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Foreword

RS MINERVE is a softwdoe the simulation of free surface ruoff flow formation and
propagation. It models complex hydrological and hydraulic networks according to a semi
distributed conceptual scheme. In addition to particular hydrological processes such as
snowmelt, glaciermelt, surface and underground flow, hydraulic control elements (e.g.
gates, spillways, diversions, junctions, turbines and pumps) are also included.

The global analysis of a hydrologigdraulic network is essential in numerous decision
making situationsisch as the management or planning of water resources, the optimization

of hydropower plant operations, the design and regulation of spillways or the development

of appropriate flood protection concepts. RS MINERVE makes such analyses accessible to a
broad public through its usefriendly interface and its valuable possibilities. In addition,
thanks to its modular framework, the software can be developed and adapted to specific
needs or issues.

RS MINERVE contains different hydrological modelsrdofall-runoff, such asGSM
SOCONTSAGSMA GR4Jand HBV The combination of hydraulic structure models
ONBASNIB2ANEY (dz2NDAYSas>X &aLAffgleazXxo OFy I|fa
addition, ahydropower model computes the net height and the linear prese losses,

providing energy production values and total income based on the turbine performance and

on the sale price of energy. @nsumption modelcalculates water deficitbor consumptive

uses of cities, industries and/or agriculture. gructure effidency model computes

discharge losses in a structure such a canal or a pipe by considering a simple efficiency
coefficient.

The Expertmodule, specifically created for research or complex studies, enabldgpth
evaluation of hydrologic and hydraulic tdts. Time-slice simulationfacilitates the analysis

of large data sets without overloading the computer memofcenario simulation
introduced the possibility of simulating multiple weather scenarios or several sets of
parameters and initial conditions tstudy the variability and sensitivity of the model results.
Theautomatic calibrationwith different algorithms, such as the SOB, calculates the best
set of hydrological parameters depending on a udefined objective function.

RS MINERVE prograntrigely distributed to interested users. Several projects and theses
have used and are using this program for study basins in Switzerland, Spain, Peru, Brazil
France and Nepal. In addition to the research cer@®REALRNd the engineering office
HydroCosmos$SA which currently develop RS MINERVE, two universitiEsolé
Polytechnique Fédérale de Lausanaad Universitat Politécnica de Valéndollaborate to
improve RS MINERVE and use it to support postgraduate courses in Civil Engineering and
Environmental Sciences. Other collaborations, such as with tHgdrol0 Association
complement and enhance the development of RS MINERVE.
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Chapter 1 Introduction

Chapter 1. Introduction

The Routing System Il program was developed at the Laboratory of Hydraulic Constructions
(LCH) at the Ecole Polytechnique Fédérale de Lausanne (EPFL) (Dubois et aha2080;
Hernandez et al., 2007).

Theprogrampresented hereafter, RS MINERVE, is based on the same concept than Routing
System Il. RS MINERVE is developed by the CREALP and HydroCosmos SA with the
collaboration of the Laboratory of Hydraulic Constructions (LCH) at the Ecole Polgtexhni
Fédérale dd.ausanne (EPFand theUniversitat Politécnica de ValengldPV).

1.1. ManualQ structure

Thepresented Technicahanual isorganised ireight chapters:

1. Introduction

Hydrologicabnd hydraulianodels description
Performance indicators

Calibration algorithms

Visual basic&ipts

Hlesformats

Databasdormats

8. GIS formats

For the RS MINERVE software utilisatitve readercan asouseli KS w{ alLb9w=z+9
Manual (Foehn et al., 2@)L

NogbkwhN
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Chapter 2Hydrological and hydraulics models description

Chapter 2. Hydrologicaland hydraulicanodels description

This chapter presents the hydrological objects existing in RS MINERVE software.

2.1. List ofobjects

The parametersr required data(such as paired dataf all objectsare presented hereafter
Not presented objects do not require data or require data from another object or from
database.

1 Hydrology

Virtual Station(see2.2)

SnowGSM model descriptiofsee2.3)

Runoff (SWMM) model descriptidqsee2.4)

GSM model descriptiofsee2.5)

SCCONT model descriptidisee2.6)

HBV model descriptio(see2.7)

GR4J model descriptiqeee?2.8)

SAC (SACRAMENSOIL MOISTURE ACCOUNT) model descriptich Qsee

1 Rivers
o Channel routing description (s€e10)

{1 Standard:

Junction(object without parameters or paired data)

Time Series (se21])

Source(object without parameters or paired data, but only a link to the database)
Comparator(object without any parameters or paired data)

Submodel(object without any parameters or paired data)

Group Interfacgobject without any parameters or pa&id data)

O OO OO0 O OoOOo

O OO0 o0 oo

1 Structures:
0 Reservoi(see2.12
LeveiDischarge relatioMQ(see2.13)
Turbine §ee2.14)
TurbineDB(object without parameters or paired data, but only a link to the
database)
Hydropower(see2.15)
Diversion(see2.16)
Consumer (se8.17)
Structure Efficiency (se218)

O O O

O O oo

1 Regulation objects:
0 Planner(ses2.19

RS MINERMET echnical Manual Pager/ 142



Chapter 2Hydrological and hydraulics models description

2.2. Virtual Station

The object «/-Station» (which is assoated with the coordinates X, Y, Z) allows the spatial
distribution of the meteorological variables (precipitation, temperature, ETP) from available
measures or estimations of a database, with spatial reference in metric coordinates.

Tablel List of parameters and initial conditions for the virtual station

Object Name Units Description Regular Rang:
XY, Z - Coordinates of the virtual station
Search Radiu m  Search radius dhe virtualstations >0
No. min. of - Minimal number of stations used for XL
stations AYGSNLREFGA2Y O0KAIKS

wl RAdza € 0
GradientP 1/m Precipitation gradient -

a

Station Gradient T °C/m Temperature gradient -0.007 to-
0.004

Gradient ETF 1/m  Evapotranspiration gradient -

Coeff P - Multiplying correction coefficient 05t02

Coeff T °C  Adding correction coefficient -2to 2

Coeff ETP - Multiplying correction coefficient 05t02

% The precipitation and evapotranspiration gradients are function of the local conditions. Their
regular ranges have to be estimated for each studied case.

The method chosen for the spatial distribution of the precipitation, the temperature and the
ETP comsponds to theThiessen an@hepard method The first method, Thiessen, searches

the nearest meteorological station for each meteorological variable. The second one,
Shepard, searches i stations being in a search radius and calculates the meteorological
variable depending on inverse distance weighting.

Thiessen interpolation

The evaluation of a variable in a virtual station s from n meteorological stations localized at
ATMZIHIXZIY A& 2001 AYySR o0& &SI NIKthe/databdskS y S| N.
the virtual point s formally referringo the gravity centre of a subatchmen).

This method has been extended to take into account the evolution of certain meteorological
variables as a function of the altitude. Thugadients andcoefficient for precipitation,
potential evapotranspiration or temperature is also included in the method for obtaining the
final value at virtual station s, as presented in equatioristé A 3.

. ” Q0 .

' : Y ¢ ’ Al

0 #1 M%—doq a 20 (A1)
} QY A2

Y #1 BSEEY T —204 a (A2)

e Q'0"YD , v

o"YD #1 A4£E@E%—Oa a 20"YD (A.3)

with Ps: value of the preC|p|tat|on in the virtual station s [I.U.}; falue of the temperature in the
virtual station s [I.U.]; ETPvalue of the potentiabvapotranspiration in the virtual station s [I.U.}; P
value of the precipitation in the meteorological station i [I.Uy; Value of the temperature in the
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Chapter 2Hydrological and hydraulics models description

meteorological station i [I.U.]; EfRalue of the potential evapotranspiration in the meteorgical
station i [1.U.]; CoeffP precipitation coefficient]; CoeffT. temperature coefficient [°C]; CoeffETP
potential evapotranspiration coefficient][gradPs: precipitationgradient, presented in the equation
as dRdz [1/m]; gradT; temperaturegradient, presented in the equation as iz [°C/m|; gradETP
potential evapotranspiration gradient, presented in the equation as dBZPL/m]; z; altitude of the
virtual station §m a.s.l.]; z position of the meteorological statiorof the databasg¢m a.s.|].

In that case, the parameters rs (search radius) and No. min. of stations (minimal number of
stations) are not used, since only the nearest meteorological station is used.
Shepard interpolation

The evaluation of a variabia a virtual stations from n meteorologicalstations localized at
ATMIHIXZIY Aad 200GFAYSR o0& ¢6SAIKIUIAYaweend@2 NRA Y =
meteorologicalktation i of the database and thartual stations.

Qi ® W W (A4)
with x;, yi: position of the meteorological statiorof the database [m]; X Vs position of the virtual
station s[m]; d; s distance between the meteorological station i and the virtual station s [m].

The n meteorological stations for the spatial interpolation the virtual station s are
determined automatically respecting equation5AHence, the number n of meteorological
stations is variable for every pair (g). Nevertheless, a minimal number of stations used for
interpolation can be fixed by the user wiiite corresponding parameter.

Qe ol (A5)
with rs: search radius of meteorological stations [m].

The Shepard method (1968)as beenalsoextended to take into account the evolution of
the meteorological variables as a function of the altitud&radients and coefficiens for
precipitation, potential evapotranspiration or temperatuege also included in the method
for obtaining the final value at virtual station s, as presented in equatio®ioAA 8.

B 2Y34 ¢ o oP

. ) & Qo™ ¥ ~ -6
O #1 AE 2 A6)
B P
6, %ho O
B Y %Yoq a o2
3 o 0 o Q:R(@
Y #1 AL 5 s (A7)
B P
6, %ho o
B 2984 @ o YCQ(%%
0"Y0 #1 Aamyree ‘ > h (A.8)
B P
& Qo o

with Pg: value of the precipitation in the virtual station s [I.U.; Value of the temperature in the
virtual station s [I.U.]; ETPvalue of the potential evapotranspiration in the virtual station s [I.B:];
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Chapter 2Hydrological and hydraulics models description

value of theprecipitationin the meteorological station i [I.U.Ji: value of the temperature in the
meteorological station i [I.U.]; ETRalue of the potential evapotranspiration in the meteorological
station i [I.U.];CoeffR precipitation coefficient-]; CoeffT. temperature coefficient [°CICoeffETP
potential evaptranspiration coefficient{; gradPs: precipitationgradient presented in the equation
as dRdz [1/m]; gradT; temperaturegradient presented in the equation as gdz [°C/m|; gradETP
potential evapotranspiration gradient, presented in the equation as dBZL/m]; z: altitude of the
virtual station §m a.s.l.]; z position of the meteorological statiorof the database [m a.gl.

Complementary calculations for th@otential Evaporanspration (ETP)

If no ETP values are availaltethe database RSMINERVBffers also the possihily of
calculating the ETfPom different methodsdirectly at virtual stationThese methods can be
selected in theRS MINERVE Settings, on the Evapotranspiration friaigar€l).

Evapotranspiration data Evapotranspiration data

Databaze x

[ Database b |

Latitude 46 (%) only necessary for Turc, McGuinness and Cudin methods Turc *
Longitude & (%) only necessary for Turc and McGuinness meathods McGuinness
Uniform ETP= 0 {mm/d) Oudin

Unifarm ETP

Figurel Selection of the ETP calculation

The available methods are presented hereafter in detail.
a) Turc

The potential evapotranspiration proposed Byrc (1955 196]) is presented in equation
A9:

. . Y
0"YO #I A £&F% Y vm Q@ 71
O"Y0 T QY n
with ETP. potential evapotranspirationrhm/month] ; T: air temperature [°C]; Rg: global radiation
[callcrP/day] ; K: constant [].

(A.9

The constanK values:

VL ™ Q7T O0E &AAOOAO! (A10
OV ™M X QQ/ /7 OE &AAOOAO! '
Ry value is a location dependent (latitude and longitude) monthlgrage of theglobal
radiation.

The global radiationRy is obtained in [kWh/m?/day] from the Global horizontal radiation

dataset provided by theSurface meteorological and Solar Energy (SSE) web ,portal
aLR2Yyaz2NBR o6& GKS b! {! Onhitp://eosheh.larErRsa.o@dRNSTHIOS t NP
data comes as a grid (latitude and longitude) and is composed of monthly averaged values.

R, data takes into account 22 year monthly average (July 198®e 2005)The &titude and
the longitude valuesndicate the lower left corner of a 1x1 degreegion. Negative values
are south and west; positive values are north and east. Boundaries oB@1€L80 region
are -90 t0-89 (south) and180 to-179 (west). The last regip 89/180, is bounded by 89 to
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Chapter 2Hydrological and hydraulics models description

90 (north) and 179 to 180 (east). The mpdint of the region is +0.5 added to the
latitude/longitude value These data are regional averagest point data.

