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Abstract 

Fully-integrated physically-based hydrological modeling is an essential method for increasing 

hydrological understanding of groundwater-surface water (GW-SW) interactions in peatlands 

and for predicting anthropogenic impacts on these unique ecosystems. Modeling studies 

represent peat soil in a simplistic manner, as a homogeneous layer of uniform thickness, but 

field measurements consistently show pronounced spatial variability in peatlands. This study 

evaluated uncertainty in groundwater levels and exfiltration fluxes associated with the 

simplified representation of the peat soil layer. For transferability of the results, impacts of 

selected topographical and hydrogeological conceptual models on GW-SW exchange fluxes 

were simulated in a hypothetical hillslope representing a typical aquifer-mire transect. The 

results showed that peat soil layer geometry defined the simulated spatial GW-SW exchange 

patterns and groundwater flow paths, whereas total groundwater exfiltration flux to the 

hillslope and groundwater level in the peatland were only subtly altered by different conceptual 

peat soil geometry models. GW-SW interactions were further explored using different 

scenarios and dimensionless parameters for peat hydraulic conductivity and hillslope-peatland 

system slope. The results indicated that accurate representation of physical peat soil properties 

and landscape topography is important when the main objective is to model spatial GW-SW 

exchange. Groundwater level in virtual peatland was not greatly affected by groundwater 

drawdown in an adjacent aquifer, but the magnitude and spatial distribution of GW-SW 

interactions were significantly altered. This means that commonly used groundwater depth 

observations near peat-mineral soil interfaces and within peatlands may not be a suitable 

indicator for monitoring the hydrological state of groundwater-dependent peatland ecosystems. 
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1 Introduction 

Pristine boreal and subarctic peatlands are highly valued ecosystems due to their unique 

fauna and the flora and ecosystem services they provide. These peatlands play an important 

role in global carbon sequestration, storing around one-third of terrestrial carbon (Gorham, 

1991; Turunen et al., 2002). Some boreal/subarctic peatlands are sustained by groundwater 

from glaciofluvial eskers or other glacial soil formations (Isokangas et al., 2017; Nadeau et al., 

2015; Rossi et al., 2012; Winter et al., 1998). When groundwater discharges at the surface of a 

mire (typically named acrotelm), it creates a distinct type of groundwater-surface water (GW-

SW) interaction sustaining specific groundwater-dependent flora. Despite groundwater flow 

can being of the main drivers of biogeochemical processes in peatlands, the role of groundwater  

in peatland water, carbon and nutrient balances is still poorly understood. Filling this 

knowledge gap requires a better understanding of the dynamics of GW-SW interactions and 

ability to quantify them with field methods and numerical modeling.  

A variety of field techniques are available for i) studying the GW-SW interface, ii) 

monitoring GW-SW interactions over different scales, and iii) assisting in classification and 

delineation of groundwater-dependent peatlands. These techniques, applicable for peatland 

sites, include conventional direct hydrological measurements (use of piezometers, slug tests, 

boreholes, etc.) (Johansen et al., 2011; Rossi et al., 2012), thermal imaging and other remote 

sensing techniques (Bechtold et al., 2018; Briggs et al., 2016; Hare et al., 2015, 2017), 

geophysical measurements (Lowry et al., 2009; McLachlan et al., 2017), and use of natural 

tracers, including stable water isotopes (Isokangas et al., 2017; Levy et al., 2014, 2016; Négrel 

et al., 2010). These methods provide valuable information on the current state of GW-SW 

connectivity, but are of little use in predicting how the system will react to changing conditions, 

such as groundwater abstraction, changes in land use, or climate change. Current monitoring 

technology also has limited capability for quantifying GW-SW interactions at large scales, such 

as catchment or regional scale. Quantifying GW-SW interactions at larger scales may still be 

necessary to resolve carbon balance and water management questions. 

Numerical modeling provides a unique method to study GW-SW interactions at large 

scales. In the past, groundwater and surface water hydrology were conceptually differentiated 

and modeled by separate modeling approaches (Barthel, 2014). However, as groundwater and 

surface water form a continuum, the need for a holistic hydrological approach is now widely 

recognized (Barthel & Banzhaf, 2016; Winter et al., 1998). Most recent hydrological modeling 

applications attempt to include representations of both surface and subsurface domains, but the 

rigor of physical flow process representation varies between applications. A common approach 

is to apply so-called ‘loosely coupled schemes’, in which two or more individual models or 

model packages are coupled to each other via exchange of results, by using output of one model 

as input to the other (e.g., Roland Barthel & Banzhaf, 2016). Fully-integrated physically-based 

models are a step forward, providing a realistic and physically-based framework to simulate 

exchange fluxes between groundwater aquifers and groundwater-dependent ecosystems. By 

creating seamless physically-based descriptions of the whole hydrological cycle, including 

saturated and unsaturated groundwater flow and surface flow, these models solve numerical 

equations simultaneously and allow for a continuum of different model components.  

This continuum permits systematic description of various hydrological responses and 

enables dynamic changes in groundwater and surface water processes to be studied. The close 

GW-SW coupling is essential in the case of groundwater-dependent mires, where the water 

flux through the peat-mineral soil interface provides information on the availability of possibly 

nutrient- or mineral-rich groundwater, whichis a prerequisite for typical indicator plant species 

of groundwater-dependent peatlands that have limited ability to take up water from greater 
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depths (Aldous & Bach, 2014). Although a variety of fully-integrated codes are available, only 

a few are in common use from which the most popular ones are HydroGeoSphere (Aquanty, 

2015), ParFlow (Kollet & Maxwell, 2006) and OpenGeoSys (Kolditz et al., 2012). Fully-

integrated codes differ in the formulation of governing equations, the coupling between GW-

SW domains, and spatial and numerical discretization (see e.g., Kollet et al., 2017; Maxwell et 

al., 2014). They have been utilized to model GW-SW interactions over a range of landscapes 

and climates (Ala-aho et al., 2015; Chow et al., 2018; Glaser et al., 2016; Gleeson & Manning, 

2008; Jones et al., 2008), including peatlands (Ala-aho et al., 2017; Hwang et al., 2018; 

Thompson et al., 2015; Thompson et al., 2017). 

However, there is no rigorous framework on how to represent peat soils in fully-

integrated GW-SW models. Peat soils have highly heterogeneous properties (Baird et al., 2008; 

Beckwith et al. 2003; Holden & Burt, 2003; Isokangas et al. 2017; Lewis et al., 2012, Päivänen, 

1973; Rosa & Larocque, 2008) and are thus difficult to represent in numerical models. Field 

studies have shown that factors such as preferential flow paths (Holden & Burt, 2002; Lowry 

et al., 2009), hydraulic conductivity (Drexler et al., 1999; Hare et al., 2017), and abrupt changes 

in peat thickness (Hare et al., 2017; Lowry et al., 2009) may affect the location of groundwater 

discharge. However, most fully-integrated physically-based modeling studies tend to represent 

the peat domain in a simplified manner, as a constant-depth layer with homogeneous hydraulic 

properties. An overview of previous fully-integrated physically-based simulations that have 

included conceptualization of peatlands is provided in Table 1. Use of a simplified 

representation of peatlands in models is common, even in modeling studies directly focusing 

on the role of peatlands in local settings (Thompson et al., 2015, 2017), in watershed 

functioning (Hwang et al., 2018), or as part of a study site landscape (Ala-aho et al., 2015; 

Smerdon et al., 2007). The effect of simplified treatment of peatland in models is unknown, 

especially the implications for the magnitude and spatial distribution of fluxes. Therefore, 

peatland conceptualization should be thoroughly investigated before fully-integrated models 

are widely used as predictive tools to address the question of how these systems might respond 

to anthropogenic change. Heterogeneity in the hydraulic properties of peat is difficult to 

quantify at high spatial resolution (Hare et al., 2017; Holden & Burt, 2002; Koch et al., 2017; 

Quillet et al., 2017; Rossi et al., 2012). However, techniques for determining the geometry and 

bulk hydraulic properties of peat layers using soil cores, in situ hydraulic measurements, or 

non-invasive geophysical techniques are more readily available, and could be better 

conceptualized into numerical models.  

The aim of the present study was to determine the importance of features of the aquifer-

mire system, such as soil layer geometry and peat soil properties, when simulating GW-SW 

exchanges. Particular attention was paid to the implications of using the models as predictive 

tools for assessment of human impacts on groundwater-dependent peatlands. Steady-state 

conceptual model (CM) simulations of an idealized hypothetical hillslope representing a typical 

boreal aquifer-mire transect were conducted using the fully-integrated physically-based code 

HydroGeoSphere. Use of a hypothetical hillslope steady-state model provides several 

advantages over models of actual field sites. Numerical experiments allow the importance of 

target factors to be assessed in a transparent manner under a variety of topographical and 

hydrogeological settings, while a generic simulation set-up and use of dimensionless 

parameters allow transferability of concepts and results. Specific objectives of this study were 

to:  

 Quantify the effect of peat soil geometry representation in a fully-integrated GW-SW 

model on the magnitude and spatial distribution of GW-SW exchange fluxes in a 

hypothetical hillslope transferable to different environments 
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 Employ different simulation scenarios and dimensionless variables to study other 

potential factors controlling the location and magnitude of groundwater discharge, in 

addition to peat soil geometry 

 Apply the generic simulations to examine the vulnerability of the peat-hillslope system 

to long-term land use influences such as climate change and groundwater level decline 

due to abstraction.  

