
Master’s thesis
Physical Geography and Quaternary Geology, 45 Credits

Department of Physical Geography

Using a lumped conceptual 
hydrological model for 

five different catchments in 
Sweden

Madeleine Ekenberg

NKA 154
2016



 
 
 
 
 

 

 

 
 



  
 

 

 

 

 

 

 

 

 

Preface 
 

 

This Master’s thesis is Madeleine Ekenberg’s degree project in Physical Geography and 

Quaternary Geology at the Department of Physical Geography, Stockholm University. The 

Master’s thesis comprises 45 credits (one and a half term of full-time studies). 

 

Supervisors have been Steve Lyon at the Department of Physical Geography, Stockholm 

University and Zahra Kalantari at ÅF. Examiner has been Jerker Jarsjö at the Department of 

Physical Geography, Stockholm University.  

 

The author is responsible for the contents of this thesis.  

 

 

 

Stockholm, 4 July 2016 

 

 
 

Steffen Holzkämper 

Director of studies 



 
 
 
 
 

 

 

 
 



 

Abstract 
 

Hydrological models offer powerful tools for understanding and predicting. In this thesis we have 

reviewed the advantages and disadvantages of physically based distributed hydrological models and 

conceptually lumped hydrological models. Based on that review, we went into depth and developed a 

MATLAB code to test if a simple conceptual lumped hydrological model, namely GR2M, would 

perform satisfactory for five different catchments in different parts of Sweden. The model had rather 

unsatisfactory results and underestimated runoff systematically throughout all the five catchments. 

Additions to the model structure, such as a buffer allowing an approximation for snowmelt delay, were 

introduced with varying degrees of success. Based on analytical exploration of the model theory, it can 

be seen that the instability of the model is mainly caused by one of the two free parameters used in 

GR2M, namely the maximum soil storage capacity. The optimization method used showed low 

sensitivity to changes in this parameter while the calculated soil storage had strong dependence on this 

parameter. Based on these results, it is fair to say that a simple lumped model likely does not have the 

ability to represent the full range of hydrological conditions found along the gradient of Sweden.  
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1. Introduction 

1.1 Background  
Hydrological systems, as all environmental and earth systems, are complex and typically very large. 

Field observations and measurements are often considered the best way of gathering information for 

such systems. On the other hand, these are very costly and time consuming and you cannot 

comprehend all relevant information from a large catchment for example.  Modeling is appreciated in 

this regard since it allows us to simulate the “reality” of large hydrological systems. Where field 

observations are hard to gather, modeling is a good option to use theories to fill in the gaps in process 

representation. Modeling can be a simple way to get an understanding of catchment dynamics with 

less input information than, for example, an extensive and sustained monitoring campaign. This is 

especially apparent as we consider the impacts of past and future changes within hydrological systems.  

Modeling of runoff is particularly important in engineering design, for flood forecasting and in water 

resource management (Perrin et al. 2001). Hydrological models give support in working with 

assessment of various future scenarios caused by land use change and climate change (Rwasoka et al. 

2014).  

In this thesis five catchments over Sweden are chosen to see how well a simple model can interpret 

catchment dynamics for the region. Swedish conditions can be quite hard to model since the seasons 

vary both in temperature and precipitation pattern and it is also a difficult task to manage snow and 

snowmelt in modeling.  Having runoff data for all of these catchments, the task is to use rainfall-runoff 

modeling and see how well the modeled runoff is compared to the observed runoff.  

1.2 Aim of study 
A lumped conceptual model, GR2M, will be used in this thesis to test its performance for 5 different 

catchments across Sweden. Optimizations of the two free parameters will be made for each catchment.  

Analysis will be made comparing different catchment characteristics to the overall model performance 

to find important factors affecting the model as a sort of sensitivity analysis.  

1.3 Scientific questions 
1. Can a simple lumped conceptual hydrological model, such as GR2M perform successfully for 

Swedish catchments?  

2. Can we see any patterns in performance of the model related to the different characteristics 

and dynamics of the different catchments?  

3. Can we successfully find a relationship between catchment characteristics and free model 

parameters?  

1.4 Choice of model  
There are many models to choose from when it comes to hydrological rainfall-runoff modelling. The 

models can be very advanced with high spatial and temporal resolution and entirely physically based, 

while other models are much simpler, such as lumped conceptual models.   

Today it is common to use physically based distributed models. These models can work with large 

amounts of different input data resulting in a high complexity in the modeling. This can be useful 

when trying to understand different processes. The problem is that it can be difficult to operate such 

models (both with regards to the data availability, the skills needed to operate the model, and the 

software/hardware configurations).  

Distributed physically based models are often based on nonlinear partial differential equations for 

Darcian flow. These models demand input data such as hydraulic conductivity, different soil 

properties and overland flow roughness (Beven 1993). All of these inputs can be difficult to acquire 

especially in the spatially continuous manner typically required by physically based models. It is also 
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difficult to know the uncertainties for this kind of data. These complex models demand extensive 

calibrations and results can have large uncertainties. Distributed physically based models are designed 

so that their parameters should be physically measurable (Beven 1993). This is not the case for 

conceptual models and is often seen as an advantage of physically based approaches. Still, there often 

exists incommensurability between what we measure in the field and what a model parameter 

represents. 

Many simpler models can give equal performance to more complex models. Therefore a simple model 

with high performance is often considered the best model to use. This statement is also supported by 

for example Perrin et al. (2001) and Jakeman & Hornberger (1993). This is particularly true as simple 

models allow for more transparency into the interaction between various parameters. This is a 

powerful insight as we seek to understand why models perform the way they do under given 

conditions and settings (as is explored in this thesis). 

Lumped conceptual models are generally easier to operate and do not demand large amounts of input 

data. Conceptual models mainly represent the transformation from precipitation to runoff. Despite the 

simplicity of lumped conceptual models they have proved to be efficient and useful when used for e.g. 

water management. Computation times for these simpler models makes it possible to run the models 

for several catchments allowing for intercomparison analysis (Perrin et al. 2001).  

Independent of model type, the main steps in model preparation are rather constant and include to 

carefully choose input data, choosing the performance criteria and the method of optimization (Paturel 

et al. 1995). The ability of a model to perform well for different hydrological conditions is often based 

on the model robustness and reliability (Perrin et al. 2001). The objective of calibrating a rainfall-

runoff model is to obtain a conceptual model that is realistic and to have specific parameters that 

reflect characteristics of the catchment (Paturel et al. 1995). It is important to understand uncertainties 

in modeling, the uncertainties are found for input, for parameters and in the model structure (Rwasoka 

et al. 2014). In hydrological modeling you have to handle different sources of uncertainty 

simultaneously. Accounting for all uncertainties is very difficult both conceptually and technically 

(Huard & Mailhot 2008), but it helps to allow for a fuller appreciation of the model’s representation 

(approximation) of reality.  

To find a proper model to use for this thesis a practical review and literature review was done to make 

the choice of suitable model. Three different models were considered based on recommendation from 

experts and goals of the over-arching project containing this thesis work. The goal of the over-arching 

project is to define a simple regionalization of the hydrologic response of Swedish landscapes suitable 

for road infrastructure design without the need to continuously run advanced hydrological simulations. 

Basically, the project wants to summarize models into simple metrics of flooding. As such, the first 

step is to adopt a suitable modeling approach for Swedish conditions. The hydrological models 

considered in this initial survey vary in complexity from fully distributed physically based models like 

CASC2D, to the less complex semi-distributed physically based models like PRMS, to the simple 

lumped conceptual models like GR2M. These models are described and revised for suitability in the 

sections below.  

1.4.1 CASC2D 
The first model assigned for trial was CASC2D.  CASC2D is a 2D-distributed and physically based 

hydrological model. The model was developed by the US Army Corps of Engineers.  The model 

concept is based on Hortonian runoff mechanisms to produce surface runoff. Since the model is 

gridded it takes into account the spatial variability within watersheds. The model is based around 

simplified equations for conservation of mass and momentum. The model runs from the Watershed 

Modeling System (WMS) platform which is also developed through funding by the US Army Corps of 

Engineers (Downer et al. 2002). While CASC2D is free to download and use, WMS is not free of 
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charge. Since this thesis does not have financial aid, the model could not be used and is not further 

considered. 

1.4.2 PRMS 
The second model assigned for trial was the Precipitation-Runoff Modeling System (PRMS). It is a 

hydrologic model produced by United States Geological Survey (USGS). PRMS is a “semi-

distributed” physically based model. It uses Hydrological Response Units (HRUs) to simplify the 

distribution of physical characteristics such as slope, vegetation type and soil type. The concept of 

HRUs are based on the assumption that the hydrological response within each unit is homogeneous. 

The model simulates a wide range of hydrological processes. The input data that the model demands 

are daily time series for precipitation, minimum and maximum air temperature and short wave 

radiation. The spatial input has to be discretized for PRMS where the spatial information has to be put 

into five types of units; the model domain, stream segments, HRUs, lakes and sub basins (Markstrom 

et al. 2015).  

PRMS uses “modules” which represent different hydrological processes. There are 39 modules which 

describe 17 hydrological processes in PRMS (some processes can be dealt with in different ways, 

therefore some processes have several modules you can choose from). The modules are basically 

computer source codes and need specific input data to execute. PRMS runs mainly from input in the 

“Control file”, the “Data file” and the “Parameter file”, which all are text files. The user specifies 

which modules that they want to use in the “Control file”. The parameters are read from a “Parameter 

file”.  Input variables are read from the “Data file”. Dimensions are values that describe the array size 

of parameters and variables.  The value of each dimension is specified in the “Parameter file”.  The 

output from PRMS simulations are a “Water Budget file”, a “Statistic Variable file”, an “Animation 

file” and a “Map Results file” (Markstrom et al. 2015).    

The PRMS manual leaves a lot of information out, which does not help the inexperienced user. The 

modules and processes are quite well described. How to set up the model is more or less left out. The 

user gets two model example projects with the PRMS model to help offer tutorial. These are based on 

batch files which run in Java, as such, there is not a lot of information to gather from the example 

projects. Further, the input text files can be changed from the example files by the user to fit for their 

own project but some of these files are several thousand rows long and it is too time consuming as you 

would need to alter these files manually. 

One problem with PRMS is the large amount of modules available. Even for the experienced 

hydrologist it can be hard to know which module represents the process best. Maybe it is the available 

set of input that determines what module you use, more than what would suit the project/catchment 

better. The modules demand lots of different input information which can be difficult to get hold of as 

well as knowing the quality of that data for them.  

For the model to run smoothly you need to gather your data from the USGS websites which have 

premade HRU:s that will work with PRMS. Unfortunately this is not the case for the Swedish 

catchments. These HRU:s firstly would have to be made in for example ArcMap and then converted 

into PRMS format. This can apparently be done using a GIS weasel downloadable from USGS. The 

downside is that the GIS weasel has to be run with ArcInfo Workstation, an old version of ArcGIS, 

which one can no longer get hold of through the IT services for Stockholm University. Due to all these 

limitations, the PRMS model was not further considered in this thesis work. 

1.4.3 GR2M  
The third and final model assigned for trial for this thesis was the GR2M model. GR2M is a lumped, 

monthly water balance model. The model is lumped in regards to the conceptual model, the spatial and 

the temporal data. This contributes to a simple model with low computation time.  The model focuses 

on the rainfall-flow transformation. This model only requires monthly rainfall and potential 
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evapotranspiration (PET) data that could be of use in study areas where measured data are scarce. The 

precipitation and evapotranspiration have to be averaged over the catchment studied. (Mouelhi et al. 

2006). Few studies have made comparative studies of different climatic conditions for this kind of 

models.  

Specifically, in Mouelhi et al. (2006) 410 catchments situated in France, Brazil, USA, Australia and 

the Ivory Coast were used for input data. The climatic conditions for these catchments vary between 

temperate, semi-arid and tropical.  The mean annual precipitation varied between 300 and 2300 mm, 

PET varied between 630 and 2040 mm and annual stream flow varied between less than 10 and 2040 

mm. On average the length of data series is 15 years.  

The research objective for Mouelhi et al. (2006) was to develop a more general applicability. They 

chose a model structure that was general enough to cover components of already existing efficient 

models. Earlier versions of GR2M have been developed from other intermediately complex models 

with 12 parameters that are derived from physical characteristics within a catchment such as slope, soil 

properties and hydraulic conductivity, while other parameters need calibration (Mouelhi et al. 2006). 

