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SUMMARY 

This study was conducted in response to the limited focus on current researches 

regarding climate change impacts on groundwater resources. A physically based 

groundwater recharge modelling approach was introduced for a better understanding 

of the interactions between the land surface processes and current climate change. 

The model was applied to simulate groundwater levels in Tärnsjö area with focus on 

sandy (3 sites) and till (2 sites) soil sites for a period of 31 years (1979-2009) and 21 

years (1989-2009) respectively. The simulated groundwater levels were compared with 

the measured data. For both soil types, the simulated groundwater levels captured the 

general patterns of the measured data. However, obvious systematic deviations in 

residual plots were detected as well as strong auto-correlations in successive residuals. 

Spectral density analysis indicated a potential long-term climatic impact with a period 

of 15.4 years.  

Under the same climatic conditions, groundwater level responded differently to 

different soil types on site. The fast response from the till soil sites indicated a small 

and dynamic storage capacity. The possible existence of preferential flow added 

another layer of complexity in water movement modelling. Even with the same soil 

type, groundwater level also presented a strong dependence on the thickness of 

unsaturated zone, which affected the storage capacity hence the long term memory of 

the soil system. A sandy soil site with shallow groundwater table, compared with the 

other two sandy soil sites with deep groundwater tables, showed a higher frequency of 

oscillation but no apparent periodicity similar to the other two sandy soil sites was 

visible neither was any significant deviation in residual plots.  

Considering the both feasibility of applying a large number of Monte Carlo runs for 

long time period and possibilities to detect extreme climatic condition and different 

mechanisms governing short and long term groundwater level modellings, two-step 

calibration strategy was adopted. The distinct distribution patterns between prior 

parameter sets (uniform distribution) and posterior behavioral sets indicated that the 

results were sensitive to several particular parameter sets. Therefore, site-specific 

soil-vegetation characters can be identified. From the selected parameter distributions 

for both short-term and long-term simulation, model structure identified from 

short-term calibration was able to represent the condition in longer time period. 

However, uncertainty arises if different condition had been applied in short term 

period calibration such as a drying period instead of a wetting one.  

Total evaporation in till soil sites was higher and the corresponding recharge was 

lower than in sandy soil sites. Equifinality problem was discussed based on a 

simulation example with unrealistic water balance result, which indicated model 

structure uncertainties.  
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SUMMARY IN SWEDISH 

Denna studie genomfördes som svar på den begränsade fokusen på  aktuell 

forskning rörande klimatförändringarnas effekter på grundvattenresurser. En metod 

för fysiskt baserad modellering av grundvattenbildning infördes för att bättre förstå 

samspelet mellan markprocesser och den pågående klimatförändringen. Modellen 

tillämpades för att simulera grundvattennivåer i Tärnsjö området med fokus på platser 

med sandiga jordarter (3 platser) och morän (2 platser) för en period på 31 år 

(1979-2009) respektive 21 år (1989-2009). De simulerade grundvattennivåer jämfördes 

med uppmätta värden. För båda jordartstyder fångade de simulerade 

grundvattennivåer det allmänna mönster hos mätdatan. Dock upptäcktes uppenbara 

systematiska avvikelser i rest graferna samt en stark autokorrelationerna i de successiva 

resterna. Spektralanalystäthet indikerade en möjligt långsiktig klimatpåverkan under en 

period av 15,4 år. 

För samma klimatförhållanden reagerade grundvattennivån olika för olika jordtyper på 

platsen. Den snabba responsen från moränen indikerade en liten och dynamisk 

lagringskapacitet. Den eventuella förekomsten av företrädesflöde ger ytterligare ett 

lager av komplexitet hos vattenrörelsemodelleringen. Även med samma jordart 

presenteras grundvattennivå också ett starkt beroende av tjockleken hos den omättade 

zonen, vilket påverkade lagringskapaciteten och därmed även långtidsminnet hos 

marksystemet. En sandig jord lokal med ytligt grundvatten borde, jämfört med de 

andra två lokalerna med sandjordar och djupa grundvattenlager, uppvisa en högre 

svängningsfrekvens men ingen uppenbar periodicitet liknande de andra två lokalarna 

med sandjordar var  synlig och inte heller syntes någon signifikant avvikelse i rest 

grafer . 

Med tanke på att både möjligheten att tillämpa ett stort antal av Monte Carlo 

processer under lång tid och möjligheter att upptäcka extrema klimatförhållanden och 

olika mekanismer som styr kort- och långsiktiga grundvattensnivåmodeller, användes 

en två stegs kalibreringsstrategi. De distinkta distributionsmönsten mellan tidigare 

parameteruppsättningar (jämn distribution) och senare beteendeuppsättningar 

indikerade att resultaten var känsliga för flera särskilda parameteruppsättningar. 

Därför kan platsspecifika jord-vegetationskaraktärer identifieras. Från de valda 

parameterfördelningar för både kortsiktig och långsiktig simulering, kan 

modellstruktur identifierad från kortsiktiga kalibrering representera tillståndet för den 

längre tidsperioder. Men osäkerhet uppstår om andra tillstånd har tillämpats i 

kalibreringen för korttidsperioden såsom en torrperiod i stället för en våt en. 

