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Abstract

:

The study presents a hydrology concept developed to include lateral water flow in the biogeochemical model ForSAFE. The hydrology concept was evaluated against data collected at Svartberget in the Vindeln Research Forest in Northern Sweden. The results show that the new concept allows simulation of a saturated and an unsaturated zone in the soil as well as water flow that reaches the stream comparable to measurements. The most relevant differences compared to streamflow measurements are that the model simulates a higher base flow in winter and lower flow peaks after snowmelt. These differences are mainly caused by the assumptions made to regulate the percolation at the bottom of the simulated soil columns. The capability for simulating lateral flows and a saturated zone in ForSAFE can greatly improve the simulation of chemical exchange in the soil and export of elements from the soil to watercourses. Such a model can help improve the understanding of how environmental changes in the forest landscape will influence chemical loads to surface waters.
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1. Introduction


Forests regulate the availability and quality of water resources. They generally reduce the total runoff through canopy interception and transpiration. Forests also change the velocity of the flow by enriching the soil with organic matter and changing the structure of the soil with their root system. By reducing the runoff and altering nutrient cycles, forests also change the quality of the soil water and runoff [1,2,3]. Therefore, environmental changes affecting forest dynamics, such as climate change or management changes, also affect water resources in forest catchments and eventually the loads of chemicals in inland and coastal waters [4,5,6,7,8].



Biogeochemical models can be used to evaluate the effects of environmental changes on forest ecosystems [8,9,10,11,12]. They can include the simulation of hydrology of the system, but the level of complexity of the water flows varies significantly among models [13,14]. To succeed in simulating how nutrients are transported to rivers and surface waters, biogeochemical models need to include vertical and lateral flows in the soil.



The biogeochemical model ForSAFE is a mechanistic model designed to simulate the dynamic responses of forest ecosystems to environmental changes [11,15,16,17]. The hydrology module in ForSAFE was designed to simulate processes at the forest site level. It included the vertical flow of water in the soil profile but not lateral water flows.



The aim of this paper is to present the hydrology module developed to include lateral water flow, with the future aim of including it in the ForSAFE model. The inclusion of lateral flow will allow the simulation of water and chemistry transport from the forest ecosystem to the stream. In addition, it will simulate a saturated zone which will better represent moisture content in the soil and the processes in deeper soil layers as well as in the riparian zone. Moreover, in the current ForSAFE model, the simulation of dynamics linked to fast hydrological response is limited by the fact that processes are simulated on a monthly time step. For this reason, the new hydrology module simulates dynamics at the daily time step. The hydrology module was calibrated and evaluated against data collected at Svartberget in the Vindeln Research Forest in Northern Sweden. The scope of the test in Svartberget was a proof of the concept rather than providing a best-fit to the measurements of water storage and flows by optimizing model parameters.




2. Model Description


The improved hydrology concept including lateral flow was designed to be compatible with the current structure of the ForSAFE model.



ForSAFE is a mechanistic model of the dynamics of forest ecosystems that combines chemical, physical and physiological processes [11,15]. It integrates the three basic material and energy cycles in a single model: the biological cycle representing the processes involved in tree growth; the biochemical cycle including uptake, litter decomposition and soil nutrient dynamics; and the geochemical cycle including atmospheric deposition and weathering processes.



In ForSAFE, each modelled forest unit includes a single soil column with different layers denoting the soil horizons. At present, the soil moisture content is calculated on a monthly basis for each of the defined soil layers. The hydrology module only simulates the vertical flows of water, including evapotranspiration and percolation. To include lateral water flow, it was necessary to represent the differences of soil properties not only with depth, but also along the slope. This was achieved by arranging several soil columns next to each other to discretely represent the vertical and horizontal structure of the soil in a forest transect. In order to test and better illustrate the new concept, the hydrology module was developed in the visual modeling environment STELLA (Figure 1) [18].



The main changes compared to the original module in ForSAFE are:

	-

	
increased time resolution from monthly to daily time steps




	-

	
the water flow from a given soil layer is constrained by the amount of water that receiving layers can accept vertically and horizontally




	-

	
the water flow is given a velocity regulated by the soil conductivity, controlling the amount of water that can move within each time step (per day)




	-

	
inclusion of water movement along a slope, i.e., surface runoff and lateral flow




	-

	
the soil hydraulic properties are assessed as a function of soil texture









The following sections describe in detail how the water flows and stocks are calculated in the new hydrology module as compared to that in ForSAFE.



2.1. Water Inputs to the Soil


Water enters the system as precipitation on a daily time step (Figure 2, Water inputs). When entering the soil, the precipitation (Prec, m∙d−1 of water) goes first through the same snow routine as in the ForSAFE model. The precipitation is stored entirely in a snowpack (Snowin, m3·d−1 of water equivalents) when the average daily air temperature (Tm, °C) is below −5 °C. Between −5 °C and 2 °C, it is assumed that water inputs are a mix of snowfall and rainfall and only the snowfall is stored in the snowpack. The fraction of snowfall is reduced linearly with increasing air temperature until the 2 °C point, when all the precipitation is assumed to be in the form of rainfall [19].


