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Groundwater and surface-water interactions are regulated by catchment characteristics and complex
inter- and intra-annual variations in climatic conditions that are not yet fully understood. Our objective
was to investigate the influence of catchment characteristics and freeze-thaw processes on surface and
groundwater interactions in a boreal landscape, the Krycklan catchment in Sweden. We used a numerical
modelling approach and sub-catchment evaluation method to identify and evaluate fundamental catch-
ment characteristics and processes. The model reproduced observed stream discharge patterns of the 14
sub-catchments and the dynamics of the 15 groundwater wells with an average accumulated discharge
error of 1% (15% standard deviation) and an average groundwater-level mean error of 0.1 m (0.23 m stan-
dard deviation). We show how peatland characteristics dampen the effect of intense rain, and how soil
freeze-thaw processes regulate surface and groundwater partitioning during snowmelt. With these
results, we demonstrate the importance of defining, understanding and quantifying the role of landscape
heterogeneity and sub-catchment characteristics for accurately representing catchment hydrological
functioning.

� 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction heterogeneity and the partitioning of water across space and time
Interactions between surface waters and groundwater are con-
trolled by several complex and interacting processes that relate to
biological and physical characteristics of the catchment, as well as
intra- and inter-annual variations in climatic conditions (Knutsson
and Morfeldt, 2002; Sophocleous, 2002; Woods, 2006). However,
surface and sub-surface hydrological systems are commonly trea-
ted as separate components of catchments (Graham and Butts,
2005). To advance our predictive capabilities we need to consider
interactions between these two hydrological systems, as demon-
strated by several studies using both field-based empirical analy-
ses (Kalbus et al., 2006; Kuraś et al., 2008; Zimmer and McGlynn,
2017) and numerical modelling (Bosson et al., 2012; Destouni,
2007; Dogrul et al., 2016; Lindgren et al., 2004; Yang et al.,
2017). This requires assessments of the impact of sub-catchment
(Brooks et al., 2012a, 2012b).
Catchment responses to inter- and intra-annual variations of

climate are, in part, regulated by landscape characteristics, includ-
ing variations in geology, topography and vegetation (Nippgen
et al., 2011; Sivapalan, 2003; Woods, 2006). Catchment geology
affects the partitioning of surface and sub-surface hydrological
pathways through differences in soil porosity and the degree of soil
saturation (Wu and Selvadurai, 2016), whereas local to regional
topography strongly controls sub-surface flow pathways, at least
in areas underlain by glacial drift (Rodhe and Seibert, 1999). In
such areas, the convergence of topography is an important mecha-
nism causing spatial gradients in soil saturation (Grabs et al.,
2009). At larger scales, this results in the partitioning of water into
more recent and older groundwater contributions to river dis-
charge (Tiwari et al., 2017). Vegetation is of fundamental impor-
tance for regulating losses through evapotranspiration (ET),
which varies naturally across a seasonal cycle. The effects of vege-
tation are clearly seen in areas experiencing deforestation, which
commonly results in step increases in runoff (Andreassian, 2004),
but also in areas with shallow groundwater where transpiration
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has been shown to strongly influence the groundwater dynamics
during dry periods (Bosson et al., 2008).

Climatic conditions also play an important role in catchment
hydrological responses. In high latitude environments climatic
conditions such as seasonal water storage, snow melt, and frozen
soils drive annual patterns in catchment hydrology (Niu and
Yang, 2006). Snow depth is a major factor regulating ground tem-
perature and consequently soil frost, as the snow cover insulates
the ground from cold air temperatures during the winter
(Goodrich, 1982; Hardy et al., 2001; Oni et al., 2017). Frozen soils
with high soil moisture content can act as an almost impermeable
layer preventing infiltration, and thaw more slowly than soils with
lower water content (Brooks et al., 2012b; French, 2007; Woo,
2012). The effect of soil frost is especially important during snow-
melt events, because the frozen ground allows only a limited
amount of water to infiltrate and consequently produces more
overland flow than with unfrozen soils (Brooks et al., 2012b;
Iwata et al., 2011; Orradottir et al., 2008). Depending on soil and
vegetation characteristics, the timing and potential influence of
snow and soil frost processes on streamflow generation can differ
between neighboring catchments with similar climates.

A common assumption in modelling runoff generation is that
similar sub-catchments situated close to each other respond in
similar ways to hydrological forcing. For example, one common
method for estimating volumetric discharge is to use the ratio of
catchment areas to scale the observed discharge from one catch-
ment to estimate the discharge from a similar catchment without
observations (Archfield and Vogel, 2010). However, as shown by
Karlsen et al. (2016a,b), there can be large variability in area-
specific discharge between nearby sub-catchments with seemingly
similar characteristics. The specific discharge variability can range
up to an order of magnitude, both on shorter and longer time-
scales, suggesting that adjacent catchments may function very dif-
ferently. It has also been argued, that the method of studying
hydrological functioning on a whole-watershed basis without
process-based insights into the contributions of their parts, leaves
a large gap in our understanding of surface and groundwater inter-
actions, and of the origin of runoff contributions (Payn et al., 2012).
To mechanistically describe the hydrology of catchments and
enable accurate predictions of water quantity, we need to move
beyond previous attempts at modelling and include sub-
catchment-specific information on hydrological functioning.

To improve our conceptual and mechanistic understanding of
the role of sub-catchment variability on high-latitude watershed
hydrology, we quantified spatial and temporal variations in the
various contributing parts, as well as including representations of
some dominant winter-related processes. To do this, we used an
empirically data-rich boreal catchment, the Krycklan catchment,
that has available results from three decades of detailed hydrolog-
ical and biogeochemical investigations from a large set of nested
catchments (Laudon et al., 2013). To undertake this investigation,
we used the integrated surface-sub-surface hydrological MIKE
SHE model (Graham and Butts, 2005). Previously, MIKE SHE has
successfully been applied in similar studies of temperate areas,
where winter processes largely could be ignored (Bosson et al.,
2012, 2013), and in periglacial areas (Johansson et al., 2015), where
deep permafrost and active-layer processes strongly influence the
catchment hydrology. However, the MIKE SHE model has not pre-
viously been applied to catchment systems where seasonal soil
frost and large snow accumulation and subsequent melt must be
taken into account. The main purpose of this study was to test
the hypothesis that we need to consider sub-catchment character-
istics, in combination with freeze-thaw processes, to explain differ-
ences in discharge and surface-groundwater flow partitioning in a
northern boreal catchment.
2. Methods

2.1. General site description

Krycklan (64.23� N, 19.77� E, 67.9 km2) is an extensively studied
catchment, used for multi-disciplinary hydrology and ecology
research and monitoring, in northern boreal Sweden (Laudon
et al., 2013). Located in the subarctic climate zone, Kryklan has
30-year mean annual precipitation (P) and evapotranspiration
(ET) of 614 mm and 303 mm, respectively (Laudon et al., 2013).
Snow accumulates from late October to early May in most years,
resulting in a 30-year average annual snow cover of 167 days
(Laudon and Ottosson-Löfvenius, 2016).

