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Part 1. Vansjø-Hobøl catchment
Environmental impact statement
Computer-based environmental modelling offers an essential aid to understand current
catchment dynamics and to investigate the potential effectiveness of remedial actions aimed at
improving water quality. Here, we present a novel network of processes-based models linking
climate, hydrology, catchment-scale P dynamics and lake processes. The purpose of the
model network is to support decision-making to reach good water quality and ecological
status. This study exemplifies how an objectively calibrated model network allows contrasting
the effect of various climate change and management scenarios on lake water quality and
phytoplankton growth.

Abstract
A model network comprising of climate models, a hydrological model, a catchment-scale
model for phosphorus biogeochemistry and a lake stratification and plankton dynamic model
was used to model phosphorus loadings in the Vansjø-Hobøl catchment, in southern Norway.
The model network was automatically calibrated against time series of hydrological, chemical
and biological observations in the catchment using a DREAM implementation of the Markov
Chain Monte-Carlo (MCMC) algorithm. Climate predictions from 3 global climate models
(HadRM3, ECHAM5r3 and BCM) were used to prepare present-day and future climate
forcings for the model network: the GCM model predicting the highest increase in
temperature and precipitation, HadRM3, yielded the highest increase in total phosphorus and
chlorophyll concentration in the lake basin over the scenario period 2030-2052. Despite the
significant impact of climate change on water quality, it is minimal when compared to the
much larger impact of the increase in human activity, or conversely, the impact of the
implementation of realistic abatement measures. Our results suggest that it will be challenging
to reach the targets set for phosphorus by the Water Framework Directive in the VansjøHobøl catchment, even under the management scenario focussing on water quality agreed
upon by the stakeholders, though should more stringent P-load reduction measures be
implemented, the model predicts that they should be effective under scenarios of climate
change.

1. Introduction
The use of the nutrient phosphorus (P), an essential fertilizer element enhancing plant
growth, has underpinned global agriculture and food production since the beginning of the
20th century. Global P-based food production, which has doubled over the past 45 years
(Tilman et al., 2001), has been hypothesized to be responsible for the concurrent estimated
threefold increase in the river borne ﬂux of P to oceans since pre-industrial times (e.g.,
Haygarth et al., 2013). When P is delivered to water bodies, negative inﬂuences on water
quality are likely, and eutrophication of freshwater and coastal marine ecosystems resulting
from increased anthropogenic P loadings is a recognized global problem (Smith and
Schindler, 2009). In lake basins specifically, excess nutrient from both point and nonpoint
sources throughout the catchment can give rise to harmful algal blooms, degrade water
4
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quality, and create extensive oxygen depletion. It is generally accepted that land use,
agricultural practices, urban and sewage-P inputs as well as climatic conditions are the main
driver of eutrophication in lakes (e.g., Michalak et al., 2013).
In Europe, the European Water Framework Directive (WFD) 2000/60/EC has been
designed to achieve good ecological and chemical status for all European water bodies by
2015 (WFD, 2002), promoting a new approach to water and land management through river
basin planning. One of the aims of the WFD is to reduce the impacts of eutrophication caused
by excess nutrient inputs. To verify if this objective can be achieved, computer-based
environmental modelling offers an aid to understanding current catchment dynamics and
investigating the potential effectiveness of remedial actions. Here, we use a novel approach to
catchment modelling that integrates hydrology, catchment, and in-lake processes in a network
of chained models. The seamless connection between model components allows for the
propagation of changes in boundary conditions –such as climatic conditions or land-use
changes– within the model network (e.g., Voinov and Shugart, 2013). In addition, because the
models used have matching state variables, scales and resolutions (e.g., Kaste et al., 2006), it
is possible to perform automated calibration and uncertainty analysis across the whole model
network.
The model network is applied to the Vansjø-Hobøl catchment (Norway), whose water
quality and nutrient loading (e.g., Bouraoui et al., 2009) as well as past and recent land-uses
(Skarbøvik and Bechmann, 2010) have been thoroughly documented due to the basin’s
pivotal importance for water supply and its sensitivity to eutrophication. The main
anthropogenic pressure on the Vansjø-Hobøl catchment is an overloading of nutrients, which
has resulted in excessive eutrophication, including severe blooms of toxic cyanobacteria
(Bouraoui et al., 2009; Haande et al., 2011; Lyche Solheim et al., 2001; Skarbøvik et al.,
2009; Skarbøvik and Bechmann, 2010). As agricultural practices continue to expand in the
basin, and with the observed increase in temperature and precipitation in northern Europe
(Forland et al., 2004), the occurrence of algal blooms is expected to increase.
This work participates to the on-going assessment of the changes of water quality in
response to climate and land use change throughout European freshwater ecosystems.
Specifically, within the context of the REFRESH EU FP7 project several catchments
spanning a gradient of climate have been chosen in northern (e.g., Farkas et al., 2013) central
(e.g., Kopáček et al., 2013), and southern Europe (e.g., Caille et al., 2012). The Vansjø-Hobøl
catchment is one of the priority catchments for which the impact of future changes in climate
and land use on freshwaters management under the WFD is being modelled. Although it is
generally recognized that the abundance of the essential nutrient nitrogen (N) is also a key
factor controlling algal growth and thus water quality (e.g., Dolman et al., 2012) this work on
the Vansjø-Hobøl catchment has focussed on P based on extensive evidence that
phytoplankton growth in this system is P-limited (Bouraoui et al., 2009).
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2. Material and methods
2.1. Site description
The Vansjø-Hobøl catchment (area = 690 km2), also refered to as the Morsa catchment,
is located in south-eastern Norway (59°24′N 10°42′E). The Hobøl River, with a mean
discharge of 4.5 m3 s−1, drains a sub-catchment of 301 km2 into Lake Vansjø, which is the
catchment’s main lake system. Lake Vansjø has a surface area of 36 km 2 and consists of
several sub-basins, the two largest being Storefjorden (eastern basin, L1 in Fig. 1) and
Vanemfjorden (western basin, L2 in Fig. 1), whose characteristics are described in Table 1. In
addition, there are six smaller sub-basins which represent together less than 15% of lake
surface area. The Storefjorden basin flows into the Vanemfjorden basin through a shallow
channel and, ultimately, the Vansjø-Hobøl catchment discharges into the Oslo Fjord (Fig. 1).
2.2. The model network
The model network built here consists of 3 separate models: a hydrological model, a
catchment model for P, and a lake model. The model network is forced by 4 storylines (See
section 2.4) utilizing the output of existing regional climate models (RCMs), themselves
forced by global climate models (GCMs). The model network is schematized in Fig. 1 and
described in detail below.
Climate models. For a given climate scenario (See section 2.4), predictions of
climate change differ depending on the GCM used (Nakicenovic et al., 2000). Consequently,
we tested three GCMs independently as inputs: (1) the HadCM3 model (version Q0 with
normal sensitivity) from the Hadley Center in the UK (Gordon et al., 2000), (2) The
ECHAM5 atmospheric general circulation model from the Max Planck Institute for
Meteorology, Germany, initialized with the -r3 set of initial conditions (Jungclaus et al.,
2006) and (3) the Bergen Climate Model from the Nansen Centre in Norway (Furevik et al.,
2003; Otterå et al., 2009). The outputs from the GCMs were used as forcing for RCMs,
yielding downscaled climate prediction for the region of interest. This approach has been
shown to be an effective way to couple climate with hydrology (Yu et al., 2000).
The outputs of the RCMs, together with basin characteristics, were used as inputs for a
hydrological model to produce daily estimates of runoff, hydrologically effective rainfall and
soil moisture deficit. The hydrological model used here is PERSiST, a daily-time step, semidistributed model designed for simulating runoﬀ from catchment to landscape scale (Futter et
al., 2013). Daily hydrological outputs from PERSiST, as well as climate forcing from the
regional climate model, were combined and used as inputs for the catchment P-dynamic
model INCA-P and the lake model MyLake.
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Figure 1. Land-use distribution of the Vansjø-Hobøl catchment (right panel) and
corresponding schematic representation of the catchment-lake model network (left panel)
indicating river reaches (R) modelled with INCA-P and lake basins (L) modelled with
MyLake. The hydrological model PERSiST provides input for the catchment model, and the
climate models provide forcing for all models

Table 1. Location and characteristics of the lake basins.
Basin name
Storefjorden
Location (Lat, Lon)
5923’24’’ N, 1049’52’’E
Mean depth (m)
8.7
Maximum depth (m)
41.0
2
Area (km )
23.8
Volume (m3)
206.1×106
Residence time (yr)
0.85

Vanemfjorden
5924’53’’ N, 1042’46’’ E
3.8
19.0
12
46.1×106
0.21
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Catchment model INCA-P. INCA-P (Wade et al., 2002) is a process-based, mass
balance model that simulates temporal variation in P export from different land-use types
within a river system. INCA-P uses a semi-distributed representation, that is, soil properties
spatially are averaged within user-defined sub-catchments branches. INCA-P produces daily
estimates of discharge (Q, m3 d−1), concentration of suspended solids (SS, mg L−1), soluble
reactive P (SRP; g L−1) and total phosphorus (TP;g L−1). The model network (Fig. 1)
simulates the following 7 catchment reaches: five reaches of the Hobøl River catchment, each
with defined land-use and hydrology (R1-R5), the local Storefjorden sub-catchment (R6), and
the Vanemfjorden sub-catchment (R7). Here, reaches are defined as stretches of river between
two arbitrarily defined points, such as a gauging station, a topographic feature or a lake basin.
Lake model MyLake. The lake model used is MyLake, a one-dimensional processbased model designed for the simulation of seasonal ice-formation and snow-cover in lakes,
and for simulating the daily distribution of heat, light, P speciation, and phytoplankton
abundance in the water column (Saloranta and Andersen, 2007). MyLake has been
successfully applied to several lakes in Norway, Finland and Canada (e.g., Dibike et al., 2012;
Gebre et al., 2013; Saloranta and Andersen, 2007). It uses meteorological input data such as
global radiation (MJ m-2), cloud cover, air temperature (⁰C), relative humidity (%), air
pressure (hPa), wind speed (m s-1) and precipitation (mm) on a daily basis, as well as inflow
volumes and P fluxes to produce daily temperature (T, ⁰C) profiles in the water column, as
well as concentration profiles and outflow concentrations of SS, dissolved inorganic P
(PO4,g L−1), particulate inorganic P (PIP, g L−1), chlorophyll-α (Chl, g L−1) and TP. Total
particulate P (PP = TP ‒ PO4; g L−1) was calculated offline and compared to the observations
(See section 2.3) to calculate performance metrics.
The models were setup for 7 river reaches (INCA-P) and 2 lake basins (MyLake) and
assembled in a network to simulate the system of river reaches and lake basins within the
Vansjø-Hobøl catchment. Details on the INCA-P reach structure and how it relates to the
hydrology of the Hobøl River catchment were described previously (Starrfelt and Kaste,
2012). As shown in Fig. 1, the outputs of simulations R1 to R6 are combined together and
used as inputs for L1. L1 and R7 are then combined and used as inputs for L2. The setups L1
and L2 are the last one in the model network ‒because the lake ultimately discharges in the
Oslo fjord‒ and therefore produced the final output of the simulations discussed below.
Bayesian network. A BN is composed of discrete probability distributions, which
enables linking different types of information by conditional probability tables (CPT). The
probability distributions in the CPTs also represent the uncertainty in the relationship between
the variables (or in our knowledge about the relationships). The first part of this BN model
(Fig. 2) is based on output from process-based models predicting effects of the management
and climate scenarios on physico-chemistry in the catchment (INCA-P) and in the lakes
(MyLake) in the period 1993-2012. The second part links these model predictions to the
observed time series (See section 2.3) for Chl, including cyanobacterial biomass, from the
same period. The third part links each of the physico-chemical and biological indicators to the
Norwegian classification system, predicting the probability of different status classes for each
8
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indicator as well as for the overall ecological status of the lake. Status for each individual
quality indicator (seasonal averages of Secchi depth, total P, and Chl, and seasonal maximum
of cyanobacteria) is set according the good/moderate and moderate/poor boundaries of the
classification system. Combined physico-chemical status is obtained by weighting Secchi
depth and Total P equally in the CPT. Combined phytoplankton status is obtained by
weighting Chl and cyanobacteria equally when cyanobacteria have worse status than Chl (but
ignoring cyanobacteria when this indicator has equal or better status than Chl). Finally, the
overall ecological lake status is obtained by selecting the worse of phytoplankton status and
physico-chemical status (or moderate status, if physico-chemical status is poor/bad while
phytoplankton status is high/good). The model is run by altering the probability distribution of
one or more nodes (e.g., selecting one management scenario) and recording the resulting
change in probability distribution in linked nodes (e.g., in the status of the lake). A more
complete description of the BN model and the results is given in REFRESH Deliverable 3.1516: "Implications of climate change for ecological reference conditions, thresholds and class
boundaries for European lakes" (by Jannicke Moe, Helen Bennion, Ana Cristina Cardoso,
Núria Cid, and Anne Lyche Solheim).

