).
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In general, |IA is a very sensitive calibration parameter (Papathanasiou et al.,
2015a; Shi et al., 2009; Bariamis et al., 2014) and thus its reliable estimation is of
paramount importance for an efficient simulation.

To this end, numerous studies have been performed for the estimation of initial
abstraction ratio, i.e. IA/S, and several of them have concluded that the value of
0.2 for this ratio is particularly high, affecting thus modelling efficiency (Shi et al.,
2009; Beck et al., 2009; Mishra et al., 2003; Mishra and Singh, 1999; Baltas et
al., 2007). More specifically, according to Mishra and Singh (2003) increased
values of initial abstraction ratio are associated with decreased efficiency in a
versatile SCS-CN model, while Woodward et al. (2003) and Jiang (2001) suggest
a ratio equal to 0.05 in order to calculate runoff.

It is suggested that IA is not considered necessarily as equal to 0.2*S and, when
available, relevant datasets need to be examined so as to define its marginal
values. In the absence of such datasets, general guidelines verified in literature
for study areas similar to the examined areas, as those mentioned above, could
be followed.

5.3.2 Transform Method

Transform methods are estimated on a subbasin basis and refer to the transform
of excess precipitation into surface runoff. Typically, Unit Hydrographs (UHs) are
used as transform methods. The UH represents the response of a catchment to
a given rainfall, i.e. the runoff discharge after a rainfall with effective rainfall depth
equal to 10 mm, uniformly distributed in space over the whole catchment and with
a uniform rate over a unit time period. UHs are specific for every catchment and
for different time lengths which correspond to the duration of effective rainfall.
When the response of a catchment to a given rainfall is estimated, then its
response to rainfall with other characteristics may be estimated as well, through
the use of the ordinates of a UH (the abscissas being the time).

An assortment of different transform methods are incorporated in HEC-HMS.
These include inter alia the SCS UH, the Snyder UH, the Clark UH, the Modified
Clark (ModClark) UH and User-Specified UH. Different methods were tested (the
SCS UH, User-Specified UH, the Snyder UH), however both SCS UH and User-
Specified UH provided poor results (Papathanasiou et al., 2013e; Bariamis 2013).
The Snyder UH method was finally selected as transform method due to its wide
applicability, its representativeness and its simplicity. Snyder has been the first to
develop a synthetic UH based on studies on catchments in Appalachian
Highlands (Snyder, 1938). According to Snyder method, the Lag Time (or
Standard Lag, TP), the peak flow, the time base of hydrograph and the UH widths
at the time that correspond to the 50% and 75% of the peak time, need to be
determined in order to estimate a catchments UH for a given time length. These
five parameters are calculated based on Equations 5.1-5.5.
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TP = 0.752 * Ct = (L = Lc)?3(Eq. 5.1),
Ccp
Q, = 2.78 x Ax p— (Eq. 5.2),

T, =3+ g (Eq. 5.3),

2.14

Wso = oo, (Ea.5.4),
ot
1.22

W75 = “QP108 (Eq 5.5),
Cor

where:

TP: Standard Lag [hr],

Ct: coefficient that represents the topographic and soil characteristics of a
catchment and typically ranges between 1.8 and 2.2,

L: length of the main channel [km],

Lc: length of the channel between the centroid of the catchment and its outlet
[km],

Qp: peak flow [m3¥/sec],

CP: Peaking Coefficient (described in detail in Section 5.3.2.2) that normally
ranges between 0.4 and 0.8,

A: the drainage area [kmZ2],

Tb: time base of the hydrograph,

Wso: UH width at the time that corresponds to the 50% of the peak time and

W7s: UH width at the time that corresponds to the 75% of the peak time

In HEC-HMS, the input parameters for the application of this method are the
Standard Lag (TP) and the Peaking Coefficient (CP), presented in detail in the
following Sections.

5.3.3.1 Estimating TP for pre-fire and normal SM conditions

Standard Lag (TP) is the time interval between the centroid of precipitation mass
and the peak of the unit hydrograph. Several relationship have been developed
for the estimation of Lag Time in other UH methods, such as the SCS UH method,
which suggests Equation 5.6 for Lag Time (Elliott et al., 2005).

708 (S+1)0'7

TP = L°° * 7900708 $S+1 (Eq. 5.6),
where:

L: the hydraulic length of the catchment [ft],

S: the potential max soil moisture retention in the catchment [in] and

Y: the catchment slope [%],

However, particularly in Snyder method, Standard Lag can be determined from
Equation 5.1. The length of the main channel and the length of the channel
between the centroid of the catchment and its outlet need to be estimated, while
at the same time sufficient information on topographic and soil properties per
catchment subbasins needs to be available so as to estimate Ct. Usually, such
information is not available and inevitably several assumptions need to be made
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for the estimation of TP. For this reason, practical and sometimes empirical
methods have been developed. A practical rule to estimate TP is to consider it as
a percentage of time of concentration (HEC, 2009), which can usually be
calculated more easily.

5.3.3.2 Estimating CP for pre-fire and normal SM conditions

The Peaking Coefficient (CP) in the Snyder UH method is a dimensionless
descriptor of the shape of a UH, the value of which quantifies the steepness of
the hydrograph. Its typical values range between 0.4 and 0.8, with the lower
values denoting steep-rising hydrographs (HEC, 2009; McEnroe and Zhao,
1999). In a detailed study on 19 small rural gauged catchments in Kansas,
McEnroe and Zhao (1999) verified that CP ranged from 0.46 to 0.77, with mean
value equal to 0.62 and standard deviation equal to 0.10. In other studies,
recommended CP average values are 0.6 for the Appalachian Highlands, 0.8 for
central Texas and central Nebraska and 0.9 for Southern California (Viessman
and Lewis, 1995).

In the SCS UH method, CP is considered constantly equal to 0.75, while for
ungauged rural catchments a CP equal to 0.62 is recommended as input to the
Snyder UH method (McEnroe and Zhao, 1999). In practice, CP is estimated
empirically and typically ranges between 0.4 and 0.7, as described above.

5.3.3 Routing Method

As analyzed in Chapter 4, flood routing is the propagation of flood wave in a
channel. Routing methods are estimated on a reach basis. Due to complexities in
routing estimation, simplified routing schemes have been developed and are
widely applied.

The options that HEC-HMS offers for simplified flood routing are described in
Section 4.2.1.1. In this research, the Muskingum Method has been selected for
flood routing. The main criteria for this selection have been its minimal data
requirements, its representativeness and its wide applicability, as demonstrated
in numerous published works (e.g. Chow et al, 1988; O’Sullivan et al., 2012; Gill,
1978).

This method is based on the simple storage — discharge relationship of Equation
4.3, which expresses the continuity equation. For its application, the Muskingum
K and Muskingum X coefficients and the number of time increments At need to
be defined. Muskingum K coefficient has been selected as calibration parameter
for the methodology developed in this research and is described in more detail in
Section 5.3.3.1.

Muskingum X coefficient (or else called Storage Routing) represents storage in
channel per routing time step, ie. it expresses the attenuation that can be
achieved through routing and is dimensionless. The values of X range from 0 to
0.5, where 0 denotes maximum attenuation and 0.5 denotes no attenuation.
Muskingum X values range from 0 to 0.3 for natural streams, with mean value
being 0.2 (Chow et al., 1988; Johnson, 1999), while values between 0.4 and 0.5
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are most appropriate for streams with little or no floodplain (Johnson, 1999), i.e.
smooth, uniform channelized streams. Usually, X takes intermediate values, with
0.2 and 0.25 being in most cases appropriate (Chow et al., 1988; HEC, 2009).
The impact of Muskingum K and X coefficients on routed hydrographs is
illustrated in Figure 5.1.
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Figure 5.1. The impact of K and X on routed hydrographs.

Time increment At has to be less or approximately equal to the time the wave
needs to travel through the reach. Several criteria have been developed that need
to be fulfilled by time increment At for a successful application of the Muskingum
method. In general, time increment At ranges between 5 minutes and one day
(Elbashir, 2011), while minimum time increments result in good routing
hydrographs (Garbrecht and Brunner, 1991). Sometimes, for the application of
the Muskingum method it is necessary to define the number of subreaches
instead of the time increment At. The division of the reach length by the product
of wave velocity and the time increment At provides a reliable estimation of the
value of the number of subreaches (HEC, 2009). Increased number of
subreaches denotes decreased attenuation.

In HEC-HMS, for the application of the Muskingum method it is necessary to
determine the values of Muskingum K and X coefficients and the number of
subreaches. In the proposed methodology, a constant value for the attenuation
(Muskingum X coefficient) and a constant number of subreaches in each subbasin
were considered and were not altered, regardless of dominant wet or dry
conditions and burnt or unburnt subbasins. The rules applied for the estimation of
Muskingum K coefficient for pre-fire and normal SM conditions are presented in
the following.
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5.3.3.1 Estimating K for pre-fire and normal SM conditions

The Muskingum K coefficient represents the ratio of storage to discharge for
the channel and takes dimensions of time (hours). It expresses the travel time of
the wave through the channel reach and in the absence of relevant reliable
datasets the value of K can be estimated as the average travel time of the peak
flow through the reach (Chow et al., 1988; O’Sullivan et al., 2012). Therefore,
Muskingum K coefficient can be determined by the ratio of the mean velocity to
the length of the reach. In the absence of velocity measurements, channel velocity
can be determined either empirically (using simplified rules-of-thumb for water
movement) or through performing a simple open-channel flow calculation using
Manning’s equation. Assumed velocities can be verified through hydraulic
simulations.

To estimate initial values for K, an analysis that includes either observed upstream
and downstream hydrographs or geometrical and resistance properties of
channels (O’Sullivan et al., 2012) has to be performed. Observed hydrographs
are usually not available and therefore K is more often estimated by channel
properties, still when available. For reasons of simplification, Muskingum K
coefficient for channels is often assumed to be constant throughout the range flow
(Chow et al., 1988), even if in practice this is not always the case.

5.4 Estimating the temporal evolution of the selected
hydrological parameters for variable initial
conditions

The values of the five examined parameters for pre-fire and normal SM conditions
are estimated as indicated in the previous paragraphs. For pre-fire and variable
SM conditions (either wet or dry), the values of the parameters can be estimated
through a pre-fire calibration process. This procedure will result in the extraction
of a set of rules that directly associate pre-fire values for normal conditions with
pre-fire values for wet and dry conditions.

Particularly for CN, according to the SCS methodology, besides soil type and land
uses (described above) CN values depend strongly on initial SM conditions. As
presented in Section 5.2, the SCS Curve Number method assumes that the total
rainfall depth of the five days preceding a flood event is representative of the
catchment’'s SM conditions and assists their classification as wet, dry or normal,
as presented in Table 5.1. Different classes are associated with different CN
values. Based on the SCS method, CN values provided in relevant, widely used
Tables (USDA-NRCS, 2004a; USDA-NRCS, 1986) correspond to normal
conditions, i.e. CNu, while for wet (CNi) and dry (CNm) conditions the following
transformations are suggested:

4.2xCN
CNI = ——
10-0.058*CNy;

23%xCNjp
CNyypy=—————
1040.13+CN;

(Eq. 5.7)
(Eq. 5.8)

However, the application of Equations 5.7 and 5.8 is often associated with poor
results in CN estimation, and more specifically with underestimated CN for wet
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conditions (CNi) and overestimated CN for dry conditions (CNm) (Mishra and
Singh, 2002; Huang et al., 2006; Gao et al., 2012). For this reason, these
Equations were not applied in this research.

Also, as mentioned in Section 5.3.3.1 the assumption that Muskingum K
coefficient for channels is constant throughout the range flow is usual, mainly for
reasons of simplification (Chow et al., 1988). However, this parameter depends
on initial conditions in terms of both initial SM and fire impact and therefore its
value needs to change under variable initial conditions. Focusing on the impact
of SM, during wet conditions, when discharge is increased, the wave velocity in a
given river section is increased and thus the travel time of the peak flow is
decreased.

The values of the examined hydrological parameters are expected to be
significantly affected for post-fire conditions, especially for areas that have been
affected severely by fire. As stated in Chapter 3, numerous studies have been
performed in order to translate the fire impact into changes in the hydrological
response of a catchment. However, as discussed in Section 3.5, most of these
studies refer to a limited post-fire time-window (i.e. the first 1-2 post-fire years),
they are case-specific and thus can only be considered representative within their
specific conditions and also they examine post-fire impact from an ecological
perspective, focusing on vegetation recovery and natural reforestation (Oliveira
and Fernandes, 2009; Thanos et al., 1989; Bolin and Ward, 1987). At the same
time, the majority of these studies focuses on the examination of changes in post-
fire CN values, while limited research has been performed on the estimation of
fire impact on IA, TP, CP and K. Usually this impact is ignored and average values
of these parameters are estimated instead (e.g. Viessman and Lewis, (1995;
McEnroe and Zhao, 1999).

Regarding the post-fire recovery rate of a catchment, as mentioned in Section
3.3.1, in typical Mediterranean ecosystems, increased recovery is often observed
during the first post-fire years, and is usually followed by a decreased recovery
rate (e.g. Thanos and Marcou, 1991; Trabaud et al., 1985; Eccher et al., 1987
Marzano et al., 2012). A persisting fire impact on a cathment’s hydrological
response during the first three post-fire years was reported by Mayor et al. (2006),
which was however attributed to a 2-year post-fire dry period.

For this reason, a sharply descending impact of fire with time has been considered
in the suggested changes in the values of the examined hydrological parameters.
Given that post-fire vegetation regrowth determines the post-fire values of the
examined hydrological parameters, this logical assumption is verified. Therefore,
the logarithmic profile of the characteristic time-windows in post-fire vegetation
development can be directly associated with a dynamic post-fire evolution of
hydrological parameters in time with regards to their pre-fire values, with changes
following a logarithmic profile (Papathanasiou et al., 2015a).