Totalt avdunstning i platser med morän var högre och den motsvarande avrinningen 

var lägre än i platser med sandig jord. Equifinality problem diskuterades utifrån ett 

simulerat exempel med ett orealistiska vattenbalansresultat, vilket indikerade 

osäkerheter hos modellstrukturen. 
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ABSTRACT  

Groundwater is a sensitive component affected by climate change. Modelling the 

dynamics of groundwater levels is inherently difficult particularly as the response to 

climate change. Given this complexity, most of the current studies using long term 

groundwater time series were conducted by statistical analysis or using over simplified 

assumptions to represent the physical processes in hydrological system. With the 

objective of providing an improved physically based groundwater modelling approach 

to support climate change impact assessment, a dataset of long term time series of 

groundwater levels from two different soil types (sand and till) were selected from the 

Tärnsjö area located in southeast of Sweden. The CoupModel was chosen to perform 

the simulation since it offers a physically based representation on groundwater 

recharge processes. A two-step strategy for calibration with first short-term calibration 

followed by long-term testing was adopted. Simulated groundwater levels followed the 

general patterns of measured groundwater level dynamics; however, auto-correlations 

and periodicities were observed in residuals for all sites of which two sandy soil sites 

with deeper groundwater tables maintained strong auto-correlations in long time lags 

and an extra 15.4-year periodicity. The long memory of the system rendered it more 

susceptible to climate change. Uncertainty arises if different initial condition had been 

applied in short term period calibration.  

Key Word: Groundwater levels; Climate Change; Physically-based model; 

Long-term groundwater level time series 

1.  INTRODUCTION  

1.1 Groundwater Modelling and Climate Change 

Groundwater is not only a vital natural resource for drinking water 

supply but also an important component of  water balance and whole 

eco-system. Quantification of  natural groundwater recharge rate is 

essential for efficient groundwater resources management (Lerner et al., 

1990). However, accurate estimation of  groundwater recharge rate is 

difficult due to its dependence on a multitude of  hydro - climate - 

vegetation elements such as precipitation, evapotranspiration, 

hydrogeological heterogeneity and vegetation covers (Lerner et al., 1990). 

Because of  this dependence, groundwater resource becomes susceptible 

and sensitive to climate change impacts. 

Modelling groundwater dynamics in response to climate change 

represents one of  the most difficult tasks faced by hydrological scientist 

not only because of  the inherent complexity imbedded in the systems 

but also the lack of  systematic recording of  long term groundwater time 

series. In the context of  climate change, most of  the previous 

hydrological researches were focused on the impacts on surface 

hydrological systems while groundwater systems are commonly 

simplified or ignored (Goderniaux, 2010). As experts from 
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Intergovernmental Panel on Climate Changes (IPCC) stated in 2001 

“Groundwater is the major sources of  water across the world” however, 

“There has been very little research on the potential effects of  climate 

change” (IPCC, 2001).  

The interactions between groundwater and climate are more 

sophisticated than with surface hydrology system. The components of  

the surface hydrologic cycle affected by climate change include 

atmospheric water vapor content, precipitation and evapotranspiration 

patterns, snow dynamics and melting of  ice and glaciers, soil temperature 

and SWC, and surface runoff  and stream flow (Green et al., 2011). Such 

changes to the atmospheric and surface components of  the global 

hydrologic cycle will likely trigger the changes to the subsurface 

hydrologic cycle within the soil, vadose zone, and aquifers of  the world 

This understanding is confounded by the fact of  varied groundwater 

residence time from days to tens of  thousands of  years, which would 

delay and dilute the impacts from climate change, and challenge the 

efforts of  immediate detection (Chen et al., 2004; Green et al., 2011). 

Studies also indicate that even a modest increase in near surface 

temperature would alter the hydrologic cycle substantially in 

snowmelt-dominated regions via seasonal shifts in surface water flow 

because of  the water storage capacity of  snowpack (Green et al., 

2011).Therefore, relevant study is particularly necessary in cold region. 

1.2 Literature Review of Current Researches 

Among the existing researches on climate and groundwater systems, 

most of  them are conduced either by using only statistical analysis or 

assumptions with different degrees of  complexity to represent the 

physical processes (Van der Lee and Gehrels, 1997; Bergström, 2001; 

Chen et al., 2002; Crosbie, 2013). Brouyère (2003) has also noticed that 

many integrated hydrological models use transfer functions or lumped 

models (for example, linear reservoirs) for simulation of  the 

groundwater component, which are oversimplified from a groundwater 

perspective.  

Xu (1996 and 2000) studied the effects of  climate change on water 

resources in central Sweden with a parsimonious model based on water 

balance. The models inputs require monthly data for precipitation, 

long-term average potential evapotranspiration and mean air temperature. 