If the user introduces decimals to the latitude/longitude valugge RS MINERM i ogram
calculatesthe nearest integer value forgRalculations.

b) McGuinness

McGuinness et Bordne (197@)oposes next ETéalculation:
oYO #I A //_rza_:e-%(-4—cz)u yoy']
v - v
) _ oY (A11)
O"Y0 T 0 v
with ETPpotential evapotranspiration [m/d];R;: global radiation MJ/m?/day]; T.: air temperature
[d;:wk G§SNJ RSyaarides O2ya¥kyaient at bfdzporizaiion, mcRstantivalue | Ik Y
of 2.26 [MJ/kq].

Ry value is a location dependent (latitude and longitude) monthlgrage of the global
radiation.

The global radiation Rs obtained in [kWh/rfyday] from the Global horizontal radiation

dataset provided by the Surface meteorological and Solar Energy (SSE) web portal,
ALRYAaA2NBR o0& GKS b! {! Qnitp://eoshelh.larESmasa.oddSHiOS t NP
data comes as a grid (latitude anchiptude) and is composed of monthly averaged values.

Ry data takes into account 22 year monthly average (July 1988e 2005). The latitude and

the longitude values indicate the lower left corner of a 1x1 degree region. Negative values
are south and westpositive values are north and east. Boundaries of -9@-180 region

are -90 t0-89 (south) and180 to-179 (west). The last region, 89/180, is bounded by 89 to
90 (north) and 179 to 180 (east). The mpdint of the region is +0.5 added to the
latitude/longitude value. These data are regional averages; not point data.

If the user introduces decimals to the latitude/longitude values, the RS MINERVE program
calculates the nearest integer value foyddlculations.
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Chapter 2Hydrological and hydraulics models description

c) Oudin
Oudin (2004) proposedsllowing equation for the calculation of ETP:

v . .Y .Y U e
oYU # I A F¥F%4t6—— QY v
_t pTT
O"Y0 T QY v
with ETP: potential \wapotranspiration[m/d]; R.: extraterrestrial mdiation [MJ m? d¥]; T Air

temperature[°q ; “: water densitg  O2y a il l y i [KgmY dzSatet Meat ofVaparization
constant value o2.26 [MJ/kg].

(A.12

Oudin method coefficients (5 and 100) were optimized for the hydrological modedimthe
bags of a dudy realized on many worldwideatershedqOudin, 2004)

Latitude are only necessary for obtainingvidlues

The extraterrestrial radiationR. is calculated as follows:

Y o@iQit] tOFET tOBT OFIT tATOtAT10 (A13)
L~ CEYTO
Qi p TIOEAT B— (A.14
ocQu
1 AOAADAT tOAI (A.15
.. .Gt tU
1o ndEr—" @ (A.16)
ocQu
: L0 € ED o~
U cxluT omn Oa Qe €D o
: L0 € ED o~
O ¢xb—0— 0gp 0d Q&€ ED oM QDR DIOIT 0 (A.17)
, .0 € ED o~ e s o e a s s
V] cxtuT o¢ Oa QU EED owe UGN OIQW a

with dr: relative distance Su&arth[-]; o': solar declinatiorjrad]; & : Julan day[-]; y : latitude,

negative in the south hemisphefead]; W: hour angle of the sun [radinonth: month of the year1l
to 12[-] ; Dm :day of the month.

d) Uniform ETP
The user camalsosetauniform ETP for the wholsimulationperiodand forthe ertire basin
0"YD 6 ¢ QQUADYD (A18)
with X uniform ETP [mm/d].
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Chapter 2Hydrological and hydraulics models description

2.3. SnowGSM model description

The SnowGSM model Kigure 2) is composed of two suitmodels which simulate the
transient evolution of the snow pack (accumulation and melt) as a function of the
temperature (T) and precipitation (P) producing eguivalent precipitation (&) which can
be used as an input variable by tBACSMA or GR4d0del.

P T N

vy Liquid/Solid
precipitation separation

HSIID‘.‘.'
W model
SNOW
v _{_9_ ________________
M, O
Water content m
reservoir| Melt / Freeze | Snow pack
P.,
Figure2 SnowGSM model
Table2 List of parameters and initial conditions for the SA@8M model
Object Name Units Decription Regular range
Asn mm/°C/d Reference dgreeday snowmelt coefficient 0.5t0 20
Asnint mm/°C/d Degreeday snowmelt interval Oto4
AsnMin  mm/°C/d  Minimal degreeday snowmelt coefficient 0
AsnPh d Phase shift of theinusoidal function 1to 365
ThetaCri - Critical relative water content of the snow pa 0.1
bp d/mm Melt coefficient due to liquid precipitation 0.0125
Snow o o o Lo
Tcpl C Minimum critical temperature for liquid
GSM o 0
precipitation
Tcp2 °C Maximum criticatemperature for solid 4
precipitation
Tcf °C Critical snowmelt temperature
SWHi m Initial snowwater equivalentheight -
Thetalni - Initial relative water content in the snow pack -

In a first step, the precipitation is divided into a saficecipitation @sp) and into a liquid
precipitation (R) as a function of the temperaturequationsB.1 to B.3):

0 | to (B.1)
0 p | {0 (B.2)
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Chapter 2Hydrological and hydraulics models description

| ™ QQy Y
| Y'Y T°Y Y QQY YUY (B.3)
| p QQy Y

with R, liquid precipitation [L/T];a : separation factor; P: precipitation [L/T;, solid precipitation
[L/T]; T temperature [°C]; & minimum critical temperature for liquid precipitation [°Clipd
maximum critical temperature for solid precipitation [°C].

If the observed temperaturés lower than 3,1, only solid precipitation is produced. If the
temperature is higher thangl,, only liquid precipitation(Ry) is produced. If the temperature
observed is foundbetween these two critical values, liquid and solid precipitations are
produced. The solid precipitatiofy) is used as input for the snow pack, varying its content
as a function of melt or freezing. The snowmelt calculation is performed as follows, using a
time-varying degrealay snowmelt coefficientvith a lower boundaspresented inFigure3
(Griessinger et al. 2018Jagnusson et al. 2014, Slater and Clark 2005

0 i Adb no —OE&n (B4)
0 6 @&p o ty Y QY Y 85
0 0 & Y Y QY Y (B5)
Q0 TQo )

0 0 O 7TQo (B6)

0 w Qo
with A, Q(AsnSeries in RS MINERMEne-varying degreeday snowmelt coefficient [L/T/°CRAsx
referencedegreeday snowmelt coefficient [L/T/°ChAsnine degreeday snowmelt coefficieninterval
[L/T/°C] n: day of the yeafT]; Asnmin: Minimal degreeday snowmelt coefficienilL/T/°C] AsnenPhase
shift of the sinusoidal function [TiMs. snowmelt or freezing [L/Th,: precipitation coefficient due
to melt [T/L]; T critical snowmelt temperature [°CHsnow Water content of the solidraction of
snow|L]; dt: time step [T]Wsnow Water content of the liquid fraction of snow [L].

= Asnint
o 4]
Asn:
AsnMin .
ol — _ _JASnPh v
2(]'15 2(]'1?
Date

Figure3 Timevarying degreeday snowmelt coefficient
Asomin allows to fix - £ 2 6 SNJ £ A YA G The Anih Kafameted gefines e f dzS ®

(horizonta) phaseshift of the sinusoidal curve with respect to the first day of the year.
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Chapter 2Hydrological and hydraulics models description

The equivalent precipitation () is produced by the water content of the snoeq(ations
B.7to B9):

— w TO (B7)
0 0° w FQO "QCD Tt

0 Tt Q00 mTQo— — (BB)
0 — — {0 TQd QQ0 mQo— —

@ Qe 06 O 0 (B9)

with * Theta in RS MINERVE): relative water content in the snow pa&&K{ (ThetaCriin
RSMINERVE): critical relative water content in the snow pdcRy{;: equivalent precipitation [L/T].

The snow wateequivalent is then the addition ofdd,, and Winow (€quationB.10):

"Yo'O O ® (B10)
with SWE: snow water equivalent [L]

¢CKS @FNAIoftSa FT2N) G§KS AYyAlALl fThethih RIMNBERYE] |
and SWE Theparameters to adjust are 4 Asnintl Y R The parameterésnpni bpZ o, Tepa,

Tep2 and s can be assumed as constanp 1 @1 m&uF03A, Tp:1=0°C, T,,=4 °C, =0

°G Asneh=80 (corresponding to March Z1for the Northern hemisphere; use 264 for
Southern hemisphere corresponding to September) )t can be also be calibrated for
some cases.

The input variables of the model are precipitation (P) and temperature (T), the output value
is the equivalent pregpitation (R).
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2.4. Runoff (SWMM) model description

The SWMMStorm Water Management Modethodel presentechereafter was developed
by Metcalf and Eddy (1971)

SWMM:
surface

runoff

ll\_et

tH

Figure4 SWMMRunoff model

Table3 List ofparameters and initial conditions for the SWMM model

Object Name Units Description Regular Rang:
A m? Surface of runoff >0

L m Length of the plane >0

SWMM Jo - Runoff slope >0
K m*®s  Strickler coefficient 0.1to 90

Hini m Initial waterlevel downstream of the surface -

The transfer of the net intensity to an impermeable surface is carried out by the help of a
non-linear transfer reservoiFigured) depending on thequationsEl toE3:

QPO ¢t Q@ Q

O m (E1)
Q of 0iO7TH (E2)
0 "Qto (E3)

with H: runoff water level downstream of the surface [L)ii net intensity[L/T]; i: runoff intensity
[L/T]; K: Strickler coefficient{/T]; J: average slope of the plan€;[L: length of the plane [L]; A:
run-off surface [f].

The variable for the initial condition associated to the modélkighe paramete to adjust is
K The other parameters {JL, A) are supposed to be constant.

The SWMM modelsupplied bya hyetograph of net rainfall \(4;), provides a hydrograph
downstream of the surface (Q).
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2.5. GSM model description

The GSM modeF(gure5) is composed 05 sub-models,two corresponding to the 1®w-
GSMmodeland the otherthree corresponding to theglaciermodel The hereafter present
model allows areasy construction of this kind of composition.

From the inputs of precipitation (P) and temperature (T), the snow model creates an
equivalent precipitation (&) which is transferred to the glacier model. The same accounts
for the height of the snow (.y) and the temperature (T).

In the glacier model the equivalent precipitation is transferred to the linear snow reservoir
(Rn) and finally to the outlet of the subatchment (Q.ow). Besides, the suimodel of the
glacier melt creates a flow when the hetgf snow is zero (Hw=0). This glacier flow {)

is transferred to the linear glacier reservoifRnd the resulting flow (€cie) to the outlet

of the subcatchment.

The final flowm(Qot) produced by the sultatchment is the addition of theato flows (Qacier
and Qnow)-

v Liquid/Solid
precipitation separation

HSHD‘.‘.'
w | Mmodel
N _{ﬁ ________________
M., O
Water content m
reservoir| Melt / Freeze | Snow pack|
P'-‘-Cl Hsnow: T
Y
Glacier ‘ Glacier
model lP
eq GL
Y
| IHRSH | | IHRS‘? |
[ Rsn \ Rgl

anow leacier
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Chapter 2Hydrological and hydraulics models description

Figure5 GSM model

Table4 List of parameters and initial conditions for the GSM model

Object Name Units Description Regular Rang
A m’ Surface of infiltration >0
Asn mm/°C/d Reference dgreeday snowmelt coefficient 0.5t0 20
Asnint  mm/°C/d Degreeday snowmelt interval Oto4
AsnMin ~ mm/°C/d Minimal degreeday snowmelt coefficient »0
Aph d Phase shift of the sinusoidal function 1to 365
ThetaCri - Criticalrelative water content of the snow pack 0.1
bp d/mm Melt coefficient due to liquid precipitation 0.0125
Tcpl °C Minimum critical temperature for liquid precipitation 0
Tcp2 °C Maximum critical temperature for solid precipitation 4
GSM Tcf °C Criticalsnowmelt temperature 0
Adgl mm/°C/d Reference dgreedayglacier meltcoefficient 0.5t0 20
Aglint mm/°C/d Degreeday glacier melt interval Oto 4
AglMin  mm/°C/d Minimal degreeday glacier melt coefficient *0
Tcg °C Critical glacier meliemperature 0
Kal 1/d Release coefficient aflacier meltreservoir 0.1to5
Ksn 1/d Release coefficient of snowmelt reservoir 0.1to5
SWHni m Initial snowwater equivalentheight -
Thetalni - Initial relative water content in the snow pack -
Qsnowilni m/s Initial outflow of linear snow reservoir -
Qglacierlni  m?/s Initial outflow of linear glacier reservoir -

In a first step, the precipitation is divided into a solid precipitati®,)(and into a liquid
precipitation @) as a functiorof the temperature ¢quationsF.1 to F.3):

5| 0 (F1)
0 p | t0O (F2)
| ! QY Y
| Y'Y TTY Y QQY Y'Y (F.3)
| p QY Y

with P,: liquid precipitation [L/T]h: separation factor; P: precipitation [L/T};. solid precipitation
[L/T]; T temperature [°C]; & minimum critical temperaturefor liquid precipitation [°C]; bz
maximum critical temperature for solid precipitation [°C].