The catchment area, which is covered to 87% by forest consist-
ing mainly of Scots pine (Pinus sylvestris) and Norway spruce
(Picea abies), spans elevations from 405 m.a.s.l. in the northwest
to 114 m.a.s.l. at the outlet in the southeastern part of the catch-
ment. The total sediment depth in the area varies between 5 and
40 m (Laudon et al., 2013). Sandy and silty tills are the dominant
sediment types in the area, particulary at higher altitudes where
the tills are intertwined with lakes and peatlands, which are in turn
underlain by finer sediments (Fig. 1A). Due to higher hydraulic
conductivity (K) in the upper part of the soil profile, the main lat-
eral transport of groundwater is assumed to occur in the first half
meter of the till (Amvrosiadi et al., 2017; Bishop et al., 2011; Ågren
et al., 2014). At lower altitudes in the catchment, sandy and silty
glacial deposits with high K, are the most common sediments
(Fig. 1A). Small streams, both naturally-formed and man-made
(to improve forest productivity during the early 20th century
ditching era) connect the sub-catchments to the river network
(Hasselquist and Lidberg, 2017; Kuglerová et al., 2014; Oni et al.,
2015).

2.2. Input data

Based on locally-observed data and literature values on hydrau-
lic properties (Table 2) and the conceptual model (Fig. 1C), a
numerical model was established in MIKE SHE (Graham and
Butts, 2005). We calibrated the MIKE SHE model based on time ser-
ies of stream discharge and groundwater head data (Table 1) for
the period 2009-01-01 to 2012-12-31. The MIKE SHE model con-
sists of four compartments; overland flow (OL), stream network,
unsaturated (UZ) and saturated zone (SZ). All components run
simultaneously and exchange water between the different com-
partments during the simulation, with a maximum time step of
1 h for the OL and UZ compartments, 3 h for the SZ compartment
and 5 s for the stream network compartment.

The horizontal resolution was set to 50 � 50 m and the vertical
resolution varied from a couple of centimeters to several meters,
depending on depth, soil type and saturation. The model consists
of 10 computational layers (CLs), in general following the stratigra-
phy of the soil (Fig. 1C). Three of the CLs are located in the bedrock
and seven in the soil. Due to the nature of the numerical implemen-
tation of ET and UZ processes in MIKE SHE, the uppermost CL needs
to have a thickness sufficient to capture the influence of ET dynam-
ics and the capillary rise of groundwater. In this model application,
the thickness was set to 2.5 m, resulting in an averaging of the shal-
lowest part of the soil stratigraphy into one CL in the model. To
account for the observed high hydraulic conductivity in the upper
0.5 m of the till (Amvrosiadi et al., 2017; Bishop et al., 2011;
Ågren et al., 2014), a drainage function was activated in the model
using the same method as implemented by Bosson et al. (2008).

Meteorological data drive the MIKE SHE model, as they provide
the upper boundary condition. These data comprise locally-
observed time-varying air temperature (T), P and PET (Table 3);



Fig. 1. Krycklan Catchment. A: Soil layer map including location of discharge observation stations and panel C (vertical black line). B: The Krycklan catchment, elevation
(m.a.sl.) and location, rivers and groundwater wells. Area marked with green oval is shown in more detail in panel D. C: Conceptual model and soil deposits (north to south).
D: Location of gauging stations C2, C4, C5 and C7.
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P was corrected for wind and adhesion losses following
Alexandersson (2003).

A no-flow bottom boundary condition was applied at 100 m
depth. We assumed that surface and groundwater divides coincide,
applying no-flow boundary conditions on the lateral boundaries,
except for the areas with postglacial sand in the low topography
areas of the catchment (Fig. 1A and B). A fixed head was used in
the western and eastern parts of the postglacial deposits at the
catchment boundaries. The fixed-head boundary corresponded to
the water level of nearby lakes at the western boundary, and a
mean value of groundwater head measurements at site C16 at
the southeast boundary (Fig. 1A). Cycling one hydrological year
until quasi-steady-state conditions were reached defined the ini-
tial conditions for the model.



Table 1
A: Sub-catchment gauging set up and main characteristics. B: List of groundwater wells*. The table also shows the depth, soil type and measurement period. Fig. 1B shows the
location of the wells.

A Site characteristics and gauging set up

Site Gauge type Area (km2) Elevation
(m.a.s.l.)

Main catchment characteristics (%) Description

Forest Mire Lake

C2 90� V-notch weir in heated house 0.12 273 99.9 0.0 0.0 Forest-dominated catchment
C4 90� V-notch weir in heated house 0.18 287 55.9 44.1 0.0 Major part dominated by peatland
C5 H-flume in heated house 0.65 292 54.0 39.5 6.4 Lake outlet, major part dominated by peatland
C7 90� V-notch weir in heated house 0.47 275 82.0 18.0 0.0 Forest-dominated catchment affected by peatlands
C16 Natural section (bridge) 67.9 239 87.2 8.7 1.0 Main catchment outlet

B Groundwater wells

Well Depth Soil Obs. Period Frequency Comment

Start End

101 3.8 Till 08/19-82 10/14-16 weekly values
102 2.4 Till 08/19-82 10/14-16 monthly values Same location as 103
103 4.7 Till 08/19-82 10/14-16 monthly values Same location as 102
104 3.2 Till 08/19-82 10/14-16 monthly values
105 3.1 Till 08/19-82 10/14-16 monthly values
301 3.3 Till 06/01-12 11/13-14 12 measurements for each well spread out over the observation period
302 1.7 Till 06/01-12 11/13-14 12 measurements for each well spread out over the observation period
303 4.7 Till 06/01-12 11/13-14 12 measurements for each well spread out over the observation period
304 10.2 Till 06/01-12 11/13-14 12 measurements for each well spread out over the observation period
401 2.5 Till 06/01-12 11/13-14 10 measurements spread out over the observation period
402 1.4 Till 06/01-12 11/13-14 12 measurements for each well spread out over the observation period
403 3.2 Till 06/01-12 11/13-14 12 measurements for each well spread out over the observation period
404 9.7 Till 06/01-12 11/13-14 12 measurements for each well spread out over the observation period
501 3.5 Till 06/01-12 11/13-14 7 measurements spread out over the observation period Below a layer of 3 m

silt/clay
601 5.2 Sand 06/01-12 11/13-14 9 measurements spread out over the observation period Sand (layer 2)

* Four of the sites have heated houses at the gauging stations, allowing all-year-round measurements; C2 and C4 have been heated since 2011, C5 since 2012 and C7 since
1981. See Karlsen et al. (2016b) and Laudon et al. (2013) for more information regarding catchment characteristics and gauging set up.
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2.3. Modelling procedure and calibration

We calibrated the MIKE SHE model based on time series of daily
stream discharge and groundwater head data (Table 1) for the per-
iod 2009-01-01 to 2012-12-31. Fourteen sub-catchments have
continuously monitored stream discharge (Karlsen et al., 2016b).
The five sub-catchments C2, C4, C5, C7 and C16 (Fig. 1) are among
the most studied locations within the catchment and together
cover a representative range of the Krycklan landscape heterogene-
ity (Laudon and Sponseller, 2017). These sub-catchments were
therefore used for calibration of our model, while the remaining
nine were used for model validation (Laudon et al., 2013; Fig. 1).
Groundwater levels, used for calibration and validation in this
study, have been manually measured at 15 groundwater wells
using different intervals of measurement, ranging from weekly to
annual (Fig. 1B, Table 1B).

