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Abstract 23 

Groundwater discharge to streams depends on several factors, including groundwater flow direction 24 

and stream morphology, whose effects are not well understood. Here a 3-D model is employed to 25 

investigate the impact of meandering stream geometries on groundwater flow to streams in an 26 

unconfined and homogenous sandy aquifer at the reach scale.  The effect of meander geometry was 27 

examined by considering three scenarios with varying stream sinuosity. The interaction with 28 

regional groundwater flow was examined for each scenario by considering three groundwater flow 29 

directions. The effect of other parameters on the groundwater flow to a meandering stream was 30 

tested for the stream width, the meander amplitude, the magnitude of the hydraulic gradient, and the 31 

depth of the aquifer. Implications for a real stream were then investigated by simulating 32 

groundwater flow to a stream at a field site located in Grindsted, Denmark. The simulation of 33 

multiple scenarios was made possible by the employment of a computationally efficient coordinate 34 

transform numerical method. Comparison of the scenarios showed that meanders affect the spatial 35 

distribution of groundwater flow to streams. The shallow part of the aquifer discharges to the 36 

outward pointing meanders, while deeper groundwater flows beneath the stream and enters from the 37 

opposite side. The balance between these two types of flow depends on the aquifer thickness and 38 

meander geometry. Regional groundwater flow can combine with the effect of stream meanders and 39 

can either enhance or smooth the effect of a meander bend, depending on the regional flow 40 

direction. Results from the Grindsted site model showed that real meander geometries had similar 41 

effects to those observed for the simpler sinuous streams, and showed that despite large temporal 42 

variations in stream discharge, the spatial pattern of flow is almost constant in time for a gaining 43 

stream. 44 

  45 
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Graphical abstract 46 
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1. Introduction 49 

An understanding of the interaction between groundwater and streams is needed to map water 50 

fluxes and the transport of contaminants from groundwater into streams (Cey et al., 1998; Derx et 51 

al., 2010; Anibas et al., 2012; Karan et al., 2013; Ou et al., 2013; Freitas et al., 2015). This 52 

interaction is governed by several factors such as the hydraulic head difference between the aquifer 53 

and the stream, the stream channel geometry, and the hydraulic conductivity distribution of the 54 

aquifer and the streambed (Cey et al., 1998; Krause et al., 2007; Anibas et al., 2012; Binley et al., 55 

2013; Fernando, 2013; Flipo et al., 2014). Furthermore, flow processes between groundwater and 56 

streams are scale dependent and so must be investigated at different scales (Dahl et al., 2007; 57 

Anibas et al., 2012; Flipo et al., 2014; Poulsen et al., 2015).  58 

Investigations of contaminant plume migration to a stream are typically focused on plume 59 

scales (10-200 m), which are similar to the stream reach scale (Conant et al., 2004; Byrne et al., 60 

2014; Weatherill et al., 2014; Freitas et al., 2015). At the reach scale, groundwater flow to streams 61 

is both vertical and horizontal; thus, an analysis in three-dimensions is required (Harvey and 62 

Bencala, 1993; Modica et al., 1998; Flipo et al., 2014). Reach scale groundwater flow paths are not 63 

adequately resolved at the larger regional or catchment scales considered by Toth (1963) and many 64 

other later larger scale studies (e.g. Wroblicky et al., 1998; Modica et al., 1998; Anibas et al., 2012; 65 

Aisopou et al., 2014; Flipo et al., 2014; Gomez-Velez et al., 2015).  66 

Studies investigating reach scale groundwater flow to streams have generally considered 67 

straight streams, and have not accounted for the effect of meander bends (Derx et al., 2010; Guay et 68 

al., 2013; Miracapillo and Morel-Seytoux, 2014). Thus, a better understanding of how groundwater 69 

flow varies in space because of stream meanders is needed (Modica et al., 1998; Diem et al., 2014; 70 

Krause et al., 2014; Boano et al., 2014). This is particularly important when investigating 71 

contaminant plume discharge to a stream system, where insight is needed to improve site 72 
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investigations, data interpretation and to design more efficient monitoring campaigns (Harvey and 73 

Bencala, 1993; Conant et al., 2004; Anibas et al., 2012; Weatherill et al., 2014).  74 

Only a few studies have analyzed groundwater flow to meandering streams (e.g. Dahl et al. 75 

(2007), Nalbantis et al. (2011), Flipo et al. (2014), and Boano et al. (2014)). A literature review is 76 

shown in Table S1 and shows that the majority of research on meandering stream-aquifer 77 

interaction has focused on the hyporheic processes (Wroblicky et al., 1998; Salehin et al., 2004; 78 

Cardenas et al., 2004; Cardenas 2008; Revelli et al., 2008; Cardenas, 2009a; Cardenas, 2009b; 79 

Boano et al., 2006; Stonedahl et al., 2010; Boano et al., 2009; Boano et al., 2010, Brookfield and 80 

Sudicky, 2013; Gomez-Velez et al., 2014; Gomez-Velez et al., 2015). Hyporheic processes take 81 

place in the hyporheic zone just under the stream bed, where stream water mixes with groundwater, 82 

before returning to the stream. For example, Boano et al. (2010) applied an analytical approach to 83 

examine 3-D groundwater flows directly under a streambed, but did not consider the surrounding 84 

groundwater flow system.  85 

For many problems, it is necessary to move beyond the hyporheic zone, and consider larger 86 

scale groundwater flows at the reach scale. Thus, the focus of this paper is groundwater flow to 87 

meandering streams at the reach scale. The model of Cardenas (2009a; 2009b) is particularly 88 

relevant for this paper. It presents a 2-D model with focus on the hyporheic exchange within stream 89 

meanders. Here that model is extended to 3-D and the analysis focuses on the groundwater flow to 90 

the stream. It is important to examine groundwater flow to streams in three dimensions because 91 

these systems typically have very strong vertical flow components which cannot be captured in two-92 

dimensional models. The extension to three dimensions will be shown to lead to new insights on the 93 

patterns of groundwater flow. These insights are particularly important in studies of contaminant 94 

discharge to streams because it is critical to be able to link measured contaminant discharges at the 95 

stream with contaminated sites located further away from the stream. 96 



6 
 

This study analyses the spatial variability of the groundwater flow discharge to streams along 97 

meander bends in a full 3-D system at the reach scale. The first aim is to simulate the groundwater 98 