Part 1: Scenarios and
process model output

Part 2: Lake
monitoring data

Part 3: National
classification system

Figure 2. Graphical structure of the Bayesian Network (BN) model for ecological status of
Lake Vansjø. The model consist of three main parts: (1) Climate and management scenarios
linked to the output from the process-based lake model MyLake; (2) monitoring data from
Lake Vansjø (1990-2012); (3) the WFD-compliant national classification system for
ecological status of lakes. Each node (oval) represents a discrete variable, which is defined
by either categories (such as different management scenarios), intervals (such as subsequent
ranges of concentrations) or ranked states (such as High/Good, Moderate or Poor/Bad
status). Each set arrows pointing to the same node represent a conditional probability table,
which determines the posterior probability distribution of the output node (“child node“)
conditional on the probability distribution of all of its input nodes (“parent nodes”).
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2.3. Model input
Observed climate, precipitation, temperature and wind data at Lake Vansjø were
obtained from daily weather data at the Norwegian Meteorological Institute stations (1715
Rygge; 1750 Fløter; 378 Igsi) located between the Vanemfjorden and Storefjorden basins
(59.38◦N, 10.79◦E). The data were used as the common atmospheric forcing throughout the
study; either as is for present-day climate or scaled using the RCM predictions for climate
change scenario (See section 2.4). Catchment hydrology was constrained using daily flow
measured at the gauging station at Høgfoss (Station #3.22.0.1000.1; Norwegian Water
Resources and Energy Directorate, NVE).
The land cover structure for the Vansjø-Hobøl catchment was constructed from GIS
digital terrain maps provided by the Norwegian Forest and Landscape Research Institute and
complemented by a recent report on the fertilization regimes of agricultural fields (Skarbøvik
and Bechmann, 2010). Historical nutrient outputs from sewage treatment plants were obtained
from the online database KOSTRA (http://www.ssb.no/offentlig-sektor/kostra), maintained by
Statistics Norway. TP and suspended sediment data were analyzed downstream of Høgfoss, at
Kure (Skarbøvik et al., 2013). P loadings from scattered dwellings are provided by the online
GIS information system GISavløp maintained by Bioforsk (http://www.bioforsk.no/webgis).
We establish that the land cover of the Vansjø-Hobøl catchment is dominated by forestry
(78%), agriculture (15%) and water bodies (7%). The agricultural land-use is dominated by
cereal production (89%), with smaller production of grass (9.8%), vegetables (0.6%) and
potatoes (< 0.1%). Together, agricultural practices contribute an estimated 48% of the total P
input to the river basin, followed by natural runoff (39%), and waste-water treatment plants
(WWTPs; 13%).
1990-2012

2030-2052

Reference climate (C0)

1

Climate change (C1-C3)

2

Reference climate (C0)

3

Climate change (C1-C3)

4

Water quality focus (M1)
Today 0
Econonic focus (M2)
Figure 3. Management and climatic scenarios defining the storylines. Storyline 0 represents
the reference management and reference climate that were compared to observations to
calibrate the river-lake model network and derive model performance metrics.
For the Vanemfjorden and Storefjorden basins, water chemistry data and temperature
profiles were provided by the Vansjø-Hobøl monitoring program, conducted by the
Norwegian Institute for Agricultural and Environmental Research (Bioforsk) and the
Norwegian Institute for Water Research (NIVA). Values of TP, PP, Chl and PO4 water10
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column concentrations for both basins are accessible through an online database
(http://www.aquamonitor.no).
2.4. Scenarios and storylines
Scenarios are valuable to evaluate possible future directions for development and
policy implementation. Here, we have defined scenarios representing possible changes in
watershed management and of global and regional changes. We combine these management
and climate scenarios into storylines, which help convey the output of the simulations into
quantitative expectations for the future P loadings in the Vansjø catchment (Fig. 3). The
assumptions made in defining these scenarios, and the choice made to combine them into
storylines, are detailed below.
Climate. Three GCMs were used to obtain predictions according to the A1B greenhouse
gas emission scenario (2030-2052) of the IPCC (Nakicenovic et al., 2000). The A1 scenario
family describes a future world of very rapid economic and population growth, and the
introduction of new and more efficient technologies. It is developed into groups that describe
alternative directions of technological change in the energy system. The A1B sub-scenario,
which describes a balance between growing reliance on fossil energies and emergence of new
technology, assumes that similar improvement rates apply to all energy supply and end-use
technologies. This scenario projects that anthropogenic emissions of greenhouse gases curbs
and starts regressing past the year 2050. The HadCM3, ECHAM5 and BCM runs provided
boundary conditions for the following regional climate models (RCMs): (1) HadRM3, (2)
RACMO of the Royal Netherlands Meteorological Institute (KNMI), and (3) RCA of the
Swedish Meteorological and Hydrological Institute (SMHI), respectively. All climate outputs
used here are prepared from the results of the ENSEMBLES EU FP6 project (Christensen et
al., 2009; Haylock et al., 2008). The outputs of these GCMs-RCMs pairs, all based on the
A1B scenario of climate change, are hereafter referred to as future climates C1 (HADCM3HADRM3), C2 (ECHAM5-RACMO) and C3 (BCM-RCA), whereas the climate conditions
during the reference period (1990-2012) is referred to as climate C0 (Fig. 4). Daily resolution
scenario data for surface air temperature and precipitation were derived from a sub-set of
these regional climate model simulations (Shahgedanova, 2011), and implemented by scaling
the observed weather (1990-2012). Observed temperatures were changed to reflect both the
increase in median and variance predicted by the climate models. Observed precipitation was
changed using a ratio of change approach, multiplying observation by the ratio of observed
(1990-2012) over predicted (2030-2052). Averaged, monthly local changes in temperature
and precipitation predicted by the three RCMs under the A1B scenario for the 2030-2052
periods are shown in Fig. 4. HadRm3 predicts changes in both temperature (+1.6 ⁰C) and
precipitation (+78.8 mm) that are of greater magnitude than those predicted by ECHAM5
(+0.7 ⁰C and +43.4 mm rain) or BCM (+0.9 ⁰C and ‒10.5 mm rain).
Management. Three management scenarios were considered. The reference scenario
(M0) represents historical riverine nutrient concentrations and current loadings from land-use,
fertilization and WWTPs. The sustainable management scenario (M1), referred to as “waterquality focus”, represents the implementation of measures to mitigate the risk of
11
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eutrophication in the catchment. These measures are modelled by imposing: (1) a 10%
reduction in agricultural land, which is then converted to forest, (2) a 25% decrease in
vegetable production, which is then converted to grass production, (3) a 25% decrease in Pbased fertilizer application, and 4) a 90% improvement in the P-removing performance of
WWTPs. Finally, a non-sustainable management scenario (M2), referred to as “economic
focus”, reflect a projected increase in anthropogenic pressure throughout the catchment due to
population growth and an intensification of food production. Further growth of agricultural
and urban activities in the catchment in scenario M2 are modelled by imposing: (1) 10%
reduction of forest cover, which is then converted to agricultural lands, (2) shift of 25% of the
grass production to vegetable production, (3) increase of fertilizer application by 25%, and (4)
a 25% increase in the P load of effluents from scattered dwellings and WWTPs throughout
the catchment.

Figure 4. Monthly means of the changes in temperature and precipitation imposed by the
climate scenarios predicted with HadCM3/HadRM3 (solid line, C1), ECHAM5/RACMO (long
dashed line, C2) and BCM/RCA (short dashed line, C3) for the period 2030-2052 relative to
the present-day conditions (C0) over the period 1990-2012, along with monthly means of
observed temperature and precipitation over the same period (grey vertical bars).
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Storylines. The management scenarios M1 and M2 were either considered with the
reference climate (C0) or with simultaneous climate change, thus defining 4 storylines which
represent the possible combined effects of climate change and management practices in the
Vansjø-Hobøl catchment (Fig. 3). Storylines 1 and 2 encompass the water focus scenario with
and without climate change, respectively, while Storylines 3 and 4 encompass the economic
focus scenario with and without climate change, respectively. Through the text, the Reference
storyline represent the present-climate combined with the historical management of the
catchment.
2.4. Calibration and uncertainty analysis.
The PERSiST hydrological model was manually calibrated against stream flow
measured in the Hobøl river at the end of reach R4 (Fig. 1) for the observation period
1/1/1996 to 3/12/2000. INCA-P was calibrated against time series acquired at the same
location, for the observation period of 1/12/1992 to 31/1/1995. MyLake was calibrated against
time series of measurements in the surface waters of the Vanemfjorden and the Storefjorden
basins for the observation period from 1/4/2005 to 1/9/2012. Unlike PERSiST, which was
straightforwardly calibrated, the model network encompassing the INCA-P and MyLake
models was calibrated using a Markov Chain Monte Carlo (MCMC) approach, which is
briefly described below.
Given the large number of parameters involved in the simulation of 7 river reaches and
2 lake basins, it is likely that an auto-calibration software such as PEST will converge on a
unique set of parameter without addressing its equifinality (Vrugt et al., 2009a). In other
words, other parameter sets than the one identified by PEST can yield results of equal
likelihood. To capture the envelope of probable simulations, a probabilistic calibration was
performed using a Bayesian inference scheme, where each parameter is given a prior
distribution and a posterior distribution using a novel MCMC approach, within the framework
of a self-adaptive differential evolution learning scheme (DREAM) (Vrugt et al., 2009a). The
MCMC-DREAM scheme was implemented as a MATLAB script (see methodological details
in Supplementary Information, SI) and used to perform an objective simultaneous calibration
of the 9 components of the model chain, summarize the co-variance structure of the highdimensional parameter space, and reveal uncertainty in the model.
The calibration was performed by allowing the parameters to vary within the
parameter space. The parameters whose values were allowed to vary are site-specific and
therefore not known with certainty beforehand. The models runs of INCA-P and MyLake
were launched by calling the MCMC-DREAM wrapper from a MATLAB script which was
controlling the INCA-P model, aggregating its outputs and feeding it into MyLake. The script
was run on a Linux-based Amazon EC2 computer cluster unit (aws.amazon.com/ec2).
Methodological details on the simultaneous calibration of the model components and on the
model chain uncertainty analysis are given in Tominaga (2013). Output aggregation and
treatment of the ~10 000 simulations was performed offline in MATLAB®.
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Table 2. Models performance statistics*. Coefficient of determination (R2), Root-meansquare error (RMSE), and Nash-Sutcliffe coefficient on normal (NS) and log-transformed
data (NSlog) for simulations at reach R4 (Kure), and stations L1 (Storefjorden) and L2
(Vanemfjorden) of the model network.
PERSiST (R4)
INCA-P (R4)
MyLake (Storefj.) MyLake ( Vanemfj.)
2
R RMSE NS
R RMSE NS NSlog R2 RMSE NS NSlog R2 RMSE NS NSlog
(R4)
(L1)
(L2)
Q
0.85 52.58 0.85 NS
0.99
log 0.59 3.34 0.48 0.87
TP
0.04 0.09 0.65 0.93 6.37 0.19 0.99 0.94 7.76 -0.23 0.99
0.02
PO4
0.92 6.70 0.39 0.84 0.72 4.42 -0.96 0.90
Chl
0.74 3.83 - 0.89 0.82 8.11 0.21 0.96
PP
0.47 11.36 0.68
- 0.92 0.85 8.16 -0.50 0.98
0.52 in Table SI-2.
* An extensive report on model performance metrics is presented

