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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.

1



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

transpiration

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)

matrix
infiltration

througfall

water table

return flow




(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.



Surface storage

| | ’ | S5 ds  Surface runoff

Recharge

S3 9o
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Distribution of S, storage capacities
Groundwater storage

S

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.

Figure 2.4: Integration of the PDM grid elements inti the G2G model (after Mooreet al. 2006)




























































































































































































































































































































































