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Abstract. Wetland systems are among the largest stores of carbon on the planet, most biologically diverse of all ecosystems, 8 

and dominant controls of the hydrologic cycle. However, their representation in land surface models (LSMs), which are the 9 

terrestrial lower boundary of Earth system models (ESMs) that inform climate actions, is limited. Here, we explore different 10 

possible parametrizations to represent wetland-groundwater-upland interactions with varying levels of system and 11 

computational complexity. We perform a series of numerical experiments that are informed by field observations from 12 

wetlands in the well-instrumented White Gull Creek in Saskatchewan, in the boreal region of North America. We show that 13 

the typical representation of wetlands in LSMs, which ignores interactions with groundwater and uplands, can be inadequate. 14 

We show that the optimal level of model complexity depends on the land cover, soil type, and the ultimate modelling 15 

purpose, being nowcasting and prediction, scenario analysis, or diagnostic learning. 16 

1 Introduction 17 

The Canadian boreal region covers about half of the land area of Canada. About 85% of all Canadian wetlands (∼ 3 million 18 

Km2) are located in the boreal region (Mitsch, 1991). Wetlands are vital elements in landscapes as they can reduce the effect 19 

of floods, store carbon from the atmosphere, improve water quality, absorb pollutants, and are considered the home of a wide 20 

range of endangered wildlife and plants (Mitsch et al., 2013). Types of wetlands are bogs, fens, swamps, marshes, and 21 

shallow water. Each type of wetlands differs from the others in terms of hydrology, water level, morphology, vegetation, and 22 

biological aspects (Canada Committee on Ecological (Biophysical) Land Classification, 1988). Fens are wetlands that have 23 

accumulated peat of over 40 cm, hydrologically interact with the surrounding groundwater and surface water, and have a 24 

water level that is at or above the ground level for most of the year (Gingras et al., 2018).  Fens constitute around 65% of the 25 

peatland area within the boreal plain ecozone (A. R. Goodbrand, 2013). Fens critically depend on groundwater discharge 26 

fluxes to sustain their moisture and water levels. Understanding the lateral hydrological interactions between groundwater 27 

(GW) and surface water (SW) in wetland/fen systems is crucial to improve their representation in Land Surface Models 28 

(LSMs) (Rivera, 2014). Such improvements can directly improve the simulation of land’s energy and water balance as well 29 

as different hydrological cycle components such as evaporation and streamflow (Blyth et al., 2021). 30 

LSMs were originally proposed to estimate the vertical fluxes (energy and water) of the land surface, which is a necessary 31 

lower boundary condition for climate models (Manabe, 1969). Over the past decades, these models have extensively been 32 

modified to represent different processes such as soil moisture and vegetation dynamics. However, many recent studies have 33 

highlighted the deficiencies in the current LSMs and discussed the scientific motivation to improve their process 34 

representations (Clark et al., 2015; Davison et al., 2016; Fan et al., 2019). Lateral water movement, groundwater dynamics, 35 

wetland hydrology, hillslope hydrology, and GW-SW interactions are examples of the elements which are either missing or 36 

need more realistic representation. Typically, the coupling between different processes can be represented by three 37 

approaches, which are uncoupled, one-way coupled, or two-way coupled. The choice of the suitable approach depends on 38 

the required complexity level that can predict the variables of interest (Ogden, 2021). 39 
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Various studies focused on coupling (two-way interaction) between LSMs and GW models to investigate the effect of 40 

groundwater dynamics on the simulated water and energy balance components (Kollet & Maxwell, 2008; Maxwell & Miller, 41 

2005; Sridhar et al., 2018; Zhang et al., 2020). For example, Maxwell & Miller (2005) coupled the Common Land Model 42 

(Dai et al., 2003) and the PARFLOW GW model. Their coupled model had a better simulation of soil moisture, runoff, and 43 

GW dynamics than the uncoupled Common Land Model. The coupled model showed high dependency between 44 

groundwater dynamics and mass and energy balance (Kollet & Maxwell, 2008). However, the difference in ET simulations 45 

of their coupled and uncoupled models was negligible. In another example, Sridhar et al. (2018) coupled Variable Infiltration 46 

Capacity (VIC) and MODFLOW models. Their coupled model showed significant improvement in simulated streamflow, 47 

while the uncoupled VIC model was not able to predict the seasonal spring discharges in the streamflow. LSMs models were 48 

also coupled with climate models, thereby improving most of simulated climate variables such as precipitation, relative 49 

humidity, and surface temperature (Larsen et al., 2014; Maxwell et al., 2007). 50 