Stream flow (m3 s-1)
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60
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40
20
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Figure 5a. Observed (line) and simulated (circles) stream flow at the end of R4 using the
model PERSiST for the calibration period 1996-2001.

Figure 5b. Observed (line) and simulated (circle) stream flow and TP at the end of R4 using
INCA-P for the calibration period 1993-1995.
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Figure 6. Calibration performance of MyLake at Storefjorden (L1, left panel) and
Vanemfjorden (L2, right panel) for total phosphorus (TP), chlorophyll (Chl), particulate
phosphorus (PP) and phosphate (PO4) over the calibration period 2005-2012. The results
are reported as daily quartile statistics sampled from the parameters sets of equal likelihood
(continuous area) together with the observations (circles).
2.5. Performance metrics
The goodness of fit between observations in the catchment and the models predictions
from PERSiST and INCA-P, as well as between observations in the lakes water column and
the model prediction from MyLake, were first evaluated using the coefficient of
determination (R2), the root-mean-square error (RMSE) and the Nash-Sutcliffe coefficient
(NS) statistic. The latter was calculated both on normal and on log-transformed values. These
metrics were chosen because they represent the three major categories of model performance
metrics (Moriasi et al., 2007): (1) standard regression statistics to determine the strength of
the linear relationship between simulated and measured data (i.e., R2), (2) error indices that
quantify the deviation in the units of the data of interest (i.e., RMSE) and (3) dimensionless
techniques providing a relative model evaluation assessment (i.e., NS). R2 values range from 0
to 1, with higher values indicating less error variance, and typically values greater than 0.5 are
considered acceptable. RMSE values retains the same units as the constituent being evaluated,
and can be directly compare with the data (as on Figs. 5 and 6). A RMSE value of 0 indicates
a perfect fit. NS ranges between −∞ and 1, with a value of 1 being optimal and values
between 0 and 1 being generally viewed as acceptable. Negative NS values indicate that the
mean observed value is a better predictor than the simulated value, pointing to unacceptable
model performance. We refer the reader to Moriasi et al. (2007) for extensive discussion on
the procedure to qualify the calculated values of these statistics.
In addition of the performance metrics described above, the target diagram approach
(Jolliff et al., 2009; Los and Blaas, 2010) was also used to compare the model performance
with respect to Q, TP, Chl and PO4, in compliance with the guidelines agreed upon by the
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participants of the WP5 within the REFRESH EU FP7 project. Target diagrams represent, on
the X-axis, the normalized bias (B*) defined as follows:
Eq. 1
Where N is the total number of observations and model output pairs, Dn is the observation
at each site, Mn is the corresponding model output and σD is the annual standard deviation of
the observed data. On the Y-axis of the target diagram is the normalized unbiased root mean
square difference (RMSD’*), calculated as follow:
Eq. 2
Where sgn represents the sign of the standard deviation difference, so that if the model
standard deviation is greater than the observation standard deviation, RMSD’* is positive.
The preparation of the target diagrams was automated through a MATLAB script modified
after Harezlak V. (personal communication).

3. Results and Discussion
3.1. Model performance
The hydrology was well constrained with PERSiST and yielded satisfactory fits to the
observed flows (Fig. 5a), as reflected by the very good NS coefficient (> 0.85; Table 2). The
hydrological model HBV (Sælthun, 1996) has been previously used in conjunction with
INCA-P, yielding similarly satisfactory simulations of flows (e.g., Kaste et al., 2006). Here,
we elected to use the model PERSiST because its conceptual and structural similarity to
INCA-P facilitates the coupling of the two models.
Taken by itself the INCA-P calibration against P measurements is characterized by
relatively poor performance metrics (Table 2, Fig. 5b), especially when compared to previous
‒although arguably simpler‒ INCA-P setups calibrated on data from Norwegian catchments
(e.g., Farkas et al., 2013; Panagopoulos et al., 2011). In particular, a recent study on TP export
from the Vansjø-Hobøl catchment using the SWAT model reports a NS values for TP of 0.56,
which is satisfactory (Panagopoulos et al., 2011). However, here the calibration of both
INCA-P and MyLake was done simultaneously, so that MyLake could use catchment runoff
values from INCA-P within a unique model run and thus simulate daily vertical profiles in the
lake water-column. The relatively low performance metric for the catchment components of
the model are hence a consequence of integrating both INCA-P and MyLake together instead
of using them as separate pieces of software. This approach thus appears as a compromise
between a realistic propagation of the changes in boundary conditions through the integrated
system across the model components, at expense of performance in some components of the
individual model (e.g., Voinov and Shugart, 2013).
The predicted water quality parameters during the calibration period for the surface
waters of Lake Vansjø (models L1 and L2) are shown in Fig. 6, and the corresponding model
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performance statistics are summarized in Table 2. The observed P dynamics in both basins
display strong seasonal features, with TP, Chl, and PP all reaching maximum values during
the summer, when the lakes productivities are at their highest. Conversely, PO4 is at a
minimum during the summer, consistent with its uptake by phytoplankton. Observed TP
values show a high degree of variability from week to week, likely due to the integrating
nature of the TP parameter. Visual inspection of Fig. 6 shows that MyLake simulations for
both basins captured well seasonal minima in PO4 and maxima in both PP and Chl. The
seasonal trends in Chl, assumed to represent the abundance of phytoplankton, are also well
captured by the model, with the exception of the algal bloom of the summer 2006, whose
magnitude was not fully captured (Fig. 6). On the other hand, the algal bloom of the summer
2008 was well reproduced by the model, despite the extreme rain events that occurred
throughout the watershed during that year. In particular, a single bank erosion event in the
winter 2008 resulted in a peak of suspended solids in the catchment (Skarbøvik et al., 2009).
The model also correctly reproduces the magnitude of TP values throughout the
calibration period (values of R2 higher than 0.90 for TP in both basins; Table 2). On the otherhand, the values of NS coefficients points to unsatisfactory fits with negative values for most
predicted variables. The lower performance of MyLake and INCA when simulating TP
compared to the hydrological catchment simulations performed with PERSiST reflects the
difficulty of capturing biologically and seasonally dynamic variables, as well as modelling
systems with internal feedback loops such as lakes. Overall, this exercise suggests that the NS
statistics might not be an appropriate metric for evaluating simulations of surface water P
dynamic. The use of log-transformed simulated values, NSlog yielded satisfactory fits for both
Q and TP.
The target diagrams (Fig. 7) allow comparing model performance amongst parameters
and station in a normalized manner, independent of the magnitudes of the simulated values.
As shown on Eq. 2, the RMSD’* calculation involves multiplication by the sign of the
standard deviation (σ) difference between simulation and observation. As a result, the X axis
on such diagrams provides information about whether the model σ is larger or smaller than
the observed σ. As RMSD’* increases, the discrepancy between simulation and observations
is increasing due to processes or influences outside those strictly captured by the model.
Conversely, lower values indicate less residual variance between simulation and observation.
Finally, the BIAS* represents the simulations systematic over or underestimation of the
observations. Fig. 7 reveals that the simulations are generally unbiased, and that the residual
variances increase as we move further along the model network. INCA-P simulations are thus
less biased and, on an absolute scale, have a smaller RMSD than the simulations done by
MyLake. This information was not revealed by simply calculating the metrics reported on
Table 2.
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TP (INCA)

Q (PERSiST)

PO4 (MyLake)

TP (MyLake)

Chl (MyLake)

Figure 7. Target diagrams presenting the normalized bias (B*) against normalized unbiased
root mean square difference (RMSD’*) calculated using simulated and observed Q (PERSiST,
at Kure), TP (INCA-P at Kure and Mylake at Vanemfjorden and Storefjorden), PO4 and Chl
(MyLake at Vanemfjorden and Storefjorden) over the calibration periods. The median
simulated values were used for TP, PO4 and Chl. The dashed and solid circles indicate ±0.75
and ±1 standard deviation (σ) on the X-axis and 75% and 100% normalized bias on the Yaxis, respectively.
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3.2. Impact of climate change and management on water quality
A series of P-mitigation measures have been implemented in the Vansjø-Hobøl
catchment over the recent decades. These measures include erosion control through reduced
tillage, reduced fertilizer application rate, the implementation of vegetated buffer strips along
streams and rivers, the construction of wetlands, and the incremental improvement of
WWTPs performance (Lyche Solheim et al., 2001; Skarbøvik and Bechmann, 2010). As a
result, the reference period displays steadily decreasing TP and Chl loads since the 1990s
(Fig. 8). Imposing the storylines described in section 2.4 on these historical reference
conditions reveals what would have been the water quality status in the Vansjø-Hobøl
catchment should additional management decisions have been made, and under different
climatic scenarios.
Analysis of MyLake output reveals a lack of significant differences between the
thermocline depths predicted under climate change and those predicted under the present-day
climate (t-test, n = 523, P>0.05). This suggests that changes in air temperature in Storyline 2
and 4 do not induce significant variations in the basins’ physical structures. The catchment
hydrological response to climate change is predicted, by using INCA-P, to induce significant
increase in the lake P loadings. As can be seen on Fig. 8, for a given management scenario TP
and Chl values predicted under climate change are significantly higher (t-test, n = 523,
P<0.01) than those predicted using present-climate (96% of the times for Chl and 76% of the
times for TP). In addition, when considering only the water quality focus, climate change
(Storyline 2) induces higher TP and Chl concentrations than the present-day climate
(Storyline 1) for all years. Amongst the 3 climate forcings tested, output from the HadRm3
model (C1) yielded the highest TP and Chl values. HadRm3 is the most sensitive of the
climate change models tested here, and projects more extreme changes than the two others
(Christensen et al., 2009). It is likely that the higher amount of precipitation projected by
HadRm3 results in higher P and run-off from the catchment in INCA-P, which yield higher
TP in Lake Vansjø. This result is consistent with observations in Danish lakes (Jeppesen et
al., 2009) where higher TP loads were ascribed to climate-induced increases in rainfall.
MyLake predicts that climate change will increase Chl (Fig. 8b), particularly in the summer
months. The model’s handling of phytoplankton growth, which is temperature driven when
neither light nor phosphate are limiting (Saloranta and Andersen, 2007), explains this result.
Recent studies have further highlighted that temperature-mediated P release from the lake
sediment can increase under a warmer climate (Jeppesen et al., 2009; Kosten et al., 2012;
Sondergaard et al., 2013), thus furthering algal growth. However, the influence that higher
temperatures may have on internal P loading in Lake Vansjø cannot be ascertained here,
because all the relevant processes are not fully implemented in the MyLake model. Thus,
model predictions related to the increase of Chl concentrations are likely conservative.
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Figure 8. Predicted yearly median total P (top panel) and Chlorophyll (bottom panel) at
Storefjorden and Vanemfjorden by the model MyLake without (C0; Storylines 1 and 3) or with
climate change predictions made by the HadRm3 (C1), the ECHAM5 (C2) or the BCM
models (C3) as climate forcing (Storylines 2 and 4) for the river-lake model network. The
thick solid lines represent the reference conditions and the thin horizontal solid lines indicate
the WFD thresholds specific to each basins (See Table 3).
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Land use and management regimes have a profound impact on water quality, more so
than the projected climate change (Fig. 8). Relative to the reference storyline, imposing a
water quality focus (Storyline 1) improves the water quality by decreasing TP and Chl by
24% and 33%, respectively, in Storefjorden, and by 18% and 23%, respectively, in
Vanemfjorden. Conversely, an economics focus (Storyline 3) deteriorates water quality by
increasing TP and Chl by 58% and 59%, respectively, in Storefjorden, and by 44% and 42%,
respectively, in Vanemfjorden. In general, any given scenario has higher TP and Chl
concentrations when the impact of climate change is included. This is seen for the
Storefjorden basin in the years following 2040 (Fig. 8), for which the detrimental effect of
climate change overrides the beneficial effects of the water quality focus storylines. That is,
both TP and Chl reach values above those of the reference storylines, for which no P-load
reduction was imposed. Notwithstanding these outliers, and although the effects of climate
change are significant, variations in water quality brought about by different management
scenarios are always greater than those brought about by climate change (Fig 8). It thus
follows that Storyline 1 represent the best possible case, while Storyline 4 represents the
worst possible case (Fig 2). Below, we investigate the consequences that these two storylines
have on the water quality status of the basins relative to the WFD.

