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Abstract

The aim of this study is the development of an evwased distributed hydrological model,
incorporating novel methodologies for estimating the effectainfall and representing the
routing processes. First, we distinguish the effective from the gross rainfall, at a cell basis, thus
extracting the spatial distribution of surface runoff during the simulation period. The underlying
model is based on amproved NRCSCN scheme, which uses a spatialbrying CN (different

for each cell) and two lumped dimensionless parameters, i.e. one for representing the antecedent
soil moisture conditions (AMC) of the basin at the beginning of the storm event, androne f
estimating the initial rainfall abstraction. Key modelling novelty is the adjustment of the so
called reference CN value (i.e. the value that refers to average soil moisture conditions and 20%
abstraction ratio) against the two aforementioned lumpeahpeters. For the propagation of
runoff to the basin outlet two flow types are considered, i.e. an overland flow across the
catchmentdés terrain, and a channel flow alo
employing a velocitypased approach, to @emine the flood hydrograph. This approach
implements an original methodology for assigning realistic velocity values along the river
network. These use macroscopic hydraulic information as well as the time of concentration of
the basin, which is considerdunction of runoff intensity. The proposed approach takes
advantage of regional relationships and literature values for assigning appropriate values to all
model attributes, except for the two lumped parameters of the raimfalff transformation,

which are either manually assigned or inferred through calibration. In the last case, it is essential
to extract the suburface flow component (interflow) from the total hydrograph, which may be
done through several approaches of varying complexity. Hereopege an empirical method,
requiring the fitting of a lumped hydrological model the observed hydrograph, which explicitly
accounts for the contribution of interflow to total runoff. An alternative, more integrated
approach, aims at running the distributaddel with additional functionalities, in order to
obtain the full hydrograph at the basin outlet. In this context, we have also developed a more
generic version of the modeling framework, in which the NFEINSprocedure is combined

with a continuous soihoisture accounting scheme, thus generating both the surface (overland)
runoff as well as the interflow through the unsaturated zone. Apparently, this augmented
version requires few additional parameters, since more processes are accounted for within the
simulation procedure. For the schematization of the model domain, the user needs to formulate
two spatial layers, i.e. a grishsed partition of the basin to equadiynensioned (squared) cells,

and a graphbased configuration of the hydrographic netwar&mprising junctions and
interconnected river segments. In the context of model development, we used tlevdligh
programming language, Python, to build a GUI interface, for data management and
visualization, and to run simulations and optimizations. i modeling versions and the
software are successfully tested in the representation of two flood events across Nedontas river
basin.

Keywords rainfall-runoff modelling, Python & hydrologyimproved NRCSCN method,
runoff intensitydependent channel velties, distributed everiased model
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1 Introduction

1.1 General context

The scope of this study the development of an event based distributed hydrological model
dealing with rainfalrunoff simulation In contrast with most contemporary hydrological
models (some of them discussed in Chapter 2)seekfor a parsimonious approach in data
requirements and parameters needddo, this study aims to incorporate many novel and
recent methodologies/techniges that fuse geospatial operatiwith rainfalli runoff modeling

and attempt to solve a common problem with most raingabff models that are not coupled
with hydraulic models: that dhe oversimplified assumption of a spatiotemporally constant
value of channel network velocity.

Also, there is a second, but equally important Hydrolnformaticslated objective of this
thesis: the integration of various tools that help the modern hydrologist pet&ananalysis,
geospatial operations, simulationtiopization, numerical analysis and visualizatiora single
platform. For automation of data handling, simulation and optimization procedures and
visualization aGUI software is implemented, written in thggh-level programming language
Python.Also,rov el progr ammi ng paradigms (in the sen:
to programming) such as parallel programming and-ld$tme (JIT) compilation are
implemented, so as to reduce the typically expensive computation cost (in terms of execution
time) associated with distributed models that operate in fine time and spatial scales (usually
time step smaller than one hour, and grid size smaller than 100 m) These fine scales
exponentially increase computations needed and such models are of partietdat for code
optimization.

1.2  Structure of the thesis
This thesiomprises ten chapters

In thesecondChapter a literature review is conductéa order to documerdandanalyzethe
theoretical background regarditite rainfalli runoff models Also, someof the most known
distributed models are described.

Thethird Chapter is a revew of GIS programming toolgresented in order to illustrate the
most common available tools in hydrological stu@ied to stimulate the reader about modern
practices.

The fourth Chapter consists of an overview of the chosen programming language, Python,
and its advantages over othersatidition,the packages and librariemployedin thisthesis
areintroduced

In Chapter five the applied methodology of this study is thagbly described. All the
procedures used in the implementation of the two models and the novelties of this work are
listed in this chapter.

Chapter six provides the necessary information regarding the calibration procedure.

Chapter sevenis the model implamentationn Python in which the procedure followed for the
creationof the two models is describea detail Also, in the same chapter is describkd t
softwareapplication which is developedith all its capabilities.
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In Chapter 8, Nedontastream bas, which is the study case of this thesis is presentethand
relevant data

Next, Chapter 9 contains the results, the parameters as well as the performaires of the
two modelsmplemented

Chapter 10 discusses the conclusioosthis study This chapter consists of a summary of the
topics treated in this thesite noveltiesof the work,final remarks regarding the conclusions
made from all analyses and, finally, suggestions for furésarch



2 Reviewof distributednydrological models

As the sope of this work ighedevelopnent ofan everdbased distributed hydrological model,
this chapter acts as a brief introduction to rainafafioff modelling and a shoréviewof some
widespreadlistributed modelghat areextensivelyreferredin the litemature.

2.1 Classification of rainfall-runoff models

Rainfalli runoff models ar@o different than other general computational models in the sense
that they arsimplified representationsf realworld systems. In fact, hydrological models deal

with the compéx nature of rainfalfunoff processesvhich isdetermined by a number of highly
interconnected water, energy and vegetation processes at various and mixed spatial scales, most
of them not well understood @asyto represent with equations dod models All these
processesexhibit large uncertainty thus making essential to employ severahodelng
assumptionsHydrologists rely on their selfunderstanding of the system gained through
interaction with it, observation and experiments, in what is knowpeaseptual modeling

(Beven, 2001).

There are many classifications of rainfalhoff models found in the literatur&he most
common distinctionarebetween(Sorooshiaret al,, 2008)

1 Deterministic andgtochastic modeldDeterministic models generate tame output for
every model runfor given parameters, whereas stochastic modséprobabilistic
inputs thusproviding differentoutpus for given parameters.

1 Eventbased and continuougventbasedmodelsrun for a specific time periodto
represent th response of the basin agaiaggiven rainfall event, whereas continuous
modelssimulate arbitrary long periods of tif@mprisng bothrainfall and norrainfall
events and generally changing conditions throughout simuldypmcally, eventbased
modds are quite sensitive againsthe initial conditions which should be carefully
determined by the user

1 Physicallybased (whitédbox),empirical (blackbox) and conceptuédjrey-box) models
The difference®f these three approaches ssenmarized ifable2.1.

Table 2.1: Summary of empirical, conceptual and physicallybased models (adapted from Gayathret al,
2015)

Empirical Conceptual Physically -based ‘

1 Data-driven or metric or 1 Parametric or grey box 1 Mechanistic or white box

black box 1 Based on modeling of 1 Based on spatial distribution,
1 Involve mathematical reservoirs and include evaluation of parameters

equations, derive value semi-empirical equations describing physical

from available time series with macroscopic characteristics
1 Little consideration of physical basis 1 Require data about initial

features and processes of 1 Parameters are derived state of model and

the system from calibration morphology of the

catchment




1 High predictive power, low 1 Simple and easily T Complex model, requiring
explanatory depth implemented i n human expertise and
1 Cannot be transferred to computer code computational capability
other catchments 1 Require large 1 Suffer from scale -related
1 Examples: ANN, unit hydrological and problems
hydrograph meteorological data 1 Examples: SHEMIKESHE
1 Valid within the boundary 1 Examples:HBV model, model, SWAT
of given domain TOPMODEL 1 Valid for w ide range of
1 Calibration involves curve situations
fitting make difficult
physical interpretation

1 Lumped and distributed models

The latter is essentially the most distinctive model classification. In lumped mibdetpatial
variability is discarded from the model, as the whole basin is genérating runoffThus, the

input data (mainly the precipitation) is forced to relate with the output data (streamflow) without
considering spatial processes, patterns and characteriBtieslumped hydrologic models
impose many assumptions, especially in large watersheds, aslesadalnl parameters are
representative average values (lumped) for a river basin with isemipirical equations
describing the physics (Refsgaard, 1996). Lumped models were first conceived négesrs

agq to addresshe limitation of data and comptitanal power The first widely used rainfail

runoff model isattributed toMulvaney (1851)and it is widelyknown as the rational method.

On the other hand, a distributed model accounts for spatial variatiopsooéssesand
propertiesthereby explidgicharacterization of the processes and patterns is made (Beven, 1985;
Refsgaard, 1996; Smitkt al., 2004).Probably, hefirst distributed modelvas introduced by

Ross (1921)who attempted to divide zones in the catchment anethe bases of travel ten

to outlet and used routing techniqguébe modern availability of high spatial resolution data
such as DEM, precipitation, vegetation, soil and other atmospheric variables hasreckta a
surge in developing many sophisticated distributed hydrologoclels. In a distributed
physicallyi based model the water and energy fluxes are usually computed from the prevailing
partial differential equations (e.g., Saint Vertastquations for overland and channel flow,

Ri chardds equati on B ous su nmseastquirsa teu aftli oown af nodr
(Refsgaard, 1996)Distributed models have advantages termsof considering spatially
variable inputs and outputs, assessment of pollutants and sediment transport, and also analyzing
the hydrological responseat ungauged basins (Smi#gt al, 2004) Due to the fact that
distributed models make distributed predictions, there is a lot of potential for evaluating not
only the predictions of discharge at a catchment outlet, but also the internal state vauelbles, s
as water table levels, soil moisture leyalsd channel flows at different points on the network.

In the last two decades, few attempts were made to validate the predictions. This is clearly
partly due to the difficulty of collecting measurements @e\2012). It is worth noting that all
distributed models require effective parameter values to be specified at the scale of the
calculation elements that may be different from values measured in the field. Distributed
predictions indicate that distributeldta can be used in model calibration but evaluation of this
type of model may be difficult due to differences in scale of predictions and measur@ments



the fact that the initial and boundary conditions for the model cannot be spedifiesdifficiert
accuray.

2.2 Physical processes modeled within rainfaltunoff models

Beven (2012) argues that our understandmthe physical processis still evolving and there

is a debateamong many hydrologists about the most important processes in raimiadf
modelling and generally, different processes may be dominant in different environments.
Conceptuallymost hydrological models incorporate variationshaf processes represented in
Figure 2.1. These are mostly atbuted to mechanisms from the seminal works of Horton
(1933), Cappus (1960), Hewlett (196BHursch (1936), Betson (1964), Dunne (1974&)d
Weyman (197Q)as depicted ifrigure2.2 (Beven, 2012).

Between Storms
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percolation

capillary fringe
—_ water table
«—

During Storms precipitation

evaporation

interception

overland flow
precipitation onto
saturated areas

direct channel
precipitation

|

Figure 2.1: Hydrological processs incorporated in mostrainfall -runoff models (Beven1991)
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(a) Infiltration Excess Overland Flow (Horton, 1933)

(d) Subsurface Stormflow (Hursh, 1936; Hewlett, 1961)

(e) Perched Subsurface Stormflow (Weyman, 1970)

Figure 2.2: Mechanisms represented in seminal works in hydrology (Beven, 2012)



In their simpler formhydrological moded requiretwo essential components: onedgiermine

how muchof a rainfall eventbecomes part of the storm hydrograph (the runoff generation
componentrelated to volumke the other tdake account of the didbution of that runoff in

time to form the shape of the storm hydrogrdtite runoff routing componentelated to
temporal distributiop These two components may appear in many different guises and degrees
of complexity in different mode]sbut they arealways there in any rainfalunoff model,
togethemith the difficulty of clearly separating one component from the othegeneral, it is
accepted that the runoff generation problem is the more diffif&@ven, 2012) Practical
experiencesuggests thiahe complexities and nonlinearities of the flow generation processes
are muchgreater than for the routing processasd that relatively simpleoutingmodels may
suffice One of the most common routipgocesse the literature is the Muskingum metho

2.3 Brief review of commondistributed hydrological models

Some hydrological models based on a grid to grid approach are listed below. Firstly, the fully
3-D models of Binleyet al. (1989a, 1989b) and Paniconi and Wood (1993) use abgsdd
spatial discrézation. The ANSWER®odel (Beaslewgt al, 1980; Silburn and Connolly, 1995;
Connollyet al, 1997), whichhas its origins in one of the very first fully distributed goiased
models of Huggins and Monke (1968}%sentially considers only an infiltrati@xcess runoff
generation mechanism, using the Giigempt infiltration equation to predict excess rainfall on
each grid element. The runoff generatedhisn routed towards the stream channel in the
direction of steepest descent from each grid elemeetCRSC2D model of Doet al.(1996)

and Downetet al. (2002) is similar in that it also uses a Grieg&mpt infiltration equation, but

it uses a D diffusion wave approximation to model overland flow onfifliislopes and a-D
diffusion wave model for thehannel reaches. CASC2Ras later extended to includeore
subsurface flowprocesses as the Gridded Surface/Subsurface Hydrologic Analysis (GSSHA)
model (Downer and Ogden, 2004; Downet al, 2005). Moreover, the-B version of
HILLFLOW of Bronstert and Rte (1997) is a grid based model, with the interesting option

of modelling the Richards equation usingfilezy logianethodology of Bardossst al.(1995).
HILLFLOW also has a D option for modellingndividual hillslope elements.

2.3.1 SHE Model

A widely known hydrologicalmodel based on grid elements is hey st me Hydr ol o
E u r o gSBiE)nmodel which was introducedn 1977, ascollaborationbetween the UK

Institute of Hydrology, the Danish Hydraulics Institute (DHI) and SOGREAH of Grenaoble in
France.Bevenet al. (1980) have published an early description of the model. Later, an
explanation of the modelling philosophy was provided by Abebtl. (1986a, 1986b), and

finally, the first full application to the Institute of Hydrology River Wye experintal

catchments at Plynlimon, Wales (10 ®mvas published in a series of articles by Bathurst

(19864, b).

SHE, which is a grid based model, divides the catchment into a number of square or
rectangular grid elements, linked to channel reaches that omg @he boundaries of the
hillslope grid. Thegrid size in case studies that employ Stdegesrom 50 m up to 2 knn a
recentcase studyor the Kolar and Narmada catchments in Ineaich is avery wide range
However, 1 is obvious that in the latt&ase the grid size is so large that the model cannot be
considered to be representing flow on the hillslopes or in the smaller channels of the catchment
in any meaningful way.

Each hillslope grid element has a specified surface elevation and model cotapfmmen
interception, evapotranspiration, snowmelt anddingensional vertical unsaturated zone flow
where appropriatéA two-dimensional surface runoff and groundwater components links the
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grid elements. Internal boundary conditions allow the couplireyidice flow and infiltration

into the unsaturated zone, the unsaturated and saturated zones at the local water table, and
groundwater and channel flows. The model is able to predict a variety of runoff generation
processes on each grid element, includioth infiltration excess and saturation excess runoff,

and the groundwater flow component can be used to simulate subsurface contributions to the
hydrograph under suitable conditions.

The main disadvantage of this model is ldmge number oparametersThe parameter values
required are effective values at the grid element scale, which may not be the same as values that
might be measured locallilevertheless,hie model also offers the potential to specify fully
distributed precipitation and meteorolodidata across the model grid elements, if the data are
available.The predictions are, however, dependent on the grid scale used.

2.3.2 SHE evolution

A UK version of SHE is SHETRAN, which is based within the Water Resource Systems
Research Unit at the University Newcastle. SHETRAN has added contaminant and sediment
transport components (Bathuedtal, 1995, 2004; Eweat al.2000). The DHI version, MIKE

SHE, has also added a contaminant transport component (Refsgaard and Storm, 1995). In both
cases, the pragtions of contaminant transport are based on the advédigpersion equation.

Both DHI and the University of Newcastle now have versions of SHE which make fiully 3
solutions for the unsaturatédsaturated flow domain. MIKE SHE has also added options

use a simple groundwater store where a fully subsurface solution is not justified and to predict
a preferential recharge to the saturated zone as a simple proportion of the infiltration rate
(Refsgaard and Storm, 1995). Such modifications undermingaién which models purport

to be Aphgeidoal |y

2.3.3 G2G model

In the Probability Distributed MoisturéDM mode] which is describedn Figure 2.3, the
multiple storage elements are allowed to fill and drain during rainstornmeerdtorm periods
respectivelyIf any storagecomponents full then any additional rainfall is assumed to reach
the channel quickly as storm runoff. A slow drainage component is allowed to deplete the
storages between storms, contributing to the remesischarge in the channel and setting up
the initial storages prior to the next storm. Evapotranspiration is also taken from each store
elementuring the interstorm periods.

The advantages of the PDM model are its analytical and computational simticayg been

shown to provide good simulations of observed discharges in many applications so that the
distribution of conceptual storages can be interpreted as a realistic representation of the
functioning of the catchment in terms of runoff generatidowever, no further interpretation

in terms of the pattern of responses is possible, since there is no way of assigning particular
locations to the storage elements. In this sense, the PDM model remains a lumped representation
at the catchment scale.
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Figure 2.3: Structure of the PDM model (K.J. Beven, 2012)

The Figure 2.4 illustrates a PDM model, used as a selmstributed model, where PDM
elements represent grid squares feediggdto-grid routing method.
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Figure 2.4: Integration of the PDM grid elements inti the G2G model (after Mooreet al. 2006)



This Grid to Grid (G2G) model is directly descended from the distributed fdrRi3M model
noted above and makes use of the same way of relating the maximum storage in the runoff
generation function to the local mean slope for each grid

The G2G model is the first example of a hydrological model for the whole of the UK. It makes
useof calibration whereser gauging station data as&ailable butcan also provide predictions

for ungauged subcatchments and catchméndsita are not available. Any grid element in the
country can be interpreted (or color coded in a visualizationh&current state of the flow in
either absolute terms or as a frequency of occurrence. This makes the mselil ol for
forecasting purposes

G2G has now operatiahuse in the UK (Met Office Global and Regional Ensemble Prediction
Systemr MOGREPS) since it providegredictions of potential flooding with long lead times.
This model rus on a 1 km grid for the whole of the UK up to five days ahead, enabling a
probabilistic evaluation of the potential for flooding across the country.

2.3.4 TOPMODEL

A simple approach to predicting spatial patterns of the responses in a catchment is represented
by TOPMODEL (Bevenret al. 1995; Beven 1997)This aims to develop a pragmatic and
practical forecasting and continuous simulation model and a theoretical framewbnk wit
which perceived hydrological processes and model procedures may be researched.

The parametersf the modelare physically interpretable and few in number, so as to ensure
that values determined laycalibration exercise should be more easily identdidbhis model
represents an attempt to combine the computational and parametric efficiency of a distribution
function approachwith the link to physical theory and possibilities for more rigorous
evaluation of spatial patterns of predictions offered hylg distributed model

Figure 2.5: Definition of the upslope area and draining through a point within a catchment (K. J. Beven,
2006)

TOPMODEL is consideredas an improved approximation thfe kinemaitt wave description

of the subsurface flow systefihis link wasexplicitly made by Kirkby (1997) and Wigmosta

and Lettenmaier (1999). It is premised upon two basic assumptions: that the dynamics of the
saturated zone can be approximated by successivey stadel representations of the saturated
zone on an area a draining to a point on a hillslope (F@@8)eand that the hydraulic gradient
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of the saturated zone can be approximated by the local surface topographic slbpEhése
assumptions lead torsple relationships between catchment storage (or storage deficit below
saturation)in which the main factor is the Kirkby topographic indekténb) (Kirkby, 1975)
whichrepresents the propensity of dogationto reachsaturated conditions.

TOPMODEL was initially developed fosimulatingsmall catchments in the UK. The results
indicate that reasonable results are possible using the minimum parameters for calibration. It is
worth mentioning that catchments with deeper groundwater systems or locailyeger
saturated zones are more difficult to model. These tend to go through a wetting up sequence at
the end of the summer period in which the controls on recharge to any saturated zones and the
connectivity of local saturated zones may change with tibneandet al. (1992) have shown

that this model can successfully simulate dischargeatchments witliast responses.

Regarding the software involved with TOPMODEhere are two programs associat€de
first one, for initial analysis of a catchment DTNDTMAnalysis) and the second one
TOPMODEL99 to simulate hydrographs and contributing afeatsalso to carry out model
sensitivity analysis.

Overall, this rainfalli runoff model, byemployingan index of hydrological similaritysing
topography and soihformation,canmap the predictions. Thealculationsare based on the
distribution of the index, which greatly reduces treguired computer resources. The
TOPMODEL concepts are not, however, applicable everywhere, particularly in catchments
subject to sbng seasonal drying when the basic assumptions underlying the index break down.

It is important to mention thalhé simplicity of the TOPMODEL calculations have allowed the
interaction between grid resolution of the topographic analysis and calibraaedepar values

to be studied in a number of applications. A similar interaction between scale of discretization
and effective parameter values should hold for more complex models, including physically
based fully distributed models, but may not be so reagliparent.

2.3.5 SWAT model (Soil and Water Assessment Tool)

The cevelopment of SWAT is an ongoing proceeand it is the successor ithe Simulator

for WaterResources in Rural Basimshodel (SWRRB). SWAT model is a complex physically

i based model and wa®slgnedto test and forecast the water and sediment circulation and
agriculture production with chemicals in ungaudmsins. It is efficient in performing long
term simulations. The modeklineateghe entire catchment into sdatchmentswhich are
further divided into hydrologic response units (HRah,the basis dand use, vegetation and
soil characteristicsModel inputs are aly rainfall data, maximum and minimum air
temperature, solar radiation, relative air humidity and wind spekie its ouputs arewvater

and sedimerfiuxes vegetation growth and nutrierdsncentrationsSnowfall is estimated on
the basis ofprecipitation and mean daily air temperajunéiile the methods oPenman
Monteith, PriestlyTaylor and Hargreaves are used for theimesgtion of potential
evapotranspiration. In order to obtain accurate forecasting of water, nutrient and sediment
fluxes it is necessary to simulatiee full hydrologic cycleof the catchmentoy employinghe
water balance equation

I3 v o v v ot * v 174 ol (2'1)
Yo “Yw Y U W oYL

whereSW s the humidity of soil, S\WWis base humidityR, is rainfall volume in mm wateQs
is the surface runoffWs is seepage of water from soil to underlying layees, is
evapotranspirationQgsis ground water runoff ands time in days.
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3 Computational tools for GIS programming

Considering thespatial character of parameters anguts controlling the hydrologial
processe®cross a river basjnt is not surprisinghat Geographic Information Systems
(GIS) have become an integral part of hydrolagistudies.This chapter provides an
overview ofopen source GIS software used in hydrological and geospatial analysis, used
in the course of this work and providing insight osetful functionality.As a remarkjn

the early stages of the thesis, the proposed modalhapter 7was developed as a
QGIS/Grass plugin, before implementinigas a standalone application.