Then systematic changes to improve performance and lowering model complexity was done based 

around hydrological data to validate or invalidate the various model versions.  

The current GR2M model is developed from the Parent Model Scheme (PMS) which has 5 free 

parameters. The PMS was analyzed in order to identify the most important functions and parameters 

that deserved to be incorporated or calibrated into the new GR2M model. The aim was to reduce the 

number of parameters in the model by assigning a constant value to a parameter or relating a 

parameter to another parameter. This PMS model was developed through a trial-and-error process for 

different functions, showing if functions were relevant and efficient. The function responsible for 

determining effective precipitation in PMS is based on a soil moisture accounting storage. This storage 

S, becomes S1 due to precipitation P (see Figure 1). 

To distinguish between equation numbers in this thesis from the equations in Figure 1 and 2 we denote 

below the equation numbers in Figure 1 by P1, P2 … and those in Figure 2 by M1, M2 and so on. 

The free parameter X1 gives the maximum capacity of the soil moisture storage (which is positive and 

expressed in mm). The storage yields excess rainfall P1 through Equation P2 (see Figure 1). 

Evapotranspiration (PET) then causes S1 to become S2 (Equation P3).  The storage S also releases 

water (P2) and takes a new value S for the next coming month. Here the parameter X2 is introduced as 

a positive parameter. P1 and P2 summed is the net precipitation P3. P3 enters the routing part of the 

model. P3 multiplied by the X3 parameter gives the first discharge component Q1 (Equation P5). The 

other part is the routing storage R. Its storage capacity is determined by parameter X4 (positive values, 

in mm) (Equation P6). This storage releases discharge Q2 (Equation P7), leaving the storage R for the 

next month. The sum of Q1 and Q2 is multiplied with the parameter X5 to give the “final runoff” 

leaving the catchment (Equation P8).  

The stepwise process from the PMS to GR2M model lumped both the spatial properties and the 

temporal properties, excluding “most lines of physically based reasoning” (Mouelhi et al. 2006). It is 

most easily grasped by comparing Figures 1 and 2 in this thesis (Figures 3 and 5 in Mouelhi et al. 

(2006)). 

In the GR2M model the X2 parameter describing percolation is no longer a free parameter as in PMS. 

No discharge is allowed to by-pass the routing storage, X3= 0, and therefore Q1=0. The capacity of the 

routing store is fixed, by fixing parameter X4.  Only the parameters for soil moisture storage and 

outside exchange are left as free parameters (X1 and X5) (Mouelhi et al. 2006).  

Mouelhi et al. (2006) wanted to “refine” the outside exchange function to no longer be modelled “as if 

it were the effect of change in the effective catchment area” (Q1+Q2*X5). Instead X5 “the routing 
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reservoir is subject to an outside exchange proportional to its content.” After P3 is added to the routing 

storage to obtain R1, an outside exchange term is introduced. The routing reservoir level is then 

R2=X5*R1. The runoff (reservoir output) is Q= R2
2/ (R2 + X4). The computation of R for the next 

month follows the equation R= R2 – Q. Finally, the new model GR2M has two free parameters, X1 and 

X5. Parameter X4 is fixed to 60 mm and X2 is fixed to the number 3 (Mouelhi et al. 2006). The 

complete GR2M model is shown in Figure 2.  

 

Figure 1 Diagram of the Parent Model Scheme (PMS) (reproduced from Figure 3 from Mouelhi et al 2006). Simplifications 

of PMS model leads to GR2M model.  

 

Figure 2 Diagram of the GR2M model which is the basis of this thesis (reproduced from Figure 5 from  (Mouelhi et al. 

2006). 
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X5 can be seen as a correction factor. It is hard to imagine an absence of underground water exchange 

for any catchment. Since the model only takes into account the 2D scale of the catchment, it may seem 

necessary to have a third dimension parameter in the model. Mouelhi et al. (2006) argue that the X5 

parameter, describing water exchange with the outside environment of the catchment, is one of the 

most important processes, which often is omitted in other models. They argue that it would be 

unreasonable to leave out such a parameter, since the outside exchange clearly exists in reality. If X5 > 

1 there is a water supply from outside the catchment, otherwise there is a water loss to outside the 

catchment. The parameter can also be seen as a “catchment area correction factor”.  

The GR2Ms performance was evaluated against five other models applied to the same large sample of 

catchments. GR2M performed “very satisfactorily” compared with the other models (Mouelhi et al. 

2006).  

When only one catchment was considered, the root mean square error (RMSE) criterion was used and 

each catchment received single value to judge how efficiently the model performed (Mouelhi et al. 

2006):  

𝑅𝑀𝑆𝐸𝑖 =  √
1

12𝑛𝑖
∑ ∑ (𝑄𝑖,𝑗,𝑘 − �̂�𝑖,𝑗,𝑘)

212
𝑘=1

𝑛𝑖
𝑗=1  (Equation 1) 

where ni represents the number of included years, i indicates the basin, j indicates the year and k 

indicates the month in year j. Q is observed runoff and 𝑄 ̂is the modeled runoff. This can be related to 

the variance of monthly rainfalls calculated by Equation 2 

𝑉𝐴𝑅𝑃𝑖 =  √
1

12𝑛𝑖
∑ ∑ (𝑃𝑖,𝑗,𝑘 − 𝑃�̅�)

212
𝑘=1

𝑛𝑖
𝑗=1   (Equation 2) 

where the mean precipitation is given by 

�̅�𝑖 =
1

12𝑛𝑖
∑ ∑ 𝑃𝑖,𝑗,𝑘

12
𝑘=1

𝑛𝑖
𝑗=1    (Equation 3) 

From this a goodness-of-fit criterion Ci was computed for each catchment, which compares the 

observed P to the modeled Q: 

𝐶𝑖 =  
𝑅𝑀𝑆𝐸𝑖

𝑉𝐴𝑅𝑃𝑖
    (Equation 4) 

Mouelhi et al. (2006) also use the common Nash Sutcliffe goodness-of-fit criterion (Nash & Sutcliffe 

1970) that compares the modeled Q and the observed Q (see Equation 5): 

𝐸𝑁𝑆 = 1 −  
∑ (𝑄𝑜

𝑡−𝑄𝑚
𝑡 )

2𝑇
𝑡=1

∑ (𝑄𝑜
𝑡−𝑄𝑜̅̅ ̅̅ )

2𝑇
𝑡=1

    (Equation 5) 

where the summation is over all months. Qo
t and Qm

t are the observed and modeled runoff, 

respectively, for month t and 𝑄𝑜
̅̅̅̅  is the mean observed runoff. Here RMSEi is instead related to the 

variance of the observed runoff, VARQi, which is defined analogously to Equation 2.   

2. Method 
The simplicity and transparency of the GR2M model made it the appropriate choice for this thesis 

work. As such the model was coded in MATLAB and applied across five Swedish catchments. These 

catchments along with data and model setup are presented in the following method section while the 

MATLAB code script can be found in Appendix 1. 
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2.1 Climatic data 
The precipitation and temperature data typically should be averaged for any catchment to reflect 

variability. However, the catchments used for this thesis are small and there is no real need to use data 

from more than one spatial coordinate.  Daily time series for observed discharge (Q) in m3/s (later 

converted to mm), precipitation (P) in mm and temperature (T) in degrees Celsius were gathered from 

two SMHI databases called “Vattenwebb” (for runoff data) (Vattenwebb.smhi.se, 2016(1)) and 

“PTHBV” (for precipitation and temperature) (SMHI, 2005) and were used as input data for the 

GR2M model.  The PTHBV database has calculated daily P and T values from 1961 through present 

time. The whole country of Sweden is gridded with 4x4 km spatial resolution (SMHI, 2005). In the 

database one can choose spatial coordinates (RT90) and the data is provided in an Excel spread sheet. 

The coordinates selected for input to the database were chosen from where the runoff observation 

stations were made to simplify the data gathering.  

The spatial extent of each catchment and information of catchment size was gathered from SMHI 

Vattenwebb database for “modeled data per region” (Vattenwebb.smhi.se, 2016(2)). Vattenwebb has 

runoff measurements for all the catchments from 1980 at least. 

The model simulations were made for the same set of data that parameter optimization used and not 

the “split-sample” technique used in Mouelhi et al. (2006).  

2.2 Study sites 
Five catchments in Sweden have been chosen to be included in this thesis. The annual mean 

temperature and the annual mean precipitation for the available years are given in Table 1 for all the 

catchments. The catchments are spatially distributed throughout Sweden to gather the different 

conditions within the country (see Table 1 and Figure 3). These catchments were initially selected 

because of their inclusion in the down-scaling work of Teutschbein (2013). However, at an early phase 

of the project, the research deviated from incorporating the downscaled projections and data from that 

previous study.  

The northernmost catchment, Storbäcken, has the runoff station called Ostvik. Storbäcken has a 

continental subarctic climate (Teutschbein 2013). The catchment is dominated by woodland 

(Vattenwebb.smhi.se, 2016(2)).  

The westernmost catchment is Tännån, with runoff station Tänndalen, which also lies quite far north. 

This area is mountainous and has a continental subarctic climate also tending to being polar tundra 

climate. Parts of the catchment is also alpine tundra (Teutschbein 2013). The main soil type is moraine 

(Vattenwebb.smhi.se, 2016(2)).  

The easternmost catchment is Fyrisån (sub catchment of Norrström), with runoff station Vattholma, 

which lies near Stockholm. Fyrisån has a warm summer continental climate (Teutschbein 2013). The 

prominent land use is woodland with the main soil type moraine (Vattenwebb.smhi.se, 2016(2)). 

Two catchments are situated in the southern part of Sweden, namely catchment Brusaån with runoff 

station Brusafors (in Småland) and catchment Rönne Å, with runoff station Heåkra (in Skåne). 

The Brusaån catchment is continental but tends to have a maritime temperate climate (Teutschbein 

2013). Brusaåns predominant land use is woodland and the main soil type is (Vattenwebb.smhi.se, 

2016(2)). 

The Rönne Å catchment is mainly covered with arable land and the prominent soil type is moraine/till 

(Vattenwebb.smhi.se, 2016(2)). Rönne Å has a maritime temperate climate (Teutschbein 2013). 

See Figure 4 for maps over the catchments. Hereafter the catchments will be referred to as their 

respective runoff station names. Further observed data including variances for the period 2004-2013 

are given in Table 2.  
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Table 1 Information on the five different catchments 

Catchment 

name 

Runoff 

station 

name 

Area 

(km2) 

Prominent 

land use 

(%) 

Prominent 

soil type (%) 

Location  

Lat, long 

(N,E) 

Climatic 

data 

period 

(T, P, Q) 

(full 

years) 

Annual mean 

temperature 

(for years 

1961-2013) 

(C°) 

Annual mean 

precipitation 

(for years 

1961-2013) 

(mm) 

Storbäcken Ostvik 150 Woodland 

(92%) 

Moraine/Till 

(40%) 

N 64.9 

E 21.1 

1980-

2013 

2.73 649 

Tännån Tänndalen 227 “Other 
landform” 

(52%) 

Moraine/Till 
(73%) 

N 62.5 
E 12.3 

1961-
2013 

0.23 770 

Vattholmaån Vattholma 294 Woodland 

(78%) 

Moraine/Till 

(57%) 

N 60.0 

E 17.7 

1980-

2013 

5.62 639 

Brusaån Brusafors 240 Woodland 

(88%) 

Moraine/Till 

(68%) 

N 57.6 

E 15.6 

1961-

2013 

6.42 651 

Rönne å Heåkra 147 Arable land 

(52%) 

Moraine/Till 

(81%) 

N 55.8 

E 13.6  

1974-

2013 

7.33 779 

 

 

Figure 3 Map overviewing the geographic locations of the catchments used in this thesis 
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Figure 4 Maps showing the five different catchments. Background maps are the "Terrain map" and "Ortophoto" and the 

surface water shape files have been gathered from "Soil type map" in vector format. The black dots show where the runoff 

stations are located. All map data were gathered from GET download service (Source: maps.slu.se) 

2.3 Model requirements 
The GR2M model requires summed monthly values of precipitation and potential evapotranspiration 

(PET). To calculate the monthly PET you only need the mean temperature as input data for the 

Thornthwaite method that was used (Xu & Singh 2001).  

