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Abstract 

Evaluation of CoupModel in Predicting Groundwater Levels 
Emil Fagerström 

The Geological Survey of Sweden (SGU) has initiated a project to calibrate models to simulate 
groundwater levels in monitoring wells of their Groundwater Network, based on a commission from 
the Swedish Government after experiencing historically low groundwater levels and shortage in 2016 
and 2017. A version of the HBV model with 4 parameters, focusing on calculating groundwater 
recharge and levels, was manually calibrated to 119 groundwater stations in 2017 and the model 
results were classified according to a ‘good’, ‘poor’ or ‘bad’ visual fit to observations. In this thesis, 
the process-based model CoupModel, which allows the user to freely setup a model structure, was 
used to simulate groundwater levels. The objectives of this thesis were to evaluate the usability of the 
CoupModel in groundwater level simulations and forecasting, and compare the results to previous 
simulations using the HBV model.  

22 groundwater stations of fast and slow responding aquifers, distributed all over Sweden, were 
used to simulate groundwater levels with the CoupModel. A model structure with 11 parameters to 
calibrate was constructed to represent all groundwater stations. A split-sample test was performed with 
calibration of 10,000 Monte Carlo simulations and validation of the 10 simulations with the highest 
Nash-Sutcliffe efficiency (NSE).  

The NSE performance was highest, and consistent through calibration and validation, for fast 
responding aquifers using the CoupModel, whereas the performance of slow responding aquifers was 
lower. Residual analysis showed periodicity with under- and overestimations for low and high 
groundwater levels, respectively, indicating that the model structure is not sufficient in representing all 
groundwater stations. No relationship existed between CoupModel performance and HBV calibration 
performance, topographic position, aquifer type, location or distance to climate station. The HBV 
performance was lower than for the CoupModel, with residuals of larger spread and periodicity.  

 The CoupModel can be used for simulation and forecasting of groundwater levels, but a new 
model structure or individual structures for all groundwater stations must be constructed. A sensitivity 
analysis of the parameters in the model structure must be performed to study the systematic under- and 
overestimations. 
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Populärvetenskaplig sammanfattning 

Utvärdering av CoupModel för simulering av grundvattennivåer 
Emil Fagerström 

Grundvatten har en stor betydelse för att upprätthålla ekosystem och försörja människor med 
dricksvatten, där grundvattentillgång och nivåer beror av bland annat nederbörd, temperatur, 
snösmältning, växtupptag och antropogen påverkan på jord och mark. Förändringar i temperatur- och 
nederbördsmönster på grund av klimatförändringar och en större vattenförbrukning påverkar 
grundvattennivåernas variationer inom och mellan år. Den här studien syftar till att undersöka hur och 
i vilken uträckning den konceptuella modellen CoupModel kan användas för simulering och 
prognostisering av grundvattennivåer, samt hur den står sig i relation till en annan, tidigare studerad 
modell (HBV-modellen). Studiens relevans uppdagades hos Sveriges geologiska undersökning (SGU) 
i samband med historiskt låga grundvattennivåer under 2016-2017, genom initiering av ett projekt med 
målet att kalibrera grundvattenmodeller till mätstationer i SGUs grundvattennät. Appliceringen av 
modeller har stor samhällsnytta då förebyggande av och åtgärder mot låga grundvattennivåer kan 
planeras och vidtas utifrån väderprognoser och klimatscenarier. 
 En modellstruktur skapades i CoupModel och användes för att simulera grundvattennivåer i 22 
grundvattenstationer av olika karaktär och modellen kalibrerades och validerades mot observationer av 
grundvattennivå. Resultatet av studien visade att CoupModel kan användas som verktyg för 
simulering och prognostisering av grundvattennivåer, men att modellstrukturen som användes behöver 
utvecklas. Systematisk över- och underestimering av observerade nivåer förkommer hos alla 
simuleringar och ingen relation kunde ses mellan modellens prestation och plats eller typ av 
grundvattenstation. CoupModel presterade i de flesta fall bättre än HBV-modellen, men kräver 
samtidigt mer information om en grundvattenstations jordprofil och fler parametrar att kalibrera. 

Nyckelord: CoupModel, HBV, grundvattennivåer, grundvattennivåmodellering, prognoser 
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1 Introduction 

1.1 Problem Description 

Groundwater plays an important part in sustaining ecosystems and for human water consumption, but 

stress from climate change and anthropogenic influences affect temporal patterns of groundwater 

levels and the quantity and quality of groundwater resources. Changes in the natural variability of the 

climate combined with an increased water consumption lead to overexploited groundwater aquifers if 

the recharge is not sufficient (Kløve et al., 2014). Adaption to global climate change and development 

of groundwater management is needed to reach sustainable groundwater resources (Green et al., 

2011). 

 In Sweden, The Geological Survey of Sweden (SGU) is the expert agency responsible for 

groundwater monitoring and management. SGU works towards an environmental objective of 

groundwater of a good quality established by the Swedish Parliament and according to the European 

Commission Water Framework Directive by mapping groundwater resources and monitoring of 

groundwater levels and chemistry (SGU, 2018a). As a response to drought and historically low 

groundwater levels in Sweden during 2016 and 2017, the Swedish Government commissioned SGU to 

deepen and expand their surveying of groundwater resources by studying the variation and sensitivity 

of groundwater recharge and by mapping of additional groundwater resources in areas prone to 

drought and over-tapped aquifers (Government Offices of Sweden, 2017).  

 During the summer of 2017 SGU initiated a project concerning to the expansion of monitoring of 

groundwater levels with the purpose of calibrating a model to simulate groundwater levels. Accurate 

simulations would enable forecasting of groundwater levels that could be used as a complement to 

time-consuming and expensive measurements and expand the groundwater monitoring network. In 

this early stage of the project (2017) a modified version of the HBV model, which requires few 

parameters to be calibrated, was used (Rodhe et al., 2009). As a next step in the project, and which is 

the scope of this report, the conceptual model CoupModel, which allows the user to freely setup the 

model structure based on purpose and available data, was used to simulate groundwater levels, 

(Jansson and Karlberg, 2001). 

 

1.2 Objectives 

The goal of this thesis was to continue the project initiated by SGU by evaluating the CoupModel as a 

tool for simulation and forecasting of groundwater levels. The main objectives were to: 

 

 Evaluate the usability of the CoupModel for simulation and forecasting of groundwater levels 

 Compare simulations of groundwater levels between CoupModel and HBV, and define 

drawbacks and advantages of using the models  
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2 Background 

2.1 Groundwater Classification 

In 1966 SGU initiated the Groundwater Network of long-term monitoring of groundwater in stations 

situated in aquifers all over Sweden. The purpose was to study qualitative and quantitative variations 

regarding groundwater levels and chemistry in different geological, topographical and climatological 

environments (Nordberg and Person, 1974). The Groundwater Network consists of approximately 300 

stations in around 70 different areas. The groundwater level monitoring is under a transition from 

manual measurements twice a month to automatic monitoring (SGU, 2018b). Expansion of the 

Groundwater Network by establishing more stations and implementing automatic measurements, and 

increase the understanding of different aquifers’ behavior, is part of the response to the Swedish 

Government’s commission (Government Offices of Sweden, 2017). 

As of today, SGU classifies groundwater aquifers according to groundwater storage and response 

to changes. The two most frequently used classes are small, fast responding aquifers and large, slow 

responding aquifers. The storage capacity and response are related to the thickness, hydraulic 

conductivity and effective porosity of soil and bedrock. Small, fast responding aquifers are typically 

found in till or crystalline bedrock, as the low effective porosity limits the storage capacity and 

therefore is sensitive to variations in groundwater recharge. Large, slow responding aquifers are 

usually associated with thick glaciofluvial deposits of sand or gravel with high effective porosity and a 

deep unsaturated zone. The groundwater recharge response to precipitation is slower in these aquifers 

due to the slow infiltration through the deep unsaturated zone. Another approach to classify aquifers is 

by groundwater recession. Changes in groundwater levels of recharge or recession occur within a year 

for small, fast responding aquifers, but are more prominent between years for large, slow responding 

aquifers. Classifying an aquifer can, however, be difficult as the general characteristics may not 

always be representative for only one class (Eveborn et al., 2017). The location of an aquifer in a 

watershed, i.e. whether it is located in a recharge or discharge area, and whether the groundwater table 

is confined or not (artesian or open aquifer), will affect the pattern of fluctuations in groundwater 

levels (Grip and Rodhe, 2016). In this report small, fast responding and large, slow responding 

aquifers will be referred to as fast and slow responding aquifers only. Time series for illustration of the 

two classes are presented in figure 1. 
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Figure 1 Examples of one fast responding aquifer (groundwater station Motala 46) and one slow responding 
aquifer (groundwater station Motala 32) from SGU’s Groundwater Network. 
 

To enable comparison of groundwater quality 

and fluctuations between aquifers, SGU has divided 

Sweden into 10 regions and 4 regimes. The regional 

division is based on soil, bedrock, climate and 

hydrology, and aims to make it possible to 

distinguish if water from an aquifer correspond to 

the typical characteristics of chemistry and levels of 

aquifers in that area or diverge due to a local impact. 

The regimes are based on groundwater level 

variations within a year for fast responding aquifers 

and present the main characteristics from impact of 

for example snowmelt, vegetation and air 

temperature. The contribution of snowmelt to 

groundwater recharge is most significant in regime 1 

(northern Sweden), and least significant in regime 4 

(southern Sweden) where precipitation, evaporation 

and water uptake from vegetation are of major 

importance (SGU, 2013). The distribution and 

characteristics of the regions and regimes are 

presented in figure 2 and table 1. 

