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Abstract 15 

Knowledge of the processes governing groundwater dynamics in the areas close to roads is important 16 

for sustainable road infrastructure in the face of a changing climate. This study established an 17 

uncertainty based approach to simulate groundwater oscillations in a hillslope upstream of a road by 18 

using a process based model. Four different soil configurations were analyzed in CoupModel to 19 

simulate groundwater dynamics in presence of a road drainage system by implementation of 20 

meteorological data as driving factors. An approach similar to GLUE method was applied to analyze 21 

the statistical performance of the simulated groundwater level versus high resolution measured 22 

groundwater level dynamics. Results of the simulations indicate deviations in simulated results due to 23 

different soil stratifications. Uncertainties resulted from the lack of precise information about the 24 

geological structure of the site are important contributors to deviated simulation results. Different 25 

scenarios showed different model performances in which a simpler soil profile describes better the 26 

groundwater dynamics when it is closer to the road drainage system while a more complicated soil 27 

profile better describes groundwater dynamics in undisturbed soils. Correlation between hydraulic 28 

conductivity of each layer and the model performance was discussed. The results also indicate 29 

significance of variables such as physical drainage characteristics of the road in governing level of 30 

saturations also the position of the road structure in a hillslope. Texture (hydraulic conductivity) of the 31 

soil layers that fluctuation of groundwater occurs in those layers and types of modifications that have 32 

been done due to road construction are important driving factors. These factors are suggested as 33 

suitable indicators for designing an early warning system based on physical characteristics of a road 34 

site. 35 

Key words: Groundwater Flow · Road drainage · Uncertainty · CoupModel · Sweden 36 
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1 Introduction 37 
Any Information about critical groundwater levels and duration of that are of fundamental importance 38 

in many applications. Agriculture and forestry, geotechnics, hydrology, ecology and other natural and 39 

environmental sciences all need methods to describe and predict groundwater conditions. Modeling 40 

groundwater variation requires a comprehensive knowledge of plant-water-soil-atmosphere-rock 41 

systems together with climate forcing variables. For such a complex system it is interesting to 42 

investigate the processes and boundary conditions that are most influential to understand the water 43 

flow in the controlling of the groundwater level.  44 

Groundwater can be defined as any water below the land surface in the form of water in saturated and 45 

unsaturated zone, immobile water and permafrost or other forms of water (Bear, 1979; ASCE, 1985; 46 

Hackbarth et al, 1985). In this study groundwater is referred to the subsurface water in which all the 47 

soil pore spaces and voids are fully saturated (Freeze and Cherry, 1979; Todd and Mays, 2005) and 48 

water is in the liquid phase. The groundwater level represents the boundary between the unsaturated 49 

and saturated domains of the soil-bedrock system.  50 

The utilization of groundwater level data to investigate different water balance elements and processes 51 

in slopes has been subject of many antecessor studies. Experimental studies have been performed by 52 

Whipskey (1965), Weyman (1970), Dunne and Blacke (1970), and Stephenson and Freeze (1974) to 53 

investigate subsurface processes in slopes. Theoretical studies have been developed by e.g. Freeze 54 

(1972), Beven (1977), and Harr (1977) to explain water fluxes in soil and subsoil on slopes. Surface 55 

and subsurface flow of water is governed by coupled heat and flow processes.  This interaction 56 

becomes more complicated in presence of any anthropogenic modifications to the natural environment 57 

such as road drainage pipes and ditches. 58 

Two groups of factors should be considered to understand the processes involved in the subsurface 59 

hydrology. The first group consists of the boundary conditions that govern inflow and outflow of 60 

water to the control volume which include infiltration of precipitation and snowmelt together with 61 

evaporative demand from atmosphere (Graham and McDonnell, 2010). Depending on the surface 62 

conditions this needs to consider processes of vegetation water uptake by roots, soil surface 63 
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evaporation, surface runoff, and snow dynamics for the upper boundary conditions. The lower 64 

boundary conditions include landscape topography, soil/bedrock stratification (McGlynn et al, 1999) 65 

and eventually any man made disturbances such as drainage by pipes or ditches (Buchanan et al, 66 

2013). Highly fractured and transmissive bedrocks are also effectively governing deep percolation to 67 

lower layers (Montgomery et al, 1997; Graham et al, 2010; Graham and McDonnell, 2010). Second 68 

group include physical characteristics which define the ability to store or transmit water in the porous 69 

media (McGlynn et al, 2002). The topographic position will in this respect be important to indicate the 70 

potential of an area to receive water from surrounding environment (Freeze, 1971; Anderson and Burt, 71 

1978; Smith and Hebbert, 1983). Local bedrock topography in the catchments with relatively 72 

impermeable bedrock has considerable effects on water fluxes (Freer et al, 2002; McGlynn et al, 2002; 73 

Graham et al, 2010; Graham and McDonnell, 2010). The two principal groups are closely related to 74 

the scale and the location of the control volume in a landscape. 75 

Hydraulic characteristics are spatially heterogeneous and difficult to measure for all relevant spatial 76 

scales. The spatial variability of scale dependencies of all soil properties are important when working 77 

on any model independent if it is defined with explicit consideration of 1, 2 or 3-dimensions (Lundin, 78 

1982). To cover those types of aspects uncertainty based methods define a range of values for all the 79 

parameters to represent the uncertainties and variabilities in the physical system rather than single 80 

fixed values assuming uniform properties. To solve this issue one option is explicit distributed 81 

approach with a high resolution spatial scale. Another option is a more aggregated approach using 82 

various distributions of properties to represent the within cell variability. 83 

Landscape geomorphology (as the lower boundary conditions) is altered by roads and their drainage 84 

systems such as drainage pipes and ditches which are the most common man made disturbance in 85 

landscapes (Jones et al, 2000; Wemple et al, 2001; Ziegler et al 2007; Buchanan et al, 2013). They 86 

influence hydrologic responses by changing surface and subsurface water flow pathways, changes in 87 

topography of landscape and infiltration rate (e.g. Ziegler and Giambelluca, 1997; Wemple et al, 2001; 88 