Groundwater recharge is estimated with a parameterized equation by a 

lumped soil storage model. Bergström (2001) studied climate change 

impacts on runoff  in Sweden with HBV model developed by the 

Swedish Meteorological and Hydrological Institute. Soil moisture is 

modeled based on a modification of  the bucket theory in which a 

statistical distribution of  storage capacities is assumed. Evaporation is 

assumed changing lineally with its potential value under certain soil 

moisture percentage (Zhang, 2011).Groundwater level is linked to 
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climatic variables with an empirical model proposed by Chen et al. (2002). 

This model is s statistical model based on water balance principles with 

advantages of  minimized inputs and computational efficiency. However, 

the prediction which solely depends on past water fluctuation pattern in 

response to climatic variables make it less robust when extreme climatic 

conditions occurs, such as in the context of  climate change. Van der Lee 

and Gehrels (1997) EARTH model is a lumped parametric hydrologic 

model which represents the unsaturated zone by a number of  

subsequent reservoirs and the model uses a numerical or analytical 

relationship between precipitation and recharge(Gebreyohannes, 2008). 

Crosbie (2013) modeled groundwater recharge in the context of  climate 

change using the Soil–Vegetation–Atmosphere–Transfer model WAVES 

for a variety of  soil and vegetation types representative of  the High 

Plains in U.S.. It is a process-based model that achieves a balance in its 

modeling complexity between carbon energy and water balances (Zhang 

and Dawes, 1998). Snow melt processes were not included in the model. 

Nyenje (2009) also used physically based method for groundwater 

recharge modelling for assessing the impact of  climate change, but the 

simulated groundwater recharge is not calibrated due to lack of  relative 

groundwater condition records in studied area. 

1.3 Objectives 

1.3.1 General Objectives 

As described in section 1.2, there are several gaps remaining in current 

researches, namely lacks of  process based groundwater recharge model 

and study on long term groundwater time series. To bridge these gaps, 

this study is conducted with the following general objective: to introduce 

an improved physically based groundwater model that can be used to 

support a better impact assessment of  climate change. 

1.3.2  Specific Objectives 

 Using physically based hydrological model CoupModel to simulate 

groundwater level fluctuations in sandy soil and till soil sites in 

Tärnsjö region, Sweden 

 Identify difference between short term and long term groundwater 

level simulation by using two-step calibration procedures 

 Water balance and groundwater recharge estimation 

2.  MATERIAL AND METHODS  

2.1 Location and Topography   

Tärnsjö area is located 50 km in the northwest of  Uppsala, Sweden. It’s 

sitting on a large glaciofluvial esker which is a typical representative of  

the large esker in the eastern part of  south central Sweden (Aneblom 

and Persson, 1979). The esker is dominated by till, clay and re-deposited 
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sand (Aneblom and Persson, 1979). The studied aquifers are unconfined 

aquifers. Another feature of  Tärnsjö area is its elevated position by 50 

meters higher than surrounding land (Seibert, 2003). From the 2-meter 

resolution digital elevation map (Fig. 1), all the monitoring sites are 

located around the esker, of  which monitoring sites No.21 locates on the 

highest position. From the groundwater level time series, site No. 21 has 

relatively shallow saturation level comparing to other sandy soil sites. 

84.5% of  the area is covered by forest (Xu, 1996) and this is also show in 

land cover classification map (Fig. 2). Major vegetation types are 

deciduous and coniferous forest. Monitoring site No.33 is located at the 

border of  deciduous and coniferous forest and Site No. 2, 21, 27 and 32 

are all in coniferous forestry area. There is a major high way crossing the 

esker form northeast to the south, which monitoring site No. 21 and 27 

are located closely to it (Fig. 3). Table 1 summarized the coordinates and 

soil type for the 5 study areas. 

 

 

 

  

Monitoring Site ID 
Coordinates (SWEREF 99 TM) 

Soil Type 

N E 

Site No. 2 6668072 605027 Sand 

Site No. 21 6661290 604660 Sand 

Site No. 27 6668252 606557 Sand 

Site No. 32 6666196 602990 Till 

Site No. 33 6667524 601134 Till 

 

Table 1  Coordinates and soil types in five selected measuring sites 
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Fig.1 Digital elevation map in Tärnsjö region (Projection: 

SWEREF 99 TM; Resolution: 2m) 
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Fig. 2 Landcover classification in Tärnsjö region (Projection: 

SWEREF 99 TM; Resolution: 25m) 
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2.2 Climatic Condition and Meteorological Data 

The climate in Tärnsjö belongs to “snow, fully humid with warm 

summer” which according to Köppen-Geiger climate classification 

system, is classified as Dfb (Kottek et al., 2006). There is significant 

precipitation throughout the year. The average annual temperature is 

5.1 oC and mean annual precipitation is 600mm. Meteorological data 

including air temperature, vapour pressure, wind speed, precipitation, 

global radiation, long wave radiation, and snow fall were adapted from 

data estimated by EU-WATCH (Weedon et al., 2014) project from 

1979-01-01 to 2009-12-31 in Tärnsjö region using a 3-hour resolution. 