flow paths to streams and investigate how those paths are affected by stream meanders and 99 

groundwater flow direction in the aquifer. A 3-D model is presented simulating the discharge to 100 

streams for a synthetic gaining sinuous stream with three scenarios of sinuosity: a straight stream, a 101 

moderately sinuous stream, and a highly sinuous stream. For each scenario, three groundwater flow 102 

directions are assumed with the dominant groundwater flow being: perpendicular to the stream; 103 

along the stream; and diagonally across the stream. In addition to the stream sinuosity and the 104 

groundwater flow direction, the effects of other parameters on the groundwater flow to a sinuous 105 

stream were tested: the stream width, the meander geometry, the aquifer thickness, and the 106 

magnitude of the hydraulic gradient. The second aim is to apply the 3-D model to a meandering 107 

stream at Grindsted in Denmark in order to assess the effects in a field scale system with a real 108 

geometry and time varying stream water levels. Finally the implications for our current 109 

understanding of discharges to streams are discussed. 110 

To address these aims, the 3-D numerical model was developed using a novel coordinate 111 

transformation method developed by Boon et al. (2016). This method solves the equation for 112 

groundwater flow in a transformed domain, which is constant in time, while the coordinate system 113 

changes depending on the groundwater free surface variations. The application of the linear 114 

transformation allows the transformed domain geometry to be simpler than the original problem; 115 

thus, the method is computationally efficient and can be applied to complex geometries. Boon et al. 116 

(2016) employs the method to simulate groundwater flow to wells, but it has not been applied to 117 

other relevant groundwater systems. Since the application of the coordinate transform method to 118 

groundwater/surface water interaction is new, it was first tested and compared to existing 119 

approaches (the moving mesh and the saturated-unsaturated groundwater flow method). It is shown 120 
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that the coordinate transform method is far more computationally efficient than the other methods. 121 

This was important for this study since it involved the analysis of many scenarios and so an 122 

efficient method is needed. 123 

2. Method 124 

 Sinusoidal stream model  125 

In this study, the effect of the stream sinuosity on the groundwater flow to streams is analyzed 126 

by extending the two-dimensional steady state model developed by Cardenas (2009a; 2009b) to 127 

three dimensions. The stream is assumed to be sinusoidal with a constant wavelength (λ) of 40 m 128 

and amplitude (α), which is varied in order to reproduce different levels of sinuosity. The sinuosity 129 

(S) is calculated by dividing the sinuous stream length along the channel by the straight valley 130 

length (300 m in this study). Three sinuosity scenarios (Figure 1) are considered: a) straight stream 131 

(S=1, α=0 m), b) moderately sinuous stream (S=1.14, α=5 m), and c) a highly sinuous stream 132 

(S=1.74, α=13.5 m). The choices of sinuosity, wavelength, and amplitude are the same as those of 133 

Cardenas (2009a; 2009b). 134 

The spatial variability of the groundwater flow to the stream is affected by the stream 135 

morphology, the groundwater flow direction, and the distribution of hydraulic conductivities 136 

(Krause et al, 2012; Gomez-Velez et al., 2014). In order to isolate and analyze the effect of the 137 

stream morphology and the groundwater flow direction, the aquifer is assumed to be homogenous 138 

and isotropic with a hydraulic conductivity of 40 m/d. The stream cross section is a half-ellipsoidal 139 

with a depth of 3 m and a width of 5 m. The stream-aquifer interface is a constant-head boundary 140 

where the head varies linearly along the channel with a gradient determined by dividing the overall 141 

gradient in the x direction (0.001) by the sinuosity. Thus, the stream is a gaining stream along the 142 

entire length. The top and bottom boundary, except for the stream boundary, are no-flow boundaries 143 
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and the remaining boundaries are constant-head boundaries. The head gradient is assumed to 144 

change linearly depending on the direction.  145 

In order to simulate different groundwater flow directions, the head gradient on the boundary 146 

in the x-direction and in the z-direction are constant (0.001 and 0 respectively) while the y-direction 147 

gradient is 0.004 for simulating regional groundwater directed laterally toward the stream and 148 

0.0005 for regional groundwater flowing in the direction of stream flow. These values were selected 149 

based on Cardenas (2009a, 2009b). The third groundwater flow scenario assumes groundwater 150 

directed south-west diagonally across the stream, with a boundary gradient in the y-direction of 151 

0.0005 in the area north of the stream and 0.0001 south of the stream. 152 

The effect of the gradient on the x-direction was tested by simulating a low gradient of 0.001, 153 

also used for the other simulations, and a high gradient of 0.01. The assumption of a constant 154 

aquifer thickness of 40 m was tested by modeling a shallower aquifer with a thickness of 5 m and a 155 

deeper aquifer with a thickness of 80 m. Similarly, different stream morphology were tested by 156 

varying the stream width between 2 and 10 m, and the meander wavelength between 20 and 80 m. 157 

These scenarios were simulated for the highly sinuous stream and groundwater flow directed 158 

laterally toward the stream.  159 

 160 

Figure 1: Model domain, finite element mesh, and boundary conditions for the three scenarios of the synthetic stream model: 161 
straight stream (a), the moderately sinuous stream (b), and the highly sinuous stream (c) models. 162 
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 Grindsted stream field site 163 

To examine the implications of findings for real streams with more complex geometries with 164 

time varying boundary conditions, a 500 m reach scale model of a field site in southern Jutland, 165 

Denmark (Figure 2) was constructed. Grindsted stream has a catchment area of approximately 200 166 

km2, is 1-2.5 m deep and 8-12 m wide. The unconfined aquifer is 80 m thick and is in hydraulic 167 

contact with the stream. The geology is composed of a Quaternary sandy formation for the first 10-168 

15 mbgs and, below that, a Tertiary sandy formation. The aquifer is underlain by a thick and 169 

extensive Tertiary clay layer at 80 mbgs (Barlebo et al., 1998; Heron et al., 1998). Two 170 

contaminated sites are present in the surrounding area: Grindsted factory located 1.5 km north of the 171 

stream, and Grindsted landfill located 2 km south of the stream (Kjeldsen et al., 1998). From these 172 

sites, contaminant plumes discharge into the stream, as evident by examination of stream water 173 

quality made by Nielsen et al. (2014) and Rasmussen et al. (2015). The model domain was 174 

constructed in order to include the area where the contaminant plumes discharge to the stream. This 175 

paper focuses on a detailed mapping of groundwater flows adjacent to the stream. The analysis of 176 

the coupled contaminant transport processes is beyond the scope of this paper and will not be 177 

discussed further.  178 

The regional equipotential map (Figure 2) was used to define the lateral extent of the model 179 

domain and its geometry. Equipotential boundaries, where the flow is perpendicular to the boundary 180 

and the head is constant over depth, are employed (Aisopou et al., 2015). The remaining boundaries 181 

are placed along streamlines where a no-flow condition is assumed on vertical sides. The temporal 182 

variability of groundwater flow to streams was modelled accounting for variation in precipitation, 183 

stream water level and groundwater head. Precipitation data were collected by the Danish 184 