Tague and Band, 2001; Ziegler et al, 2004; Dutton et al, 2005; Cuo et al, 2006; Ziegler et al, 2007; 89 

Buchanan et al, 2013). Those alterations influence re-distribution of moisture in soil. Areas potential 90 
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to higher soil moisture provide more water to the road structure and increase susceptibility of the roads 91 

to damages due to excess moisture in the road compartment and materials (Birgisson & Ruth, 2003). 92 

Groundwater level has important influences on the road infrastructure and the surrounding 93 

environment especially in the close vicinity of roads. Study of groundwater dynamics is also important 94 

due to enhancing role of high groundwater level in risk of pollution by heavy metals and de-icing salts 95 

spreading from road sides (Thunqvist, 2003; Lundmark and Olofsson, 2007; Lundmark and Jansson, 96 

2008a, 2008b; Olofsson and Lundmark, 2009).  97 

To evaluate options for future development of early warning systems based on critical levels and 98 

durations of groundwater levels in the close vicinity of the road structure it is important to understand 99 

to which degree we can describe the subsurface flow dynamics in a given position providing a certain 100 

set of data can be used as input.  An early warning system can make use of meteorological data as 101 

forcing data and should be able to predict groundwater conditions at any point also based on 102 

extensions from meteorological forecasts. Support from monitoring data at selected points may be 103 

obtained by using assimilation methods. A physically based model may have higher degree of learning 104 

capability with respect to identified parameters than a purely empirical model. The model can also be 105 

a full 3-D model or a semi-distributed 1-2 D model. Normally aggregated or lumped  empirical models 106 

that are commonly semi distributed models have many advantages when evaluating the performance 107 

of model predictions in particular points with the measured data compared to detailed explicit 108 

representation with low degree of aggregation (Lundmark & Jansson, 2008). 109 

The general approach of this study was to clarify how physical characteristics  governs drainage and 110 

recharge phenomena  in the close vicinity of a road that has been investigated by detailed 111 

measurements during a 2-year-period covering many interesting events. Specific aims of the project 112 

were: 113 

1. To test how well a coupled water and heat model  may be calibrated by using 114 

meteorological data and  groundwater level at some selected points in a hillslope upstream 115 

of a road 116 
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2. Identify and describe the most influential parameters and boundary conditions to obtain 117 

the accepted performance of the model. 118 

3. Identify sources of uncertainties  119 

4. Suggest how to further develop the modelling to allow for a possible general application. 120 

1.1 Data and Study area 121 

This study has been performed utilizing the recorded data from a test site along the county road 126 at 122 

Torpsbruk in the southern part of Sweden in Kronoberg County, near the town Växjö (Fig. 1). This 123 

hilly area comprises of slightly undulating landscape and wetlands covered by managed coniferous 124 

and deciduous forests. Spruce and pine dominate the land cover and there are hints of mainly birch, 125 

aspen and alder (LS, 2006).  Average 50 years (1963-2013) yearly precipitation recorded in the area is 126 

683 mm (Swedish Meteorological and Hydrological Institute- SMHI). Maximum and minimum 127 

temperatures recorded in the area during 30 years are +32 and -21 c respectively. 128 

 

Fig. 1 Location of the study site (right) on the road 126 in Torpsbruk which is located in the Sothern 
part of Sweden, Kronoberg County (left). 
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According to SGU’s general soil map and reports of in situ observations (Bäckman, 1986) the soil at 129 

the test location mainly consists of till with elements of glaciofluvial material. The latter has very good 130 

drainage properties and also tends to be good groundwater reservoirs. Investigation of the surrounding 131 

topography revealed that this section of the road is placed just east of a height field (Fig. 3) from 132 

which water drains down to the road therefore the road receives groundwater flow from higher 133 

elevations.  The soils within the stretch consist of sandy-till that in the deeper layers tends to become 134 

more fine-grained, sandy-silty till (Bäckman, 1987). Block content in the till is moderate with a 135 

relatively small proportion of large blocks (Bäckman, 1987).The till is homogeneous with layers of 136 

sorted materials. Some of these layers consist of coarse (gravelly, sandy) material that allows more 137 

flow of water. The material is also relatively well rounded which together with the multiple layers of 138 

soil suggests that the till soil has been subjected to a major rearrangement (Bäckman, 1987). It is likely 139 

that the abundant flow in the till is associated with the many layers of coarse and sorted materials. The 140 

presence of these layers increases also the effect of drainage. The underlying bedrock comprises 141 

Svecokarelian (i.e. Smålandgranite) granitic and gneissic rocks (SGU’s bedrock map; Bäckman, 142 

1987). 143 

Most of the available data about hydraulic characteristics of road pavement and the soil material in the 144 

close vicinity of roads are based on laboratory testing. To study groundwater dynamics, groundwater 145 

tubes (hereinafter GWT) with pressure sensors for automatic logging of water level were equipped at 146 

the site (Hansson et al, 2012). The measured data was registered from September 2009 until 147 

November 2011 on a regular basis of one hour and was stored in a data logger that was installed close 148 

to the road. Continuous in-situ measurement of groundwater level makes the recorded data an 149 

exquisite dataset. The particular positions of the tubes in which the measurements have been done are 150 

suitable and unique to investigate oscillations in the groundwater level. It was also easy to regulate the 151 

groundwater by manipulation of the existing drainage system. This is because of the geo-morphology 152 

of the area which have characteristics such as relatively shallow soil thickness and high groundwater 153 

level at the road location also type of the road itself (Bäckman, 1987). It is worth noting that various 154 

event has been recorded during the measurement period which makes the registered data more generic 155 
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than exclusive. Consequently the measured soil moisture content and groundwater level oscillations 156 

can be considered as the normal behavior of the site. 157 

To describe the dynamics of the study site, meteorological data was used as the driving factors. 158 