Precipitation distribution showed a clear annual cycle with the driest 

month in March and wettest month in August throughout the whole 

studied period (Fig. 4). The air temperature of  the study area varies 

between -14 to 20℃. It also shows a clear annual cycle with coldest 

month of  the year in February and warmest month in July (Fig. 5). The 

energy received by the earth’s surface is given mostly from incoming 

shortwave radiation (global radiation) (Gereyohannes, 2008). Variation 

of  global radiation is caused by different position of  earth’s surface with 

respect to sun (Gereyohannes, 2008) and this is the reason the global 

radiation differs a lot between different months within a year (Fig. 6). 

Snow fall distribution in Tärnsjö region showed not only an annual cycle 

but also a longer term periodicity (Fig. 7). 

!(

!(

!(

#*

#*

Tärnsjö_2

Tärnsjö_33

Tärnsjö_32

Tärnsjö_27

Tärnsjö_21

Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar Geographics,
CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP,
swisstopo, and the GIS User Community; Esri, HERE, DeLorme, TomTom,
MapmyIndia, © OpenStreetMap contributors, and the GIS user community

Monitoring Tubes

!( sand

#* till

±

0 0.8 1.6 2.4 3.20.4
Miles

Fig. 3 Satellite map in Tärnsjö region (Projection: SWEREF 99 

TM) 
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Fig. 4 Precipitation in Tärnsjö region from 1997 to 2009 

Fig. 5 Air temperature in Tärnsjö region from 1997 to 2009 

Fig. 6 Global Radiation in Tärnsjö region from 1997 to 2009 

Fig. 7 Snowfall in Tärnsjö region from 1997 to 2009 
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2.3 Groundwater Time Series and Groundwater Level Fluctuations  

There are 21 measuring points in Tärnsjö region covering different soil 

types including sand, till, crushed rock. The recording length varies from 

12 years to 42 years. Recording interval is irregular, most of  which were 

recorded every two weeks. The groundwater level is still being measured 

and recorded up to date. Out of  these 21 time series, 3 sandy soil sites 

and 2 till soil sites were chosen for calibration and further study.  

The groundwater recharge in study area is dominated by excessive 

precipitation, i.e. difference between precipitation and total evaporation. 

Groundwater level fluctuation is the response to excessive precipitation 

dynamics. This response, if  under the same climatic condition, mainly 

depends on site-specific soil properties, topography and vegetation 

covers etc.  

Groundwater level fluctuation behavior varies among sites with different 

soil types and even with the same soil type. Although site No. 2 and 21 

are both located on sandy soil, the groundwater system behaves quite 

differently. Site No. 2 presents a declining trend with a discernable 

periodicities and these characteristics were also shared by site No. 27; 

however, similar pattern was not visible for site No. 21.  

Groundwater level fluctuation pattern of  a till soil site No. 32 presented 

a completely different oscillation behavior than sandy soil sits (Fig. 9). 

The groundwater level oscillates more dramatically in till soil, which is 

also detected in another till soil site No. 33. This rapid response in till 

soil sites is also reported due to preferential water flow during heavy 

rains and snowmelt events by Espeby (1992), Beldring (2002) and 

Jansson et al. (2004).  

  

Fig. 8 Groundwater levels of  Site No 2 & 21 
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3.  MODELLING APPROACH  

To achieve the objective, CoupModel is chosen for its sufficient degree 

of  complexity to represent groundwater recharge process, which is 

particularly crucial in the context of  climate change impacts assessment. 

CoupModel is a model coupled with a number of  sub-models for 

simulating soil water and heat transportation processes in the 

soil-plant-atmosphere system (Jansson and Karlberg, 2004) with a strong 

focus on soil physics and provides a coupling between the Richards 

equation for water flow with the corresponding Fourier equation for 

heat flow in a one-dimensional domain (Jansson, 2012).  

3.1 Conceptual Model 

Groundwater recharge is a component of  vadose zone water budget in 

unconfined aquifer, which is driven by excessive precipitation. 

Depending on climatic condition such as precipitation amount, 

temperature, and land vegetation cover, the precipitated water is 

subjected to various processes, such as interception, evaporation, and 

surface runoff  (Jyrkama and Sykes, 2007). Water infiltrated is partly taken 

up by plant and eventually transpired through vegetation canopy; the 

remaining water continues percolating into deeper horizon and 

becoming groundwater recharge. Compared with temperate area where 

direct percolation from rain water is considered as the dominated 

process (Brouyère, 2003), the presence of  frozen soil in winter of  

Sweden add another layer of  complexity for groundwater recharge 

modelling. Groundwater recharge regime represented in CoupModel 

covers evaporation, transpiration, deep percolation, snow melting, and 

interception (Fig. 10).  

  

Fig. 9 Groundwater levels of  Site No 32 
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3.2 Numerical Description  

In coup model, the two partial differential equations for water (Darcy’s 

Law) and heat (Fourier’s Law) are solved with an explicit finite difference 

method which requires the soil profile to be discretized with a number 

of  internally homogeneous layers (Jansson and Karlberg, 2004). The 

basic assumptions behind these equations are simple (Jansson and Moon, 

2001): 

1. The law of  conservation of  mass and energy is observed. 

2. Flows occur as a result of  gradients in water potential (Darcy’s Law) 

or temperature (Fourier’s Law). 