The Thornthwaite method starts with calculating a monthly heat index i according to Equation 6.  

𝑖 = (
𝑇𝑎

5
)

1.51
   (Equation 6) 
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where Ta is the mean monthly air temperature. If this temperature is zero (degrees Celsius), or below 

zero, the monthly heat index is zero. The monthly heat indices are summed over a 12-month period, to 

create an annual heat index, I (Equation 7).  

𝐼 =  ∑ 𝑖𝑗
12
𝑗=1    (Equation 7) 

where ij is the monthly heat index for month j. 

The general equation (Equation 8) of Thornthwaite is based on a standard month of 30 days with 12 

hours of sunlight per day.  

𝐸𝑇′ = 𝐶 ∙ (
10𝑇𝑎

𝐼
)

𝑎
  (Equation 8) 

where C is a constant set to the value 16 and a is defined in Equation 9.  

𝑎 = 67.5 ∙ 10−8 ∙ 𝐼3 − 77.1 ∙ 10−6 ∙ 𝐼2 + 0.0179 ∙ 𝐼 + 0.492 (Equation 9) 

2.4.1 Model setup - original GR2M 
The computer code developed in this thesis is included as Appendix 1 to this thesis. It contains 

numerous comments that explain what happens in different parts of the code. Here we give a more 

schematic picture of the structure of the code. The full theoretical development of the GR2M model is 

covered in Mouelhi et al. (2006).  

Firstly the daily input data have to be loaded to the model. In the input files the columns contain year, 

month, date, P, T and observed runoff Q while the rows are the daily values. The years, months and 

days were separated into different vectors from text files. The same was done for Q, P and T (in 

millimeters for Q and P, degrees Celsius for T) input text files. ‘for’-loops were used to make the input 

uniform for the different catchments on the daily time step.  The mean daily values were also 

calculated for Q, T and P for the available time periods.  

The input for different days was sorted into new arrays characterized by year and month using a nested 

‘for’-loop with if-statements. Then the daily values were summed into monthly values for Q and P and 

the average T for each month was also calculated. Different ranges of years could be selected for the 

calculations since Q is not always available for all the years since 1961. 

Properties of the observed variables were determined. Monthly mean values P and Q were calculated 

and inserted in a ‘for’-loop to calculate the observed variances (see Equation 2).  

Conceptually, it can be considered that the main purpose of this research is to evaluate the agreement 

between the observed runoff Qobs and the modeled runoff Qmod. Alternatively, this can be seen as a 

calibration or optimization exercise that was determined as follows. One hundred equidistant values of 

each of the parameters X1 and X5 were set by entering the first values X01 and X05 and the step lengths 

DX1 and DX5. For consistency we kept the values X01 = DX1 = 10 mm and X05 = DX5 = 0.02 

throughout the calculations. Thus X1 was varied from 10 to 1000 mm while X5 was varied from 0.02 

to 2.00.  Initial values for S and R storages were usually set to zero for simplicity. There is no a priori 

knowledge of the actual initial conditions in the catchment. 

The PET method of choice was that of Thornthwaite in which the PET is determined entirely from 

temperature data and constants. A ‘for’-loop was set for the priory chosen years to calculate the 

monthly heat index, annual heat index and the “a-variable”. See Equations 6, 7, 8 and 9 for 

Thornthwaite method. 

A nested ‘for’-loop allows for varying X1 and X5 values to be considered. 3D matrixes were 

introduced for the modeled Q, S and R so that the time development for these variables could be 

stored for all values of X1 and X5 and retrieved when the optimal values of X1 and X5 had been 
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determined as described below. This is a brute force approach but allows for complete consideration of 

selected parameter spaces. 

The evaluation of the GR2M model starts with calculating φ that is given by the hyperbolic tangent of 

the ratio between P and X1 (Equation M1b) and ψ given by the hyperbolic tangent of the ratio between 

E and X1 (Equation M3b). The shape of the hyperbolic tangent function tanh x is shown in Figure 5. 

S1, P1 and S2 are calculated after Equation M1, M2 and M3.  A new value for S (Equation M4a) for the 

next upcoming month is calculated and the S storage 3D matrix is filled. P2 and P3 are then calculated 

according to Equations M4b and M5.  

R1, R2 and Q are then calculated from Equation M6, M7 and M8a. A 3D matrix gathers the results for 

Q (Equation M8a) and the new value for the R storage is made with Equation M8b. This R value is set 

as the input for the next month’s calculations. 

The root-mean-square errors (RMSE) between the monthly observed data and the monthly modeled 

data were calculated for all values of X1 and X5 according to Equation 1. 

It is seen that a low value of RMSE is obtained if the monthly values of the modeled and the observed 

runoff are close to each other. To get a suitable figure of merit of the performance of the model one 

can relate the RMSE to the variance of the observed runoff as in the Nash Sutcliffe equation (Equation 

5) (Nash & Sutcliffe 1970) or the variance of the precipitation as in Ci (Equation 4).   

These figures of merit, which created clear objective functions, were evaluated for all pairs of (X1, X5) 

and stored in 2D matrices. Optimization was carried out such that optimal values of (X1, X5) were 

obtained by minimizing RMSE. This implies maximization of Nash Sutcliffe criteria (ENS) and 

minimization of Ci. It can be noted that only RMSE depends on X1 and X5 such that ENS and Ci are 

optimized simultaneously. We have usually chosen to present ENS values as the measure of the 

performance of the model but the same conclusions about optimal (X1, X5) could be drawn from Ci, 

which is sometimes also presented. 

When optimal values have been determined for X1 and X5 the corresponding monthly Q, R and S 

values are extracted from the previously determined 3D matrices for these X1 and X5 values. Different 

plots and hydrographs were made to show results of computations. The monthly modeled Q values 

were also summed up to yearly values.  

It was often found that the optimal value of X1 was either the first or the last value in the selected 

range. This should imply that an even lower value of ENS could be obtained by modifying the range of 

X1 by including smaller or larger values of X1. However, we have selected ranges that have been 

found to the reasonable in similar studies (like Mouelhi et al. (2006)) and it seems doubtful to go 

beyond this range just to get a slightly lower ENS value. For the optimal value of X5 the ENS value is 

often found to be almost constant expect for quite small X1 values. The impact of this feature will be 

considered in the discussion. 

2.4.2 Additions in model setup  
Since the original GR2M model often gave peculiar results based on initial investigations (see Results 

in Section 3) we tried various modifications to improve the results. While all additions were added 

piecewise, not all results will be presented piecewise to allow for brevity and highlight the main 

improvements. In addition to the following augmentations to the original modeling, the peculiarities 

were further explored via an analytical sensitivity analysis on the impact of the equation forms 

considered in GR2M. 

With regards to model augmentation, the first addition to the GR2M model was to change the initial 

storage values for the production storage S and routing storage R. Different initial values was tested to 

see the impact on the modeled flow. In this way we could estimate how long it took for the values of S 



16 

 

and R to become essentially independent of the start values (model warming-up or sensitivity to 

boundary/initial conditions). 

Conditional statements were made so that S and R storages would not be able to become negative 

values, but to be set to zero if it were to happen in the calculations. Another conditional statement was 

to prevent S from getting larger than the value of parameter X1, the maximum capacity of S storage. 

Each time this statement was fulfilled, a counter was added to keep track of the number of times it 

occurred, and a recording was made of which X1 and X5 values this was fulfilled for. The limits for S 

proved to be “unnecessary” since S in no computations were found to be outside the desired range. On 

the other hand, it frequently occurred in the original calculations that R became negative. In particular 

it occurred occasionally that R2 came close to – 60 mm. From Equation M8a it is seen that then Q 

becomes a very large positive or negative number. During the course of this work it led to confusion 

and suspicions of errors in the computer code when ENS values were obtained that were several orders 

of magnitude larger than the values for adjacent values of X1 and X5, especially since this seemed to 

occur in a rather random way. However, this effect was reduced when a conditional statement was 

added so that R-values used as input for the coming month were replaced by zero if prior calculations 

resulted in negative values. A counter was also added to see how often and for what values of X1, X5 

and month number the negative R-values were found. 

Since the initial values of S and R are not known it is conceivable that the model is less accurate in the 

beginning of the considered time period. This could reduce the value of ENS. For this reason we 

introduced the option that one or several years in the beginning of the time period were considered as a 

“warming up” period. Therefore an addition to the model is to evaluate the Nash Sutcliffe criterion 

without including the first year or years of data to allow for warming up.  

An issue with hydrographs in colder climates is that it was difficult to conceptualize precipitation in 

the form of snow and the snow melt going to runoff in spring time. Conditional statements were used 

to arrange gathering (adding a precipitation buffer, pbuf) the precipitation during negative monthly 

temperatures, and then releasing that precipitation during the first month with positive average 

temperature to the runoff routing storage. The statement is set so that if the temperature is less than 

zero, the precipitation will go into the “pbuf” variable, the buffer for precipitation. A counter, “nbuf”, 

was added to see how many times this statement is reinforced in the model. If the statement was 

fulfilled, P was set to zero for that month. Using another conditional statement the snow melt was 

released from the buffer the first subsequent month with positive average temperature. Then the buffer 

content was added to the P3. (P3= P1 + P2 + Pbuf).  When this condition was fulfilled, both the pbuf and 

nbuf were reset to zero for the next loop run.  

3 Results 
Through testing the model for the different catchments at an initial state an understanding came of the 

model dynamics. Therefore a first analytical analysis of the model was made. The analysis is made for 

the X1 parameter which further on will hopefully help describe model behavior seen later on in the 

results, especially the aforementioned peculiarities. 

3.1 Analytical analysis of GR2M model   
The numerical solution of the Equations M1-M8 is not so transparent and a better understanding of the 

model can be obtained from analytical considerations. A difficulty is that the expressions for φ and ψ 

contain the hyperbolic tangent function, which is defined as 

tanh 𝑥 =
(𝑒𝑥−𝑒−𝑥)

(𝑒𝑥+𝑒−𝑥)
  (Equation 10) 

See Figure 5 for a visual understanding. 
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Figure 5 Representation of the hyperbolic tangent function (Source: Wikimedia.org)  

This function increases smoothly from zero to one as x increases from zero to infinity. Simple 

approximations can be obtained when x is close to zero (much less than one) and when x is very large. 

In both cases some terms can be shown to be much smaller than others and therefore negligible.  

Case #1: Large values of parameter X1 

Let us first consider the case when X1 is much larger than P and E. Then P/X1 and E/X1 are much 

smaller than one. For small x we have ex ≈ 1 + x and e–x ≈ 1 – x and we find tanh x ≈ x. 

We are particularly interested in understanding the behavior of S since it often behaves strangely in the 

numerical calculations. For Equation M1a one obtains  

𝑆1 =
(𝑆+𝑋1∙𝜑)

(1+𝜑∙
𝑆

𝑋1
)

≈
(𝑆+𝑋1∙ 𝑃

𝑋1
)

(1+𝑆∙ 𝑃

𝑋1
2)

  (Equation 11) 

Since we have assumed that P/X1 << 1 we can neglect the second term in the denominator and we find 

S1 ≈ S + P. For Equation M2 we end up with 

𝑆2 =  
𝑆1∙(1−𝜓)

1+𝜓∙(1−
𝑆1
𝑋1

)
≈  

𝑆1∙(1− 𝐸
𝑋1

)

1+ 𝐸
𝑋1

 ∙(1−
𝑆1
𝑋1

)
  (Equation 12) 

For large X1 one finds that the first term in both the parenthesis in the numerator and in the 

denominator dominates over the other terms and one obtains S2 ≈ S1 ≈ S + P. 

Finally Equation M4a is  

𝑆 =
𝑆2

(1+(
𝑆2
𝑋1

)
3

)

1
3

   (Equation 13) 

If one chooses X1 to be sufficiently large one can have S2 < X1 and then (S2/X1)3 becomes much 

smaller than one and the second term in the denominator can be neglected. Then one finally obtains S 

≈ S2 ≈ S1 ≈ S + P using the previous results. 

