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Abstract: A GIS-based distributed watershed model, WetSgartsion, has been under
development suitable for use of flood predictiod aratershed management on catchment
scale. The model is physically based and simulatdsological processes of precipitation,
snowmelt, interception, depression, surface runaffijltration, evapotranspiration,
percolation, interflow, groundwater flow, etc. cmowiusly both in time and space, for
which the water and energy balance are maintainegbgch raster cell. Surface runoff is
produced using a modified coefficient method basedhe cell characteristics of slope,
land use, and soil type, and allowed to vary wiih moisture, rainfall intensity and storm
duration. Interflow is computed based on the Dartgtv and the kinematic approximation
as a function of the effective hydraulic condudyivand the hydraulic gradient, while
groundwater flow is estimated with a linear resarwoethod on a small subcatchment
scale as a function of groundwater storage andesseon coefficient. Special emphasis is
given to the overland flow and channel flow routuging the method of linear diffusive
wave approximation, which is capable to predicwfldischarge at any converging point
downstream by a unit response function. The modebunts for spatially distributed
hydrological and geophysical characteristics ofdatchment and therefore is suitable for

studying the impact of land use change on the hgdical behaviours of a river basin.

Keywords: Watershed modelling, WetSpa, GIS, Runoff, Floaedpstion



TABLE OF CONTENTS

ABSTRACT

TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

1. MODEL DESCRIPTION
1.1 MODEL HISTORY

1.1.1 WetSpa
1.1.2 WetSpass
1.1.3 WetSpa Extension

1.2 MODEL CONSTRUCTION

1.2.1 Model objectives
1.2.2 Model structure
1.2.3 Model assumptions
1.2.4 Model limitations

1.3 DATA PREPARATION

1.3.1 Digital data
1.3.2 Hydro-meteorological data

2. MODEL FORMULATION

2.1
2.2
2.3
2.4
2.5

2.6
2.7

PRECIPITATION

INTERCEPTION

SNOWMELT

RAINFALL EXCESS AND INFILTRATION
DEPRESSION AND OVERLAND FLOW
2.5.1 Formulation of depression storage
2.5.2 Mass balance of depression storage
2.5.3 Formulation of overland flow
WATER BALANCE IN THE ROOT ZONE
EVAPOTRANSPIRATION FROM SOIL
2.7.1 Potential evapotranspiration

©o © 4 N
o o & w

12
14
14
15
18
19
21
21
23
23
24
25
25



2.7.2 Actual evapotranspiration
2.8 PERCOLATION AND INTERFLOW
2.9 GROUNDWATER STORAGE AND BASEFLOW
2.10 OVERLAND FLOW AND CHANNEL FLOW ROUTING
2.10.1 Flow response at a cell level
2.10.2 Flow response at a flow path level
2.10.3 Flow response of the catchment
2.11 SUBCATCHMENT INTEGRATION
2.12 CATCHMENT WATER BALANCE
PARAMETER IDENTIFICATION AND MODEL EVALUATION
3.1 DEFAULT PARAMETERS
3.1.1 Parameters characterizing soil texture cfasse
3.1.2 Parameters characterizing land use classes
3.1.3 Potential runoff coefficient
3.1.4 Depression storage capacity
3.2 GLOBAL PARAMETERS
3.3 MODEL EVALUATION
MODEL OPERATION
4.1 PROGRAM INSTALLATION
4.2 PROGRAM DESCRIPTION
4.2.1 Avenue scripts and their tasks
4.2.2 Lookup tables
4.2.2 Fortran programs and their tasks
4.3 GIS PRE-PROCESSING
4.3.1 Surface grid preparation
4.3.2 Soil based grid preparation
4.3.3 Land use based grid preparation

4.3.4 Potential runoff coefficient and depressitumagge capacity

4.3.5 Flow routing parameters
4.3.6 Thiessen polygon
4.3.7 Drainage systems for a complex terrain

28
29
32
34
4 3
36
38
38
40
43
43
43
44
46
50
53
58
61
61
62
2 6
63
64
64
64
68
69
70
70
71
72



4.4 CREATION OF INPUT FILES 73

4.4.1 Input file of time series 73
4.4.2 Global parameters and spatial output spatifins 76
4.5 MODEL CALIBRATION AND VERIFICATION 9
4.5.1 Calibration and verification processes 79
4.5.2 Parameter adjustment 83
4.5.3 Parameter sensitivity 84
4.6 MODEL OUTPUT 86
4.6.1 Intermediate output 86
4.6.2 Final output 88
4.6.3 Post processing of model outputs 92
5. CASE STUDY: CASE 1: BISSEN CATCHMENT, LUXEMBOUR 93
5.1 Description of the study area 93
5.2 Data available 95
5.3 Basin delineation and parameter determination 98
5.4 Model calibration and validation 101
5.5 Discussion 105
6. CONCLUDING REMARKS 108
REFERENCES 112



LIST OF TABLES

Table 3.1. Default parameters characterizing sailural classes 43
Table 3.2. Default parameters characterizing lsselalasses 45
Table 3.3. Potential runoff coefficient for diffetdand use, soil type and slope 47
Table 3.4. Slope constang for determining potential runoff coefficient 48
Table 3.5. Impervious percentages associated widitted land use classes 49

Table 3.6. Depression storage capacity for diffel@md use, soil type and slope 51

Table 4.1. Sample file of precipitation series {.tx 74
Table 4.2. Sample file of potential evapotranspraseries pet.txt 74
Table 4.3. Sample file of temperature series t.txt 75
Table 4.4 Sample file of discharge series g.txt 75
Table 4.5. Template of global model parameters 76
Table 4.6. Template of spatial output specificagion 77
Table 4.7. Parameter sensitivity for model calilorat 85
Table 4.8. Sample output file of mean.txt 86
Table 4.9. Parts of output file uh_cell_h.txt 87
Table 4.10. Sample output file of q_tot.txt 88
Table 4.11. Sample output file of q_sub.txt 89
Table 4.12. Sample output file of balance.txt 90
Table 4.13. Parts of output file runoff.asc 90
Table 4.14. Model evaluation result evaluation .txt 91

Table 5.1. Default parameter values in the PET tdanfor different land use 97
Table 5.2. Data available and characteristics ®Bissen catchment 98
Table 5.3. Statistics and model performance forcHidration/validation period 103

Table 5.4. Water balance estimation at Bissenfemthole simulation period 106



LIST OF FIGURES

Fig. 1.1. WetSpa model structure 2
Fig. 1.2. Schematic of a hypothetical grid cell WetSpass 3
Fig. 1.3. Structure of WetSpa Extension at a pied level 6
Fig. 2.1. Annual variation of grass interceptioorage capacity 17

Fig. 2.2. Relationship between rainfall excessfodeht and soil moisture content 20

Fig. 2.3. Sketch of depression storage as a fumcti@xcess rainfall 22
Fig. 2.4. Graphical presentation of excess raifatl overland flow 24
Fig. 2.5. Graphical presentation of soil water haéa 24
Fig. 2.6. Observed and simulated daily EP at Ukixethe year 1997 27
Fig. 2.7. Simulated hourly EP with E23m 27
Fig. 2.8. Graphical presentation of soil evapotpaasion 29
Fig. 2.9. Effective hydraulic conductivity as a @tion of moisture content 30
Fig. 2.10. Flow path response functions with défert ands;? 37
Fig. 3.1. Potential runoff coefficient vs. slope forest and different soil types 48
Fig. 3.2. Depression storage capacities vs. slopgrass and different soil types 52
Fig. 4.1. Schematic view of the model’s projectiéal 61
Fig. 4.2. Screenshort of surface menu 65
Fig. 4.3. Screenshort of parameter menu 68
Figure 5.1. Location of the Bissen catchment 93
Figure 5.2. Watershed topography of Bissen 94
Figure 5.3. Land use map of Bissen 94
Figure 5.4. Soil type map of Bissen 94
Figure 5.5. River network and Thiessen polygonBisen 94
Figure 5.6. Hydraulic radius of Bissen 99
Figure 5.7. Runoff coefficient of Bissen 99
Figure 5.8. Mean travel time to the basin outleBissen 100
Figure 5.9. Standard deviation of flow time to Haesin outlet of Bissen 100
Figure 5.10. Observed and calculated flow at Bigsethe floods in Dec. 1999 102
Figure 5.11. Observed and calculated hourly floBiasen for the year 1999 104
Figure 5.12. Peak Qm Vs Peak Qc selected from ti@densimulation period 104
Figure 5.13. Observed and calculated hourly flargfrency curves at Bissen 105



1. MODEL DESCRIPTION

Recent development of GIS and remote sensing témiyonakes it possible to capture
and manage a vast amount of spatially distribuggtidiogical parameters and variables.
Linking GIS and the distributed hydrological modebf rapidly increasing importance in
studying the impact of human activity on hydrol@ajibehaviours in a river basin. Ideally,
watershed models should capture the essence phifsecal controls of topography, soil
and land use on runoff production as well as theewand energy balance. Distributed
parameter hydrological models are typically strumtiuin characterizing watershed
conditions such as topography, soil type, land wusajnage density, degree of soil
saturation, and rainfall properties, for whichstadvantageous to use the data currently

available in GIS format. This report describes saichodel, called WetSpa Extension.

1.1 Model History
The WetSpa Extension is based on the previousglaped WetSpa model, and is parallel

to another extension WetSpass. A brief introduaticthese two models is given below.

1.1.1 WETSPA

WetSpa is a physically based and distributed hydyicel model for predicting the Water
and Energy Transfer between Soil, Plants and Atime&rgpon regional or basin scale and
daily time step developed in the Vrije UniversiBitissel, Belgium (Wang et al., 1997 and
Batelaan et al., 1996). The model conceptualizedsasin hydrological system being
composed of atmosphere, canopy, root zone, traggmigone and saturation zone. The
basin is divided into a number of grid cells in erdo deal with the heterogeneity. Each
cell is further divided into a bare soil and vegethpart, for which the water and energy
balance are maintained. Figure 1.1 shows schemilitidae considered hydrological
processes. Water movement in the soil is simpléi®dne-dimensional vertical flow,
including surface infiltration, percolation and cdpry rise in the unsaturated zone and
recharge to groundwater. The model was designesinwlate the Hortonian overland
flow and the variable source area concept of rumg@ffieration. In order to have a more
realistic representation of the interaction betweenface runoff and groundwater storage,



a groundwater flow model is integrated, for whidie tgroundwater balance in the
saturated zone is described by the two-dimensibDuogluit-Forchheimer horizontal flow

equation. Under appropriate boundary condition® thater table position is determined
with a finite difference scheme for each grid calid explicitly for each time step. The
model was designed for scientific research withetimasolution of minutes. This brings

difficulties to the model in practical applicatialue to the data available.
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Fig. 1.1. WetSpa model structure

1.1.2 WETSPASS

For the estimation of long-term spatial patternstef groundwater recharge, that could be
used as input in regional groundwater flow modetgl dor the analysis of regional
groundwater flow systems, a simplified model WetSpas developed by Batelaan & De
Smedt (2001) based on WetSpa. WetSpass standatir ad Energy Transfer between
Soil, Plants and Atmosphere under quasi-Steadye Standitions, which is GIS based,
spatially distributed hydrological model for caleting the spatially distributed yearly
and seasonal evapotranspiration, surface runoff] gnoundwater recharge. The model
accounts for the spatial variation in the grounderatecharge, which is the result of
distributed land use, soil type, slope, etc. Figlr2 gives a schematic water balance of a
hypothetical grid cell for WetSpass from BatelaarD& Smedt (2001). The total water
balance for a cell in a spatially distributed grisl split up in independent water balances

for vegetated, bare-soil, open-water and impervipasts of the grid cell. This allows
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accounting for the non-uniformity of the land uspending on the resolution of the grid

cell. The processes in each part of a grid cell seein a cascading way. This means an
order of occurrence of the processes, after theipr@ation event, is assumed. Defining

such an order is a prerequisite for the seasomaktiscale with which the processes are
guantified.

Mpervious
gvaporation

Fig. 1.2. Schematic of a hypothetical grid cell for WetSpass

1.1.3 WETSPA EXTENSION

The WetSpa Extension, described in this repomr, &lS-based distributed hydrological

model for flood prediction and water balance sintida on catchment scale, which is

capable of predicting outflow hydrograph at basutlet or any converging point in a

watershed with a variable time steps (De Smedt €2@00; Liu et al., 1999, 2002, 2003).

The model aims not only at predicting flood, bioainvestigating the reasons behind it,

especially the spatial distribution of topograpland use and soil type. Comparing with

the original WetSpa model, the major changes iradin this extension are:

1) The time resolution of all hydrological processgxhanged to a variable time scale
(minutely, hourly, daily, etc.) in order to meetetlspecific requirement of flood
prediction.

2) The flow routing component for both overland flavda@hannel flow are incorporated
using the method of linear diffusive wave approxiom
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3) The component of shallow subsurface lateral flovadsled to the original model
simulating interflow by the method of kinematic yomation.

4) The component of snowmelt modelling is added tootigitnal model simulating
snowmelt by the degree-day approach.

5) The hydrological process of depression storagaksen into account being one of the
major losses of initial abstraction.

6) Groundwater flow simulation is performed on smabcatchment scale by the method
of linear reservoir for the simplification of modehrameterization.

7) Some model formulas are modified in order to makenmiodel more physically based
and capable of using readily available data.

8) All default parameter values involved in the moldelkup tables are recalibrated
based on the literature review and practical cassl®s.

9) Model programs using ArcView Avenue and Fortramglaege are developed, which

makes use of spatial inputs and gives spatial dstas well.

This manual is designed to provide a brief desionipdf the components in the WetSpa
Extension. It also describes the program structtime,guideline for estimating model
parameters, the base maps required to represatatanent, as well as the input and output
datasets for model calibration and validation. BreView scripts, lookup tables and
Fortran programs, as well as the sample input atplbfiles are included in the ArcView
project in the enclosed diskette. Operating insibas and any revisions can be found in
the project help script.

1.2 MODEL CONSTRUCTION

1.2.1 Model objectives

1) To provide a comprehensive GIS-based tool for flgwddiction and watershed
management on catchment scale, which is compattieGIS technology and remote
sensing information.

2) To enable the use of the model for simulation efdpatial distribution of hydrological

processes, such as runoff, soil moisture, grounelwatharge, etc.
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3) To enable the use of the model for analysis of lasel change and climate change
impacts on hydrological processes.

4) To provide for a distributed model that can operatecell scale and a variable time
step, and a semi-distributed model on small subwiag¢el scale.

5) To provide a platform on which the future waterlgyand soil erosion models can be

developed at multiple scales.

1.2.2 Model structure

The model uses multiple layers to represent theweatd energy balance for each grid cell,
taking into account the processes of precipitatiatgrception, snowmelt, depression,
infiltration, evapotranspiration, percolation, sagé runoff, interflow and groundwater
flow. The simulated hydrological system consistsfair control volumes: the plant
canopy, the soil surface, the root zone, and theratad groundwater aquifer. The
precipitation that falls from the atmosphere befdreeaches the ground surface is
abstracted by canopy interception storage. Theirengarainfall reached to the ground is
separated into two parts depending on the landrceed type, slope, the magnitude of
rainfall, and the antecedent moisture content ef gbil. The first component fills the
depression storage at the initial stage and ruihthefland surface simultaneously, while
the remaining part infiltrates into the soil. Tindltrated part of the rainfall may stay as
soil moisture in the root zone, move laterally aseiflow or percolate further as
groundwater recharge depending on the moisturenbaof the soil. Drainage water from a
given cell flows laterally depending on the amowhtgroundwater storage and the
recession coefficient. The percolation out of tld Eyer is assumed to recharge the
groundwater storage. Interflow from the root zomassumed to contribute overland flow
and routed to the watershed outlet together witfasa runoff. The total runoff from each
pixel cell constitutes the sum of the surface rirtb€ interflow and the groundwater flow.
Evaporation takes place from intercepted watenetsed water and the soil surface, while
transpiration takes place from the plant throught gystem in the soil layer, and a small
part from the groundwater storage. The water baldmcthe interception storage includes
precipitation, evaporation and through fall. Thetevdbalance for the depression storage

includes through fall, infiltration, evaporationdasurface runoff. The water balance for the
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soil column includes infiltration, evapotranspicatj percolation, and lateral subsurface
runoff. The water balance for the groundwater gferacludes groundwater recharge,
deep evapotranspiration, and lateral groundwater. fFigure 1.3 shows schematically the
model structure at a pixel cell level.

The simple structure in Figure 1.3 is used in tloeleh because the emphasis here is on
developing and testing parameterizations for thet mmne. Excess runoff, infiltration,
evapotranspiration, interflow and percolation estiés are point calculations. Different
slope, land use and soil properties in differeid gells of a watershed result in different
amounts of excess runoff when subjected to the sanwunt of rainfall. The routing of
runoff from different cells to the watershed outtktpends on flow velocity and wave
damping coefficient using the method of diffusivawe approximation. Although the
spatial variability of land use, soil and topogragtroperties in a watershed are considered
in this model, the groundwater response is modatedmall subcatchment scale for the
convenience of model parameterization and modellsition. Two alternatives for
determining groundwater flow are used in the mosietulating groundwater flow with a
simple linear reservoir method and non-linear nesiemethod. All model equations are
specifically chosen to maintain a physical basid aell supported by previous studies.
The inputs to the model are precipitation and pideavapotranspiration (PET).

Evapotranspiration Precipitation
A

Interception

CANOPY

Through fall
Y

SOIL SURFACE

Depression Surface runoff>

Infiltration
L

SOIL

Interflow

mOAUVP>ITON -0

Rechargsg
Y

GROUNDWATER

Drainage

Fig. 1.3.Structure of WetSpa Extension at a pixel cell leve
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Temperature data are needed if snow accumulatidnsaawmelt occur during the
simulation period. The digital maps of topograpghpd use and soil type are used to derive
all necessary spatial distributed model parametdrs.main outputs of the model are river
flow hydrographs and spatially distributed hydrotad characteristics, such as soill

moisture, infiltration rates, groundwater rechargeface water retention or runoff, etc.

1.2.3 Model assumptions

1) Soil characteristics and landscape are isotropit tmmogeneous for a single raster
cell.

2) Canopy cover and ground cover are homogeneoussiogee raster cell.

3) Precipitation is spatially homogeneous within aeasell.

4) The form of Hortonian overland flow is valid for stoof the areas.

5) Evapotranspiration is neglected during a rainstanch when the soil moisture is lower
than residual soil moisture.

6) Deep evapotranspiration takes place when soilyisadrd is restricted by the amount of
effective groundwater storage.

7) Soil moisture content is homogeneous in a sindlewhkile the groundwater storage is
uniformly distributed on small subcatchment scalegach time step.

8) Water flows along its pathway from one cell to 4ot and cannot be partitioned to
more than one adjacent raster cell.

9) The method of linear diffusive wave approximatian valid for routing of both
overland flow and channel flow.

10)Hydraulic radius is location dependent, varies withod frequency, but remains
constant over a flood event.

11)Interflow occurs when soil moisture content is kiglthan field capacity and can be
estimated by Darcy’s law and kinematic approxinratio

12)The water losses during overland and channel flasvwell as the losses of deep

percolation are not important.
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1.2.4 Model limitations

Hydrological modelling is an attempt to simulat@lrbydrological processes through the

use of input data describing physical charactecstof the system, a set of algorithms to

transform input data to output of interest, and@ifging assumptions to limit the scope of

the model. Model limitations must be consideredinming the model and interpreting its

output. Followings are the major limitations assaieid with model simulation.

1)

2)

3)

4)

5)

WetSpa Extension runs with a continuous input detées. Therefore, the check of
continuity and reliability must be carried out ihe phase of data preparation. If
missing data exist in the precipitation or PET esriartificial interpolation must be
done for the time period. For the purpose of camiins model evaluation, negative
values are taken the place in case of missing femerds.

The land use categories are grouped, for which somée categories might be
somewhat ambiguous. For instance, the categorycatjure may include farmsteads,
lawns, disturbed areas, idle land, and other lasdathat are not identifiable as one of
the other specified land use categories. Furtheranthe annual crop rotation is not
taken into account in the model. On the other hémaer level highways and country
roads are not modelled uniquely, but are combinethiw the rural residential
category, this may reduce the amount of runoff alter the flow direction expected
from these areas.

Values assigned to any raster or grid cell représem average value over the area of
each cell. The greater the variability over thel ddle greater will be the error induced
through the use of an average value. Thereforegtitesize should be well defined. A
small grid size may better represent the variapiliof physical watershed
characteristics, but leads to more memory costtand consumption during the model
simulation, especially for large watersheds. Bakrshould be made between the
model accuracy and computer efficiency.

The time resolution should be well defined. Agristance, it is not feasible to predict
flood using hourly or daily scale for a very smakltershed, where excess water may
flow out within the first time step. In this caaehorter time interval should be chosen,
if field measurements are available.

The snow accumulation and snowmelt are modelledsimple way by the degree-day
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coefficient method, where the redistribution of@mack, the influence of aspect, local
slope, land use, etc., to the snowmelt are notactmunt.

6) WetSpa Extension generates runoff by an empiriaaéth modified coefficient method
rather than from equations more closely represengninysical processes. Though
definitely a limitation, the use of the method hasdvantages of close linking runoff
with cell characteristics such as slope, land ws®l type and moisture content, and
has a great potential to predict the impact of lanse change on hydrological
behaviours in the watershed.

7) The impervious fractions for urban areas are séjactively depending upon cell size,
since no detailed measurements are available. fstance, for a 50X50 m grid, 30%
is set for residential area, 70% for commercial anmdustrial area and 100% for major
communication lines, parking lots, etc. This matyawtually reflect the real world and
may bring errors to model result.

8) WetSpa Extension employs many default parametarshare interpolated from the
literature and used over the entire catchment. Doethe vast variation range,
parameters such as hydraulic conductivity, rouglknesefficient, etc. may change
greatly when applying the model to another placthwjuite different environment.
Therefore, model calibration is preferable, andsttbrings difficulties in model
parameterization in an un-gauged river basin.

9) WetSpa Extension simulates groundwater flow on Issu#bcatchment scale. It
estimates the groundwater flow and groundwateragjerfor each small subcatchment
at each time step, but cannot predict the spaistrithution of groundwater table, as
well as its variation during the simulation period.

10)WetSpa Extension assumes that the groundwater tsitilelow the root zone. This

constrains the use of the model in wetland areas.

1.3 DATA PREPARATION

The preparation of the database for WetSpa Extensia specific watershed implies the
determination of the complete drainage structurthefwatershed, the spatial distribution
of land use classes and soil types, as well as dbkection of available

hydro-meteorological data related to the project.
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1.3.1 Digital data
The model uses geo-spatially referenced data a# iimp deriving model parameters,

which includes most data types supported by ArcVieweh as coverage, shape file, grid

and ASCII file. Image can be used for referencéwvit view, but is not used directly by

the model. The digital maps of topography, landars® soil type are 3 base maps used in

the model, while other digital data are optiongbetleding upon the data available and the

purpose and accuracy requirement of the project.

1)

2)

Digital Elevation Model (DEM)

The raster-type DEM, generated from point or contopographic map, is preferred in
order to be compatible with other remotely sensath.dThe spatial and elevation
resolutions should be fine enough to capture teerdg&l information allowing taking
care of the effects of spatial variability of theatershed characteristics on its
hydrological response. In practice, the chosen ludgsa must allow adequate
representation of the actual topography and acewetermination of the watershed
area, its river network, and its subwatershedshénabsence of large water surfaces
(lakes, reservoirs, ponds, etc.) and large plaiitk litle or no elevation variation,
processing of the DEM is relatively straightforwaddter filtering of the initial data to
detect and remove erroneous extreme values, tpe,séspect, flow direction, flow
length and flow accumulation of each grid cell@e¢ermined. Over flat areas, no slope
and, hence, no direction can be computed. AlsoPtaRl may contain artificial pits
from which no water can flow out. These specifiolpgems have to be reserved by
modifying elevations artificially to lead to flowiréctions as accurate as possible on
any of the cells. Next, the identification of rivegtwork is performed by assuming that
all cells draining more than a specified upstrea@a are part of that network. More or
less detailed river networks can be identified, eseling on the selected upstream
threshold area. Finally, the stream links, streardexs and the subwatersheds
corresponding to these river reaches are identified

Land use and soil types

Land use information is an important input to thet®8pa Extension, which is normally

obtained from high-resolution remotely sensed tatéhe same area as the DEM, and
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3)

with the same grid cell size. For hydrological siation purpose, all land use classes
initially determined are grouped together into 14et8pa classes significantly
distinguished from each other on the basis of te#act on hydrological processes,
namely crop, short grass, evergreen needle leaf tteciduous needle leaf tree,
deciduous broad leaf tree, evergreen broad leaf tedl grass, irrigated crop, bog
marsh, evergreen shrub, deciduous shrub, bareirmpérvious area and open water
surface. Each of these classes is characterizegltitative attributes. The groups
may vary according to the algorithms used in th&@ho~or instance, only 5 classes
are considered in defining potential runoff coeéfit and depression storage capacity,
i.e. crop, grass, forest, bare soil and urban aFeassimulation purpose, the percentage
of bare soil and impervious areas are estimatede&mh grid cell based on the
high-resolution land use map.