Table 3. Proportion (%) of days above the good/moderate or the moderate/bad thresholds set
by the WFD for basins of type L-N3 (Storefjorden) and L- N8 (Vanemfjorden). Lower
numbers indicate better water quality.
Good/Moderate Thresholds
Parameter
Total Phosphorus
Chlorophyll
Basin
Storefj.
Vanemfj.
Storemfj.
Vanemfj.
-1
-1
-1
Threshold
16 ug L
19 ug L
7.5 ug L
10.5 ug L-1
Season W S S F W S S F W S S F W S S F
Reference 93 98 99 95 93 98 99 95 0 16 99 30 9 11 95 76
Storyline 1 93 98 92 95 89 96 99 95 0 9 88 9 5 5 90 63
Storyline 4 93 98 99 95 93 98 99
0 36 99 42 957 50 99 95
5
Moderate/Bad Thresholds
Parameter
Total Phosphorus
Chlorophyll
Basin
Storemfj.
Vanemfj.
Storemfj.
Vanemfj.
-1
-1
-1
Threshold
30 ug L
35 ug L
15 ug L
20 ug L-1
Season
Reference
Storyline 1
Storyline 4

W S S F W S
40 38 21 43 18 33
5 0 0 4 1 4
93 95 94 95 93 97

S
58
30
99

F W S S F W
57 0 2 32 1 0
21 0 0 0 0 0
95 0 19 95 16 10

S
0
0
2

S F
58 22
29 4
93 63
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The seasonal distributions of the daily predicted TP (Fig. 8a) and Chl (Fig. 8b) show
that the water quality is largely worse during the summer months. Using the water quality
thresholds set by the Norwegian authorities in response to the WFD (Iversen, 2009), we
calculated the proportion of simulated days for which the regulatory thresholds for
good/moderate water quality (i.e., which meets water quality guideline) was crossed. These
results show that the water focus scenario without climate change (Storyline 1) increases the
number of days for which the concentrations of TP and Chl are deemed “good”, and does
more so for Chl than for TP (Table 3). Nevertheless, the “good” water quality threshold will
be still frequently crossed, 98-99% of the time for TP and 88-90% of the time for Chl under
Storyline 1. Under an economic focus scenario with climate change (Storyline 4), the water
quality degrades water such that both parameters cross the average/bad threshold values 99%
of the time in the summer. Together, these results suggest that it will be difficult to reach the
environmental target set for TP and Chl in Vansjø under the European water Framework
Directive, even under the best case scenario represented by Storyline 1. More stringent water
quality focus measures are likely needed. Arguably, a full assessment of the compliance of
water quality indicators to the WFD directive requires greater details regarding algal species
assemblages, in particular on the specific abundance of harmful algae such as cyanobacteria.
In the absence of such modelling results, assessment of ecological status best relies on
Bayesian Network inference technique to combine the modelled Chl concentration with
observation on the abundance of cyanobacteria (Moe, 2010).
3.3. Inferences from probability distribution analysis using a Bayesian
Network
According to the Norwegian ecological classification system for lakes, phytoplankton
should be assessed both by total biomass (proportional to Chl) and by indices of species
composition, including the amount of cyanobacteria. Phytoplankton biomass and, in
particular, cyanobacteria increase with P concentration and in response to increased
temperature. To complement the results from the process-based model network, a Bayesian
network (BN) model was set up to investigate the effects of various management strategies
for nutrient reduction and of future climate change scenarios on the probability of obtaining
good ecological status in Lake Vansjø (Vanemfjorden), by assessment of phytoplankton (both
chl and cyanobacteria) as well as supporting physico-chemical elements (Secchi depth and
TP). As above, we analysed the effects of three management strategies (M0: reference
management; M1: water-quality focus; M2: economy focus, see section 2.4) in combination
with either present-day climate (C0; for the period 1990-2012) or a future climate change
scenario (C1; representing the period 2030-2052 under the regional climate model HadRM3).
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Figure 9. Seasonal range of MyLake-predicted daily TP (top panel) and Chlorophyll (bottom
panel) concentrations in the top 4m of the Storefjorden and Vanemfjorden water columns. The
green, yellow and red shaded zones indicate the basin-specific WFD water quality targets for
good, moderate and bad water quality status, respectively (see Table 3), while the star symbol
indicate the 5th and 95th percentile outliers.
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The predicted effects of different storylines on simulated total P and on Chl (Fig. 8 and
9) are described in 3.2. In brief, more sustainable management improves the likelihood of
obtaining good status for both of these indicators, while climate change slightly reduces it.
The results of the BN model show a similar effect on the cyanobacteria indicator (Fig. 10).
All scenario effects are weaker for the cyanobacteria indicator than for the Chl indicator; this
is partly because of the uncertainty in relationship between Chl and cyanobacteria is built into
the link between the two variables. The predicted probability of obtaining good status for
phytoplankton is slightly lower than for Chl alone, which highlights the importance of
including cyanobacteria in the lake assessment. Furthermore, the probability of reaching
overall good lake status is considerably lower when the physico-chemical element is taken
into account; the lake status is actually worse than either of physico-chemical and
phytoplankton component. This result can be explained by the combination rule, i.e., the
physico-chemical component can only maintain or degrade the status of the biological
components, and illustrates the importance of implementing information from the
classification system in the modelling of overall lake status.
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Figure 10. Effects of climate and management scenarios on probability distribution of status
classes for individual quality elements and for overall ecological status of Lake Vansjø.
Climate scenarios are present-day (C0) and climate-change predicted by HadRM3 (C1);
management scenarios are reference (M0), “water-quality focus” (M1), and “economy
focus” (M2).
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3.4. Source of uncertainty in the PERSiST-INCA-MyLake network
Assessing the level of uncertainty provides a forthright basis for decision-making and
regulatory formulation. The sources of uncertainty in water quality modelling at the
watershed scale range from uncertainty linked to the choice of process represented, to the
uncertainty on the model parameters and to the data themselves. Overall, the uncertainty of
Chl predictions is greatest around the time where its level peaks during spring and summer
months (Fig. 6). Conversely, the model generally agrees with the observation on the timing of
the clear water period occurring between the spring and summer blooms, as the uncertainty
band visibly narrows around the simulated median (Fig. 6). For the scenario simulations, the
uncertainty around the median is largest for scenarios where climate change and increased
external nutrient loads were combined, relative to the scenarios with climate change alone.
This is the result of the model’s handling of phytoplankton dynamics, leading to greater
uncertainty at higher biomass levels.
Uncertainty in the predictions also arises from INCA-P’s limitations in modelling
erosion processes as well as particle retention in sedimentation ponds. For instance, a river
bank erosion occurred in reach R5 (Fig 1.) in 2008 (Skarbøvik and Bechmann, 2010),
temporarily increasing particle load in that reach and ultimately into the Storefjorden basin.
The effect of events such as bank collapse and, equally, of new landscape features such as
buffer strips on runoff and particle transport are not spatially represented in INCA. Such
structures are better modelled using fully-distributed code (e.g., Karssenberg et al., 2010).
Finally, INCA-P is a rather heavily parameterized model, thus suffering from a lack of data
on the processes represented in the model. Using INCA-P within the framework of an
automated parameter estimation procedure, as was done here, helps mitigate this uncertainty
(Dean et al., 2009).
The absence of processes on the biogeochemical effects of changes in the lake thermal
stratification in MyLake introduces uncertainty in the model’s predictions. Primarily, MyLake
does not capture the thermodynamic decrease of oxygen availability at higher temperature
which, combined with higher metabolism of respiring organisms, enhances the risk of oxygen
depletion, and ultimately of anoxia, in the hypolimnion (Jeppesen et al., 2009). Given that
anoxia has a dramatic effect on P sequestration and release by sediment, neglecting it
introduces a source of uncertainty in the model’s predictions. As suggested by Mooij et al.
(2010), improving the ability to describe interactions between nutrients in bottom sediments
and the overlying water column is a key element for further enhancing performance of aquatic
ecosystem models.
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4. Conclusion
This study demonstrate the usefulness, and potential limitations, of a novel network of
processes-based models linking climate, hydrology, catchment-scale P dynamics, and lake
processes to support decision-making in the context of surface quality. The model results
suggest that the attainment of the WFD target for good ecological status in Lake Vansjø will
represent a significant challenge, especially in the summer, given the current land use and the
expected change in climatic conditions in the Vansjø-Hobøl catchment. The model predicts
that water quality will be consistently poor in the summer should land-use in the VansjøHobøl catchment evolve in the direction of a focus on economic growth through agriculture.
Also, this study points out that the rather conservative management scenarios tested here are
predicted to have a profound impact on water quality, overwhelming the impact of projected
climate changes. To reach good water quality status, managerial choices consistent with a
water quality focus scenario are required, and it is likely that such measures will be effective
even in the context of climate change.
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7. Supplementary Information for Part. 1
Implementation of the MCMC-DREAM automated calibration and uncertainty
analysis procedure (modified from Starrfelt et al., in prep.)
7.1. Formal likelihood
Following (Kavetski et al., 2006; Vrugt et al., 2009a; Vrugt et al., 2009b) we here
develop a formal likelihood used for analyzing INCA-P in a Bayesian framework. The output
from INCA-P for which relevant observations are available are flow (Q, [m3s-1]), suspended
sediments in the water column (SS [mg L-1]) and total phosphorus in the water column (TP
[mg L-1]). Treating INCA-P as a model (h) yielding a set of outputs
given
a set of forcing data (X) and a set of parameters ( )
Eq. SI-1
we get a set of residuals for each type of observations (

