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1 BACKGROUND

Short term hydrological simulation with time resolution of one hodess can be important
to capture flow events in small catchments. The purpose of thgnasnt is to tryout the
new developments to the LANDPINE model allowing for using TOPMOD&ENOff
generation and distributed runoff generation. The preliminarywiisbe carried out using
gauge IDW interpolation, gauge simulated and radar based precipitation irgput dat

2 MAIN QUESTIONSFOR THE THESIS

1. Prepare the catchments, sub-catchments and stream networks fybah diata.
Compute the properties for the stream reaches (slope, length @muetkvidth) that
are to be used in the routing computation. Prepare necessary inpsitfonathe
LANDPINE model. All input data should be clearly documented in theisthest
including data sources.

2. Compute the topographic index of the study site. Determine the TXDHM ‘m’
parameter for the sub-catchments that is to be used in the simulation.

3. Together with the advisor select a number of short events tttabessimulated in the
model. For each selected event, the distributed precipitation input dieylctpared
for the model. The criteria for selection events should be included in the thesis.

4. Calibrate the model for gauge IDW interpolation, gauge sindilaed radar
precipitation data. Initially manual calibration should be used, bubhexdndidate
gets familiar with the model and the parameter automatic reutiae be employed.
The calibration method and result should be documented clearly irexheThe
difference between the simulations with radar and gauge pegmpitshould be
discussed in the thesis.

3  SUPERVISION, DATA AND INFORMATION INPUT

Associate Professor Knut Alfredsen will be responsible fomtbik, and PhD student Yisak
Sultan Abdella the main supervisor of the thesis work and assistatitidate to make
relevant information available.

Discussion with and input from colleagues and other research or Erigmstaff at NTNU,
SINTEF, power companies or consultants are recommended. Signifipaié from others
shall, however, be referenced in a convenient manner.

The research and engineering work carried out by the candidaiarneation with this thesis
shall remain within an educational context. The candidate and the supsrare therefore
free to introduce assumptions and limitations, which may be condidereealistic or
inappropriate in a contract research or a professional engineeringtconte
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4 REPORT FORMAT AND REFERENCE STATEMENT

The thesis report shall be in the format A4. It shall be typea Wwgrd processor and figures,
tables, photos etc. shall be of good report quality. The report shizitle a summary, a table
of content, lists of figures and tables, a list of literature @theér relevant references and a
signed statement where the candidate states that the presemiedsvhis own and that
significant outside input is identified.

The report shall have a professional structure, assuming professeonal engineers (not in
teaching or research) and decision makers as the main target group.

The summary shall not contain more than 450 words it shall be prefmredectronic
reporting to SIU. The entire thesis may be published on the intasnkill text publishing
through SIU. Reference is made to the full-text-publishing sendimang NORADS winter-
seminar. The candidate shall provide a copy of the thesis (asateraplpossible) on a CD in
addition to the A4 paper report for printing.

The thesis shall be submitted no later thah @June 2010.

Trondheim 18 of January 2010

Knut Alfredsen
Associate Professor
Department of Hydraulic and

Environmental Engineering at NTNU
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EXECUTIVE SUMMARY

Testing and trying out of the applicability and utility of wateed hydrological models in
different; catchment sizes, hydro-geologic conditions, soil conditmaswith different time
resolutions is necessary for a range of spatial scales ¢esa®e utility of these models in
water shade management means like flood protection, land slidenfioeyesrosion control
etc. The main purpose of this thesis is to tryout TOPLAND hydrodbgnodel, i.e. the new
developments to the LANDPINE model allowing for using TOPMODdstributed runoff
generation, with different precipitation input methods. It focuses hen simulation of
precipitation events with time resolution of one hour. Short term tieselution event
simulations are important to capture flow events in small amg leatchments; since these
events are responsible for local flood, land slide etc., espedmlareas where they are
strongly localized. The model simulation has been carried out usirag ttifferent
precipitation input methods; gauge IDW interpolation, gauge simtulatel radar based
precipitation data for the selected hourly events of 2006 (27-07-2006 00:00 to 29-07-2006
23:00) and 2009 (19-07-2009 05:00 to 25-07-2009 20:00).

2009 Event

The 2009 event is characterized by high peak and uniformly distlilmvtent. For the bias
corrected radar precipitation, the objective method of result coropastsowed an excellent
correspondence between observed and simulated flows with )18f(®98, correlation (B
of 0.98 and PBIAS of 0.48% at the calibration point (Gaulfoss). The biascted radar
precipitation also showed a very good performance of the moded amterior uncalibrated
gauging stations with average values of N§ (R85, correlation (B 0.93 and PBIAS 16.6%
of the HugdalBru, Lillebudal and Eggafoss gauging stations. The dBWenterpolation
and gauge simulated precipitation input methods also showed a very gtmchpace of the
model both at the calibration and internal uncalibrated gauging stations.

2006 Event

The 2006 event is characterized by low peak and unevenly distrijpotatized) event. The
bias corrected radar precipitation is the only precipitation inpthod that made possible for
calibration of the model. The objective method of result comparison shawesry good
result for NS (R) of 0.96, correlation (B of 0.97 and PBIAS of 5.1% at the calibration point
(Gaulfoss). At the internal uncalibrated gauging stationszahrelation and PBIAS showed a
good performance with average correlatio)(Bf 0.77 and PBIAS of 21.3% and a poor
average NS (B of 0.3.
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1. INTRODUCTION

1.1 BACKGROUND

Nowadays different hydrologists over the world have been workingleweloping new
hydrological models or improve the existing ones to simulate thwrshed hydrology
efficiently. As mentioned by Singh (1995) and Singh and Frevert (2002this has resulted
in a large number of hydrologic models, and many more are likeBmerge in the near
future. These models are generally classified as either thmpeéels like HBV or distributed
like LANDPINE and TOPMODEL. The main difference betwekase model classes is that
lumped models do not take into account the spatial distribution of the shatge parameters,
such as soil, land use and topography; while the distributed modelsthewapacity to
disaggregate watersheds into discrete units and assign diffiérgsital parameter values for
each unit. Lumped models require less data and are generally emsise compared to
distributed models. However, distributed models are now known to more @tguepresent
temporal and spatial patterns in hydrological processes. The widsly and thrust
hydrological models are distributed models together with thegfebical Information
System (GIS) which enhances the capability to parametdreze tdistributed models. GIS
enables linking large spatially related data sets and to accoutitd spatial variation of
model parameters and processes at any resolution (Liu 1999; Be0eh Rig.1 shows
general steps involved in hydrological model formulation.

1.2 OBJECTIVE

Many models developed so far are unable to simulate short termsenvhich are highly
localized especially when the density of raingauges is poor. Tb&st uses TOPLAND
(physically distributed hydrological model) to simulate houryerds using gauge, gauge
simulated and radar precipitation of which one of the few publicatiotise application of
such models.

Early warning with the use of either gauged, gauge simulatedadsr rprecipitation
observation and hydrologic models is crucial for minimizing flood aloddf related
hazardous. The potential advantage of using gauge precipitation iisgivas more accurate
data than radar precipitation especially when there is hightgesfsrain gauges for large
sized study area. The use of gauge precipitation is limiteehwhe density of the gauge
stations is poor; the spatial and temporal resolution of the evémghsi.e. in the order of
kilometers and hours and when the event is strongly localized. Beotutsepotential to
resolve precipitation at small time and space scales, radapipxgon is important especially
for small basins prone to flash flooding and complex terrain.
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The main objectives of this thesis work are summarized as follows:

s To tryout the applicability of TOPLAND hydrological model in handli hourly
distributed precipitation events by selecting typical precipitation events.

s To assess the extent of the applicability of different pretipit input methods, i.e.
gauge IDW interpolation, gauge simulated and radar to the TOPLAydological
model.

% To examine how the model is applicable in prediction flows atignt@ncalibrated
discharge gauging station using different precipitation input methods.

% To assess the applicability of the model in handling short teentewhich are
highly localized.
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2. TOPLAND HYDROLOGICAL MODEL

2.1 TOPLAND MODEL OVERVIEW

TOPLAND hydrological model is an integrated version of two indedpat hydrological
models and routing component; TOPMODEKIirkby 1979; Bevenet al., 1986a, b) that
controls the soil hydrology and LANDPINERinde, 1998) that controls the surface
hydrology. The processes in TOPLAND model can be classified into two growgsthe
process with in the grid cell and those between grid cells. Thegmes within a grid cell can

be simulated grid cell by grid cell, and the interaction betvgg cells is not to be dominant
and the movement of water between grid cells is simulated byothieg component of the
model. Fig.3 shows the structure of the TOPLAND model; and the descriptions of
LANDPINE and TOPLAND are discussed below.

2.1.1 DESCRIPTION OF LANDPINE

The distributed hydrological model LANDPINE is developed by Trond Riodstudy the
impacts of land use changes have on runoff generation. The develagrtieatmodel was a
part of 3-years research programme, called HYDRA, whose maintighjes was to study
how human activities may affect flood regimes in rivers (Rinde, J19B8e project was
initiated and funded by the Norwegian Government after the countfgred the biggest
flood of these century in the spring of 1995. The simulation framewatthinwwhich
LANDPINE was implemented is called PINE (Rinde, 1998). The tagidorequirements on
which the development of this model were based are:

(1) Explicit representation of the catchment characteristics whla change if land use is
changed and which are relevant with respect to runoff(aniNot requiring more input data
than what is generally available for operational modeling in Nonivay only precipitation

and temperature data.

The LANDPINE hydrological model explicitly accounts for intgption in high and low
vegetation, storage of water on the ground surface, evapotranspiet@mulation and
melting of snow, infiltration, retention of water in the soil, andegation of surface runoff
and outflow from the soil in a distributed manner. The modeling conmepivhich the
representation of these hydrological processes is based omids-megsh partitioning of the
catchment area. But water movement in rivers and outflows fronerwatervoirs are
described by the use of an aggregated response function simiardod used in the lumped
hydrological model like HBV.
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TOPLAND model uses groundwater, water movement in rivers ariibwutrom reservoirs
in a distributed manner by integrating TOPMODEL into LANDPINE.

2.1.2 DESCRIPTION OF TOPMODEL

TOPMODEL (Topography-based hydrological model) is a conceptyatological model
(developed as complete hydrological model originally by Beven arkb¥i1979 Beven et
al., 1986a, b) that can be used to reproduce the hydrological behaviatcbiments in a
distributed or semi-distributed way, in particular the dynamicswface or subsurface
contributing areas. It is based on some simple approximate bgdral theory but recognizes
that, because of the lack of measurements in internal staigblear and catchment
characteristics, the representation of the internal hydrological resgpohthe catchment must
necessarily be functional while introducing the minimal number of paresrtetbe calibrated
(Kirkby, 1975; Beven, 1989a).

Numerous field studies have indicated that surface runoff in wabnsggwhere the
precipitation intensity is low and the soil infiltration capacgyhigh, is mainly produced by
saturation excess runoff (Dunn flow). This means that the spagtabdtion of soil moisture
storage will result in different surface runoff production. Even thabghe are many surface
runoff models based on the saturation excess runoff mechanism, omhynzofiels takes the
topography influence on the spatial distribution pattern of soil meigto consideration and
in turn on runoff production. TOPMODEL is one of such kind of models, whilth fakes
the influence of topography on soil moisture and groundwater tableaogatchment into
consideration. By using the prescribed topography index of a catctanérdverage water
storage deficit calculated in the drainage, the model cantlgirestimate spatial distribution
of the ground water table and local water storage deficit in thetunased zone, and in turn
predict the portion of area in the catchment where saturationsexaasff will happen. The
model has the advantage of a few parameters with a good physeaing (Beven and
Kirkby, 1979; Beven, 2000).

This thesis will contribute the implementatimf TOPMODEL with LANDPINE that
modifies the original LANDPINE root zone moisture routine and dessrthe ground water
outflow and surface runoff in rivers, which were provided as input tpéahnesponse routine
consisting of two linear thanks in the original LANDPINE model, in a distributathera

The basic assumptions in conceptualization of TOPMODEL are;

I. The dynamics of the saturated zone can be approximated bgssivec steady state
representation, i.e. there is a saturated zone in equilibrium \stéady recharge rate over an
upslope contributing area.

I1. The hydraulic gradient of the saturated zone can be approximatkd local topographic
index of Bevenln(a/ ang).
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[11.The distribution of the downslope transmissivity (vith depth is an exponential function
of storage deficit or depth to the water table, Te= Tye™ P/m ;

WhereT, is the lateral transmissivity when the soil is fully satdaandD is the local
storage deficit below saturation expressed as water depthmarsd the TOPMODEL
parameter.

2.2 PROCESSES INVOLVED IN TOPLAND

2.2.1 HIGH VEGETATION COMPONENT

High vegetation is represented in the model in terms of five measLAIMAX, the
maximum seasonal leaf area indeAIMIN , the minimum seasonal leaf area
index,laicap,the specific interception capacity per unit leaf al#eGCOV, the percentage of
high vegetation cover over the land; dnBGHGT, which is the height of the vegetation
stand. For the high vegetation, interception capacity and potential etapae calculated
along with actual values for these responses. Precipitation thai iistercepted is considered
as through fall to the ground.

2.2.1.1 Interception Capacity

The interception capacity of the high vegetati@hVTCAP, is calculated as:
HINTCAP = [LAIMAX x laicap] * VEGCOV = VEGCOR = SESCOR (Eq. 2.1)

VEGCOR Accounts for the fact that a stand may not be fully grownS&sadOR accounts for
the seasonal variation in the canopy cover. Depending on the vegédiatght,VEGCOR
varies between 0.0 and 1.0 according to the equation:

max = 1.0
VEGHG

VEGCOR =
dveghgt

(Eq. 2.2)

min = 0.0
dveghgt is a parameter which represents the default height for fullyrgtosesVEGCOR
= 0.0 represents a situation where the forest has been removed,VBGTOR = 1.0
represents a fully grown starRESCOR may vary from LAIMIN/LAIMAX to 1.0 and is
calculated on the basis of accumulated degree days above a diveshotd
temperaturetviow.

M.Sc.\ Aynalem Tassachew Tsegaw 7



Short term Distributed Hydrological Modelling of @a Catchmen| 2010

The equation for calculatingESCOR is:

max =1

TEMP—tvlow
tvsum

SESCOR =¥ (Eq. 2.3)

__ LAIMIN

min =
LAIMAX

The degree days start to accumulate when the temperaturabv®ezviow. ThenSESCOR
attains its maximum value when the accumulated degree dagfseseor rises beyond a value
given by the parametevsum.

2.2.1.2 Potential Evaporation

Potential evaporation (POTET) is calculated from monthly avexadees for potential
evaporation per day which are provided as input to the model. These refkre average
climatic conditions, and a standardized surface type. To account foblpadsviation from
their normal values during simulation runs, the values are cadrémteleviation between the
actual temperature and the long-term monthly mean by linear functi®Mi®€OR, given by
the following equation.

