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Foreword 

RS MINERVE is a software for the simulation of free surface run-off 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, glacier melt, surface and underground flow, hydraulic control elements (e.g. 
gates, spillways, diversions, junctions, turbines and pumps) are also included. 

The global analysis of a hydrologic-hydraulic network is essential in numerous decision-
making situations such 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 user-friendly 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 models for rainfall-runoff, such as GSM, 
SOCONT, SAC-SMA, GR4J and HBV. The combination of hydraulic structure models 
όǊŜǎŜǊǾƻƛǊǎΣ ǘǳǊōƛƴŜǎΣ ǎǇƛƭƭǿŀȅǎΣΧύ Ŏŀƴ ŀƭǎƻ ǊŜǇǊƻŘǳŎŜ ŎƻƳǇƭŜȄ ƘȅŘǊƻǇƻǿŜǊ ǎŎƘŜƳŜǎΦ Lƴ 
addition, a hydropower model computes the net height and the linear pressure losses, 
providing energy production values and total income based on the turbine performance and 
on the sale price of energy. A consumption model calculates water deficits for consumptive 
uses of cities, industries and/or agriculture. A structure efficiency model computes 
discharge losses in a structure such a canal or a pipe by considering a simple efficiency 
coefficient. 

The Expert module, specifically created for research or complex studies, enables in-depth 
evaluation of hydrologic and hydraulic results. Time-slice simulation facilitates the analysis 
of large data sets without overloading the computer memory. Scenario simulation 
introduced the possibility of simulating multiple weather scenarios or several sets of 
parameters and initial conditions to study the variability and sensitivity of the model results. 
The automatic calibration with different algorithms, such as the SCE-UA, calculates the best 
set of hydrological parameters depending on a user-defined objective function. 

RS MINERVE program is freely 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 center CREALP and the engineering office 
HydroCosmos SA, which currently develop RS MINERVE, two universities (Ecole 
Polytechnique Fédérale de Lausanne and Universitat Politècnica de València) collaborate to 
improve RS MINERVE and use it to support postgraduate courses in Civil Engineering and 
Environmental Sciences. Other collaborations, such as with the Hydro10 Association, 
complement and enhance the development of RS MINERVE. 
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Chapter 1. Introduction 

The Routing System II program was developed at the Laboratory of Hydraulic Constructions 
(LCH) at the Ecole Polytechnique Fédérale de Lausanne (EPFL) (Dubois et al., 2000; García 
Hernández et al., 2007). 

The program presented hereafter, RS MINERVE, is based on the same concept than Routing 
System II. RS MINERVE is developed by the CREALP and HydroCosmos SA with the 
collaboration of the Laboratory of Hydraulic Constructions (LCH) at the Ecole Polytechnique 
Fédérale de Lausanne (EPFL) and the Universitat Politècnica de València (UPV). 

1.1. ManualΩǎ structure 

The presented Technical manual is organised in eight chapters: 

1. Introduction 
2. Hydrological and hydraulic models description 
3. Performance indicators 
4. Calibration algorithms 
5. Visual basic scripts 
6. Files formats 
7. Database formats 
8. GIS formats 

For the RS MINERVE software utilisation, the reader can also use ǘƘŜ w{ aLb9w±9 ¦ǎŜǊΩǎ 
Manual (Foehn et al., 2018). 
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Chapter 2. Hydrological and hydraulics models description 

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

2.1. List of objects 

The parameters or required data (such as paired data) of all objects are presented hereafter. 
Not presented objects do not require data or require data from another object or from 
database. 

¶ Hydrology: 
o Virtual Station (see 2.2) 
o Snow-GSM model description (see 2.3) 
o Runoff (SWMM) model description (see 2.4) 
o GSM model description (see 2.5) 
o SOCONT model description (see 2.6) 
o HBV model description (see 2.7) 
o GR4J model description (see 2.8) 
o SAC (SACRAMENTO-SOIL MOISTURE ACCOUNT) model description (see 2.9) 

¶ Rivers 
o Channel routing description (see 2.10) 

¶ Standard: 
o Junction (object without parameters or paired data) 
o Time Series (see 2.11) 
o Source (object without parameters or paired data, but only a link to the database) 
o Comparator (object without any parameters or paired data) 
o Sub-model (object without any parameters or paired data) 
o Group Interface (object without any parameters or paired data) 

¶ Structures: 
o Reservoir (see 2.12) 
o Level-Discharge relation HQ (see 2.13) 
o Turbine (see 2.14) 
o TurbineDB (object without parameters or paired data, but only a link to the 

database) 
o Hydropower (see 2.15) 
o Diversion (see 2.16) 
o Consumer (see 2.17) 
o Structure Efficiency (see 2.18) 

¶ Regulation objects: 
o Planner (see 2.19)  
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2.2. Virtual Station 

The object « V-Station » (which is associated 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. 

Table 1  List of parameters and initial conditions for the virtual station 

Object Name Units Description Regular Range 

Station 

X, Y, Z - Coordinates of the virtual station - 
Search Radius m Search radius of the virtual stations >0 

No. min. of 
stations 

- Minimal number of stations used for 
ƛƴǘŜǊǇƻƭŀǘƛƻƴ όƘƛƎƘŜǊ ǇǊƛƻǊƛǘȅ ǘƘŀƴ ά{ŜŀǊŎƘ 
wŀŘƛǳǎέύ 

җ1 

Gradient P 1/m Precipitation gradient - a 
Gradient T °C/m Temperature gradient -0.007 to -

0.004 
Gradient ETP 1/m Evapotranspiration gradient   - a    

Coeff P - Multiplying correction coefficient 0.5 to 2 
Coeff T °C Adding correction coefficient -2 to 2 

Coeff ETP - Multiplying correction coefficient 0.5 to 2 
a 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 corresponds to the Thiessen and Shepard methods. 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 
ƛҐмΣнΣΧΣƴ ƛǎ ƻōǘŀƛƴŜŘ ōȅ ǎŜŀǊŎƘƛƴƎ ǘƘŜ ƴŜŀǊŜǎǘ ƳŜǘŜƻǊƻƭƻƎƛŎŀƭ ǎǘŀǘƛƻƴ k of the database to 
the virtual point s (normally referring to the gravity centre of a sub-catchment). 

This method has been extended to take into account the evolution of certain meteorological 
variables as a function of the altitude. Thus, gradients and coefficients for precipitation, 
potential evapotranspiration or temperature is also included in the method for obtaining the 
final value at virtual station s, as presented in equations A.1 to A.3. 

ὖ #ÏÅÆÆ0Ó
Ὠὖ

Ὠᾀ
Ͻᾀ ᾀ Ͻὖ  (A.1) 

Ὕ #ÏÅÆÆ4Ó Ὕ
ὨὝ

Ὠᾀ
Ͻᾀ ᾀ  

(A.2) 

 

ὉὝὖ #ÏÅÆÆ%40Ó
ὨὉὝὖ

Ὠᾀ
Ͻᾀ ᾀ ϽὉὝὖ (A.3) 

with Ps: value of the precipitation in the virtual station s [I.U.]; Ts: value of the temperature in the 
virtual station s [I.U.]; ETPs: value of the potential evapotranspiration in the virtual station s [I.U.]; Pk: 
value of the precipitation in the meteorological station i [I.U.]; Tk: value of the temperature in the 
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meteorological station i [I.U.]; ETPk: value of the potential evapotranspiration in the meteorological 
station i [I.U.]; CoeffPs: precipitation coefficient [-]; CoeffTs: temperature coefficient [°C]; CoeffETPs: 
potential evapotranspiration coefficient [-];gradPs: precipitation gradient, presented in the equation 
as dPs/dz [1/m]; gradTs: temperature gradient, presented in the equation as dTs/dz [°C/m]; gradETPs: 
potential evapotranspiration gradient, presented in the equation as dETPs/dz [1/m]; zs: altitude of the 
virtual station s [m a.s.l.]; zk: position of the meteorological station i of the database [m a.s.l.]. 

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 variable in a virtual station s from n meteorological stations localized at 
ƛҐмΣнΣΧΣƴ ƛǎ ƻōǘŀƛƴŜŘ ōȅ ǿŜƛƎƘǘƛƴƎ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƛƴǾŜǊǎŜ ǎǉǳŀǊŜ ŘƛǎǘŀƴŎŜ Ři,s between the 
meteorological station i of the database and the virtual station s. 

ὨÉȟÓ ὼ ὼ ώ ώ  (A.4) 

with xi, yi: position of the meteorological station i of the database [m]; xs, ys: position of the virtual 
station s [m]; di,s: distance between the meteorological station i and the virtual station s [m]. 

The n meteorological stations for the spatial interpolation in the virtual station s are 
determined automatically respecting equation A.5. Hence, the number n of meteorological 
stations is variable for every pair (s, rs). Nevertheless, a minimal number of stations used for 
interpolation can be fixed by the user whit the corresponding parameter. 

ὨÉȟÓὶ (A.5) 

with rs: search radius of meteorological stations [m]. 

The Shepard method (1968) has been also extended to take into account the evolution of 
the meteorological variables as a function of the altitude. Gradients and coefficients for 
precipitation, potential evapotranspiration or temperature are also included in the method 
for obtaining the final value at virtual station s, as presented in equations A.6 to A.8. 

ὖ #ÏÅÆÆ0ÓϽ

ở

Ở
ờ
В

Ὠὖ
Ὠᾀ
Ͻᾀ ᾀ ϽὖϽ

ρ

ὨÉȟÓ

В
ρ

ὨÉȟÓ Ợ

ỡ
Ỡ

 (A.6) 

Ὕ #ÏÅÆÆ4Ó

ở

Ở
ờ
В Ὕ

ὨὝ
Ὠᾀ
Ͻᾀ ᾀ Ͻ

ρ

ὨÉȟÓ

В
ρ

ὨÉȟÓ Ợ

ỡ
Ỡ

 (A.7) 

ὉὝὖ #ÏÅÆÆ%40ÓϽ

ở

Ở
ờ
В

ὨὉὝὖ
Ὠᾀ

Ͻᾀ ᾀ ϽὉὝὖϽ
ρ

ὨÉȟÓ

В
ρ

ὨÉȟÓ Ợ

ỡ
Ỡ

 (A.8) 

with Ps: value of the precipitation in the virtual station s [I.U.]; Ts: value of the temperature in the 
virtual station s [I.U.]; ETPs: value of the potential evapotranspiration in the virtual station s [I.U.]; Pi: 
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value of the precipitation in the meteorological station i [I.U.]; Ti: value of the temperature in the 
meteorological station i [I.U.]; ETPi: value of the potential evapotranspiration in the meteorological 
station i [I.U.]; CoeffPs: precipitation coefficient [-]; CoeffTs: temperature coefficient [°C]; CoeffETPs: 
potential evapotranspiration coefficient [-]; gradPs: precipitation gradient, presented in the equation 
as dPs/dz [1/m]; gradTs: temperature gradient, presented in the equation as dTs/dz [°C/m]; gradETPs: 
potential evapotranspiration gradient, presented in the equation as dETPs/dz [1/m]; zs: altitude of the 
virtual station s [m a.s.l.]; zi: position of the meteorological station i of the database [m a.s.l.]. 

Complementary calculations for the Potential Evapotranspiration (ETP) 

If no ETP values are available in the database, RS MINERVE offers also the possibility of 
calculating the ETP from different methods directly at virtual station. These methods can be 
selected in the RS MINERVE Settings, on the Evapotranspiration frame (Figure 1). 

  

Figure 1  Selection of the ETP calculation 

The available methods are presented hereafter in detail. 

a) Turc 

The potential evapotranspiration proposed by Turc (1955, 1961) is presented in equation 
A.9: 

ὉὝὖ#ÏÅÆÆ%40 Ͻ + Ͻ 
Ὕ

Ὕ ρυ
 Ͻ Ὑ υπ          ὭὪ 4 π

ὉὝὖπ                                                                  ὭὪ Ὕ π
 (A.9) 

with ETP : potential evapotranspiration [mm/month] ; T : air temperature [°C] ; Rg : global radiation 
[cal/cm2/day] ; K : constant [-]. 

The constant K value is: 

ὑ πȢτ       ὭὪ -ÏÎÔÈ &ÅÂÒÕÁÒÙ
ὑ πȢσχ    ὭὪ -ÏÎÔÈ &ÅÂÒÕÁÒÙ

 (A.10) 

Rg value is a location dependent (latitude and longitude) monthly average of the global 
radiation. 

The global radiation Rg is obtained in [kWh/m2/day] from the Global horizontal radiation 
dataset provided by the Surface meteorological and Solar Energy (SSE) web portal, 
ǎǇƻƴǎƻǊŜŘ ōȅ ǘƘŜ b!{!Ωǎ !ǇǇƭƛŜŘ {ŎƛŜƴŎŜ tǊƻƎǊŀƳ όhttp://eosweb.larc.nasa.gov/sse). This 
data comes as a grid (latitude and longitude) and is composed of monthly averaged values. 

Rg data takes into account 22 year monthly average (July 1983 - June 2005). The latitude and 
the longitude values indicate the lower left corner of a 1x1 degree region. Negative values 
are south and west; positive values are north and east. Boundaries of the -90/-180 region 
are -90 to -89 (south) and -180 to -179 (west). The last region, 89/180, is bounded by 89 to 

http://eosweb.larc.nasa.gov/sse
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90 (north) and 179 to 180 (east). The mid-point 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 for Rg calculations. 

b) McGuinness 

McGuinness et Bordne (1972) proposes next ETP calculation: 

ὉὝὖ#ÏÅÆÆ%40 Ͻ 
Ὑ

‗ ”
 Ͻ 
Ὕ υ

φψ
        ὭὪ 4 υ

ὉὝὖπ                                                       ὭὪ Ὕ υ

 (A.11) 

with ETP: potential evapotranspiration [m/d]; Rg: global radiation [MJ/m2/day]; Ta : air temperature 
[C]; :́ wŀǘŜǊ ŘŜƴǎƛǘȅΣ Ŏƻƴǎǘŀƴǘ ǾŀƭǳŜ ƻŦ мΩллл ώƪƎκƳ3] ; :˂ latent heat of vaporization, constant value 
of 2.26 [MJ/kg]. 