In this context, the Equations 5.9a-e and 5.10a-e presented below are proposed

for the estimation of the post-fire evolution in time of the examined hydrological
parameters for normal SM conditions.
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CNpyps(t) = CNgs + henps(t) (EQ. 5.9a)

IAps ps(t) = IAqs + hiaps(t) (Eq. 5.9b)

TPps ps(t) = hrpps(t) * TPqy (EQ. 5.9¢)

CPpsps(t) = MAX[(CPaf + hcp,ps(t)).p] (Eq. 5.9d)

Ky rs(t) = hg ps(t) * Kqr (EQ. 5.9€)
where:
henps(t) = acn ps * In(t) + beyrs (EQ. 5.10a)
hiars(t) = ajaps *In(t) + byyps (EQ. 5.10b)
hrpps(t) = arpps * In(t) + brprs (EQ. 5.10c)
hepps(t) = acpps * In(t) + bep s (EQ. 5.10d)
hi rs(t) = agps * In(t) + bgrs (EQ. 5.10€)
and where:
index pf: corresponds to post-fire conditions,
index af: corresponds to pre-fire (ante-fire) conditions,
index FS: indicates FS that depends on the % of the affected area within each FS
class,
t: time after fire event [months] and
a, b: parameters that depend on FS and boundary conditions for the estimation
of the post-fire values of each parameter

Equations 5.9a-e are expressed as presented above for reasons of combatibility
and therefore quantitative control with relevant findings in literature. For example,
post-fire changes in CN are usually discrete (e.g. Higginson and Jarnecke, 2007)
and for this reason post-fire CN values are proposed to be estimated as the sum
of the corresponding pre-fire values and a discrete change in these values (Eq.
5.9a). At the same time, post-fire TP values are typically expressed as a
percentage of the corresponding pre-fire values (e.g. Elliott et al., 2005), similar
to the expression proposed for the estimation of post-fire TP values in Equation
5.9c. Regarding CP, Equation 5.9d is expressed as presented above in order to
set an upper threshold in TP post-fire values, as described in Section 5.3.3.2.

In order to estimate the parameters a and b in Equations 5.10a-e above, it is
necessary to define the boundary conditions of each FS class. The upper
boundary conditions are represented by the values of h for different FS for tupper
(i.e. the first post-fire period), while the lower boundary conditions are represented
by the values of h for different FS for tiower (i.€. the period just prior to hydrological
recovery). Given that the research performed so far on the estimation of h for
different FS is limited, a co-evaluation of threshold values identified in literature,
calibration results and, when relevant, particular conditions and restrictions,
needs to take place for each case study.

Thus, in order to estimate the post-fire values of the five examined hydrological
parameters for normal SM conditions, tupper and tiower, as well as the corresponding
values of h for all parameters and different FS classes need to be determined first.
Based on these boundary conditions, Equations 5.10a-e can be applied for the
estimation of a and b parameters and Equations 5.9a-e can be applied for the
eventual estimation of the post-fire values of all five hydrological parameters.
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As far as post-fire values of these hydrological parameters for wet and dry SM
conditions are concerned, rules mentioned above that associate normal pre-fire
SM conditions with wet and dry pre-fire SM conditions, can be applied for the
estimation of values for wet and dry post-fire SM conditions in relation to the
values for normal post-fire SM conditions, estimated from Equations 5.9a-e and
5.10a-e. A generic equation that expresses the relation between parameter
values for normal, wet and dry SM conditions is Eq. 5.11.

Xaf,dry/wet =cC* Xaf,normal +d, (Eq. 5.11),
where:
X: a hydrological parameter and
¢, d: coefficients that depend on case-specific conditions.

Based on the percentage of the affected area within each FS class (as estimated
from the GIS analysis mentioned in Section 5.1.1) and the suggested parameter
values for each severity class (as estimated from Equations 5.9a-e), a composite,
weighted parameter value for each subbasin is estimated and this value is
imported in the hydrological model for the necessary simulations.

5.5 The 15t post-fire flood: a particular situation

The methodology for incorporating post-fire hydrological footprint in hydrological
simulations presented above has been developed for typical Mediterranean
periurban catchments that are affected by successive fire events. However, under
particular conditions, deviations from the proposed methodology could be
observed especially during the first post-fire floods and necessary readjustments
need to be made in this methodology in order to apply it. The particular conditions
under which the first post-fire floods do not comply strictly with all the rules of the
proposed methodology as expressed in previous Sections, posing thus potential
restrictions in its wide applicability, are discussed below. These conditions include
intense rainfall events during the first post-fire period, particular geomorphological
features, extended livestock activities (especially during the first post-fire period)
and burnt areas that are not successively affected by forest fires. Additional
features for each of these conditions are presented in detail in the following.

5.5.1 Particularly erosive rainfall

Particularly intense rainfall events during the first post-fire period can restrict the
wide applicability of the proposed methodology, since rainfall is a key driver of soil
erosion (Panagos et al., 2015). More specifically, the occurrence of successive
low-rainfall events during the post-fire period favors vegetation regrowth (Brown,
1972). At the same time, as discussed in Section 3.3.1, during the first post-fire
years increased vegetation recovery rate is typical in Mediterranean ecosystems
(Thanos and Marcou, 1991; Trabaud et al., 1985; Eccher et al., 1987; Marzano et
al., 2012). When rainfall events during the first post-fire months are characterized
by high erosivity, as discussed in the following, then the upper soil layers are
significantly affected by intense soil erosion, losing nutrients and organic matter
and having reduced infiltration rates and retention capacity (Panagos et al., 2015;
Ferreira and Panagopoulos, 2012), all of which are critical for vegetation regrowth.
As a result, vegetation regrowth and the consequent hydrological recovery are
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delayed and more intense post-fire floods (in terms of volume, peak flows and
time to peak) are to be expected.

A typical metric used to quantify this erosivity is the “Rainfall Erosivity Factor” (R-
factor) (Eq. 5.13 and 5.14), or else called “Rainfall-Runoff Erosivity Factor” (Park
et al., 2011), used in the Revised Universal Soil Loss Equation (RUSLE) (Eq.
5.12). This factor represents the rainfall erosive force and intensity in a normal
year (Goldman et al., 1986) and can be estimated as the sum of the product of
total energy and maximum 30-min storm intensity (Elso) for all storms in the area
during an average year (Brown and Foster, 1987). It is usually estimated as a
multi-annual average index and describes rainfall impact on sheet and rill erosion
(discussed in Section 3.1.2), ignoring runoff erosive forces due to rainfall
movement over frozen soils, snow movement and snowmelt (Panagos et al.,
2015). Mean values for R-factor in Europe are 722 MJ*mm*ha-"*h-*yr!, with the
highest values, exceeding 1000 MJ*mm*ha'*h-"*yr!, being typical in
Mediterranean areas (Panagos et al., 2015).

A=R*K=*LS*C*P (Eq. 5.12),
R ==%7, Yt (B0-1(er * v) * Iso)i (EQ. 5.13),

e, =029 % [1 —0.72exp(—0.05 x i,.)] (Eqg. 5.14)

where

A: average soil loss [t*ha-1*yr],

R: rainfall erosivity factor [MJ*mm*ha-"*h-1]

K: soil erodibility factor [t*h*MJ-"*mm-1],

LS: slope length-steepness factor [dimensionless],

C: cover (crop/vegetation) management factor [dimensionless],

P: support practice factor (contour farming, cross slope etc.) [dimensionless],
n: number of years covered by the data records,

mj: number of erosive events of a given year |,

k: number of a single event,

er: unit rainfall energy [MJ*ha-"*mm-1],

vr: rainfall volume during a time period r [mm],

I30: max rainfall intensity during a 30-min period of the rainfall event [mm*h-1],
ir: rainfall intensity during the time interval [mm*h-1]

Therefore, when the time periods used for an analysis of a post-fire impact on
hydrology include particularly wet and intense storm events, the methodology
needs to be readjusted, considering extended post-fire recovery periods, i.e.
prolonged both tupper and tiower, and increased post-fire changes in the values of
the selected parameters, i.e. increased henrs(t), hiars(t), hters(t), heprs(t) and
hk rs(t), respectively.

5.5.2 Particular geomorphological features

Other conditions that may restrict the wide applicability of the suggested
methodology and are strongly associated with rainfall erosivity, concern particular
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geomorphological features. When the upper soil layers of a catchment are
particularly sensitive, they are more prone to landslides, sediment erosion,
transport and sedimentation. In general, “sensitive soils” are those that have
texture close to that of fine sand (100 u), while clays are more coherent and less
easily dislodged (Roose, 1996). As mentioned above and discussed in detail in
Section 3.1.2, soil erosion, which is particularly intensified after severe forest fires
(Esteves et al., 2012; Inbar et al., 1998; Cannon et al., 2000; Bisson et al., 2005;
Dragovich et al., 2002) is directly related with decreased soil fertility and increased
post-fire runoff (Ferreira and Panagopoulos, 2012). As a result, vegetation
regrowth can be irreversibly affected (Fig. 5.2), especially during the first post-fire
period, delaying in turn the hydrological recovery of the affected catchment and
making it more prone to severe post-fire floods regarding volume, peak flows and
time to peak.

N ,_
Figure 5.2 Debris flow generated from a catchment near Glenwood Springs,
Colorado burnt in 2002 (Source: Cannon et al., 2003).

The factors that make an area susceptible to landslides and intense soil erosion
and sedimentation without actually triggering it, also known as “predisposing
factors” include geological formation, slope gradient, land cover, soil physical
properties, relative relief and drainage patterns (Zhu et al, 2014). In literature
“predisposing factors” are also called “causative factors” (Donati and Turrini,
2002), “causal factors” (Carrara et al., 1995), “intrinsic factors” (Atkinson and
Massari, 1998), “conditioning factors” (Zérere et al., 1999), “preparatory factors”
(Ermini et al., 2005) or “quasi-static factors” (Xu et al., 2012). When certain
predisposing factors are followed by triggering factors, the most important of
which are intensive rainfall, rapid snowmelt, change in water level, earthquakes
and in particular cases volcanic eruption (Zézere et al., 1999), then landslides and
soil loss occurs. A rough approximation to vulnerability to landslides and soil loss
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can be performed though appropriate landslide susceptibility maps and soil loss
maps, respectively, that are developed for large scale areas (e.g. Fig. 5.3 and
5.4), while detailed geological profiles and hydromorphological features need to
be examined so as to make a more accurate estimation of the susceptibility of an
area to landslides and soil loss.

Landslide susceptibility class
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Figure 5.3 European Landslide Susceptibility Map (Source: Giinther et al.,
2014).
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Figure 5.4. Actual soil erosion risk map for Europe, based on the USLE
approach (Source: Grimm et al., 2002).
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The methodology presented above is suggested for typical Meditterannean soils
that are particularly erodible and susceptible to landslides, as verified from
Figures 5.3 and 5.4. For application in less erodible soils, the elements of the
methodology need to be readjusted accordingly, considering shorter post-fire
recovery periods, i.e. short tupper and tiower and decreased post-fire changes in the
values of the selected parameters, i.e. decreased hcnrs(t), hiars(t), htprs(t),
hcrrs(t) and hkrs(t), respectively. It needs also to be highlighted that when
particular geomorphological features are dominant, the methodology needs to be
periodically readjusted (e.g. on a 3-year basis) due to alterations in river cross-
sections.

5.5.3 Extended livestock activities

Extended livestock activities, especially during the first post-fire period, contribute
to further soil degradation and may also necessitate the readjustment of the
proposed methodology. According to Brown (1972), the livestock activities over
an affected area expose the upper soil layers, which become thus more
vulnerable to the erosive force of rainfall and wind. Therefore, livestock activities,
particularly when followed by intense rainfall events, influence strongly post-fire
recovery rate and are associated with increased post-fire runoff volumes and peak
discharges and minimized times to peak.

In particular, overgrazing is a long term practice that causes loss of soil nutrients
and organic matter as a result of the removal of vegetation cover. Consequently,
this practice is directly associated with soil degradation (Salvati and Carlucci,
2015), i.e. soil fertility decline and thus overall low agricultural productivity.
Overgrazing, similarly to over-cultivation, delays vegetation regrowth and
hydrological recovery, while it is also related with deforestation and desertification.
Desertification due to overgrazing is typical in Mediterranean-type landscapes
(Arianoutsou-Faraggitaki, 1984).

The methodology presented in this Chapter is suggested for areas that are not
characterized by extended livestock activities. For its application in such areas,
the methodology needs to be readjusted, considering extended post-fire recovery
periods (due to the aforementioned delay in hydrological recovery caused by
overgrazing) and also increased changes in the post-fire values of the examined
hydrological parameters, i.e. prolonged tupper and tiower and increased hcnFrs(t),
hiars(t), htees(t), her,rs(t) and hkrs(t).

5.5.4 Successively burnt forest land

As discussed in detail in Chapter 3, plant species that are dominant in fire-prone
ecosystems, as the Mediterranean, evolve adaptation mechanisms for post-fire
regeneration when successively affected by fires (Thanos and Marcou, 1991;
Kruger, 1983; Trabaud, 1987; Carey et al., 2003; Calvo et al., 2003). The future
forest composition is thus affected by both alterations in recovery dynamics and
the consecutive development of new reproduction strategies (Marzano et al.,
2012; Buscardo et al., 2011). Sometimes, vegetation succession can be observed
in areas affected by high severity forest fires, which are then colonized by different
and often more fire-tolerant vegetation species (e.g. Polychronaki et al., 2013).
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The proposed methodology concerns areas that are successively burnt in the
recent past and their vegetation species have developed adaptation mechanisms,
becoming thus more fire-tolerant.

However, when the burnt area has not been affected by successive forest fires in
the recent past and is covered by dense forested land, potential modifications in
the proposed methodology could be required. More specifically, in the absence of
development of adaptation mechanisms from the affected species after
successive and frequent burnings, a more intense and a longer-lasting fire impact
is expected during the first post-fire period. Therefore, a delay in vegetation
regrowth, which is associated with more intense flood events and a delay in
hydrological recovery is to be expected. In this case, as also discussed in Sections
5.5.1and 5.5.3, prolonged tupper and tiower and increased hen rs(t), hiars(t), hTe,rs(t),
hce rs(t) and hk rs(t) need to be foreseen in the proposed methodology.
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CHAPTER 6: STuUDY AREA

The methodology for the quantification of fire impact and its integration in flood
modelling, described in Chapter 5, has been tested on a typical Mediterranean
periurban area in Greece. More specifically, the study area of this methodology is
Rafina catchment, an area that extends over approx. 123 km?2, located in Eastern
Attica region. The exact location of the area is presented in Figures 6.1a, b and
c. Additional information on the geomorphologic characteristics, the
hydrometeorological regime and prevailing land uses in the study area is provided
in the following.