TMPCOR = 1.0 + etmp x (TEMP — temp,nq) (Eq. 2.4)

etmp is the dependency of potential evaporation on temperature deviatiorthfeolong -
term monthly meantemp,,;,.4-

To represent the reduction ofPOTET with increase in air humidity, a reduction
factor,PRCCOR, is used. During time steps with precipitati®RCCOR is set lower than
unity, whereas it is unity for time steps without precipitatidatential evaporation rates can
also be adjusted for deviations in wind speed s from their monthdysnigy applying wind
correction factor (WNDCOR).

WNDCOR = 1.0 + kwnd * wind (Eq. 2.5)
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kwnd is a factor for the dependency of potential evaporation on wind speediale from
the long-term monthly mean wind speed.

Potential evaporation also dependent on the vegetation height sincectienge of air
masses generally occurs more efficiently high above the growar dlose to it. High
vegetation therefore leads to higher potential evaporation than lowatiegefThis effect is
dealt with an adjustment factoHGTCOR , which accounts for changes in potential
evaporation for deviations ®MEGHGT fromdveghgt.

HGTCOR = 1.0 + ehgt * VEGHGT — dveghgt)| min = 1.0 (Eq.2.6)

ehgt is the dependency of potential evaporatior/8G¢HGT deviation fromdveghgt. The
final equation for potential evaporation computation from a single cell is:

POTET = epyng * TMPCOR * HGTCOR * WINDCOR * PRCCOR (Eq.2.7)

Whereep,,4 is the input of monthly average potential evaporation for each month.

2.2.1.3 Actual Interception and Evaporation

Actual evaporation from interception in high vegetation, AEH, ienaks the potential
evaporation rate multiplied by the VEGCOV and a correction fastach accounts for
reduction in evaporation if the intercepted precipitation is in ¢inen fof snow. This factor,
SNWCOR, is set to either unity for time steps with tempeeatigher thanx or toeredsnw
(<1.0) for time steps with temperature lower than. In each time step, incoming
precipitation, PREC, is used to fill up the interception storage, HINT, which istelé g the
actual evaporation (AEH).When the interception capacity is eshcbxcess precipitation
forms throughfall (TRUFAL) to the ground or the snow surface. Thmatons for the above
processes are given below.

max = HINT
AEH = POTET «* SNWCOR « VEGCOV (Eg. 2.8)

min = 0.0
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max = HINT CAP

HINT; = HINT;_, + PREC — TRUFAL — AEH (Eq. 2.9)
min =0.0
TRUFAL = PREC — (HINTCAP — HINT) (Eq. 2.10)
min =0.0
2.2.2 SNow

If local air temperature is lower than the rain/snow threshdie, throughfall from high
vegetation goes to increase the snow layer. If the temperaturgher, the through fall
instead goes to increase the liquid water in the snow, or, if no isn@wsent, it passes on to
the lower interception storage. In each grid cell, the snowlidisibn is assumed to be linear.

A distribution factorsnwdst, is then used to specify the relative magnitudes of the maximum
and minimum storage values in the cell.

If the distribution factor is set to unity, the snow pa€Ni{/ PCK) becomes homogeneous. If

it is equal to 2.0, the maximum vaJMAXPCK, becomes twice the average value, and the
minimum valueMINPCK, becomes zero. If it is higher than 2.0, only partial snow cover will
be simulated.

Snow melt, SNWMLT, is calculated on the basis of actual air tesyoe, TEMP, a threshold
for melting,ts, and a melt factottx, according to the degree day principle.

SNWMLT = cx * (TEMP — tx) x SNWCOV, TEMP > tx (Eq. 2.11)

In forested and partly forested areas the melt factordacesl. This is represented by a
reduction factorcxred, which causes reduced melt intensity and there by delayed snow
melting in forested areas compared to open land. If air tetopers lower than the melt
threshold, refreezing of liquid water, SNWFRZ, in the snow isutatied through the use of

the parameter,fr, which accounts for the fact that refreezing occurs at a naveér Irate

than melting.
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SNWFRZ = cfr = cx * (tx — TEMP) * SNWCOV, TEMP < tx (Eq. 2.12)

Snowmelt, as well as refreezing, is assumed to be homogeneoss #uwe snow surface.
Melted snow is added to the liquid water content in the snow, SNWWAA separate
parameterlwmax, specifys the maximum relative amount of such water that caritteeld
in the snow. If the relative amount becomes larger than thisoinathe excess forms outflow
from the snow, SNWOUT. Through fall on the snow-free parts ibwtés directly to
SNWOUT. The equations for the above processes are given below.

SNWPCK = SNWPCK + SNWPRC — SNWMLT + SNWFRZ (Eqg. 2.13)

SNWWAT = SNWWAT + RAINPRC + SNMLT — SNWFRZ — SNWOUT (Eq. 2.14)

Where; SNWPRC/RAINPRC = precipitation in the form of snow/rain

SNWOUT = [SNWWAT — lwmax * SNWPCK] + RAINPRC * (1.0 = SNWCOV)

min = 0.0 (Eq. 2.15)

2.2.3 Low VEGETATION AND LAND SURFACE COMPONENT

The leaf area index for low vegetatidd/LOW, is the only parameter separately defined for
the low vegetation. Similar to the high vegetation, interception stasaglso computed for
the low vegetation. The interception capadiyyTCAP, computation is based on the same
principle used irtHINTCAP computation except for the fact that it is lumped together with a
wetting storage for the land surfa6&FSTR , for simplicity.

LINTCAP = [LAILOW x laicap] * SESCOR + SRFSTR (Eq. 2.16)

The lumped storage is filled by outflow from the snow routine. Whesttirage capacity is
exceeded, excess water will go to the soil, TOSOIL. Potestggboration for this storage is
taken as the potential evaporation that was calculated for the rigtteption storage,
reduced according to the actual evaporation that has alreadyeatouthe high interception
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storage, AEH. Actual evaporation from the lower storage, AEL, ssmesd to occur at a
potential rate as long as water is left in the storage. Theieqgsiavithin this routine are given
below.

max = LINTCAP

LINT; = LINT;_; + SNWOUT — TOSOIL — AEL (Eq. 2.17)
min = 0.0
TOSOIL = SNWOUT — (LINTCAP — LINT) (Eq. 2.18)
min = 0.0
max = LINT
AEL = (POTET * SNWCOR — AEH) * [1.0 - SNWCOV] (Eq. 2.19)
min = 0.0

2.2.4 SoiL. COMPONENT

Throughfall and unsatisfied potential evaporatiop),fEbm the interception component serve
as the forcing for the soil component, which represents the root ansaturated zone and
saturated zone. Beven et al.; (199Ba)icated that two formulations that have been adopted
in the past TOPMODEL applications have assumed that the unsatiloatedire essentially
and have been expressed in terms of drainage flux from the utsdtmone. Neither of the
formulation presented by Beven et al. (199%a)t the infiltration capacity, possibly due to
the historical association of TOPMODEL with the saturation excess ta#rethe infiltration
excess runoff generation mechanisms.

The state variable,Qjuantifies the depth of water held in the soil root zone for eamteim
element and is calculated using the following equation.

L — | — AET, - q, (Eq. 2.20)
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Wherel is the infiltration rate;AET;, Actual soil evapotranspiration ratg, is the drainage
rate or recharge to the saturated zone store from theteod. The infiltration ratd, is

limited to be less than the infiltration capacity,

2.2.4.1 Root Zone Component

The root zone is the upper layer of soil to the depth below which cantso longer extract
water. In TOPLAND model, root zone is characterizedSRY, S,;mar @aNdS,,ini - Where
S,, , root zone storage (variable stat%),,,, maximum available root zone storadg®;,i,
initial root zone storage. Refer fag.2 for illustration.

2.2.4.2 Unsaturated Zone Component

The basic soil structure illustrated kng.2 is used to accommodate one method of different
unsaturated zone process descriptions. One formulation that has been adoptest
TOPMODEL applications assumes that the root zone store fort@aoyraphic index value

is depleted only by evapotranspiration, and that water is addeldetansaturated zone
drainage store only once the root zone reaches the field cafgdeitylrainage is assumed to
be essentially vertical and a drainage flux per unit &gga) is calculated for each
topographic index class expressed in terms of storage defeverBand Wood (1983)

suggested that a suitable functional form for the verticaldhwat any point is;
S.
qy, = uZ/Di « ta (Eqg. 2.21)

WhereS,,, is storage in unsaturated (gravity drainage) zbpeis the local saturated zone
deficit due to gravity drainage, and dependent on the depth of the local watePatameter
ty is a time constant, expressed as a mean residence timetical\feow per unit of deficit.
Equation 2.21, is the equation of a linear store but with a time cofBtan} that increases
with increasing depth to the water table.

TOPLAND uses TOPMODEL'’s calculation method of actual evapgpieaison,E, , as a
function of potential evapotranspiratjdf , and root zone moisture storage for cases where
E, can not specified directly. In the Topmodel description of Beven (199a)peation is
allowed at the full potential rate for water draining freglythe unsaturated zone and for
predicted areas of surface saturation. When the gravity drairage is exhausted,
evapotranspiration continue to deplete the root zone store at thE sajven by;
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E, = E, > (Eq. 2.22)

p Srmax

Where the variable$,, and S,.,., are root zone storage and maximum available root zone
storagerespectively. If some effective root zone depth can be assumes,,,,, can be
estimated approximately by trial and error.

U

Root Fone [} q-l}f
Sre, | l
S i .
Unsaturated ' !
Fone 511:;
qu; L
Base Flow
Saturated :
Fone
e |l - Ta,

Figure 2 : Thebasic soil component (Hydrological Sciences, Kuniyoshi Takeuchi, August
1999)

2.2.4.3 Saturated Zone Component

The saturated zone component is modeled using the TOPMODEL assunagptsaiarated
hydraulic conductivity decreasing exponentially with the depth ahaatad lateral flow
driven by topographic gradient (Beven and Kirkby 19B#8ven et al. 1995). Two important
parameters are soil profile lateral transmissivily,, and the sensitivity parametan,
characterizing the decrease of hydraulic conductivity with depth.

The outflow from the saturated zone per unit area is given by;

qp = T,e”Y e Pmean/m (Eq. 2.23)

The total out flow from a give catchment ares given by;

Qb — ATOe_Ye_Dmean/m = Qoe_Dmean/m (Eq 224)
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y is the spatial average of topographic ind@x(a/tanﬁ) and given by the following

equation;

n
-1 . a
Y= E i=1Al In /tanﬂ (Eq. 2.25)

Where,T, is Saturated transmissivity at the surfaggis out flow from saturated zone, m is
TOPMODEI parameter that controls the rate of decline of hdraconductivity with
increasing storage deficiy, is outflow from saturated zone when the soil is fully saturated,
Do.an IS the spatial average of the depth to the water table quagtiftye basin average soil
moisture deficit and serving as a state variable for the saturated zonenemtnpo

The saturated zone state equation is given be;

dDgltean =—q, + Toe—}’e—Dmean/m (Eq 226)

qy is the recharge to the saturated zone.
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2.2.5 ROUTING COMPONENT

Since the precipitation intensity at Norway is low and the Isadl high infiltration capacity,
the infiltration excess flow is omitted from the model. Theref there are only two sources
of runoff from each sub-catchments;

1. Saturation excess runoff/{;) from excess precipitation on variable source saturated areas
as determined from topographic index.

2. Runoff from saturated zone drainagg,
The routing component of TOPLAND hydrological model is described by;

I. Overland flow routing for the saturated excess flayy/) which is controlled by delay
velocity, fraction of saturated areas and the distance to theyrstegbam. This is a distributed

outflow and is delayed in reaching the nearby stream due ttntleetaken by sub basin
travel.

I1. Runoff from saturated zone drainage which is lumped output of the wlimeant at each
time step.

[11. Kinematic routing also called stream routing component for thebicmah flow of
saturated zone and saturated excess flow which is controlldtedgntematic wave routing
parameters.

Once in the stream, a kinematic wave routing algorithm, a nonlsaation with initial
estimation from linear solution (Chow, et d1988)is used to route flow through the network.
Sub-catchment inputs to the channel network are assumed to ocrallyl@ieng the stream.
Fig.4 illustrates a rough sketch of stream routing mechanism for TOPLAND model.
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(Qofl+Qof2+Qbl
+Qb2)routed + g3
where

a3=
(Qof3+Qb3)/2*L3

ql

\ a2
FAN P

Figure 4: Stream routing mechanism for TOPL AND hydrological model

The basic kinematic wave routing equations are continuity and momentum.

9Q 404 _ Continuity equation (Eq. 2.27)
dx at

A=aQf Momentum equation (Eq. 2.28)
So =5 Assumption (Eq. 2.29)

Wheregq is lateral inflow to the stream;4, flow cross sectional argaQ, dischargex and S
kinematic wave routing coefficientS, and Sy are bed and energy slopes respectively.

The parameters used in the kinematic wave channel network rotgihMgpaning’s roughness
number, top width, length of each stream segment, slope and kinematic rewdirey

coefficients. Length and slope are determined from the GIS hgmwedthe digital Elevation
Model (DEM). Channel width has been determined from semi-field umedslata and from
basic assumption that states, top width is directly proportionddetaipstream contributing
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area. The parameterseaexplained in detail undesection?2 of this pape Fig.5 shows

schematics of the physical processes representdte TOPLAND modeling systen

The stream text file for routing component includgsd ID of sub catchmentbed slope,
kinematic routiig parameters, top width, initial discharinitial observed discharge, numt

of sections, upstream swatchments, manning’s num, length of each secti.
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Figure 5: Schematic sketch of the physical processes represented by the TOPLAND

modelling system. (Modified from C.Bandaragoda et al. / Journal of Hydrology 298 (2004)

178-201)
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3. APPLICATION TO THE GAULA CATCHMENT

3.1 DESCRIPTION OF THE STUDY AREA

The study catchment, Gaula catchment upstream of Gaulfoss gatigiion, has an area of
3094.74km. It is located at the South and West of the city of TrondheimgirTr®dlag
County, Norway with latitude and longitude coverage d862to 637' N and §53' to 147"

E respectively. Norway has a total catchment area of 324 0OQNWIE.no) of which Gaula
catchment comprises 0.95% of Kig.6 shows the location of the Gaula catchment in
SerTrodlag. The outlet of the study catchment is at Gaulfoss digchauging station, which
is used as the calibration point.

The Gaula River, which runs through three municipalities (Holtaldlidtre-Gauldal and
Melhus), is regarded by many as the best salmon river iopEusind even in the world. It
runs through an area full of contrasts; from high mountain plateaus tharyons and
forests to the gentler, wider and rich agricultural land neaftbedheim fjord. It is also one
of the longest salmon rivers in Norway being 85 kilometers (98sinfrom the moth at
@ysanden to Eggafoss (waterfall).