Rg value is a location dependent (latitude and longitude) monthly average of the global 
radiation. 

The global radiation Rg is obtained in [kWh/m2/day] from the Global horizontal radiation 
dataset provided by the Surface meteorological and Solar Energy (SSE) web portal, 
ǎǇƻƴǎƻǊŜŘ ōȅ ǘƘŜ b!{!Ωǎ !ǇǇƭƛŜŘ {ŎƛŜƴŎŜ tǊƻƎǊŀƳ όhttp://eosweb.larc.nasa.gov/sse). This 
data comes as a grid (latitude and longitude) and is composed of monthly averaged values. 

Rg data takes into account 22 year monthly average (July 1983 - June 2005). The latitude and 
the longitude values indicate the lower left corner of a 1x1 degree region. Negative values 
are south and west; positive values are north and east. Boundaries of the -90/-180 region 
are -90 to -89 (south) and -180 to -179 (west). The last region, 89/180, is bounded by 89 to 
90 (north) and 179 to 180 (east). The mid-point 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 for Rg calculations.  

http://eosweb.larc.nasa.gov/sse
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c) Oudin 

Oudin (2004) proposes following equation for the calculation of ETP: 

ὉὝὖ#ÏÅÆÆ%40ẗ
Ὑ

‗ẗ”
ẗ
Ὕ υ

ρππ
           ὭὪ  Ὕ υ

ὉὝὖπ                                                     ὭὪ  Ὕ υ

 (A.12) 

with ETP: potential evapotranspiration [m/d]; Re : extra-terrestrial radiation [MJ m-2 d-1] ; T: Air 
temperature [°C] ; :́ water densityΣ Ŏƻƴǎǘŀƴǘ ǾŀƭǳŜ ƻŦ мΩллл [kg/m3] ; :˂ latent heat of vaporization, 
constant value of 2.26 [MJ/kg]. 

Oudin method coefficients (5 and 100) were optimized for the hydrological modelling, on the 
basis of a study realized on many worldwide watersheds (Oudin, 2004). 

Latitude are only necessary for obtaining Re values 

The extra-terrestrial radiation Re is calculated as follows: 

Ὑ σχȢφẗὨὶẗ‫ẗÓÉÎ‪ ẗÓÉÎ‏ ÓÉÎ‫ ẗÃÏÓ‪ ẗÃÏÓ‏  (A.13) 

Ὠὶ ρ πȢπσσẗÃÏÓ
ςẗ“ẗὐ

σφυ
 (A.14) 

‫ ÁÒÃÃÏÓÔÁÎ‪ ẗÔÁÎ‏  (A.15) 

‏ πȢτπωẗÓÉÎ
ςẗ“ẗὐ

σφυ
ρȢσω (A.16) 

ὐ ςχυẗ
άέὲὸὬ

ω
σπὈά                 ὭὪ    άέὲὸὬ σ

ὐ ςχυẗ
άέὲὸὬ

ω
σρὈά                 ὭὪ    άέὲὸὬ σ ὥὲὨ ὰὩὥὴ ώὩὥὶὸὶόὩ

ὐ ςχυẗ
άέὲὸὬ

ω
σςὈά                 ὭὪ    άέὲὸὬ σ ὥὲὨ ὰὩὥὴ ώὩὥὶὪὥὰίὩ

 (A.17) 

with dr: relative distance Sun-Earth [-] ; d: solar declination [rad] ; Jd : Julian day [-] ; y : latitude, 

negative in the south hemisphere [rad]; w: hour angle of the sun [rad]; month : month of the year, 1 
to 12 [-] ; Dm :day of the month [-]. 

d) Uniform ETP 

The user can also set a uniform ETP for the whole simulation period and for the entire basin. 

ὉὝὖὅέὩὪὪὉὝὖẗὢ (A.18) 

with X: uniform ETP [mm/d].  
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2.3. Snow-GSM model description 

The Snow-GSM model (Figure 2) is composed of two sub-models which simulate the 
transient evolution of the snow pack (accumulation and melt) as a function of the 
temperature (T) and precipitation (P) producing an equivalent precipitation (Peq) which can 
be used as an input variable by the SAC-SMA or GR4J model. 

 

Figure 2  Snow-GSM model 

Table 2  List of parameters and initial conditions for the Snow-GSM model 

Object Name Units Decription Regular range 

Snow-
GSM 

Asn mm/°C/d Reference degree-day snowmelt coefficient 0.5 to 20 
AsnInt mm/°C/d Degree-day snowmelt interval 0 to 4 
AsnMin mm/°C/d Minimal degree-day snowmelt coefficient җ0 
AsnPh d Phase shift of the sinusoidal function 1 to 365 

ThetaCri - Critical relative water content of the snow pack 0.1 
bp d/mm Melt coefficient due to liquid precipitation 0.0125 

Tcp1 °C Minimum critical temperature for liquid 
precipitation 

0 

Tcp2 °C Maximum critical temperature for solid 
precipitation 

4 

Tcf °C Critical snowmelt temperature 0 

SWEIni m Initial snow water equivalent height - 
ThetaIni - Initial relative water content in the snow pack - 

 

In a first step, the precipitation is divided into a solid precipitation (Psn) and into a liquid 
precipitation (Pw) as a function of the temperature (equations B.1 to B.3): 

ὖ ‌ẗὖ (B.1) 

ὖ ρ ‌ẗὖ (B.2) 
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‌ π                                                               ὭὪ   Ὕ Ὕ

‌ Ὕ Ὕ ȾὝ Ὕ                   ὭὪ   Ὕ Ὕ Ὕ

‌ ρ                                                               ὭὪ   Ὕ Ὕ
 (B.3) 

with Pw: liquid precipitation [L/T]; a: separation factor; P: precipitation [L/T]; Psn: solid precipitation 
[L/T]; T: temperature [°C]; Tcp1: minimum critical temperature for liquid precipitation [°C]; Tcp2: 
maximum critical temperature for solid precipitation [°C]. 

If the observed temperature is lower than Tcp1, only solid precipitation is produced. If the 
temperature is higher than Tcp2, only liquid precipitation (Pw) is produced. If the temperature 
observed is found between these two critical values, liquid and solid precipitations are 
produced. The solid precipitation (Psn) 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 degree-day snowmelt coefficient with a lower bound as presented in Figure 3 
(Griessinger et al. 2016, Magnusson et al. 2014, Slater and Clark 2005): 

 

with AsnΩ (AsnSeries in RS MINERVE): time-varying degree-day snowmelt coefficient [L/T/°C]; Asn: 
reference degree-day snowmelt coefficient [L/T/°C]; AsnInt: degree-day snowmelt coefficient interval 
[L/T/°C]; n: day of the year [T]; AsnMin: Minimal degree-day snowmelt coefficient [L/T/°C]; AsnPh Phase 
shift of the sinusoidal function [T]; Msn: snowmelt or freezing [L/T]; bp: precipitation coefficient due 
to melt [T/L]; Tcf: critical snowmelt temperature [°C]; HSnow: water content of the solid fraction of 
snow [L]; dt: time step [T]; WSnow: water content of the liquid fraction of snow [L]. 

 

Figure 3  Time-varying degree-day snowmelt coefficient 

AsnMin allows to fix ŀ ƭƻǿŜǊ ƭƛƳƛǘ ǘƻ ǘƘŜ !ǎƴΩ ǾŀƭǳŜΦ The AsnPh parameter defines the 
(horizontal) phase shift of the sinusoidal curve with respect to the first day of the year.  

Asn

AsnInt

AsnPh

AsnΩ

AsnMin

ὃ ÍÁØὃ  Ƞ ὃ  ÓÉÎςʌ   (B.4) 

ὓ ὃ ᴂẗρ ὦẗὖ ẗὝ Ὕ             ὭὪ   Ὕ Ὕ

ὓ ὃ ᴂẗὝ Ὕ                                        ὭὪ   Ὕ Ὕ
 (B.5) 

ὨὌ ȾὨὸὖ ὓ
ὓ ὖ Ὄ ȾὨὸ
ὓ ὡ ȾὨὸ

 (B.6) 
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The equivalent precipitation (Peq) is produced by the water content of the snow (equations 
B.7 to B.9): 

— ὡ ȾὌ  (B.7) 

ὖ ὖᶻ ὡ ȾὨὸ                       ὭὪ   Ὄ π

ὖ π                                                 ὭὪ    Ὄ π   Ὡὸ   — —

ὖ  —  — ẗὌ ȾὨὸ          ὭὪ    Ὄ π   Ὡὸ   — —

 (B.8) 

Ὠὡ ȾὨὸὖ ὓ ὖ  (B.9) 

with ʻ όTheta in RS MINERVE): relative water content in the snow pack [-ϐΤ ʻcr (ThetaCri in 
RS MINERVE): critical relative water content in the snow pack [-]; Peq: equivalent precipitation [L/T]. 

The snow water equivalent is then the addition of Hsnow and Wsnow (equation B.10): 

ὛὡὉ Ὄ ὡ  (B.10) 

with SWE: snow water equivalent [L]. 

¢ƘŜ ǾŀǊƛŀōƭŜǎ ŦƻǊ ǘƘŜ ƛƴƛǘƛŀƭ ǎƛǘǳŀǘƛƻƴ ŀǎǎƻŎƛŀǘŜŘ ǘƻ ǘƘƛǎ ƳƻŘŜƭ ŀǊŜ ʻ όTheta in RS MINERVE) 
and SWE. The parameters to adjust are Asn, AsnInt ŀƴŘ ʻcr. The parameters AsnPhi, bpΣ ʻcr, Tcp1, 
Tcp2 and Tcf can be assumed as constant (bp = лΦлмнрΣ ʻcr = 0.1, Tcp1 = 0 °C, Tcp2 = 4 °C, Tcf = 0 
°C, AsnPhi = 80 (corresponding to March 21st for the Northern hemisphere; use 264 for 
Southern hemisphere corresponding to September 21)) but 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 precipitation (Peq). 
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2.4. Runoff (SWMM) model description 

The SWMM (Storm Water Management Model) model presented hereafter was developed 
by Metcalf and Eddy (1971). 

 

Figure 4  SWMM Runoff model 

Table 3  List of parameters and initial conditions for the SWMM model 

Object Name Units Description Regular Range 

SWMM 

A m2 Surface of runoff 
 

>0 

L m Length of the plane 
 

>0 

J0 - Runoff slope 
 

>0 

K m1/3/s Strickler coefficient   0.1 to 90 

HIni m Initial water level 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 reservoir Figure 4) depending on the equations E.1 to E.3: 

ὨὌȾὨὸςẗὭ Ὥ
Ὄ π

 (E.1) 

Ὥ ὑẗὐẗὌȾȾὒ (E.2) 

ὗ Ὥẗὃ (E.3) 

with H: runoff water level downstream of the surface [L]; iNet: net intensity [L/T]; ir: runoff intensity 
[L/T]; K: Strickler coefficient [L1/3/T]; Jo: average slope of the plane [-]; L: length of the plane [L]; A: 
run-off surface [L2]. 

The variable for the initial condition associated to the model is Hr. The parameter to adjust is 
K. The other parameters (Jo, L, A) are supposed to be constant. 

The SWMM model, supplied by a hyetograph of net rainfall (iNet), provides a hydrograph 
downstream of the surface (Q). 
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2.5. GSM model description 

The GSM model (Figure 5) is composed of 5 sub-models, two corresponding to the Snow-
GSM model and the other three corresponding to the glacier model. The hereafter present 
model allows an easy construction of this kind of composition. 

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

In the glacier model the equivalent precipitation is transferred to the linear snow reservoir 
(Rsn) and finally to the outlet of the sub-catchment (Qsnow). Besides, the sub-model of the 
glacier melt creates a flow when the height of snow is zero (Hsnow=0). This glacier flow (PeqGL) 
is transferred to the linear glacier reservoir (Rgl) and the resulting flow (Qglacier) to the outlet 
of the sub-catchment.  