Hereafter,BaseCase (B.C.) refers to theMIKESHEmodel described
in Sections 2.1 and 2.2. Based on the methodology developed by
Aneljung and Gustafsson (2007) and Bosson et al., (2008), themodel
was calibrated using four main steps. Each step resulted in an
updated model version (Fig. 2). Although some of the sub-
catchments were the main targets for parts of the calibration, the
full-scale model was run through all steps. Thus, changes made in
a calibration stepwereevaluated for specific sub-catchments,where
the investigated process or characteristics were clearly propagated
in the result, but were then applied to the whole model domain.

The errors in discharge and hydraulic groundwater head results
can be quantified by various methods (Bosson et al., 2008;
Henriksen and Sonnenborg, 2005), and the choice of error estima-
tion method depends on the main purpose of the model. For this
study, the water balance and general model performance were
the main interests, which motivated the use of accumulated dis-
charge error in all steps and the Nash-Sutcliffe model efficiency
(NSE) as error estimation metrics for the discharge results in later
steps (Appendix C). If NSE is below zero, the observed mean is a
better predictor than the model itself and if NSE reaches its maxi-
mum value of one, the model gives a perfect fit to observations
(Krause and Boyle, 2005; Henriksen and Sonnenborg, 2005). There-
fore, the objective of the calibration was to achieve a NSE value
above zero, and to minimize the accumulated discharge error to
approximately ±15%, which we defined as satisfactory in relation
to measurement uncertainties (Bosson et al., 2008).

Groundwater heads are usually described using mean error
(ME) or mean absolute error (MAE) and the accepted ME and
MAE depends on the groundwater head variation of the catchment.
In the case of Krycklan, the groundwater head varied by approxi-
mately 1–2 m at each observation point. By using the accumulated
discharge error target of 15%, the ME and MAE target for the
groundwater head should be within 0.3 m. It is recommended by
Henriksen and Sonnenborg (2005) that use should be made of
the performance criterion b that expresses the over-/under-
prediction in relation to the groundwater head difference in the
full-scale model range (Appendix C). If the model has high fidelity,
b should have a value less than 0.01. The following Section de-
scribes each step of the calibration procedure (Fig. 2), with the
aim of achieving the defined calibration targets.

2.3.1. Step 1: water balance on catchment and annual scale
The first calibration target was to capture the overall water bal-

ance (WB) for the entire catchment. The stream discharge at the
Krycklan outlet (C16, Fig. 1A) and previous studies on the long-
term water balance were used as calibration data. The annual
PET (Table 3) was higher than the estimated ET presented in
Laudon et al. (2013), 500 mm compared to 300 mm. Earlier MIKE
SHE studies showed that the PET, used as input data, was very sim-
ilar to the simulated total ET (Bosson et al., 2008). Applying the
original PET data would have resulted in too much water being lost
by ET processes. The lack of data on vegetation-specific transpira-



Table 2
General soil stratigraphy and hydraulic conductivities for each type of soil.

Soil type at surface Depth below ground (m) Soil type (vertically) Kh (m/s) Kv (m/s) Source*

Bedrock outcrops To bedrock Bedrock 1 � 10^9 1 � 10^�9 Generic

Peat 5 Peat 1 � 10^�6 1 � 10^�6 Generic
7 Clay 1 � 10^�9 1 � 10^�9 Generic

To bedrock Fine till 1 � 10^�6 1 � 10^�7 Local

Till 0.5 Coarse till 2 � 10^�6 2 � 10^�7 Local
2.5 Mid till 2 � 10^�6 2 � 10^�7 Local

To bedrock Fine till 1 � 10^�6 1 � 10^�7 Local

Clay under lakes 5 Clay 1 � 10^�9 1 � 10^�9 Generic
To bedrock Fine till 1 � 10^�6 1 � 10^�7 Local

Sandy sediments 0.8 Sand 3 � 10^�5 3 � 10^�5 Local
3 Silt/clay 1 � 10^�8 1 � 10^�8 Generic

To bedrock Fine till 1 � 10^�6 1 � 10^�7 Local

Silt/Clay 3 Silt/clay 1 � 10^�8 1 � 10^�8 Generic
To bedrock Fine till 1 � 10^�6 1 � 10^�7 Local

Postglacial sand 1.2 Silt/sand 1 � 10^�7 1 � 10^�7 Local
3.8 Sand 3 � 10^�5 3 � 10^�5 Local
4 Silt/clay 1 � 10^�8 1 � 10^�8 Generic

0.9 � max depth Sand 3 � 10^�5 3 � 10^�5 Local
To bedrock Gravel 1 � 10^�4 1 � 10^�4 Generic

Glacial deposits To bedrock Gravel 1 � 10^�4 1 � 10^�4 Generic

* Calculations based on grain-size analyses from sampling taken during drilling of wells as well as measurements taken in the field constitute the locally-derived data.
Generic data are literature values (Bosson et al., 2010; Knutsson and Morfeldt, 2002).

Table 3
Meteorological data, including precipitation (P), corrected precipitation according to (Alexandersson, 2003) (P corrected), potential evaporation (PET) and mean annual air
temperature (MAAT). The last column in the table lists the mean values for the observed period 2007–2014.

Year 2007 2008 2009 2010 2011 2012 2013 2014 Mean

P (mm) 563 659 666 613 646 829 648 584 651
P corrected (mm) 598 700 706 652 681 878 686 618 690
PET (mm) 457 506 546 530 579 397 485 520 503
MAAT (�C) 3.2 2.1 1.5 1.5 3.3 2.2 3.7 6.0 2.9

Fig. 2. Calibration steps. The stepwise calibration procedure based on (Bosson et al., 2010,2008). Every calibration step (1–4) ends with a new model setup, with a new name.
For example, calibration set 1, results in a new modelling set up called Case_1, which is used in the next calibration step. In this way the model is stepwise improved until the
final calibrated model is obtained.
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tion parameters motivated our decision to base the sensitivity
analyses on the calculated PET input data instead of analyzing
the ET parameters used in MIKE SHE (Kristensen and Jensen,
1975). Therefore, the analysis was based on different magnitudes
of reduced PET, with the main target being to minimize the accu-
mulated discharge error.
2.3.2. Step 2: groundwater head on a catchment and annual scale
In the second calibration step (Fig. 2), a sensitivity analysis was

made of the hydrological properties of the dominant soil types in
the area, by increasing and decreasing their respective initial verti-
cal/horizontal hydraulic conductivity by a maximum factor of ten
(Appendix A, Table A1). The main target was to minimize accumu-
lated discharge error and the groundwater head MAE and ME.
2.3.3. Evaluation of steps 1 and 2
After Steps 1 and 2, an evaluation was made to understand how

the calibration at the full-catchment scale had affected the water
balance at a sub-catchment scale. The evaluation focused on the
representative sub-catchments C2, C4, C5, and C7 (Fig. 1D). Calcu-
lated and observed discharges were analyzed using the accumu-
lated discharge error, the NSE values and a visual analysis of the
concordance between the observed and simulated discharge
time-series. The analysis was made to ensure that the changes
made in Steps 1 and 2 were favorable also at the sub-catchment
scale.
2.3.4. Step 3: groundwater head and surface runoff at a sub-catchment
and intra-annual scale

In Step 3 (Fig. 2), the effects of hydraulic properties of the soils
in the representative sub-catchments were further analyzed. Peat
is a dominant soil type in both C4 and C5, and also affects C7. Only
a few observations of peat have been made in Krycklan, including
hydraulic properties, depth and vegetation of the mires at sites C4
and C5 (Laudon et al., 2013; Lidman et al., 2013). Observations
indicate a high porosity of the peat, which results in high storage
capacity in the peat-dominated sub-catchments. Therefore, in Step
3, an analysis of the influence of peat properties, including drain-
able pore space and hydraulic conductivity (Appendix A,
Table A2), was performed. In this step, our focus was on increasing
NSE for the discharge results, while also making a visual compar-
ison of simulated and measured time-series.
Fig. 3. Conseptual model: Soil frost. Conceptual model for the hydrological processes dur
two main frost processes that are evaluated is reduced flow in the upper part of the soi
2.3.5. Step 4: the influence of soil frost processes
Previous studies in Krycklan indicate that the hydrological

pathways during spring flood differ between forest-dominated
and mire-dominated catchments with higher event water ratios
in the latter (Laudon et al., 2007; Peralta-Tapia et al., 2015). Based
on this observation, a conceptual model was defined that specified
the difference in the dominant hydrological processes related to
soil freezing between mires and forest-dominated areas (Fig. 3).