     Snow   in   = MAX  (  0 ,   MIN  (     T m  - 2   - 7   , 1  )   )    ×   Prec × A   1 , j     



(1)




where A1,j is the area of the first layer in soil column j. Generally, in the model, the first index of a variable (i) represents the number of the layer, starting at the soil surface and the second index (j) the number of the column, starting from the column next to the stream.



When the average daily temperature is greater than 0 °C, the water stored in the snowpack starts melting and enters the soil. The melting rate is determined by a degree-day factor (CMELT, m·°C−1·d−1) [19]. The sum of rainfall and snow melt at each time step (Surf H2O, m3 water) corresponds to the maximum amount of water that can infiltrate in the upper soil layer. The actual infiltration in the first layer of each soil column j (Infilt1,j, m3·d−1 water) is limited by the level of saturation of the soil and cannot be greater than the volume of empty soil pores in the upper layer.


     Infilt   1 , j   = MIN  (  SurfH2O ,  (    POR   1 , j     - Moist   1 , j    )    × Vol   1 , j    )    



(2)




where POR1,j (m3 water m−3 soil) is the volume of pores per unit of soil volume, Moist1,j (m3 water m−3 soil) is the volume of water per unit of soil volume and Vol1,j (m3 soil) is the volume of the upper layer. The total volume of a soil layer is given by the thickness (Δzi,j, m), the length (Δxi,j, m) and the width of the layer (Δyi,j, m). The impediment created by the coarse fragments is considered by reducing the total volume proportionally to the coarse fraction (CFi,j):




     Vol   i , j     =   Δ  z  i , j   × Δ  x  i , j   × Δ  y  i , j     × ( 1 - CF   i , j   )   



(3)





As a consequence, the presence of coarse fragments such as boulders or stones reduces the amount of pores in the soil and the water volume that can be retained in each soil layer.



The water that cannot infiltrate because the soil is saturated becomes surface runoff, and is directed towards the next column downhill or, in the case of the last column downstream, to the stream.




2.2. Water outputs from the soil


The water can leave each soil layer through three processes:

	
Percolation



	
Lateral flow



	
Transpiration








The percolation and lateral flows are, respectively, the vertical and horizontal water movements between soil layers, while transpiration is the water extracted by plants through their roots. The flows in the model are not regulated by a gradient of potential as determined by the laws of physical hydrology. The amount of water flowing in the soil at each time step is dependent on the hydraulic properties of the soil layers, as explained in the following sections.



The hydraulic properties of the soil used to assess the water outputs are:

	
the porosity, the fraction of pores in the soil volume (POR, m3 water m−3 soil)



	
the field capacity, the water content held in the soil when free drainage by gravity has stopped (FC, m3 water m−3 soil)



	
the permanent wilting point, the soil moisture content at which plants cannot extract more water from the soil (WP, m3 water m−3 soil)



	
the saturated hydraulic conductivity, the rate at which water moves through the pores in the saturated soil (Ksat, m·d−1)



	
the unsaturated hydraulic conductivity, the rate at which water moves through the pores in the unsaturated soil (Kh, m·d−1)



	
the slope of the soil moisture characteristic, which is the relation between water tension and volumetric water content (λ)








The soil hydraulic properties are calculated for each soil horizon from the texture and the density of the soil, based on pedo-transfer functions [20,21,22].



All the hydraulic properties are representative for the volume occupied by the fine earth, i.e., soil particles smaller than 2 mm in diameter and pores.



2.2.1. Percolation


The downward vertical flow is known as percolation and it concerns the volume of soil water above field capacity, i.e., the water that can be moved by the force of gravity.



As in ForSAFE, the maximum volume of water that can percolate from a soil layer (Perci,j, m3·d−1) is the water content above field capacity [19] (Figure 2, Percolation). In the new hydrology module, the percolation from layer i to layer i + 1 in soil column j is given by:


     Perc   i , j   =  {      MIN  (   (    Moist   i , j     - FC   i , j    )  × MIN  (      Vol   i , j     dt     , Kh   i , j     × Av   i , j    )    , EP   i + 1 , j    )  ,       Moist  i , j     >FC   i , j       0 ,      Moist   i , j   ≤   FC   i , j           



(4)




where Moisti,j (m3 water m−3 soil) is the soil moisture content, FCi,j (m3 water m−3 soil) the field capacity, Voli,j (m3) the volume of the percolating layer, Khi,j (m∙d−1) the unsaturated hydraulic conductivity and Avi,j (m2) the cross-sectional area in the direction of the vertical flow. EPi+1,j is the capacity of the underlying layer given by the volume of empty pores at each time step (dt).


     EP   i + 1 , j     =   MAX  (     (    POR   i + 1 , j     - Moist   i + 1 , j    )  ×   Vol   i + 1 , j   , 0   dt    )    



(5)







The unsaturated hydraulic conductivity (Kh, m·d−1) is calculated according to the function by Saxton and Rawls [21].