Generally, the literature shows that the coupling of different models can improve the simulation of various hydrological 51 

cycle components such as runoff, soil moisture, and water table fluctuations. However, such ‘full’ coupling approaches can 52 

be quite complex both systematically and computationally, often rendering their applications impractical. In addition, 53 

constraints in data availability, particularly around sub-surface processes, can limit the applicability of complex approaches. 54 

Therefore, in practice, more parsimonious approaches to accounting the SW-GW interactions may be ‘optimal’ for a 55 

modelling purpose of interest (Blyth et al., 2021; Ogden, 2021). What has remained elusive, however, is a thorough 56 

characterization of tradeoffs between model complexity and adequacy to represent SW-GW processes for a particular 57 

landscape and variables of interest (Yalew et al., 2018). Another factor that affects the selection of optimal model 58 

complexity is the ultimate modelling purpose. Models can be used for: 1) nowcasting and prediction, which focuses on 59 

simulating and predicting the expected behaviour of the system of interest in the near future, 2) scenario analysis, wherein 60 

the model simulates the system under long-term changing conditions, and 3) diagnostic learning, which focuses on 61 

understanding how the system behaved during a historic period (Razavi et al., 2022). Ultimately, the selection of optimal 62 

model complexity will depend on the specific modelling task, the available data, and the desired level of accuracy. 63 

Here, to address this gap, we aim to characterize the optimal level of complexity to represent the interactions between 64 

uplands, groundwater, and wetlands in different landscape configurations. To this end, we run a series of modelling 65 

experiments through four approaches, ranging from a full disconnect to full coupling. We particularly focus on a well-66 

instrumented and studied fen system in the Boreal region of North America. Based on lessons learned from these 67 

experiments, we provide some recommendations on how to improve LSMs to better represent the important processes 68 

around wetland systems – processes that are largely missing or poorly represented in the current generation of LSMs. 69 
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2 Study Area and Data 70 

The study area is located within the White Gull Creek basin (WGCB), located north of Prince Albert, Saskatchewan (Barr et 71 

al., 2012), shown in Figure 1. The study area and transect are set using the Canadian Digital Elevation Model (CDEM, 72 

(Canadian Digital Elevation Model, 1945-2011 - Open Government Portal, 2022)). 73 

 74 

Figure 1: Detailed view of the study area. a) Canada’s boreal region in a gray shade, b) Focused view on White Gull Creek basin 75 

(WGCB) area and the two flux towers used in the study (Old Jack Pine (OJP) and Fen). The shaded gray area represents the Pine 76 

Fen Creek Catchment (PFCC) that include the Pine Fen (PF), c) Focused view on OJP area, the Piezometer of OJP (POJP), and 77 

the Pine Fen (PF), d) Cross-section of OJP and the PF (the dashed black line is assumed to be the line of symmetry). 78 

The upland is the area around the Old Jack Pine (OJP) flux tower (Latitude 53.92∘ N and Longitude 104.69∘ W) (Figure 1), 79 

which is part of the Boreal Ecosystem Research and Monitoring Sites (BERMS). The upland transect ends at the boundaries 80 

of WGCB, and the OJP site is located roughly in the middle of the transect (Figure 1-d), and is collocated with the 81 

piezometer (POJP, Figure 1-c) that is used to calibrate and validate the model performance. At the OJP site, the dominant 82 

land cover is Jack pine (Pinus banksiana Lamb) and the soil is sandy textured, which has poor nutrition and high drainage 83 

with a water table around 5m below ground (Barr et al., 2012). The meteorological data at OJP are available each 30 min for 84 
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23 years from 1997 to 2018. The groundwater table (GWT) observations are available at POJP location (Figure 1) from 2003 85 

to 2018. 86 

The lowland part of our transect is a fen known as Pine Fen (PF) which is located in Pine Fen Creek catchment (PFCC), a 87 

tributary of WGC (39.9% of PFCC land cover is peatland) (A. Goodbrand et al., 2019). The PF site is a peatland mosaic 88 

surrounded by forests of jack pine and black spruce. The average peat thickness is 0.65m with a maximum depth of about 89 

2m. Unfortunately, we do not have direct meteorological observations from PF, and therefore as a proxy for this we use 90 

observations from the BERMS fen flux tower site (FEN hereafter). FEN is located just outside WGCB boundary, about 8 km 91 

south of the basin (Latitude 53.78∘ N and Longitude 104.69∘ W) (Figure 1-b). The FEN and PF sites are similar in terms of 92 

the peat-soils, vegetation, and topography, so the FEN is considered a reasonable proxy for the vertical fluxes at the PF. At 93 

the FEN, forcing data are recorded with a 30-minute resolution from 2003 to 2018, and the observed evapotranspiration rates 94 