3.1 QGIS
3.1.1 General

QGIS is an Open Source Geographic Information Syqi@i®) that was established in
2002 by G. Sherman. The project was incubated with the Open Source Geospatial
Foundation (OSGeo) in 200mitially, it aimed to provide a GIS data viewier common
geospatial formats, however functionality over time ineseshexponentially due to a large
community of users and developeltshas reached agint in its evolution where it ibeing

used for daily GIS data analysis many fields replacing paid professional GIS services
This Open Source GIS could be installed Windows, Mac OS X, Unix, Linux, and
Android operating systems, making it a very flexible software package, which any scientist
could use and develop.

3.1.2 Overview of QGIS

This section providean overview of the basifunctionalitiesof the program, andstuse
in the domain of hydrology, hydraui@nd water resources management.

QGIS is composed of two programs, QGIS Desktop and QGIS Browser. Desktop is used
for managing, displaying, analyzing, and styling dathile theBrowser is used to manage

and preiew data. One of the main strengths of this program is its ability to load a large
number of data types. The user is able to load vector files, with the opportunity to choose
the source type and source of the dataset. The commonly used flat file typESRire
shapefile (.shp), AutoCAD DXF (.dxf), Comma separated values (.csv), GPS eXchange
Format (.gpx), Keyhole Markup Language (.kml), SQLite/SpatiaLite (.sqlite/.db). QGIS
Directory can load data stored on disk that is encased in a direGtogy}commonlyused
directory types are U.S. Foundation. As a library, it presents a single raster abstract
data model athsingle vector abstract data model to the calling application for all supported
formats. It also comes with a variety of useful command line utilities for data translation
and processing. QGIS, as well as many other programs, use GDAL to handle many
geosmtial data processing tasks. QGIS supports PostGIS, SpatiaLite, MSSQL, and Oracle
databases.

Also, QGIS supports the loading of OG&mpliant web servicesuch as WMS/WMTS,

WCS, and WFS. Loading a web service is similar to loading a database servieretalg

it is necessary to create a new server connection, connect to the server to list the available
services, and add the service to the QGIS project.

With QGIS, the composition of maps ssvift and the program is caple of printing or

expating to image and graphic files. The Print Composer presents a blank sheet of paper
for the map crafting. Apart from the map body, the user could add images, text, legend, a
scale bar, graphic shapes, arrows, attribute tables, and HTML frames. Map elements
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become grphics on the composition canvas. The user could customize the properties of
the map, the size of the paper etc. The Atlas generation tab allows the generation of a map
book. For example, a municipality could generate an atlas by using a map sheet GIS layer
and specifying which attribute column contains the map sheet number for each polygon.
The Items tab allowsgglingindividual map elements on and off.

My e ]

Composer Gt View Layout Atas Sewngs
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Figure 3.1: Composing maps in QGIS environment (QGISnanual).
3.1.3 Adding functionality with plugins

Even though the existence of potential workflows, analysis settings, and datasets within the
broad field of GlSarenumerous, no otf-the-box software could contain the tools for every
scenario. Fortunately, QGlhas been developed wighugin architecturefrom ground up
Plugins are addns to QGIS that provide additional functionality. Some are written by the core
QGIS development team and others are writtethb@®GIS community Someuseful and well
knownplugins are being presented below.

OpenLayers Plugin

This plugin allows the user to insert an OpenStreetMap, Google, Bing map as a layer. Using
the panel, the map type can be selected. The raster image that is been loaded could be used as
a backdrop to helprfd out the location on the magigure3.2 illustrates the application of this

plugin. This plugin can be very useful in a hydrologic study as it allows the user to assess the
real world terrain characteristics from real and nesatellite images.

rrrTIr

*HERAINANRS
o

o i m."”

Figure 3.2: OpenLayers Plugin interface (OpenLayers manual)
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Floodrisk plugin

This open source and free analysis toolbox, part of the-sparce geographic information
system Quanture|S, was developed for estimating flood impacts due to flooding and, hence,
to help authoritiesinderstand bettemd manage flood risk.hese toolsre not intended to be
businesgeady softwarapplicationsihowever,it is usable by third parties for dvation and
demonstration purposes.

The tool performs simple risk assessrsenbnsideing fixed event scenarios, estimates the
probability of each scenario separate and calculates the consequences deterministically. In order
to perform these tasks, thezlaad, receptor and vulnerability are required.

In order to quantify the flood hazard, the maximum depth values and the maximum velocity
values maps. In general, the inundation map is essential. Since timely flood warnings can save
lives, warning time is arucial data to assess the consequences for people. Therefore, the tool
needs as input the information of the zones with different warning time (denoted as warning
time map).The warning time indicates the amount of time between the reception of a warning
and the instant in which the population of each structure could be affected by the flood event,
i.e. the amount of time in which the population of each structure can mobilize or adopt
mitigation measurements.

Receptors are considered the exposure, referrimt 0 peopl eds assets and
potentially threatened by a hazard. The exposure data of the study area is stored iin a geo
databaseThe dataset must consist of the follogimaps:

A the poygon boundary of the study area

A census map ofgpulation

A buildings and/or land use map

A lines map®f infrastructurege.g. roads, railways etc.)

Receptors ardefined in this case aharacteristis of a system thadescribets vulnerability
Catastrophic floods, such as those by dagek or levee flure, can cause fatalities. In this
case, the parameter "fatality ratet more presicely the percentage of the population at risk of
death) is generally adoptéal quantify vulnerability. Fatality rates are based on flood severity,
warning time and waing quality.

There are empirical methodologies of literature calibrated on historical cases that provide values
of fatality rates as a function of the parameters mentioned above. FloodRisk tool contains some
of these tables of values. A flood can causs,ahany types of economic damages that can be
classified in a variety of ways. The tool is able to calculate the tangible direct physical damages,
i.e. the damages resing from floodwaters on property and structures. Tangible damages are
usually quantied and measured as monetary losses. Flood damages depend on many variables.
These variables might include depth of water, velocity of floodwaters, duration of flood,
sediment loadand contamination. However, flood damage to structure is strongly dependen

on the water depth of a flood (Mesral, 2010).

Geographical information systems (GIS) tools are ideal to manage spatial information,
providing adequate spatial processing and visualization of results. The tool, takes into account
the quality and dissmination nowadays reached by Geographic Free/SQpence Software
(GFOSS) and has it in order to make available the results of the project. The main advantage of
QGIS relies on the easiness and quickness in developing newnplugsing Python language.
Therefore, this project was developed in QGIS platform and the interface was created in Python.
FloodRisk toolbar is shown in the followirkggure Each button is linked to a window with
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several options, such as menus, labels, edition windows, combo aondesmple buttons, that
help the user to access input and output directories.

Example of loss maps produced using FloodRisk engine and presenting the expected economic
losses for a benchmarking study case, proposed by the organizer committee Bfi@@L12
International Benchmark Workshop on Numerical Analysis of Dams, are preseifeiia

3.4.

In conclusion the tool can be used to prioritize corrective actions to achieve an informed risk
reduction or for the identificatioof the "optimal" measures of risk mitigation.

Database pgp. at Risk &
Manager | gss of Life

[

LR
vy

Projects Economic Help
Damages

Figure 3.3: FloodRisk toolbar (FloodRisk manual).
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Figure 3.4: Example of damages magFloodRisk manual).
RiverGIS

RiverGIS is a&GIS pluginfor creating HEQ' RAS flow model geometry from spatial data.
The functionality is similar to that HHEC 1T GeoRAS For datastore and spatial operations it
needs &ostGlSdatabase. RiverGIS is free software and is released under the GNU General
Public License.

RiverGIS is capable of creating a HE®RAS model (1D and 2D). The fundamentdfetience
from HEC1 GeoRAS is that the RiverGIS uses a PostgresSQL database with the PostGIS
spatial extension for data storage. A single PostgreSQL database can be used to store many
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model geometries. Each model goes to its own schema, a kind of dadabat®y for data
grouping. Therefore, the first step is to create a new schema for a model. RIEE 1D flow
model geometry conssof rivers network, crossections and, optionally, hydraulic structures
such as weirs, bridges or storage areas. Usare An option to import spatial data to the
database from other data formats (i.e. ESRI Shapefiles) or create it from scratch.

The second step is the definition of the geometry data, its creation or iMpesedata are

stored in a river databatable containingriver lines,cross e ct i on s

et c. | f a

specified attribute, it is given in theser defined attributes columAttribute names of the
source data can differ from the database attribute names, but can be mapped easibhto the r

column, as shown above. If the required attributes are empty or nonexistent, users have to fill

the database columns by hand after the import.

After that definition of the river network, the cross sections need to be presented. The elevation

tool geneates points along the cressctions. RiverGl&lsohas the possibility of representing

hydraulic structures, e.g. bridges, culverts etc.

Geometric Data - 4 10§ x|
File Edit Options View Tables Tools GISTools Help
Tools FRiver | Storage | 2DFlow |sar2pfrealsaszofreal 20Area | 20Area P . |Description : Plot WS
Resch Area Area Coan BC Litae rodk i Maann St:r:n RS ] or | I
Editors\ = BB Do | @ | raees | "2 =i .| none)
el #8772 “
' SRIS120 has207 .2
® Ly (TR, 1053,
Cross 233“3‘ aal 1065155
: ) T
Seong? \\3.\179‘ 252%#755.3_
41202 =
A

5953 )
T m\fos?}s : 7
[ ] >
20Flow 101‘1%?2236%&
i 'uoa'8os§1\§

~
el “10%) 3(3
$Al2DAreS| 1081
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DoeH|

Pump \.\\
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= 1862658.08, 356187.90

Figure 3.5: RiverGIS interface (RiverGIS manual).

As Figure3.5illustrates, the plugimangeneate a model to import into HERBAS. RiverGIS
builds 2D HECi RAS geometry using the following river database tables created by a user:

A FlowAreas2D:a polygon layer representing 2D Flow Areas. It has 2 user defined
attributesthe 2D Flow Area name and the=gh cell size for a flow area.

A BreakLines2D: a polyline layer for aligning cell faces along the breaklines with 3

user defined attributes, tlhlefault mesh points spacing along a structure, the default
mesh points spacing across a structure and the nwhb®sh rows that should be

aligned to a breakline.
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A BreakPoints2Da point layer for creating a cell face at exact locations along the
breaklines (optional). No attributes required.
A DTM: a digital terrain raster layers set.

The creation of the 1D base mbdath availablelD tools is considered to be the base model
for the 2D flow areas. By defining the attributes of the FlowAreas2D and BreakDnése
2D mesh is created (Figure R.5

Figure 3.5: 1D modelin RiverGIS (RiverGIS manual).

FreeWAT

FreeWAT platform is a large plugin integrated into QGIS. FREEWAT includes several
modules for dealing with water management issues, with particular attention to groundwater.
Simulation codes (mainly from the MODFLOWSGS family) for dealing with groundwater

related processes (e.g., groundwater flow, solute transport in aquifers, etc.) constitute the basis
of the plugin. he complete list of modules so far integrated is provided below:

T3> > D D D D D D D D

Observations Analysis Too(®AT) for time series analysis.

Tools for analysis, interpretation and visualization of hydrogeological devaGIS)
Tools for analysis of groundater quality datasets (akvaGIS)

Groundwater flow mdelling (based on MODFLOW2005)

Solute transport in the unsatted zone (basechdViT3D-USGS and the USB module)
Solute transport in theaturated zone (based on MT3DMS)

Densitydependent gindwater flow (based on SEAWAT)

Management of water in agricuie (based on the FARM Process)

Water management and planning @ggaen MODEOW-OWHM)

Crop yield at harvest (based on the Crop Growth Mqditden the EPIC family)
Sensitivity analysis and thration (based on UCODE_2014)

The Figure 3.6 shows how the different modules are interconnected, taksngeference a
standard modelling procedure.
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*Chemical data storage *Sensors management
*Data analysis *Time series analysis

akvaGIS
I Hydrological
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flow simulation
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Figure 3.6: Flow i chart of the different modules in FreeWAT (FreeWAT manual)

3.2 GRASS
3.2.1 General Information

Geographic Resources Analysis Support System (commefdgred to as GRASS GIS), is a
Geographic Information System (GIS) used for data management, image processing, graphics
production, spatial modelling, and visualization of many types of data. It is an Open Source
Software released under General Publicebse (GNU). GRASS GIS is an official project of

the Open Source Geospatial Foundation.

Originally developed by the U.S. Army Construction Engineering Research Laboratories
(USA-CERL, 19821995), a branch of the US Army Corp of Engineers, as a tool fdr lan
management and environmental planning by the military, GRASS GIS has evolved into a
powerful utility with a wide range of applications in many different areas of applications and
scientific research. GRASS is currently used in academic and commertrassatound the

world, as well as many governmental agencies including NASA, NOAA, USDA, DLR, CSIRO,
the National Park Service, the U.S. Census Bureau, USGS, and many environmental consulting
companies.

In September 2006, the GRASS Project Steering Cammenitas formed which is responsible
for the overall management of the project. The PSC is especially responsible for granting SVN
write access.

GRASS GIS contains over 350 modules to render maps and images on monitor and paper
manipulateraster andvectordata including vectonetworks, multispectraimagedata
processingand create, manage, and store spatial data. GRASS GIS offers both an
intuitive graphical user interfaces well as command line syntax for ease of operations.

3.2.2 Capabilities
These are som& main capabilities that the program has to offer:

A Raster analysis Automatic rasterline and area to vector conversion, Buffering of line
structures, Cell and profile dataquery, Colortable modifications, Conversion to vector
and point data format, Corréllan/covariance analysis, Expert system analysis, Map
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algebra (map calculator), Interpolation for missing values, Neighborhood matrix
analysis, Raster overlay with or without weight, Reclassification of cell labels,
Resampling (resolution), Rescaling ofllcealues, Statistical cell analysis, Surface
generation from vector lines.

3D-Raster analysis 3D data import and export, 3D masks, 3D map algebra, 3D
interpolation (IDW, Regularised Splines with Tension), 3D Visualization (isosurfaces),
Interface to Paraew and POVray visualization tools.

Vector analysis Contour generation from raster surfaces (IDW, Splines algorithm),
Conversion to raster and point data format, Digitizing (scanned raster image) with
mouse, Reclassification of vector labels, Superpmsiig of vector layers.

Point data analysis Delaunay triangulation, Surface interpolation from spot heights,
Thiessen polygons, Topographic analysis (curvature, slope, aspect), LIDAR

Image processing Support for aerial and UAV images, satellite datai¢aptradar,
thermal), Canonical component analysis (CCA), Color composite generation, Edge
detection, Frequency filtering (Fourier, convolution matrices), Fourier and inverse
Fourier transformation, Histogram stretching, IHS transformation to RGB, Image
rectification (affine and polynomial transformations on raster and vector targets), Ortho
photo rectification, Principal component analysis (PCA), Radiometric corrections
(Fourier), Resampling, Resolution enhancement (with RGB/IHS), RGB to IHS
transformatio, Texture oriented classification (sequential maximum a posteriori
classification), Shape detection, Supervised classification (training areas, maximum
likelihood classification), Unsupervised classification (minimum distance clustering,
maximum likelihoal classification).

DTM -Analysis. Contour generation, Cost/path analysis, Slope/aspect analysis, Surface
generation from spot heights or contours.

Geocoding Geocoding of raster and vector maps including (LIiDAR) point clouds.
Visualization: 3D surfaces witiBD query (NVIZ), Color assignments, Histogram
presentation, Map overlay, Point data maps, Raster maps, Vector maps, Zoom/unzoom
i function.

Map creation: Image maps, Postscript maps, HTML maps.

SQL-support: Database interfaces (DBF, SQLite, PostgreSQLS@ly, ODBC).
Geostatistics Interface to "R" (a statistical analysis environment), MATLAB, etc.
Temporal framework: support for time series analysis to manage, process and analyze
(big) spatietemporal environmental data. It supports querying, map calonlati
aggregation, statistics and gap filling for raster, vector and raster3D data. A temporal
topology builder is available to build spatemporal topology connections between
map objects for 1D, 3D and 4D extents.

Furthermore: Erosion modelling, Landscapstructure analysis, Solution transport,
Watershed analysis.
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Figure 3.7: Vector data analysis in GRASS GIS (GRASS GIS manual)

Figure 3.8: Mars topography from Mars Global Surveyor MOLA data (GRASS GIS manual).
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Figure 3.9: Floor bathymetry from MB 1 System (GRASS GIS manual)

As far as hydrological sciences are concerned, GRASS GIS offers a variety oflitiessibr
the hydrologistsThe most significant ones are listed below:

A

> v D

| t A gdynamic, fully distributed hydrologic and hydraulic model that simulates 2D
surface flows on a regular raster grid using simplified shallow water equations. It uses
GRASS GlSas a baclend for reading entry data and writing results.

r.topmodel: Simulates TOPMODEL which is a physically based hydrological model
(see section 2.3)4

HydroFOSS: A distributed, physically based hydrological model.

SWAT: A river basin scale model ddeped to quantify the impact of land management
practices in large, complex watershésise sectio2.3.5.

r.water.fea:Interactive program that allows the user to simulate storm water runoff
analysis using the finite element numerical technique. Irfidinas calculated using the
GreenAmpt formula. r.water.fea computes and draws hydrographs as well as at stream
junctions in an analysis area. It also draws animation maps at the basin level.

GIPE: The GRASS Image Processing Environment (GERploysUSLE, energy
balance and radiangeflectance correction models (r.hydro.CASCZDphysically
based, distributed, raster hydrological model which simulates the hydrological response
of a watershed sydxt to a given rainfall field

r.gwflow: Numerical calculbon program for transient, confined and unconfined
groundwater flow in two dimensions.

r3.gwflow: Numerical calculation program for transient, confined groundwater flow in
three dimensions.

r.sim.sediment. Sediment transport and erosion/deposition siamulasing path
sampling method (SIMWE).

r.stream.basins: Delineates basins accorttirtgestream network.

r.stream.channel: Calculates local parameters for individual streams.
r.stream.distance: Calculates distance to and elevation above streamsetnd outl
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r.stream.order: Calculates Strahler's and more streams hierarchy.

r.stream.segment: Divides network into near straiglet segments and calculate its
order.

r.stream.slope: Calculates local parameters for slope subsystem.

r.stream.snap: Snap pointrtimdelled stream network.

r.stream.stats: Calculates Horton's statistics for Strahler and Horton ordered networks
created with r.stream.order.

r.stream.angle: Route azimuth, direction and relation to streams of higher order.
r.stream.basins: Calculate basaccording user input.

r.stream.del: Calculates downslope length of first order streams and delete them if it
length (in pixels) is lower than the threshold.

r.stream.distance: Calculate distance to and elevation above streams and outlets
according usemiput. It can work in stream mode where target are streams and outlets
mode where targets are outlets.

r.stream.extract: Stream network extraction. It produces a vector network with the
direction of the vector lines corresponding to the flow direction.

r.stream.order: Calculate Strahler's and Horton's stream order Hack's main streams and
Shreeve's stream magnitude. It uses r.watershed or r.stream.extract output files: stream,
direction and optionally accumulation. Output data can be either from r.watenshed o
r.stream.extract but not from both together.

r.stream.pos: Route azimuth, direction and relation to streams of higher order.
r.stream.stats: Calculate Horton's and optionally Hack's statistics according to user
input.

r.basins.fill.: Generates a rasterpriayer showing watershed subbasins.

r.water.outlet: Generates a watershed basin from a drainage direction map (from
r.watershed) and a set of coordinates representing the outlet point of watershed.
r.watershed: Watershed basin analysis program.

r.lake: Flls a lake to a target water level from a given start point.

r.basin: Generates the main morphometric parameters of the basin.

r.threshold: Finds a first tentative value of upslope area to be used as input to extract the
river network

r.hydrodem: Applieshydrological conditioning (sink removal) to a required input
elevation map.

r.sim.water. Overland flow hydrologic simulation using path sampling method
(SIMWE).

r.inund.fluv: Allows obtaining a fluvial potentially inundation map given a high
resolution DTMof the area surrounding the river and a water surface profile calculated
through a 1D hydrod/namic model.

r.hazard.floodis an implementation of a fast procedure to detect flood prone areas. It
may help in the delineation of flood prone areaspecialy in basins with marked
topography. The use of the modified topographic index should not be considered as an
alternative to standard hydrologidaydraulic simulations for flood mapping, but may
represent a tool for a preliminadelineation of flooding @&as.
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Figure 3.11: The GRASS 7 Architecture (GRASS GIS manual)
The architecture of the n@st GRASS 7 is presentedrigure3.11.

Being operi source it is possible to view and change all of the source code, mostly C, with
some bash and Python, in which it is written. GRASS is-wadtied and fullyfunctional. Being
opensource means that you can view and change the source. GRASS is more of a
computational / scripting GIS and less of a p@intt click GIS than ArcGIS. It is considered

to be an advantagkpwever f needethere is also available an interactive surface

Anothermajor feature of GRASS is that it is a topological Glfisit is impossible to have

small gaps or overlaps between vector areas. It also forces lines to meet and interact according
to some fairly logical rules. Thisnsuregonsistency in geofpc mapping and allows users to

query vector maps based on theighbors
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4 Why Python?

Python is the main computer language used in the software application developed within this
thesis. This chapter provides some insights in the rationale behind tamaftioned choice

and why the Python ecosystem is a mature environment for developing modern hydrological
applications.

4.1 General characteristicsand benefits of using Python

The design focusfahe Python language is on productivity and code readabilibugiran
interactive python console, the clear, readable syntax (through the whitespace indastation
opposed to Java, C# etc. which use complex indenjatioa full modularity which supports
hierarchical packageand the dynamic data types and auteaemory management. What
distinguistes Python frommost of the other programminglanguagess its simplicity and
powerfulness. This programming languag&join together codsnippetswhich were written
originallyin C, C++,Fortranetc, and merge tha with native Python code without hassleys
allowing scientists from many fields to easily port their existing code, models andTioeis.

is a growing user community which makes many tools easily avageibgthon packagedt

is worth mentioninghatthe Python Package Index, whichasemajor host ofPython code,
has more than 1800 packages listed, indigaq its currentpopularity. Thes@ackagesclude
visualization, numericalalgebra libraries, optimization toolboxes, geospatial libraries,
interconnection with compiled andterpretedlanguages, memory catching, Web services,
mobile and desktop graphical user interface programmingnamgothers.