Map of Norway 324 000 km?
(NVE.no)

Study site (Gaula catchment 3094.74km?2)

Figure 6 : Location of the Study Site
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3.2 MODEL PARAMETERIZATION AND DATA NEEDS

3.2.1 DIGITAL ELEVATION MODEL

The characteristic of large sized catchment like Gaula cageberated effectively with the
help of GIS technologies. GIS offers the potential to increasddfeee of spatial details of
the study area, which hydrologic models have not modeled previousigr{iat, 1992) For
this paper, Arc GIS Desktop - Arc Info have been used. The basrework of Arc GIS
desktop includes; arc map, arc catalog and arc toolbox. To geoatelienent characteristics
and digital maps; that include information of land use, slope, sub catttboundaries; and
to develop individual data layers for each of those attributes, yaho fand spatial analyst
tools, TauDEM and Idrisi softwares are mainly used. For the sutadgrshade, 25m*25m
DEM resolution, obtained from the department of Hydraulic and EnvirotahEngineering
at NTNU, has been used initially for analysis and aggregated to 5S0mE#ZBvh due to
computer memory and runtime limitationsig.7 shows the 50m DEM with topography
variation of 53m at outlet to 1325m up the mountains.

Legend

% Discharge_Stations
DEM-50m
Value

- High : 1325

L Low:53

0 8,750 17,500 35,000 52,500 70,000
— — Meters

Figure7: 50m DEM of Gaula catchment
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3.2.2 HYDRO-METEOROLOGICAL INPUT DATA

Hydro-meteorological data are input model variables as tiereess The main hydro-
meteorological input data for TOPLAND model include; hourly preafmh, temperature
and discharge. Gauge and radar precipitation data obtained from Namwegteorological
institute (Met.no) and gauge simulated precipitation obtained fronTEffN Energy section,
has been used for the study.

3.2.2.1 Precipitation Input Methods

Three different precipitation input methods has been used to tty@utTOPLAND
hydrological model for handling short term distributed evekig.8 shows sample of
different precipitation input methods, i.e.

l. Gauge IDW precipitation input method
. Conditional gauge simulated precipitation input methods
Il. Bias corrected radar precipitation input methods

Gauge precipitation input method

In this method, precipitation is imported to the model as recorgsinf measurements from
two rain gauge stations, Sokendal and Kotsgy. The point measuremesmtsbéan
interpolated by Inverse Distance Weighting (IDW) to produce pitation distribution over
the catchment. Precipitation values are adjusted for differextee2bn local surface elevation
(pixel elevation) and the elevation of the measurement sitendleslinear precipitation
gradient,pgrad, is used for adjusting the precipitation. The model can handle datarfoven
gauge stations but only the above mentioned gauge stations lairetivét catchment and with
hourly data for 2008 and 2009 years.

Conditioned gauge simulated precipitation input methods

The conditioned simulation is based on a stationery space-time nmmgeporating an
advection which enables a temporal autocorrelation and a reahstiation of the spatial
rainfall structure with time aggregation. All parameters usethis model are fitted using
rainfall time series for four years (2006 — 2009). The rainfedukation is conditioned by
several punctual rain gauge values. Similarly to the kriging mettius, conditioned
simulation respects exactly the data. For one rainfall past event, eachrestping from the
conditioned rainfall simulation will represent one probable rainfadinario. Each rainfall
output has an equal probability to occur.
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Bias corrected radar precipitation input methods

Quantitative use of weather radar precipitation estimate®tisa straightforward due to a
variety of gross errors affecting the observations (Wilson and brad®&9; Joss and
Waldvogel, 1990). For C-band radars at mid-latitudes, the most impamast are non-

uniform vertical profile of reflectivity (VPR), variability adhe drop size distribution (DSD),
and attenuation due to strong precipitation intensity. At longer sarlge height of

observation will increase and in the presence of a significant ¢B@ent this will typically

result in an underestimation of the accumulated precipitation (Jmksvaldvogel, 1990;

Koistinen, 1991).

Since nowadays amean-field bias adjustment algorithm is wigkelgl, this method has been
used to reduce the gross errors in radar-based precipitatiomtest The bias-adjusted
precipitation estimates are calculated hourly from the uncorrected pagoipiestimates.

R(i,j) = R(i'j)/F (Eq. 3.1)

Where R(i,j) and R(i,j) represent the bias-adjusted accumulation and uncorrected
accumulation, repectivelly, of the pixle at the image coordin@tgs F is calculated by the
following formula.

N P
F — Zn:l R (ln']n) (Eq 32)

Zg:l GTL

Where(i,, j,) are the image coordinates of rain gauges n and N is the numbeailabke
rain gaugesG,). Twenty five raingauges within a radius of 75 km has been usekids
correction of radar precipitatiodppendix 1 and 2 presents the bias correction factors for
2006 and 2009 events respectively.
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| .Gauge I nver se Distance Weighting (IDW) precipitation input on 20-07-2009 18:0

I1.Gauge ssmulated precipitation input on 20-07-2009 18:00
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Figure 8: Sample of different precipitation input methods for 2009 event
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3.2.2.2 Temperature, Wind speed and Discharge

Temperature data is imported to the model as a lumped input froenghwge stations. Since
the discharge gauging stations have temperature measuremerits fzave a representative
data for the catchment, temperature data from HugdalBru, LillelaudaEggafoss discharge
gauging stations has been used for gauge simulated and biagecbpescipitation input
methods. For gauge IDW interpolation method, the precipitation gawsgatigns has been
used for temperature also. Temperature is adjusted for difeerbatween local surface
elevation and the elevation of the measurement site.

Observed hourly discharge data and wind speed is imported to the madéirmped input
from a single gauging station that is located at calibrggmnt (Gaulfoss). The input hourly
discharge data at the calibration point and interior uncalibrategirgpstations was obtained
from Norges Vassdrags-og energy direktorat (NVE.NO). The olsdmeerly discharges
from the interior gauging stations have been used to assesgfitrenpace of the model at
these stations. The UTM coordinates of the discharge and raing&iigeis are presented in
Table 1 & 2 and refer toFig.9 for the locations of discharge and meteorological gauging
stations.

Table 1: Location of discharge gauging stations.

Discharge Easting Northing Elevation
gauging stations | (m) (m) amd (m)
Gaulfoss 562052 6998272 53.00
Hagabru 564969 6993669 61.50
Hugdalbru 563147 6985547 139.50
Lillebudal 578900 6966845 518.00
Eggafoss 611013 6975227 297.00
Killingidal 620855 6965818 475.75

Table 2: Location of interior hourly rain gauge stations

Rain gauge Easting (m) | Northing (m) | Elevation
stations ams (m)
Sokendal 559804.142 6980956.498 299
kotsay 578719.501| 6984288.896 127
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3.2.3 WATERSHED, SUB-CATCHMENTS AND STREAM NETWORK DELINEATION

Before starting to do any hydrological modeling; streams, relagels and sub-catchments
have to be delineated and some basic watershed properties sueh, asdagre, flow length,
and stream network density have to be obtained. The processingEMf t® delineate
watershed, sub-catchments and stream network is referred toais @e-processing. Arc
hydro has been used for watershed, sub-catchments and streamk nddlumeation. The
results has been used to create input files for the model thatlésclstream link grid, sub-
catchments etc.

The first step that has been done in sub-catchment, watershed aath stetwork
delineations is to carry out raw DEM processing using adecchfor two cases, i.e. starting
from DEM reconditioning to watershed for with agree method and fritimsihks to
watershed for without agree method. The second step is clipping otibviheirection grid
of the first step by the water shade of the Gaulfoss gauging station.

The third step is carrying out sub-catchment, watershed and stre@vork delineations
starting from clipped flow direction grid to drainage point. Thé $éep is repeating steps one
to three for both cases (with agree DEM and without agree DBML% of maximum
accumulated flow, because in arc-hydro catchment is breakddwrsub catchments based
on stream network target.

Stream network and sub-catchments are compared for both caseshtmasthe variation is
between the existing stream and DEM created streams (andathwihout burning over the
existing streams}ig.10 shows comparison of stream networks. The results are similar except
minor differences and the 1% of maximum accumulated flow ashtbicedor stream
delineation without agree method have been selected for streaorkelelineation because

this is suggested as appropriate for the TOPLAND topographix icaleulation and size
range of sub-catchmentBig.9 shows sub-catchments and stream network delineated using
arc-hydro tool.Appendix-3 presents stream and sub-catchment properties generated using
arc-hydro.
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Figure9: Sub -Catchments and Stream networks delineated using arc hydro tool

Using arc-hydro tool, the total number of sub-catchments delinestsdorty five. Further
sub division of large sub-catchments has been carried out bygvstnall script, so that
unrealistic model output from such large sub-catchments will be netieble and accurate.
The total numbers of sub-catchments, used for the preparation of thé inmdedata, are

fifty.
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Legend
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Figure 10 : Stream network comparison

Watersheds from the interior gauging stations have been detinesitey point watershed
delineation function of arc-hydro tool. These watersheds are importangstimate
TOPMODEL parameter ‘m’, to see the distribution of events witthe sub-catchment using
area ratio method, and to use these gauging stations as validatioe model.Table 3.3
presents watershed areas of the gauging stations in the Gahlaeat and-ig.11 shows the
sub-catchments from interior gauging stations.

Table 3: Watershed areas for the gauging stations

Gauge Gaulfoss HagaBru Hugdalbru Lillebudal Eggafoss Killingida
Stations (outlet)

Area(knf) | 3094.74 3068.203 557.761 168.944 668.370 224.1
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Figure 11 : Watershedsto the discharge gauging stations

3.2.4 STREAM REACH PROPERTIES ESTIMATION

For many catchments, especially large ones like Gaulajnapgpropriate to assume that all
runoff reaches the catchment outlet within a single time stepudh cases, some routing of
model output is required and therefore it is important to deterstream reach properties
used for routing that include bed slope, length and top width of the streams.

Slope

To determine the distributed channel routing paramefearid Kinematic wave celerity (¢
in a channel, slope of the channel is an important input parameteheSelowing equation
how s, is used in estimating, by relating continuity and momentum equation.

c = (JS_) (&) v (Eq. 3.3)

n 3
Where)Y is depth of flow and is Manning’s number.

A common problem of digital elevation model analysis is to datex slope of the river bed
in one dimension, which is the requirement for kinematic routing. This is bedatser grid
squares, where the actual river bed width is much less tharithsize (50m). Bed slope of
the river has been analyzed in two methods.
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The first method is determining slope of each pixels in the OfMising the function in
spatial analyst - surface analysis-slope and then extractimg stseeam link. But the way that
this function calculates slope does not agree with the kinematic wave routingpéisss (the
flow characteristics like depth and velocity are considered tpimahe longitudinal direction
of the channel) and therefore another method has been adopted.

The second method (which is taken as reasonable and used for amalgsigacting the raw
and fill DEM by writing small script of python using stredimk, flow direction and flow

accumulation grids. After the extraction of the DEM, the lendgththe stream reach is
calculated manually considering the flow direction value and plaigedhst the DEM value
to see the stream profile in a longitudinal direction.

Since the slope of each stream varies from upstream to downstrehnaverage slope has
been taken.

Upstream end DEM— Downstream end DEM

Average Slope = (&£ 3.4)

Length of the stream

It has been also cheeked that slope estimation by the second rfsbtipedof slope line from

fill DEM) gives the same result as the slope calculationguarc-hydro function (Watershed
processing-longest flow path parameters-flow path paramfetens3D Line). The results of

some selected streams slope for 50m DEM obtained by the secdmodnae¢ presented in
Fig.12.
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Figure 12 : Longitudinal profile and slope of some selected streams

As it is observed from stream with Grid ID 40, slope of someistseare zero for fill DEM
and negative for raw DEM (with arc hydro stream generation methbath is not true in
reality. Therefore, the minimum positive slope value has been assignedofefame streams.
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Top width

Like the slope of the channel, top width of the chariBglis important to determine the
distributed channel routing parameter),( See the following equation holv is used in
estimatingx by relating continuity, momentum and manning’s equation.

a = [”jsif]% (Eqg. 3.5)

The top width of the channel has been analyzed in two methods. One ith&dheoretical
assumptions and the other is from semi-field measurement.

M ethod one

The following assumptions have been made for computation of top width cftrigem
channels:

I. The shape of cross section of the river is similar throughowttkem network. Since the
shape of the cross section at the outlet is nearly paraboliwrgsimoFig.13), the following
equation can be developed.

bo
B; = a,Voort[(b, + 1)A;] /bo+1 (Eq. 3.6)

b,,and a, are constants determined from the stage-discharge relationshtpoasdsectional
profile closest to Gaulfoss gauging station. The cross settwofle data is presented in
Appendix 4.

[1. Channel forming flow is a known function of drainage area.

% _ 4

= — Eq. 3.7
Q 4o ( 9 )
I11. Cross sectional area is a known function of stream order.
A _ g, i=K0)/ko (Eq. 3.8)

4o
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Where i denote any upstream cell and subscript o the value at the outlet, R; is Horton’s

length ratio and K is stream order.
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Figure 13 : Cross section of the Gaulariver close to Gaulfoss gauging Station

Combining the stage discharge curve and the cross-section of the river, the relationship
between top width and flow area has been developed (Table 4), and shown in Fig.14.
From the graph of Fig.14; a, =60.7, b,=0.47.
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Table 4: Discharge, cross sectional area and top width relationship close to Gaulfoss gauging

station
Average
height above Top Cross
stage of zero Discharge Q | width sectional
discharge(m) | (m%s) (m) area(m?
2 58.24 114 228
3 107.6 124 372
4 177.2 134 536
5 269.8 140 700
6 388 145 870
7 534 150 1050
8 711.1 159 1272
9 920.7 169 1521
10 1165 173 1730
11 1417 176 1936
12 1675 180 2160
13 1957 244 3172
14 2225 247 3458
15 2482 250 3750
16 2779 253 4048
17 3032 254 4318
18 3325 255 4590
19 3661 259 4921
# Cross sectional area versus top width (method1)
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Figure 14: Relationship between cross sectional area and top width using assumptions
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Method two

Since equation of the third assumption in the method one is rough, i.eed$ wketail
investigation to set appropriate equation to the study water slaageeliminary field

measurement has been carried out and a simple relationship (negldsxdasurement to set

appropriate relationship) developed between discharge versus top withd Gaula river.

Fig.15 illustrates the simple relationship from field measurementgaafing stations. Data

for the field measurements is presentedable 5.

Table5:Top width and discharge data from field measurement

L ocation Q (n7/s) B (m)
Gaulfoss 428 70
Eggafoss 130.5 28
Lillebudal 22 24
Hugdal 64 27
Killingal 15 19
ID5 364 53.2
ID19 316 46
500
A0 y = 358.74In(x) - 1079.7 'S
400 R*=0/9682
L 350
E 300 ®
@ 250
_':E 200
a 150 py
100
50 L
R Vi . | I | |
15 25 35 45 55 65 75
Top width in meter
Discharge versus Top width from field data of 18th of may 2010

Figure 15: Simple relationship between discharge and top width using field easurements
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Since the first method of top width estimation overestimategsojmevidth very much, the
second method has been used to compute the top width of the model inpwtideschannel
assumption is used in kinematic routing, mean discharge of theasimnuperiod is selected
for the computation.-

Length

The solution of the kinematic wave equation specifies the distribaiotne flow as a
function of distance x along the channel and time t. To determineutiew hydrograph at
the downstream end of the stream channel, we have to know thie erththen the number
of sections of each stream. The length of the streamshiegrecalculated using two methods
and both of them gave as the same result. The first method idydnesding the attribute
tables of the drainage line output of the arc- hydro analysis.