Meteorological Institute at a measurement station at Billund Airport, 15 km from the study site 185 

(DMI, 2015). The temporal variation in groundwater heads was monitored at several wells in the 186 
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Grindsted area (selected wells are shown in Figure 2). Well 114.1996 was used to set the variable 187 

head on the southern boundary, adjusting all measured heads by 1.2 m because the well is not 188 

located exactly on the boundary. Similarly, well 114.1447 was applied on the northern boundary, 189 

assuming a head difference of 0.9 m. The adjustment was made as part of the model calibration in 190 

order to fit the simulated with the observed groundwater head level at the two wells located inside 191 

the model domain: 114.1448 and 114.1997. During the model calibration, values of 30 m/d for the 192 

horizontal hydraulic conductivity and 3 m/d for the vertical hydraulic conductivity were selected. 193 

These values are being similar to the hydraulic conductivities from other field and model studies in 194 

the area (Barlebo et al. 1998; Bjerg et al., 1995; Lønborg et al., 2006). 195 

Stream water level data was obtained at the Tingvejen gaging station, located 2.5 km 196 

upstream of the model domain, and at Eg Bro, located 8.1 km downstream of the model domain. 197 

The average water slope between the two gaging stations is 0.001. The mean annual stream 198 

discharge is 2,150 l/s at Tingvejen and 2,980 l/s at Eg Bro. The simulated stream reach is about 900 199 

m long and the annual average groundwater discharge to the stream in the reach, estimated from 200 

annual average discharge measurements from the gaging stations, is 70 l/s.  201 

The model assumes 80 m deep homogenous sandy aquifer with a hydraulic conductivity of 30 202 

m/d in the horizontal direction and 3 m/d in the vertical direction. The stream cross section is half-203 

ellipsoidal with depth of 3 m and width of 10 m. The depth of 3 m is larger than the stream water 204 

depth to allow for in stream head variations without overbank flow. The stream is implemented as a 205 

time varying head boundary where the head varies linearly along the channel with a gradient of 206 

0.001, corresponding to the average water slope between the two gaging stations. The slope of the 207 

streambed is assumed to be 0.001, as to the stream water slope.  208 
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 209 

Figure 2: Overview of the Grindsted stream study site and model set up. The blue lines indicate the equipotential lines with 210 
an interval of 1 m. The equipotential map is based on groundwater head measurements collected at the wells indicated by the 211 
blue dots. The name of the observation wells used to set up boundary conditions or for comparison with model results are 212 
shown on the map. The model domain area is defined by the black line. The close up on the bottom right shows the model 213 
grid, the boundary conditions, the model size, and the location of  boreholes located inside the model domain.  214 

 Modelling groundwater flow to streams with the coordinate transformation method 215 

The groundwater head variability which controls the flow to/from the stream is difficult to 216 

resolve with a traditional groundwater flow model employing a regular grid. Several methods have 217 

been developed to describe the variability of groundwater head in unconfined aquifers: the moving 218 

mesh (Knupp, 1996; Darbandi et al., 2007; Bresciani et al., 2011) and the saturated-unsaturated 219 

groundwater flow (Freeze, 1971; Dogan and Motz, 2005; Keating and Zyvoloski, 2009; Camporese 220 

et al., 2010). An overview of studies applying these methods is provided in Table S2. These 221 

methods were developed for unconfined aquifers without considering stream interaction, which 222 

introduces large local variations in groundwater head.  223 
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The moving mesh method solves the groundwater flow problem under saturated conditions 224 

and adjusts the mesh depending on the groundwater head calculated at the previous time step. The 225 

method requires re-meshing at each time step, which is very computationally demanding (Freeze, 226 

1971; Kinouchi et al., 1991; Knupp 1996) and can fail for large changes in the water head between 227 

two time steps or for steep gradients, such as at the stream aquifer interaction (Bresciani et al., 228 

2011; COMSOL, 2013). The saturated-unsaturated method solves the flow equation under both 229 

saturated and unsaturated conditions avoiding the problem of explicitly describing the water table 230 

surface (An et al. (2010) and Kinouchi et al. (1991)). However, the method is computational 231 

demanding and is rarely justified when the main focus is the saturated flow (Keating and Zyvoloski, 232 

2009). 233 

The new coordinate transformation of Boon et al. (2016) was used to solve the groundwater 234 

flow equations in the model domain. The method reduces computational time by employing a 235 

coordinate transformation so that the saturated groundwater flow equations are solved on a fixed 236 

mesh (Figure 3). For comparison purposes, the equations were also solved on a domain with a 237 

dynamically deforming mesh, and by a coupled saturated/unsaturated flow solver (Supportive 238 

information S1). 239 

 240 

 241 
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 242 

Figure 3: The coordinate transformation method for modelling unconditioned aquifers interacting with streams of Boon et al. 243 
(2016) employs a fixed domain (right) instead of the real deformable domain (left). A coordinate transformation  is used to 244 
map the governing equations between the two domains. 245 

To test the three methods for the groundwater flow to streams problem, they were 246 

implemented for a two-dimensional study case and their computational accuracy and efficiency 247 

compared (Section S1 in the supportive information). The comparison between the methods is 248 

shown in the supporting information (Table S4), where it can be seen that the coordinate 249 

transformation method is the least computational demanding of the three methods for a 2-D test 250 

problem, requiring 32 times less computational effort than the saturated-unsaturated approach and 3 251 

times less time than moving mesh, for a relatively coarse discretization. Differences become larger 252 

in 3-D and when the grid is refined: the computational time required by the moving mesh in a 3-D 253 

test (137 min) is 32 times more computational time than the coordinate transformation (4 min). 254 