Although there is no thermal component in MIKE SHE, there is a
method for implementing soil frost processes, as presented by
Bosson et al. (2010) and tested for permafrost areas by Johansson
et al. (2015). In summary, three main processes were identified
as important in describing the hydrology under frozen conditions:
i) ice accumulation on the ground surface, ii) reduced infiltration
capacity of frozen soil and iii) reduced transport capacity when soil
is frozen. In this study, we focused on ii) and iii) since they are rel-
evant for seasonally-frozen conditions during the winter and
spring. These processes are described in the model by time-
varying properties of infiltration capacity and hydraulic conductiv-
ity driven by soil and air temperature (Bosson et al., 2010). To ana-
lyze the range of effects from implementing such frost-process
representation for peatland and forest-dominated areas, we devel-
oped six sub-cases (4a–f, Table 4) stemming from the conceptual
model (Fig. 3). The purpose was to evaluate the impact of the level
of frozen soil saturation on the infiltration and transport capacity
during snowmelt.

Observations indicate saturated conditions and water on the
ground surface at the peatlands (Peralta-Tapia et al., 2015). Due
to data limitations, we therefore assumed that the thermal regime
in the peatlands follows the same pattern as the lake ice in the
catchment, i.e., the duration of frost in the peatlands was modelled
using time-lapse photos of lake ice break-up and air-temperature
data.

In the forested areas, the frost duration was governed by the
observed soil temperature data, and we therefore assumed that
the soil is affected by soil frost for temperatures below 0 �C at a
depth of 10 cm. When data were missing at 10 cm depth, data from
5 cm depth were used. A reduced transport capacity was assumed
during frozen soil conditions, and the extra transport capacity in
the upper 0.5 m of the model was reduced to zero during this per-
iod. Our main target for this step was to obtain a low accumulation
of discharge errors and to achieve high values of NSE for the stream
discharge, while also minimizing MAE and ME for the groundwater
heads.
ing soil frost conditions in a forest (left) and mire (right) dominated catchment. The
l (reduced Kh) and/or reduced infiltration (Table 4).



Table 4
Sensitivity analysis of soil frost processes on peatlands and forested soils, evaluated in
calibration Step 4 (Fig. 2), including reduced infiltration and reduced transport
capacity in the upper part.

Sub-case Reduced infiltration Reduced transport
capacity in upper 0.5
(m)

Peatland Forest Peatland Forest

4a X
4b X
4c X
4d X
4e X X
4f X X
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3. Results

3.1. Step 1: water balance on a catchment and annual scale

For the Base Case model, the simulated accumulated discharge
was 44% lower than observed and approximately 80% of the P left
the model as ET during the simulated years of 2009–2011, which
was more than the long-term annual average of 50% reported from
the catchment (Laudon et al., 2013). Reducing the PET had a posi-
tive effect both on matching the accumulated discharge at C16 as
well as on the conforming more closely to the observed overall
water balance (Tables 5 and 6A).

To reach a water balance in which approximately 50% of the P
converts to ET on the full catchment scale, the PET had to be
reduced to 40% of the original input data (Table 3). After this
change of the PET (Step 1) the accumulated discharge error was
reduced to 3% and the ratio between the actual evaporation and
P was reduced to approximately 50% (Table 5). Note that during
2012, when an annual P of 880 mm was experienced, the evapo
transpiration-precipitation ratio was lower than 50% after the
reduction of the PET. The reduced PET was used in later calibration
steps since it gave the optimal water balance result for C16.
3.2. Step 2: groundwater head on a catchment and annual scale

The groundwater calibration in Step 2 focused mainly on the
hydraulic properties of the dominant soil types in the area: till,
silt/clay and sand. A reduction of the hydrological conductivities
in the upper parts of the till had a positive effect on prediction of
the groundwater heads and dynamics around site C7 (Fig. 4A
and B) and on the ME and MAE values (Table 6B). An increase of
the horizontal conductivity in the sand and the vertical conductiv-
ity in the silt/clay resulted in the groundwater heads reaching the
observed values in wells 501 and 601 (Fig. 4C and D). The changes
also gave a positive effect at C16 concerning peak stream discharge
during intense rain, e.g., autumn of 2012 (Fig. 4E).
Table 5
Precipitation (P) and calculated evapotranspiration (ET) (mm) for each simulated year us
original (PET40%). The table also includes the P and ET difference (P-ET) as well as the ET

Water balance re

Year 2009 2010

PET 100% PET 40% PET 100% PET 40%

Total P (mm) 706 706 652 652
Total ET (mm) 533 338 523 330
P-ET (mm) 173 368 129 327
ET/P ratio (%) 75 48 80 50
3.3. Evaluation of step 1 and 2

The model efficiency values (NSE) increased for all sub-
catchments, when comparing results from Step 1 and Step 2
(Table 6). However, C4 still had a value below zero, which indicates
that the model is not accurately representing this sub-catchment.
These calibration steps, Step 1 and Step 2, affected C2 and C7 the
most. For example, the C2 accumulated discharge error reduced
from 28% to 6% (Table 6A) and the impact of rain events on peak
stream discharges was also reduced, e.g., during the autumn of
2012 (Fig. 5A). In that sense, calibration Step 2 improved the
results of Step 1. In contrast, sites C4 and C5 exhibited smaller
changes than for C2 and C7, both in peak stream discharges during
rain events and accumulated discharge (Table 6A and Fig. 5A–D). In
summary, we could see the largest differences between Step 1 and
Step 2 in the forest-dominated sub-catchments.

3.4. Step 3: groundwater head and surface runoff at a sub-catchment
and intra-annual scale

In Step 3, a higher porosity and storage capacity of peat was
introduced in the model. This had a positive effect on the mod-
elling results obtained for sites C4 and C5 by reducing the peak dis-
charges during rain events (Fig. 6A–B), and generally increasing the
model efficiency for all sites, except for site C5 (Table 6A). How-
ever, a high porosity and storage capacity of the peat also reduced
the amount of water reaching the streams during snowmelt, which
increased the accumulated discharge error in spring (Fig. 7C and
Appendix B, Table B1). A high porosity and storage capacity of
the peat also provided the streams at site C4 and C5 with more
water as groundwater flow than upstream flow during snowmelt,
as compared with Case 2 (Fig. 7D). In summary, a high porosity
and storage capacity of the peat improved the results during rain
events, but worsened the results during spring, especially for C5
which had the largest accumulated flow reduction, from an error
of �21% to �41% (Appendix B, Table B1).