A 3y
B e a Makri

LEallini

p e
Figure 6.1. Zooming in the study area: in the red square in Figures 6.1a (upper
left) and 6.1b (upper right) and highlighted in blue font in Figure 6.1c (lower
middle).
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6.1 Geomorphological and hydrogeological properties

The study area extends geographically east of Hymettus Mountain and south of
Penteli Mountain to the coastline of Evoikos Gulf. Geologically, Rafina catchment
belongs to the Attico-Cycladic Massif. The dominant geological structure of the
south part of the study area is Neogene and Quaternary clastic deposits, which
fill up the degradations and tectonic grabens of the area and consist of marly
limestones, marls, clays, sandstones, conglomerates and other coarse,
unconsolidated sediments (Jacobshagen, 1986; Katsikatsos, 1992). Lignite
layers in the northern and eastern parts of the Spata have been verified by
borehole owners who proceeded to deep drillings in the area (Stamatis et al.,
2006). According to Marinos (1955), the thickness of the lignite-bearing layers
west of Rafina is approx. 6 m. A fault system controls tectonically the area. In this
system east-northeast and west-northwest directions are dominant, followed by
smaller displacement faults with northwest-southwest directions. As a result of the
northwest-southeast faulting, the Mesogea tectonic graben has been formed. The
southwest part of the study area is tectonically controlled by the Hymettus
mountain marble massif (Stamatis et al., 2006). Rafina marbles are also dominant
at the south part of Rafina city. A simplified geological map of the south eastern
part of the study area is presented in Figure 6.2.

EVOIKOS
GULEF

Figure 6.2. The geological structures of the south eastern part of the study area:
(1) Holocene deposits, (2) Neogene formations, carbonates, marls,
conglomerates, sands, etc., (3) schists and phyllites, (4) carbonates of Upper
Cretaceous, (5) Rafina marbles, Mesozoic;, A—AQ0, hydrogeological section
(Source: Stamatis et al., 2006).

The geological formations that are dominant in the study area are characterized
by different hydrogeological properties. According to Stamatis et al. (2006),
independent or semi-independent hydrogeological units in the area have been
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created due to the particular geological and geomorphological conditions, the
lithostratigraphical diversity and the complicated tectonics described above. A
schematic hydrogeological section in the area between Spata and Vravrona,
showing the development and the structure of a phreatic aquifer within the hard
rocks of the metamorphic basement and the unconsolidated Neogene formations
is presented in Figure 6.3. Schists and phyllites, which have similar
hydrolgeological properties with hard rocks, have been developed among them.
These rocks are particularly impermeable, as their fracture system is blocked by
the fine-grained material, gradually produced by their weathering. This limited
permeability of formations, especially at the south part of the study area, is directly
associated with increased surface runoff (Stamatis et al., 2006). Schists that are
dominant in the north part of the study area (Soulis et al., 2007) show high
permeability due to their intense karstification and fracture porosity (Stamatis et
al., 2006).

Hydrogeological section A-A”
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Figure 6.3. Hydrogeological section between Spata and Vravrona (see cross
section A-A’in Figure 6.2) (1: Neogene deposits, 2: Carbonates, 3: Schists and
phyllites, 4: Level of ground water) (Source: Stamatis et al., 2006).

The mean altitude of the area is approx. 225 m, with the maximum value being
920 m and the minimum 0 m. Ground slopes range from 0% to 37.8%, with its
mean value estimated to be 7.5% (Papathanasiou et al., 2013e). Steep slopes,
i.e. slopes that exceed 30%, exist mainly at the upstream areas of the catchment
and are clustered at its north part, where slopes range between 0.5% and 127%
and mean slope is estimated to be 36% (Soulis et al., 2007). A detailed 5m X 5m
DSM (Digital Surface Model) of the area, as produced based on datasets kindly
provided by the National Cadastre & Mapping Agency S.A., is presented in Figure
6.4.
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Figure 6.4. The 5m X 5m DSM of the study area.
6.2 Hydrometeorological regime and monitoring

6.2.1 Hydrometeorological characteristics

In terms of climate, the study area has a typical subtropical Mediterranean
climate with prolonged hot and dry summers and considerably mild and wet
winters (Papathanasiou et al., 2013a). According to Képpen (Képpen, 1901) and
as verified in the updated world map of the Képpen-Geiger climate classification
by Kottek et al. (2006), the greater area is classified to the Csa classification
scheme. The area is surrounded by sea at its east, while mountains delineate its
southwestern and northwestern borders from the Metropolitan Athens area. The
surrounding of the area by high mountains and its vicinity to the sea regulate the
existing meteorological conditions over the area.

The typical Mediterranean climate of the greater Attica area, in which the study
area belongs, is characterized by high variability of precipitation. According to
Soulis et al. (2007), the distribution of precipitation follows the characteristics of
the dry areas in Greece, with their greatest amount being recorded during the wet
period as heavy storms, usually short and intense. Based on datasets available
at the website of the Hellenic National Meteorological Service (HNMS, 2015), the
mean annual precipitation of the area is approx. 400 mm, with snowfall being rare
and most of the intense rainfall events occurring mainly between September and
March. The mean monthly temperature is approximately 27 °C during the summer
months and 11 °C during the winter, with the mean min monthly temperature being
approximately 7.5 °C during the winter and the mean max monthly temperature
being approximately 30.5 °C during the summer (HNMS, 2015). Regarding ET,
the mean reference ET ranges between 1 mm/d (for January) and 7 mm/d (for
July) (Soulis et al., 2009), while Mariolakos and Lekkas (1974) state that for the
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period 1950-60 the mean evapotranspiration was 344 mm, reaching 64% of the
total precipitation during this period.

In terms of its hydrological regime, the upstream parts of the area have a quite
dense river network, where watercourses reach up to the 5t class according to
Strahler hydrographic network classification (Strahler, 1952). Based on historical
hydrometeorological data recorded for the area (mainly from the Hydrological
Observatory of Athens, as described below), the response of the catchment to the
frequent short and intense storms is direct and base flow along the main
watercourse is not negligible in late winter and early spring. Yet, several tributaries
to the main watercourse are ephemeral streams, dry for most of the year.

6.2.2 Hydrometeorological monitoring

The hydrometeorological regime of the study area is regularly monitored by a
dense network of fully equipped, automatic hydrometeorological stations that
cover adequately, in terms of representativeness, the greater area of Athens, an
area that extends over approximately 700 kmZ2. More specifically, two independent
networks operate in the area. The Hydrological Observatory of Athens (HOA,
www.hoa.ntua.gr), which is operated by the Centre for Hydrology and Informatics
(CHI) of the School of Civil Engineers of the National Technical University of
Athens (NTUA) and an additional meteorological network operated by the
National Observatory of Athens (NOA) (NOA, 2012). All stations meet strict
monitoring surveying criteria that are set by the World Meteorological
Organization (WMO) (World Meteorological Organization, 1983), as well as
specific criteria regarding their ground elevation, distance from high and/or bulk
buildings, trees, structures etc. and security and ease of access issues
(Papathanasiou et al., 2013a). Recorded hydrometeorological parameters include
inter alia water levels, rainfall, temperature, relative humidity, evaporation, air
pressure, solar radiation, sunshine duration, wind direction and velocity.

Within the study area and close to its boundaries, HOA operates currently two
fully equipped meteorological stations, two stand-alone raingauges and four
streamflow gauges, while NOA operates two additional fully equipped
meteorological stations. Both networks have long and reliable historic timeseries
and record hydrometeorological information in 10 min temporal resolution. The
exact locations of HOA and NOA stations used in this research are presented in
Figure 6.5.
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Figure 6.5. The locations of meteorological and flow measurement stations used
in this research.

6.3 Land cover and land uses

Rafina catchment is a typical periuban area with mixed land cover, characterized
by a mosaic of different and to a certain extent conflicting land uses. The land
cover of the area is represented by a typical wildland urban intermix, in which
scattered settlements, built up areas and roads occupy approx. 20% and coexist
with typical Mediterranean forests and scrublands in approx. 30% of the area and
agricultural areas and grasslands in approx. 50% of the area. The forests and
scrublands are located mainly at the upstream parts of the study area, while urban
settlements are located downstream. Along the main watercourse of Rafina
stream and its major tributaries, there are naturally occurring belts of riparian
vegetation.

A hybrid land use-land cover map that has been developed for the study area by
the Foundation for Research and Technology Hellas (FORTH) during the
implementation of the FLIRE Project (Papathanasiou et al., 2013b) is presented
in Figure 6.6. This map has been created after the analysis of Landsat 8 satellite
images, ALOS AVNIR & PRISM datasets, and color VHR aerial photos from the
National Cadastre & Mapping Agency S.A., Hellenic Mapping & Cadastral
Organization (HEMCO), combining vector data from the URBAN ATLAS dataset
of the European Environment Agency (EEA) for 2010. Additional information on
dominant land cover-land use is provided in the following Sections.
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Figure 6.6. A hybrid land use-land cover map of the study area.

6.3.1 Forested land

The scrublands are dominated by evergreen-broadleaved low, medium and high
sclerophyllous scrubs, while indigenous forest vegetation is mainly represented
by evergreen conifers (primarily Aleppo pines). The fuel types in the study area
according to the PROMETHEUS fuel classification scheme (Giakoumakis et al.,
2002) are presented in Figure 6.7 and explained in Table 6.1.
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Figure 6.7. Fuel mapping for the study area (Source: Eftychidis and Varela,
2013)

Table 6.1. PROMETHEUS fuel categories in the study area

ARGIETE Fuel description

Fuel Types
2 Surface fuels (shrub cover >60%, tree cover <50%)
3 Medium height shrubs (shrub cover >60%, tree cover <50%)
4 Tall shrubs (shrub cover >60%, tree cover <50%)
6 Tree stands with medium surface fuels (shrub cover >30%)
7 Tree stands with heavy surface fuels (shrub cover >30%)

As discussed in Section 6.4, the forested land of the study area has been
repeatedly burnt during the last decades. These successive extended wildfires
have seriously impaired the forest vegetation, decreased the soil protective
capacity and in many regions blocked the regeneration of parts of the affected
land and vegetation regrowth. More specifically, successive fires have resulted in
the transformation of large areas from conifer stands to scrublands, with few
chances for high forest recover. In addition, the risk of desertification in certain
formerly forested parts of the study area has increased considerably. On top of
these, the burnt land is constantly in a post-fire natural regeneration process and
as a result a continuous forest fuel bed keeps being formed after the fires. This
fuel bed favors fast propagation of subsequent fires contributing to even
profounder degradation of the forest vegetation.

6.3.2 Urban areas and demographic data

Rafina catchment includes several municipalities and settlements of Eastern
Attica. According to the recent Kallikratis scheme (Greek Law 3852/2010), the
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study area includes: the Municipality of Rafina — Pikermi, parts of the
Municipalities of Penteli, Pallini, Peania and Spata — Artemida, as well as a very
limited part of the Municipality of Marathonas. The boundaries of the study area
and the borders of its neighbouring municipalities (as retrieved from
www.geodata.gov.qgr), are presented in Figure 6.8.
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Figure 6.8. The Municipalities included in the study area.

The urbanization rate of the area has increased significantly, especially during the
last 30 years. According to the latest population censuses for the area, as
available from the Hellenic Statistical Authority, population increase in Pikermi
community was estimated up to 419.36% from 1971 to 2007, while for Drafi and
Rafina communities population increase for the period between 1971 and 2001
was estimated up to 79.27% and 8.30% respectively.

One of the main factors that have contributed to the constantly increasing
urbanization rate of the study area is the construction of large-scale public works
in this area, which increase in turn private building activity in the neighbouring
settlements and Municipalities (Papathanasiou et al, 2009). The most important,
recent public works in the area are the new Athens International Airport (AlA)
Eleftherios Venizelos in Spata (Figure 6.9a), the Attiki Odos motorway (Figure
6.9b), which connects the southeast Attica area with the rest of the Prefecture and
the business centre of Athens and the developing Rafina port (Figure 6.9¢), which
is considered as one of the 12 major ports of national importance, taking
complementary, yet essential role next to the port of Piraeus (Papathanasiou et
al., 2013d).
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Figure 6.9. The three large-scale public works in the study area: The AIA
(Source: www.ana-mpa.qr) in Figure 6.9a, at the upper left, Rafina port (Source:
www.irafina.qr) in Figure 6.9b, at the upper right and the airport junction of Attiki
Odos motorway (Source: http.//en.aodos.qgr/) in Figure 6.9c, at the lower middle.

Particularly for the Attiki Odos motorway, it is mentioned that during its
construction and targeting the safe circulation of the vehicles, it was sometimes
inevitable to intervene with the environment. A frequent construction work was the
deviation of rivers that crossed the motorway. One such intervention has been the
deviation of a stream from the basin of Vrilissia (a neighbouring basin to the study
area) to the Spata subbasin of Rafina catchment, affecting thus the hydrology of
the study area. This additional subcatchment that contributes to the main
watercourse of Rafina stream has been considered during the hydrological
modelling of the study, as discussed in Section 7.3.1.

6.3.3 Industrial units

Industrial activity is limited in the study area; yet, several industrial units are
clustered in the southwest regions of the area, close to Spata, and a couple of
industries are located at the outskirts of Rafina city. The locations of industrial
units in Rafina catchment, as isolated from the list of industrial units in the Attica
river basin (included in the RBMP of Attica — Phase A, 2012), are presented in
Figure 6.10.
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Figure 6.10. Locations of industrial units in the study area.