The second method (semi-manual method) is extracting the floatidiregrid of the stream
using the stream link grid by writing a small script ofyt and calculating manually by
assigning appropriate length to each flow direction. For 1, 4, 16 andw4liilection values,
the length is equal to the DEM size whereas for 2, 8, 32 and 128liileation values it is/2
times the DEM size because they are diagonal ( refEalite 6).

Both methods of the result gave the same result and also theysusedraess check. The
analysis for stream with grid ID 40 is presented able 6.

Table 6: Manual method of stream length calculation for stream with Grid ID 40

Raw Fill

Cell to Leng. Cell to Leng.
cell dist. | from u/s cell dist. | from u/s
Fac Fdr DEM (m) end (m) | Fac Fdr | DEM | (m) end (m)
12560 2 787.5 70.71 0 12560 2| 789.5 70.71 0
12641 1 786.75 50.00 70.71| 12641 1|789.5 50.00 70.71
12644 2 787.75| 70.71 120.71| 12644 2|789.5 70.71| 120.71
787.75 191.42 789.5 191.42
Total 191.42 Total 191.42

3.2.5 DIGITAL INPUT MAPS FOR TOPLAND MODEL

3.2.5.1 General Description

Distributed input maps are prepared as digitized maps with a rkebioaster cells. Raster
digital input maps for TOPLAND model is generally divided into twe, distributed non-
initial state parameter maps and distributed initial stagsmi@or the preparation of most of
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the distributed and initial state maps, land use and vegetation mapgedidtom Norwegian
Forest & landscape (Formerly NIJOS), has been used. IDRISIasefthas been used for the
preparation of input files and remapping. Vegetation map works assbfas vegetation
height, cover, type and leaf area index. Land use as basis tbcdigacity, surface storage,
infiltration and leaf area index of low vegetation.

TOPLAND hydrological model uses LANDPINE and TOPMODEL codsygtem for the
preparation of required digital maps.

|. Distributed initial state maps

Distributed initial state maps describe the characterisfitise catchment just before the start
of simulation and change in their value during each time stepninlaion period, i.e. they
vary both spatially and timely. Distributed initial maps incluaéjal soil saturation denoted
by INITIALSOLSAT, initial snow coveragé INITIALSNWCQV), initial free water in snow
pack (NITIALSNVWWAT), initial accumulated temperatureN(TIALACCUTMP), and initial
snow pack denoted byNI TIALSNWPCK).

[1. Distributed non-initial state parameter maps

Distributed non-initial statenput parameter maps vary spatially within the catchment. Once
they determined, they are constant from the beginning to the erm@ simulation period.
Distributed parameter maps for TOPLAND model include; land usesrffANDUSE), high
vegetation cover\(EGCQOV), type of vegetation e.g. leaf, needle, miX&aGTYP), average
height of trees (EGHGT), leaf area index maximunLAIMAX), leaf area index of low
vegetation ILAILOW), leaf area index minimumLAIMIN), surface storageSRFSTR),
infiltration capacity (NFCAP), field capacity FLDCAP), elevation ELEVATION), flow
direction FLOWDIR), stream link $TREAM), sub catchmentSUBCAT) and topographic
index (T1).

Land Use/Land Cover (LANDUSE)

The classification and representation of the land use/land coweactéristics of the
catchment is required as input to the model for defining the catathfmoundary and
differentiating lakes (water bodies) from land with any othgpe of cover. This
differentiating is necessary since the hydrological prosessasidered for computation are
not the same for a lake and a land with or without vegetation. Thoigyhat directly useful
in the model computation process, TOPLAND uses LANDPINE sys$tat requires further
classification system for land surfaces. This classificagsomsed as a reference for driving
other input parameters describing vegetation.

The LANDPINE land use classification system with the c@wesing codes assigned is
given inTable 7.
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Table 7 : LANDPINE coding system for land use

Code Description

0 Outside catchment. Defines catchment boundary. It has 0 valugkedbts catchment
boundary.

1 lake

2 Areas with forest removed

3 New growth forest

4 Marsh

5 Forest

6 Mountain/bare rock

7 Farmland

8 Urban

9 Low vegetation — mountainous

Vegetation Type (VEGTYP)

The map representing the types of vegetation within the catchmeot directly used for
computation purposes within the model. By integrating with the correspptahd use map,
it is used in estimating relevant vegetation parameters. $hize¢ause varies vegetation
parameters are normally specified in literatures for particular lamdn vegetation types.

The LANDPINE vegetation type classification system withdbeesponding codes assigned
is given inTable 8.

Table8: LANDPINE Coding system for VEGTYP

Code Description
100 Needle trees
200 Mixed trees
300 Trees with broad leaves

High and L ow Vegetation

It is very important to define the High and Low Vegetation typéhimvthe particular land
cover types. These are derived from the land use and the t@gdigpe maps already
prepared. This definition is important since different vegetatiompeteas used by the model
are specifically assigned for the high and low vegetation.

Vegetation Cover (VEGCOV)

Vegetation map represents the percentage coverage of the lgghatien and varies
depending on the type of land use. It is utilized for the computatisaiafll interception
and evapotranspiration from high vegetation.
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Vegetation height (VEGHGT)

The height of trees influences the evapotranspiration from vegéatkdn order to simulate
this dependency properly, the variation of the vegetation height ovecaticbment is
represented by this map.

Leaf areaindex (LAI)

Leaf area index (LAI) is broadly defined as the amount of é&ah in a canopy per unit
ground area. This dimensionless parameter indicates the averagéy d& vegetation
covering the ground. Since precipitation interception is substantigtgrmined by the
vegetation surface, LAl is utilized in the computation of interception capacity.

Soil parameters

The soil parameters that are required by the model for the evapspiration and runoff
computation are surface storage (SRFSTR), infiltration capéiditlyCAP), field capacity
(FLDCAP) and the initial soil saturation (INITIALSOLSAT).u8ace storage determination
are based on representative values given by the LANDPINEBga&jistem for major land
cover types is presented irable 9. Infiltration capacity estimates are based on standard
values given the by the SCS hydrologic soil group classibicasystem and presented in
Table 10.

Table9: Surface storage valuesfor different land use systems

Value (mm) | Description
0 Lake

0.1 Bare Rock
0.5 Soil Surface
2.0 Marshes

Table 10 : SCS hydrologic soil group classification

Soil Infiltration

group | Description (Texture) Capacity (mm/day)
A Sand, or sandy loam 180-270
° Silt loam or loam 90-180
© Sandy clay loam 30-90

D Clay loam, silty clay
loam, sandy clay or clay| 0-30
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3.2.5.2 Application to Gaula Catchment

ELEVATION

The elevation map for Gaula catchment is extracted from the SB@mxresolution DEM of
the area. Refer tbig.7 for elevation map of Gaula catchment.

LNDUSE

The land use of Gaula catchment is mainly composed of mountainousiblayreoniferous
forest, deciduous forest, marsh, mixed forest, anna jorddekt fastmdriGrannlendt mark.
The land use map is prepared from digitalized land use maps abtaimeNorwegian Forest
& landscape (Formerly NIJOS). The codes used for specification are adapietable 7.

(Gaulfoss)

Legend

[ 1 (Lake)
[14 (marsh)
[:] 5 (Forest)
I 6 (Mountanious / Bare rock)
I 7 (Urban)

- 8 (Farmland)

0 6,500 13,000 26,000 39,000 52,000
— — Meters

Figure 16 : Re-classified land use map of the study catchment

VEGCOV

The percentage vegetation cover values for the forests of Gaulasamated using the
following empirical equations categorized based on Bonitet values.

High Bonitet

VEGCOV = 62.963127 + 0.102046 * VUPRHA — 0.000171 * VUPRHA? (Eq.3.9)
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Low Bonitet

VEGCOV = 22.628106 + 0.310853 * VUPRHA — 0.000422 « VUPRHA? (Eq. 3.10)
Medium Bonitet

VEGCOV = 35.980247 + 0.20525210 * VUPRHA — 0.000250 * VUPRHA?*  (Eq.3.11)
Where VUPRHA = volume without bark in m3 per ha.

The above equations give vegetation coverage values of 40%, 54% and 7 flmests

with low, medium and high Bonitet values respectively. Since there i8onitet values

provided for marshes and other land use types like cultivated landudhdp areas, a value
of 10 % is assigned for marshes and a value of 5 % is assignewimtainous/bare rock
land uses. Vegetation cover value of 0% is assigned for lakes and water bodies.

Gaulfoss A
E .

Legend
Vegcov
o
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I
R
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Figure 17: Vegetation cover map of the study catchment

VEGTYPE

The map representing the vegetation type in the catchment isrquelpased on digitized

maps available and prepared in the same fashion as the lanthpseThe whole catchment
is dominated by mountainous/barerock, needle trees with higher demgshg forest areas
and much lighter density for the marshy areas. Conversion to tReAND system is made

using the LANDPINE conversion system and presentdchbie 8.
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Since the map representing the types of vegetation wikicatchments is not directly used
for computation purposes within the model and assuming that Gaula cataBrdeminated
by needle trees, all the vegetation type has been assumed to have a value of dli¢ay si

Legend
I 100

0 7,000 14,000 28,000 42,000 56,000
| Meters

Figure 18: Vegetation type map of the study catchment

VEGHGT

The heights of the needle trees for the study catchmenbameuted from a set of empirical
equations developed within the HYDRA project (Grgnlund e2@D0. These equations are
categorized according to Bonitet values.

Low Bonitet

OH = 10.535277 + 0.056626 * VUPRHA — 0.000080076 * VUPRHA? (Eq. 3.12)

Medium Bonitet

OH = 9.764838 + 0.0675535 * VUPRHA — 0.000090347 * VUPRH A? (Eq. 3.13)
High Bonitet
OH = 8.416540 + 0.076589 * VUPRHA — 0.000095159 x VUPRHA? (Eq. 3.14)
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VUPRHA = volume without bark in m® per ha.

OH = overheightinm

For High and Medium Bonitet

MH = 0.00413 * OH? + 0.8822 * OH — 1.573 (Eq. 3.15)
For Low Bonitet

MH = 0.00266 * OH? + 0.9297 * OH — 1.111 (Eq. 3.16)
MH = mean height in m

The mean height¥/ H) is assumed to represent the average height of the needle trees for the
corresponding Bonitet values. Accordingly, mean height of 12 m is taken for a&trege

types in the Gaula catchment.

Legend
[ [

0 7.000 14,000 28,000 42,000 56.000
— Meter

Figure 19: Vegetation height map of the study catchment

LAIMAX and LAIMIN

Since the simulation of this model is for hourly events that agit for hours or few days but
not a season, seasonal variation is not so much important. But theremdesds it as input.
The LAIMAX values are computed from a set of empirical equataegeloped within the
hydra project. These equations are categorized according to Bonitet values.
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High Bonitet

G = 12.648458 + 0.080741 * VUPRHA — 0.000085535 * VUPRHA* Eq. 3.17)
Medium Bonitet

G = 6.885102 + 0.141683 « VUPRHA — 0.000179 * VUPRH A? (Eq. 3.18)
Low Bonitet

G = 4.377573 4+ 0.166735 « VUPRHA — 0.000285 * VUPRHA* (Eq. 3.19)
Where G = projected area in m2 per ha

High Bonitet

LAIMAX = 0.243737 * G + 0.262616 (Eq. 3.20)

Medium Bonitet

LAIMAX = 0.243477 « G + 0.067787 (Eq. 3.21)
Low bonitet
LAIMAX = 0.221806 * G + 0.308468 (Eq. 3.22)

As computed from the above equations, the LAIMAX values assigned for the needle trees
with high, medium and low Bonitet values are 5.6, 4.8 and 3.3. For other land use types,
a low Bonitet value, i.e. 3.3 have been assigned. For lakes and water bodies, a value of 0
has been assigned. According to the LANDPINE system, the LAIMIN values for needle
trees are estimated from the following relationship.

LAIMIN = 0.80 * LAIMAX (Eq. 3.23)

The corresponding LAIMIN values for the LAIMAX values of 3.3, 4.8 and 5.6 are 2.6, 3.8
and 4.5 respectively.
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Legend
LAIMAX
B
. s
kX
o

0 5,500 11,000 22,000 33.000 44,000
[ — Meters

Figure 20: Maximum leaf areaindex map for high vegetation
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Figure 21: Minimum leaf area index map for high vegetation
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LAILOW

The leaf area index of low vegetation (LAILOW) is taken fribra default values used by the
landpine code system as givenTiable 11. The seasonal variation of LAILOW is controlled
by one of the calibration parametansjailw.

Table11: Low vegetation leaf areaindex given by LANDPINE system

Value Description

1 Prairie/Tundra
1-3 Small Bushes
0-1 Marshes

0 Bare rock/Lake

5 Cornfield

4 Potato field

5 Farmland (Grass)

Depending upon the above table, a value of 1 has been assigned for raacsBesll bush
with different types, 3 for different types of forests, O fdekaand water bodies and 5 for the
cultivated and farm lands and 0.5 for mountainous/Bare rock area.
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Figure 22 : Leaf areaindex of low vegetation of the study catchment
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SRFSTR

The parameter is estimated by the land use map with theTdR#&8ues given inmable 9.
Since bare rocks are common in the study watershed and considherihdly nature of the
watershed, a value of zero has been assigned throughout the catchment.

INFCAP

As most of the catchment area is characterized by séim lor loam (rough estimation), an
infiltration capacity of 90 mm/dayT@ble 10) has been assigned for all land use types except
for lakes and other water bodies. For lakes and other water bodiakjeaof 0 has been
assigned because of the fact that lakes and water bodies angtmotthe soil moisture
computation zone.

Legend
INFCAP
s
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Figure 23 : INFCAP map of the study catchment
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FLDCAP

Field capacity is defined as the maximum moisture holdingctgpaf the soil layer. The

computation of field capacity is based on the estimation of dep#vibfcover over the

catchment. Deep soil cover depth is expected for marsh land useallmiv depth for forest.

Assuming that the soil cover of Gaula catchment ranges fromséind to sandy loam, an
average FLDCAP of 150mm/m is selected for the whole catchmeapefor lakes and other
water bodies of which a zero value has been assigned.

Gaulfoss A

Legend

FLDCAP
[ <0

l:l 0 0 5.500 11,000 22,000 33.000 44,000
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Figure 24 : Field capacity map of the study catchment

INITIALSOLSAT

The initial soil saturation describes the moisture conditions ofsthk at the start of
simulation. The model is set up to start simulation for the evehistipaceeded by relatively
dry periods (periods of low or minimum precipitation). To represenh sumditions, a
relatively small value (0.1) is assumed for forest and other radarwody land uses. A value
of zero has been assigned for lake and other water bodies
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INITIALACCTMP

The initial accumulated temperature is set to be 100 for a#ll aements within the
catchment. This value represents the ACCTMP beyond which the LAI is equalNBAXA

SNOW PARAMETERS

Since all the simulation events have been selected from July, eletite snow has been
assumed to melt during May. Therefore, all the initial snow parametese@io be zero.