2 Methods 

2.1 Conceptual model for the simulated hillslope 

In our conceptual model, the interface between a typical boreal groundwater-dependent 

peatland and mineral deposits is represented by a 1000 m long two-dimensional (2D) hillslope 

profile (Fig. 1a). Starting at the maximum topographical height (left boundary of the model), 

the land elevation decreases linearly towards the peatland area, representing an aquifer. At the 

peatland, the slope declines to represent the typical peatland flat topography. Consequently, the 

lowest point is at the right boundary of the model domain (Fig. 1a). The slope varies with the 

conceptual model type studied (see subsection 2.4). Model parameters need to be defined 

separately for the subsurface flow domain and overland flow domain for the numerical model 

application (see subsection 2.2.1). The mineral soil of the subsurface layer, referred to hereafter 

as the ‘mineral soil zone’, includes the saturated and unsaturated soil layer covered by forest 

vegetation. The overland flow domain on the mineral soil is referred to hereafter as ‘overland 

mineral. The overland and subsurface flow domains in the peat are referred to individually as 

‘overland peat’ and ‘subsurface peat’, and collectively as the ‘peat zone’. In the present study, 

microtopography was represented by overland domain properties, and rill and obstruction 

storage parameters, with distinct values for each zone (Frei & Fleckenstein, 2014). 

Groundwater-dependent peatlands act as transition zones between groundwater systems 

and surface water environments. The exact GW-SW interface, i.e., the subsurface region 

proximal to surface water bodies (McLachlan et al., 2017), can be difficult to define for 

peatland environments. For this reason, in the present study the GW-SW interface was 

conceptualized in two different ways. The first conceptualization was the interface between 

mineral soil and peat soil in the subsurface domain (GW-peat interface; Fig. 1a). The 

groundwater flux through this interface, i.e., the total amount of groundwater discharging to 

the peatland (hereafter referred as ‘the flux through the bottom of the peat’) affects the 

microbiological activity (Lin et al., 2012; Mitchell & Branfireun, 2005). However, this flux 

does not necessarily reach the peat surface and may not be available for peat vegetation. Thus, 

the boundary between the overland and subsurface domains of the numerical model was 

considered as another interface (peat-SW interface; Fig.1a).  

 

2.2 Numerical model implementation 

2.2.1 HydroGeoSphere 

Numerical modeling was conducted using the fully-integrated physically-based code 

HydroGeoSphere (Aquanty, 2015). HydroGeoSphere is a control-volume finite-element 

modeling software that simultaneously solves the Richards equation (Richards, 1931) and 2D 

diffusion-wave Saint-Venant approximation to represent flow processes in subsurface and 

overland flow domains, respectively. The implicit simultaneous solution of the governing 

equations provides a direct representation of feedbacks between the porous domain and surface 
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domain, which enables autogenesis of surface water body features; i.e., rivers and lakes are 

formed in topographical depressions in a physically-based way (Brunner & Simmons, 2012). 

These features make the HydroGeoSphere code suitable for modeling GW-SW exchange 

fluxes. HydroGeoSphere has been successfully applied in studying GW-SW interactions in 

peat-dominated environments at various scales (e.g., Frei & Fleckenstein, 2014; Hwang et al., 

2018; Liu et al., 2016; Smerdon et al., 2007; C. Thompson et al., 2015). Recent studies by Ala-

aho et al. (2015, 2017) and Glaser et al. (2016) show that, if properly calibrated, the 

HydroGeoSphere model is also able to reproduce GW-SW exchange patterns in riparian 

headwaters and lakes. For a detailed description of HydroGeoSphere capabilities, theory, and 

numerical implementation, see the software manual (Aquanty, 2015). 

2.2.2 Model mesh 

 The subsurface model domain was discretized using 1 m square elements in the 

horizontal direction and 0.1 m elements in the vertical direction for the top domain down to 4 

m depth. Elements below 4 m depth in the model domain varied in vertical thickness, with 

thickness increasing towards the bottom. In total, the subsurface part of the model comprised 

72 vertical layers, 146,146 nodes, and 72,000 elements. For the numerical model solution, the 

mesh was extended to a third dimension with a unit width of 1 m. During model solution, the 

blocks were further subdivided into tetrahedral elements, in order to decrease the numerical 

error related to negative transmissivities (Letniowski & Forsyth, 1991). 

2.2.3 Boundary conditions and running settings 

Boundary conditions applied to the subsurface model domain consisted of no-flow at 

the bottom of the model domain and constant head boundary conditions at the right and left 

edges (Fig. 1a). The no-flow boundary at the bottom portrays relatively impermeable and 

hydrologically inactive bedrock. The constant head boundary conditions were selected to 

mimic a peatland-mineral deposit interface cross-section. The constant head boundary 

condition on the left was equivalent to a depth to groundwater of 10 m. This is within the range 

typical for boreal shallow groundwater systems (e.g., Okkonen & Kløve, 2011; Quillet et al., 

2017; Rossi et al., 2012). At the right edge of the domain, the constant head was set to equal 

the land elevation. This boundary condition represents a regional surface water feature such as 

a river or lake.  

Surface water was allowed to freely exit the model by assigning a critical depth 

boundary condition to the top nodes at the right edge of the model domain. For simplicity, no 

rainfall (zero flux) boundary conditions were applied to the top of the model. The boundary 

conditions applied enabled us to study the effects of peat layer geometry and of other system 

features on GW-SW exchange fluxes without introducing unnecessary complexity. A dual 

node approach was used for coupling surface and subsurface flow. This method uses first-order 

leakage  relation similar to Darcy flux to describe the exchange flux between domains separated 

by a thin ‘imaginary’ layer interface defined by a coupling length 𝑙𝑒𝑥𝑐ℎ, a non-physical 

parameter estimated to preserve- near-continuity of pressure between the overland and 

subsurface flow domains (Ebel et al., 2009; Liggett et al., 2012). Coupling length 𝑙𝑒𝑥𝑐ℎ =
0.001 m was chosen according to recommendations by Liggett et al. (2012). The parameter 

value was assessed by conducting sensitivity analysis using values 𝑙𝑒𝑥𝑐ℎ = 0.01 m and 𝑙𝑒𝑥𝑐ℎ =
0.0001 m. In most of the model set-ups tested, model outputs were insensitive to coupling 

length. The quasi-steady-state solution was accomplished by executing a transient state model 

and allowing the model to drain over the arbitrary 1000-year period with a variable time step. 

The steady-state solution was verified by checking rate of change of storage for the entire 

model domain, which should be approximately 0. 
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2.3. Conceptual models to study features influencing GW-SW water exchange 

The effects of peat layer geometry and of other system features on GW-SW interactions 

were evaluated using conceptual model simulations by sequentially changing various model 

characteristics (Table 2). This included comparing the outputs of models with varying peat soil 

layer geometries (including a case without a peat layer), soil hydraulic conductivities (peat and 

mineral soil zones), domain slope, vertical discretization, and boundary conditions. The whole 

subsurface domain of the reference model consisted of sand soil, but different overland flow 

properties were assigned to the peat and mineral soil zones (Table 2). The surface properties 

were the same in all CMs studied. 

The effect of peat depth representation was studied by considering three conceptual 

geometries (CM 1b-d in Table 2). These were: uniform, depth increasing logarithmically, and 

a realistic geometry soil layer representation based on actual data (hereafter referred to as ‘the 

case study CM’) (Fig. 1b). Simulations with peat data from a case study allowed us to compare 

the influence of increasingly complex peat layer geometries in our hypothetical hillslope. In 

the case study CM, peat depth distribution was derived from peat thickness data on the 

Mesisuo-Sarvisuo bog-fen complex in Finland, by extracting peat depth cross-section in the 

middle part of the peatland from data produced by ground-penetrating radar surveys (Isokangas 

et al., 2017). The average peat depth of this transect totaled 2.41 m, and peat geometry CMs 1b 

and 1c were built in such a way that their average peat depth was also 2.41 m. The 

logarithmically increasing peat depth 𝑑 varied according to the function: 

𝑑(𝑥) = 𝑝 ⋅ log10 𝑥    (1) 

where 𝑝 is a scaling constant introduced to create a peat depth distribution that results 

in 2.41 m average depth of the peat layer (here 𝑝= 1.0606) and 𝑥 represents the distance from 

the peatland origin. 