 

 

 

Figure 2 SGU’s division of Sweden into 10
groundwater regions and 4 groundwater regimes
(SGU, 2013). 
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Table 1 Definitions and characteristics of SGU’s groundwater regions (SGU, 2013). 
Region Name Characteristics 
A Sedimentary Bedrock of Southern Sweden Sedimentary bedrocks in Skåne and on Gotland 

and Öland, easily weathered soils and bedrocks, 
resistant to acidification, include areas above 
and below the Highest Coast Line (HK). 

B Highlands of Southern Sweden Basement bedrock above HK, weathering 
resistant soils and bedrocks, low resistance to 
acidification. 

C West and East Coast  Basement bedrock below HK, sandstone, 
weathering resistant soils and bedrocks, clays 
and fine-grained soils resistant to acidification, 
high chloride content at coastline. 

D Sedimentary Bedrock of Central Sweden Comparable to A. 
E Depression of Central Sweden Basement bedrock below HK, weathering 

resistant soils and bedrocks, clays and fine-
grained soils resistant to acidification, high 
chloride content at coastline. 

F Calcareous Area of Uppland Basement bedrock, calcareous rich soils, 
resistant to acidification, high chloride content 
at coastline. 

G Coastline of Norrland Basement bedrock below HK, weathering 
resistant soils and bedrocks, clays and fine-
grained soils resistant to acidification, high 
chloride content at coastline. 

H Sedimentary Bedrock of Dalarna and Jämtland Easily weathered soils, sedimentary bedrocks 
resistant to acidification, include areas above 
and below HK. 

I Basement Bedrock of Norrland Weathering resistant soils and bedrocks. 
J Northern Parts of Mountain Chain Variety of bedrocks, high precipitation, shallow 

groundwater with short turnover period. 

2.2 HBV Model 

2.2.1 Usage and Technical Description 

The first version of the HBV model was developed in the 1970’s by the Swedish Meteorological and 

Hydrological Institute (SMHI) but has since then evolved into several new versions and has a 

worldwide usage. The HBV model is considered a semi-distributed conceptual model and it is used for 

applications within the field of hydrology such as runoff and groundwater response simulations, water 

balance studies, hydrological forecasting, control of data quality and simulation of effects of changing 

climates (Bergström, 1992; Lindström et al., 1997; Seibert and Vis, 2012). The philosophy behind the 

model is influenced by the ideas of Nash and Sutcliffe (1970) that a model initially should be simple 

and successively evolve with regard to the model efficiency and parameter stability (Bergström, 1976). 

The HBV model uses different routines for conceptualization in which the newer versions cover snow, 

soil, response (groundwater) and routing (Seibert and Vis, 2012). 

The HBV model has been developed into a version focusing on groundwater by Uppsala University 

and SMHI as part of a project funded by SGU. The project objective was to develop and evaluate a 
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method of calculating groundwater recharge and groundwater levels in Swedish soils and predict how 

groundwater levels might change with different scenarios of climate change (Rodhe et al., 2009).  

The model developed by Rodhe et al. (2006; 2009) is a simplified version of the HBV model, 

focusing on having as few parameters as possible to calibrate. The model is divided into two parts 

calculating groundwater recharge and groundwater levels in one dimension (figure 3). In a soil profile, 

the snow and soil routines calculate the water balance of the upper part of the soil, the root zone. The 

water content in the root zone is determined by water entering and leaving the system. Precipitation 

infiltrates the root zone following rain or snowmelt events. Evaporation is calculated as the potential 

evaporation reduced by a factor based on the soil moisture. Percolation occurs as the soil water content 

exceeds its field capacity (Rodhe et al., 2006). Below the root zone follows an intermediate zone and 

the groundwater, also called upper and lower storage. The intermediate zone corresponds to a thicker 

unsaturated part of the soil that delays and dampens the percolation pulse from the root zone. Both the 

upper and lower storage is calculated by a recession coefficient, and the release of water is exponential 

towards a reference level if no water percolates from the root zone. The groundwater level is 

calculated by the change in storage of the three zones divided by the effective porosity of the soil 

(Rodhe et al., 2009). 

Figure 3 Zones and processes of the HBV model (Rodhe et al., 2009). 

 To summarize, this version of the HBV model requires data of temperature and precipitation 

and the field capacity of the soil as input to calculate groundwater levels, while recession coefficients 

of the upper and lower storage, the effective porosity of the soil and the reference level need to be 

calibrated. The model has no sufficient method of automatic optimization of parameters and thus need 

to be calibrated manually (Rodhe et al., 2009). 
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2.2.2 Prior Work of SGU 

During the summer of 2017 SGU began to investigate the possibility of using the HBV model to 

simulate groundwater levels, in both fast and slow responding aquifers. The study sites were selected 

from SGU’s long-term monitoring stations based on two criteria: quality of observations from active 

groundwater stations and distance to an active climate station with data of temperature and 

precipitation (<70 km). The groundwater level observations and climate data were downloaded from 

SGU’s Mapviewer (SGU, 2018c) and SMHI’s Open Data of Meteorological Observations (SMHI, 

2018a). For gaps in the climate data, interpolated data of temperature and precipitation were used from 

SMHI’s Climate Data for Environmental Observations (SMHI, 2018b) at the location of the climate 

station.  

A manual calibration of recession parameters, effective porosity and reference level to groundwater 

level observations was performed as described in Rodhe et al. (2009). For each calibration, the start 

date varied based on the time series of the data used in the model (1967-12-01 to 1998-06-01), the first 

date for output of simulations was set to 2000-01-01 and the end date was set to 2016-12-31. Focus 

during calibration was on the last years in the period. Validation was performed to the remaining 

observations (until summer of 2017). The performance of a simulation was not statistically verified, 

but instead divided into three categories of ‘good’, ‘poor’ and ‘bad’ fit based on visual appearance. 

The calibration performance of 119 groundwater stations distributed all over Sweden is presented in 

table 2. 

Table 2 Performance of groundwater level simulations using the HBV model by SGU during 2017. 
HBV Calibration Category 

Groundwater Aquifer Good Poor Bad 
Fast Responding 30 18 25
Slow Responding 20 9 17

2.3 CoupModel 

2.3.1 Usage and Technical Description 

The CoupModel is a conceptual, coupled model that is used for simulating soil water and heat 

transportation processes in the soil-plant-atmosphere environment (Jansson and Moon, 2001). It was 

first presented in 1979 as the SOIL model (Jansson and Halldin, 1979) focusing on forest ecosystems, 

but has since then evolved into modelling of any type of terrestrial systems and includes carbon and 

nitrogen processes (Jansson, 2012). The CoupModel consists of a number of modules, all representing 

different processes, enabling the modeler to set up a simulation according to specific requirements and 

scientific interests (Jansson and Moon, 2001). Examples of applications are simulation of biological 

and chemical processes, coupled biological and abiotic processes, coupled atmosphere and soil 

processes, and prediction of the influence of anthropogenic management (Jansson and Karlberg, 

2001). 
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The CoupModel uses the law of conservation of mass and energy and that flow occurs across 

gradients of hydraulic head or temperature, since it couples the Richards equation for water flow with 

the Fourier equation for heat flow in a one-dimensional domain (Jansson and Karlberg, 2001; Jansson 

2012). The soil profile examined is discretized into a finite number of homogenous layers (Jansson 

and Moon, 2001) and all differential equations are solved using the Euler method of integration 

(Jansson and Karlberg, 2001). The modules that represent different processes and functions can be 

switched on or off which allow the user to define a specific model structure. As for example 

groundwater recharge is affected by various processes, the modules enable a representation of the 

system that corresponds well to site specific conditions. Soil heat flow and thermal properties, soil 

water flow, drainage and evaporation, plant water uptake, interception and transpiration, snow and 

radiation processes can all be defined by parameters or input driving variables (Jansson and Karlberg, 

2001).  

 For an accurate, process-oriented conceptual model, based on a thorough understanding of the 

physical theory behind all processes, there should not be any need for calibration in an ideal scenario. 

However, with an increasing number of parameters describing the processes involved it might be 

difficult to define these as not all parameters are easy or possible to measure. It is then necessary to 

calibrate parameters based on ranges of physically realistic values or use parameters that have been 

measured in representative environments. The CoupModel has a database of parameter values 

including typical soil profiles for generic soil types (Jansson, 2012). The water retention curve and 

hydraulic conductivity are presented for clay, glacial till and sand based on 2200 measured soil layers 

in 260 soil profiles distributed all across Sweden (Lundmark and Jansson, 2009). 

 As simulations of the CoupModel are depending on site specific conditions, any changes in the 

system will affect the results. An example is rising groundwater levels as a result of deforestation 

(Ruprecht and Schofield, 1991). By applying ‘Dynamic Parameters’ in the model setup, a parameter 

value can be changed for a defined period of the simulation to represent new conditions (Jansson and 

Karlberg, 2001). 

2.3.2 Calibration and Validation 

Two calibration approaches are available in CoupModel, Bayesian calibration and General Likelihood 

Uncertainty Estimation (GLUE). Bayesian calibration in CoupModel uses the concept of Baye’s 

theorem in combination with Monte Carlo simulations to give the likelihood of simulating the 

observed values (Beven, 2009). Calibration using the GLUE method is a stochastic procedure that 

within limitations of a model structure produces multiple sets of parameter values that are used for 

simulations, which then are judged in their performance of representing observed data according to a 

certain goodness-of-fit criterion (Beven and Binley, 1992). Parameter sets that produce simulations 

consistent with observations are termed behavioural and sets resulting in contradicting simulations are 

termed nonbehavioural. To distinguish between these two definitions, usually a threshold criterion is 
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defined based on the measure of goodness-of-fit (Stedinger et al., 2008). Monte Carlo simulations 

assigned to the GLUE method could then illustrate the problem of equifinality, that different 

parameter sets can represent the system equally well. Predictions of the calibration results will never 

be more accurate than the definition of the model structure or the quality of the driving variables, and 

the only way of determining if a model and parameter set is adequate is by testing it (Beven, 2006).  