3.5. Step 4: the influence of soil frost processes

Reducing the infiltration rate during winter for the peatlands
resulted in a higher proportion of water arriving as overland flow
to the stream during snowmelt (Fig. 7D and E). By also applying
a decreased transport capacity of the soil, even less water infil-
trated during snowmelt and in total more water arrived to the
peatland streams, which is in line with empirical observations
(Laudon et al., 2007).

Compared with peatlands, introduction of soil frost processes in
the model did not improve the result for areas dominated by forest.
For example, a reduction of the transport capacity of the soil
resulted in a delayed effect of the snowmelt (7A). Some of the
groundwater wells also exhibited an increased groundwater head
during the winter periods (Fig. 7B), which has not been observed
in the area.
ing the original PET input data (PET 100%) and PET input data reduced to 40% of the
to P ratio (ET/P).

sults ET_40%

2011 2012 Obs. average

PET 100% PET 40% PET 100% PET 40%

681 681 880 880 614
554 358 408 251 303
129 325 473 628 311
81 52 46 29 50



Table 6
A: Discharge performance measures for the Base Case (B.C.) and Case 1–4(e) (c. 1 – c.4) (2009–2012), as well as validation of Case 4e (validation) (2009–2014). The Table includes
accumulated discharge error (Acc. error (%)) and the NSE values for the calibrated discharge stations C2, C4, C5, C7 and C16 as well as for the other observation stations in Krycklan
used for validation. B: Groundwater head performance measures for the Base Case (B.C.) and Case 1–4(e) (c. 1 – c.4), as well as validation of Case 4e (validation) (2009–2014). The
Table includes MAE and ME for all Cases.

A Discharge results

Acc. error (%) NSE

B.C. c. 1 c. 2 c. 3 c. 4 validation B.C. c. 1 c. 2 c. 3 c. 4 validation
C2 �40 28 6 5 5 3 0.6 0.4 0.7 0.7 0.7 0.7
C4 �37 11 7 1 3 6 0.1 �0.7 �0.3 0.6 0.4 0.3
C5 �58 �18 �19 �29 �26 �23 0.3 0.7 0.7 0.6 0.8 0.8
C7 �34 19 18 18 18 20 0.6 0.2 0.6 0.8 0.7 0.7
C16 �44 3 �2 �4 �3 �3 0.4 0.2 0.6 0.8 0.7 0.7

C1 �44 16 17 17 16 14 0.6 0.6 0.8 0.8 0.8 0.7
C6 �47 �4 �5 �11 �9 �7 0.4 0.6 0.8 0.8 0.8 0.8
C9 �46 4 0 �2 �2 �3 0.5 0.7 0.8 0.8 0.8 0.8
C10 �46 �3 �4 �6 �5 �5 0.5 0.2 0.6 0.7 0.8 0.7
C12 �44 17 15 12 11 9 0.5 0.5 0.7 0.8 0.8 0.8
C13 �41 15 3 0 �1 1 0.4 0.3 0.7 0.7 0.8 0.8
C14 �29 26 25 26 26 32 0.0 �0.9 0.2 0.4 0.3 0.3
C15 �54 �12 �16 �18 �18 �13 0.4 0.4 0.6 0.7 0.7 0.7
C20 �56 �17 �21 �20 �21 �17 0.0 �0.4 0.0 0.2 0.2 0.1

B Groundwater head results

ME/MAE

B.C. c. 1 c. 2 c. 3 c. 4 validation
101 �0.8/0.8 0.3/0.5 �0.4/0.4 �0.2/0.4 �0.2/0.4 �0.2/0.4
102 �0.7/0.7 0.0/0.3 �0.3/0.4 �0.3/0.3 �0.3/0.3 �0.3/0.3
103 �0.4/0.5 0.4/0.5 �0.1/0.2 �0.2/0.3 �0.2/0.3 �0.2/0.3
104 �0.4/0.4 0.1/0.2 0.3/0.3 0.3/0.3 0.3/0.3 0.3/0.3
105 �0.4/0.4 0.1/0.4 0.1/0.3 0.1/0.3 0.1/0.3 0.1/0.3
301 �0.1/0.1 0.0/0.1 0.0/0.1 0.0/0.1 0.0/0.1 �0.1/0.2
302 �0.2/0.2 �0.1/0.2 �0.2/0.2 �0.2/0.2 �0.2/0.2 �0.1/0.2
303 �0.1/0.2 �0.1/0.2 �0.1/0.2 �0.1/0.2 0.0/0.2 �0.1/0.2
304 0.1/0.1 0.2/0.2 0.2/0.2 0.2/0.2 �0.1/0.2 0.1/0.3
401 �0.3/0.3 �0.3/0.3 0.0/0.1 0.0/0.0 0.0/0.1 0.2/0.2
402 0.1/0.1 0.2/0.2 0.6/0.6 0.6/0.6 0.6/0.6 0.7/0.7
403 �0.3/0.3 �0.2/0.2 0.1/0.1 0.1/0.1 0.1/0.1 0.4/0.4
404 1.4/1.4 1.3/1.3 1.0/1.0 1.0/1.0 1.0/1.0 0.8/0.8
501 �2.3/2.3 �1.6/1.6 �0.3/0.3 0.2/0.2 0.2/0.2 0.2/0.3
601 �2.1/2.1 �1.3/1.3 �0.3/0.3 �0.4/0.4 �0.4/0.4 �0.2/0.2
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Case 4e had themost promising results, increasing the amount of
water that the streams receivedwhile keeping theNSE values for the
discharge high andmaintaining theME andMAE for the groundwa-
ter flow at most sites (Table 6B). The effect is mostly visible during
the spring period, when, e.g., C5 showed a reduction in its accumu-
lated discharge error from �41% to �25% (Appendix B, Table B1).

3.6. Validation and final calibrated values

The final model, Case 4e, has a high porosity and storage capac-
ity of the peat, with peat that freezes during the winter months. It
includes a reduction in the extra horizontal flow in the upper part
of the peat, as well as introducing an impermeable soil frost layer.
This model case was most successful at both reproducing accumu-
lated discharge at the streams outlets of the sub-catchments
(Fig. 8), as well as reproducing the groundwater fluctuations and
peak discharges during the calibration period (Table 7).

We tested the performance of the model using the validation
period of 2013–2014, as well as the remaining nine sub-
catchments (Fig. 8 and Table 6). Generally, the NSE value improved
between Cases 2 and 3, Also, the accumulated error improved
between Case 3 and 4, while keeping the NSE values above zero
and still higher than in Case 2 (Table 6).

The average accumulated discharge error for the calibration
catchments C2, C4, C5, C7 and C16 combined was 0.7% for the total
model period (2009–2014), with the largest accumulated errors
arising fromC5andC7 (Table 6A),whichbothhad afinal error above
the target of 15%. Looking at all gauged sites in Krycklan, however,
80% of the catchments had an accumulated discharge error of lower
than 15%, all with final NSE values above zero and with an average
NSE value of 0.6. Furthermore, the model (Appendix B, Fig. B1) has
also captured specific discharge patterns for the sub-catchments.