6.4 Vulnerability to floods and forest fires

Several factors have contributed to the selection of this particular area as an
appropriate study area for this research. One of these reasons is the fact that, as
analysed in Section 6.2.2, this area is covered by a dense monitoring network of
fully equipped, state-of-the-art hydrometeorological stations. Such measurements
are critical to support the development of a methodology for the quantification of
fire impact on hydrology. Further to that, due to the reasons presented in the
following, this area is particularly prone to both flash floods and forest fires and
therefore research on post-fire hydrological modelling becomes an issue of high
priority.

More specifically, the study area is prone to floods due to its particular hydrological
and geomorphological conditions. The geological structure per se of the basin, as
described in Section 6.1, allows for deep losses of surface water at the
downstream areas to be ignored. The mixture of downstream impermeable soils,
steep upstream slopes and flat downstream areas and dense upstream
hydrographic network contributes to quick drainage of the catchment and thus the
increased vulnerability of the downstream areas, which are the most densely
populated ones, to flash floods, especially during storms and heavy rainfall
events.

Further to this, the unprecedented urban development of the area, as described
in Section 6.3.2, was not followed by the necessary readjustment, i.e. redesign
and when necessary expansion of existing hydraulic infrastructure so that flooding
water would be safely released to the catchment outlet, which is the sea. On the
contrary, existing hydraulic works already inadequate to release floods
(Papathanasiou et al., 2009) had to bear the burden of conveying excessive flows.
As a result of this urbanization pressure over the study area, the downstream,
mostly flat, areas of Rafina catchment become particularly vulnerable to flooding.
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A recent flood event that affected the study area occurred on the 22n4 of February
2013. Based on recorded datasets from HOA hydrometeorological network
(Papathanasiou et al., 2013a), the duration of the rainfall event was approx. 9
hours, while the most intense rainfall was recorded at the upstream of the study
area and more specifically at Penteli station, where total rainfall reached 95.6 mm.
During this event, significant damages were recorded at Spata region and Rafina
region. In Spata, the large volume of water destroyed the protective barriers of a
bridge in the main avenue of the area, landslides occurred, a big tree broke and
traffic was interrupted. A flow gauge of HOA installed on the bridge was
completely destroyed. In Rafina, the volume of water was too big to be safely
conveyed to the sea, i.e. the outlet of the catchment. Water level exceeded 3 m
at the area approx. 350 m upstream the outlet and adjacent houses and structures
suffered from extended damages (Papathanasiou et al., 2013d). The severity of
the event is illustrated in the following pictures, taken from inhabitants of the area.

o | “’ " bl
'.\l Y =

H'I" Lol

v ik iy 4 IS,
1 -

Figure 6.11. Pictures depicting the floodplain and the damages caused in private
properties in the area of Rafina during the flood event of 22/02/2013 (personal
archive).

At the same time, the particular vegetative land cover of the study area, in which
evergreen-broadleaved sclerophyllous scrubs and evergreen conifers are
dominant, is highly flammable and prone to forest fires, especially during the

119



summer and the dry season. As also discussed in Section 6.3.1, the forested land
of the Rafina catchment that has suffered extended and successive fires in the
last decades is constantly in a post-fire natural regeneration process. Therefore,
a particularly flammable forest fuel bed that is formed after the fires, when
regeneration starts, contributes to increased vulnerability of the already affected
forested land to new forest fires. As a result, large scale forest fires are quite
frequent in the greater geographic region.

The intense population growth during the last decades, as described above, was
also followed by no or very limited improvement of the fire-fighting infrastructure.
On top of this, extended forested land in the area is owned by Land Development
Cooperatives, which press for land use change and conversion of forests to urban
zones, especially since the value of this land has increased. The flammable
vegetation, combined with inadequate fire prevention culture, urbanization
pressure and increase of value of the forested land of Eastern Attica has led to
disastrous conflagrations in the area in recent years.

During the period 1991-2004, the percentage of burnt land in Eastern Attica
reached the highest percentage of land affected by forest fires on a national
basis32. According to data provided by the Union of Local Authorities of Attica
Region (geodata.gov.gr/) 114 fires were recorded in the Municipalities
surrounding the study area between 1999 and 2009, most of which affected the
Municipality of Nea Makri-Marathon. This area is the most critical for fires entering
the study area, since the prevailing north-west winds in the region can easily lead
the flames towards South and West, in Rafina catchment and in this case even a
small fire can affect a great percentage of the area.

The forest fires that affected the greater area of Rafina catchment during the
period 2000-2012 based on the European Forest Fire Information System (EFFIS)
database (http://forest.jrc.ec.europa.eul/effis/), are presented in Figure 6.12.

32Personal communication with Dr. Xanthopoulos Gavriil (Institute of Mediterranean Forest
Ecosystems and Forest Products Technology, Laboratory of Forest Ecosystems and Fire
Protection).

120



| Table Of Contents
EEEE -]
= = layers

=] weather_stations.

I

5 B Catchl00 2
[}

5 B burned
[ <all other values>

YEARSEASON
[ 2000
2001
I 2002
2003
2004
[ 2005
1 2006
2007

=] hills_attika
Value
n_

— T— Kilometers
[u] 2 4 =] 12 16

Figure 6.12. Forest fires in the greater area of Rafina catchment for the period
2000-2012 (Source: Eftychidis and Varela, 2013).

The most recent devastating forest fires that occurred within the boundaries of the
study area are the fires of the years 2005 (two parallel forest fires on July 28t)
and 2009 (on August 21st). The total burnt area after the fires of 2005 reached
approximately 10 km2 (1,000 hectares), as shown in Figure 6.12 extended mainly
in the study area and during the event more than 160 homes and other structures
suffered damages or were completely destroyed. The fire of 2009 burnt approx.
210 km? (21,000 hectares) of pine forest, olive groves, shrub land and farmland,
affected 15 municipalities and communities and destroyed 60 homes, damaging
another 150 (Eftychidis and Varela, 2013).

Focusing on the affected land within the boundaries of the study area, this fire
affected approximately 30.9 km?2 (3,090 hectares) of the total 123 km?2 of the
catchment (i.e. approximately 25% of the catchment), burning the majority of the
forested land. According to estimations of the Centre for the Assessment of
Natural Hazards and Proactive Planning of the School of Rural and Surveying
Engineering of NTUA, as published in 2009 in an on-line article on post-fire
floods33, 92% of the forested land of Valanaris catchment (the catchment of a
main tributary of Rafina stream) has been affected from the recent forest fires.
The percentage of burnt land in other subcatchments that contribute to the main
watercourse of Rafina stream (Megalo Rema) was also high, with the
subcatchments of Palios Mylos being affected by 30%, Ntaou Pentelis by 37%,
Aghia Paraskevi by 60%, Rema Pallinis (together with Rema Viglas and Rema
Marizas) by 43% and Rema Anthousas by 38%.

Furthermore, the climatic conditions during the last years in terms of water
potential for the most common forest species in Eastern Attica are getting worse
(Xanthopoulos and Caballero, 2007). The water stress of forest vegetation

33 http://tvxs.qgr/news/sAAGda/daudKAEIOC-OTTGON-YIa-TNV-ATTIK-0I-TANUUUQEC-UETG-TIC-TTUDKQYIEC
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species that are tracked in the study area as estimated for the years 2003-2007
is presented in Table 6.2. These conditions are expected to become even worse
according to climate change scenarios. In addition, as mentioned in Chapter 1,
climate change scenarios are characterized by extended dry and hot periods and
intense storms and therefore are associated with even greater fire and flood risk.

Table 6.2. Water stress of vegetation species dominant in the forested areas of
Rafina catchment (Source: Xanthopoulos and Caballero, 2007).

Water potential [bar]

Vegetation | August 5", | August 4", | August 7", | August 239, | August 9",
species 2003 2004 2005 2006 2007
Pinus 7.3 65 -9.0 237 -21.0
halepensis
Quercus -19.0 -20.0 -14.5 -28.5 -34.5
coccifera
Cistus -20.5 -436 -26.0 -61.0 -45.0
creticus

The spatial arrangement of different land cover mentioned in Section 6.3, i.e. the
fact that forested land and scrublands are located in the upstream areas, while
the downstream areas host the urban zones, renders the downstream, urbanized
areas particularly prone to floods, especially after forest fires, and highlights
the importance of managing both floods and fires in a combined and integrated
way.

As a result of the extended and successive forest fires that have affected the
greater area of Rafina catchment and taking into consideration its particular
geomorphology, as described in Section 6.1, the study area is susceptible to
landslides and is covered by erodible soils (Marinos et al., 1995). In the aftermath
of forest fires and especially during the first post-fire floods, the soil erosion and
sedimentation is particularly intense, resulting in changes in the geometry of river
cross sections. The deposited sediment minimizes the effective capacity of the
sections to carry and convey flood water, which overflows river sections and
results in the flooding of the surrounding area.

6.5 First post-fire floods in the study area

As discussed in Chapter 5, some deviations from the proposed methodology
could be observed under particular conditions during the first post-fire floods,
which would necessitate the readjustment of the methodology. These conditions
include particularly erosive rainfall, erodible soil and susceptibility to landslides,
extended livestock activities and successively burnt forest land.

Based on a detailed study for the estimation of rainfall erosivity across Europe
(Panagos et al., 2015), Rafina catchment (red square in Figure 6.13) is not
characterized by particularly high rainfall erosivity. On top of this, the almost 2-
year period of low rainfall rates after the fire of summer of 2009 in Rafina
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catchment, as verified by the event cloud of HOA in Figure 6.1434, seems to have
contributed to the increased post-fire recovery of the burnt area. Consequently,
the methodology needs no readjustment so as to consider intense rainfall erosivity
during the first post-fire floods and can be applied in Rafina catchment as
suggested.

R-factor
(MJ mm) / (ha h yr)
. a0

[ 340- 410
[ 410-490

[ J4s0-610

[ ]et0-730
730 - 900
[ 900 - 1,300
Bl > 300

Figure 6.13. Rainfall erosivity map of Europe (adapted from: Panagos et al.,
2015).

34 Rainfall events observed by HOA since March 2005 are presented in this Figure, where the
size of the font in the event cloud is proportional to the magnitude of the rainfall event.
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Figure 6.14. The event cloud of HOA, where the size of the font is proportional
to the magnitude of the event (Source: www.hoa.ntua.gr).

Given that the methodology presented in Chapter 5 has been developed for
erodible soils, susceptible to landslides, both of which are particular
geomorphological features of the study area as discussed in Section 6.4, no
modifications in the methodology are suggested for application in the study area.
It is also noted that no livestock activities are undertaken in recent years in this
typical Mediterranean area. Additionally, as discussed in Sections 6.3 and 6.4,
the study area has suffered from successive forest fires, which have affected
significantly its vegetation, during the recent years. To sum up, the proposed
methodology needs no readjustment and modifications for application in Rafina
catchment.
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CHAPTER 7: ADJUSTING THE METHODOLOGY
To THE STuDY AREA

7.1 Estimating fire impact

In this research, a historic fire event that affected severely the study area in 2009
has been studied and fire severity maps for the study area have been produced
based on satellite images. The necessary procedure is graphically represented in
Figure 7.1 and discussed in detail below.

Sat Imagery processing
Calculate DNBR

Develop FS map

(5 classes)

% of affected area
within each severity

Figure 7.1. The procedure to estimate fire impact according to the suggested
methodology.

As described in Section 5.1.1 radiometrically and geometrically corrected satellite
imagery can be used for the development of a fire severity map for the area. In
particular, two Landsat TM thematic mapper images of the greater region of the
study area, which referred to the period prior to and shortly after the fire event of
August 2009 were properly processed and used for the calculation of the two NBR
indices, NBRpre-rire and NBRepost-rire for the pre- and post-fire images
respectively. The results of this analysis are presented in Figures 7.2a and 7.2b.
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Figure 7.2. Landsat TM images of NBRrre-Fire (Figure 7.2a on the left) and
NBRpost-Fire (Figure 7.2b on the left) (Source: Mitsopoulos, 2013).

From the subtraction of the two NBR maps, the DNBR was estimated and its
values were classified into six distinct classes, which correspond to six fire
severity classes. These classes are low, moderate, high and very high severity,
unburnt areas and areas with enhanced vegetation regrowth. The DNBR map and
the fire severity classes within the boundaries of the greater area affected by this
fire event are presented in Figure 7.3.
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Figure 7.3. The DNBR map and the fire severity classes of the greater area
affected by the fire event of August 2009.
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An analysis in GIS environment is then performed, as described in Section 5.2.1,
in order to clip the affected area within the boundaries of the study area out of the
total area affected by fire. The total area affected and the study area are presented
in Figure 7.4a, while the clipped area and the subbasins of the study area (the
creation of which is discussed in Section 7.3.1) are presented in Figure 7.4b.
Areas with enhanced regrowth were particularly limited in the affected area and
absent within the boundaries of the study area and thus the fire severity classes
were restricted to five, namely low, moderate, high and very high fire severity and
unburnt land.

Severity_study_area

— Severity_study_area
Unburnt

Low severity Unburnt
L Moderate severity I:anw severity
[ High severity 1 Moderate severity
- Very high severity High severity

- Very high severity

0 15 3 [ 9 12 0 15 3 B 9 12
—— Glo meters [ ="

Figure 7.4. The different fire severity classes from the fire event of 2009 at the
total affected area (Figure 7.4a on the left) and in the study area (Figure 7.4b on
the right).

Additional analysis of the clipped fire severity map of the study area in GIS
environment resulted in the calculation of the spatial extent of each fire severity
class within each subbasin. The spatial extent retrieved from this analysis,
expressed both in spatial units [km?2] and as a percentage of the total area of each
subbasin, is presented in Tables 7.1-7.3.
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Table 7.1 The total area [km?], total burnt area [km?] and % of burnt area of each

subbasin of the study area.