Euler method is used as numerical procedure for solving differential 

equations. Integration time steps can be chosen from three options in 

the model: Empirical, Mathematical and Constant with consideration of  

avoiding numerical instability. Detailed description can be found in 

CoupModel manual (Jansson and Karlberg, 2004). Upper boundary can 

be defined by climate forcing input. Different types of  lower boundary 

conditions can be specified including saturated conditions and 

groundwater flow (Jansson and Moon, 2001). 

3.3 Model Setup 

Model structure can be managed by switching on or off  relative 

functions. Meteorological data including air temperature, vapor pressure, 

precipitation, wind speed, global radiation, long wave radiation and 

snowfall was assigned as input driving force. The physical process of  the 

Fig. 10 Hydrological scheme 



Groundwater recharge modelling approach to identify climate change impacts using groundwater levels from Tärnsjö 

 

11 

model included evaporation, transpiration, deep percolation, snow 

dynamics, and groundwater flow. Deep percolation of  water in lower 

boundary was considered by switching on seepage flow. And physically 

based drainage equation “Hooghoudt drainage equation” was used to 

calculate drainage. Interception of  precipitation was considered. 

Vegetation was represented as explicit big leaf  by which transpiration, 

interception evaporation and soil evaporation were treated as separate 

flows. Depth distribution of  roots was assigned as an exponential 

function of  depth. And roots were distributed randomly within unit area 

in space. Snow dynamics was considered by which melting of  snow was 

based on global radiation, air temperature and heat flux from the soil. 

Water retention curve was expressed with Brooks and Corey (1964) 

model and unsaturated conductivity was calculated with Mualem 

equations. Evapotranspiration was calculated using Penman-Monteith 

equation. Water dynamics can be simulated with input data 

corresponding to boundary and initial conditions, and relative sub-model 

set-ups. Parameters defined in the model can be categorized into 

following sections: “Drainage and deep percolation”, “Interception”, 

“Meteorological Data”, “SnowPack”, “Soil evaporation”, “Soil water 

flows”, “Plant”, “Potential Transpiration”, “Radiation properties”, “Soil 

Hydraulic”, “Soil Thermal”, “Soil evaporation”, “Soil frost”, “Soil heat 

flows”, “Soil water flows”, ”Water uptake” and “Surface water”. 

3.4 Model Calibration 

3.4.1 Overview of Calibration Method 

The objective of  model calibration is to define parameter variation 

ranges which can be considered as a group of  good representatives for 

the physical processes. Two calibration methods are available in 

CoupModel: Bayesian calibration and General Likelihood Uncertainty 

Estimation (GLUE) method (Beven and Binley, 1992). In this work, 

GLUE method was applied for calibration. It is essentially a stochastic 

sampling procedure with threshold screening on performance indices. It 

is not a simple statistical theory, but it accommodates a wide variety of  

likelihood measures including fuzzy measures (Juston, 2010). This gives 

the modeler both the freedom and responsibility to provide their best 

judgments by specifying threshold criteria for accepting or rejecting 

model parameter sets based on calculated scores of  the likelihood 

measure (Juston, 2010; Zhang, 2011). Acceptable models (behavioral 

models) are selected from many model runs based on Monte Carlo 

sampling of  parameters.  

3.4.2 Two-step Calibration Strategy 

Considering the feasibility of  applying large number Monte Carlo runs 

for long term groundwater level time series with current computational 

power, two-step calibration strategy was used. This calibration strategy 
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was to start with a large number of  short term (4 years) model 

calibrations and then select 100 runs with specified criteria (in this case is 

Nash-Sutcliffe R2) to extend into full study periods (31 years for sandy 

soil sites and 21 years for till soil sites) for each type of  soil. The 

purposes of  using this strategy were: 

 Reduce the simulation time for large number of  Monte Carlo runs; 

run the model for full time period can be highly time consuming. 

 Identify possible different parameter distribution range for short 

term and long term groundwater level modelling 

 Detect extreme climatic condition imposed on local groundwater 

recharge system 

In order to incorporate all the groundwater recharge related processes, 

parameter candidates selected for calibration covered all the components 

in the model as shown in Fig. 10.  

9000 Monte Carlo runs for till soil (Site No. 32 and 33) and 7000 Monte 

Carlo runs in total for sandy soil (Site No. 2, 21 and 27) were generated 

with the parameters identified. From the two-step calibration, best 100 

parameter sets used to represent the whole groundwater recharge 

processes were selected and expanded to the full time scale. An ensemble 

of  best 4 simulations with respect to Nash-Sutcliffe R2 was plotted for 

each measuring sites. 