If the observed temperature is lower thanyTonly solid precipitation is produced. If the
temperature is higher thangf, only liquid precipitation(R,) is produced. If the temperature
observed is found between these two critical values liquid and solid precipitation are
produced. The solid precipitatio{) is used as input for the snow pack, varying its content
as a function of melt or freezinghe snowmelt calculation is performed as folloywasing a
time-varying degreaday snowmelt coefficientHigure3) (Magnusson et al. 2014, Slater and
Clark 2005)

o o) ... 1 0
. . o I o Fa
0 | AG no c OE ¢ T (F4)
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0 0 a p W to t Y "y QY Y 5
0 0 e Y Y QY Y (F5)
(0]6) ]Qo 0 0

0 0 O Qo (F-6)

0 ®w fQo
with A, Q(AsnSeries in RS MINERMEne-varying degreeday snowmelt coefficient [L/T/°CAsx
referencedegreeday snowmelt coefficient [L/T/°ChAsnine degreeday snowmelt coefficieninterval
[L/T/°C] n: day of the yeafT]; Aswvine Minimal degreeday snowmelt coefficienfL/T/°C] A, Phase
shift of the sinusoidal function [TiMs. snowmelt or freezing [L/Th,: precipitation coefficient due
to melt [T/L]; Ty critical snowmelt temperature [°Chsnon Water content of the solid fraction of
snowl[L]; dt: time step [T]Wsnow Water content of the liquid fraction of snow [L].

The Ay parameter defines the phase shift of the sinusoidal curve with respect tditse
day of the year.

The equivalent precipitation () is produced by the water content of the snoeq(ations
F.7to F.9):

— & ¥O (F7)
0 0 ® TQO QO Tl

0 m QU0 T Qo— — (F.8)
5 — — {0 TR0 QU0  mQo— —

@ TR0 b O D (F9)

with * Thetain RS MINERVE): relative water content in the snow p&&K ¢ (ThetaCriin
RSMINERVE): critical relative water content in the snow pdcRy{;: equivalent precipitation [L/T].

The equivalent precipitation & is then transferred to the linear snoweservoir (R,
generating an outflow according exjuationsF.10and F.11.

Qo 1Qo 0 O {0 (F10)
0 v t'o {6 (F11)

with Py, equivalent precipitation [L/T]; &4, level in linear snow reservoir [L;Krelease coefficient
of linear snow reservoir [1/T]; Q. outflow of linear snow reservoir JIT]; A: glacier surface L

The snow water equivalent is then the addition @fdd and W (€qQuUationF.12):
"Yo'O O W (F12
with SWE: snow water equivalent [L]

The glacier melt sumodel only provides a discharge when the snow level is zesgQH
The water intensity produced by the glacier meltqd) is transferred to the linear glacier
reservoir (R) and the resultinglischarge (@cie) at the outlet of the sukcatchment.

The glacier melt gieris defined according tequationsF.13 to F.16:

o o) .. 1 0
0 I A 0 ——OEth — F13
0 7)) No c OE¢n 500 (F13)
0 T QAY Y €10 T F14
0 5 tY Y AY Y GO D m (F14)
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TO TQ06 v o (F.15)

0 v t'O to (F.16)
with Peqei glacier melt [L/T]; 1; &I critical glacier melt temperature [°ClyAdegreeday glacier melt
coefficient [L/T/°CJ;Aqmin: Minimal degreeday glacier melt coefficienL/T/°C]; Hgqi level of glacier

melt reservoir [L]; ¢ coefficient of linear glacier reservoir [1/T];y8e: outflow of linear glacier
reservoir [E/T].

And the total discharge is the addition ofi£derand Qnow:

0 0 0 (F.I7)
with Q: total outflow [/T];

The variables forthd YA GA L £ &AAdGdzZ GA2Yy | &Thekald RS MISERVE),2
SWE H?sn and Hzgl

The parameters to adjust are®Asnins Agl, Agint , Kgrand K. The parameteré\g, by o, Teps,
Tep2, Tef @and Tgcan be assumed as constang€n @ 1 mgF03A, Tp1=0°C, T,,=4°C, &=

0 °C Teg= 0 °CAn =80 (corresponding to March 2or the Northern hemisphere; use 264
for Southern hemisphere corresponding to September).ZIhe parameter A is supposed to
be constant.

The input variables of the model atbe precipitation (P) andhe temperature (T). The
output is the total discharge (&) at the model outlet.
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Chapter 2Hydrological and hydraulics models description

2.6. SOCONTodel description

In the SOCONTodel Figure6), the Srow-GSMmodel simulates the transient evolution of

the snow pack (melt and accumulation) as a function of the temperature (T)tlnd
precipitation (P), thus providing an equivalenepipitation (R) that is used as inf by the

GR3 modelThe GR3 model also takes into account the potential evapotranspiration (ETP)
and provides the net intengitto the SWMM model

Y Liquid/Solid
precipitation separation

HSﬂD'\-\-"
W model
o I 1 _B_ ________________
M O
Water content "\/\
reservoir| Melt/ Freeze | Snow pack,
P,
ETP EIR
S T :
A J INet SWMM:
1y
IHGR3 \ ) surface
HGR3,,,, CR3: runoff
infiltration Qgrs
Y reservoir, tH
Q
——»P=
Qtat

Figure6 SOCONModel
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Table5 List of parameters and initial conditions for the SOCONT model

Object Name Units Description Regular Rang:
A m’ Surface of infiltration >0

Asn mm/°C/d Reference dgreeday snowmelt coefficient 0.5t0 20
Asnint  mm/°C/d Degreeday snowmelt interval Oto4
AsnMin  mm/°C/d Minimal degreeday snowmelt coefficient »0
AsnPh d Phase shift of the sinusoidal function 1to 365
ThetaCri - Critical relative water content of the snow pack 0.1
bp d/mm Melt coefficientdue to liquid precipitation 0.0125
Tcpl °C Minimum critical temperature for liquid 0

precipitation
Tcp2 °C Maximum critical temperature for solid 4
i precipitation

SOCON Tcf °C Critical snowmelt temperature 0
HGR3Max m Maximum height of infiltratiorreservoir Oto 2
KGR3 1/s Release coefficient of infiltration reservoir 0.00025 to 0.1

L m Length of the plane >0

Jo - Runoff slope >0

Kr m'3/s  Strickler coefficient 0.1to 90
SWHni m Initial snowwater equivalentheight -
HGR3Ini m Initial level in infiltration reservoir -

Hrini m Initial runoff water level downstream of the

surface i

Thetalni - Initial relative water content in the snow pack -

In a first step, the precipitation is divided into a solid precipitati®,)(andinto a liquid
precipitation @) as a function of the temperaturequationsG.1 to G.3):

0 | t0 (G1)
0 p | i0 (G2)
| TT QQY Y
Y Y TY Y Oy Y Y (G3)
| p QQY Y

with R,: liquid precipitation [L/T];h: separation factor; P: precipitation [L/T;. solid precipitation
[L/T]; T temperature [°C]; Tp: minimum critical temperature for liquid precipitation [°Clepd
maximum critical temperature for solid precipitation [°C].

If the observed temperature is lower thanyTonly solid precipitation is produced. If the
temperature is higher thafcy, only liquid precipitationR,) is produced. If the temperature
observed is found between these two critical values liquid and solid precipitation are
produced. The solid precipitatio{) is used as input for the snow pack, varying its content
as afunction of melt or freezingThe snowmelt calculation is performed as follpwsing a
time-varying degreaday snowmelt coefficientHigure3) (Magnusson et ak014, Slater and
Clark 2005)
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) .. 108 (G4)
OE¢n
oQu
o ep wio tY Y QY Y G5
o a "y "y QOY Y (G5)
Q0 TQo 0 O
0 0 O 7TQo (G6)
0 w TQo

with A, Q(AsnSeries in RS MINERMEne-varying degreeday snowmelt coefficient [L/T/°CRAsx
referencedegreeday snowmelt coefficient [L/T/°Chsnine degreeday snowmelt coefficieninterval
[L/T/°C] n: day of the yeafT]; Asnmin: Minimal degreeday snowmelt coefficientL/T/°C] AsnenPhase
shift of the sinusoidal function [TiMs. snowmelt or freezing [L/Th,: precipitation coefficient due
to melt [T/L]; T critical snowmelt temperature [°ChHsnow Water content of the solid fraction of
snow|L]; dt: time step [T]Wsnow Water content of the liquid fraction of snoji].

The Asnprnparameter defines the phasghift of the sinusoidal curve with respect to the first
day of the year.

The equivalent precipitation () is produced by the water content of the snoeq(ations
G.7to G9):

— & TO (G.7)
0 0 ® TQo "QCO Tt

0 T Q'QO m™TQo— — (G8)
0 — — {0 TQo6 Q00 mTQoO— —

QX Qo 0 0 0 (G9)

with * Theta in RS MINERVE): relative water content in the snow pa&&K{ (ThetaCriin
RSMINERVE): critical relative water content in the snow pdcRy;: equivalent precipitation [L/T].

The snow water equivalent is then tlaeldition of Hnowand Wnow (equationG.10):

"Yo'O O ® (G.10)
with SWE: snow water equivalent [L]
Next,the infiltration reservoilis computed as follows:

Q 0 tp ©O 7O QO ‘O

o 0w O (G11)
'o "Y'Y 'o Y@ 0 70O QQO "o (G12)
0"Y'Y 0"YD QCD (@)

Q 0 0 (G.13)
0 0 tO {6 QD 0

0 0 {0 o QD 0 (G14)
Q0 TQo Q  O°YYO0T (G.15)
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with ETP: potential evapotranspiration [L/T]yi infiltration intensity [L/T]; B equivalent
precipitation [L/T]; H: level in infiltration reservdit]; Hsrawx Capacity of infiltration reservoir [L];
ETR: ral evapotranspiration [L/T]Q: base discharge ¥[]; Ksrs release coefficient of infiltration
reservoir [1/T]; A: infiltration surface L. ixec net intensity[L/T].

The transfer of the neintensity to an impermeable surface is carried out by the help of a
non-linear transfer reservoidepending on theequationsG.16 to G.18:

aqorQo ¢t Q@ Q

o (G.16)
Q 0t 0t0o 7 td (G.17)
0 "Qto (G.18)

with H.: runoff water level downstream of the surface [Ljsi net intensity[L/T]; i: runoff intensity
[L/T]; K: Strickler coefficient f{3/T]; J: average slope of the pland;[L: length of the plane [L]; A:
run-off surface [E].

The variables for the initigl A G dzZl G A2y | &a2 OA | Thét&in RS2VMINERVER Y 2 R
SWE Herzand H. The parameters to adjust aresWAsnin bpZ ¢ ‘Ksrsz Heravax@nd K. The
parametersAgneni bpZ o, Tep, Tepz @nd Ts can be assumed as constangdon @1 mga03,
Tep1=0C, Fp2=4 °C, T = 0 °CAsnpni=80 (corresponding to March Hfor the Northern
hemisphere; use 264 for Southern hemisphere corresponding to SeptemberT2E) other
parameters (5] L, A) are supposed to be constant.

The input varibles of the model ardhe precipitation (P), the temperature (T) and the
potential evapotranspiration (ETP). The output value is the equivalent precipitatign (P

The outflow discharge (&, composed byhe base discharge (g9 andthe run-off discharge
(Q), is finally transferred to the outlet of the stdatchment.
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2.7. HBV model description

The integrated rainfaltunoff model HB\Bergstrom, 1976, 1992% composed of anow

function, a humidity reservoir and two (upper and lower) soil storage reservoirs. The

structure of the implemented model is presented in tRigure?.