STREAM LINK MAP

The stream link map of the study catchment is an intermedisi#t 0f terrain pre-processing
of arc hydro function. The function creates a grid of streamsthet a unique identification
number. The stream link segment may be either a head segmdafined as a segment
between two segment junctions. In arc hydro analysis, a to#h stream link grids have
been calculated. Since some sub catchments are big, further subdivisi@total of 50
stream link grids has been done. All the cells in a particulanseghave the same grid code
that is specific to that segment.

Legend

strink_new
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Figure 25: Stream Link map of the study catchment
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SUB- CATCHMENT MAP

Like the stream link grid map, sub catchment map is an interreeckault of arc hydro
preprocessing function. This function creates a grid in which eatlcarekes a value (grid
code) indicating to which catchment the cell belongs.The valuesponds to the value
carried by the stream segment that drains that sub catclaremt defined in the stream
segment link grid. Refer tBig.9 for the sub-catchment map that has been divided.

TOPOGRAPHIC INDEX MAP

Topographic index map has been generditgedlerrain Analysis Using Digital Elevation
Models (TauDEM) software (Tarboton, 2002). For the detail descripifotopographic
index, refer to section 4.1. Refer Q.27 for the topographic index map of the study
catchment.
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4. DETERMINATION OF TOPOGRAPHIC INDEX AND TOPMODEL
PARAMETER ‘M’

4.1 ToroGRAPHIC INDEX (TI)

4.1.1 GENERAL DESCRIPTION

The topographic index, which combines local upslope contributing area and slope, is
commonly used to quantify topographic control on hydrological processes. Topography
is a first-order control on spatial variation of hydrological conditions. It affects the
spatial distribution of soil moisture, and saturated zone flow often follows surface
topography (Burt and Butcher, 1985; Seibert et al, 1997; Rodhe and Seibert, 1999;
Zinko et al., 2005). Topographic indices have therefore been used to describe spatial soil
moisture patterns (Burt and butcher, 1985, Moore et al.,, 1991). One such index is the
topographic index ( T1) developed by Beven and Kirkby (1979) with in the runoff
model TOPMODEL. From the assumption in TOPMODEL that later transmissivity

decreases exponentially with depth, topographic index is defined as In (a/t an ﬁ)'

TI = In (a/tanﬁ) (Eq. 4.1)

Where, a, is the local upslope area draining through a certain point per unit contour
length and tanp is the local slope.

g=ar
Figure 26 : Definition of upslope area draining through point within the catchment

( Beven, 2000)
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Under uniform recharge, steady state condition, high @ means more runoff and low a
means less runoff. High tanf means higher hydraulic gradient means that there is less
back up of water and low tanf means lower hydraulic gradient means that greater back
up of water. Topographic index increases towards the stream indicating areas of
topographic convergence and areas where the water table intersects the soil zone.

4.1.2 COMPUTATION OF TOPOGRAPHIC INDEX FOR THE STUDY SITE

Computation of the topographic index for a catchment is a key problem (Beven and
Kirkby, 1979; Deng and Li, 2002) for TOPMODEL performance because its distribution is
affected by the resolution of the topography and the channel initiation threshold (CIT).

Topographic index of the 50m DEM has been computed by Terrrain Analysis Using
Digital Elevation Models (TauDEM) software (Tarboton, 2002). In the software, tanﬁ/a

has been computed to avoid divide by zero error when slope is zero.

To calculate a/t anp’ the software uses DInf. slope grid (slp) and DInf. specific catchment

grid (sca) but when the slope of the pixle is zero, connectivity in Topmodel will be lost.
To avoid such problem, the input DInf. slope grids (slp) have been adjusted by assigning

the minimum positive slope to zero slopes. The adjusted tan,B/a output of TauDEM

computation is re-computed by raster calculator to come up with the actual definition

and formula of topographic index, i.e. TI = In (a/tanﬁ)'

Topographic Index map of the Gaula catchment for 50m DEM is presented in Fig.27.
The drawback of calculating topographic index using TauDEM software is that, it
calculates specific catchment area using contributing area from all pixels upstream. The
accumulated contributing area from an upstream stream cell is routed down slope ,
because the DInf. specific catchment area grid (Sca ) algorithm does not examine
whether a given cell is on the stream or not. Therefore, this method gives unrealistic
high result of topographic index along the stream pixels.
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Gaulfoss

Legend
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Figure 27: Topographic index map of Gaula catchment for 50m Dem.

4.1.3 UPSLOPE CONTRIBUTING AREA

Calculation of upslope area depends on the way the accumulated area of upstream cells

is routed to downstream cells. TauDEM software estimation of upslope contributing areas
for the pixels along the stream link is simply routing of all tgzsh area to downstream ¢f
Fig.28 used for this study) which gives relatively high upslope areaaéttatally do not
belong to these cell$he basic assumptions of topographic index do not hold when there

is stream and, thus pixels along the stream need to be considered explicitly. The correct
definition of upslope area but not used for this study is shown in B of Fig.28.
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A. Total upslope
area

B. Local upslope
area

Figure 28 : Alternative methods of calculating upslope area ( SAULNIER, 1996)

4.2 ESTIMATION OF BASE FLOW RECESSION PARAMETER ‘M’

4.2.1 GENERAL DESCRIPTION

The base flow recession curve of a catchment, h expresses theay ir which the base
flow Qp, decreases naturally during periods without rechargarge eaporation effects, can
take varies forms depending on the nature and complexitthe catchment. Decrease
lateral tansmissivity can be expressed by one of the fotigwequation:

I. Exponential equation (in whicTOPMODEL originally developed) and ads to first order-
hyperbolic base flouMaste Recession Curve.

[l. Parabolicequation which leads to seccorder hyperbolicdbase flow Master Recessi
Curve.

[ll. Linear equation leads to exponential base fldaster recession cun

One of the paramate that control the base flow component of ttTOPLAND, is the

recession parameter ‘mThe parameter tells about the storage properties of a catchr

and how the discharge from the ground storage deplgtaslually during little or n

precipitation timelt is determined from threcession curve of the hydrogris using already
recorded flow data brgecessioranalysis.

The recession curve tellsin ageneral way about the natural storages feedingtteam. I
contains valuable information concerg storage properties and aquifer character.
Recession analysis hbasen useful in many areas of water resource plgranid manageme
including rainfallrunoff models such LTOPLAND.
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The base flow recession parameter ‘m’ at four upstream gaugeaschments has been
analyzed to see the variation of the parameter in the sub—catshnfgngauging stations of
Killingidal, Egafoss and Lillibudal a similar result has besstained and at HugdalBru a
slightly higher result is observed.

4.2. 2 RECESSION ANALYSIS

4.2. 2.1 Elements of Recession Analysis

Analysis of recession curves, taken from periods of relatively unaffectedampptranspiration,
rainfall or snowmelt inputs, will reveal which of the functions will be best dudenodeling a
particular catchment and provide estimates of the constant slope of a Bmséorin of a
recession curve against time.

The recession curve has two major components; linear componentsfafesflow and,
recession segment of base flow.

The main elements of recession analysis are presented below.

I. The three analytical expressions used to fit the recessgmest includes; exponential,
first-order hyperbola and second -order hyperbola. To know which ar@lgtipression fits
best for the data at varies gauging stations is the question that has beerdirsthés paper.

1. In humid climate like Norway, rainfall frequently interrupkee trecession period. As a
result, each discharge series produces a series of receggiens® The method and criteria
to select individual recession segment and finding characteest@ssion segment from the
recession curve has been presented to treat the high variabitioyintered in the recession
behavior of individual segments in a manageable way.

[11. There are different methods available to optimize the recegmiameters and the
matching strip method has been utilized to do so.

4.2.2.2 Characteristic curve

If there are n recession segments, then the recession ehigtagtG, can be obtained either
from the master recession curve ( a single representative or n segments) or from the
mean of each segment calculated separdap29 illustrates the two methods. Both methods
have been done and comparable results have been obtained. Since theepesstiem curve
is selected as the method, only analysis results of Master recessiorsdnchaded.
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Figure 29: Recession characteristic, Cp, estimation methods

4.2.3 MASTER RECESSION CURVE - MATCHING STRIP METHOD

4.2.3.1 Segment Selection Criteria

The first step in constructing Master Recession Curve iseli@cts appropriate recession
segments from the hydrograph. If all recessions below a gireshold are used, there is a
significant correlation between m — value and both starting valg)ea@ length of recession
(length). A decrease in (Rand an increase in length involve an increase in m-value. In order
to remove this influence, a standard recession selection criterion has eéemhesprinciples

of standard recession selection criteria are listed below.

I. The recession segments are selected from the set ei@t@eriods of minimum 10 years
flow data and 20 years flow data have been used for selection of recession segments

Il. Qo is limited to be the first value below an upper limit;(§

[ll. The upper limit (Q) is used as 0.75*ADF (Lena Tallaksen, 1989) where ADF is the
mean annual runoff.

As a principle, flow data in combination with precipitation and temtpee records are used
as a first step to define the recession periods. A minimum lefigdcession is (4-10) days
are required and 10 days have been used for the construction of the Master Recegsion C
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4.2.3.2 Matching Strip Method

Even if there are varies methods used to construct a Mastesdfat Curve including
correlation method which require uninterrupted recessions data widdfidslt to get in the
flow data record. Matching Strip Method have been adopted which ibléeto handle
interrupted recessions. It is a graphical technique that reliagbggctve visual assessment to
select the best recession curves and manually shift them toreorttigaMaster Recession
curve.

Steps involved in matching strip method:

I. The selected recession has been ranked based on their lasbrviileend flow, i.e. the
recession that takes the first rank is the one with the highest tail end flow.

Il. To establish the position of each recession with respect to thrs,adhghifting process is
adopted where recessions are considered in pairs starting with the lastassomres

[11. The lower curve of each pair is shifted in time to the pointrevbee of its values is as
near as possible to but less than, the tail-end discharge ofxtheeoession. At this point, the
curves are connected and the higher curve becomes the new lower recessixirptairing.

Precautions taken into consideration while doing matching strip methods:

I. The relative position of each recession pair has been maintdiradyliout the entire
shifting process.

[1. Equal tail-end values have been eliminated.

I11. When two or more values are identified in the lower recessidheanearest to the tail-
end of the higher curve, then the first of these values has been used to establigioits pos

The analysis results of Killingidal gauging station is showrFig.30 and 31. Refer to
Appendix 5, 6 and7 for HugdalBru, Lillebudal and Eggafoss gauging stations respectively.
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Figure 30.: Master Recession Curvefor Killingidal gauging station by matching strip

method

For linear transformation of MRC, Equation 4.2 is used. Fig.31 presents three method

of linear transformation of MRC.

1/Q=1/Qo + t/m

(Beven and Kirkby, 1979Hornberger et al.,19i

(Eq. 4.2)
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Figure 31: Different methods of linear transformation of MRC

As it is observed fronfrig.31, the natural logarithmirfQ ) linear transformation gives the
best correlation (B than other methods, which gives preliminary indication that dhter
transmissivity decrease linearly with depth as show of Fig.31. This preliminary result
contradicts with the original assumption of TOPMODEL (laterahgmissivity decreases

exponentially with depth) and therefore, further analysis has to be done.
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5. SHORT TERM EVENT SELECTION AND CALIBRATION

5.1 EVENT SELECTION CRITERIA

Depending upon the purpose of simulation and the requirement of the model.athe
different criterion for different time resolution and hydrological modglfFor the TOPLAND
hydrological model with time resolution of one hour, the followinlpc®n criteria have
been applied. Radar, gauge or gauge simulated precipitation thadtisiy ene or more of
the criterion mentioned below has been selected for calibrati@aafoss gauging station
and for assessing of the model performance at the interior lmatall gauging stations.
There is no event that is selected as validation period everaudeevents selected for
calibration are also used as validation at internal uncalibrated gaugingsta

Criterion 1

TOPMODEL, that controls the soil hydrology of TOPLAND moded, initialized by
assuming that the simulation begins after a long dry period, i.e. thara®@dftthe simulation
period has to be preceded by a number of no or little precipitationdpeso that the
contributions of flow in the streams comes only from ground water.

This criterion comes from the assumption that contribution of edsfcaichments for initial
discharge is obtained by proportioning area of each sub-catchmentateltdrainage area at
calibration point (Gaulfoss). The proportioning assumption will be trudeftotal initial
discharge source is only ground water. Therefore, the catchhmrtisot be saturated fully
at the start of simulation period.

Criterion 2

Since one of the objectives of this paper is to tryout the modshfwt-time resolution events
(hourly basis), which are potentially hazardous to the local envirdnrtten mean of the
selected event flow shall be higher than the mean flow of thespwnding year. E.g.July
2009 event.

Criterion 3

Since some events are highly localized and some are evenlpuestrithroughout a water
shade, it is important to assess the applicability of the nfodeluch events. e.g July 2006
event.
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5.2 CRITERIA AND METHODS OF RESULT COMPARISON

The process of calibration is the comparison of two data setsislodse it is comparison of
time series of measured and simulated stream flow. It is lbpselecting short term events
and comparing simulated results with the selected subset. Vdhgradng model prediction
with observed data, objective as well as hydrograph techniquesdsbeulemployed.
Hydrograph techniques are based on visual inspection of the relseltsyjective techniques
express the agreement between model and measured data using t@hemadel
performance measures. In this thesis the Nash Sutcliff IN@xCorrelation coefficient, R
and Percent Deviation, PBIAS, were used to evaluate the utilttyeainodel. These indices
are represented by the following equations.

1. Nash Sutcliff Index (Nash and Sutcliffe 1970)

n 2
NS = 1 _ 2P (Eq. 5.1)

Z;(o,-—af

2. Correlation coefficient (&

> (0-0) (Pi-P)

([Z o) ([2ee)

-]
|

2
2} (Eq. 5.2)

3. Percent Deviation (PBIAS)

> (0i=Py)
PBIAS = == _“*100 Eq. 5.
2 -,(00) 0 (Ea. 53)

P; and O; denote the simulated value and observed value respectivelyy at time step i,
and n represents the number of observations. The coefficient of efficiency, i.e. Nash-
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Sutcliffe index quantifies the relative performance of the employed model. A Nash-
Sutcliffe index of unity means that the model produces discharge data which are exactly
coinciding with the measured data. The correlation coefficient R? can be used to
compare the model prediction and the observation. The deviation of correlation R? from
one is an indication for the poor performance of model. The PBIAS gives an estimate of
the deviation of predicted stream flow from observed stream flow. R? Values closer to
unity and PBIAS value closer to zero represent good performance of the model.

5.3 CALIBRATION AND CALIBRATION PARAMETERS

The TOPLAND model includes a number of parameters which desdnibedifferent
hydrological conditions in the catchment. The parameters aretedljdaring calibration so
that attained model results approximate measured results cldkelysimulated discharge at
the interior gauging stations with the calibration point parametave been used as the
validation of the modelTable 12 lists some of TOPLAND parameters. However, for this
thesis not all the parameters were calibrated and calibragsnimited tom, ty, Vv, Rzini.,
Rzmax., and J ParametersT(@ble 12). These is because according to the simulation for
Sagelva catchment (3.14kmthese were found to be the most important parameters which
played a major part in influencing simulated stream flow. In tthésis, calibration is done
manually by trial and error.