It should be noted that S in Equation M4a stands for S the month after S in Equation M1a. The result 

of the analysis is that if S has one value one month and the precipitation during that month is P, then S 

+ P becomes the input for the next month. If the numerical calculations in the next section results in 

the case when the optimal value of X1 is very large one can expect that S initially increases by P for 

every month. Eventually S becomes so large that it cannot be neglected in comparison with X1 and the 

approximation of Equation 13 does not hold anymore. 

Case #2: Small values of X1 

If P >> X1 and E >> X1 one gets large values in the tanh function. One can then utilize that ex >> e–x. 

From the definition one can first write 

tanh 𝑥 =
(𝑒𝑥−𝑒−𝑥)

(𝑒𝑥+𝑒−𝑥)
=

𝑒𝑥(1−𝑒−2𝑥)

𝑒𝑥(1+𝑒−2𝑥)
=

1−𝑒−2𝑥

1+𝑒−2𝑥  (Equation 14) 
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If x is large, then e-2x is definitely very small and for the denominator one can use the approximation 

1/(1+y) ≈ 1 – y, which holds for small y. Then it is obtained that 

tanh 𝑥 ≈ (1 − 𝑒−2𝑥) (1 − 𝑒−2𝑥) = 1 − 2𝑒−2𝑥 + 𝑒−4𝑥 (Equation 15) 

The last term is smaller than the other ones but for accurate calculations it can be important to keep the 

second term. For convenience we set u = 2 e-2P/X
1 below. We then obtain 

𝑆1 =  
(𝑆+ 𝑋1∙𝜑)

1+ 𝜑∙
𝑆

𝑋1

≈
𝑆+𝑋1∙(1−𝑢)

1+(1−𝑢)∙
𝑆

𝑋1

=  
𝑋1∙(𝑆+𝑋1∙(1−𝑢))

𝑋1+(1−𝑢)∙𝑆
 (Equation 16) 

For u << 1 we can neglect u and we get S1 ≈ X1. S2 contains ψ = tanh (E/X1) ≈ 1 – v, where it is set 

that v = 2 e-2E/X
1. This gives 

𝑆2 =
𝑆1∙(1−𝜓)

1+𝜓∙(1−
𝑆1
𝑋1

)
≈

𝑆1∙𝑣

1+(1−𝑣)∙(1−
𝑆1
𝑋1

)
  (Equation 17) 

From the recent result we know that (1 – S1/ X1) is small so the denominator is close to one. As such, 

it follows S2 ≈ S1 v = 2 S1 e-2E/X
1, which becomes very small for X1 << E. Finally one finds S ≈ S2. 

Thus in the limit when X1 is much smaller than P and E, S rapidly drops to a low value the second 

month even if we had a relatively large initial value of S. 

In the numerical solutions in the next section we find that the optimal value of X1 often becomes the 

lowest or the highest value in the range of chosen X1 values. Thus these analytical calculations are 

often relevant for explaining the development of S with time. 

3.2 Analysis of input data 
Before describing the results of the modeling it is worthwhile analyzing the input data to get a picture 

of the similarities and differences between the different catchments. In Table 2 we give the mean 

values of temperature, precipitation and runoff and the variances (Equation 2) of precipitation and 

runoff. Concerning the precipitation it is clear that there is not much difference between the 

catchments. For the runoff the results of Tänndalen stand out since here we have a clear case of spring 

flood. Looking at the monthly input data we notice that the runoff can be 70 times larger during spring 

than during winter. This results in a mean runoff and variance that are at least twice as large as for the 

other catchments. This has importance when comparing the ENS values which depend on the variance 

of the runoff with the Ci values which depend on the variance of the precipitation. 

We compare the mean annual temperatures for Table 1 (for years 1961-2013) and Table 2 (for years 

2004-2013) and see that for Table 2 the temperature is about 0.5 degrees higher for all the catchments. 

This could mean that we observe climate change within our input dataset.  

Table 2 Mean annual temperature (degrees Celsius), mean monthly values of the observed precipitation (mm), runoff (mm) 

and the monthly variances for precipitation and runoff for the period of 2004-2013. 

Catchment Mean temperature 

(degrees Celsius) 

Mean 

precipitation 

(mm/month) 

Variance of 

precipitation 

(mm/month) 

Mean runoff 

(mm/month) 

Variance of 

runoff 

(mm/month) 

Ostvik 3.52 56.8 32.8 29.1 31.9 

Tänndalen 0.65 65.4 32.7 57.5 65.6 

Vattholma 6.23 55.3 30 17.3 15.1 

Brusafors 6.89 60.8 36 22.1 15.1 

Heåkra 7.88 66.6 38.7 28.7 29.7 
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3.3 Results of original GR2M model 

3.3.1 Monthly scatter plots 

Firstly the model was run for a 10 year period (2004-2013) for all five catchments. Scatter plots for the 

monthly values of modeled runoff versus observed runoff are seen in Figure 6. The scatter plots are 

quite “noisy” and show a trend of underestimation of runoff in the model, except for Heåkra 

catchment. But the results do not strictly follow the 1:1 reference line here either. Notice that the axis 

scales are different for the different catchments. A basic linear fit is added to each graph with the 

corresponding equation given in the figure. In most cases the slope deviates strongly from the desired 

reference line. The highest slope for the linear fit is for Heåkra. 

 

Figure 6 Scatter plots for monthly values for the original GR2M model with linear fit. Notice that the scales of the axes are 

varying. 
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3.3.2 Figures of merit and optimal parameter values 

The results of different 10 year model runs are seen in Table 3. We see that the two northern 

catchments have an optimal value of parameter X1 at 10 mm (i.e. the lowest possible value set in the 

MATLAB code). The X5 parameter has similar optimal values in catchments Ostvik and Vattholma 

and Tänndalen and Heåkra catchments have similar high values. According to the ENS criteria the 

model clearly performs best in the Heåkra catchment. On the other hand, according to the Ci criterion 

the model performs slightly better for Brusafors catchment.  

It is seen in Table 3 that the optimal X1 value varies considerably between the different time periods 

for Vattholma, Brusafors and Heåkra. On the other hand the X5 values are quite constant for each 

catchment. 

Table 3 Results of model runs for all five catchments for the years 1984-1993, 1994-2003 and 2004-2013. 

Ostvik 1984-1993 1994-2003 2004-2013 

ENS -0.18 0.00 -0.15 

Ci 0.98 1.18 1.04 

X1 10 10 10 

X5 0.60 0.70 0.64 

Tänndalen 1984-1993 1994-2003 2004-2013 

ENS -0.02 -0.01 -0.07 

Ci 1.99 2.36 2.07 

X1 10 10 10 

X5 0.92 0.94 0.9 

Vattholma 1984-1993 1994-2003 2004-2013 

ENS -0.47 0.04 -0.36 

Ci 0.63 0.55 0.59 

X1 280 360 530 

X5 0.64 0.7 0.64 

Brusafors 1984-1993 1994-2003 2004-2013 

ENS -0.09 0.13 -0.28 

Ci 0.51 0.43 0.48 

X1 110 260 190 

X5 0.70 0.78 0.74 

Heåkra 1984-1993 1994-2003 2004-2013 

ENS 0.63 0.71 0.56 

Ci 0.53 0.55 0.51 

X1 130 270 240 

X5 1.00 1.04 0.90 

 

3.3.3 Yearly scatter plots 

A possible reason for the limited agreement between modeled and observed monthly runoff is that the 

model does not handle seasonal changes very well. For this reason we have also calculated yearly 

values to look for annual closure in the model. The monthly values were summed to a yearly basis and 

were plotted in the same way as in Figure 6 and are shown in Figure 7. The scatter plots show that on 

that yearly basis the model underestimates the runoff. The linear fits give higher slopes than in the 

monthly scatter plots. In particular, the slopes for Heåkra and Tänndalen are quite close to the 

reference line. 
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Figure 7 Scatter plots for summed yearly runoff for the five different catchments for the years 2004-2013. Notice the different 

scales on the axes.  

3.3.4 Hydrographs 

The hydrographs corresponding to these model runs (years 2004-2013) are shown in Figure A1 in 

Appendix 2, but are described below. The hydrographs contain monthly values of observed 

precipitation and runoff, modeled runoff and modeled soil storage S. They have some different 

characteristics. The variable that stands out is the S storage variable for the optimal values of X1 and 

X5 called “S-opt”. For Ostvik and Tänndalen catchments with the optimal X1 value 10 mm the S-opt 

values are very low in the hydrographs. Vattholma catchment has the highest optimal X1 value of the 

catchments, 530 mm. It often has high optimal X1 values. Here the S-opt curve goes from 0 to 300 mm 
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within the two first years and then “oscillates” between around 150 and 300 mm in a similar pattern as 

the other variables for the rest of the years. Brusafors and Heåkra catchments have X1 optimal value at 

190 mm and 240 mm, respectively. Both catchments have the S-opt values varying within the same 

range as the other variables. 

Comparing the peaks of runoff (modeled and observed) for Tänndalen the amplitude is much higher 

for the observed peaks than the modeled peaks. This is an illustration of the strong spring flood in 

Tänndalen. 

3.3.5 Impact of simulation of warming up period length 

 We see that S-opt can end up at different levels for different catchments and even different model run 

periods for the same catchment. To study this further we have run the model for one year or a few 

years and show the results in Figures 8-12. If we look at the model run only for one year the S-opt 

curve can be quite different from the hydrographs run for two or several years.  

For Ostvik and Tänndalen we see that S-opt rises to a high value as the model is only run for one year 

while it tends to zero when running it for two years. It is conceivable that this can be related to the 

start value of S which causes uncertainty in the development during the beginning of the considered 

period. The effect of other start values other than zero of S will be considered in the following section. 

For Vattholma we have run the model for one, two, three, four and five years. A good agreement is 

found between the curves. S rises rapidly to about 250 mm and then oscillates around that value. For 

Brusafors there is more difference between the curves. For Heåkra the curves coincide for one-year 

and three-year periods (same optimal values of X1 and X5). 

 

Figure 8 Model for two years for Ostvik catchment. 
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Figure 9 Model for two years for Tänndalen catchment.  

 

Figure 10 Model for one year, two years, three years, four years and five years, for Vattholma catchment.  

 

Figure 11 Model for one year, two years and three years, for Brusafors catchment. 
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Figure 12 Model for one year, two years and three years, for Heåkra catchment. Note that the curves for year 2004 and for 

years 2004-2006 coincide. 

To reduce the importance of the first year in determining the optimal values of X1 and X5 one can omit 

this year in calculating the Nash Sutcliffe value. This is sometimes called a “warming-up period”. 

Such calculations will be presented in the following section. 

3.4 Effects of additions to the GR2M model  
We have seen that running the original model by Mouelhi et al. (2006) often gives unsatisfactory 

results, in particular for the development of S. We have tried several modifications of the original 

model to see if one can improve model performance. 

3.4.1 Imposing limits to R and S storages 

The variable R should be larger than zero, but in the original model negative values frequently 

appeared. In particular the ENS value could become an extremely large negative value. As discussed 

above this occurs in particular when R2 gets close to -60 mm. To avoid this we added a condition in 

the code that negative values of R were replaced by zero as input for the following month. 

In Table 4 we have displayed the minimal ENS values and the maximal Ci values, that is, the most 

undesired values. We see that the values can be up to eight orders of magnitude larger when no R-limit 

is set. For Tänndalen, on the other hand, no negative R values appeared. In the same table we give the 

best ENS values and Ci values. We see that they are usually not much altered by the R-limit. 
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Table 4  Maximum and minimum values for the Nash Sutcliffe and Ci criteria with and without R-limit. Notice that the best 

value for ENS is the maximal value and the best value for Ci is the minimum value. The model was run for the period 2004-

2013. 

Ostvik Original GR2M model Model addition R-limit 

ENS max -0.15 -0.15 

ENS min -275250 -17.00 

Ci max 510 4.11 

Ci min 1.04 1.04 

Tänndalen Original GR2M model Model addition R-limit 

ENS max -0.07 -0.07 

ENS min -3.35 -3.35 

Ci max 4.19 4.19 

Ci min 2.07 2.07 

Vattholma Original GR2M model Model addition R-limit 

ENS max -0.36 -0.36 

ENS min -6853400000 -82.33 

Ci max 41782 4.61 

Ci min 0.59 0.60 

Brusafors Original GR2M model Model addition R-limit 

ENS max -0.28 -0.31 

ENS min -1196500 -153.93 

Ci max 460 5.23 

Ci min 0.48 0.48 

Heåkra Original GR2M model Model addition R-limit 

ENS max 0.56 0.50 

ENS min -48082000 -55.22 

Ci max 5322 5.75 

Ci min 0.51 0.54 

 

We have made color plots for ENS values and Ci values for all the considered values of X1 and X5. 