(ET) are from 2004 to 2010 and from 2013 to 2019 at 30 min intervals. 95 

3 Upland-Groundwater-Fen Model Description 96 

3.1 Conceptual Background 97 

Our study is based on a real field site, using real field observations, as described in the previous section. However, this site is 98 

not a perfectly constrained hillslope-fen system, i.e., a hillslope with 1D horizontal flow and a no-flow boundary condition at 99 

the interfluve. Therefore, we use an abstracted hypothetical hillslope configuration to simulate the vertical and lateral flows 100 

of water between atmosphere-upland-groundwater-fen system. This configuration is physically realistic, allowing us to test 101 

the implications of different hillslope-fen coupling mechanisms in a controlled manner Figure 2. 102 

Our model has three distinct components: (1) the upland soil water balance, which generates groundwater recharge and 103 

runoff; (2) a lateral groundwater flow model beneath the upland, that may discharge water into the fen; and (3) a simple fen 104 

water balance model, that receives inputs from rainfall, snowmelt, runoff and lateral groundwater discharge (in some cases), 105 

and loses water to evaporation and discharge into a stream channel. 106 

The model is driven by site observations of precipitation and other meteorological variables. A typical LSM is used to 107 

simulate evapotranspiration fluxes in the upland and fen, groundwater recharge, runoff fluxes from the upland, and snowmelt 108 

into the fen. The water table and groundwater discharge are simulated by a simple 1D unconfined aquifer model. The water 109 

level at the fen and its discharge flux into an adjacent stream are simulated by a simple fen water balance model. The 110 

connections between the three models of upland, groundwater and fen are configured in four ways as shown in Figure 2, 111 

resulting in four different collective models as follows: 112 

• V0) Uncoupled upland-fen model: The upland soil water balance and the fen are simulated as independent of one 113 

another, and there is no groundwater model. Discharge from the upland in the form of surface runoff and soil 114 
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drainage (baseflow) are combined with the fen discharge and routed into the river. This configuration is 115 

representative of many LSMs. 116 

• V1) Uncoupled upland-groundwater-fen model: Soil drainage from the upland recharges the unconfined aquifer. 117 

Surface runoff from the upland, groundwater discharge and fen discharge are combined and routed into the river. 118 

The upland and the fen are again completely independent of one another. This configuration is representative of an 119 

LSM that has a groundwater store with one-way vertical connection with soil column such as Community Land 120 

Model (CLM) and Variable Infiltration Capacity (VIC) models (Clark et al., 2015). 121 

• V2) Chained model: Soil drainage from the upland recharges the unconfined aquifer and groundwater discharge 122 

contributes to storage into the fen. Surface runoff from the upland also goes into the fen, but this is typically a much 123 

smaller flux compared to the groundwater discharge. Discharge from the fen is routed into the river. The 124 

groundwater is independent of the fen, but the fen depends on discharge from the groundwater. 125 

• V3) Coupled model: Soil drainage from the upland recharges the unconfined aquifer. Groundwater discharge into 126 

the fen is determined based on head gradient between the groundwater and fen, and two-way water exchange is 127 

considered between the groundwater and fen. Surface runoff from the upland also goes into the fen. Discharge from 128 

the fen is routed into the river. The groundwater and fen are mutually dependent on one another.  129 
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 130 

 131 

Figure 2: Schematic of the different scenarios of representing the connection between the upland, GW, and fen. a) Uncoupled 132 

upland-fen and no GW (V0), b) Uncoupled upland-GW-fen (V1), c) Chained model (V2), d) Coupled model (V3). The vertical 133 

fluxes are rain on the ground (𝑹𝒈), snowmelt (𝑴), Evapotranspiration from the fen (𝑬𝒇), and soil drainage as recharge into 134 

groundwater (𝑹). The lateral fluxes are upland runoff (𝑹𝑶), and groundwater discharge (𝑸𝑮). 135 

3.2 Upland Soil Water Balance Model 136 

The upland soil water balance is simulated using the MESH-CLASS land surface model (Canadian Land-surface scheme; 137 