Calibration of the model has been done for two typical eventdigdedaluly 2006 event and
evenly distributed July 2009 event) using three different precipitatiput methods, i.e.
gauge, gauge simulated and radar precipitation. For the July 2009 E€&m-2009 05:00 to
25-07-2009 20:00), all the three methods of precipitation input are used. Fhrlyh2006

event (27-07-2006 00:00 to 29-07-2006 23:00), only radar precipitation method has been
used.

There are five interior discharge gauging stations for thdaGaatchment. For the July 2009
event, three out of the five gauging stations has been used aglatioaliof the model
because of the fact that Killingidal gauging station has nongddr the above mentioned
period and Hagabru is very close to the calibration point (Gaulfesg)irgy station. For the
July 2006 event, all but Hagabru, internal gauges have been used f@littaion of the
model.
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Table12: Someof the TOPLAND model parameters

vith

tis

tical

> it

Parameters Symbol(units) Description

Saturated store sensitivity M(mm) Describes decrease of lateral transmissivity
depth.

Saturated lateral transmissivity at To(mmz/hr) Lateral transmissivity when the saturated defic

saturation zero (the soll is fully saturated).

Time constant tq (hr/m) Expresses a mean residence time for ver
flow per unit of moisture deficit.

Overland delay velocity v(m/s) The velocity that the overland flow has beforg
joins the stream.

Initial root zone storage RZinit.,(mm) The water depth equivatattthe soil has in i

before the simulation starts.

it

Maximum root zone storage

RZmax.(mm)

The maximum water depth esptivhat the soi
can store to its field capacity.

Storage capacity per unit leaf ar

€Baicap

The depth of precipitation intercepted per unit

index (mm/m?) leaf area index.

Reach length L (m) Stream length

Reach slope S Stream bed slope

Reach manning’s number n The roughness characteristic of the stream
Hydraulic geometric parameters | g_ b, coefficients that relate top width with flow ceo

sectional area

5.4 CALIBRATION AND FINDINGS OF 2009 EVENT (19-07-2009 05:00 TO 25-

07-2009 20:00)

During the precipitation period of the 2009 selected event, the sphsimibution of
precipitation is relatively uniform within the study catchment, tleere is precipitation
throughout the catchment. The contribution of flow at the calibration pant Hifferent
gauging is proportional to their catchment area. This can bégddby looking at the shape
of the hydrographs at the gauging statidhg.32 elaborates this statement.
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Figure 32: Hydrographs observed at the calibration point (Gaulfoss) and uncalibrated
interior gauging stationsfor 2009 event

From the figure it is clear that almost 20% of the total m@dke Gaulfoss gauging station is
contributed by HugdalBru gauging station that covers 20% of takdatchment area. Other
gauging stations also contributed flow which is proportional to ta#ehment area. From the
figure, it can be concluded that precipitation has occurred throughout the totaheat.

5.4.1 MoDEL CALIBRATION USING GAUGE IDW PRECIPITATION INPUT METHOD

The model is calibrated using manual method of trial and errdora@bn. The calibration
point for all calibrations is the Gaulfoss gauging station. To the best calibration
parameters, different components of the water balance have beeasuaembntrol to know
which parameter has to be altered at each calibration procéisatdbe number of trials is
reduced. Finally, the objective and hydrograph method of result compé&risead to arrive
at the final calibration parameters.

M.Sc.\ Aynalem Tassachew Tsegaw 67



Short term Distributed Hydrological Modelling of @a Catchmenl 2010

Table 13: Summary of final calibration parametersfor different precipitation input
methods

Precipitation Calibration parameters
input methods
m To \Y tq RZmax. RZinit.
(mm) (mn/hr) | (mis) (hr/mm) | (mm) (mm)
Gauge IDW
interpolation 25 18000 0.25 0.0002 10 0.0002
Bias corrected
radar 15 10000 0.25 0.0005 5 0.0002
Gauge simulated
29 10000 0.25 0.0005 12 0.0002

5.4.1.1 Objective Results

The objective results of both at calibration and uncalibrated aitetischarge gauging
stations are presentedfing.33 and 34.

= NS (R2) u Corr.(R2)

0.8 -

0.6 -

04 -

S
ag()"? :
o

Figure 33 : Nash Sutcliff Index (NS) and Correlation coefficient results of the calibration
point and uncalibrated internal dischar ge gauging stations using gauge | DW method
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m PBIAS(%)

Figure 34 : Percent deviation results of the calibration point and uncalibrated internal

gauging stations using gauge | DW method

Table 14: Summary of statisticsfor the calibration point and uncalibrated interior
dischar ge gauging stations using gauge | DW precipitation input method.

Objective methods of | At calibration Uncalibrated interior gauging stations
result comparison Gauging station :

(Gaulfoss) HugdalBru | Lillebudal Eggafoss
Average measured flow
(m’/s) 216.2 39.1 15.1 45.2
Average simulated flow
(m¥s) 235.1 37.3 13.2 57.6
Nash Sutcliff index
(NS. R) 0.97 0.92 0.94 0.52
Correlation
(Corr.R) 0.98 0.97 0.96 0.92
Percent deviation
(PBIAS , %) -8.8 4.8 12.5 -27.4

5.4.1.2 Hydrographs

Hydrograph method of result comparison have to be evaluated becabusefafttthat if the
objective result shows a very good result, it does not necessadliysnthat the observed and
simulated values are matched well at all flows of simulatiors Tan be illustrated with Nash
Sutcliff Index (NS) which is sensitive at peak flows. If NS hagery good result it may have
poor fit of the low flows when we look at the hydrograph method.
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In the following figures, hydrographs for calibration parametersadimer precipitation input
parameters are presented for the calibration point and uncalibregadr discharge gauging
stations. Calibration at the calibration point gauging stationul{Gss) has been done
independently for different precipitation inputs. The calibration paemmeof one
precipitation input method is used for another method to have a prelminsaght whether
the same parameters can be used for all precipitation input methods or not.
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Figure 35 : Hydrographsat the calibration point using gauge | DW precipitation input
with different parameters
Note:- The precipitation values are averages of the distributed input valbey. indicate

only the period on which precipitation has occurred. It has nothing to ddheitprecipitation
input magnitudes of the model.
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Figure 36: Hydrographs at the HugdalBru gauging station (uncalibrated interior
gauging station) using gauge | DW precipitation input method.
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Figure 37: Hydrograph sat Lillebudal gauging station (uncalibrated interior station)
using gauge | DW precipitation input method
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Figure 38 : Hydrographs at Eggafoss gauging station (uncalibrated interior station)
using gauge | DW precipitation input method.

5.4.1.3 Discussions

Generally, objective calibration results using Inverse Distaneghting (IDW) precipitation
input method shows a good performance of the model both at calibration aalbrated
interior gauging stations. Internal discharge gauging statigthsgdalbru and Lillebudal)
close to the rain gauge stations, gave better result thanrtherfgauging station (Eggafoss).
The negative percent deviation indicates the overestimation aiddel and positive percent
deviation shows the underestimation of the model. Van Liew et al. (20@efs that PBIAS
values of up tot25% are considered satisfactory. Nash Sutcliff index and comwalati
coefficient values> 0.8 are taken has satisfactory. The high values of N$&Rd corr. (B)
generally show that the model is able to predict stream féff@stively in periods of low and
high flows.

Eggafoss gauging station shows poor results of N &Rd PBIAS. This may be due to
uncertainties resulting from Inverse Distance Weighting methquiemfipitation interpolation
at farther gauging stations.
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In the hydrograph oFig.38, it is clear that simulated hydrograph using biasesied rada
parameters over estimates much the observed dgechamd this is an indication tr
parameters used for calibrating radar precipitatiqput may not be used for gauge IC
precipitation input methoBut parameters used for calibrating gauge simulptedipitation
input estimates the observed well and this is dication that parameters used for calibra
gauge simulated precipitationput can be used for gauge IDW precipitation inmpathod

The overestimations and unestimations shown by the objective method als@céfld well
in the hydrograph method. All the simulated hydemirs show a special trend in
recession part that etvs abrupt changfrom high flow to low flow while the observed
hydrograph shows a smooth transit

5.4.2 MoDEL CALIBRATION USING BIAS CORRECTED RADAR PRECIPITATION INPUT
METHOD

5.4.2.1 Objective Results

The bias corrected radar precipitation hasn used to calibrate the modsince the bias
uncorrected radar data un-estimates the simulated hydrographeTobjective results hay
beenshown in the following figure

B NS (R2) mCorr.(R2)

1.2
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P

Figure 39 : Nash Sutcliff Index (NS) and Correlation coefficient results of the calibration
point and uncalibrated internal gauging stations using bias corrected radar data
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Figure 40 : Percent Deviation results of the calibration point and uncalibrated internal

gauging stations using bias corrected radar data

Table 15: Summary of statisticsfor the calibration point and uncalibrated interior
gauging stations using bias corrected radar precipitation input method

Objective methods of | At calibration Uncalibrated interior gauging stations
result comparison Gauging station :

(Gaulfoss) HugdalBru | Lillebudal Eggafoss
Average measured flow
(m¥s) 216.2 39.1 15.1 45.2
Average simulated flow
(m’/s) 215.1 41.6 9.6 41.9
Nash Sutcliff index
NS (R) 0.98 0.95 0.75 0.84
Correlation
Corr.(R) 0.98 0.95 0.97 0.87
Percent deviation
(PBIAS %) 0.48 6.4 36 7.4

5.4.2.2 Hydrographs

Hydrographs of the calibration point and uncaliedainternal gauging stations has b
shown in following fgures For the calibration gauging station, bias uncosécand bia:
corrected radar precipitation data has been plottedsee how bias uncorrected ra
precipitation data under estimates simulated
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Figure4l : Hydrographsat the calibration point using bias corrected radar
precipitation input with different parameters
Note- The precipitation values are averages of the distributed inpugs/aThey indicate

only the period on which precipitation has occurred. It has nothing to ddheitprecipitation
input magnitudes of the model.
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Figure42 : Hydrograph at the HugdalBru gauging station (uncalibrated interior
gauging station) using bias corrected precipitation input method
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Figure 43: Hydrograph at Lillebudal gauging station (uncalibrated interior station)

using bias corrected radar precipitation input method
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Figure 44: Hydrograph at Eggafoss gauging station (uncalibrated interior station) using

bias corrected precipitation input method.

5.4.2.3 Discussions

The objective method of result comparison, for bias corrected radeipipation, shows a
very nice performance of the model both at the calibration point aodlibrated interior
gauging stations. From the result, it is also clear thatc#ierated model underestimated
stream flows especially for Lillebudal gauging station. Adimed! by Bandaragoda et al.
(2004), TOPMODEL, on which TOPLAND is based, has a single fundtiah models
saturated zone flow recession. Therefore, calibration of the megldts in the adjustment of
the sensitivity parameter, ‘m’, to match high flow recessratiser than low flow recessions.
This under-estimation is also reflected in the positive values of PBIAS.

Model underestimation may also be caused by uncertainties refutedbias correction
method, since the sources of error in radar precipitation is complexuicture. It may also
have been resulted from rough estimation of distributed and inittel waiables due to lack
of detail soil map of the catchment.
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From the hydrograph ofig.4l, it is clear that bias uncorrected radar precipitation
underestimates the simulated flow and it is a must that appepitg adjustment has to be
carried out before using raw radar precipitation as input to the model.

The hydrograph also shows that, calibrating bias corrected ppgagticn input using
parameters from gauge simulated precipitation, underestimatssrthkated flow. Therefore,
calibration parameters from simulated precipitation input cannot ée fos bias corrected
precipitation input method.

5.4.3 MODEL CALIBRATION USING GAUGE SIMULATED PRECIPITATION INPUT METHOD

5.4.3.1 Objective results

Figures 45 and 46 show the objective results obtained during the calibration of the model.

ENS(R2) H Corr.(R2)

0.8 -

0.7 -

0.6 -

0.5 -

04 -
0.3 -

0.2 -

Gaulfoss HugdalBru  Lillebudal Eggafoss

Figure 45: Nash Sutcliff Index (NS) and Correlation coefficient results of the calibration
point and uncalibrated internal gauging stations using gauge ssmulated precipitation
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m PBIAS (%)

Figure 46 : Percent Deviation results of the calibration point and uncalibrated internal

gauging stations using gauge simulated gauging stations

Table 16 : Summary of statisticsfor the calibration point and uncalibrated interior
gauging stations using gauge simulated precipitation input method

Objective methods of | Calibration point | Uncalibrated interior gauging stations
result comparison Gauging station .

(Gaulfoss) HugdalBru Lillebudal Eggafoss
Average Measured flow
(m¥s) 216.2 39.1 15.1 45.2
Average Simulated flow
(m’s) 208.7 26.4 11.1 47.1
Nash Sutcliff Index
(NS. R) 0.94 0.8 0.67 0.74
Correlation
(Corr.R) 0.95 0.94 0.74 0.88
Percent Deviation
(PBIAS %) 3.4 32.6 26.4 -4.2
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5.4.3.2 Hydrographs
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Figure 47: Hydrographsat the calibration point (Gaulfoss) using gauge ssmulated
precipitation input with different parameters
Note:- The precipitation values are averages of the distributed input valbey.indicate

only the period on which precipitation has occurred. It has nothing to ddheitprecipitation
input magnitudes of the model.
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Figure 48: Hydrographs at the HugdalBru gauging station (uncalibrated interior

gauging station) using gauge simulated precipitation input method
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Figure 49:Hydrographs of Lillebudal gauging station (uncalibrated interior station)

using gauge simulated precipitation input method.
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Figure 50 : Hydrographs at Eggafoss gauging station (uncalibrated interior station)
using gauge simulated precipitation input method

5.4.3.3 Discussions

All the calibration point and uncalibrated interior gauging stetishow a sharp peak with
special shape of the simulated hydrograph that cannot handle some pefathdlows. At
HugdalBru and Lillebudal gauging stations, underestimation o$ithelated flow has been
revealed both in objective and hydrograph methods of result comparigoa special trend
at the Lillebudal gauging station that may require a furthatyais of why gauge simulated
precipitation input method show such trend.