Without the R-limit such figures often showed a few data points with extremely bad values and were 

not very illuminating. For this reason we present one example (for Tänndalen catchment) of a color 

plot where negative R values were adjusted. In Figure 13 we show such a color plot for the Tänndalen 

catchment with the limit to R storage (R≥0). 
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The R-limit can influence the results in unexpected ways. In Figure A2 we have kept X5 fixed to the 

optimal value and varied X1 for the Brusafors catchment as an example. While ENS has a clear 

maximum without the R-limit it has a rather constant value for large X1 when the R-limit is imposed. 

We also added limits in the code for S (S≥0 and S≤X1), but they made no difference for the results. 

Apparently the model is constructed such that S cannot be outside these limits. 

3.4.2 Exclusion of warming-up period for calculation of figure of merit  

We next want to analyze how the results depend on the chosen initial value of S and how long it takes 

until S becomes essentially independent of the start value. If we determine the ENS value from all the 

years of the considered time period, a problem is that the optimal X1 value can depend on the start 

value of S and the results are not easy to compare. For this reason we have made some runs where the 

first year was excluded from the calculation of the ENS value and then the optimal values of X1 and X5 

were determined. In Figures 14-16 we show the development of S during three years for Brusafors. 

We have chosen three different time periods such that the optimal X1 value is the lowest value in 

Figure 14, an intermediate value in Figure 15 and the largest value in Figure 16. We notice that the S 

values at the end of the period are near zero, 100 and 500 mm, respectively. For each case we display 

the results for start values (S(0)) of 0, 300 and 1000 mm for S. In Figure 14 the S-value drops very 

quickly to a very low value irrespective of the start value. This follows the analytical considerations in 

Section 3.1. After that S stays at very low values. In Figure 15 for an intermediate X1 value, S 

approaches a reasonable level after about half a year and then it is quite independent of the start value. 

In Figure 16 for the maximal value of X1, S reaches a clearly higher value and it takes about a year and 

a half to become independent of the start value.  

Figure 13 Color plot showing values of ENS depending on values of 

X1 and X5 - for Tänndalen catchment years 2004-2013. 
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Figure 14 Graph with three different initial values of storage S and the effect it has on S-opt, when X1= 10 mm for Brusafors 

catchment years 2008-2010.  

 

 

Figure 15 Three different initial values of storage S and showing the effect on S-opt when X1= 190 mm, for Brusafors 

catchment years 2004-2006.  
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Figure 16 Three different initial values of storage S showing the effect on S-opt for X1= 1000 mm for Brusafors catchment 

years 2010-2012.  

3.4.3 Creating a buffer to handle snow and snow melting 

For catchments in Sweden it is a fact that precipitation can fall as snow during the winter months, stay 

on the ground and result in considerable runoff during the spring flood some months later. As 

described above we have made a rather crude modification to correct for this. 

We display the results with and without a snow buffer in which precipitation during months with 

negative average temperature is stored and released during the first month with positive average 

temperature in Table 5. 
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Table 5 Comparison of the snow buffer addition results with the original results. 

Ostvik Buffer 

addition 

Original 

model 

ENS -0.12 -0.15 

Ci 1.03 1.04 

X1 10 10 

X5 0.50 0.64 

Tänndalen   

ENS 0.25 -0.07 

Ci 1.74 2.07 

X1 10 10 

X5 0.68 0.90 

Vattholma   

ENS 0.10 -0.36 

Ci 0.48 0.59 

X1 960 530 

X5 0.50 0.64 

Brusafors   

ENS -0.16 -0.28 

Ci 0.45 0.48 

X1 50 190 

X5 0.56 0.74 

Heåkra   

ENS 0.33 0.56 

Ci 0.63 0.51 

X1 200 240 

X5 0.72 0.90 

 

In Figures 17 and 18 we show hydrographs for the two extreme catchments, Heåkra and Tänndalen. 

The model is run for a ten-year period but only the last two years are displayed. In this way the effect 

of the initial S value has vanished and it is clearly seen how the results change from month to month. 

During winter it is seen for both the catchments how the runoff is reduced when the buffer is 

introduced. For Heåkra there is a high peak at month 16 with buffer. It is much higher than the 

observed runoff. Our crude model here overestimates the effect of snow melting. For Tänndalen there 

is a clear spring flood effect with sharp peaks during month 5 and month 17 (May). This effect is very 

well described when the buffer is included. 

ENS was calculated only for these two years for the original model and the “buffer model” and are 

inserted in the figures. For Heåkra the ENS gets worse with the buffer than without. The opposite is 

seen for Tänndalen where ENS is improved substantially by using the buffer.  
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Figure 17 Hydrograph for Heåkra showing the 2 last years (2012-2013) for a model run of 10 years (2004-2013). P stands 

for the observed precipitation, Qobs is the observed runoff, Q-buf is the modeled runoff with the buffer addition and Q-org is 

the modeled runoff for the original GR2M model.  

 

Figure 18 Hydrograph for Tänndalen showing the 2 last years (2012-2013) for a model run of 10 years (2004-2013). P 

stands for the observed precipitation, Q-obs is the observed runoff, Q-buf is the modeled runoff with the buffer addition and 

Q-org is the modeled runoff for the original GR2M model. 

In Figure A3 we present scatter plots for all the catchments with and without inclusion of the buffer. 

The slopes of the linear fits are improved considerably with the exception of Heåkra.  

We have made an in depth analysis for the Brusafors catchment of the effect of including a buffer and 

show the result in Table 6. In the Brusafors catchment the results are particularly unstable. The 

optimal X1 value can be minimal, intermediate or maximal, and this clearly influences the results. We 

show the results for five different time periods and the trends differ between them. We see that the 
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optimal X1 value is highly varying between if the buffer is used or not. On the other hand, the X5 

values are quite stable between the periods. A result is that X5 changes from about 0.7 to 0.5 when the 

buffer is included. Overall the ENS value is somewhat better with the buffer. 

Table 6 Summary of results with or without the addition of buffering the precipitation for snow melt for Brusafors catchment. 

With buffer     Without buffer   

Year  X1 optimal X5 optimal  Nash Sutcliffe X1 optimal X5 optimal  Nash Sutcliffe 

1961-1970 10 0.48 0.16 1000 0.72 -0.17 

1971-1980 1000 0.50 0.24 1000 0.66 -0.17 

1981-1990 10 0.46 0.02 1000 0.70 -0.10 

1991-2000 10 0.44 -0.23 120 0.72 -0.01 

2001-2010 50 0.54 -0.01 1000 0.68 -0.21 

 

3.4.4 Dependence of figure of merit on X1 for fixed X5 

Finally we show in Figure 19 how the ENS value varies with X1 for different catchments when X5 is 

fixed to the optimal value. A common feature is that the ENS value changes considerably when X1 is 

below 100 mm. A very significant result for explaining the overall results is that the value stays 

remarkably constant for higher X1 values. The slopes are often positive and the optimal X1 value 

becomes the highest value considered. On the other hand Tänndalen and Ostvik have negative slopes 

and the lowest X1 value gives a maximum for ENS. The figure also shows that the best ENS values vary 

much between the catchments and are quite poor for Brusafors and Ostvik, less than zero. 

The flatness of the curves explains the instability of the results. It does not seem to require a large 

uncertainty in the input data to change the slope at high X1 values from slightly positive to slightly 

negative. Still the optimal X1 value has a large effect on the S-values. 

 

Figure 19 Nash Sutcliffe value against all values for X1 for one optimal value of X5 run for all catchments and years 2004-

2013 with R-limit and buffer additions. 

We show the time variation of the soil storage S during three time periods in Figure A4 for Brusafors. 

All the three curves show characteristic oscillations around a mean value but the mean values are quite 

different depending on the optimal value found for X1. 
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4 Discussion 
In this chapter we will try to answer the important questions as they are posed in Section 1.3. 

However, we will first discuss some details of our results and analyze why our model often gives 

rather unsatisfactory results. We will discuss the more general questions in Section 4.3. 

4.1 General features  
In general the GR2M model underestimates the runoff when compared to the observed values. This 

was shown in Figure 7. This occurs for all catchments. For Heåkra, the southernmost catchment, ENS is 

reasonable and the underestimation is not very strong, while ENS is rather poor for all the other 

catchments.  

There seems to be a systematic error where GR2M misses a process in the conceptual modeling that is 

present for these Swedish catchments, but might not be such a prominent process in Heåkra 

catchment.  

Figure 19 shows that ENS is rather constant when X1 is varied and it does not require a strong change 

of the conditions to cause large variations of the optimal X1 value. It often gets set to the lowest or 

highest possible value and heavily influences S to be very low, or very high, respectively. On the other 

hand the model results show that parameter X5 is sensitive to the optimization of model performance 

and gives a rather clear maximum of ENS. 

In order to have GR2M free parameters considered as a regionalization tool the parameters need to be 

catchment specific. Parameter X5 is rather stable but can change when the buffer addition is used. 

Parameter X5 is meant to show the behavior of groundwater flows in and out of the catchment, the 

water exchanges with the outside environment of the catchment. This optimal value is 0.90 for 

Tänndalen and for Heåkra in the original 2004-2013 model run. It would be surprising if these two 

very different catchments had similar groundwater flow characteristics. One can assume that in this 

case X5 works as a correction factor rather than reflecting on the actual catchment conditions. It is also 

conceivable that the optimal X5 value is affected by the optimal X1 value.  

The criterion ENS is found to be rather insensitive to X1 so small changes in the input data like those 

found when changing the time period can have a large effect on the optimal X1 value. Still, the optimal 

X1 value has a large effect on the S-values. This behavior is in line with the analytical considerations 

in Section 3.1 and is a central finding of this work. 

We have found no case where S exceeds X1 and this seems to be built into the model. This has the 

effect that S stays at unrealistically small values when the smallest X1 value is found to be optimal. 

This often occurs for Ostvik and Tänndalen. On the other hand, a large optimal X1 value allows S to 

become quite large, often much larger than the other variables like P and Q. This can be seen for 

Vattholma. For Brusafors the X1 value seems to be particularly unstable. The optimal X1 value has 

sometimes been the smallest, sometimes the largest value. Only for the Heåkra catchment the optimal 

X1 value is usually an intermediate value, typically around 200 mm, and the ENS value becomes quite 

good.  

4.2 Why did the model perform so poorly for Swedish conditions? 
We next discuss some possible reasons for the unsatisfactory results for four of the catchments. 

4.2.1 Input 

The observed data were summarized in Table 2. While the precipitation is similar for all the 

catchments, the runoff varies considerably. The extremes are Tänndalen, where Q/P ratio is 0.88, and 

Vattholma, where Q/P is 0.31. 
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The optimization of a low X1 fits with what is expected for a catchment with conditions like 

Tänndalen that has an annual mean temperature around zero degrees. This could imply that the soils 

are often frozen, limiting the ability for water to be stored in these soils.  

In Vattholma the annual mean temperature is only 6.23 degrees C and it seems unlikely that the large 

difference between precipitation and runoff can be entirely due to evapotranspiration. There seems to 

be an unknown process causing the water to stay within the catchment or leaving the catchment 

through other ways than runoff. The model has solved this by creating a large soil storage. Since the 

model underpredicts the runoff we can assume that the soil storage may be overpredicted compared 

with the reality.   

However, in the long run a large difference between precipitation and runoff cannot be remedied by a 

large soil storage only. If the relatively low temperatures in Vattholma do not allow for large 

evapotranspiration some water must leave the catchment in some other way. This is consistent with the 

low values of X5 which are around 0.65 according to Table 3. 

As is seen in Figure 4 there are several lakes in the Vattholma catchment. These open water reservoirs 

would allow for higher evaporation due to the open water surface evaporation. On the other hand, it is 

also seen that there are large water surface areas in the Tänndalen catchment. There a lower 

evaporation could be explained by the lower temperature compared to Vattholma while the X5 value 

for Tänndalen is as high as 0.90. 