The effect of the surrounding soil hydraulic properties was tested by simulating all four 

geometry CMs for sandy soil (CMs 1a-d) and glacial till soil (CMs 2a-d). The subsurface and 

overland flow domain parameters were defined using literature values and selected to reflect 

the commonly observed distinctive difference between hillslope and peatland landscape units 

(Table S1 in Supporting Information). The overland flow domain included ‘overland peat’ for 

the 500-1000 m zone and ‘overland mineral’ for the 0-500 m zone for all peat geometry CMs 

tested, including the ‘no peat’ case, in order to exclude the effect of overland properties on flow 

configuration. For simplification purposes, each soil type was assumed to be isotropic and 

homogenous. The soil water retention characteristics applied are presented in Fig. S1 in the 

Supporting Information.  

The effect of peat hydraulic conductivity (Kpeat) on GW-SW exchange flux patterns was 

investigated in CMs 3a-3d by changing the hydraulic conductivity for the uniform and case 

study peat soil layer representations by two orders of magnitude. To make the analysis more 

general and transferable to other landscapes and geologies, a dimensionless parameter ratio of 

hydraulic conductivity in peat and sand (Kpeat/Ksand) was used to study how this ratio controlled 

the effective exchange fluxes in different peat soil layer geometry CMs.  Peat hydraulic 

conductivity was varied from 1.0E-9 to 1.0E-5 m/s, while sand hydraulic properties were kept 

constant. 

For transferability of the findings to other aquifer-peatland systems, the slopes in the 

conceptual model simulations were defined to represent typical relief of the boreal landscape. 

The slopes were determined for esker areas previously studied by Isokangas et al. (2017) and 

Eskelinen et al. (2015) to represent esker site characteristics, and peatlands in the Pallas area 

of northern Finland investigated using topographical maps (National Land Survey of Finland, 
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2014), to represent fell site characteristics. The sites were chosen to represent contrasting 

landscape types, i.e., mild relief eskers and steep fell regions present in boreal peatland zones. 

Slope steepness is a specific hillslope characteristic that usually depends on the distance over 

which it is evaluated. The calculated slope of esker relief varies between 0 and 3% for the 

Rokua esker (Eskelinen et al., 2015), and between 2.5% and 3.5% for the Viinivaara aquifer, 

while peatlands have been found to have slopes of around 0.5% over the whole length of the 

peatland . Based on these ranges, it was decided to use a slope of 3% for the esker area and 

0.5% for the adjacent peat zone. The peatlands in the Pallas area are surrounded by mineral 

deposits with slope varying between 5% and 26%, while the slope of the peatlands ranges 

between 0.2% and 8% (National Land Survey of Finland, 2014). Accordingly, it was decided 

to use a site slope of 10%, as done in a previous study to describe sites of moderate slope 

(Gleeson & Manning, 2008), and a slope of 4% for the peatland zone (CMs 4a-4d). The total 

thickness of soil deposits was set to be the same as in the mild slope models (CMs 1a-1d).  

The general influence of slope steepness on normalized effective exchange fluxes was 

studied by varying the slope of the mineral soil zone and peat zone. This was done for two peat 

soil layer geometries in the mild slope set-up.  First, the slope of the mineral soil zone was 

altered from 1% to 5% while keeping the peat zone slope constant at 0.5%. Then, the slope of 

the peat zone was altered from 0.3% to 1.5% while the slope of the mineral soil zone was kept 

constant at 3%. The changes in normalized effective exchange fluxes are reported with 

dimensionless ratios between the slopes in the two scenarios. 

Vertical and horizontal discretization of the model mesh was expected to have an effect 

on peat geometry implementation in the model, due to the way in which the mesh was built, 

and thus to affect the model outputs. The effect of horizontal discretization on model accuracy 

is a well-recognized issue. Previous studies have shown that horizontal discretization has a 

larger impact on model results than aggregation of soil hydraulic properties (Sciuto & 

Diekkrüger, 2010), due to poor representation of the surface water network in coarser meshes 

and smoothing of surface slopes (Sciuto & Diekkrüger, 2010; Wildemeersch et al., 2014). 

Recalibration of the model may partly compensate for errors related to grid coarsening 

(Refsgaard, 1997; Wildemeersch et al., 2014). The effect of model vertical discretization has 

been given little consideration, and then mainly in respect of numerical challenges in accurate 

solution of the Richards equation (Downer & Ogden, 2004; Vogel & Ippisch, 2008). It has also 

been recognized that vertical discretization of the model affects the magnitude of vertical fluxes 

in the unsaturated zone (Blessent et al., 2017; Carrera-Hernández et al., 2012). Tetrahedral 

elements tend to create a ‘stair-like’ boundary between peat and mineral soil for irregular peat 

geometries. For this reason, sensitivity of the model to discretization was investigated (CMs 

5a-e) for the no peat and case study peat soil layer representations by evaluating two cases: i) 

vertical discretization of 5 cm (half that in CMs 1a and 1d, and CMs 5a and 5c, for the no peat 

and case study peat soil representation, respectively); and ii) vertical discretization of 20 cm 

(twice that in CMs 1a and 1d, and CMs 5b and 5d, for the no peat and case study peat soil 

representation, respectively). In addition, the actual peat depths for the case study peat soil 

geometry representation were investigated by applying proportional layering within the peat 

layer, which produced layers with variable thickness that exactly matched the geometry of the 

interpolated ground-penetrating radar data (CM 5e).  

Changes in groundwater levels, mimicking climate variability or groundwater 

abstraction, were investigated for the uniform (CMs 6a-f) and case study peat soil layer 

representation (CMs 7a-f) by adjusting boundary conditions at the left edge of the model 

domain. Profile models are not appropriate to simulate three-dimensional (3D) effects such as 

radial flow to a pumping well (Anderson et al., 2015), but the long-term effects can be 

investigated by changing the groundwater level configuration of the modeled system. Wet 
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conditions were obtained by raising the specified head boundary condition of 0.5 m, while the 

effect of groundwater pumping was studied by decreasing the specified head by 0.5 m and 1 m 

until no GW-SW exchange flux in the peatlands was observed. This was equivalent to a 

specified head of 13.5 m. 

3 Results 

3.1 Effect of peat geometry on groundwater levels and GW-SW interactions 

The peat soil layer geometry representations (CMs 1a-d) had only a slight effect on 

groundwater levels in the mineral soil zone and no impact on those in the peat zone (Fig. 2a). 

The groundwater level intersected with the land surface in the mineral soil zone near the 

peatland edge (494-499 m from the left model boundary). The groundwater elevations were 

overall similar for different peat soil layer geometries, with a maximum difference in elevation 

of 0.09 m close to the point of groundwater intersection with the land surface. The uniform 

peat CM (1b) showed the highest groundwater levels. The logarithmically changing and case 

study peat soil layer geometries (CMs 1c and 1 d) resulted in lower, but very similar, 

groundwater levels, whereas the model with no peat (CMs 1a) generated the lowest 

groundwater elevations.  

Presence of a peat layer and its geometry affected groundwater flow paths (Fig. 3). In 

all peat geometry cases (CMs 1a-1d), shallower groundwater discharged at the break in slope, 

visible as converging streamlines. In contrast, flux through the bottom of the peat was fed by 

deeper groundwater and the flow paths were controlled by peat geometry. The deepest 

groundwater passed under the overlying peatland and was removed from the model by the 

right-hand side boundary condition, without contact with the peat layer. 

The peat soil layer geometry CMs (1a-d) produced distinctly different GW-SW 

exchange flux patterns (Fig. 2b). In the no peat CM (1a), the exfiltration rate decreased faster 

with increasing distance from the beginning of the peat zone than for the CMs including peat 

(1b-d), and remained constant but small in magnitude over a large part of the peat zone (~470 

m). The change into the infiltration zone occurred abruptly and infiltration rate reached the 

highest values at the end of the peatland. In all CMs including peat (CMs 1b-d), groundwater 

started to discharge with low flow rates at 3-6 m before the peat-mineral soil interface in 

mineral soil, followed by the highest exfiltration rates at the interface, which is coincident with 

the break in slope. The exfiltration in the peat zone was slower than in the mineral soil zone 

before the break of slope, and gradually decreased along the slope. However, it was larger than 

for the no peat model (CM 1 a) and, importantly, occurred over a long distance (305-457 m). 

At a certain point in the peatland, exchange dynamics changed from exfiltrating to infiltrating. 