 Transposability, that a model should be able to simulate situations that are different from the 

calibration period, is a problem related to all models. Transposability increases the model credibility 

and makes it a tool for predicting responses to future events, and hence a testing scheme of calibration 

and validation is of importance to determine the capabilities of a model. Typical testing schemes are 

Split-Sample Tests and Proxy-Basin Tests. In a split-sample test the available observational data is 

divided into two parts that are equal or so that the calibration part captures meaningful observations. A 

proxy-basin test aims to test geographical transposability by calibrating observations from one region 

and validate it to observations from another, similar region (Klemeš, 1986). It has however been 

proven that a split-sample test is sometimes of limited value for calibration and validation of the 

CoupModel, since variables are of more importance in a process-oriented model and thus longer time 

series of observations for calibration are of more significance (Jansson, 2012). 

 There are many well-known methods of evaluating the performance of a hydrological model. One 

widely used method is the Nash-Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970): 

1
∑
∑

(1)

where O is observed and P is predicted values. NSE ranges from minus infinity to 1, where 1 

represents a perfect fit, 0 indicates that the mean of the observations is as good as the model in 

predicting and negative values indicate that the mean of the observations is a better predictor than the 

model. Another commonly used method is the coefficient of determination (r2): 

∑

∑ ∑
(2) 

r2 ranges between 0-1 and estimates how much of the observed dispersion is explained by the 

predictions (Krause et al., 2005). A drawback with NSE is that the residuals are calculated as squared 

differences, meaning that it is sensitive to extreme values. For r2 a large disadvantage is that only the 

dispersion is quantified, which can result in systematic over- or underestimations at all timesteps that 

still result in a high r2-value (Legates and McCabe, 1999; Krause et al., 2005). 
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2.3.3 Recent Research 

In a degree project by Wu (2014), the CoupModel was used to simulate groundwater level fluctuations 

in sand and till in the Tärnsjö region, Sweden, for identifying differences in short- and long-term 

simulations and estimation of groundwater recharge. Driving meteorological variables of air 

temperature, precipitation, vapor pressure, wind speed, global radiation, long wave radiation and 

snowfall were used, and the model structure included evaporation, transpiration, deep percolation, 

snow dynamics and groundwater flow. A two-step parameter calibration strategy was used and 

represented all processes in the defined model structure. The GLUE method was used with 9000 

Monte Carlo runs for till soil and 7000 Monte Carlo runs for sandy soil in the short-term calibration of 

4 years. A long-term testing was then performed for the 100 runs with highest Nash-Sutcliffe 

efficiency, 21 years for till soil and 31 years for sandy soil. The results proved strong auto-correlation 

and periodicity of the residuals, which suggests that the initial condition and parameter distribution of 

the short-term calibration may not be representative for long-term testing.  



10 

3 Methodology 

3.1 Selection and Evaluation of Groundwater Stations 

To evaluate the performance of the CoupModel in simulating groundwater levels, groundwater 

stations were chosen based on SGU’s groundwater regions and regimes and the results from the 

calibration using the HBV model during the summer of 2017. The regions were chosen based on 

population, water usage and distribution in the regimes. Simulation of groundwater levels was 

considered of more importance in regions with a large population size and increasing water demand. 

To cover long-term groundwater level variations, time series of at least 21 years were required. The 

selected groundwater stations for simulation covered all groundwater regimes, and represented regions 

A, B, E, F, G and I. One groundwater station of each ‘good’ and ‘bad’ HBV calibration category were 

chosen for both fast and slow responding aquifers to each region. If one of the HBV calibration 

categories was missing, the ‘poor’ category was used instead. In region F, only fast responding 

aquifers were qualified for the CoupModel simulations. Figure 4 illustrates the groundwater station 

distribution. 
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Figure 4 Groundwater stations for simulation of groundwater levels using the CoupModel, selection based on 
HBV Calibration Category and distribution in groundwater regimes and regions. 
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Information about each groundwater station’s land use and vegetation was collected from the 

Swedish Mapping, Cadastral and Land Registration Authority (Lantmäteriet, 2018) and used to define 

different vegetation types with common characteristics. This was done to define values of albedo (α), 

leaf area index (LAI), canopy height and root depth that could be used in CoupModel. The vegetation 

types are presented in table 3. For some vegetation types and parameters (i.e. LAI), variations were 

considered with start, optimum and end values during the yearly vegetation period.  

Table 3 Characteristics of vegetation types. Three values represent start, optimum and end values during the 
yearly vegetation period. 
Vegetation 
Type 

Common 
Vegetation 

Canopy 
Height [m] 
(Estimated 
based on 

vegetation and 
land usage) 

Root Depths 
[m] 

(Jackson et al., 
1996) 

LAI [-] 
(Breuer et al., 

2003) 

α [%] 
(Breuer et al., 

2003) 

1 Coniferous forest 15 0.5 6, 6.5, 6 10 
2 Coniferous

forest/cuttings/young 
forest 

10 0.4 5, 5.5, 5 15

3 Coniferous and
deciduous 
forest/crops and 
fields 

5 0.75 5, 5.5, 5 15

4 Coniferous and
deciduous forest 

10 0.85 5.5, 6, 5.5 15

5 Crops/coniferous
forest 

2 0.55 4.5, 5, 4.5 20

6 Crops 0.5, 1, 0.5 0.6 4, 4.5, 4 20 

Additional information and values of parameters to successfully perform a simulation with the 

developed model structure are presented in tables 4 and 5, for fast and slow responding aquifers, 

respectively. Wind speed was represented by the average of annual mean values between 1961-1990 

(Alexandersson, 2006) and relative humidity was represented by the average of annual mean values 

between 1996-2012 (Wern, 2013). Information was extracted from the Soil Database, with 

information based on results by Lundmark and Jansson (2009), based on soil type at the groundwater 

station and fluctuations of groundwater level observations. Soil, soil depth, topographic position and 

type of aquifer were acquired from SGU’s Mapviewer (SGU, 2018c). The compartment size was 

based on soil depth and fluctuations of groundwater level observations. Layer depths within the 

compartment varied between 0.1-2 m with the thinnest layers at the depth of groundwater level 

observations to enhance the simulation resolution. For the open aquifer Ockelbo 5 and the artesian 

aquifers Vaxholm 12 and Nissafors 14, that all had groundwater level observations above 0 m, the 

groundwater level was lowered 1-2 m for both observations and the parameter Initial Groundwater 

Level during simulation and added back when completed. In this way the same model structure could 

be used for all groundwater stations. 
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Table 4 Information about groundwater stations and CoupModel parameters for fast responding aquifers. 

Groundwater 
Station Name  

Groundwater Station Characteristics CoupModel Parameters
Region Regime HBV 

Calibration 
Category 

Soil Soil 
Depth 

(m) 

Topographic 
Position 

Aquifer Vegetation 
Type 

Wind 
Speed 
[m s-1]

Relative 
Humidity 

[%] 

Initial 
Ground-

water 
Level* (m) 

Latitude 
[°] 

Soil 
Database 

Compartment 
Size [m] 

(number of 
layers) 

Arjeplog 8 I 1 Good Till 10-20 Recharge 
area 

Soil, 
open 

2 2.4 80 -3 66 Swedish 
Till 

8.8 (25) 

Grimsö 7 E 3 Good Sandy till 1-3 Intermediate Soil, 
open 

1 3.6 80 -1 60 Swedish 
Till 

6.6 (18) 

Isums 1 A 4 Good Boulder 
clay 

3-5 Recharge 
area – 

watershed 
divide 

Bedrock, 
artesian 

5 5.3 85 -1 57 Swedish 
Till 

9.6 (20) 

Nissafors 14 B 3 Good Sandy till 5-10 Intermediate Soil, 
artesian 

3 2.6 85 0 57 Swedish 
Till 

9.6 (20) 

Vaxholm 12 F 4 Good Till, top 
layer of 

clay 

5-10 Recharge 
area 

Soil, 
artesian 

3 3.6 80 -1 60 Swedish 
Till 

7 (20) 

Skellefteå 12 G 2 Good Sand 10-20 Recharge 
area – 

watershed 
divide 

Soil, 
open 

2 2.7 80 -5 65 Swedish 
Sand 

9.6 (25) 

Lappträsket 1 I 2 Bad Till 5-10 Recharge 
area 

Soil, 
open 

3 2.1 80 -1.5 66 Swedish 
Till 

7.6 (23) 

Vikbolandet 2 E 4 Bad Sandy till, 
top layer of 

clay 

5-10 Recharge 
area 

Soil, 
artesian 

3 2.7 80 -1 59 Swedish 
Till 

8.6 (24) 

Kristianstad 1 A 4 Poor Sand 10-20 Recharge 
area 

Soil, 
open 

6 3.2 85 -1 56 Swedish 
Sand 

6 (21) 

Emmaboda 3 B 4 Bad Till 10-20 Recharge 
area 

Soil, 
open 

3 3.3 85 -0.5 57 Swedish 
Till 

9.8 (24) 

Sigtuna 2 F 3 Poor Till, top 
layer of 

clay 

5-10 Recharge 
area – 

watershed 
divide 

Soil, 
artesian 

6 3.6 80 -1 60 Swedish 
Till 

9 (25) 

Ockelbo 5 G 3 Bad Till 3-5 - Soil, 
open 

2 2.5 80 -0.5 61 Swedish 
Till 

9.6 (20) 

*Depth below ground surface.
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Table 5 Information about groundwater stations and CoupModel parameters for slow responding aquifers. 