Soil types of the catchment are obtained from thikisformation furnished by soil
maps. The soil code system used in WetSpa Extensibased on the soil texture
triangle developed by the United States DepartroéAgriculture (USDA), which is
characterized by its percentage of clay, silt aaads ranging from the fine textures
(clay), through the intermediate textures (loam)d ahe coarser textures (sand).
Therefore, the original soil coverage map has tadmeverted to a raster map with
WetSpa soil codes in the phase of data preparalios.grid must be adjusted to the
same grid structure as the DEM and limited to #maesarea by using the mask grid of
the catchment. The reclassification can be donkinigIS framework, which makes
use of a reclassification table prepared in Arcl@iS or ArcView Spatial Analyst.
This work must be done with caution in order to m#ke conversion as accurate as
possible. The soil properties and hydraulic charetics of those soil types are
considered constant in the present version of theein Default values are interpolated
from literature as described in section 3.1, buwdrsican substitute any other more
appropriate values for them.

Optional digital data

Other optional digital data that can be used inrtoglel include point coverage or
shape file of gauging station locations, line cageror shape files of stream network

and major traffic lines, polygon coverage or shidpe of boundary and sewer systems,
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etc. These data are of great help in delineatintenshhed drainage path network,
estimating spatial rainfall distribution, as wedl properly determining model routing
parameters. If two or more rain gauges exist iaround the catchment with measured
data, the Thiessen polygon weighting method is thieaduced to calculate the rainfall
distribution, for which the weighting factors arentputed for each grid cell and
subwatershed. Otherwise, a uniform rainfall disttiin is assumed over the catchment.
The internal streamflow gauges can be used in #ierghed discretization process, for
which the watershed is split at those locationsrevigauges are present. This makes it
possible to compare measured and computed flowolgydphs at a point or series
points. The coverage of official river network andtchment boundary is a very
important geo-referenced data, which can be cordbimighin GIS in delineating
watershed drainage network, particularly for meainderivers in flat areas. Usually,
from the topographic information present in a DEMs quite difficult to represent
watershed boundary and meandering rivers in pl&asa To account those cases, data
coming from the hydrographical layer of digital sgpoundary, rivers, lakes, ponds,
etc.) are used in combination with the DEM to idigrdrainage areas, find input and
output cells for water bodies, and make any necgssarections to flow directions in
order to have the river reaches flow where theyikhand to be able to estimate the
flow length closer to reality. For hydrological medlihg in a complex terrain, such as
an urban or suburban watershed, the sewer systammsnunication lines, artificial
channels, etc. are important elements in drainagetare configuration, and govern
flow direction more strongly than the derived aspeca local scale. Since most of
these barriers are not sufficient to be represeimtedDEM, additional procedures in
term of deriving more realistic flow direction mage performed using GIS overlaying
technique in the model, where the general flowdlioe map is overlaid by the sewer
flow direction map, the communication line flow @lition map and the river flow
direction map subsequently. This allows water dngirfrom the sewer areas at its
outlet and water crossing communication lines atabncave points to join the river.

The altered flow direction map is then used fotHar drainage structure delineation.
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1.3.2 Hydro-meteorological data

The basic input requirements for the WetSpa Extensbnsist of model parameters, initial

conditions, meteorological data and streamflow diatanodel calibration and validation.

The basic meteorological data requirements ardalbimnd PET. Temperature data are

optional used for simulation of snowmelt. In theseaof calculating PET by the

Penman-Monteith equation, additional meteorologdatia are required, including air

temperature, radiation, relative humidity and wirspheed. In this section, the

meteorological and hydrological data are descrildte model parameters and initial

conditions are described in the subsequent sections

1)

2)

Rainfall

Rainfall is the fundamental driving force and pulsgput behind most hydrological
processes. Rainfall-runoff models are particuladgsitive to the rainfall input and any
errors in estimates are amplified in streamflowsations. The input rainfall series
must be in the same interval as the model runnieg. $-or instance, hourly rainfall
data are required for each rain gauge when modetlian hourly scale. In many cases,
rainfall data at certain stations are in a dailglsgather than an hourly scale. These
data can be used by disaggregating according tethgoral structure of rainfall of the
neighbouring hourly reference rain gauges. The S&aie polygon method is then used
to estimate areal rainfall during model simulatiDepending upon the objective of the
study and on the time scale of the catchment resspdhe time resolution of rainfall
input can be enlarged to a daily scale or redugsedfiner resolution corresponding to
the model time scale. The rainfall data are treate@ccumulated totals so that the
rainfall associated with any particular time is ta@fall volume since the end of last
time step.

Potential evapotranspiration

WetSpa Extension requires PET data as one of fhegnvith the same time interval as
rainfall series, which can be obtained from fieldasurement or estimated by physical
or empirical equations. Normally, daily values @&TPare sufficient, for which the
value is either averaged to an hourly value orgijsegated with a simple empirical
eqguation as a function of hour as described in@eet7. If only one measuring station

is available, the PET data can be uniformly appicethe whole study area for a small
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3)

4)

2.

catchment. Otherwise, the value should be reviseddifferent virtual stations
according to the local meteorological and geoplaseonditions, especially when
modelling in mountainous areas. The areal PET tsnaged using the Theissen
polygon method. The evapotranspiration data asgddeas accumulated totals so that
the evapotranspiration associated with any pasdictime is the evapotranspiration
volume since the end of last time step.

Discharge (m?3/s)

For the purpose of model calibration and evaluatabserved discharge data at the
basin outlet with the same time interval as thecipigation series are required for
visual comparison and statistical analysis. Theldisge data at internal gauging sites
are optional for model verification. Data conversto another time scale is necessary
according to the simulation time step. The dischatgta at any particular time is the
average discharge since the end of last time step.

Optional meteorological data

Temperature data are required when snow accummilatid snowmelt occur in the
catchment. Normally, daily average temperature degasufficient in simulating snow
processes. Anyhow, the temperature data should tkeepame time interval as the
precipitation series. If the Penman-Monteith edquais chosen to calculate the PET,
when there is no measured data available in thiy strea, the data of air temperature,
short wave radiation, relative humidity, and wingeed are required in the model,
which can be obtained from the routine meteorolalgstations.

MODEL FORMULATION

WetSpa Extension is a distributed, continuous, iglayly based model describing the

processes of precipitation, runoff and evapotraaipn for both simple and complex

terrain. It is a distributed model because the whesd and channel network are

represented by a grid of mesh. Each cell is desdrity its unique parameters, initial

conditions, and precipitation inputs. It is contims model because it has components

describing evapotranspiration and soil water moverhetween storms, and therefore can

maintain water and energy balance between storms. ghysically based because the
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mathematical models used to describe the comporamtsbased on such physical
principles as conservation of mass and momenturthi$nsection, a brief is description
about the model formulation involved in the proessf interception, snowmelt,
depression, infiltration, surface runoff, evaposination, percolation, interflow and

groundwater flow are presented.

2.1 PRECIPITATION

Rainfall is a fundamental component of any hydraalymodel. As precipitation is
commonly measured at fixed rainfall stations, eithérpolation or extrapolation of the
existing data is required to obtain informatioraagpecific location in a catchment. The
spatial distribution of rainfall is often estimatieg the elementary techniques from a set of
fixed rainfall gauges, while the temporal distribuatis ignored by averaging the rainfall
over a predetermined period. The crudest metho@gtimating the precipitation over a
region is to plot contours of equal precipitatiomihvthe assistance of a structured grid. The
average precipitation is computed between suceessiniyets. This method is difficult to
realize for each modelling time step with sparsecipitation data, although the task of
plotting isohyets is automated with the advanc&Ikd technology.

A common interpolation approach is the Thiesseygumis, which is also the method
used in the current version. In this approach, saptasest to a rainfall gauge adopt the
rainfall recorded at that gauge. This results instant rainfall regions with discontinuities
between regions. In addition, there is no justifara in assuming that point rainfall
measurements provide reliable estimates of pratipit in the surrounding region.

The Thiessen polygon method assigns an area @lléiessen polygon to each gage.
The Thiessen polygon of a gage is the region fackvii we choose any point at random in
the polygon, that point is closer to this particigage than to any other gage. In effect, the
precipitation surface is assumed to be constanegnédl to the gage value throughout the
region. A FORTRAN code is developed to calculateamareal precipitation over each
subbasin using Thiessen polygon method, when masleintended to run in
semi-distributed mode. Also, the same method isd ulee calculating mean areal
evapotranspiration and temperature for subbasins.

Recall that, for the fully distributed modelling,ddel2 program does not use output
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file of the aforementioned developed code for thigbsisins mean precipitation as well as

evapotranspiration and temperature, since it isb@ded not subbasin-based.

2.2 INTERCEPTION

Interception is that portion of the precipitatiomhich is stored or collected by vegetal

cover and subsequently evaporated. In studies mfrretiorm events, the interception loss

is generally neglected. However, it can be a camalile influencing factor for small or

medium storms and water balance computations wbeldsignificantly in error if

evaporative losses of intercepted precipitationeweat included.

1) Mass balance of the interception storage
Interception is a complicated process, which ie@#d by the storm characteristics,
the species of vegetation, percentage of canopgrcgvowth stage, season, and wind
speed, etc. Interception loss is higher duringrhial phase of a storm and approaches
zero thereafter. In WetSpa Extension, the raiméd# is reduced until the interception
storage capacity is reached. If the total rairdating the first time increment is greater
than the interception storage capacity, the rdintk is reduced by the capacity.
Otherwise, all rainfall is intercepted in the capognd the remainder of interception is
removed from the rainfall in the following time menents. The equation can be

expressed as
lo- SI(t-1) for P(t) 1,,- SI(t-1)
P (t) for P(t)E1,,- SI,(t-2) (2.2)
where |(t) is the interception loss at cell i over the ¢immterval (mm), il is the cell
interception storage capacity (mm);(81) is the cell interception storage at time step
t-1 (mm), and Rt) is the cell precipitation amount (mm). The mdsdance of
interception storage at a pixel cell is computed as

SI(t)=sI, - )+1,(t)- E, () (2.3)

where Si(t-1)and Si(t) are cell interception storage at time ste@txd t (mm), E(t) is

the cell evaporation from interception storage (mil(t) = 0 when interception
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2)

storage is zero, or during the storm even(t& Si(t-1) under the condition ofi®) =

0 and EP> Si(t-1) > 0, in which EP is the potential evaporatfonm). And El(t) = EP
for the rest conditions.

Seasonal variation of interception storage cépac

Interception storage capacity is a function of laada index and vegetal species.
Evidently, it varies with season in template regiohypical values can be found in the
literature (Horton, 1919; Clark, 1940; Lull, 196&imons, 1981; Rowe, 1983).
Through physical analysis and interpolations, aklgo table of maximum and
minimum interception storage capacity correspontiingummer and winter extremes
for different vegetation types are established [@82). Specifically, the interception
storage capacity of crop is set to 0.8 mm duriraywyng season and null for the rest.
For wetting losses on impervious areas, the adsorptorage capacity is set to 0.5 mm
(Bauwens et al., 1996). Since the interceptionagf@rcapacity varies continuously
with time, a simple sine-shaped variation curvengposed for the convenience of
model programming. The empirical equation is simda that of estimating daily
potential evaporation based on statistical analgéitong-term measurements (De
Smedt, D., 1997), and is written as

1 1 . d- 87
Ii,min) =t Zsin 210
2 2 365 (2.4)

_ +(|. -
I,min I,max

in which | yin is the minimum interception storage capacity #tiqgenm), I max IS the
maximum interception storage capacity (mm), and dhie day of the year. The
exponent b controls the shape of the variationeuand can be adjusted according to
the local conditions. Hourly interception storaggpacity is assumed to be constant
during a day in the model. Therefore, the interogpstorage capacity is only a
function of the date. Figure 2.1 gives a grapharakentation for the annual variation
of grass interception storage capacity, for whitle tminimum and maximum
interception capacity is 0.5 and 2.0 mm respedtjvaatd the exponent b is set to 1.35.
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Fig. 2.1.Annual variation of grass interception storageaciy

By substituting Eq. (2.2) to Eq. (2.3), the intgrten loss and interception storage at
each time step can be estimated. No intercepties &xists when the interception
storage capacity is achieved, and all precipitatteaches ground surface. The
intercepted water in canopy loses by evaporatiahraturns to the hydrological cycle
with potential evaporation rate modified by a coti@n factor. Although interception
losses may be highly significant in the annual wabalance, it is relatively

unimportant for flood-producing storms.

2.3 SNOWMELT

Snow accumulation and melt are important hydrolalgicocesses in river basins, where
the snow pack acts as storage in which precipitatioetained during the cold season and
subsequently released as melt water during the wrarseason. The snhowmelt is
incorporated within WetSpa Extension. This compdmeaptional and temperature data is
required additionally if the sow routine is selette

The conceptual temperature index or degree-day adefMartinec et al., 1983) is
widely used in snowmelt modelling, in which thel ethergy balance is replaced by a term
linked to air temperature. It is physically soumdthe absence of short wave radiation,
when much of the energy supplied to the snow paekmospheric long wave radiation. Its
reliance on daily temperature and precipitatioradagke it useful for modelling snow
processes in regions with a lack of regular snogeolations, or historical periods with

limited data. In WetSpa Extension, an additionalvemelt caused by the advective heat
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transferred to the snow pack by precipitation soatonsidered. The total snowmelt is
calculated as

M; =Cpo(T, - Ty)+C

snow(

rain Pl (Tl - TO)

(2.5)
where M is the daily snowmelt at cell i (mm/dayy), 15 the cell daily mean temperature
(°C), To is a threshold temperature (usually 0°C),ofeis the degree-day or melt factor
(mm/°Cl/day), and Gin is a degree-day coefficient regarding to the keatribution from
rainfall (mm/mm/°C/day). Specifically, temperatupgecipitation and snow cover often
vary significantly within a mountainous catchmerand in many cases, the
hydro-meteorological information from mountainousas is quite sparse. To account for
the large variations in temperature with altitutihes reference series is adjusted for each
grid cell by the lapse rate correction

Ti :Tref +(H'_ H

i ref

)b (2.6)

where Tesis the temperature at the reference station (3Cand Herare the height at cell i

and at the reference station, and the temperature lapse rate.

The degree-day coefficient implicitly representstaims of the energy budget that
account for the mass balance of a snow pack, atiteisfore highly variable over time
(Singh et al., 2000), and different between vegmiatypes (Kite & Kouwen, 1992).
However, a constant value is used in the currersioe for simplicity. This factor can be
determined by field experiments, or will have to di#ained by calibration otherwise.
Moreover, the degree-day method by definition i/ aralid for daily melt simulations,
whereas simulations for short time intervals regimer temporal resolutions. In this case,
a fully energy balance module is suggested, anglilitbe incorporated in the future

version.
2.4 EXCESS RAINFALL AND INFILTRATION

Excess rainfall, or effective rainfall, is that paf rainfall in a given storm, which falls at
intensities exceeding the infiltration capacitytioé land surface. It may stay temporarily
on the soil surface as depression, or become direoff or surface runoff at the watershed

outlet after flowing across the watershed surfandeu the assumption of Hortonian
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overland flow. Direct runoff forms the rapidly vamg portions of watershed hydrographs
and is a key component for estimating the waterséggonse.

Infiltration is the downward flow of water into theoil defined as the quantity of
rainfall that does not contribute to surface runbffider normal conditions, the infiltration
rate is mainly a function of: (1) rainfall charaiséics, (2) surface conditions, (3) soil
characteristics, (4) initial moisture content af goil, etc. It is desirable to relate loss rates
to physical characteristics of the watershed imm@tinuous simulation so that loss rates
may be computed as a function of catchment charstits and soil moisture conditions
during a model simulation. In WetSpa Extension, adifred coefficient method for
estimating surface runoff and infiltration procesgeused relating runoff and infiltration
with topography, soil type, land use, soil moistaed rainfall intensity. The equations can

be expressed as

@’

i,s

R(H)=R)- 1.()- PE() (2.8)

in which PE{(t) is the rainfall excess on cell i over the tim&erval (mm), t) is the cell

PE(t)=G P(D- I() 2.7)

infiltration (mm), k(t) is the interception loss (mnY(t) is the cell soil moisture content at
time t (m3/ms3),q;sis the soil porosity (m3/ms3), a is an exponent teglawith rainfall
intensity (-), and Cis the cell potential rainfall excess coefficiemt potential runoff
coefficient (-). This parameter; @as a rather stable regularity under ideal cooti
Default rainfall excess coefficients for differesibpe, soil type and land cover are taken
the reference from the literature (Kirkby 1978, Gtet al. 1988, Browne 1990, Mallants &
Feyen 1990, and Fetter 1980). Based on the phyanzdysis and linear interpolations of
these values, a look up table is then establisiietl¢ 3.3), relating potential rainfall
excess coefficient to the different combinationsstpe, soil type and land use. The
rainfall excess is closely related with the relatsoil moisture content. No rainfall excess
when soil is dry, and actual rainfall excess coeffit approaches to the potential value
when soil moisture content close to saturation,eanghich the infiltrated water is
considered to be used for percolation, evapotreatspn and lateral interflow. The

exponent in the formula is a variable reflecting éffect of rainfall intensity on the rainfall
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excess coefficient. The value is higher for lownfall intensities resulting less surface
runoff, and approaches to 1 for high rainfall irsities. The threshold value can be defined
during model calibration. If a = 1, a linear reteuship is assumed between rainfall excess
and soil moisture. The effect of rainfall duratisnalso accounted by the soil moisture
content, in which more excess produces due tantreased soil moisture content. Figure
2.2 shows the relationship between actual raiefadess coefficient, relative soil moisture

content and potential rainfall excess coefficierihvan exponent of 2.0.

Rainfall exces:
coefficient

Relative saturation

Fig. 2.2.Relationship between rainfall excess coefficiertt aoil moisture content

2.5 DEPRESSION AND OVERLAND FLOW

Precipitation that reaches the ground may infétrair get trapped into several small
depressions, which is retained in puddles, ditched,on the ground surface. As soon as
rainfall intensity exceeds the local infiltratioapacity, the rainfall excess begins to fill
depression. Water held in depression at the emdimfeither evaporates or contributes to
soil moisture and subsurface flow by the followinfiltration. Depression storage may be
of considerable magnitude and may play an importaatin hydrological analysis. Stock
ponds, terraces, and contour farming etc. tenddderate flood by increasing depression
storage. Depression losses usually occur duringritial period of the storm and are
negligible after a certain time. Factors that afféepression storage include: (1) nature of
terrain; (2) slope, the more slope gradient, thss ldepression losses; (3) type of soil

surface, the more sandy soil, the more depresssses; (4) land use, the more woody land
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use, the more depression losses; (5) antecederfaliathe more soil water content, the
less depression storage; and (6) time, for whigbresion losses decrease with time.
Depression is considered included in the poterdiafall excess coefficient in the WetSpa
Extension, in order to emphasize its effects ofaserrunoff production, particularly for

the rough surfaces and for small flood events. &loee, default potential rainfall excess
coefficient should be determined cautiously from literature values, taking the influence

of interception and depression into account.

2.5.1 Formulation of depression storage
Due to the extreme variability of affecting factoitsis very difficult to specify a general
relationship for the depression losses. In WetSgarision, a simple empirical equation

suggested by Linsley (1982) is used to estimateedspn storage:

PC
sD(t)=SD, 1- exp - SD"O

(2.9)

in which SD(t) is the cell depression storage at time t (m8h),o is the cell depression
storage capacity (mm), and P€the accumulative excess rainfall on the soilesag (mm).
The concept of Eq. (2.9) is that both overland flawmd depression storage occurs
simultaneously, allowing some of the water delingras overland flow, even if excess
rainfall is less than the depression storage capatisketch of Sift) as a function of BE

is shown in Figure 2.3.
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Fig. 2.3.Sketch of depression storage as a function ofssxa@nfall
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The increment of depression storage can be obtawddrivation of t both side of Eq. (2.9)

as

DSD (t)= PE (t)exp - ;’g
1o (2.10)

where SDi(t) is the increment of depression storage atialer the time interval (mm),
and PK(t) is the excess rainfall for the time incremeantr(). Considering that the rainfall is
interrupted between storm events, the accumulatieess rainfall can be estimated based
on Eq. (2.9), which is the excess rainfall at pnédene step plus an excess rainfall
corresponding to the depression storage at lastdiep.

PC =PE(t)+SD,In - y

1o (2.11)
Obviously, PCequals PKt) when depression storage at last time stepy,3®zero, and
becomes a very large value when;@D) approaches to SR leading to a very small
depression storage incremeb§D, ;, from Eq. (2.10).

The capacity of depression storage; $3 mainly affected by landform, soil type and
vegetation. Based upon the analysis and linearpala&tion of the typical values collected
in the literature (ASCE, 1969; SINCE, 1972; Sheaff®82), and default values in other
popular hydrological models, a lookup table foraidff depression storage capacity is set
up, according to the categories and classes otslapd use and soil type (Table 3.6),

which is similar as the lookup table of potentaihfall excess coefficient.

2.5.2 Mass balance of depression storage
As discussed above, the depressed water on stalcsuwill be depleted by evaporation
directly or infiltrated into the soil after the nstorm. The mass balance of depression

storage can be expressed as

sn(t)=sp(t- 1)+ DsD(t)- ED(t)- F(t) (2.12)

where EIXt) and Kt) are cell evaporation and infiltration from degsion storage for the

time increment after the rainstorm (mm).;@pP= 0 when Kt) > 0 or SOXt-1) = 0. E)(t) =
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EP — El(t), when Rt) = 0 and Sit-1) 3 EP-E|(t), in which EP and Ek) are the potential
evaporation and the evaporation from the cell gdgption storage (mm). E(@) = SD(t)
when R(t) = 0 and 0 < S[it) < EP-E|(t). The infiltration from depression storage after
rainstorm can be estimated using Eq. (2.7) and (E®) by taking the remaining

depression storage as the amount of rainfall ogtbend surface.

2.5.3 Formulation of overland flow
Recall that the excess rainfall is a sum of overllow and the change of depression

storage, the amount of overland flow over the timerval, R{t) (mm), can be written as

RS(9= PE() 1- exp- ;S (2.13)

Eq. (2.13) assumes that both overland flow andesspon storage occur simultaneously as
described in Figure 2.4, for which the overlandwflapproaches to zero when the
accumulative excess rainfall is very small, andrapphes to PE) when the depression
storage closes to its capacity. This is differeithwhe assumption that overland flow
begins only after the depression storage capacigached as the dashed line shown in the

figure.

1.0 4

RSI(OVIPE(Y)

— SDi,o =3.5mm

L_____‘

0.0 3.0 6.0 9.0 12.0
PE (mm)

Fig. 2.4.Graphical presentation of excess rainfall and lavelr flow
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2.6  WATER BALANCE IN THE ROOT ZONE

Soil moisture storage is the actual quantity ofewvdield in the soil at any given instant,
usually applied to a soil layer of root depth. Bhse the different soil water content, the
moisture storage can be divided into saturatiomciay field capacity, plant wilting point,

residual soil moisture, etc. WetSpa Extension dates water balance in the root zone for
each grid cell. Soil water is fed by infiltratiomdc removed from the root zone by
evapotranspiration, lateral interflow and percalatito the groundwater storage, as

described in Figure 2.5.

Fig. 2.5.Graphical presentation of soil water balance

The moisture storage in the root zone is exprelgedsimple balance equation as

b, g(1)-a(- 9= R} ES() Re() RI() 2.14)

in which g;(t) andq;(t-1) are cell soil moisture content at time stegmd t-1 (m3/ms3), Dis
the root depth (mm); ;&) is the infiltration through soil surface foreghime increment
(mm), including the infiltration during the rainsto and the infiltration from depression
storage after the rainstorm (mm),;&Bis the actual evapotranspiration from the &mil
the time increment (mm), R@® is the percolation out of root zone or grountkva
recharge (mm), and RY) is the interflow or lateral shallow subsurfdtmev out of the cell

for the time increment (mm).
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2.7 EVAPOTRANSPIRATION FROM SOIL

2.7.1 Potential evapotranspiration (PET)
PET is defined as the quantity of water vapour,clvidould be emitted by a plant or soil
surface per unit area and unit time under the iegisonditions without water supply limit.

The WetSpa model requires the measured PET in &senkas an input. Identical to
precipitation, PET is usually measured at metegioll stations or estimated using
numerical and experimental methods i.e. Penman-&itbnéquation. Spatial distribution
of the PET is done in the same way as for the pitation, using the Thiessen polygon
approach.

Most advanced measuring stations provide pan eaipor measurements. These
measurements combine the effect of temperaturejdiywind speed and sunshine on
the PET. The potential evaporation can be estimatddthe pan evaporation multiplied
by a pan coefficient.

The main influencing factors to the potential evapion are: (1) solar radiation, providing
energy or heat; (2) wind speed, transporting thestue away from the surface, and (3)
specific humidity gradient in the air above the evaurface, being the driving forces for
diffusion of water vapour. This means if no PET swaments are available equations
incorporating pervious mentioned variables candezluo estimate the PET. The FAO-56
Penman-Monteith equation (Allen et al., 2000) moramended as an appropriate formula
for PET estimations. The calculations of the poa&nevapotranspiration, if no

measurements are available, have to be done otltsid&'etSpa model.

2.7.2 Actual evapotranspiration

Without considering the evaporation from interceptstorage and depression storage,
actual evapotranspiration is defined as the sutineofjuantities of water vapour evaporated
from the soil and the plants when the ground isatctual moisture content. Thus, if soil is
fully saturated, then it is expected that the dauapotranspiration rate equals to the PET
rate. However, if the soil or vegetation is wateessed, the evapotranspiration will be less

than potential evapotranspiration. Influencing éastto the actual evapotranspiration
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include weather, vegetation and soil condition, 8iace the actual evapotranspiration is
governed by the availability of water, soil moigwontent becomes a crucial factor, which
is determined by water recharge and the soil cheniatics.