Meteorological data including: precipitation and air temperature (Fig. 2), wind speed, relative 159 

humidity and global irradiance on hourly basis for Växjö Meteorological Station 20 km south east of 160 

the study site were acquired from Swedish Meteorological and Hydrological Institute (SMHI). 161 

Precipitation and air temperature were compared and interpolated with the data (on a daily basis) from 162 

SMHI station in Moheda 3 km south of the study site (Fig. 3). Geological data including maps of the 163 

soil distribution, soil thickness (depth to bedrock), and bedrock type was obtained from Geological 164 

Survey of Sweden (SGU). Digital elevation data with 2 m resolution, terrain maps and road maps and 165 

land cover data acquired from Swedish National Land Survey (Lantmäteriet). 166 

 

Fig. 2 Daily mean temperature and daily precipitation data of the study site from Växjö 
Meteorological station (SMHI). The data that is used in the study is hourly temperature and hourly 
precipitation. Those data were converted to daily for better illustration. 
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Fig. 3 Schematic of the study site (bottom) and the profile of the elevation transect (top) showing the 
places of GWTs and road drainage pipes. It should be noted that the scale of the vertical and 
horizontal axis in the profile of the elevation transect (top) are not equal.  

2 Methods 167 

The research methodology can be described into the following steps: 168 

1. Describe groundwater level dynamics close to road considering boundary conditions and 169 

meteorological driving factors using a set of prior distributions for certain system 170 

parameters. 171 
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2. Identify most important factors and suggest them as indicators for an early warning 172 

system for critical groundwater level close to roads by combination of sensitivity and 173 

criteria for model performance. 174 

2.1 Model Description 175 

CoupModel is a physical based model which calculates coupled water and heat processes in one-176 

dimensional and considers snow, temperature, soil properties, plant parameters and meteorological 177 

driving factors. This model is developed after the original SOIL model (Jansson and Haldin, 1979, 178 

1980) which was basically a hydrological model for simulating water and heat flow in Swedish forest 179 

soils. The SOIL model has been used to understand and explain the recharge system in different soil 180 

types such as heavy clay soils (Jansson and Gustafsson, 1987; Lundin, 1989; Thunholm et al, 1989), 181 

loamy sand and clay (Stähli et al, 1996), and glacial till (Johansson, 1986, 1987; Espeby, 1991). The 182 

CoupModel was developed to generalize to any type of soil independent of plant cover also simulating 183 

the plant growth and nitrogen and carbon cycle. It has the ability to be up-scaled to two dimensions by 184 

considering additional boundary conditions also coupling simulations from a one-dimensional model. 185 

The CoupModel has the capability to apply the available data which allows us to simulate the process 186 

in the long run. 187 

2.2 Process Description  188 

Richards’ equation (Richards, 1931) and Fourier’s heat equation are two fundamental equations that 189 

are used by CoupModel to describe water and heat flow respectively. Four major modules of the 190 

CoupModel have been utilized in this study, which are described subsequently and the related 191 

equations are given in the relevant sections. 192 

The definition of groundwater is important to be defined which in this study it is the level of liquid 193 

water in the soil in totally saturated condition. Laws of conservation of mass and energy have been 194 

implemented to model the groundwater level in soil. Former law describes the amount of water 195 

entering to and exiting from the control volume and the latter one explains thermal processes that 196 

govern shifts in the phases of water that will affect the amount of water entering from boundaries. 197 
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Amount of water within the boundary is governed by infiltration, capillary rise, lateral flow, drain flow 198 

and deep percolation. 199 

2.2.1 Drainage and deep percolation 200 

Boundary conditions and physical properties of the site govern the amount of water inflows and 201 

outflow from the control volume. Drainage and seepage are important processes in groundwater 202 

modeling that were taken into account for the simulation of groundwater level oscillations. Drainage 203 

discharge rate to a pipe (in this case road drainage pipe) was calculated by Hooghoudt drain distance 204 

equation (Hooghoudt, 1940) which is a steady-state drainage equation. Deep percolation from the 205 

saturated lower boundary may happen which is a function of the conductivity of the lowest layer, 206 

depth of groundwater and geometry of the parallel drainage in the site and can be calculated from the 207 

following equation:  208 
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where ksat  represents the conductivity of lowest layer, zsat is depth of the groundwater table in the 210 

simulation, zp2 is the depth of a drainage pipe in the distance of dp2. 211 

2.2.2 Soil water processes 212 

Water flow in soil was calculated by Richards’ (1931) equation which is generalized form of Darcy’s 213 

law for unsaturated flow. Soil hydraulic properties are essential to simulate water content in the vadose 214 

zone. Water retention parameters from Brook and Corey (1964) function were investigated for the 215 

unsaturated conductivity of soil types in the test site considering both horizontal and vertical 216 

heterogeneity. The unsaturated hydraulic conductivities were calculated according to Mualem (1976). 217 

Horizontal flow in the saturated soil happens when the drain level is below the groundwater level 218 

which is calculated by a linear equation: 219 
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Where qwp is  the horizontal flow rate, du  is the unit length of the horizontal element i.e. 1m, zp is the 221 

lower depth of the drainage pipe i.e. the drainage level, zsat is the simulated depth of the groundwater 222 

table and dp is a characteristic distance between drainage pipes. 223 

Parameter ranges that were used in this study have been adopted from the study by Lundmark and 224 

Jansson (2009) that investigated generic soil descriptions of the Swedish soils also from Kätterer et al. 225 

(2006) which studied Pedo-Transfer Functions of agricultural soil in Sweden. Additional data for 226 