Groundwater 
Station Name 

Groundwater Station Characteristics CoupModel Parameters
Region Regime HBV 

Calibration 
Category 

Soil Soil 
Depth 

(m) 

Topographic 
Position 

Aquifer Vegetation 
Type 

Wind 
Speed 
[m s-1]

Relative 
Humidity 

[%] 

Initial 
Ground-

water 
Level* (m) 

Latitude 
[°] 

Soil 
Database 

Compartment 
size [m] 

(number of 
layers) 

Arjeplog 10 I 1 Good Sand 10-20 Intermediate Soil, 
open 

2 2.4 80 -6 66 Swedish 
Sand 

13 (29) 

Ödskölt 9 E 3 Poor Glacifluvial 
sand 

5-10 Recharge 
area – 

watershed 
divide 

Soil, 
open 

1 2.5 80 -6 59 Swedish 
Sand 

12.6 (32) 

Sandhammaren 
7 

A 4 Good Glacifluvial 
sand 

20-30 Recharge 
area 

Soil, 
open 

6 4.9 85 -5 55 Swedish 
Sand 

16.8 (31) 

Liatorp 2 B 3 Good Sand 5-10 Recharge 
area 

Soil, 
open 

2 2.7 85 -3 57 Swedish 
Till 

8.8 (26) 

Luleå 2 G 2 Good Glacifluvial 
sand 

10-20 Recharge 
area – 

watershed 
divide 

Soil, 
open 

3 3.4 85 -4 66 Swedish 
Till 

12.8 (29) 

Mora 6 I 2 Bad Glacifluvial 
gravel 

10-20 Recharge 
area 

Soil, 
open 

1 2.6 80 -5 61 Swedish 
Sand 

12.6 (27) 

Brattforsheden 
13 

E 3 Bad Glacifluvial 
sand 

30-50 Recharge 
area 

Soil, 
open 

1 2.1 85 -3 60 Swedish 
Sand 

15.6 (28) 

Böda 9 A 4 Poor Glacifluvial 
sand 

5-10 Recharge 
area – 

watershed 
divide 

Soil, 
open 

1 6.7 85 -5 57 Swedish 
Sand 

12 (30) 

Kinda 5 B 3 Bad Glacifluvial 
sand 

30-50 Recharge 
area 

Soil, 
open 

2 2.8 80 -2 58 Swedish 
Sand 

10.6 (25) 

Sollefteå 3 G 2 Bad Sand 30-50 Recharge 
area 

Soil, 
open 

1 2.1 80 -4 63 Swedish 
Sand 

13 (29) 

*Depth below ground surface.
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In table 13 in Appendix A, coordinates, climate station and municipality codes are presented for all 

stations. 

 Double mass analysis, a method that uses double mass curves to compare data from a single station 

to other stations, was used to check the consistency of the groundwater level observations and climatic 

data. For two related variables, the cumulative data is a straight line when plotted against each other. 

Any breaking point in the curve indicates a new ratio and that changes to one or both of the variables 

have occurred, e.g. new measurement techniques or changes in the environment (Searcy and Hardison, 

1960). Consistency, both regarding groundwater level observations and climatic data, was investigated 

by performing double mass curves to the variable record of a station against near-by stations and over 

time. The analysis was performed visually to determine if and why inconsistency could have occurred 

that might influence the modelling. If inconsistency occurred and could not be explained by climatic 

observations, the CoupModel setup ‘Dynamic Parameters’ was used to change relevant parameters 

(i.e. vegetation type) for a certain part of the time series. 

3.2 Model Structure 

A general model structure, common for all groundwater stations, was constructed to represent the 

physical processes affecting groundwater recharge. Groundwater flow was defined as drainage flow 

and deep percolation. The Hooghoudt drainage equation (Mollerup et al., 2014) was used to calculate 

horizontal flow, as it compares the soil profile to a drainage system and relates depth and spacing of 

parallel drains to the water table, depth and hydraulic conductivity. The total flow to drainage pipes, q 

[L T-1], is given by: 

4 8
(3) 

where ka [L T-1] and kb [L T-1] are the saturated hydraulic conductivities of the layers above and below 

the drain level, zsat [L] is the simulated depth of the groundwater table and zp [L] is the lower depth of 

the drainage pipe, zD [L] is the equivalent drain depth below drainage pipe to an impermeable layer 

and Dp [L] is the drain spacing between parallel drainage pipes. Hooghoudt drainage is illustrated in 

figure 5. 
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Figure 5 Illustration of Hooghoudt drainage and equation parameters. 

In the CoupModel, two new equations have been derived from the Hooghoudt equation to account for 

flow in layers above and below the drain depth and horizontal deep percolation (Jansson and Karlberg, 

2001). The flow above the drain level, qa [L T-1], for a specific layer z is given by: 

8
2 (4) 

where hu [L] and hl [L] are the heights of the top and bottom of the compartment above the drainage 

pipe and ks [L T-1] is the saturated hydraulic conductivity. The flow below the drain level, qb [L T-1], 

for a specific layer is given by: 

8
(5) 

where rcorr [L] is a correction factor. Vertical deep percolation (qdeep) is given by: 

8
(6) 

where ksat [L T-1] is the hydraulic conductivity of the lowest layer and zp2 [L] is the lower depth of a 

drainage pipe at a drainage spacing of Dp2 [L].  
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Evapotranspiration was calculated with the Penman-Monteith equation, but transpiration and 

evaporation from soil and interception were considered as separate flows where multiple canopies 

were used as vegetation type. The vegetation was defined by canopy height, leaf area index, albedo 

and root depth (table 3). Snow accumulation and snowmelt was determined from global radiation, air 

temperature and soil heat flux. Soil hydraulic properties of the water retention curve were assigned the 

Brooks and Corey expression and unsaturated conductivity was determined using the Mualem 

equation from the Soil Database of Lundmark and Jansson (2009). Meteorological data of temperature 

and precipitation was used as input data, together with estimations of wind speed, global and 

longwave radiation, cloudiness and relative humidity. The model structure, that was defined besides 

the CoupModel default settings, is illustrated in figure 6 and summarized in table 6. 

Figure 6 Illustration of the CoupModel model structure used in this project, water mass balance (left) and heat 
balance (right). 
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Table 6 CoupModel modules and processes to describe the model structure used in this project. 
Module Element Name Option
Model Structure Heat Heat Equation On 

Water Water Equation On with complete 
profile 

Evaporation Radiation input style 
Groundwater Flow On
Plant Type Explicit big leaves 

Snow Snowpack On
Meteorological Data Radiation CloudInput Estimated* 

RadiationInput Estimated*
RadGlobInput Estimated*

Temperature TempAirInput Read from file 
Vapour VapourAirInput As relative humidity

HumRelInput Generated by
parameters** 

Atmosphere WSpeedInput Generated by
parameters** 

Precipitation PrecInput Read from file 
Drainage and Deep Percolation Water LBoundSaturated Seepage flow

PhysicalDrainEquation Hooghoudt equation
Interception Precipitation PrecInterception On
Soil Heat Flows Heat Lower Boundary Constant heat flow 
*Estimated by CoupModel. **Input data.

Calibration was needed for 11 parameters in the used model structure. All parameters, associated 

modules and functions are presented in table 7. 

Table 7 CoupModel parameters to calibrate in the model structure used in this project. 
Calibrated Parameter Module Function (Jansson and Karlberg, 2001) 
DrainLevel Drainage and Deep Percolation zp in equation 3-5. 
DrainLevelLowerB Drainage and Deep Percolation zp2 in equation 6. 
DrainSpacing Drainage and Deep Percolation Dp in equation 3-5. 
DrainSpacingLowerB Drainage and Deep Percolation Dp2 in equation 6. 
WaterCapacityPerLAI Interception Interception water storage per LAI 

unit. 
PrecA0Corr Meteorological Data Wind correction for rain precipitation. 
PrecA1Corr Meteorological Data Wind correction for snow precipitation. 
CritThresholdDry Water Uptake Critical pressure head for reduction of 

potential water uptake. 
MeltCoefAirTemp Snowpack Temperature coefficient in the 

empirical snowmelt function. 
Conduct Max (1) Potential Transpiration Maximum conductance in a fully open 

stomata. 
Total Conductivity (3) Soil Hydraulic Hydraulic conductivity below -0.5 m. 

3.3 Modelling Approach 

A split-sample test was used as testing scheme for the CoupModel and the time series was divided into 

two parts of 70 and 30 % for calibration and validation, respectively (Appendix A, table 14). The 

fractions were chosen to verify that the calibration period covered at least 15 years of long-term trends 

and variations in observations. The testing scheme of calibration and validation is in accordance with 
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Klemeš (1986) and earlier experience from using the CoupModel by Wu (2014) who showed that 

parameter sets from a short-term calibration may not be representative in long-term testing. The split-

sample test was also considered an evaluation of the performance in forecasting groundwater levels 

even though Jansson (2012) considered this approach of limited importance. 

The GLUE method with Monte Carlo sampling (MultiRuns) of 10,000 runs was applied for 

calibration of the 11 parameters. The goodness-of-fit was determined based on NSE, but no threshold 

value was specified. The parameter intervals for calibration (table 8) were determined by evaluation 

and performance of Cumulative Frequency Distribution Analysis of the parameters after shorter test 

runs. An ensemble of the 10 simulations with the highest NSE was then used for validation. The 

results of the CoupModel calibration and validation were then compared to the results of the HBV 

model. But as the HBV model used another simulation and calibration approach, new HBV 

simulations were performed using a modelling warm-up period of 1 year in accordance with Seibert 

and Vis (2012). The updated calibration and validation periods of the HBV model are presented in 

Appendix A table 14. For improved comparative analysis, NSE was also calculated for the 

CoupModel time series excluding the first year as well. To evaluate the CoupModel performance 

distribution in Sweden, NSE for fast and slow responding aquifers were plotted against groundwater 

regions and regimes. This was also done for the HBV Calibration Categories. 