The average MAE values for the groundwater head results were
approximately 0.3 m for the total model period (2009–2014), and
in total 70% of the simulated wells had a MAE lower (or equal) to
the ±0.3 m target. For the simulated years, the maximum observed
groundwater head, 257 m.a.s.l., occurred at well 101 and the low-
est observed groundwater head, 170 m.a.s.l, occurred at well 601,
giving an overall difference in groundwater head (Dhmax) of
87 m. This, together with the average ME for the total simulated
period at 0.12 m, gave a b value of 0.0014, which is below the
0.01 target, meaning that the simulated values have high fidelity
(Table 6b, Appendix C).
4. Discussion

Our final model of the Krycklan catchment was successful in
recreating observed accumulated discharge and groundwater pat-
terns on both an inter- and intra-annual scale. This study demon-
strates the importance of considering processes and characteristics
on a sub-catchment scale; furthermore, the results illustrate that
catchments are complex systems with different hydrological pro-
cesses interacting in both time and space.



Fig. 4. Result step 2. A–D: Groundwater heads (m.a.s.l.) for case 1 and case 2, compared to observed for well 101 (A), well 105 (B), well 501 (C) and well 601 (D). E: Stream
discharge at site C16 during the autumn of 2012.
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4.1. Overland water and groundwater partitioning

Generally, our model was successful in simulating groundwater
and streamflow observations for all years. For example, site C2
received less specific discharge than C4 and C5, which is in accor-
dance with the empirical data. Large variability in specific dis-
charge between the Krycklan sub-catchments has previously also
been observed by (Karlsen et al., 2016a,b) based on 5 years of mon-
itoring data. In that case, the annual differences in specific dis-
charge among catchments were linked to the spatial variation of
snow accumulation and ET.

In this study, the variations in specific discharges were
explained by the surface and groundwater interactions on an
annual and intra-annual time scale using a numerical integrated
model. Although the P and ET are similar between the sub-
catchments (Appendix B, Fig. B2 & Table B3), the modelled specific
discharge varied. According to model results (Appendix B, Fig. B3),
the water that is not lost by ET or exported as local river discharge,
mainly contributes to changes in groundwater storage and to
groundwater flow exiting the sub-catchments. The water that
leaves its corresponding sub-catchment as groundwater flow with-
out adding water to the rivers, i.e., through deeper flow paths,
explains the variability in recharge to the streams. Differences in
sub-catchment characteristics, such as soil properties and freeze-
thaw processes, can explain this groundwater flow variability.

4.2. Model discrepancies

The main deviations between observed and calibrated specific
discharge are most clearly visible when comparing 2011 and
2013 (Appendix B, Table B2). The year 2011 had low P and high
ET, compared with the annual average values, resulting in low run-
off to the rivers. In contrast, 2012 had high precipitation and low
ET resulting in more runoff to the rivers than average. Although
2013 had precipitation and ET values close to the long-term annual
average (Laudon et al., 2013), the simulated river runoff was higher



Fig. 5. Result step 2: Sub-catchments. A–D: Stream discharge at C2 (A), C4 (B), C5 (C) and C7 (D) for autumn 2012 for Case 1 and Case 2.

Fig. 6. Result step 3. A–D: Stream discharge at site C4 (A) and C5 (B) for autumn 2012 and stream discharge at site C4 (C) and C5 (D) for spring of 2009.
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Fig. 7. Result step 4. A–B: Stream discharge results for site C2 (A) and groundwater heads for well 101 (B) during spring 2010. The results includes; Case 3 (high porosity and
storage capacity of the peat), Case 4b (reduced infiltration during the winter in the forest), Case 4d (reduced horizontal flow during the winter in the forest) and case 4e
(reduced infiltration and horizontal flow during the winters at the peatlands). C–D: Stream discharge results for C5 (C) and groundwater overland water ratio at C5 during
spring 2009. The results includes; Case 2 (reduced ET), Case 3 (high porosity and storage capacity of the peat) and case 4e (reduced infiltration and horizontal flow during the
winters at the peatlands).
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than observed. The explanation for this is the variability in storage,
where excess water from the wet 2012 remained in the catchment
during 2013, resulting in increased modelled runoff even at the
sub-catchment scale (Appendix B, Fig. B1).

Although there were deviations between simulated results and
observations, the main pattern of specific discharge differences
between sub-catchments was well captured (Appendix B,
Fig. B1). What was important in achieving this result was our
recognition of the role of heterogeneous landscape processes,
including variability in soil frost. To explain the remaining devia-
tions between simulated results and observations we need to fur-
ther investigate sub-catchment processes and characteristics, so
that model discrepancies can be reduced in future studies. The
remaining deviations may be due to lack of specific information
regarding ET differences between sub-catchments and this is yet
to be included in the model. Deviations may also occur due to
sub-catchment characteristics and processes not yet included in
the model, such as lake ice, mainly affecting C5 and C15, and the
detailed composition of the glacial deposits mainly affecting C14.

4.3. The importance of soil characteristics and soil frost

Peat is the most influential soil type with regard to its effect on
peak stream flows during rain events (Fig. 6). However, the impor-
tance of this soil type was overlooked in Step 1 and Step 2 due to
the full-scale calibration approach adopted, which supports the
relevance of undertaking sub-catchment-scale investigations. A
higher porosity and storage capacity of the peat reduces the impact



Fig. 8. Accumulated discharge result. A–G: Accumulated discharge result for site C2 (A), C4 (B), C5 (C), C7 (D) and C16 (E). Results include both observed accumulated
discharge and the final modelled (case 4e) accumulated discharge results for calibration (2009–2012) and validation period (2013–2014). The black vertical line marks the
end of the calibration period and start of the validation period at 2013-01-01.
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of peak flows and allows for more infiltration in the area. By the
introduction of soil frost in the peatland areas, more of the water
arrived as overland flow, increasing the volume of water to the
streams (Fig. 7). Introduction of peat with higher porosity and stor-
age capacity, as well soil frost, improved the results.

In contrast to peatlands, neither a reduced infiltration capacity
nor a reduced transport capacity improved the result in forest-
dominated areas. By reducing the infiltration capacity of the soil,
in Case 4b, more water arrived as overland flow to the streams,
which is in agreement with observations at the groundwater wells
and the gauging stations for the forested sub-catchments (Fig. 7A
and B). Reducing the horizontal flow during winter, in Case 4d,
delayed the water reaching the streams, resulting in a delayed dis-
charge response and smaller fluctuations in groundwater head
than were observed (Fig. 7A and B). This indicates that soil frost
does not significantly influence the groundwater flow in forested
areas. The low water content at freezing therefore allows snow-
melt water to infiltrate the soil despite frozen conditions, which
is in line with observations (Nyberg et al., 2001; Laudon, 2004;
Peralta-Tapia et al., 2015).



Table 7
Initial and final calibrated parameters (Case 4e), including horizontal (Kh) and vertical (Kv) parameters for the soil, the peat characteristics (drainable porosity and unsaturated
zone characteristics) and the increased Kh in the upper 0.5 m of the soils in Krycklan (m/s).