)
Eq. SI-2

We perform logarithmic transformations of our observed (o) variables. The
measurement errors of the transformed variables (i.e. the error model) are assumed normally
distributed, and we use Gibbs sampling of the error variances during the MCMC simulations.
We thus assume that these residuals are mutually independent (uncorrelated) and normally
distributed with a variance associated with each type of observation (
)
and get an expression for the posterior probability density function (pdf) (Vrugt et al., 2009b)
Eq. SI-3
where c is a normalizing constant, p(θ) is the prior probability of a set of parameters,
combining the data likelihood (the multiplicative part) and with a prior distribution using
Bayes theorem. The posterior (
) is thus the distribution of parameters given the
model, input data and observations. Working with the logarithm of likelihoods
is often
preferred both for simplicity and stability of calculations;
Eq. SI-4
7.2. MCMC-DREAM algorithm
To estimate the posterior probability density (
) we utilize DREAM
(DiffeRential Evolution Adaptive Metropolis) (Vrugt et al., 2009a). Essentially this algorithm
works by simulating several Markov Chains at the same time which then sample parameter
proposals from distributions that are automatically tuned in both magnitude and direction
during the evolution of the chains. The likelihood of these parameter proposals are then
evaluated in a traditional Metropolis Hastings algorithm. The algorithm is succinctly
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described in Vrugt et al. (2009). Delayed rejection of parameter proposals was originally
included in the DREAM algorithm, but we have not included this feature in our application.
For an easily available description of the algorithm is given in appendix 1.
Included in the DREAM algorithm are checks for convergence of chains through the
calculation of Gelman-Rubin statistics (Gelman et al., 2004; Vrugt et al., 2009a) after which
the chains are runs for a given number of iterations to sample the posterior distributions.
These chains were then stored and resampled to simulate all 5 reaches for a longer period
(1995-2005), a form of posterior predictive modelling (Gelman et al., 2004).

7.3. Model calibration and testing
Manual calibration was carried out in an initial phase of the modelling; mainly to provide
applicable parameter ranges for the inverse modelling. Model code for MCMC-DREAM
evaluation of INCA-P was written in Matlab (MathWorks Inc.) and utilized a command-line
version of INCA-P. Matlab code was used to generate the proposal values and store the
parameter and input files for each chain, after which INCA-P was called and output stored.
The INCA-P output was then read by the code and evaluated according to the algorithm
described above. Due to the computational cost we simulated INCA-P for years 1995-1997
and used observations from 1996 and 1997 to compare with simulated values to calculate the
likelihoods used in parameter estimation. After convergence of the algorithm we then re-ran
INCA-P using the estimated parameters sampled from the chains for a baseline run to
estimate yearly loads from the river (including all 5 reaches) as well as for the scenarios.
Because INCA-P is one in a suite of models developed to simulate different substances such
as nutrients (INCA-N for nitrogen and INCA-P for phosphorus), contaminants (INCA-Hg for
mercury), and particulate matter (INCA-Sed), the code was developed such that only minor
alterations are necessary for analysis of other INCA models in the same framework.

Table SI-1. Parameters set for the MCMC-DREAM algorithm (see also Vrugt et al. (2009a).
Parameter
N -number of chains
nCR - number of crossover values

INCA-P
40
6

MyLake
12
3

δ - maximum number of pairs of chains from which proposals are affected
tγ - Number of iterations between each use of full step-size
b - width of uniform distribution of e
b* - variance of normal distribution of ε

3
5
0.05
10e-4

1
5
0.05
10e-6
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7.4. Daily simulated values over the scenario period
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Figure SI-1. Daily values of simulated stream flow using PERSiST (upper panel) and TP
using INCA-P (lower panel) at the end of R4 over the scenario period 2030-2052.
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Median TP Vanemfjorden
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Figure SI-2. Daily median of simulated TP, Chl and PO4 using MyLake in Vanemfjorden
over the scenario period 2030-2052.
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Median TP Storefjorden
80

TP (g L-1)

60
40
20
0
2030

2035

2040
2045
Simulation date

2050

2055

2050

2055

Median Chl Storefjorden
40

Chl (g L-1)

30
20
10
0
2030

2035

2040
2045
Simulation date
Median PO4 Storefjorden

PO4 (g L-1)

60
Storyine 1
Storyline 4
Reference

40

20

0
2030

2035

2040
2045
Simulation date

2050

2055

Figure SI-3. Daily median of simulated TP, Chl and PO4 using MyLake in Storefjorden over
the scenario period 2030-2052.
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Table SI-2 Model performance metrics for Q, TP, Chl and PO4 at the calibration points of the
hydrological, catchment P dynamic, and lake models. See text for definition of the
performance metrics.
Model
Station
Parameter
n
R
σModel
σObs
σnormal
RMSD
RMSD’
RMSD’*
B
B*
Efficiency

PERSiST INCA
Kure
Kure
Q
TP
1827
112
1.07
1.11
7.91
8.41
8.64
8.37
0.92
1.00
3.10
3.05
2.74
2.95
.02.95
0.31
0.35
1.45
0.76
0.17
0.09
0.86
0.88

MyLake
Vanemfjorden
TP Chl PO4
203 203 203
0.60 0.45 -0.01
5.66 4.39 2.17
9.13 3.16 7.01
0.62 1.39 0.31
8.10 4.85 7.76
7.94 4.37 7.09
0.87 1.38 1.01
-1.61 1.01 3.13
-0.17 0.32 0.45
-0.93 0.02 -11.81

MyLake
Storefjordem
TP Chl PO4
203 203 203
0.70 0.76 0.74
3.63 5.57 5.66
2.96 5.15 8.27
1.23 1.08 0.68
3.82 4.35 6.10
3.07 4.28 0.27
1.03 0.83 0.68
2.32 -0.85 2.26
0.78 -0.16 0.27
-0.04 0.45 -1.12
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Figure SI-4a. Cumulative frequency distribution of simulated Q (PERSiST) and TP
(INCA-P) over the time period 1990-2012 at Kure (R4) for the reference climate and the
three climate models (Q) and for the reference climate and Storyline 1 and 4 (TP). TP
concentrations are based on the median of the simulations of equal likelihood.
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Figure SI-4b. Cumulative frequency distribution of TP, PO4 and Chl predicted by
MyLake over the time period 1990-2012 in Vanemfjorden and Storefjorden, for the reference
climate and for Storyline 1 and 4. Concentration values are based on the median of the
simulations of equal likelihood.
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Part 2. Skuterud catchment
1. Introduction
Eutrophication is one of the most pervasive water quality problems in Europe and around
the world. Reduced water quality due to eutrophication has negative consequences for many
uses, including for drinking, for industrial use, and for maintaining species health and
diversity. The 2000 EU Water Framework Directive (WFD) aims to achieve “good status”,
including ecological and chemical parameters, for freshwaters, rivers, lakes and coastal waters
by 2015. This holistic approach puts special focus on eutrophication.
The enrichment of European waters with anthropogenic sources of nutrients – e.g.
phosphorus (P) - contributes to eutrophication. Agriculture is an important source of P and
reducing soil and P losses from agricultural areas is an essential goal to improve water
quality. Various methods exist that may reduce the losses to a minimum, depending on the
process of P transfer (Haygarth and Jarvis, 1999).
Since the early 1970s, numerous reports and research papers addressed the need for
research on defining mechanisms of non-point source pollutant loss (Stanford et al., 1970).
The intensity of soil tillage was recognised as one of the main factors controlling runoff, soil
erosion and nutrient losses from croplands (Richardson and King, 1995). Many researchers
state that proper crop residue management along with no-tillage enables efficient erosion
control and reduces losses of nutrients to surface water bodies (Boulal et al., 2011; Zhang et
al., 2007). No wonder, that nowadays the no-tillage technology is being applied globally on
over 100 Million ha under the most diverse climate and soil conditions (Derpsch, et al., 2010).
Derpsch et al. (2010) also pointed out, that “no-till is the only farming system that fully meets
the requirements of a sustainable agricultural production even under extreme soil and climate
conditions”.
In S-E Norway erosion is the most important process of P transfer from agricultural areas,
carrying particulate P. Erosion in the south-eastern part of Norway mainly occurs during the
autumn and spring period (Lundekvam and Skoien, 1998; Øygarden, 2000, 2003) due to: (a)
saturated overland flow caused by prolonged rainfall on a non-frozen soil, or (b) overland
flow caused by snowmelt and/or rainfall events on a frozen or partly frozen soil. In the second
case rainfall intensities can be higher than the infiltration capacity of frozen or partly frozen
soils.
Land use and soil tillage methods can significantly influence soil loss during autumn and
spring periods in Norwegian catchments (Lundekvam & Skoien, 1998; Bechmann et al.,
1999; Øygarden, 2000). Often, the greatest erosion is measured in catchments where autumn
tillage is predominant. The main soil management method to reduce erosion and losses of
particulate P is reducing tillage operations in autumn and not leaving the soil surface bare
during winter (Lundekvam, 2007). Increasing grassland and forest areas is shown to decrease
the risk of soil and P losses (Haygarth and Jarvis, 1999).
Climate change in Norway is expected to cause increase in precipitation amount and
intensity. Additionally, increased temperatures in southeast Norway may lead to increased
frequency of freeze-thaw events during winter. These changes may enhance the erosion and
runoff processes and cause increased P losses, further increasing the demand for mitigation
methods in agricultural production (Jeppesen et al., 2009). Hence, we are facing an
accelerating pressure on water resources to satisfy often conflicting environmental, food
security and economic objectives. Optimised solutions are necessary to minimise the costs of
improved water quality and at the same time to maintain food security.
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Mathematical models incorporating physical background of the processes standing behind
flow formation and particle and P losses are promising tools to solve optimisation problems
and to simulate the effects of so far non existing climate and land use scenarios on water
quality and freshwater ecosystems.
The main objectives of the work, carried out within the frames of the REFRESH FP7
project were 1) to test the capability of the INCA-P model to describe the flow generation and
soil and P losses from an agricultural-dominated catchment under S-E Norwegian conditions;
2) to evaluate the possible effects of the projected climate change on surface runoff, erosion
processes and P losses and 3) to evaluate the combined effects of various land use and soil
management strategies and climate change on stream water quality by fusion of available
data, expert knowledge and a process-based mathematical model.

2. Material and methods
2.1. Site description
The Skuterud catchment, located in south-eastern Norway approximately 35 km south of
Oslo is one of the study catchments of to the JOVA - the Norwegian Agricultural
Environmental Monitoring – Programme (Deelstra et al., 1998b). The well-studied Skuterud
catchment is often regarded as a reference catchment for the Vansjø-Hobøl watershed, which
is the pilot catchment in the implementation of the EU Water Framework Directive (WFD) in
Norway and the main Norwegian pilot catchment in the REFRESH project.