   K  h  i , j   =  (  K s a  t  i , j   ×    (    M o i s  t  i , j     P O  R  i , j      )    3 +  2 λ     )    



(6)




where λ is the inverse of the slope of logarithmic tension-moisture curve:


   λ =   ln  (  F  C  i , j    )  −   ln ( W  P  i , j   )   ln  (  1500  )    −   ln  (  33  )      



(7)







The percolation at the bottom of the modelled soil column can be divided into a fraction reaching the stream and a fraction that does not contribute to the streamflow (Figure 1). In addition, a transit time can be assigned to the bottom water flow, which can be used to better represent the time required to reach the stream.




2.2.2. Lateral Water Flow


In this model, the water flows both vertically and laterally downhill to the stream. When water above field capacity cannot percolate downwards because the layer below is saturated, it moves laterally to the next soil column downslope (Figure 2, Lateral Flow). That is, in the saturated zone and in the layers above the saturated zone, the flow is mainly horizontal. The vertical flow can also be constrained by a low permeability at the bottom of the soil column. This is simulated by reducing the conductivity that regulates the percolation from the deepest layer. The way flows are regulated in the model does not account for conditions when the flow is directed first laterally than vertically. Following Darcy’s law, this would be the case when differences of potential are greater laterally than vertically, such as when the soil downhill is much drier or has a much finer texture than the deeper soil layers.



The lateral flow (Lati,j , m3·d−1) from a layer i in column j to a layer i in column j−1 (downstream) is given by:


     Lat   i , j   =  {     MIN  (   (    Moist   i , j     - FC   i , j    )  × MIN  (      Vol   i , j     dt     , Ksat   i , j   ×   Ah   i , j   × Slp  )    , EP   i , j - 1    )  ,      Moist   i , j     >FC   i , j       0 ,     Moist   i , j   ≤   FC   i , j          



(8)




where Ksati,j (m∙d−1) is the saturated hydraulic conductivity, Ahi,j (m2) the cross-sectional area in the direction of the horizontal flow and Slp the slope (m∙m−1). EPi,j−1 is the capacity of the receiving layer given by the volume of empty pores in the next column downslope at each time step:




     EP   i , j - 1     = MAX ( 0 , ( POR   i , j - 1     - Moist   i , j - 1     ) × Vol   i , j - 1   )   



(9)






2.2.3. Transpiration


The assessment of the transpiration (Ti,j, m3·d−1 of water) from a soil layer i in soil column j is given by (adapted from [19]):


    T  i , j   = P E T × R  F  i , j   ×  (  M I N  (  M A X  (  0 ,     M o i s  t  i , j   − W  P  i , j     L  P  i , j   − W  P  i , j      )  ,   1  )   )    



(10)




where PET is the potential evapotranspiration, RFi,j the root fraction, LPi,j is the limit for potential evapotranspiration and WPi,j the permanent wilting point of the soil layer (Figure 2, Transpiration).



The PET in ForSAFE is driven by tree photosynthesis, which in turn is dependent on nutrient availability. Since the tree growth processes and nutrient cycling are not modelled in this study, we adopted a simplified approach to estimate PET by calculating it as a function of temperature with the HBV model [23]. As in ForSAFE, the potential plant transpiration is constrained by water availability in the soil. In addition, the transpiration equals the PET above a critical point identified by the limit of evapotranspiration, LPi,j which ranges between 50%–80% of the field capacity of the layer [24] The water availability is calculated as a function of the relative water content in the root-zone [19,24]. Moreover, the water that can be extracted from each layer is dependent on the amount of roots in that layer. In this study, the root fraction is assessed according to the data reported by Rosengren and Stjernquist [25] for different tree species. It is also assumed that the tree roots extend to soil layers up to 1 m depth.



Capillary rise due to surface tension is not considered in the model and this could limit the water available for trees when dry conditions persist for longer periods.






3. Model Test


3.1. Site Description


The STELLA model was tested on the S-transect in the Vindeln Research Forest (64°14’N 19°46’E) in northern Sweden [26] by simulating water flows and soil moisture on a daily basis.



The S-transect is located at 250 m a.s.l. in the Krycklan catchment which covers a surface of about 68 km2 (Figure 3). The transect is aligned parallel to lateral flow paths towards the Västrabäcken stream. Measurements of soil moisture, groundwater level and soil water chemistry have been collected from 1997 [26,27]. The mean air temperature for the period 1981–2012 was 1.8°C, the average annual precipitation 631 mm and the average runoff 308 mm [26]. About half of the runoff occurs during a few weeks after the snowmelt. The vegetation is dominated by a mature stand of Norway spruce close to the stream and Scots pine upslope. The bedrock is gneiss and it is overlaid by glacial till, which is about 10–20 m deep in the lower part of the Svartberget catchment and 30–40 m in the middle part of the catchment. Nearest to the bedrock there is dense basal till that is overlaid by a less dense melt-out till of about 1–3 m depth [28]. The soil in the S-transect is an organic rich Histosol within 10 m of the Västrabäcken stream, with well-developed Podzols further upstream.