In the WetSpa Extension, evapotranspiration cansiétfour parts: (1) evaporation
from interception storage, (2) evaporation fromréspion storage, (3) evapotranspiration
from soil, and (4) evapotranspiration from grounthvatorage. It is assumed that water
evaporates to the atmosphere in a cascade wafroneinterception storage, depression
storage, soil matrixes, and groundwater storagesemprently. The evaporation from
interception storage and depression storage hasdaseribed in section 2.2 and 2.5, and
the groundwater contribution to the evapotransipnatvill be described in section 2.9.
The actual evapotranspiration from soil and plardalculated for each grid cell using the
relationship developed by Thornthwaite and Math#®56) as a function of PET,

vegetation and its growing stage, and moistureerdrin the cell

_loep-m0- 0,0 20 g e ()
- if T Hiw

c,EP- El(t)- ED(t) for g, (t)* qi s

ES ()
(2.18)

where EJt) is the actual soil evapotranspiration for tiraet increment (mm), cis a
vegetation coefficient determined by land use @asarying throughout the yea(t) is
the cell average soil moisture content at time¥rf?), g s is the soil moisture content at
field capacity (m3/m3), ang, is the soil moisture content at plant permanetfitngi point
(m3/m3). It can be concluded from Eqg. (2.18) thdtew the sum of interception and
depression storage is greater than the PET, ghlaeation comes from the interception and
depression storage with a potential rate. Whenstima of interception and depression
storage is less than the amount of PET, all theamn@mg storage evaporates at this time
step, and there is a part of evapotranspiratiom ftiee soil layer depending on the soil
moisture content. For the simulation between steu@nts,actual evapotranspiration is
mainly from the soil and plant, which varies lingabetween PET when soil moisture
content is at or above field capacity, and zerorwkeail moisture content is below the

wilting point. A graphical presentation of soil @adranspiration is given in Figure 2.8, in
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which g s is the soil porosity (m3/m3). For the cell in unbareas, soil evapotranspiration is
reduced by 70 % to account for impervious surfameers the impervious areas, and is

calculated by cell evapotranspiration times thevipeis percentage.

ESi(t)/cyEF

\j

| [
Giw Qi Us
Moisture content

Fig. 2.8.Graphical presentation of soil evapotranspiration

2.8 PERCOLATION AND INTERFLOW

Percolation or groundwater recharge refers to #taeral process by which water is added
from soil water zone to the saturation zone of dlqeifer. Groundwater recharge is an
important component in the root zone water balawbé;h connects the soil water and the
saturated groundwater. The main influencing factorthe groundwater recharge are the
hydraulic conductivity, root depth, and water canitef the soil. In WetSpa Extension,
percolation out of root zone is assumed to pagctliyrto the groundwater reservoir, and
estimated based on the Darcy’s law, being the mtodiuhydraulic conductivity and the
gradient of hydraulic potential. When an assumptgomade that the pressure potential
only varies slightly in the soil, its gradient da@approximated to zero, and the percolation
is controlled by gravity alone (Famiglietti and Wd 994). Based on this assumption, the
percolation amount out of root zone is simply spedias the hydraulic conductivity
corresponding to the average effective saturatiaime respective soil layer. The Brooks
and Corey relationship between hydraulic conduistiand effective saturation is used to

define percolation, which is simply (Brooks and €qr1966)
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A

C]I(t)- q. Dt
Gs™ G (2.19)

RG(t)=K gt =K,

where RQ) is the percolation out of root zone over tmediinterval (mm), Hqi(t)] is the
effective hydraulic conductivity corresponding @ taverage soil moisture content at time
t (mm/h),Dt is the time interval (h), K is the cell saturation hydraulic conductivity (ny)/
Qisis the soil porosity (m3/m3y; ( is the cell residual moisture content (m3/m3), And the
pore disconnectedness index, calculated by thetiegua = (2+3B)/B, in which B is the

cell pore size distribution index.
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Fig. 2.9.Effective hydraulic conductivity as a functionmabisture content

Figure 2.9 gives a graphical presentation for tifiecéve hydraulic conductivity as a
function of moisture content for three differentl $gpes: sand, loam and clay. It can be
seen that the effective hydraulic conductivity garivith moisture content exponentially,
reaching a maximum, the saturated conductivity, wéeil is completely saturated, and
zero when soil becomes dry.

Interflow, or shallow subsurface lateral flow, Is@a key component in the soil water
balance. It is defined as the water which infigsathe soil surface and moves laterally
through the upper soil layers until it enters arcted, which includes litter flow, return
flow, unsaturated through flow, saturated througgwfand so on, but excludes the
saturated groundwater flow. Due to the delayed time, interflow usually contributes to
the falling limb of a flood hydrograph, but it majso be a part of peak discharge at the
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basin outlet, particularly for the areas with stetgpe and forest cover in humid or
template regions. Factors that influence the amadinnterflow include: (1) physical

properties and depth of the solil, for which coaesgure leads to more vertical flow, while
fine texture or layered soil results in resistatweertical flow and interflow may some
time occur quickly; (2) vegetation cover and lars®,uwhich are directly related to the
maintenance of infiltration capacity and the coiodiing effect of organic material on soil
structure, bulk density and porosity; (3) topogsggbr which the slope gradient is a major
factor determining the amount and the velocityméiflow; (4) soil moisture content, for
which higher moisture content tends to generateennwterflow; and (5) lithology and

climate of the study area. In WetSpa Extensiorerfldw is assumed to occur after
percolation and cease when soil moisture is lowan tfield capacity. The quantity of
interflow out of each cell is calculated from Dageclyaw and the kinematic approximation;

i.e. the hydraulic gradient is equal to the larapslat each cell
R ()=kD$SK g () DYW (2.20)

in which R|(t) (mm) is the amount of interflow out of the celler the time intervdDt (h),

D; is the root depth (m),; $s the cell slope (m/m), K[(t)] (mm/h) is the cell effective
hydraulic conductivity at moisture contemft) (m3/m3), W is the cell width (m), and; K-)

is a scaling factor depending on land use, usedrisider stream density and the effects of
organic matter and root system on horizontal hyldraonductivity in the top soil layer.
Apparently, rapid interflow may generate in aredf Wwigh moisture, steep slope and well
vegetation, while little is produced for other aeaith Eq. (2.20). For modelling
simplification, interflow is assumed to join therfauce runoff at the nearest channels or
gullies serving as a supplementary discharge tostteam flow during and after storm
event without further divisions among down slopeighbours. Soil hydraulic
characteristics, such as porosity, field capac#tgidual saturation, hydraulic conductivity,
and so on, are collected from the literature, aselduas default values in the WetSpa
Extension (Table 3.1).
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2.9 GROUNDWATER STORAGE AND BASEFLOW

Groundwater storage is defined as the quantityadémin the zone of saturation including
that part of such stage when water is enteringleading storage. Groundwater storage
capacity refers to the volume of saturated grounethat can be alternatively extracted
and replaced in the deposit under natural conditiblormally, the groundwater discharge
forms a base flow to the hydrograph at basin auBbundwater storage capacity is
governed by the thickness and extent of the aqaifdrits porosity, while the movement of
groundwater is governed by the hydraulic gradient #he hydraulic conductivity of the
aquifer.

For the purpose of streamflow prediction, an edinmaust be made of flow from the
groundwater storage into the stream for each titep. Since little is known about the
bedrock, the simple concept of a linear reserwoirsed to estimate groundwater discharge
on a small subcatchment scale, while a non-linesenvoir method is optional in the model
with storage exponent of 2 (Wittenberg and Sivapal®99). The groundwater outflow is
added to any runoff generated to produce the sttaamflow at the subcatchment outlet.
The general groundwater flow equation can be espreas

QG,(t) =Cq [sG (t)/100d" (2.21)
where QG(t) is the average groundwater flow at the subcatsit outlet (r¥s), SG(t) is
the groundwater storage of the subcatchment attt{men), m (-) is an exponent, m = 1 for
linear reservoir ,and m = 2 for non-linear reservay is a groundwater recession
coefficient taking the subcatchment area into antcas a dimension of {s) for linear
reservoir and (fs™) for non-linear reservoir, which is dependent upoea, shape, pore
volume and transmissivity of the subcatchment, ead be estimated from recession
portions of streamflow hydrographs if measuremeattcit the subcatchment outlet are

available. For each subcatchment, the groundwalanbe can be expressed as

" [Ral)A]

SG() =SGlt- 1)+i:1T_ EG (1)- QG(t)x

100G, (2.22)

where SEt)and SG(t-1) are groundwater storage of the subcatchnietitha step t and

t-1 (mm), N is the number of cells in the subwatershedsAhe cell area (f), As is the
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subcatchment area fin EG(t) is the average evapotranspiration from grourtdwa
storage of the subcatchment (mm), and(Q®& the groundwater discharge (m3/s).

The component of evapotranspiration from groundwstierage is considered in the
WetSpa Extension, which may be produced by deepsysbem or by capillary drive in the
areas with shallow groundwater table. It happerg when soil moisture is less than field
capacity from Eq. (2.18) and has a greater impacdind the summer than the winter,
giving the effect of a steeper recession duringmyod. A simple linear equation is used
in the model relating deep evapotranspiration WiT and groundwater storage as

EG(t)=c,[c,EP- EI(t)- ED(t)- ES®)] (2.23)
where EQt) is average evapotranspiration from groundwaterage (mm), EP is PET
(mm), and g (-) is a variable, calculated by /SG; o, in which SE() is the groundwater
storage of the subwatershed at time t (mm), angh ®3he groundwater storage capacity
of the subwatershed (mm). Using the method of gilauater reservoir, there are only two
groundwater parameters, the groundwater recessieffident and the storage capacity,
which can be determined by calibration against fimseseparated from the observed

hydrograph.
2.10 OVERLAND FLOW AND CHANNEL FLOW ROUTING

2.10.1 Flow response at a cell level

The routing of overland flow and channel flow in i8pa Extension is implemented by the
method of a linear diffusive wave approximationisTimethod is suitable for simulating
sheet flow and channel flow at a certain degree care of the important advantages is that
it can be solved analytically, avoiding numericalcailation and identification of the exact
boundary conditions. Assuming the cell as a reaithh ivD unsteady flow and neglecting
the inertial terms in the St. Venant momentum dquathe flow process in the cell can be
modelled by the diffusive wave equation as (Miked Cunge, 1975)

2
E"‘QE' di ﬂ ?:0
Tt XX (2.24)

where Q (m3/s) is the flow discharge at time tgs)l location x (m),;ds the kinematic

wave celerity at cell i (m/s),i s the dispersion coefficient at cell i (m?/s).rM8wering a
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system bounded by a transmitting barrier upstreadnaam adsorbing barrier downstream,
the solution to Eq. (2.24) at the cell outlet, wiies flow velocity and diffusion coefficient
are constant, can be obtained by the first passagedensity distribution of a Brownian
motion and expressed as (Eagleson, 1970)

I (ct- 1)

U (1) = —F—exp-
2 pdt® 4dt (2.25)
where (t) is the cell impulse response function (1/s)d dnis cell size (m). Two
parametersi@nd ¢ are needed to define the cell response functibighwcan be estimated

using the relation of Manning as (Henderson, 1966)

5
C =—V,
3 (2.26)
and
di = Vi R
25 (2.27)

where Ris the average hydraulic radius of cell i (m)isShe cell slope (m/m), angig the
flow velocity of the cell i (m/s). The hydraulic diaus is determined by a power law
relationship with an exceeding probability (Molremd Ramirez, 1998), which relates
hydraulic radius to the controlling area and isnsae a representation of the average

behaviour of the cell and the channel geometry
R :ap(A)bp (2.28)

where A is the drained area upstream of the cell (km?)clwbhan be easily determined by
the flow accumulation routine in ArcView GIS; &) is a network constant ang @) a
geometry scaling exponent, both depending on thehdrge frequency. The flow velocity

is calculated by the Manning’s equation as

1

S|2

wIlN

1
v, =—R
n; (2.29)

where nis the Manning’s roughness coefficient {fis), which depends upon land use
categories and the channel characteristics. Defdaiftning’s roughness coefficients can
be collected from literature (Table 3.2). The vélpcalculated by Eq. (2.29) may be very
large or even zero due to variations in land serfdope. Therefore it is bounded between
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predetermined limits ., and Vhax during model calculation. Flow velocity is a
time-dependent, discharge-related and locatiorie@laydrological variable. But to be
applicable of the diffusive wave approximation naoettior hydrological analysis, the flow
must be only location-related. In reality, watempthe usually increases as water goes
downstream. As water deepens, the effective remistaf the streambed and banks on the
flow diminishes because the hydraulic radius ineesa To reflect this property, the
channel roughness coefficient is set between peeti@ted limits paxand Ry, depending
upon the GIS derived stream orders in the WetSpgarision. Thus, with the supporting
Equations (2.26) to (2.29), the cell impulse usgponse function;t) can be calculated
for each grid cell over the entire watershed, whigftects the redistribution tendency in

the flow element serving as a flow redistributiomdtion.

2.10.2 Flow response at a flow path level
Under the assumption of linear routing systemf{lih& response at the end of a flow path,
resulting from a unit impulse input to a singlelcelan be calculated without the
interference of the inputs to the other cells. Datring the flow-path response consists in
routing the impulse through the corresponding segei@f cells down to the system outlet.
Along the flow-path, the impulse travels throughnyecells, each of them having a
different unit-impulse response function. In thaaiting process, the output of any cell
becomes the input to the receiving cell, and thgiral input distribution is continuously
modified by the flow dynamics in the cells, whiate @escribed by their impulse response
functions. The flow path response is found by sssieely applying the convolution
integral, giving

U©=0u)

= (2.30)

where U(t) is flow path response function (1/sg slubscript i refers to the cell in which the
input occurs, j is the cell sequence number, aigithk total number of cells along the flow
path. The diffusion equation model satisfies EqB@2within the cells, which means that it
allows for longitudinal decomposability. Since ttedl unit impulse response functions are
time-invariant, the result of the convolutions of.H2.30) is also time-invariant, and

therefore, there is a linear relation between kbw path response and the impulse input.
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Assuming that the flow path responsgtlis also a first passage time distribution, De
Smedt F. et al. (2000) proposed an approximate noaheolution to Eq. (2.30), relating
the discharge at the end of a flow path to thelabba runoff at the start of the flow path

_ (t- ti)2

123 5 P 2s2t/t
Vst U (2.31)

where tis the mean flow time from the input cell to thewf path end (s), ansl? is the

U, @)=

variation of the flow time (s?). The paramete=nids;® are spatially distributed, and can be
obtained by convolution integral along the topodpapletermined flow paths as a function

of flow celerity and dispersion coefficient

= € (2.32)

and

= G (2.33)

The summations presented in Eq. (2.32) and (2&3)e calculated for each grid cell as a
weighted flow length to the water outlet or any dstveam converging point with the
routine FLOWLENGTH involved in the standard GIS I[eod&xamples of such flow path
impulse response function are presented in Figii@ f2r different mean flow time and its
variation. It is seen that the response functiasisnmetric with respect to time caused by

the wave attenuation.
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Fig. 2.10.Flow path response functions with differgrands;?
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The flow response at the end of a flow path, taritrary input at the start cell, can be
calculated by convolving the input runoff volume the flow path unit impulse response
function. From a physical point of view, this isuagplent to decomposing the input into
infinite impulses and adding all the responses atingle response. Thus, the outflow

hydrograph to an arbitrary input can be determeed

t-

Q)= V(- 1)

t

(2.34)
where Qt) is the outflow at the end of a flow path prodddy an arbitrary input in cell i
(m3/s); U(t-t) is the flow path response function (1/s), beinguiealent to the
instantaneous unit hydrograph (IUH) used in theveational hydrology, antis the time
delay (s); \(t) is the input runoff volume at cell i and at timmém3), including surface
runoff and interflow, as well as groundwater runiditell i is located at the subcatcment

outlet.

2.10.3 Flow response of the catchment
Considering the areal decomposability in a linearting system, the catchment flow
response can be determined as the sum of its etememponses from all contributing cells.

Thus, the catchment flow response can be calcuésed

Ny

Q= Q)

i=1 2.35)
where Q(t) is the total flow at the catchment adufihe®/s), N, is the number of cells over
the entire catchment. Hence, the flow routing cstssiof tracking runoff along its
topographic determined flow path, and evaluatingugdwater flow out of the
subcatchment. The total discharge is the sum of aherland flow, interflow and
groundwater flow, and is obtained by convolutiorttad flow response from all grid cells.
The advantage of this approach is that it allows g$patially distributed runoff and
hydrological parameters of the terrain to be usedputs to the model, and can route
runoff from a certain land use area to the catchiroatiet or any downstream converging

point.
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2.11 SUBWATERSHED INTEGRATION

In case of watershed modelling on medium or larggdes model parameterisation and
computation on small grid size are tedious, caatlg time consuming. On the other hand,
working with coarse spatial resolution may introelecrors by aggregation of spatial input
data and misrepresentation of the true watershaccteristics. To cope with this problem,
WetSpa Extension provides a simplified semi-distielol option working on the scale of a
small hydrological unit, so as to allow adequatautation and mapping of the areal
distribution of the hydrological processes. Thesatsu correspond to very small
subcatchments, built up from high resolution DENkdaather than to large grid cells with
approximately the same area as the subwatershkigshds the advantage of allowing for
the internal drainage structure of the units, whicduld be impossible by using large grid
cells. Model parameters, meteorological data ingud, state variables for each simulation
unit are obtained by integration of the values fraith cells of that subcatchment.
Meanwhile, the water and energy balance, as welhasprocess state variables, are
computed on each unit during model simulation ahdsane step.

The subwatershed parameters calculated by WetStngtan include area, slope,
potential rainfall excess coefficient, intercepti@apacity, depression capacity, soil
physical properties, etc. Flow hydrographs aret foalculated at the outlet of each
subcatchment using the subcatchment responseduaneind thereafter, the flow is routed
to the catchment outlet along the river channehleyans of channel flow response function.
Considering the effect of cell characteristics loa subwatershed IUH, the subcatchment
response function is computed by integration offtbe path response functions for all
cells in the subcatchment weighted by their poatntainfall excess coefficient. The

eguation can be written as

i=1 i=1 (2.36)
where U(t) is the response function or IUH of the subcateht (1/s), €is the potential
rainfall excess coefficient at cell i (-),;{t) is the flow path response function at the

subcatchment outlet with runoff input at cell ig)l/and Nis the number of cells in the
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subcatchment. The flow hydrograph at subcatchmaitétas obtained by summation of its

surface runoff, interflow and groundwater flow, azah be expressed as

Q)= VL().(t- £)+QG, ()
i=0 (2.37)

where Q(t) is the flow hydrograph at the subcatchmenteiuin3/s), \{t) is volume of
readily available runoff of the subcatchment inahgdsurface runoff and interflow (m3),
is the time delay (s), and Q@ is the groundwater flow at the subcatchmenledin3/s).
The total hydrograph at the watershed outlet isaiokd by integration of the flow

hydrographs produced from each subwatershed, andecaxpressed as

Q)= Q.. (- £)or
o1 (2.38)

where Q(t) is the flow hydrograph at the catchmemiet (m3/s), L[t) is the channel
response function from the subcatchment outlehéochtchment outlet calculated by Eq.
(2.31) (1/s)Dt is the time interval (s), and:é the number of subcatchment or the number
of stream links in the catchment. With the unitpaasse functions defined for each
simulation unit and the corresponding river chapnglter can be routed accumulatively
downstream up to the catchment outlet. Howeverptbeess of flow routing within each
subcatchment can be omitted in case of highly sitenwatershed discretization, since the
water may flow out of the subwatershed within tingt time step. In practice, division of
the watershed should be performed according tprthiect purpose and the complexity of
the terrain. A few simulations are necessary tod#ethe watershed discretization to meet

varies objectives of the project.

2.12 CATCHMENT WATER BALANCE
Water balance for the entire catchment is usecegpkrack of water changes in the

hydrological system, and also a measure of modediopeance by comparing the

simulation results with the field observations. Argahe constituents in the system, soil
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water content is an important state variable thlitiénce fluxes into and out of the root
zone (infiltration, evapotranspiration, percolatamrd interflow) and the energy balance on
the land surface. The stores of interception, d&poa, soil moisture and groundwater are
treated as separate control volume, but relatedesulently. Precipitation is the input to
the system, while direct runoff, interflow, grounaker flow, and evapotranspiration are
losses from the hydrological system.

When modelling for a relatively long time periodhanges in the storage of
interception, depression and channel can be negleand the general watershed water

balance can be expressed as

P=RT+ET + DSS+ DSG (2.39)
where P is the total precipitation in the watersbeer the simulation period (mm), RT and
ET are total runoff and total evapotranspiration(yDSS is the change in soil moisture
storage for the watershed between the start anehtthef the simulation period (mm), and
DSG is the change in groundwater storage of theratadd (mm). For a given simulation

period T (s) and initial moisture and groundwaterage condition, these components can

be expressed as

P=" "R()
(2.40)
rT= " [Rsl)+ri@]+ S0
t=0 i=1 =0 =1 A (2.41)
eT=  [EL(Q)+EDQ+ESE]+ | [EG (]
t=0 i=1 t=0 s=1 (2_42)
DSs= D q(1-q(0) (2.43)

i=1
N;
s=1 (2.44)
whereq;i(T) andq;(0) are cell soil moisture content at the end &wedstart of the simulation
period (m3/m3), SGT) and SGEO) are subcatchment groundwater storage at theaedd
the start of the simulation period (mm), and thbecd have been described in above
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sections. All of these components vary over timehange in any one component of the
watershed water balance can result in change®iattter components in the system. This
is particularly useful for analysing the impact lahd use changes on the watershed
hydrological processes. For instance, deforesta@sults in more surface runoff and less
infiltration, thus, decreasing the change in saiisture storage and groundwater storage
for a storm event, and the evapotranspirationnigtdéid by the moisture content as well.
When the model performs on a very long time setigs,changes in soil moisture and
groundwater storage will be less important, andaked precipitation is more or less equal

to the sum of the runoff and the evapotranspiration

3. PARAMETER IDENTIFICATION AND MODEL EVALUATION

3.1 DEFULT PARAMETERS

3.1.1 Default parameters characterizing soil textug classes

Soil textural classes are used to provide inforamatoncerning soil physical properties,
such as porosity, hydraulic conductivity, pore giggribution index, etc. Although other
descriptors such as horizon and structural sizaiody influence the hydraulic parameters
of soils, Cosby et al. (1984) perform a two-waylgsia of variance of nine descriptors to
conclude that soil texture alone can account fostrobthe discernible patterns. Over the
last two decades, a great deal of efforts has beste to the estimation of soil hydraulic
properties from the information on soil texturestle literature (McCuen et al., 1981;
Rawls et al., 1982; Cosby et al., 1984; Rawls &dBresiek, 1985; Carsel & Parrish, 1988).
In WetSpa Extension, soil textures are classifietd i12 USDA (U.S. Department of
Agriculture) classes ranging from 1 to 12 basedhenpercentage of sand, silt and clay in
the soil sample. Fine textured soils have a highgrgage of clay and are very sticky when
wet and hard when dry, while coarse textured $w@ilge a high percentage of sand and are
loose and friable. A lookup table is then estalglishs presented in Table 3.1 to estimate
hydraulic properties as a function of soil textal@sses using mean values obtained from

the literature.
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Table 3.1.Default parameters characterizing soil texturatses

Hydraulic Field Wilting Residual  Pore size

Texture classes conductivity ~ Porosity  capacity point  moisture distribgtion
(mm/h) (m3/m3) (m3/m3) (m3/m3) (m3/m3) index (-)

Sand 208.80 0.437 0.062 0.024 0.020 3.39
Loamy sand 61.20 0.437 0.105 0.047 0.035 3.86
Sandy loam 25.92 0.453 0.190 0.085 0.041 4.50
Silt loam 13.32 0.501 0.284 0.135 0.015 4.98
Silt 6.84 0.482 0.258 0.126 0.015 3.71
Loam 5.58 0.463 0.232 0.116 0.027 5.77
Sandy clay loam 4.32 0.398 0.244 0.136 0.068 7.20
Silt clay loam 2.30 0.471 0.342 0.210 0.040 8.32
Clay loam 151 0.464 0.310 0.187 0.075 8.32
Sandy clay 1.19 0.430 0.321 0.221 0.109 9.59
Silt clay 0.90 0.479 0.371 0.251 0.056 10.38
Clay 0.60 0.475 0.378 0.251 0.090 12.13

'Obtained by analysis of data presented in Rawds$ €1982)°Obtained from Cosby et al. (1984)
Soil texture is a key variable in the coupled telahip between climate, soil, and
vegetation. Under given climatic and vegetation ditons the above
soil-texture-dependent physical properties, thraingir influence on soil water movement
and the energy state of the water in the soil caludetermine the soil wetness values
which in turn establish the water condition of tregetation (Fernandez-lllescas et al.,
2001). One advantage in favour of using texturéhasonly distinguishing factor among
components is that this approach significantly difies model data management. When
only a single distinguishing factor is used, comgus with a common texture can be
lumped together and the spatial soils informatiassed from the GIS to the hydrology
model is set at 12 different specifications. Amahg soil properties listed in Table 3.1,
hydraulic conductivity has by far the largest cadint of variation based on the analysis
of Carsel & Parrish (1988), and is more sensitiantother soil related parameters. These

parameters allow to be revised during model caiitaafor refining better fit as described
in Chapter 4.