(Pietroniro et al., 2007; Wheater et al., 2022)) in a point-scale setup. The land cover of the grid cell is represented by one 138 

canopy type which is evergreen needle leaf, as most of the vegetation in the OJP area is jack pine trees. The model is forced 139 

using seven metrological components (precipitation, shortwave radiation, long-wave radiation, wind speed, specific 140 

humidity, temperature, and atmospheric pressure), which are collected from the OJP flux tower from 1997 to 2018 every 30 141 

minutes. The soil depth is assumed to equal 4.1 m and is divided into three layers (i.e., the default CLASS configuration). 142 

We are mainly interested in two outputs from the model: Soil drainage (𝑅) is used as either baseflow to the river (V0) or 143 

recharge to the groundwater (V1-V3); and surface runoff (𝑅𝑜) is used as surface water input to river (V0, V1) or input to the 144 

fen (V2, V3). 145 
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3.3 Upland-Groundwater Model 146 

The groundwater underneath the upland zone is represented as a 1-D horizontal unconfined aquifer, bound by a no-flow 147 

boundary on the right (the groundwater divide) and the fen on the left (Figure 1). The problem is governed by 1-D 148 

Boussinesq equation: 149 

𝑆𝑦
𝜕ℎ

𝜕𝑡
=

𝐾

2

𝜕2ℎ2

𝜕𝑥2
+ 𝑅 ,           (1) 150 

Where, 𝑆𝑦 (unitless) is the specific yield, ℎ (m) is the head in the aquifer (water table level), 𝑡 (days) is time, 𝐾 (m/day) is the 151 

lateral hydraulic conductivity, and 𝑅 (m/day) is the recharge rate. 152 

Equation 1 is solved numerically using a block-cantered finite difference solution, integrated in time using the method of 153 

lines with the SciPy ode solver “odeint” (Virtanen et al., 2020), and the solution is coded up in python. The lateral fluxes are 154 

calculated at cell boundaries using Darcy’s Law. The initial condition is assumed to be a uniform hydraulic head in the 155 

aquifer at the same water level as in the fen (ℎ𝑓). The right-hand boundary condition is considered as a groundwater divide, 156 

and thus, a no-flow condition (𝑞(𝑥 = 0,0 <= 𝑡 <= 𝑡𝑚𝑎𝑥) = 0). The flux on the left-hand boundary is determined using 157 

either a fixed head boundary (V1, V2) or based on the head gradient between the groundwater and the fen (V3). The 158 

groundwater model is driven by the recharge fluxes (𝑅), which are output from the upland soil water balance model and are 159 

assumed to be spatially uniform. 160 

3.4 Fen Water Balance Model 161 

The fen is modelled as a simple lumped store, with the water balance equation. 162 

𝑛𝑓𝑤𝑓

𝜕ℎ𝑓

𝜕𝑡
= (𝑅𝑔 + 𝑀 − 𝐸𝑓)𝑤𝑓 + 𝑅𝑂  𝐿 + 𝑄𝐺 + 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 ,       (2) 163 

Where, 𝑛𝑓  (unitless) is the porosity of the fen’s material, 𝑤𝑓 (m) is the width of the fen, ℎ𝑓  (m) is the fen’s water level, 164 

𝑅𝑔 , 𝑀, 𝐸𝑓  (m/day) are the rainfall, snowmelt, and evaporation, respectively, 𝑅𝑂  (m3/day) is runoff from the upland, 𝑄𝐺 165 

(m3/day) is the lateral groundwater inflow, and 𝑄𝑜𝑢𝑡 (m3/day) is the outflow from the fen. 𝑄𝑜𝑢𝑡 is generated when a storage 166 

threshold, ℎ𝑠𝑝𝑖𝑙𝑙 is exceeded, and is assumed to be a non-linear function of storage above ℎ𝑠𝑝𝑖𝑙𝑙 given by: 167 

𝑄𝑜𝑢𝑡 = 𝑤𝑓 𝑐𝑠𝑝𝑖𝑙𝑙(ℎ𝑠𝑝𝑖𝑙𝑙 − ℎ𝑓)𝑛 ,          (3) 168 

Where, 𝑐𝑠𝑝𝑖𝑙𝑙and 𝑛 are parameters that control the outflow. 169 

For 𝐸𝑓, 𝑅𝐺 , and 𝑀, we assume that fluxes simulated by the MESH/CLASS model for the FEN site, located outside the 170 

watershed, are reasonably representative of the PF site. The forcing data (2003 to 2018) from the FEN flux tower are used to 171 

drive the MESH-FEN model. To simulate the peatland in the MESH/CLASS model, the land cover is assumed to be grass 172 

and the soil type is set to organic soil with three soil layers of changing properties as fibric, hemic, and sapric (Letts et al., 173 
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2000). We manually calibrate the minimum stomatal resistance (𝑟𝑠,𝑚𝑖𝑛 = 100 s/m), using local observations of the driving 174 

meteorological variables. We compare the simulated 𝐸𝑓  with both the observed fluxes and with potential evaporation 175 

calculated using the Penman Monteith equation, and we found all three are consistent, showing that the evaporation from the 176 