P T

Y

Liquid/Solid
precipitation separation

Sno,w Hsnow
w_ | To utine
e EWH _____________
. CWH
Water content m
| reservoir| Melt / Freeze Snow pack
P
ETP = rETR
Y v )
A
y Hum
1}
FC PWP
v Soil humidity
1
v Recharge
+SU
'
SUM&X Qr
Upper Q,
v reservoir
iipm —"'i Qo
SL
v
Q
Lower
reservoir

Figure7 HBV model
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Table6 List of parameters and initial conditions for the HBV model

Object Name Units Description Regular Rang
A m’ Surface of the basin >0
CFMax mm/°C/d Melting factor 0.5t0 20
CFR - Refreezing factor 0.05
CWH - Critical relative water content of the snow pac 0.1
TT °C Threshold temperature of rain/snow Oto3
TTInt °C Temperature interval for rain/snow mixing Oto3
TTSM °C Threshold temperature for snow melt 0
Beta - Model parameter (shape coédfent) lto5
FC m Maximum soil storage capacity 0.050 t00.65
HBY PWP - Soil permanent wilting pointhreshold 0.030tol
SUMax m Upper reservoir water level threshold 0t00.10
Kr 1/d Near surface flow storage codadient 0.05t0 0.5
Ku 1/d Interflow storage coeftient 0.01t0 0.4
Ki 1/d Baseflow storage coetient 0to0 0.15
Kperc 1/d Percolation storage coatiient 0t00.8
SWHni m Initial snowwater equivalentheight -
WHIni - Initial relative watercontent in the snow pack -
Humlni m Initial humidity -
SUlIni m Initial upper reservoir water level -
SLIni m Initial lower reservoir water level -

The precipitation is first divided into snowfall (SF) and rainfall (RF) as a function of the
temperature equationsH.1 to H.3). If the observed temperature is lower thai-TTInt2,

only solid snowfall is produced. If the temperature is higher th&AT TInt2, only rainfall is
produced. If theobservedtemperature is found between these valudth rainfall and
snowfall are produced.

YO | t0 (H1)
YO p | t0 (H2)
| m QY Y'Y YYTE o
Y YY YYCE o
[ ”n {4 [ o v, e [ o [ o e \ H .3
| NYVOE B Q QY'Y YYTE 0°Y Y'Y Y'Y (H3)
P QU Y'Y YYTE O

with RFE rainfall [L/T];": separation factorP: precipitation [L/T];SE snowfall [L/T];T: temperature
[°C]; TT. threstold temperature for rain/snow [C]; TTInt temperatureinterval for rain/snow mixing
[°C].

The snowfall$F is used as input for the snow pack, varying its content as a function of melt
or freezing. The snowmelt calculation is performed as follows:

0 O O Y "YYYD QY YYD

0 670OM 00 daY YYYD QQY YYD (H4)
Q0 TQ0o YOO
0 YOO 7Qo (H5)

0 0 TQo
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with Mg, snowmelt or freezing [L/TICFMax degreeday melting factor [L/T/°C] CFR refreezing
factor [-]; TTSMcritical snowmelt temperature C]; Hsnows ShOW height [L]Wsow: Water content [L];
dt: time step [T].

The equivalent precipitationP{y) is produced by the water content of trsmow equations
H.6to HS8):

®0 & TO (H6)
0 Yoo 720 QD m

0 n QG0 QOO0 & ®'C HT)
0  ©0 6000 1o QWO T QOG0 & ®'C

Qo TQO YOO 0 (H8)

with WH relative water content in the snow pacl;[CWH critical relative water content in the
snow pack; P equivalent precipitation [L/T].

The snow water equivalent is then the addition qfddand Winow (€quationH.9):
"Yo'O O ® (H.9
with SWE: snow water equivalent [L]

The calculation of the recharge is carried out depending on a model pararBeter as
presented in equationH.10. ETRIis calculated as shown in equatidh.ll. Finally, the
humidity of the soil um) is performed taking into account the input (Equivalent
precipitation, Ry and outputs (Recharge intensity aid R as presented in equatioH.12.
Additionally, and based on Seibert (1997), parameter PWP is a rate related to parameter FC.
Thus, the height of theasl permanent wilting point thresholds calculéed multiplying PWP

by FC.

, 064 ..
E —-—— to (H.lO)
0o
0"YY O"YD 00 a MNMO6d 0 wit&#
0 OU&# (H11)
0"Y'Y O"YD MNMO6d 0 oOi&#
QOomo v oYY (H12)
Coa 1

With irecharge RESErVOIr recharge intensity [L/THumt Humidity [L]; FC Maximum soil storage
capacity [L] Beta Model parameter (shape coefficient)];[P.q: Equivalent precipitation [L/ITETR
Evapotranspiration [L/T,JETP Potential evapotranspiration [L/TPWP Soil permanent wilting point
threshold[-].

Then, near surfacéor run-off) flow is calculated depending on the watkvel in theUpper
reservoir(SU and its threshold, as well as on a flow storage coeffidient

0 FYY W 8 QWY W
o Y (H13)

with Q: Near surface flow (or ruoff flow) [I/T]; K: Near surface flow storage coefficient [1/B]tJ
Upper reservoir water level [LUa« Upper reservoir water level threshold [; Basin surface fL.

C1 CR

The Upper reservoir (or interflow reservoir), corresponding to the upper soil storage and
producing the interflow, is computed as follows:
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QVIno 0 0 o 1YY O To (H.14)
uY’-"Y T[ '

. o iy (H.15)
O 0 Y'Y (16)

with K.« Percolation storage coefficient [1/T]K,: Interflow storage coefficient [1/T] ipers
Percolation intensity [L/T]Q.: Interflow [L%/T].

Afterwards, the lower reservoir (or baseflow reservoir), corresponding to the lower soll
storage, is calculated as presented in equatibily andH.18

QVIRO Q0 i) (H17)
YO TT
0 0 ivis (H.18)

with Sk Lower reservoir water level [l Baseflow storage coefficient [1/TQ: Baseflow [E/T].

And finally the total outflow is:

5 0 0 0 (H.19)
with Qq: Total outflow [&/T].

Theinitial conditionsassociated to this model atdsnow,, WHp;, Hump;, SU, and Sly,;.. The
parameters to adjust ar€FMaxCFRCWH TT, TTInt TTSMBeta FC PWR SUnhax K, K, Kl
andKyere The parameteAis supposed to be constant.

The model inputs are the precipitationP)( the temperature ) and the potential
evapotranspirationETR. The output is the total discharge at the model outi@).
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2.8. GR4J model description

The GR4J model is a global hydrological model with four parameters developed by Perrin et
al. (2003). It is an empirical modéligure8), but its structure is similar to the conceptual
models. It takes into account the humidity and contains two reservoirs (production and
routing). Unit hydrographs are also associated for the hydrolog&adviourof the basin.

ETP Peq
]-% Y interception

n 1:;11 Pn _ Ps

E P e
A
+S
'
X1
Production
vl reservoir
i- erc '“
P :-‘—].Pr
UHI UH?2
X4 2.X4
Q9 Ql
A
+ R
v
X3 1 I
Routing
v reservoir
Qr Qd
>0 ‘
Qtot

Figure8 GR4dnodel
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Table7 List of parameters and initial conditions for the GR4J model

Object Name Units Description Regular Rang
A m’ Surface of the basin >0

X1 m Capacity of production store 0.01to 1.2

X2 m Water exchange coefficient -0.006 to 0.03

GR4J X3 m Capacity of routing store 0.01t0 0.5
X4 d UH time base -0.5t0 1

Sini m Initial water content in the production reservoir -

RiIni m Initial water level in the routing reservoir -

Thefirst calculation is the neutralization of Peq by ETP for determining a net intensity (Pn)
and a net evapotranspiratiofEn) according to equations l.1
}) € v Qno“Yu 0%  0°YD
Ot m
- (.1)
veE Mmoo
0¢&¢ 'O"Yu L QN
with Pn: net rain intensity [L/T] Peq: Equivalent precipitation [L/T] ETP potential
evapotranspiration [L/T] En : net evapotranspiration [L/T].

QM 0°Y0

When Pn is not zero, a part (Ps) of Pn feed the production reservoir (S) as presented in
equationl.2. Sinlarly, when En is not zeronavapotranspiration (§ from the production
reservoiris calculated depending on the water level in the production reservoir as described
in equationl.3.

Soip o TOATRE2O
o Q W w
O i Q¢ % O£ Q0 (-2

Yo o tOATEL0
0) @ W
Of o (1.3)

o p g'fom i}QO

with Ps: rain intensity feeding the production reservoir [L/T];: Xlaximum capacity of production
reservoir S [L] S: water content in the production reservoir [L]s Eevapotranspiratiorfrom the
production reservoifL/T].

The percolation (iPerc) flowirfgom the production reservoir ithen calculated as follows:

Y 0i oifQe
(A

N € T.

Qo Qlﬁa{)Y i oOitQot p p oot (.4)

with iPerc: percolation intensity [L/T].

Finally, the variation in the production reservoir S is obtained according to equdion
QFQO 0i Of Q0 QI &

v (1.5)
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Thequantity of water (iPr) which goes to the routing reservoir is provided by :
Q01 Q0 Qi De Oi (1.6)
with iPr: intensity flowing to the routing reservoir [L/T].

Afterwards, for the calculation of unit hydrographs, iPr is divided in two flow components:
90% ae routed by a unit hydrograph UHand a routing reservoir antD% by a symmetrical
unit hydrograph UH2. UH1 and Bldepend on parameter X4, which is the base time.

The ordinates of the hydrographs are calculated from curves SH1 and SH2, which correspond
to the cumulated hydrograph. SH1 and SH2 are defined dependinipetime step t as
presented in equatioh.7 and1.8. The ordinates of UH1 and Qldre then calculated.

YP T T® n
e wﬁ o o0 (-
Yo p AR
YO m R n
a4 Py ﬂ ) o o0 ®

¢ O (1.8)
Yo o g'f ¢ 2 e@ o cio
Yo A8 o
Yo Y v (1.9)
va Yo Yo (1.10)

with SHL hydrograph 1 from §]; SH2 hydrograph 2 from SJf t: time step [T]; X4: base timé&]}
UH1: hydrograph from SHZ][ UH2: hydrograph from SH2][

Then, at each time step k, outflows Q9 and Q1 from the two hydrographs correspond to the
convolution of previous intensities according to the repartition provided by the discretized
hydrograph and calculated as presented in equatibhsand|.12.

bw mt Y@ iQ0 (1.11)

Op ™t Y@ iQ0 (1.12)
with Q9: Unitary flow from the UH1 hydrograpf./T]; Q1: Unitary flowfrom the UH2 hydrograph
[L/T];M j: day (integer) [T]; | = integer value of X4 + 1, ph]= integewvalue of 2*X4+1 [T].

Then, an exchange function (iF) with the reimospheric outside produces an underground
water exchange according td.3 (physical interpretation of this functiois not direct). Then,
the routing reservoir (R) is emptied by a routisigcharge (@ as described in equatidri4.

Q0 (13)
Qo (]
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Y 0w QAQ0

. Q . . ..
G N - . G e, n, 1, A |.14
0 e 'Q(‘)Y dw QdQot p p = (1.14)

with iF: exchange function [L/T]X2: water exchange coefficient, positive for contributions, negative
for losses due to infiltration or zero when no exchange is produced [Lja®er level in the routing
reservoir [L] X3: one day capacity of routingeservoir [L];v N&ihNary routing reservoiroutflow
[L/T].

The variation of the water level in the routing reservisir
QYQO0 0w QO i
Y T
The outflow Q1 from hydrograpfyH2 has also the same exchange for providing the
complementaryflow Qd@

(1.15)

0@ Op QO (1.16)
with v R @ltary complementaryoutflow [L/T].

Finally, themodel outflows are calculated as presented in equatitdg and .18 and the
total flow at the outlet, Qtot, as presented in equatiba9:

01 O0ieet (1.17)
0Q 0@t d (1.18)
0DO0é@iI 0Q (1.19)

with Qr: outflow from the routing reservoilL’/T]; A: Basin surfacet. Qd: complementary outflow
[L3/T]; Qtot : total outflow [L]/T].

The variables associated to this model agga®d R,. The parameters to adjust are X1, X2,
X3 and X4. The parameter A is supposed to be constant after its calculation.