Swedish till soil characteristics were adopted from studies on groundwater recharge by Johansson 227 

(1987). 228 

2.2.3 Soil evaporation and snow processes 229 

Soil-water cycle in the study area which experiences seasonal freezing is usually distinguished by 230 

some frost formation during winter time, snow melt in spring and usually wet autumn also dry summer 231 

conditions due to soil evaporation and plant water uptake. Soil heat processes can be modeled by 232 

considering conduction and convection in soil combined with the energy conservation law. Two 233 

different approaches are available in the CoupModel to calculate evaporation from the soil surface: a) 234 

iterative solution of the energy balance which is a physically based approach, b) Penman-Monteith 235 

equation (Monteith, 1965) that is an empirical approach. In this study energy balance for water and 236 

heat fluxes was calculated by application of iterative energy balance method by using the following 237 

equation for net radiation at the soil surface as: 238 

 ns v s s hR L E H q= + +          (3) 239 

where Rns is the sum of three different heat fluxes i.e. latent heat flux, LvEs, sensible heat flux, Hs and 240 

heat flux to the soil, qh. Where latent heat flux is calculated by: 241 

( )a p surf a
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         (4) 242 
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where ras is the aerodynamic resistance, esurf is the vapor pressure at the soil surface, ea is the actual 243 

vapor pressure in the air. In the eq (2) these physical constants are considered: density, ρa, heat 244 

capacity of air, cp, the latent heat of vaporization, Lv, as well as the psychrometric constant, ϒ. 245 

Snow melt and refreezing of liquid water was formulated based on the conservation of heat within 246 

snow pack by assuming that temperature change and phase change are equal: 247 

, , , ,soil ,prec( )h sensible h latent h snow h hq q q q q− + = − +       (5) 248 

Where qh,sensible is snow temperature change, qh,latent is snow melt/refreez of liquid water, qh,snow and  249 

qh,soil are snow surface heat flux and Heat flux between snow and soil respectively. qh,prec is the heat 250 

content in precipitation. 251 

2.2.4 Transpiration and interception 252 

Transpiration is defined as a potential rate when neither soil water deficits nor low soil temperatures 253 

influence the water loss. Transpiration consists of the vaporization of liquid water contained in plant 254 

tissues and the vapor removal to the atmosphere. The transpiration demand and canopy resistance is 255 

accounting the shortwave radiation and atmospheric vapor pressure. Another important variable that 256 

influences transpiration is available soil moisture for plant uptake. 257 

The basic idea behind the interception process is that water storage exists on the leaf surfaces from 258 

which water can evaporate directly back to the atmosphere, can be temporarily stored or form through 259 

fall to the soil or the snow. Interception is the most complicated process among the other subjects. In 260 

forests, evaporation of intercepted water may considerably exceed transpiration rates with equivalent 261 

local climatic conditions. Transpiration is calculated by the Penman-Monteith equation (Monteith, 262 

1965). 263 

2.3 Modelling approaches and parametrization 264 

Groundwater levels in the close vicinity of a road were simulated between 2009 and 2011. The 265 

investigations which performed during the construction of drainage systems describe approximate 266 
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geological characteristic of the study site (Bäckman, 1993). However, different geological 267 

stratifications were applied in the simulations to take into account possible uncertainties of lower 268 

boundary conditions. The 4 vertical profile systems (hereinafter VP1-VP4) of geological 269 

configurations assumed which are based on possible soil layers and bedrock stratifications (Fig. 4) in 270 

which VP1 is closest to the observation done by Bäckman (1993). In all the four configurations, the 271 

first two layers that have 0.5 meter thickness are till soil with high organic matter content. In the 272 

configuration VP1 below 0.5 m there are two layers of till and below that bedrock at the bottom while 273 

for VP3 it was assumed no bedrock as the lowest layer. Configuration VP2 and VP4 have one single 274 

layer of till soil which are from 0.5 m depth to 4 and 5 meters depth respectively in which VP4 has no 275 

bedrock at the bottom. These assumptions were suggested based on the previous studies showing 276 

differences in the soil hydraulic properties with depth for Swedish soil types (Lundmark and Jansson, 277 

2009). Investigation of the test site during construction of the drainage system revealed that depending 278 

on the compaction and formation of till soil three functional layers of soil with depth exist (Bäckman, 279 

1993). 280 

The 5-meter deep soil profile in all the simulations was subdivided into 36 model layers. The thickness 281 

of these model layers was different and increased from 5 cm for the first two model layers, 0.1 m for 282 

the rest and 0.5 m for the lowest model layers. It is worth noting that CoupModel considers vertical 283 

heterogeneity in soil hydrauic properties. 284 

GLUE calibration method (Beven and Binely, 1992; Beven, 2006) was used to investigate parameters 285 

in four different configurations. A total of 28 parameters that were expected to have considerable 286 

influence on the groundwater level were selected and summarized in the Table 1. Related equations 287 

are noted in Table 1 Appendix and their feasible ranges were adopted from previous studies also 288 

related information and literature review (Johansson, 1987; Jansson and Moon, 2001; Lundmark and 289 

Jansson, 2009). 290 
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Fig. 4 Different configurations assumed for the geological stratifications. VP1 and VP2 are the 
configurations assumed with bedrock at the bottom of the soil layers. In this assumption from top to 
the bottom the soil layers are: till soil with high organic matter (to 0.5m depth) till soil (to 3.5m 
depth) and bedrock (4 to 5 m depth). VP1 has two layers of till soil while VP2 has a single till soil 
layer. VP3 and VP4 are configuration with no bedrock at the lowest layer. In this assumption soil 
layers from top to the bottom are: till soil with high organic matter (to 0.5m depth) and till soil (to 
5m depth) with the stratification of 3 and 1 layers of till soil for VP3 and VP4 respectively. 