FEN is unstressed (i.e., not water-limited). The values of 𝑄𝐺 are either zero (V0, V1) or equal to the groundwater discharge 177 

at the right-hand boundary (V2, V3). 178 

4 Model Analysis and Performance Evaluation 179 

4.1 Calibration strategy 180 

The performance of the different collective models is evaluated using the GWT observations at the POJP location by 181 

calculating the root mean squared error (RMSE)). For the upland water balance model, we use the same calibrated 182 

parameters from the study of (Nazarbakhsh et al., 2020), in which they use the CLASS model to assess the controls of 183 

evapotranspiration in the seasonally frozen forest. For the other parameters, Monte-Carlo simulations with 15,000 184 

realizations (randomly generated parameters from the feasible parameter space in Table 1) are used to run the uncoupled 185 

upland-GW (V1). The behavioural runs are identified as the realizations with RMSE <0.08m (threshold is chosen rather 186 

arbitrary based on expert judgement and calculated for the period from 2003 to 2009) and are used to perform the uncertainty 187 

analysis of GWT simulation. The parameter set with lowest RMSE is considered the calibrated parameter set and is used to 188 

validate the model. This parameter set is also used to run all the other collective models throughout the study. 189 

Table 1: Monte-Carlo analysis parameters ranges of the uncoupled upland model. 190 

Parameters Description Lower bound Upper bound 

𝑙𝑜𝑔(𝐾)(𝑚/𝑑) Hydraulic conductivity Logarithm -1 3 

𝑆𝑦 Specific yield 0.1 0.5 

ℎ𝑓(𝑚) Fen’s water head 5 20 

𝐿(𝑚) Hillslope length 3000 3500 

𝑥(𝑚) Piezometer location 1700 1800 
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4.2 Effect of different upland properties 191 

We develop two hypothetical numerical experiments to explore the conditions under which different levels of model 192 

complexity may be necessary. Experiment 1 focuses on hillslope geometry, by considering five different values of the 193 

hillslope length (𝐿, that is the length of the upland). 𝐿 values of 100, 300, 500, 1000, 2000, and 3000 m are considered, and 194 

all other parameters are the same as in the original model setup. This experiment uses the chained (V2) and the coupled (V3) 195 

versions of the model. Experiment 2 focuses on soil properties, by comparing the original (sandy soil) setup with a fine-196 

grained soil representative of mineral soil which typically can be found in the prairies area. This is achieved using an 197 

alternative configuration of the MESH model, in which the parameters are changed with values to represent a grassland 198 

cover and a fine-grained soil texture (clayey soil) resulting in different amounts of runoff, infiltration and soil drainage. In 199 

the upland algorithm, the values of 𝐾 and 𝑆𝑦  are set to 1.35m/d and 0.1, respectively, to characterize the fine-grained soil. 200 

The simulated GWT and GW fluxes using the new MESH/CLASS run (representing fine-grained soil) are compared with 201 

the model results when using the original study setup (upland algorithm forced with MESH-OJP). 202 

5 Results and Discussion 203 

We assess the performance of the model in the upland (Section 5.1) and fen (Section 5.2) independently. Next in Section 5.3, 204 

we assess the sensitivity of the simulated outflow from the integrated upland-groundwater-fen system, which corresponds to 205 

the outflow on a grid cell scale in LSMs (i.e., the bulk system outflow) to the different model configurations. Lastly, in 206 

Section 5.4 we describe the results of the two numerical experiments exploring upland properties. 207 

5.1 Model performance in the upland 208 

In the upland, the performance of the vertical land surface fluxes is explored by (Nazarbakhsh et al., 2020). We are able to 209 

assess the upland model’s performance in reproducing observations of the water table elevation. As explained earlier, there 210 

is no groundwater in V0 of the model. In the uncoupled (V1) and chained (V2) models, the groundwater simulations are 211 

identical. In the coupled model (V3) the water table simulations may, in principle, differ from those in V1 and V2. 212 