Figure 1. Land-use distribution of the Skuterud catchment (left panel, yellow, green and
brown colors corresponding to urban, agricultural and forested areas, respectively) and the
flight photo of the area (right panel)
The total area of the Skuterud catchment is 450 ha, with arable land and forest covering 61
and 31 % of the watershed, respectively, while the rest is urban area (8%). A large database
containing detailed information about runoff, nutrient and soil loss is available from 1993 in
addition to data on farming practices, soil physical and chemical properties and
meteorological data (Deelstra et al., 2005). The long term mean annual temperature for
Skuterud is 5.3C. The mean annual temperature from 1993 to 2012 was 6.2oC, varying from
4.6 to 7.2oC. The highest temperatures occur during the growing season from May to August.
Below - zero temperatures can already occur in November but in general the winter starts in
December and can last until March, however with significant variation over the years. The
average yearly potential evapotranspiration (PET) is 535 mm and varies from 463 to 691 mm.
The long term annual precipitation is 785 mm.
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The highest runoff and nutrient losses occur during the off-season from September to
March. The average yearly runoff is 528 mm. There is a large variation in the yearly runoff
during the period from 1993 to 2012, ranging between 278 mm and 978 mm. Similar
variations in the yearly nitrogen and phosphorus losses were observed. Thus, total N and P
losses from agricultural areas varied between 17 and 70 kg/ha and 0.7 and 5.8 kg/ha,
respectively. There is a strong seasonality in runoff generation. On average only 13% of the
yearly runoff is generated during the summer season from May to August, while 90% of the
yearly runoff is discharged in less than 150 days. Surface runoff can occur during the autumn
due to excessive precipitation over longer period. However more often surface runoff is
generated due to precipitation/snowmelt in combination with frozen soils which can occur
both during autumn but more frequent during snowmelt in the end of the winter season.
2.2. The model network
The model chain, used for the Skuterud case study is the part of the model network applied
for the Vansjø-Hobøl watershed. It consisted of a catchment level hydrological model
(PERSiST) and a catchment model (INCA-P) for phosphorus losses.
At first stage, daily discharge values, calculated by the catchment model PERSiST (v1.0.17
BETA 3) model were calibrated against discharge data, observed at the catchment outlet
between January 1, 2001 and December 31, 2004 (calibration period). The PERSiST model
was further validated for the whole period of measurements (January 1, 1994 to December 31,
2012).
Driving input data for the INCA-P model, consisting of daily values of soil moisture
deficit, rainfall amount, average air temperature and hydraulically effective rainfall were
generated from the PERSiST output data for the period from January 1, 1990 to December 31,
2012. The INCA-P model was calibrated and validated for the same periods, as the PERSiST
model.
Detailed description of the model network is given in this Report in Part 1, Chapter 2. In
this section we discuss shortly the peculiarities of applying the model chain to the Skuterud
catchment.
2.3. Model input
Data, used for the models set up and as a reference data for models calibration are
described in Table 1. The sources of data are also indicated. The meteorological data were
obtained from the meteorological station at the IMT/Norwegian University of Life Sciences in
Ås, located approximately 4 km south-west from the Skuterud catchment. The measured
runoff, suspended sediment and total P concentrations were used as reference data for model
calibration and validation for the periods from 2001 to 2004 and from 1994 to 2011,
respectively.
Water discharge at the Skuterud outlet is measured continuously using a Crump weir. For
measuring water chemical properties water samples are taken on a volume proportional basis
– composite sampling (Deelstra at al., 1998ab). Composite sampling is an alternative to point
sampling systems, when a small water sample is taken each time a preset volume of water has
passed the monitoring station. The sub-samples are collected and stored in a container for
subsequent analysis. The composite sample is collected bi-weekly and among others analysed
for suspended solids in addition to total nitrogen and phosphorus. Hence, a composite sample
represents the average concentration of the runoff water over the sampling period.
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Table 1. Input and reference data, used for setting up and calibrating the PERSiST (P)
and the INCA-P (I) models
Data

Description

Resolution

Type

Source

Meteorological
data

Actual precipitation (AP)

daily

input (Pc, Id)

Average air temperature

daily

input (P, I)

Hydraulically effective
rainfall (HER)

daily

input (I)

PERSiST model
output

Hydrological
data

Soil moisture deficit

daily

input (I)

PERSiST model
output

Catchment
geometry

Catchment area, mean
slope

-

input (P, I)

Maps using GIS

Stream
geometry

Length, average channel
widths, slope, bed depth,
latitude, longitude

-

input (P, I)

Maps using GIS

Land use
data

Proportion of dominant
land use types in the
catchment

annual

input (P, I)

Bioforsk JOVAb
database

P fertilisation

Solid P fertiliser amount
and timing

daily

input (I)

Bioforsk JOVA
database

Discharge

Observed discharge at the
catchment outlet

daily

reference
(P, I)

Bioforsk JOVA
database

Suspended
sediments

Flow proportional
composite samples taken
at Skuterud stream outlet

approx.
every 14 days

reference
(I)

Bioforsk JOVA
database

Sediment loss

Average losses from
different land use types

annual average

reference
(I)

see Table 3

Total P
stream water
concentrations

Flow proportional
composite samples taken
at Skuterud stream outlet

approx. every 14
days

reference
(I)

Bioforsk JOVA
database

P loss

Average losses from
different land use types

annual average

reference
(I)

see Table 4

UMBa
meteorological
station

– Norwegian University of Life Sciences
– Norwegian Agricultural Environmental Monitoring Program
c
– PERSiST
d
– INCA-P
a

b
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2.4. INCA-P model setup available from the Sealink project
As a starting point, we used the INCA-P model setup, obtained from the Sealink project
(Deelstra at al., 2010), financed by the Norwegian Research Council. The INCA-P model in
this project was applied to evaluate the effects of various land use and soil management
changes on runoff and sediment and nutrient losses in the Skuterud catchment.
In the Sealink Project, the INCA-P v.1.11.2 model was calibrated for the Skuterud
catchment for the period from 1 September 1993 to 31 December 1999. The model was
validated for the period from 1 January 2000 to 30 April 2008. These dates were selected
since they covered the period of available flow, water quality and hydrological data. The year
1993 was considered as a “warming up” period to eliminate initial bias.
Due to catchment size, no sub-catchments were delineated. There were no effluents or
water abstractions in the catchment. Five land use classes were identified, namely forest,
grassland, urban area and two types of arable land - with and without autumn tillage. The
forest and urban areas covered 31 and 8% of the total area, respectively, during the whole
period of simulation, while the ratio of grassland areas varied from 2 to 5%. The separation of
cropland into two INCA land use categories was important to evaluate the effect of different
soil management systems on runoff and nutrient losses. In S-E Norway, soil tillage systems
may be divided into two main categories: those, incorporating tillage operation in the autumn
(AutTill - ploughing or harrowing in autumn followed by either winter or spring cereals) and
soil tillage systems without autumn tillage (NoAutTill - no tillage in autumn followed by
either direct drilling in autumn or spring cereals). For the calibration and validation periods 35
to 43% and 19 to 55% of the watershed area belonged to arable land with autumn tillage,
respectively. No autumn tillage covered 14 to 22% and 2 to 37% of the total area for
calibration and validation periods, correspondingly. The land use units in the INCA-P model
were set separately for each year.
Phosphorus fertilisation input data were provided on daily base for all the land use
categories and for the whole simulation period. The average solid P fertilisation rates in the
grassland, no autumn tillage and autumn tillage were 23.7, 23.3 and 25.4 kg/ha, respectively.
Soil and soil hydraulic properties were set in accordance with available soil maps and data
of reference soil profiles (Deelstra et al., 2010). Forests and urban areas are mostly located on
sandy soils with high hydraulic conductivity but low water holding capacity. Agricultural
areas are located on partly cracking loamy clay soils with high water retention.
The main data sources, used to derive the input data and the reference data for model
calibration are described in Table 1.
Besides meteorological data (daily average temperature and daily precipitation sum),
model driving variables consist of hydrological model input, namely daily values of
hydrologically effective rainfall (HER) and soil moisture deficit (SMD). HER and SMD were
calculated using the HBV model (Beldring, 2008), which is a semi-distributed, conceptual
hydrological model that describes the essential characteristics of the precipitation-runoff
process. The HBV model simulates the volumes of water stored as snow and subsurface
water, and the stream flow and accounts for the effects of snowmelt The HBV model is
commonly used for floods forecasts and water resources management in Norway.
2.5. INCA-P model setup in the REFRESH project
During earlier applications of the INCA model family for the Skuterud catchment we
concluded, that in some cases the model can not capture the real processes. Models are
simplified representations of the reality, so no wonder, that they can not fully predict all the
transport processes within natural systems. The INCA models, as any other models, have
42

EU FP7 REFRESH - WP5
Report on the catchment-scale modelling of the Vansjø-Hobøl and Skuterud catchments, Norway

some weeknesses, which could lead to observed differences between measured and simulated
values. However, expert-based evaluation of the modelling results indicated, that we could
improve the models performance by i) applying a more sophisticated hydrological model
instead of HBV to provide hydrological driving variables for the INCA-P model and ii)
utilising expert’s knowledge as a platform for improving model parameterisation (e.g. using
land use specific model calibration).
Water discharge, suspended sediment and total phosphorus concentration data measured at
the catchment outlet represent an integrated characteristic for the whole catchment.
Consequently, these data can not be efficiently used when calibrating the INCA-P land phase
parameters for different land use types, even though these parameters play key role when
evaluating the effect of land use change on model outputs. Hence, specific soil losses were
calculated from total losses, known from composite sampling using all the information
available for various land use types (Tables 3 and 4). Measurements for a shorter period were
available for the Skuterud forested area and other similar high productive forests in Norway
(Vandsemb, 2006). Information on the effects of agricultural practices on soil particle loss
(Øygarden et al., 2003) was also incorporated by considering the C-factors reflecting the
effect of cropping and management practices on erosion rates.
Based on literature review, observation data and consultation with experts, reference
values for particle loss per unit were assessed for each land use categories and used to
calibrate INCA-P land phase erosion parameters. Due to lack of data on total P losses from
grassland and cereal fields with various tillage practices, specific P losses were calculated for
only three land use types (Table 4): urban, forest and agricultural land (A). The latter also
incorporated grasslands.
In the frame of the REFRESH Project we made further efforts towards improving the
modelling results. For the re-calibration of the INCA-P model the following steps have been
made:
 Deriving the hydrological driving variables from the more detailed hydrological
model PERSiST. The PERSiST model incorporates around 50 calibration
parameters compared to the HBV, containing less, than 10 calibration parameters
for surface runoff. Therefore, PERSiST is capable to describe the water transport
on the surface, in the intermediate and saturation zones in a more sophisticated
way, than the HBV model.
 Changing the calibration and the validation periods for avoiding the possible
side effects of the artificial wetland, constructed in 2000, and to give better
representation of the whole period of measurements. The calibration and
validation periods were shifted from 1993-1999 and 2000-2008 to 2001-2004 and
1994-2012, respectively.
 Separating autumn till land use system into autumn ploughing and autumn
harrowing. Based on our modelling experience and the obtained results we
concluded that two soil tillage systems are probably not enough to represent the
situation in the catchment. Therefore, we decided to introduce autumn harrowing
as a third tillage system. The point is that autumn harrowing with autumn cereals
was so far incorporated in the “autumn tillage” category, even though winter
cereals, covering the soil surface during winter and early spring can prevent soil
and P losses, especially if comparing these losses with those, occurring from bare
ploughed soil surface.
 Introducing land use classes for agricultural years instead of calendar years
 Performing manual model calibration against site specific losses derived from i)
measured data; ii) the C factors and from iii) expert estimates.
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The main differences between the two model setups are given in Table 2, while the
reference values for the calibration of site-specific losses are presented in Tables 3 and 4.
Table 2. New elements in the INCA-P models setup in the REFRESH project
INCA-P setup in the Sealink
project

New INCA-P setup in the
REFRESH and project

Calibration period

1994-1999

2000-2004

Validation period

2000-2008

1994-2011

Land use classes

forest, grass, urban, no
autumn tillage, autumn tillage

forest, grass, urban, no
autumn tillage, autumn
harrowing, autumn ploughing

Land use periods

January 1 – December 31
each year

May 1 – April 30 each year

Source for the hydrological
driving variables

HBV model

PERSiST model

Specific losses used for land
use specific calibration

no

Tables 3.