2.4 The uncertainty framework and acceptance criteria for ensemble simulations  291 

In this study, uncertainty analysis were performed for a total of 50,000 simulations for each assumed 292 

soil configuration taking into account the parameter ranges shown in the table 1 and 2. The approach is 293 

similar to the generalized likelihood uncertainty estimation (GLUE) method (Beven and Binely, 1992; 294 

Beven and Freer, 2001; Beven, 2006) using Monte Carlo random sampling from uniform distributions 295 

of the subjectively chosen parameters. The statistical performance indicators of the simulated 296 

groundwater level versus the measured was made by considering the lowest possible RMSE of the 297 

time cumulative mean of the residuals for the four different stratifications. The posterior distributions 298 

of the selected models for two groundwater simulations were constrained to 100 best simulation and 299 

constrained parameters were selected and discussed. 300 

3 Results and Discussion 301 

3.1 Model performance as general differences between prior and posterior distributions 302 

The accumulated mean of the residuals of the 100 accepted simulations (out of 50,000 runs) were 303 

extracted by calculating the difference between simulated values and observed data (RMSE) also 304 

considering lowest mean error (ME). Results were plotted for the 4 assumed vertical profile systems  305 
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Table 1 Parameters used in the study and the related equations are described in the Appendix 
1  
 Parameter 

 

Unit 

 

Symbol 

 

Equation 

/note (Appendix) 

 

Prior 

Min Max 

Drainage and deep percolation 

 DrainLevel GW1 m zp Eq(2) -3.4 -2.95 
GW2 -3.7 -3.3 

DrainSpacing 

 

GW1 m dp Eq(2) 14 22 
GW2 2 8 

DrainLevelLowerB m zp2 Eq(1) -30 -9 
DrainSpacingLowerB m dp2 Eq(1) 100 750 
GWSourceFlow mm/day qsof - 1 9 

Soil water processes 

 AscaleSorption - ascale -* 0.2 3 
InitialGroundWater GW1 m - - -3.3 -3.05 

GW2 -3.7 -2.9 
Lambda - λ Eq(A11) Table 2 
Air Entry cm water ψa Eq(A11) Table 2 
Saturation vol %  Eq(A11) Table 2 
Total Conductivity mm/day ksat Eq(A13-14)) Table 2 
n Tortuosity - n Eq(A13) Table 2 

Snow and radiation, soil heat processes 

 MeltCoefAirTemp kg/cm2day mT Eq(A3) 2 4.5 
 OnlyRainPrecTemp C TRainL Eq(A4) 2 4.5 
 OnlySnowPrecTemp ◦C TSnowL Eq(A4) -2 -0.5 
 EquilAdjustPsi  – ψeg Eq(A1-2) 0.5 2 
 MaxSoilCondens mm/day emax,cond Eq(A5) 50 450 
 WindLessExchangeSoil - ra,soil,max

-

 
Eq(A6) 0.1 0.6 

 AlphaHeatCoef W/mC qinfreeze Eq(A16) 1000 6000 
 HighFlowDampC vol %  Eq(A17) 5 60 
 LowFlowCondImped -  Eq(A18) 4.5 8.9 
Transpiration and interception 

 CritThresholdDry cm water ψc Eq(A8) 500 5500 
 Canopy Height GW1 m HP -** 10 22 
 GW2 0.05 1.5 
 Conduct VPD  Pa gvpd Eq(A7) 750 5000 
 Conduct Max GW1 m s−1 gmax Eq(A7) 0.002 0.2 
 GW2 0.01 0.2 
 Leaf Area Index (LAI) GW1 m2/m2 VP1 Eq(A9) 2 7 
 GW2 0.1 4 
 Root Depth GW1 m - -** -1.5 -0.5 
 GW2 -1 -0.1 
* Related to the rate of bypass flow in macropores. 

           
and for the 2 groundwater locations (Fig. 5 and 6). Comparison between the accumulated mean of the 306 

residuals indicated that the VP1 stratification systems resulted in the best performance whereas VP2  307 
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Table 2 Ranges of values applied for soil hydraulic parameters 

Configuration VP1 VP2 VP3 VP4 

Brooks-Corey 
Parameters 

Min Max Min Max Min Max Min Max 

Lambda 1 0.25 0.6 0.25 0.6 0.25 0.6 0.25 0.6 

Lambda 2 0.2 0.55 0.2 0.55 0.2 0.55 0.22 0.55 

Lambda 3 0.2 0.45 0.2 0.45 0.2 0.45 0.15 0.45 

Lambda 4 0.2 0.4 0.01 0.1 0.2 0.4 -* -* 

Lambda 5 0.01 0.1 -* -* 0.2 0.4 -* -* 

Air Entry 1 3 8 3 8 3 8 3 8 

Air Entry 2 6 14 6 14 6 14 6 14 

Air Entry 3 6 14 6 14 6 14 6 14 

Air Entry 4 6 14 0.01 5 6 14 -* -* 

Air Entry 5 0.01 5 -* -* 6 14 -* -* 

Saturation 1 40 60 40 60 40 60 40 60 

Saturation 2 35 55 35 55 35 55 35 55 

Saturation 3 30 50 30 50 20 40 20 50 

Saturation 4 20 40 1 5 15 30 -* -* 

Saturation 5 1 5 -* -* 10 25 -* -* 

Total Conductivity 1 2500 6500 2500 6500 2500 6500 2500 6500 

Total Conductivity 2 1500 4500 1500 4500 1500 4500 1500 4500 

Total Conductivity 3 250 1000 250 1000 250 1000 70 1100 

Total Conductivity 4 150 550 0.0001 10 150 600 -* -* 

Total Conductivity 5 0.0001 10 -* -* 30 150 -* -* 

n Tortuosity 1 1.1 2.5 1.1 2.5 1.1 2.5 1.1 2.5 

n Tortuosity 2 1 2.2 1 2.2 1 2.2 1 2.2 

n Tortuosity 3 0.8 2 0.8 2 0.8 2 0.8 2 

n Tortuosity 4 0.5 1.5 -2 0 0.5 1.5 -* -* 

n Tortuosity 5 -2 0 -* -* 0 1 -* -* 

* Parameters are not applied according to different soil stratifications. 