 

Table 8 Calibration intervals for Monte Carlo sampling. 
Calibrated 
Parameter 

Calibration 
Interval 

Parameter Unit Reference 

DrainLevel - m Based on observations and soil depth. 
DrainLevelLowerB - m Based on observations and soil depth. 
DrainSpacing 10-1000  m Approximated. 
DrainSpacingLowerB 1000-10000  m Approximated. 
WaterCapacityPerLAI 0.1-0.5  mm m-2 (Jansson and Karlberg, 2001) 
PrecA0Corr 0.8-1.2  (Jansson and Karlberg, 2001) 
PrecA1Corr 0-0.2  (Jansson and Karlberg, 2001) 
CritThresholdDry 100-3000  cm water (Jansson and Karlberg, 2001) 
MeltCoefAirTemp 0-10  kg °C-1 m-1 day-1 (Jansson and Karlberg, 2001) 
Conduct Max (1) 0.001-0.05  m s-1 (Jansson and Karlberg, 2001) 
Total Conductivity (3) 1-100 (till), 

100-1000 (sandy 
soil)  

mm day-1 (Espeby and Gustafsson, 1997) 

 

 Groundwater level residuals for HBV and CoupModel were calculated by subtracting observed 

values from simulated, such that a negative value indicates overestimation and a positive value 

underestimation when below a groundwater level of 0 m. Opposite assumptions would be made above 

a groundwater level of 0 m. The residuals were plotted against time and observed values to investigate 

if there were any systematic errors. For the CoupModel, the median of an ensemble’s simulated 

groundwater level was used in the calculation of residuals. 
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4 Results 

4.1 Double Mass Analysis 

Three different types of results were distinguished from the double mass curves: a straight line, a line 

with breaking point of changed slope and a fluctuating curve. A straight line would indicate a 

groundwater station with no major changes in land use, vegetation or climate, while a change in slope 

or fluctuations would imply alterations. The majority of the groundwater stations had a straight line-

type of double mass curve, whereas one station showed a line with a breaking point and six stations 

showed fluctuating curves. 

 A break in slope occurred for Liatorp 2 in January 2005, a phenomenon that was representative for 

all near-by groundwater stations. The cumulative groundwater level was plotted against time and 

compared to timeseries of groundwater level observations and climatic data (figure 7). No correlation 

existed between the breaking point event of increased groundwater levels and climatic data. The 

breaking point however coincided with a storm event on January 8 2005, when a hurricane reached 

southern Sweden and fell 75 million m3 of forest (Södra, 2018). As deforestation has been proven to 

increase groundwater levels (Ruprecht and Schofield, 1991), the change in vegetation affected the 

groundwater levels of Liatorp 2. To investigate the impact of a sudden change in vegetation of a 

groundwater station, simulations were made with and without Dynamic Parameters to Liatorp 2. The 

vegetation type was changed from 2 to 5 (see table 3) between 2005-01-09 and 2011-01-01 as a rough 

estimate of the impact of sudden deforestation. 

 

Figure 7 Time series of double mass analysis (top), groundwater level observations (center) and climatic data 
(bottom) of groundwater station Liatorp 2. 
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Nissafors 14 and Ockelbo 5 were the two groundwater stations with the largest fluctuating double 

mass curves. For these two the deviation from a straight line correlated to large decreases in 

groundwater levels. In figure 8, the events of low groundwater levels for Nissafors 14 occurred during 

the end of year 1996, 2003 and 2013 which all followed seasons of low precipitation. 

 

Figure 8 Time series of double mass analysis (top), groundwater level observations (center) and climatic data 
(bottom) of groundwater station Nissafors 14. 
 

4.2 Simulation Results 

The results from the CoupModel simulations were represented by minimum, maximum and median 

NSE of the ensemble with the 10 simulations of highest NSE after calibration (tables 9-10), and time 

series of the ensemble’s minimum, maximum and median groundwater levels. The HBV simulations 

resulted in one value of NSE for calibration, validation and entire time series respectively. The 

groundwater station Lappträsket 1 was missing a time series of groundwater levels and NSE 

performance for the HBV model as it was classified to ‘bad’ with no successful parameter set to 

perform a simulation.  
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Table 9 NSE performance of groundwater level simulations using HBV and CoupModel for fast responding aquifers. 

 
Groundwater Station Name 

  NSE 

HBV CoupModel 

Calibration Validation Full Time 
Series* 

Calibration Validation Full Time Series* 

Min Max Median Min Max Median Min Max Median 

Arjeplog 8 0.34 0.99 0.35 0.7 0.73 0.72 0.60 0.73 0.78 0.69 0.73 0.71 

Grimsö 7 -0.43 0.99 -0.41 0.37 0.48 0.45 -0.27 0.39 0.14 0.20 0.40 0.35 

Isums 1 -0.40 0.98 -0.40 0.58 0.66 0.60 0.31 0.47 0.38 0.51 0.59 0.54 

Nissafors 14 0.53 0.99 0.54 0.47 0.53 0.50 0.53 0.73 0.58 0.50 0.60 0.53 

Vaxholm 12 0.47 0.87 0.42 0.22 0.35 0.28 0.16 0.36 0.26 0.22 0.35 0.28 

Skellefteå 12 0.48 0.99 0.48 0.70 0.74 0.71 0.52 0.71 0.64 0.59 0.65 0.62 

Lappträsket 1 - - - 0.49 0.60 0.53 0.60 0.73 0.66 0.55 0.67 0.60 

Vikbolandet 2 -0.20 0.96 -0.24 0.34 0.38 0.35 0.42 0.62 0.52 0.37 0.45 0.42 

Kristianstad 1 -2.04 0.98 -1.70 0.52 0.57 0.54 0.00 0.58 0.36 0.41 0.61 0.52 

Emmaboda 3 -1.37 0.00 -2.06 0.55 0.59 0.56 0.35 0.54 0.48 0.42 0.56 0.51 

Sigtuna 2 -0.26 0.99 -0.22 0.45 0.49 0.46 0.30 0.47 0.40 0.34 0.47 0.42 

Ockelbo 5 -0.46 0.78 -0.57 0.21 0.31 0.23 -0.88 0.36 -0.24 -0.27 0.29 0.03 

Mean -0.30 0.87 -0.35 0.47 0.54 0.49 0.22 0.56 0.41 0.38 0.46 0.53 

Standard Deviation 0.81 0.29 0.86 0.16 0.14 0.15 0.43 0.15 0.27 0.25 0.18 0.14 

*With 1 year warm-up period. 
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Table 10 NSE performance of groundwater level simulations using HBV and CoupModel for slow responding aquifers. 

 
Groundwater Station Name 

  NSE 

HBV CoupModel 

Calibration Validation Full Time 
Series* 

Calibration Validation Full Time Series* 

Min Max Median Min Max Median Min Max Median 

Arjeplog 10 -0.72 0.87 -0.73 0.70 0.77 0.73 -1.22 0.23 -0.51 0.09 0.54 0.32 

Ödskölt 9 0.46 1.00 0.46 0.52 0.64 0.56 0.54 0.62 0.57 0.51 0.62 0.55 

Sandhammaren 7 0.47 1.00 0.47 0.29 0.41 0.36 -0.88 0.03 -0.46 0.05 0.33 0.19 

Liatorp 2 – Dynamic 
Parameters 

-0.60 0.99 -0.60 0.40 0.49 0.42 -0.05 0.46 0.31 0.30 0.49 0.41 

Liatorp 2  – No Dynamic 
Parameters 

-0.60 0.99 -0.60 0.44 0.51 0.45 0.08 0.46 0.32 0.37 0.50 0.42 

Luleå 2 0.72 0.99 0.73 -0.50 -0.30 -0.47 -2.87 -1.82 -2.46 -4.08 -3.50 -3.60 

Mora 6 -2.58 0.75 -2.52 0.13 0.19 0.15 -0.29 0.15 0.07 -0.02 0.17 0.12 

Brattforsheden 13 -0.32 0.81 -0.31 0.53 0.56 0.54 0.41 0.76 0.61 0.42 0.55 0.49 

Böda 9 -1.98 0.94 -1.91 0.24 0.28 0.25 -3.22 -0.27 -1.78 -0.06 0.57 0.28 

Kinda 5 -3.64 -0.26 -3.16 0.39 0.42 0.41 -0.19 0.25 0.01 0.27 0.46 0.36 

Sollefteå 3 -0.62 0.95 -0.82 0.12 0.24 0.19 -0.04 0.22 0.07 -0.01 0.21 0.09 

Mean -0.86 0.82 -0.82 0.30 0.38 0.33 -0.70 0.10 -0.30 -0.20 -0.03 0.09 

Standard Deviation 1.36 0.37 1.25 0.32 0.28 0.31 1.27 0.70 0.98 1.30 1.19 1.20 

*With 1 year warm-up period. 
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Figures 9-10 present one successful and one less successful simulation, respectively, using the 

CoupModel for fast responding aquifers.  

 

 

Figure 9 Groundwater level simulations at Arjeplog 8. NSE performance of HBV and CoupModel with 1 year 
warm-up period is 0.35 and 0.71, respectively. Line divides the CoupModel calibration and validation period. 
 

 

Figure 10 Groundwater level simulations at Vaxholm 12. NSE performance of HBV and CoupModel with 1 
year warm-up period is 0.42 and 0.28, respectively. Line divides the CoupModel calibration and validation 
period. 
 

Simulations of slow responding aquifers of successful and less successful performance are presented 

in figures 11-12. 
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Figure 11 Groundwater level simulations at Ödskölt 9. NSE performance of HBV and CoupModel with 1 year 
warm-up period is 0.46 and 0.55, respectively. Line divides the CoupModel calibration and validation period. 
 
 

 

Figure 12 Groundwater level simulations at Mora 6. NSE performance of HBV and CoupModel with 1 year 
warm-up period is -2.52 and 0.12, respectively. Line divides the CoupModel calibration and validation period. 
 

Liatorp 2 was simulated with and without Dynamic Parameters to investigate the impact of changes in 

vegetation (figures 13-14). 
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Figure 13 Groundwater level simulations at Liatorp 2 with Dynamic Parameters. NSE performance of HBV and 
CoupModel with 1 year warm-up period is -0.60 and 0.41, respectively. Line divides the CoupModel calibration 
and validation period. 
 