The final flow (Qtot) produced by the sub-catchment is the addition of the two flows (Qglacier 
and Qsnow). 
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Figure 5  GSM model 

Table 4  List of parameters and initial conditions for the GSM model 

Object Name Units Description Regular Range 

GSM 

A m2 Surface of infiltration 
 

>0 

Asn mm/°C/d Reference degree-day snowmelt coefficient 0.5 to 20 

AsnInt mm/°C/d Degree-day snowmelt interval 0 to 4 

AsnMin mm/°C/d Minimal degree-day snowmelt coefficient җ0 

Aph d Phase shift of the sinusoidal function 1 to 365 

ThetaCri - Critical relative water content of the snow pack 0.1 

bp d/mm Melt coefficient due to liquid precipitation 
 

0.0125 

Tcp1 °C Minimum critical temperature for liquid precipitation 0 

Tcp2 °C Maximum critical temperature for solid precipitation 4 

Tcf °C Critical snowmelt temperature 0 

Agl mm/°C/d Reference degree-day glacier melt coefficient  0.5 to 20 

AglInt mm/°C/d Degree-day glacier melt interval 0 to 4 

AglMin mm/°C/d Minimal degree-day glacier melt coefficient җ0 

Tcg °C Critical glacier melt temperature 0 

Kgl 1/d Release coefficient of glacier melt reservoir 0.1 to 5 

Ksn 1/d Release coefficient of snowmelt reservoir 0.1 to 5 

SWEIni m Initial snow water equivalent height - 

ThetaIni - Initial relative water content in the snow pack - 

QsnowIni m3/s Initial outflow of linear snow reservoir - 

QglacierIni m3/s Initial outflow of linear glacier reservoir  - 

 

In a first step, the precipitation is divided into a solid precipitation (Psn) and into a liquid 
precipitation (Pw) as a function of the temperature (equations F.1 to F.3): 

ὖ ‌ẗὖ (F.1) 

ὖ ρ ‌ẗὖ (F.2) 

‌ π                                                          ὭὪ   Ὕ Ὕ

‌ Ὕ Ὕ ȾὝ Ὕ              ὭὪ   Ὕ Ὕ Ὕ

‌ ρ                                                          ὭὪ   Ὕ Ὕ
 (F.3) 

with Pw: liquid precipitation [L/T]; :h separation factor; P: precipitation [L/T]; Psn: solid precipitation 
[L/T]; T: temperature [°C]; Tcp1: minimum critical temperature for liquid precipitation [°C]; Tcp2: 
maximum critical temperature for solid precipitation [°C]. 

If the observed temperature is lower than Tcp1 only solid precipitation is produced. If the 
temperature is higher than Tcp2 only liquid precipitation (Pw) is produced. If the temperature 
observed is found between these two critical values liquid and solid precipitation are 
produced. The solid precipitation (Psn) 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 degree-day snowmelt coefficient (Figure 3) (Magnusson et al. 2014, Slater and 
Clark 2005) 

ὃ ÍÁØὃ  Ƞ ὃ  
ὃ

ς
ÓÉÎςʌ

Î ὃ

σφυ
  (F.4) 
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ὓ ὃ ᴂẗρ ὦẗὖ ẗὝ Ὕ          ὭὪ   Ὕ Ὕ

ὓ ὃ ᴂẗὝ Ὕ                                      ὭὪ   Ὕ Ὕ
 (F.5) 

ὨὌ ȾὨὸὖ ὓ
ὓ ὖ Ὄ ȾὨὸ
ὓ ὡ ȾὨὸ

 (F.6) 

with AsnΩ (AsnSeries in RS MINERVE): time-varying degree-day snowmelt coefficient [L/T/°C]; Asn: 
reference degree-day snowmelt coefficient [L/T/°C]; AsnInt: degree-day snowmelt coefficient interval 
[L/T/°C]; n: day of the year [T]; AsnMin: Minimal degree-day snowmelt coefficient [L/T/°C]; Aph Phase 
shift of the sinusoidal function [T]; Msn: snowmelt or freezing [L/T]; bp: precipitation coefficient due 
to melt [T/L]; Tcf: critical snowmelt temperature [°C]; Hsnow: water content of the solid fraction of 
snow [L]; dt: time step [T]; WSnow: water content of the liquid fraction of snow [L]. 

The Aph parameter defines the phase shift of the sinusoidal curve with respect to the first 
day of the year. 

The equivalent precipitation (Peq) is produced by the water content of the snow (equations 
F.7 to F.9): 

— ὡ ȾὌ  (F.7) 

ὖ ὖᶻ ὡ ȾὨὸ                          ὭὪ   Ὄ π

ὖ π                                                    ὭὪ    Ὄ π   Ὡὸ   — —

ὖ  —  — ẗὌ ȾὨὸ             ὭὪ    Ὄ π   Ὡὸ   — —

 (F.8) 

Ὠὡ ȾὨὸὖ ὓ ὖ  (F.9) 

with ʻ όTheta in RS MINERVE): relative water content in the snow pack [-ϐΤ ʻcr (ThetaCri in 
RS MINERVE): critical relative water content in the snow pack [-]; Peq: equivalent precipitation [L/T]. 

The equivalent precipitation Peq is then transferred to the linear snow reservoir (Rsn), 
generating an outflow according to equations F.10 and F.11. 

ὨὌ ȾὨὸὖ ὑ ẗὌ  (F.10) 

ὗ ὑ ẗὌ ẗὃ (F.11) 

with Peq: equivalent precipitation [L/T]; HRsn: level in linear snow reservoir [L]; Ksn: release coefficient 
of linear snow reservoir [1/T]; Qsnow: outflow of linear snow reservoir [L3/T]; A: glacier surface [L2]. 

The snow water equivalent is then the addition of Hsnow and Wsnow (equation F.12): 

ὛὡὉ Ὄ ὡ  (F.12) 

with SWE: snow water equivalent [L]. 

The glacier melt sub-model only provides a discharge when the snow level is zero (Hsn=0). 
The water intensity produced by the glacier melt (PeqGL) is transferred to the linear glacier 
reservoir (Rgl) and the resulting discharge (Qglacier) at the outlet of the sub-catchment. 

The glacier melt Qglacier is defined according to equations F.13 to F.16: 

ὃ ÍÁØὃ  Ƞ ὃ  
ὃ

ς
ÓÉÎςʌ

Î ὃ

σφυ
  (F.13) 

ὖ π                                        ὭὪ    Ὕ Ὕ    έὶ  Ὄ π

ὖ ὃ ẗὝ Ὕ                ὭὪ    Ὕ Ὕ    ὥὲὨ  Ὄ π
 (F.14) 
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ὨὌ ȾὨὸὖ ὑ ẗὌ  (F.15) 

ὗ ὑ ẗὌ ẗὃ (F.16) 

with PeqGL: glacier melt [L/T]; ]; Tcg: critical glacier melt temperature [°C]; Agl: degree-day glacier melt 
coefficient [L/T/ºC]; AglMin: Minimal degree-day glacier melt coefficient [L/T/°C]; HRgl: level of glacier 
melt reservoir [L]; Kgl: coefficient of linear glacier reservoir [1/T]; Qglacier: outflow of linear glacier 
reservoir [L3/T]. 

And the total discharge is the addition of Qglacier and Qsnow: 

ὗ ὗ ὗ  (F.17) 

with Q: total outflow [L3/T]; 

The variables for the ƛƴƛǘƛŀƭ ǎƛǘǳŀǘƛƻƴ ŀǎǎƻŎƛŀǘŜŘ ǘƻ ǘƘƛǎ ƳƻŘŜƭ ŀǊŜ ʻ όTheta in RS MINERVE), 
SWE, HRsn, and HRgl. 

The parameters to adjust are Asn, AsnInt, Agl, AglInt , Kgl and Ksn. The parameters Aph, bpΣ ʻcr, Tcp1, 
Tcp2,Tcf and Tcg can be assumed as constant (bp = лΦлмнрΣ ʻcr = 0.1, Tcp1 = 0 °C, Tcp2 = 4 °C, Tcf = 
0 °C, Tcg = 0 °C, Aph = 80 (corresponding to March 21st for the Northern hemisphere; use 264 
for Southern hemisphere corresponding to September 21)). The parameter A is supposed to 
be constant. 

The input variables of the model are the precipitation (P) and the temperature (T). The 
output is the total discharge (Qtot) at the model outlet. 
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2.6. SOCONT model description 

In the SOCONT model (Figure 6), the Snow-GSM model simulates the transient evolution of 
the snow pack (melt and accumulation) as a function of the temperature (T) and the 
precipitation (P), thus providing an equivalent precipitation (Peq) that is used as input by the 
GR3 model. The GR3 model also takes into account the potential evapotranspiration (ETP) 
and provides the net intensity to the SWMM model. 

 

Figure 6  SOCONT Model 
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Table 5  List of parameters and initial conditions for the SOCONT model 

Object Name Units Description Regular Range 

SOCONT 

A m2 Surface of infiltration 
 

>0 

Asn mm/°C/d Reference degree-day snowmelt coefficient 0.5 to 20 

AsnInt mm/°C/d Degree-day snowmelt interval 0 to 4 

AsnMin mm/°C/d Minimal degree-day snowmelt coefficient җ0 

AsnPh d Phase shift of the sinusoidal function 1 to 365 

ThetaCri - Critical relative water content of the snow pack 0.1 

bp d/mm Melt coefficient due to liquid precipitation 
 

0.0125 

Tcp1 °C Minimum critical temperature for liquid 
precipitation 

 0 

Tcp2 °C Maximum critical temperature for solid 
precipitation 

 4 

Tcf °C Critical snowmelt temperature  0 

HGR3Max m Maximum height of infiltration reservoir 
 

0 to 2 

KGR3 1/s Release coefficient of infiltration reservoir 0.00025 to 0.1 

L m Length of the plane 
 

>0 

J0 - Runoff slope 
 

>0 

Kr m1/3/s Strickler coefficient 0.1 to 90 

SWEIni m Initial snow water equivalent height 
 

- 

HGR3Ini m Initial level in infiltration reservoir 
 

- 

HrIni m Initial runoff water level downstream of the 
surface 

- 

ThetaIni - Initial relative water content in the snow pack - 

In a first step, the precipitation is divided into a solid precipitation (Psn) and into a liquid 
precipitation (Pw) as a function of the temperature (equations G.1 to G.3): 

ὖ ‌ẗὖ (G.1) 

ὖ ρ ‌ẗὖ (G.2) 

‌ π                                                          ὭὪ   Ὕ Ὕ

‌ Ὕ Ὕ ȾὝ Ὕ              ὭὪ   Ὕ Ὕ Ὕ

‌ ρ                                                         ὭὪ   Ὕ Ὕ
 (G.3) 

with Pw: liquid precipitation [L/T]; h : separation factor; P: precipitation [L/T]; Psn: solid precipitation 
[L/T]; T: temperature [°C]; Tcp1: minimum critical temperature for liquid precipitation [°C]; Tcp2: 
maximum critical temperature for solid precipitation [°C]. 

If the observed temperature is lower than Tcp1 only solid precipitation is produced. If the 
temperature is higher than Tcp2 only liquid precipitation (Pw) is produced. If the temperature 
observed is found between these two critical values liquid and solid precipitation are 
produced. The solid precipitation (Psn) 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 degree-day snowmelt coefficient (Figure 3) (Magnusson et al. 2014, Slater and 
Clark 2005): 
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ὃ ÍÁØὃ  Ƞ ὃ

 
ὃ

ς
ÓÉÎςʌ

Î ὃ

σφυ
  

(G.4) 

ὓ ὃ ᴂẗρ ὦẗὖ ẗὝ Ὕ          ὭὪ   Ὕ Ὕ

ὓ ὃ ᴂẗὝ Ὕ                                      ὭὪ   Ὕ Ὕ
 (G.5) 

ὨὌ ȾὨὸὖ ὓ
ὓ ὖ Ὄ ȾὨὸ
ὓ ὡ ȾὨὸ

 (G.6) 

with AsnΩ (AsnSeries in RS MINERVE): time-varying degree-day snowmelt coefficient [L/T/°C]; Asn: 
reference degree-day snowmelt coefficient [L/T/°C]; AsnInt: degree-day snowmelt coefficient interval 
[L/T/°C]; n: day of the year [T]; AsnMin: Minimal degree-day snowmelt coefficient [L/T/°C]; AsnPh Phase 
shift of the sinusoidal function [T]; Msn: snowmelt or freezing [L/T]; bp: precipitation coefficient due 
to melt [T/L]; Tcf: critical snowmelt temperature [°C]; Hsnow: water content of the solid fraction of 
snow [L]; dt: time step [T]; WSnow: water content of the liquid fraction of snow [L]. 

The AsnPh parameter defines the phase shift of the sinusoidal curve with respect to the first 
day of the year. 

The equivalent precipitation (Peq) is produced by the water content of the snow (equations 
G.7 to G.9): 

— ὡ ȾὌ  (G.7) 

ὖ ὖ ὡ ȾὨὸ                       ὭὪ   Ὄ π

ὖ π                                                 ὭὪ    Ὄ π   Ὡὸ   — —

ὖ  —  — ẗὌ ȾὨὸ          ὭὪ    Ὄ π   Ὡὸ   — —
 (G.8) 

Ὠὡ ȾὨὸὖ ὓ ὖ  (G.9) 

with ʻ όTheta in RS MINERVE): relative water content in the snow pack [-ϐΤ ʻcr (ThetaCri in 
RS MINERVE): critical relative water content in the snow pack [-]; Peq: equivalent precipitation [L/T]. 

The snow water equivalent is then the addition of Hsnow and Wsnow (equation G.10): 

ὛὡὉ Ὄ ὡ  (G.10) 

with SWE: snow water equivalent [L]. 

Next, the infiltration reservoir is computed as follows: 

Ὥ ὖ ẗρ Ὄ ȾὌ         ὭὪ   Ὄ Ὄ

Ὥ π                                                               ὭὪ   Ὄ Ὄ
 (G.11) 

ὉὝὙὉὝὖẗὌ ȾὌ                     ὭὪ   Ὄ Ὄ

ὉὝὙὉὝὖ                                                       ὭὪ   Ὄ Ὄ
 (G.12) 

Ὥ ὖ Ὥ  (G.13) 

ὗ ὑ ẗὌ ẗὃ                                        ὭὪ   Ὄ Ὄ
ὗ ὑ ẗὌ ẗὃ                                ὭὪ   Ὄ Ὄ

 (G.14) 

ὨὌ ȾὨὸὭ ὉὝὙὗȾὃ (G.15) 
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with ETP: potential evapotranspiration [L/T]; iInf: infiltration intensity [L/T]; Peq: equivalent 
precipitation [L/T]; H: level in infiltration reservoir [L]; HGR3Max: capacity of infiltration reservoir [L]; 
ETR: real evapotranspiration [L/T]; Q: base discharge [L3/T]; KGR3: release coefficient of infiltration 
reservoir [1/T]; A: infiltration surface [L2]; iNet: net intensity [L/T]. 