Contrary to the gauge IDW precipitation input method, the gauge sedupaecipitation
input gave a very good result at the Eggafoss gauging station vghafcouraging for its
spatial representation than gauge IDW precipitation input meth&d. thie bias corrected
radar precipitation and gauge IDW precipitation input methods, thessien hydrograph
shows abrupt change from high to low flows.
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5.5 CALIBRATION AND FINDINGS OF 2006 EVENT (27-07-2006 00:00 TO 29-07-
2006 23:00)

During the precipitation period of the 2006 selected event, the sphsimibution of
precipitation varies very much within the study catchment. Theyee@pitation in some part
of the catchment and none in another part. The contribution of flow aftieeation point
from different gauging stations is not proportional to their lvaent area. This can be
justified by looking at the shape of the hydrographs of the ggusgationsFig.51 elaborates
this statement.
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Figure51 : Hydrographs observed at the calibration point (Gaulfoss) and uncalibrated

interior gauging stations

Contrary to the 2009 event, it is clear that almost half of the total peak at the &galfiging
station is contributed by HugdalBru gauging station that coevetgy 20% of the total
catchment area. During the peak period of the selected event, atlgng stations do not
show any rise up of their hydrographs. Therefore, it can be conlctbdemost precipitation
has occurred only to 20% of the total catchment and the event is a localized, low peak type
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5.5.1 MoODEL CALIBRATION USING BIAS CORRECTED RADAR PRECIPITATION INPUT

METHOD

Since the 2006 event is localized, it is diffictdt calibrate using gauge IDW and gat
simulated precipitation input methods because & fhct that gauges cannot capt
precipitation which is confined to or some places of the study catchment while gauges
are situated somewhere else. Therefore, only magated precipitation input method
been used to tryout the performance of the m The findings of the objective ai

hydrograph methods of ret comparison have been presented in the followaugien

Tablel7 : Summary of final calibration parametersfor different precipitation input

methods
Precipitation Calibration parameters
input method

m To Vv tq RZmax | RZinit.

(mm) | (mm/hr) (m/s) (hr/mm) | (mm) | (mm)
Bias corrected
radar 25 18000 0.1 0.0005 10 0.0002
5.5.1.1 Objective Results
m NS (R2) m Corr.(R2)

1
0.8
0.6
0.4
0.2

0

-0.2
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Figure 52: Nash Sutcliff Index (NS) and Correlation coefficient results of the calibration
point and uncalibrated internal gauging stations
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Figure 53: Percent Deviation results of the calibration point and uncalibrated internal

gauging stations

Table 18 : Summary of statisticsfor the calibration point and uncalibrated interior

gauging stations using bias corrected precipitation input method.

Objective Calibration Uncalibrated interior gauging stations
methods of result | Point.
comparison Gauging

station

(Gaulfoss) HugdalBru Lillebudal | Eggafoss Killingidal
Average measurefd
flow (m?/s) 28.6 9.4 2.5 3.2 1.3
Average simulated
flow (m?/s) 27.1 8.8 1.3 2.8 1
Nash sutcliff index
(NS. R) 0.96 0.87 -0.68 0.4 0.5
Correlation
(Corr.R) 0.97 0.89 0.92 0.63 0.62
Percent deviation
(PBIAS %) 5.1 5.7 48.6 12.6 18.3
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5.5.1.2 Hydrographs
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Figure 54 : Hydrograph at the calibration point (Gaulfoss) using bias corrected radar
precipitation input method
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Figure 55: Hydrograph at the HugdalBru gauging station (uncalibrated interior gauging
station) using bias corrected radar precipitation input method
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Figure 56: Hydrographsat Lillebudal gauging station (uncalibrated interior station)

using bias corrected radar precipitation input method
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Figure 57: Hydrographs at Eggafoss gauging station (uncalibrated interior station)
using bias corrected radar precipitation input method
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5.5.1.3 Discussions

For 2006 event, only bias corrected radar precipitation input method pusdgble the
calibration process; because of the fact that calibration i€wdiffor events that confined
only to some part of the catchment while rain gauge station®@ated at non-precipitation
part of the catchment. At the calibration point gauging station {@&=a)land the HugdalBru
interior gauging station, a very good performance of the moddideasobserved with a little
overestimation of the peak flows and underestimation of low flowshdétHggafoss and
Lillebudal gauging stations, poor performance of the model has beenveths The poor
performance of the interior unclibrated gauging stations masesdted from the lumped
input of some of the initial state and recession parameterodaektof detail investigations
or the poor bias correction method adopted or the combination of the two.

5.5.2 SAMPLE ANALYSIS OF HIGHLY LOCALIZED EVENT

One of the objectives of this study is to assess the appligadilifOPLAND hydrological
modelling in handling a short term events which are highly iibedl The following figures
illustrate the assessment using an hour precipitation event onllasalbracatchment of the
study site (sub-catchment ID 24)g. 58 A, B & C shows the radar precipitation pattern for
three consecutive hours akt).60 shows the responses to these events at different selected
locations.

A. Radar precipitation pattern over Gaula catchment in mm on 25-07-2006 15:00
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B. Radar precipitation pattern over Gaula catchment in mm on 25-07-2006 16:00
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C. A radar precipitation pattern over Gaula catchment in mm on 25-07-2006 17:00
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Figure 58 : Radar precipitation distribution over gaula catchment for consecuative three
hour s of the 2006 event
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I Outlet of ID 24

Figure 59: Detail of sub-catchment ID 24 receiving a highly localized 18.5mm (red) high
magnitude precipitation on 25-07-2006 16:00

The responsat the outlet of st catchment ID 24 and other selected loces is shown in the
following figure.
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Figure 60: Responsesto the localized precipitation events at some selected locations
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From Fig.60, the outlet of sub-catchment with identification number 24 (ID 24) respinds
the localized high precipitation event with a sharp peak while atctlibration point
(Gaulfoss), this peak has been smoothed out. At the Hugdalbru antb$sggauging
stations, there is no rise of the simulated hydrograph duriagpéniod and the radar data also
shows that there is no precipitation in these sub-catchments during the spedified per

The sample analysis confirms that highly localised eventdbeamandled in the model and
their local impact can be predicted. Literatures show thatsfiesific localised event was a
thunderstorm at the sub-catchment ID 24 and caused landslide to the local area.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

6.1.1 CONCLUSIONS FOR 2006 LOCALIZED AND LOW PEAK EVENT

From the manual calibration results of the TOPLAND model on loedland low peak 2006
events, the following preliminary conclusions can be set:

>

It is difficult to calibrate such localized event using eithainrgauge or gauge
simulated precipitation methods using TOPLAND model where the geoisitain
gauges inside the study area is poor, i.e. calibration is imp@sstble there is no
precipitation in the rain gauges (there are only two rain gauigesesl at downstream
side of the catchment).

Bias corrected radar precipitation is applicable both at edidor point and internal
uncalibrated gauging stations with some limitations that maydesed by bias
correction method, lack of spatially variability of initial t&tanaps or combination of
the two.

Handling of peak flow from highly localized and short-term eventciwliannot be
handled with rain gauges, has shown a positive and encouraging reulbias
corrected radar precipitation.

For localized events, TOPLAND model can show a very good performifince
appropriate bias correction method and appropriate spatial variatiding #cession
and distributed parameters are made possible.

With the existing conditions, the TOPLAND model performance for sbkected
localized and low peak event is not as good as the uniformly distriaotetigh peak
2009 event.
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6.1.2 CONCLUSIONS FOR 2009 DISTRIBUTED AND HIGH PEAK EVENT

s All the three precipitation input methods, i.e. Gauge IDW interpolati®auge
simulated and bias corrected radar precipitation can be useérmffidor stream flow
prediction both at the calibration point and uncalibrated interior gausaigons
especially if the event is preceded by dry periods,

«» TOPLAND model has shown encouraging result for its applicalidita relatively
uniform precipitation event in Gaula catchment.

% Flows can be predicted well with little or no calibration at tinealibrated interior
internal gauging stations.

% Bias corrected radar precipitation input method is the best gfredlipitation input
methods for TOPLAND model performance both at the calibration andlibrated
interior gauging stations.

X/

s The preliminary results indicate that, calibration parametersgafige IDW
interpolation can be used interchangeably with the gauge simutatidalation
parameters with a little error.

X/

% The preliminary investigation shows that, bias corrected radaippeg@n parameters
data cannot be used for calibration of gauge IDW interpolation agegaunulated
precipitation input methods.
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6.2 OVER ALL RECOMMENDATIONS

I.Since the preliminary investigation of recession analysis shows that the lateral
transmissivity decreases linearly with depth, detailed and automated recession analysis
has to be carried out, since this is one of the factors that determine whether the original
TOPMODEL assumption has to be revised or not.

II. The Master Recession Curve analysis has been done using daily flow data by assuming
that recession analysis does not depend much on the time scale variation. The
calibration parameter ‘m’ of the TOPMODEL gave a higher result than what has been
computed. Therefore, further analysis on the dependency of recession analysis on time
scale should be done.

III. The possibility of development of perched saturated zone (local saturated zone
before the infiltrated water reaches ground water) has to be assessed so that
modification of the original TOPMODEL -TOPLAND may be possible.

IV. Detailed soil map of some representative sites has to be prepared so that initial state
maps and other input parameters like saturated lateral transmissivity (To) can be
handled by the model in distributed or semi-distributed manner.

V. Appropriate method to handle pixels of zero slope and upslope contributing area has
to be searched for computation of topographic index of the catchment.

VI. Appropriate method of computation for longitudinal slope, that used for kinematic
routing, has to be used to avoid negative and zero slope problems.

VII. A defined relation between cross sectional area versus top width has to be
developed by appropriate methods for a range of discharges at different representative
locations of the Gaula River.

VIIL. Since sources of errors in radar data has a complex nature, appropriate method of
correction has to be implemented.

M.Sc.\ Aynalem Tassachew Tsegaw 95



Short term Distributed Hydrological Modelling of @a Catchmenl 2010

M.Sc.\ Aynalem Tassachew Tsegaw

96



Short term Distributed Hydrological Modelling of @a Catchmen| 2010

REFERENCES

A.GUntner, S. Uhlenbrook, J. Seibert and Ch. Leibundgut, 1999: Multi-critedialation of
TOPMODEL in a mountainous catchment. Hydrological processes; Hydrokd2ta8, 1603-
1620.

Alphonce Chenjerayi Gusha.T.B. Hardy, 2009: Application of the distribuyddological
model, TOPNET, to the Big Darby Creek Watershed, Ohio, USA

Andreas Schild, Pratap Singh, Johannes HUbI, 1998: Application of GISydoolbgical
modelling in high mountain areas of the Austrian Alps. Hydrology,ewWatesources and
Ecology in headwaters. IAHS Publ.no.248.

Beven, K.J., Kirkby, M.J., 1979: A physically based variable contribwtireg model of basin
hydrology. Hydrological Sciences Bulletin 24(1), 43-69.

Bruno Ambroise, Keith Beven and Jim Freer,1996: Toward a generalizatiotiheof
TOPMODEL concepts: Topographic indices of hydrological sintyia Water Resources
research 95WR03716.

Christina Banedaragoda, David G. Tarboton, Ross Woods , 2004: Applicati@PHET in
the distributed model intercomparison project. Journal of Hydrology 298 (2004) 178 - 201

David Maidment and Oscar Robayo, 2002: Arc hydro tutorial prepared by ESRI.
David G. Tarboton, 2008: Terrain Analysis Using Digital Elevation Model (TaupEM

David G. Tarboton, 1997: A new Method for the Determination of Flow tilmex and
Upslope areas in grid digital elevation models. Water resources research3839{219.

David Kinner4Helena Mitasova, Robert Stallard, Russell S. Harmon, and Laura, Tom
2005. GIS -based stream network analysis for the upper Rio Chagres basin, Panama.

David Nagel, 2005: Using TauDEM streams to generate a Stream graditiet
David Nagel, Richard Cissel, Sharon Parks, 2008: TauDEM procedures and notes.

Héctor D. Rivera — Ramirez, Glenn S. Warner,and Frederick Ner&;a2002: Prediction of
master recession curves and base flow recessions in the Luqoillotdihs of Puerto rico.
Journal of the American Water Resource Association.

Iwan Holleman, 2007: Bias adjustment and long-term verificationdzrrhased precipitatiin
estimates. Royal Netherlands Meteorological Institute (KNMI), Nlatherlands.

J. G. Arnold, P.M.Allen, R.Muttiah, and G.Bernhardt, 1995: Automated base flow and
recession analysis techniques.

M.Sc.\ Aynalem Tassachew Tsegaw 97



Short term Distributed Hydrological Modelling of @a Catchmen| 2010

John B. Lindsay, 2005: The terrain analysis system: a tool for lggbororphic applications.
Hydrological processes; Hydrol.Process.19, 1123-1130.

John Snelf, Murugesu Sivapalan, Bryson Bates, 2004: Non-linear kinematic siispén
channel network response and scale effects: application of the-cihreinel concept.
Advances in Water Resources 27, 141-154.

Keith J. Bven ,2002: Rainfall — Runoff Modelling, The Primer.Chiclhegdeghn Wiley
&Sons.

Keith Beven, 1997: TOPMODEL.: A critique. Hydrological processes. Vol.11, 1069-1085

Kohei Matsunaga, Toshihiko Sugai, Tomoki Nakaya. 2009. Simple DEM-Basttds to
delineate Channel Network for Hydrogeomorphological Mapping.

L.M. Tallaksen, 1995: A review of baseflow recession analysis. Joafridldrology 165,
349-370.

Lena Tallaksen, 1989: Analysis of time variability in recessions.

Luis S. Pereira, Hans M, keller, 1982: Recession characterizatismalf mountain basins,
derivation of master recession curves and optimization of recessramegiars. IAHS
Publ.no. 138.

Madhusudan B. Shrestha and Toshitaka Miyazaki, 2006: GIS application omagdrai
network extraction.

Martyn P.Clark, David E. Rupp, Ross A.Woods, Xiaogu Zheng ,Richard R, bdrew G.
Slater, Jochen Schmidt, Michael J.Uddstrom, 2008: Hydrological datmitation with the
ensemble Kalman filter: Use of stream flow observations to apskattes in a distributed
hydrological model. Advances in Water Resources 31, 1309-1324.

Newsha K. Ajami , Hoshin Gupta, Thorsten Wagener, Soroosh Sorooshian, 200¢atiGa
of a semi—distributed hydrological model for stream flow estonahlong a river system.
Journal of Hydrology 298, 112-135.

Richard M. Vogel, Charles N. Kroll, 1996: Estimation of base flowessmn constants.
Water resource management 10: 303-320.

R.Sgrensen , U.Zinko, and J.Seibert , 2005: On the calculations of the fpogratness
index: evaluation of different methods based on field observations.

Robert Lamb and Keith Beven, 1997: Using interactive recessiga analysis to specify a
general catchment storage model. Hydrology and Earth System Scierid¥ -113.

Scann Reed, Victor Koren , Ziya Zhang, Michael Smith, Dong-June198d,; Hydrology
Laboratory, Office of Hydrologic Development, National wether Service, NQAZ2

M.Sc.\ Aynalem Tassachew Tsegaw 98



Short term Distributed Hydrological Modelling of @a Catchmen| 2010

Seibert, J., 1999: Conceptual models — fiction or representation of/Peatta Univ. Ups.,
Compressive Summaries of UPPsala Dissertations from the tyractil Science and
Technology 436.52 pp. Uppsala.ISBN 91 — 554-4402-4.

Stefan Uhlenbrook, Stefan Roser, Nils Tilch, 2004: Hydrological praaef®e meso-scale:
the potential of a distributed, conceptual catchment model. Journaldsblegy 291, 278-
296.