 

 

Figure 14 Groundwater level simulations at Liatorp 2 with no Dynamic Parameters. NSE performance of HBV 
and CoupModel with 1 year warm-up period is -0.60 and 0.42, respectively. Line divides the CoupModel 
calibration and validation period. 
 

The remaining time series are presented in Appendix B. 

 The performance of the CoupModel in different groundwater regions and regimes, HBV calibration 

categories, topographic positions, aquifers and distance to climate station, were studied for both fast 

and slow responding aquifers. The NSE median of the CoupModel ensemble of full time series with 1 

year warm-up period was used (figures 15-20). 
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Figure 15 NSE performance of CoupModel simulations in fast responding (point) and slow responding (circle) 
aquifers in different groundwater regions. The NSE median was used for the calibration period (a), the validation 
period (b) and the full time series with 1 year warm-up period (c). 
 

 

Figure 16 NSE performance of CoupModel simulations in fast responding (point) and slow responding (circle) 
aquifers in different groundwater regimes. The NSE median was used for the calibration period (a), the 
validation period (b) and the full time series with 1 year warm-up period (c). 
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Figure 17 NSE performance of CoupModel simulations in fast responding (point) and slow responding (circle) 
aquifers based on HBV calibration category. The NSE median was used for the calibration period (a), the 
validation period (b) and the full time series with 1 year warm-up period (c). 
 

 

Figure 18 NSE performance of CoupModel simulations in fast responding (point) and slow responding (circle) 
aquifers in different topographic positions. The NSE median was used for the calibration period (a), the 
validation period (b) and the full time series with 1 year warm-up period (c). 
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Figure 19 NSE performance of CoupModel simulations in fast responding (point) and slow responding (circle) 
aquifers based on aquifer types. The NSE median was used for the calibration period (a), the validation period 
(b) and the full time series with 1 year warm-up period (c). 
 

 
Figure 20 NSE performance of CoupModel simulations in fast responding (point) and slow responding (circle) 
aquifers based on distance to climate station. The NSE median was used for the calibration period (a), the 
validation period (b) and the full time series with 1 year warm-up period (c). 
 

4.3 Residual Analysis 

Residuals were calculated for the simulations of full time series with 1 year warm-up period, and the 

median was used for the CoupModel ensemble (table 11-12). 
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Table 11 Summary of residual statistics for fast responding aquifers of HBV and CoupModel simulations. 
 Residuals (m) 

 HBV CoupModel 

Groundwater Station Name Min Max Median Min Max Median 

Arjeplog 8 -1.54 2.07 0.15 -2.38 1.12 0.01 

Grimsö 7 -0.35 0.62 0.03 -0.52 0.51 -0.03 

Isums 1 -0.97 0.96 -0.06 -0.56 0.71 -0.03 

Nissafors 14 -0.66 0.45 -0.09 -0.58 0.75 -0.03 

Vaxholm 12 -1.05 1.53 0.13 -1.6 1.08 -0.02 

Skellefteå 12 -0.37 0.53 0.12 -0.45 0.55 0.03 

Lappträsket 1 - - - -1.24 1.19 -0.02 

Vikbolandet 2 -1.49 1.29 -0.26 -1.23 1.12 0.03 

Kristianstad 1 -1.4 0.85 -0.1 -0.53 0.65 0.04 

Emmaboda 3 -1.91 1.45 -0.62 -1.18 1.16 -0.11 

Sigtuna 2 -2.77 2.98 0.58 -1.62 1.99 0.08 

Ockelbo 5 -0.95 1.26 -0.03 -0.65 0.91 -0.1 

Mean -1.22 1.27 -0.01 -1.05 0.98 -0.01 

Standard Deviation 0.71 0.75 0.29 0.60 0.40 0.06 

 

 

Table 12 Summary of residual statistics for slow responding aquifers of HBV and CoupModel simulations. 
 Residuals (m) 

 HBV CoupModel 

Groundwater Station Name Min Max Median Min Max Median 

Arjeplog 10 -0.33 0.76 0.3 -0.72 0.72 -0.1 

Ödskölt 9 -0.58 0.89 0.08 -1.21 0.77 0.05 

Sandhammaren 7 -0.69 0.49 0.00 -0.55 0.6 0.07 

Liatorp 2 – Dynamic Parameters -0.97 1.28 0.24 -0.88 0.53 -0.04 

Liatorp 2  – No Dynamic Parameters -0.97 1.28 0.24 -0.9 0.62 -0.01 

Luleå 2 -0.76 1.04 0.07 -1.96 0.92 -0.84 

Mora 6 -0.85 1.69 -0.05 -0.81 0.27 0.03 

Brattforsheden 13 -0.99 0.65 0.15 -0.58 0.65 0.1 

Böda 9 -0.6 2.51 0.00 -0.76 0.54 0.24 

Kinda 5 -0.99 1.4 -0.34 -0.47 0.49 0.02 

Sollefteå 3 -0.5 1.19 0.05 -0.51 0.55 -0.02 

Mean -0.75 1.20 0.07 -0.85 0.61 -0.05 

Standard Deviation 0.23 0.56 0.18 0.43 0.17 0.28 

 

The residuals for both models indicated autocorrelation, underestimation of low groundwater levels 

and overestimation of high groundwater levels (figures 21-24). 
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Figure 21 Residual analysis of groundwater level simulations at Arjeplog 8. NSE performance of HBV and 
CoupModel with 1 year warm-up period is 0.35 and 0.71, respectively. 
 

 

Figure 22 Residual analysis of groundwater level simulations at Vaxholm 12. NSE performance of HBV and 
CoupModel with 1 year warm-up period is 0.42 and 0.28, respectively. 
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Figure 23 Residual analysis of groundwater level simulations at Ödskölt 9. NSE performance of HBV and 
CoupModel with 1 year warm-up period is 0.46 and 0.55, respectively. 
 

 

Figure 24 Residual analysis of groundwater level simulations at Mora 6. NSE performance of HBV and 
CoupModel with 1 year warm-up period is -2.52 and 0.12, respectively. 
 

The residuals of simulations with and without Dynamic Parameters at Liatorp 2 are presented in 

figures 25-26. 
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Figure 25 Residual analysis of groundwater level simulations at Liatorp 2 with Dynamic Parameters. NSE 
performance of HBV and CoupModel with 1 year warm-up period is -0.60 and 0.41, respectively. 
 
 

 

Figure 26 Residual analysis of groundwater level simulations at Liatorp 2 with no Dynamic Parameters. NSE 
performance of HBV and CoupModel with 1 year warm-up period is -0.60 and 0.42, respectively. 
 

The remaining residual plots are presented in Appendix C.  
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5 Discussion 

5.1 CoupModel Performance 

As no threshold value for the goodness-of-fit measure was stated, it was not possible to immediately 

determine if a simulation was successful or not. But by comparing the NSE performance to the 

simulations and observations a reasonable value could be distinguished based on a subjective 

determination. NSE higher than 0.50 was used as an estimate of a successful simulation. 7 out of 12 

fast responding aquifers could be considered successfully calibrated, and out of these 5 successfully 

validated. For slow responding aquifers the numbers were 3 out of 10 for calibration and 2 for 

validation. With this observation, the model structure seemed to be more relevant for fast responding 

aquifers. 

 There was a common trend in the residual analysis for all CoupModel simulations. The model 

underestimated low groundwater level observations and overestimated higher observations. These 

features lead to a systematic pattern of the residuals in a time series, where periodicity occurred. The 

scale of the errors is in proportion to the NSE performance as residuals randomly scattered around 0 is 

related to higher NSE. A possible reason for the systematic residuals is misrepresentation of physical 

processes in the model, i.e. storage capacity of the soil with depth and evaporation, but this needs to be 

investigated by a sensitivity analysis of the model structure’s parameters and functions. There are also 

examples of heteroscedasticity, e.g. Emmaboda 3 and Kinda 5, with an increasing variance with higher 

levels. 

 There was no apparent relationship between CoupModel performance and location, topographic 

position or aquifer type, since successful and unsuccessful simulations occurred for both fast and slow 

responding aquifers in the investigated areas. Some consistency in the performance could be seen with 

higher NSE performance for fast responding aquifers in northern and southern Sweden (regions A, B 

and I, and regimes 1, 2 and 4), and at watershed divides. Slow responding aquifers had higher 

performance in central Sweden (region E). The CoupModel was able to simulate groundwater levels 

with high NSE performance in all HBV calibration categories. 

 The use of Dynamic Parameters to introduce a new vegetation type during a period of high 

groundwater levels for Liatorp 2 did not result in any significant differences to the simulation 

performance. The ensemble of the Dynamic Parameters showed a larger spread of the simulated 

groundwater levels and reached lower levels while the NSE performance was somewhat lower, hence 

using Dynamic Parameters to represent a change in vegetation did not contribute to a better 

performance in this scenario. Possible explanations to this result are that the period of changed 

vegetation represents too small of a fraction of the time series, the vegetation types were too similar or 

that the parameters associated with the vegetation types were of minor contribution to simulate 

groundwater levels in this model structure. A more thorough description of the vegetation and 

associated parameters might be needed to better simulate the effects of a changed vegetation.  
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5.2 Forecasting 

A way of evaluating a model’s ability to perform forecasts is by comparing the performance of 

calibration and validation, and in this context the NSE. For fast responding aquifers 8 out of 12 

simulations presented equal or better performance in validation than in calibration, and for slow 

responding aquifers 3 out of 10 simulations. For successful simulations, that is calibration and 

validation with NSE ≥ 0.5, the numbers were even less. Considering the results, a reasonable 

conclusion is that CoupModel is not currently able to forecast groundwater levels. But if referring to 

Jansson (2012) it is more likely that the model structure is not representative enough if neither 

calibration or validation are successful, or that the calibration period is not representative for the entire 

time series if only the calibration period is successful. The systematic residuals reveal a fault in the 

model structure to represent all groundwater stations. The calibration period must be chosen based on 

purpose and length of forecasting. Shorter forecasts might need shorter calibration periods closer in 

time to better represent future changes, and longer forecasts might need longer calibration periods to 

represent general trends.  