The location of this point differed between the various peat soil layer geometries. The 

difference was especially apparent for the case study peat soil layer geometry (CM 1d), while 

uniform peat (CM 1b) and logarithmically changing peat soil layer (CM 1c) geometries resulted 

in similar GW-SW exchange flux patterns. In the uniform peat and logarithmically changing 

peat soil layer geometries, GW-SW exchange flux transition from positive to negative values 

occurred at similar locations from the beginning of the peat zone, at ~450 m for the uniform 

(CM 1b) and ~457 m for the logarithmically changing (CM 1c) soil layer representations. For 

the case study CM (1c), exchange flux occurred closest to the beginning of the peatland zone 

(~305 m from the start of the peatland).  

For the geometries tested (CMs 1a-d), total groundwater flux through the bottom of the 

peat and the exfiltration component of GW-SW exchange flux in the whole domain were 

similar overall in all CMs, ranging from 1.05E-06 to 1.16E-06 m3/s and from 1.13E-06 to 

1.16E-06 m3/s, respectively. Numerical results of different CMs are summarized in Table S2 
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and presented graphically in Fig. S2 in Supporting Information. The water balance components 

for various CMs differed in respect of the amount inflowing and outflowing through the 

boundary conditions (Fig. S2 in Supporting Information). For comparison purposes, the 

effective exchange fluxes to the overland domain (spatially integrated GW-SW exchange flux 

over the mineral soil zone and peatland zone) and flux through the bottom of the peat were 

normalized by dividing these variables by the total influx through the left-hand side boundary 

condition. The normalized effective exchange flux to the mineral soil and peatland zones varied 

for each peat layer geometry representation (Fig. 4a, Table S2). The proportion of water 

discharging through the peat was highest in the logarithmic peat soil layer representation (CM 

1c, 74.0%), followed by the uniform peat soil geometry (CM 1b, 72.4%), while it was lowest 

in the case study peat representation (CM 1d, 71.2 %). In the no peat case (CM 1a), the 

groundwater inflow to the surface was significantly less (47.3 %) than in the models with a 

peat layer in both mineral soil and peat zone.  

3.2 Effect of soil type (glacial till vs sand, slope, peat hydraulic conductivity) 

The infiltration/exfiltration behavior in glacial till soil (CMs 2a-d) and sandy esker soil 

(CMs 1a-d) in mild slope models was similar in terms of normalized effective exchange flux 

(Fig. 4a, 4b). The normalized effective exchange flux was on average 3.7% higher for the peat 

zone and 2.6% lower for the mineral soil zone in the glacial till models (CMs 2a-d) than the 

sand soil models (CMs 1a-d). In terms of absolute values, the effective exchange flux in glacial 

till soils was 56% and 65% lower in the peat and mineral soil zones, respectively (Fig. S2 in 

Supporting Information).  

The change in peat hydraulic conductivity moderately affected the amount of water 

flowing through the boundary conditions, groundwater elevation (mean change in the mineral 

soil zone was 1-2 cm), and the amount of flux through the bottom of the peat (absolute 

maximum change was 4.4%). For more details, see Table S2 and Figure S2 in the Supporting 

Information. However, the alternating peat hydraulic conductivity produced different exchange 

flux patterns for the two geometries investigated, i.e., the uniform peat and case study peat 

layer geometry representations (Fig. 5). In the lower hydraulic conductivity cases (CM 3a and 

3c; Fig. 4d), the normalized effective exchange flux was higher in the mineral soil zone than 

in the initial models (CMs 1b and 1d), whereas the reverse was true for the higher hydraulic 

conductivity CMs (3b and 3d). A 10-fold decrease in peat hydraulic conductivity led to a 

decrease in the normalized effective exchange flux of 15% and 18% in the peat zone of the 

uniform and case study peat soil geometry representations, respectively. A 10-fold increase in 

conductivity produced 10% and 5% higher effective exchange flux in the peat zone of the 

uniform and case study peat soil layer geometries, respectively.  

A plot of soil hydraulic conductivity ratios versus effective exchange flux (Fig. 6a) 

showed that the total normalized effective exchange flux was approximately constant for 

Kpeat/Ksand ratios smaller than 0.01 (i.e., when the hydraulic conductivity of peat was two orders 

of magnitude smaller than the hydraulic conductivity of sand), and decreased for higher 

Kpeat/Ksand ratios. In the mineral soil zone, the normalized effective exchange flux was highest 

for the case with the lowest peat hydraulic conductivity (i.e., the lowest Kpeat/Ksand ratio), and 

decreased with increasing Kpeat/Ksand ratio. The normalized effective exchange flux to the peat 

zone reaches its highest value when the Kpeat/Ksand ratio was 0.1, and decreased with lower and 

higher ratios. 

In the moderate relief models (CMs 4a-d, Fig. 4c), the fluxes through all defined 

boundary conditions (constant head on the left and right edge of the model domain, critical 

depth on the right edge) and through the peat-mineral soil interface were approximately one to 
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two orders of magnitude higher than the corresponding fluxes in the mild slope models (CMs 

1a-d). The effective exchange flux was on average 625% higher for the peat zone and 1508% 

for the mineral soil zone (see Fig. S2 in Supporting Information). Thus, for all peat geometries, 

a larger proportion of effective exchange flux occurred already in the mineral soil zone. This 

large difference in effective exchange fluxes was because the steeper slope models were 

associated with higher hydraulic gradients. Consequently, more water was transmitted through 

the model domain (on average 827% more) and discharged to the surface domain. The 

proportion of effective exchange flux in the peat zone to effective exchange flux in the whole 

model was lower in the moderate slope models than in the mild slope models (CMs 1b-d), but 

followed the same dynamics as in the mild slope models. The proportion of water discharging 

through peat was highest in the case study peat soil layer geometry representation (54% of total 

normalized effective exchange flux), and lowest in the uniform peat representation (31% of 

total normalized effective exchange flux).  

A general analysis to compare different slopes of the mineral soil and peat zones using 

Slopepeat/Slopesand ratios showed that, for most of the ratios tested, the normalized effective 

exchange fluxes did not change with varying slope of the mineral soil (peat zone slope kept 

constant at 0.5%) (Fig 6b). The only exception was the highest Slopepeat/Slopesand ratio (0.5) 

for the uniform soil layer geometry. This case corresponded to a mild mineral soil zone slope 

of 1% and resulted in water elevation being equal to the land surface elevation through the 

whole hillslope. In the uniform peat soil layer geometry case, the peat layer at the edge of the 

peatland was thicker than in other cases, and forced more groundwater to discharge already in 

the mineral soil zone, whereas the total normalized effective exchange fluxes remained similar 

for all varying mineral soil zone slopes. In contrast, the normalized effective exchange fluxes 

were sensitive to varying peatland slope (mineral zone slope was kept constant at 3%). The 

highest normalized effective exchange fluxes to both peat and mineral soil zones occurred for 

the smallest Slopepeat/Slopesand ratio (0.1). The normalized effective exchange fluxes for both 

peat and mineral zones decreased with increasing Slopepeat/Slopesand ratio (corresponding to a 

smaller contrast between peat and mineral soil zone slopes) and approached zero approximately 

for Slopepeat/Slopesand ratio = 0.4. 

3.3 Exchange flux sensitivity to vertical discretization 

The choice of discretization had no impact on GW-SW exchange flux for the no peat 

model (CMs 1a, 5a and 5b in Fig. 7; CMs visible as one line). In the case study peat soil layer 

geometry representation (CMs 1d and 5c-e), a more sparsely discretized model produced a 

‘stepwise’ effect on the spatial GW-SW exchange flux (Fig. 7) and slightly modified other 

output variables. For instance, a change in the discretization from 10 cm (CM 1d) to 5 cm (CM 

5c) for the case study peat soil layer geometry representation increased the normalized effective 

flux by 4% in the mineral soil zone and decreased it by 1% in the peat zone, compared with the 

original model (CM 1d). For case study CMs (5c-e), the magnitude of the normalized flux 

through the bottom of the peat and groundwater elevation was only slightly affected, e.g., the 

maximum groundwater elevation difference from the original CMs (1d) was around 0.05 m 

and the maximum change in the normalized flux through the bottom of the peat was around 

0.5% (for more details, see Table S2).  

3.4 Exchange flux sensitivity to changes in aquifer water level  

Long-term groundwater abstraction/wet conditions were represented in the model by 

changing (decreasing/increasing) steady-head boundary conditions at the left edge of the model 

to reflect changes in groundwater configuration of the aquifer. A groundwater head increase of 

0.5 m at the left boundary condition (CM 6a and 7a) from the reference CMs (1b and 1d) led 
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to on average a 0.28 m rise in the groundwater level in the mineral soil zone (first 500 m of the 

model domain) for both the case study and uniform peat soil geometry representations. 