3.2. Transect Model


The soil transect was modelled as series of soil columns (C) representing the vertical and horizontal structure of the soil from the stream to the water divide.



The transect was designed as seven soil columns of different length (C1 to C7) and 1.5 m depth to represent discretely the change of soil type from the riparian zone to the mineral soil upstream (Figure 4). Data on grain size distribution at different points along the transect were used to define the texture of the seven soil columns, each divided in seven layers ([29], Table S1).



Measurements of daily precipitation, average temperature and grain size distribution were used as inputs to the model. Model parameters and results were tested against hydrological measurements taken at three different stations along the transect which are located at 4, 12 and 22 m from the stream (S4, S12, S22) (Figure 4).




3.3. Parameterization of Soil Hydraulic Properties


Measurements of soil hydraulic properties are not commonly available. Therefore, the model is structured to calculate them based on soil texture—an input required also by the ForSAFE model- and the pedo-transfer functions [20]. In this study, the soil hydraulic properties were assessed for the different layers of all soil columns based on texture data collected along the entire transect (Table S2).



The functions were tested against measurements available along the transect. Measurements of hydraulic properties were available only at the three sampling point S4, S12 and S22 at selected depths. Porosity and the soil moisture characteristic (pF curves) were measured on cylinder samples of the soil using the pressure plate method, except for the 150 m tension for which a pressure chamber was used [27]. The saturated hydraulic conductivity was measured with a double-ring infiltrometer [30]. Texture data from the same or comparable sampling points were used to estimate the hydraulic properties with the pedo-transfer functions.



The calculated porosity is generally in good agreement with the measured data (Figure 5, POR). Some discrepancies are observed in organic soil layers where the porosity is high due to the high organic matter content [31,32,33]. A possible reason for this difference is that the volumetric water content can vary substantially within short distances at the interface between organic and mineral soil, due to the large difference in physical properties between those two types of soil. When the estimated porosity in a layer is higher than the actual, water content at saturation will be overestimated by the model. This could have the effect of overestimating the water stored in the soil, thus underestimating the streamflow. The opposite will happen when the calculated porosity is underestimated.



The estimated permanent wilting point is also comparable to measurements (Figure 5, WP). When different, the water volume retained at the wilting point is a low fraction of the soil volume. Therefore, the difference in terms of water content is small and it should have a minor impact on the estimate of water storage and fluxes.



Greater discrepancies are found between the calculated saturated hydraulic conductivity and measurements (Figure 5, Ksat). In upper layers, the calculated Ksat is generally higher than the empirical data and lower in deeper layers. Therefore, in agreement with other studies [34,35], the results indicate that the estimated Ksat decreases more rapidly with depth and is higher in upper layers than measurements. These discrepancies will have an effect on the velocity of the flow: when the estimated Ksat is lower than the actual, water will reach the stream later than in reality. Both calculated values and measurements indicate that layers with high organic matter (>10%) have a lower saturated hydraulic conductivity.




3.4. Sensitivity Analysis


A sensitivity analysis was performed to evaluate a set of model parameters that could influence the model outputs. These were also the parameters that were considered for the model calibration. A one-factor-at-the-time method (OFAT) was used to test the model sensitivity to parameter perturbation [36]. Two objective functions were used in the analysis: Bias and Root Mean Square Error (RMSE) (Table S3). The functions evaluate the discrepancy between model results when parameters are varied within a certain range relative to a baseline value (Table 1). The ranges were defined based on available information from the site or literature, as explained in the following paragraphs.



A Lidar-based digital elevation model was used to define the hillslope up to the water divide (WD). With the 1 m DEM, the transect extended 80 m to the water divide, while using a 5 m DEM realigned the transect slightly and pushing the water divide to 140 m [37]. The two different estimates of the water divide compared to a mean value of 110 m were used to test the effect of changes of hillslope length on the model results.



The model simulates the hillslope hydrology up to 1.5 m depth. Without further assumptions the percolation at the bottom of the column is only regulated by the calculated Ksat of the bottom layer (Kbott). As a consequence, the lower permeability in soil deeper than 1.5 m would not be considered in the simulation. The effect of changing the permeability of the bottom layer was tested in the sensitivity analysis by varying the Kbott within a range between zero (e.g., impermeable rock) and a value equal to the Ksat of the bottom layer (no further impediment at the bottom of the column).



A further unknown factor is the type of connection existing between the water percolating from the bottom of the columns and the river (FrStream). When evaluating the model, the simulated streamflow is compared to a measured value taken at a certain point along the river. Ideally all the water from the simulated area discharges at the point of measurement (FrStream = 1), but part of the deep flow can also discharge in the area downstream from the point of measurement [38]. Since the transect is aligned parallel to lateral flow paths, most of the bottom percolation should contribute to the stream flow measured at the dam downstream. In the sensitivity analysis the fraction to the stream was varied between 0.8 and 1. As a baseline scenario, we considered a linear decrease of the fraction to the stream from 1 in the column next to the river to 0.8 at the water divide.