The transfer of the net intensity to an impermeable surface is carried out by the help of a 
non-linear transfer reservoir depending on the equations G.16 to G.18: 

ὨὌȾὨὸςẗὭ Ὥ
Ὄ π

 (G.16) 

Ὥ ὑẗὐẗὌ Ⱦ ẗὒ (G.17) 

ὗ Ὥẗὃ (G.18) 

with Hr: runoff water level downstream of the surface [L]; iNet: net intensity [L/T]; ir: runoff intensity 
[L/T]; Kr: Strickler coefficient [L1/3/T]; Jo: average slope of the plane [-]; L: length of the plane [L]; A: 
run-off surface [L2]. 

The variables for the initial ǎƛǘǳŀǘƛƻƴ ŀǎǎƻŎƛŀǘŜŘ ǘƻ ǘƘƛǎ ƳƻŘŜƭ ŀǊŜ ʻ όTheta in RS MINERVE), 
SWE, HGR3 and Hr. The parameters to adjust are Asn, AsnInt, bpΣ ʻcr, KGR3, HGR3Max and Kr. The 
parameters AsnPhi, bpΣ ʻcr, Tcp1, Tcp2 and Tcf can be assumed as constant (bp = лΦлмнрΣ ʻcr = 0.1, 
Tcp1 = 0 C, Tcp2 = 4 °C, Tcf = 0 °C, AsnPhi = 80 (corresponding to March 21st for the Northern 
hemisphere; use 264 for Southern hemisphere corresponding to September 21)). The other 
parameters (Jo, L, A) are supposed to be constant. 

The input variables of the model are the precipitation (P), the temperature (T) and the 
potential evapotranspiration (ETP). The output value is the equivalent precipitation (Peq). 

The outflow discharge Qtot, composed by the base discharge (QGR3) and the run-off discharge 
(Qr), is finally transferred to the outlet of the sub-catchment. 
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2.7. HBV model description 

The integrated rainfall-runoff model HBV (Bergström, 1976, 1992) is composed of a snow 
function, a humidity reservoir and two (upper and lower) soil storage reservoirs. The 
structure of the implemented model is presented in the Figure 7. 

 

Figure 7  HBV model  
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Table 6  List of parameters and initial conditions for the HBV model 

Object Name Units Description Regular Range 

HBV 

A m2 Surface of the basin 
 

>0 
CFMax mm/°C/d Melting factor  0.5 to 20 

CFR - Refreezing factor  0.05 

CWH - Critical relative water content of the snow pack 0.1 

TT °C Threshold temperature of rain/snow 0 to 3 

TTInt °C Temperature interval for rain/snow mixing 0 to 3 

TTSM °C Threshold temperature for snow melt  0 

Beta - Model parameter (shape coefficient) 1 to 5 

FC m Maximum soil storage capacity 0.050 to 0.65 

PWP - Soil permanent wilting point threshold 0.030 to 1 

SUMax m Upper reservoir water level threshold 
 

0 to 0.10 

Kr 1/d Near surface flow storage coefficient 0.05 to 0.5 

Ku 1/d Interflow storage coefficient 0.01 to 0.4 

Kl 1/d Baseflow storage coefficient 0 to 0.15 

Kperc 1/d Percolation storage coefficient   0 to 0.8 

SWEIni m Initial snow water equivalent height  - 

WHIni - Initial relative water content in the snow pack  - 

HumIni m Initial humidity 
 

- 

SUIni 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 (equations H.1 to H.3). If the observed temperature is lower than TT-TTInt/2, 
only solid snowfall is produced. If the temperature is higher than TT+TTInt/2, only rainfall is 
produced. If the observed temperature is found between these values, both rainfall and 
snowfall are produced.  

ὙὊ ‌ẗὖ (H.1) 

ὛὊ ρ ‌ẗὖ (H.2) 

‌ π                                                               ὭὪ   Ὕ ὝὝ ὝὝὍὲὸȾς

‌
Ὕ ὝὝ ὝὝὍὲὸȾς

ὝὝὍὲὸ
                      ὭὪ   ὝὝ ὝὝὍὲὸȾς Ὕ ὝὝ ὝὝὍὲὸȾς

‌ ρ                                                               ὭὪ   Ὕ ὝὝ ὝὝὍὲὸȾς

 (H.3) 

with RF: rainfall [L/T]; h : separation factor; P: precipitation [L/T]; SF: snowfall [L/T]; T: temperature 
[°C]; TT: threshold temperature for rain/snow [°C]; TTInt: temperature interval for rain/snow mixing 
[°C]. 

The snowfall (SF) 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: 

ὓ ὅὊὓὥὼẗὝ ὝὝὛὓ                   ὭὪ   Ὕ ὝὝὛὓ
ὓ ὅὊὙẗὅὊὓὥὼẗὝ ὝὝὛὓ       ὭὪ   Ὕ ὝὝὛὓ

 (H.4) 

ὨὌ ȾὨὸὛὊ ὓ
ὓ ὛὊ Ὄ ȾὨὸ
ὓ ὡ ȾὨὸ

 (H.5) 
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with Msn: snowmelt or freezing [L/T]; CFMax: degree-day melting factor [L/T/°C]; CFR: refreezing 
factor [-]; TTSM: critical snowmelt temperature [°C]; Hsnow: snow height [L]; Wsnow: water content [L]; 
dt: time step [T]. 

The equivalent precipitation (Peq) is produced by the water content of the snow (equations 
H.6 to H.8): 

ὡὌ ὡ ȾὌ  (H.6) 

ὖ ὙὊ ὡ ȾὨὸ                               ὭὪ   Ὄ π

ὖ π                                                           ὭὪ    Ὄ π   Ὡὸ   ὡὌ ὅὡὌ

ὖ  ὡὌ  ὅὡὌẗὌ ȾὨὸ          ὭὪ    Ὄ π   Ὡὸ   ὡὌ ὅὡὌ
 (H.7) 

Ὠὡ ȾὨὸὙὊ ὓ ὖ  (H.8) 

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

The snow water equivalent is then the addition of Hsnow and Wsnow (equation H.9): 

ὛὡὉ Ὄ ὡ  (H.9) 

with SWE: snow water equivalent [L]. 

The calculation of the recharge is carried out depending on a model parameter Beta, as 
presented in equation H.10. ETR is calculated as shown in equation H.11. Finally, the 
humidity of the soil (Hum) is performed taking into account the input (Equivalent 
precipitation, Peq) and outputs (Recharge intensity and ETR) as presented in equation H.12. 
Additionally, and based on Seibert (1997), parameter PWP is a rate related to parameter FC. 
Thus, the height of the soil permanent wilting point threshold is calculated multiplying PWP 
by FC. 

É
Ὄόά

Ὂὅ
ẗὖ  (H.10) 

ὉὝὙὉὝὖẗ
Ὄόά

ὖὡὖẗ&#
      ὭὪ Ὄόά ὖὡὖẗ&#

ὉὝὙὉὝὖ                    ὭὪ Ὄόά ὖὡὖẗ&#

 (H.11) 

ὨὌόάȾὨὸ ὖ Ὥ ὉὝὙ 

Ὄόά π
 (H.12) 

with iRecharge: Reservoir recharge intensity [L/T] ; Hum: Humidity [L]; FC: Maximum soil storage 
capacity [L] ; Beta: Model parameter (shape coefficient) [-]; Peq: Equivalent precipitation [L/T]; ETR: 
Evapotranspiration [L/T] ; ETP: Potential evapotranspiration [L/T] ; PWP: Soil permanent wilting point 
threshold [-]. 

Then, near surface (or run-off) flow is calculated depending on the water level in the Upper 
reservoir (SU) and its threshold, as well as on a flow storage coefficient Kr. 

ὗ ὑẗὛὟ ὛὟ  ẗὃ   ὭὪ ὛὟ ὛὟ
ὗ π                                            ὭὪ ὛὟ ὛὟ

 (H.13) 

with Qr: Near surface flow (or run-off flow) [L3/T]; Kr: Near surface flow storage coefficient [1/T]; SU: 
Upper reservoir water level [L]; SUMax: Upper reservoir water level threshold [L]; A: Basin surface [L2]. 

The Upper reservoir (or interflow reservoir), corresponding to the upper soil storage and 
producing the interflow, is computed as follows: 
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ὨὛὟȾὨὸὭ ὑ ὑ ẗὛὟ ὗȾὃ

ὛὟ π
 (H.14) 

É ὑ ẗὛὟ (H.15) 

ὗ ὑ ẗὛὟẗὃ (H.16) 

with Kperc: Percolation storage coefficient [1/T] ; Ku: Interflow storage coefficient [1/T] ; iPerc: 
Percolation intensity [L/T] ; Qu: Interflow [L3/T]. 

Afterwards, the lower reservoir (or baseflow reservoir), corresponding to the lower soil 
storage, is calculated as presented in equations H.17 and H.18 

ὨὛὒȾὨὸὭ ὑẗὛὒ
Ὓὒ π

 
(H.17) 

 

ὗ ὑẗὛὒẗὃ (H.18) 

with SL: Lower reservoir water level [L]; Kl: Baseflow storage coefficient [1/T]; Ql: Baseflow [L3/T]. 

And finally the total outflow is: 

ὗ ὗ ὗ ὗ (H.19) 

with Qtot: Total outflow [L3/T]. 

The initial conditions associated to this model are HsnowIni, WHIni, HumIni, SUIni and SLIni. The 
parameters to adjust are CFMax, CFR, CWH, TT, TTInt, TTSM, Beta, FC, PWP, SUmax, Kr, Ku, Kl 
and Kperc. The parameter A is supposed to be constant. 

The model inputs are the precipitation (P), the temperature (T) and the potential 
evapotranspiration (ETP). The output is the total discharge at the model outlet (Qtot).  
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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 model (Figure 8), 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 hydrological behaviour of the basin. 

 

Figure 8  GR4J model  
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Table 7  List of parameters and initial conditions for the GR4J model 

Object Name Units Description Regular Range 

GR4J 

A m2 Surface of the basin 
 

>0 

X1 m Capacity of production store  0.01 to 1.2 

X2 m Water exchange coefficient 
 

-0.005 to 0.003 

X3 m Capacity of routing store 0.01 to 0.5 

X4 d UH time base -0.5 to 1 

SIni m Initial water content in the production reservoir - 

RIni m Initial water level in the routing reservoir   - 

The first calculation is the neutralization of Peq by ETP for determining a net intensity (Pn) 
and a net evapotranspiration (En) according to equations I.1. 

ὖὲ ὖὩήὉὝὖ
Ὁὲ π

          ὭὪ   ὖ ὉὝὖ

ὖὲ π
Ὁὲ ὉὝὖὖὩή

          ὭὪ   ὖ ὉὝὖ

 (I.1) 

with Pn : net rain intensity [L/T] ; Peq : Equivalent precipitation [L/T] ; ETP : potential 
evapotranspiration [L/T] ; En : net evapotranspiration [L/T]. 

When Pn is not zero, a part (Ps) of Pn feed the production reservoir (S) as presented in 
equation I.2. Similarly, when En is not zero, an evapotranspiration (Es) from the production 
reservoir is calculated depending on the water level in the production reservoir as described 
in equation I.3. 

ὖί
Ὠ

Ὠὸ

ὢẗρ
Ὓ
ὢ

ẗÔÁÎÈ
ὖὲẗὨὸ
ὢ

ρ
Ὓ
ὢ ẗÔÁÎÈ

ὖὲẗὨὸ
ὢ

 (I.2) 

Ὁί
Ὠ

Ὠὸ

Ὓẗς
Ὓ
ὢ ẗÔÁÎÈ

ὉὲẗὨὸ
ὢ

ρ ρ
Ὓ
ὢ ẗÔÁÎÈ

ὉὲẗὨὸ
ὢ

 (I.3) 

with Ps: rain intensity feeding the production reservoir [L/T]; X1 : maximum capacity of production 
reservoir S [L] ; S : water content in the production reservoir [L]; Es : evapotranspiration from the 
production reservoir [L/T]. 

The percolation (iPerc) flowing from the production reservoir is then calculated as follows: 

ὭὖὩὶὧ
Ὠ

Ὠὸ
Ὓ ὖίὉίẗὨὸẗρ ρ

τ

ω
ẗ
Ὓ ὖίὉίẗὨὸ

ὢ
 (I.4) 

with iPerc : percolation intensity [L/T]. 

Finally, the variation in the production reservoir S is obtained according to equation I.5 : 

ὨὛȾὨὸὖίὉίὭὖὩὶὧ
Ὓ π

 (I.5) 
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The quantity of water (iPr) which goes to the routing reservoir is provided by : 

ὭὖὶὭὖὩὶὧὖὲ ὖί (I.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% are routed by a unit hydrograph UH1 and a routing reservoir and 10% by a symmetrical 
unit hydrograph UH2. UH1 and UH2 depend 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 depending on the time step t as 
presented in equation I.7 and I.8. The ordinates of UH1 and UH2 are then calculated. 