resulted in lowest performance to describe GWT1 (Fig. 5). VP4 and VP1 systems had the highest and 308 

the lowest performance to describe the GWT2 respectively (Fig. 6). The same constrains were applied 309 

to the simulated results and 100 simulations were accepted. Ensembles of accepted simulation of 310 

groundwater level based on the statistics of 100 behavioral models have been produced and illustrated 311 

in the Figure 5 and 6. Summary of the prior and posterior distribution of model performance values for 312 

the selected profiles are given in the Table 3. 313 

In the first evaluation of the model performance for the assumption of four soil stratification which 314 

was based on the cumulative values of residuals of simulated groundwater level, similar differences 315 

between the tubes were demonstrated. Cumulative mean of the simulated groundwater level for GWT1 316 

profile VP1 and GWT2 profile VP4 showed better performances in term of values closer to zero. This 317 
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may explain that more complex soil stratification in the forest (GWT1) is affected by different natural 318 

soil layers such as root zone and bedrock while in the areas closer to road, more simple soil 319 

assumptions may describe the hydrological behavior either because of being modified during road 320 

construction or being dominated by discharge to the draining pipe.  321 

It could be seen from the figure 5(Up) that soil stratification and seasonality could influence model 322 

performance obviously. In comparison with VP1, which is close to the real condition of study site 323 

GW1, VP2-VP4 with different stratification conditions could result larger errors in the simulation. 324 

This was because changes in the soil stratification could cause changes in the bypass flow and 325 

conductivity for certain soil layers, and this would influence exchange between unsaturated zone and 326 

saturated zone. The comparison of ensembles in VP1 and VP4 indicated that large uncertainties in 327 

simulations would exist when the texture of the lower layer was changed. Specifically this effect can 328 

be observed in the replacement of the bedrock layer with soil of low permeability in VP4, which 329 

would cause more seepage, and disturb water balance for the soil profile of interest. Similar 330 

characteristics for the cumulative mean residuals also indicated that modeling of groundwater could be 331 

largely influenced by seasonality. For example, groundwater was generally overestimated during 332 

2009/2010 wintertime resulting in the rapid accumulation of mean errors. This might be due to the 333 

reason that GWT1 is located on a slope and surface runoff after intensive precipitation events (>10 334 

mm/d) at the beginning of soil freezing (before December 2009) would be extensive. In the model, 335 

slope runoff was not considered in detail, and precipitation would be mainly assumed to infiltrate into 336 

the soil layer, which would cause higher simulated groundwater level than measured. While during 337 

2010/2011 winter time, underestimations of groundwater levels, especially the peak values were 338 

detected. This might be due to the frequent precipitation during soil freezing (e.g. December 2010 to 339 

January 2011), which resulted in higher groundwater level in GWT1. In the model, hydraulic 340 

conductivity in frozen soil was relatively small in comparison with unfrozen conditions, which would 341 

make it difficult for infiltration into groundwater.  342 

Cumulative mean of residuals in GWT2 are different from GWT1 with respect to the shapes (Figure 6-343 

Up). In GWT2, VP1 which is the closest to real conditions seemed to result in lowest model 344 

performance in comparison with VP4. As could be seen from the figure 6(bottom), the dynamics of 345 
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groundwater level is not well predicted by the model. As GWT2 is close to the road drainage system, 346 

the exchange between GWT2 and drainage could also play a role in groundwater dynamics because of 347 

lateral discharge from the road drainage. This also suggested that for groundwater wells close to the 348 

road drainage (e.g. GWT2 ) the constraining of the model should focus more on dynamics instead of 349 

deviations if the lateral recharge is not considered well or unknown in the model. VP4 in GWT2 350 

shows good performance in illustrating dynamics of groundwater as well as deviations (figure 6-351 

Middle). This might be because VP4 considered soil profile more simply stratified with only one layer 352 

below organic matter layer (0.5-5 m). This would make it much easier for water transport in soil 353 

profile as well as exchange with groundwater, which would compensate the disadvantage of the model 354 

in considering lateral or unknown re-charge processes. The comparison of VP1 and VP4 also indicated 355 

that soil stratification could influence the dynamics of groundwater largely and simpler soil profiles 356 

would provide more rapid feedbacks between unsaturated zone and groundwater than complicated soil 357 

profiles. Simpler soil profile in the areas close to road could be explained by modification that may 358 

have been done to the local soil during road construction. 359 

--- Table 3--- 360 

Table 3 Prior and posterior distribution of model performance values 

 Distribution Prior Selection n=50,000 Distribution Post Selection n=100 

Variable/Profile Criteria 

 

n* Mean CV** Min Max Mean CV** Min Max 

Groundwater level 
GW Tube 1 Soil VP1 

RMSE 15342 0.5301 0.4335 0.1836 1.8738 0.2717 0.0836 0.1998 0.3076 

ME 15342 0.2999 1.2608 -1.0480 1.8118 -0.0052 31.9783 -0.4063 0.2334 

Groundwater level 
GW Tube 1 Soil VP4 

RMSE 15342 0.9098 0.8369 0.2158 2.8962 0.3117 0.0753 0.2434 0.3382 

ME 15342 -0.5848 1.6563 -2.8506 2.1532 -0.0002 10.3217 -0.0033 0.0035 

Groundwater level 
GW Tube 2 Soil VP4 

RMSE 15342 0.4659 1.0949 0.0623 1.7692 0.0822 0.0643 0.0705 0.0910 

ME 15342 -0.3098 1.9376 -1.7598 1.0828 0.0000 18.9212 -0.0012 0.0012 

Groundwater level 
GW Tube 2 Soil VP1 

RMSE 15342 0.2752 0.5044 0.0831 1.0474 0.1012 0.0527 0.0873 0.1090 

ME 15342 0.2430 0.5922 -0.1157 1.0190 0.0038 2.3901 -0.0410 0.0127 

* n represent the number of sample data that was used in the simulations.  