The change of the degree-day factor was used to test the sensitivity of the model to the simulation of snow melt (Cmelt). In ForSAFE a value of 1.5 mm °C−1·d−1 was used in several studies in Sweden [39]. A variation of ±0.5 mm °C−1·d−1 was included in the sensitivity analysis.



The effect of transpiration was evaluated by varying the limit for potential evapotranspiration, LP, that is calculated as a fraction of the FC, ranging from 0.5 to 0.8 of FC [24,40].



Other factors that can affect model results are the estimated hydraulic properties, which determine the amount of water stored and flowing in the soil. In the sensitivity analysis we tested the effects of varying the porosity (POR) and the saturated conductivity (Ksat) of ±10% of the calculated value. According to the pedo-transfer functions the change of porosity affects also the field capacity and the wilting point (on average ±12% and ±14%, respectively).



Model results are also affected by the uncertainty of the input data, such as texture, PET and climate data, but these effects were not included in the sensitivity analysis.



We evaluated the model sensitivity by analyzing the modelled water storage and streamflow (Table 2 and Figure 6). We considered three different components of the water storage: the snowpack, the saturated and the unsaturated storages in the soil. We also analyzed the changes in daily streamflow (Q) and the high and low peak values by comparing the 90% and 10% percentile values of daily streamflow.



A reduction of the conductivity regulating the bottom percolation has the most significant impact on both the simulated water storage and the streamflow. By reducing the Kbott, it is possible to increase the saturated storage in the soil, i.e., simulate a higher groundwater level. In addition, a reduced permeability at the bottom significantly changes the streamflow, which is reduced on average on a daily basis, but increased at high flow.



To a minor extent, the water storage is also affected by the calculated porosity: with higher porosity the soil is on average more unsaturated.



Other relevant factors for the simulation of streamflow are:

	-

	
the fraction of bottom percolation to the stream (FrStream): when increased the overall streamflow increases, as indicated by the Bias;




	-

	
an increase of snow melting factor (Cmelt) affects significantly the distribution of the flow during the year (increase of RMSE), but has a minor effect on the overall water balance.










3.5. Calibration


As a following step, the model results obtained when applying baseline parameter values were compared against measured data describing soil moisture and streamflow. These included dynamic soil moisture measurements with TDR and the streamflow data at the Västrabäcken stream water site (site 2, [26]) from the period 2011–2014. Soil TDR were available at 5, 12 and 22 m from the stream which are comparable to columns C2, C3 and C4 in the model. The TDR data of the second and fourth layer were available for all the three measurement points and therefore compared to the modelled results (Table 3). The discrepancies between modelled results and measurements were compared in terms of Bias, RMSE and normalized mean error (NME) (Table S3). Almost all the parameters are significantly underestimated. By adopting baseline parameter values, the soil is most of time unsaturated and the streamflow on a daily basis and at high peak flows lower than measurements. The only parameter that is greatly overestimated is the 10% percentile of the streamflow, i.e., the low flow values.



This comparison suggests that a high conductivity at the bottom of the soil columns compromises the simulation of a saturated zone and releases a constant base flow which is much higher than reality.



Therefore, in the calibration phase, the Ksat of the bottom layer was reduced by two orders of magnitude. A further decrease of Ksat was necessary in column C4 (15–25 m from the stream) where the calculated Ksat was at least twice as large as in the other columns. As a result, a total decrease of 2 × 10−2 was applied n C4 and the Ksat at the bottom of the modelled transect was reduced from 0.33 m·d−1 to 0.003 m·d−1 on average. The adjustment was necessary to avoid an excessive loss of water through bottom percolation that would compromise the simulation of deep saturated layers, i.e., of the groundwater level. We justify this choice by assuming that a very low conductivity at the bottom of the column would include the lower permeability in soil deeper than 1.5 m that is not considered in the simulation.



The results from the calibration are evaluated in the following sections by analyzing the components of the water storage and of the water flows. The results on the dynamic soil moisture and runoff are compared against the TDR and streamflow measurements on a daily basis.





4. Model Results and Discussion


4.1. Simulated Water Storage and Fluxes


The runoff (R) in the entire simulation period is 36% of the precipitation (P) (Table 4). A smaller share of the runoff (11%) is simulated as deep percolation and does not reach the stream, while most of it contributes to the stream flow. Transpiration plays a significant role in the water balance by using about 60% of the total precipitation. Over the entire simulation period, the water storage in the soil increases by 4%. The increase of storage mostly happens in the first year of simulation, because it is assumed that all layers have an initial water content equal to field capacity. Therefore, a period of stabilization of the model is required to reach the saturation level in deeper soil layers.