Lowering the boundary condition of 1 m from the reference CM (1b and 1d) decreased the 

groundwater level by on average 0.55-0.56 m. In contrast, the groundwater level in the peat 

zone was little affected by the change in boundary conditions (Table 3). Groundwater elevation 

in the peatland was equal to the land surface until the boundary condition dropped below a 

certain threshold (in the model 14.5 m, corresponding to drawdown of 3 m). The maximum 

groundwater level declined in the peatland zone by 0.13 m for the uniform and 0.16 m for the 

study case peat soil layer representations, at a boundary condition of 13.5 m. 

In contrast, the effective exchange flux was very sensitive to changes in boundary 

conditions (Table 3) and a clear transition occurred from high groundwater dependence to a 

system with no groundwater input (Table 3). Exchange flux in different CMs indicated that 

the lower constant head boundary conditions mainly reduced the magnitude of groundwater 

exfiltration in the first 150 m of the peat zone (X=500-650 m), which was evident as reduced 

positive GW-SW exchange flux values at this distance (Fig. 8). Below the threshold, the steady 

head boundary condition was 14.5 m in the uniform and 15.5 m in the case study peat soil layer 

geometry, corresponding to a groundwater drawdown of 3 m and 2 m, respectively, and the 

beginning of the exfiltration zone shifted towards the center of the peatland. Below these 

threshold values, the overall length of the exfiltration zone diminished with decreasing 

groundwater elevation in the aquifer, whereas the transition into the infiltration zone occurred 

at approximately the same location. When the groundwater configuration was deep enough (in 

the model corresponding to a steady head boundary condition of 13.5 m; CMs 6g and 7f), no 

exchange flux occurred in the whole peatland, seen in Fig. 8 as horizontal yellow lines over 

the x-axis. Similarly, decreasing groundwater levels affected the overall amount of flux through 

the bottom of the peatland (Table S2 in Supporting Information). A drawdown of 3.5 m at the 

left boundary led to a 98% and 97% drop in the flux through the bottom of the peat for the 

uniform (CM 6e) and case study (CM 7e) peat soil layer representations, respectively, in 

comparison with the reference cases (CMs 1 b and 1d). 

4. Discussion 

4.1 Importance of peat soil representation for the location of simulated GW-SW 

interactions 

Hypothetical hillslope simulations of an aquifer-peatland system under a variety of 

settings helped to identify the key factors influencing simulated GW-SW interactions in 

groundwater-fed boreal peatlands. The chosen approach of using a hypothetical hillslope set-

up makes the findings general and the concepts transferable to similar aquifer-peatland 

systems. The results revealed that the peat soil layer geometry representation (CMs 1b-d) had 

a minor effect on the total magnitude of the exchange fluxes, but it clearly impacted the spatial 

variability of GW-SW interactions (Fig. 2b). Changes in peat layer geometry affected 

groundwater flow paths (Fig. 3), despite the groundwater elevation being only slightly affected 

within the mineral soil zone and totally unaffected in the peat zone (Fig. 2a). These results 

indicate that simulated effective exchange fluxes are sensitive to how the peat depth is 

represented. The spatial distribution of groundwater discharge and recharge, and local GW-

SW flux values, will most probably be incorrect or inaccurate for simplified peat layer 

representations (such as CMs a and b), if the actual peat soil layer depth varies considerably 

within modeled systems. Inclusion of a peat soil layer is crucial when a peatland-dominated 

landscape is modeled. Simplified representation of a landscape in large-scale models in which 

small peatland areas are omitted can lead to incorrect GW-SW exchange patterns and errors in 
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overall magnitude of effective exchange flux within the studied landscape. This is seen as the 

clear difference in the simulation results for the model with no peat representation (CM 1a) in 

comparison with different peat soil geometry representations (CMs 1b-d) in terms of GW-SW 

distribution and normalized effective exchange flux. 

Peat layer geometry will have some effect on the proportion of water discharging to the 

peat and mineral soil zones, by determining how much of the groundwater will discharge in 

the mineral soil zone and how much will discharge further downslope in the peat zone. 

According to our results, thick peat deposits located immediately at the aquifer edge favor 

higher groundwater discharge to the mineral soil zone. This is consistent with findings by 

Lowry et al. (2009) that the location of the peat-mineral soil interface controls groundwater 

flow path in mires and that the occurrence of large springs and ponds is related to the break in 

slope occurring in the peat soil layer.  

The hydraulic conductivity of mineral soil had rather a minor impact on the proportions 

of exchange fluxes in both the peat and mineral soil zones (Fig. 4b), but strongly controlled 

the magnitude of flux through subsurface boundary conditions and thus significantly affected 

the overall magnitude of GW-SW interactions (Fig. S2). Better conducting mineral soils have 

the capability to produce higher GW-SW exchange fluxes. In some cases, this may have 

important implications for modeling GW-SW interactions in peatlands, as reliable 

measurement of the mineral soil hydraulic conductivity at larger scales is challenging and 

small-scale features of flow may be misrepresented in the model. In many cases, springs are 

located in areas that display  differences in hydraulic conductivity (Fetter, 2014).  

Peat hydraulic conductivity had a clear effect on the magnitude of GW-SW interactions 

at the peat surface and their spatial variability (Fig. 5 and 6a), whereas the flux through the 

bottom of the peat was significantly less affected. Higher peat hydraulic conductivity allowed 

more water to be conducted near-horizontally within the peat layer. This also allowed for more 

intense exchange between the subsurface and overland domains. In contrast, lower peat 

hydraulic conductivity forced a larger proportion of groundwater to discharge already in the 

mineral soil zone, and decreased GW-SW interaction in the peat zone. Thus, GW-SW 

dynamics are closely related to the hydraulic properties of peat, as suggested in previous studies 

(Fraser et al., 2001; Waddington & Roulet, 1997). The impact of a 10-fold decrease in peat 

hydraulic conductivity on normalized effective exchange flux to the peat and mineral soil zones 

(CMs 7a and 7d in Fig. 4d) was comparable to the difference between the uniform and case 

study peat soil layer geometry representations (CMs 1a and 1d in Fig. 4a).  

Analysis of hydraulic conductivities using dimensionless parameter ratios revealed that not 

only the absolute value, but also the contrast between peat and mineral soils is a key factor in 

understanding the intensity of GW-SW exchange fluxes. Interestingly, the results showed that 

the peatland exchange fluxes were highest for a Kpeat/Ksand ratio of around 0.1 (Fig. 6a). 

Relatively high hydraulic conductivity of peat allowed substantial flows from hillslope to 

peatland, whereas a sufficient difference in hydraulic conductivity promoted discharge to the 

mineral soil zone too. Hydraulic conductivities of peat lower than the 0.1 ratio inhibited 

exchange between surface and subsurface, whereas higher values promoted flow within the 

peat matrix parallel to the land surface and resulted in lower GW-SW interactions. In the 

mineral soil zone, low ratios (low peat hydraulic conductivities) correlated with higher 

groundwater discharge into the mineral soil part of the slope, as lower peat hydraulic 

conductivity forced a greater proportion of water to be discharged to the mineral soil zone. 

These findings emphasize that accurate estimates of the hydraulic conductivities of peat and 

mineral soil and of peat geometry are essential in correctly representing GW-SW exchange 

fluxes. Using dimensionless ratios instead of absolute values allows transferability to other 
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systems and facilitates quantitative site comparison. For Kpeat/Ksand ratios ≤0.1, low GW-SW 

exchange is more likely to be limited by low peat permeability, whereas above this ratio the 

groundwater exfiltration flux to the surface becomes more unlikely due to lateral flow in the 

peat. 

Our results show that the effect of peat soil layer geometry on the proportions of water 

discharging to the peat and mineral soil zones may be stronger in systems with steep slopes. 

Land slope also controls the overall magnitude of effective exchange flux, as overall higher 

hydraulic gradients have the potential to allow more water to be transmitted through the model 

domain. In addition to slope, water flowing through any natural system would also be 

constrained by the amount of groundwater recharge, which was not a limiting factor in our 

simulation setup due to constant head boundary. It has been reported previously that steeper 

land slope is associated with intensification of local flows (Gleeson & Manning, 2008; Tóth, 

1963). To generalize our simulations to other settings, we analyzed slope ratios of the peat and 

mineral soil zones. The results suggest that peatlands with relatively flat slope can be expected 

to have high GW-SW interactions, whereas peatlands located within hillslopes with low 

contrast between slopes can be expected to have lower GW-SW interactions.  

According to our analysis, slope of the mineral soil has a minor influence on effective 

GW-SW exchange flux. Different representation of peat thickness in the model (uniform vs 

case study scenarios) was important only with the steepest mineral soil zone slopes tested, if 

the groundwater level followed mineral soil zone slope (Fig. 6b). In contrast, peat zone slope 

strongly influenced the amount of groundwater discharging to the mineral and peat zones. A 

high contrast between the slopes (strong break in slope, low Slopepeat / Slopesand ratio) favored 

groundwater discharge in both peat and mineral soil zones, whereas no or small contrast (weak 

break in slope) promoted subsurface flow and little interaction between the subsurface and 

surface domains. To transfer the results to other sites, the analysis suggests pronounced GW-

SW interactions primarily in peatlands where the peatland slope is flat in comparison with 

adjacent hillslopes. Eskelinen et al. (2015) used mineral soil slopes using GIS analysis to 

identify GW-SW interaction hotspots in peatlands, but our results suggest that the analysis 

could be more informative if extended to account also for peatland slopes.   