Furthermore, the coordinate transformation method does not lead to instabilities and oscillations, 255 

problems that were encountered with the moving mesh. The coordinate transformation is a much 256 

more computationally efficient solution making it possible to simulate a variety of scenarios and 257 

properly explore the problem. Thus, the coordinate transformation method is employed for all 258 

examples in this study. 259 
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In the coordinate transformation method (Boon et al., 2016), the groundwater flow equation 260 

for saturated conditions is solved in a transformed domain Ω෡: 261 

 Sୱ

∂h෠

∂t
+ ∇ ∙ ൫− 𝐊෡ ∙ ∇h෠൯ = 0 in Ω෡ (1) 

Where Ss is the specific yield [1/m], h෠ is the hydraulic head in the transformed space [m] and  K෡ is 262 

the hydraulic conductivity tensor in the transformed space [m/s]. The groundwater flow velocity in 263 

the transformed domain Ω෡ becomes: 264 

 qො = −𝐊෡ ∙ ∇h෠ (2) 

The conditions at the top boundary Γ are: 265 

 h෠(xො, t) = ζ(xො, t) on Γ    (3) 

 −𝐞𝚪 ∙ ൫−𝐊෡ ∙ ∇h෠൯ = ൬I − S୷

∂ζ

∂t
൰ on Γ    (4) 

where Sy is the specific yield [-],ζ is the elevation for the free surface [-], and eΓ is the unit normal 266 

to Γ. The governing equations are solved in Comsol Multiphysics, which employs a finite element 267 

numerical approximation (COMSOL, 2013). The finite element method employs the weak form of 268 

(1) with a linear polynomial Lagrange test function g ∈ Hଵ(Ω෡) which is combined with the 269 

boundary equation (4) and input into COMSOL Multiphysics: 270 

ቆSୱ

∂h෠

∂t
+ ∇ ∙ ൫− 𝐊෡ ∙ ∇h෠൯, gቇ

Ω෡

 

= ቆSୱ

∂h෠

∂t
, gቇ

Ω෡

+ ൫ 𝐊෡ ∙ ∇h෠, ∇g൯
Ω෡

+ ൫𝐞 ∙ ൫−𝐊 ෡ ∙ ∇h෠൯, g൯
୻
 

 
= ቆSୱ

∂h෠

∂t
, gቇ

Ω෡

+ ൫ 𝐊෡ ∙ ∇h෠, ∇g൯
Ω෡

− ൭൬I − S୷

∂ζ

∂t
൰ e୻୸

 , g൱

୻

= 0 (5) 

The linear transformation ψ is: 271 

 𝐱 = ψ(xො, zො, t) = [xො, 0] + ζ(xො, t)zො𝐞𝐳   (6) 
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 h(x, z, t) = h෠(xො, zො, t)   (7) 

where ez is the unit vector in the z-direction. The hydraulic conductivity field is a function of the 272 

elevation of the free surface ζ and can be derived from the linear transformation: 273 

 𝐊෡(xො, zො, t) = det ∇෡ψ (∇෡ψ)ିଵ𝐊(∇෡୘ψ)ିଵ  

 = ζ ቈ
K୦ −K୦zොζିଵ∇෡ζ

−K୦zොζିଵ∇෡୘ζ ൫K୦zොଶ∇෡୘ζ∇෡ζ + K୴൯ζିଶ቉ (8) 

In equation (8) ζ = ζ(xො, t), K୦ = K୦(x, z), K୴ = K୴(x, z), and K෡ depends on the linear 274 

transformation described in equation (6) and (7).  275 

Apart from the boundary condition for the top boundary (5), the boundary conditions applied 276 

in the transformed domain are: no-flow for the bottom boundary, and time-variable fixed-head for 277 

the lateral boundaries. The transform formulation, as well as its numerical implementation using 278 

lowest-order Lagrange finite elements is provably stable and convergent (Boon et al., 2016).  279 

3. Results 280 

 Horizontal variability of the groundwater flow to the stream 281 

The groundwater discharge to the stream at the upper edge of the stream-aquifer interface is 282 

shown in Figure 4, where the red arrows are proportional to the horizontal groundwater discharge. 283 

Table 1 shows the total flux to a meander from both stream sides (m/s) for each scenario and the 284 

percentage of flow discharged at the outward pointing side of the meander and at the inward 285 

pointing side of the meander.  286 

The straight stream has a constant discharge along the stream for all hydraulic gradients 287 

(Figure 4a, 4b, and 4c), except for at the boundaries, where the boundary conditions have affected 288 

the results. In the moderately sinuous stream (Figure 4d, 4e, and 4f), the groundwater discharge to 289 

the stream is not constant and changes depending on the location along the stream meander, as 290 
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shown by the arrow size. The discharge is largest at the extremes of the stream meanders, with 62% 291 

and 60% of the groundwater flux entering the stream on the outward pointing side of the meanders 292 

for a Jyx of 4 and 0.5 respectively (Table 1). This variation in the groundwater discharge to the 293 

stream is due to the stream sinuosity and increases with the sinuosity: 73% and 75% of the 294 

groundwater flux enters at the outward pointing side of the meander for a Jyx of 4 and 0.5 295 

respectively. This effect can also be seen by comparing Figure 4d and 4f with Figure 4g, 4h. 296 

The ratio between the hydraulic gradient in the y and x-direction (Jyx) affects the groundwater 297 

direction to the stream. In the straight stream, for a large Jyx (Figure 4a), the groundwater direction 298 

is more perpendicular to the stream compared to a lower Jyx (Figure 4b). When two different values 299 

of Jyx are applied on each side of the stream (Figure 4c), both the direction of the groundwater to the 300 

stream and the magnitude of the discharge change as the stream is crossed: the lower value of Jyx in 301 

the southern side corresponds to a lower groundwater discharge to the stream. Therefore, the 302 

percentage of groundwater flux to the stream is higher on the northern side (69%), where the 303 

hydraulic gradient in the y-direction is higher, compared to the southern side (31%).  304 