Due to the access to a nice combination of GIS tomdghematicsstatistics etc.Pythonis a
useful language for thscience communitAlso, it is OSagnostic and scalable, making it
compatible for users in every platform, from Linux supercomputeRagpberryPi units in
custom remoteneasuremendtations In addition, its natural syntax, me&k programsvritten

in Pythonexceedingly clear and easy to read, especially for beginardsisa great first
programming language, especially for scientists with limited exposure to computer
programming and students in an academic environment.

Python § a modern, interpreted, objemiented, opersourceand freelanguage used in all
kinds of software engineering in the last few ye@hss languageés considered to be a robust
integration platformranging from data analysis to distributed computimgl graphical user
interfaces to geographical information systems (GI&je to the interpreted natyrieython
allows an easy developmeand fast prototypingWhile theae are manyother languages that
havesimilarfeaturesPython offers interconnectednessl comprehensiveness, allowing users
to apply innovations from other communities and disciplines.

EveryPython packages used in the same interpreted environment and also data flow does not
have to occur through files. This makes it possible to acegssaiable in any tool at any
(logical) time in the workflow. Python users have much greater ability to access innovations
from industries outside of the Earth sciences. This latter advantage will become increasingly
more importantasthe science commuyi entersthe world of cloud computing, big data, and
mobile computing. In the next decade, Earth scigndeshydrologycannot afford to ignore
theseinnovations.

The unigue benefits of Python have begun to be recogmzkedengineering community, ah
as a result its population of users is growilgparticular,Pythoncanhelp the engineer®
improve theirresearch, through the clear code that offers. With the access to the new
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capabilities being generated daily from industries, more and moreeengiand scientists

become

awar e

of

computational Earth sciences.

Pyt honos

4.2 Possible drawbacks and remedies

It is (generally)true thatPython, as an interpreted language lislativelyé s | o wd |

abili

toi

e s

and its

anguag

computer simulationss opposed to compiled languggesh a++. However, the execution
time alonds not the major factahat contributes to thig@ t i cas® of a computational project.
The coss of prototyping, developmerdand mantenance worlare alsosignificant. However
these procedures are inherently done with lower time cost in Pytlmwadays, for research
programming it may befar moreeconomic to accept that the code runs only at 25% of the

expected possible speed ifghi s av e s

for

exampl e

a mo

nth of a

Furthermore, research code usually not limited toone project, but has long run life
expectancy. By using repeatedlythe code evolves, grows, bifurcates etc. It is essential that

the programmer wests the time to make the code fast and after works on speed optimization.
So, the use a language that is easy to read and has a great expressive power will help in this
direction. Additionally,a well-written Python code could be very fast if time catiparts in
executed through compiled languageJiT-interpreters (Just In Time compilatibnsee the

section abouthenumbapackagg As long as these calculations are done efficiently, theative

time will be insignificant for most computational prcig.

4.3 Comparison to other languages commonly used in hydrology

4.3.1

Python vs MATLAB

The most common implementatiohPythonis in C (also known as CPythgmyhichis mostly

referred

t o

as

APyt hono.

Apart

from

tshe pro

consists of an extensive standard library. This library is aimed at programming in general and
contains modules fdDS-specific stuff, threading, networking, databases, etc.

On the other handMATLAB is a commercial numerical computing environment and
programming language. The concept of MATLAB refers to the whole package, including the
IDE. The standard library does not contain as much generic prografunatgnality butdoes
include matrix algebra and an extensive library for data processing atidglBor extra
functionality the Mathworks provides toolkits.

Matlab ecosystem

Python ecosystem

Core Matlab

-IDE
- interpreter

- programming lang.
- HUGE standard library
- GUI builder (sort of)

Image processing TK

Core Python

- interpreter
- programming lang.
- standard library

- Ninja IDE
- Wing
- PyCharm

Figure 4.1: Matlab vs Python.

As Python is open and free, it is very easy for other parties to design packages or other software
tools that ex¢nd Python. It is possible to create applications using any of the mayor GUI
libraries (e.g. Qt), use OpenGL, drive your USB port, etc. Another examfhe (Sython
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packagehatenhancethe speed of algorithms by converting PythordmpiledC code, and
cx_FreezeHhatcreate standalone application from sourmade

Each package is being developed by a different gfthqugh there areommonoverlaps)

who are also users of the package. Many packages are available for different purposes. In this
open sarce ecosystem most packages are driven by a handful of core developers, but many of
a package users contribute to the development by reporting issues, helping with documentation,
and makingsmall improvements to the code, debugging, issue haneliag

MATLAB has somefundamental shortcomings, most of which arise from its commercial
nature:

A The algorithms are proprietary, which means the code of most of the algorithms is not
available to the users, leaving them with the doubt that the code was not enfgddm
correctly.

A MATLAB is quite expensive, which means that code that is writtedATLAB can
only be used by people with sufficient funds to buy a license.

A Usually, Mathworks puts restrictions on code portability, the ability to run code on
someoneelges comput er .

A The proprietary nature also makes it difficult almost impossible for third parties to
extend the functionality of MATLAB.

Further mor e, t her e are some ot her i ssues
manipulation package:

A The semicolonwhich can be useful to show the result when you type code in the
console, in scripts is partly redundant.

A Indexing is done with braces rather than brackets, making it difficult to distinguish it
from a function call.

However, MATLAB hasmajoradvantagedpr example:

A It has a solid amount of functions.

A Simulink is a product for which there is no good alternative yet.

A Itis easier for beginners, because the package includes everything someone would need,
while in Python the installation of extra packages an IDE is essential.

A It has a large scientific community, meaning it is used on many universities (although
few scientists on their own investlicenses, nor do small companies

Generally,Python advantagesutweightM A T L A BSorae of them are listdmklow:

A Open source program

A Python was created to be a generic language that is easy to read, while MATLAB started
as a matrix manipulation packagadthen followed the introduction of a high level
programming language.

A Powerful, meaning it is a languagvell designed, with powerful datatypes such as lists,
sets and dictionaries, helping the programmer to organize the data.

A MATLAB supports namespaces for the functions that the programmer writes, but the
core of MATLAB is without namespaces. Python wonkth modules, which is needed
to be imported. Using namespaces gives structure to a program. In Python everything is
an object, so each object has a namespace itself, making this language good at
introspection.
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A Introspection allowing the user to access past of the application, including some of
Pythonds internals.

A String manipulatioris deeper integrated within Python

A Portability, making possible to program in most of the operating systems (Windows,
Linux, and OS X)

A Functions and classes can be defiaaywhere. For example, one file (whether it is a
module or a script) could contain many functions and classes.

A Python allows the creation of GUI (Graphical User Interface) in order to transform a
program to an application which is presentable and fumaitias well. There are major
GUI toolkits like Wx or QtMATLABO6s GUI DE approach i s |
these toolkits.

Conclusively,Python is considered to be more appropriate for creating a standalone program
that MATLAB.

4.3.2 Pythonvs QC++

The C progrenming language is a lo¥evel compiled language (sometimes classified &8 a 3
generation language) that is widely used in academia, industry and commerce. C++ provides a
different programming paradigm than C but for the purpose of this work, C++ is imiligg s

to C than it is to MATLAB or Python. The main advantage of compiledlémel languages is

their execution speed and efficiency (for example in embedded systems). C/C++ is able to
create more compact and faster runtime code, making it the langliageice for 95% of
oper at i napdesWwhentit eomasdo speed, however, runtime speed is not the only aspect
of development to consider, it is crucial to think about the development speed. While Python
may be less efficient than C/C++ at runtime,idgrdevelopment it's much more efficient.
Interpreters read each line of code, parse it, do runtime checks and call routines in order to
execute the operations in the code. This is a lot more activity than what you get from running
C/C++ code, where thes line of code might be compiled into just a couple of instructions.
This can lead to slower runtime speeds and higher energy consumption with Python.

C++, which originally designed to move C programmers to a higher level, aimed for
functionality more tha error preventionAs aprogram language is complicated and difficult to
learn. One the other hand, one of the main advantages of this language is that ta@ user
achieve almost everythirfgpm writing a new OS to shader applications for modern Graphics
heavy video gamesiowever, there are some serious problems with idggadue toits aging
design. Its specification and diagnostics are often bafflisggandard library is large, but
unfortunately not powerful. Furthermore, some of the commonlg a$sss librariese.q.,
Boost, CERN ROOT, CGAL etcare often complicated and idiosyncratic.

Regardless the fact that C++ is complicated, there are quite few benefits. Firstly, the user is able
to creatats own data structures. Secondly, if the progranmeeds high efficiency, this is the
language of their choice. Furthermore, if someone needs assembler level coding, C++ is a better
option than Pythonbutthese benefits do not matter match in the context of programming for
hydrology applications.

Contrary to C/C++, Python ikigh-level language, and is clear that for engineers, whask
for an easy to implement programming language to solve their problems, Python seems to be a
better choice.

4.3.3 Python vs Fortran

Fortran falls into the same categomjth C, but while Fortran is still commonly used in
academia it appears to be overtaken by C (and C++) in many industrial applications.
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FORTRAN, is approximately the 1/3 size of C++ and a much simpler language. FORTRAN,
which isstill traditionally used for sentific/engineering numerical computing for reasons of
inertia, t has a very long history of compiler optimization wdtrkvas designed before there

was real language/compiler science. It is a compiled imperative programming language,
originally developedby IBM in the 1950s for scientific and engineering applications.
FORTRAN came to dominate this area of programming early on and has been in continuous
use for over half a century in computationally intensive areas such as numerical weather
prediction, finte element analysis, computational fluid dynamics, computational physics,
crystallography and computational chemistry.sitai popular language for higierformance
computing and is used for programs that benchmark and rank the world's fastest
supercompurs. In addition, it is a much more optimizable language than C++.

However, due in large part to disagreements among members of the Fortran development
groups, Fortran 77 was deficient in a number of areas. Most or all of these have since been
addressed bffortran 90/95, however, so they do not represent current language deficiencies.
These limitations include:

A Poor string handling, including weak concatenation and length functions.

A Subroutines pass arguments by reference rather than by value, makingptisttop
difficult.

A Data scoping is limited. Variables can either be local or in COMMON blocks, but no
other scoping is allowed. As a result, it's not possible to writdefilel procedures;
shared logic must be in a separate subroutine or repeatddniragc

A Loop controls are somewhat limited, requiring continued use of the GOTO statement to
manage flow in some cases.

4.3.4 Python for hydrologists

As mentioned before, Python is an easy enough language for everyoneMosissngineers

do not have the urgi® be programmers. What they try to achieve is to use tools in order to
make their work more efficient and faster than before. Hydrologistgly make Python the
programming language of their choice for all the above reasons and for the numerous. libraries
Python is especially ud as glue for existing prograneither written in C or FORTRAN.
Some of these are listed below:

GRASS GIS whichhas been interfaced with Python.

CFM, a library for the creation of hydrological models.

MODFLOW , the groundwatemodel is interfaced by FloPy.

OpenHydrology, a library of open source hydrological software written in Python to
operate as packages under an umbrella interface.

A PyQGIS, a Python interface to QGIS.

v D >

There arealso many hydrologic applications entirely weit in Python, such as:

A AMBHAS, a hydrological library in Python.

A ANUGA 2, a package for modelling dam breaks, riverine flooding, s&urge or
tsunamis (in Python and C).

A Evaplib, a Python library containing functions for calculation of evaporation rates
Functions include Penman open water evaporation, Makkink reference evaporation,
PriestleyTaylor evaporation PenmarMonteith evaporation and FAO's Penman
Monteith ETO reference evaporation for short, wedltered grass. In addition, there is
a functionto calculate the sensible heat flux from temperature measurements
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A

EcoHydrolib, which provides a series of Python scripts for performing ecohydrology
data preparation workflows.

As far as hydrological models are concerned, these are some of the most tousadn

A
A
A

A
A

EXP-HYDRO Model, which is a catchmeistale hydrological model that operates at
a daily timestep.

LHMP, a Ilumped hydrological modeltiny docker container with complete
environment for predictions.

PyCatch, a component based hydrological modelcatchments built within the
PCRaster Python framework.

Topoflow, a Python hydrologic model by Scott Peckham.

Wflow, which is a distributed hydrological model platform that currently includes two
models: the wflow_sbm model (derived from the topog_sbrh cswicept) and the
wflow_hbv model which is a distributed version of the HBV model. This is actually part
of a larger Deltares project called OpenStream.

GIS capabilities are also present:

A

A

pyDEM, a Python digital elevation model analysis package. PyDENedds on
TauDEM for certain steps (e.g., pitfilling) and it also makes extensive use of the GDAL
library for working with geospatial rasters.

PyGeoprocessingis a Python/Cython library that provides a set of commonly used
raster, vector, and hydrologiogperations for GIS processing.

Tools for the field of Meteorology are also available in Python:

A

Meteolib, is a Python library containing meteorological functions for calculation of
atmospheric vapor pressures, air density, latent heat of vaporizatiorcapeaity at
constant pressure, psychrometric constant, day length, extraterrestrial radiation input,
potential temperature and wind vector. Functions to convert-®asetd data records to
equidistant timespaced records (event2time) and to convert datees to dayof-year
values (date2doy) are now in a separate meteo_util module.

MetPy, is an Open Source Python Toolkit for Meteorology.

Melodist (MEteoroLOgical observation time series DISaggregation Tool), is an open
source software package writterAgthon for temporally downscaling (disaggregating)
daily meteorological time series to hourlshe models documented by Forstet al.
(2016.

Visualization is served through thgsa&ckages/applications

A
A

A

ggplot, is a plotting system for Python based Ris ggplot2 and the Grammar of
Graphics. It is built for making professional looking, plots quickly with minimal code.
VisTrails, is an opersource scientific workflow and provenance management system
that supports data exploration and visualization.

uvcmetrics metrics, are diagnostics for comparing models with observations or each
other. This is part of the UZDAT website which contains also other vismafion
tools.

Tools for dealing with uncertainty and sensitivity analysis:

A

Stijn Van Hoey tools
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All abovefeatures makelear that Python ia suitabldanguage for engineerand specifically
for Hydrologists, due to the numerous libraries and packages it has to offer.

4.4 Anaconda Distribution

Anaconda Distribution is preferred for the Python installatemmany scientific packages
require a specific version of Python to run, making extremely difficult to keep them from
interacting with each other, or to keep them updatedhcondais an open source, easy to
install, high performance Pythdiand R)distribution, with the conda packageVironment
manager ana preinstalledcollection of 1000+o0pen source packages with free community
support for interactiorSome otthe packagesre:

A NumPy: Ndimensional array for numerical computation (numpy.org)

SciPy: Sientific computing library for Python (scipy.org)

Matplotlib: 2D Plotting library for Python (matplotlib.org)

Pandas: Powerful Python data structures and data analysis toolkit (pandas.pydata.org)
Seaborn: Statistical graphics library for Python (seabgdata.org)

Bokeh: Interactive web visualization library (bokeh.pydata.org)

D> > > > >

Scikit i Learn: Python modules for machine learning and data mining ¢scikit
learn.org/stable)

NLTK: Natural language toolkit (nltk.org)

\ >\

A Jupyter Notebook: Web app that allows yoweteate and share documents that contain
live code, equations, visualizations and explanatory text (jupyter.org)

After the installation of Anaconda, the Anaconda Navigétmure4.2) is available. It is one

easy way to use Pyth@rograms without having to use command line commands, which is
essential for engineers who are not familiar with programming. In the Anaconda Navigator, the
SpydenDE is availablgFigure4.3). It is an interactive programmingreironment with several
similarities to MATLAB. Spyder has an editor and an interactive shell. It also has an interface
for debugging, inspectors for objects and documentation, and variable and folder explorers
This resembles MATLAB in useabilit. In theontext of this thesisSpyder isthe IDEused to
program in Python .B.

{0 ANACONDA NAVIGATOR Sgnecinss [ sgnou |

f
Applications on root v|  Channels Refresh

@ Environments -

&8 Projects (beta) Jupyter
e

notebook qtconsole

‘ Learning

an Community

< O B

Documentation orange3 rstudio spyder

341 1.0.136 320

Figure 4.2: Anacoda Navigator environment
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& Spyder (Python 3.6) = =
File Edit Search Source Run Debug Consoles Projects Tools View Help

O EQ rEHERG HE=cHE BX £ Cnesidone oL X
Editor - C:\Users \dionisis), spyder-py3\temp.py & X | Variable explorer 8 %
[ temppy B - - 4 &
1 Name Type Size Value

PETD
3 Spyder Editor
4
5This is a temporary script file.

Variable explorer | Fieexplorer | Help | Static code analysis

IPythen consale X
[3| Console 1/A B & o

Python 3.6.4 |Anaconda, Inc.| (default, Jan 16 2018, °
10:22:32) [MSC v.1900 64 bit (AMDG4)]

Type "copyright”, "credits" or "license" for more
information.

3

IPython 6.2.1 -- An enhanced Interactive Python.

In [1]:

IPython consale | History log
Permissions: RW  End-of-lines: CRLF  Encoding: UTF-B line 1 Columm: 1 Memory: 61 %

Figure 4.3: Spyder IDE.

4.5 PackageqPython 3.6) used in software develoment
45.1 Numpy

Numpy is the fundamental package for scientific computing with Python. It contains a powerful
n-dimensional array object, broadcasting functions, tools for integrating C/C+ and Fortran code,
as well as useful linealgebra, Fourier transform and random number capabilities. Numpy
could be used as an efficient medimensional container of generic data. The fact that arbitrary
datatypes can be defined, allows NumPy to seamlessly and speedily integrate with a wide
van ety of databases. NumPyod6s main object 1is
table of elements (usually numbers), all of the same type, indexed by a tuple of positive integers.
In NumPy dimensions are called axes. GenerallyPynt h o n  Narraypchass,scalled
ndarray, is an essential element when writing code. Creation of arrays, basic operations,
indexing, slicing, iterating imneandtwo-dimensional arrays and linear algebra functions are
some of the essential elemeatshis library.

4.5.2 GDAL (Geospatial Data Abstraction Library)

The GDAL project started by Frank Warmerdam in 1998, who worked as an independent
professional on the GDAL/OGR librargsDAL is a translator library for raster and vector
geospatial data formats that is releaseccuad X/MIT style Open Source license by the Open
Source Geospatial Foundatidhpresents a single raster abstract data model and single vector
abstract data model to the calling application for all supported formats. It also comes with a
variety of usefil command line utilities for data translation and processing. The GDAL/OGR
tree holds source for a vector IO library inspireddpenGIS Simple Featurealthough being
separate from GDAL, currentlyoth applicationseside in the same source tree #mely are
somewhat entangled.

4.5.3 Geopandas
GeoPandas is an open source project for working with geospatial data in Python. GeoPandas

extends the datatypes used by pandas to allow spatial operations on geometric types. Geometric
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operations are performed by shap&beopandas further depends on fiona for file access and
descartes and matplotlib for plotting.

The goal of GeoPandas is to work with geospatial dat@yihon easier. It combines the
capabilities of pandas and shapely, providing geospatial operatipasdias and a higlevel
interface to multiple geometries to shapely. GeoPandas enables you to easily do operations in
python that would otherwise require a spatial database such as PostGIS.

GeoPandas implements two main data structures, a GeoSeries enDat&b-rame. These are
subclasses of pandas Series and DataFrame, respectively. A GeoSeries is essentially a vector
where each entry in the vector is a set of shapes corresponding to one observation. An entry
may consist of only one shape (like a singleygon) or multiple shapes that are meant to be
thought of as one observation.

Geopandas has three basic classes of geometric ohjectppints, lines and polygons.
GeoDataFrame is a tabular data structure that contains a GeoSeries. The most important
property of a GeoDataFrame is that it always has one GeoSeries column that holds a special
status. This GeoSeries is referred to as the
is applied to a GeoDataFrame (or a spatial attrjbikie area is called), this commands will

al ways act on the figeometryo coliuvesedspatat oPand
data format including ESRI shapefile, GeoJSON files etc. In conclusion, GeoPandas is able to
handle multiple spatial datasets, performing uasitasks.

4.5.4 Matplotlib

Matplotlib is a Python 2D plotting librargriginally developed by John Hunteg produce
publication quality figures in a variety of hardcopy formats and interactive environments across
platforms. Matplotlib can be used in Pythonigis, the Python and IPython shells, the Jupyter
notebook, web application servers, and four graphical user interface toolkits.

Matplotlib allows the user to generate plots, histograms, power spectra, bar charthaetsor
scatterplots, etc., with justfew lines of coderigure4.4 illustrates an example.

For simple plotting the@yplot module provides a MATLABIke interface, particularly when
combined with IPython. The user has full control of line styles, font properties paoperties,
etc., via an object oriented interface or via a set of functions familiar to MATLAB users.
Matplotlib ships with several aeloh toolkits, including 3d plotting.

About as simple as it gets, folks

A P Histegram of 0: =100, 2=15

100
Smarts

Histogram Features
Simple Plot Surface3d

Figure 4.4: Matplotlibli br ar yé6s. exampl es
4.5.5 Numba

Numba is a compiler for Python array and numerical functions that gives you the power to
speed up your applications with high performance functions written directly in Python.
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Numba generates optimized machine code from pure Pyibaa using th&LVM compiler
infrastructure With a few simple annotations, arrasiented and matheavy Python code can

be justin-time optimized to performance similar as C, C++ and Fortran, without having to
switch languages or Python interpreters.

Numbads main features ar e:

A onthef 'y code generation (at import ti me
A native code generation for the CPU and GPU hardware

A integration with the Python scientific software stack via the Numpy package

A multi-threading suppaor

456 PyQt

PyQt is one of the most popular Python bindings for the Qt -q@lasorm C++ framework.
PyQt developed by Riverbank Computing Limited. Qt itself is developed as part of the Qt
Project. PyQt provides bindings for Qadd Qt 5. This package allowsetcreation of rich GUI
applications integrated with native Python code.

4.5.7 Pytictoc

Pytictoc contains a class TicTdwatr e pl i cates the functionality
easily timing sections of code. Under the hood, pytictoc uses the defaultfuimgon from

Pyt honos t Itimessential foonteasuriag performance of ticnidcal codewhich

is useful becausmost distributechydrological models typically have larger execution time

due totheir complexity.