Total area

[km?] Burnt area [km?] [ % of burnt area
Drafi (W15460) 17.54 14.746 84.07
Rafina big (W15020) 68.45 13.49 19.71
Rafina small (W16340) 11.44 2.098 18.34
Spata (W17990) 23.68 0.57 2.41
Urban (W16890) 1.91 0 0.00
Total 123.02 30.904 25.12

Table 7.2 The area [km?] of each subbasin of the study area affected by different

severity.
- High FS | Moderate [ Low FS Enhanced
[km?] FS [km?] [km?] regrowth [km?]
Drafi (W15460) 0.346 4.88 6.36 3.16 0.001
Rafina big (W15020) 0.42 4.51 6.19 2.37 0
Rafina small (W16340) 0.038 0.9 0.75 0.41 0
Spata (W17990) 0.02 0.16 0.21 0.18 0
Urban (W16890) 0 0 0 0 0
Total 0.824 10.45 13.51 6.12 0.001

Table 7.3 The area [%] of each subbasin of the study area affected by different

severity.
- High FS | Moderate | Low FS Enhanced
[%] FS [%] [%] regrowth [%]
Drafi (W15460) 1.97 27.82 36.26 18.02 0.01
Rafina big (W15020) 0.61 6.59 9.04 3.46 0.00
Rafina small (W16340) 0.33 7.87 6.56 3.58 0.00
Spata (W17990) 0.08 0.68 0.89 0.76 0.00
Urban (W16890) 0.00 0.00 0.00 0.00 0.00
Total 0.67 8.49 10.98 4.97 0.00

7.2 Estimating initial soil moisture conditions for
selected rainfall events

As discussed in Section 6.2.1, the study area is located in Eastern Attica and has
a typical Mediterranean climate. Therefore, the period between September and
February can be considered as the “dormant season” and the period between
March and August can be considered as the “growing season”. Three distinctive
rainfall events have been selected for further analysis.

All of the examined events occurred after the fire event of August 2009. They were

properly selected so that each one corresponds to different SM conditions and
distant post-fire periods. The type of AMC for each one of the simulated events,
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as estimated based on total rainfall of the 5 days preceding each event as
recorded at Agios Nikolaos station and using the marginal values for the
distinction of classes presented in Table 5.1, is presented in the following Table.

Table 7.4. AMC for each one of the examined flood events.

Flood event | Total rainfall depth of previous 5 days [mm] AMC

10-11/12/2009 19 Il (normal)
03/02/2011 0.6 | (dry)
22/02/2013 62 [l (wet)

More specifically, the first examined event (10-11/12/2009) occurred approx. 5
months after the fire event of 2009 and corresponds to normal SM conditions, the
second event (03-04/02/2011) occurred 17 months after the fire event of 2009
and corresponds to dry SM conditions and the third event (22/02/2013) occurred
42 months after the fire event of 2009 and corresponds to wet SM conditions.

7.3 Setting up the hydrological model for the study
area

The software that has been used for the hydrologic simulation is the deterministic,
physically-based HEC-HMS hydrological model and especially the version HEC-
HMS 3.5 (Scharffenberg and Fleming, 2010), in semi-distributed and event-based
mode. Details on the general features of HEC-HMS are discussed in Section
4.2.1.1. The processing of geospatial information that is necessary for
hydrological simulations was performed using the GIS extension HEC-GeoHMS
and especially the versions HEC-GeoHMS 5.0 and ArcGIS 9.3 (Fleming and
Doan, 2010). The setting up of both HEC-GeoHMS and HEC-HMS is presented
in the following.

7.3.1 Setting up HEC-GeoHMS

In general, HEC-GeoHMS serves in visualizing spatial information, editing
watershed features, performing spatial analysis, delineating subbasins and
streams, developing inputs for hydrologic models and extracting necessary
hydrological information for the catchment (Fleming and Doan, 2010). In this
research, the version 5.0 of HEC-GeoHMS was used for the creation of
background map files and the basin model file that are then imported in HEC-
HMS. The basin model files include geospatial and hydromorphological
information on the subbasins selected to discretize the catchment and the
physical characteristics of the corresponding streams.

The initial input for this analysis is the 5m X 5m DSM of the area described in
Section 6.1. The coordination system adopted was EGSA87. In order to create
the basin model file, 6 independent modules, i.e. Terrain Preprocessing, HMS
Project Setup, Basin Processing, Basin Characteristics, Hydrologic Parameters
and HMS, were run in a step-by-step way in ArcGIS.
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The final stream and subbasin delineation was performed through the Terrain
Preprocessing module. Particularly for the stream definition, a threshold of 5000
cells was set. The downstream outlet of the catchment, which is the sea in this
study area, and the area upstream the outlet is defined through the HMS Project
Setup module. Then, the Basin Processing module is used to revise the
catchment delineations. In this research, each subbasin is defined so that its
outlet corresponds to a location where a HOA stream flowgauge is installed
(Papathanasiou et al., 2013a), while the outlet of the most downstream subbasin
corresponds to the catchment outlet, i.e. the location where the river drains to the
sea. When necessary, multiple subbasins were merged into one. Through this
procedure, the catchment is divided into 5 subbasins (four upstream the stream
flowgauges and one upstream the outlet to the sea).

Topographic characteristics of streams and subbasins which are used in the
estimation of hydrological parameters and include inter alia river length and slope,
basin slope and centroid and longest flow path, are estimated through the Basin
Characteristics module. Hydrological parameters are defined exclusively in HEC-
HMS, so the attribution of river and subbasin names was the sole procedure
performed through the Hydrologic Parameters module, in sequence from
upstream to downstream. The final output of HEC-GeoHMS and core input to
HEC-HMS, which is an HMS basin schematic, which depicts the connectivity of
the catchment elements, is created through the HMS module. The export file
includes a Background Shape File that carries geographic information and a
Basin Model File, which contains the hydrologic parameters.

This analysis results in the delineation of the catchment of the study area, which
is 123.01 kmZ. It needs to be mentioned that even though the geospatial analysis
resulted in the creation of five subbasins, six subbasins were finally used in the
current research. More specifically, one additional subbasin, the neighbouring
basin of Vrilissia, which is located beyond the boundaries of the catchment,
deviates to Rafina catchment and more specifically to the Spata subbasin, due to
regulations for the Attiki Odos motorway, as discussed in Section 6.3.2. The
hydrographic network of the catchment and its six subbasins mentioned above
are presented in Figure 7.5, while Table 7.5 is populated with typical features of
each subbasin. The boundaries of the neighbouring subbasin of Vrilissia are
indicated schematically with the red line.

— — ilom eters
a 2 4 8 12

Figure 7.5. The subbasins of the study area and its hydrographic network, as
drawn on its DSM.
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Table 7.5. Name, ID and area covered by each subbasin of the catchment.

Area
Subbasin name Subbasin ID
[km?]
Drafi W15460 17.54
Spata W17990 23.68
Rafina W15020 68.45
Rafina2 W16340 11.44
Urban W16890 1.90
Vrilissia subbasin Sub-1 8.90
Total catchment area 123.01
(excluding Vrilissia subbasin)

7.3.2 Setting up HEC-HMS

The geographic file with the study area, its subbasins and their properties,
which has been created in GIS environment through HEC-GeoHMS, is then
imported in HEC-HMS, in order to perform hydrological simulations. For the
analysis, a Basin Model, a Meteorological Model, a Control Specification
Manager and a Time-Series Data Manager need to be defined. The Basin
Model includes all hydrological parameters that are defined in this research
according to the suggested methodology and are presented below.

The Meteorological Model prepares meteorological boundary conditions for
each subbasin. In this research, the Gage Weight method has been selected
to define the Meteorological Model, with gauge weights calculated in GIS
environment using Thiessen polygons. In particular, based on raingauge
locations, the catchment is discretized into polygons of variable weight, which
corresponds to the impact area of each raingauge. These polygons-areas are
the so called Thiessen polygons. The total rainfall in each subbasin per event
is the sum of the rainfall recorded by the representative (non-zero weighted)
for the subbasin stations, when distributed proportionally to their weight. The
impact of stations with weights below a threshold of 0.01 has been ignored.
The weight of these stations was considered equal to zero and was summed
to the weight of an adjacent station with increased weight and thus
representativeness. The Thiessen weights of the six most representative
raingauges (four HOA stations and two NOA stations) that are operating in the
study area for all subbasins are presented in Table 7.6.
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Table 7.6. The Thiessen weights for every raingauge and each subbasin.
Drafi | Spata | Rafina | Rafina2 | Urban | Subbasin-1

Pikermi (HOA) 0.077 - 0.411 0.664 1.000 -
Penteli (HOA) - - - - - 1.000
Ag. Nikolaos
0.676 | 0.131 0.208 0.204 - -
(HOA)
Diavasi Balas
0.247 - 0.013 0.132 - -
(HOA)
Kantza (NOA) - 0.869 0.079 - - -
Spata (NOA) - - 0.289 - - -
Total 1.000 | 1.000 1.000 1.000 1.000 1.000

The simulation time-window, which includes the duration of and the time interval
required for the simulation, are defined In the Control Specifications Manager.
Finally, the Time-Series Data Manager, which includes precipitation and, when
available, discharge recordings is defined. Relevant input is imported for each
gauge (raingauge in [mm] and stream flowgauge in [m3/sec], respectively) at a
10-min time interval.

The HEC-HMS simplified schematic of the study area is presented in Figure 7.6.

Figure 7.6. The HEC-HMS simplified schematic of the study area.

The model was set up and run for historical (pre-fire) events. For model calibration
HEC-HMS was applied for several pre-fire flood events for which “observed”
discharges were available at specific locations and in particular at subbasin
outlets. For these events simulated discharges were compared against the
“‘observed” discharges in an attempt to estimate as accurate as possible the
model parameter values that result in the best fit between simulated and
“‘observed” values. “Observed” discharges correspond to measurements of water
levels from flowgauges at subbasin outlets, which were converted to discharges
according to an empirical methodology developed for this particular study and
presented in brief in the following.
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More specifically, in the absence of abundant observed water levels and
discharges during historical flood events, stage-discharge rating curves were
developed based on historical observations of water levels and flows for all
locations where flowgauges are installed. Given that historical datasets were only
available for low stages these rating curves were used to transform measured
water levels into discharges for low water levels. For high water levels, the
Manning'’s equation (Eq. 7.1) was used to transform water levels into discharges,
while for intermediate water levels linear interpolation between the marginal
values of rating curves and the Manning equation was performed. The
classification of water levels as low, intermediate and high was made properly for
each location, using different marginal values. Aiming to an enhanced model
calibration, all available in-situ flow velocity measurements were gathered,
properly processed with observed water levels and converted to flow discharges,
providing by that way an additional, reliable source of discharge information for
the sites where the measurements were taken. By that way, the flows recorded
by flowgauges on a 10-min basis were transformed to discharges and imported
in the selected hydrological model (HEC-HMS) as “observed flows” so as to be
compared against simulated flows.

Q= %* A * Rh2/3 xSz (Eq. 7.1),
where:
Q: discharge [m3/sec],
n: Manning’s roughness coefficient [dimensionless],
A: the cross sectional area of flow [m?],
Rh: the hydraulic radius [m],
S: the slope of the linear hydraulic loss [dimensionless].

7.4 Estimating parameter values for variable initial
conditions

As discussed in Section 7.2, the selected rainfall events correspond to different
initial conditions in terms of SM and also refer to different post-fire time periods.
Therefore, in order to run the HEC-HMS model for these events, the
corresponding values of the five examined hydrological parameters need to be
estimated, according to the methodology presented in Chapter 5.

First of all, the values of the five selected hydrological parameters for pre-fire and
normal SM conditions were estimated for CN, IA, TP, CP and K according to the
procedure described in Sections 5.3.1.1, 5.3.1.2, 5.3.2.1, 5.3.2.2 and 5.3.3.1,
respectively. Then the values of these parameters for variable conditions were
estimated according to the proposed methodology, as described in the following
paragraphs. The procedure is illustrated in Figure 7.7.
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Figure 7.7. The procedure to estimate the values of the examined parameters
for variable conditions.

7.4.1 Estimating CN for variable initial conditions

Theoretically, CN values range between 0+100 and in many studies this full range
for CN values is used (e.g. Higginson and Jarnecke, 2007). Nonetheless, other
relevant studies, which have been validated by experience, have shown that CN
values are more likely to range between 40+98, with few exceptions, while the
validity of SCS tables needs to be further investigated beyond the marginal values
30+98 (Ponce and Hawkins, 1996; USDA-NRCS 1986). Therefore, in the current
research, both a lower threshold of CN=35 and an upper threshold of 98 were set.

Assuming fair hydrologic conditions and soil type B as representative of the study
area, initial values for CN for pre-fire normal SM conditions were estimated for all
the subbasins of the catchment. The hybrid land use - land cover map that was
developed for the study area based on satellite images and in-situ verification
(Figure 6.6), was used as a reference for cover type and treatment and supported
the estimation of these CN values.

The hydrological model was then calibrated for pre-fire conditions and different
SM _conditions using historical rainfall recordings and available flow
measurements. More specifically, extended trial and error testing was carried out
for the estimation of CN values for all types of SM conditions, using the difference
between simulated discharges and observed discharges, when available, as a
metric of simulations’ performance. Flood events with normal, wet and dry initial
soil moisture conditions were selected, different CN values were applied to
subbasins and simulated results were compared against observed discharges.
The calibration process resulted in the adoption of the values of cand d (Eq. 5.11)
presented in Table 7.7, that associate CN for normal with CN for wet and dry SM
conditions for the study area.

For post-fire normal SM conditions CN is estimated from Eqg. 5.9a and 5.10a,
given that tupper, tiower and the corresponding hcn s for these periods are known.
The first post-fire period, i.e. tupper is the time-window 0-7 months. A detailed
research was performed by Higginson and Jarnecke (2007) on changes in post-
fire CN values during the first post-fire period (i.e. henFs tupper), and this research
is considered representative for normal SM conditions. In that research, the
temporal dimension of post-fire impact was ignored and FS was classified into
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three (3) classes (low, moderate and high). Higginson and Jarnecke eventually
proposed an increase in post-fire CN by 5, 10 and 15 units in case of low,
moderate and high FS, respectively. These changes are also applied in this
research. Proportionally, an increase by 20 units is proposed for areas affected
by very high FS, i.e. hcn,Fs=itupper=0:7m = 20 for very high FS (a class that had not
been considered in the research of Higginson and Jarnecke (2007)). The values
of henyrs,tupper for different FS classes are summarized in Table 7.8.

tiower, Which is the period just prior to hydrological recovery, does not necessarily
refer to the same time-window for all FS classes. It is expected that severely
affected areas need more time to recover when compared against areas affected
by low FS. Given that CN values for low and moderate FS usually differ slightly
between each other, as is the case in this research as well, tiower for these two FS
classes can be safely considered identical. Therefore, based on the selection of
the time windows of 7, 12, 19, 24, 36 and 48 months after a fire event as
transitional periods in hydrological recovery, as justified in Section 5.1.2, tiower for
FS=i is considered 36-48 months, for FS=ii it is considered 24-36 months and for
FS=iii and iv it is considered 19-24 months.