Figure 7 illustrates the magnitude and the changes of the water storage over time. The storage is divided into storage in the saturated and unsaturated zones and in the snow pack. The period of stabilization required to reach the saturation level in deeper soil layers is clearly shown by the absence of a saturated zone at the beginning of the simulation. The stabilization ends some months after the first snowmelt, when the soil starts receiving water inputs. In the following years (2012–2014), the model simulates a seasonal change of the storage which reflects the accumulation of water in the snow pack, the increase of soil water storage after snow melt, both in the unsaturated and saturated zone, and the decrease of soil moisture in summer, due to plant transpiration.




4.2. Soil Moisture


Figure 8 compares the modelled soil moisture to measured TDR data at different depths at the three sampling points S4, S12, S22. The figure shows the simulation of soil moisture in the period 2012–2014, i.e., excluding the period of stabilization.



The model simulates permanent saturated layers at depths similar to measurements and levels of soil moisture which are comparable to the TDR data.



However, some of the simulated moisture dynamics differ significantly from the measurements. The TDR measurements in the upper layers show a decrease of moisture in winter that reaches values below field capacity (e.g., in layers up to 20 cm depth). In the same period, the model predicts water contents at the lowest close to field capacity, since transpiration does not occur in winter. The decrease of the TDR values is mainly caused by soil and water frost in the upper soil layers, which is not shown in modelled results, since frozen water is not simulated by the model.



Other discrepancies between model and measurements can be attributed to different soil hydraulic properties at the points of measurement and in the modelled soil layer. Due to its structure, the model assumes that all soil properties are homogeneous at any given point within a soil layer, as compared to measurements, which represent a specific point in depth and in distance from the stream. When modelled and measured saturation levels differ, the calculated porosity for the entire layer is most likely different from the porosity at the point of measurement. Moreover, the parameterization of the soil hydraulic conductivity at the bottom of the soil columns can result in soil permeability different from the actual one in the deep soil. The difference can produce some of the discrepancies between the fluctuations of modelled soil moisture and of the TDR data in deeper layers.




4.3. Streamflow


The comparison of the modelled and measured streamflow shows that the model tends to overestimate the annual water flow at the stream (Figure 9). In 2013–2014, the cumulative modelled streamflow over time is about 10% higher than measurements.



The overestimation of the annual streamflow is mainly caused by the modelled base flow which is higher than the measured one: about 0.60 mm·d−1 against the observed 0.25 mm·d−1 in winter. As highlighted by the sensitivity analysis, the magnitude of the modelled base flow is influenced by the assumptions made to model the bottom percolation: a reduced Ksat at the bottom of the soil columns have the effect of reducing the overall streamflow and the 10% percentile value. In addition, the model does not simulate soil and water frost, as shown by the mismatch between measured and modelled soil moisture in winter. The unfrozen soil water could contribute to the winter flow and thereby overestimate the streamflow in winter.



The results presented in Figure 9 also highlight that the model tends to underestimate the peak flows in spring. Also in this case, the high flow values are mostly affected by the Ksat at the bottom of the columns: a reduction of Ksat increases the 90% percentile value of the streamflow. Other factors that could contribute to the seasonal differences between modelled and measured streamflow are a snow routine that does not fully capture the processes of snow accumulation and melting, the parameterization of plant transpiration and the lack of preferential flow paths in the model.



As shown in the sensitivity analysis, the parameterization of snow melting mainly changes the distribution of the flow and affects the peak flows: a faster snow melt anticipates and increases the peak flows by concentrating the release of water from the snow pack in a shorter time. Similarly, it can be expected that by modifying the parameters regulating snow accumulation, the yearly distribution of the streamflow would change. An increase of precipitation stored in the snowpack could reduce the amount of water discharged in winter and increase the streamflow in spring.



Transpiration affects the flow during the vegetation period. A lower transpiration could reduce the uptake in spring and contribute to simulate higher peak flows. However, the overall effect of the simulation of the streamflow would be less significant than the factors previously discussed.



The lack of preferential paths contributes to the underestimation of the conductivity of the soil at high precipitation events causing a water flow more distributed over time and thereby a possible underestimation of the discharge at high flow. The difference between modelled and real soil conductivity could have an effect on the residence time of water, i.e., the time spent by water in the soil, which is relevant to predict the amount of chemicals transported to the stream. By calculating the mean residence time (TR, days) as the ratio between the simulated soil water storage and the streamflow over the period 2012–2014, we found that the mean residence time is related to the streamflow (Sf, mm·d−1) according to the following exponential function: TR = 496.72 × Sf−0.899 (R2 = 0.93); the median TR is 846 days.





5. Conclusions


As compared to the previous hydrology module in ForSAFE, the new hydrology concept allows for the simulation of a saturated and an unsaturated zone in the soil, as well as a water flow that reaches the stream in a way that is consistent with measurements. It simulates with a good approximation the saturated zone and the level of soil moisture at different depths. In addition, it captures part of the flow peaks observed in the stream and it simulates a total annual streamflow comparable to the measured one.