Sun Shufen, Deng Huiping, 2004: A study of Rainfall-Runoff response itclncant using
TOPMODEL. Advances in atmospheric Sciences, Vol.21, no.1, 87-95.

Trond Rinde, 1998: LANDPINE — A Hydrological model to simulate thkuerfce of Land —
use changes on runoff.

US Army Corps of Engineers, 1993: Introduction and Application of Kinematave
Routing Techniques Using HEC-1.

Yisak Sultan Abdella, June2005: Application and Comparison of a Distrilbiytdcblogical
Model for a Tropical and Temperate Catchment. M.Sc.Thesis, Nomvegpaversity of
Science and Technology.

M.Sc.\ Aynalem Tassachew Tsegaw 99



Short term Distributed Hydrological Modelling of @a Catchmenl 2010

M.Sc.\ Aynalem Tassachew Tsegaw 100



Short term Distributed Hydrological Modelling of @a Catchmenl 2010

APPENDIX

M.Sc.\ Aynalem Tassachew Tsegaw 101



Short term Distributed Hydrological Modelling of @a Catchmen| 2010

APPENDIX 1: BIAS CORRECTION FACTORS FOR 2006 RADAR PRECIPITATION

Gauge | Radar | correction Gauge | Radar | correction
Date data data factor Date data data factor
27/07/2006 00:00 0.0 0.0p 1. 28/07/2006 12:00 0.0 0.0p 1.00
27/07/2006 01:00 0.00 0.0p 1.4 28/07/2006 13:00 0.00 0.0p 1.00
27/07/2006 02:00 0.0(|) 0.0p 1.4 28/07/2006 14:00 2.04; 3.50 0.38
27/07/2006 03:00 0.0 0.0p 1. 28/07/2006 15:00 0.29 0.9p 0.30
27/07/2006 04:00 0.0 0.0p 1.4 28/07/2006 16:00 10.25 9.68 1.06
27/07/2006 05:00 0.0 0.0p 1. 28/07/2006 17:00 7.3 18.1p 0.40
27/07/2006 06:00 0.0 0.0p 1.4 28/07/2006 18:00 18.37 19.62 0.94
27/07/2006 07:00 0.0 0.0p 1. 28/07/2006 19:00 15.77 13.10 1.20
27/07/2006 08:00 0.0 0.0p 1. 28/07/2006 20:00 4.04 8.95 0.45
27/07/2006 09:00 0.0 0.0p 1.4 28/07/2006 21:00 5.84 453 1.29
27/07/2006 10:00 0.0 0.0p 1. 28/07/2006 22:00 0.1 0.3p 0.33
27/07/2006 11:00 0.0 0.0p 1.4 28/07/2006 23:00 0.0 0.0p 1.00
27/07/2006 12:00 0.0 0.0p 1. 29/07/2006 00:00 0.0 0.0p 1.00
27/07/2006 13:00 0.00 0.0p 1.4 29/07/2006 01:00 0.00 0.0p 1.00
27/07/2006 14:00 0.0(|) 0.0p 1.4 29/07/2006 02:00 0.0(|) 0.0p 1.00
27/07/2006 15:00 35.96 24.52 14 29/07/2006 03:00 0.0 0.0p 1.00
27/07/2006 16:00 5.14 5.1 1.4 29/07/2006 04:00 0.02 0.3p 0.06
27/07/2006 17:00 6.34 10.29 0.4 29/07/2006 05:0Q 0.0 0.0p 1.00
27/07/2006 18:00 0.81 1.55 0.5 29/07/2006 06:0 0.0 0.0p 1.00
27/07/2006 19:00 0.42 1.09 0.9 29/07/2006 07:00 0.0 0.0p 1.00
27/07/2006 20:00 0.62 2.76 0.4 29/07/2006 08:00 0.0 0.0p 1.00
27/07/2006 21:00 3.97 6.2 0.4 29/07/2006 09:0 0.0 0.0p 1.00
27/07/2006 22:00 0.13 0.4p 0.9 29/07/2006 10:00 0.0 0.0p 1.00
27/07/2006 23:00 0.0 0.0p 1.4 29/07/2006 11:00 0.02 0.88 0.02
28/07/2006 00:00 0.0 0.0p 1. 29/07/2006 12:00 0.0 0.0p 1.00
28/07/2006 01:00 0.00 0.0p 1.4 29/07/2006 13:00 0.0 0.0p 1.00
28/07/2006 02:00 0.0(|) 0.0p 1.4 29/07/2006 14:00 1.14 2.5p 0.44
28/07/2006 03:00 0.0 0.0p 1. 29/07/2006 15:00 1.0 5.31 0.19
28/07/2006 04:00 0.0 0.0p 1.4 29/07/2006 16:00 0.84 1.64 0.52
28/07/2006 05:00 0.0 0.0p 1. 29/07/2006 17:00 0.0 0.0p 1.00
28/07/2006 06:00 0.0 0.0p 1.4 29/07/2006 18:00 0.47 5.0¢ 0.09
28/07/2006 07:00 0.0 0.0p 1. 29/07/2006 19:00 1.29 4.3p 0.29
28/07/2006 08:00 0.0 0.0p 1. 29/07/2006 20:00 2.8 2.76 1.92
28/07/2006 09:00 0.0 0.0p 1.4 29/07/2006 21:00 25 3.28 0.77
28/07/2006 10:00 0.0 0.0p 1. 29/07/2006 22:00 0.0 0.0p 1.00
28/07/2006 11:00 0.00 0.0p 1.4 29/07/2006 23:00 0.00 0.0p 1.00
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APPENDIX 2: BIAS CORRECTION FACTORS FOR 2009 RADAR PRECIPITATION

Gau

ge Rad ar Gauge | Radar

data | data correction data data correction

Date (mm) | (mm) factor Date (mm) (mm) factor
19/07/2009 05:0(0 0.0p 0.00 1.00 20/07/2009 21:00 4811 24.99 1.64
19/07/2009 06:0( 0.76 3.24 0.23 20/07/2009 22:00 .038B 21.57 1.53
19/07/2009 07:0( 5.30 5.55 0.96 20/07/2009 23:00 .4BR 21.15 1.53
19/07/2009 08:0(¢ 7.0b 7.83 0.90 21/07/2009 00:00 .13B4 25.99 1.3%
19/07/2009 09:0( 7.31 7.32 1.00 21/07/2009 01:00 .03 30.61 1.2§
19/07/2009 10:0(0 2.8 1.85 1.54 21/07/2009 02:00 .2BF 29.61 1.24
19/07/2009 11:0( 0.00 0.00 1.00 21/07/2009 03:00 .091F 34.96 1.35
19/07/2009 12:0(0 0.0p 0.00 1.00 21/07/2009 04:00 .13H0 41.31 1.2
19/07/2009 13:0(0 0.0p 0.00 1.00 21/07/2009 05:00 .642 36.31 1.18
19/07/2009 14:0( 2.78 3.38 0.81 21/07/2009 06:00 .7BF 30.59 1.23
19/07/2009 15:0(0 2.76 5.75 0.48 21/07/2009 07:00 .0@5 21.39 1.22
19/07/2009 16:0( 0.86 0.78 1.11 21/07/2009 0§:00 .546 14.47 1.14
19/07/2009 17:00 0.0p 0.00 1.00 21/07/2009 09:00 .832 10.49 1.22
19/07/2009 18:0( 0.00 0.00 1.00 21/07/2009 10:00 258. 5.59 1.48
19/07/2009 19:0( 1.18 1.74 0.65 21/07/2009 11:00 8938. 4.29 0.91
19/07/2009 20:0(0 5.4b5 6.29 0.87 21/07/2009 12:00 530. 1.19 0.44
19/07/2009 21:00 10.94 8.05 1.36 21/07/2009 13:00 .100 0.26 0.38
19/07/2009 22:0(¢ 7.8Y 5.55 1.42 21/07/2009 14:00 000. 0.00 1.00
19/07/2009 23:0( 9.50 10.55 0.90 21/07/2009 15:00 .00p 0.00 1.0Q
20/07/2009 00:00  10.28 9.26 1.11 21/07/2009 16:00 .000 0.00 1.0Q
20/07/2009 01:00  10.59 9.84 1.08 21/07/2009 17:00 .000  0.00 1.0Q
20/07/2009 02:00 16.71 11.31 1.48 21/07/2009 18:00 0.00 0.00 1.00
20/07/2009 03:00 12.98 6.04 2.14 21/07/200919:00 .00p 0.00 1.0Q
20/07/2009 04:00 15.74 11.45 1.87 21/07/2009 20:00 0.00 0.00 1.00
20/07/2009 05:00 27.01 15.01 1.80 21/07/2009 21:00 0.00 0.00 1.00
20/07/2009 06:00 36.8b 18.91 1.95 21/07/2009 22:00 0.03 0.03 1.06
20/07/2009 07:00 36.4b 13.88 2.63  21/07/2009 23:00 0.00 0.00 1.00
20/07/2009 08:00  34.99 13.92 2.61 22/07/2009 00:00 0.20 0.02 8.1§
20/07/2009 09:00 42.28 17.25 2.45 22/07/2009 01:00 0.00 0.00 1.00
20/07/2009 10:00  40.8D 14.92 2.Y3 22/07/2009 02:00 0.04 0.03 1.59
20/07/2009 11:00 44.41 18.591 2.40 22/07/2009 03:00 0.00 0.00 1.00
20/07/2009 12:00 56.78 33.68 1.69 22/07/2009 04:00 0.00 0.00 1.00
20/07/2009 13:00  63.98 27.61 2.82  22/07/2009 0%:00 0.00 0.00 1.00
20/07/2009 14:00 82.99 32.17 2.68 22/07/2009 06:00 0.00 0.00 1.00
20/07/2009 15:00  80.5F 29.46 2.y4 22/07/2009 07:00 0.00 0.00 1.00
20/07/2009 16:00 72.44 25.85 2.80 22/07/2009 08:00 0.00 0.00 1.00
20/07/2009 17:00  75.82 26.07 2.91 22/07/2009 09:00 0.00 0.00 1.00
20/07/2009 18:00 74.1] 31.05 2.89 22/07/2009 1(:00 0.00 0.00 1.00
20/07/2009 19:00 75.50 35.93 2.12 22/07/2009 11:00 0.00 0.00 1.00
20/07/2009 20:00 61.3p 34.01 1.80 22/07/2009 12:00 0.00 0.00 1.00
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APPENDIX 3: SUB CATCHMENT AND STREAM REACH PROPERTIES FROM ARC HYDRO

Sub- | Next Sub- Bed Sub- | Next Sub- Bed
cat Down | number catchment Stream slope cat Down number catchment Stream slope
ID ID of pixles | area(m? length (M) | (%) ID ID of pixles | area(m? length (m) | (%)
1 -1 23206 5801500 10665.46 0.12 R6 12 45165 prisdi)y 24714.75 2.2
2 6 21118 5279500 5101.65 1.86 R7 24 17239 43@PT50 6481.549 6.50
3 6 22680 5670000 3373.833 2.08 ] 23 15b41 38825 1107.843 14.60
4 1 10951 27377500 7830.509 0.91 P9 9 34412 86@BN0O0 20537.36 1.61
5 1 39259 9814750(L 13265.43 0.87 B0 21 50854 105 20003.05 1.95
6 16 12521 31302500 8035.534 3.10 31 23 49063 i35 37706.53 2.43
7 8 14716 3679000 3522.0596 9.58 B2 21 36H28 9TRPOO0 13262.49 0.69
8 5 33 82500 262.132 1.06 33 34 18286 45715000 .3389 0.62
9 5 25695 6423750 15116.04 1.82 B4 37 37973 O4@BP5 13286.14 2.15
10 18 16880 42200000 4729.163 4.90 35 34 19839 598D 5922.971] 1.3%
11 16 48466 121165000 16538.83 0.37 36 32 30964 10009 9743.377 2.67
12 4 23187 57967500 8163.351 1.p3 37 32 140 310000 1769.239 4.17
13 17 20655 51637500 3865.2%4 5.p4 38 9 51p15 75808 26611.81 1.3¢
14 4 39427 98567500 35193.79 2.04 39 37 13p05 Iy 1575.305 3.92
15 18 43137 107842500 21945.82 163 40 42 12645 12508 226.7767 0.0
16 17 18284 45710000 6911.27 0.80 41 42 22840 PP 6803.122 0.42
17 24 3171 792750 2717.767 0.Y5 n2 30 1578 3945002248.528 4.01
18 11 1516 379000 3789.949 2.01 43 30 16853 408B25 1149.264 2.5
19 8 24373 60932500 122897 0.82 A4 29 12886 3250 1113.173 6.51]
20 11 32 80000 141.4214 0.90 15 P9 30609 76522500 960.839 2.10
21 20 28537 71342500 12948.28 0.37 46 26 23779 =)o 8914.35| 2.41
22 20 36682 91705000 13652.87 3.5 47 14 32637 12783.57| 2.41]
23 19 13074 32685000 8018.377 2.15 48 38 36R27 7HIEG| 81605284 1.7
24 19 532 133000( 662.132 0.15 19 B1 48793 12198250 17134.34 1.38
25 12 59156 147890000 19850.54 158 50 15 30436 9008 8178.25 0.44
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APPENDIX4: CROSS-SECTIONAL PROFILE DATA CLOSE TO THE GAULFOSS

GAUGING STATIONS
Distance from bank Distance from bank
(m) Elevation (m) (m) Elevation (m)
0 62 164.03 41.45
3 60 166.12 41.1
6 57 166.73 41.1
10 55 174.59 40.7
14 53 175.3 40.7
21 50 182.99 41.72
24 49 183.7 41.72
31 48 186.43 41.93
54 47 187.14 41.93
63 54.8 189.19 42.38
71 54.8 189.62 42.38
82 47 190.3 42.92
87 46.57 190.71 42.92
87.35 46.57 194.48 42.54
96.7 44.86 197.57 42.79
104.47 43.33 198.42 42.48
106.34 43.24 202.19 42.5
111.25 43.29 205.55 43.17
118.18 44.06 211.6 44.85
118.89 44.06 211.79 45.25
121.17 45.12 212.05 45.25
122.57 44,98 214.04 45.87
125.42 43.63 214.75 45.87
126.13 43.63 220.85 48.25
128.25 42.35 221.56 48.25
129.83 42.15 227.59 49.65
133.7 42 228.3 49.65
137.09 42.15 233.15 50.63
138.84 42.39 233.5 50.63
139.55 42.39 243 52
143.93 42.79 249 54
144.64 42.79 251 55
155.42 42.11 254 58
156.13 42.11 258 59
159.51 42.07 264 62.5
160.22 42.07 346.46 63.68
163.07 41.49 460 65
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APPENDIX 5: MRC AND ITS LINEAR TRANSFORMATION FOR HUGDALBRU GAUGING
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APPENDIX 6: MRC AND ITS LINEAR TRANSFORMATION FOR LILLEBUDAL GAUGING
STATION
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APPENDIX 7: MRC AND ITS LINEAR TRANSFORMATION FOR EGGAFOSS GAUGING
STATION
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