3.1.2 Default parameters characterizing land use atses

Land use or land cover is an important boundaryditmm, which directly or indirectly

influence many hydrological processes. The mosiclsvinfluence of land use on the
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water balance of a catchment is on the evapotraaigp process. Different land use types
have different evapotranspiration rates, due ta thé&erent vegetation cover, leaf area
indices, root depths and albedo. During stormsraeption and depression rates are
different for different land use types. Land usmahfluences the infiltration and soil water
redistribution process, because especially the raaul hydraulic conductivity is
influenced by plant roots and pores resulting femi fauna (Ragab & Cooper, 1993). An
extreme example is the influence of build up asasroads on overland flow. Moreover,
land use influences surface roughness, which dsntowerland flow velocity and
floodplain flow rates. Therefore, the effect of danse should be taken into account as
much as possible in the simulation calculations.

In WetSpa, the vegetation type definition is based IGBP (International
Geosphere-Biosphere Program) classification sysiém following table shows the exact
definition:

IGBP vegetation type definition

Category 1 - Evergreen Needleleaf Forest
Category 2 - Evergreen Broadleaf Forest
Category 3 - Deciduous Needleleaf Forest
Category 4 - Deciduous Broadleaf Forest
Category 5 - Mixed Forest

Category 6 - Closed Shrublands

Category 7 - Open Shrublands

Category 8 - Woody Savannah

Category 9 - Savannahs

Category 10 - Grasslands

Category 11 - Permanent Wetlands
Category 12 - Croplands

Category 13 - Urban and Built-Up

Category 14 - Cropland / Natural Vegetation Mosaic
Category 15 - Snow and Ice

Category 16 - Barren or Sparsely Vegetated
Category 17 - Water Bodies

Reference:

Eidenshink, J.C., Faundeen, J.L., 1994, The 1-km AVHRR global land data set: first stages in
implementation, international Journal of Remote Sensing,15:3443:3462

Therefore, 17 basic land use classes are spedifigte WetSpa Extension, based on
the observed physical and biophysical cover ofdhd surface, as well as the function and

the actual purpose for which the land is currebding used. Such information is obtained
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from ground surveys or remote sensing images. & &and use type, several vegetation
parameters are defined taking the reference ofiquestudies as shown in Table 3.2. In
order to more correctly simulate the effect of wagen on interception and
evapotranspiration, a range of leaf area indextedception capacity is given in the table
corresponding to the minimum and maximum values year for each vegetation class.
Calculation of the temporal variation is describedChapter 2. Moreover, some of the
parameters, such as root depth, roughness coeffiog¢c., should be determined as
functions of both soil type and land use. Howe'@r the present implementation, these
parameters remain a function of land use type only.

Values of Manning'’s roughness coefficient showiiable 3.2 are typical values obtained
from experiments reported in the literature. Thesleies are generally representatives of
very small areas when correspondence exists betieadity and the mathematical model
of one-dimensional flow over a plane. Therefore,ldrger grid size, e.g. larger than 100 m,
is used in the model, these values should be agjusbwnward to reflect the greater
number of rills on long slopes (Wu et al., 1982;rsiae & Parlange, 1986; Vieux &
Farajalla, 1994).

Table 3.2.Default parameters characterizing land use classes

1 8 1 9 5
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Obtained and Adapted from Dickinson et al. (1993), Lull (1964), Zinke (1967), Rowe (1983), Chow
(1964), Haan (1982), Yen (1992) and Ferguson (1998).
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In case the model is applied to a medium or largeeghed, the parameter of channel
roughness coefficient, which is governed mainlyoby material and channel cross section,
will have a great influence to the predicted hydapdp. In natural rivers without overbank
flow, the roughness coefficient is generally si@lldownstream channels due to their fine
bed materials, and is large for upstream channeisntrast. To account for these effects, a
linear relationship is assumed in the model redplitanning’s roughness coefficient to the

stream order described as

% (nr,max_ nr,min)
Omax Omin 3:()

M=
where n is the Manning's coefficient (1’s) for stream order O, @« and Gun are
maximum and minimum stream order derived from ABWIGIS, and Nnaxand pmin are
maximum and minimum Manning’s coefficients corrasgiog to Ghaxand Ghin (M*3s).
Clearly, the Manning’s coefficient has largest afar the channel with minimum order
and smallest value for the channel with maximuneosdith Equation 3.1. The value of

Nr max and Rmincan be defined in the script according to the ckbhanaracteristics.

3.1.3 Potential runoff coefficient

The runoff coefficient of a grid or catchment iethatio of runoff volume to rainfall
volume. A simple and practical technique is devetbpy WetSpa Extension to estimate
the runoff coefficient under varying land use, siyibe, slope, rainfall intensity and
antecedent soil moisture condition as describé&chapter 2. Undoubtedly, these variables
act independently but also interact in their effentthe runoff coefficient. A table of
potential runoff coefficient is built for deferelaind use, slope and soil type combinations
and under the condition of near saturated soil tas Water lost from the soil surface is
considered to infiltrate into the soil used forthar vertical percolation, evapotranspiration
and lateral interflow. To simply the table, thegomal land use classes are reclassified into
5 classes as forest, grass, crop, bare soil aneringus area.
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Table 3.3.Potential runoff coefficient for different landeyssoil type and slope

Sandy Silty
Land Slope Sand Loamy Sandy Loam  Silt Silt clay Clay clay Sandy Silty Clay
use (%) sand loam loam loam loam loam clay clay

Forest <0,5 0.03 0.07 0.10 0.13 0.17 0.20 0.23 0.2D.30 0.33 0.37 0.40
0,5-5 0.07 0.11 0.14 0.17 0.21 0.24 0.27 0.31 0.340.37 041 0.44

5-10 0.13 0.17 0.20 0.23 0.27 0.30 0.33 0.37 0.400.43 0.47 0.50

>10 0.25 0.29 0.32 0.35 0.39 0.42 0.45 0.49 0.52 .550 0.59 0.62

Grass  <0,5 0.13 0.17 0.20 0.23 0.27 0.30 0.33 0.30.40 0.43 0.47  0.50
0,55 0.17 0.21 0.24 0.27 0.31 0.34 0.37 0.41 0.440.47 051 054

5-10 0.23 0.27 0.30 0.33 0.37 0.40 0.43 0.47 0.50.53 0.57 0.60

>10 0.35 0.39 0.42 0.45 0.49 0.52 0.55 0.59 0.62 .650 0.69 0.72

Crop <0,5 0.23 0.27 0.30 0.33 0.37 0.40 0.43 0.47 .500 0.53 0.57 0.60
0,5-5 0.27 0.31 0.34 0.37 0.41 0.44 0.47 0.51 0.540.57 0.61 0.64

5-10 0.33 0.37 0.40 0.43 0.47 0.50 0.53 0.57 0.600.63 0.67 0.70

>10 0.45 0.49 0.52 0.55 0.59 0.62 0.65 0.69 0.72.750 0.79 0.82

Bare <0,5 0.33 0.37 0.40 0.43 0.47 0.50 0.53 0.57.600 0.63 0.67 0.70

soil 0,55 0.37 0.41 0.44 0.47 0.51 0.54 0.57 0.610.64 0.67 0.71 0.74

5-10 0.43 0.47 0.50 0.53 0.57 0.60 0.63 0.67 0.700.73 0.77 0.80

>10 0.55 0.59 0.62 0.65 0.69 0.72 0.75 0.79 0.82.850 0.89 0.92

IMP 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 .001 1.00 1.00

The potential runoff coefficients for impervioua¢luding open water surface) are setto 1.
In addition, surface slope is discritized into dsdes as shown in Table 3.3. Values in the
table are taking the reference from literature Kkir 1978, Chow et al. 1988, Browne 1990,

& Fetter 1980) and adjusted after Mallants and Reg{©990).

In order to estimate the potential runoff coeffiti®n the basis of a continuous slope, a
simple linear relationship between potential ruradéfficient and surface slope is used,

which can be described as

S
S*+S (3.2)

C=C, +(1- C,)

where C is the potential runoff coefficient for arface slope S (%), s the potential
runoff coefficient for a near zero slope correspogdo the values listed on the first row of
each land use class in Table 3.4, ap¥®) is a slope constant for different land use and
soil type combinations, as listed in Table 3.4,chthis calibrated using the data in Table 3.4.
Figure 3.1 gives a graphical presentation of the gptential runoff coefficient for a forest

cover as a function of slope and different soiktyp
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Table 3.4.Slope constantSor determining potential runoff coefficient

Sandy Silty

Landuse Sand Loamy Sandy Loam Silt Silt clay Clay clay Sandy Silty Clay

sand loam loam loam loam loam clay clay

Forest 0.680 0.650 0.620 0590 0.560 0.530 0.5004700. 0.440 0.410 0.380 0.350
Grass 0.580 0.551 0.522 0.493 0464 0435 0405 760.30.347 0.318 0.289 0.260
Crop 0.500 0.471 0.442 0.413 0.384 0.355 0.325 @0.290.267 0.238 0.209 0.180
Bare soil  0.420  0.393 0.365 0.338 0.311 0.284 0.256.229 0.202 0.175 0.147 0.120

Potential runoff coefficient
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Fig. 3.1.Potential runoff coefficient vs. slope for forestd different soil types

The left figure of Figure 3.1 shows the potentialaff coefficient for a slope ranging

from 0 to 20% and the supporting points, and tlygtrone shows the potential runoff
coefficient for a slope ranging from 0 to 300%. &lg, the potential runoff coefficient
approaches to Jvhen slope is very small, and 1 when slope is i@inlrhe figure also

shows that the changing magnitude of potential fflsaefficient is decreasing along with
the increasing of surface slope. This conforms t@atunoff volume for a certain amount

of rainfall is less or even not affected by slopgdnd a critical slope (Sharma, 1986).

The influence of urban areas to the storm runoffeié-evident. Due to the grid size,

cells may not be 100% impervious in reality. In Bfgd Extension, the remaining area is
assumed to be pervious and covered by grass, arefdhe, the potential runoff coefficient

for urban areas is calculated as

Cu =IMP + (1' IMP)Cgrass (3 3)
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where G and Gyrassare potential runoff coefficient for urban andsgagrid, and IMP is the

proportion of impervious area. Table 3.5 is devetbppo associate an impervious cover
percent with several of the specified land usegmtes. Impervious percent for residential
area, commercial and industrial is estimated basdte information in Chow et al. (1988).
Other estimates are considered reasonable gugssesmpervious percent is assumed for

land use categories not listed (i.e. agriculturasg land, and forest land).

Table 3.5.Impervious percentages associated with selectetiuae classes

No. Land use description Impervious percent (%)
1 Residential area 30

2 Commercial and industrial area 70

3 Mixed urban or built-up land 50

4 Transportation and communication utilities 100

5 Streams, Canals, lakes and reservoirs 100

6 Forest wetland 100

7 Bare exposed rock 100

In case the model is applied to a medium or largeerghed, direct flow generated from
the flow surface becomes an essential part oftdrengunoff. Due to the effect of grid size,
upstream channel cells may not be fully occupiedidy. Equation 3.4 is then used to
calculate the potential runoff coefficient for teeshannel cells.

C, =RP+(1- RP)C (3.4)

where G is the potential runoff coefficient for a chanmgid, C is the potential runoff
coefficient without considering the channel effectd RP is the percentage of channel area
of the grid calculated by the estimated flow widthided by the grid size. The flow width

is determined by a power law relationship with aweeding probability (Molnar &
Ramirez, 1998), which relates flow width to the toling area and is seen as a

representation of the average behaviour of thearellthe channel geometry.

W =a,(A)" (3.5)

where A is the drained area upstream of the cell (km¢)X-ais a network constant ang, b
(-) a geometry scaling exponent both dependindherflbod frequency.
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Researches have shown that the runoff efficienojutae of runoff per unit of area)
increases with the decreasing catchment areshéeédarger the catchment area the smaller
the runoff efficiency (Boers & Ben-Asher, 1982; Bro et al., 1999). Analogously, The
potential runoff coefficient is affected by the dysize, in which more surface runoff is
produced when modelling with a small grid size, sité versa. This can be explained by
that spatial variability in climatic inputs suchrasnfall and hydrometorological variables,
in soil characteristics such as hydraulic conditgtiand porosity, in topography, and land
use, increase with spatial scale (Vijay & Woolhjs2002). For instance, the average
saturated hydraulic conductivity and the surfactention capacity are higher when
modelling in a coarser resolution, causing morgtrafion and less surface runoff. These
have been addressed in many of the literaturesg{l®al988; Mazion & Yen, 1994;
Saghafian et al., 1995). Therefore, the grid sizeukl be chosen properly in order to
adequately represent the spatial heterogeneitydtarshed, and the values of potential

runoff coefficient are allowed to readjust duriraileration.

3.1.4 Depression storage capacity
Depression storage capacity is a value that is leeddependent and represents the total
amount of water that can be stored in small surtlegressions. Moreover, the soil type
and the slope steepness also affect the deprestsiage capacity for ponding water and
thereby the conditions for surface runoff. Gengratiugher surfaces store more surface
water than smoother surfaces and steeper slopesass surface water than gentle slopes
(Moore and Larson, 1979; Ullah and Dickinson, 1978aOnstad, 1984). After the
depression storage amount is met, runoff withialBbegins. A table of depression storage
capacity, as shown in Table 3.6, is built in Wet&p#ension for different land use, soil
type and slope combinations, based on the analfdeta in ASCE (1969), SINCE (1972),
Sheaffer et al., (1982), and Geiger et al. (198 he depression storage capacity for
impervious areas is considered as wetting losssahtb 0.5 mm (Fronteau & Bauwens,
1995).

In order to obtain a depression storage capacityfasction of a continuous slope used
in the WetSpa Extension, a simple regression egiuas in Hansen et al. (1999) is applied,

in which the depression storage capacity is coetioby land use and soil type, and
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decreases with slope exponentially.

Sd=Sd, exp¢ bS (3.5)

where Sd is the depression storage capacity (mm)the slope (%), Sds the depression
storage capacity for a near zero slope and diffegeih types (mm), corresponding to the
values listed on the first row of each land use<ia Table 3.6, and b = -9.5, calibrated
using the data in Table 3.6. Figure 3.2 shows #yabsion storage capacity for a grass

cover as a function of slope and different soiketyp

Table 3.6.Depression storage capacity for different land ae# type and slope

Sandy Silty
Land Slope Sand Loamy Sandy Loam  Silt Silt clay Clay clay Sandy Silty Clay
use (%) sand loam loam loam loam loam clay clay

Forest <0,5 8.00 7.50 7.00 6.50 6.00 5.50 500 450 4.00 350 3.00 250
055 6.31 5.91 552 513 473 434 3.94 355 315 276 237 197

5-10 3.92 3.68 343 319 294 270 245 221 1.96 1.72 147 1.23

>10 1.92 1.80 168 156 144 1.32 120 1.08 0.96 0.84 0.72 0.60

Grass <05 5.00 4.73 445 418 391 364 336 3.09 282 255 227 200
055 394 3.73 351 330 3.08 287 265 244 222 201 179 158

5-10 245 2.32 218 205 192 1.78 1.65 152 1.38 1.25 111 0.98

>10 1.20 1.14 1.07 101 094 0.87 081 0.74 0.68 0.61 055 0.48

Crop <0,5 3.00 2.86 273 259 245 232 218 205 1.91 177 164 1.50
0,5-5 237 2.26 215 204 194 1.83 172 161 151 140 129 118

5-10 147 1.40 134 127 120 114 1.07 1.00 0.94 0.87 080 0.74

>10 0.72 0.69 066 0.62 059 0.56 052 049 0.46 043 0.39 0.36

Bare <0,5 1.50 1.45 141 136 132 1.27 123 118 1.14 1.09 105 1.00
soil 055 112 1.09 1.05 1.02 099 0.95 092 0.88 0.85 081 0.78 0.75

5-10 0.74 0.72 0.70 067 0.65 0.63 0.61 0.58 0.56 0.54 052 0.49

>10 0.36 0.35 034 033 032 031 030 0.28 0.27 026 025 0.24

IMP 0.50 0.50 050 050 050 0.50 0.50 0.50 0.50 0.50 0.50 0.50

The left figure of Figure 3.2 shows the depressitmnage capacity for a slope ranging
from 0 to 20% and the supporting points, and tghtrone shows the depression storage
capacity for a slope ranging from 0 to 100%. Cleatthe depression storage capacity
approaches to gébor a very small slope, and O for a steep slopés Tanforms that the
effect of depression storage is not important fetegp slope in controlling overland flow
generation (Hansen et al., 1999).
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Fig. 3.2.Depression storage capacities vs. slope for gnadgifferent soil types

The computation of depression storage capacityfioan areas is the same like the
process in calculating potential runoff coefficiemthich is the weighted mean of the
depression storage capacity for impervious area gradsland. The equation can be
expressed as

Sq, = 05IMP+(1- IMP)Sd, ... (3.6)

where Sd and Sg.ss are the depression storage capacity for an urbangaass grid
respectively (mm). As there is no depression loswater surface, the depression storage
capacity for a channel cell can be calculated as

Sd =(1- RP)Sd (3.7)

where Sd(mm)is the depression storage capacity for a cHagrie and Sd (mm) is the
depression storage capacity without consideringtiamnel effect.

The values of depression storage capacity areaffiscted by the grid size as discussed
in section 3.1.3. Therefore, cautions should beaweaith regards to use these values for a
large grid. These parameters are allowed to matlifyng the GIS preprocessing in order
to get a better fit.
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3.2 GLOBAL PARAMETERS

For simplifying the process of parameter calibmatid2 global parameters are used in the
WetSpa Extension, i.e. the correction factor of Pigferflow scaling factor, groundwater
recession coefficient, initial soil moisture, iaitigroundwater storage, base temperature
for snowmelt, temperature degree-day coefficiaaitifall degree-day coefficient, surface
runoff exponent, and the rainfall intensity corr@sging surface runoff exponent of 1.
These parameters have physical interpretationsasmdmportant in controlling runoff
production and hydrographs at basin outlet, bdicdit to assign properly on a grid scale.
Therefore, calibration of these global parametgesrest observed runoff data is preferable
in addition to the adjustment of distributed mopl@tameters.
1) Correction factor for potential evapotranspoati
The PET data used in the model are obtained framnp@asurement or calculated by
Pemman-Monteith or other equations using availa®ather data. These reference
evapotranspiration rates refer to water surface grass cover in large fields. Actual
reference or PET rates, however, may depend ohfxtars that are not addressed by
these methods. For instance, the land use, elevatas well as the
micro-meteorological conditions for the grid to fienulated may be different from
those prevailing at the site of the meteorologstation whose data are being used. To
account for these effects, a correction factoreguired in the computed PET. The
correction factor is normally close to 1, and canchlibrated by the model through a
long-term water balance simulation. Specificalljjen modelling in a mountainous
catchment, the evapotranspiration stations ardlysugay sparse and are located in the
river valley. To account for the effect of elevatjiohe correction factor for PET may be
much lower in this case.
2) Scaling factor for interflow computation
Interflow or subsurface runoff is an essential flincomponent for the humid
temperate region especially for the areas withisgpfandscapes and well-vegetated
cover. In WetSpa Extension, interflow is assumeadctur when soil moisture exceeds
the field capacity and there is sufficient hydragradient to move the water. Darcy’s

law is then used for the simulation of interflonnBman (1994) pointed out that due to
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3)

the anisotropy of water content dependent hydragbmductivity, soil water
preferentially flows laterally given greater latielngdraulic conductivity than vertical.
Even though a uniform soil matrix is consideredhe model, but in fact, the porosity
and permeability of soil tend to decrease with depven the weight of overlying soil
and the translocation of material in percolatingtevao lateral subsurface flow.
Moreover, soil water passing quickly to a streanotigh root canals, animal tunnels,
or pipes produced by subsurface erosion may be@uwrdical component of peak
flow. To account for theses effects, a scalingdafur lateral hydraulic conductivity in
computing interflow is used in the model. This sggfactor is generally greater than 1,
and can be calibrated by comparing the recessidgropaomputed flood hydrographs
with the observed hydrographs.

Groundwater recession coefficient

Groundwater flows are estimated on subcatchmerle sSnaWetSpa Extension as
described in Chapter 2. The groundwater recessoafficient reflects the storage
characteristics of the subwatershed and, theref®tbe same for all hydrographs at a
given location. In accordance with Equation (2.2t)e groundwater recession
coefficient will remain constant if storage andathiarge volumes are divided by area
and expressed as depth in mm (Wittenberg, 1999% iShunder the condition that
groundwater flow for each subcatchment has the samssion constant, and total
groundwater at the outlet of the river is only meishifted superposition of partial
groundwater flow from each subcatchment.

In real river basins, baseflow recession coefficien each subcatchment may not be
the same, and may have a considerable deviatiomtfie theoretical constant. A great
portion of the deviation is associated with varigpof subcatchment characteristics.
Others may be attributed to aquifer heterogeneityl alivergence from the
Dupuit-Forchheimer assumption of essentially hortab groundwater flow. For
model simplification, a general value of groundwatew recession coefficient is
determined at the basin outlet in the input fildir®ar correction is then performed for
each subcatchment based on its drainage area @adédhage slope, for which higher
values are assigned for the subcatchments witk Br@gnage area and steep slope, and

lower values for the subcatchments with small @ gentle slope. The shape and
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4)

stream density of the subcatchment is not accouiateth the current version. The
eguation can be expressed as

S
= Cg —S\/\/'S

S (3.8)

where gsand g (m?/s) are groundwater recession coefficient of thecatchment and

Cq

S

the entire basin,sand S are average slope of the subcatchment anehtire basin,
and Ws is the areal weight of the subcatchmentan be derived by the analysis of
flow records as described in Martin (1973) and ®ilierg (1999). Calibration of this
parameter is necessary by comparing the computet abserved low flow
hydrographs.

Initial soil moisture

Soil moisture content is a key element in the madeitrolling the hydrological
processes of surface runoff production, evapotigatspn, percolation and interflow.
A proper initial soil moisture condition may proeich much more realistic starting
point for predictions. However, for a long-termvilimulation in a watershed, the
initial soil moisture condition is less importaas it affects the hydrological processes
only in the initial part of the simulation. An assption of uniform initial moisture
distribution can be made in this case with modeglparpose of flood prediction under
present condition. A ratio against field capac#yhen defined in the input parameter
file for setting up the initial soil moisture cotidns. This value can be adjusted during
calibration by analysis of water balance output emahparison between the computed
and observed hydrographs for the initial phase.

If the model is used for short-term flow simulatimnevent-based flood prediction, the
antecedent moisture condition becomes one of th& mgoortant factors in runoff
production as well as its distribution. The conagitbpographic wetness index (TWI)
adapted from Moore et al. (1993) can be introducélde model to evaluate antecedent
moisture condition of a watershed with TWI = In(3/Svhere In(.) is the natural
logarithm, A is the upslope drainage ared)(rand S is the local slope (-). The TWI
distribution can be easily obtained from a higloheson DEM. Those cells with high
TWI values have larger upslope contributing areassmaller cell slopes or a

combination of the two properties that lead to awalation of soil moisture. While an
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6)

7)

assumption is made for maximum and minimum moistorgent within the watershed,
the antecedent moisture distribution can be obdaimg simply relating moisture
content to the TWI values. Cells with very high TWdlues may consider to be
saturated with runoff coefficient of one. Thesdscate normally distributed along the
main river or in the depression areas in a watershe

Initial groundwater storage

In WetSpa Extension, groundwater balance is maiathbn subcatchment scale and
for the active groundwater storage, which is traat pf storage in perched or shallow
aquifers that contribute to the surface stream fldvater percolating from the root
zone storage may flow to active groundwater storagemay be lost by deep
percolation. Active groundwater eventually reappeas baseflow, but deep
percolation is considered lost from the simulatggtem. A value of initial
groundwater storage in depth (mm) is set up in itlput parameter file for all
subcatchment. This value can be adjusted durintbraibn by comparing the
computed and observed low flows for the initial pda

Base temperature for snowmelt

The precipitation is assumed to fall as snow if teeperature is below the base
temperature. Snowmelt starts when the temperatwaledve the base temperature. The
base temperature is typically a value near O°Ctiquaarly for short computation
period using average temperature as input. The msgr specify this value during
model calibration.

Temperature degree-day coefficient

The range of the temperature degree-day coeffigsetypically 1.8 — 3.7 mm/°C/day
for rain-free conditions (Anderson, 1973; Male &y, 1981). This value can be
determined by comparison between computed and wdsepring flood hydrographs
during calibration. In general, the temperaturerdeglay coefficient is varied both in
time and space. For instance, the albedo is vely tor new, cold snow falling in the
beginning of the accumulation season and decredtieshe age of the snow, which
results in an increase of the degree-day coefficidforeover, the temperature
degree-day coefficient is also land use dependentyhich forest cover leads to a

higher value, while bare soil leads to a smalldueaFor simplicity purpose, these
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8)

9)

influencing factors are not accounted for in theeot model, and recommended to be
coupled in the future version.

Rainfall degree-day coefficient

The rainfall degree-day coefficient determines tag of snow melting caused by
condensation of humid air on the snow surface hadtvective heat transferred to the
snow pack by precipitation, and is used for cakioeof an additional snowmelt due to
rainfall. The value of rainfall degree-day coeféiot is generally very small, typically
around 0.01 (mm/mm/°C/day), and can be determineidgl model calibration. If zero
value is given, the effect of rainfall on snowmeill not be considered.