Since the parameter sets for long term testing were selected from 4-year 

short term calibrations (1979 to 1982 for sandy soil; 1989-1992 for till 

soil), they were expected to be sufficient to represent the groundwater 

recharge system in the same area if  climate condition stays relatively 

constant; however, if  the climate forcing deviated significantly from the 

condition in which short term calibration has implemented, the 

simulated groundwater levels were also expected to show deviations 

from the measured ones, which can be detected from the residual 

distributions.  

3.5 Time Series Analysis 

Residuals were plotted using the mean of  five best simulations (based on 

Nash-Sutcliffe R2) minus the measured groundwater levels. In order to 

quantify the dependency among successive values in time and frequency 

domains, auto-correlation analysis and spectral density analysis were 

conducted. Sample auto-correlation (Eq. 1, 2 and 3), ρ(h) depicts the 

memory of  the system. Decreasing slope of  auto-correlation function 

indicates the level of  interdependency among the individual events.  

𝜌(ℎ) =
𝛾(ℎ)

𝛾(0)
,    − 𝑛 < ℎ < 𝑛                                                             (𝐸𝑞. 1) 

𝛾(ℎ) =
1

𝑛
∑ (𝑥𝑡+|ℎ| − �̅�)(𝑥𝑡 − �̅�) ,   − 𝑛 < ℎ < 𝑛

𝑛−|ℎ|

𝑡=1

                   (𝐸𝑞. 2) 
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�̅� =
1

𝑛
∑ 𝑥𝑡

𝑛

𝑡=1

                                                                                           (𝐸𝑞. 3) 

where h is the time lag, n is the length of  the time series, x is a single 

event. Spectral density distribution was described by periodogram, In 

which is defined as the squared spectral density of  a time series (Eq. 4). 

Spectral density function corresponds to a time-to-frequency domain 

transforming of  auto-correlation function through Fourier 

transformation (Kim et al., 2005). The positions of  the prominent peaks 

indicate highest frequencies from which periodicity can be derived 

accordingly.  

𝐼𝑛(λ) = |
1

𝑛
∑ 𝑥𝑡𝑒−𝑖𝑡𝜆

𝑛

𝑡=1

|

2

                                                                     (𝐸𝑞. 4) 

where n is the length of  the time series, x is a single event and -π<λ<π. 

3.6 Parameter Distribution  

The prior parameters were sampled stochastically with uniform 

distribution. If  the posterior parameter distributions of  the behavioral 

sets can be strongly differentiated from the non-behavioral ones, it 

suggests that the results are sensitive to particular parameter sets (Beven 

and Hall, 2014).   

In order to study parameters regulating short-term and long-term 

groundwater levels simulation, parameter distributions were analyzed 

accordingly. 100 best simulations in short term were selected from a 

large number of  Monte Carlo runs together 20 best parameter sets for 

long term groundwater level simulation. Histograms of  parameter 

distribution for short term and long term groundwater level simulation 

for sandy soil site No. 2 and till soil site No. 32 were plotted. 

3.7 Soil Water Balance and Groundwater Recharge 

Water balance provides information for site-specific response to climatic 

conditions. Sites with different soil types, vegetation covers and 

topography react differently under the same climatic input. Water 

balance components such as Evaporation, transpiration and interception 

were simulated with CoupModel. Groundwater recharge was calculated 

with the following equation (Eq. 5): 

𝑅𝑒𝑐ℎ𝑎𝑟𝑔𝑒 = 𝐴𝑐𝑐𝑇𝑜𝑡𝑎𝑙𝑅𝑢𝑛𝑜𝑓𝑓 − 𝐴𝑐𝑐𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑅𝑢𝑛𝑜𝑓𝑓          (𝐸𝑞. 5)  

where “AccTotalRunoff ” represents the accumulated total run off  and 

“AccSurfaceRunoff ” is the accumulated surface runoff. Both of  these 

two variables were simulated in CoupModel. 
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4. RESULTS  

4.1 Short-term Calibration and Long-term Testing of Groundwater 

Level Fluctuations 

Short term calibration results (Ensemble of  100 best results) for sandy 

soil site No. 2 and till soil site No. 32 showed that the short-term 

simulation results captured both the dynamics and trends (Fig. 11 and 

12). Results for long-term testing vary among sites with different soil 

types. An ensemble of  best 4 simulations with respect to Nash-Sutcliffe 

R2 was plotted for each measuring sites. The simulated long-term 

groundwater levels follow the general pattern of  the measured 

groundwater level fluctuations. The highest coefficient of  determination 

R2 for sandy soil sites comes from No. 2 with 0.5773 and for till soil site 

comes from No.32 with 0.6195 

 

Fig. 11  Ensemble of  best 100 short-term simulations with respect to 

Nash-Sutcliffe R2 for sandy soil site No. 2 

Fig. 12  Ensemble of  best 100 short-term simulations with respect to 

Nash-Sutcliffe R2 for till soil site No. 32 

Fig. 13 Ensemble of  best 4 simulations with respect to Nash-Sutcliffe R2 for sandy 

soil site No. 27 
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4.2 Residual Time Series Analysis 