The model inputs are the equivalent precipitationdFand thepotential evapotranspiration
(ETP). The output is the total discharge at thedel outlet (Qy).
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2.9. SAGSMA model description

The SAGMA Figure90 2 NJ { !/ w! a9b¢h KeRNRBf23IAO0Ff Y2RS
(Burnash et al., 1973Burnash, 1995) to optimize humidity characteristics into the soil,
distributed into different level, with rational percolation characteristics, for an efficient
simulation of discharges. This model calculates the total dischargetfreiprecipitation (B

and the potential evapotranspiration (ETP) depending tme parameters and initial
conditionspresented inTable8.

ETP Peq
Y Y
ETRSe
" _Additional | _
Pervious Area | Impervious | Impervious Area QDirectRumet
' Area i
ETRI Infiltration ETR2
8a) g ) i e ;g
Z MNuziwc o 4 QsurfRunott
O UzfwC
N Tztw -~
» UZtWyga - T, ETR4
m ,‘J‘ thcrﬂow l:
[ vy Tension water’ Free water| ¥ i Qrot
% Percolation
(1-Pfree) Y Pfree
ETR3
-
a8 A ‘ A
pd LzfpC N
i LzfsC
O LztwC ]
: | LZEPngax .
N L Zt“f':\{ax 1 1 L ZfS Max
-~ -—

Df‘ Primary Supplementary
L Tension water E Jree rrvait‘.erE Jree water
3 L Y ' /Y
O Qprimary lQ suppl ementary
'J Qbaseﬂow

1 Qsubsurt
Figure9 SACGSMA model
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Table8 List of parameters and initial conditions for the SBIZA model

Object Name Units Description Regular Rang
A m’ Surface of the basin >0
Adimp - Maximum fraction of an additional impervious 0to 0.2
area due to saturation
Pctim - Permanent impervious area fraction 0to 0.05
Riva - Riparian vegetarian area fraction 0to 0.2
UztwMax m Upper ZonéeTension Watecapacity 0.01t0 0.15
UzfwMax m Upper Zond~ree Wateicapacity 0.005 to 0.1C
Uzk 1/d Interflow depletion rate from théJpper 0.10to0 0.75
ZoneFree Wateistorage
Zperc - Ratio of maximum and minimum percolation rate 10 to 350
Rexp - Shape parameter of the percolation curve lto4
Pfree - Percolation fraction that goes directly to the 0 t00.6
Lower Zond-ree Wateistorages
LztwMax m TheLower Zonél'ension Watecapacity 0.051t0 0.4C
SAG LzfpMax m TheLower Zongrimary Free Wateicapacity 0.03t0 0.8C
SMA LzfsMax m Thequer Zonesupplementay Free Water 0.01to0 0.4C
capacity
Rserv - Fraction ofLower Zond-ree Watemot Oto1l
transferable toLower Zond'ension Water
Lzpk 1/d Depletion rate of thd_ower ZongrimaryFree  0.001 to 0.0¢
Waterstorage
Lzsk 1/d Depletion rate of the_owerZonesupplemental 0.02t0 0.3
Free Watestorage
Side - Ratio of deep percolation frotnower Zond-ree 0to 0.5
Waterstorages
Adimlni m Initial Tension Watecontent of the Adimp area -
UztwlIni m Initial Upper Zonelension Watecontent -
Uzfwini m Initial Upper Zond-ree Watercontent -
Lztwini m Initial Lower Zonelension Watecontent -
Lzfplni m Initial Lower Zone fee supplementay content -
LzfsIni m Initial Lower Zone fee primary content -

Whenconsideringainfall over a basin, two basic basin areas taken into account

1 An impervious portion of the soil mantle covered by streams, lake surfaces, marshes
and other impervious material directly linked to the streamflow network. This area
producesimperviousand direct runoffQpjrectrunoffom any rainfall

1 A pervious portion of the soil mantle which distributes rainwater to the next
storages.In addition the pervious area can produce runoff when rainfall rates are
sufficiently heavy.

The basin may presepermanent or temporarily impervious areas, determined by:

1 The permanent impervious area fractidactim).
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1 The maximum fraction of an additional impervious area due to saturafdm{p). It
represents the maximurportion of reservoirs and temporary waterstis contained

in the basin.
Thus, the permanenpervious aredraction of the basins calculated followingquation J.1
00I Q@ 0 0o OHQQN J.2)

with Parea: permanentpervious aredraction of the basin {] ; Pctim: permanentimpervious area
fraction [] ; Adimp: maximum fraction of an additional impervious area due to saturatipn [

It is worth mentioning thathe behaviour of theadditional imperviousrea might be purely
pervious, purely impervious or mixed, depending be storage of the permanent pervious
and impervious areasthe pervious capacity (or fraction) of this area will decrease as the
rainfall grows.

As shown in thé&igure9, the SAGnodel divides the soil in 2 zones:

- An Upper Zong sub-divided in two areas that receive the infiltrated water from
rainfall.

- A lLower Zongsubdividedin 3 reservoirs, where the input is the percolation from
the Upper Zone

The maincomponentsof the model and their flow transfers are described below.
Upper ZoneTension Water storage

Thisstoragerepresents the watebound by adhesion and cohesionbetween the soil pores
as well as the water intercepted by vegetationhe water can be onlyconsumed by
evapotranspiration

The water that reaches this reservoir comes frtm rain felt into the pervious area of the
basin, butalso from transferérom the Upper Zond~ree Wateistorage

Thefollowing concepts are defined for this reservoir:

1 The Upper ZoneTension WaterMaximum capacity (UztwMax) is the maximum
Tension Watestorage admissiblan the Upper Zone

1 TheUpper ZoneTension Watefontent (Uztw(Q isthe Tension Watestored in ths
Upper Zoneat any given time.

If the relative content offension Water (ratio between its content and its maximum storage)

is smaller than the relative content dfree Watey a transfer is produced from thEree

Water storage to theTension Water storage. The expressions of these satind the

infiltration transfer are shown in equations J.2 to J.5:
Yao U6

N, L 7 n w (\]2)

Yaou0hw

Yo QU 6

V& 00 0 G (3)
. Yo QUOFE 6 0 O GYE 0 T Q0 O G
0 RN N P e it Sl (o ity "0 (J4)

‘ Ya™ QO O 0¥ 000 ww

Yaoim ifY "O (J5)
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with T: relative content ofUpper ZoneTension Watel-]; F:relative content ofUpper ZoneFree
Water [-]; Uztr: infiltration transferfrom the Free Waterstorage to theTension Watestorage[L/T];
UztwC: theUpper ZoneTensionWater storage [L]; UztwMax: thelpper ZoneTension Watecapacity
[L]; UzfwC: theJpper ZoneFree Waterstorage [L]; UzfwMax: th&lpper ZoneFree Watercapacity

IL].

Although free water is present during filling opper ZoneTension Water (by infiltratio),
this free water is rapidly transformed intdpper ZoneTension Water until tension water
relative content requirements are satisfiéd.

In addition, vhen the Upper ZoneTensionWater volume has been filledexcess moisture
above theUpper ZoneTension Vdter capacity imccumulated in théJpper ZondFree Water

Upper ZoneFree Water storage

This storage represents the water not attached to the soil particlesfeaalto move under
gravitational forcesThe water that reaches this reservoir comes from the infiltration of the
Upper ZoneTension Watestorage

Thefollowing concepts are defined:

1 The Upper ZoneFree WaterMaximum capacity (UzfwMay) is the maximumFree
Water storage admissiblan the Upper Zoe.

1 TheUpper ZoneFree WaterContent(UzfwQ is the Free Waterstored n the Upper
Zoneat any given time.

1 TheInterflow depletion rate(UzK represents the portion of théJpper ZoneFree
Water that is transferred outside as interflow.

The watermay be depleted by evapotranspiration, percolatioto the Lower Zoneor
horizontal flow(surface runoff and interflow).

On the one hand, the percolation to theower Zoneis computed prior to the interflow
computation as it is its preferred pathlt depends on tk deficiency of the_ower Zone
moisture volumes, on the soil properties, and on the water relative storage in this reservoir.
The first 2 factors define the percolation demand from thever ZongDDA). This demand
represents the percolation in case of #&btpercolation availability on th&pper ZoneFree
Water storage.

06 Gi B& QN i 0 a Qi D Q .9
DaO0DMAOVAED A QDDA QS0 &'l b d@™Ql 6
Dao00 MA QN0 DAD O

000Y 3.9

0006 06 WD® GOn QDOD"OY J.9

with PBasethe continuingpercolation rateunder saturated condition (maximal percolatipfL/T];
DDA: Lower Zonemaximum percolation demand[L/T]; Zperc: ratio of maximum and minimum

! hitp://mww.nws.noaa.gov/oh/hrl/nwsrfs/users manual/part2/ pdf/23sacsma.pdf
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percolation rates {; DEFR: relativeower Zonewater deficiency {; Rexp: shape paramet of the
percolation curve-.

The effective percolation depends on the percolation demand and the ratio between the
Upper ZoneFree Watercontent and the Upper ZoneFree Watercapacityas shown in
equation X. In addition, the effective percolation is limited by the humidity content in the
Upper Zoneand also by the deficiency in theower Zone(equations J.10 and J.11
respectively)
0 OYO 00 B ¥§ 00 8 J.9
veYo YA Q0 0 & '
0 OYOQTYd "QUI o (J.10
0OYOQ OG@oOOdAOV60A QRO d& Q60 ¢Ql O d@ Qiree (J.1)
with PERC: regbercolation [L/T];DDA:Lower Zonemaximum percolation demandL/T]; UzfwC:
Upper Zondrree Watercontent[L]; UzfwMax:Upper Zondrree Wateicapacity[L].

On the other hand, the interflowccurs only when the rate of precipitation exceed the rate
at which downward motion can occur from thépper ZoneFree Water It depends on the
water content and on its interflow depletion rate Uzk, as shown in equatiti J.

V] Ya TG QUD di DO (J.12
With Queriow: interflow [L¥/T]; Uzk interflow depletion rate from theéJpper ZoneFree water storage

[TY; UzfwC Upper ZoneFree Water contenfL]; Parea: pervious aredraction of the basin-; A:
surface of the basift?].

Moreover, when theJpper Zond-ree Waterstorageis completely fulbndthe precipitation
intensity exceedsboth the percolation rate and the maximum interflow drainage capacity,
the excess precipitation resslin surface runoff Q,runot

Lower ZoneTension Water storage

Thisstoragerepresentsthe semisaturated zone. It characterizes the volume of moisture in
the lower soils which will be claimed by dry soil particles when moisture from a wetting front
reaches that depth. The ater is camsumed through evapotranspiratioproportionally to

the remaining ETP of tHepper Zonelension Water storage.

The water reaching this reservoir comes from tbeper Zonepercolation. One fraction
(Pfree) of this percolation goes directly to the Free Wadtorages, even if the Tension
Water storage is not yet full, and the other fractionHiree) goes to the Tension Water
storage of theLower Zoné@2.The water also reaches this storafyem transfers between
the otherLower Zond-ree Waterstorages.

Thefollowing concepts are defined:

1 The Lower ZoneTension WaterMaximum capacity (LztwMaX is the maximum
Tension Watestorage admissiblan the Lower Zone

%|f the Tension Watestorageof the Lower Zoneis completely full, then percolation goestirelyto the 2 Free
Water storages
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1 Thelower ZoneTension Watelontent (LztwQ is the Tension Wateistored n the
Lower Zoneat any gien time.
If the relative content offension Water (ratio between its content and its maximum storage)
is smaller than the relative content of Free Water, the incoming excess is transferred from
Free Water to Tension Water. The expressions of both ratieslaown in equations J.13 to
J.15:
YOw Yi QDo QN0 ddx Qi 0 dw (J13)
0aovo
DaovlwOw
0a™Qnd a Qi ¥ Oow

0a™Qn 0 da Qi OO
with T: relative content ofLower ZoneTension Water-|; F: relative content of_Lower ZoneFree
Water []; RFW:.Lower ZondFree Watemot transferable toLower ZoneTension Water, susceptible

to become baseflowlL]; Rserv:raction of Lower ZoneFree Watemot transferable toLower Zone
Tensian Watef-].

(J14)

(J15)

If the relative content of the_ower ZoneTension Waters smaller than the relative fullness
of the global Lower Zong a water transfer DEL occurs frotme Lower ZoneFree
SQupplementay reservoirto the Lower ZoneTension Watereservoir asdescribed by the
following equations:
DA QNDa™Qi ®a o0 & 0w
DN 0 DB Qi 0 @@ O U I WA

(J16)

000 0 ¢ oL DY "YFIQO J17)
with DEL: the Fre@ension Water transfer in theower Zon€L/T]; R: ratio between the available

water for evapotranspiration and the total water content, in the wholever Zond-]; RFWLower
ZoneFree Watemnot transferable ta_ower Zonel'ension Water, susceptible to become baseflajv

Lower ZonePrimary andSupplementary Free Water storages

Thisstoragerepresents thesaturated zone of the subsoll, i.e. the aquifer. There are two
types ofLower Zondrree Watera primarytype with averyslow draining providing baseflow
over long periods of timeand asupplementarytype which supplements the baseflow after
a period ofrelatively recent rainfall

The water that reaches these storages comes fromRfreefraction of the percolation of
the Upper ZondFree Water. This fraction is distributed into the pripand supplementary
storages according to their deficiency of water.