ὛὌρ π                ὭὪ ὸ π

ὛὌρ
ὸ

ὢ
    ὭὪπ ὸ ὢ

ὛὌρ ρ                 ὭὪ ὸ ὢ

 (I.7) 

ὛὌς π                                        ὭὪ ὸ π

ὛὌς
ρ

ς
ẗ
ὸ

ὢ
                     ὭὪπ ὸ ὢ

ὛὌς ρ
ρ

ς
ẗς

ὸ

ὢ
       ὭὪ ὢ ὸ ςẗὢ

ὛὌς ρ                                        ὭὪ ὸ ςẗὢ

 (I.8) 

ὟὌρ ὛὌρ ὛὌρ  (I.9) 

ὟὌς ὛὌς ὛὌς  (I.10) 

with SH1 : hydrograph 1 from S [-]; SH2 : hydrograph 2 from S [-]; t: time step [T]; X4: base time [T]; 
UH1 : hydrograph from SH1 [-]; 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 equations I.11 and I.12. 

ὗω πȢωẗ ὟὌρẗὭ0Ò  (I.11) 

ὗρ πȢρẗ ὟὌςẗὭ0Ò  (I.12) 

with Q9: Unitary flow from the UH1 hydrograph; [L/T]; Q1: Unitary flow  from the UH2 hydrograph 
[L/T]; M j : day (integer) [T]; l = integer value of X4 + 1 [T] ; m = integer value of 2*X4+1 [T]. 

Then, an exchange function (iF) with the non-atmospheric outside produces an underground 
water exchange according to I.13 (physical interpretation of this function is not direct). Then, 
the routing reservoir (R) is emptied by a routing discharge (QrΩ) as described in equation I.14. 

ὭὊ
Ὠ

Ὠὸ
ὢẗ

Ὑ

ὢ
 (I.13) 
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ὗὶᴂ
Ὠ

Ὠὸ
Ὑ ὗω ὭὊẗὨὸẗρ ρ

Ὑ ὗω ὭὊẗὨὸ

ὢ
 (I.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 [L]; R : water level in the routing 
reservoir [L] ; X3 : one day capacity of routing reservoir [L]; vǊΩΥ unitary routing reservoir outflow 
[L/T].  

The variation of the water level in the routing reservoir is: 

ὨὙȾὨὸὗω ὭὊὗὶᴂ
Ὑ π

 (I.15) 

The outflow Q1 from hydrograph UH2 has also the same exchange for providing the 
complementary flow QdΩ: 

ὗὨᴂ ὗρ ὭὊ (I.16) 

with vŘΩΥ unitary complementary outflow [L/T]. 

Finally, the model outflows are calculated as presented in equations I.17 and I.18 and the 
total flow at the outlet, Qtot, as presented in equation I.19: 

ὗὶ ὗὶᴂ  ẗ  ὃ (I.17) 

ὗὨ ὗὨᴂ  ẗ  ὃ (I.18) 

ὗὸέὸὗὶ ὗὨ (I.19) 

with Qr: outflow from the routing reservoir [L3/T]; A: Basin surface [L2]; Qd: complementary outflow 
[L3/T]; Qtot : total outflow [L3/T]. 

The variables associated to this model are SIni and RIni. 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 precipitation (Peq) and the potential evapotranspiration 
(ETP). The output is the total discharge at the model outlet (Qtot). 
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2.9. SAC-SMA model description 

The SAC-SMA (Figure 9ύ ƻǊ {!/w!a9b¢h ƘȅŘǊƻƭƻƎƛŎŀƭ ƳƻŘŜƭ ǿŀǎ ŘŜǾŜƭƻǇŜŘ ƛƴ ǘƘŜ тлΩǎ 
(Burnash et al., 1973; Burnash, 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 discharge from the precipitation (P) 
and the potential evapotranspiration (ETP) depending on the parameters and initial 
conditions presented in Table 8. 

 

Figure 9  SAC-SMA model   
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Table 8 List of parameters and initial conditions for the SAC-SMA model 

Object Name Units Description Regular Range 

SAC-
SMA 

A m2 Surface of the basin  >0 
Adimp - Maximum fraction of an additional impervious 

area due to saturation 
 0 to 0.2 

Pctim - Permanent impervious area fraction  0 to 0.05 

Riva - Riparian vegetarian area fraction 0 to 0.2 

UztwMax m Upper Zone Tension Water capacity 0.01 to 0.15 

UzfwMax m Upper Zone Free Water capacity 0.005 to 0.10 

Uzk 1/d Interflow depletion rate from the Upper 
Zone Free Water storage 

 0.10 to 0.75 

Zperc - Ratio of maximum and minimum percolation rates 10 to 350 

Rexp - Shape parameter of the percolation curve 1 to 4 

Pfree - Percolation fraction that goes directly to the 
Lower Zone Free Water storages 

0 to0.6 

LztwMax m The Lower Zone Tension Water capacity  0.05 to 0.40 

LzfpMax m The Lower Zone primary Free Water capacity 0.03 to 0.80 

LzfsMax m The Lower Zone supplementary Free Water 
capacity 

0.01 to 0.40 

Rserv - Fraction of Lower Zone Free Water not 
transferable to Lower Zone Tension Water 

0 to 1 

Lzpk 1/d Depletion rate of the Lower Zone primary Free 
Water storage 

0.001 to 0.03 

Lzsk 1/d Depletion rate of the Lower Zone supplemental 
Free Water storage 

0.02 to 0.3 

Side - Ratio of deep percolation from Lower Zone Free 
Water storages 

 0 to 0.5 

AdimIni m Initial Tension Water content of the Adimp area  - 

UztwIni m Initial Upper Zone Tension Water content  - 

UzfwIni m Initial Upper Zone Free Water content 
 

- 

LztwIni m Initial Lower Zone Tension Water content 
 

- 

LzfpIni m Initial Lower Zone Free supplementary content  - 

LzfsIni m Initial Lower Zone Free primary content   - 

When considering rainfall over a basin, two basic basin areas are taken into account: 

¶ 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 

produces impervious and direct runoff QDirectRunoff from any rainfall. 

¶ 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 present permanent or temporarily impervious areas, determined by: 

¶ The permanent impervious area fraction (Pctim). 
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¶ The maximum fraction of an additional impervious area due to saturation (Adimp). It 

represents the maximum portion of reservoirs and temporary watersheds contained 

in the basin. 

Thus, the permanent pervious area fraction of the basin is calculated following equation J.1 

ὖὥὶὩὥρ ὖὧὸὭάὃὨὭάὴ (J.1) 

with Parea : permanent pervious area fraction of the basin [-] ; Pctim : permanent impervious area 
fraction [-] ; Adimp : maximum fraction of an additional impervious area due to saturation [-]. 

It is worth mentioning that the behaviour of the additional impervious area might be purely 
pervious, purely impervious or mixed, depending on the storage of the permanent pervious 
and impervious areas. The pervious capacity (or fraction) of this area will decrease as the 
rainfall grows. 

As shown in the Figure 9, the SAC model divides the soil in 2 zones: 

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

- A Lower Zone, sub-divided in 3 reservoirs, where the input is the percolation from 
the Upper Zone. 

The main components of the model and their flow transfers are described below. 

Upper Zone Tension Water storage 

This storage represents the water bound by adhesion and cohesion in between the soil pores 
as well as the water intercepted by vegetation. The water can be only consumed by 
evapotranspiration. 

The water that reaches this reservoir comes from the rain felt into the pervious area of the 
basin, but also from transfers from the Upper Zone Free Water storage. 

The following concepts are defined for this reservoir: 

¶ The Upper Zone Tension Water Maximum capacity (UztwMax) is the maximum 

Tension Water storage admissible in the Upper Zone. 

¶ The Upper Zone Tension Water Content (UztwC) is the Tension Water stored in this 

Upper Zone at any given time. 

If the relative content of Tension Water (ratio between its content and its maximum storage) 
is smaller than the relative content of Free Water, a transfer is produced from the Free 
Water storage to the Tension Water storage. The expressions of these ratios and the 
infiltration transfer are shown in equations J.2 to J.5: 

Ὕ
Ὗᾀὸύὅ

Ὗᾀὸύὓὥὼ
 (J.2) 

Ὂ
ὟᾀὪύὅ

ὟᾀὪύὓὥὼ
 (J.3) 

ὟᾀὸὶὨ
ὟᾀὪύὅϽὟᾀὸύὓὥὼὟᾀὸύὅϽὟᾀὪύὓὥὼ

ὟᾀὪύὓὥὼὟᾀὸύὓὥὼ
ȾὨὸ if Ὕ Ὂ  

(J.4) 

Ὗᾀὸὶπ if Ὕ Ὂ (J.5) 



Chapter 2. Hydrological and hydraulics models description 

 

 

RS MINERVE ς Technical Manual  Page 36/ ]142  

with T: relative content of Upper Zone Tension Water [-]; F: relative content of Upper Zone Free 
Water [-]; Uztr: infiltration transfer from the Free Water storage to the Tension Water storage [L/T]; 
UztwC: the Upper Zone Tension Water storage [L]; UztwMax: the Upper Zone Tension Water capacity 
[L]; UzfwC: the Upper Zone Free Water storage [L]; UzfwMax: the Upper Zone Free Water capacity 
[L]. 

Although free water is present during filling of Upper Zone Tension Water (by infiltration), 
this free water is rapidly transformed into Upper Zone Tension Water until tension water 
relative content requirements are satisfied.1 

In addition, when the Upper Zone Tension Water volume has been filled, excess moisture 
above the Upper Zone Tension Water capacity is accumulated in the Upper Zone Free Water.  

Upper Zone Free Water storage 

This storage represents the water not attached to the soil particles and free to move under 
gravitational forces. The water that reaches this reservoir comes from the infiltration of the 
Upper Zone Tension Water storage  

The following concepts are defined: 

¶ The Upper Zone Free Water Maximum capacity (UzfwMax) is the maximum Free 

Water storage admissible in the Upper Zone. 

¶ The Upper Zone Free Water Content (UzfwC) is the Free Water stored in the Upper 

Zone at any given time. 

¶ The Interflow depletion rate (Uzk) represents the portion of the Upper Zone Free 

Water that is transferred outside as interflow. 

The water may be depleted by evapotranspiration, percolation to the Lower Zone or 
horizontal flow (surface runoff and interflow). 

On the one hand, the percolation to the Lower Zone is computed prior to the interflow 
computation as it is its preferred path. It depends on the deficiency of the Lower 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 the Lower Zone (DDA). This demand 
represents the percolation in case of total percolation availability on the Upper Zone Free 
Water storage. 

ὖὄὥίὩὒᾀὪὴὓὥὼϽὒᾀὴὯὒᾀὪίὓὥὼϽὒᾀίὯ (J.6) 

ὈὉὊὙ
ὒᾀὸύὓὥὼὒᾀὸύὅὒᾀὪὴὓὥὼὒᾀὪὴὅὒᾀὪίὓὥὼὒᾀὪίὅ

ὒᾀὸύὓὥὼὒᾀὪὴὓὥὼὒᾀὪίὓὥὼ
 (J.7) 

ὈὈὃ ὖὄὥίὩϽρ ὤὴὩὶὧϽὈὉὊὙ  (J.8) 

with PBase: the continuing percolation rate under saturated condition (maximal percolation) [L/T]; 
DDA: Lower Zone maximum percolation demand [L/T]; Zperc: ratio of maximum and minimum 

                                                      

 

 
1
 http://www.nws.noaa.gov/oh/hrl/nwsrfs/users_manual/part2/_pdf/23sacsma.pdf 

http://www.nws.noaa.gov/oh/hrl/nwsrfs/users_manual/part2/_pdf/23sacsma.pdf
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percolation rates [-]; DEFR: relative Lower Zone water deficiency [-]; Rexp: shape parameter of the 
percolation curve [-].  

The effective percolation depends on the percolation demand and the ratio between the 
Upper Zone Free Water content and the Upper Zone Free Water capacity as shown in 
equation J.9. In addition, the effective percolation is limited by the humidity content in the 
Upper Zone and also by the deficiency in the Lower Zone (equations J.10 and J.11 
respectively): 

ὖὉὙὅὈὈὃϽ
ὟᾀὪύὅ

ὟᾀὪύὓὥὼ
 (J.9) 

ὖὉὙὅὨὟᾀὪύὅȾὨὸ (J.10) 

ὖὉὙὅὨ ὒᾀὸύὓὥὼὒᾀὸύὅὒᾀὪὴὓὥὼὒᾀὪὴὅὒᾀὪίὓὥὼὒᾀὪίὅȾὨὸ (J.11) 

with PERC: real percolation [L/T]; DDA: Lower Zone maximum percolation demand [L/T]; UzfwC: 
Upper Zone Free Water content [L]; UzfwMax: Upper Zone Free Water capacity [L]. 

On the other hand, the interflow occurs only when the rate of precipitation exceed the rate 
at which downward motion can occur from the Upper Zone Free Water. It depends on the 
water content and on its interflow depletion rate Uzk, as shown in equation J.12: 

ὗ ὟᾀὯϽὟᾀὪύὅϽὖὥὶὩὥϽὃ (J.12) 

with Qinterflow: interflow [L3/T]; Uzk: interflow depletion rate from the Upper Zone Free water storage 
[T-1]; UzfwC: Upper Zone Free Water content [L]; Parea : pervious area fraction of the basin [-]; A: 
surface of the basin [L2]. 

Moreover, when the Upper Zone Free Water storage is completely full and the precipitation 
intensity exceeds both the percolation rate and the maximum interflow drainage capacity, 
the excess precipitation results in surface runoff QSurfRunoff. 

Lower Zone Tension Water storage  

This storage represents the semi-saturated 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 water is consumed through evapotranspiration, proportionally to 
the remaining ETP of the Upper Zone Tension Water storage. 

The water reaching this reservoir comes from the Upper Zone percolation. One fraction 
(Pfree) of this percolation goes directly to the Free Water storages, even if the Tension 
Water storage is not yet full, and the other fraction (1-Pfree) goes to the Tension Water 

storage of the Lower Zone 2.The water also reaches this storage from transfers between 
the other Lower Zone Free Water storages. 