 

5.3 Model Comparison 

NSE performance of the HBV model simulations was in general lower than of the CoupModel (tables 

9-10) with a lower mean of calibration and time series with 1 year warm-up period, but the HBV 

performance of validation was higher. The unsuccessful calibration and unexpecting high performance 

of the validation are possibly the result of an unevenly distributed split-sample test. An explanation to 

the contradicting calibration and validation results is that more than a decade worth of observations, 

with focus on calibrating the last years to the fullest, were only validated to less than nine months of 

observations. As two different calibration approaches were used it is not a completely representative 

method of HBV and CoupModel comparison, but rather the residuals should be studied. In general, the 

HBV model presented simulations with strong under- and overestimations that often failed to 

represent short-term variations and synchronize with recessions, i.e. groundwater station Mora 6 

(figure 12 and 24). 

 Both models have their drawbacks and advantages. The HBV model is easy to use and always 

applicable to a groundwater station as no information of the soil’s profile is essential for simulation of 

groundwater levels. However, the thin description of the profile makes it more prone to simulate 

general, long-term variations. The CoupModel on the other hand enables the user to freely setup a 

model structure to represent a profile and have numerous parameters to describe the system and 

different processes. For a well described profile, both short- and long-term fluctuations are simulated 

with high accuracy. But if the system and profile is not well described, the CoupModel fails in its 

simulations. Luleå 2 (table 9-10 and figure 39 in Appendix B) is a groundwater station where the 
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CoupModel failed to simulate groundwater levels but the HBV model at least captured the last years 

perfectly. In this case a new model structure must be defined in the CoupModel, or the parameters 

must be recalibrated. 

 

5.4 Future Development 

To improve the simulations using the CoupModel a new model structure should be constructed, as the 

one used in this project was not sufficient in representing all groundwater stations. Either a new, same 

for all stations, or site-specific model structure should be made since no general patterns in the 

performance were found. One model structure for shallow groundwater levels and one for deep might 

be a good start, as the importance of hydrological and soil processes might be weighted differently for 

these two types. The new model structures should be based on sensitivity analysis of the previously 

used parameters to evaluate their importance. Also, more Monte Carlo simulations can be performed 

during calibration to enable more combinations of parameter sets, and the model structure’s ability to 

represent a groundwater station can be studied by comparing simulation of another variable to 

observations, e.g. by comparing simulated snow pack depth to observed snow depth. 

 According to Jansson and Moon (2001), driving variables of air temperature, precipitation, wind 

speed, air humidity and cloudiness are of considerable interest to simulate evaporation. In this project 

air temperature and precipitation were used as driving variables, wind speed and relative humidity 

were represented as constant values of yearly averages and cloudiness was estimated by the model. 

Soil evaporation plays an important part in how much water is left in the unsaturated part of the soil 

for percolation, hence a poor description of evaporation can influence the groundwater recharge and 

level fluctuations. Updating and studying the driving variables could be used to improve the 

simulations. The distance between the groundwater station and the associated climate station might 

also impact the result, as the air temperature and precipitation might not be exactly representative over 

time and in values. Also the topographic position of the groundwater station affects the response time 

on groundwater fluctuations to air temperature and precipitation. Changes occurs faster closer to the 

watershed divide than to the outflow (Grip and Rodhe, 2016). However, the topographic position or 

distance to climate station of the aquifer (figure 18 and 20) did not play a significant role in the 

CoupModel performance. The parameters concerning wind speed correction for precipitation might 

reduce the impact of distance to climate station but needs to be studied further. 

 Evaluating simulation performance using NSE may not always be a representative measure of 

goodness-of-fit (Legates and McCabe, 1999; Beven, 2009). In short-term forecasting the weight is on 

simulating as accurate values as possible, while long-term forecasting focuses on simulating the trend 

of the time series. As NSE is calculated using squared differences it is sensitive to extreme values, it is 

then more suitable for evaluating how well a model simulates observations rather than trends. The 
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measure of goodness-of-fit must be chosen based on the modelling purposes, or several measures can 

be used and weighted during calibration. 
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6 Conclusions 
The CoupModel can in general be used for simulating groundwater levels and as a tool for forecasting, 

but the model structure used in this study was not suitable for all aquifers and environments. In this 

project and for the established model structure, calibration and validation got higher NSE performance 

for fast responding aquifers than for slow responding aquifers. No apparent relationship between 

model performance and groundwater region, regime, topographic position or aquifer type could be 

determined. A systematic trend of underestimation of low groundwater levels and overestimation of 

high levels in the residual analysis indicates that a new model structure must be constructed, or that the 

model structure and/or calibration parameters must be chosen based on site specific conditions. 

 Overall, the CoupModel simulates groundwater levels with higher NSE performance than the HBV 

model. The CoupModel is advanced to use and requires a good description of the environment or 

calibration of many parameters, while the HBV model is simpler to use and only needs 4 parameters to 

be calibrated. The CoupModel captures in general short- and long-term groundwater level variations 

well, while the HBV model captures general trends but has difficulty with accuracy. 
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Appendix A: Groundwater Station Information 
 
Table 13 Location and associated climate stations of investigated groundwater stations. 
 
Groundwater Station 
Name (Area and 
Station Number) 

Coordinates 
(SWEREF99TM) 

Municipality 
Code 

Climate Station 
(WMO-number) 

Distance between 
Groundwater Station 
and Climate Station 

(km) 
N E 

Fast Responding 
Aquifers 

     

Arjeplog 8 (42_8) 7321754 640877 2506 Arjeplog A (2-124) 25 
Grimsö 7 (89_7) 6609471 524461 1885 Kilsbergen-

Suttarboda A 
41 

Isums 1 (10_1) 6377331 701816 0980 Hemse 28 
Nissafors 14 (14_14) 6364091 418728 0617 Ulricehamn 45 
Vaxholm 12 (55_12) 6589841 681572 0187 Stockholm 11 
Skellefteå 12 (34_12) 7212367 781472 2482 Norsjö A 74 
Lappträsket 1 (37_1) 7378589 793593 2523 Lakaträsk A 23 
Vikbolandet 2 (64_2) 6489197 581769 0581 Norrköping-SMHI 16 
Kristianstad 1 (3_1) 6202394 444963 1290 Hörby A 30 
Emmaboda 3 (5_3) 6273917 533843 0862 Ronneby-Bredåkra 42 
Sigtuna 2 (21_2) 6615555 649167 0191 Stockholm 41 
Ockelbo 5 (58_5) 6742833 579782 2101 Åmot A 16 
Slow Responding 
Aquifers 

     

Arjeplog 10 (42_10) 7323104 642439 2506 Arjeplog A (2-124) 14 
Ödskölt 9 (70_9) 6524200 334890 1460 Kroppefjäll-Granan A 

(2-540) 
25 

Sandhammaren 7 
(41_7) 

6138866 445401 1286 Bollerup (-) 13 

Liatorp 2 (4_2) 6280681 457402 0765 Ljungby A (2-622) 32 
Luleå 2 (35_2) 7289686 826730 2580 Luleå Flygplats (2-

186) 
3 

Mora 6 (50_6) 6749100 463716 2062 Mora A (2-441) 13 
Brattforsheden 13 
(19_13) 

6609049 436735 1780 Daglösen A 2-429) 18 

Böda 9 (7_9) 6350324 620685 0885 Ölands Norra Udde 
(2-592) 

11 

Kinda 5 (66_5) 6427684 530502 0513 Malexander A (2-552) 37 
Sollefteå 3 (30_3) 6994033 601889 2283 Krångede A (2-247) 9 
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Table 14 Calibration and validation periods of HBV and CoupModel simulations. 
HBV CoupModel

Groundwater 
Station Name 

Calibration Period Validation Period Calibration Period Validation Period 
Start End Start End Start End Start End 