Saturated zone

Initial values Calibrated values

Unit Kh Kv Kh Kv

Till (depth 0.5 m) m/s 2 � 10^�6 2 � 10^�7 2 � 10^�5 2 � 10^�6
Till (depth 2.5 m) m/s 2 � 10^�6 2 � 10^�7 2 � 10^�5 2 � 10^�6
Silt/clay m/s 1 � 10^�8 1 � 10^�8 1 � 10^�8 1 � 10^�7
Sand m/s 3 � 10^�5 3 � 10^�5 3 � 10^�4 3 � 10^�5
Peat m/s 1 � 10^�6 1 � 10^�6 1 � 10^�4 5 � 10^�5

Drainable porosity

Initial values Calibrated values

Peat % 10 80

Unsaturated zone

Initial values Calibrated values
KS KS

Peat m/s 1 � 10^�6 1 � 10^�4

Increased Kh in the upper 0.5 of the soil (m/s)

Initial values Calibrated values

Till m/s 4 � 10^�7 4 � 10^�7
Peat m/s Increased Kh not applied 1 � 10^�6
Silt/clay m/s Increased Kh not applied 1 � 10^�6
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Studies made in continuous and discontinuous permafrost envi-
ronments have suggested that soil frost reduces infiltration and
increases surface runoff during snowmelt (Hayashi et al., 2004;
McNamara et al., 1997; Metcalfe and Buttle, 2001). Furthermore,
at Krycklan, studies including stream water tracer analyses have
indicated that soil frost is a significantly important factor for sur-
face and groundwater partitioning, especially in peatland areas
(Buffam et al., 2007; Laudon et al., 2007). For example, Laudon
et al. (2007) concluded that the composition of surface water and
groundwater in streams during spring flood varies depending on
landscape characteristics in the sub-catchments of the studied
area. By using a stable isotope analysis of stream water, the study
suggested that at C2, where till is the main soil type, the spring
stream water is dominated by groundwater, whereas at C4, which
is peatland dominated, the spring flood is dominated by overland
flow. We argue that, due to a higher saturation level when peat-
lands freeze, the soil becomes less permeable and in some situa-
tions impermeable compared with soils with a lower saturation
level (Peralta-Tapia et al., 2015). By introducing soil frost processes
in the model and analyzing the effects on surface and groundwater
partitioning, our study supports the findings of Laudon et al.
(2007), who suggested that catchment characteristics and soil frost
processes are important factors concerning surface and groundwa-
ter partitioning.

4.4. Evapotranspiration characteristics

PET had the largest influence on the overall water balance. By
stepwise decreasing the PET, more water is partitioned as runoff,
which allowed results to be obtained that were comparable with
the observed data. However, there are uncertainties concerning
the PET. These uncertainties originate from the method used to cal-
culate the PET, and how the PET is implemented in the model. For
the whole catchment we used a spatially uniform, but time-
varying, PET, due to scarce information on the spatial distribution
of the ET. Although the model takes differences in the catchment
characteristics into account, the model-calculated ET remained
approximately the same between sub-catchments (Appendix B,
Table B3). Some differences between sub-catchments can, how-
ever, be seen when comparing ET contributions, mainly when com-
paring interception and surface-water-evaporation contributions.

In summary, ET may have a significant role in creating the
model-calculated differences in specific discharge between sub-
catchments, since there are some discrepancies between the model
and observations. In a previous study of the Krycklan catchment,
ET was identified as one of the main processes that explained the
observed differences in specific discharge between sub-
catchments (Karlsen et al., 2016a,b). However, since the model in
the present study could capture the overall pattern of differences
in specific discharges, despite the total ET being approximately
equal between different sub-catchments, groundwater storage
change and deep groundwater flow path may also have significant
roles (as discussed in Section 4.1).

5. Conclusions

In this study, we have highlighted the role of sub-catchment
heterogeneity. We found that local variations, in hydraulic proper-
ties and seasonal processes, are important at both a sub-catchment
and a full catchment-scale. Although there are deviations between
simulated results and observations, our current MIKE SHE model
was able to capture the observed differences in groundwater-
level fluctuations and specific discharge patterns within the Kryck-
lan catchment.

Because the simulated ET was similar between sub-catchments,
the main factor determining the specific discharge of a sub-
catchment is its groundwater processes influenced by the hydrau-
lic properties of the soils and soil frost processes. We have also
shown that these characteristics have important influences on
the partitioning of surface water and groundwater, which is a
key consideration in the further study of biogeochemical cycling
in this catchment. To capture the different small-scale processes,
this study has emphasized the importance of defining representa-
tive sub-catchments within a full-scale catchment.
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Appendix A. – Initial values and calibration limits

The initial values and calibration targets for the main soil and
peat characteristics used in this study are shown in Tables A1
and A2, respectively. These include the horizontal and vertical
hydraulic conductivity as well as the increased hydraulic conduc-
tivity used to reduce the effect of averaging of the first CL.

Appendix B. – Results

The appendix comprises figures and tables showing results
from simulation Cases 1–4. Figs. B1 and B2 and Tables B1–B3
includes ET, stream discharge and groundwater flow results, for
C16 and the sub-catchments, C2, C4, C5 and C7. Fig. B1 and
Table B1 include results from all monitoring stations in the catch-
ment. Groundwater flow results for C2, C4, C5, C7 and C16 can be
seen in Fig. B3.
Table A2
Calibration parameters initial values for peat, together with upper and lower calibration l

Drainable pore space Saturated hydraulic conduc
(m/s) (Ks)

Initial 0.1 1 � 10^�6
Upper 0.8 1 � 10^�4
Lower 0.1 1 � 10^�6

Increased Kh in

Initial
Upper
Lower

Table A1
Calibration parameter initial values for the soil types till, silt/clay and sand, together with
(vertical hydraulic conductivity). The initial parameter values and parameter limits are us

Soil

Horizontal conductivity Kh (m/s)

Initial Lower Upper

Silt/Clay 1 � 10^�8 1 � 10^�9 1 � 10^�
Coarse till 2 � 10^�6 2 � 10^�5 2 � 10^�
Mid till 2 � 10^�6 2 � 10^�5 2 � 10^�
Fine till 1 � 10^�6 1 � 10^�5 1 � 10^�
Sand 3 � 10^�5 3 � 10^�6 3 � 10^�

Increased Kh

Initial

Silt/Clay 0
Till 4 � 10^�7
Appendix C. – Performance criteria

The performance criteria and error-estimation parameters that
have been evaluated for the model are shown below (Eq. B1–B5),
where qobst and qsimt

are observed and simulated values respec-
tively, t is time and Dh is the observed groundwater-head differ-
ence. See more about performance criteria in (Henriksen and
Sonnenborg, 2005).

� Eq. C1 Accumulated discharge error

Accumulateddischargeerror

¼ 1� Accumulatedsimulateddischarge
Accumulatedobserveddischarge

� �
��1
- Accumulated discharge error <0 The simulated discharge is less
than observed

- Accumulated discharge error >0 The simulated discharge is
more than observed

An estimation of the water balance error for a specific area com-
pared with observations. The closer the error is to zero, the better
the model is to represent the water balance. Simulated accumu-
lated discharge is only added when there are observations for a
given time. This is done to avoid the accumulated model discharge
appearing to be larger than the observed discharge due to gaps in
the observed data.