Thefollowing concepts are defined:

1 ThelLower Zoneprimary Free WateMaximum capacity(LzfpMay is the maximum
primary water storage admissible in thewer Zone

1 TheLower Zongrimary Free WaterCortent (LzfpQ is the primaryFree Waterstored
in the Lower Zonat any given time.

1 The Depletion rate of the_ower Zoneprimary Free Waterstorage (LzpR is the
portion of primaryFree Watetthat drains as baseflow per day.
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1 The Lower Zone supplementaryFree WaterMaximum capacity (LzfsMay is the
maximum supplementary water storage admissible inlthe/er Zone

1 ThelLower ZonesupplementaryFree WaterCorient (Lzfs¢ isthe supplementary Free
Waterstored n the Lower Zoneat any givertime.

1 TheDepletion rate of the ower ZonsupplementaryFree Wateistorage(LzK) is the
portion of supplementary Free Water that drains as baseflow per day.

The drained water leaving these two storages (primary flow.&, and supplementary flow
Qsupplementary follows the Darcy's law and forms the baseflow of thiever ZoneQ ower zonedS
shown in equations J.18 to J.20:

0 0 & roid "QaBED T BE (J18)
0 0 @ (00 Q& G (J19)
o 0 0 (J20)

With Qgrimary: Primary basefIO\A{L3/T]; Qsupplementary SUPPlementary baseflow :[A:I' 1; Qlower zone total

baseflow produced in théower Zoneg]L}/T]; Lzpk: @pletion rate of thelower Zoneprimary Free
Water storage [T]; LzfpC:Lower Zoneprimary Free Water Conterjt]; Lzsk: dpletion rate of the
Lower ZonesupplementaryFree Waterstorage [T]; LzfsCiower Zonesupplementay Free Water
Content|[L]; Parea: pervious aredraction of the basin{; A: surface of the basinjL

The model allows including baseflow losses, called subsurface flgys,@Qdue to the
existence of geological faults, fractured rocks, etc. that leadiltrations throughout the
aquifer. TheSideparameter capturesthese losses as shown in equatio?l].

0 "Y'QaQ (J21)

with Side: ratio of deep percolation fromower Zondrree Waterstorages[-], Qoasefiow LOWEr ZOne
Free Water volume actually integrated to the channel outfloydrographs [£T]; Qsusut discharge
lost into theaquifer [I3/T].

And so his Sideparameter is used to correct the baseflow as follows:

. 0
v P YQQ0Q (922

V) Y'Q ,QL'!%W) 0 (J 23)

Evapotranspiration

The real evapotranspiratianare obtainedfrom each Tension Waterstorage from the
transfers between Free Water and Tension Water storages, figerside vegetation and
from impervious areas. Theye describedhereafter.

1 ETRL: evapotranspirationfrom the Upper ZoneTension Waterreservoir. If this
reservoir is not full, the evapotranspiration is proportional to its content (equation
J24):
oY 0o a5 6 6 (J24)

YaOoUU W
with ETP: potential evapotranspiration [L/T].
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The remaining evapotranspiration demand R&fd the updated content of water in
the Upper ZoneTension Water reservoir UztwC are then calculated

'Y'O'O O"YD O"YpY (J25)
QYa o a0 OV (J26)
1 ETR2: evapotranspiration from theUpper Zone Free Water reservoir. This

evapotranspiration is equal to the remaining RED left byTtaesion Watereservoir,
but it is limited by theUpper Zond~ree Water content UzfwC:

oYy | ElYOmR™Ya Qurk o (J27)
Then, the remaining evapotranspiration REDLz from_theer Zonds:
'YOO0 dY' 00 O"YeY (J28)

Thevariation of thewater content UzfwC in th&pper Zond-ree Watemreservoiris
defined as follows
QYa QU o 0"y (J29)

1 ETR3: evapotranspirationfrom the Lower ZoneTension Waterreservoir. The
evapotranspiration availability corresponds to the remaining evapotranspiration
demand in the_ower ZoneEvapotranspiratiom this reservoir is proportional to the
remaining evapotranspiration and to theower ZoneTension Watercontent, and
inversely proportional to thélension Watereservoirs capacity of theUpper Zone
andthe Lower Zone
OYH Y@ Gt O 05§ 0 B0 (330)

YOOUUWWwoLL W

1 ETR4: evapotranspiratiorfrom the basin covered by riverside vegetation. Riverside
vegetation absorbs the deficiency of potential evapotranspiration from theper
Zoneandthe LowerZone

O"YtY O°YD O"YpY O"Y&Y O"Yor (J31)

1 ETRS: evapotranspiratiorfrom the impervious fraction of the basin.
oYY O"YpY YOO O"Yy "6 Q76 8v4 6 b & (J32
Ya o0 0oL

@ 0"YpEQ (333)

with AdimC: sum of théJpper Zoneand Lower ZoneTension Water Content in thadimp
area [|; Vetri evapotranspirated watefrom the Upper ZoneTension Watereservoirin a
time step]L].
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Each evapotranspiration value weighted based othe portion of the basin area in which it
is producedThe total evapotranspiration ignally:

0°YYO € 0 A O°YeY O°Yor I @i QO YIYIY QU D "YIYD QQdad (J39)
with ETRtotal: totakvapotranspiration [{/T]; Parea:perviousarea fration of the basin[-]; Riva:
riparian vegetarian area fraction]] Pctim: permanent impervious area fraction of the basin [
Adimp: maximum fraction of an additional impervious area due to saturatiprA[ surface of the
basin [f].
A more detailed gude about the SAGMA equationgan be found on the following National
Weather Service linlattp://www.nws.noaa.gov/iao/iao_ SAC_SMA.php
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2.10. Channel routingdescription

The channel routing can be solved by thev8hant, MuskinguaCunge or Kinematic wave.
The three possibilities are presented hereafter and their parameterabie9.

Table9 List of parameters for the channel routing

Object Name Units Description Regular Rang:
L m  Length >0

BO m  Width of the channel base >0

m - Side bank relation coefficient (1H/mV) 0.1to1l

JO - Slope >0

Reach K m™3/s Strickler coefficient 10 to 90
N - Number of sectionsn@t for LagTime >0

Lag min Lag time (only for Lagime) 0

Qlni m°/s Initial discharge -

S. Venantrouting

The St. Venant equations solving the 1D unsteady flow are:

m (K1)

gl g3

g3 3
os| =

MO M6 v v Q0 (K2)
with A: cross sectional flow area’[LQ: discharge fIT]; J: bottom slope; J friction slope {J;
profile coefficient [£]; I: coefficient for cross sectional variatiorf][L

EquationK1 expresses the mass conservation while equakdhensures the conservation
of momentum. The term;ltakes into account the shape of the transversal profile and is
calculated as follows:

0 0 - th- Q- (K3)

The term b represents the cross sectional variation for the lévelnd constitutes an
integration variable according téigure 10. St. Venant equatits can be solved in RS
MINERVIor a trapezoidal profileRigurell):

b{m)
1]
B 7

Figure10 Descriptive sketch for parametel Figurell Transversal profile available for tr
used in the calculation of | computation of channel routing
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For this trapezoidal section, the equation defininglreduced to:
60tQ atQ
q o

with B: width of the base of the transversal profile [L]; h: water level [L]siae bank relation
coefficient(1 vertical / mhorizontal) f].

(K4)

The friction slopesds calculated according to Mannu8jrickler:
0ids
o ne (K5)
o tu tyY
0

— (K6)

with J: friction slope {]; K: Strickler coefficient {/T]; R, : hydraulic radius [L]; A: flow area?]ﬁLLp:
wetted perimeter [L].

The term } takes into account the variation of the section along the channel. In the case of a

prismatic channeblis equal to zero. In generaj,is:

Fo
o, 7, _ _ K 7
0 Q - — (K7)

For a prismatic channel, equatiokd andK2 are solved by the Euler method (ficyder) as follows:

30 . .
o 5 — 0 0 (K8)
30
. . 30 0 0 G G
L L — m =
) 3 0 o] (K9)
N ¢ o] e
30t Qtftu 30t XX o tu

with index j and j+1 representing the spatial position; exponent n and n+1 representing the time
increment; g: gravity constantf ¢ 8 T K EY € 2y IAGdzZRAY I AYONBYSy

The downstream boundary condition used byNRSIERVIES the normal flow depth.

In practice according to the physical situation to be simulated, some terms of the complete
dynamic equations can be eliminated in order to get simplified expressions without losing

precision. Applicable solutions are the diffusive and kinematic waves which arenfgdse
the following.
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MuskingumCungerouting

Ruling out the first two terms of equatid2 yields:

sto 0 O (K10)

This new equation corresponds to the approximation of the diffusive wave. With the
supplementary hypothesis of a prismatic channel (Cunge, 1991) it is possible to express
equationK 2 as follows:

O 0 QO _TFv 0 ho
T 5000 Fe (B3
with B: width of the bottom of the transversal profile [L]; D: discharge raf@]L

T (K11)

The discharge rate is the capacity of a cross section of a channel to transport a certain flow
and is defined as:

0 0 (K12)
EquationK 11 is an equation with p#al derivatives of parabolic type which represents the
convection and the diffusion of the variable Q. Hence, the flow transported with a velocity ¢
(equationK 13) and diffused with a diffusion coefficied{equationK14):

. 0
o 55%0 (K13)
(@)
K14
e (K14)

Based on the hypothesis of a clearly defined relation between the flow Q and the water level
h, equationK.11 is reduced to:

™00 :)1:j K15

To Q0 “Tw (K15)
This equation is called equation of the kinematic wave and describes the simple
convection of the flow with a velocity ¢ according to equatioh3. It can be solved by the
following numerical finite difference scheme:

W ®O0 0 p & 20 0 (K16)
Fo 30
v PA~ = PA~ v
L Jv 0 c J0 0 (K17)
Tw 3w
Applying this scheme to equati&ris yields:
®»I0 0 p ® OO0 0
630
£ap i 2EoY 5 (K18)
C C T
3w
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Chapter 2Hydrological and hydraulics models description

We can expresshe solution of this equation as a function of the unknown varialql.@”tﬁ
namely

5 e 5% 6 D (K19)
with:
LW —
e T
e e B
po T
« ~ 30
LW —
)
5 4—0 —~% (K.20)
p c‘
. " 30
Op & =
e w T
" ie o %
P C
30
, 3G K21
b = (K21)
. 0 0
o 3 5 (K22)

Here, hydraulic engineers might recognize the equation of Muskingum (Balg&gQ
corresponding to the name of the river localized in the United States where the method was
employed for the first time. The Muskingum rhetd represents an approximation by finite
differences of the equation for theilkkematic wave. This is not only an appearance since
developing the terms of equatioK.18 in terms of a Taylor series around the point (j, n)
assumingDx/Dt = ¢ and neglectinghe quadratic termsx2) the equation can be written as
follows:

T . . ThO

R s K23
o W— :D'Fﬁ) Tt ( )
5 mog & (K24)

According to this analysis proposed by Cunge (1969) it can be recognized that the
Muskingum equation is a solution in terms fifite differences of the equation of the
diffusive wave K11) under the condition of correctly introducing the value of the
parameters K and X. K is defined by equaldi and according to the celerity ¢ (equation
K24) X corresponds to:

. P &)
O - —
o QO (K25)
¢ ¢ BOWRSD :%—Q
This function of the diffusive wave implemented at present inNRSERVES capable of

solving the MuskingurCunge equation for the trapezoidal geometry of a transversal profile
according toFigurell.
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Kinematic Waverouting

In the kinematic wave model the terms of inertia and pressure of the St. Venant equations
are supposed to be negligible. As a consequence, the cinempgtathesis supposes that the
gravity forces are identical, though with an opposite sign, to the friction forces. This implies
that there is an explicit relationship between the flow and the water level (measured normal
water depth).