Differentiation between
particulate and dissolved P in
reference values for site
specific losses

no

Table 4.

Table 3. Specific sediment losses from different land use classes used for site specific
calibration of the INCA-P models in the Refresh Project

Land use

Soil loss
kg ha-1 year-1

Information source

Forest

15

Measurements in similar forests in Norway
(Vandsemb, 2006) and a 3-year monitoring of
sediment losses from forest in Skuterud

Grass

110

Measurements from similar catchments

No Autumn Tillage

461

C factor = 0.25

Autumn Harrowing

1198

C factor = 0.65

Autumn Ploughing

1844

C factor = 1.00

Urban

80

Measurements from Rusta (urban sub-catchment)

Note, that the total soil losses during the calibration period (2001-2004) were 277242 kg.
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Table 4. Specific P losses from different land use classes used for site specific calibration
of the INCA-P model in the REFRESH Project

Land use

Total P loss
kg ha-1 year-1

% of DRP
from the total P
losses

Forest

0.008

45

Grass

0.180

50

No Autumn Tillage

0.535

40

Autumn Harrowing

1.580

30

Autumn Ploughing

2.808

25

Urban

0.010

40

DRP – Dissolved reactive phosphorus

2.6. Model calibration and validation
In the frame of the REFRESH Project, the INCA-P model was re-calibrated manually by
tuning on model parameters to minimise the difference between the measured and simulated
runoff, sediment and P losses. Carefully selected initial values were set up (Farkas et al.,
2013) and further calibrated on an iterative way. The discharge was calibrated first. Secondly,
specific soil losses from land use units were tuned according to values, given in Table 3,
followed by the calibration of the model against total sediment losses at the catchment outlet.
After achieving satisfactory results, we performed fine-tuning of discharge, specific and total
losses until no further improvement in goodness of fit statistics could be obtained for Q and
SS. As a next step, the land use specific and the total P losses were calibrated, applying
several re-tuning of hydrological and sediment transport parameters to optimise the whole
parameter set with respect to all the reference data.
2.7. Model performance metrics
Model performance was evaluated as described in Part 1, Sub-chapter 2.5. Because of the
peculiarities of the composite sampling, single concentration data could not be regarded as a
concentration measured from a grab sample. Hence, all the statistics, except for discharge,
were calculated for the loads on a 14-day resolution.
Additionally, the percent bias (PBIAS), reflecting the average tendency of the simulated
values to be larger or smaller than their observed counterparts (Gupta et al., 1999) was
calculated for water amounts and the sediment and P losses according to Eq. 1.

Eq. 1
where N is the total number of observations and model output pairs, Dn is the observation
at each site, Mn is the corresponding model output.
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The optimal value of PBIAS is 0.0, with low-magnitude values indicating accurate model
simulation. Positive values indicate overestimation bias, whereas negative values indicate
model underestimation bias.
2.8. Scenarios and storylines
The scenario analyses were based on the concept that physically based hydrological and
environmental models incorporate the existing knowledge on the impact of climate and land
use, as main driving forces, on water regime and sediment and nutrient transport at watershed
level and, therefore, can be used to predict the response of the whole system to changes in the
driving forces.
The main storylines, applied for Skuterud catchment were similar to those, developed for
the Vansjø-Hobøl catchment (Figure 3, Part 1, sub-chapter 2.3). Besides the reference (REF)
storyline, corresponding to the present climatic and land management conditions, four
storylines were considered as the possible combinations of present (C0) and various future
climate scenarios (C1-C6) and two management scenarios, corresponding to water quality
focus (M1) and economic focus (M2) management strategies.
Climate Three (C1-C3) out of the six climate change scenarios (C1-C6) consisted of the
those, selected to be used in the REFRESH project and described in Part 1, sub-chapter 2.4.
These scenarios were developed within the frame of the ENSEMBLES EU FP6 project
(Christensen et al., 2009; Haylock et al., 2008) and represented outputs for the years 20302052 of the following regional climate models (RCMs): (C1) HadRM3, (C2) RACMO of the
Royal Netherlands Meteorological Institute (KNMI), and (C3) RCA of the Swedish
Meteorological and Hydrological Institute (SMHI), respectively. The climate conditions
during the reference period (1990-2012) are referred as climate C0. Daily resolution scenario
data for surface air temperature and precipitation were derived from a sub-set of these
regional climate model simulations (Shahgedanova, 2011), and implemented in the model
network.
Considering the dimensions of the flashy and fast-reacting Skuterud catchment and the
spatial resolution of the climatic data, we decided to include three more climate scenarios
(C4-C6) in the scenario analysis aiming to represent the peculiarities of the local climate in
the Skuterud catchment. The LARS Weather Generator (LARS-WG), which is a model
simulating time-series of daily weather at a single site (Semonov and Stratonovitch, 2010;
Calanca and Semonov, 2013) was used to generate site-specific future weather data for the
Skuterud catchment from the HadRM3 (C4 from C1), RACMO (C5 from C2) and the RCA
(C6 from C3) predictions for the years between 2030 and 2050. The LARS-WG is reported to
be a useful tool i) for generating long time-series suitable for the assessment of agricultural
and hydrological risk; ii) for providing the means of extending the simulation of weather to
unobserved locations and iii) to serve as a computationally inexpensive tool to produce daily
site-specific climate scenarios for impact assessments of climate change (Racsko et al., 1990;
Semenov et al., 1998; Bingh, 2012).
LARS-WG version 5.0 includes climate scenarios based on 15 Global Climate Models
(GCMs), which have been used in the IPCC 4AR (2007). The newest version 5.0 incorporates
improved simulation of extreme weather events, such as extreme daily precipitation, long dry
spells and heat waves. LARS-WG has been well validated in diverse climates around the
world (Calanca and Semonov, 2013), including Norway (Persson and Höglind, 2013).

46

EU FP7 REFRESH - WP5
Report on the catchment-scale modelling of the Vansjø-Hobøl and Skuterud catchments, Norway

Figure 2 demonstrates changes in monthly means of temperature and precipitation sum
imposed by the different climate scenarios. Climate averages are given in Table 5. Note that
in this study the period from 1992 to 2010 was used as a reference, as the weather data used in
the simulations belonged to this period. Consequently, the projected trends in the future
climate conditions might differ from those, reported from studies on climate change in
Norway (Hanssen-Bauer et al., 2009) where the reference period lasts from 1961 until 1990
and where and overall increase in precipitation in all the seasons, except summer, is reported.
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Figure 2. Monthly means of the changes in temperature and precipitation sum imposed by
the climate scenarios predicted with HadCM3/HadRM3 (blue solid line, C1),
ECHAM5/RACMO (red solid line, C2) and BCM/SMHI (green solid line, C3) for the nearest
to the pilot area grid point for the period from 2030 to 2052, and their site-specific
adjustment derived from the LARS-WG runs for Skuterud from results of the
HadCM3/HadRM3 (blue dashed line, C4), ECHAM5/RACMO (red dashed line, C5) and
BCM/SMHI (green dashed line, C6) for the period from 2030 to 2050, relative to the presentday conditions (C0) over the period 1990-2012, along with monthly means of observed
temperature and precipitation over the same period (grey vertical bars).
Most of the climate scenarios – but especially those, adjusted to the local statistics of the
weather time series recorded at Skuterud - predicted a valuable increase in yearly average
temperature (Table 6) compared to the reference period, mostly due to increase in monthly
average temperate in the winter time and during late autumn (Figure 2). Contradictorily, the
SMHI model (C3) predicts decrease in the monthly average temperature values for all the
seasons, except autumn. Increase in winter temperature in the future would most likely
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intensify soil erosion due to increase in the number of thawing-freezing cycles. The projected
increase in the precipitation amounts during the winter and early spring periods (Figure 2)
would most likely further accelerate soil loss from the catchment.
Table 6. Climate data for reference years and future climate change scenarios, used in
the scenario analyses
Code

Period

C0_REF

1992-2010

C1_HAD
C2_KNMI
C3_SMHI
C4_L_HAD
C5_L_KNMI

2030-2052

2030-2050

T

RT

RR1

RR10

RR20

SDII

6.1

884

114

27

7

7.8

6.1

864
967
914

26
31
22

6
7
4

7.3

6.6
5.5

119
133
154

7.4
7.0

994
877

125
121

30
27

9
7

8.0
7.2

C6_L_SMHI
122
28
7
7.3
917
o
T – annual average temperature ( C)
R – rainfall (mm)
RT - annual total precipitation (mm);
RR1 - annual number of precipitation days with R  1 mm;
RR10 – annual number of precipitation days with R  10 mm;
RR20 - annual number of precipitation days with R  20 mm;
SDII - Simple Daily Intensity Index, calculated as the ratio of RT and RR1, mm/day

7.3
5.9

7.5

The indicators of precipitation intensity (RR10, RR20 and SDII) show rather diverse
picture depending on the climate model. All the scenarios project increase in the number of
days with a rainfall amount exceeding 1 mm (RR1), and the number of days with extreme
precipitation amounts is also increasing, especially for scenarios generated by the LARS-WG.
Management The management scenarios were set in accordance with the Vansjø-Hobøl
case study (Part 1, sub-chapter 2.4) but taking into consideration the management traditions
and structure in the Skuterud catchment. The reference scenario (M0) represents historical
riverine nutrient concentrations and current loadings from land use and fertilizer application.
The sustainable management scenario (M1), referred to as “water quality focus”,
represents the implementations of measures to reduce soil and nutrient losses and improve
surface water quality in the catchment. These measures are modelled imposing: (1) a 10%
reduction in agricultural land, which is then converted to forest; (2) a 25% decrease in areas
with autumn tillage system and corresponding increase in areas with no autumn tillage and (3)
a 25% reduction in P-based fertilizer application.
The non-sustainable management scenario (M2), referred to as “economic focus”, reflect a
projected increase in anthropogenic pressure throughout the catchment due to intensification
of food production. Further growth of agricultural activities is modelled by imposing: (1) a
10% reduction of forest cover, which is then converted to agricultural land; (2) a 25%
decrease in areas with no autumn tillage system and corresponding increase in areas with
autumn tillage and (3) a 25% increase in P-based fertilizer application.
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3. Results and Discussion
3.1. Model performance
Simulated discharge values were evaluated on a daily base and fitted well the observed
data for the calibration and validation periods in case of both the models (Figure 3-4 and
Table 6).
Table 6. Models performance statistics. Coefficient of determination (R2), Root-meansquare error (RMSE), and Nash-Sutcliffe coefficient on normal (NS) and log-transformed
data (NSlog) and PBIAS for simulations at the Skuterud outlet of the model network.