The following concepts are defined: 

¶ The Lower Zone Tension Water Maximum capacity (LztwMax) is the maximum 

Tension Water storage admissible in the Lower Zone. 

                                                      

 

 
2 
If the Tension Water storage of the Lower Zone is completely full, then percolation goes entirely to the 2 Free 

Water storages. 
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¶ The Lower Zone Tension Water Content (LztwC) is the Tension Water stored in the 

Lower Zone at any given time. 

If the relative content of Tension 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 ratios are shown in equations J.13 to 
J.15: 

ὙὊὡ ὙίὩὶὺϽὒᾀὪὴὓὥὼὒᾀὪίὓὥὼ (J.13) 

Ὕ
ὒᾀὸύὅ

ὒᾀὸύὓὥὼ
 (J.14) 

Ὂ
ὒᾀὪὴὅὒᾀὪίὅὙὊὡ

ὒᾀὪὴὓὥὼὒᾀὪίὓὥὼὙὊὡ
 (J.15) 

with T: relative content of Lower Zone Tension Water [-]; F: relative content of Lower Zone Free 
Water [-]; RFW: Lower Zone Free Water not transferable to Lower Zone Tension Water, susceptible 
to become baseflow [L]; Rserv: fraction of Lower Zone Free Water not transferable to Lower Zone 
Tension Water[-]. 

If the relative content of the Lower Zone Tension Water is smaller than the relative fullness 
of the global Lower Zone, a water transfer DEL occurs from the Lower Zone Free 
Supplementary reservoir to the Lower Zone Tension Water reservoir, as described by the 
following equations: 

Ὑ
ὒᾀὪὴὅὒᾀὪίὅὒᾀὸύὅὙὊὡ

ὒᾀὪὴὓὥὼὒᾀὪίὓὥὼὒᾀὸύὓὥὼὙὊὡ
 (J.16) 

ὈὉὒὒᾀὸύὓὥὼϽὨὙ ὝȾὨὸ (J.17) 

with DEL: the Free-Tension Water transfer in the Lower Zone [L/T]; R: ratio between the available 
water for evapotranspiration and the total water content, in the whole Lower Zone [-]; RFW: Lower 
Zone Free Water not transferable to Lower Zone Tension Water, susceptible to become baseflow [L]. 

Lower Zone Primary and Supplementary Free Water storages  

This storage represents the saturated zone of the subsoil, i.e. the aquifer. There are two 
types of Lower Zone Free Water: a primary type with a very slow draining providing baseflow 
over long periods of time, and a supplementary type which supplements the baseflow after 
a period of relatively recent rainfall. 

The water that reaches these storages comes from the Pfree fraction of the percolation of 
the Upper Zone Free Water. This fraction is distributed into the primary and supplementary 
storages according to their deficiency of water. 

The following concepts are defined: 

¶ The Lower Zone primary Free Water Maximum capacity (LzfpMax) is the maximum 

primary water storage admissible in the Lower Zone. 

¶ The Lower Zone primary Free Water Content (LzfpC) is the primary Free Water stored 

in the Lower Zone at any given time. 

¶ The Depletion rate of the Lower Zone primary Free Water storage (Lzpk) is the 

portion of primary Free Water that drains as baseflow per day. 
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¶ The Lower Zone supplementary Free Water Maximum capacity (LzfsMax) is the 

maximum supplementary water storage admissible in the Lower Zone. 

¶ The Lower Zone supplementary Free Water Content (LzfsC) is the supplementary Free 

Water stored in the Lower Zone at any given time. 

¶ The Depletion rate of the Lower Zone supplementary Free Water storage (Lzsk) is the 

portion of supplementary Free Water that drains as baseflow per day. 

The drained water leaving these two storages (primary flow Qprimary and supplementary flow 
Qsupplementary) follows the Darcy's law and forms the baseflow of the Lower Zone QLower Zone as 
shown in equations J.18 to J.20: 

ὗ ὒᾀὴὯϽὒᾀὪὴὅϽὖὥὶὩὥϽὃ (J.18) 

ὗ ὒᾀίὯϽὒᾀὪίὅϽὖὥὶὩὥϽὃ (J.19) 

ὗ  ὗ ὗ  (J.20) 

with Qprimary: primary baseflow [L3/T]; Qsupplementary: supplementary baseflow [L3/T]; QLower Zone: total 
baseflow produced in the Lower Zone [L3/T]; Lzpk: depletion rate of the Lower Zone primary Free 
Water storage [T-1]; LzfpC: Lower Zone primary Free Water Content [L]; Lzsk: depletion rate of the 
Lower Zone supplementary Free Water storage [T-1]; LzfsC: Lower Zone supplementary Free Water 
Content [L]; Parea : pervious area fraction of the basin [-]; A: surface of the basin [L2]. 

The model allows including baseflow losses, called subsurface flow QSubSurf, due to the 
existence of geological faults, fractured rocks, etc. that lead to filtrations throughout the 
aquifer. The Side parameter captures these losses as shown in equation J.21: 

ὗ ὛὭὨὩϽὗ  (J.21) 

with Side: ratio of deep percolation from Lower Zone Free Water storages [-], Qbaseflow: Lower Zone 
Free Water volume actually integrated to the channel outflow hydrographs [L3/T]; QSubSurf: discharge 
lost into the aquifer [L3/T]. 

And so this Side parameter is used to correct the baseflow as follows: 

ὗ
ὗ  

ρ ὛὭὨὩ
 (J.22) 

ὗ ὛὭὨὩϽ
ὗ  

ρ ὛὭὨὩ
 (J.23) 

Evapotranspiration 

The real evapotranspirations are obtained from each Tension Water storage, from the 
transfers between Free Water and Tension Water storages, from riverside vegetation and 
from impervious areas. They are described hereafter. 

¶ ETR1: evapotranspiration from the Upper Zone Tension Water reservoir. If this 

reservoir is not full, the evapotranspiration is proportional to its content (equation 

J.24): 

ὉὝὙρ ὉὝὖϽ
Ὗᾀὸύὅ

Ὗᾀὸύὓὥὼ
Ὗᾀὸύὅ (J.24) 

with ETP: potential evapotranspiration [L/T]. 
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The remaining evapotranspiration demand RED and the updated content of water in 

the Upper Zone Tension Water reservoir UztwC are then calculated:  

ὙὉὈὉὝὖὉὝὙρ (J.25) 

ὨὟᾀὸύὅȾὨὸ ὉὝὙρ (J.26) 

¶ ETR2: evapotranspiration from the Upper Zone Free Water reservoir. This 

evapotranspiration is equal to the remaining RED left by the Tension Water reservoir, 

but it is limited by the Upper Zone Free Water content UzfwC: 

ὉὝὙς ÍÉÎ ὙὉὈȠὨὟᾀὪύὅȾὨὸ (J.27) 

Then, the remaining evapotranspiration REDLz from the Lower Zone is: 

ὙὉὈὒᾀὙὉὈὉὝὙς (J.28) 

The variation of the water content UzfwC in the Upper Zone Free Water reservoir is 

defined as follows: 

ὨὟᾀὪύὅȾὨὸ ὉὝὙς (J.29) 

¶ ETR3: evapotranspiration from the Lower Zone Tension Water reservoir. The 

evapotranspiration availability corresponds to the remaining evapotranspiration 

demand in the Lower Zone. Evapotranspiration in this reservoir is proportional to the 

remaining evapotranspiration and to the Lower Zone Tension Water content, and 

inversely proportional to the Tension Water reservoirs' capacity of the Upper Zone 

and the Lower Zone: 

ὉὝὙσ ὙὉὈὒᾀϽ
ὒᾀὸύὅ

Ὗᾀὸύὓὥὼὒᾀὸύὓὥὼ
ὨὒᾀὸύὅȾὨὸ (J.30) 

¶ ETR4: evapotranspiration from the basin covered by riverside vegetation. Riverside 

vegetation absorbs the deficiency of potential evapotranspiration from the Upper 

Zone and the Lower Zone: 

ὉὝὙτ ὉὝὖὉὝὙρ ὉὝὙς ὉὝὙσ (J.31) 

¶ ETR5: evapotranspiration from the impervious fraction of the basin. 

ὉὝὙυ ὉὝὙρ ὙὉὈὉὝὙςϽ
ὃὨὭάὅὟᾀὸύὅὠ

Ὗᾀὸύὓὥὼὒᾀὸύὓὥὼ
 (J.32) 

ὠ ὉὝὙρȢὨὸ (J.33) 

with AdimC: sum of the Upper Zone and Lower Zone Tension Water Content in the Adimp 
area [-]; VETR1: evapotranspirated water from the Upper Zone Tension Water reservoir in a 
time step [L]. 
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Each evapotranspiration value is weighted based on the portion of the basin area in which it 
is produced. The total evapotranspiration is finally: 

ὉὝὙὸέὸὥὰὉὝὙρ ὉὝὙς ὉὝὙσϽὖὥὶὩὥὉὝὙτϽὙὭὺὥὉὝὙυϽὃὨὭάὴϽὃ (J.34) 

with ETRtotal: total evapotranspiration [L3/T]; Parea: pervious area fraction 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 saturation [-]; A: surface of the 
basin [L2]. 

A more detailed guide about the SAC-SMA equations can be found on the following National 
Weather Service link: http://www.nws.noaa.gov/iao/iao_SAC_SMA.php 

http://www.nws.noaa.gov/iao/iao_SAC_SMA.php
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2.10. Channel routing description 

The channel routing can be solved by the St-Venant, Muskingum-Cunge or Kinematic wave. 
The three possibilities are presented hereafter and their parameters in Table 9. 

Table 9  List of parameters for the channel routing 

Object Name Units Description Regular Range 

Reach 

L m Length >0 

B0 m Width of the channel base >0 

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

J0 - Slope >0 

K m1/3/s Strickler coefficient 10 to 90 

N - Number of sections (not for Lag-Time) >0 

Lag min Lag time (only for Lag-Time) җ0 

QIni m3/s Initial discharge - 

St. Venant routing 

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

Ћὃ

Ћὸ

Ћὗ

Ћὼ
π (K.1) 

Ћὗ

Ћὸ

Ћ

Ћὼ

ὗ

ὃ
Ὣ Ὅ Ὣ ὃ ὐ ὐ Ὣ Ὅ (K.2) 

with A: cross sectional flow area [L2]; Q: discharge [L3/T]; J0: bottom slope; Jf: friction slope [-]; I1: 
profile coefficient [L3]; I2: coefficient for cross sectional variation [L2]. 

Equation K.1 expresses the mass conservation while equation K.2 ensures the conservation 
of momentum. The term I1 takes into account the shape of the transversal profile and is 
calculated as follows: 

Ὅ Ὤ –ẗὦ– Ὠ– (K.3) 

The term b represents the cross sectional variation for the level h and constitutes an 
integration variable according to Figure 10. St. Venant equations can be solved in RS 
MINERVE for a trapezoidal profile (Figure 11): 

  

Figure 10  Descriptive sketch for parameters 
used in the calculation of I1 

Figure 11  Transversal profile available for  the 
computation of channel routing 

  

1
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For this trapezoidal section, the equation defining I1 is reduced to: 

Ὅ
ὄẗὬ

ς

άẗὬ

σ
 (K.4) 

with B: width of the base of the transversal profile [L]; h: water level [L]; m: side bank relation 
coefficient (1 vertical / m horizontal) [-]. 

The friction slope Jf is calculated according to Manning-Strickler: 

ὐ
ὗẗȿὗȿ

ὃ ẗὑ ẗὙ
 (K.5) 

Ὑ
ὃ

ὒ
 (K.6) 

with Jf:  friction slope [-]; K: Strickler coefficient [L1/3/T]; Rh : hydraulic radius [L]; A: flow area [L2]; Lp : 
wetted perimeter [L]. 

The term I2 takes into account the variation of the section along the channel. In the case of a 
prismatic channel I2 is equal to zero. In general, I2 is: 

Ὅ Ὤ –
Ћὦ

Ћὼ
 (K.7) 

For a prismatic channel, equations K.1 and K.2 are solved by the Euler method (first order) as follows: 

ὃ ὃ
ɝὸ

ɝὼ
ὗ ὗ  (K.8) 

ὗ ὗ
ɝὸ

ɝὼ

ὗ

ὃ

ὗ

ὃ
ὫẗὍȟ ὫẗὍȟ

ɝὸẗὫẗ
ὃ ὃ

ς
ẗὐ ɝὸẗὫẗὃ ẗὐ

 (K.9) 

with index j and j+1 representing the spatial position; exponent n and n+1 representing the time 
increment; g: gravity constant [L2κ¢ϐΤ ҟȄΥ ƭƻƴƎƛǘǳŘƛƴŀƭ ƛƴŎǊŜƳŜƴǘ ώ[ϐΦ 

The downstream boundary condition used by RS MINERVE is 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 are presented in 
the following.  
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Muskingum-Cunge routing 

Ruling out the first two terms of equation K.2 yields: 

ЋὍ

Ћὼ
ὃẗὐ ὐ Ὅ (K.10) 

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 
equation K.2 as follows: 

Ћὗ

Ћὸ

ὗ

ὄὈ

ὨὈ

ὨὬ
Ͻ
Ћὗ

Ћὼ

Ὀ

ςϽὄϽȿὗȿ
Ͻ
Ћὗ

Ћὼ
π (K.11) 

with B: width of the bottom of the transversal profile [L]; D: discharge rate [L3/T]. 