As discussed in Chapter 5, changes in CN follow a logarithmic profile in time and
as such they become less significant in time, until eventually hydrological recovery
occurs and post-fire CN regains its pre-fire value. For this reason, hcnes tiower is
low, as hydrological recovery will be re-established soon. This is especially true
for areas affected by less intense FS. The changes in post-fire CN just prior to
hydrological recovery, i.e. of hen tiower are also summarized in Table 7.8.

Using these marginal values of hen,Fs tupper and hen ks tiower for given tupper and tiower,
the values of acn,rs and benrs (Eq. 5.10a) for different FS classes are estimated
and summarized in Table 7.9.

Following the Equation 5.9a, post-fire CN for normal conditions becomes:

CNysps=i(t) = CNgs + (—8.31 % In(t) +36.17) (Eq. 7.2a)

CNps ps=ii(t) = CNgy + (=7.33 * In(t) + 29.26) (Eq. 7.2b)
CNyf ps=iii () = CNgy + (—6.50 * In(t) + 22.63) (Eq. 7.2c)
CNps ps=i (t) = CNgs + (=325 * In(t) + 11.32) (Eq. 7.2d)

The aforementioned changes in post-fire CN values are combined with the values
of Table 7.7 for CN under different SM conditions and suggested alterations in
CN values for post-fire dry conditions are presented in Eq. 7.3a-d, while
suggested alterations in CN values for post-fire wet conditions are presented in
Eq. 7.3e-h.

CNyf ary ps=i(t) = [CNgs + (=831 * In(t) + 36.17)] — 7 (Eq. 7.3a)
CNyf ary,ps=ii(t) = [CNgs + (=7.33 * In(t) + 29.26)] — 7 (Eq. 7.3b)
CNyf ary ps=iii(t) = [CNgs + (—6.50 * In(t) + 22.63)] — 7 (Eq. 7.3c)
CNy s ary ps=iv(t) = [CNgs + (—3.25 = In(t) + 11.32)] — 7 (Eq. 7.3d)
CNpf et ps=i(t) = [CNgs + (=831 * In(t) + 36.17)] + 7 (Eq. 7.3e)
CNpfwerrs=i () = [CNgs + (=7.33  In(t) + 29.26)] + 7 (Eq. 7.3f)
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CNpfwerrs= (£) = [CNas + (—6.50 * In(t) + 22.63)] + 7 (Eq. 7.39)
CNyjwet rs=iv(t) = [CNgs + (—3.25 * In(t) + 11.32)] + 7 (Eq. 7.3h)

7.4.2 Estimating IA for variable initial conditions

As mentioned in Section 5.3.1.2, the initial abstraction ratio is not necessarily
equal to 0.2, as assumed in the SCS-CN method and case-specific studies may
be necessary for its more accurate estimation. To this end, extended literature
review was performed for the estimation of IA for each subbasin under pre-fire
and normal SM conditions. This ratio was thoroughly examined for an
experimental basin in Eastern Attica, which is part of the selected study area, by
Baltas et al. (2007) and the research concluded that representative values for the
experimental basin range between 0.014 and 0.037. In a relevant research in the
study area, Papathanasiou et al. (2012) suggest that initial abstraction ratio values
between 0.01 and 0.037 for different subbasins result in representative
simulations. In this research an upper threshold of 0.05 has been set to initial
abstraction ratio.

In the current research it was found that low (or default) initial abstraction ratio
values result in significant underestimation of IA. The rule of 0.05 as an upper
threshold for initial abstraction ratio has been applied and different values of I1A
for different initial conditions (i.e. for wet and dry SM conditions and for burnt and
not-burnt soils) were estimated for the study area. Available historic rainfall and
discharge measurements were used for the calibration of the hydrological model
for pre-fire normal conditions and the estimation of |A for pre-fire wet and dry SM
conditions, based on IA for normal SM conditions. The values of ¢ and d (Eq.
5.11) that associate |IA for normal with IA for wet and dry SM conditions in this
research are presented in Table 7.7.

In order to estimate |IA for post-fire normal SM conditions, tupper, tiower and the
corresponding hia rs need to be estimated first (Eq. 5.9b and 5.10b). The first post-
fire period, i.e. tupper is the time-window 0-7 months. However, even though the
fire has a significant impact on post-fire IA values (Elliott et al, 2005;
Papathanasiou et al., 2012) and it is expected that this impact is sharply
decreased with time (since |A is directly related with vegetation regrowth, the fire
impact on which is also sharply decreasing in time), there are no generalized
guidelines that support the estimation of IA during the first post-fire period, i.e. the
estimation of hia Fs tupper=0:7m. The assumption of the upper threshold of 0.05 on
initial abstraction ratio for this catchment and of the sharply descending fire-
impact on IA, were used for the estimation of post-fire changes in IA for different
FS classes for tupper, as presented in Table 7.8.

Similarly with CN, tower for FS=i is considered 36-48 months, for FS=ii it is
considered 24-36 months and for FS=iii and iv it is considered 19-24 months. Just
prior to hydrological recovery, changes in IA are expected to be low and for this
reason hiars,tiower is set to -1 for all FS. Post-fire changes in IA for different FS
classes for tiower are also summarized in Table 7.8.
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Using these marginal values of hiars tupper and hiars tiower fOr given tupper and tiower,
the values of aiars and biars (Eq. 5.10b) for different FS classes are estimated
and summarized in Table 7.9.

Following the Equations 5.9b, post-fire IA for normal conditions becomes:

Ay ps—i(t) = [Aqs + (4.67 * In(t) — 19.10) (Eq. 7.4a)
Iy ps—ii(t) = [Aqs + (427 * In(¢) — 16.32) (Eq. 7.4b)
Ay ps= (t) = IAgs + (4.06 * In(t) — 13.90) (Eq. 7.4c)
IApf ps=in(t) = IAqs + (244 + In(t) — 8.74) (Eq. 7.4d)

These post-fire changes are combined with the values of Table 7.7 for IA under
different SM conditions, and suggested alterations in IA for post-fire dry conditions
are presented in Eq. 7.5a-d, while suggested alterations in CN values for post-fire
wet conditions are presented in Eq. 7.5e-h.

1Apf ary ps=i(t) = [[Ags + (4.67 » In(t) — 19.10)] + 3 (Eq. 7.5a)
IApf ary ps=ii(t) = [[Ags + (427 * In(t) — 16.32)] + 3 (Eq. 7.5b)
1Aps aryps=ii (£) = [IAqs + (4.06 x In(t) — 13.90)] + 3 (Eq. 7.5¢)
1Apf ary ps=iv(t) = [[Agr + (244 = In(t) — 8.74)] + 3 (Eq. 7.5d)
1Apf werps=i(t) = [IAqs + (4.67 * In(t) — 19.10)] — 3 (Eq. 7.5€)
1Apf wer ps=ii(t) = [IAqs + (427 x In(t) — 16.32)] — 3 (Eq. 7.5f)
1Apf wet rs=iii(£) = [[Aqr + (4.06 = In(t) — 13.90)] — 3 (Eq. 7.59)
[Apfwerps=i (£) = [[Aqr + (244 = In(t) —8.74)] — 3 (Eq. 7.5h)

7.4.3 Estimating TP for variable initial conditions

Based on the procedure described in Section 5.3.2.1 TP values for pre-fire normal
SM conditions were estimated. These values were verified through the calibration
process discussed in Section 7.4.1, which resulted in the estimation of the values
of cand d (Eq. 5.11) presented in Table 7.7, that associate TP for pre-fire normal
SM with TP for pre-fire wet and dry SM conditions.

For post-fire normal SM conditions TP is estimated from Eq. 5.9c and 5.10c, given
tupper, tiower and the corresponding hen rs for these periods. As in previous cases,
tupper is the time-window 0-7 months. Regarding fire impact on TP, in Elliott et al.
(2005) the mean post-fire lag time for burnt catchments in Colorado was
estimated to be reduced by 40% in comparison to the corresponding pre-fire
values, with the exact value depending on the extent of the burnt area. Cydzik
and Hogue (2009) undertook a relevant study and concluded that post-fire lag
time in San Bernardino County, California, was reduced by 30% when compared
with its pre-fire value, with TP remaining low during the first three post-fire years.
Papathanasiou et al. (2012) suggest a 40% reduction in post-fire lag time for
totally burnt land in typical Mediterranean areas. In the current research, post-fire
Standard Lag is assumed to be reduced by 40% and this reduction is attributed
to areas affected by very high FS and for the period 0+7 months after the fire
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occurrence. The 40% reduction of TP is proportionally decreased for longer post-
fire periods and less intense fire impact.

Similarly with CN and IA, tiower for FS=i is considered 36-48 months, for FS=ii it is
considered 24-36 months and for FS=iii and iv it is considered 19-24 months. For
tiower, i.€. the period just prior to hydrological recovery, when TP is expected to
recover to its pre-fire condition, changes in TP are expected to be significantly
low, with htp rs,tiower tending to 1, especially in areas affected by low and moderate
FS. The values of htprs,tupper and htr rs,tiower for different FS classes used in this
research are presented in Table 7.8.

Using these marginal values of htp s, tupper and h1p rs, tiower for given tupper and tiower,
the values of acnrs and benrs (Eq. 5.10c) for different FS classes are estimated
and summarized in Table 7.9.

Following the Equation 5.9c, post-fire TP for normal conditions becomes:

TPpf ps=i(t) = (0.16 = In(t) + 0.30) * TP, (Eq. 7.6a)

TPys ps=ii(t) = (0.12 * In(t) + 0.46) * TP,, (Eq. 7.6b)
TPysrs=i (t) = (0.12  In(t) + 0.56) » TP,s (Eq. 7.6c)
TPy ps=in(t) = (0.06 * In(t) + 0.79) = TP,; (Eq. 7.6d)

The values of Table 7.7 for TP under different SM conditions are combined with
these post-fire changes and suggested alterations in TP for post-fire dry
conditions are presented in Eq. 7.7a-d, while suggested alterations in TP values
for post-fire wet conditions are presented in Eq. 7.7e-h.

TPy s aryrs=i(t) = [(0.16  In(t) + 0.30) = TP, + 0.05 (Eq. 7.7a)
TPys aryrs=ii(t) = [(0.12 * In(t) + 0.46) = TP,¢| + 0.05 (Eq. 7.7b)
TPyfaryrs=i (t) =[(0.12 % In(t) + 0.56) * TP,] + 0.05 (Eq. 7.7¢)
TPysaryrs= (£) =[(0.06 x In(t) + 0.79) x TP,¢| + 0.05 (Eq. 7.7d)
TPy s et rs=i(t) = [(0.16  In(t) + 0.30) = TP,¢] — 0.05 (Eq. 7.7e)
TPyswerrs=ii(t) = [(0.12  In(t) + 0.46) = TP,¢] — 0.05 (Eq. 7.7f)
TPyswetrs=i (t) =[(0.12 * In(t) + 0.56) * TP,¢] — 0.05 (Eq. 7.7g)
TPyfwerrs=i () =[(0.06 x In(t) + 0.79) x TP,;| — 0.05 (Eq. 7.7h)

7.4.4 Estimating CP for variable initial conditions

As discussed in Section 5.3.2.2 typical CP values range between 0.4 and 0.7,
with lower values assigned to steep-rising hydrographs (HEC, 2009; McEnroe and
Zhao, 1999). CP is estimated for pre-fire normal SM conditions using these
marginal values and the selected values were verified through the calibration
process discussed in Section 7.4.1. For wet SM conditions the rising limb of
hydrographs is expected to be steeper and thus the corresponding CP values are
decreased, with respect to CP values for normal or dry SM conditions. For
adverse conditions, CP is set to its lower value, i.e. 0.4, for pre-fire wet SM
conditions. The aforementioned calibration process, co-evaluated with the setting

138



of an upper threshold of 0.7 for dry conditions, resulted in the estimation of a rule
that associates pre-fire CP values for normal SM conditions with pre-fire CP
values for dry SM conditions. This rule is presented in Eq. 7.8a. Therefore,

CPufary = MIN(CPyf normar + 0.05,0.7) (Eq. 7.8a)
CPafwer = 0.4 (Eq. 7.8b)

tupper, tiower and the corresponding hce,rs for these periods need to be defined so
as to estimate CP for post-fire normal SM conditions. Again, tupper is the time-
window 0-7 months. A steep rising limb of hydrographs is also expected for burnt
areas and therefore decreased CP values can be considered for burnt areas, in
comparison to the corresponding values for areas not affected by fire. The
marginal value 0.4 is also considered representative for normal SM conditions,
when referring to recently burnt areas affected by severe fire (i.e. for FS=i and ii).
These rules are summarized in the following:

Cpr,normal,FS=i,tupper=0+7m = Cpr,normaI,FS=ii,tupper=0+7m =04 (fOl' FS=i and II)

McEnroe and Zhao (1999) argue that there is no strong correlation between CP
values and catchment characteristics, while on the contrary CP values are more
correlated with rainfall depth. Therefore, CP can be considered more sensitive to
initial SM conditions than to FS and as such, changes in post-fire CP values are
expected to be limited. The changes in CP for all other conditions and for different
FS classes for tupper are summarized in Table 7.8.

Given the limited impact of fire on CP, when compared with the impact of fire on
CN, IA and to a lesser extent TP, post-fire CP values are expected to recover to
their pre-fire values sooner than CN, IA and TP values. For this reason, tiower for
FS=i is considered 24-36 months, for FS=ii it is considered 19-24 months and for
FS=iii and iv it is considered 12-19 months. Accordingly, post-fire changes in CP
for different FS classes for tiower are expected to remain low, as presented in Table
7.8 for this study.