4.5.8 Scipy library

The SciPy libary is one of the core packages that make up the SciPy stack. It provides many
userfriendly and efficient numerical routines such as routines for numerical integration and
optimization. The optimization algorithm employed in this thesis for the calibmatibthe

model is the
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5 Modeling framework

5.1 Model overview

This chapter presents in detail the proposed elvased rainfatrunoff modeling procedure,
employed within a distributed schematization of the river basin.

First, we distinguish the effectiveoim the gross rainfall, at a cell basis, thus extracting the
spatial distribution of surface runoff during the simulation period. The underlying model is
based on an improved NR&3N scheme, which uses the-called reference value of the CN

value (differat for each cell), and two lumped (i.e. common for the entire basin) dimensionless
parameters, i.e. one for representing the antecedent soil moisture conditions (AMC) of the basin
at the beginning of the storm event, and one for estimating the initifdltabstraction. The
proposed scheme contains several novelties, regarding the estimation of the reference CN value
(i.e. the value that refers to average soil moisture conditions and 20% abstraction ratio) and its
adjustment against the two model parasret

For the propagation of runoff to the basin outlet we consider two flow types, i.e. an overland
flow across the catchmentdés terrain, and a
types are synthesized by employing a veleb#ged approach, form the flood hydrograph.

This approach implements an original methodology for assigning realistic velocity values along
the river network, also accounting for the novel concept of the varying (i.e. dependent on runoff
intensity) time of concentration.

The proposed approach takes advantage of regional relationships and literature values for
assigning appropriate values to all model attributes, expect for the two lumped parameters of
the rainfaltrunoff transformation, which are either manually assignedhfarred through
calibration (provided that observed flow data are available). In the last case, it is essential to
extract the baseflow from the total hydrograph, which may be done through several approaches
of varying complexity. Here we propose an engairmethod, requiring the fitting of a lumped
hydrological model the observed hydrograph, which explicitly accounts for the contribution of
baseflow to total runoff.

An alternative, more integrated approach, aims at running the distributed model wtittnadidi
functionalities, in order to obtain the full hydrograph at the basin outlet. In this context, we have
also developed a more generic version of the modeling framework, in which the-GIRCS
procedure is combined with a continuous soil moisture accausitheme, thus generating both

the surface (overland) runoff as well as the interflow through the unsaturated zone. Apparently,
the augmented version of the model requires more parameters, since more processes are
accounted for within the simulation pexture.

5.2 Model schematization and inputs

For the schematization of the model domain, the user needs to formulate two spatial layers, i.e.
a gridbased patrtition of the basin to equaliynensioned (squared) cells, and a grbpked
configuration of the hydmgraphic network, comprising junctions and interconnected river
segments. Both layers can be easily extracted on the basis of a digital elevation model (DEM)
of the basin, using typical tools that are available in any GIS environment. The level of detail
of the two spatial analyses is determined by the user, by assigning a proper cell size and a proper
flow accumulation threshold.
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Apart from the DEM, other geographical layers may be necessary within the estimation of
spatiallydistributed parameters of theodeling procedure, i.e.:

1 Geology and/or soil permeability maps

1 Land use/land cover maps

1 Terrain slope maps (may be produced via the DEM)

1 River sections and associated geometrical properties
Apparently, a mapping of rainfall data over a specific (typicahprt) time period is also
essential input of the model. This map can be either directly obtained, from available distributed
information (e.g. radar data) or, more often, extracted through interpolation of point rainfall
observations at a number of stasdn the broader area of the study basin.

Finally, in case of calibration, either the flood or the full hydrograph is required, depending on
the model version to be used (surface model opitdtess model).

5.3 Cell-based rainfall-runoff transformation via an improved NRCSCN
scheme

5.3.1 General modeling procedure

Within any evenbased rainfaltunoff procedure of transforming a given rainfall event to flood
runoff, it is essential to subtract the hydrological deficits, namely the part of rainfall that is
initially intercepted in the ground and by the canopy, which next is either infiltrated or
evaporated. The part of gross rainfall that transforms to surface runoff is knaefiece
rainfall or rainfall excess

In order to extract the effective from the ggaainfall, one of the most widespread techniques

is the SCS Curve Number approach, developed by the Soil Conservation Service (1972), which
is currently referred to as Natural Resources Conservation Service Curve Number {NRCS
CN). This method has beetobally used to model the rainfalinoff processes, and has been
included in several hydrological models, e.g. HEMS.

The NRCSCN approach is a simple empirically developed hydrological model that estimates
the temporal evolution of surface runoff fraangiven rainfall event, based on the following
assumptions (U.S. Department of the Interior, 1977; Koutsoyiannis and Xanthopoulos, 1999,
p. 274278):

1 During an initial time intervaltg ¢ the cumulative rainfall so fahag, is transformed to
deficit (herein referred to as initial deficit), without producing any runoff. Therefore,
after timety ¢ the maximum effective rainfall depthe, cannot exceed the potential
quantityh T hag, where h is the total gross rainfall.

1 The additional tdo deficit during a very large storm event cannot exceed a maximum
guantityS calledmaximum potential retention

1 Atanytimet>tyothe ratios of the cumulative effective rainfall, and the totaininus
the initial deficit,he T hag, to the corresponding potential quantitied hao and S
respectively, are equal.

Under the above assumptions we get the empirical expression, in which all variables refer to
cumulative quantities:
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(5.1)

The above formula is applicable not only for the total rainfall depth but also for any intermediate
value, thus allowing obtaining the temporabkition of surface runoffhe, and associated
hydrological deficitshi he, against time.

The model uses two parameters, i.e. the maximum potential retetaong the initial deficit,
hao. Typically, SCS considers a linear relationship between thetaaotities, i.e.:

hao=2 S (5.2

whereais a dimensionless parameter, next referred toital abstraction ratia In an attempt

to avoid the need for calibration, NRCS suggests employing a standard value of 20%, which
has been desed on the basis of field experiments, mainly implemented in small agricultural
catchments with mild slopes. Under this premise, the governing equatigrcgntains only

one unknown, i.e. the maximum potential retent®n,

In our approach, we consideas a free parameter of the model, which is uniformly distributed
over the basin (thus a common value is applied to all cells). On the other hand, the maximum
potential retentionS is handled as a distributed (i.e., dedised) property (not parameter),
depending on the spatiallyarying physiographic characteristics of the study area. For its
estimation we employ an original approach, which accounts for toallsal reference curve
number value of each cell, the lumped param®&tend the antecederdibmoisture conditions

at the beginning of the storm event, which are also expressed through a lumped dimensionless
metric that describes the initial conditions of the model. In the following sections, we first
describe the standard approach by NRCS fdraeting S, and next explain the revised
methodology, which is implemented in our model.

5.3.2 Standard NRCSCN approach for estimating maximum potential retention

According to the classical practice by SCS, the maximum potential retegtismapped into
adimensionless quantity, referred tocasve numberCN, via the welknown formula:

v o BET
C 50 P (5.3)

SCS has introduced this conceptual quantity in an attempt to capture the physiographic
characteriscs that affect runoff generation in a single value, ranging from 1 to 100 (the larger

is this value, the | arger is the runoff prod
standards, CN depends on soil and land characteristics, as wellheessmil moisture present

in the soil profile before the start of a rainfall event. In this respect, it considers three antecedent
soil moisture (AMC) conditions (type I: dry, type Il: moderate, type lll: wet), depending on the
cumulative 5day antecedemtinfall and the season (dormant or growing).

CN values for AMC Il conditions and the typicallsged ratio of initial abstraction losses, i.e.
20% of maximum potential retention (henceforth referred toeference conditionsare
determined from detailddokup tabledy NRCS (2004)accountingor several combinations

of land use/land cover characteristics and four hydrological soil types (A, B, C, D). The latter
are based on infiltration and transpiration rates, and they are further classified adootfuing
hydrological conditions (good, fair, poor). These reference CN values have been extracted
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experimentally, from rainfall and runoff measurements over a wide range of geographic, soil,
and land management conditions.

Table 5.1: CN ranges across rural areas for AMC |l conditions (adapted by Koutsoyiannis, 2011, p. 126).

Land cover Hydrologic soil group

A B C D
Cultivated area| 62-72| 71-81| 78-88 | 81-91
Pasture areas | 30-68|58-79|71-86| 78-89
Forests 2545|5566 70-77| 77-83

In particular, soils falling in group A, B, C and D exhibit high, moderate, low, and very low
rates of infiltration, respectively, thus CN increases as the soil type changes from A to D. The
classification is made as follows:

A GroupA: Typical soil types are sand, loamy sand or sandy loam types of soils. Such
soils have low runoff potential and high infiltration rates even when thoroughly
wetted. They consist chiefly of deep, well to excessively drained sands or gravels and
have a hip rate of water transmission.

A Group B: Typical soil types are silt loam or loam. Such soils have a moderate
infiltration rate when thoroughly wetted and consists chiefly or moderately deep to
deep, moderately well to well drained soils with moderatelytbmaoderately coarse
textures.

A Group C: Typical soil type is sandy clay loam. Such soils have low infiltration rates
when thoroughly wetted and consist chiefly of soils with a layer that impedes
downward movement of water and soils with moderately firfanéostructure.

A Group D: Typical soil types are clay loam, silty clay loam, sandy clay, silty clay or
clay. Such soils have the highest runoff potential, as they have very low infiltration
rates when thoroughly wetted and consist chiefly of clay soils avihigh swelling
potential, soils with a permanent high water table, soils with a clay pan or clay layer
at or near the surface and shallow soils over nearly impervious material.

Moreover, SCS classifies three major classes of LU/LC as urban, cultieagtdyoods and
forests. These classes were further categorized into various subclasses, on the basis of land
treatment practices such as contoured, terraced, straight row, baf@heteet al, 1988).

5.3.3 Shortcomings of classical CN estimations

Recently, &vvidou et al. (2018) discussed a number of shortcomings of the standard CN
method, taking into account literature references as well as the gained experience from the
research project DEUCALION. The project has been elaborated the research team ITgA durin
20112014 and involved, among others, the analysis of numerous flood events in pilot
catchments across Greece and Cyprus, using the NBRC&oproach (for detailed description
please refer to Efstratiades al, 2014).

An important deficiency of the stdard approach for CN extraction is the ignorance of the
effect of slope on flood runoff generation. In fact, the reference CN values provided in the
standard SCS tables were mainly identified from small agricultural watersheds with mild
slopes, considergthat the rainfalfunoff transformation is only affected by the soil and land
cover characteristics. However, in the general case, the relief characteristics also affect the
hydrological response of a watershed. In particular, steep slopes cause medtictibial
abstractions, decrease in infiltration, and reduction of the recession time of overland flow,
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which in turn results in increased surface runoff (Montgomery and Dietrich, 2002). Currently
it is generally accepted that the reference CN valuesaplicable for terrain slopes around
5%, and several researchers have proposed empirical formulae for adjustingthei€\to
slope(Huanget al, 2006; Xuet al, 2011; Deshmukkt al, 2013; Vermaet al, 2017).

Moreover, the classification of sdiypes does not cover the entire range of permeability
characteristics of the geological formations that are dominant in several areas worldwide. For
example, a number of Mediterranean watersheds lie in highly permeable terrain (e.g., limestone,
dolomite, lkarst), thus resulting in very low runoff rates (Merleglal, 2016). Yet, according to

the typical classification by SCS, these should be classified in group A, representing sand,
loamy sand or sandy loam types of soils. Reported experience with thd thee MRCS
approach for flood estimations in such basins indicates that the associated CN values were quite
overestimated; in fact, much lower values, of about 30 to 40, should be better employed to
represent the significant infiltration losses (Efstratiad al, 2014b).

Another difficulty with CN derivation from NRC&bular data is the subjectivity involved in

the determination of representative parameter values, through combining land cover classes and
hydrological soil groups across different hydgital conditions. The estimations are based on
qualitative information rather than on numerical criteria, while for several common cases the
recommended values range too widely (particularly for soil types of category A). Therefore,
quite different interpetations may be given for similar land cover and soil characteristics, thus
resulting in significant uncertainty in the determination of CN values.

5.3.4 Revised method for CN assessment

Accounting for the aforementioned rationale, Efstratiatlial. (2014a) poposed an analytical
method for assessing the reference CN value over an area of interest, also facilitating spatial
calculations in GIS environments (latter formalized by Savvital, 2018). In particular, the
proposed classification is based on tagegorization of three (instead of two) physiographic
characteristics, each one comprising five classes, henceforth referred to as permeability, land
use/cover, and drainage capacity. Indicative input geographical data for the production of the
associatedhematic layers in rural areas may include hyidtmlogical or soil maps, land
use/cover maps, terrain slope maps, and any other relevant information. In urban or suburban
areas, information about building features may also be accommodated as amgletaert

urban features.

Permeability classifications in rural areas account for the mechanical properties of the soil and
the unsaturated zone (e.g., horizontal and vertical hydraulic conductivity) that affect infiltration,
interflow and percolation mechsms. Based on hydildhological or soil maps and depending

on the predominant soil type underlying geological formation and structures (for urban or
suburban areas), the permeability class is first described as very high, high, moderate, low or
very low.

The density of structures, building features and open space development define the
classification regarding the urban areas. A ranking from 1 to 5 is assigned, where index 1 refers
to very highpermeability substrata (e.g., karst) and 5 to verype@nmaebility substrata (e.g.,
dense rocks). Residential areas range from class 3 to 5, according to their built density.

Vegetation classes are formulated on the basis of land characteristics related to retention
mechanisms, soil roughness and filtration cagaeig. due to root zone growth. The vegetation

class of the area is described as dense, moderate, undergrowth, sparse or zero. A ranking from
1to 5 is assigned, where index 1 refers to dense vegetation class (e.g., evergreen forests) and 5
to bare soil.Savvidouet al. (2018) recommend that burned areas be classified under one
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category with respect to their original condition; for instance, a burned coniferous forest should
be classified as moderate vegetation class, thus assigning rank 2 instead of 1.

The geomorphological characteristics also play a key role in the drainage capacity of the area.
These define the development of the river network and the existence of runoff regulation
systems across the area of interest (e.g., land reclamation work#prestrnuctures, sewer
networks). The drainage capacity class is first described as negligible, low, moderate, high and
very high, and then a ranking from 1 to 5 is assigned. In the absence of other information, these
ranks may be exclusively assigned ba basis of five terrain slope categories, since this is an
easilyretrieved property through typical DEM processing. In this respect, the first rank is
assigned to horizontal areas, while the last rank is assigned to slopes over 30%.

The three soil classei.e. permeability, land use/cover and drainage capacity, are quantified
through the corresponding indic@ssrwm, ivec andisiorg ranging from 1 to 5 (Table 1). Based
on them, the representative value of CN is estimated through the empirical reiptionsh

#. pmw E o E o E (5.4)

According to the above formula, the minimum CN value is 28, while the maximum is 100. The
former refers to the extreme case of areas with very high permeatiditge vegetation and
negligible drainage capacity, while the latter is by definition applicable to areas that are
permanently covered by water (rivers, lakes etc.), where all rainfall is converted to runoff. The
three multipliers reflect the relative imga of the corresponding physiographic characteristics

to surface runoff generation. Considering only integer values for the three indices, the number
of potential CN classes is 25 (given that different combinations of the three indices may result
in the ame CN value), while further classes can be identified by also allowing intermediate,
nortrinteger values of the three indices. This empirical formula is actually compatible with the
standard CN approach; fekamplethe smallest value by NRCS (CN = 30%ightly smaller

(CN = 28).

Table 5.2: Coding of physiographic characteristics for the estimation of parameter CN for reference
conditions (AMC type Il and initial abstraction ratio 209%).

Permeability class irerm  Vegetation class ivec  Drainage capacity class isLoPE
Very high 1 Dense 1 Negligible 1
High 2 Moderate 2 Low 2
Moderate 3 Low 3 Moderate 3
Low 4 Sparse 4 High 4
Very low 5 Negligible 5 Very high 5

The quantification of the three individual coaments of CN allows its direct implementation

in a GIS environment, which is very important in hydrological studies. The detailed tabular data
by NRCS can be used in parallel to assign proper permeability, vegetation and drainage capacity
classes over tharea of interest.

The proposed methodology by Savvidetual. (2018) is considered to be applicable in a grid

cell, taking advantage GIS facilities. The input data for CN estimation are provided by means
of raster data for the three aforementioned indiBased on the CN values calculated for each

cell of the reference surface, a raster map can be produced showing the spatial distribution of
the CN parameter. Figure 1 illustrates the typical procedure for extracting a CN map in a GIS
environment. The rastdayers of permeability, vegetation density and slope indices, with
values from 1 to 5, are overlaid, to produce a raster map of distributed values of CN for the
reference area of interest.
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Figure 5.1: Layers of geographic information for permeability classesigiﬁ 4 3 vegetation density classes
(Tr ¢4 and drainage capacity classesggp E {b) layer overlay; (c) CN parameter map (Savvidoiet al,
2018

5.3.5 Adjustment to antecedent masture conditions

The standard approach by SCS considers three antecedent soil moisture conditions classes
(AMC I, AMC Il and AMC lll), depending on the total@ay antecedent rainfall and the season
category (dormant or growing). The three categories tefery, average or wet conditions,

which statistically correspond to 90, 50, and 10% cumulative probability of exceedance of
runoff depth for a given rainfall, respectively. For convenience, the CN values that are given in
the literature (as well as tlgaiideline documents by NRCS) refer to average conditions. For

the other two AMC types, SCS uses the following conversion formulas, which are also plotted

in Figure5.2:

56 180 0
p T T@T LAY (55)

54 coo0
0 ST T® 6 0 (5.6)

The antecedent soil moisture conditions are an important issue, which affect significantly the
soil capacity characteristics at the beginning of the flood and, consequently, the surface runoff
generation. In fact, the differences induced among the three typical antecedent moisture
conditions of SCS are significant, particularly for CN values correspgridihigh permeable

or forested areas. For instance, as showsigare5.2 for the reference (i.e., corresponding to
AMC type Il) value CN = 50, the adjusted values for dry and wet conditions are 30 and 70,
respetively. In terms of potential maximum retention, the deviation is even larger, since the
resulted values for AMC types |, Il and Il are 605, 254 and 110 mm, respectively.
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Figure 5.2: Plots of adjusted CN \alues for AMC types | and lll, against the reference value,
corresponding to AMC type II.

In this respect, the hypothesis of three discrete AMC types was revised, in order to better
represent the inherent variability of the soil moisture, thus considéi@s a continuous
variable,in order to implement a continuous instead of a discrete classification of antecedent
moisture conditions we introduce a dimensionless parameter, symbaNtEge: Assuming

that 0.5 corresponds to Type Il soil conditions, ébfresponds to Type | and 0.9 corresponds

to Type lll, we can adjust the reference curve number to any AMC as follows:

00 —= ™ 606 MOS ®)
00 —— 0060 ™ M0 6 ®

It is dso worth mentioning that in a recent investigation, based on extended statistical analysis
of 5-day cumulative rainfall data in 215 stations over continental Greece and Crete, it was
shown that the exceedance probability of each AMC type exhibit sigmtifieaiability across
continental Greece, following the significant variability of the hydroclimatic regime of Greece
(Pontikos, 2014; Efstratiades al, 2014a). This indicates that thercentilef 10% and 90%

that are assumed by SCS are not reprasigatof the actual distribution of AMC, which is
another shortcoming of the standard SCS approach. Nevertheless, by considering CN as
continuous variable, it is possible to run the raipfaiioff model foranyinitial soil moisture
conditions, which makethe method much more flexible and realistic, as well.

5.3.6 Reuvisiting the standards for initial abstraction ratio estimation

As mentioned in sectioh.3.1 the classical SCS approach recommends the use of a standard
value for inital abstraction ratio, i.ee= 0.20. Actually, this assumption arises from analyses
conducted in the | ate 6006s, for establishing
runoff observations at a number of experimental catchments. Within thesenexpts, SCS

has analyzed numerous flood events, to extract the two parameters of the SCS method. In
particular, regarding the initial abstraction ratio, while there was considerable scatter in the data,
SCS reported that 50% of the examined eventslaytwi n t he | i mits 0. 095 C
adopting a standard valae= 0.20.
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However, several studies indicate that the actual range of variability of this parameter should
be Oa® 0 30, while other studi es adiianvsenotd e mo n
constant, but it varies from storm to storm as well as from watershed to watershed (Ponce and
Hawkins, 1996). For instance, by using model fitting methods to determine the tadidood

for hundreds of rainfalfunoff events from numeroud.S. watersheds, Hawkiret al. (2002)
concluded that a value of 0.05 rather than the commonly used of 0.20 would seem more
appropriate. Thus conclusion was verified by Efstratiagtisal. (2014a), who analyzed
numerous flood events across a number ofhraents in Greece and Cyprus (within the
aforementioned project DEUCALION). In most cases, the initial abstractioreradioes were

around 0.05 or even smaller. This evidence is also supported by other researchers working in
Mediterranean basins (Baltasal, 2007; Massaret al, 2014).

5.3.7 Adjustment of maximum potential retention against initial abstraction ratio

The neessity for employing initial abstraction ratios that differ quite significantly from the
standard value of 0.20 (typically, a quite smaller value should be applied), makes essential to
adjust the reference CN values and associated maximum potentiabretextties, which have

been extracted by consideriegr 0.20. Based on experimental results, Hawkinal. (2002)
proposed the use of the following adjusting formula, which is applicab&=@.05:

S =1.33%1%° (5.8)

where S is the maximum potentialetention estimated on the basis of reference CN,
corresponding te= 0.20, whileSs is the adjusted value 8= 0.05. This adjustment denotes a
change of rainfallunoff transformation dynamics, by means of a quicker response of the basin
(due to lower mitial abstraction losses) yet lower generation of effective rainfall due to
increased infiltration losses.

Here we propose a more generic approach, developed by Efstratiatli2014a), which is
applicable to any value af Key assumption is thatifany value ob; the effective rainfallhe,
produced for a given gross rainfdi),should equal the one provided by employing the reference
curve number value, symbolized &Nfor = 20. Under this premise, tii@lowing procedure
is applied:

1. Estimate the maximum potential retenti®g corresponding to the reference CN, i.e.:

2. Compute the total effective rainfdlt as function oh andSo.

Yo quPTTUL p (5.9)

3. Solve the SCS formula invelgeto determinghe maximum potential retentid.that
correspond to the desirable initial abstraction radidre.:

oy ¢._.Q p _1Q QQp _ 1_Q (510
C—

Applying theabove procedure cetly-cell, we obtain the adjustecluesof maximum potential
retention for the givee{common for the entire basin) as function of the spatialying gross
rainfall h and reference CN. Next, we further adjust the corrected Chevadainst the
antecedent soil moisture conditions.
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5.4 Modified velocity approach for runoff propagation
5.4.1 Outline of the method

Output of the improved SCEN procedure it the spatiotemporal evolution of runoff across the
basin and during the simulation peritaparticular, at each cell we get a time series of effective
rainfall values, to be propagated to the basin outlet.