� Eq. C2 Mean error (ME)

ME ¼ 1
n

X
t

ðqobst � qsimt
Þ

imits.

tivity Horizontal conductivity
(m/s) (Kh)

Vertical conductivity
(m/s) (Kh)

1 � 10^�6 1 � 10^�6
1 � 10^�4 1 � 10^�4
1 � 10^�6 1 � 10^�6

the upper 0.5 of the soil (m/s)

0
1 � 10^�6
1 � 10^�7

upper and lower calibration limits for Kh (horizontal hydraulic conductivity) and Kv
ed throughout the model.

hydraulic characteristics

Vertical conductivity Kv (m/s)

Initial Lower Upper

7 1 � 10^�8 1 � 10^�9 1 � 10^�7
7 2 � 10^�7 2 � 10^�8 2 � 10^�6
7 2 � 10^�7 2 � 10^�8 2 � 10^�6
7 1 � 10^�7 1 � 10^�8 1 � 10^�6
4 3 � 10^�5 3 � 10^�6 3 � 10^�4

in the upper 0.5 of the soil (m/s)

Lower Upper

1 � 10^�8 1 � 10^�6
4 � 10^�8 4 � 10^�6



Fig. B2. Average ET contribution: Sub-catchments. Average annual simulated ET contributions for the sub-catchment representatives (2009–2014), Site C2, C4, C5, C7 and
C16. In MSHE, water can evaporate as interception, transpiration, from surface waters (e.g. lakes), and from the saturated and unsaturated part of the soil. The results
highlights results for the final model version, case 4e (2009-01-01 to 2015-01-01).

Fig. B1. Average specific discharge: Sub-catchments. Average specific discharge for each sub-catchment, observed and simulated (2009–2014). Shown to the left and right of
the black vertical line, are the calibrated and validated discharge stations respectively. A: spring average (mar-apr), B: summer average (jun-aug), C: autumn average (sept-
nov) D: yearly average.

Table B1
Statistical results for the spring (Mar-May) during the calibration period (2009–01-01 to 2013–01-01). The results are for Case 1, Case 2, Case 3 and Case 4e for the sites C2, C4, C5,
C7 and C16, and give their corresponding accumulated discharge errors and NSE values.

Surface runoff error results, snowmelt period

Accumulated discharge error (%) NSE

c. 2 c. 3 c. 4 c. 2 c. 3 c. 4
C2 �13 �15 �14 0.8 0.8 0.8
C4 12 �12 9 0.2 0.6 0.3
C5 �21 �41 �25 0.7 0.5 0.7
C7 3 �6 3 0.7 0.8 0.8
C16 �19 �26 �19 0.7 0.6 0.7
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Table B2
Yearly accumulated discharge error results for each gauging station at Krycklan.

2009 2010 2011 2012 2013 2014

C2 �4% �8% �32% 25% 15% �15%
C4 9% 3% �11% 8% 23% �2%
C5 �27% �26% �39% �17% �6% �25%
C7 11% 23% 9% 25% 38% 11%
C16 �10% �11% �10% 12% 11% �16%

C1 22% 9% 9% 20% 33% �11%
C6 �14% �14% �26% 8% 14% �12%
C9 �1% 0% �15% 1% 10% �18%
C10 �2% �10% �36% 8% �2% �6%
C12 9% 34% �6% 14% 24% �10%
C13 1% �3% �25% 9% 9% �1%
C14 30% 29% �6% 42% 57% 35%
C15 �30% �17% �28% 0% 19% �19%
C20 �20% �22% �46% �7% 3% �19%

Yearly average �2% �1% �19% 10% 18% �8%

Table B3
Observed and specific discharge (mm), evapotranspiration (ET) (mm) and precipitation (mm) for C2, C4, C5, C7 and C16. Observe that we have calculated the specific discharge
values for all simulated days and for the days with observations, to enable comparison of model and observed results.

Calibration period Validation period Average

C2 2009 2010 2011 2012 2013 2014 yr. 09–14

Observed specific discharge (mm)1 240 190 80 360 230 210 220
Calibrated specific discharge (mm)1 230 170 50 450 260 180 220
Calibrated specific discharge (mm)2 236 211 154 465 265 182 252
Precipitation (P) (mm)2 706 652 681 878 689 620 704
Evapotranspiration (ET) (mm)2 333 324 354 246 312 336 318
E/P (%)2 47.2 49.7 52.0 28.0 45.3 54.2 46.1

C4 2009 2010 2011 2012 2013 2014 yr. 09–14

Observed specific discharge (mm)1 310 270 280 570 350 350 360
Calibrated specific discharge (mm)1 340 280 250 608 430 340 375
Calibrated specific discharge (mm)2 409 361 300 608 430 340 408
Precipitation (P) (mm)2 706 652 681 878 689 620 704
Evapotranspiration (ET) (mm)2 334 324 354 246 313 336 318
E/P (%)2 47.3 49.7 52.0 28.0 45.4 54.2 46.1

C5 2009 2010 2011 2012 2013 2014 yr. 09–14

Observed specific discharge (mm)1 430 380 310 590 330 380 400
Calibrated specific discharge (mm)1 310 280 190 490 310 280 310
Calibrated specific discharge (mm)2 339 304 250 525 354 282 342
Precipitation (P) (mm)2 706 652 681 878 689 620 704
Evapotranspiration (ET) (mm)2 338 328 358 249 316 340 322
E/P (%)2 47.9 50.3 52.6 28.4 45.9 54.8 46.7

C7 2009 2010 2011 2012 2013 2014 yr. 09–14

Observed specific discharge (mm)1 320 280 260 480 300 290 320
Calibrated specific discharge (mm)1 350 346 280 596 409 319 383
Calibrated specific discharge (mm)2 380 346 280 596 409 319 388
Precipitation (P) (mm)2 706 652 681 878 689 620 704
Evapotranspiration (ET) (mm)2 334 324 354 246 312 336 318
E/P (%)2 47.3 49.7 52.0 28.0 45.3 54.2 46.1

C16 2009 2010 2011 2012 2013 2014 yr. 09–14

Observed specific discharge (mm)1 270 240 210 360 230 250 260
Calibrated specific discharge (mm)1 240 210 180 410 260 210 250
Calibrated specific discharge (mm)2 344 317 262 500 380 304 351
Precipitation (P) (mm)2 706 652 681 878 689 620 704
Evapotranspiration (ET) (mm)2 325 325 344 252 313 337 316
E/P (%)2 46.0 49.8 50.5 28.7 45.4 54.4 45.8

1 Calculated value using simulated days for which there are observed data 2Calculated value using all simulated days.
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An estimation of how well the simulated groundwater heads
correspond to the observed groundwater heads for every
observation.

� Eq. C3 Mean absolute error (MAE)
MAE ¼ 1
n

X
t

jqobst � qsimt
j

An estimation of how well the simulated groundwater
heads correspond to the observed water levels for every
observation.



Fig. B3. Groundwater flow: Sub-catchments. Simulated average annual ground-
water flow (GW flow) exiting from, without adding to river flow, for each sub-
catchment representative, site C2, C4, C5, C7 and C16 as well as average annual
groundwater storage change (GW storage change). The results highlights results for
the final model version, case 4e (2009-01-01 to 2015-01-01).
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� Eq. C4 Nash-Sutcliffe model efficiency (NSE)

R2 ¼ 1�
P

tðqobst � qsimt
Þ2P

tðqobst � qobst Þ2

An estimation on how well the simulated results correlate with
observations. NSE can be�1 to 1, the closer to 1 the more accurate
the model. If the value is negative, the mean of the observations is
better for the prediction than the model.

� Eq. C5 Over/under-prediction of groundwater head in the
model (b)

b ¼ avergaeMEofallobs
Dhmax

b < 0:01 ¼ “Highfidelity”

b expresses the full-scale model range under- or over-
prediction in relation to the maximum observed global difference
in groundwater headsDhmax. If b is less than 0.01, the model is said
to have ‘‘high fidelity”. It is recommended that b is considered
together with ME, to account for the consideration that it is harder
to achieve small ME values if the groundwater level heads changes
rapidly over short distances due to large gradients.
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