Using the values of hcpFs tupper and hcp,rs tiower for given tupper and tiower, the values
of acers and bceprs (Eg. 5.10d) for different FS classes are estimated and
summarized in Table 7.9.

The role of the parameter p in Equation 5.9d is the maintenance of a lower
threshold in CP, which in this study is 0.4. Following the Equation 5.9d, post-fire
CP for normal conditions for different FS becomes:

CPyy ps=i(t) = MAX[(CPyy + 0.05 * In(t) — 0.24),0.4] (Eq. 7.9a)
CPyy ps=ii(t) = MAX[(CPyy + 0.06 * In(t) — 0.22),0.4] (Eq. 7.9b)
CPyy ps=iii(t) = MAX[(CP,s + 0.04 * In(t) — 0.14),0.4] (Eq. 7.9c)
CPyy ps=i (t) = MAX[(CPys + 0.03 * In(t) — 0.10),0.4] (Eq. 7.9d)

CP is considered constantly equal to 0.4 for all post-fire wet SM conditions,
regardless of fire impact. Therefore,
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Cpr,wet,FS(t) = 0.4 (Eq 710)

Regarding post-fire dry SM conditions, Eq. 7.9a-d are combined with Eq. 7.8a and
suggested alterations in CP are presented in Eq. 7.11a-d.

CPyf ary ps=i(t) = MIN(MAX[(CP,s + 0.05  In(t) — 0.24), 0.4] + 0.05,0.7)(Eq.7.11a)
CPyf ary ps=ii(t) = MIN(MAX|[(CPys + 0.06 * In(t) — 0.22), 0.4] + 0.05,0.7)(Eq.7.11b)
CPyy ary ps=iii(t) = MIN(MAX[(CPys + 0.04 * In(t) — 0.14),0.4] + 0.05,0.7)(Eq.7.11¢)
CPyyaryrs=i (t) = MIN(MAX[(CPyy + 0.03 * In(t) — 0.10), 0.4] + 0.05,0.7)(Eq.7.11d)

7.4.5 Estimating K for variable initial conditions

K can be estimated for pre-fire normal conditions based on Section 5.3.3.1.
Regarding K for variable initial SM conditions, even though their impact on K is
not very strong, it still needs not to be neglected. In particular, under wet SM
conditions discharge is increased resulting in increased wave velocity in a given
river section, which in turn contributes in decreased travel times of the peak flow.
For the exact estimation of K for pre-fire wet and dry SM conditions the
aforementioned calibration process resulted in the estimation of the values of ¢
and d (Eq. 5.11) presented in Table 7.7, that associate K for pre-fire normal SM
with K for pre-fire wet and dry SM conditions.

For post-fire normal SM conditions K is estimated from Eq. 5.9e and 5.10e, given
tupper, tlower and the corresponding hk s for these periods. tupper is the time-window
0-7 months. Regarding the impact of fire on K, it is expected to be similar with the
impact of wet SM conditions on K, yet less intense. In particular, in the aftermath
of a fire, discharge is increased (as presented in detail in Chapter 3), the wave
velocity in a given river section is also increased and therefore the wave travel
time through the channel is decreased. However, wave velocity is more strongly
correlated to initial SM conditions than to a potential fire impact, since fire has an
indirect impact on it. Therefore, a reduced post-fire decrease in the wave travel
time is to be expected, especially for low and moderate FS. For this reason,
classes of low and moderate FS (FS=iii and iv) could be merged without affecting
the value of K.

Additionally, due to the indirect impact of fire on K it is expected that this impact
will attenuate sooner in comparison to the fire impact on CN, IA and TP, as is the
case with CP (Section 7.4.4). In this research, tiower for FS=i is considered 24-36
months, for FS=ii it is considered 19-24 months and for FS=iii and iv it is
considered 12-19 months. Also, given the low post-fire change in K for tiower,
hk Fs,tiower is considered stable and equal to 0.95 for all FS classes. The values of
hk,Fs,tupper and hk s, tiower for different FS classes are summarized in Table 7.8.

Using these marginal values of hkrs,tupper and hk ks tiower for given tupper and tiower,
the values of akrs and bkrs (Eq. 5.10e) for different FS are estimated and
presented in Table 7.9.

Following the Equation 5.9e, post-fire K for normal conditions becomes:
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Kpf,FSZi(t) = (012 * ln(t) + 051) * Kgf (Eq 7123)
Kpfrs=ii(t) = (0.12 * In(t) + 0.56) * K, (EQ. 7.12Db)
Kpf,FS=iii (t) = Kpf,FS=iv(t) = (010 * ln(t) + 066) * Kaf (Eq 7120)

The values of Table 7.7 for K under different SM conditions are combined with
these post-fire changes and suggested alterations in K for post-fire dry conditions
are presented in Eq. 7.13a-c, while suggested alterations in K for post-fire wet
conditions are presented in Eq. 7.13d-f.

Kpfaryrs=i(t) = 1.3 % [(0.12 *In(t) + 0.51) * K,¢] (Eq. 7.13a)
Kyt aryps=ii(t) = 1.3 % [(0.12 * In(t) + 0.56) * K,¢] (Eq. 7.13b)
Kpf,dry,FS:iii(t) = Kpf,dry,FSziv(t) =13+« [(0-10 * ln(t) + 0-66) * Kaf] (Eq 7-130)
Kpfwetrs=i(t) = 0.7 * [(0.12 * In(t) + 0.51) * K,¢] (Eq. 7.13d)
Kyt wetps=ii(t) = 0.7 * [(0.12 * In(t) + 0.56) * K,¢] (Eq. 7.13e)
Ky wet ps=iii (1) = Kprwet rs=in(t) = 0.7 * [(0.10 * In(t) + 0.66) * K,¢] (Eq. 7.13f)

To account for adverse conditions, it can be further assumed that K remains
constant for intensely urbanized zones. In this research these rules-equations
were not followed for the tunnel and reaches that had a length less than 2 km (i.e.
Reach 4), in which cases K was not altered.

Table 7.7. The values of ¢ and d for different SM conditions for CN, IA, TP, CP

and K.
Parameter CNdry CNuwet |Adry | Awet TPdry TPuwet Kdry Kwet
C 1 1 1 1 1 1 1.3 1 0.7
d -7 7 3 -3 10.05[-0.05] O 0

Tab/e 7 8 The Va/ueS Of hCN,FS,tupper and hCN,FS,tlower, hIA,FS,tupper and hIA,FS,tlower,
h TP,FS, tupper and hTP,FS, tower, hCP,FS, tupper and hCP,FS, tiower and hK,FS, tupper and
hk Fs tiower for different FS classes.

i ii iii

hCN,FS,tupper 20 1 5 10
hen Fs, tiower 4 3 2
hIA,FS,tupper -10 -8 -6 -4
hia Fs tiower -1

Parameters | hrtp Fs tupper 0.6 0.7 0.8 0.9
htp Fs tiower 0.9 0.9 0.95 0.97
hcp,Fs tupper -0.1 -0.08 -0.06 -0.04
hcp Fs tiower -0.04 -0.04 -0.02 -0.01
hK,FS,tupper 0.75 0.80 0.85
hK,FS,tIower 0.95




Table 7.9 The values of acnrs and benrs, aiars and biars, are,rs and brprs,
acp.rs and bep,rs and ax rs and bk rs for different FS classes.

Parameters

i ii iii iv

acNFs -8.31 -7.33 -6.50 -3.25
ben Fs 36.17 29.26 22.63 11.32
aIAFs 4.67 4.27 4.06 2.44
bia Fs -19.10 -16.32 -13.90 -8.74
arteFs 0.16 0.12 0.12 0.06
brp Fs 0.30 0.46 0.56 0.79
aceFs 0.05 0.06 0.04 0.03
bcp Fs -0.24 -0.22 -0.14 -0.10
aK,Fs 0.12 0.12 0.10

bk Fs 0.51 0.56 0.66

Graphs with the proposed post-fire changes in the values of the five examined
parameters for normal SM conditions are presented in Figure 7.8.
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Figure 7.8. The proposed post-fire changes in the values of the five examined
parameters for normal SM conditions.
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7.5 Running the hydrological model for the study area

In order to run the hydrological model for a given rainfall event and a specific post-
fire period, which is determined from the time period between the fire occurrence
and the date of the rainfall event, and as suggested in the proposed methodology
(Section 5.4), one composite weighted value for each one of the five examined
hydrological parameters for each subbasin (for CN, IA, TP and CP) and each
reach (for K) need to be imported in the model. These weighted parameters will
depend on the percentage of the affected area within each FS class (as estimated
from the GIS analysis presented in Section 7.1).

To this end, the composite weighted values are estimated co-evaluating the
suggested values for all parameters and all FS classes (following the procedure
described in Section 7.4) together with the corresponding percentage of affected
area in each FS class (as presented in Table 7.3).

In this research, this procedure is followed for all three examined rainfall events
and for the relevant each time post-fire periods. The final composite weighted
values of the five hydrological parameters for the three examined events (which
correspond to different initial SM conditions) and for all subbasins and reaches
are presented in Table 7.10.

After the import of all necessary datasets for the hydrological analysis, HEC-HMS

ran for each flood event and the corresponding results from each run are
presented and further analyzed in detail in Chapter 8.
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Table 7.10. The final values of CN, IA, TP, CP and K for each event and each
subbasin and reach of Rafina catchment.

Drafi 39 53 48
Rafina big 44 53 57
NEUITE 44 53 57
small
Spata 36 43 50
Urban 51 58 65
Sub1 56 63 70
Drafi 15 7 11
Rafina big 16 12 11
AEIIE 15 11 10
small
Spata 18 15 12
Urban 13 10 7
Sub1 11 8 5
Drafi 0.54 0.42 0.49
Rafina big 0.88 0.8 0.8
AEIIE 0.78 0.71 0.7
small
Spata 0.8 0.75 0.7
Urban 0.3 0.3 0.3
Sub1 0.4 0.4 0.4
Drafi 0.52 0.43
Rafina big 0.47 0.42
Rafina
small 0.47 0.42 0.4
Spata 0.47 0.42
Urban 0.4 0.4
Sub1 0.4 0.4
Reach 1 0.85 0.57 0.50
Reach 2 1.67 1.24 0.91
Reach 3 1.19 0.89 0.65
Reach 5 1.30 0.99 0.7
Reach 4 0.25 0.25 0.25
Shragga 0.55 0.55 0.55
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CHAPTER 8: RESULTS AND DISCUSSION

The methodology presented in Chapter 5 was adjusted to the study area for three
flood events, used for the validation of the proposed methodology, as discussed
in Chapter 7 and the values of the five parameters studied in this research, i.e.
CN, IA, TP, CP and K, were estimated and imported in the already set up and
calibrated HEC-HMS. Each simulated flood event corresponds to different initial
SM conditions and different post-fire time period after the fire event of August
2009. In particular, the flood event of 10-11/12/2009 corresponds to normal SM
conditions and occurred shortly after fire occurrence, when the fire impact in all
FS classes was increased, the flood event of 03/02/2011 corresponds to dry SM
conditions and occurred several months after fire occurrence, when the fire impact
in most FS classes was moderate and the flood event of 22/02/2013 corresponds
to wet SM conditions and occurred after a long post-fire period, when the fire
impact in all FS classes was expected to have vanished.

8.1 Application of the methodology

HEC-HMS simulated the flows at the outlets of each subbasin for all selected
events. An in-depth analysis of (limited) observed and recorded water levels and
velocities (when available) was performed for comparison purposes. All available
velocity measurements and flow observations and recordings were analyzed
according to the empirical methodology developed for this research and
discussed in Section 7.3.2 and, when possible, “observed discharges” were
calculated and compared against simulated discharges. Additional simulations
were also performed for the case when the suggested methodology is not applied.

Indicative results of these simulations, used for the validation of the proposed
methodology, are presented in Figures 8.1-8.3.

Rafina station (10-11/12/2009)
50 . \
45 Estimated peak flow 45.5 m"3isec _—_ ______..... Simulated flow {ignoring methodology}

40 /
T s P
@ K

—— Simulated flow {considering methodology)

& 3
E 2
=20
[=]
i 15 -
10 .'
5 //.*'
-
.i
0 i = 1 1
22:00 0:00 06:00 12:00
10M12/2008  11H2/2009 11122009 11/12/2008

Figure 8.1. Simulated flows when applying and when ignoring the methodology
and estimated peak flow for the flood event of 10-11/12/2009 (Rafina station).
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Figure 8.2. Observed and simulated flows when applying and when ignoring the

methodology for the flood event of 03/02/2011 (Drafi station).
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Figure 8.3. Observed and simulated flows when applying and when ignoring the
methodology for the flood event of 22/02/2013 for Drafi (top left), Rafina (top

right) and Rafina2 (bottom) stations.
As discussed in Section 7.3.2, HEC-HMS was calibrated for historical

events.

Focusing on the event of 10-11/12/2009, it needs to be noted that the forest fire

occurred 4 months prior to the flood event and as a result the river cross
downstream Drafi had been significantly altered. Particularly for Rafina

sections
station,

where a HOA streamflow gauge was installed, the pedestals of the bridge that
carried the gauge were undermined and the riverbed was modified: both of its
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sides were eroded and debris was deposited in the middle of the cross section,
where the streamflow gauge targets. Hence, the water levels that were recorded
during this event cannot be accurately translated into flows. In situ estimations of
the exact geometry of this cross section during this event were performed and
flood traces were tracked on the bridge shortly after the event. Based on these,
the event peak flow is estimated to have reached 45.5 m?3/s.

Particularly for the flood event of 22/02/2013, flow velocity measurements are
available for the sites where Drafi and Rafina stations are installed and these
measurements are used for the estimation of observed flows for this event. During
this event, the bridge where Rafina-2 station is installed was flashed-over by the
flow and for this reason the flows at that location are only presented for
comparison purposes and cannot be further exploited. The flooding of the area is
verified by testimonies and photographs from local residents, as presented in
Figure 6.11.