Surface runoff exponent for a near zero rainfadmsity

Rainfall intensity has a big influence in contmogjithe proportion of surface runoff and
infiltration. As pointed by Dunne (1991), infiltiah rate increases with rainfall
intensity for two reasons: (1) Higher rainfall ingity tends to exceed the saturated
hydraulic conductivity of larger proportions of theil surface, and thereby to raise the
spatially averaged hydraulic conductivity, and KRyher rainfall intensity gives more
surface runoff rate and the inundated flow depth.a€count for this effect on the
production of surface runoff, an empirical exponenintroduced in the model as
described in Eq. (2.7). The concept is that th@ribon of surface runoff is very small,
or even nil, under the condition of very small falhintensity, and the proportion
increases along with the increase of rainfall istigrup to a stage for which a potential
runoff coefficient is achieved. In WetSpa Extensitinis exponent is assumed to be a
variable starting from a higher value for a neanzminfall intensity, and changing
linearly up to 1 along with the rainfall intensitywhen the predetermined maximum
rainfall intensity is reached. This value is geligréess than 3 according to the
previous applications. If an exponent value 1 i&gj the actual runoff coefficient is
then a linear function of the relative soil moistwontent, and the effect of rainfall
intensity on the runoff coefficient is not takemaraccount.

10)Rainfall intensity corresponding to a surface rdrsjpponent of 1

This parameter corresponds to threshold rainfaéinsity in unit of mm/h or mm/d
depending upon the temporal resolution of the mai®lulation, over which the

surface runoff exponent equals 1, and the actualdfficoefficient becomes a linear
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function of the relative soil moisture content. iBedtion of this parameter can be
performed by comparison of the observed and condmitgface runoff volume and the
peak discharge for high floods. This parameter nisfact spatially distributed,

depending upon the cell characteristics, such hsype, land use, and slope, etc. A

constant value is assumed in the current modeifoplification.
3.3 MODEL EVALUATION

In order to evaluate how well WetSpa Extensionadpces an observed hydrograph, a
series of statistics are used. In addition to treuation based on a visual comparison and
an evaluation of peak flow rate and time to thekp#@e bias, model confidence, and the
model efficiency are also taken into account. Thesatistical measures provide
guantitative estimates for the goodness of fit leetwvobserved and predicted values, and
are used as indicators of the extent at which mpadictions match observation. Based
on the results of these tests, model predictivalodipes are assessed. The goodness of fit
in the peak discharge and time to the peak carvéleaed by their relative and absolute

errors respectively, while other evaluation craeare described as following:

1) Model bias
Model bias can be expressed as the relative mdgaretice between predicted and
observed stream flows for a sufficiently large dation sample, reflecting the ability
of reproducing water balance, and perhaps the mnsirtant criterion for comparing
whether a model is working well in practice. Thigezion is given by the equation
_N (Qs - Qo)
CRI=\L —

N %
i=1 (3.9)
where CR1 is the model bias,i@ad Qg@are the simulated and observed stream flows
at time step i (ffis), and N is the number of time steps over theukition period.
Model bias measures the systematic under or oeeligiton for a set of predictions. A
lower CR1 value indicates a better fit, and theugaD.0 represents the perfect

simulation of observed flow volume.
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2)

3)

4)

Model confidence

Model confidence is one of the important criteniaassessment of continuous model
simulation, and can be expressed by its deternsinaioefficient, which is calculated
as the portion of the sum of the squares of thétlens of the simulated and observed

discharges from the average observed discharge.

vN (Qsi - @)z
CR2 = -2

’: (Qoi - @)

2

(3.10)

where CR2 is the model determination coefficié??cjs the mean observed stream
flow over the simulation period. CR2 representsghsportion of the variance in the
observed discharges that are explained by the ateuitlischarges. It varies between 0
and 1, with a value close to 1 indicating a higreleof model confidence.
Nash-Sutcliffe efficiency

The Nash-Sutcliffe coefficient (Nash and Sutclific970) describes how well the
stream flows are simulated by the model. As poiotgicby Kachroo and Natale (1992),
this efficiency criterion is commonly used for mb@ealuation, because it involves
standardization of the residual variance, andxfseeted value does not change with

the length of the record or the scale of runoffe Bgquation can be described as

(Qsi b Qoi)
CR3=1- 2 -

(o) (3.11)

where CR3 is the Nash-Sutcliffe efficiency used ®raluating the ability of
reproducing the time evolution of stream flows. T®BRB3 value can range from a
negative value to 1, with 1 indicating a perfetbitween the simulated and observed
hydrographs. CR3 below zero indicates that avemaggsured stream flow would have
been as good a predictor as the modelled streamm Agerfect model prediction has
CR3 score equal to 1.

Logarithmic version of Nash-Sutcliffe efficiencyrflow flow evaluation

A logarithmic transformed Nash-Sutcliffe criteriog presented in Equation 3.11,

which gives emphasize for evaluating the qualitioef flow simulations (Smakhtin et
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al., 1998).

" In(Qs +&)- In(Qq + ]’
CR4=1- 12 (3.12)

': [In(Qq +e)- In(Q, +e)]2

where CR4 is a logarithmic Nash-Sutcliffe efficignior evaluating the ability of
reproducing the time evolution of low flows, aads an arbitrary chosen small value
introduced to avoid problems with nil observediondated discharges. The valueeof
should be sufficiently low, and those observed lthsges lower thae value are
negligible. Otherwise the CR3 criterion would praszbias. Similar as CR3, a perfect
value of CR4 is 1.

5) Adapted version of Nash-Sutcliffe efficiency foghiflow evaluation
An adapted version of the Nash-Sutcliffe criteni®proposed as in Equation 3.12. It is
in fact a combination between the calibration cdteised by Guex (2001) for the
hydrological study on the Alzette river basin ark tHEC-1 objective function
(USACE, 1998).

" (Qo, + Qo)@s - Qo)
CR5=1- 2

N

(Qoi + @XQOi - &)2
=1 (3.13)

where CR5 is an adapted version of Nash-Sutcliitercon for evaluating the ability
of reproducing the time evolution of high flows. Aan be seen in the formula, more
weight is given on high discharges than low onepeect value of CR5 is 1.

Other model performance indices are described|msv&

Modified Correlation Coefficient, ,, which reflects differences both in
hydrograph size and in hydrograph shape (McCuerSaryder, 1975):
_.. min{s,.s}
mod maxs,,s ¢
where, s, and s, are the standard deviations of observed and stewldischarges

respectively,r is the correlation coefficient between observedi gimulated hydrographs.
The perfect value for this criterion is 1.
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The mean squared err@vISE) is:

n
MSE=2 e’
Nz
where e is the residuals, or estimated errors, are tiferdifices between the observed

data and fitted model:

e =(Qs- Qo)

Mean absolute error
the mean absolute erroris a quantity used to meablow close forecasts or
predictions are to the eventual outcomes. The rabaalute error (MAE) is given by
MAE=1H|

.
Nixg

Root Mean Squared Error

The root mean squared erf@®MSH is evaluated by the equation:

RMSE=+/MSE
where MSE is the mean squared error. For a perfect RMSE=0. so,
the RMSE index ranges from 0 to infinity, with O correspamgito the ideal.

Model Volumetric efficiency MVE)
The volumetric efficiency ranges from 0 to 1 ang@resents the fraction of water
delivered at the proper time; its compliment repreés the fractional volumetric
mismatch. TheMVE is most accurate when detailed discharge timeesesire
available. TheMVE would be particularly helpful in comparing the foemance of
similarly scaled, rainfall-runoff transfer functisnA major advantage of thdVE its
physical significance as it treats every cubic mefevater the same as any other cubic
meter, whether it be delivered during low recessiomluring peak flows (Criss and
Winston, 2008):

" s - )

N

Qq

MVE =1- 1L

i=1

where MVE is the volumetric efficiency. A perfect value MVE is 1.
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4. MODEL OPERATION

4.1 PROGRAM INSTALLATION

Installation of WetSpa requires a Windows 98/MERQTP or Windows NT 4.0 operating
system. Also required are licensed versions of ISSRcView 3.2 GIS Application and
Spatial Analyst v2.0 Extension. In addition, théware of Visual FORTRAN 6.1 or other
FORTRAN compilers are required if the user wantsdid and modify the program source
code. The minimum drive space required is 100MBdifdnal space may be necessary
depending on the spatial and temporal scale ofptbgct. By simple copy and paste
operation, the model can be installed and run on aomputer drives and under any
existing directories. Specific folders are refemshérom that drive location throughout the

modelling process. Figure 4.1 gives a schematiw wiethe model’s project folders.

Project

\
| Document | [ ArcView | |

| DEM | Ascii

| Soil type | Data

Source

| Land use | Help

11171

| Cowrage | Script

Fig. 4.1.Schematic view of the model’s project folders

Where Project is the general folder of the modglpnoject, and the others are:
1) Document: for storing model documents

2) ArcView: for storing ArcView GIS components

3) ASCII: for storing spatial parameter maps in ASfGrmat

4) Data: for storing spatial data of base maps
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5)
6)
7)
8)
9)
10)
11)
12)
13)
14)
15)
16)
17)
18)

4.2

4.2
1)
2)
3)
4)
5)
6)
7
8)

9)
10)
11)

Help: for storing model help files
Script: for storing ArcView Avenue scripts
Table: for storing model lookup tables.
Temp: project working directory for storing inteediate and temporary files
Project.apr: ArcView project of the model
DEM: digital elevation model
Soil type: digital soil type map in grid format
Land use: digital land use map in grid format
Coverage: for storing coverage data includiag@ns, streams, boundaries, etc.
Model: for storing model inputs, outputs andgyrams
Input: for storing model input files
Output: for storing model output files
Program: for storing model executive programs

Source: for storing program source codes

PROGRAM DESCRIPTION

.1 Avenue scripts and their tasks

conductivity: creates a grid of saturated hydractioductivity
delta_h: calculates standard deviation of flow tiinoen cells to the basin outlet
delta_s: calculates standard deviation of flow tinoen cells to the main river
depression: calculates depression storage cagaciach cell
fieldcapacity: creates a moisture grid at soildiedpacity
fillsink: fill sinks to remove small imperfectiorisom DEM
flowacc: creates an accumulated flow grid at eadh ¢
flowdir: creates a flow direction grid from eachllcto its steepest downslope
neighbour
flowlen: calculates a downstream distance grid @liesflow path
interception: calculates minimum and maximum ingeton storage capacity

lai: creates a grid of leaf area index
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12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
31)
32)

4.2
1

2)

3)

4)

manning: calculates Manning’s roughness coefficieneach cell
mask: creates a mask grid of the watershed

moisture: creates an initial soil moisture griddzhsn the topographic index
poreindex: creates a grid of soil pore size distrdn index

porosity: creates a moisture grid at soil porosity

radius: calculates hydraulic radius for each cetloading to flood frequency
residual: creates a moisture grid at residualmoikture content
rootdepth: creates a grid of root depth

runoffco: creates a grid of potential runoff coeént

slope: creates a slope grid for both land surfaceraver channel
streamlink: assigns unique values to sectionsrefist network
streamnet: creates a grid of stream network

streamorder: assigns a numeric order to branchasieér network
streamtoline: converts stream grid to a line cogera

t0_h: calculates flow time from each cell to thaibhaoutlet

t0_s: calculates flow time from each cell to thamraver

thiessen: creates a grid of Thiessen polygons

velocity: creates a velocity grid for both overlaitayv and channel flow
v_fraction: creates a grid of maximum fractionafj@&tion cover
watershed: determines subwatersheds based on dinéam
wiltingpoint: creates a moisture grid at permaneitting point

.2 Lookup tables

depression.dbf: default values of depression stocagacity for different land use, soil
texture, and near zero slopes

landuse_reclass.dbf: land use reclassificationetdbr deriving potential runoff
coefficient and depression storage capacity obth&in land use classes
landuse_remap.dbf: default model parameters bas&hd use classes, including root
depth, manning’s roughness coefficient, interceptiapacity, vegetated fraction and
leaf area index

radius: default parameters governing average hlidraadius for a certain flood
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frequency

5) runoff_coefficient.dbf: default potential runoff efficient for different land use, soll
texture, and near zero slopes

6) soil_remap: default parameters based on soil textategories, including hydraulic
conductivity, porosity, field capacity, wilting pdi residual moisture, pore size

distribution index, etc.

4.2.3 Fortran programs and their tasks

1) mean: calculates mean parameters of each shiboant

2) iuh: calculates the unit response function otheaell to the catchment and
subcatchment outlet, the unit hydrograph of eaditatichment to the catchment and
subcatchment outlet, and the unit hydrographs o mizers.

3) modell: semi-distributed model on subcatchmeailes

4) model2: fully distributed model on cell scale

5) water_balance: calculates water balance onsgate without flow routing

6) evaluation: statistics of simulation results amadel evaluation

4.3 GIS PRE-PROCESSING

The purpose of GIS pre-processing is to createegibssary spatial parameter maps used in
the WetSpa Extension. Open a new ArcView projendjget’ (or other name) under the
subdirectory \project\arcview. Set the project'skiag directory to \project\arcview\temp,
in which the intermediate and temporary GIS filesstored, and all other input and output
files are transferred from or to their subdirectasferencing to this path. Before
performing GIS pre-processing, be sure that theViAnww Extensions: Spatial Analyst,
GeoProcessing, WetSpa and Create Thiessen Polygenadded to the ArcView project.
Next, Load grid themes of elevation, landuse andtype from the subdirectory
\project\arcvie\data to the View ‘Topography’, ‘Lduse’ and ‘Soiltype’ separately. Set the
theme names as ‘Elevation’, ‘Landuse’ and ‘Soilatdl that the extent of these three base

maps must be the same in order to perform the nsmcheilation properly.
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4.3.1 Surface grid preparation

Surface parameter grids based on a DEM are prepartte view Topography of the
ArcView project. The preparation of a proper DEvhmoys many geo-processing
schemes, and can be implemented independently thenproject using more powerful
GIS software, such as Arcinfo etc. From the avéaldbEM, its hydrological potential is
calculated in ArcView by performing the followingrictions: filling sinks, determining
flow direction and flow accumulation, assigningesim network, stream link and stream
order, calculating slope and hydraulic radius, delineating subcatchments, etc. Figure

4.2 gives a screenshort of the surface grid menu.

i Arc¥iew GIS 3.2 (] 1
File Edit Miew Theme Analysis

el Parameter Model Graphics indow Help

Interpolate Grid... @\g\\g\ j

Create Contours...

NE . e e Scale 1271292 (g
Deive Asse I - (1]
| Elevation = Compute Hillshade...
[ ] 220645 - 256.585 Calzulate Yiewsted. .
256 685 - 202.725
:I 202 725 - 328.764 Fill zirk,

[ 222 .764 - 364.503 Mask
[ 264.503 - 400.543

Il 400 243 - 436.882 Flowa direction
Il 356 552 - 472.921
Bl 472921 - 508.961
Il 505 961 - 545 Flawy length

Flows accumulation

Strzam net
Stream link
Stream arder

Stream to palyling

Slope of land_river
Hydraulic radiuz
watershed

Theszen polygon

-

Fig. 4.2.Screenshort of surface menu

1) Fill Sinks
A sink is a cell or set of spatially connected seithose flow direction cannot be
assigned one of the eight valid values in a flokeation Grid. This can occur when all
neighbouring cells are higher than the processely I ArcView GIS, sinks are
considered to have undefined flow directions ardaasigned a value that is the sum
of their possible directions. To create an aceurapresentation of flow direction and

therefore accumulated flow, it is required to uskata set that is free of sinks. The fill
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2)

3)

4)

sinks request in the surface menu takes a grideHEtavation’ and fills all sinks and
areas of internal drainage contained within it. pihecess of filling sinks can create
new sinks, so a looping process is used untiliakssare filled (ESRI, 1999). The
output theme is named as ‘Filled Elevation’ displdyin the same view, and the
corresponding ASCIl file ‘elevation.asc’ is savedh ithe subdirectory
/project/arcview/ascii used for estimation of altie-distributed temperature.

Mask

A mask grid defines the study region in the gridnéin, which can be used to extract
catchment boundary, determine the extent of othés getc. The request takes the grid
theme ‘Filled Elevation’ and assigns a unique vdlu®r the cells within the study
catchment with output theme ‘Mask’ displayed in siagne view.

Flow direction

The flow direction request calculates the directibfiow out of each cell into one of
its eight neighbours. The direction of flow is detened by finding the direction of
steepest descent from each cell. If a cell is Iawan its 8 neighbours that cell is given
the value of its lowest neighbour and flow is defirtowards this cell. If the descent to
all adjacent cells is the same, the neighbourhsahlarged until the steepest descent
is found (ESRI, 1999). The request takes the dgneime ‘Filled Elevation’ and
calculates flow direction for each cell with outpla¢me ‘Flow Direction’ displayed in
the same view.

Flow accumulation

The flow accumulation request creates a grid olamdated flow to each cell by
accumulating the weight for all cells that flow oneach downslope cell. Cells of
undefined flow direction can only receive flow; yh&ill not contribute to any
downstream flow. The accumulated flow is based ugpennumber of cells flowing
into each cell in the output grid. Output cellsiwat high flow accumulation are areas
of concentrated flow, and therefore can be useddntify stream channels. Output
cells with a flow accumulation of zero are locgbadgraphic highs and can be used to
identify ridges. The request takes the grid theRlew Direction’ and calculates flow
accumulation for each cell with output ‘Flow Acculation’ displayed in the same

view.
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5)

6)

7)

8)

Stream network

The results of the flow accumulation are used &at a vector stream network by
applying a threshold value to subset cells withgh+accumulated flow. All cells that
have more than a user-defined number of cells figvimto them are assigned a value
of one; all other cells are assigned no data. rékelting stream network can be used
as a predicted hydrography (ESRI, 1999). The streatwork request takes the grid
theme ‘Flow Accumulation’ and delineates a streatwork grid ‘Stream Network’
displayed in the same view.

Stream link

Links are the sections of a stream channel conmgdtvo successive junctions, a
junction and the outlet, or a junction and the mizgie divide (ESRI, 1999). The stream
link request takes the grid themes ‘Flow Directiant ‘Stream Network’, and assigns
unique values to sections of a stream network bevirgersections. The output theme
is named as ‘Stream Link’ displayed in the samevyighich can be used as the source
grid to create drainage basins that correspondbthaches of a stream network.
Meanwhile, the output grid data is written to anGiHile ‘link.asc’ used to calculate
IUH of stream channels.

Stream order

The stream order request takes the grid themew ‘Bioection’ and ‘Stream Network’,
and assigns a numeric order to segments of thenstnetwork. The Shreve method is
used in the model, in which all links with no trthues are assigned an order of 1 and
the orders are additive downslope. When two linkersect, their magnitudes are
added and assigned to the downslope link. The outmme is named as ‘Stream
Order’ displayed in the same view, and used asiecea@rid in assigning Manning’s n
for stream channels.

Slope

The process of slope derivation calculates theafat@aximum change for locations on
the elevation grid theme and creates a new grichéh'&Slope’ as output. Each cell in
the output theme contains a continuous slope vedpeesented as a percentage.
Considering that the stream network is in a vestgle, and its slope is determined by

the elevation difference and distance between theand down cells along the
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9)

streamline, the channel slope is calculated seglgriom the general slope using
DEM and the stream network information. This avoilds disturbance in channel
slopes for a river, especially for stream chanmgth asymmetric side slopes of the
riverbank. The final slope grid is then obtainetshgghe general slope grid overlaid by
the grid of channel slope. An ASCII file ‘slope.ase saved in the subdirectory
/project/arcview/ascii for use in calculating irftew from each cell.

Hydraulic radius

The hydraulic radius request takes the grid thel@wy accumulation, and calculates
hydraulic radius for each grid cell. The hydrauwhdius is determined by a power law
relationship with an exceeding probability, whicblates hydraulic radius to the
controlling area and is seen as a representatitreadverage behaviour of the cell and
the channel geometry. Generally, a flood frequemitly 2-year return period is chosen
for normal floods. The two controlling parameteas de adjusted in the lookup table
‘radius.dbf’ to meet the specific characteristitsatchment. The output grid theme is
named as ‘Radius (m)’, and is used for calculatibflow velocity at each cell.

10)Watershed

The watershed request takes the grid themes ‘Floaciion’ and ‘Stream Link’, and
determines the subcatchment for each stream lin&.oltput grid theme is named as
‘Watershed’ displayed in the same view, and is daas an ASCII file for
semi-distributed modelling and the simulation ofogndwater balance. If the
subcatchment does not delineate as expected, tedegeid themes ‘Stream Network’,
‘Stream Link’ and ‘Watershed’ by invoking the daeheme command in the edit
dropdown menu, and rebuild the three grid themesdtyng a new threshold value.
Often itis necessary to closely zoom into the aféaterest to ensure the outlet point’s

location is positioned correctly.

4.3.2 Soil based grid preparation

To calculate the soil hydraulic properties, acevahe view ‘Soiltype’, select the
‘Parameter’ dropdown menu, and the commands retatsdil types are highlighted (Fig.
4.3), including ‘Conductivity’, ‘Porosity’, ‘Fieldcapacity’, ‘Residual moisture’, ‘Pore

distribution index’, and ‘wilting point’, etc. Theommands ‘Maximum saturation’,
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‘Arithmetic mean of G’ and ‘Geometric mean of G’eadesigned for future model
improvement, where G is the capillary drive (mmy.d#icking each of the command, the
grid files are created to redefine and displaysthieunits with respect to their hydrological
properties, and the corresponding ASCIl files aravedsl in the subdirectory

/project/arcview/ascii.
i ArcView GIS 3.2 =10l =]
File  Edit View Theme Analysic Suface PEEENEGEE Model Graphics  Window Help
e o BEEDW
= —— Yegetated|fraction —— FEEER ] o
1] B 1] = i I terception capacity 136,805 100574.53 ¢
a2 t anning's coefficient
| Seil || LLeaf area indes
% E:::‘y sand Conductivity
[ sitt loam Parasity
= E'D'zm Field capacity
Il Sandy clay loam Residual moisture
Il sit clay loam Pore distribution index
Wilting paint
I aximurn saturatiorn
Arithmetic mean of G
Geometric mean of G
Runoff coefficient
[epression capacity
Yelosity
Trraveltime autlet
Stand. deviation autlet
Trraveltime river
Stand, deviation river

Fig. 4.3.Screenshort of parameter menu

Another activated function under the dropdown menthe ‘Initial moisture’. This
function creates an initial relative saturationdgaf the soil using the method of the
Topographical Wetness Index. A minimum ratio retileg the moisture condition of the
driest cells is asked in a pop up window, which barselected from the provided list. The
output theme is named as ‘Initial Moisture’ dismdyin the same view, and the ASCII file
‘moisture.asc’ is saved in the subdirectory /praprcview/ascii. Note that this operation
is optional and designed for event based flood ftiadefor which the initial soil moisture

condition is rather important.

4.3.3 Land use based grid preparation
To calculate the land use dependent modem parasnetetivate the view ‘Landuse’,
select the ‘Parameter’ dropdown menu, and the cammaelated to land use grid are

highlighted, including ‘Root depth’, ‘Vegetated d¢teon’, ‘Interception capacity’,
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‘Manning’s coefficient’, and ‘Leaf area index’. Tigeare two interception capacity themes
created by the command ‘Interception capacity’, ;mmgximum interception capacity and
minimum interception capacity, corresponding to shkenmer and winter situation. The
command ‘Manning’s coefficient’ creates a map offiiag’s roughness coefficient for
both overland flow and channel flow. Therefore, theme ‘Stream order’ needs to be
created firstly in the view ‘Topography’. A selamtilist is shown in the window asking for

a Manning’s n interpolation method for the stredrarmels.

1) Interpolation among different stream orders, forickhthe channel Manning’s n is
defined based on the stream orders with lower gati®@vnstream and higher value
upstream. A maximum and a minimum Manning’s n vedwe asked to determine
corresponding to the lowest and highest streamrorde

2) Remain the default constant as in the lookufetdbr which a constant Manning’s n is
defined for the river channels using the valuegassi in the lookup table.

3) Change to another constant, for which a modifi@astant Manning’s n is defined for
the river channels.

The command ‘Leaf area index’ is designed for fatunodel improvement. By
clicking each of the commands, the grid files aeated to redefine and display the land
use units with respect to their hydrological préjgsrbased on the predefined lookup table,
and the corresponding ASCIl parameter files areedavun the subdirectory

/project/arcview/ascii.

4.3.4 Potential runoff coefficient and depressiontsrage capacity

Next, the parameter maps of potential runoff ceedfit and depression storage capacity
are generated in the view ‘Runoff coefficient & degsion’. Since both parameter maps
are functions of slope, soil type and land usese¢htiree base maps need to be created
firstly in their views. The program can load thebeee grid themes directly from their
views, and the parameter grids are created andaglesh in a separate view ‘Runoff
coefficient & depression’ in order to give a cleaew of them. By activating the view
‘Runoff coefficient & depression’, selecting the aid@meter’ dropdown menu, the
commands ‘Runoff coefficient’ and ‘Depression capacwill be highlighted. An

impervious percentage for urban cells is asked weladrulating the grid of potential runoff
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coefficient. A default value 30% is given for adywith cell size 100X100 m. By clicking
each of the commands, the resulting grid filescaeated and displayed in the view, and the

corresponding ASCII parameter files are saved énstibdirectory /project/arcview/ascii.

4.3.5 Flow routing parameters

The flow routing parameter grids are calculatetheview ‘Routing Parameter’, including

flow velocity, mean flow times to the basin outid to the main river from each cell, and

the standard deviations of the flow times. Thesampater maps are used for calculating
flow response functions from each cell to the basitiet as well as to the main river. By
activating the view ‘Routing Parameter’, selectthg ‘Parameter’ dropdown menu, the
commands ‘Velocity’, ‘TO_h’, ‘Delta_h’, ‘TO_s’ antDelta_s’ will be highlighted. By

clicking each of the commands, the resulting giesfare created and displayed in the
view, and the corresponding ASCIlI parameter filese aaved in the subdirectory

/project/arcview/ascii.