The most relevant differences compared to measurements that will affect the chemical transport to the stream are that the model simulates a higher base flow in winter and lower flow peaks after snowmelt. The discrepancies are mainly caused by the assumptions made to regulate the percolation at the bottom of the soil columns. To simulate a saturated zone in the soil and a seasonal change of streamflow it is necessary to reduce the conductivity of the deepest soil layer to include to the lower permeability of soil below the simulated depth. The differences relative to measurements observed in this study will mainly have an effect on the timing with which water reaches the stream. The residence time of water in the soil affects the biogeochemical processes in the soil and eventually the amount of chemicals that are transported to the river.



The discrete structure of the model also limits its capability to represent water storage and transport which in reality are continuous. However, it makes the hydrology module suitable for coupling to the ForSAFE model. The simulation of lateral flows and a saturated zone in ForSAFE will couple several processes in the forest ecosystem with water flows to the steam. This will greatly improve the simulation of chemical exchange in the soil and chemical transport from the soil to watercourses.



Future work including chemical transport will help clarify the impact of water residence times and help identify possible improvements in the modeling of hydrology in ForSAFE.








Supplementary Material


Table S1: Description of the soil columns in the S-Transect model; Table S2: Calculated soil hydraulic properties for the modelled soil columns of the S-transect; Table S3: Objective functions.
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Figure 1. Simplified illustration (considering only two soil columns) of the hydrology as conceptualized in STELLA. The boxes represent water stocks in elements storing water, the blue arrows represent water flows from and to water stocks, the stand-alone circles are converters containing data or equations and the red arrows are connectors indicating which factors are regulating the flows. The striped boxes represent conveyors that transfer water after a specified number of time units. 
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Figure 2. Illustration in STELLA of the main processes regulating water flows in the model: water inputs to the soil, percolation, lateral water flow and transpiration from a soil layer. The connectors (red arrows) indicate which factors are included in the calculation of the flows. 
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Figure 3. Location of the S-transect in Sweden and in the Krycklan catchment. 
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Figure 4. Representation of the S-transect in the hydrology model when the water divide is assumed at 80 m from the stream. C: modelled soil column. S: point of measurement. The number of the sampling points represents the distance from the stream (4, 12 and 22 m). 
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Figure 5. Testing of estimated hydraulic properties against measurements at the sampling points S4, S12, S22 of the S-transect. POR: porosity; WP: permanent wilting point; Ksat: saturated hydraulic conductivity. The dotted lines and their slope are an indication of the discrepancy between estimates and measured data. When the slope is > 1 the measured data are higher than the estimates and when <1 measurements are lower than estimates. 
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Figure 6. Change of water storage and streamflow components when parameters are varied compared to a baseline. The change is expressed in terms of Bias and RMSE. 
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Figure 7. Water storage in the saturated and unsaturated zone in the soil and in the snow pack over the simulation period. 
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Figure 8. Modelled soil moisture as compared to the TDR data at increasing distance from the stream. The three modelled soil columns up to 25 m from the stream (C2, C3, C4) are compared to the measurements at the sampling points at 4, 12 and 22 m (S4, S12, S22). For each soil profile, simulations and measurements are compared at different soil depths. Modelled layers of similar depths are compared in the same row. Measurements were not available for layers that are missing. Differences between model and measurements are evaluated in terms of NME (%) and Bias (m3·m−3). Dashed grey lines represent the water content at field capacity. 
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Figure 9. Modelled as compared to measured streamflow. Differences between model and measurements are evaluated in terms of NME (%) and Bias (mm). The graph on the right compares the cumulative streamflow in 2013-2014 when measurements were available. 






Figure 9. Modelled as compared to measured streamflow. Differences between model and measurements are evaluated in terms of NME (%) and Bias (mm). The graph on the right compares the cumulative streamflow in 2013-2014 when measurements were available.



[image: Hydrology 03 00011 g009]







[image: Table] 





Table 1. Parameter ranges and baseline values used in the sensitivity analysis.
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Parameter

	
Description

	
Unit

	
Baseline

	
Range of Variation






	
WD

	
Transect length given by the distance from the river to the water divide

	
m

	
110

	
80–140




	
Kbott

	
Saturated hydraulic conductivity at the bottom of the soil column j, i.e., in layer (j,7)

	
m·d−1

	
Ksat(j,7) × 0.5

	
0–Ksat(j,7)




	
FrStream

	
Fraction of bottom percolation reaching the stream

	
fraction

	
Linearly decreasing

	
0.8–1.0




	
Cmelt

	
Degree-day factor for snow melt

	
mm·°C−1 ·d−1

	
1.5

	
1–2




	
LP

	
Limit for potential evapotranspiration, expressed as a fraction of FC

	
fraction

	
0.65 × FC(j,i)

	
0.5–0.8 × FC(j,i)




	
POR

	
Porosity of all soil layers

	
fraction

	
POR(j,i)

	
POR(j,i) ± 10%




	
Ksat

	
Saturated conductivity of all soil layers

	
m∙d−1

	
Ksat(j,i)