Fast Responding 
Aquifers 
Arjeplog 8 1977-01-

01 
2016-12-

31 
2017-01-

01 
2017-08-

10 
1976-01-

01 
2004-12-

31 
2005-01-

01 
2017-08-

10 
Grimsö 7 1996-08-

01 
2016-12-

31 
2017-01-

01 
2017-07-

31 
1995-08-

01 
2011-07-

31 
2011-08-

01 
2017-07-

31 
Isums 1 1996-08-

01 
2016-12-

31 
2017-01-

01 
2017-07-

31 
1995-08-

01 
2011-07-

31 
2011-08-

01 
2017-07-

31 
Nissafors 14 1996-06-

01 
2016-12-

31 
2017-01-

01 
2017-07-

31 
1995-06-

01 
2011-05-

31 
2011-06-

01 
2017-07-

31 
Vaxholm 12 1969-10-

01 
2016-12-

31 
2017-01-

01 
2017-08-

10 
1968-10-

01 
2002-09-

30 
2002-10-

01 
2017-08-

10 
Skellefteå 12 1996-11-

01 
2016-12-

31 
2017-01-

01 
2017-08-

10 
1995-11-

01 
2010-10-

31 
2010-11-

01 
2017-08-

10 
Lappträsket 1 1996-11-

22 
2016-12-

31 
2017-01-

01 
2017-05-

31 
1995-11-

22 
2010-11-

21 
2010-11-

22 
2017-05-

31 
Vikbolandet 2 1994-05-

01 
2016-12-

31 
2017-01-

01 
2017-05-

31 
1993-05-

01 
2010-04-

30 
2010-05-

01 
2017-05-

31 
Kristianstad 1 1997-12-

01 
2016-12-

31 
2017-01-

01 
2017-08-

16 
1996-12-

01 
2011-11-

30 
2011-12-

01 
2017-08-

16 
Emmaboda 3 1996-01-

01 
2016-12-

31 
2017-01-

01 
2017-08-

09 
1995-01-

01 
2010-12-

31 
2011-01-

01 
2017-08-

09 
Sigtuna 2 1969-10-

01 
2016-12-

31 
2017-01-

01 
2017-08-

10 
1968-10-

01 
2002-09-

30 
2002-10-

01 
2017-08-

10 
Ockelbo 5 1996-08-

01 
2016-12-

31 
2017-01-

01 
2017-08-

09 
1995-08-

01 
2011-07-

31 
2011-08-

01 
2017-08-

09 
Slow 
Responding 
Aquifers 
Arjeplog 10 1977-01-

01 
2016-12-

31 
2017-01-

01 
2017-08-

09 
1976-01-

01 
2004-12-

31 
2005-01-

01 
2017-08-

09 
Ödskölt 9 1996-08-

01 
2016-12-

31 
2017-01-

01 
2017-08-

09 
1995-08-

01 
2011-07-

31 
2011-08-

01 
2017-08-

09 
Sandhammaren 7 1971-12-

01 
2016-12-

31 
2017-01-

01 
2017-07-

31 
1970-12-

01 
2003-11-

30 
2003-12-

01 
2017-07-

31 
Liatorp 2 1996-08-

01 
2016-12-

31 
2017-01-

01 
2017-08-

08 
1995-08-

01 
2011-07-

31 
2011-08-

01 
2017-08-

08 
Luleå 2 1970-01-

01 
2016-12-

31 
2017-01-

01 
2017-08-

09 
1969-01-

01 
2002-12-

31 
2003-01-

01 
2017-08-

09 
Mora 6 1996-08-

01 
2016-12-

31 
2017-01-

01 
2017-05-

31 
1995-08-

01 
2010-07-

31 
2010-08-

01 
2017-05-

31 
Brattforsheden 13 1996-08-

01 
2016-12-

31 
2017-01-

01 
2017-08-

20 
1995-08-

01 
2011-07-

31 
2011-08-

01 
2017-08-

20 
Böda 9 1969-05-

01 
2016-12-

31 
2017-01-

01 
2017-07-

31 
1968-05-

01 
2003-04-

30 
2003-05-

01 
2017-07-

31 
Kinda 5 1997-01-

01- 
2016-12-

31 
2017-01-

01 
2017-08-

15 
1996-01-

01- 
2010-12-

31 
2011-01-

01 
2017-08-

15 
Sollefteå 3 1996-11-

21 
2016-12-

31 
2017-01-

01 
2017-08-

14 
1995-11-

21 
2010-11-

20 
2010-11-

21 
2017-08-

14 
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Appendix B: Simulations 
 

 
Figure 27 Groundwater level simulations at Grimsö 7. NSE performance of HBV and CoupModel with 1 year 
warm-up period is -0.41 and 0.35, respectively. Line divides the CoupModel calibration and validation period. 
 

 
Figure 28 Groundwater level simulations at Isums 1. NSE performance of HBV and CoupModel with 1 year 
warm-up period is -0.40 and 0.54, respectively. Line divides the CoupModel calibration and validation period. 
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Figure 29 Groundwater level simulations at Nissafors 14. NSE performance of HBV and CoupModel with 1 
year warm-up period is 0.54 and 0.53, respectively. Line divides the CoupModel calibration and validation 
period. 
 
 

 
Figure 30 Groundwater level simulations at Skellefteå 12. NSE performance of HBV and CoupModel with 1 
year warm-up period is 0.48 and 0.62, respectively. Line divides the CoupModel calibration and validation 
period. 
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Figure 31 Groundwater level simulations at Lappträsket 1. NSE performance of CoupModel with 1 year warm-
up period is 0.60. Line divides the CoupModel calibration and validation period. 
 

 
Figure 32 Groundwater level simulations at Vikbolandet 2. NSE performance of HBV and CoupModel with 1 
year warm-up period is -0.24 and 0.42, respectively. Line divides the CoupModel calibration and validation 
period. 
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Figure 33 Groundwater level simulations at Kristianstad 1. NSE performance of HBV and CoupModel with 1 
year warm-up period is -1.70 and 0.52, respectively. Line divides the CoupModel calibration and validation 
period. 
 

 
Figure 34 Groundwater level simulations at Emmaboda 3. NSE performance of HBV and CoupModel with 1 
year warm-up period is -2.06 and 0.51, respectively. Line divides the CoupModel calibration and validation 
period. 
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Figure 35 Groundwater level simulations at Sigtuna 2. NSE performance of HBV and CoupModel with 1 year 
warm-up period is -0.22 and 0.42, respectively. Line divides the CoupModel calibration and validation period. 
 

 
Figure 36 Groundwater level simulations at Ockelbo 5. NSE performance of HBV and CoupModel with 1 year 
warm-up period is -0.57 and 0.03, respectively. Line divides the CoupModel calibration and validation period. 
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Figure 37 Groundwater level simulations at Arjeplog 10. NSE performance of HBV and CoupModel with 1 year 
warm-up period is -0.73 and 0.32, respectively. Line divides the CoupModel calibration and validation period. 
 
 

 
Figure 38 Groundwater level simulations at Sandhammaren 7. NSE performance of HBV and CoupModel with 
1 year warm-up period is 0.47 and 0.19, respectively. Line divides the CoupModel calibration and validation 
period. 
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Figure 39 Groundwater level simulations at Luleå 2. NSE performance of HBV and CoupModel with 1 year 
warm-up period is 0.73 and -3.60, respectively. Line divides the CoupModel calibration and validation period. 
 
 

 
Figure 40 Groundwater level simulations at Brattforsheden 13. NSE performance of HBV and CoupModel with 
1 year warm-up period is -0.31 and 0.49, respectively. Line divides the CoupModel calibration and validation 
period. 
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Figure 41 Groundwater level simulations at Böda 9. NSE performance of HBV and CoupModel with 1 year 
warm-up period is -1.91 and 0.28, respectively. Line divides the CoupModel calibration and validation period. 
 

 
Figure 42 Groundwater level simulations at Kinda 5. NSE performance of HBV and CoupModel with 1 year 
warm-up period is -3.16 and 0.36, respectively. Line divides the CoupModel calibration and validation period. 
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Figure 43 Groundwater level simulations at Sollefteå 3. NSE performance of HBV and CoupModel with 1 year 
warm-up period is -0.82 and 0.09, respectively. Line divides the CoupModel calibration and validation period. 
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Appendix C: Residual Analysis 
 

 
Figure 44 Residual analysis of groundwater level simulations at Grimsö 7. NSE performance of HBV and 
CoupModel with 1 year warm-up period is -0.41 and 0.35, respectively. 
 

 
Figure 45 Residual analysis of groundwater level simulations at Isums 1. NSE performance of HBV and 
CoupModel with 1 year warm-up period is -0.40 and 0.54, respectively. 
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Figure 46 Residual analysis of groundwater level simulations at Nissafors 14. NSE performance of HBV and 
CoupModel with 1 year warm-up period is 0.54 and 0.53, respectively. 
 

 
Figure 47 Residual analysis of groundwater level simulations at Skellefteå 12. NSE performance of HBV and 
CoupModel with 1 year warm-up period is 0.48 and 0.62, respectively. 
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Figure 48 Residual analysis of groundwater level simulations at Lappträsket 1. NSE performance of CoupModel 
with 1 year warm-up period is 0.60. 
 

 
Figure 49 Residual analysis of groundwater level simulations at Vikbolandet 2. NSE performance of HBV and 
CoupModel with 1 year warm-up period is -0.24 and 0.42, respectively. 
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Figure 50 Residual analysis of groundwater level simulations at Kristianstad 1. NSE performance of HBV and 
CoupModel with 1 year warm-up period is -1.70 and 0.52, respectively. 
 

 
Figure 51 Residual analysis of groundwater level simulations at Emmaboda 3. NSE performance of HBV and 
CoupModel with 1 year warm-up period is -2.06 and 0.51, respectively. 
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Figure 52 Residual analysis of groundwater level simulations at Sigtuna 2. NSE performance of HBV and 
CoupModel with 1 year warm-up period is -0.22 and 0.42, respectively. 
 

 
Figure 53 Residual analysis of groundwater level simulations at Ockelbo 5. NSE performance of HBV and 
CoupModel with 1 year warm-up period is -0.57 and 0.03, respectively. 
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Figure 54 Residual analysis of groundwater level simulations at Arjeplog 10. NSE performance of HBV and 
CoupModel with 1 year warm-up period is -0.73 and 0.32, respectively. 
 
 

 
Figure 55 Residual analysis of groundwater level simulations at Sandhammaren 7. NSE performance of HBV 
and CoupModel with 1 year warm-up period is 0.47 and 0.19, respectively. 
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Figure 56 Residual analysis of groundwater level simulations at Luleå 2. NSE performance of HBV and 
CoupModel with 1 year warm-up period is 0.73 and -3.60, respectively. 
 

 
Figure 57 Residual analysis of groundwater level simulations at Brattforsheden 13. NSE performance of HBV 
and CoupModel with 1 year warm-up period is -0.31 and 0.49, respectively. 
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Figure 58 Residual analysis of groundwater level simulations at Böda 9. NSE performance of HBV and 
CoupModel with 1 year warm-up period is -1.91 and 0.28, respectively. 
 

 
Figure 59 Residual analysis of groundwater level simulations at Kinda 5. NSE performance of HBV and 
CoupModel with 1 year warm-up period is -3.16 and 0.36, respectively. 
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Figure 60 Residual analysis of groundwater level simulations at Sollefteå 3. NSE performance of HBV and 
CoupModel with 1 year warm-up period is -0.82 and 0.09, respectively. 
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