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

ὗ ὈϽὐ  (K.12) 

Equation K.11 is an equation with partial derivatives of parabolic type which represents the 
convection and the diffusion of the variable Q. Hence, the flow transported with a velocity c 

(equation K.13) and diffused with a diffusion coefficient d (equation K.14): 

ὧ
ὗ

ὄϽὈ
Ͻ
ὨὈ

ὨὬ
 (K.13) 

‏
Ὀ

ςὄẗȿὗȿ
 (K.14) 

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

Ћὗ

Ћὸ

Ὠὗ

Ὠὃ
Ͻ
Ћὗ

Ћὼ
π (K.15) 

This equation is called « equation of the kinematic wave » and describes the simple 
convection of the flow with a velocity c according to equation K.13. It can be solved by the 
following numerical finite difference scheme: 

Ћὗ

Ћὸ

ὢϽὗ ὗ ρ ὢ Ͻὗ ὗ

ɝὸ
 (K.16) 

Ћὗ

Ћὼ

ρ
ςϽὗ ὗ

ρ
ςϽὗ ὗ

ɝὼ
 (K.17) 

Applying this scheme to equationK.15 yields: 

ὢϽὗ ὗ ρ ὢ Ͻὗ ὗ

ὧɝὸ
ρ
ςϽὗ ὗ

ρ
ςϽὗ ὗ

ɝὼ
π 

(K.18) 
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We can express the solution of this equation as a function of the unknown variable Qj+1
n+1 

namely: 

ὗ ὅϽὗ ὅϽὗ ὅϽὗ  (K.19) 

with: 

ὅ   
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 (K.20) 

ὑ
ɝὼ

ὧ
 (K.21) 

ὧ
ὗ ὗ

ὃ ὃ
 (K.22) 

Here, hydraulic engineers might recognize the equation of Muskingum (Boillat, 1980) 
corresponding to the name of the river localized in the United States where the method was 
employed for the first time. The Muskingum method represents an approximation by finite 
differences of the equation for the kinematic wave. This is not only an appearance since 
developing the terms of equation K.18 in terms of a Taylor series around the point (j, n) 

assuming Dx/Dt = c and neglecting the quadratic terms (Dx2) the equation can be written as 
follows: 

Ћὗ

Ћὸ
ὧ
Ћὗ

Ћὼ
ὧϽὄ

Ћὗ

Ћὼ
π (K.23) 

ὄ ɝὼϽ
ρ

ς
ὢ  (K.24) 

According to this analysis proposed by Cunge (1969) it can be recognized that the 
Muskingum equation is a solution in terms of finite differences of the equation of the 
diffusive wave (K.11) under the condition of correctly introducing the value of the 
parameters K and X. K is defined by equation K.21 and according to the celerity c (equation 
K.24) X corresponds to: 

ὢ
ρ

ς

Ὀ

ςϽɝὼϽȿὗȿϽὗϽ
ὨὈ
ὨὬ

 (K.25) 

This function of the diffusive wave implemented at present in RS MINERVE is capable of 
solving the Muskingum-Cunge equation for the trapezoidal geometry of a transversal profile 
according to Figure 11.  
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Kinematic Wave routing 

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 cinematic hypothesis 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 cinematic wave as presented in the previous chapter is presented as 
follows: 

Ћὗ

Ћὸ

Ὠὗ

Ὠὃ
Ͻ
Ћὗ

Ћὼ
π (K.26) 

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

ὧ
Ћὗ

Ћὃ
 (K.27) 

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 general behaviour of a 
flood is modified, since high discharges are transferred downstream more rapidly than small 
ones. 

The initial parameters are identical to those of the model of the diffusive wave. The 
geometry for the transversal profiles also corresponds to the same than for the Muskingum-
Cunge method (trapezoidal channels, Figure 11). Opposite to the model of the diffusive 
wave, no reduction of the flood is produced as mentioned previously. The solution is 
performed according to the following equations: 

ὧ
ὗ ὗ

ὃ ὃ
 (K.28) 
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 (K.30) 

 

Lag-time 

The lag-time model is the simpler routing model where upstream and downstream flows are 
delayed by a fixed lag time called Lag (in minutes). 
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2.11. Time series 

In this object, temporary series of flow, precipitation, temperature or ETP can be directly 
introduced. The time is incorporated in seconds and the associated values in their 
corresponding units, in tabular form « t [s] ς value [depending on the series] ». 

Table 10  Time series required data 

Object Name Units Description 

Time Series 
Series 
(paired 
data) 

s - (depending on the series) Time ς Value series 
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2.12. Reservoir 

The transient evolution of a water volume " in a reservoir is described by the following 
retention equation: 

Ὠᶅ

Ὠὸ
ὗ ὗ (L.1) 

with ": volume in the reservoir [L3]; Qe: inflow in the reservoir [L3/T]; Qs: outflow [L3/T]. 

Usually, reservoirs are equipped with turbines, pumps and spillways depending on the water 
level in the reservoir. To solve equation L.1, 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 is known (Table 11). 

Table 11  Reservoir paired data and initial condition required 

Object Name Units Description 

Reservoir 

H-V 
(paired data) 

masl - m3 Level - Volume relation 

Hini masl Initial level in the reservoir 
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2.13. Level-Discharge Relation (HQ) 

The HQ object provides an outflow depending on a level in a reservoir. The outflow is 
calculated by the help of a « Level ς Discharge » relation (Table 12). Hence, the discharge in 
then calculated as follows: 

ὗ π                                                                                            ὭὪ   Ὄ Ὄ

ὗ ὗ ȟ Ὄ Ὄ Ͻ
ὗ ȟ ὗ ȟ

Ὄ Ὄ
     ὭὪ   Ὄ Ὄ Ὄ

 (M.1) 

with  Qoutflow
n: discharge at instant n [L3/T]; Hn: water level at instant n [L]; Qoutflow,i: discharge flow for 

a water level Hi [L
3/T]; Hi: reservoir water level [L]. 

Table 12  HQ paired data required 

Object Name Units Description 

HQ 
H-Q 

(paired data) 
masl - m3/s Level - Discharge relation 
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2.14. Turbine 

In this object, temporary series of flow can be directly introduced to provide an outflow in a 
reservoir. The time is incorporated in seconds and the associated values in their 
corresponding units, in tabular form « t [s] ς discharge». The final discharge also depends on 
the level reservoir as presented in next equations: 

ὗ ὗ      ὭὪ   Ὄ Ὄ  έὶ  Ὄ  Ὄ Ὄ  ὥὲὨ ὍίὕὴὩὶὥὸὭὲὫρ 

ὗ π                   ὭὪ   Ὄ Ὄ  έὶ  Ὄ  Ὄ Ὄ  ὥὲὨ ὍίὕὴὩὶὥὸὭὲὫπ
 (N.1) 

with  Qturbine
n: discharge at instant n [L3/T]; Hn: water level at instant n [L]; Qowanted

n: discharge flow 
wanted at instant n [L3/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]. 

Table 13  Time-Q paired data, parameters and initial conditions required 

Object Name Units Description 

HQ 

H-Q 
(paired data) 

masl - m3/s Level - Discharge relation 

Hon masl 
Threshold in the level of the reservoir to start the 
turbine cycle  
(turbine starts when the threshold is exceeded) 

Hoff masl 
Threshold in the level of the reservoir to stop the 
turbine cycle  
(turbine stops when level go below the threshold)  

IsOperatingIni 0/1 
First suggested value for the turbine cycle  
(0 = not turbine; 1  = turbine). Only taken into 
account if Hoff > H > Hon 

 

 

Figure 12  Time-H, tubine start and stop operation.  
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2.15. Hydropower 

The inputs of this object are a reservoir level and a discharge. It also needs the paired data 
relation « Discharge (Q) ς Performance όʹύ » for the turbine, the altitude (Zcentral) of the 
hydropower plant, the length (L), the diameter (D) and the roughness (K) of the pipe as well 
ŀǎ ǘƘŜ ƪƛƴŜƳŀǘƛŎ ǾƛǎŎƻǎƛǘȅ ƻŦ ǘƘŜ ŦƭǳƛŘ όˎύ. 

As outputs, the object calculates not only the power and the revenue for each time step, as 
presented in equations N.1 to N.3, but also the total energy produced and the total obtained 
revenue. For this calculation, it takes into account the head loss in terms of volumetric flow 
rate in a full-flowing circular pipe from the Darcy-Weisbach equation (Darcy, 1857; Simmons, 
2008). 

ὤ ὤ ὤ Ὢẗ
ψẗὒẗὗ

Ὣẗ“ ẗὈ
 (O.1) 

ὖέύὩὶ –ẗρπππẗὗ ẗὫẗὤ  (O.2) 

2ÅÖÅÎÕÅ 0Ï×ÅÒẗ0ÒÉÃÅ (O.3) 

with Hnet
n: net height at instant n [L]; Zwater

n: water height in the reservoir at instant n [L]; Zcentral: 
hydropower plant altitude [L]; f: friction factor [-]; L: length of the pipe [L]; Qn: discharge at instant n 
[L3/T]; g: gravity, 9.81 [L2/T]; D: diameter [L]; Powern: power at instant n [WattϐΤ ʹΥ performance of 
the turbine at instant n [%]; Revenuen: Revenue of the turbine at instant n [ϵκYǿƘ]; Pricen: Price of 
the energy at instant n [ϵκYǿƘ]. 

If the discharge actually provided to the object Hydropower is higher than the range 
proposed in the relation Q-  ́of this object, the maximum discharge of the paired data Q-ʹ ƛǎ 
taken for the energy production calculations. 

Table 14  Hydropower paired data and parameters required 

Object Name Units Description 

Hydropower 

Q-  ́
(paired data) 

m3/s - % Discharge-Performance relation 

Zplant masl Hydropower plant altitude 
L m Length of the pipe 
D m Diameter of the pipe 
K m Roughness 
 ˄ m2/s Kinematic viscosity 

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

A default price 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 Darcy-Weisbach equation, the equation of 
Colebrook-White (Colebrook and White, 1937; Colebrook, 1939) is used. It is presented in 
equation NΦпΣ ǿƘŜǊŜ ˂ ǊŜǇǊŜǎŜƴǘǎ ŦΦ In addition, the Reynolds number, Re, is presented in 
equation N.5. 

ρ

Ѝ‗
ςẗÌÏÇ

ὯȾὈ
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ςȢυρ

2ÅẗЍ‗
 (O.4) 
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2Å ὺẗ
Ὀ

‡
 (O.5) 

with ˂Υ friction factor [-]; k: roughness [L]; Re: Reynolds number [-];ὺ: velocity [L/T]; ‡: kinematic 
viscosity [L2/T] 

The equation N.4 is solved for the range of discharges of the paired data Q-ʹΣ ǇǊƻǾƛŘƛƴƎ ǘƘŜ 
paired data relation « Discharge (Q) ς Friction factor (˂ ) » for user information.  
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2.16. Diversion 

This object needs the paired data relation « Inflow ς Diverted flow » as information as well 
as the incoming hydrograph. The relation describes the behaviour of the diversion and is 
generated by the user, who performs a calculation for the behaviour of the diversion and 
then creates the relation « Inflow ς Diverted flow ». 

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

ὗ ὗ ὗ  (P.1) 

with Qup
n: total flow upstream at instant n [L3/T]; Qdiverted

n: diverted flow at instant n [L3/T]; Qdown
n: 

downstream flow at instant n [L3/T]. 

Table 15  Diversion paired data required 

Object Name Units Description 

Diversion 
Qup-Qdiverted 

(paired data) 
m3/s - m3/s Upstream flow - Diverted flow relation 
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2.17. Consumer 

A series in the database is used as the consummation demand of the Consumer object. If no 
information about consummation ŜȄƛǎǘǎ ƛƴ ǘƘŜ ŘŀǘŀōŀǎŜΣ ǘƘŜ ǇŀǊŀƳŜǘŜǊ ά5ŜŦŀǳƭǘ v5ŜƳŀƴŘέ 
is used for the whole period of the simulation as uniform demand. 

With this information, the Consumer calculates the consumed discharge as well as the 
downstream hydrograph, as presented in equation P.1. At the same time, the object also 
calculates the shortfall discharge series during the simulation period. 

ὗ ὗ

ὗ ὗ ὗ             

ὗ π

         ὭὪ  ὗ ὗ

ὗ ὗ

ὗ π

ὗ ὗ ὗ

                ὭὪ  ὗ ὗ

 (Q.1) 

with Qconsumed
n: consumed discharge at instant n [L3/T]; Qdemand

n: demanded consummation at instant 
n [L3/T]; Qdown

n: downstream flow at instant n [L3/T]; Qup
n: total flow upstream at instant n [L3/T]. 

Table 16  Consumer optional parameter 

Object Name Units Description 

Consumer Default QDemand m3/s 
Default demand of consummation, only 
used if no data exists in the database 
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2.18. Structure efficiency 

This object needs an efficiency coefficient as information to describe the efficiency of a 
structure such a canal or a pipe, as well as the incoming hydrograph. 

An efficiency of 1 provides an output flow equivalent to the input hydrograph. An efficiency 
of 0 generates a complete loss of the input. 

The downstream hydrograph is calculate as presented in equation Q.1 and Q.2 : 

ὗ ὗ ẗ%ÆÆÉÃÉÅÎÃÙ (R.1) 

ὗ ὗ ẗρ %ÆÆÉÃÉÅÎÃÙ (R.2) 

with Qup
n: total flow upstream at instant n [L3/T]; Qlost

n: lost flow at instant n [L3/T]; Qdown
n: 

downstream flow at instant n [L3/T]. 