Residual distributions presented various patterns in sites with different 

soil types and depths of  unsaturated zones (Fig. 18 and 19). Strong 

auto-correlation was detected in residuals distribution for both sandy soil 

sites (Fig. 20 (a) and (b)) and till soil sites (Fig. 20 (c)). Compared with 

residuals for sites with deep groundwater tables (Fig. 18 (b) and (c)), 

residuals for sites with shallow groundwater table showed more 

Fig. 14 Ensemble of  best 4 simulations with respect to Nash-Sutcliffe R2 for sandy 

soil site No. 21 

Fig. 15 Ensemble of  best 4 simulations with respect to Nash-Sutcliffe R2 for sandy 

soil site No. 2 

Fig. 16 Ensemble of  best 4 simulations with respect to Nash-Sutcliffe R2 for till soil 

site No. 32 

Fig. 17 Ensemble of  best 4 simulations with respect to Nash-Sutcliffe R2 for till soil 

site No. 33 
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randomness (Fig. 18 (a), Fig. 19 (a) and (b)). This was also confirmed by 

the auto-correlation functions for these two groups. The 

auto-correlations reached to zero at the 9th time lag for sites with shallow 

groundwater tables (Fig. 20 (a) and (c)); however, for sites with deeper 

groundwater tables, the auto-correlation stayed high even after the 40th 

time lag. Spectral density was presented in the form of  periodogram for 

sandy soil sites 21 (Fig. 21), 2 (Fig. 22) and till soil site 32 (Fig. 23). The 

yearly cycle was discernable in all these three sites but with different 

significances. For sandy soil site No.2 and till soil site No. 32 which are 

both located in shallow horizon, the yearly cycle is the dominant 

periodicity in both simulated and measured groundwater levels (Fig. 21 

and 23); while, for site No. 21 as a representative for sandy soil sites with 

deeper groundwater table, the dominant frequency indicated a 15.4-year 

cycle (Fig. 22).  

  

Fig. 18 Residual plots for sandy soil site No. 21 (a), 2 (b) and 27 (c) 

(a) 

(b) 

(c) 
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Fig. 19 Residual plots for till soil site No. 32 (a) and 33 (b) 

(a) 

(b) 

Fig. 20 Auto-correlation function for residuals of  site No. 21 (a), 2 (b) and 32 (c) 

(One time lag represents two weeks) 
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Fig. 22 Periodogram(/2pi) of  residuals (a) and measured groundwater 

levels (b) for sandy soil site No. 2 

Fig. 21 Periodogram(/2pi) of  residuals (a) and measured groundwater 

levels (b) for sandy soil site No. 21 

Fig. 23 Periodogram(/2pi) of  residuals (a) and measured groundwater 

levels (b) for till soil site No. 32 
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4.3 Parameter Distribution 

Parameter sets selected for short-term simulations presented certain 

unique distribution pattern respectively (i.e. conductivity in Fig. 24(a); 

CritThresholdDry in Fig. 24(b); MeltCoefGobRad in Fig. 25 (e)). From 

the selected parameter distributions (Fig. 24 and 25), parameter 

distribution patterns for long term simulation does not distinct 

significantly from that for short term simulation; while parameter range 

shifts were observed. 

 

  

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 24 Parameter distributions for sandy soil site No. 2 
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4.4 Soil Water Balance and Groundwater Recharge Estimation 

Accumulated precipitation, total accumulated evaporation (including 

accumulated soil evaporation, transpiration and interception evaporation), 

and accumulated soil evaporation and transpiration for sandy soil site 

with deep saturation levels were calibrated (Fig. 26). The difference 

between total accumulated evaporation (green) and accumulated soil 

evaporation and transpiration (red) was the accumulated total 

interception. The land cover is normal coniferous forests. The calibrated 

total evaporation was 401±  100 mm/year and total groundwater 

recharge was 260±50 mm/year for sandy soil sites with deep saturation 

level. The calibrated values for the till soils with shallow groundwater 

table was much lower (58.5± 40 mm/year) because of  higher 

evaporation rate 564.3 ± 150 mm/year and an estimated lower 

precipitation (Fig. 27). 

  

(a) (b) 

(c) (d) 

(e) 

Fig. 25 Parameter distributions for till soil site No. 32 
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5. DISCUSSION  

5.1 Residual Time Series Analysis 

The slow decreasing of  auto-correlation function indicated a strong 

dependency among successive residual values. In other words, the model 

structure was not sufficient to represent groundwater recharge system. 

The 15.4-year cycle presented in periodogram of  sandy soil site with 

deeper groundwater table (Fig. 22) revealed the fact that groundwater 

level fluctuation also subject to other long-term impacts. These impacts 

were kept due to longer memory of  system in these particular sites. The 

impacts could come from oscillation phenomena such as North Atlantic 

Oscillation (NAO) and Pacific Decadal Oscillation (PDO) which have a 

similar periodicity. The residual distributions for sandy soil sites with 

deeper groundwater tables presented larger deviations before and during 

1990s than residuals afterwards, which indicated the constructed model 

gave worse representation under the climatic conditions before and 

during 1990s. This period coincides with the observation from Huber 

and knutti (2004): “global temperatures rose drastically into the late 

1990s”. The similar pattern in periodograms shared by residuals and 

measured groundwater levels suggested the periodicities were not 

completely removed from residuals by the constructed model.  