** CV stands for “coefficient of variation” 
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Fig. 5 Accumulated mean of residuals for the accepted simulation of groundwater level for the GWTs 
(Up) with four different soil stratification systems: VP1, VP2, VP3, and VP4. Vertical profile 1 (VP1- 
middle picture) shows highest model performance and VP4 (bottom picture) shows lowest model 
performance for the GW1. The blue band shows the minimum and maximum of the ensemble and 
the grey band shows upper and lower quartile of the ensembles. Black line is the measured 
groundwater level and grey line is the mean of accepted simulations of groundwater level. 
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Fig. 6 Accumulated mean of residuals for the accepted simulation of groundwater level for the GWTs 
(Up) with four different soil stratification systems: VP1, VP2, VP3, and VP4. Vertical profile 4 (VP4- 
middle picture) shows highest model performance and VP1 (bottom picture) shows lowest model 
performance. The blue band shows the minimum and maximum of the ensemble and grey red band 
shows upper and lower quartile of the ensembles. Black line is the measured groundwater level and 
grey line is the mean of accepted simulations of groundwater level. 
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3.2 Posterior parameters values 361 

Posterior distribution for a number of parameters showed considerable differences with the prior 362 

values that were constrained by lowest values of RMSE and values close to zero for mean error (ME). 363 

Other parameters did not show clear differences with constrains that were applied to the simulated 364 

models. Summary of the parameter values after being constrained are collected in Appendix 2 Table 1 365 

and 2 for GWT1 profile VP1 and profile VP4 of GWT2 respectively. 366 

Application of the common constrains represented differences in behavior of the two simulated 367 

groundwater models according to the distance of the GWT to the road drainage pipe. The groundwater 368 

level of GWT in the forest (GWT1) was mostly constrained by drainage depth (drain level, zp), 369 

distance to road drainage pipe (drain spacing), soil-water retention curve parameters (air entry and 370 

lambda) in layer 3 of the soil type VP1 (fig. 4), contributed water from hillslope (groundwater source 371 

flow, qsof) and evaporation from canopy (windless exchange canopy). Differences in prior and posterior 372 

values for drain level and drain spacing were higher to the implemented constrains. Plots of the 373 

posterior distribution of the parameters are illustrated in fig. 7. 374 

Configuration of the parameters in the simulated model of groundwater level in GWT 2, which is 375 

closer to the road and drainage pipe, is different from the sensitive parameters in the one in the forest.  376 

Groundwater level in the GWT 2 is mostly governed by hydraulic properties of the soil and 377 

contribution of the hillslope to the measurement point. Constrained parameters are precipitation 378 

correction coefficient, groundwater source flow, total conductivity of the layer 3 of the soil 379 

compartment (type VP4 in fig. 4) and soil-water retention curve parameters (lambda, air entry and 380 

saturation) of the soil compartment. Effect of the rainfall as an extrinsic variable on groundwater level 381 

of the GWT2 is significant. Plots of the posterior distribution of the parameters are illustrated in fig. 7 382 

and 8. 383 

GWT1 which is in the forest showed more complexity in terms of parameters and soil stratification 384 

comparing to the GWT2 which has no plant cover and is very close to the road drainage pipe. In the 385 

former, more soil stratifications may explain better the performance of the model because of the 386 

existence of different natural soil layers such as root zone in the upper layers and granite bedrock at 387 

the bottom.  Because of the dominating effect of the road drainage pipe, groundwater level can be  388 
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Fig. 7 Plot of the posterior distribution of the sensitive parameters for GWT 1 profile VP1 after 
being constrained by the criteria (RMSE) for 100 accepted behavioral models. Parameters are: 
Drain Level of drainage pipe (top left) Drain Spacing (distance) to the drainage pipe (top right) 
Air Entry for layer 3 (middle left) Lambda for layer 3 (middle right), groundwater source flow 
(bottom left) and windless exchange canopy (bottom right). 
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Fig. 8 Plot of the posterior distribution of the sensitive parameters for GWT 2 profile VP4 after 
being constrained by the criteria (RMSE) for 100 accepted behavioral models. Parameters are: 
precipitation correction coefficient (top left) groundwater source flow (top right) total 
conductivity for layer 3 (middle left) saturation of layer 3 (middle right), air entry for layer 3 
(bottom left) and Lambda for layer 3 (bottom right). 



25 
 

explained by a simpler model in the GWT 2 which is closer to the road. In this case, effect of soil 389 

hydraulic characteristics and direct infiltration of the rainfall to the soil are much stronger. 390 

Groundwater level in the GWT1 was regulated by drain level. In addition, the distance of the drainage 391 

pipe (Drain Spacing) is an important variable that governs the rate of change of the groundwater level 392 

in the tube 1. Approximately simulated value of distance to road drainage pipe (drain spacing) 393 

conforms to the distance between GWT 1 and the existing drainage pipe. Air entry and lambda in the 394 

third layer of soils which are of till soil type and stretches from .5 m to 2.5 m depth; regulate how the 395 

dynamics is smoothed out from the shallow to the deeper soil horizons. The total amount of water that 396 

is received by a point is linked to the location of that point in the hillslope. This is clearly reflected in 397 

the sensitivity of the groundwater source flow variable. 398 

Role of soil-water retention parameters are significant in the Groundwater level in the GWT2 which is 399 

dominated by the effect of close by drainage pipe of the road. With respect to groundwater level, air 400 

entry, lambda and drainage levels index showed a tendency to be constrained by the data in RMSE 401 

approach. The suggested explanation for groundwater level in GWT2 or GWT1 depends to a large 402 

extent on the model used and the assumptions made for the criteria. 403 
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Fig. 9 changes in posterior distributions of total conductivity for different soil layer under various 
profiles. (a), (b) and (c) for Layer 3, 4, and 5 in GW1, (d), I and (f) for Layer 3, 4, and 5 in GW2. 