It can be concluded from Figures 8.1, 8.2 and 8.3 that for all examined flood
events, in case of the application of the methodology, the simulated peak flows,
runoff volumes and times to peak match well to the corresponding values derived
from observed datasets, when available. As expected, simulation results when
the methodology is not applied and especially for adverse conditions (wet SM
conditions and flood events after a recent forest fire) are poor when compared
against the corresponding results when the methodology is applied.

Focusing on the flood event of 22/02/2013, when the bridge where Rafina-2
station is installed was flashed-over by the flow, the water level reached the height
of the sensor (~2.7 m) and flows close to this water level cannot be considered
representative, since there can be no simulation of the conditions after the
overcoming of this value. However, as verified in Figure 8.3, there seems to be
an excellent matching at Rafina-2 station between the simulated flows when the
methodology is considered and the corresponding observed flows, both prior to
and after the flooding of the bridge. A significant underestimation in simulated
flows is observed when the methodology is not applied. Therefore, even though
simulation results cannot be further exploited for this station, it is clear that the
proposed methodology yields very good results even in this case.

Different efficiency criteria, also called objective functions (OF) (Gupta et al.,
1998), used to measure performance of hydrological models and reported in
literature were examined. Such criteria provide an objective assessment of the
“closeness” of simulated values (usually discharges) to observed measurements
(Krause et al., 2005). Typical such criteria in literature include the Nash-Sutcliffe
efficiency index NS, the Nash-Sutcliffe efficiency index with logarithmic values
In(NS), the coefficient of determination r2, the index of agreement d, modified
forms of NS and d, the Mean Absolute Percentage Error MAPE, also known as
Mean Absolute Percentage Deviation MAPD, the Normalized Mean Squared
Error NMSE, the Average Relative Variance ARV, the Root Mean Squared Error
RMSE, the Peak Difference PDIFF and numerous others (Nash and Sutcliffe,
1970; Krause et al., 2005; Wagener and Kollat, 2007; Gupta et al., 1998; Brocca
et al., 2010; Brocca et al., 2013). NS (Equation 8.1) was finally selected as most
appropriate, representative and efficient for this hydrological application. NS
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efficiencies range between —~ and 1, with optimum model efficiency being
achieved when NS=1, which indicates a perfect match between observed and
simulated values.

Z?:1(0i_si)2

NS=1- SRCIEE (Eq. 8.1)

Relevant information is summarized in Table 8.1, where NS efficiency indicator is
estimated when the methodology is applied and simulated peak flows and runoff
volumes for each examined flood event for Rafina and Drafi are compared against
the corresponding observed peak flows and runoff volumes when the
methodology is not applied. Particularly for the flood event of 10-11/12/2009, a
certified technician from NTUA proceeded to two flow measurements during the
event. These flow measurements are compared against the corresponding
simulated flows from HEC-HMS (when methodology is applied and when
methodology is ignored) and are also presented in Table 8.1.
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Table 8.1. Comparative analysis of simulated and observed runoff volumes and

peak and other discharges for three flood events.

Si Flood Event
opamulated v [22102/2013 ] 03/0212011 10-11/12/2009
served figures - - -
Rafina Drafi Rafina
Qpeak,sim [m3/sec]
(methodology 113.0 12.9 47.3
considered)
Qpeak,sim [malsec]
(methodology not 86.1 13.9 37.1
applied)
Qpeak,obs [M3/sec] 108.5 12.26 45.5
Difference between
Qpeak,sim
(methodology 3.98 4.96 3.81
considered) &
Qpeak,obs [OA)]
Difference between
Qpeak,sim
(methodology not -26.0 12 -22.6
applied) & Qpeak,obs
[%]
Vv _ Qsim [cms] Qsim [cms]
[1' ‘6“3“;;},“]‘ (11/12/2009- (11/12/2009-
(methodology 1607 561 12:10) 6.3 13:15) 3.7
considered) (methodology (methodology
considered) considered)
Qsim [mslseC] Qsim [m3/sec]
Vrunoftsim [10° m3] (11/12/2009- (11/12/2009-
(methodology not 1216 605 12:10) 6.3 13:15) 3.2
applied) (methodology (methodology
not applied) not applied)
Qmeas [cmS] Qmeas [cms]
Viunoff, obs [10° m3] 1547 535 (11/12/2009- | 6.02 | (11/12/2009- 4
12:10) 13:15)
. Difference Difference
Difference between between between
Vrunoff,sim
(methOdOIOQy 3.73 4.6 Qsim I:?)Z)]Qmeas 4.44 Qsim [§2)]Qmeas 81
c\t;nsmerec‘iy) e (methodology (methodology
runoft.obs [7e] considered) considered)
Difference between
Vrunoff,sim q q
(methodology not -27.18 11.6 Difference Difference
LR s Qun & e Qun & e
— [sﬁa]t — [%] 4.44 [%] 25
aesffi-ci:n(::;/ e (methodology (methodology
ooy 0.61 0.68 not applied) not applied)
considered)
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As quantified in Table 8.1, for the examined rainfall events, the absolute mean
relative difference [%] between simulated and observed peak discharges is 4.25%
when the methodology is applied, while it reaches 20.2%, when the methodology
is not applied. The absolute mean relative difference [%] between simulated and
observed runoff volumes is less than 4.2% when the methodology is applied,
reaching 19.4% when the methodology is not applied. In addition, the absolute
mean relative difference [%] between simulated and available measured flows (in
the absence of discharge timeseries) is 6.3% when the methodology is applied
and 14.7% when the methodology is ignored. It can hence be safely concluded
that the application of the proposed methodology for the estimation of the values
of CN, IA, TP, CP and K, renders the simulations of the hydrological behaviour of
the examined catchment accurate and representative.

The hydrological impact of changes in initial conditions, in terms of fire occurrence
and initial SM, on the subsequent changes in the values of five properly selected
hydrological parameters is examined in this research. Overall, the results of the
application of the proposed methodology, as presented above, indicate that each
descriptor of initial conditions affects the values of these parameters to a different
extent and for a variable time period. In general and as expected, the hydrological
footprint of forest fires is more intense than the footprint of SM during the first
post-fire years. Yet, as a result of the sharply descending impact of fire with time,
which is verified by the solid results of the methodology, SM significantly affects
the values of the examined parameters at later stages, thus becoming the
dominant descriptor of initial conditions when time for hydrological recovery is
approaching. It is clarified, that in this research hydrological recovery has been
examined based on runoff data, considering peak flows, runoff volumes and times
to peak.

As also discussed in Section 5.2, in numerous studies and for reasons of
simplification, SM is usually considered to be constantly normal (AMC type Il in
Table 5.1), or in some cases and for adverse conditions it is considered as
constantly wet (AMC type lll in Table 5.1) during the rainy season (Berthet et al.,
2009). Similarly, the consideration of initial SM conditions is omitted in studies that
have been performed in the past for the study area during the implementation of
graduate and post-graduate theses (Alonistioti, 2011; Kassela, 2011; Pagana,
2012; Bariamis, 2013). The fact that this assumption may undermine the
robustness and the accuracy of hydrological simulation, also commented in
Brocca et al. (2008), Tramblay et al. (2012) and Massari et al. (2013), is verified
as well by the results of the hydrological analysis presented above, where the
consideration of three different SM conditions yields results, which are more than
satisfactory.

8.2 Sensitivity analyses

At this stage of the research a detailed sensitivity analysis, which involves two
independent analyses was performed. Initially, a sensitivity analysis was
performed in order to quantify the impact of each examined hydrological
parameter on simulated runoff volumes. Then, an innovative sensitivity analysis
was performed aiming to test the efficiency of the proposed methodology. These
analyses are described in detail in Sections 8.2.1 and 8.2.2 respectively.
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8.2.1 Quantification of the impact of each parameter on

runoff volume

The analysis presented in this Chapter has been performed in order to estimate
the impact of each one of the five examined hydrological parameters on runoff
volumes. To this end, the value of each parameter has been altered by 50%, while
keeping every time the values of the other four parameters unchanged. The
hydrological model ran for each set of parameter values and the corresponding
change in runoff volume was estimated. This analysis was performed for two flood
events and the impact of each parameter on runoff volume is summarized in Table

8.2.
Table 8.2. The quantification of the impact of each parameter on runoff volume.
22/02/2013 03/02/2011
Relative Relative Relative
0, H () H
Parameter ci:an_ge c!\ange [7] Parameter | change [%] SRENE HErEE a1
[%] in in runoff . runoff volume
in parameter
parameter volume

CN 11.57 CN 11.9
1A 12.32 1A 9.10
TP 50 2.90 TP 50 0.36
CP 0.89
K 0.19 K 0.89

It is noted that for adverse conditions and as clarified in the proposed
methodology (Section 7.4.4), when applying the methodology for wet conditions
CP is considered stable and equal to 0.4, which is its lower limit. Therefore, no
change (reduction) has been considered in CP for the wet event (22/02/2013).

Then, aiming to quantify how main model parameter values change after a fire,
the relative post-fire change between the parameter values proposed by the
methodology and a standard set of parameter values for normal SM conditions
and when no recent forest fire has occurred, was estimated for each subbasin
and for the three different SM conditions. An average post-fire change in
parameter values for all subbasins was estimated and is presented in Figure 8.4.
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Figure 8.4. The relative change [%] in all parameter values after a fire event,
when applying the proposed methodology.

The results of the hydrological analysis and the sensitivity analysis for the
quantification of the impact of each examined parameter on runoff volume
suggest that CN and IA have a stronger hydrological impact than the other three
examined hydrological parameters, i.e. TP, CP and K. More specifically, as
quantified in Table 8.2, both CN and IA are particularly sensitive hydrological
parameters, since changes in their values have a more intense impact on runoff
volume than relevant changes in the values of TP, CP and K. As visualized in
Figure 8.4, post-fire changes in K are also intense; yet, the impact of K on runoff
volume when compared against the impact of the other parameters on runoff
volume is ftrivial, as presented in Table 8.2. To this end, the attribution of
representative and accurate values to CN and IA becomes an issue of paramount
importance in order to achieve efficient hydrological simulations.

At the same time, the parameters CN, IA and TP, which are associated in the
proposed methodology with more severe post-fire changes and longer lasting
post-fire impact (up to 48 months, on the contrary to the maximum of 36 months
for CP and K), are more sensitive to fire impact and their post-fire values need to
be estimated with caution. However, even though post-fire changes in CP and K
under variable SM conditions are less intense, they still remain important enough
so as not to be underestimated.

8.2.2 Efficiency testing of the proposed methodology

In order to test the efficiency of the proposed methodology, i.e. the convergence
of parameter values given by the application of the proposed methodology and
parameter values for best simulations (in terms of best convergence between
simulated and observed discharges), a detailed sensitivity analysis has been
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performed, following the procedure described below. In this analysis, the values
of the five examined hydrological parameters were tested for all six subbasins of
the study area (in total 30 values).

More specifically, random sampling was performed for the values of these 30
parameters. For reasons of representativeness, it has been assumed that the
random parameters follow a uniform distribution, so as to have equal probabilities
of occurrence, rather than a normal distribution, in which the probabilities of
occurrence follow the normal distribution curve bell and numbers closer to mean
values are thus more likely to be selected. Extended literature review was
performed at this stage of this research and concluded that a sampling approach
that ensures the representativeness of the ensemble of random values in terms
of real variability is Latin Hypercube Sampling (LHS) (McKay et al., 1979; Iman
and Conover, 1980; McKay M.D., 1992; van Griensven et al., 2006).

In particular, LHS is a statistical method that adopts a stratified sampling
approach, by subdividing the distribution of each parameter into N intervals, with
equal probability of occurrence (1/N for each). When parameter values are
generated using this approach, then for each parameter each interval is sampled
only once. By that way, efficient estimation of output statistics is achieved, since
sampling results are non-overlapping (van Griensven et al., 2006; Tolson and
Shoemaker, 2008). For these reasons, LHS was considered more appropriate for
this application and it was finally applied.

For the application of LHS to all 30 parameters, an original programming code
was developed in Matlab7.11.0 (version R2010b), that resulted in the production
of 1000 sampled values for each parameter. The code includes three different
subroutines that run independently. Each subroutine is properly adjusted so as to
be applied to one of the 3 examined initial SM conditions (i.e. wet, normal and
dry). For this adjustment, the three subroutines differed between each other in the
marginal values selected for each initial SM condition mode, for each subbasin
and hydrological parameter.

The running of this code results in the generation of three matrixes (one for each
subroutine — initial SM conditions mode) with 1000 rows and 20 columns each.
Rows correspond to sampled parameter values and columns to parameters;
therefore, each row corresponds to one full set of sampled values for each
parameter and each subbasin. Then, HEC-HMS ran in batch mode for each set
of parameter values, for all initial SM conditions (in total 3000 runs), with each run
resulting in simulated discharges at subbasin outlets. It is noted that for adverse
conditions, TP and CP of the two core urban subbasins (W16890 and Sub-1) are
considered stable, as indicated by the green columns.

The goodness of fit of simulated versus observed discharges, used for validation
purposes, was quantified using the NS efficiency. NS was calculated for the
locations (subbasin outlets) for which observed discharges are available and for
all SM conditions. Columns with 1000 values (one for each run for each SM
conditions mode) were produced for these locations and organized in.xlIx files.
Given that 1000 values are not easily manageable; the upper 10% of these values
was isolated for further analysis. Then, the exact values of the hydrological
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parameter that correspond to these 100 best runs were identified for these
locations. Statistical analysis was performed for these 100 values, the average
values of which for each parameter were compared against the values suggested
by the methodology for these parameters and for the given subbasin and SM
conditions. Indicative results are presented in the following Tables.

Table 8.3. Suggested parameter values from the methodology and average
parameter values of the best 100 runs of HEC-HMS, for dry SM conditions in
Drafi and Rafina-big subbasins.

Subbasin | Parameter | Sug9ested from Av. of best _Relative
methodology 100 runs difference [%)]

CN 39 37 5.1

Drafi A 15 14 6.67
(W15460) L 0.54 0.54 0
CcP 0.52 0.52 0

K 0.86 0.85 1.16

CN 44 42 4.5

Rafina- IA 16 17 -6.3
big TP 0.88 0.87 1.1
(W15020) o Ve Syt 1
K 1.67 1.67 0

Table 8.4. Suggested paramete