For Heåkra catchment the X5 parameter lies near 1.00 for most of the time and we get good results. 

The lower X5 values for the other catchments can possibly have the effect of correcting an incorrect 

estimate of the catchment area. 

Parameter X1 controls GR2M’s response to rain events and to an extent also controls the variability of 

the runoff. As X1 increases the runoff depends less on the current precipitation and more on the S 

storage level, which in itself depends on past precipitation. Small values of X1 controls that a larger 

part of the precipitation goes directly to the runoff. One can say that X1 controls GR2M’s “memory” 

of past events (Huard & Mailhot 2008).  

The precipitation and temperature data are calculated from the SMHI PTHBV model. Since the model 

calculated the precipitation and temperature to a national 4x4 km grid through interpolation between 

meteorological measurement stations it can happen that the data point of choice does not accurately 

represent the precipitation and temperature for the whole catchment. For all catchments the 

precipitation and temperature data point were chosen where the runoff observation stations are located. 

This is not optimal since it gathers mainly input data based on the downstream section of the 

catchments. However, these catchments are rather small, with the largest catchment at 294 km2 and the 

mean monthly precipitation values for all catchments do not vary to much either (55.3-66.6 

mm/month).  

For Tänndalen catchment, which is rather mountainous, the elevation differences within the catchment 

can have an effect on the variations for both the temperatures and precipitation.  

Historical and experimental data often include some errors, therefore models may be affected by the 

input errors (Paturel et al 1995). They concluded that errors in the input can be magnified in the 

modeled results. If the precipitation input for the model has errors and our observed runoff does not 

(or the other way around), our model will not perform well for the ENS criteria.  

The difference in the input for the different time periods can occur due to natural variations or climate 

change (or maybe land use change). This means that the hydrological processes are changing and the 

modeling of a system in change is difficult.  
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4.2.2 Evapotranspiration and interception 

When there is a large discrepancy between precipitation and runoff it is natural to consider if it can 

depend on evapotranspiration. The model might be overestimating the evapotranspiration and 

therefore causing too little runoff. 

GR2M model appears less sensitive to errors in evapotranspiration than in precipitation. The PET 

values only affect the runoff process indirectly in GR2M (Paturel et al 1995). The PET affects the S 

storage (Equation M3), but the precipitation affects both the S storage and the R storage (Equations 

M1a, M2 and M5). From this one can understand that the model results for runoff should match the 

precipitation input quite closely. Ardoin-Bardin et al. (2009) confirmed that the runoff does mainly 

follow the precipitation for GR2M. On the other hand Lespinas et al. (2014) have found that GR2M 

can be sensitive to the choice of method for calculating the potential evapotranspiration in scenario 

simulations. In a study by Almorox et al. (2015) several temperature based evapotranspiration 

methods have been compared for different climates. They concluded that Thornthwaite was one of the 

worst methods to use for colder climates.  

A simple expression by Turc and Langbein (Langbein 1949, Turc 1954) was also considered in the 

beginning of the model setup (analysis not shown). Although this expression was made for calculating 

the annual PET we tested to use it for the monthly PET with some alterations. In the limit of zero 

degrees Celsius it approaches a rather high value of 325 mm in contrast to the Thornthwaite method, 

which approaches zero. The Turc-Langbein expression seemed like a worse alternative to the 

Thornthwaite method, at least for application in colder climates.  

One process that the GR2M misses is the process of interception which can cause runoff to be 

underestimated (Huard & Mailhot 2008). Interception is the process were precipitation is gathered by 

vegetation and other items and evaporated from their surfaces, instead of leaching to the soils. This 

process can be dominant depending on the type of vegetation within a catchment (Pereira et al. 2016).  

There are limits to making regionalization with the parameters in GR2M and limits for the model to 

work successfully when catchments have anthropogenic effects on the runoff regime (Wriedt & 

Bouraoui 2009). Overall the model does not really take into consideration the processes concerning 

the vegetation. It can be noted that the catchments Ostvik, Vattholma and Brusafors are dominated by 

woodland while Heåkra is dominated by arable land. Generally arable lands are more antropogenically 

affected since these lands can be irrigated and water can be drawn from the catchment groundwater 

reservoir.  

Cultivated arable land in Sweden seems to cause more evapotranspiration than other land uses like 

woodland forestry (Jaramillo et al., 2013). This might be the case for Heåkra, causing the model to 

perform better there.  

4.2.3 Snow 

Mouelhi et al. (2006) did their study on catchments with different climatic conditions. However they 

used no catchments with a colder climate, but rather catchments with arid to temperate climates. In 

this thesis only Brusafors and Heåkra could be considered to have a temperate climate.  

Snow and snow melting are processes that can have considerable impact in Sweden. A natural 

explanation for the unsatisfactory predictions for most of the catchments, with the exception of the 

southernmost catchment, Heåkra, is that this process is not included in the original model. 

We have used a rather simple addition to the model to store all precipitation during months with a 

mean temperature at zero degrees or below and later releasing all of this water in the first month of 

temperatures above zero.  
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We only look at mean monthly temperatures as a basis for this assumption. Of course, only using this 

single value does not give us a clear picture of the time period. There can be positive temperatures 

with snow melting even for months with the mean temperature below zero degrees. During some days 

of these months melting of the snow can occur. In southern Sweden it seems to be that the snow (if it 

ever accumulates) actually melts at a slower pace. There our model can get spring flood peaks too 

early and stronger spring floods compared to the observed runoff.  

The unsynchronized runoff peaks for observed and modeled runoff can give large errors in the 

calculation of ENS criteria, causing the ENS value to get worse with this model addition in Heåkra. The 

amount of runoff (amplitude) is also hard to replicate.  

On the other hand, the peak due to the spring flood was quite well reproduced for Tänndalen (seen in 

Figure 18). Here the difference in temperature between winter and summer 2012-2013 is large and the 

temperature rises more rapidly during spring. In the scatter plots in Figure A3 the slope of the linear 

fits also improved for most catchments. 

4.2.4 Initial state 

The model is generally quite insensitive to the initial values of the storages. Depending on the value of 

X1, the warming-up period varies heavily. If X1 is 10 mm the warming-up period is a year at most. The 

S-opt value then drops and reaches a steady state close to S= 0 mm.  When the X1 is optimized for 

higher values (around 200 mm) the warming-up period increases to 24 months. For Vattholma with 

the highest optimal value for X1 at 530 mm the warming-up period is around 36 months. This is also 

observed in Figures 14, 15 and 16. A large value of X1 holds a long “memory” for the S storage 

volume. A low X1 value sets the storage almost directly to zero as a consequence of the short 

“memory”. The interpretation is somewhat consistent with conditions in Sweden where southern 

catchments can often have large storages, but the modeling results in this regard are still far from 

satisfactory. 

The problem with the initial state can be handled quite efficiently by running the model for sufficiently 

long periods (e.g. ten years) and including a “warming-up” year that is not included in the evaluation 

of ENS and thus the optimization of X1. This is in agreement with the conclusion drawn by Huard & 

Mailhot (2008) that the initial state uncertainty for GR2M is generally not a large problem since the 

model usually reaches a steady state within the first year. 

Running the model for many years (for example 30 years) reduces the influence of the warming up 

period but can have the disadvantage that the input can include climatic changes or long-term shifts in 

land cover. 

4.2.5 Criteria 

X1 is often the minimal or the maximal value when optimized for ENS. The ENS criteria as well as the 

Ci criteria are both based on RMSE and might not be such a great indicator if a model performs well or 

not. Our results for S storage relies heavily on the optimal value of X1. 

The Nash Sutcliffe criterion tends to emphasize large errors causing great problems when modeling 

flood events (Perrin et al. 2001). For example, we note in Figure 6 for Tänndalen that there are several 

cases where the observed runoff is much higher than the modeled runoff. Since the difference between 

these values is squared in the calculation of RMSE (Equation 1) such values can, even if they are 

fairly few, have a large effect on the reduction of the ENS value. 

It is not always easy to know the quality of your input data but choosing carefully performance criteria 

and the optimization method is important. The ENS criteria is basically a “derivative” of RMSE that is 

commonly used as an objective function in calibration and optimization methods for example the GA 

method used in Lyon et al. (2015). 
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Comparing the results for two catchments it sometimes occurs that ENS is better in one case while Ci is 

better in the other case. In Ci (Equation 4) the RMSE is related to the variance of the precipitation, 

which is similar for all the catchments according to Table 2. In ENS (Equation 5) it is instead related to 

the variance of the observed runoff, which varies much more between the catchments. It is four times 

higher for Tänndalen than for Vattholma and Brusafors.  

A reason why ENS is so good for Heåkra compared to Brusafors is that the variance of the runoff is 

about twice as large as for Brusafors. The Ci value in Table 3 was found to be slightly better for 

Brusafors than for Heåkra. In Tänndalen the variance of the runoff is large which gives ENS values that 

are not worse than for Ostvik, Vattholma and Brusafors. On the other hand the Ci value for Tänndalen 

is much worse than for the other catchments. 

We conclude that a large variance in runoff will lead to better values for ENS but not for Ci. A more 

fundamental figure of merit for getting a clearer picture of the actual model performance is probably 

RMSE (Equation 1).  

4.2.6 Model 

The X5 parameter describes the water exchange with the outside environment but can be seen as a 

fudge factor allowing for improved closure for a catchment system. This is also discussed in Mouelhi 

et al 2006. They argue that models describing such an exchange factor have better performance than 

other models with more free parameters but without the outside exchange factor. It can simply be that 

X5 corrects for water loss/gain made in another part of the model structure. 

Underestimating precipitation or overestimating evapotranspiration can both lead to underestimations 

of the modeled runoff. For most part the model underestimates runoff compared with the observed 

values. Errors are generally amplified during rising floods and drops during low flow periods (Paturel 

et al 1995).  

If a model is to perform well it needs to be robust (Perrin et al. 2001) and reliable under various 

hydrological conditions. GR2M lacks the robustness considering the great variation of optimal 

parameter value of X1.  

Uncertainty assessments are important for the operational aspects of hydrologic modeling since it is 

crucial to assess the overall model performance. Errors that can occur come from initial state 

uncertainty, input errors, lumping of model structure and output errors. It is common to use objective 

functions that relate modeled runoff to observed runoff while assuming that the observed data 

uncertainties are negligible. This gives the effect of lumping together output errors with structural 

errors (Huard & Mailhot 2008).  

GR2M, at least the original version or the model with our simple additions, does not give reliable 

enough results to make regionalizations of hydrological responses for Swedish conditions of the free 

parameters. The model could not be used in the road infrastructure design project.  

4.3 Answering the scientific questions proposed in the thesis 
The questions we asked in Section 1.3 seemed relevant at the start of the project when a full suite of 

models was under consideration and the selected model (which ever it would be) was assumed to work 

well. However with the results obtained another relevant issue has become analyzing why the 

agreement between modeled and observed variables usually is unsatisfactory. 

To fulfill our scientific aim for this thesis we answer our priorly posed questions below. 

Question 1) A simple lumped conceptual model with two free parameters, like GR2M does not 

perform successfully for the five different Swedish catchments in this study. The model 

underestimates the runoff compared with observations. The free parameters are unstable, especially 

parameter X1. The model performs best for Heåkra catchment. This inability of simple models to 
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capture the full dynamics for Baltic catchments is consistent with some previous work (see Lyon et al. 

2015) and highlights the complexity faced over the large geological and climatic gradient spanning 

Sweden. 

Question 2) The pattern we see is that the catchment with the warmest climate and with arable land 

has the best model performance, namely Heåkra. The catchment conditions are more similar to many 

of the catchments used in the Mouelhi et al. (2006) study than the other Swedish catchments in our 

study.  The other four catchments with more “typical” Swedish conditions do not have a good 

performance in comparison.  

Question 3) We find that the optimal value for X1 stays at a stable 10 mm for catchments Ostvik and 

Tänndalen. This does however not mean that the model performs well.  Otherwise for the other 

catchments the X1 parameter is rather unstable and a “perfect” relationship between optimal X1 and 

catchment characteristics cannot be found.  The X5 parameter is more stable for the corresponding 

catchments, but it is not clear that this parameter says a lot about what actually occurs in the 

catchment, since it also can be considered as a fudge factor.  