Fig. 9 shows the posterior distributions of the total conductivity in two locations for the layers with 404 

different assumed soil stratification. For three assumed soil stratification conditions (VP2-VP4) in 405 

GWT1, the hydraulic conductivities changed obviously in comparison with VP1, especially for the 406 

lower layer (fig. 9I). The increase of hydraulic conductivity in the lower layer would make it much 407 

easier for groundwater recharge, causing simulated groundwater to be significantly different from the 408 

measured one, and the higher the total conductivity value in lower layer, the larger differences would 409 

be obtained. As could also be seen from Fig. 5 (bottom), the model performance for VP4 was the 410 

lowest, and the dynamics in VP5 was stronger than the VP1. This indicated that the lowering of 411 
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permeability for lower layer would result in larger fluctuations in groundwater because of more rapid 412 

exchange of water with upper layer. 413 

While in GWT2, this influence seemed not to be that strong since boundary conditions in GWT2 are 414 

more complicated than in GWT1 for being close to drainage. In GWT2, higher conductivity in lower 415 

layer provided better situation for lateral exchange with groundwater for compensation of road 416 

drainage system’s influence. When comparing model performance in Fig. 6, it could be seen that VP3 417 

and VP4 show better performance than VP1 and VP2, even though VP1 is the reality. This indicates 418 

that the model simulates another unknown condition other than the actual road system. This might be 419 

due to the improper definition of soil stratifications in actual road system. The major difference 420 

between VP1, VP2 and VP3, VP4 is the hydraulic conductivity of lower layer (layer 5). Better 421 

performance in VP3 and VP4 indicates that the hydraulic conductivity for the rock in layer 5 might not 422 

be as low as defined. This is also called epistemic uncertainty knowledge, which is due to the lack of 423 

knowledge on the modeling object. On the other hand, the better results in VP3 and VP4 indicate that 424 

there might be some processes not taken into account properly. GWT2 is close to road system, and the 425 

groundwater level would be extensively influenced by the road drainage processes (surface and 426 

subsurface). Groundwater water level is lower with less dynamics in GWT2 than in GWT1. When 427 

modeling the system with low permeability lower boundary (e.g. bedrock), the low exchange with 428 

groundwater could not be detected precisely by the CoupModel, water in the system might be assigned 429 

to other processes (e.g., lateral recharge). When lower boundary has higher permeability, e.g., in VP3 430 

and VP4, the exchange of soil water with groundwater would be more frequent, and dynamics could 431 

then be captured well by the model because this increase in water exchange compensates the model 432 

structure shortage in considering road drainage system. Thus, it could be concluded that for the road 433 

drainage system, the careful consideration of lower boundary system and more detailed lateral 434 

boundaries would be necessary in modeling and better understanding of road hydrology. 435 

Correlations between total hydraulic conductivities and model performance (RMSE) in Fig. 10 show 436 

how soil stratification could influence the modeling groundwater dynamics. For different soil profiles, 437 

the influences of each layer on groundwater dynamics are different. It is clear that for the close to real 438 

conditions (VP1) in both positions (GWT1 and GWT2) the correlations between total conductivity for  439 
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Fig. 10 correlations between total conductivity in different soil layers (vertical) and model 
performance (RMSE) in different profiles (horizontal), (a) for GW1, (b) for GW2. 

each layer and RMSE are strong. When soil profile was modified or simplified, this influence 440 

concentrated on certain layers that determined some key processes for water flow in soil profiles, e.g. 441 

infiltration and seepage and drainage. Thus, it could be concluded that for a certain soil profile, the 442 

more homogeneous distribution of soil texture would contribute to more frequent dynamics in 443 

groundwater, and lateral influences for groundwater dynamics needed to be taken into account in sites 444 

located close to road drainage system. 445 

4 Conclusions 446 

An uncertainty-based approach for modeling groundwater level dynamic in the close vicinity of a road 447 

has been described with the aim to explore and discuss variations in groundwater level based on the 448 

differences in the assumptions and seasonality. Simulation results for four configurations of soil layers 449 

were presented and discussed. Comparison of the results demonstrates that a more complicated soil 450 

stratification better describes the groundwater oscillations for a location in natural and undisturbed soil 451 

while a more simple soil profile better describes groundwater dynamics in the close vicinity of a road. 452 

In both of the situations physical characteristics of the road drainage system (e.g. drainage level and 453 

distance to road drainage pipe) are dominant factors in controlling the groundwater dynamics. Among 454 

the factors that affect the oscillations, contribution of the hillslope to the point (groundwater source 455 
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flow) has important share. Permeability of the lower soil layers that groundwater oscillations occur in 456 

those layers is also an important factor in controlling the groundwater level. Even in presence of an 457 

artificial drainage system, soils with low hydraulic conductivity show low dynamics and groundwater 458 

level rises drastically when there is intense infiltration due to snow melt or intense precipitation. Major 459 

finding in this study was that due to standards for designing a road, more focus is on the characteristics 460 

of the upper layers and engineering considerations rather considering permeability of the lower layers 461 

as governing factors in controlling groundwater levels. An early warning system, which is designed 462 

based on the information of location of a road in a hillslope, on characteristics of the soil layers in the 463 

range of groundwater oscillations and on specification of physical drainage could be efficient in 464 

predicting areas close to road in risk of excess moisture and hazardous groundwater level. 465 
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