In comparison with the effect of other variables, model vertical discretization had only 

weak effects on simulated normalized effective exchange fluxes. This indicates that the model 

is not very sensitive to vertical resolution when the model domain is sufficiently discretized 

and does not create large errors in the model water balance. Model discretization may still lead 

to variations in the fluxes obtained, especially when it affects the hydraulic properties assigned 

to given elements. For instance, the no peat CMs produced similar exchange flux patterns for 

the discretization tested, whereas the proportional layering of the case study soil geometry 

produced 13% higher and 5% lower normalized exchange fluxes in the mineral soil and 

peatland zones, respectively, than in 10-cm layering. The models with coarser discretization 

tended to produce shallower groundwater levels (Fig. S3 in Supporting Information). Previous 

studies have shown that the sensitivity of models based on the Richards’ equation to vertical 

discretization is mainly attributable to numerical stability issues (see e.g., review by Farthing 

& Ogden, 2017). Higher resolution results in better solution accuracy, but is also associated 

with longer computing times. This means that the resolution of vertical discretization should 

be balanced between simulation accuracy and running times (Carrera-Hernández et al., 2012; 

Downer & Ogden, 2004). The coarse representation of hydraulic properties provided by a 

sparser grid may play a more important role for model flux outputs than numerical inaccuracies 

when the mesh resolution is already high enough and does not result in high water balance 

errors.  
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Another issue is that non-continuous increment at the peat-mineral interface soil created 

a ‘stepwise’ effect on the GW-SW exchange fluxes (Fig. 7), which was especially pronounced 

in the coarser grids. This seemed to be due to the manner in which the mesh was built and the 

hydraulic properties assigned to peat (only elements with the centroid above the assigned peat 

depth were chosen to represent peat soil). Thus, the coarser the mesh, the steeper the stepwise 

changes in hydraulic properties and in the GW-SW exchange fluxes produced. To date, 

‘stepwise’ implementation of peat depth has only been applied when attempting to include 

changes in peat thickness in simulations (Ala-aho et al., 2017; Hwang et al., 2018). However, 

our results suggest that vertical discretization producing possibly a smooth peat representation 

should be implemented for accurate simulation of shallow groundwater processes in peatland-

dominated landscapes. 

4.2 Peatland vulnerability to long-term influences (groundwater abstraction, climate 

change) 

Groundwater level configuration (enforced here by specifying a boundary condition) 

was found to have a profound effect on the magnitude and spatial extent of GW-SW exchange 

(Fig. 8). This finding has immediate management implications, suggesting that fully-integrated 

GW-SW modeling can be used to estimate changes in the amount of water discharging to 

peatlands and the resulting alterations in spatial GW-SW exchange patterns.  

After a certain level of drawdown, 3.5 m in our simulations, the exfiltration zone was 

greatly reduced and a decrease in peatland groundwater levels was observed. This was linked 

to significantly decreased fluxes through the bottom of the peat and effective exchange fluxes 

at the peat-SW interface. Although water level changes remained relatively small in the peat 

zone, the stress imposed on peat vegetation may be severe, as mire flora typically tolerate only 

relatively small changes in water level (Aldous & Bach, 2014; Menberu et al., 2016; 

Tahvanainen, 2011). Over long periods, persistent groundwater level drawdown in peatland 

could lead to a transition from unique fen mire groundwater-dependent ecosystems to bog-type 

peatland where groundwater connection is diminished and the ecosystem is dependent on rain. 

It is important to note that groundwater level is typically the only parameter monitored in field 

studies, but does not seem to be a sensitive indicator of changes in GW-SW exchange flux.  

4.3 Limitations of our analysis 

Our hypothetical steady-state hillslope simulations provided a simple framework to 

investigate factors influencing the magnitude and spatial distribution of GW-SW interactions 

in a transparent manner over a range of hydrological and geological settings. However, the 

model configuration applied has limitations, especially due to the simple model geometry and 

the strong steady-head boundary conditions, which significantly influence the hydrological 

behavior of the system. Constant head boundary condition at the top of the hillslope profile 

allows limitless supply of water though the boundary, whereas in reality the water supply would 

be limited by available groundwater recharge. In order to extend our analysis from changes in 

water abstraction to changes in water availability, specified flux boundary condition would be 

more suitable to simulate variability in groundwater recharge. In our conceptual model, the 

overland mineral and peat zones were devoid of specific microtopographic profiles. Small-

scale peatland microtopography is known to influence peatland runoff generation (Frei et al., 

2010, 2012; Frei & Fleckenstein, 2014), and consequently GW-SW interactions at the peat 

surface. However, the influence is on local and small scale flow paths (peatland hummock-

hollow scale, cm to meter), whereas we studied GW-SW interaction at hillslope scale. 

Another limitation of this study is that effects of other important peat soil properties, 

such as heterogeneous structure of peat, vertical layering of peat soil with lower hydraulic 
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conductivity peat at the bottom and higher in top layers (acrotelm/catotelm model), anisotropy, 

and dual porosity of peat matrix were not investigated. Previous studies have shown that these 

properties affect the connection between peatlands and aquifers (Hare et al., 2017; Holden & 

Burt, 2002; Koch et al., 2017; Quillet et al., 2017; Rossi et al., 2012). As living peat is highly 

complex and as data representing all peat soil properties are unavailable, the effect of these 

properties should be thoroughly investigated in future studies to evaluate the impacts of other 

simplifications. 

Finally, data availability continues to be a challenge in modeling GW-SW interaction 

in aquifer-peatland systems. The overall low sensitivity of groundwater levels in peat soils to 

the variables investigated here indicates that the current practice of monitoring groundwater 

levels may not be a sufficient proxy for modeling GW-SW exchange fluxes in peatlands. 

Highly spatially variable peat properties, small measurement errors in hydraulic head (Post & 

von Asmuth, 2013; Rau et al., 2019), and inaccurate numerical solutions add to parameter non-

uniqueness and may further complicate distinguishing between probable and impossible 

simulated flow regimes. In previous studies, the information content of classical observations 

such as hydraulic head and streamflow discharge has been demonstrated to be insufficient for 

calibration of complex hydrological models (reviewed by Schilling et al., 2019). It has been 

proposed that formulation of calibration problems could be improved, and the uncertainty of 

predictions reduced, by using non-conventional observations such as temperature, exchange 

fluxes, tracer concentrations, and residence times. However, implementation of such is 

challenging, as it often requires additional integration processes in flow models (Schilling et 

al., 2019).  

There is also still a lack of reliable, direct, non-invasive methods for measuring spatial 

GW-SW exchange flux patterns in peatlands, to obtain data for calibration and validation of 

fully-integrated models. Non-direct measurement techniques for quantifying GW-SW 

exchange fluxes within peatlands could be used to define informative spatial groundwater 

discharge patterns for the calibration process. For instance, thermal infrared imagery (Briggs 

et al., 2016; Hare et al., 2015, 2017; Isokangas et al., 2017), geophysical techniques 

(McLachlana et al., 2017) and stable water isotopes (Isokangas et al., 2017; Levy et al., 2014, 

2016) can be valuable methods for distinguishing between groundwater-dependent and 

rainfall-fed areas within peatlands in studies seeking qualitative information on GW-SW 

exchange fluxes. Geophysical techniques in particular can provide valuable information on the 

variability of hydrogeological properties, e.g., hydraulic conductivity, that play important roles 

in shaping GW-SW interactions. Further integration of water quality, temperature, geophysical, 

and remote sensing data will hopefully help resolve parameter identifiability issues. 

5 Conclusions 

 

Based on numerical simulations in a transferrable hypothetical hillslope, the following 

conclusions on GW-SW interactions in peatlands can be drawn: 

- It is important to consider peat soil geometry when modeling spatial GW-SW exchange 

patterns and groundwater flow paths in peatlands. When studying the extent of 

groundwater-dependent mire areas, total groundwater influx to a peatland, or chemical 

composition of the water, peat hydraulic conductivity should also be considered, as it 

affects spatial GW-SW exchange patterns and groundwater flow paths.  

- Peat geometry is less important when the total flux out of the system is of interest, e.g., 

the total amount of water discharging to a river or lake instead of the peatland. 

Groundwater exfiltration to peatlands is most pronounced: (1) when peat hydraulic 
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conductivity is one order of magnitude lower than that of mineral soil, and (2) when 

peatland has low slope and the break in slope between hillslope and peatland is 

pronounced.  