Spatiallyresolved runoff routing is typical problem of distributed hydrological models, usually
tackled through timarea approaches, aleeferred to as isochronous methods, a brief overview

of which is provided in the following section. Key requirement is the estimation of travel time,
from each cell to the basin outlet. In general, this time comprises two components, i.e. a travel
time over the terrain (overland flow) and a travel time along the river network (channel flow).
For each component, different velocity models are applied that are explained | detail herein.

After determining the travel time of all cells, the basin is divided enhumber of clusters, in
order to employ the routing procedure in discrete time intervals. For convenience, in our
approach the temporal resolution coincides to the resolution of the overall input of the model,
i.e. the rainfall time series.

5.4.2 Isochronousmethod

The method of isochronous curves transforms the effective rainfall into a hydrograph, by
calculating the time it takes for the water to reach the outlet from each geographic area of the
basin. Essentially, the hydrograph is a transformation of lftehstogram that results in the
output per time step. Initially, this method was mainly used to understand the drainage
mechanism, but with the introduction of GIS it proved that it can adequately describe the
phenomenon, thus providing reasonable hydrpigs.

According to the classical configuration, the basin is divided into time zones, where the
(effective) rainfall produced over each zone makes the same time to reach the outlet. As the
rainfall is considered to be spatially uniform, the hydrograpthatoutlet for the first time
consists of the rainwater of the nearest zone, and then (and if the effective rain continues) more
bands contribute to the total hydrograph.

Figure5.3 shows the mechanism for creatithng hydrograph, considering discreteness in four
zones of equal size, in which the rainfall has a time equal to the concentration time and constant
intensity. In particular, the basin is divided imi@ones with areaf, Ao, ..., A, each one
drained aer timet = 1, 2, ...,n, respectively Eigure5.4). If the total rainfall is equal to the
accumulation time, with individual rainfall intensitigsis, ...,in, then the outlet runoff at each

step is:

Qn=inArtinitAct €i1hn (511
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Figure 5.3: Example of the mechanism of hydrograph creation using the isochrones method, in a
hypothetical basin of four zonef equal area with equal effective rainfall intensity.
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Figure 5.4: Expansion of the isochrones method to basins with zones of different area and rainfall
intensity.

5.4.3 GIS implementation

With the introductio of GIS, the basin terrain is represented using the digital terrain model
(DEM), that is a grid of the desired dimension is formed, separating the basin from tiles of
known altitude. In the literature many techniques have been developed to calculatethe r
time of each cell up to the outlet of the basin. This time depends on: (a) the length of the path
that follows the water incident on each cell to the outlet, and (b) the velocities of the water in
each cell from those that it encounters until reaghie outlet.

The velocity on each cell depends on the following geographical factors:

A whether the cell is a land surface or belongs to the hydrographic network;
A the slope of the ground (or river);
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A land characteristics and other factors that affect rowgghne
Generally, the flow velocity is significantly increased across the hydrographic network, with
the exception of very steep slopes and some land use categories. For this reason, in most
applications, the hydrographic network is first identified and tthen velocities, on the
terrestrial surface (terrestrial flow) and the hydrographic network, are separately assessed. In
this way, each cell corresponds to a path to the ground surface until it encounters the
hydrographic network, which then follows unttl ieaches the outlet. Usually, lafidw
velocities are calculated as a function of slope and roughnessu@angarameter), while the
velocities across the hydrographic network are determined empirically or analytically
calculated, based on hydraulic sila@tion models.

5.4.4 Estimation of overland velocities

Due to the extended use @feographic Information Systems (GIS) in hydrological studies
analysis tools are focused in representing the processed DEM in ayshkbpell spatial scale.

In this context, théotal basin concentration time is the sum of the individual times of all the
cells that form the maximum water path in the basin.

According to the American TR5 specifications by NRCS (1986), a digital model of the basin
is formulated, based on which tipath of the water is drawn. Each cell along the path is
identified either as a hillslope or as a channel. The velocity in the-stppecells, i.e. the
overland velocity is estimated by:

GO ol (512

where J is the slope of the cell calculated by typical GIS functions lamsl a roughness
coefficient. Haaret al. (1994) and little later MacCuen (1998) propogedhluesfor various
land cover types, which are given in ffeble5.3. Note that the values are in the metric system
(ft/s) and are converted to Sl (m/s) by multiplying by 0.3048.

Table 5.3: Categories of land cover and proposed values in ft/s (adapted from McCuen, 1998)

Land cover type k (ft/s) | k (m/s)
Dense underbrush 0.7 0.2
Light underbrush 1.4 0.4
Heavy ground litter 2.5 0.8
Bermuda grass 1.0 0.3
Dense grass 1.5 0.5
Short gass 2.1 0.6
Short grass pasture 7.0 2.1
Conventional tillage with residue 1.2 0.4
Conventional tillage no residue 2.2 0.7
Agricultural, cultivated, straight row 9.1 2.8
Agricultural, cultivated, contour or strip cropp{ 4.6 1.4
Agricultural, trashfallow 4.5 1.4
Rangeland 1.3 0.4
Alluvial fans 10.3 3.1
Grassed waterway 15.7 4.8
Small upland gullies 23.5 7.2
Paved area 20.8 6.3
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\Paved gutter \ 46.3\ 14.1\

Literature references (e.g., Grimakti al, 2012) suggest that if the slope of a cell isager
than 4%, the following correction formula of slopeshould be applied, in order to avoid
overestimations of velocity:

J6= 0.05249i04826°%9 6363 (513

This approach is based on a muchptete theoretical context compared to empirical formulas.
However, itdepends on the accuracy of the digital model, but also on multiple uncertainties
and errors of the automatic hydrographic networking procedures. For instance, tkisovatl

that thetravel time value increases, as the analysis of the digital model improves (e.g., Pavlovic
and Moglen, 2008).

5.4.5 Estimation of channel velocities

As mentioned, the channel velocity is typically much larger than the overland one. By
definition, this is esserily a hydraulic quantity, depending on the channel geometry, its
hydraulic characteristics as well as the discharge. In this respect, the velocity values across a
river network are spatially varying, and they are also temporally varying, since dischalsye i

a varying quantity. However, most of known literature approaches ignore the physical
interpretation of velocity, thus employing the oversimplified assumption of a spatiotemporally
constant value, typically equal to 2 m/s. Surprisingly, even restigof-the-art advances,

still accept this hypothesis (e.g., Petroselli and Grimaldi, 2018).

I n our approach, the velocity in fAconductor
estimated by a pseudtydraulic approach, in the sense that it actgueven at an abstract
manner, for both the variability of the river network characteristics (slope, roughness) as well

as the variability of discharge, by means of the recently developed concept of the varying time

of concentration (Michailidet al, 2018). In this respect, the input data for our methodology

are:

1 a graphtype schematization of the river network, as a set of interconnected channel
segments and associated junctions;
1 the longitudinal slope of each channel segment, computed by dividindetradi@n
difference of the upstream and downstream junctions to the channel length;
T the representative Manningdés roughness <co
1 the representative time of concentration of the specific flood event.
The first step in this estimatiosthe definition of cells belonging to the network. In this manner
a certainthresholdvalue of the number of cells that ultimately flow through these remaining
conductor cells is defined. The procedure is simple, as reclassifying the flow accumulation of
cells with regard to the threshold, defines the hydrological network and the cells where overland
flow prevails.

For steady uniform flow across each channel segmeém¢ velocityw is given by the well
known Manningés formul a:

(5.14)

where is the average bed slope of the segmenis the roughness coefficient aitlis the
hydraulic radius, which is function of the geometrical characteristics of the channel section and
the water depth, which is in turn function of discharge.
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In our context, we substitute the hydraulic radius term by a constant, i.e.

~

YT o6 (5.15)

wherec is considered as a lumped parameter of the river network, which is associated with the
average runoff intensity of the flood event to be simulated. The estimatiomsahade as
follows:

Let 0 be the time of concentration of the entire basin@rk the time of concentration of its
most upstream sdlbasin (hereafter referred to as entrance time). According to its common
definition, 0 represents the travel time across the longest flath of the basin, i.e. from the
hydraulically most remote point to its outlet. This comprises two components and associated
flow types:

1 shallow overland flow across the most upstreamizsgin, and

9 channel flow across the main watercourse of the rigevark.
In complex networks, the determination of the longest river course upstream of the outlet
junction is done by adding the individual lengths across all alternative courses. Moreover, in
the case of multiple suibasins drained to the upstream juoitiwe selected the one exhibiting
with the longest entrance tinjgetailed recommendations on the delineation of the longest flow
path are given by Michailidet al, 2018) Nevertheless, the entrance time is by definition
estimated assuming overland flanditions, thus employing egs.06 with the use of a
representativé) value for the upstream sddasin, i.e.

0

. U
(0] == =z
©® Qo7

(5.16)

whered andy are the flow length and average slope of the most upstreatrasirh

For gven timeso ando , their differenced represents the total travel time across the longest
river course, i.e. from the outlet of the most upstreardosdin to the overall outlet, i.e.

0O 0 0 (5.17)

Given that the flow path is constituted by a seNafhannels, the is equal to the sum of
individual travel times, i.e.

6O o6 o E o (5.18)
Under steady uform flow conditions,we get

0 O . D
- - E
0w W %)

0 -— (5.19
whered andw the length and velocity of each individual segmient
By substituting the approximaterinula for channel velocity we get:
L o7 o L of
(0] w—— —— E — (5.20
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In the above procedure, the sole unknown quantity is the lumped parangetexy of the
hydraulic radius term), which is estimated by:

w -7 T E T (¢} (0] (5.21)

In this respect, the hydraul@adius parameter depends on geometrical (length, slope) and
hydraulic (roughness) properties of the main watercourse and the upstreaassylwhich

are constants, as well as the time of concentration of the basirhich is handled as a varying
guantity depending on runoff intensity (see next section).

After determining parameter we can easily assign velocity values to any element of the river
network, either belonging to the main water course or not. Actually, for given length, slope and

Mann ngdés roughness coeffici enitsgivehbdye travel ti
., 0 ¢€0
0 - — (5.22
@ o’

Key advantage, and at the same time substantial improvement, of the proposed methodology
against running literature approaches is the assignofiehtferent velocity values across the
channel segments, which is consistent with the fundamental hydraulic theory. As this theory
implies, the channel velocity is proportional to the square root of the channel slope and inversely
proportional to the rodmness coefficient. Moreover, the velocity obviously depends on flow,
and in our modelling framework this dependence is explicitly accounted for through the concept
of the varying time of concentration. As mentioned before, the estimati@risobased on an
original kinematic method that has been recently introduced by Michatlidi. (2018), as
explained hereafter.

5.4.6 The varying time of concentration and its implementation

From the origins of hydrology, the time of concentratignhes been generally handled as a
constant quantity. For, most of the traditional empirical formulas (e.g. Giandotti, Kirpich, SCS)
associate this time with lumped geomorphological characteristics of the catchment (e.g. area,
slope, river length), thus ignogrthe obvious dependence of the travel time on runoff, which

is generated over the catchment and is next propagated along the river network. The evident
impact of this clear paradox error is the underestimation of flood flows, particularly for intense
flood events that produce significant surface runoff, thus resulting in significantly increased
flow velocities and, consequently, greatly decreased travel times against usual events. It is
remarked that a flovdependent time of concentration is a significkatet of nonlinearity

within rainfall-runoff transformation since the two quantities are interrelated (i.e. the flow
depends on time and vice versa; cf. Efstratiatisl, 2014b).

Both theoretical proof and empirical evidence imply thagxhibits signiicant variability

against flow, thus making its definition and estimation a hydrological paradox (Griehaldi

2012). On the other hand, in the literature are found quite many approaches for associating the
time of concentration with runoff (or rainfal ) . I n fact, early attempt
(Izzard and Hicks, 1946), while several empirical relationships have been employed in practice,

a summary of which is given by Michailidt al.(2018). However, most of them are applicable

for specift engineering purposes (e.g., small urban catchments) or they aspesiifc.

Nowadays, the large expansion of GIS tools also enabled the employment of flow velocity
approaches at a grid scale, thus preVbydi ng 7
cell estimations of velocities and travel times, for given runoff. However, such approaches are
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subject to several complexities and they are generally very sensitive against scaling
assumptions.

In order to provide a generic and easily applicabkthomdology, Michailidiet al. (2018)

proposed a kinematic approach under the assumptions of the rational method, to provide a GIS
based procedure for estimating the travel t
function of a given runoff intensityhich is considered uniformly distributed over the entire

basin. We remark that a preliminary development of this method, applied to the river basin of
Nedontas (study area of this thesis, also), was made by Antoniadi (2016). The method was
tested in 3®asins from Italy, Greece and Cyprus, with different with respect to the basin shape,
extent (i.e., the sample contained areas ranging from 14 to 1833 ad land cover
characteristics, as well as river network geometry.

Based on the outcomes of the atiahl methodology, Michailidet al. (2018) fitted power
type formulas associating the time of concentration (in hours) as function of the runoff intensity,
ie (mm/h), produced over the basin, i.e.

<4 <y’ (5.23

whereto (h) is the secalled unit time of concentration, i.e. the travel time across the longest
flow path under runoff intensity equal to 1.0 mm/h, ansla shape paranest We remark that

the theoretical upper bound bis 0.40, which refers to shallow flow conditions. On the basis
of these results, Michailidet al. (2018) also provided regional relationships, expressing the
parameterdo and b as functions of lumped tzhment properties, i.e. basin area, slope and
length of main water course, and average channel roughness and width.

Latter, Michailidi (2018) also showed thedq. (5.23 can be easily implemented within event
based flood modelling, by means of a dynanmiit bydrograph, the shape of which is adjusted
at each time step, accounting for the effective rainfall, as estimated by th€N$@G&thod.
Preliminary outcomes of this novel approach have been reported by Micbaaid{2017).

In our context, the impmentation of the varying time of concentration (which is essential for
estimating the hydraulic radius parameter, through &4) is made in a more abstract manner,
since the runoff routing is made analytically (d&jtcell) and not via the unit hydreogph,
which is a lumped conceptual model. Specifically, after determining the parametedd,

we assign a representative valueofFor convenience, we can directly employ the average
intensity of the actual flood runoff (provided that the observed hydrograph is available).
Alternatively, in case of missing flood data, we may consider a rabkomortion of the
average rainfall intensity over the basin.

5.5 Enhanced model version for subsurface flow simulation
55.1 Rationale

By construction, the SGEN method only provides estimations of the surface (overland)

runoff, by separating the effective railifiom all rest hydrological deficits. However, it is

wi dely accepted, even since the early 1960080
Hibbert, 1967), that particularly in many areas worldwide, where the infiltration capacity of

soils is generally igh in comparison with usual rainfall intensities (e.g. forested basins), the
dominating component of a flood hydrograph is not the surface runoff one but-théesb

interflow, also referred to awroughflowor subsurface stormflowAll these and simdr terms

are used to characterize the water draining from the soil either as unsaturated flow or, more
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commonly, as shallow perched flow above the main groundwater level (Ward and Robinson,
1990, p. 200).

Based on realvorld flood simulations with the stdard SCSCN procedure, Efstratiadet al.

(2014b) discussed the key shortcomings of this method, concluding that the most important one
IS its inability to produce interflow, because it does not include strictly a soil moisture balance.
In fact, interflowis a rather smooth and slow flux (in contrast to overland flow, which generally
follows the pattern of rainfall), and the dominant component of the recession process (i.e., the
falling limb of the hydrograph). We note that this falling limb can be wpliagented as outflow

from a linear reservoir (cf. Ris\at al, 201§.

Common experiencguggestshat in order to provide a physicallyconsistent formulation of

the SCSCN method, a radically different conceptualization is needed, to account for lthe soi
moisture balance and the production of interflow during the time period of simulation. As will
show herein, this was easily done, by introducing a soil moisture accounting component to the
overall modelling procedure, and considering two additional fiuke. interflow and deep
percolation, both being proportional to soil moisture storage.

For convenience, we first describe the lumped configuration of the enhancdisetl water
balance model (in which the entire basin is represented as a singlamglh)ext explain its
implementation within the distributed simulation scheme.

5.5.2 Lumped configuration

Key assumption of the water balance model is the treatment of maximum potential retention as
varying quantity during the simulation period. This quantyynisolizedS, denotes the empty
space of a conceptual tank of capa&tyemploying the soil moisture accounting. In fact, as
made in all common buck#&gpe conceptual hydrological models, this tank represents the
unsaturated zone, which transforms thdtnated rainfall into actual through the soil (upward
vertical flux), interflow (horizontal flux) and percolation to deeper zones (downward vertical
flux).

Due to the small time horizon of simulation, evapotranspiration processes are omitted (also
becausaduring a storm event the potential evapotranspiration is negligible), thus the water
balance equation reads:

W O ® O (5.24)

whereW; is the soil moisture storage at time stepndl; is the infiltration,Y; is the runoff
produced through the soil (interflow), atis the amount ofvater movingto deeper zones

(i.e., the groundwater), and will be next transformed to baseflow and/or underground losses.
Nevertheless, in our pappach we assume that this transformation is very slow, thus allowing
omitting the contribution of baseflow to the hydrograph, during the relatively short period of
simulation.

In order to run the water balance model, it is essential determining theassiilira storage at
the beginning of simulation, i.8\. By adding this quantity to the maximum potential retention
for specific antecedent soil moisture conditions, symbolgede get the quantity:

v w Y (5.25)

which represents the storage capacity of the soil moisture accounting tank, which is by
definition a constant threshold parameter. Under this premise, at the beginning of each time
step, we can update the value of maximum potential reterdjosubstituting from the known
capacityK the soil moisture storage so far, i.e.
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Y U oW (5.26)

The above assumption introduces a key difference with respect to the standa@NSCS
procedure, which handles the maximum potential retention as a constant during the evolution
of flood event. In our approach, which is physically more consistent, the véiahahges, as
additional fluxes are accounted for. In particudgecreases as the inflow (i.e. infiltration) rate
exceeds the outflow rate due to interflow and percolatiors, aving less free space in the

soil moisture tank. On the other hand, when rainfall st8Essystematically increasing, since

the tank is gradually getting empty. The concept of dynamically changing maximum potential
retention introduces further noné&arity to the rainfaltunoff transformation, and allows better
describing the rising and falling limbs of the flood hydrograph.

Taking advantage of the governing equation of &§ we run the simulation with varying

S, to estimate the surface runofffétive rainfall), the initial abstractions (i.e. the amount of
rainfall that is intercepted in the ground, without producing either runoff or infiltration) and the
hydrological deficits, which consist the infiltration term of the water balance equation.

Interflow and percolation are considered as fractions of the soil moisture storage, i.e.:
®w llow (5.27)
0 ‘w (5.28)

wherell ande are reession parameters.

As the rainfalirunoff transformation is implemented on a lumped basis, we also introduce a
routing component to propagate the surface runoff to the basin outlet. This is implemented
through a linear reservoir approach that implemengslaftandroute scheme, formulated as:

0 . (5.29

whereX; is the reservoir storage at time stepndd is a recession parameter. The reservoir
storage is updated at the end of each time step as follows:

A O 0 (5.30)

where'O is the effective rainfall produced at time stepia the SCSCN formula.

The total runoff is the sum of (routed) surface runoff and interfgath quantitiesurriveat the
basin outletwith different hysteresis, expressed via timegagameters,, andl i.e.

Y @ 0 (5:31)

Eventually, the above model contains five parameters, i.e.

1 the initial abstraction rad, e representing the upper threshold for abstraction losses as
fraction of maximum potential retention;

1 the AMC coefficient, which is next used to adjust the reference CN to any antecedent

soil moisture conditions;

the recession parameter,controlling the generation of interflow;

the recession parameter,controlling the generation of percolation;

the recession paramet&rcontrolling the routing process;

the lag time parametgrJandui.

= =4 -4 -9
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The initial conditions of the model are expressed throughténms:

1 the adjusted maximum potential retenti&g),at the beginning of simulation.

1 the soil moisture storag®yp, at the beginning of simulation.
Overall input for employing the model is the reference runoff curve number, CN, which
corresponds to 20%itial abstraction ratio and AMC type II. This allows for estimating the
associated reference maximum potential retention, which is next adjusted to the given AMC
and the given initial abstraction ratio, thus providing the essential initial condi§ion,

5.5.3 Implementation within distributed simulations

Theoretically, in order to implement the aforementioned modelling approach in a distributed
simulation context, it would be necessary to introduce numerous of additional parameters, to
represent the interflo@nd percolation processes at each individual cell. This would result to a
tremendously complex scheme that would be very difficult, if not impossible, to calibrate.
Furthermore, the propagation of interflow through the soil would be subject to substantial
uncertainty since, in contrast to surface runoff, the flow paths across the unsaturated zone are
unknown.

For this reason, we finally developed a much simpler simulation scheme, by combining the
enhanced SGEN approach for estimating the production oface runoff and infiltration on

a distributed basis, with a lumped approach for employing the soil moisture accounting in the
unsaturated zone. In this vein, we added a lumped tank component to receive the distributed
infiltration and transform it to int8ow, percolation and change of soil moisture storage. We
remark that key difference of the enhanced &D&approach is the concept of the varying
maximum potential retentionithin eq. 6.26).

Under these assumptions, the enhanced distributed model nsositailumped unknown
guantities, namely:

7 the initial abstraction ratic:

the AMC coefficient;

the recession parameter,controlling the generation of interflow;

the recession parameter,controlling the generation of percolation;

the lag time parametel, expressing the hysteresis of interflow;

the initial soil moisturestorage Wo.

In fact, the AMC coefficient and the initial soil moisture storage are associated with the soil

state at the beginning of simulation (hence they are not parameters but initial conditions), thus
the sole parameters are the dimensionless digs@&ia ande, and the time lag.

ERE I T
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6 Model calibration

6.1 A generalnote on calibration of rainfall-runoff models

Once one or more models have been chosen for consideration in a project, it is necessary to
address the problem of parameter calibration. It is inogeneral, possible to estimate the
parameters of models by either measurement or prior estimation. Studies that have attempted
to do so have generally found that, even using an intensive series of measurements of parameter
values, the results have notebeentirely satisfactory (Beveet al, 1984; Refsgaard and
Knudsen, 1996; Loague and Kyriakidis, 1997). Prior estimation of feasible ranges of parameters
also often results in ranges of predictions that are wide and may still not encompass the
measured ponses all of the time (Parlehal, 1996; Bathurset al, 2004).