Therefore, here we compare V1 and V3 separately. 213 

5.1.1 Uncoupled model calibration and validation 214 

The upland component in the uncoupled model is driven by the recharge values that are generated using the MESH-OJP 215 

model (Figure 3-a). Figure 3-b shows a comparison between the simulated and observed GWT at OJP site using the 216 

uncoupled upland model. The behavioural runs (69 runs with RMSE<0.08m) from Monte-Carlo analysis are used to generate 217 

the uncertainty bounds in the simulation of both GW discharge and GWT (Figure 3). It can be seen from Figure 3-a that the 218 
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recharge and the simulated GW discharge responded to each other consistently. Also, the changes in the GWT corresponded 219 

to both the recharge and the GW discharge peaks. 220 

 221 

Figure 3: a) Upland recharge rates into the groundwater aquifer that are generated using MESH-OJP model and are used to drive 222 

the upland component, b) comparison between the simulated and observed changes in the GWT at OJP site. The uncertainty 223 

results (GW discharge and GWT) are obtained from the behavioural realizations using Monte-Carlo analysis. 224 

For the uncoupled upland model, the best value of RMSE is equal to 0.058 m for calibration, and the value for the validation 225 

is 0.28 m (corresponds to the parameters values as 𝐾 = 135.1 m/d, 𝑆𝑦 = 0.24, ℎ𝑓 = 9m, L = 3275m, and 𝑥 = 1733). The 226 

uncoupled upland model is able to simulate the GWT in the calibration period with a narrow uncertainty bound. In the 227 

validation period, the simulated GWT matched the observations until the spring of 2011, when a discrepancy is noticed, and 228 

the GWT is underestimated thereafter. The GWT underestimation is caused by low recharge rates from 2011 to the end of 229 

the simulation, which might be caused by either undercatch in the observed precipitation or problems with the 230 

MESH/CLASS model in simulating the recharge rates at this period. The MESH/CLASS model problem could be because of 231 

overestimation of evapotranspiration rates at the upland site, which means the MESH/CLASS model might need re-232 

calibration to a longer period of data. We should note that although the model showed underestimation of the GWT 233 

magnitude (from 2011 to 2018), it captured the same pattern during the same period. We believe that our model performance 234 

acceptably serves the purpose, as the main purpose of this study is to perform numerical experiments to help us understand 235 

the upland-groundwater-fen system dynamics. 236 
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5.1.2 Upland-Uncoupled vs Coupled 237 

Figure 4 shows the comparison between the simulated GWT using the uncoupled (V1) and coupled (V3) model versions and 238 

the observations. The overall performance of the coupled version showed only a slight improvement (RMSE=0.18m) over 239 

the uncoupled version (RMSE=0.22m). A comparison between the simulated uncoupled and coupled systems shows that, in 240 

the period of record, considering the effect of the fen system does not affect the simulated GWT underneath the upland in the 241 

case of OJP and PF. However, the impact of this coupling might become more profound for other sites with different settings 242 

or the same site under different climate conditions. 243 

 244 

Figure 4: Comparison between the simulated GWT using both the uncoupled and coupled models with the observations. 245 

5.2 Model performance in the fen 246 

For the fen, we are not able to directly test our model performance due to a lack of data, and instead, we explore the 247 

sensitivity of the fluxes to the change in the modelling configuration (interaction between the upland and fen). The fen’s 248 

outflow and changes in water level are compared for the three versions (V1, V2, and V3) in Figure 5. In the uncoupled (V1) 249 

model, when there is no groundwater inflow to the fen, the estimated outflow and water level changes are unrealistic as the 250 

outflow is almost zero and the water level kept decreasing from one year to another. On the other hand, the chained (V2) and 251 

coupled (V3) models had a reasonable simulation of the outflow and water level changes of the fen but with differences from 252 

each other particularly in terms of flow rate. The overall trends of flow rates of V2 and V3 look similar, but the higher-253 

frequency features (e.g., daily flows) show different dynamics from time to time. Flow rates of V3 are affected by the two-254 

way water exchange between the upland and fen, which are based on the variable fen water level, unlike the concept of 255 

constant fen water level that is used in V2. This is apparent in 2004, wherein V3 model generated negative flow rates (i.e., 256 

water flows from the fen into the upland). This comparison shows that the groundwater inflow from the upland into the fen 257 

cannot be ignored when simulating the fen, however, the chained modelling approach might be deemed adequate to capture 258 

the fen system dynamics. Coupled configuration is needed to study the short-term impacts and changes in the fen outflow. 259 
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 260 