- Model vertical discretization has little impact on model outputs when the mesh 

resolution is sufficiently high, but should be carefully chosen as coarser meshes, 

combined with discrete peat thickness representation, tend to misrepresent layers of 

variable thickness and could affect the magnitude of effective exchange flux.  

- Long-term groundwater drawdown in proximity of peatlands may not be clearly 

reflected in groundwater-fed peatland water levels, even if it significantly modifies the 

magnitude and spatial distribution of GW-SW interaction flux and, overall, the whole 

water balance of the peatland area. From a management viewpoint, this indicates that 

monitoring groundwater level alone is insufficient to verify the long-term influence of 

water abstraction on GW-SW interaction fluxes. 
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Figure 1. (a) Two-dimensional model domain and conceptualization of GW-SW interfaces in 

peatlands. ‘Overland mineral’ and ‘overland peat’ indicate surface flow zones for forest and 

peat, respectively. (b) Peat geometry in three types of conceptual models considered in this 

study. 
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Figure 2. (a) Detailed diagram of groundwater elevation at the interface of mineral soil and 

peatland in different peat soil geometry conceptual models (CM). (b) Exchange flux for peat 

soil layer geometry conceptual models (CMs 1a-d). Positive groundwater-surface water 

(GW-SW) exchange flux values indicate locations of groundwater discharge to overland 

zone, negative values indicate areas where water infiltrates to the subsurface. The diagram 

shows averaged nodal exchange fluxes (total nodal fluxes divided by an influence area of the 

node), plotted for visualization purposes as a continuous dataset. 
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Figure 3. Stream traces in the peat soil geometry conceptual models (CM) for (a) no peat 

(CM 1a), (b) uniform peat (CM 1b), (c) logarithmically changing peat (CM 1c), and (d) case 

study (CM 1d). Stream traces were generated using Tecplot 360 EX 2015 Release 2. 
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Figure 4. Normalized effective exchange flux of overland zone in (a-e) different conceptual 

models (CMs 1-5). Flux is represented as a percentage of the total groundwater inflow 

through the steady head boundary condition at the left edge of the system. The amount of 

water flowing through the left boundary condition differed for differing mineral soil 

hydraulic conductivity and slope cases. 
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Figure 5. Exchange fluxes for conceptual models (CMs) 4a-d varying the Kpeat/Ksand ratio by 

differing peat hydraulic conductivity. Plotted with reference to the uniform peat (CM 1b) and 

case study peat soil layer (CM 1d) geometry representations. Positive groundwater-surface 

water (GW-SW) exchange flux values indicate locations of groundwater discharge to 

overland zone, negative values indicate areas where water infiltrates to the subsurface. The 

diagram shows averaged nodal exchange fluxes (total nodal fluxes divided by an influence 

area of the node), plotted for visualization purposes as a continuous dataset. 
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Figure 6. (a) Normalized effective exchange fluxes for various peat soil geometries and 

hydraulic conductivity Kpeat/Ksand ratios, in which Kpeat varies between 1.0E-9 and 1.E-5 m/s.  

(b) Normalized effective exchange flux of overland zone for various peat soil layer 

geometries and slope ratios, in which i) slope of mineral slope varies between 0.75% and 5 

and slope of peat zone is kept constant and ii) slope of peat zone varies between 0.3 and 2% 

and slope of mineral zone is kept constant. 
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Figure 7. Exchange fluxes for conceptual models (CMs) 5a-d differing in terms of vertical 

discretization (dy) plotted with reference to no peat CM 1a (no peat dy=10cm) and case study 

peat soil layer geometry representation CM 1d (case study dy=10 cm); all other settings in the 

models were the same as in the reference model. Positive groundwater-surface water (GW-

SW) exchange flux values indicate locations of groundwater discharge to overland zone, 

negative values indicate areas where water infiltrates to the subsurface. The diagram shows 

averaged nodal exchange fluxes (total nodal fluxes divided by an influence area of the node), 

plotted for visualization purposes as a continuous dataset. 
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Figure 8. Exchange flux in the wetland area (x-axis 500-1000 m) for changing boundary 

conditions representing long-term pumping (bc=13.5-16.5 m) and wet conditions (18 m) in 

comparison with the reference model (bc=17.5 m) for (a) the uniform and (b) the case study 

peat soil layer geometry representations. Positive groundwater-surface water (GW-SW) 

exchange flux values indicate locations of groundwater discharge to overland zone, negative 

values indicate areas where water infiltrates to the subsurface. The diagrams show averaged 

nodal exchange fluxes (total nodal fluxes divided by an influence area of the node), plotted 

for visualization purposes as a continuous dataset. 
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Table 1. Peatland conceptualization in fully-integrated physically-based models. The studies 

are presented in chronological order and include non-peer-reviewed publications. 
 

Study Study objective Software  Model 

dimen-

sionality 

Domain 

size 

Mesh resolution Peat 

thickness 

Peat 

hydraulic 

properties 

Smerdon 

et al. 

(2007) 

Simulations of lake- 

groundwater 

interactions in 

Alberta’s Boreal 

Plains region 

Hydro-

GeoSphere 

3D 3.24 

km2 

Horizontal: 20 m;  

Vertical: 0.25 m in 

the top 1 m; 

variable thickness 

layers below 

Uniform * Same for the 

whole peat  

Frei et al. 

(2010) 

To improve 

understanding of the 

effects of micro-

topography on 

surface-subsurface 

exchange and runoff 

generation in a 

riparian wetland 

HydroGeo-

Sphere 

3D 200 m2 

(10 m x 

20 m x 2 

m) 

Horizontal: 0.1 m;  

Vertical: 0.1 m 

Uniform 

(2 m) 

Same for the 

whole peat  

Frei et al. 

(2012) 

To investigate how 

subsurface flow 

patterns induced by 

surface micro-

topography affect 

subsurface transport 

of redox-sensitive 

solutes and the 

distribution of 

biogeochemical 

processes 

HydroGeo-

Sphere 

3D 200 m2 

(10 m x 

20 m x 2 

m) 

Horizontal: 0.1 m;  

Vertical: 0.1 m 

Uniform 

(2 m) 

Same for the 

whole peat  

Dureijka 

(2013) 

To determine the 

overall water balance 

for a peatland 

influenced by lake 

level variations and 

how the exchange 

between peatland and 

the adjacent lake is 

characterized 

HydroGeo-

Sphere 

3D 5.61 

km2 

Horizontal: 

unknown, highest 

discretization 

along drainage 

and observation 

points;  

Vertical: 0.1m in 

the top 1 m and the 

rest divided into 5 

equally spaced 

layers 

Uniform  

(6 m) 

Variable with 

depth 

Partington 

et al. 

(2013) 

To understand and 

quantify streamflow 

generation processes 

at the catchment scale 

HydroGeo-

Sphere 

3D Riparian 

wetland 

(Frei 

2010, 

2012): 

210 m2; 

catchme

nt scale: 

4.2 km2 

Horizontal: varies 

between 10-100m;  

Vertical: 0.1 m in 

the top 1 m, 

variable thickness 

layers below 

Uniform 

(1 m) 

Hydraulic 

conductivity 

variable with 

depth; other 

values kept 

constant 

Frei & 

Fleckenste

in (2014) 

To test whether 

surface 

microtopography can 

be sufficiently 

replicated by a planar 

model superimposed 

on spatially 

distributed rill/ 

depression storage 

height variations. 

HydroGeo-

Sphere 

3D 200 m2 

(10 mx 

20 m x 2 

m) 

Horizontal: 0.1 m;  

Vertical: 0.1 m 

Uniform  

(2 m) 

Same for the 

whole peat  

Ala-aho et 

al. (2015a) 

To study the temporal 

and spatial exchange 

between GW and 

lakes and streams 

HydroGeo-

Sphere 

3D 250 km2 Horizontal; 

Vertical: 0.2 m, 

0.5 m, 0.9 m, 1.4 

m and two 

Uniform 

(average 

peat depth 

of 1.4 m) 

Same for the 

whole peat  
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proportional 

layers  

Jaros 

(2015) 

To examine the 

performance of fully-

integrated modeling in 

simulating 

groundwater-

dependent ecosystems 

HydroGeo-

Sphere 

3D 92.9 

km2 

Horizontal: 14-

210 m; finer 

discretized around 

features of 

interest; average 

segment length 90 

m;  

Vertical: 0.05 m, 

0.1 m, 0.15 m, 

0.25 m, 0.4 m, 

0.65 m, 1.05 m, 

1.8 m and the rest 

divided into two 

proportional 

layers 

Uniform 

(1.8 m) 

Same for the 

whole peat  

Thompson 

et al. 