1) Run the script ‘Velocity’ from the menu ‘Paramet This function creates a flow
velocity grid based on the Manning’s n, hydraukdius and slope grid. A popup
window shows and asks you if a flow velocity lingtnecessary. The flow velocity is
set to the upper limit when the calculated velotstiiigher than the upper limit, and to
the lower limit vice versa. The upper and loweritg18.0 m/s and 0.005 m/s are given
by default.

2) Run the script ‘TO_h’ from the menu ‘Paramet@ihis function creates a flow travel
time grid in hours from each cell to the catchmentlet using the weighted
FLOWLENGTH routine. The ASCII file ‘t0_h.asc’ is wad in the subdirectory
/project/arcview/ascii.

3) Run the script ‘Delta_h’ from the menu ‘Paramet€his function creates a standard
deviation grid of flow times in hours from eachldel the catchment outlet using the
weighted FLOWLENGTH routine. The ASCII file ‘delth.asc’ is saved in the
subdirectory /project/arcview/ascii.

4) Run the script ‘TO_s’ from the menu ‘Parametéhis function creates a flow travel
time grid in hours from each cell to its subcatchtrautlet. The ASCI| file ‘t0_s.asc’ is

saved in the subdirectory /project/arcview/ascii.
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5) Run the script ‘Delta_s’ from the menu ‘Paramefthis function creates a standard
deviation grid of flow times in hours from eachldel its subcatchment outlet. The

ASCII file ‘delta_s.asc’ is saved in the subdiregtproject/arcview/ascii.

4.3.6 Thiessen polygon

Rainfall and PET data used in WetSpa Extensiontavalar data gathered from point

measuring stations inside or surrounding the casctinin order to obtain a more accurate

estimate of rainfall and PET values for a grid owvarking unit, the Thiessen Polygon
extension in ArcView is executed together with themes of weather stations and the
catchment boundary. This involves creating a Tleiegmlygon theme in ArcView for all
stations, then identifying each grid with the cangrstation identity number. The steps for
creation of Thiessen polygon of rainfall data a#l e its grid and ASCII file are:

1) To begin this process, three themes, rainfall@tati catchment boundary and a mask
grid, need to be loaded into the View ‘Thiesseryoh’, from which all others themes
can be created. The rainfall station theme is abthirom a point shape file named as
‘stations’, which contains the fields of latitudengitude, station name and station ID.
The boundary shape file is obtained by conversioa mask grid map to a polygon
shape file.

2) Activate the theme ‘Stations’ by clicking on themain the View’s theme list. Then,
run the avenue script by clicking the command “Sken polygon’ in the dropdown
menu ‘Surface’. Select ‘ID’ when prompted to "Seleacint field for polygon link ID",
and select ‘Boundary’ when prompted to ‘Select golytheme for boundary’. Define
the name of the output file as ‘thiessen.shp’ i $hbdirectory /project/arcview/data.
The Thiessen polygon coverage theme is then digglaythe view after the execution.

3) Ifitis wanted to convert the Thiessen polygomircoverage to grid, click ‘Yes’ when
asked ‘Covert the Thiessen.shp to grid Thiessddéfine the grid name as ‘thiessen’
in the subdictory /project/arcview/data. Set thépaugrid cell size, number of rows
and number of columns the same as the mask mappiekdhe field ‘ID’ for cell
values. A gird named ‘Thiessen’ will be displayedtihe view, after clicking ‘Yes’
when promoted to ‘Add grid as theme to the view'.

4) Click ‘Yes’ when promoted to ‘Save the Thiessenygoh grid as Ascii file’, the
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ASCII file ‘Thiessen_p.asc’ is stored in the sulediory /project/arcview/ascii.

Following the same procedures, the Thiessen polyggmhfor PET and temperature
can be created using the point theme of PET an@deature stations instead of rainfall
stations. The corresponding ASCII fill is namedHsessen_e.asc’ and ‘Thiessen_t.asc’
stored in the subdirectory /project/arcview/addte that there must be at least 2 stations
in the point theme for performing the ‘Thiessenygoin’ command. If only one station
exists, the Thiessen polygon grid is just the sasméhe musk grid with cell values of

station ID number.

4.3.7 Drainage systems for a complex terrain

In case the WetSpa Extension is used for mode#impmplex terrain, e.g. an urban or

suburban watershed, on a small catchment scalegther systems, communication lines,

and artificial canals, lakes, reservoirs, etc., iarportant elements in drainage structure
configuration, and govern flow direction more sigbnthan the derived aspect at local
scale. Surface flow on these areas should thus dszrided with more detailed
methodology, which allows a correct physical repre¢ation of the flow regime. Since
most of these barriers are not sufficient to beesgnted in a DEM, additional procedures
in term of deriving more realistic flow directionam are performed using GIS overlaying
technique in the model. The procedures are:

1) Compute a general flow direction grid using thevat®n grid alone without
considering the effect of artificial areas, fromiarha stream network grid is generated.

2) Compute flow direction maps independently for seaeras, main communication
lines, artificial canals, and the stream networkwae from the general flow direction
grid, etc., based on the DEM and the availabledimé polygon themes.

3) Overlay the general flow direction map by the flowection maps of sewer areas,
communication lines, artificial canals, and theeain network subsequently, which
allowing water to drain from the sewer areas airtbeatlets and water to cross
communication lines and canals at their concavetpao join the river.

4) The drainage paths delineated from the DEM are emetpwith existing hardcopy
maps. Make any necessary corrections to the gemkflatv direction map in order to

have the river reaches flow where they should arfektable to estimate a flow length
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closer to reality, particularly for the areas cldsethe catchment boundary, lakes,

reservoirs and the meandering channel reaches.

As an option, the above procedures can be inteykatenodifying the elevation grid
using ArcView GIS tools, in which the elevationsgwer areas, communication lines, and
stream networks are lowered subsequently, e.g00420.6 m. Similar flow direction grid
can be obtained based on the modified elevatiah frit cautions should be made when
performs this method to an even more complex terigie derived flow direction map is
then used for further drainage structure delin@afidve above procedures can be omitted,
if the effects of human infrastructures are not admble to the flow regime in the

catchment.

4.4 CREATION OF INPUT FILES

4.4.1 Input files of time series
WetSpa Extension reads input data from four inpes fThe names of these files are fixed
during data preparation, namely p.txt, pet.txkt tand g.txt. All files are in a text format
and stored in the subdirectory /project/model/inplitdata are of unformatted statements,
so that the exact position of each entry is notiatuHowever, there must be at least one
space or a comma between entries and data mustdrea for each item.
1) Precipitation series
The input precipitation series are in the formayedr, month, day, hour, and followed
by the precipitation values in mm at each gaugtagan. The first row of the file is
year, month, day and hour, followed by the elevetiof each precipitation station (m)
for use in potential topographic precipitation mpigation. The precipitation series
must be in an ascending order corresponding tdRheumber in the precipitation
Thiessen polygons. If the model runs on a dailyesct the hour value zero. Table 4.1
gives a sample file of precipitation series on hoscale.
2) Potential evapotranspiration series
The file pet.txt contains PET data in mm for alapueration stations used in the model

simulation. This input file is omitted if other PEJalculation method is selected
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instead of using measured data. The format of xpefile is the same as the
precipitation series. The first row of the fileyisar, month, day and hour, followed by
the elevations of each evaporation station (m) dee in potential topographic
evapotranspiration interpolation. The data seriasstnbe in an ascending order
corresponding to the ID number in the evapotraasipin Thiessen polygons. If the
model runs on a daily scale, put a zero value éenhibur’s column. Table 4.2 gives a

sample file of PET series on hourly scale.

Table 4.1.Sample file of precipitation series p.txt

year Month day hour 904 570 473 312
1998 10 23 16 1.406 1.4 1.38 1.36
1998 10 23 17 2.018 2.01 198 1.92
1998 10 23 18 0.966 0.963 0.95 0.93
1998 10 23 19 1.054 105 103 1.01
1998 10 23 20 0.352 035 034 0.33
1998 10 23 21 9.656 9.618 9.48 9.51
1998 10 23 22 0.264 0.263 0.26 0.25
1998 10 23 23 0.528 0.525 052 0.1

Table 4.2.Sample file of PET series pet.txt

Year Month Day hour 901 380 270

1998 10 23 16 0.05 0.05 0.048
1998 10 23 17 0.048 0.047 0.043
1998 10 23 18 0.048 0.047 0.043
1998 10 23 19 0.05 0.05 0.048
1998 10 23 20 0.05 0.05 0.048
1998 10 23 21 0.05 0.05 0.048
1998 10 23 22 0.04 0.038 0.036
1998 10 23 23 0.04 0.038 0.036

3) Temperature series
Temperature data is optional, used only when sremuraulation and snowmelt occur
in the study catchment. The first row of the fdeyear, month, day and hour, followed
by the elevations of each temperature station Timg.format of the rest of the file is the
same as that in the precipitation series with teatpee unit of °C. If the model runs on

a daily scale, set the hour value zero as showrable 4.3. Note that the temperature
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stations should be listed in a continuously ascendirder and corresponding to the

station numbers in the temperature Thiessen pobigon

Table 4.3.Sample file of temperature series t.txt

Year
1991
1991
1991
1991
1991
1991
1991
1991
1991

month Day

PRRPRRRRPRRRR

10
11
12
13
14
15
16
17
18

hour

QOO OO0 O0OOO0OO0o

295
2.5
4.7
3.5
2
-35
4
-3.4
5.3
-1.8

141
4
5.9
4.8
4.2
-1.7
2.7
-3.6
-5.1
-3.1

702
4.4
2
2.9
-0.3
-6.2
-7.6
-7.5
-6.7
-3.8

4) Discharge series

The observed discharge series are optional, usBdfe@ngraphical comparison of the

model outputs and statistical analysis for modell@ation. The format of the discharge

file is the same as the precipitation file withwes in ni/s. Set the hour value zero if the

model runs on a daily scale. Table 4.4 gives a $afiip of discharge series on hourly

scale.

Table 4.4Sample file of discharge series q.txt

Year
1998
1998
1998
1998
1998
1998
1998
1998

month Day
10 23
10 23
10 23
10 23
10 23
10 23
10 23
10 23

hour
16
17
18
19
20
21
22
23

ql

1.664
1.664
1.664
1.719
1.794
2.255
2.558
3.026

g2
1.784
1.829
1.93
2.031
2.069
2.713
3.092
3.905

4.4.2 Global parameters and spatial output specifations

1) Global model parameters

g3
0.946
1.015
1.056
1.132
1.225
1.529
2.481
4.39

Before running WetSpa model, several global modehmeters must be prepared,

which are applied to each grid cell or each sultcatmnt. The file is named as input.txt
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2)

and stored in the subdirectory /project/model/infatble 4.5 illustrates a template of

global parameters in the input file input.txt.

Table 4.5. Template of global model parameters

dt (h)

24

Ci Cg Kss Kep GO G max T& snow K rain K_run P_max
20 150 095 1.00 250.0 300.M.0 2.0 0.00 3.0 50.0

Where dt is the time interval (h), for which thduain the second row of the table can
be any hours, e.g. 1 for hourly scale and 24 fidyda&ale. Ci is an interflow scaling
factor reflecting the effect of organic materiablaieot systems in the topsoil layer on
horizontal hydraulic conductivity. Cg is a grounderaflow recession coefficient
reflecting the groundwater recession regime forirentatchment. K_ss is a soil
moisture ration relative to the field capacity fetting up the initial soil moisture
content. This gives a uniform distribution of iaitrelative moisture condition and can
be used for model simulation with a long time serieor performing an event based
flood simulation, the initial moisture grid by theethod of TWI can be applied. To do
S0, a negative value of K_ss should be given infitagfor instance, -1.0. K_ep is a
correction factor for PET. GO is the initial growater storage in depth (mm). G_max
is the maximum groundwater storage in depth (mm)isTa base temperature (°C) for
estimating snowmelt, in which the precipitationftshirom rain to snow at TO. K_snow
is a temperature degree-day coefficient (mm/°C/daygalculating snowmelt. K_rain
is a rainfall degree-day coefficient (mm/mm/°C/ddg}ermining the rate of snowmelt
caused by rainfall. Note that if there is no snaeuwmulation occurred in the study
catchment, the parameters TO, K_snow and K_raiseir® negative values, e.g. —1.0,
and the temperature input dataset ‘t.txt’ is notassary. K_run is an exponent
reflecting the effect of rainfall intensity on tlaetual surface runoff coefficient when
the rainfall intensity is very small. P_max is eaeshold of rainfall intensity in mm/day
or mm/hour depending on the modelling time stegyovhich the value of K_run is set
to 1.

Location and time specifications for spatialpuuit

In order to obtain flow hydrographs at some spediBubcatchment outlets, as well as
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the spatial distribution of hydrological processssch as surface runoff, interflow,
groundwater recharge, soil moisture and actual@vapspiration, for a certain period,
a station and time list must be prepared beforaingithe model. The list is attached in
the same file input.txt stored in the subdirectfpgoject/model/input, following the

part of global model parameters. Table 4.6 showwraplate of spatial output

specifications.

Table 4.6. Template of spatial output specifications

Q sub 6
3 5 8 12 25 36
Surface runoff

2

1997 8 9 O 1997 8 10
1997 1 1 O 1997 12 3D
Interflow

1

1997 1 1 O 1997 12 3D
Groundwater-recharge

1

1997 1 1 O 1997 12 3D
Soil moisture

3

1997 8 9 O 1997 8 10
1997 8 1 O 1997 8 3D
1997 1 1 O 1997 12 3D
Evapotranspiration

0

a) Flow hydrograph at subcatchment outlet
The number of the interested subcatchments is gaften the mark ‘g_sub’, and
the sequence number of each subcatchment is listdte following line. This
option is useful for simulating flow hydrographssiltaneously both at catchment
outlet and at some gauging stations inside thehosat. The identification of
specified subcatchments can be realized by modjfytne stream link theme by
using ArcView edit tools and making the discretizatof the catchment.

b) Spatial distribution of surface runoff

This option gives a series of accumulative surfageoff distribution files after
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d)

f)

running the fully distributed model. The numberexpected spatial outputs is
given under the mark ‘Surface runoff’, and the veginime periods are listed in the
following lines. The input time period is in therfioat of start year, month, day,
hour, and end year, month, day, hour as shownrei éble. If the model runs on a
daily scale, set the hour value to be zero. If patial outputs are wanted, put zero
value under the mark ‘Surface runoff'.

Spatial distribution of interflow

This option gives a series of accumulative intevfldistribution files after running
the fully distributed model. The format of the inpialues is the same as for the
surface runoff list.

Spatial distribution of groundwater recharge

This option gives a series of accumulative grourtdweecharge distribution files
after running the fully distributed model. The fahof the input values is the same
as for the surface runoff list.

Spatial distribution of relative soil saturation

This option gives a series of average moistureildigion files after running the
fully distributed model. The format of the inputwes is the same as for the surface
runoff list.

Spatial distribution of actual evapotranspiratio

This option gives a series of accumulative actwalpetranspiration distribution
files after running the fully distributed model. 8format of the input values is the

same as for the surface runoff list.
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4.5 MODEL CALIBRATION AND VARIFICATION

4.5.1 CALIBRATION AND VERIFICATION PROCESSES

The purpose of calibration is to derive charactiess equation constants, weighting

factors, and other parameters that serve to défimenodel for a particular watershed. In
distributed and continuous simulation, the caliloratprocess is greatly rigorous and

complex than that in model calibration for lumpeddal and discrete storm analysis, in
that more parameters are involved in a distributedtinuous model, a much greater
amount of hydro-meteorological data is employedi @e fitting of the model requires a

greater number of hydrological factors and moreonags statistical procedures. To

overcome these problems, calibration of WetSpatsarried out for all model parameters,
but for the most important parameters only, fotanse, the channel roughness coefficient,
plant coefficient, interflow scaling factor, andogndwater flow recession coefficient.

Other parameters, such as hydraulic conductivitgt depth, interception and depression
storage capacity, and so on, are set to valuegpoitged from the literature representing
average conditions, and not calibrated but fixethéoselected values.

Once the preparation of input data and model paemhare accomplished, the user
can start to run the model for parameter calibreéiod model prediction. Programs can be
run within the Arcview project interface, or dirgctexecuted in the subdirectory
/project/model/program. Since the running of fudigtributed model costs large memory
space and computing time depending upon the catuhenea, grid size, the length of time
series and interval, it is preferable to run thmiséistributed model firstly, adjust roughly
the global and distributed model parameters, aad o to the fully distributed model, in
order to save computing time for model calibratibhne following is an outline of the steps
for model calibration within ArcView interface.

1) Calculating mean parameters for each subcatchment

From the menu ‘Model’ of the ArcView project or amew of the project, run the

program ‘Mean’. This program computes mean modetarpaters of each

subcatchment for use in the semi-distributed mougland adjusting global model
parameters preliminarily during model calibratiohhis operation can also be

implemented independently by clicking the programean’ in the subdirectory
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2)

3)

4)

/project/model/program. The output file ‘mean.ti§ saved in the subdirectory
/project/model/output.

Calculating unit hydrographs

Run program ‘[UH’ from the dropdown menu. This prag calculates unit response
function from each grid cell to the main rivers abdsin outlet for use in fully
distributed model, from each subcatchment to thiemiers and basin outlet for use in
semi-distributed model, the unit response functionmain rivers for use in both
distributed and semi-distributed models, and uagponse function for the entire
catchment used for general parameter analysis.op@isation can also be implemented
independently by clicking the program ‘IlUH in thesubdirectory
/project/model/program. The output text files ‘ubllch.txt’, ‘uh_cell_s.txt
‘uh_sub_h.txt’, ‘uh_sub_s.txt’, ‘uh_river.txt’ arfdh_watershed.txt’ are in the same
format and saved in the subdirectory /project/madeput.

Modelling with a semi-distributed approach

From the menu ‘Model’ of the ArcView project or amew of the project, run the
program ‘Modell’. Two options are available in theogram: Predict outflow at
catchment outlet and predict outflow both at catehtoutlet and subcatchment outlets.
Both options simulate flow hydrograph and waterabak on a subcatchment scale,
with output files g _tot.txt and balance.txt saved ithe subdirectory
/project/model/output. Additionally, option two rsuwater firstly to the subcatchment
outlet, and then to the catchment outlet using rbhresponse functions. Therefore,
the produced hydrographs at the catchment outlgt measlightly different from the
result of option one due to truncation errors impating IUH. It also gives another
output file q_sub.txt, which are the predicted Heges at selected subcatchment
outlet saved in the subdirectory /project/modejpotit Since both options give the
same output file name g_tot.txt and balance.td,mfodeller needs to rename the file
name if it is expected to keep the previous moagliesults.

Model evaluation

Run program ‘Model Evaluation’ from the dropdown mae This program gives a
detailed description the observed data, simulatsults, as well as the assessment of

the current model parameters. The output file ‘eadbn.txt’ is saved in the
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5)

6)

subdirectory /project/model/output.

Calibration of global parameters

Based on the evaluation results and the visual eoisgn between observed and

calculated hydrographs, readjust global parameatetise input file ‘input.txt’, repeat

step 3 and 4, until a good match is reached. lias/errors exist and can not be
overcome by adjusting global parameters, usersnetayn to the GIS pre-processing
phase, adjust values in the lookup table and retzethe spatial parameter grids so as
to make the input parameters more reliable.

Modelling with a fully distributed approach

Keep the input files as in Modell, run program ‘& from the dropdown menu

‘Model’. This program simulates hydrological proses on cell scale, and predicts

hydrograph at basin outlet, water balance on catciinscale, as well as spatial

distribution of surface runoff, interflow, groundtea recharge, soil moisture and
actual evapotranspiration at selected time peri@dsput files ‘g_tot.txt’, ‘q_sub.txt’,

‘balance.txt’” and other spatial distribution ougpuare saved in the subdirectory

‘/project/model/output’.

a) The output files ‘q_tot.txt’, ‘q_sub.txt’ andakance.txt’ are in the same format as
the outputs of Modell. If users want to keep tloevfand water balance results of
Modell, those files must be renamed to avoid beamjaced by the outputs of
Model2.

b) The output spatial runoff distribution files anamed in the order listed in the
‘input.txt’, for instance, ‘runoffl.asc’, ‘runoffasc’, etc. Other spatial outputs are
given similarly, such as ‘interflowl.asc’, ‘rechafgasc’, ‘moisturel.asc’,
‘evaporationl.asc’, and so on. All these outpwgsfiare saved in the subdirectory
/project/model/output.

c) The computation time becomes much longer ifrt@my spatial outputs are asked
in the input file while running the fully distribetl model. Therefore, it is suggested
to generate less spatial outputs during model i@dldn. All expected spatial
outputs can be given at the final run after mo@dibcation, or using the program
‘Water balance’ as described below.

d) Run program ‘Model Evaluation’ again to see therformance of the fully
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distributed model. Users are allowed to readjustgl and spatial distributed input
parameters in order to make a better match betweadulated and observed
hydrographs.

7) Simulation of water balance without flow routing

This program is designed to compute water balanceshch grid cell within the

simulation period. Since the program does not ctheeparts of flow routing, it can run

more quickly and gives exactly the same water lwaamd spatial distribution outputs
as Model2.

a) Keep the input files as in Modell or Model2, pragram ‘Water balance’ from the
dropdown menu ‘Model’.

b) The output file ‘balance.txt’ and other spatatput file are saved in the

c) The output file ‘balance.txt’ and other spat@ltput file are saved in the
subdirectory ‘project/model/output’. The previougjut files need to be renamed
if the user wants to keep them.

d) The spatial input parameters can be revieweddas the analysis of these spatial
outputs, and some of the input parameter maps neayl o be recalculated
accordingly.

8) Model verification

Model verification is being used to validate thélrated model parameters by running

the model for an independent period of record amparing the results with observed

data after calibration of the model is completeisTgrocedure will help to ensure that
the calibration is not unique and limited to th¢éadset employed for calibration.

4.5.2 Parameter adjustment

In WetSpa Extension, calibration runs are made witi simulation. Model output is
compared with observed stream flow both at the htaént outlet and the internal
discharge monitoring stations, and evaluated byStressessment criteria described in
section 3.3. Based upon those comparisons and aalg, parameter adjustments are
made to improve the performance of the model. Hiit&l choice of model parameters is
not a critical concern since adjustments will bedenduring calibration. However, those

parameters that have physical relevance shoulceterrdined to reduce the possibilities
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for future adjustment during model calibration.

Model parameters that are typically encountereséontinuous simulation of WetSpa
Extension are listed in Table 4.6, in which theapaeters that can be determined by
independent analysis are indicated. For other petens that need to be empirically
determined, the initial value might be determineddd upon known values in previous
simulation studies, characteristic values of simii@atichment, or default values collected
from the literature. A desirable part of the cadifion process is to make an independent
estimate of the basin’s water balance. This calmravould yield the whole, annual or
perhaps monthly estimates of basin precipitatieapetranspiration, runoff, soil moisture
and groundwater storage that can be helpful inbeting the model parameters.
Adjustments are made firstly to those parametehsgclwhave the greatest impact on the
model output, then proceeding to variables wittséessensitivity. The process may be
expressed as five basic steps with each havingaeaveals.

1) Achieve fit of runoff volumes throughout the silation period. This process
preliminary involves adjustment of precipitation iglging factors, potential runoff
coefficient, evapotranspiration factors, as welliaterflow and groundwater flow
production factors. Calibration fit is usually juetjby comparing monthly, annual and
the total runoff volumes.

2) Achieve fit of peak discharge and the time to pdaks step involves working with
runoff distribution and routing factors, particulafor the components in controlling
high flow hydrographs, such as hydraulic radiugnetel roughness coefficient, etc.

3) Achieve fit of hydrograph shape. This step maintyalves adjustment of model
parameters in controlling low flow hydrographs,isas the interflow and groundwater
flow factors, as well as evapotranspiration facttwsng dry period.

4) Achieve fit of snow melting floods if snow accumiiten and snowmelt occurs in the
study catchment. This step involves adjustment ofleh parameters in controlling
snowmelt processes, including base temperaturgyebature degree-day coefficient,
rainfall degree-day coefficient, and temperatupséarate.