The effect of the hydraulic gradient, described for the straight stream, can also be observed in 305 

the moderately (Figure 4f) and highly sinuous stream (Figure 4i), combined with the effect of the 306 

sinuosity. The highest groundwater flow to the stream is located further upstream on the outward 307 

pointing side of the meander bend when decreasing the value of Jyx. Therefore, the groundwater 308 

flux on the outward pointing side increases from 60% to 67% for the moderately sinuous stream, 309 

when the flux is measured on the meander pointing north, where the gradient in the y-direction is 310 

higher. The effect of the gradient decreases when the sinuosity increases: for the highly sinuous 311 

stream the flux increases to 75% to 76%. 312 

 313 
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Table 1: Total groundwater fluxes to the stream at a meander and percentage of the fluxes entering the stream on the 314 
outward pointing side and on the inward pointing side of the meander. The total flux was calculated as the integral of the 315 
discharge along the meander at the stream-aquifer interface divided by the interface area.  316 

Model Sinuosity Meander side Jyx = 4 Jyx = 0.5 
Jyxnorth = 0.5 
Jyxsouth = 0.1 

Straight stream 1 

Northern side [%] 50 50 69 

Shouthern side [%] 50 50 31 

Total [m/s] 1.02 0.104 0.073 

Moderately sinuos 
stream 

1.14 

Outward side [%] 62 60 67 

Inward side [%] 38 40 33 

Total [m/s] 1.01 0.116 0.092 

Highly sinuous 
stream 

1.74 

Outward side [%] 73 75 76 

Inward side [%] 27 25 24 

Total [m/s] 0.73 0.088 0.087 
 317 

The results shown in Figure 4 and Table 1 are based on simulations where all parameters are 318 

assumed to be constant, except for the amplitude of a meander, and consequently the stream 319 

sinuosity, and the ratio between the hydraulic gradient in the y and x-direction. The parameters that 320 

were not varied include the wavelength of a meander (40 m), the hydraulic gradient in the x-321 

direction (1‰), the stream width (5 m), and the aquifer depth (40 m). In order to study the effect of 322 

these assumptions, additional simulations were performed for the scenario with highly sinuous 323 

stream and Jyx of 4. The effect of these parameters on the groundwater discharge to the stream is 324 

summarized in Table 2, where the bulk values indicate the parameter value used for the simulations 325 

in Table 1 and Figure 4. The figures showing the horizontal groundwater flow to the stream for the 326 

scenarios summarized in Table 2 are provided in the Supporting Information. 327 

The groundwater flux to a stream meander increases with the hydraulic gradient in the x-328 

direction, from 0.73 m/s to 7.04 m/s for a hydraulic gradient of 1‰ and 10‰ respectively. The 329 

groundwater flux decreases when increasing the stream width, from 1.15 m/s to 0.52 m/s for a 2 m 330 

and a 10 m wide stream. However, the percentages of groundwater entering the stream on one side 331 

or the other of the meander do not change. This indicates that the magnitude of the hydraulic 332 
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gradient and the stream width do affect the magnitude of groundwater flow entering the stream, but 333 

not the direction of the groundwater flow to the stream. 334 

The wavelength of the stream sinuosity does not affect the total discharge to the stream, but 335 

affects the percentage of groundwater entering on each side of a meander bend. The groundwater 336 

flux on the outward pointing side of a meander decreases, from 78% to 64%, by increasing the 337 

wavelength, from 30 to 80 m. When keeping constant the amplitude of a meander and increasing 338 

the wavelength, the sinuosity of the stream decreases. Thus, the percentage of water entering the 339 

outward pointing side of the meander decreases with the sinuosity. This confirms the observation 340 

made for the moderately sinuous stream and the highly sinuous stream in Table 1. Furthermore, this 341 

result highlights that the groundwater flow to the stream depends on the sinuosity, and not the 342 

amplitude or the wavelength of the meanders.  343 

The groundwater flux decreases when increasing the aquifer depth. This effect is small for the 344 

low and the middle value tested: from 0.72 m/s to 0.73 m/s for an aquifer depth of 5 m and 40 m, 345 

respectively. When testing an 80 m deep aquifer, the groundwater flux to the stream increases up to 346 

1.90 m/s. The percentage of water entering the stream on the outward pointing side of a meander is 347 

also affected and decreases from 75% for the 5 m deep aquifer to 69% for the 80 m deep aquifer. 348 

Based on the analysis of the horizontal groundwater flow to the stream and the groundwater 349 

fluxes to a meander, the parameters affecting the spatial distribution of the groundwater flow to a 350 

stream are the groundwater flow direction, the stream sinuosity, and the aquifer depth. Therefore, 351 

the effect of these parameters is further analyzed by looking at the groundwater flow to the stream 352 

in a vertical cross section, in Section 3.2. 353 

 354 
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Table 2: Groundwater discharge to the stream at a meander stream. Only one parameter at the time has been changes, the 355 
other are the same as the simulations described in the method. The bulk values are the ones used for the simulations describe 356 
in Table 1 and in Figure 4-6. Two parameters have not been changed, since their effect has already been analyzed in Table 1: 357 
ratio between the hydraulic gradient in the y- and x-direction (Jyx = 4) and the meander amplitude (α = 13.5) 358 

Meander 
side 

Wavelength [m] 
Hydraulic 

gradient in the 
x-direction [‰] 

Stream width [m] Aquifer depth [m] 

30 40 80 1 10 2 5 10 5 40 80 
Outward 
side [%] 

78 73 64 73 72 72 73 75 75 73 69 

Inward side 
[%] 

22 27 36 27 28 28 27 25 25 27 31 

Total [m/s] 0.51 0.73 0.72 0.73 7.04 1.15 0.73 0.52 0.72 0.73 1.90 
 359 

 360 
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 361 

Figure 4: Groundwater discharge to the stream at the upper edge of the stream-aquifer interface shown by the red arrows, which are proportionate to the flow. The equipotential lines 362 
separated by a 0.05 m interval are indicated by the black lines. Jyx represent the ration between the hydraulic gradient in the y and in x-direction. The moderately sinuous stream has 363 
sinuosity (S) of 1.14 and amplitude (α) of 5 m. The highly sinuous stream has sinuosity (S) of 1.74 and amplitude (α) of 13.5 m. 364 
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 365 

 366 

Figure 5: Groundwater paths from the northern side of the stream (red lines) and from the southern side of the stream (blue lines) at a vertical cross section perpendicular the stream and 367 
located at the edge of a meander pointing south. The black lines show the equipotential lines separated by 0.005 m interval. Jyx represent the ration between the hydraulic gradient in the y 368 
and in x-direction. The moderately sinuous stream has sinuosity (S) of 1.14 and amplitude (α) of 5 m. The highly sinuous stream has sinuosity (S) of 1.74 and amplitude (α) of 13.5 m. 369 
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 Vertical variability of the groundwater flow to the stream 370 