Figure 5: Comparison between the fen’s output (fen outflow and change in the fen water level) for the three modelling scenarios 261 

(uncoupled (V1), chained (V2), and coupled (V3)).  262 

5.3 Outflow of The Integrated Upland-Fen System (Grid-cell scale) 263 

In this section, we investigated the total outflow from the integrated upland-GW-fen system as a whole unit under different 264 

modelling configurations, which are the possible approaches to represent such system in LSMs, to simulate the amount of 265 

the total flow that discharges into the river network (streamflow) (check blue dotted arrows in Figure 2). In LSMs, a grid cell 266 

can contain multiple components, such as upland and fen. In this case, the total outflow of the grid cell is the combined 267 

outflow from both the upland and fen components after considering the interaction between them based on the used 268 

modelling configuration. This is done to assess the optimal level of model complexity that can simulate the streamflow 269 

adequately. 270 

In the chained (V2) and coupled (V3) models, the simulated GW discharge into the fen from both models are almost the 271 

same at a daily and annual scale (Figure 6). Also, the total outflow from the grid cell into river had no significant difference 272 

in the two cases. In the case of uncoupled upland-GW and fen model (V1), there is no GW discharge into the fen, but the 273 

daily and annual total outflow into the river is similar to that of V2 and V3. Therefore, on the grid cell scale, the interaction 274 

between upland and the fen had no effect on the total outflow from the grid cell and discharge into the river for our model 275 

configuration. 276 

https://doi.org/10.5194/hess-2023-68
Preprint. Discussion started: 27 March 2023
c© Author(s) 2023. CC BY 4.0 License.



14 

 

In case of V0, when there is no account for the GW storage and all the soil drainage (recharge) is considered as baseflow, 277 

which is discharged directly into the river network (the case in most of the current LSMs). Therefore, the simulated outflow 278 

(of V0) into the river is significantly different (with overall greater magnitudes) compared to the other three versions that 279 

accounts for GW storage (Figure 6). That means considering the GW dynamics underneath the upland is essential. 280 

 281 

Figure 6: Comparison between GW discharge into fen and total outflow form grid cell into river on daily and annual scales for V0, 282 

V1, V2, and V3 modelling scenarios (Error! Reference source not found.) 283 

5.4 The effect of different upland properties on the upland-fen interactions 284 

Here, we run two additional numerical experiments to explore the optimal level of modelling complexity for different upland 285 

site properties. The experiments are hypothetical (no observations) and represent other possible sites' conditions. 286 

5.4.1 Experiment 1: Different hillslope lengths 287 

Figure 7 shows the simulated upland GWT using different upland hillslope lengths (width of the fen is constant) and 288 

compares the results in the case of chained (V2) and coupled (V3) upland. In the case of horizontally large aquifers (𝐿 >289 

1000𝑚), as in our original study setup, there is no significant difference in the simulated GWT and GW flux when using the 290 

two model configurations. In contrast, in small hillslopes (lengths between 100 to 500 m), the chained model is not able to 291 

reasonably capture the fluctuations of the upland GWT, as the simulated GWT is almost constant. Also, the difference can be 292 

seen when comparing the simulated GW fluxes in the two model configurations (Figure 8). In small hillslopes, the coupled 293 
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model is able to capture the water amounts that move from the fen into the upland (negative flux values), which are 294 

considerable amounts frequently present throughout the year. 295 

 296 

Figure 7: Simulated upland GWT for both Chained and coupled model versions by using different hillslope length (𝑳).  297 

 298 

Figure 8: Simulated upland GW fluxes for both chained and coupled model versions by using different hillslope length (𝑳). 299 

In the case of large hillslopes, the groundwater size is significantly greater than the fen size (140m) and therefore large 300 

amounts of water move from the upland into the fen. As a result, the upland controls the dynamics of the whole system. In 301 

such cases, the upland can be simulated independently with no account for the interaction with the fen. In the case of small 302 

hillslopes, however, the fen is the dominant contributor to the system as the water moves continually in two-way directions. 303 

In such cases, the coupling between the upland and fen is essential. 304 
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5.4.2 Experiment 2: Different upland soil properties 305 

Figure 9 shows a comparison between two upland cases, 1) coarse-grained soil (high permeability) and forest Land cover 306 

(high density vegetation) with a long hillslope length, which is our original study setup (Figure 9-a), and 2) fine-grained soil 307 