There are two major reasons fbetifficulties in calibrationstage of a modeThe first is that

the scale of the measurement techniques available is generally much lesssbahb #tavhich
parameter valuearerequired. In general, however, obtaining the information required to use
such a theory at the hillslope or catchment scale would be very time consuming and expensive
and would result in a large number of holes in the hplsl®hus, it may be necessary to accept

that the small scale values that it is possible to measure and the effective values required at the
model element scale are different quantitiise effective parameter values for a particular
model structure stilheed to be calibrated in some way. It is also often the case that the time
and space scales of mogkdicted variables may be different from the scale at which variables

of the same name can be measured (for example, soil water content). In thissczasealtes

used in calibration may also be incommensurate.

A common approach in calibration studies is the use of an optimization technique, so as to
compare theesults of repeated simulations withe availableobservations of the catchment
responseThe parameter values are adjusted between runs of the model, either manually by the
model er or by some computerized optimizatior
has been found. There have been many studies of optimization algorithms and snefsure
goodness of fit or objective functions in hydrological modelling

The aim is to findhe peak in the response surface in the parameter space defined by one or
more objective functionsFigure 6.1 illustrates an example of theesponse surface for
TOPMODEL.The two basal axes are two different parameter values, varied between specified
maximum and minimum valueBlore specificallythe vertical axis is the value of an objective
function, based on the sum of squared differebedween observed and predicted discharges,
that has the value 1 for a perfect flihe visualization of a N dimenitsional parameter
hyperspace it is of course a more difficult task.
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Response surface for SZM and Ln(To)
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Figure 6.1: Response usrface for two TOPMODEL parameters in an application to modelling the stream
discharge of the small Slapton Wood catchment in Devon, UK; the objective function is the Nasisutcliffe
efficiency that has a value of 1 for a perfect fit of the observed disalges(K.J.Beven, 2006)

Such surfaces can often be very complex and much of the research on optimisation algorithms
has been concerned with finding algorithms that are robust with respect to the complexity of

the surface in an dimensional space and fintde global optimum set of parameter values.

The complexity of the surfacgart from the number of parametersght also depend ahe

nature of the model equations, especially if there are thresholds involved, and the correct
numerical integration of thequations in time (Kavetski and Clark, 2010).

However, for most hydrological modelling problems, the optimization problempsskd in

that ifthe optimisation is based on the comparison of observed and simulated discharges alone,
there may not be engh information in the data to support the robust optimization of the
parameter valued.J Beven, 2006)Experience suggests that even a simple model with only
four or five parameter values to be estimated may require at least 15 to 20 hydrographs for a
reasonably robust calibration and, if there is strong seasonal variability in the storm responses,
a longer period still (see, for example, Kirkby, 1975; Gupta and Sorooshian, 1985; Hornberger
et al, 1985; Yapcet al, 1996). For more complex parametesseuch more data and different
types of data may be required for a robust optimization unless many of the parameters are fixed
beforehand.

6.2 Differential evolution

6.2.1 Theoretical context

Optimization is the attempt t owhieannimizingaztie a sy

undesirable characteristics. However, what these properties are and how effectively they can be
improved depends on the problem. In order to set an optimization problem, it is essential to
define the objectives, the parameters andcthestraints of the problem. An equation to be
optimized given certain constraints and with variables that need to be minimized or maximized
using nonlinear programming techniques is the objective fundtimnthis study Differential
Evolution Algorithm DE) is selected.
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Population Structure

It is the most versatile implementation maintains a pair of vector populations, both of which
contain Np D-dimensional vectors of reablued parameters. The current population,
symbolized by B is composed of thoseectors, xg, that have already been found to be
acceptable either as initial points, or by comparison with other vectors:

Or @ HQ mipB R  phQ T1ipfs "Q (6.1)
W, wpp hQ mipB O p (6.1)

The index,g indicates the generation to which a vector belongs. Each vector is assigned a
population index,i. Once initialized, DE sirts to mutate, chosen vectors to produce an
intermediary population, & of N, mutant vectorsyig:

0 Op AQ TP G phQ P AQ (6.3)
O 6rr hQ mipMB RO p (6.4)

Each vector in the current poptibn is then recombined with a mutant to produce a trial
population, B, of N, trial vectors uig:

O0r O0f RQ mipB Y  pAQ mipMB AQ (6.5)

O 6 rr hQ mipB HO p (6.6)

Initialization

It is essentialpefore the population is initialized, that both upper and lower bounds for each
parameter must be specified. Thed2 values can be collected into twbD-dimensional
initialization vectors, b and hy, for which subscripts L and U indicate the lower andeupp
bounds, respectively. Once initialization bounds have been specified, a random number
generator assigns each parameter of every vector a value from within the prescribed range. For
example, the initial valugy(= 0) of thej™ parameter of thé" vecta is:

Wrp 1 & Tip oF O OF (6.7)

The random number generator, rgddd ), returns a uniformly distributed random number from
within the r ang®1)[<a.The)subsciip}, mdicates Ghat @ewrramaoih

value is generated for each parameter. Even if a variable is discrete or integral, it should be
initialized with a real value since DE internally treats all variables as flepbing values
regardless of their type.

Mutation

Once initialized DE mutates and recombines the population to produce a populatiriz
vectors. In particular, differential mutation adds a scaled, randomly sampled, vector difference
to a third vectorEquation(6.8) shows how to combine three different, randonhigsen vectors

to create a mutant vector,gv

Vp, Wi Owy (6.8)
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The scale factorfN (0,1+), is a positive real number that controls the rate at which the
population evolves. While there is no upper limitrgreffective values are seldom greater than
1.0. The base vector indeX), can be determined in a variety of ways, but for now it is assumed
to be a randomly chosen vector index that is different from the target vectoriirebeogpt for

being distinct from ezh other and from both the base and target vector indices, the difference
vector indicest1 andr2, are also randomly selected once per mukagtire6.2 illustrates how

to construct the mutant;,y in a twedimensional paranter space.

X1

A

Vig™ er,g+F'(xr1,g'xr2,g)

\\‘-‘\ xrl.g

F’(xi‘l,g‘XFZg)

X,2.0

> X0

Figure 6.2: Differential mutation: the weighted differential, is added to the base vector, to produce a
mutant.

Crossover

DE employs uniform crossover. Sometimes referred to as discrete reatiomindual)
crossover builds trial vectors out of parameter values that have been copied from two different
vectors. In particular, DE crosses each vector with a mutant vector:

Dip QQ GE B 61810 Q (6.9)
O & BRI 0 Qi 0

The crossover probabilityCr N [0,1], is a usedefined value that controls the fraction of
parameter values that arepted from the mutant. To determine which source contributes a
given parameter, uniform crossover compdego the output of a uniform random number
generator, ran(D,1). If the random number is less than or equdlrtothe trial parameter is
inheritedfrom the mutant, iy, otherwise, the parameter is copied from the vectg:, x
addition, the trial parameter with randomly chosen ingigx, is taken from the mutant to
ensure that the trial vector does not duplicate Recause of this additiahdemandCr only
approximates the true probability:, that a trial parameter will be inherited from the mutant.
Figure 6.3 plots the possible trial vectors that can result from uniformly crossing a mutant
vector, V,g, with the vector xq.

56



F'(Xrl,g'xiﬂ,g)
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Figure 6.3: The possible additional trialv e c t @ sigvw& X gand vigare uniformly crossed
Selection

If the trial vector, yg, has an equal or lower objective function value than that of its target
vector, X, it replaces the target vector in the next generation; otherwisigrtet retains its
place in the population for at least one more generabidi®)( By comparing each trial vector
with the target vector from which it inherits parameters, DE more tightly integrates re
combination and selection than do other EAs:

. O QMo ; "Qwy, (6.10)
h WF g VA Q

Once the new population is installed, the process of mutation, recombination and selection is
repeated until the optimum liscated, or a prespecified termination criterion is satisfied, e.g.,
the number of generations reaches a preset maximusn, g

DE of scipy library, finds the global minimum of a multivariate function. Differential Evolution

is stochastic in nature (doest use gradient methods) to find the minimum, and can search
large areas of candidate space, but often requires larger numbers of function evaluations than
conventional gradient based techniques.

There are several strategies for creating trial candidat@sh suit some problems more than
others. The O6bestlbind strategy is a good st
members of the population are randomly chosen. Their difference is used to mutate the best
member (the best in bestlbiby, so far:

O © G060 OFMEENO6NDAREQEN £ N 6 a D aAIPEE (6.11)

A trial vector is then constructed. Starting with a randomly chd8grarameter the trial is

sequentially filled (i nrthaorgioalcandidate.iThelchogeof a me t
whethertousésor the original candidate is made wi
O0best 41d& famdén) number in [0, 1) is generated. If this number is less than the

recombination constant thenthap a met er i s | oaded from bad, ot
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original candidate. The final parameter is always loaded tiorOnce the trial candidate is

built its fitness is assessed. If the trial is better than the original candidate, then istplesei

If it is also better than the best overall candidate, it also replaces that. To improve your chances
of finding a global minimum use higher population size values, with higher mutation and
(dithering), but lower recombination values. This hasetffect of widening the search radius

but slowing convergence.

6.2.2 Implementation of the differential evolution algorirthm
In order to apply the differential evolution algorithm, the sci.py library has been used. The
scipy.optimize.differential_evolutionusesthe parameters of the Talilelow.

Table 6.1: Differential evolution parameters

Parameters Description Parameters Description

Func The objective function to be [Mutation Ranges between [0, 2].
minimized. In the Increasing the mutation
form f(x, *args), where x is the constant increases the search
argument in the form of a 1 -D radius, but will slow down
array and args is a tuple of any convergence

additional  fixed parameters

needed to completely specify the

function.
Bounds Boundsfor variables. recombination | The recombination constant
(min, max) pairs for each should be in the range [0, 1].
element in x, defining the lower Increasing this value allows a
and upper bounds for the larger number of mutants to
optimizing argument of  func. progress into the next
generation, but at the risk of
population stability
Args Any additional fixed parameters |Seed seed for repeatable
needed to completely specify the minimizations

objective function.

strategy The differential evolution |disp Display status messages
strategy to use. For example:
FbestlbinS, Sbes

Maxiter The maximum number of times |Callback A function to follow the
the entire population is evolved. progress of the minimization
The maximum number of

function evaluations

is: maxiter * popsize* len(x)
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popsize A multiplier for setting the total Polish If True (default), polishes the
population size. The population best population member at the
has popsize * len(x) individuals. end, which can improve the

minimization slightly

tol the solving process terminates init Specify how the population
when: convergence = initialization is performed
mean(pop) * tol / stdev(pop) >
il

Res The optimization result
represented as
anOptimizeResulbbject.

6.3 Performance Measures
A model requires a quantitative measuirperformance or goodness of fit. In a hydrological
model it is essential:
1. To predict the hydrograph peaks correctly (at least to within the magnitude of errors
associated with the observations),
2. To predict the timing of the hydrograph peaks correctly,
3. Torepresent the form of the recession curve so as to set up the initial conditions prior
to the next event.
6.3.1 Nash Sutcliffe Efficiency metric
A widely used goodness of fit measure based on the error variance is the modeling efficiency
of Nash Sutcliffe (197Q)lefined as:

" (6.12)

Wherel? is the variance of the observations a@ifds the error variance, defined as:

P , , (6.13)
" — w

Y

Nash Sutcliffe efficiency metric (NSE) has thewe of 1 for the perfect fit when js 1 it
has the value of 0 when js » , implying that the model gndicates that the model
predictions are as accurate as the mean of the observedldgtdive values indicate that the
models per f or mi ng Tvwomroswd etdhyaatheabhseavaddmean is a better
predictor than the modeln other words, he residual variance$dribed by the numerator in
eq. (6.13))is larger than the data variance (described by the denominator)

6.3.2 Percent error in volume metric

The Percent Error in Volume (PEV) metric is defined as the percentage error of the total
volume of the hydrograph, as the foIIowing eqqation is shown:

- W
LOwOP M3 (6.14)

wherew is the total volume of the observed hydrograph@anthe total volume of the
simulated hydrograph.
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6.3.3 Percent error in peak flow
The Percent Error in Peak Flow (PEPF) is defined as the pegeguegak error, without any
relative temporal correlation between the observed and the simulated peak:

. 0 0
50 op g - s (6.15)

6.3.4 Efficiency metric ol pr
This index ighe absolute time difference, expressethinutes (min), between the observed
and the simulated peak.

WY YN @y Yn @H s (6.15)
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7 Softwareimplementation

In this chapter the model implementation andatteedurdor creating a stanidalone program

is disaussed Initially, the program is divided into two individual steps. A user interface class
and the model implementation. The first one is responsible for the data handling, including a
user interactive interface, whereas the latter one includes all theasdbr data analysis.

It is worth noting, that two modelsavebeen developed with distinptirposes

A Surface flommodel her eafter referred to as fdsurf a
A Complete hydrograph model, also accountingtdrsurfacélow (interflow), hereafter
refe red to as ficompl ete model O

All calculations are made in grid form and specifically raster files are Asédionally some
commonGIS procedures that are availalalee extracted either by GRA®8by QGISas part

of preprocessing (these include the tmaof the flow direction raster using a D8 scheme and

the formulation of a stream network using the common hydrology toolboxes from these GIS
tools) The various methods that are used in the two different modetlscaiceighly discussed

in this chapterThese is also a plethora of secondary methods and classes which are not
described here, in order to keep this chapter at a manageable size, enhaabditeand

retain the focus on the hydrological aspect of the thesis. Most of these secondaryppete sni
refer to packageso6/ Il ibrariesdé actions, dat a
combaboxes, useaction buttons etc.) and visualization toolsh e per f or mance
computation method$)("YD O 00, ® ) of section 6.3.4 are also skipped, as they are

trivial in implementation and se#xplanatory. We remark however, that these are
implemented as methods of a Python class nadvtetdcs

7.1 Processing Functions

In order tomake the program modular and easily extensible, we created a separated Python
class that contains all the necessary methods for the model, dengextessingFuncpy.
The most essential of them are analyzed in the following sections.

7.1.1 Flow accumulation

The first step is the creation of the flow accumulation dgFite flow accumulation method
calculates the accumulated floms the accumulated weight of all cells flowing into each
downslope cell in the output rast@&he value of cells in the output rastethe number of cells
that flow into each celllt is known, that ells with a high flow accumulation are areas of
concentrated flow and may be used to identify stream cha@edls.with a flow accumulation
of O are local topographic highs and may beduto identify ridges.

In this method the sole input parameter is the flow direction grid that is been imported from a
raster datacomputed in QGIS from the available DENM the following code snippet, the
method is describedhis method employs JI{&ee 4.5.5pand runsn parallel mode (i.e. travel
times from multiple cells are cezurrently computed) to cttown execution time.

@jit(parallel= True , nopython= False , nogil= True)
def flowaccumulation (flowdir ):

nr =flowdir . shape [ 0]

nc=flowdir . shape[ 1]

shape =(nr, nc)
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accumulation =np. zeros (shape)
for i in prange (nr):
for j in range (nc):
if flowdir [i,]j]==0:
accumulation [i,j]=0

else :
tempi =i
tempj =j
while tempj !=-1 and tempj !=nc and tempi !I=-1 and tempi !=nr

and flowdir [tempi , tempj ]!'= O:

if flowdir [tempi ,tempj ]== 1:
movej =1
movei =0

accumulation [tempi , tempj ]= accumulation [tempi , tempj ]+ 1
if flowdir [tempi +movei, tempj +movej |== 16:
break
elif  flowdir [tempi ,tempj ]== 2:
movej =1
movei =1

accumulation [ tempi , tempj ]= accumulation [tempi , tempj ]+ 1
if flowdir [tempi +movei, tempj +movej ]== 32:
break
elif  flowdir [tempi ,tempj ]== 4:
movej =0
movei =1

accumulation [ tempi , tempj ]= accumulation [ tempi , tempj ]+ 1

if flowdir [tempi +movei, tempj +movej == 64:
break
elif  flowdir [tempi , tempj ]==8:
movej =- 1
movei =1

accumulation [ tempi , tempj ]= accumulation [ tempi , tempj ]+ 1
if flowdir [tempi +movei, tempj +movej ]== 128:
break
elif  flowdir [tempi ,tempj ]== 16:
movej =- 1
movei =0

accumulation [ tempi , tempj ]= accumulation [tempi , tempj ]+ 1
if  flowdir [tempi +movei, tempj +movej |== 1:
break
elif  flowdir [tempi , tempj ]== 32:
movej =- 1

62




movei =- 1

accumulation [ tempi , tempj ]= accumulation [tempi , tempj ]+ 1
if flowdir [tempi +movei, tempj +movej ]==
break
elif  flowdir [tempi ,tempj ]== 64:
movej =0
movei =- 1

accumulation [ tempi , tempj ]= accumulation [tempi , tempj ]+ 1
if flowdir [tempi +movei, tempj +movej |==
break
elif  flowdir [tempi ,tempj ]== 128:
movej =1
movei =- 1

accumulation [ tempi , te mpj]= accumulation [ tempi , tempj ]+ 1
if flowdir [tempi +movei, tempj +movej |==
break
tempi =tempi +movei
tempj =tempj +movej
return  accumulation

Table 7.1: Input T output data of the flow accumulation method

Input data Output

Flow direction raster Flow accumulation raster

7.1.2 K raster creation

The following method creates the array based @nntatching with the land uses codes
according to the Corine land cover. The input data is in xIs form and a dictionary is created for
convenience. The outcome is a raster map, where every cell has akuveédue.

def createkraster ( kdictionary , Corinearray  ):

import  xlrd

workbook =xiIrd . open_workbook ( kdictionary )

sheet =workbook . sheet by index (0)

nr =corinearray . shape [ 0]

nc=corinearray . shape [ 1]

shape =(nr, nc)

karray =np. zeros (shape)

data = [[ sheet .cell_value (r, c) for ¢ in range (sheet.ncols )] for r in
range (sheet . nrows )]

def column (matrix , i):
return  [row[i] for row in matrix ]
corine_id =column (data , 0)
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del corine_id [0]
corine_id =[int (i) for i in corine_id ]
k=column (data , 1)
del k[ 0]
d=dict (zip (corine_id , k))
for i in range (nr):

for j in range (nc):

karray [i,j]=d. get (corinearray [i][ j], 0)

return  karray

Table 7.2; Input T output data of theK raster creation method

Input data

K values dictionary from .xIsx file

K raster

Land cover values (CORINE)raster

7.1.3 Slope raster file

In this method, a functiofiom the gdal geospatial libraiy used to calculate the slopeeaich
cell in the examined aredhe format is chosen to be percent, as the following code snippet
indicates.

def slope (dem):

slopedem =gdal . DEMProcessing ( 'slope.tif’ , dem, ‘slope’
slopeFormat ="-p")

slopearray =slopedem . ReadAsArray ()

return  slopearray

Table 7.3: Input T output data of the Sloperaster creation method

Input data

Digital Elevation Model raster Slope (%)

7.1.4 Overland Velocity Grid

The next step, is the calculation of the overland velocity, based on theduktgy discussed
in theChapters.

def velocityGrid (slope , karray , flowaccumulation , threshold ):

slope [ slope ==0]= 0.001

slope [ slope <0]=0

sqrt_slope =np. sqrt (slope )

for i in range (slope . shape [ 0]):

for j in range (slope . shape][ 1]):
if slope [i,j]>0.04:
slope [i,]]=0.05247 +0.06363 *slope [i,j]-0.182 *np. exp

(-62.38 *slope [i,j])

velocity =np. multiply (karray , sqrt_slope )

return  velocity

Considering the slope (see 7.1.3) and flow accumulation grid (see Tk K values and a
threshold, the overland velocity is calculated (Chapter 4.4)thFasholddefines the head sub
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basin in terms of area in pixglse . g . for grid size of @Il 25
the minimum area of definedbasin is 10 kn?).

Table 7.4: Input T output data of the Overland Velocity method
Input data ‘ Output

Slope raster

K values raster

Overland Velocity raster
Flow accumulation raster

Threshold in pixels

7.1.5 Channel Velocty method

This method calculates the velocity in the stream network considering the observed discharge,
the area of interest, tlencentration time parametays 0 andf , explainedin detail within

sectiors 5.4.5 and 5.4.6s well as the timstep of observations secondge.g. for a 1&minute

interval, the input is 90nd the start and finish time of the main hydrograpbs to define

the average runoff intensity (see section 5.438)course, the streanetwork object (defined

from thestreams class, s&el10) is thekey element in the caltation of the channel velocity,

as this objects incorporates as attributes all the information needed (segmemlalopag s
coefficient, which segments are along the longest path etc.).

def Vchannel (Qobs, A, b, tA, t0 , streams , streamr , Dt, start , end):
T=(end- start )
V=np. zeros ( shape =T)
for i in range (1, T):
V[i]=(( Qobs[i]+ Qobs[i-1])/ 2)* Dt
Vtotal =np. sum(V)/ A/ 1000
ieobs = Vtotal /( T/ 4)
tc =t0 *( ieobs **( - b))
tR_h =tc - tA
tR =tR_h * 3600
L=streams . LENGTH streams . mainStreamLinks - 1]
sqrt) =streams . SLOPH streams . mainStreamLinks - 1]**( 0.5)
n=streams . MANNINGstreams . mainStreamLinks - 1]
b=streams . RiverB [ streams . mainStreamLinks - 1]
c=np. sum(( L*n)/( sqrtd *b** 0.5))/ tR
Vriver =(c*streams . SLOPB*( 0.5 )* streams . RiverB )/( streams . MANNING
return  Vriver

Table 7.5: Input T output data of the Channel Velocity method

Input data Output

Observed discharge timeseries

Area in km?2 Channel Velocity

b parameter
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t0 parameter

tA parameter

Stream object

Time base

Start of hydrograph limb

End of hydrograph limb

7.1.6 Velocity Stack Method

The Velocity Stack methods essential for assigning cell velociti@is method overlays the
channel velocityaster on top othe overlandrelocity raster, so as the overland cells that are
also superimposed on tikbannel networlare assigned only channel velocitiégge outcome

is thefinal velocity grid, used in the calculations travel tipex cellto thebasin outletwhich

are next used to formulateeisochrones

def VelocityStack
Tveloci
for i in

k in
Tvelocity

for

( Ovelocity

ty =np. zeros_like
range ( Ovelocity
for j in
Tvelocity
range (len (Cvelocity )):

range ( Ovelocity

[ivjl=

, Cvelocity
( Ovelocity

, Streamr ):

)

. shape [ 0]):

Ovelocity

. shape [ 1]):

(ivjl

[ np. where ( streamr ==k+1)]= Cvelocity

[K]

return  Tvelocity

Table 7.6: Input T output data of the Velocity Stackmethod

Input data ‘

Output
Overland velocity raster
Channel velocity array Final Velocity

Streams represented as raster

7.1.7

Flow time methodcalculaes travel time of each cell to the outlet of the hdsithis study the
isochronous curves are used as described in the ChaperThe parameters needed Hre
flow direction grid the finalvelocity grid,the cellsize in metersand the time step in seconds.
This method employs Ji&ndruns in parallel mode (i.e. travel times from multiple cells are
con-currently computed) to cidown execution time.