5) Refine hydrograph fit. This final step involwesrking with different initial conditions
and other distributed runoff production and flowtiag parameters to refine a better

hydrograph shape.
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4.5.3 Parameter sensitivity

Parameter sensitivity comprises the determinatfamanges in the individual parameters,
in order to get an insight into the required preciof the model parameters relative to the
precision of the model output. Table 4.7 describhesorder of parameter priority in more
detail and gives relative sensitivity of the vates) which are used in the WetSpa
Extension. ‘Relative sensitivity’ indicates the deg to which parameter affects model
output. ‘Major effects’ indicates which aspect dfetoutput is primarily affected.
‘Calibration priority’ suggests the order in whiplarameters are typically adjusted. And
‘Independent evaluation’ indicates those parametbiest are typically determined
independent of the calibration process, becausg #ne more physically based. All
parameters in WetSpa Extension represent a physioeéss. It is essential that parameter
values remain physically reasonable throughout#tibration process to keep the fit from
being a local optimization that will not work whertrapolated to new data. Therefore, a
verification step is desirable to ensure that this 1 general solution, not one unique only

to the calibration data used.
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Table 4.7.Parameter sensitivity for model calibration

Parameter Relative  Major Effects Calibration  Independent
sensitivity priority evaluation
Precipitation/Evapotranspiration
Station weight High Runoff volume 1 ¢
Correction factor High Runoff volume 1
Vegetation fraction High Runoff volume 2
Vertical precipitation gradient Medium Ruheblume 2
Vertical PET gradient Medium Runoff volume 2
Maximum groundwater storage Medium Low flskape 2
Snowmelt
Base temperature High Snowmelt 1 ¢
Temperature degree-day factor High Snowmelt 1 ¢
Rainfall degree-day factor High Snowmelt 2 ¢
Temperature lapse rate High Snowmelt 2 ¢

Runoff distribution

Potential runoff coefficient High Volume ghi flow shape 1
Surface runoff exponent High Volume, peacldarge 1
Threshold rainfall intensity High Volume,gledischarge 1
Impervious fraction High Volume, high flowape 1
Interception capacity Medium Runoff volume 2
Depression capacity Medium Runoff volume 2
Flow routing
Surface roughness coefficient Medium Higiwfshape 2
Channel roughness coefficient High High flslape 2
Hydraulic radius High High flow shape 2
Threshold of minimum slope Medium High flelvape 3
Threshold of stream network Medium High flshape 3
Interflow scaling factor High Volume, flovhape 1
Baseflow recession coefficient High Low flaivape 1
Number of subcatchments Medium Low flow shap 3
Soil properties
Hydraulic conductivity Medium Runoff volume 3 ¢
Porosity Low Runoff volume 3 ¢
Field capacity Low Runoff volume 3 ¢
Wilting point Low Runoff volume 3 ¢
Residual moisture content Low Runoff volume 3 ¢
Pore size distribution index Low Runoff viola 3 ¢
Root depth Medium Runoff volume 3 ¢
Initial conditions
Soil moisture Low Flow shape 3 ¢
Groundwater storage Low Flow shape 3 ¢
Interception storage Low Flow shape ¢
Depression storage Low Flow shape 3 ¢
Initial baseflow Low Flow shape 3 ¢




4.6 MODEL OUTPUT

4.6.1

Intermediate output

WetSpa Extension produces the mean parametersafidr ubcatchment and the unit

response functions for each grid cell, subcatchrapdtthe main river channels separately,

in order to avoid repeatable computations duringleh@alibration. These intermediate

outputs are further used as inputs in the distethiand semi-distributed models. Since

WetSpa Extension simulates hydrological processaesiraiously, it uses and creates an

immense amount of data, particularly if a long perof record is involved. Judging the fit

of the final stream flow output along is difficidtir model calibration. Reviewing these

intermediate outputs therefore provides a possiidiir efficiently parameter adjustments.

1) Mean parameters of each subcatchment

Taking the Bissen subcatchment in the Alzette ribasin, the Grand-duchy of

Luxembourg, as a testing area, a sample intermeedigtput file mean.txt is shown in
Table 4.8.

Table 4.8.Sample output file of mean.txt

No C S Kc PS FC PI WP RM IX IN DP RDP TE TT IMP A

© 00 NO Ol b~ WDN B

I e
w N R O

0.419.4210.90.490.2911.10.120.051.140.481.851
0.4011.911.90.480.2811.00.120.051.180.481.711
0.3713.312.10.470.2511.00.110.071.250.491.87 1
0.459.6417.6 0.490.2910.4 0.120.040.990.46 1.56 1
0.368.16 25.7 0.48 0.26 9.7 0.110.051.120482311
0.4012.69.2 0.480.2911.20.120.051.210481.721
0.337.8821.40.470.26 9.8 0.120.071.260.4828 1
0.448.988.6 0.490.3111.30.130.041.060.481.581
0.407.8526.20.480.26 9.7 0.110.051.050.462.331
0.428.1513.40.490.3 10.80.120.041.040.471.831
0.386.3924.00.480.26 9.9 0.110.051.030.47 2.191
0.405.88 18.50.48 0.28 10.2 0.120.051.00 0.47 2.14 1
0.459.20 12.30.44 0.26 10.00.150.141.050.47 1.69 1

3

NN WAND BN WDND

3

N DN WDNWRARWOWDNWW®

3

N NN WNWRS WRN W W W

0 113
0.0125.6
0.0220.9
0 8.28
0 143
0.0124.4
0 531
0 13
0 203
0 6.95
0 9.39
0 6.69
0.0114.5
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2)

Where No is the number of the subcatchment, Gaigpttential runoff coefficient (-), S
is the mean subcatchment slope (%), Kc is the rhgdraulic conductivity (mm/h), PS
is the mean solil porosity (m3/m3), FC is the maald fcapacity (m3/m3), Pl is the mean
pore size distribution index (-), WP is the meatiimg point (m3/m3), RM is the mean
residual soil moisture (m3/m3), IX is the maximunmterrception capacity (mm), IN is
the minimum interception capacity (mm), DP is theam depression storage capacity
(mm), RD is the mean root depth (m), TP is the $$@® polygon number for
precipitation (-), TE is the Thiessen polygon numioe PET (-),TT is the Thiessen
polygon number for temperature (-), IMP is the patage of urban areas (%), and A is

the subcatchment area (km?2).

Instantaneous unit hydrographs (IUH)

The files of instantaneous unit hydrograph (IUH}he unit impulse response function
include uh_cell_h.txt for routing water from ceadl the basin outlet, uh_cell_s.txt for
routing water from cell to the main river, uh_sulixh for routing water from
subcatchment to the basin outlet, uh_sub_s.txioiating water from subcatchment to
its outlet, uh_river.txt for routing water from stdichment outlet to basin outlet, and

uh_watershed txt which is the IUH for the entirécbaent.

Table 4.9.Parts of output file uh_cell_h.txt

P PP P OROWRERERWLERLR

21 0.0270.1470.1800.1580.1250.0940.0700.0520.0380.0280.0210.016 ......
22 0.0180.1120.1550.1500.1280.1030.0800.0620.0470.0360.0270.021 ......
35 0.0070.0220.0400.0570.0690.0770.0800.0780.0740.0690.0620.055 .......
20 0.1090.2140.1840.1370.0980.0700.0500.0360.0270.0200.0140.011 ......
13 0.4780.2180.1160.0680.0420.0270.0180.0120.008 0.006 0.0040.002 .......
36 0.0050.0180.0350.0520.0650.0740.0770.0770.0740.0690.0630.057 ......
6 0.8820.0750.0220.0100.0050.0030.002

26 0.0010.0430.1000.1260.1260.1130.0970.0800.0650.0520.0420.033........
10 0.0040.5960.1920.0890.0480.0290.0180.0120.0080.004 0.001

20 0.1330.2200.1790.1300.0920.0660.0470.0340.0250.0190.0140.010......
17 0.3210.2360.1470.0930.0610.0410.0290.0200.0140.0110.0080.006 ......
12 0.5200.2100.1050.0600.0360.0230.0160.0110.007 0.0050.004 0.002

15 0.3890.2280.1350.0830.0530.0350.0240.0170.0120.0080.0060.004 ......
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All IUH files are in the same format. The total ®wn the file uh_cell h.txt and
uh_cell_s.txt are the count of effective cells otteg catchment. The total rows in
uh_sub_h.txt, uh_sub_s.txt and uh_river.txt areaétputhe number of subcatchments.
And there is only one row in the file uh_waterskdd.An example of the file
uh_cell_h.txt is shown in Table 4.9, where thetfaslumn is the start non-zero time
step of the IUH, the second column is the end rem-ime step of the IUH, and the

values from the third column till the end are 1Ublhrzero values at each time step.

4.6.2 Final output

WetSpa Extension produces a variety of output fitkpending on the selected options
during the simulation run. The basic output filee the time series including predicted
hydrographs at the catchment outlet or the selestdatatchment outlets, and water
balance for the entire catchment over the simutapieriod. Other output files contain
information about the spatial distributions of slated hydrological processes at a
predetermined time period. The program writes auitpie ASCII files, for which the file
names are fixed in the program, or identified ia ithput file. All output files are stored in

the subdirectory /project/model/output.

1) Discharge at the catchment outlet
A sample output file g_tot.txt for the Bissen cat@nt is shown in Table 4.10, where
the first 4 columns are year, month, day and hiétite model runs on a daily scale, the
values in the Hour’s column are zero. P is the lyaainfall (mm), Q is the calculated
surface runoff (fs), Q is the calculated interflow (ifs), Q is the calculated
groundwater flow (ifs), and Q is the total runoff at the catchmentstwlculated by
the summation of surface runoff, interflow and grdwater flow (nf/s). This file is the
most useful output providing the simulated rain&aid runoff plot, in which the time
increment for the output hydrograph is equal togaemeter dt given in the input file.

96



Table 4.10.Sample output file of g_tot.txt

year month day Hour P Qs Qi Qg Q

1998 10 23 16 1.38 0.274 0.539 0.947 1.760
1998 10 23 17 1.99 0.569 0.542 0.948 2.059
1998 10 23 18 0.95 1.535 0.544 0.949 3.029
1998 10 23 19 1.03 2.262 0.549 0.950 3.761
1998 10 23 20 0.34 3.033 0.554 0.951 4.538
1998 10 23 21 9.51 3.497 0.560 0.952 5.009
1998 10 23 22 0.26 9.084 0.567 0.952 10.603
1998 10 23 23 0.52 11.122 0.585 0.953 12.659

1998 10 24 0 0 12.723  0.606 0.953 14.282
1998 10 24 1 0.43 13.545 0.628 0.953 15.126
1998 10 24 2 0 13.926  0.652 0.953 15.532
1998 10 24 3 0 13.771  0.676 0.953 15.400
1998 10 24 4 0 13.331 0.698 0.954 14.983

2) Discharge at the selected subcatchment outlet
Table 4.11 gives an example of output file q_sulddk the Bissen catchment, where
the first 4 columns are year, month, day and hanul,the next 4 columns are calculated
discharges at the outlet of subcatchment 1, 5am@,11. This file gives simulated
discharge data at a user selected location, whiakeful for plotting hydrographs at an
interested site, or comparing with observed hydipgs if an internal flow gauge

exists at that site.

Table 4.11.Sample output file of g_sub.txt

year month day Hour 1 5 10 11

1998 10 23 16 0.645 0.809 0.410 0.516
1998 10 23 17 0.834 0.927 0.506 0.684
1998 10 23 18 1.245 1.204 0.713 0.960
1998 10 23 19 1.214 1.227 0.681 0.785
1998 10 23 20 1.210 1.247 0.678 0.769
1998 10 23 21 1.046 1.156 0.596 0.633
1998 10 23 22 3.808 2.853 2.027 2.975
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1998
1998
1998
1998
1998
1998

10
10
10
10
10
10

23 23
24 0
24 1
24 2
24 3
24 4

2.637
1.983
1.436
1.188
0.963
0.837

2.324
1.937
1.579
1.394
1.205
1.091

1.332
1.012
0.782
0.681
0.580
0.519

1.093
0.772
0.615
0.633
0.560
0.538

3) Water balance for the entire catchment

Both the semi-distributed and the fully distributeddel produce a water balance time
series. A sample output file balance.txt for thed®n catchment is show in Table 4.12,
where T is the time step (-), P is the average lgaainfall (mm), | is the average
interception losses (mm), Sm is the average soistue in the root zone (mm), F is
the average infiltration losses (mm), Et is therage actual evapotranspiration losses
(mm), Perc is the average percolation out of rookez(mm), Rs is the average surface
runoff (mm), Ri is the average interflow (mm), Rgthe average groundwater flow
(mm), R is the total runoff (mm), and GT is the @ge active groundwater storage at
this time step (mm). This file provides information the simulated water balance for

the entire catchment at each time step, which eanded for model calibration and

evaluation.

Table 4.12.Sample output file of balance.txt

P I

Sm F

Et Perc

Rs

Ri Rg

R

GT

1986 O

© 00 ~NO Ul & WDN |-

0 0

=
o

11 0 0
12 0 0
13 0 0

1.384 0.594

0.952 0.049
1.034 0.049
0.342 0.049
9.506 0.049
0.261 0.049
0.521 0.039

282.46 0.616
283.99 1.546
284.66 0.703
285.40 0.766
285.60 0.228
29290 7.324
293.02 0.163
293.35 0.371
293.73 0.42

0.431 0.074 293.97 0.275

294.05 0.12

0.048 0.017
0.049 0.018
0.049 0.019
0.049 0.02
0.049 0.02
0.049 0.02
0.039 0.028
0.039 0.028
0.039 0.028

0.029 0.029

0.121
0.331
0.131
0.14

0.036
2.006
0.024
0.057

0

0

294.03 0.028 0.029 0.029 O
294.00 0.006 0.029 0.029 O

0.0DP12 0.14
0.007 20.01.349
0.0DP12 0.15
0.008120. 0.16
0.008120 0.056
0.008120 2.026
0.01012 0.047
0.01012 0.08
0.011 0.012 0.088.2b
0.029 0.029 0.051 0.1012 0.074 150.27
0.012 0.012 0.038.29
0.012 0.012 0.080.31
0.012 0.012 0.080.32

150.17
150.17
150.18
150.19
150.20
150.21
150.22
150.24
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4) Spatial output
Table 4.13 shows a part of the output file runaff,avhich is the spatial distribution of
surface runoff over the catchment for the timervae14-15, Oct. 18, 1998, where
ncols is the number of columns, nrows is the nundderows, xllcorner is corner
coordinate in x direction (m), yllcorner is corremordinate in y direction (m), cellsize

is the cell size (m), and nodata_value is the ria dalue.

Table 4.13.Parts of output file runoff.asc

ncols 539
nrows 356
xllcorner 45240
yllcorner 84580
cellsize 50

nodata_value -1.000

-1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000060D 1.006 2.863 2.863 ......
-1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.00006D -1.000 2.463 2.463 ......
-1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.00006D -1.000 2.463 2.463 ......
-1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.00006D 2.152 2.463 2.863 ......
-1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.00052. 2.463 2.863 2.863 ......
-1.000 -1.000 -1.000 -1.000 -1.000 -1.000 2.463 623.42.863 2.863 2.863 ......
-1.000 -1.000 -1.000 -1.000 -1.000 2.463 0.994 2.34.342 2.261 2.261 ......
-1.000 -1.000 -1.000 -1.000 2.463 4.364 1.342 1.32261 2.261 2.261 ......

This file contains information on simulated surfageoff on each grid cell, and can be
imported to ArcView for further analysis. Other 8pbhdistribution files, e.g. interflow,
groundwater recharge, soil moisture, and actuap@vanspiration, are in the same
format as for the surface runoff. The output fiterres are defined in the program in an
ascending order, e.g. runoffl.asc, runoff2.asc, etc
5) Evaluation results
Table 4.14 gives a sample evaluation output evianaxt for the Bissen catchment after
running the fully distributed model for an hourige series in the year 1997. In this table P,
Em and Qm are observed precipitation (mm), PET (ramj discharge (mm) (ifs)
respectively, while the period of missing dischadgéa is not taken into account. | is the
interception losses (mm), DS is the soil moistufeeence between the start and the end
time step (mm), F is the infiltration losses (miB),s the actual evapotranspiration (mm),
Perc is the percolation out of root zone (mm), Kshe surface runoff (mm), Ri is the

interflow (mm), Rg is the groundwater flow (mm),ifRkthe total runoff (mm), and DG is
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difference in groundwater storage between the atadtthe end time step (mm). CR1 is
model bias. CR2 is model determination coefficie@R3, CR4 and CR5 are
Nash-Sutcliffe model efficiencies as describedeati®n 3.3.

The evaluation results also contain the informatonthe catchment area, the period of
model simulation, as well as the periods of missdigcharge data if they exist.
Specifically, the change in soil moisture and gbuater storage over the simulation
period is given in the evaluation output file, irder to make water balance compatible

with other items, but its mean and maximum valueseatimated state variables.

Table 4.14.Model evaluation result evaluation .txt

Watershed: Margecany at Hornad River Basin. Slowvakia Area= 1130.968 (kmn™2>
K_ep oA og_max Ta k_snow k_rain k_run P_max
1.1597 24.8 1.882 8.88a5 2.422% 268.7

381.3 a.18

Period(s> of missing discharge data

Total time steps: =» No miszing Datat

Period of simulation is from 1~ 1-1991 = B to 31122088 : A

Measured precipitation. evaporation and discharge
P<{mm> Em{mm> Qm{mm> gmi{m3 s>

Sum 6620.7 5098.3 1282.9 260846.9
#of P = -—— 76.92 T
Mean 1.812 1.393 a.545 ?.13
Max 53.625 7.808 2.458 123.88

Calculated water bhalance during the zimulation period
P<{mm) I<{mm> S$D<{mm) F(mm> E(mm> PERC(mm> SR{mm> IRCmm2> GR{mm> R{mm> GD<{mm>

Sum 6621.2 901.2 7.1 5212.1 4531.5 1699.3 216.1 182.6 1584.4 1983.1 3.9
# of P 13.61 a.11 78.72 68.44 25.66 3.26 2.7 23.93 29.95 —@.86
Mean 1.813 A.247 198 .848 1.427 1.248 a.465 a.@859 a.a50 A.434 B.543 33.898
Max 53.63 2.19 25411 48 .81 5.69 14.33 5.25 3.56 1.47 6.71 106 .85

{P: total precipitation; I: total interception; SD: soil moisture difference; F: total infiltration
E: total evapotranspiration; Perc: total percolation; SR: total surface runoff; IR: total interflow
GR: total groundwater flow; R: total runoff; GD: grounduwater storage differencel

G> Model evaluwation <excluding the period of missing dischargel
Mean of the obhserved stream flow———— > MQo: 7.1383
Mean of the simulated stream flow————— > MQs: ?.8955
Standard deviation of observed data————— > 8Dho: ?.4874
Standard deviation of simulated data———— > 8Ds: 6.5391
Mean Absolute Error > MAE: 2.4637 ¢ » Relative MAE: 34.55 >
Uariance > UAR: 15.25389
Forecast Efficiency > FE: —@.88a81
Mean Squared Error (Error Varianced)————— > MSE: 15.2542
Root Mean Squared Error(if unit is m3.-s)->RMSE: 3.9857 ¢ ¥ RMSE: 54.78 >
Root Mean Squared Error(if unit is mmsh>->RHMSE: B.8124
Correlation Co—efficient——"m"————— > A._8583
Modified Correlation Co—efficient——m——— a.75%87
Model hias i —A.8348 ¢ » Bias: -@a.488 >
Model Determination Coefficient————————— a.7293
Nash-8Sutcliffe model efficiency—————— 8.722@
Modified Mash—Sutcliffe for low flows— a8.5815
Modified Mash—Sutcliffe for high flows B8.8175
Model UVolumetric Efficiency——————— B.654%
%% Model performance results in brief:
Bias(x) RMSEC) NS () NSLCxD NSHCxD Bmod<:) Runoff_m(:x> Runoff_c ()
-8.49 54.78 72.28 Lg.15 81.75% 75.87 38.86 29.95
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4.6.3 Post processing of model outputs

In the current WetSpa Extension, no special efiag been paid in developing programs
for the post processing of model output. Howevee visual comparison between

calculated and observed hydrographs can be caotéedising Excel or other available

software by loading the data from their text filédoreover, the simulated hydrological

processes for the entire catchment, such as ptatogei, runoff, evapotranspiration, soil

moisture, etc., can be viewed by plotting the diatan the water balance output file. These
graphs are helpful in adjusting model parametenseraocurately and improving the model
to have a better performance. Finally, the spatigput data including surface runoff,

interflow, groundwater recharge, etc., can be irtgzbto the ArcView project. Using the

GIS tools, e.g. reclass, zoom, etc., a clear view lze obtained at the points of special
interest. This information is not only a plot osjal distribution of hydrological processes,

but also a valuable feedback in refining model peaters.

5. CASE STUDY: BISSEN CATCHMENT, LUXEMBOURG

5.1 Description of the study area

The Bissen catchment is located in the Attert Rhasin covering an area of 294 kin
the Grand-duchy of Luxembourg (Figure 5.1). ThesAtRiver is a main tributary of the
Alzette River, where high-magnitude floods occurrgdquently and have caused
important damages since the early 1990’s. The statighment is homogeneous from a
lithological point of view with essentially marl€l( Idrissi et al., 2000). Using hourly
rainfall-runoff series, the main goals are to apihlg WetSpa Extension in predicting of
flood hydrographs at basin outlet, estimating th&tial distribution and variability of the
hydrological processes, and testing the sensitioitynodel parameters with respect to

catchment characteristics.
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Town

River

/\/ Azette basin

/\/ Grand-Duchy of Luxembourg
Bissen catchment

GERMANY

BELGIUM

FRANCE

Figure 5.1.Location of the Bissen catchment

The climate of the region has a northern humid wiceeegime without extremes.
Rainfall is the main source of runoff. The averagaual precipitation varies between 800
mm to 1000 mm, which is characterized by distiretivinter and summer seasons.
December is the wettest month of the year with ayemonthly precipitation of 84mm
and April is the driest month of the year with age precipitation of 58 mm. The monthly
PET values in the basin vary from 13.5 mm in wirte81.8 mm in mid summer. High
runoff occurs in winter and low runoff in summeredto the higher evapotranspiration.
Winter storms are strongly influenced by the wegtatmospheric fluxes that bring humid
air masses from the Atlantic Ocean (Pfister et2000), and floods happen frequently
because of saturated soils and low evapotrangmira@tatistical analysis of the observed
data from the Luxembourg airport from 1947-1999vehi@ uni-modal distribution of
temperature with January being the coldest monthefear with an average temperature
of 0.7°C and July is the warmest month of the yeielt average temperature of 17°3C.

The study area has a hilly topography, with el@ratanging from 220.6 to 545.0 m
and average basin slope of 8.8% (Figure 5.2). &ahd-lse of the area, as shown in Figure
5.3, is composed of agricultural land (23.7%), glasd (36.8%), forest (34.5%), urban
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areas (4.8%) and other land-use types (0.2%). Lsdinhpam, sandy clay loam and loamy
sand are main soil types covering 52.0%, 16.09g%2and 11.6% respectively as shown

in Figure 5.4.

Elevation (m) Cr:OP

[]220-247  [H 382-409 w £ S ortmg;riss W c
[ ]247-274  [B 409-436 0y

[ _274-301 I 436 - 463 I Deceduous shrub

[]301-328 [N 463- 490 s - Bare soil s
[[]328-355 Il 490 - 517 0 25 50km Urban area 0 25 50km
[ 355 - 382 Il 517 - 545 p— - Open water —

Figure 5.2 Watershed topography of Bissen Figure 5.3.Land use map of Bissen

Soil type

[_]sand
Loamy sand
] sit |o§m w E Hydrologic station

B sit /\/ River network
I Loam S .
[_] Theissen pdygon

I sandy clay loam 0 25 50km 0 25 50km
I Sit clay loam —— [] Catchment boundary —
Figure 5.4.Soil type map of Bissen Figure 5.5.River network and Thiessen

polygons of Bissen
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5.2

1)

2)

3)

4)

Data available
Topographic data
The topographic data is obtained from the numeetalation data sets of the public
ACT (Administration du Cadastre et de la Topographuxembourg). A DEM with
50x50 m grid size for the Bissen catchment is huslhg 2-meter resolution elevation
contour map (Figure 5.1). To check the validitytleé data set, flow directions are
estimated from the elevation data set and the givesre generated. Then this is
overlain with the actual river network. From tha@wparison as shown in Figure 5.5, it
is seen that the data set has sufficient accumacgry out model simulation.
Land use data
The land use information is taken from CORINE (Cdhoation of Information on the
Environment) provided by the Luxembourgian Ministy Environment, and the
cadastral BD-L-TC (La Base de Donnée Topo/Cartdgopye du Luxembourg) data.
Both data sets are based on remote sensing inflormdthese vector data sets are
converted firstly to 50x50 m grid according to WeaSland use classification, as
shown in Figure 5.3, and then reclassified to éddaad use classes (forest, grass, crop,
bare soil, urban and open water) for deriving mqulameters of potential runoff
coefficient and depression storage capacity.
Imperviousness and soil data
For model simulation, the previous and impervioweaa in each grid are required. For
a grid size of 50 m, the impervious and perviousaaratio for different land use
categories was established as described in Chayptrapervious fraction is set to 70%
for commercial and industrial area, 30% for resta@grareas, 100% for water bodies
and 0% for other land use categories. Informatibaadl types is obtained from the
digital 1:100,000 Soil Map of the European CommiesitThe map is reclassified to
12 USDA soil texture classes based on their tekpraperties, and concerted to 50 m
grid to match with the base topographic data.
Rainfall data
6 rainfall stations are available in the Bisserleatent as shown in Figure 5.5. Among
them, the Reichlange, located near the catchmenite;as a station recording rainfall

at an hourly time step, while others are daily rdogg raingauges. To obtain an hourly
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4)

rainfall series at each raingauge used in the WetSgension, the hourly rainfall
measured at Reichlange is taken as a referencenaltiglied by the ratio between the

daily rainfall observed at the raingauge and tlieremce station.

P
PhOUIZi = Pdayl IDhour,r
car (5.1)

where Rouri and Rourrare hourly rainfall at gauging site i and the refere station
(mm), and Ray,i and Ray, are daily rainfall at gauging site i and the refeze station
(mm). Based on the raingauge network and the caohfdnoundary, the Thiessen
polygon map is created as shown in Figure 5.5 ugirgyiew Thiessen Polygon
Extension. A unique hourly rainfall structure igthapplied for each polygon, i.e. the
rainfall series for each grid is set equal to tafall series of the nearest raingauge.
Potential evapotranspiration
PET is estimated using the Penman-Monteith formagajescribed in Chapter 2, with
daily meteorological data measured at Luxembouygpéi located about 20 km south
of the catchment. The same meteorological dataséniet radiation, air temperature,
relative humidity, and wind speed) are then unifigrapplied on the whole study area.
The average daily PET series for the Bissen catohnge achieved by applying
weighting factor for the daily PET series obtaifiedthe land uses as used in Drogue
(2002).