5 Conclusions 
With the exception of the southernmost catchment, Heåkra, the Nash Sutcliffe criterion (ENS) 

(Equation 5) indicates quite poor model performance values, typically around zero or below. The main 

reason is that the modelled values of the runoff are clearly below the observed values (Figure 7). This 

seems to be due to some systematic error. We have noticed that in the scatter plots the results are 

usually worse on a monthly basis than on a yearly basis. Similar results were found in Lyon et al. 

(2015). 

The results, especially those for Brusafors catchment, are quite unstable. The ENS criterion does not 

vary much with the parameter X1 and for this reason the optimal value of X1 may vary between the 

lowest or the highest value in the selected range dependent on the choice of time period. However, this 

strongly influences S. Since S cannot be larger than X1, the lowest value of X1, 10 mm, forces S to 

stay at an unrealistically low value. On the other hand, a large X1 value allows S to be much larger 

than the other variables like P and Q. X1 should be characteristic for a catchment and only weakly 

dependent on the time period, but this does not come out of our calculations. 

Further, in Sweden a significant process is that snow can stay on the ground for several months before 

it melts and enters the runoff, an effect that can be expected to be least significant for Heåkra. We have 

made a simple model for this by saving the precipitation in a buffer during months with negative mean 

temperatures and releasing it during the first month with positive mean temperature. This improves the 

results for the northern catchments, but still ENS remains at unsatisfactory values.  

The ratio between observed runoff and observed precipitation varies between 0.88 for Tänndalen and 

0.31 for Vattholma (Table 2). Such a large discrepancy can hardly be explained by variations in 

evapotranspiration. Often the input forces the model to select dubious values for the parameter X1 and 

this in turn gives S values outside the reasonable range. It could be a reason why the amendments to 

the model do not seem sufficient to give satisfactory results. 

Due to the limited scope of this thesis there are issues that seem interesting to explore further and can 

be left for future work. Within this model one can improve the method for estimating the 

evapotranspiration. There are more advanced methods than the Thornthwaite method but they require 

more input than the mean temperature (Almorox et al. (2015)). One can consider other length periods 

than months and also examine different seasons in more detail as done by Lyon et al. (2015). One 

important extension is to use other optimization criteria than ENS and Ci. Both of these mainly depend 

on the root-mean-square error RMSE (Equation 1) which is sensitive to rare but large differences 

between modeled and observed runoff. Since GR2M gives systematic errors, we believe that one or 
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several processes are missing for successfully modeling Swedish conditions. The two-parameter 

approximation considered in this work can be compared to more elaborate models. Three to five free 

parameters seems to be optimal for lumped rainfall-runoff models for reaching the best performance 

level (Perrin et al. 2001). As such, while the simplicity of the model allows for insight it limits 

applicability to capturing and predicting future conditions across Sweden. 
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Appendix 1 
MATLAB CODE 

% Madeleine Ekenberg - GR2M 

%% 
clear all 

close all 

clc 
%% DATES FOR ALL CATCHMENTS 

date =load('datum_ostvik.txt'); 

year= date(:,1); 
month= date(:,2); 

day= date(:,3); 

totdays=length(year); 
%% preallocating arrays 

Qday=zeros(1,19358);  

Tday=zeros(1,19358); 
Pday=zeros (1,19358); 

%% MARK / MARK OFF CATCHMENTS TO RUN MODEL FOR DESIRED CATCHMENT 

%% 1 -OSTVIK - SKELLEFTEÅ 
Q_ostvik = load ('q_ostvik2.txt');  

T_ostvik= load ('t_ostvik2.txt'); 

P_ostvik= load ('p_ostvik2.txt');  
  

Qs=0; 
Ts=0; 

Ps=0; 

for n=1:totdays %         "uniforming" the input 
    Qday(n)=Q_ostvik(n); 

    Tday(n)=T_ostvik(n); 

    Pday(n)=P_ostvik(n); 
    Qs=Qs+Qday(n); 

    Ts=Ts+Tday(n); 

    Ps=Ps+Pday(n); 
end 

Q_ost=Qs/totdays; 

T_ost=Ts/totdays; 
P_ost=Ps/totdays; 

%% 2 - TÄNNDALEN 

% Q_tanndalen = load('q_tanndalen2.txt'); 
% T_tanndalen= load ('t_tanndalen2.txt'); 

% P_tanndalen = load ('p_tanndalen2.txt');  

%  
% Qs=0; 

% Ts=0; 

% Ps=0; 
% for n=1:totdays 

%     Qday(n)=Q_tanndalen(n); 

%     Tday(n)=T_tanndalen(n); 
%     Pday(n)=P_tanndalen(n); 

%     Qs=Qs+Qday(n); 

%     Ts=Ts+Tday(n); 
%     Ps=Ps+Pday(n); 

% end 

% Q_tan=Qs/totdays; 
% T_tan=Ts/totdays; 

% P_tan=Ps/totdays; 

%% 3 - VATTHOLMA - Uppsala 
% Q_vattholma= load('q_vattholma2.txt'); 

% T_vattholma= load('t_vattholma2.txt'); 

% P_vattholma= load ('p_vattholma2.txt'); 
%  

% Qs=0; 

% Ts=0; 
% Ps=0; 

% for n=1:totdays 

%     Qday(n)=Q_vattholma(n); 
%     Tday(n)=T_vattholma(n); 

%     Pday(n)=P_vattholma(n); 

%     Qs=Qs+Qday(n); 
%     Ts=Ts+Tday(n); 

%     Ps=Ps+Pday(n); 

% end 

% Q_vat=Qs/totdays; 
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% T_vat=Ts/totdays; 

% P_vat=Ps/totdays; 

%% 4 - BRUSAFORS - Småland 
% Q_brusafors= load ('q_brusafors2.txt'); 

% T_brusafors= load ('t_brusafors2.txt'); 

% P_brusafors= load ('p_brusafors2.txt'); 
%  

% Qs=0; 

% Ts=0; 
% Ps=0; 

% for n=1:totdays 

%     Qday(n)=Q_brusafors(n); 
%     Tday(n)=T_brusafors(n); 

%     Pday(n)=P_brusafors(n); 

%     Qs=Qs+Qday(n); 
%     Ts=Ts+Tday(n); 

%     Ps=Ps+Pday(n); 

% end 
% Q_bru=Qs/totdays; 

% T_bru=Ts/totdays; 

% P_bru=Ps/totdays; 
  

%% 5 - HEÅKRA - Skåne 

% Q_heakra= load ('q_heakra2.txt'); 
% T_heakra = load ('t_heakra2.txt'); 

% P_heakra= load ('p_heakra2.txt'); 

%  
% Qs=0; 

% Ts=0; 

% Ps=0; 
% for n=1:totdays 

%     Qday(n)=Q_heakra(n); 

%     Tday(n)=T_heakra(n); 
%     Pday(n)=P_heakra(n); 

%     Qs=Qs+Qday(n); 

%     Ts=Ts+Tday(n); 
%     Ps=Ps+Pday(n); 

%     end 

% Q_hea=Qs/totdays; 
% T_hea=Ts/totdays; 

% P_hea=Ps/totdays; 
%% Preallocating arrays  - Year - Month 

% Qym=[]; 

% Tym=[]; 
% Pym=[]; 

% P=[]; 

% P_mo=[]; 
% Q_mo=[];  

% ndays=[];  

%% CHOOSING MODEL RUN YEARS 
% Ostvik, first year 20. 

% Tänndalen first year 1 

% Vattholma first year 20.  
%Brusafors first year 1.  

% Heåkra first year 14. 

k_min=44; % first year of model run.  

k_max=53; % last year of model run. 

k_omit=0; % years are omitted (for omitting warming up periods) 

k_years=k_max-k_min+1; 
n_months=k_years*12; % number of months for the chosen years. 

n_min=(k_min-1)*12+1; 

n_max=k_max*12; 
%% Calculations for complete available time periods 

for k=1:53 % Base: 53 years of data 

kyear= k + 1960; % start year 1961 
for j=1:12 % 12 months  

    i=0; % days in month 

    Q_sumday=0; 
    T_avg=0; 

    P_sumday=0; 

    for n=1:length(year); 
    ye=year(n); 

    mo=month(n); 

%     The daily data are sorted into years and months 

    if (ye==kyear) && (mo==j); 

        Q_sumday=Q_sumday+Qday(n); % sum daily q obs values for each month and each year.  
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        T_avg=T_avg+Tday(n); % sum daily t values to later get monthly average for each month and year 

        P_sumday=P_sumday+Pday(n); % sum daily p values. 

        i=i+1;  
    end 

    end 

    Qym(k,j)=Q_sumday; % monthly values sorted by year and month 
    Pym(k,j)=P_sumday; 

    ndays(k,j)=i; 

    Tym(k,j)=T_avg/i; % sum of daily T divided by days per each month 
end 

end 

%% Preallocating Arrays for GR2M  
S=[]; 

S1=[]; 

S2=[]; 
S_new=[]; 

fi=[]; 

psi=[]; 
P1=[]; 

P2=[]; 

P3=[]; 
R=[]; 

R_new=[]; 

Q= []; 
Q_var= []; 

Q_varom= []; 

Q_varred= []; 
Q_L= []; 

Annind=[]; 

Aexp=[]; 
E=[]; 

E_NS= []; 

E_NSom= []; 
E_NSL= []; 

C_i=[]; 

C_iom=[]; 
C_iL=[]; 

Q_LM= []; 

Qyobs=[]; 
Qymod=[]; 

S_LM=[]; 
R_LM=[]; 

P_LM=[]; 

R1= []; 
R2= []; 

Q_opt=[]; 

S_opt=[]; 
R_opt=[]; 

Lerr=[]; 

Merr=[]; 
nerr=[]; 

Lerrs=[]; 

%% Ranges of parameters 
X01= 10;  

DX1= 10; 

X05= 0.02; 

DX5= 0.02; 

% Initial values for storages 

S(1)= 0;  
R(1)= 0; 

%% Turn on or turn off additions. On:1, Off:0.  

S_lim0=0; 
R_lim0=0; 

S_limX1=0; 

Buf=0; 
%% "Pre-calculations" for Nash-Sutcliffe (E_NS) and Thornthwaite PET 

P_sum = 0; 

Q_sum = 0;  
T_sum=0; 

for k = k_min:k_max 

    Annind(k)=0; % annual heat index I for Thornthwaite 
    Qyobs(k)=0; 

for j = 1:12 

    n=(k-k_min)*12 + j; 

    P_mo(n)=Pym(k,j); 

    Q_mo(n)=Qym(k,j); 
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    T_mo(n)=Tym(k,j); 

%     Summation of daily values for each month 

    P_sum=P_sum+P_mo(n); 
    Q_sum = Q_sum + Q_mo(n);  

    T_sum = T_sum + T_mo(n); 

    Qyobs(k)=Qyobs(k) + Q_mo(n); 
    Tabs=Tym(k,j); 

%     No PET during months with nagetive mean temperature 

if Tym(k,j) < 0 
        Tabs=0; 

end 

    Moind=(0.2*Tabs)^1.51; % monthly heat index i 
    Annind(k)=Annind(k)+Moind; %annual heat index done 

end 

Aind=Annind(k); 
Aexp(k)=67.5*10^(-8)*Aind^3 - 77.1*10^(-6)*Aind^2 + 0.0179*Aind + 0.492; % a-variable Thornthwaite 

end 

P_mean=P_sum/n_months; 
Q_mean = Q_sum/n_months; % mean of observed Q 

T_mean = T_sum/n_months; 

P_varobs=0; 
Q_varobs= 0;  

  

for n=1:n_months 
    P_varobs=P_varobs + (P_mo(n) - P_mean)^2; % variance between obs and mean P 

    Q_varobs = Q_varobs + (Q_mo(n) - Q_mean)^2; %variance between observed and mean runoff  

end 
P_movar=sqrt(P_varobs/n_months); %VARP 

Q_movar=sqrt(Q_varobs/n_months); %VARQ 

%% calculating for different values for X1 and X5 
err=0; 

errs=0; 

errs0=0; 
for L=1:100  

    X1= X01 + (L-1)*DX1;  

for M= 1:100  
        X5= X05 + (M-1) * DX5; 

     Q_var(L,M)=0;    % set q_variance for x1 and x5 to zero before summation over months 