The equation of the cimaatic wave as presented in the previous chapter is presented as
follows:

LIy :)Tj K26

T Qb6 o " (K26)

This is a simple equation of convection which indicates that the flow Q is transported
downstream with a celerity ¢ which is defined as:

T
ﬁ
This rather simple model transports each point of the hydrograph from upstream to
downstream with a velocity c. Since no diffusive term appears in the equation the peak
discharge remains constant and is not reduced. On the contrary, the generavibeh of a

flood is modified, since high discharges are transferred downstre®re rapidly than small
ones.

&) (K27)

The initial parameters are identical to those of the model of the diffusive wave. The
geometry for the transversal profiles also corresponds ® sime than for the Muskingum
Cunge method (trapezoidal channelsgure11). Opposite to the model of the diffusive
wave, no reduction of the flood iproduced as mentioned previously. The solution is
performed according to the following equations:

5 0 0 K28
5 8 (K28)
~..30
of — K29
L otg (K29)
0 | 10 p | t0 i P
. .. P .. (K30)
0 l—tu p " to i p
Lagtime

Thelagtime modelis the simpler routing model whengpstream and downstream flows are
delayed bya fixed lag timecalledLag(in minutes)
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2.11. Time series

In this object, temporary series of flow, prpitation, temperature or ETP can be directly
introduced. The time is incorporated in seconds and the associated values in their
corresponding units, in tabular formt4s] ¢ value [depending on the series]

Tablel0 Time seriesequired data

Object Name Units Description
Series

Time Series (paired s- (depending on the series) Timec Value series
data)
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2.12. Reservoir

The transient evolution of a water volunie in a reservoir is described by the following

retention equation:
25 b
Qo

with ' : volume in the reservoilf]; Qe: inflow in the reservoit{/T]; Qs: outflow [¥/T].

(L1)

Usually, reservoirs are equipped willrbines, pumps andpillways depending on the water
level in the reservoir. To solve equatibd, it is necessary to know the outflow as a function
of the water volume" in the reservoir. This operation is possible if relation between the
water level and the water volume known (Tablell).

Tablell Reservoipaired data and initial condition required

Object Name Units Description
H-V 3 .
Reservoir (paired data) masl- m Level- Volume relation
Hini masl Initial level in the reservoir
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2.13. LevelDischarge RelationrHQ

The HQ object provides an outflow depending on a level in a reservoir. The outflow is
calculated by the help of akevelg Discharge»> relation Table12). Hence, thalischarge in

then calculated as follows
0 1 QM O

i 0 B v (M.1)

Q

0 5 O O ©°
with Qouiow - dischargeat instant n [_3/'I]; H": water level at instant n; Quuow,i: dischargeflow for

a water level HL*/T]; H: reservoir water levell].

0 v 5 O O O

Table12 HQpaired data required

Object Name Units Description

HQ
HQ (paired data)

masl-m%¥s  Level Discharge relation
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2.14. Turbine

In this object, temporargeries of flow can be directly introducéd provide an outflow in a
reservoit The time is incorporated in seconds and the associated values in their
corresponding units, in tabular formt4s] ¢ discharge. The final discharge also depends on
the levelreservoir as presented in next equations:

0 MQ0 O €170 O O ®e0i H7Q1 wp Q¢

m QO 0O 10 O O “& O 0/QI OB Qi (N.1)

C1 CR

with Qumine: discharge at instant |1_3[/'I]; H': water level at instant nl]; Quwanted - discharge flow

wanted at instant fL% T]; Hon: Threshold in the level of the reservoir to start the turbine cycle [L];
Hoff: Threshold in the level of the reservoir to stop the turbine cycle [L]; IsOperating: Planned turbine
cycle at instant t [0/1].

Table13 TimeQ paired data parameters and initial conditiorrequired

Object Name Units Descriptbn
HQ
(paired data)

masl-m%s Level- Discharge relation

Threshold in the level of the reservoir to start the

Hon masl| turbine cycle
(turbine starts when the threshold is exceeded)
HQ Threshold in the level of the reservoir to stop the
Hoff masl| turbine cycle

(turbine stops when level go below the threshold
First suggested value for the turbine cycle

IsOperatingin 0/1 (0 = not turbine; 1 = turbinelOnly taken into
account ifHoff > H >Hon

50
[ | Turbine,y | Turbine,,
sof v ' ® B | LS
gso—
T [
20
1o . . .
5 Water Altitude 5
ol e i

[ [ I [ [ | [ [ [ [ [
00:00 04:00 08:00 12:00 16:00 20:00 00:00 04:00 08:00 12:00 16:00
t (h)

Figurel2 TimeH, tubine start and stop operation.
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2.15. Hydropower

The inputs of tis object are a reservoir level and a discharge. It alseds the paired data
relation «Discharge(Q) ¢ Performanced '»Ufor the turbing the altitude (Zenta) Of the
hydropower planfthe length(L) the diameter(D)and the roughness (K¥ the pipeas well
Fa GKS 1AYySYFTGAO .gAral02arde 2F (GKS FfdzAR 6.
As outputs, lhe object calculatesot onlythe power and the revenudor each time sp, as
presented in equatioaN.1 to N3, but also the totaknergyproduced and the total obtained
revenue For this calculationt takes into account théneadlossin terms of volumetric flow

rate in a fulflowing circular pipédrom the DarcyWeisbachequation Darcy, 1857; Simmons,
20098.

\ . ) BRI

~ . . O-l
& & 4 G 70 (0.1)
bedQ — fpmrim t QO (0.2)
2 AORT G T Ok0 OK A (0.3)

with H.": net height at instant nlf]; Z..e = Water height in the reservoir at instant A} Zenyar
hydropower gant altitude L; f: friction factor []; L:length of the pipell]; Q" discharge at instant n
[L]/T); g: gravity, 9.81Lf/T]; D: diameter L]; Powef: power at instant n\\Vatté T petformance of
the turbine at instant n [%]; ReventieRevenue of the turbine at instant a [k Y]@PKic€: Price of
the energy at instant re[ K Y]g K

If the discharge actually provided to the objektydropoweris higher than the range
proposed in the relation € of this object the maximum discharge of the paired datd Q A a
taken for the energy production calculations.

Table14 Hydropower paired data and parametaexjuired

Object Name Units  Description
Q Y0 D .
(paired data) m°/s-% DischargePerformance relation
Zplant masl  Hydropower plant altitude
m Length of the pipe

Hydropower D m Diameter of the pipe

K m Roughness

A m?%s  Kinematic viscosity

Default Price euro/Kwh Default price, only used if no data exists in the datab

A defaultprice can be introduced for first approximation of the revenue. It is used only if the
object does not have a price series in the database.

For the calculation of the friction factor f of the Datdjeisbach equation, the equation of
ColebrookWhite (Colebrook ath White, 1937; Colebrook, 1938 used It ispresented in
equation NPn = g KSNBE <n aNdibdNie R&yyolds nufib®Re is presented in
equationN.5.

.. . YO c®dp
U W zAL .

~il©
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> A of§ (05)

with < Y¥fiction factor []; k: roughnesqL]; Re: Reynolds numbe#];p: velocity [/T]; F: kinematic
viscosity [%/T]

The equationN.4 is solved for the range ofistharges of the paired data'Q> LINE @A RA y 3
paired data relation ®ischarge (Q Frictionfactor ) » for user information.
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2.16. Diversion

This object needs the paired data relationndow ¢ Diverted flow» as information as well

as the incoming hydrograph. The relation describes the behaviour of the diversion and is
generated by the user, whoepforms a calculation for the behaviour of the diversion and
then creates the relation tnflow ¢ Diverted flows.

With this information, the Diversion calculates the diverted hydrograph and the downstream
hydrograph, as presented in equation M.1:

0 0 0 (P1)
with Q,,": total flow upstream at instant n/T]; Quvered: diverted flow at instant nLf/T]; Quown™
downstream flow at instant nL.f/T].

Tablel15 Diversion paired data required

Object Name Units Description

QUD'Qdiverted
(paired data)

Diversion m%s-m¥s  Upstream flow- Diverted flow relation
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2.17. Consumer

A series in the database is used as the consummaltgsnandof the Consumer objectf ho
information about consummatioS EA 8G& Ay GKS RIGFoF&Ss ¢éGKS
is used for the whole period of the simulatias uniform demand

With this information, theConsumercalculates theconsumeddischarge as well as the
downstream hydrograph, as presented in equatiei. At the same time, the object also
calculates the shortfall discharge series during the simulation period.

ct Cca Ca
C
C‘-
Q
=
C

Q1)

Cr C CR
=
o)
=
C

with Quonsumed: consumed discharge at instant I8/[T]; Qsemand: demanded consummation at instant
N [/ T); Quown™: downstreamflow at instant n [*/T]; Qyp: total flow upstream at instant i/ 7).

Tablel6 Consumer optional parameter
Object Name Units Description

Default demand of consummatioonly
usedif no data exists in the database

Consumer Default QDemand m3s
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2.18. Structure efficiency

This object needsin efficency coefficient as informatioto describe the efficiency of a
structure such a canal or a pipes well as the incoming hydrograph.

An efficiency of 1 provides ayutput flow equivalent to the inpuhydrograph An efficiency
of 0 generates a complete loss of the input.

The dowstream hydrograph is calculass presented in equation.Qand Q.2

0 O tBEALAEAEAT AU (R1)
0 O tp BEAEAEAT AU (R2)
with Q" total flow upstream at instant nLY/T]; Q.«™ lost flow at instant n [¥/T]; Qiown"
downstream flow at instant ri.{/T].

Tablel7 Structureefficiency parameterequired

Object Name Units Description
Str.ugture Efficiency - Efficiency of the structure
Efficiency
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2.19. Planner

When aplanner objects selected, ananage system igenerated Inside this object, several
Rulescan be createdAll the rules will be computed, from first one to last ome each rule
define several Conditions is possible and also create combinations between them (with AND
or OR operators). The rule will be applied if the combined condition (or an individual
condition) is satisfied.

Table18 Operabrsto combine rule conditions.

Combined condition is satisfiec
Operator when
Left condition OR Right conditic
OR .
are satisfied
Left condition AND Right
condition are satisfied

AND

A typical example gblanneris the implementation of a turbine / pump law as a function of
the water level in the reservoir. Thusome Rules should be created with different
conditions regarding to reservoir levels or, in some cases, to results from other objects

Tablel9 Plannemrequired data

Object Name Units Description

Rule to be applied
Planner Rule - regarding at least one

condition

Expression to be evaluate
Rules Condition - and if it is satisfied the

parent rule will be applied

The possibl®perators to use inside the conditiomse presented irmablel9.

Table20 Operators forule conditions.

Operator Definition
> Bigger than
>= Bigger tharor equal to
= Equal to
<= Smaller tharor equal to
< Smaller than
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Chapter 3. Performance indicators

The Comparator object provideeight indicators values, presented hereafteifhese
indicators are based on observed and simulated values. Since the Comparator object is able
to compare discharges and height variables, the descriptions below only refer to these 2
variables.

3.1. Nash coefficient

The Nasksutcliffe criteria(Nash and Sutcliffe, 197®) used to assess the predictive power
of hydrological models (Ajami et al., 2004; Schaefli and al, 2005; Jordan, 2007; Viviroli et al.,
2009; Garcia Hernandez et al., 2011). It is defined as presentegl IND.1.

. B ® 5 @ j
0 0Q p IND.1

B ® p ®

with Nash NashSutcliffe model efficiency coefficiend Xm: simulatedvariable (dischargf T] or

height [L])at time t; X:, : observedvariable (dischargeL® T] or height [L])at time t .. average
observedvariable(dischargd L/ T] or height [L]¥or the considered period

A

It varies fromk (G2 MXI @gAGK M NBLINBaSydAy3a GKS oSaid |
same performancéhan assuming the average of all the observations at each time step.

3.2. Nash coefficient for logarithm values

The NaskSutcliffe coefficient for logarithm flow valugdNashin) is used to assess the
hydrological models performance for lovalues(Krause et aJ 2005; Nobrega et al., 2011). It
is defined as presented in B§D.2.
L B 1Tl  11d 4
. AdH p — — IND.2
B 1l1d 5 1 1&

with Nashin: NashSutcliffe coefficient for log valueq.[

It varies fromk to 1, with 1 representing the best performance of the model.

3.3. Pearson Correlation Coefficient

The Pearson correlation coefficient shows the covariability of the simulated and observed
valueswithout penalizing for biasAghaKouchaland Habib, 2010; Wang et al., 2011t is
defined as presented in EGND.3.

. B &® 5y ® t&® 5 @

B O ® iB O 5

with Pearson PearsonCorrelation Coefficient-,&0 : averagesimulatedvariable (discharge[L*/T]
or height [L])¥or the considered period.