(2015) 

To evaluate the 

hydrological linkages 

occurring between 

landscape units in a 

pond-peatland 

complex of Alberta's 

Boreal Plains region 

HydroGeo-

Sphere 

2D Transect 

1: ~450 

m; 

Transect 

2: 

~750m 

Horizontal: 1 m;  

Vertical: 0.05 m to 

0.1 m in the upper 

0.5 m and 0.25 m 

below 

Varying 

thickness; 

accuracy 

0.25 m 

All properties 

variable with 

depth 

Haahti et 

al. (2016) 

To examine the 

performance of fully-

integrated models to 

simulate interactions 

between a drainage 

network and peatland 

moisture conditions 

FLUSH 3D 0.052 

km2 

Horizontal: 5 m x 

5 m;  

Vertical: 8 x 0.05 

m, 6 x 0.1 m and 4 

x 0.25 m from top 

to bottom; in total 

18 layers 

Uniform 

(2 m) 

Hydraulic 

conductivity 

and water 

retention 

curve 

parameters 

variable with 

depth 

Haahti et 

al. (2016) 

To understand erosion 

mechanisms after 

ditch network 

maintenance in 

forested peatlands 

FLUSH 3D 0.052 

km2 

Horizontal: 5 m x 

5 m;  

Vertical: 8 x 0.05 

m, 6 x 0.1 m and 4 

x 0.25 m from top 

to bottom; in total 

18 layers 

Uniform 

(2 m) 

Hydraulic 

conductivity 

and water 

retention 

curve 

parameters 

variable with 

depth 

Ala-aho et 

al. (2017) 

To investigate how the 

subsurface is involved 

in sustaining and 

generating streamflow 

in a glaciated 

headwater catchment; 

to define parameter 

sensitivities across all 

model domains; to 

determine what data 

are useful to include in 

model calibration 

HydroGeo-

Sphere 

3D 3.3 km2 Horizontal: 

unknown; highest 

discretization 

along a stream 

with average 

segment lengths of 

9.6 m;  

Vertical: 0.05 m in 

the top 0.2 m, 0.1 

m at 0.2-1 m 

depth, 0.5 m at 1-2 

m depth and rest 

divided into 5 

equally spaced 

layers 

Classified 

into three 

depth 

zones: 0.2 

m, 1 m, 2 

m 

Same for the 

whole peat 

domain 

Thompson 

et al. 

(2017) 

To predict climate 

change impacts on 

ecosystems in a 

catchment of Alberta's 

Boreal Plains  

HydroGeo-

Sphere 

2D Transect 

1: ~450 

m; 

Transect 

2: 

~750m 

Horizontal: 1m;  

Vertical: 0.05 to 

0.1 in upper 0.5 m 

and 0.25 below 

Variable; 

accuracy 

0.25 m 

All properties 

variable with 

depth 

Haahti et 

al. (2018) 

To evaluate sediment 

control scenarios 

practices used in 

FLUSH 3D 0.052 

km2 

Horizontal: 5 m x 

5 m;  

Uniform 

(2 m) 

Hydraulic 

conductivity 

and water 
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forestry peatlands 

accompanying ditch 

network maintenance 

actions 

Vertical: 8 x 0.05 

m, 6 x 0.1 m and 4 

x 0.25 m from top 

to bottom; in total 

18 layers 

retention 

curve 

parameters 

variable with 

depth 

Hwang et 

al. (2018) 

To investigate why 

long-term annual 

downstream flow rates 

are consistently higher 

than upstream rates 

under the subhumid 

water deficit 

conditions in the 

Athabasca River 

Basin covered by 

peatlands and 

forestlands 

HydroGeoS

phere 

3D 160,000 

km2 

Horizontal: 3 km 

(refined to 0.5 km 

close to the main 

drainage features)  

Vertical: varying 

thickness; 

thickness of the 

first top layers less 

than 0.5 m, third 

layer 1.5 n and 

fourth layer 1 m; 

other layers depth 

unknown 

Varying 

thickness 

represente

d by 4 

layers of 

variable 

depth 

Two layers of 

dual-porosity 

model: highly 

conductive 

layer in top 0.5 

m and the less 

conductive 

layer below 

0.5 m 

Jaros et al. 

(2019) 

To investigate the 

effect of 

parameterization with 

global sensitivity 

analysis on 

groundwater-surface 

water interactions in a 

boreal esker-aapa mire 

system 

HydroGeo-

Sphere 

3D 107 km2 Horizontal: 

unknown; 

Vertical: 0.05 m, 

0.1 m, 0.25 m, 

variable depth of 

the interface 

between high K 

and low K layers, 

1.35 m and rest 

divided into two 

proportional 

layers 

Uniform 

(variable 

depth of 

the 

interface 

between 

high K 

and low K 

layers); 

bottom at 

1.35 m 

Two layers: 

highly 

conductive 

layer and less 

conductive 

layer  

*Information not implicitly stated in the manuscript 
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Table 2. Summary of the conceptual models (CMs) investigated in this study. Modified 

conditions with respect to the reference model (1a) are reported for each case. 

 

Property 

investigated 
CM 

Peat soil depth 

representation 

Specified 

head 

boundary 

condition 

at the left 

edge (m) 

Slope 

(mineral 

soil) 

Slope 

(peatland) 

Mineral 

soil type 

Vertical 

discretization 

of top 4 m 

(m) 

Hydraulic 

conductivity 

of peat (m/s) 

1. Peat layer 

geometry 

1a No peat  17.5 3 % 0.50 % Sand 0.1 1.00E-07 

1b Uniform depth - - - - - - 

1c 
Logarithmic 

depth 
- - - - - - 

1d Case study - - - - - - 

2. Hydraulic 

conductivity 

of mineral 

soil 

2a No peat - - - Till - - 

2b Uniform depth - - - Till - - 

2c 
Logarithmic 

depth 
- - - Till - - 

2d Case study - - - Till - - 

3. Hydraulic 

conductivity 

of peat 

3a Uniform depth - - - - - 1.00E-08 

3b Uniform depth - - - - - 1.00E-06 

3c Case study - - - - - 1.00E-08 

3d Case study - - - - - 1.00E-06 

4. Domain 

slope 

4a No peat 70 10 % 4 % - - - 

4b Uniform depth 70 10 % 4 % - - - 

4c 
Logarithmic 

depth 
70 10 % 4 % - - - 

4d Case study 70 10 % 4 % - - - 

5. Vertical 

discretization 

5a No peat - - - - 0.05 - 

5b No peat - - - - 0.2 - 

5c Case study - - - - 0.05 - 

5d Case study - - - - 0.2 - 

5e Case study - - - - Proportional - 

6. Land use 

changes for 

the uniform 

depth peat 

geometry 

6a Uniform depth 18 - - - - - 

6b Uniform depth 16.5 - - - - - 

6c Uniform depth 15.5 - - - - - 

6d Uniform depth 14.5 - - - - - 

6e Uniform depth 14 - - - - - 

6f Uniform depth 13.5 - - - - - 

7. Land use 

changes for 

the case 

study peat 

geometry  

7a Case study 18 - - - - - 

7b Case study 16.5 - - - - - 

7c Case study 15.5 - - - - - 

7d Case study 14.5 - - - - - 

7e Case study 14 - - - - - 

7f Case study 13.5 - - - - - 

‘-' indicates no change in the value in comparison to the reference model. 
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Table 3. Effect of boundary conditions on groundwater (GW) level and effective GW-surface 

water (SW) exchange fluxes. 
 

Property 

investigated 

Conceptual  

model (CM) 

Boundary 

conditions 

at the 

right edge 

(m) 

Average 

depth to 

groundwater 

in peatland 

(m) 

Max. depth to 

groundwater 

in peatland 

(m) 

Effective GW-

SW exchange 

flux in peatland 

(m3/s) 

GW-SW 

exchange flux 

(% of the 

reference 

model) 

Land use 

changes for 

uniform 

depth peat 

soil layer 

geometry 

6a 18 0 0.00 8.50E-07 115.85 % 

Reference 1b 17.5 0 0.00 7.34E-07 100.00 % 

6b 16.5 0 0.00 5.12E-07 69.83 % 

6c 15.5 0 0.00 3.06E-07 41.71 % 

6d 14.5 0 0.02 1.16E-07 15.75 % 

6e 14 0.02 0.13 3.06E-08 4.16 % 

6f 13.5 0.16 0.4362 -1.77E-15 0.00 % 

Land use 

changes for 

uniform 

depth peat 

soil layer 

geometry 

7a 18 0 0 9.61E-07 115.78 % 

Reference 1d 17.5 0 0 8.30E-07 100.00 % 

7b 16.5 0 0 5.81E-07 69.97 % 

7c 15.5 0 0.004 3.48E-07 42.00 % 

7d 14.5 0.0002 0.03 1.28E-07 15.45 % 

7e 14 0.014 0.16 1.67E-08 2.01 % 

7f 13.5 0.134 0.43 -1.43E-15 0.00 % 

 