Flow time

@ijit (( numba. uint8 [:,7], numba. floaté4 [:,:], numba. floaté4 , numba. float64 ), pa
rallel  =True, nopython =False , nogil =True)
def flowtime (flowdir , velocity , cellsize , Dt):

Ix =cellsize

Ixy =(2*cellsize ** 2)** 0.5

nr =flowdir . shape [ 0]
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nc=flowdir . shape [ 1]
shape =(nr, nc)
accumtime =np. zeros (shape)
for i in prange (nr):
for j in range (nc):
if flowdir [i,]j]==0:
accumtime [i,j]=0

else :
timeflow =0
tempi =i
tempj =j
while  tempj !=-1 and tempj !=nc and tempi !I=-1 and tempi !=nr

and flowdir [tempi , tempj ]'= O:
if flowdir [tempi ,tempj ]== 1:

movej =1
movei =0
x=Ix

if flowdir [tempi +movei, tempj +movej ]== 16:
timeflow =0
break
elif  flowdir [tempi ,tempj ]== 2:
movej =1
movei =1
x=Ixy
if flowdir [tempi +movei, te mpj+movej]== 32:
timeflow =0
break
elif  flowdir [tempi ,tempj ]== 4:
movej =0
movei =1
X=Ix
if flowdir [tempi +movei, tempj +movej |== 64:
timeflow =0
break
elif  flowdir [tempi ,tempj ]== 8:
movej =- 1
movei =1
x=I xy
if flowdir [tempi +movei, tempj +movej ]== 128:
timeflow =0
break
elif  flowdir [tempi , tempj ]== 16:
movej =- 1
movei =0
x=Ix
elif  flowdir [tempi , tempj ]== 32:
movej =- 1
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movei =- 1
X=Ixy
elif  flowdir [tempi ,tempj ]== 64:
movej =0
movei =- 1
x=Ix
elif  flowdir [tempi ,tempj ]== 128:
movej =1
movei =- 1
X=Ixy
timeflow =timeflow +(x/velocity [tempi ,tempj ])

tempi =tempi +movei
tempj =tempj +movej

accumtime [i, ] ]=timeflow /( Dt) #hours
return  accumtime

Table 7.7: Input T output data of the Flow time method

Input data Output

Flow direction grid

Total velocity

Cell size Flow Time raster (values in
Flow direction grid timesteps)

tA

Time base

7.1.8 Isochrones creation

This simple method class#s the flow time raster into classes of 1 timestep, in order to create
the isoclhones areasThe cell value of the resulting raster refers to the isochrdaesaby
index

def classifytimes (flowTIME ):
classtime =flowTIME // 1
return  classtime

Table 7.8: Input T output data of the Flow time method

Input data

Flow Time raster Isochrone areas index raster

7.1.9 Inverse Distance Weighting (IDW)

This method usethe Inverse Distance Weighting (IDW) atgbm. This deterministic method
for multivariate interpolation is used for the scattered rain gauges, so as to interpolate the
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rainfall across the area. In this algorithm the assigned values to the unknown points of the area
(in a grid base) are calculdtevith a weighted average of the values available at the known
points. In a discrete assignment of the unknown function in a study region, the expected result
is:

6 wgp° atw] Os (7.1)
whereD is the study regigrand he set oN data points can be described as a listipfes
whb hoh Bho (7.2)

The functionaimsto be "smooth" (continuous and differentiable), exaécto 6 and to
meet the user's intuitive expectations d@libe phenomenon under investigation. Furthermore,
the functionis suitable for a computeipalication at a reasonable cost.

IDW is considered to be a very flexible spatial interpolation method, as the interpolation could
be set in various ways.

Interpolaed points are estimated based on their distance from known cell values. Points that
are closer to known values will be more influenced than points that are fartherfap@yer

of 1 smooths out the interpolated surfagepower of 2increases the overahfluence it has

from the known valuedt is worth noting thapeaks and values are more localized and are not
averaged out as muchwagh apowerparameteof 1. The formula to calculate the value is:

(7.3)

Figure 7.1: An example of the application of IDW (Source: gisgeography.com)
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Figure 7.2: Example of IDW using power 1 (Source: gisgeography.com)
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Figure 7.3: Example of IDW using power 2 (Source: gisgeography.com)

In the following co@ snippet, the implementation of the above interpolation is presented. The
input parameters are the coordinates of the rain gauges, the size of the basin in terms of grid
size and the cell size which defines the resolution of the raster Digital Elevatutel (DEM).

In addition, the powegparameter (suggested as 208} the coordinates of the upper left corner

of the raster are required. As a result, the distribution of the rainfall across the area is calculated.

def idw (stationX , stationY , rain , gridsiz e, xymin, power, cellsize ):
""" Calculates the idw of any number of stations for a rainfall timestep
xystation: tuple with tuples (x,y) for stations
rain: element with rainfall data of each station
gridsize : tuple with dimensio ns [in cells] of raster
power : the p of idw
xymin : the upper left corner of raster in [m]
cellsize : cell size in [m]
# get coordinates from tuple xymin
xmin = xymin [ 0]
ymin = xymin [ 1]
# create the mesh
X = np.arange (0, gridsize [1], 1)
y = np.arange (gridsize [0]-1, -1, -1)
XX, Yy = np.meshgrid (x, y, sparse =False )
# preallocate the distance 3D matrix
weight = np. zeros (shape =[ gridsize [0], gridsize [1], len (stationY )])
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wu=np. zeros_like  (weight )
#nonzeroindex = np.zeros_like(distance)
# loop for every station
for s in range (len (stationX )):
#stationXY = xystation[s]
xstationtemp = stationX [s]
ystationtemp = stationY [s]
coorxx =xx * cellsize + xmin + cellsize / 2
cooryy =yy * cellsize + ymin + cellsize / 2

distance = np.sqrt (( coorxx - xstationtemp  )* 2+  (cooryy -
ystationtemp  )** 2)
checkifzero = np. nonzero (distance == 0)
if not all (checkifzero ). #checkifitis notempt y
weight [:,;;, s] = 1/distance ** power
wul:,;,  s] = weight [:,;; s]* rain [s]
else :
g = distance .flatten ('F' ) # vectorize
indexzero = np. nonzero (g == 0)

weightvector  =np. concatenate (( 1/ g[:int (indexzero [ O])]**
power, np.array ([ 1]), 1/g[int (indexzero [O0])+ 1:** power))
weight [:,;;  s]= weightvector . reshape (gridsize [0],
gridsize [ 1], order ='F" ). copy ()
wuv=np. concatenate ((( 1/ g[: int (indexzero [O])]** power)*
rain [s], np.array ([ rain [s]]),( 1/g[int (indexzero [O0])+ 1:** power)* rain [ s]))

wu[:,;, s]=wuv. reshape (gridsize [O0], gridsize [1], order ='F' ). copy ()
idwrain =wu. sum( axis =2)/ weight . sum( axis =2)
return  idwrain

Table 7.9: Inputs T outputs of the IDW method

Input data Output data

X, Y of the stations in tuple format

Rainfall timeseries

. . L 3D Matrix of spatial distribution of
Dimensions of the raster fie in pixels

rainfall event : XY axes cell

Power parameter coordinates, Z axis time, cell value

Xmin, Ymin values in m (from the coordinate system equals rainfall intensity

Cell size

7.1.10 Streamdata class

The streams class is used to instantiate a stream network whfeits attributes as read by a
shapefile.

class streamdata (object ):
def init  (self ,datastream):
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self .ID = np.array(datastream["ARCID"])

self .SLOPE = np.array(datastream["'SLOPE"])

self .LENGTH=np.array(datastream[" Length ")

self .mainStreamLinks=np.array(datastream['M ainLink s")

self .MANNING=np.array(datastream["Manning"])

self . WIDTH-=np.array(datastream[" Width ")
# Instantiate example where datastream variable holds a reference to a
streams shapefile (.shp) . streams=streamdata(datastream)

7.1.11 CN adjustment to AMC parameter

CN is adjusted according to antecedent soil moisture conditions (refer to section 5.3.5). Inputs

are the CN raster (created through GIS operations according to 9i3e4dutput is the CN

raster of the specific everithis methodalsoemploys JIT and runs in parallel.

@ijit((numba.floaté4, numba.float64][:,:]),parallel= True , nopython= False ,
nogil= True)
def cnadjustment (AMGCcnarray ):
cnadj =cnarray
if AMC< 0.5:
for i in prange (cnarray . shape [ 0]):
for j in range (cnarray . shape[ 1]):
temp=4.2 *cnarray [i,]]/( 10-0.058 *cnarray [i,]])
cnadj [i,j]=cnarray [i,j]-(cnarray [i,]j]-temp) 0.4 *( 0.5 - AMQ
if AMC> 0.5:
for i in prange (cnarray . shape [ 0]):
for j in range (cnarray . shape[ 1]):
temp=23*cnarray [i,j]/( 10+0.13 *cnarray [i,]])
cnadj [i,j]=cnarray [i,j]+( temp-cnarray [i,j])/ 0.4 *  AMC -
05)
return  cnadj

Table 7.10: Inputs T outputs of the CN adjustment method

Input data Output data

CN raster

Adjusted CN raster
AMC parameter

7.1.12 Effective rainfall computation method

In order to compute the effective rainfall in every tistep of the event and in every cell, inputs
required are: thénitial abstraction pameter_(her e as 0 a Greek eteecianots e
supported as a Python variable name), the adjust@dlbycoefficient CN raster in order to
calculate™Y (as explained in eq. (5.9) in section 5.3.7) and the spatially distributed rainfall
rager. The method calculaté¥ in every cell using eq. (5.10) and then forms the 3D matrix

containing the effective rainfall for every cé&ltime step using eq5.1).

@jit((numba.float64,numba.uint8[:,:],numba.float64[:,:]),parallel= True ,
nopython= False , nogil= True)
def e rain (a, cnarray , gridrain ):

S20=254*(( 100/ cnarray )-1)
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S20[ S20<0]= 10000

h0=0.2 *S20

h=np. sum( gridrain , axis =2)
he=np. zeros_like (h)

for i in prange (h. shape [ 0]):
for j in range (h. shape][ 1]):
if h[i,j]>ho[i,j]:
he[i,j]=C h[i,j]-hO[i,jl= 2/C h[i,j]-hO[i,j]+S20[i,|])
else :
he[i,j]=0
Sa=(2*a*h+(1-a)* he-np.sqrt (he*( he*( 1-a)* 2+4*a*h)))/( 2*a** 2)
Sa[ Sa<0]=0

h=np. cumsum( gridrain
he=np. zeros_like (h)

, axis =2)

hO=a* Sa
for t in prange (h. shape [ 2]):
for i in range (hO. shape [ O]):
for j in range (hO. shape [ 1]):
if h[i,j,t]>hO[i,j]
he[i,j,t]=(C h{i,j,t]-hO[i,j])™ 2)/C h{i,j,t]-hO[i,j]+
Sa[i,j])
else :
he[i,j,t]=0
ie =np. diff (he, axis =2)
ie =np. concatenate (( he[:,;; 0:1], ie ), axis =2)
return ie

Table 7.11: Inputs T outputs of the effective rainfall computation method

Input data Output data

CN adjusted raster . . .
) Effective rainfall 3D matrix (cell

Initial abstraction ratio parameter value: intensity, XY axes:

coordinates, Z axis: time

Raster of spatial distribution of rainfall

7.1.13 Volume of isochrores computation method

This function computes cell runoff volume from each isochrone area and the respective cell
effective rainfall for each time step. A matrix is created, so as to enable matrix algebra
operations for hydrograph creation.

E=( cellsize ** 2)

for j in

temp2 =( classtime

for k in prange (ie . shape[ 2]):
range (int (time . max() )):
==j +1)*( ie [,

k])

@jit((numba.floa t64[:,:], numba.float64[:],numba.float64(:,:],numba.float6

4,

numba.float64]:,:,:]),parallel= True , nopython= False , nogil= True)
def Vmat(V, time , classtime |, cellsize ,ie):

73




V[j, k]= np. sum(temp2)* E
return V

Table 7.12: Inputs T outputs of wolume of isochrones computation method

Input data Output data

Pre-allocated volume matrix

Isochrones index raster

Volume from isochrones matrix
Cell size value

Effective rainfall 3D matrix

7.1.14 Hydrograph computation method

The hydrograph computation method employs the methodology described in section 5.4.2. to
compute the hymbgraph at the basin outlet. Units ar&sninputs required are the augmented
Volume matrix (by expanding the X,Y axis of the matrix to account for concentration time of
the basin), the time step in seconds and -afboeated matrix to store the computedirograph.

@jit((numba.float64(:], numba.uint8[:,:],numba.float64),parallel= False ,
nopython= False , nogil= False )
def qcalc (Q V2, Dt):
for j in range (len (Q):
djl=0
checkl =np. min([ j, V2. shape[ 0] - 1])
t =np. arange (checkl +1)
check2 =np. min([ j, V2. shape[ 1] - 1])
i =np. arange (check2 ,-1,-1)
for x in range (len (t)):
dil=Qjl+Vvetx], i[x]]
Qsim=(Q*10**( -3) )/ Dt
return  Qsim

Table 7.13: Inputs T outputs of volume of isochrones computation method

Input data Output data

Pre-allocated runoff matrix

Volume from isochrones matrix Simulated runoff hydrograph

Time step in seconds

7.1.15 Surface Model method

This method executes all related aforementioned mstioarder to generate a simulated
hydrographoy employing the simpler surfat¢g/drological model discussed in Chapter 5.

def model (a, m Tvelocity , gridrain , cellsize , flowdir , cnarray , Dt):
flowTIME =flowtime (flowdir , Tvelocity , cellsize , Dt)
classtime =classifytimes (flowTIME )
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cn=cnadjustment (m np. float64 (cnarray )) #it was m*cnarray
ie =ie_rain (a, cn, gridrain )

ie [ie <0]=0

time =np. unique (classtime [ classtime >0])

V=np. zeros (shape =(int (time . max(), ie .shape[ 2]))
V=Vmat(V, time , classtime , cel Isize ,ie)

@&np. zeros (shape =(V. shape [ 1]+ V. shape [ 0] -1, 1))

exl=np. zeros (shape =( Q shape[0]-V. shape[0], V. shape][ 1]))
ex2=np. zeros (shape =( Q shape[0], Q shape[0]-V. shape[ 1]))
V1=np. concatenate (( V, exl), axis =0)

V2=np. concatenate (( V1, ex2), axis =1)

Qsim=qgcalc (Q V2, Dt)

return  Qsim

7.1.16 Complete Model method

This method executes the aforementioned methods to generate the enhanced model described
in section 5.5.1 t0 5.5.3. Some key changes to the surface method of section 7.1.15 are the water
balance equations that are implemented within the effective rainfall computation so the simpler
effective rainfall method is not called in execution. There is also the assumption that if interflow

is not zero at the beginning of the simulation, then all pres/values before the first time step

are equal to the first interflow value (eifglag parametér is equal to 1Qinterflow values at

stepsd0  pdp p rare all equal to interflow at step.

charray , Dt, dem):
flowTIME =flowtime (flowdir , Tvelocity , cellsize , Dt)
classtime =classifytimes (flowTIME )
cn=cnadjustment (m np. floaté4 (cnarray ))
S20=254*(( 100/cn)-1)
S20[ S20<0]= 10000
h0=0.2 *S20
h=np. sum( gridrain , axis =2)
he=np. zeros_like (h)
for i in range (h. shape[0]):
for j in range (h.shape[1]):
if h[i,j]>hO[i,j]:

else :
he[i,j]=0
Sa=(2*a*h+(1-a)* he-np.sqgrt (he*( he*( 1-a)* 2+4*a*h)))/( 2*a** 2)
Sa[ Sa<0]= 10000

hO=a* S20
time =np. unique (classtime [ classtime >0])
interflow  =np. zeros ([ int (time . max())+ gridrain .shape]2], 1])

QinteflowM3S =np. zeros ([ int (time . max()+ gridrain . shape[ 2], 1])
Wenp. ones_like  (Tvelocity )* WO

K=Sa+W0

h=np. cumsum( gridrain , axis =2)

def modelComplete (a, mL, B, WQlag , Tvelocity , gridrain , cellsize , flowdir

he[i,j]=( h{i,j]-hO[i,j]* 2/C h[i,j]-hO[i,j]+S20[i,]])
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he=np. zeros ([ gridrain

. shape [ 0], gridrain

. shape [ 1], gridrain

. shape [ 2]+ 1])

ie =np. zeros ([ gridrain . shape [ 0], gridrain . shape[ 1], gridrain . shape[ 2]])
interflow  =np. zeros ([ gridrain . shape[ 0], gridrain . shape[ 1],
gridrain . shape [ 2]+ int (time . max())])
percolation  =np. zeros ([ gridrain . shape[0], gridrain . shape [ 1],
gridrain . shape [ 2]])
for t in range (1, ie .shape[ 2]+ 1):
df =h[:,;;;, t-1]-hO
df [ df <0]=0
he[:,;, t]=( df ** 2)/( df +Sa)*( dem>0). astype (float )
he[ he<0]=0
ie [;,;, t-1]=he[:,;; t]-he[:,;; t-1]
ie [ie <0]=0
infiltration =gridrain  [;,;, t-1]-ie [;,;, t-1]
W=WHinfiltration
interflow [y t-1]=WL
interflow [ interflow  <0]=0
WEW interflow [:;,  t-1]
percolation [:,;, t-1]=WB
WEW percolation [:;,  t-1]
Sa=K- W

V=np. zeros (shape =(int (time . max()),

V=Vmat(V, time , classtime

, cellsize

ie . shape [ 2]))
,ie)

@np. zeros (shape =(V. shape [ 1]+ V. shape [ 0] -1, 1))
ex1l=np. zeros (shape =( Q shape [ 0] - V. shape [ 0], V. shape][ 1]))

ex2=np. zeros (shape =( Q shape[ 0],

Q shape [ 0] - V. shape [ 1]))

V1=np. concatenate
V2=np. concatenate

(( V, exl), axis =0)
(( V1, ex2), axis =1)

Qsim=qgcalc (Q V2, Dt)

for t in range (ie .shape[ 2], ie . shape[ 2]+ int (time . max())):
interflow  [:;;;, t]=WL
WEW interflow  [:,;,  t]
WEW( 1- B)
# transform interflow to m3/s
for t in range (interflow . shape][ 2]):
QinteflowM3S [t]=((( np.sum(interflow [:;:, t]*( dem>0). astype (float ))*
cellsize  ** 2)/ 1000)/ Dt)
# add lag
gz=np. zeros ([ lag , 1])
glag =np. ones ([ lag , 1])* QinteflowM3S [ 0]
Qsim=np. concatenate (( Qsim, gz), axis =0)
QinteflowM3S =np. concatenate (( glag , QinteflowM3S [0: -1]), axis =0)

Qtot =Qsim+QinteflowM3S
Q=np. hstack (( Qsim, QinteflowM3S
return Q

, Qtot ))
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7.2 Optimization methods

The following methods are called within optimization procedube®’'® the default metric
used for the optimization of model parameters.

1 Surface modaetiifferential evolution call with parameter bounds and arguments, where
wis the optimized parametealues

bounds=[(0.0001, 0.50),(0.01, 1)]

args=(Qobs,Tvelocity,gridrain,cellsize,flowdir, cnarray,Dt,dem)
results=differential_evolution(processingFuncs.optimFun2, bounds, args,
strategy="bestlbin', maxiter=20, popsize=20, tol=0.01, mutation=(0.5, 1),

rec ombination=0.7, seed=None, callback=None, disp=True, polish=False,
init="latinhypercube’, atol=0)

x=results.x

1 Surface mod@ ebjective function

def optimFun (x,* args ):
Qobs=args [ 0]
Tvelocity =args [ 1]
gridrain  =args [ 2]
cellsize  =args [ 3]
f lowdir =args [ 4]
charray =args [ 5]
Dt=args [ 6]
a=x[ 0]
mex[ 1]
Qsim=model (a, m Tvelocity , gridrain , cellsize , flowdir , cnarray , Dt)
Qobs=np. asarray ( Qobs)
NSE=Metrics . NSH Qsim, Qobs)
NSEnegative =- NSE
return  NSEnegative

1 Complete modedifferential evolution call with parameter bounds and arguments,
where x is the optimized parameter valueste the rescaling of parameters in the
objective function:

bounds=[(0.1, 1),(0.01, 0.3),(0,1),(0,1),(0,1),(0,1)]

args=(Qobs, Tvelocity,gridrain,ce lIsize,flowdir, cnarray,Dt,dem)
results=differential_evolution(processingFuncs.optimFunComplete, bounds,
args, strategy='bestlbin', maxiter=15, popsize=6, tol=0.01, mutation=(0.5,

1), recombination=0.7, seed=None, callback=None, disp=True, polish=True,
ini t="latinhypercube', atol=0)

x=results .x

T Complete model 6s objective function:

def optimFunComplete (x,* args ):
Qobs=args [ 0]
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Tvelocity =args [ 1]
gridrain  =args [ 2]
cellsize  =args [ 3]
flowdir =args [ 4]
cnarray =args [ 5]

Dt =args [ 6]
dem=arg s[ 7]
a=0.5 *x[ 0]
mex|[ 1]

L=x[ 2]* 0.1
B=x[ 3]* 0.1
WGX[ 4]* 50

lag =int (x[5]* 200)

Qsim3=modelComplete (a, m L, B, WQ lag , Tvelocity , gridrain , cellsize , flowdir
cnarray , Dt, dem)

Qsim=Qsim3[:, 2]

NSE= Metrics . NSH Qsim, Qobs)

NSEnegati ve=- NSE

return  NSEnegative

7.3 Software application

The developed software application is presented within dbidion The application is
responsible for data handling, visualization and the execution of the models described in
Chapter5. The GUI appliation is mainly visually designed using Qt Desig(art of Qt
Framework). Then, the designer file (.ui) is imported into the python script using the PyQt
bindings.