(low permeability) and grass land cover (Figure 9-b). In the case of coarse-grained soil (Figure 9-a), the main contribution to 308 

the upland GW system is the high recharge rates because of the high infiltrability of the soil (coarse-grained/sandy), and 309 

relatively very small amounts of surface runoff to the fen. Thus, in this case, the dominant component of the upland-fen 310 

system is the GW water fluxes from the upland into the fen (through the subsurface water movement). Water arrives as 311 

precipitation on the upland, infiltrates into the soil and recharges the aquifer, and finally moves laterally in the aquifer to 312 

discharge into the fen. To represent these system dynamics, the chained (V2) modelling approach for the upland system 313 

seems adequate to simulate the GW system (GWT and GW discharge) of the upland, as the difference between the results 314 

when using chained (V2) and coupled (V3) models is relatively small (Figure 9-a). However, the coupled (V3) model can 315 

simulate the dynamics of the daily GW flows due to the frequent change of the fen water level. Accordingly, the flow 316 

direction is reversed to be from the fen into the upland (negative flow values) from 2004 to 2005 (Figure 9-a). 317 

 318 

Figure 9: Comparison between two different upland site conditions and simulated upland GWT at each case, a) OJP with coarse-319 

grained soil texture and evergreen needleleaf canopy, b) St Denis with fine-grained soil texture and grass land cover. 320 
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The systems dynamics are different when the soil has fine-grained texture, and the vegetation has low density (Figure 9-b). 321 

In this case, large amounts of surface runoff move directly from hillslope into the fen whereas very limited water may 322 

infiltrate into the upland aquifer. Figure 9-b shows that the chained model is not able to simulate any of the GW dynamics 323 

underneath the upland, whereas the coupled model captured the system’s dynamics (Figure 9-b-GW Fluxes). The fen in this 324 

case is mainly fed by the surface runoff fluxes, then the water moves laterally into the upland (especially during snowmelt 325 

season). Hence, the main flow path is from the fen into the upland GW. That means, the upland GW dynamics are dominated 326 

by the subsurface water fluxes coming from the neighbouring wetlands/fens. It is obvious that considering only the chained 327 

approach (one-way exchange between upland and fen) in the case of fine-grained upland soil cannot reasonably capture the 328 

real dynamics of the system. However, the full coupling between the upland and the fen (two-way water exchange) allows 329 

the model to represent the actual dynamics of the upland aquifer underneath fine-grained soil layers. 330 

6 Conclusions 331 

The insights from applying alternative model configurations to the upland-fen system in this study are as follows: 332 

1. We are able to reasonably simulate the GW dynamics underneath the upland using the 1D Boussinesq equation. 333 

There are no significant differences between the coupled and uncoupled modelling approaches for simulating the 334 

upland water table elevation, because the dominant flow direction is from the upland to the fen. 335 

2. To simulate the water level in the fen, the GW input from the upland cannot be ignored. However, there is no 336 

significant difference between the chained (one-way interaction) and coupled (two-way interaction) approaches in 337 

terms of the simulated fen water level and outflow. 338 

3. The inclusion of upland-fen interactions had no significant impact on the discharge into the river network. 339 

However, inclusion of GW storage had a major impact on the timing and magnitude of river discharge. 340 

We found that when the size of the fen is large relative to the upland, it is essential to use a coupled fen-upland modelling 341 

approach, as there can be substantial bi-directional exchanges of water between the fen and the upland GW at different times 342 

of the year. The coupled modelling approach is also more likely to be necessary when simulating uplands with fine-grained 343 

soils, as the fen receives more surface runoff and less groundwater input, and therefore, loses a significant amount of water 344 

into the groundwater system. 345 

In general, if the main objective of the model is to simulate streamflow, coupling (two-way interaction) between the upland 346 

and fen/wetlands can likely be ignored. However, groundwater dynamics must be represented in LSMs as they significantly 347 

affect the total outflow (streamflow) from the whole system. On the other hand, if the simulation of the storage and fluxes 348 

within fen/wetlands are of interest, then the chained modelling approach is the least complex level needed to account for the 349 

contributions of the surrounding upland and GW systems.  350 

This study gives insights into the necessary model complexity for simulating an upland-GW-fen system within land surface 351 

models. The outcomes of this study can help in improving process representation in LSMs and guide current and future 352 
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hydrological modelling practices in wetland/fen-dominated areas. This can lead to simulating the water cycle more 353 

accurately in that region, which would contribute to better water resources management and allocation and improve the 354 

LSMs’ ability to predict the effect of future climate change on the wetlands. 355 
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