In order to analyze the vertical spatial variability of the groundwater close to the stream, the 371 

groundwater flow direction on a vertical cross section perpendicular to the stream is shown in 372 

Figure 5 with particle tracks to highlight the streamlines: blue for the particles originating south of 373 

the stream and red for particles originating from the north. The contour lines (black lines) show the 374 

groundwater head with a distance of 0.005 m.  375 

In the straight stream (Figure 5a and 5b), the groundwater streamlines enter the stream on the 376 

side from which it originates when Jyx is constant on model boundaries. In Figure 5c, the hydraulic 377 

gradient in the y-direction is larger on the northern side of the stream compared to the southern side. 378 

Here, the groundwater streamlines coming from the north enter the stream both on the northern and 379 

southern side of the stream, with the discharging bank depending on the depth of origin of the 380 

groundwater flow.  381 

In the moderately sinuous stream and in the highly sinuous stream, the cross section was 382 

placed at a point with a meander pointing south. When the hydraulic gradient in the y-direction is 383 

the same on both sides of the stream (moderately sinuous stream: Figure 5d and 5e; highly sinuous 384 

stream: Figure 5g and 5h), the groundwater streamlines coming from the south enter the stream both 385 

on the southern and northern side of the stream, with the discharging bank depending on the depth 386 

of origin of the groundwater flow. This effect increases with the stream sinuosity, as can be 387 

observed by comparing Figure 5d and 5g. Furthermore, a similar, but reversed situation occurs in 388 

Figure 5c, where flow patterns are driven by the difference in hydraulic gradient in the y-direction.  389 

In Figure 5f and 5i, the effects of stream sinuosity and a change in the flow direction at the 390 

stream are combined. The two factors have an opposing effect on results; thus, the combined effect 391 

is smoothed (compare Figure 5c, 5f, and 5i). In contrast, at meander bends pointing to the north, the 392 

effects of the meander bend and the changes in hydraulic gradient reinforce each other. 393 
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The effect of the aquifer depth on the groundwater flow to a stream on a vertical cross section 394 

perpendicular to the stream is shown in Figure 6 for the highly sinuous stream with Jyx of 4. In the 395 

shallow aquifer, which is 5 m deep, groundwater from the entire depth of the aquifer flows to the 396 

stream. Differently for the 40 m deep aquifer, groundwater in the top 32 m flows to the stream, 397 

while the deepest groundwater, in the lowest 8 m of the aquifer, flows horizontally beneath the 398 

stream, not being affected by the stream. When further increasing the aquifer depth up to 80 m, 399 

groundwater in the deepest 32 m of the aquifer flows horizontally downstream and is not affected 400 

by the stream. This indicates that the effect of the stream on the vertical groundwater gradient 401 

affects an area of the unconfined aquifer which increases with the aquifer depth. However, the area 402 

affected does not linearly increase with the aquifer depth and the deepest part of the aquifer is not 403 

affected by the presence of the stream. 404 

 405 

Figure 6: Effect of the aquifer depth on the groundwater paths from the northern side of the stream (red lines) and from the 406 
southern side of the stream (blue lines) at two vertical cross sections perpendicular the stream and located at the edge of a 407 
meander bend pointing north. The black lines show the equipotential lines separated by 0.1 m interval. The highly sinuous 408 
stream scenario with Jyx of 4 was used to implement the different aquifer depths.  409 

The groundwater flow component in the y-direction is shown for two vertical cross sections in 410 

Figure 7: one follows the stream (Figure 7a, 7c, and 7e) and the other is centered in the middle of 411 

the model domain (Figure 7b, 7d, and 7f). The results are shown for the straight, the moderately, 412 
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and the highly sinuous stream scenarios with a constant Jyx of 0.5. The green color indicates the 413 

absence of flow in the y-direction, the blue color indicates a negative flow, directed to the south, 414 

and the red color indicates a positive flow, directed to the north.  415 

On the cross section following the stream, the straight stream (Figure 7a) shows that y-416 

directional groundwater flow below the stream is zero. The results are presented only for a constant 417 

Jyx of 0.5 and a constant aquifer depth of 40 m, but are valid whenever the hydraulic gradient and 418 

the aquifer depths are constant. The scenario with different hydraulic gradients in the y-direction at 419 

the two sides of the stream shows groundwater flow below the stream from north to south, as shown 420 

in Figure 5c. 421 

The moderately sinuous stream (Figure 7c) shows areas colored in blue, associated with a 422 

meander pointing toward north, and the areas colored in red, with a meander pointing south. For 423 

meanders pointing north, groundwater from the northern side of the stream flows beneath the 424 

stream in a southerly direction (the flow has a negative sign), while for meanders pointing south, 425 

groundwater from the southern side of the stream flows beneath the stream in a northerly direction 426 

(the flow has a positive sign). Between two meander extremes, an area with no flow in the y 427 

direction occurs (Figure 7c). y-directional groundwater flow under the stream is greatest for shallow 428 

depths and decreases deeper in the aquifer. The same pattern in the groundwater flows can be 429 

observed for the highly sinuous stream (Figure 7e), but is more pronounced than for the moderately 430 

sinuous stream.  431 

The groundwater flow between the northern and southern side of the stream is further 432 

analyzed by showing the y-direction flow on a vertical cross section centered in the middle of the 433 

model domain. Curiously, this figure shows that the greatest flow of groundwater across the stream 434 

centerline occurs for the moderately sinuous stream (Figure 7d). When sinuosity increases there is 435 
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less flow inside the meander bend (Figure 4), and a lower y-directional flow across the stream 436 

centerline (Figure 7e). 437 

 438 

 439 

Figure 7: The color map show the groundwater flow in the y direction (qy) in m/s through a vertical cross section: one follows 440 
the stream (a, c, and e), and the other is centered in the middle of the model domain (b, d, and f). The flow has a positive 441 
value when directed to the north and a negative value when directed to the south. The results are shown for the straight, the 442 
moderately sinuous and the highly sinuous stream with Jyx (ratio between the hydraulic gradient in the y and x-direction) of 443 
0.5 and an aquifer depth of 40 m. The moderately sinuous stream has sinuosity (S) of 1.14 and amplitude (α) of 5 m. The 444 
highly sinuous stream has sinuosity (S) of 1.74 and amplitude (α) of 13.5 m. 445 