ER =%URBEP, , +%AGR ER_, +%GRAEP, ,+%FORER,

agrd grad

(5.2)
where ER s the daily PET for the catchment, %URB, %AGR, BR#Gand %FOR are
weighting factors (area of land use type / areeat¢hment) for urban areas, cropland,
grassland and forest as listed in Table 5.2, angh EFEPgr.4 ERyas and ER; 4 are
daily PET series for each type of land use obsenvdlde catchment. The PET from
open water surface is neglected due do its veryl grea@entage in the catchment. The
values of canopy resistance, albedo and vegetdwgoght considered in the PET
calculation for the different land uses are giverdable 5.1. For cropland, distinction
is made between summer and winter where the la@asusefined as a bare soil. The
parameter values listed in Table 5.1 are in accarelavith the values used in scientific
publications (Szeicz and Long, 1959; Perrier, 188@a;ttelworth, 1989; Dickinson et

al., 1993). Average values are used except foc@inepy resistance, which are chosen
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in the range of the common values.
The hourly PET series are finally computed from diady data in proportion to the

hourly temperature distribution (Guex, 2001).

d (5.3)

Table 5.1.Default parameter values in the PET formula féfiedént land uses

Land use Canopy resistanc  Albedo (-)  Vegetation heigft
Grassland 100 0.20 0.12
Cropland (summer) 70 0.20 1.00
Cropland (winter, = bare soil) 100 0.20 0.12
Forest (mainly deciduous) 150 0.15 15.0

Impervious area - - -

where ER; is the hourly PET value at hour i (mm),;Ts the hourly temperature at
hour i (C), and T is the cumulative hourly temperature within a dag). In
computation of hourly PET with Equation 5.3, theihp temperature is set to zero if
the actual temperature is lower than zero, antidlely PET is considered to be zero if
Tqis less than or equal to zero.

5) Discharge data
6 stream gauges, namely Ell, Reichlange, Uselddigsen, Niederpallen and Platen,
as shown in Figure 5.5, exist in the study arearding water levels at a 15-minute
time step. The stream gauge Niederpallen and Piateitocated at the outlet of two
tributaries, while other 4 are located along thénshannel with Bissen at the outlet of
the catchment. Hourly discharge data are obtaihexugh available rating curves at
each gauging site. For Reichlange though, thegaturve has a low reliability, the
discharge data could be used for validation purpmseeak flows. A total of 52
months of hourly rainfall, discharge and PET dataif December 1996 to March 2001
are available for model calibration, except for Bfid Usldange (29 months from
November 1998 to March 2001). The average houdy fat Bissen during the
monitoring period was 4.38 m3/s, with flows rangingm 0.86 to 86.3 m3/s, and the
measured maximum hourly rainfall intensity was 2trs/h occurred on July 7, 2000.
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Table 5.2 presents the available data, geograpfeaslires, as well as the land use
composition of each subcatchment. All hydrometemial data sets used in this
study come from the hydoclimatological databasdtd and validated by the
CRP-GL (Centre de Recherche Public - Gabriel Lippmaf Luxembourg).

Table 5.2.Data available and characteristics of the Bisstohtnent

Station Ell Reichlang UseldangéBissen Niederpall Platen
River Attert Attert Attert Attert Pall  Roubbach
Area (knf) 107 166 255 294 34.6 47.1
Perimeter (km) 49.9 64.4 75.3 82.1 32.6 33.0
Average basin sloj 9.4 9.2 8.9 8.8 6.1 11.1
Raingauge type Daily Hourly Daily Daily Daily Daily

Start of data series 22/10/98 01/12/96 02/10/98 01/12/96 01/12/96 01/12/96
End of data series 01/04/001/04/01 01/04/01 01/04/01 01/04/01 01/04/01
Max. gauged flon 25.0 13.4 51.7 86.3 22.6 11.2

Urban (%) 3.5 4.0 4.1 4.8 3.9 4.8
Crop (%) 20.9 23.3 24.7 23.7 19.1 324
Grass (%) 33.7 37.6 37.2 36.8 51.6 25.8
Forest (%) 41.8 34.9 33.9 34.5 25.0 36.7
Water surface (%) 0.0 0.1 0.1 0.1 0.2 0.2
Rest (%) 0.0 0.0 0.0 0.1 0.0 0.0

5.3 Basin delineation and parameter determination

With the terrain data processing and data acqoisitomplete, ArcView GIS can be used
to estimate the spatial model parameters necesBaryWetSpa Extension. The
pre-processing starts with a creation of a depsedsiss DEM ensuring that positive
drainage will occur. Next, flow direction and flaecumulation grids are calculated based
on the flow path of steepest decent. The streamanktis extracted from the master DEM
using a threshold cells value of 100, which enstines a channel is detected when the
drainage area is greater than 0.25 kfngrid of stream order used for assigning channel
Manning’s n is then derived from the stream netwgnld by the Shreve method. A slope
grid is derived from the DEM and the delineate@atn network, calculating slopes from
each cell to its neighbours as percent rise foh band surface and stream channels. A
threshold of minimum slope 0.01% is selected ireoitd deal with the problem of zero

slopes in specific areas. The grid of hydrauliduadFigure 5.6) is calculated using the
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power law relationship described in section 2.Mith a network constant a = 0.07 and a
geometry scaling exponent b = 0.47, correspondifiga frequency of 2-year return
period. Finally, a map of subcatchment is extradtech the master DEM with a cells
threshold value of 1000. 61 subcatchments arendisished corresponding to an average
subcatchment area of 4.73 kmwith minimum subcatchment area of 0.0432kand
maximum subcatchment area of 14.5%kifhe resulting minimum subcatchment area is
much smaller than the threshold value 0.75 kiwe to the remainder of the extraction.

These subcatchments serve as working units inghe-distributed model, and are also

used for simulating groundwater balance in thedigtributed model.

Runoff Coefficient

"7 p , sl s ,j{'_: > > . g =
N
[ ]005-0.15
[ 1015-0.25
L 1025-0.35 E
1035-0.45
I 0.45 - 0.55 5

I 055 - 0.65
I 065 -0.75 0 2.5 5.0km

o5 -1

Figure 5.6.Hydraulic radius of Bissen Figure 5.7. Runoff coefficient of Bissen

The physical parameters created by ArcView basethersoil type map include the
saturated hydraulic conductivity, soil porosityelfl capacity, plant wilting point, residual
moisture content, and the soil pore size distrdsutndex. The land use based parameters
used in the model include root depth, interceptiapacity, and the Manning’s coefficient.
The Manning’s coefficients for river channels améerpolated based on the GIS derived
stream orders, with 0.03His for the highest order and 0.05'fs for the lowest order.
The parameter maps of potential runoff coeffici@figure 5.7) and depression storage
capacity are created based on the combinationeotittee base maps. The impervious
percentage for urban cells is set to be 70%, whigerest are assumed being covered by

grass. The flow routing parameters include flowoedly, average travel time and its
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standard deviation from cells to the catchmentad@thd to the subcatchment outlet. Figure
5.8 and 5.9 shows the calculated mean travel timdeita standard deviation from cells to
the basin outlet for the Bissen catchment.

Finally, the Thiessen polygons for precipitatiomd &ET (Figure 5.5) are created using
the Thiessen polygon extension. Due to the fadtshaw accumulation has a very minor
effect on the runoff process in this catchment,shewmelt flow is not accounted during
the flow simulation. Therefore the preparation efmperature Thiessen polygon and
temperature data series is not necessary in tisis study. At this moment, all spatial
parameters used in the model simulation are deedlop visual inspection is performed to
ensure that the general characteristic of the patemmaps, such as the range, extreme

values, etc., are logical and in the right order.

Standard deviation (h)
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: et e ———

Figure 5.8 Mean travel time to the basin Figure 5.9.Standard deviation of flow

Outlet of Bissen time to thesimaoutlet of Bissen

5.4 Model calibration and validation

Model calibration for the study catchment was perfed for the time period of Dec. 1996

to Dec. 1999, while the period of Jan. 2000 to Af01 was used for model validation.
Both the visual and statistical comparisons for tieserved and simulated flow

hydrographs at Bissen station were performed fercdlibration and validation periods.

Comparisons at other three gauging stations insideatchment were also implemented
as a kind of model validation. The comparisonsimiuated and observed values included
runoff volumes, hourly time series of flow, and timae to the peak for each individual
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flood. In addition to the above comparisons, théewhalance components (measured and
simulated) were reviewed. This effort involved dizggfing model results for the whole
simulation period for the water balance compone@fts precipitation, infiltration, total
runoff, overland flow, interflow, baseflow, PET,taal Evapotranspiration, interception,
groundwater recharge, as well as the differencaesiirmoisture and groundwater storage
between the start and end hour. Although obserahgeg were not available for each of
the water balance components listed above, theageeannual values and its spatial
distribution were checked for consistency with estpd values for the region to ensure that
overall water balance reflected local conditions impacted by the catchment
hydrological and geographical characteristics. [ation of the WetSpa Extension was a
cyclical process of making parameter changes, ngnrthe model, producing the
comparisons of simulated and observed values,rdatpreting the results.

The calibration process was performed mainly fa ¢hobal parameters including
interflow scaling factor, baseflow recession caméiint, evapotranspiration coefficient,
initial soil moisture and groundwater storage, adl\as the surface runoff exponent as
listed in the input file. Other spatially distrilmat model parameters were assumed to be
reasonable and remained the values as they artar&l@n of the evapotranspiration
coefficient could be performed independently by panng the calculated and observed
flow volume for a long time series. The interflovaing factor was calibrated by matching
the computed discharge with the observed dischingéhe recession part of the flood
hydrograph. Groundwater flow recession coefficiemld be obtained by the analysis of
recession curves at discharge gauging stationsnéteént of this baseflow recession
coefficient was necessary to get a better fit lier low flows. The initial soil moisture and
initial groundwater storage were adjusted basetheromparison between the calculated
and observed hydrographs for the initial perioddAlme runoff exponent and the rainfall
intensity threshold were adjusted based on thecageat between calculated and observed
flows for the small storms with lower rainfall imsty. Since these global model
parameters are physically based, the intervalaf trariation can be predetermined based
on the specific characteristics of the study cathimFor instance, the interflow scaling
factor is generally within the range of 1 to 10l &ime evapotranspiration coefficient should

be close to 1. After the adjustment of the inpuibgl model parameters and running the
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model, the post-processing capabilities of WetSyarksion (listings, plots, statistics, etc.)
were used extensively to evaluate the calibratiemifeation effort. Figure 5.10 shows a
typical calibration result for a flood series oaedr in December 1997, corresponding to
input global model parameters of Ci = 7.5, Cg =85, K_ss = 1.03, K_ep = 1.02, GO =
280 mm, G_max = 300 mm, K_rain = 2.0 and P_max0=ntim/h, where the meanings of
above denotations can be found in section 3.2.
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Figure 5.10.0Observed and calculated flow at Bissen for thed®in Dec. 1999

It can be found from Figure 5.10 that the calcudtgdrograph is generally in a good
agreement compared with the observed hydrograpiig Atorm occurred on the fourth of
December, 1997, but did not produce too much ruda# to the lower antecedent soil
moisture. Most of the rainfall were therefore ittited and used to saturate the soil.
Thereatfter, another three big storms occurred ssoosy on December 5, 8 and 12, which
yielded pick discharges of 44.0, 86.3 and 663¥smespectively. The calculated pick
discharges are 51.1, 73.1 and 583Ismorresponding to relative errors of 16.1%, -96.3
and -13.0% respectively. The simulated baseflowrdmution was not remarkable for the
first two floods, but abundant for the third andrfitn flood. This can be explained that the
soil moisture and the effective groundwater storagge low at beginning, and not
sufficient to generate abundant interflow and gowater flow for the first two floods.
Due to the occurrence of following storms, soilgevgetting saturated and the surplus soill

water percolated to the groundwater storage, |ggtdim higher baseflow for the third and
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fourth floods and also the following flow period.

Table 5.3 presents the statistics of observedathjmtinoff, the flow coefficient (ratio
of the outflow water volume at the measuring statim the volume of water precipitated
over the drainage area) and the mean flow disclidugrg the statistical period, as well as
the model performance for the calibration/validatperiod at station Ell, Useldange and
Bissen on hourly scale. The model performanceuadado be satisfactory as illustrated in
the table. Model bias for the simulation periodithin the range of -0.025 to 0.035. Model
determination coefficient is within the range o7& to 0.815. The flow efficiency
coefficient is within the range of 0.614 to 0.798ile the efficiency coefficient ranges
from 0.653 to 0.715 for low-flow, and 0.753 to 048fr high-flow. These evaluation
results indicate that the model has a high confideand can give a fair representation of

both low-flow and high-flow hydrographs for the dyucatchment.

Table 5.3.Statistics and model performance for the calibrdtialidation period

Total Total Flow Mean
Station Period rainfall runoff coef. flow CR; CR, CR; CR, CR5
(m)  (m) (%) (m¥s)

Ell 22/10/98-29/01/012.707 1.511 55.8 2.25 0.039.7650.7720.6530.786
Useldange02/10/98-31/10/002.818 1.455 51.6 4.68 0.012.8150.7980.7150.824
12/01/96-31/12/982.779 1.202 43.3 3.66 -0.0140.8130.7350.6820.805

BISSEN  01/01/99-12/05/001.726 0798 46.2 5.47 -0.0250.7620.6140.6670.753

A graphical comparison between calculated and medguwourly flows at Bissen for
the validation year 1999 is presented in Figur& S/Lith the simulated initial hydrological
condition at the end of the year 1998, the simaitetesults for the year 1999 were in fairly
good agreement with the measured discharges. $isnifaulation results can be obtained
for other hydrological years. Figure 5.12 showsplogs of 18 observed peak discharges at
Bissen against their calculated peak dischargesteel from the whole simulation period
for Qpeak> 30 m/s. The correlation coefficient is 0.96, which peswthat the flow peak
discharges are well reproduced. The errors ofithe to the peak for the 18 floods were
also examined, in which 12 of them are within thieiival of -3 to 3 hours, and the rest are

outside this range. The maximum error is 10 hoarsttie flood on April 1996, as the
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precipitation lasted for 3 days with lower rainfadtensity, and long peak flow duration

was observed.

Figure 5.11 Observed and calculated hourly flow at Bissertlieryear 1999
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Figure 5.12.Peak Qm Vs Peak Qc selected from the whole siiulgeriod

Figure 5.13 represents the observed and calcutatady flow frequency curve for the
whole simulation period. The flow frequency curventbnstrates consistent patterns
between calibration and validation time periods] angeneral showed good agreement.
However, there are some obvious deviations for sitvalds, especially for the flow within
the discharge interval of 2 to 6°fs, where the calculated flows are over estimakbese

deviations may be attributed to the uncertaintiérent in modelling complex processes
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such as flood frequency related hydraulic radintgrflow factors, etc.

Figure 5.13.0bserved and calculated hourly flow frequency earat Bissen

5.5 Discussion

The hydrological modelling effort for the comprebesm study of the Bissen catchment is
an attempt to apply hydrological modelling from Gl&ta sets. The modelling approach
was developed efficiently and with consistent mdtiogies. The ability to define
spatially distributed model parameters interactilesed on topography, land use and soill
maps using ArcView GIS allowed users to work quicldnd the ability to compare the
intermediate results with existing maps increadedl donfidence in the validity of the
model components. From the viewing and manipulatibthe geographical data, to the
development of the physical parameters, and toptist processing of the simulation
results, it is clear that WetSpa Extension hasliity to calculate basin characteristics
directly from terrain models allowed user to conpldne comprehensive study in a timely
manner.

Based on the hourly hydrograph comparisons at Bissel other internal stations, it
can be concluded that the modelling results hagead to very good agreement with
observed hydrographs. Table 5.4 tabulates the mehsind calculated water balance for
each modelling component over the whole simulgtiemod for the Bissen catchment. The
estimated volume of interception, surface runoff anfiltration are 583.9, 688.2 and 3219
mm representing 13.0%, 15.3% and 71.5% of the tptatipitation. It can also be
calculated from the table that 31.5% of the irdiieéd water is percolated out of the root
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zone, 19.4% of which becomes lateral interflow 346 of which is evapotranspirated into
the atmosphere from the root zone (total evapagpigaitson — interception — transpiration
from the groundwater storage). The transpiratioomfrgroundwater storage can be
estimated from the percolation amount subtractethbygroundwater volume, which is
249.1 mm in total representing 10.7% of the totalp®transpiration. The rest are remained
in the soil moisture and groundwater storage. Btenated surface runoff, interflow and
groundwater flow are 688.2, 623.0 and 763.9 mmesgmting 33.2%, 30.0% and 36.8%
respectively of the total runoff. Interflow is anportant flow component in this study due

to the steep slope and well vegetation over thehcaént.

Table 5.4.Water balance estimation at Bissen for the whiheigtion period

Component Measured Calculated Percentage Mean Max
(mm) (mm) (%) (mm/h) (mm/h)
Precipitation 4505 4505 100 0.119 21.49
Interception 583.9 13.0 0.015 1.121
Infiltration 3219 715 0.085 15.84
Evapotranspiration 2467 2323 51.6 0.061 0.732
Percolation 1013 22.5 0.027 0.303
Surface runoff 688.2 15.3 0.018 5.243
Interflow 623.0 13.8 0.016 0.183
Groundwater flow 763.9 17.0 0.020 0.037
Total runoff 2000 2075 46.1 0.055 5.259
SM difference 47.11 1.05 287.2 (mm) 372.8 (mm)
GWS difference 45.68 1.01 176.3 (mm)  325.7 (mm)

SM: soil moisture, GWS: groundwater storage.

Despite the good performance of the model predistithe model requires the user to
provide the necessary elevation, soil and landdase sources that are specific to the study
area. The DEM is the starting point for severalcpsses in producing the predicted
hydrographs. Moreover, a successful hydrologic romtguires information regarding the
infiltration potential of the surface where the offroccurs. The preferred data consists of
digital maps containing area soils and land usermétion with associated potential runoff
coefficient and depression storage capacity coomdipg to each grid cell with different
slope, soil and land use combinations. The funeflipn of WetSpa Extension was
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designed to accommodate both overland flow and re#laifiow. The routing process is
accomplished by the method of linear diffusive appnation without considering the
specific channel characteristics for different srgections, for instance, the channel loss
properties, channel width, compound channel rougginetc. A linear interpolation of
Manning’s n was then performed according to theastr orders by setting constant
roughness values for the highest and lowest stiaer. For the very flat areas (ponds,
small lakes, and other zero slope cells), a mininsiope threshold was given, 0.01% for
this case study, in order to keep the water moiwirggright order on those areas. All these
treatments will greatly facilitate the task of datllection and simplify the scheme of
model calculation, but may bring errors and unaetites to the final simulation results.

6. CONCLUDING REMARKS

A GIS-based hydrological model, WetSpa Extensionijts fully and semi-distributed
version compatible with remote sensing and GISHee described in this user manual.
The model runs on a microcomputer with a user-étgmterface, and can be applied to a
wide range of watersheds for simulating the hydywal behaviour and especially runoff
with due account for available topography, soilelypand land use data. The approach
consists of the development of a spatially disteblumodelling framework that accounts
for spatial variability in terrain features to fatgite flood management and the physically
realistic spatial integration of the complete wdtalance at a range of spatial and temporal
scales. The model is implemented entirely withit\iew using Avenue scripts along
with its Spatial Analyst and a hydrological extemsintegrated within a GIS environment.
Encouraging results have been achieved as illestiatthe two case studies.

The spatial characteristics of input meteorologicariables, i.e. temperature,
precipitation and PET, are captured by means oésgan polygons, on which linear
topographic corrections are implemented within gaalygon to account for the altitude
variation of these meteorological variables. Theegation of surface runoff depends upon
rainfall intensity and soil moisture status andasculated as the net precipitation times a
runoff coefficient, which depends upon slope, lamk and soil type. Snowmelt is

estimated from typical temperature variations amtbgree-day type of snowmelt model.
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The runoff is subsequently routed through the baking flow paths determined from the
high resolution DEM using a diffusive wave transfesdel that leads to response functions
between any start and end point, depending upgreshtow velocity and dissipation
characteristics along the flow lines. Interflow apdrcolation is controlled by soil
characteristics and modelled by Darcy’'s law andekiatic approximation. The
groundwater flow and its storage are conceptualiaeda linear reservoir on small
subcatchment scale with recession constant deted@hreference gauging stations, and
estimated for each subcatchment in relation wildrainage area and average slope.

The spatial variability of model parameters usedvar basin simulations is known to
affect simulated results. Like other distributeddeals, WetSpa allows for variability of
model parameters in space over a catchment bypocating information from the spatial
variability of soils, land use, and topography, ethgives a more accurate representation
of natural hydrological processes. However, a lighree of uncertainty exists for many
model input parameters including the potential fiincoefficient, soil hydraulic
conductivity, roughness coefficient, hydraulic talias well as the threshold values for
determining stream network, minimum slope and tkecgntage of impervious areas
within an urban cell, etc. Moreover, some globalapzeters, such as interflow scaling
factor, plant coefficient, degree-day coefficieets., are used in the model due to their
complexity of optimization and for the simplificati of model calibration. The large
number of uncertainties associated with the inpetemrological variables and the model
parameters may make the calibration and validabbrthe model a time intensive
undertaking. To deal with this problem, priorite® given to the model parameters with
high sensitivity during model calibration as delsed in chapter 4. Further refinement of
other model parameters is recommended in ordemarave the model reliability.
Additionally, pre-adjustment of model parameterstie channel geometry, boundary
conditions, and system connectivity are necessaaghieve the quality of the final model
simulation results.

There are many directions for further researchrigprove the WetSpa model. One of
the most important aspects is to complete a detajleantitative sensitivity analysis and
uncertainty assessment of the model, in order onéxe the relative contribution of the

model parameters, initial conditions, and input ewblogical variables to the model’'s
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overall predictive uncertainty. In most applicatsoaof this type of modelling system, there

will be cost restraints on the collection and pregtéon of necessary geophysical and

meteorological input data. It is essential to knewvich of the inputs are most important
and what spatial and temporal resolution are reqdirto the generation of accurate
results. Another important area of future reseaicto study the spatial characteristics of

global model parameters used in the model, so agdate all model parameters in a

spatial way in relation with terrain features, andable the model to be used in un-gauged

river basins without model optimization. Other pbksfuture researches on the WetSpa
model are proposed as follows:

1) Interflow

2) Automated calibration of the most important modatgmeters, which has been
implemented by coupling WetSpa model with PESTo@ehindependent nonlinear
parameter estimator provided by S.S. Papadopulas Associates (SSP&A). The
scheme is to run the model as many times as itsneeddjust selected parameters
within their predetermined range until the discrepees between model outputs and a
complementary set of flow observations is reduoedrhinimum in the weighted least
squares sense.

3) Development of a practical method to account fa jihint effect of altitude, slope,
aspect, general circulation of the atmosphere,, eda. the spatial distribution of
precipitation, temperature and PET. This will higlhcrease the reliability of model
inputs and decrease the uncertainty of model oafpegpecially for modelling in a
large mountainous catchment. The technology ofgusidar information may also be
coupled in the WetSpa model to estimate the spdisaibution of rainfall at each
time step.

4) Incorporation of variable travel time effect intmW routing schemes, for which the
flow velocity is estimated as time variant variallepending upon the channel
geometry and runoff volumes. This may overcomelibetage that flow velocity is
assumed time invariant for a flood event in therent modelling approach.

5) Improvement of the simple snowmelt model used itSp¥etaking account the
variability of degree-day constant, the effectadiation on snowmelt, snow drift and

deposition in steep terrain, and so on. This \mithke the snowmelt model more
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6)

7)

8)

9)

realistic enabling the simulation of snow cover andlting runoff more accurately
over extensive and heterogeneous landscapes

Incorporation the influence of lakes and reservmeration in the WetSpa model by
combining efficient hydraulic models for enginegripurpose. This will make the
modelling system more flexible for flow simulatedharge river basins with lakes and
reservoirs involved.

Update the current WetSpa into a real fully distitidied model by combining with a
distributed groundwater model. Groundwater balarc¢hen calculated on grid cell
basis allowing the estimation of groundwater tafdletuation and the simulation of
saturation overland flow once the water table reasthe ground surface or the soil is
fully saturated.

Application of this model to study the soil eroséomd deposition patterns allowing to
keep a physically meaningful control on the effadtgifferent land management
scenarios on landscape-scale processes, for wihiehspatial parameters related to
soil erosion and sedimentation will be generated.

Application of this model to study the contamin@ansport in the surface water and
ground water system for the point and non-pointrsewontaminations, for which a
range of chemical, biological and physical paramgtelated to water quality control
will be generated.

In any of the above cases, there will be a siganfiecncrease of model parameters to be

estimated and consequently more complex modelifidatibns have to be performed.

This will make the model more and more complicated difficult to be accomplished by

untrained users. However, parallel extensions cabilt according to the purpose of the

project and focusing on specific directions. Getllgrahis research has laid a foundation

for a GIS-based distributed hydrological modellsygstem for the prediction of flood and

the simulation of water balance on catchment scalidough the simulation results from

the model indicate that additional work is neceggarimprove model structure and model

parameters, the existing model provides a substhritamework on which further

researches can be conducted.
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