Table 17  Structure efficiency parameter required 

Object Name Units Description 

Structure 
Efficiency 

Efficiency - Efficiency of the structure 
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2.19. Planner 

When a planner object is selected, a manage system is generated. Inside this object, several 
Rules can be created. All the rules will be computed, from first one to last one. In 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. 

Table 18  Operators to combine rule conditions. 

Operator 
Combined condition is satisfied 

when 

OR 
Left condition OR Right condition 
are satisfied 

AND 
Left condition AND Right 
condition are satisfied 

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

Table 19  Planner required data 

Object Name Units Description 

Planner Rule - 
Rule to be applied 
regarding at least one 
condition 

Rules Condition - 
Expression to be evaluated 
and if it is satisfied the 
parent rule will be applied 

The possible operators to use inside the conditions are presented in Table 19. 

Table 20  Operators for rule conditions. 

Operator Definition 

> Bigger than 
>=  Bigger than or equal to 
= Equal to 

< = Smaller than or equal to 

<  Smaller than 
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Chapter 3. Performance indicators 

The Comparator object provides eight indicators values, presented hereafter. These 
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 Nash-Sutcliffe criteria (Nash and Sutcliffe, 1970) is used to assess the predictive power 
of hydrological models (Ajami et al., 2004; Schaefli and al, 2005; Jordan, 2007; Viviroli et al., 
2009; García Hernández et al., 2011). It is defined as presented in Eq. IND.1. 

ὔὥίὬ ρ
В ὢ ȟ ὢ ȟ

В ὢ ȟ ὢ
 IND.1 

with Nash: Nash-Sutcliffe model efficiency coefficient [-]; Xsim,t: simulated variable (discharge [L3/T] or 

height [L]) at time t; Xref,t : observed variable (discharge [L3/T] or height [L]) at time t; ὢref: average 
observed variable (discharge [L3/T] or height [L]) for the considered period. 

It varies from -қ ǘƻ мΣ ǿƛǘƘ м ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ ōŜǎǘ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ǘƘŜ ƳƻŘŜƭ ŀƴŘ ȊŜǊƻ ǘƘŜ 
same performance than assuming the average of all the observations at each time step. 

3.2. Nash coefficient for logarithm values 

The Nash-Sutcliffe coefficient for logarithm flow values (Nash-ln) is used to assess the 
hydrological models performance for low values (Krause et al., 2005; Nóbrega et al., 2011). It 
is defined as presented in Eq. IND.2. 

.ÁÓÈȤÌÎρ
В ÌÎὢ ȟ ÌÎὢ ȟ

В ÌÎὢ ȟ ÌÎὢ
 IND.2 

with Nash-ln: Nash-Sutcliffe coefficient for log values [-]. 

It varies from -қ 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 
values without penalizing for bias (AghaKouchak and Habib, 2010; Wang et al., 2011). It is 
defined as presented in Eq. IND.3. 

ὖὩὥὶίέὲ
В ὢ ȟ ὢ ẗὢ ȟ ὢ

В ὢ ȟ ὢ ẗВ ὢ ȟ ὢ

 IND.3 

with Pearson: Pearson Correlation Coefficient [-];ὢ : average simulated variable (discharge [L3/T] 
or height [L]) for the considered period. 

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

The Kling-Gupta 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. (2012) proposed a revised version of this indicator, to ensure that the bias and 
variability ratios are not cross-correlated. This update is proposed as indicator in 
RS MINERVE (Eq. IND.4): 

ὑὋὉᴂ ρ Ò ρ ɼ ρ ɾ ρ  IND.4 

with YD9ΩΥ ƳƻŘƛŦƛŜŘ YD9-statistic [-];r: correlation coefficient between simulated and reference 
values [-ϐΤ ʲΥ ratio between the mean of the simulated values and the mean of the reference ones [-] 
Τ ʴΥ ǾŀǊƛŀōƛƭƛǘȅ ǊŀǘƛƻΣ ƛΦŜΦΣ ratio between the coefficient of variation of the simulated values and the 
coefficient of variation of the reference ones [-]. 

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

3.5. Bias Score 

The Bias Score (BS) is a symmetric estimation of the match between the average simulation 
and average observation (Wang et al., 2011). It is defined as presented in Eq. IND.5. 

ὄὛ ρ ÍÁØ
ὢ

ὢ
ȟ
ὢ

ὢ
ρ  IND.5 

with BS: Bias Score [-]. 

It varies from -қ to 1, with 1 representing the best performance of the model. 

3.6. Relative Root Mean Square Error 

The Relative Root Mean Square Error (RRMSE) is defined as the RMSE normalized to the 
mean of the observed values (Feyen et al., 2000; El-Nasr et al., 2005; Heppner et al., 2006) 
and is presented in Eq. IND.6. 

ὙὙὓὛὉ

В ὢ ȟ ὢ ȟ

ὲ

ὢ
 

IND.6 

with RRMSE: relative RMSE [-]; n: number of values [-]. 

Lǘ ǾŀǊƛŜǎ ŦǊƻƳ л ǘƻ ҌқΦ ¢ƘŜ ǎƳŀƭƭŜǊ wwa{9Σ ǘƘŜ ōŜǘǘŜǊ ǘƘŜ ƳƻŘŜƭ ǇŜǊŦƻǊƳŀƴŎŜ ƛǎΦ 

3.7. Relative Volume Bias 

The Relative Volume Bias (RVB), sometimes called differently, corresponds in this case to the 
relative error between the simulated and the observed volumes during the studied period 
(Ajami and al, 2004; Schaefli and al, 2005; Moriasi et al., 2007; AghaKouchak and Habib, 
2010) according to Eq. IND.7. This indicator is envisaged for the comparison between 
observed and simulated discharges. 
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Ὑὠὄ
В ὢ ȟ ὢ ȟ

В ὢ ȟ

 IND.7 

with RVB: relative volume bias between forecast and observation for the considered period [-]; X 
usually corresponding to the discharge variable. 

The RVB varies from -1 ǘƻ ҌқΦ !ƴ ƛƴŘŜȄ ƴŜŀǊ ǘƻ ȊŜǊƻ ƛƴŘƛŎŀǘŜǎ ŀ ƎƻƻŘ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ǘƘŜ 
simulation. Negative values are returned when simulated variable is, in average, smaller than 
the average of the observed one (deficit model), while positive values mean the opposite 
(overage model). 

3.8. Normalized Peak Error 

The Normalized Peak Error (NPE) indicates the relative error between the simulated and the 
observed maximum values (Masmoudi and Habaieb, 1993; Sun and al, 2000; Ajami and al, 
2004; Gabellani and al, 2007). It is computed according to IND.8 TO IND.10. 

ὔὖὉ
Ὓ Ὑ

Ὑ
 IND.8 

Ὓ ᷉ὗ ȟ IND.9 

Ὑ ᷉ὗ ȟ IND.10 

with NPE: relative error between simulated and observed peak value [-]; Smax : maximum simulated 
value (discharge [L3/T] or height [L]) for the studied period; Rmax : maximum observed value 
(discharge [L3/T] or height [L]) for the studied period. 

The NPE varies from -1 ǘƻ ҌқΦ bŜƎŀǘƛǾŜ ǾŀƭǳŜǎ ŀǊŜ ǊŜǘǳǊƴŜŘ ǿƘŜƴ maximum simulated value 
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 period and the absolute 
maximum of the simulated and the observed peaks are considered! This indicator should 
therefore be used with care when simulating over long periods of time. 
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Chapter 4. Expert module - Calibration algorithms 

4.1. Introduction to the calibration module 

The module Calibrator of the RS Expert frame has been implemented for calibrating the 
parameters of the hydrological model. This module uses an objective function defined by the 
user and different algorithms to solve it. 

The first algorithm, the Shuffled Complex Evolution ς University of Arizona (SCE-UA), is a 
global optimization method (Duan et al., 1992, 1993) based on a synthesis of the best 
features from several existing algorithms, including the genetic algorithm, and introduces 
the concept of complex information exchange, so-called complex shuffling. The SCE-UA 
method was designed for solving problems encountered in conceptual watershed model 
calibration (Hapuarachchi H.A.P. et al., 2001; Ajami et al., 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 algorithm is a variation of the Adaptive Markov Chain Monte Carlo, used since it 
can be interesting for solving complex problems in high dimensional spaces (Gilks et al., 
1996; Liu, 2001). It has been modified to an Uniform Adaptative Monte Carlo (UAMC) in this 
program to adjust the solution space after a defined group of simulations up to the 
convergence of the optimization. Variations of the Monte Carlo method are usually used in 
hydrological problem for parameterization optimization (Vrugt and al., 2003; Jeremiah and 
al., 2012). 

The third and last algorithm used in RS MINERVE 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 problems. The latin hypercube 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). Rosenbrock algorithm has been also used for hydrological 
parameters optimisation (Abbot et Refsgaard, 1996) or optimization of numerical functions 
(Kang et al., 2011). 

4.2. Objective function 

A flexible objective function (OF) has been developed for the module of calibration aiming to 
be adapted ǘƻ ǘƘŜ ǳǎŜǊΩǎ requirements. The indicators presented in Chapter 4 are used in 
this OF, each one weighted with a value defined by the user (Table 21).  
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Table 21  Weights of the indicators for the objective function 

Indicator Weight Range of Values Ideal value 

Nash w1 -қ ǘƻ м 1 

Nash-ln  w2 -қ ǘƻ м 1 

Pearson Correlation Coefficient w3 -1 to 1 1 

Kling-Gupta Efficiency (KGE) w4 -қ ǘƻ м 1 

Bias Score (BS) w5 -қ to 1 1 

Relative Root Mean Square Error 
(RRMSE) 

w6 
0 ǘƻ Ҍқ 0 

Relative Volume Bias (RVB) w7 -қ ǘƻ +қ 0 

Normalized Peak Error (NPE) w8 -қ ǘƻ +қ 0 

The OF is presented in Eq. OF.1 and takes into account the ideal values of each indicator. 
Thus, the OF searches to maximize first four indicators (Nash, Nash-ln, Pearson, Kling-Gupta 
and BS) since their ideal value is equal to the maximum possible value and, at the same time, 
to minimize the value or the absolute value for the last three indicators (RRMSE, RVB, NPE) 
since their ideal value corresponds to zero. 

ὕὊ ÍÁØ.ÁÓÈẗύ .ÁÓÈÌÎẗύ 0ÅÁÒÓÏÎẗύ +'%ẗύ "3ẗύ

Ὑ2-3%ẗύ ȿ26"ẗύȿ ȿ.0%ẗύȿ  
OF.1 

4.3. Shuffled Complex Evoluation ς University of Arizona 

Model architecture 

The Shuffled Complex Evolution ς University of Arizona (SCE-UA) 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 points distributed 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 occupation of regions with lower posterior probability (Mariani et 
al., 2011). 

A general description of the steps of the SCE-UA method is given below (Duan et al., 1994) 
and illustrated in Figure 13. 

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 probability 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 that the 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 
bD{ϊόƪ-1)+1 ranked point, the second complex contains every NGS*(k-1)+2 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) algorithm. Figure 15 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 value; re-partition 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 pre-specified convergence criteria are satisfied, stop; 
otherwise, continue. 

Step 7 

Check complex number reduction: If MINGS (the minimum number of complexes) < NGS, 
remove the complex with the lowest ranked points; set NGS=NGS-1 and NPT=NGS*NPG; and 
return to Step 4. If MINGS=NGS, return to Step 4. 
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Figure 13  Flow chart of the shuffled complex evolution method (from Duan et al., 1993), with V=n, NGS=p, 
NPG=m and NPT=s 

The SCE-UA method is explained in Figure 14 and Figure 15 for a two dimensional case (Duan 
et al., 1994). The contour lines in Figure 14 and Figure 15 represent a function surface having 
a global optimum located at (4,2) and a local optimum located at (1,2). Figure 14a shows 
that a sample population containing NPT (=10) points is divided into NGS (=2) complexes. 
Each complex contains NPG (=5) points which are marked by ω and * respectively. Figure 14b 
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 by ω) is converging toward the global 
optimum. The two evolved complexes are shuffled according to step 5. Figure 14c displays 
the new membership of the two evolved complexes after shuffling. 
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Figure 14d illustrates the two complexes at the end of the second cycle of evolution. It is 
clear that both complexes are now converging to the global optimum at the end of second 
cycle. 

 

Figure 14  Illustration of the shuffled complex evolution (SCE-UA) method (from Duan et al., 1994). 

The CCE algorithm is graphically illustrated in Figure 15. The black dots (ω) indicate the 
locations of the points in a complex before the evolution step is taken. A sub-complex 
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 points have a higher chance of 
being chosen to form the sub-complex 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. 

Figure 15a, Figure 15b and Figure 15d illustrate the "reflection" step, which is implemented 
by reflecting the worst point in a sub-complex 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. Thus an evolution step is completed. 

In Figure 15c, the new point is generated by a "contraction" step (the new point lies half-way 
between the worst point and the centroid of the other points), after rejecting a reflection 
step for not improving the criterion value. 

In Figure 15e, a "mutation" step is taken by random selection of a point in the feasible 
parameter space to replace the wrong point of the sub-complex. This is realized after a 
reflection step is attempted, 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, the Figure 15f shows the final complex after NSPL (=5) evolution steps. 
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Figure 15  Illustration of the evolution steps taken by each complex (from Duan et al., 1994). 

Algorithm parameters 

Different parameters of the SCE-UA have to be defined by the user (Table 22), as presented 
hereafter, and other parameters are directly calculated by the process. 

An initial set of Nopt parameters is given by the user or is assumed as random depending on 
ǘƘŜ ǳǎŜǊΩǎ ƴeeds and the used hydrological models. The other NPT-1 points (or parameters 










































































































































