 Grindsted stream field site 446 

The model implemented at the Grindsted stream field site was first evaluated by comparing 447 

with the observed groundwater head and discharge to the stream. In Figure 8, the simulated 448 

groundwater head is compared to the observed head at wells located within the model domain: 449 

114.1448 and 114.1997 (Figure 2). In well 114.1448, the model describes the variation groundwater 450 

head well, except for the period May-July 2014 when the simulated head (red line) is higher than 451 

the observed (black dots). In well 114.1997, the meandering stream model properly simulates the 452 
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head until June 2014, but the head is overestimated for the remaining simulation time. The Nash-453 

Sutcliffe efficiency coefficients (Nash and Sutcliffe, 1970) of the groundwater head simulated at the 454 

two observation wells for the entire simulation period are 0.63 and 0.68, for well 114.1448 and 455 

114.1997 respectively. The simulated annual average groundwater discharge to the stream is 75 l/s, 456 

which matches well the annual averaged discharge estimated from the gaging stations (70 l/s). The 457 

inflow at the upgradient groundwater boundaries resembles the discharge to the stream, with small 458 

differences due to changes in storage in the domain and recharge.  459 

The simulated groundwater discharge to the stream along the entire modeled stream stretch is 460 

shown in Figure 8 (green line). The groundwater discharge to the stream varies up to 40% during 461 

the one year simulation. The seasonal variation of the groundwater discharge to the stream is 462 

inversely related to the head in the stream and in groundwater (well 114.1448), but with a time lag 463 

due to groundwater storage. Peaks in the groundwater head close to the stream (well 114.1448) 464 

correspond to low discharges to the stream. After a groundwater peak discharge can be seen to 465 

increase, leading to an increase in stream water level. Despite this behavior, the spatial patterns of 466 

the groundwater flow to the stream in the simulations are not time varying. This is because the 467 

modeled stream is always a gaining stream, and head variations are small (up to 0.4 m over a one 468 

year simulation) compared to the aquifer thickness (80 m). We carefully note, however, that the 469 

spatial patterns of groundwater flow to the stream will probably change with time for a stream that 470 

switches between being gaining and losing conditions. 471 
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 472 

Figure 8:Model results from Grindsted stream compared to groundwater head data from well 114.1448 and 114.1997 (Figure 473 
2). The stream water level at the closest location to well 114.1448 is indicated by the blue columns. The stream water level was 474 
calculated from the water level measurements at the Tingvejen station assuming a stream water slope, which was calculated 475 
at each day from the water level measurements at the Tingvejen and the Eg bro stations. The groundwater discharge to the 476 
stream (green line) is plotted to the secondary y-axes, which starts at 40 l/s, and is the integrated value of the discharges along 477 
the modeled stream stretch.  478 

The horizontal groundwater flow at the upper edge of the stream-aquifer interface is shown in 479 

Figure 8 by the red arrows, whose size is proportionate to the magnitude of the flow. The 480 

groundwater discharge is not constant, but changes depending on the location along the stream. As 481 

for the sinusoidal stream geometries (Figure 4), the groundwater discharge peaks at the outside 482 

extremes of the meander bends and is smallest on the inside of the meander bends.  483 
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 484 

Figure 9: Horizontal groundwater flow at the upper edge of the stream-aquifer interface. The red arrows are proportional to 485 
the fluxes. The equipotential lines have a density of 0.2 m. 486 

The groundwater flow to the stream at two vertical cross sections perpendicular to the stream 487 

is shown in Figure 10. The cross section in Figure 10a is placed at the location of a meander bend 488 

pointing to the north and the cross section in Figure 10b is placed where a meander bend is pointing 489 

to the south. In Figure 10a, the particles originating in the shallow part of the aquifer north from the 490 

stream enter the stream at the northern bank. The particles originating in the deep part of the aquifer 491 

north of the stream enter the stream on the southern bank while the particles coming from the 492 

southern side of the aquifer enter the stream on the shallow part of the southern bank. The reverse 493 

pattern is observed in Figure 9b. This is similar to the results of the moderately sinuous stream 494 

(Figure 6d and 6e) and the high sinuous stream (Figure 6g and 6h).  495 
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 496 

Figure 10: Groundwater paths from the northern side of the stream (red lines) and from the southern side of the stream (blue 497 
lines) at two vertical cross sections perpendicular the stream and located at the edge of a meander bend pointing north (a) 498 
and south (b). The black lines show the equipotential lines separated by 0.1 m interval.  499 

4. Discussion  500 

This study shows that meander bends lead to significant spatial variability in groundwater-501 

flow to streams. The results show that most of groundwater flowing to the stream enters the stream 502 

at the outward pointing side of the meander bend, just upstream of the extremities of the meander 503 

(Figure 4 for the synthetic stream and Figure 9 for Grindsted stream). The groundwater discharge to 504 

the stream is lowest on the inside of meander bends. The amount of groundwater entering the 505 

stream is affected by the groundwater flow direction in the aquifer. In case of regional groundwater 506 

flowing in the direction of the stream, the largest groundwater flows occur on the upstream part of 507 

the outward pointing meander. For real streams, such as the Grindsted stream (Figure 9) the 508 

variations in the groundwater discharge at the stream-aquifer interface are not as regular as for the 509 

synthetic streams (Figure 4). In the synthetic streams, all meanders have the same amplitude and 510 

period and are oriented in the same way relative to the groundwater flow direction. In the Grindsted 511 



30 
 

stream, the meanders have different size and are oriented differently. Thus, the spatial variability of 512 

the groundwater flow to streams is affected by the size as well as by the orientation of the meander 513 

bend.  514 

In the field study of Weatherill et al. (2014), a high concentration of contaminants in 515 

groundwater discharge was detected at the outside of a meander bend. The results of our study, 516 

which indicate that the outward pointing side of the bends is the preferred location for groundwater 517 

discharge, help explain Weatherill et al.’s results. 518 

The groundwater flow to the stream is observed to vary greatly with depth for both the 519 

synthetic (Figure 5, 6, and 7) and Grindsted streams (Figure 10). This confirms that groundwater 520 

flow to streams at meandering streams is three dimensional, as previously suggested by Harvey and 521 