	
Ksat(j,i) ± 10%
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Table 2. Results of the sensitivity analysis. The values represent the difference in mm of water compared to the baseline scenario.
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Scenario

	
Range

	
Snow

	
Saturated Storage

	
Unsaturated Storage

	
Streamflow, Q

	
Q 90% perc (Q90)

	
Q 10% perc (Q10)






	

	

	
Bias

	
RMSE

	
Bias

	
RMSE

	
Bias

	
RMSE

	
Bias

	
RMSE

	
Bias

	
RMSE

	
Bias

	
RMSE




	
WD

	
140 m

	
0.00

	
0.00

	
0.00

	
0.40

	
−0.53

	
1.08

	
−0.01

	
0.14

	
0.00

	
0.00

	
0.00

	
0.00




	

	
80 m

	
0.00

	
0.00

	
0.01

	
0.76

	
0.78

	
1.71

	
0.02

	
0.21

	
0.02

	
0.02

	
0.01

	
0.01




	
Kbott

	
Ksat(j,7)

	
0.00

	
0.00

	
−0.31

	
4.05

	
−6.02

	
7.59

	
0.00

	
0.41

	
−0.02

	
0.02

	
−0.01

	
0.01




	

	
0

	
0.00

	
0.00

	
348.27

	
399.01

	
−186.35

	
223.42

	
−0.15

	
1.34

	
0.34

	
0.34

	
−0.09

	
0.09




	
FrStream

	
1

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.06

	
0.14

	
0.10

	
0.10

	
0.00

	
0.00




	

	
0.8

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
−0.08

	
0.17

	
−0.14

	
0.14

	
−0.01

	
0.01




	
Cmelt

	
1 mm

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.03

	
0.01

	
0.01

	
0.00

	
0.00




	

	
2 mm

	
−2.89

	
7.39

	
−0.07

	
6.97

	
−0.22

	
9.32

	
0.01

	
0.92

	
0.04

	
0.04

	
−0.01

	
0.01




	
LP

	
0.5 × FC

	
0.00

	
0.00

	
0.00

	
0.15

	
−2.48

	
3.79

	
−0.02

	
0.06

	
−0.01

	
0.01

	
0.00

	
0.00




	

	
0.8 × FC

	
0.00

	
0.00

	
0.00

	
0.63

	
3.56

	
5.28

	
0.02

	
0.11

	
0.05

	
0.05

	
0.00

	
0.00




	
POR

	
−10%

	
0.00

	
0.00

	
0.17

	
3.19

	
−34.49

	
34.83

	
0.01

	
0.38

	
0.00

	
0.00

	
0.00

	
0.00




	

	
10%

	
0.00

	
0.00

	
−0.10

	
2.29

	
34.49

	
34.71

	
−0.02

	
0.22

	
0.04

	
0.04

	
0.00

	
0.00




	
Ksat

	
−10%

	
0.00

	
0.00

	
0.03

	
0.54

	
2.37

	
2.63

	
0.00

	
0.10

	
0.02

	
0.02

	
0.00

	
0.00




	

	
10%

	
0.00

	
0.00

	
0.00

	
1.29

	
−2.04

	
2.55

	
0.00

	
0.12

	
0.02

	
0.02

	
0.00

	
0.00
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Table 3. Comparison of modelled results to measurements when adopting baseline parameter values. C: soil column; L: layer number. For Bias and RMSE, soil moisture data are in m3 water m−3 soil and streamflow data in mm.
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Bias

	
RMSE

	
NME (%)






	
Soil moisture

	
C2:L2

	
−0.101

	
0.242

	
34.8




	

	
C2:L4

	
−0.194

	
0.196

	
35.2




	

	
C3:L2

	
−0.163

	
0.239

	
46.6




	

	
C3:L4

	
−0.268

	
0.270

	
53.3




	

	
C4:L2

	
0.007

	
0.083

	
26.9




	

	
C4:L4

	
−0.139

	
0.163

	
44.0




	
Streamflow

	
Q

	
−0.022

	
1.387

	
108.6




	

	
Q90

	
−0.664

	
0.664

	
37.4




	

	
Q10

	
0.103

	
0.103

	
683.1
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Table 4. Components (mm∙y−1) of the water balance at the study area. T: transpiration; R: total runoff (including deep percolation and stream flow); ΔS: change of soil water storage; P: precipitation.
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Year

	
T

	
Deep Perc

	
Stream Flow

	
R

	
ΔS

	
T + R + ΔS

	
P






	
2011

	
368

	
3

	
52

	
55

	
225

	
648

	
649




	
2012

	
451

	
14

	
255

	
270

	
108

	
829

	
829




	
2013

	
441

	
15

	
250

	
265

	
−64

	
641

	
642




	
2014

	
412

	
12

	
203

	
215

	
−89

	
538

	
537




	
Total

	
1570

	
105

	
863

	
968

	
119

	
2657

	
2657




	
% of P

	
59%

	
4%

	
32%

	
36%

	
4%

	
100%
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