     S_LM(L,M,1)=S(1); 
     R_LM(L,M,1)=R(1); 

     pbuf=0; %introducing buffer 
     nbuf=0; % counting the number of times that snow is stored in pbuf 

for k=k_min:k_max % for every year chosen for model run 

for j=1:12 % for every month in that year 
    n=(k-k_min)*12 + j; 

P(n)=P_mo(n); 

Tabs=Tym(k,j); 
if Tym(k,j) < 0 

    Tabs=0; 

end 
num=10*Tabs; % Calculating monthly ET'  

ratio=num/Annind(k); 

E(n)=16*ratio^(Aexp(k)); % PET final 
% GR2M equations - start 

    fi(n)= tanh(P(n)/X1); % Equation 1b 

% snow buffer conditional statements 

if (Tym(k,j) < 0 & Buf > 0) 

        pbuf=pbuf+P(n); 

        nbuf=nbuf+1; 
        fi(n)=0; 

end 

psi(n)= tanh(E(n)/X1); % Equation 3b 
    S1(n)= (S(n) + X1*fi(n))/(1+fi(n)*S(n)/X1); % equation 1a 

    P1(n)= P(n)+S(n)-S1(n); %  equation 2  

    S2(n)= S1(n)*(1-psi(n))/ (1 +psi(n)*(1 - (S1(n)/X1))); % equation 3a 
    S_new(n)= S2(n)/((1+ (S2(n)/X1)^3)^(1/3)); % equation 4 

%     Check if S is less than zero 

if (S_new(n) < 0 & S_lim0 > 0) 
        errs0=errs0+1; 

        S(n+1)=0; 

        Lerrs0(errs0)=L; 
        Merrs0(errs0)=M; 

        nerrs0(errs0)=n; 

end 

% Check if S is larger than X1 

if (S_new(n)>X1 & S_limX1 > 0) 
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    S(n+1)=X1; 

    errs=errs+1; 

    L_errs(errs)=L; 
else 

    S(n+1)=S_new(n); 

end 
    S_LM(L,M,n+1)=S(n+1); % store result in 3D-matrix 

    P2(n)= S2(n)-S(n); % Equation 4b 

    P3(n)= P1(n) + P2(n); % Equation 5a 
if (Tym(k,j) > 0 & nbuf > 0 & Buf >0) 

        P3(n)= P1(n) + P2(n) + pbuf; % adding buffer to input of R 

        pbuf=0; 
        nbuf=0; 

end 

    R1(n)= R(n)+ P3(n); % Equation 6.  
    R2(n)= X5*R1(n); % Equation 7.   

    Q(n)= R2(n)*R2(n)/(R2(n) + 60); %Equation 8 

    Q_LM(L,M,n)=Q(n); % store result in 3D-matrix 
    R_new(n)= R2(n)-Q(n); % Equation 8b 

    R(n+1)= R_new(n); % set new routing storage as initial storage for next loop/month 

%     Check if R<0 and when it occurs. In that case R is set to zero 
if (R_new(n) < 0 & R_lim0 > 0) 

        err=err+1; 

        R(n+1)=0; 
        Lerr(err)=L; 

        Merr(err)=M; 

        nerr(err)=n; 
end 

    R_LM(L,M,n+1)=R(n+1); % 3D matrix 

    P_LM(L,M,n)=P(n); % 3D matrix    
    Q_var(L,M) = Q_var(L,M) + (Q_mo(n) - Q(n))^2; % RMSE between observed and modelled runoff.(For NS equation) 

end 

end 
E_NS(L,M) = 1 - (Q_var(L,M)/Q_varobs); %Nash Sutcliffe Matrix. Calculate NS for all parameter values 

C_i(L,M) = sqrt(Q_var(L,M)/P_varobs); % Other goodness-of-fit measure 

end 
end 

% Possibility to exclude the first k_omit years from the determination of NS 

if (k_omit > 0 & k_omit < k_max) 
    P_sumom = 0; 

    Q_sumom = 0; 
    P_varobsom = 0; 

    Q_varobsom = 0; 

    n_moom = n_months - k_omit*12; 
    k_stop = k_min + k_omit - 1; 

    for k=k_min:k_stop 

        for j=1:12 
            n=(k-k_min)*12 + j; 

            P_sumom = P_sumom + P_mo(n); 

            Q_sumom = Q_sumom + Q_mo(n); 
        end 

    end 

%     Modification of mean values 
    P_meanom = (P_sum - P_sumom)/n_moom; 

    Q_meanom = (Q_sum - Q_sumom)/n_moom; 

    for k=k_min:k_stop 

        for j=1:12 

            n=(k-k_min)*12 + j; 

            P_varobsom = P_varobsom + (P_mo(n) - P_meanom)^2; 
            Q_varobsom = Q_varobsom + (Q_mo(n) - Q_meanom)^2; 

        end 

    end 
%     Modification of variances 

    P_varobsred = P_varobs - P_varobsom; 

    Q_varobsred = Q_varobs - Q_varobsom; 
    for L=1:100 

        for M=1:100 

            Q_varom(L,M) = 0; 
            for k=k_min:k_stop 

                for j=1:12 

                    n=(k-k_min)*12 + j; 
                    Q_varom(L,M)=Q_varom(L,M) + (Q_LM(L,M,n) - Q_mo(n))^2; 

                end 

            end 

            Q_varred(L,M) = Q_var(L,M) - Q_varom(L,M); 

            E_NSom(L,M) = 1 - (Q_varred(L,M)/Q_varobsred); 
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            C_iom(L,M) = sqrt(Q_varred(L,M)/P_varobsred); 

        end 

    end 
end 

%% FIGURES: COLORPLOTS FOR THE DIFFERENT VALUES OF X1 AND X5 - FOR FIGURES OF MERIT 

% figure 
% imagesc(Q_var) %RMSE 

% title('qvar') 

% colorbar 
  

% figure 

% imagesc(C_i) 
% title('Ci') 

% colorbar 

  
% Mainly used ENS 

figure 

imagesc(E_NS) 
title({'Nash Sutcliffe - CATCHMENT year XXXX-XXXX','with R-limit addition'}) 

xlabel('# for X5') 

ylabel('# for X1') 
colorbar 

  

%"calibration/optimization" by using "Goodness-of-fit" and Nash Sutcliffe 
C_imin=min(min(C_i)); 

C_imax=max(max(C_i)); 

Q_var_max= max(max(Q_var));  
E_NSmax=max(max(E_NS));  

E_NSmin=min(min(E_NS)); 

if (k_omit > 0 & k_omit < k_max) 
C_iminom=min(min(C_iom)); 

E_NSmaxom=max(max(E_NSom)); % Optimal NS if k_omit first years are omitted 

% [row,column]=find(E_NSom == E_NSmaxom);   % finding where the NS optimal is 
end 

% If k_omit is zero the following statement is used 

[row,column]=find(E_NS == E_NSmax);   % finding WHERE the NS optimal is 
% If the "goodness-of-fit" is used as figure of merit the following 

% statement is used 

% [row,column]=find(C_i==C_imin); 
L_opt=row;  

M_opt=column; 
X1_opt=X01+ (L_opt-1)*DX1; % "optimal values" for X1 and X5 

X5_opt=X05+ (M_opt-1)*DX5; 

% ENS for optimal value of fixed X5 and varying X1 values for plotting 
for L=1:100 

    E_NSL(L)=1 - Q_var(L,M_opt)/Q_varobs; 

    C_iL(L)=sqrt(Q_var(L,M_opt)/P_varobs); 
end 

% figure 

% plot(E_NSL) 
% title({'Nash Sutcliffe criterion for different values of X1','CATCHMENT XXXX-XXXX', 'with R-limit'}) 

% xlabel('X1') 

% ylabel('Nash Sutcliffe value') 
% axis([0 100 -0.5 1]) 

%  

% figure 

% plot (C_iL) 

% title({'C-i criterion for different values of X1','CATCHMENT XXXX-XXXX','with R-limit'}) 

% xlabel('X1*10') 
% ylabel('Value of C-i') 

% % axis([0 100 0 1]) 

%% Using the optimal X1 and X5 for all variables.  
Q_tot=0; 

for n = 1:n_months 

    Q_opt(n)=Q_LM(L_opt,M_opt,n);  
    S_opt(n)=S_LM(L_opt,M_opt,n); 

    R_opt(n)=R_LM(L_opt,M_opt,n); 

    Q_tot = Q_tot + Q_opt(n); %sum of calculated Q 
end 

Q_toty=0; 

% Calculation of modelled monthly values 
% check of yearly values 

for k=k_min:k_max 

    Qymod(k)=0; 

    for j=1:12 

        n=(k-k_min)*12+j; 
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        Qymod(k)=Qymod(k)+Q_opt(n); 

    end 

    Q_toty=Q_toty+Qymod(k); 
end 

Q_meanmod = Q_tot/n_months; % mean of modeled Q 

Q_varmod= 0;  
for n=1:n_months 

    Q_varmod = Q_varmod + (Q_opt(n) - Q_meanmod)^2; %RMSE between observed and mean discharge 

end 
Q_movarmod=sqrt(Q_varmod/n_months); 

  

% variables exported to Excel 
transS_opt= (S_opt)'; 

transQ_opt= (Q_opt)'; 

transE_NSL= (E_NSL)'; 
transCiL= (C_iL)'; 

transP= (P_mo)'; 

transQ= (Q_mo)'; 
% Plot hydrograph results  

figure 

hold on 
% choose variables to put in hydrograph 

plot(Q_opt, 'b-')  

% plot(Q_mo, '-r')  
plot(S_opt, '- g')  

plot(R_opt, '-m') 

% plot(P, '-c') 
% plot(E, '-k') 

title ({'CATCHMENT';'years XXXX-XXXX'}) 

title ({'CATCHMENT with R-limit';'years XXXX-XXXX'}) 
% legend('Q-modelled','Q-observed','S-opt','Precipitation') 

legend('Q-opt','S-opt','R-opt') 

xlabel('Number of months') 
ylabel('Millimeters') 

grid on 

hold off 
% 

figure 

hold on 
scatter(Q_mo, Q_opt,'o')  %Y, obs. X, modeled.  

refline(1,0) 
axis([0.1 300 0.1 300]) 

% title({'Scatter plot for monthly values of observed and modeled runoff'; 'CATCHMENT years XXXX-XXXX'}) 

title({'Scatter plot for monthly values of observed and modeled runoff'; 'CATCHMENT years XXXX-XXXX with Pbuf'}) 
xlabel('Observed runoff') 

ylabel('Modeled runoff') 

hold off 
% 

figure 

hold on 
scatter(Qyobs, Qymod,'o') 

refline(1,0) 

axis([0.1 600 0.1 600]) 
% title({'Scatter plot for yearly values of observed and modeled runoff'; 'CATCHMENT years XXXX-XXXX'}) 

title({'Scatter plot for yearly values of observed and modeled runoff'; 'CATCHMENT years XXXX-XXXX with R-limit + Pbuf'}) 

xlabel('Observed runoff') 

ylabel('Modeled runoff') 

hold off 
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Appendix 2 
Supplementary material 

In this Appendix we include some figures that are not quite necessary to explain the main features of 

this work but rather illustrate specific details. 
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Figure A1 Hydrographs for all catchments, years 2004-2013. 
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Figure A2 

Figure A2 shows that R-limit can have a large effect on how ENS varies with X1 for the optimal value 

of X5. With R-limit the curve is rather flat but without it large X1 values give quite poor ENS. Note that 

the best ENS value is somewhat better without R-limit. 
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Figure A3 Monthly scatter plots for original GR2M model and with inclusion of buffer for years 2004-2013.  
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In Figure A3 we compare scatter plots for the monthly runoff values for all the catchments. In the 

figures to the right we have added the effect of buffers for snow. For comparison Figure 6 without this 

addition is reproduced to the left. It is seen that the slopes of the linear fits are improved considerably 

with the exception of Heåkra. 

 

Figure A4 Hydrograph for soil storage S for three 10 year periods for Brusafors catchment.  

Figure A4 shows the time variation of the soil storage S for three time periods for the original model. 

It is seen that the positions of the maxima and minima are about the same in all the three cases but the 

amplitudes depend strongly on the optimal X1 value which is 110 mm for the time period 1984-1993, 

260 mm for 1994-2003 and 190 mm for 2004-2013. 
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