It varies from-1 to 1, with 1 representing the best performance of the model.
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3.4. KlingGupta Efficiency

The KlingGupta efficiency (Gupta et al., 2009) provides an indicator which facilitates the
global analysis based on different components (correlation, bias and variability) for
hydrological modelling issues.

Kling et al. (2012proposed a revised versioof this indcator, to ensure that the bias and
variability ratios are not crossorrelated. This updateis proposed as indicatofin
RSMINERVHEEQ.IND.4)

L 0@ p O p [ p rop IND4

with YD9 QY Y 2 Rstattic $]R: corréla@ion coefficient between simulated angference
values {6 T ratio Wetween the mean of the simulated values and the mean ofr#fierenceones|-]
T 'Y @ NXI datiofbatwiedn tielcdeffickit of Vatidion>f the simulated valuesl ahe
coefficient of variation of theeferenceones[-].

It varies from 0 to 1, with 1 representing the best performance.

3.5. Bias Score

The Bias Scor@S)is a symmetric estimation of the match between the average simulation
and average observation (Wangad., 2011). It is defined as presented in BND5.

(V] w
with BS Bias Score]|
It varies fromk to 1, with 1 representing the best performanoéthe model

3.6. Relative Root Mean Square Error

The Rlative Root Mean Square Error RRISEis defined as the RMSE normalized to the
mean of the observed values (Feyen et al., 2000¥&sk et al., 2005; Heppner et al., )0
and is presented in E¢ND.6

B & 5 ® §

IND6

€
YYD YO =
A

with RRMSE: relative RMSE f: number of values].
LG OFNARSa FTNRBY n (2 bgkd ¢KS avYlrftfSNI wwa{93

3.7. Relative Volume Bias

TheRelative Volume Bias(RVB, sometimes called differentycorresponds in this casto the
relative error between the simulated and the observed volumes during the studied period
(Ajami and al, 2004; Schaedind al, 2005; Moriasi et al., 200AghaKouchaland Habib,
2010 according to Eq. INR. This indicator isenvisagedfor the comparison between
observed and simulated discharges.
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.. B 0y o
Ywo - IND./
B W j

with RVB: relative volume bias between forecast and observation for the considered pdridd [
usually correspondintp the discharge variable

The RVB varies from 12 bk ® 'y AYRSE ySIENI 42 TSNP AYRA
simulation. Negative values are returned when simulatadableis, in average, smaller than

the average of the observedne (deficit mode), while positive values mean the opposite
(overage model).

3.8. Normalized Peak Eor

TheNormalized Peak ErroNPE indicates the relative error between the simulated and the
observedmaximum valuegMasmoudi and Habaieb, 1993; Sun and al, 2000; Ajami and al
2004; Gabellani and al, 2007). It is computed according tBITNO.INDLO.

N Y

600 —o—— IND8
Y -5 IND9
Y T b IND10

with NPE: relative error between simulated and observed pedle[-]; Smax: maximum simulated
value (dischargegLT] or height [L]) for the studied periodR,.: maximum observedvalue
(dischargdL*/T] or height [L])for the studied period.

The NPE variesfromi 2 bk ® bS3I GAGBS O IniaxindumsintulbtBdvald G dzNy S
is below the observed one, while positive values mean the opposite. Values near to zero
indicate a good performance of simulated peaks regarding observed ones.

Warning : The indicator is computed over the entire simulation periadd the absolute
maximum of the simulated and the observed pealiee considered This indicator should
therefore be used with care when simulating over long periods of time.
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Chapter 4. Expert module- Calibrationalgorithms

4.1. Introduction to the calibration module

The moduleCalibratorof the RS Experframe has been implemented for calibrating the
parameters of the hydrological model. This module wme®bjective function defined by the
user anddifferent algorithms to solve it.

The first algorithm, te Shuffled Complex EvolutianUniversity of Arizona (SQER) is a

global optimization method (Duan et al., 1992, 1993) based on a synthesis of the best
features from several existing algorithms, including thenetic algorithm, and introduces

the concept of complex information exchange,-cled complex shufflingThe SCEUA
method was designed for solving problems encountered in conceptual watershed model
calibration (Hapuarachchi H.A.P. et al., 2001; Ajamal., 2004; Muttil and Liong, 2004;
Blasone et al., 2007), but has also been satisfyingly used in water resources management
(Zhu et al., 2006; Lin et al., 2008; Wang et al., 2010).

The second algorithris a variation of théAdaptiveMarkov Chain Monte&Carlg used since it

can be interesting for solving complex problems in high dimensional spaces (Gilks et al.,
1996; Liu, 2001)t has been modifiedo an Uniform Adaptative Monte Carlo (UAM@ Yhis
program to adjust the solution space after a definetbup of simulations up to the
convergence of the optimization. Variations of the Monte Carlo metaAusually used in
hydrological problem for parameterization optimizatiovirggt and al., 2003jeremiah and
al.,2012.

The third and last algorithm useth RSMINERVE is the Coupled Latin Hypercube and
Rosenbrock (CLHR) It couples the Latin Hypercube algorithm (McKay et al., 1979) with the
Rosenbrock algorithm (Rosenbrock, 1960), generating a powerful tool for optimization of
complex problemsThe latin hpercube algorithm has been usually used in hydrology for
sampling the initial parameter space, combined the with other methods (van Griensven et al,
2006; Kamali et al., 2013 Rosenbrockalgorithm ha been also used for hydrological
parameters optimisatio (Abbot @ Refsgaard, 1996r optimization of numerical functions
(Kang et al., 2011)

4.2. Objective function

A flexible objective functiofOF)has been developed for the module of calibration aiming to
be adaped i 2 U K Srequizén&ndThe indicatorpresented in Chapter 4 are used in
this OF, ach one weighted with a value defined by the uskal{le21).
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Table21 Weightsof the indicators for the objective function

Indicator Weight Range of Values Ideal value
Nash W1 «x 02 m 1

Nashin W «x 02 m 1

Pearson Correlation Coefficient W3 -1tol 1
KlingGupta Efficiency (KGE) Wy «x 02 ™ 1

Bias Score (BS) W5 -k tol 1

Relative Root Mean Square Er W 002 bk 0
(RRMSE)

RelativeVolume BiasRVB) W7 K e

NormalizedPeak ErrorNPE) Wg K e

The OF is presented in EQF1 and takesinto account the ideal values of each indicator.
Thus, the OF searches to maximize first four indicators (Nash;INaBkrarsonKlingGupta
and BS}incetheir ideal value is equal to the maximum possible value abhthe same time,
to minimize the value or the absolute value for tlast three indicators (RRMSE, RVBEN
since their ideal value corresponds to zero.

VOl AAGE . AOEG T 0OAAGOT T+ & " d0 OF1
Y2-3t% L6f0s s 0% s

4.3. Shuffled Complex Evoluatior University of Arizona

Model architecture

The Shuffled Complex EvolutianUniversity of ArizonaSCEJA) method was developed to
obtain the traditional best parameter set and its underlying posterior distribution within a
single optimization run. The goal is to find a single best parameter set in the feasible space. It
starts with a random sample of pointssttibuted throughout the feasible parameter space,

and uses an adaptation of the Simplex Downhill search scheme (Nelder and Mead, 1965) to
continuously evolve the population toward better solutions in the search space,
progressively relinquishing occupati of regions with lower posterior probability (Mariani et

al., 2011).

A general description of the steps of the S@& method is given below (Duan et al., 1994)
and illustrated inFigurel3.

Step 1

Generate sample: Sample NPT points in the feasible parameter space and compute the
criterion value at each point. In the absence of prior information on the location of the
global optimum, use a uniform pralbility distribution to generate a sample.

Step 2
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Rank points: Sort the NPT points to increase criterion value so that the first point represents
the point with the lowest criterion value and the last the one with the highest criterion value
(assuming thathe goal is to minimize the criterion value).

Step 3

Partition into complexes: Partition the NPT points into NGS complexes, each containing NPG
points. The complexes are partitioned in such a way that the first complex contains every
b D{ ‘)61l ranked pmt, the second complex contains every NGS¥k2 ranked point,

and so on, where k = 1,2,...,NPG.

Step 4

Evolve each complex: Evolve each complex independently by taking NSPL evolution steps,
according to the Competitive Complex Evolution (CCE) algorkigurel5 illustrates how
each evolution step is taken.

Step 5

Shuffle complexes: Combine the points in the evolved complexes into a single sample
population; sort the sample population in order of increasing criterion valugiamition or
shuffle the sample population into NGS complexes according to the procedure specified in
the third step.

Step 6

Check convergence: If any of the mgecified convergence criteria are satisfied, stop;
otherwise, continue.

Step 7

Check complex number reduction: If MINGS (the minimum number of compleki&SF,
remove the complex with the lowest ranked points; set NGS=N&& NPT=NGS*NPG; and
return to Step 4.fIMINGS=NGS, return to Step 4.
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Input: n=dimension, p=number of complexes
m=number of points in each complex
Compute: sample size g=pxm

v

Sample s points at random in €.
Compute the function value at each point

v

| SO the s points in order of increasing
function value. Store them in D.

Y

Partition Dkinto p complexes of m paints
e, D={A" k=1,..,p

Evolve each complex A, k=1, .., P | ?S%Ee ?:Egﬁ?;“g;

Y

Replace A* k=1, .., m,into D

No

Convergence criteria
satisfied ?

Figure13 Flow chart of the shuffled complex evolution method (from Duan et al., 1993), with V=n, NGS=p,
NPG=m and NPT=s

The SCEJA method is explained figurel4 and Figurel5for a two dimensional case (Duan

et al., 1994). The contour ks inFigurel4 and Figurel5 represent a function surface having

a global optimum located at (4,2) and a local optimum located at (Ejgurel4a shows

that a sample population containing NPT (=10) points is divided into NGS (=2) complexes.
Each complex contains NPG (=5) points which are markeshbg * respectivelyFigurel4b

shows the locations of the points in the two independently evolved complexes at the end of
the first cycle of evolution. It can be seen that one complex (marked by *) is converging
towards the local optimum, while the other (marked hyis converging toward the global
optimum. The two evolved complexes are shuffled according to stépgbirel4c displays

the new membership of the two evolved complexes after shuffling.
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Figurel4d illustrates the two complexes at the end of tsecond cycle of evolution. It is
clear that both complexes are now converging to the global optimum at the end of second
cycle.

a) Initial Population b) Independently Evolved Complexes
6 (Start of the First Cycle) P (End of the First Cycle)
L v ’Wﬂ Lg E v L }J"
41
gl gl
X X
c) Shuffled Population d) Independently Evolved Complexes
6 (Start of the Second Cycle) P (End of the Second Cycle)
st
4t
- 3 >

-~ A
e

P I

:|..‘”

a\""
-

Figurel4 lllustration of the shuffled complex evolution (SGE) method (from Duan et al., 1994).

The CCE algorithm is graphically illustratedFigure 15. The black dotsdf indicate the
locations of the points in a complex before the evolutioepstis taken. A subomplex
containing NPS (=3, i.e. forms a triangle in this case) points is selected according to a pre
specified probability distribution to initiate an evolution step.

The probability distribution is specified such that the better poimése a higher chance of
being chosen to form the sutomplex than the worse points. The symbol (*) represents the
new points generated by the evolution steps. There are three types of evolution steps:
reflection, contraction and mutation.

Figurel5a, Figurel5b andFigurelsd illustrate the "reflection” step, which is implemented
by reflecting he worst point in a suzomplex through the centroid of the other points.
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Since the reflected point has a lower criterion value than the worst point, the worst point is
discarded and replaced by the new point. Tlnsevolution step is completed.

In Figurel5c, the new point is generated by a "contraction” step (the new point liesviaayf
between the worst point and the centroid of the other points)ieafrejecting a reflection
step for not improving the criterion value.

In Figurel5e, a "mutation” step is taken by random selection of a point in the feasible
parameter space to replace the wrong point of the sudmplex. This is realized after a
reflection step isattempted, but results in a wrong point, i.e. outside of the feasible
parameter space. Another scenario in which a mutation step is taken is when both the
reflection step and the contraction step do not improve the criterion value.

Finally, theFigurel5f shows the final complex after NSPL (=5) evolution steps.
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Figurel5 lllustration of the evolution steps taken by each comp(from Duan et al., 1994).

Algorithm parameters

Different parameters of the SCHA haveto be defined by the useim@able22), as presented
hereafter, and other parameters are directly calculated by the process.

An initial set oNopt parameters is given by the user or is assumed as random depending on
0 KS dzedsNmdihe ysed hydrological models. The other-NP®ints (or parameters
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