5.2 Parameter Analysis 

Some parameter values giving best performance in short term were also 

acceptable for the entire period (Fig. 24 (a), (c) and Fig. 25 (a), (c)). 

However, as we expected, distribution discrepancies were also revealed. 

Fig. 26 Water balance of  sandy soil sites with groundwater level located in deep 

horizon (No.2 & 27) 

Fig. 27 Water balance of  till soil sites (No. 32) 
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For instance, water uptake capacity calibration range should be enlarged 

in long-term simulation since two parameters that give good long term 

simulation performance were found at the boundary of  this parameter 

distribution range (Fig. 24(b)). The probability density distribution of  

leaf  area index shifted to larger values in long-term testing (Fig. 25 (d)); 

while, global radiation (in snow melt process) shifted to lower values (Fig. 

24 (d)). It is noted that the period for sandy soil short term calibration 

happened to be in wet years when groundwater levels showed an 

increasing trend (Fig. 11). This initial condition was likely to introduce an 

overlook of  parameters that were more sensitive in dry conditions. 

Extensions of  two best simulations from short-term calibration (Fig. 28) 

were compared with an ensemble of  four best simulations from 

long-term testing in the same site (Fig. 16). These two extended 

simulations were not captured in the ensemble of  4 best long 

term-testing results (one obvious indication was the large deviation 

around the year 2007), which also confirmed that the parameter sets 

identified from short-term calibration was not adequate to represent 

long term groundwater recharge conditions.  

5.3 Soil Water Balance 

An example of  unrealistic water balance (Fig. 29) was resulted from 

initial stage of  modelling. The water balance results indicated a desert 

environment in site No. 2 and almost no groundwater recharge was 

happening (accumulated total runoff  ≈  accumulated total surface 

runoff); whereas, in reality, this site is covered with coniferous forest 

(Fig. 2). However, based on this water balance, groundwater level 

simulation (Fig. 29) presented better result than that with relative 

Fig. 28 Extension of  two of  the 4 best simulations from short term calibration for 

Till site No.32 

 

Fig. 29 Unrealistic water balance of  sandy soil sites (No. 2) 
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reasonable water balance in the same site (Fig. 15). Periodicity was 

captured. This result suggested a subtler groundwater recharge 

mechanism that was not being identified in current model. One possible 

explanation is: although the water balance gives a ridiculously dry 

condition, the overall water balance outcome provided a more realistic 

representation for this particular site. This can be true when glacial clay 

preseneds on site, which according to the description from Aneblom and 

Persson (1979) that glacial clay has a very low permeability. When soil 

surface is partly covered by glacial clay, water infiltration is prevented and 

no water is left for groundwater recharge. This is also a representative 

example of  “equifinality phenomenon”. Though it is ubiquitous in 

nature, it revealed the necessity to add more independent measurements 

for model calibration.  

6. CONCLUSIONS AND PERSPECTIVES  

6.1. Conclusions 

The simulated groundwater levels in both sandy soil sites and till soil 

sites followed the general patterns of  measured groundwater level 

dynamics; however, the strong auto-correlations and apparent periodicity 

presented in residuals indicated model deficiency under certain climatic 

conditions. Groundwater system with deeper saturation levels showed 

longer memory of  perturbations which rendered it more susceptible to 

climate change. Two-step calibration strategy suggested initial conditions 

applied in short-term calibration will affect long-term testing, which 

indicated if  different period had been used in short-term calibration, the 

parameter sets identified would also be different. Rapid oscillations of  

groundwater levels in till soil sites implied a small and dynamic storage 

capacity with which near surface climate would also expect to have more 

drastic changes.  

6.2. Perspectives 

The modelling approach can be improved by applying more options as 

different initial conditions in short-term calibration procedure in order 

to identify robust model structures. The next step for assessing climate 

change impacts is to apply different climate projections in the future. 

Fig. 30 Ensemble of  best 4 simulations with respect to Nash-Sutcliffe R2 for sandy 

soil site No. 2 based on unrealistic water balance 
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Impacts of  groundwater fluctuations and soil moisture dynamics on land 

surface energy balance can also be studied as the feedback to climate 

change.  

This physically based groundwater recharge modelling also offers 

numerical applications for groundwater resource management besides in 

the context of  climate change. Impacts from landcover change or 

artificial recharge can also be differentiated since the model provides 

possibilities to simulate the groundwater recharge without any 

considerations for human-induced activities.  

The current work demonstrated the possibility to identify behavioral 

simulations that reflect the available measurements and obtain 

reasonable good parameter representation of  the model. However, 

model robustness can be further improved by adding more independent 

measurements of  both soil properties and plant characteristics.  

A systematic uncertainty analysis can be applied by considering a 

combination of  several uncertainty components including uncertainty on 

climatic forcing data, calibration data, model structure and parameter 

values.  
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