Bencala (1993); Modica et al. (1998), and Flipo et al. (2014). The present study investigates how 522 

the vertical variability of the groundwater flow to the stream is affected by the meander bends with 523 

the discharging bank being dependent on the depth of origin of the groundwater and the stream 524 

geometry. The amount of groundwater entering the stream on the opposite bank, increases with the 525 

sinuosity (Figure 7a and 7b) and amplitude of the meanders (Figure 5). Curiously the magnitude of 526 

the flow crossing the stream center line is highest for moderately sinuous streams and decreases 527 

when increasing the sinuosity (Figure 7d and 7e). Groundwater can enter the stream on the opposite 528 

bank from its origin because of difference in hydraulic gradient in the aquifer between the two sides 529 

of the stream, as occurring when the regional groundwater flow direction is across the stream. The 530 

regional groundwater flow can either enhance or smooth the effect of the stream sinuosity, 531 

depending on the direction of the regional groundwater flow and the orientation of the meander 532 

bends. 533 

The observation that groundwater can flow below a stream and enter the stream through the 534 

opposite bank has previously been described by Aisopou et al. (2014) and Miracapillo and Morel-535 
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Seytoux (2014). However, the factors causing groundwater to enter the stream through the opposite 536 

bank are different in those papers than here. In Aisopou et al. (2014), the presence of a pumping 537 

well on one side of the stream creates a head gradient that forces groundwater to cross to the 538 

opposite side of the stream and enter the stream at the bank closest to the well. In Miracapillo and 539 

Morel-Seytoux (2014), the difference of the gradient between the two sides of the stream imposed 540 

by the boundary conditions, is responsible for the flow below the stream. Here we focus on the 541 

influence on stream geometry on the location of groundwater discharge to a stream. 542 

The synthetic stream and the Grindsted stream models have been implemented using different 543 

boundary conditions. In the synthetic stream, all the lateral boundary conditions (Figure 1) are 544 

constant head and account for the head gradient in the x and y direction. In the Grindsted stream 545 

(Figure 2), the boundaries perpendicular to the stream are streamlines (no-flow boundaries) and the 546 

upstream groundwater boundaries are fixed-head. The constant head boundaries of the synthetic 547 

stream model assume no vertical groundwater gradients. As previously discussed, this is not the 548 

case close to a meandering stream. The streamline boundaries applied in the Grindsted stream 549 

model allow a vertical gradient. However, the streamline boundaries of the Grindsted model do not 550 

allow a horizontal flow across the stream lines in the aquifer. Thus along-stream groundwater flow 551 

is better modeled by constant head boundaries. Neither the no-flow nor the constant head boundary 552 

conditions perfectly describe conditions under streams. However, this paper has shown that the 553 

effect of meanders is similar for both types of groundwater boundary conditions (compare the 554 

sinusoidal examples with fixed head boundaries with the Grindsted model with the no flow 555 

boundaries), so the conclusions are robust despite boundary condition uncertainty. 556 

The hydraulic conductivity distribution in the aquifer and in the stream bed is one of the 557 

factors, together with the stream morphology and the hydraulic gradient, known to affect the 558 

groundwater flow to streams. Recent studies by Krause et al. (2012), Brookfield and Sudicky (2013), 559 
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Gomez-Velez et al. (2014), and Poulsen et al. (2015) have focused on the effect of the hydraulic 560 

conductivity distribution on the groundwater discharge to streams. Since the aim of this study is to 561 

investigate the effect of stream meanders and groundwater flow direction on the groundwater flow 562 

to streams at the reach scale, the models assume a homogenous sandy aquifer. Future studies that 563 

investigate the combined effect of stream meanders, hydraulic gradient, and hydraulic conductivity 564 

distributions would enhance the understanding on groundwater flow to streams. 565 

5. Conclusions 566 

A modeling study analyzing the effect of meander bends on the spatial variability of the 567 

groundwater flow in an unconfined and homogenous sandy aquifer to a gaining stream at the reach 568 

scale is presented. Results were obtained by applying the new coordinate transformation method of 569 

Boon et al. (2016) to the groundwater flow to streams problem. This problem is challenging 570 

because of the movement of the free surface upper boundary due to changes in the stream water 571 

level. The coordinate transformation method was the least computational when compared with other 572 

methods, requiring 32 times less time than the saturated-unsaturated flow and 3 times less time than 573 

moving mesh. Differences between the methods became larger when the grid is refined. 574 

Furthermore, the coordinate transformation method does not lead to the instabilities and oscillations 575 

commonly encountered with a moving mesh method. These features meant that it was possible to 576 

analyze the scenarios presented in this paper. 577 

The results showed that presence of meander bends leads to significant spatial variability in 578 

groundwater discharge to streams. The groundwater fluxes are highest at the meander bend 579 

extremes, up to 75% of the total fluxes to a meander with a sinuosity of 1.74, and much lower on 580 

the inside of meander bends. This effect increases with the stream sinuosity. The magnitude of 581 

hydraulic gradient groundwater affects the total groundwater flux to the stream, while the direction 582 
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of groundwater affects the degree of the flow to the stream. Groundwater gradients combine with 583 

the effect of stream meanders and depending on groundwater flow directions can either enhance or 584 

smooth the effect of a meander bend. 585 

The location of the discharge of groundwater along the stream cross section is affected by the 586 

stream sinuosity, the direction of the groundwater flow, and the aquifer depth. At the meander 587 

extremes, groundwater coming from the shallow part of the aquifer enters the stream at the outward 588 

pointing bank. Groundwater coming from the deep part of the aquifer often flows beneath the 589 

stream and enters the stream at the opposite bank, at the inward side of a meander bend. The area 590 

affected by the stream on the vertical groundwater flow gradient increases with the aquifer depth, 591 

even though the deepest part of the aquifer may not be affected and groundwater flows horizontally 592 

downstream. The spatial pattern of flows to meander bends is not time dependent for a stream that 593 

is always gaining. 594 

The field site application confirmed the finding of the synthetic study case and showed that 595 

the irregular geometry of the stream meanders affects the groundwater discharge to the stream. The 596 

difference in amplitude and orientation of meanders combines with the stream sinuosity and 597 

groundwater flow direction in determining the location and the magnitude of the water discharge to 598 

the stream. This study improved our conceptual understanding of the groundwater flow paths to 599 

meandering streams in an unconfined homogenous sandy aquifer and shows how stream meanders, 600 

combined with groundwater flow direction, affect the spatial variability of the groundwater flow to 601 

streams at the reach scale in both synthetic and field systems. 602 
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