The requirement for thisoftware applications Python 36 or latest version and the Aoonda
distribution to handle all necessary packag#ésoperatesn everymajor operating system
(Windows, MacQOS, all Linux distributions).
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|

s ] MainWindow
DEM Help info: Open a fil-conditioned DEM raster (.t Show Raster Surface Model Parameters
Flow Direction | Help info: Open a D8 fiow direction raster {.tf) Show Raster
a m
Rainfall Data | | Help info: Open the rainfal dataset (.xisx) Shaw Plots
0.00001 |3 |0.500
Station Points | | Help info; Open the stations shapefile (.shp) Show Stations
N Help infa; Open the CN raster (.tf) Show CN Simulation Optmizaton
CORINE | | Helpinfo: Gpen the CORINE land cover raster {tif) Show CORINE
Complete flow model Parameters
K/CORINE | | Help info: Open the exce! fle with definitions of k per CORINE category {dsx) Show k
Stream Data | | Help info: Open the stream data shapefile with definitions of length and manring {,shp) Show shp L B wo lag
Stream Raster | | Help info: Open the stream raster (.4f) Show raster 0.00000 [2] [0.00000 £] [0.00 o
Observed Flow | Help info: Open the cbserved fiow (.xisx) Show Plots
b @ o Dt T = Simulation Optimization
IDW interpolate| |0 | Head threshold (pixels) 16000 |5 Siope Flow Accumulation| |Overland Velogity| (5 102 [2] [1.00 310 =] (000 =1 [0 =] 350
Generate Report
Commant d Line: ...
Channel Velodty  Flow velodity  Isochrones

ma i

As seen irFigure7.4, the top left area of the window is the data input wizard, with visual and
text guidance to import all necessary filékese include:

Digital Elevation Model (_tiff)
Flow Direction raster file (.tiff)
Rainfall data Isx)
Gauges points (.shp)
Curve Number raster file (.tiff)
Corine land cover raster file (.tiff)

> T I I T D D I D

When the user clicks in at@ainput (for example the DEM) a pdpup window opens makes it

The k values per Corine category (.xIsx)

Stream length and Manning values (.shp)
Stream raster file (.tiff)
Observed flow (.xlsx)

available to load only the files with the same form (e.g. only .tiffs in this case). In addition,
above every data input at the main window a help info provides the necessary information for
every action Thereare also buttons on the right side of the wizard to visualize these,iaputs

t he

Wi

ndowos

about user action&xamples are given in the followirigures.
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[ omM | |cidevieunflessdem tf || show Raster | Surface Model Parameters
| Fion Directon | e infos Open = 06 flaw cirection raster (1) || show Raser |
a m
| Ranfal Data | |HEID info: Open the rainfal dataset (.xlsx) ‘ | showrots |
| station points | |Help info: Open the stations shapefiie (.shp) ‘ |show stations|
[ o ] |HEID info: Open the CN raster (.tf) ‘ | showan | | smuston || Optmizaton |
| corme | |Help info: Open the CORTNE land cover raster {.tf) ‘ |shom corme| @ lete flow model Parameters
| KCORINE | | el nfo: Onen the excel fle with deintions of per CORINE categary (adsx) [ shonk |
| Stream Data | |Help info: Open the stream data shapefie with definitons of length and manning (.shp) ‘ [ showsio_| L B wo lag
| Stream Raster | |HeID info: Open the stream raster (.t ‘ | show raster | Io.00000 (2| .ooooo (2] [oo0 2] o Bl
|observed Fiom| |HEID info: Open the observed flow (xlsx) \ | show Plots |
b @ 0 ot start end | smiton || optimzaton |
Head treshald (piels) 16000 (3] | Sope | [Fiow | [overiand velocity| o3 f2f[oo 5[z [s]lso0 5] [s0 b B
Dem plot Senereie Repurt

|channel Velocity | | Flow Velocity | | Isochvones |

~
DEM data
4114000 1600
4112000 oo
1200
4110000
1000
4108000
800
4106000
600
4104000
00
4102000
200
4100000
0
334000 336000 338000 340000 342000 344000 346000
v

Figure 7.5: Example of DEM import.
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[ om | ‘C:fdevfGU[lﬁ\Esdem‘hF | | show Raster | T
[ Fow Drecten| | Cifdev/fGUfiesffondiectr i | [show Raster | ) m
| Rainfall Data | ‘c:fdevfﬁu[/ﬁ\esﬁamged;z s | | showPlots |
bso 3]

| station Points | | Cifdev/L hy | 'show statons| T
[ ov | |colseviautfiesfamasteriof | [ sowen | [ Smuston || oOptmzmton |
| corme | |Cifdeviurfesfcorinezs i | /snow corme| Crre o e = s
| eormne | ‘C:fdevfGlJ[lﬁ\Esfmr\ne_k.xisx | | showk |
[ Sweampata | | Ciféev/Gutfiesfstreamsti.she | [“showsmp | L B Wo kg
[Sweam Raster | | CifdeufGUlfes(st_aster3.tF | Cshowrsster | 15 55000 2] [ooom0 Bl oo ] )
Observed Flow| ‘C:fdevfﬁu[/ﬁ\es/qnhsl&njl ssx | [ showPlots |

b o @ W s end [ Simulation || optmzaton |

Head threshold (ieels) (16000 (2] | Skpe | [Flow | |overland veloaty| o [3][ton 2w 2o ] e BIERE
N map plot ‘

|channel velocity| | Fiow Velocity | | Isochwones |

~
CN data
2099411
80
4099511
4099611 @
4099711
20
4099811
20
4099911
4100011
— 0
:2376 32476 0576 32676 12776 32876
v

Figure 7.6: Example of CN raster import.
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[ oew | |cefdevioursiestdem.uf | [srowRaster Surface Model Parameters
| Flow Directon | |Cifdlev/GuL/fles flowdiect. iF | [ snow Raster |
a m
[ Rainfall Data | |C:Idav/GLl[lﬁlEsIrain_nad_EZ.xisx | | shonplors |
[ staton Ponts | | c:fdevicl hp | [show statons|
[ ov | |cotdeviouresfenraster 1ot | [“showen | | Smuston || Optmizaton |
| corne | |cifdevicutfes/eorneas.of | oncorE| o ete flow model Parameters
| KICORINE | | cifdev/GUn/flesfcorine ki xix || show |
| stream Data | | Cifdev/GU fesfstreamSrP.sho || shonsmp | L B Wo l2g
stream Raster | |C:Idav/Gu[lﬁIEsfsh'_rastErz.(JF | [ show raster | oo o] oo Bl pe &0 B
[observed Flom| |c‘fdav/suuﬁlasmunsm,sz.xisx | [ showPlots |
b " © ot start end | smietn || optmmaton |
Head threshold (pixels) (16000 [+] | Slpe | |Fiow Accumulation | |Overlend velodity | sz B[ E|n Ee B B E
ot obe A flow Generate Repart
|chanmel velocty| | Fow Velocity | | sochvones | |7 oserved flow data ‘
5
Observed Flow Data
25
20
2R
c
H
10
5
0 TAM'“‘"A T T T
o 100 200 300 400 500 600 700 800
Time step [15.0 minutes] v

Figure 7.7: Example of observed lydrograph import.
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[ o | ‘C:ldevfﬂullﬁ\esfdem‘hf ‘ [ show Raster | Surface Model Parameters
| Flow Direction | ‘C‘/devjt;u]]ﬁ\esfﬁuwdlam.nf ‘ | Show Raster |

a m
| Rainfal Data | ‘c‘/devjsu]]ﬁ\esframgedjz s ‘ | show Plots |

|Channel velocity | | Flow veloaty | | Isechvones |

| station Points | | Ci/dev/ n | Ishow Statons|
[ o | |ciideviaues/avasterinf || showan | | smusson || optmmaton |
[ comme | ‘C:ldeijquﬁ\EsfmnnEZS‘hF ‘ [show corane| @ R I———
[ kjcorme | \c‘/deu/suuﬁ\esfmnne,k.sdsx \ [ showk |
[ Stream Data | | Cafdev/Gufiesfstreamst.shp | [souso | L B wo kg
Stream Raster | ‘C‘/devj(;u]lﬁ\esfswjasherj of ‘ | Shon raster |
Observed Flon | | c:/dev/Gul/fes/Qobs15m_E2 xix || show Pits |
o start = | smiaton ||  Optmaaton

Head threshold (pixels) | 16000 [ |

| |Fow

b A 0
ion| | Overtand Velocity| g 103 B0 El[z0 oo [ ls0 Hi= H

Plot stations shapefile. # of stations should be equal to # raindata records

| Generate Report

4114000

4112000

4110000

4108000

4106000

4104000

4102000

4100000

Rain Stations

|00 334000 336000 33B000 0000 342000 344000 346000

Figure 7.8:

Example of stationsd shapefile

83

mport

\Y

S uUa



[ peM | |cidevioulflesjcem. st | [ Show Raster | Surface Model Parameters
[ Fow Drecton | | c:fdevijGut/fiesfondiect. | [showRaster |
a m

| Rainfall Data | |c‘ldavisulfﬁ\es/vawn,nedjz st ‘ | showPlots |
| station Points | | ci/dev/et n | 'show statons|
[ av | |cevisur/esiovaster 1.6t || showen | | Smuston || oOptmzaton |
[ corme | |C:IdEvIGulfﬁ\EslmrinEZS.hF ‘ [show corme]| Complete flow model Parameters
[ kjcorme | |C‘Idav/[sulfﬁ\es ne_k sdsx ‘ [ showk |
[ SweamData ‘|C‘,’daleUlfﬁ\es/sneam5HP shp ‘ e L B W0 lag
|Stream Raster | |Cifdev/GuLlesistr_rasters.of || how raster | 000000 [2] (0.00000 2] 000 3] [o Bl
|observed Fiom| |C:Idav/Gulfﬁ\Es/Qahs15m_E2‘>ds}t \ | showPlots |

5 B = = == - | simuation || optmizaton |
Head threshold (pixels) (16000 (2| | Slope | [Flow | |overland velocty | b [3[ton Elm [Flme F e [5[m 3

Generate Report
Plot stream shapefile ‘

|channel velocity| | Flow Velodity | | Isochrones |

Streams shapefile

4114000

4112000

4110000

4108000

4106000

4104000

4102000

4100000

332000 334000 336000 338000 330000 342000 344000 346000

Figure 7.9: Example of the streams network shpefile import, visualized on top of the basin footprint.

Under the import wizard section there are actions available to the user for data processing.
These include the IDW rainfadipatial allocation to cells, the computation of cell slope, flow
accumulamn and relevant velocities and visualization of the basins isochrones areas. There are
input widgets (comboboxes) that enable the-dgdéined input of the respective parameters for

the actions (e.g. the parameterstiore of concentratiorestmation, subbasin area threshold

etc.). Examples of interaction are given in the followfiggres.
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|

MainWindow
DEM C:/dev/GUIffies/dem. tif Show Raster Surface Model Parameters
Flow Direction | | C:/dev/GUIffies/fowdiectr. tif Show Raster R m
Rainfall Data | | C:/dev/GUIffiles/rain_ned_E2.xlsx Show Flots
0.00001 |5 |0.500 <
Station Points | | C:/dev/GUI fies/stationsE2.shp Shaw Stations
N C:/devfGUiffies/evaster 116 Show €N Simuiation Optimization
CORINE | | Ci/dev/@Uiffies/corine25. 5 Show CORINE
Complete flow model Parameters
KJCORINE | | C:/dev/GU1 ffiles/corine _k.dsx Show k
Stream Data | | C:/dev/GUIffies/streamSHP.shp Show shp L B wo lag
Stream Raster | | C:/dev/GUIffiles/str_raster3.f e 000000 ] [o.00000 B oo 1 lo z
Observed Flow| | C:/dev/GUIffles/Qobs15m_E2.xlsx Show Plots
b = o P o end Simulation Optimization
IDW interpolate| |0 | Head threshold (pixels) | 16000 |+ Slope Flow Accumulation | |Overland Velodity| 5305 [2] (100 2] [3.10 900 a0 pre =
Generate Report
Plat Flow Accumulation map
Channel Velodty | Flow Velocity  Isachrones
~
Flow Accumulation
4093411 12
4099511 10
4099611 N
4099711 .
4099811
a
4099911
2
4100011
0
332376 332476 332576 332676 332776 332876
v

Figure 7.10: Example of flow accumulation computation.
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(] MainWindow = &

DEM C:dev/cur/fies/dem.tf S A Surface Model Parameters
Flow Direction | | C:/dev/GUI/files/flowdiectr.tf Show Raster g -
Rainfall Data | | C:/dev/GUIffles/rain_ned E2.xsx Show Plots
0.00001 [T 0.500
Station Points | | Help info: Open the stations shapefile (.shp) Show Stations
N Ci/dev/GUIffies/araster 1.6 Show CN Simuiation Optmization

CORTE | | C:fdev/GUIffles/corine25. 6F Show CORINE

Complete flow model Parameters

KICORINE | | C:/deveuffies/corine_k.xis Showk
Stream Data | | C:/dev/GU/fles/streamSHP.shp Show shp L B wo lag
Stream Raster | | C:/dev/GUIffies/str_raster3.tf P T——

0.00000 (3] |0.00000 [+ 0.00 <o
Observed Flow | | Ci/dev,

[GULffiles/Qobs 15m_E2.xdsx Show Plots
b 0 o B o end Simulation Optimization

IDW interpolate| |0 | Head threshold (pixels) | 16000 |+ Slope Flow Accumulation| Overland Velodity| (g 10 [2] (100 2] 3,10 =] [o00 =1 [s0 =] 350

Generate Report
Flow velodity is successfully defined, isochrones calaated
Channel Velocity| | Flow Velocity | | Isochrones

~
Flow velocity
4099411
4099511 20
4099611
15
4099711
10
4099811 |
|
4099911 05
4100011
00
332376 332476 32576 332676 332776 332876
v

Figure 7.11: Example of calculation the final cell velocity values.

On the top right side of the window are the user defined inputs of parameters used for the
simulation of an event supplying either the parameters for the surface modediiray the
parameter values needed for the complete model. The user is also able to run an optimization
for either model and the parameter values will populate the input widgets at the end of the
optimization. The generate report button saves results ahiaption (parameter values,
simulated hydrograph and metrics) in a text file. An example of visualization is gitFguire

7.12.

86



[ oeM | cildeviouifesidem | | Show Raster | Surface Model Parameters
| Flow Direction | ‘C:fdevfGUIfﬁ\Esfﬁnwdiam‘hF ‘ | show Raster | R m
| RainfallData | ‘c:fuevfsuuﬁ\esfram,neu,sz ssx ‘ | Show Flots |
[ staton Points | | Cifdev/cL h | o] oo 5] oz 3]
[ | ‘C:fdev,'GUllﬁ\esfmrastern.nF ‘ | showan | | smiston || optmizaton |
| comme | | Cifdeviufies/corineas | [show corg | o S
| wjcorme | ‘C:fdevfGIJIfﬁ\EsfmnnE_k.nisx \ | showk |
[ Sreambata | ‘C:fdevfGUIfﬁ\Esftahs.Mp ‘ [ showshp | L B wo lag
Stream Raster | ‘C:fdev,'GUl,’ﬁ\esfstasherE} tF ‘ | Show raster |
Observed Flon | | Ci/dev/GUiffes/Qobs15m_£2.xisx | | shon plots |
ot start end [ smuation | [ optiizaton |

b A 0
5 18] Head tveshod Girels) 16000 %] | Siope | [Fiow | [overtand velodty| g, 15 oo B[z Eleo [ |so H B

Effidency metric value is 0.867988 1411485398 |

|Channel velocity | | Flow veloaty | | Isechvenes |

~
Qsim vs Qobs (surface model)

=
20
15

|

|
10
5
0

o 100 200 300 400 500 600 700 800
v

Figure 7.12 Example of simulationresults.
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8 Study area and data

The scope of this study is thdevelopmenand documentation of a fully distributed model for
eventbased hydrologicahodelling that could be used as a staradore application.

Hence, the proposed scheme is not established upon a smtedy basin, but is rather a
general framework aimed for being easily implemented in different size basins. However, a
study area is selected, in order to analyse and report the functionality and the results of the
proposed model. In this chaptere presentthe study basin as wedhd the available data.

8.1 Nedontasriver basin

Nedontas river is located in the region of Western Peloponnese, Greece and belongs to the
Water Department of Western Peloponnese (GRO#@jeneral overview of the area is given in
Figure8.1. Nedontagpasses through the city of Kalamatathe prefecture of Messeniahe

special feature of this site is a deep narrow gorge, with a length of 9 km, lying between Chani
Lagou and the military shooting area, modf Kalamata Nedontas river springs from the
western slopes of Taygetos, and flows into the Messenian gulf, west of the harbor of Kalamata,
with a total length of 26 kmin the area exists a network of meteorological and hydrometric
stations. The crosgsetion of the basin was selected upstream of the urban area, and in particular
at the Nedontas hydrometric station, at the
downstream.

This watershed is suitable for our study, as thtei@ n 6 t strueturas shatcould affect its
hydrological regime (e.g. dams, deflections, reservoir§ue to the karstification, a high
percentage of runoff water in the Nedms riverbed infiltrates through the limestone, thus
contributing to the enrichment of the growater and maintaining the relatively low runoff
towards the river mouth. The geomorphological development of the Nedontas gorge is due to
extensive erosion which occurred during the post alpine elevation of the area; erosion was
promoted across large NEW striking faults.

A further factor contributing to the choice of this particular case study, is the characteristics of
the overland flow, which is the main component of discharge. It occurs through tHerwedtl
hydrographic network with relatively strdit sections at least at the locations of the existing
hydrometric stations. The meteorological data collected from a station near the airport (6 km
west of Kalamata) provide information on the area's water potential.

In the south of Prefecture of MessiniFinikounda Methoni), the rainfall is in average 600
mm, 1500 mm in the mountainous areas andBD mm in central, northern plain and semi
- mountainous areas.
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Figure 8.1: Satellite imageryof the general area around Nedontas river, as seen in Google Earth Pro.

8.2 Processing of the Geospatial Information

The available geospatial data used for the examined catchment area are altitude information,
land use covergeological structureas well as the locains of the metric stationkigure8.2

shows the Digital Elevation ModéDEM) with a spatial resolution of 25 m per pixélbtal

basin area is equal 1d 9.3 kn?. As it can beobserved from thaltitudehistogram(Figure8.3)

of the examined data, the minimum altitude value is approximately 93 m and the maximum 1
715 m.

In Nedontas basin the slopes are genesdiep, as 75% of the cells have slope greater than
18%. In the northern areasparticular, ope exceeds 100%-igure8.4).
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Figure 8.2: DEM of the basin under study.
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Figure 8.3: Altitude histogram of the basin.
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Figure 8.4: Slope classification
8.2.1 Hydrographic network

The hydrographic network consiststbé main branch diiedontas anthreemajortributaries,

i.e. Nedousa, Alagonia and Karveliotis. The first to form the uppaches of the examined
river, while the third runs across the southwest part of the bagare 8.5 illustrates the
hydrographic network of the basifhe main water body of the area collects the smaller streams
and creeks fnm the upstreams and reaches the outlet of the basin, which is located in the
Messenian GulfAntoniadi (2016) estimated the unit time of concentratibngqual to 3.1
hoursand shape parameterequal to 0.193.
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Figure 8.5: Hydrological network in Nedontas basin.

8.2.2

Land use

The digital land use model derived from Corine Land Cover 2Bitjire 8.6 depicts the land
uses for the studied basin. It is obvious that the main land use isibteaded forest and
coniferous forest.
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Legend
Land uses (Corine 2000)

4102500

4101000

[ Olive groves (CODE: 223)
I Broad - leaved forest (CODE: 311)
B Coniferous forest (CODE: 312)

Natural grasslands (CODE: 321)
I Transitional woodland (CODE: 324)

4099500

Figure 8.6: Corine Land Cover Classification.
8.2.3 Geologial background
As seen irFigure8.7, most of the central part of the basin is comprised of the Tripolis Zone
which is karstified. The east side of the basin is comprised of quartz geological formations.
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Figure 8.7: Geological background of Nedontas basin.
8.2.4 Permeability

The classification of the soils infiltration raéecording to SC$ high (Class A), medium to
low (categories B and C) and at a very low rate (Category D). Oibe tmall size of categories
B and C, they were consolidatélthe followingfigure depicts the water permeability.
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Figure 8.8: Permeability map of Nedontas basin.
8.2.5 Estimation of CN values forAMC Il conditio ns

CN values forAMC Il conditions are calculated according to the methodology described in
5.3.4 and are presentedrigure8.9. The mean value of CN 82.35.
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Figure 8.9: CN values for AMC Il conditions.
8.2.6 Flow direction and flow accumulation

In Figure8.10the flow direction map is presented.Aigure8.11 the flow accumulation of the
examined catchment is illustrated, withraiesholdof subbasins equal to 2.5 Kmn
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Figure 8.10: Flow direction raster.
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Figure 8.11 Flow accumulation with threshold of 2.5 knt.
8.2.7 Analysis of the strean network

Using a sukbasin threshold of 2.5 khand the common GIS hydrology tools the water network
of Figure 8.12 emerges. Streams are named by ID values. The attriblatpglength and
Manning coefficient are presented ifable 8.1. Manning coefficients are estimated
macroscopically by means sétellite imagery interpretation.

Table 8.1: Stream network attributes

ID Length (m) Slope %  Manning coeft.

1 [1483.31 0.135589 0.07
2 |1889.64 0.119282 0.07
3 14150.66 0.068437 0.05
4 [2316.43 0.110869 0.07
5 [396.309 0.193031 0.07
6 [523.51 0.166129 0.07
7 [1704.03 0.024108 0.03
8 [1342.08 0.060317 0.05
9 [2094.73 0.057592 0.07
10 448.144 0.0459 0.05
11 87.5 0.052914 0.07
12 |1342.92 0.076423 0.05
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13 1251.79 0.081723 0.07
14 1106.066 0.09 0.07
15 612.5 0.097796 0.07
16 3059.25 0.025264 0.03
17 3821.84 0.149473 0.07
18 [995.376 0.068587 0.03
19 2156.43 0.092162 0.07
20 |1443.49 0.273469 0.07
21 |1532.63 0.016188 0.03
22 [7664.86 0.054223 0.07
23 [2616.26 0.040413 0.03
24 |1488.46 0.068998 0.07
25 870.789 0.162783 0.07
26 [216.001 0.021713 0.03
27 2756.11 0.127992 0.07

Figure 8.12 Streams by ID.
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