Model

PERSiST

PERSiST

INCA-P

INCA-P

Sediment
loss

Total P
loss

SRP
loss

0.672
230.1
0.672
0.389
2.9

0.237
18969
0.232
0.843
4.41

0.247
23
-0.277
0.899
7.73

0.507
4
0.460
0.931
16.73

0.709
258.9
0.699
0.403
8.2

0.233
325.3
0.144

0.430
220.7
0.162

0.456
192.8
0.074

Period

Stat

Flow

2001-2004
calibration

R2
RMSE
NS
NNSSlog
PBIAS

0.737
101.14
0.736
0.468
-6.1

1994-2011
Validation

R2
RMSE
NS
NSlog
PBIAS

0.657
124.75
0.650
0.480
0.7

2001-2004
calibration

R2
RMSE
N-S
NSlog
PBIAS

1994-2011
Validation

R2
RMSE
NS
NSlog
PBIAS

The observed and simulated sediment losses were in relatively good agreement for the
calibration period (Figure 5, Table 6). The land use specific sediment losses fitted well the
reference values given in Table 3. The following land phase parameters played a key role
when adjusting land use specific sediment losses to reference data: IR, direct runoff residence
time (T1), soil water residence time (T2), splash detachment parameters (ES and A) and flow
erosion parameter EF. The most important parameters used for tuning suspended sediment
concentration at the catchment outlet were the velocity- discharge parameters for stream flow
(a and b), the rainfall excess proportion (I), threshold soil zone flow (TSF), the sediment
transport capacity parameter a4 and the constants in the semi-empirical function accounting
for the in-stream sediment sources(a9 and a10).
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Concerning the calibration for TP and SRP losses, slightly negative and positive N-S
values were obtained, respectively (Table 6, Figures 6-7). The losses were overestimated by
about 8 and 18%. The most important parameters used for adjusting total P losses to measured
values at the catchment outlet were erosion parameters a4 and a10 and groundwater initial
conditions.
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Figure 3. Observed and simulated stream flow at the Skuterud outlet using the model PERSiST
for the calibration period 2001-2004
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Figure 4. Observed and simulated stream flow at the Skuterud outlet using the model
INCA-P for the calibration period 2001-2004.
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Figure 5. Observed (composite sampling) and simulated suspended sediment
concentrations at the Skuterud outlet using the model INCA-P for the calibration period
2001-2004.
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Figure 6. Observed (composite sampling) and simulated TP concentrations at the
Skuterud outlet using the model INCA-P for the calibration period 2001-2004.
In general, the R2 and N-S statistics were much lower than in the previous calibration
(Farkas et al., 2013), where the HBV model was used to generate driving input variables for
the INCA-P model instead of PERSiST. Taking into account that it is very difficult to
simulate sediment transport processes (Fisher et al., 2003; Wade et al., 2007), especially in
small, fast reacting catchments like Skuterud, the results are still acceptable. For such
watersheds positive N-S values around 0.3 are considered to be satisfactory. Moreover, the
high N-S values obtained during the previous calibration can be considered as a result of
several step-wise re-calibrations during 5 years. Further in-depth analyses of the sources of
mismatch between the observed and modelled values would probably increase the calibration
results presented in this study.
Model performance statistics for the validation period were similar to those for the
calibration period. The N-S values, calculated for the validation periods for SS and TP were
0.14 and 0.16, respectively. It is a limited amount of data reported on model validation results
for SS and TP. Jetten and Maneta (2011) also note that “while calibration fortunately is often
done, at least in scientific literature, independent validation is far less common”.
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Figure 7. Observed (composite sampling) and simulated SRP concentrations at the
Skuterud outlet using the model INCA-P for the calibration period 2001-2004.
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Limbrunner (2008), for example, used monthly data on sediment loads for adapting a
lumped-parameter watershed model to four different watersheds with drainage areas varying
between 65 km2 and 2479 km2. The N-S values, obtained for SS loads for the three-year
calibration periods varied between 0.32 and 0.97 among the four catchments. The best
calibration results (N-S of 0.97) were achieved for the Aberjona River, MA, but the N-S
statistics for the validation period was -1.38. Concerning the other three catchments, no
positive N-S values were obtained for sediment loads for the validation period either. Total P
loads were calibrated for the Platte river watershed. The N-S statistics were 0.24 and -2.22 for
the calibration and validation periods, respectively.
These results clearly demonstrate the difficulties we face when calibrating a catchment
scale water quality model to various catchments. It is often the case that the models can be
fitted to reference values rather satisfactorily while calibrating, but despite of the efforts,
independent validations might fail. This indicates that the calibrated parameter sets mostly
represent (e.g. weather) condition occurring during years, used for calibration.
Jarrit and Lawrence (2006) calibrated the INCA-SED model for the Enborne and
Lanbourn catchments, achieving N-S values of 0.32 and 0.36 for suspended sediments,
respectively. They pointed out that discrepancies between observed and modelled sediment
loads may be a consequence of several factors, including “poor representation of sediment
sources derived from river bank erosion” as well as “the limited spatial structure of the
hillslope component of the INCA model which relies on percentage of land use and soil type
for each sub-catchment rather than mapping out the connectivity of these sediment generators
and stores in the landscape“.
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Figure 8. Target diagrams presenting the normalized bias (B*) against normalized
unbiased root mean square difference (RMSD’*) calculated using simulated and observed Q
(PERSiST and INCA-P) over the calibration periods. The solid circles indicate ±0.75 and ±1
standard deviation (σ) on the X-axis and 75% and 100% normalized bias on the Y-axis,
respectively.
The target diagrams, described in detail in Part 1, sub-chapter 2.5, and which allow
comparing model performance amongst parameters in a normalized manner, independent of
the magnitudes of the simulated values are given in Figure 8. The X axis on such diagrams
provides information about whether the model σ is larger or smaller than the observed Root
Mean Square Difference (σ). As RMSD’* increases, the discrepancy between simulation and
observations is increasing due to processes or influences outside those strictly captured by the
model. Conversely, lower values indicate less residual variance between simulation and
observation. Finally, the BIAS* represents the simulations systematic over or underestimation
of the observations. Fig. 8 reveals that the discharge simulations are generally unbiased.
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According to the above discussed modelling studies we concluded that our results fit the
overall expectations towards model use efficiency and could be used for scenario analyses.
3.2. Impact of climate change on water quality
Figure 9 demonstrates the modelled impact of climate change on the yearly averages of
discharge, sediment and TP loads at the catchment outlet. While climate change impact on
discharge is not visible at this time scale, its effect on sediment and P loads seems to be rather
large. If applying the present management system, future suspended sediment and total P
concentrations in the stream are predicted to be from 4 to 6 and from 2 to 4 times higher in
average, than at present, respectively.
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Figure 9. Simulated impact of the projected climate change scenarios on discharge,
suspended sediment and TP concentration in the Skuterud catchment outlet in case of no
change in present land use
These results are seemingly contradicting those, obtained for the Vansjø-Hobøl
catchment, where no significant effect on climate change on the studied properties was
obtained. The reasons for that are most probably i) the spatio-temporal integration of the
processes in the larger Vansjø-Hobøl catchment compared to the flashy Skuterud watershed
and ii) the focus on the lake water quality in the Vansjø-Hobøl catchment and not on riverine
loads that could smooth the reported impacts of climate change in the model chain system
partly because the residual variances increase as we move further along the model network.
3.3. Impact of climate change and land management on water quality
Figure 10 demonstrates the modelled impact of climate change on discharge, sediment and
TP loads at the catchment outlet for the present (M0), a water quality focus (M1) and an
economy focus (M2) land management strategies.
According to the model predictions and compared to the climate impact, land management
has very little impact on runoff (Figure 10, left). The sediment and TP concentrations are
mainly determined by the climatic conditions, but land management can also have a valuable
impact on water quality. In Figure 10, the solid and the dashed lines represent model results
with M1 (water quality focus) and M2 (economic focus) land management strategies,
respectively. Thus, the distance between the two lines of same colour refers to the possible
achievements in improving water quality by adapting water quality focus land management
strategies within the frames of a certain climate condition. One can see that water quality
focus land management strategies considered in this study don’t give valuable improvement
in water quality compared to economic focus land management, even if their impact can be
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larger under future climate conditions (distance between red and blue solid and dashed lines)
than at present (distance between green and brown lines).
These results, however, refer to the management scenarios, incorporated in the model.
Applying the water quality focus land management strategies to larger areas within the
catchment in combination with other mitigation measures (e.g. vegetation buffer zones;
sedimentation ponds) would most probably give a more significant impact of land
management on sediment and TP loads.
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Figure 10. Yearly median discharge (left), suspended sediment (SS - middle) and total P
(right) concentrations predicted by the model INCA-P without (REF, C0_M1 and C0_M2) or
with climate change predictions made by the HadRm3 (C1), the ECHAM5 (C2) or the BCM
models (C3) and their further downscaling, using the LARS-WG - HadRm3_Lars (C4), the
ECHAM5_Lars (C5) or the BCM_LARS (C6) models (as climate forcing) for the river model
network for present land use (C0) and two land management scenarios (M1- M2)
On an annual base, site-specific climate scenarios, derived using the LARS-WG predict,
in most of the cases, less drastic changes in water quality, than the climate scenarios derived
from the regional climate models.
Using the water quality thresholds set forth by the Norwegian authorities in response to
the WVD (Iversen, 2009), we calculated the proportion of simulated days for which the
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regulatory thresholds for god/moderate (Table 7) and the moderate/bad (Table 8) water
quality is crossed on a seasonal base. In contradiction to the results calculated on an annual
base, the proportion of days when the TP concentration in the stream exceeds the
good/moderate and moderate/bad thresholds is generally higher for LARS-WG scenarios (C4C6). Our results indicate that water quality focus management practices (M1 management
scenario) can improve the situation, but in general it will be very difficult to reach the
environmental target set for TP in Skuterud under the European Water Framework Directive,
even under the best management scenario. These results indicate that the mitigation measures
should be applied on larger areas, than introduced in the scenarios and that land use change
and soil management practices should be combined with other measures, e.g. vegetation
buffer zones and sedimentation ponds.
Table 7. Proportion (%) of days above the WDF good/moderate threshold at the Skuterud
outlet. Lower numbers indicate better water quality.

C0
C1
C2
C3
C4
C5
C6

Good/Moderate Threshold (17 g L )
spring
summer
M0 M1 M2
M0 M1 M2
86
77
99
100
89 100
99
97
99
100 100 100
97
94
98
100 100 100
100 96
100
100
99 100
100 100 100
100
98 100
100 100 100
100
99 100
100 100 100
100
98 100
-1

Climate
scenario
M0
90
97
99
99
100
100
100

winter
M1
73
96
98
98
100
100
100

M2
100
99
99
100
100
100
100

M0
88
99
100
100
100
100
100

autumn
M1 M2
78 100
97 100
99 100
99 100
99 100
99 100
99 100

Table 8. Proportion (%) of days above the WDF moderate/bad threshold at the Skuterud
outlet. Lower numbers indicate better water quality.

C0
C1
C2
C3
C4
C5
C6

Moderate/Bad Threshold (30 g L )
spring
summer
M0 M1 M2
M0 M1 M2
61
60
89
73
69
99
85
75
94
92
79
98
78
65
86
90
76
96
86
76
92
92
80
96
88
64
96
90
70
96
89
74
99
94
77
98
88
64
96
90
70
96
-1

Climate
scenario
M0
66
84
88
89
93
92
93

winter
M1
59
72
77
79
81
79
81

M2
93
92
95
94
98
98
98

M0
69
86
89
95
92
93
92

autumn
M1 M2
61
94
76
93
78
95
89
98
79
97
77
97
79
97
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4. Conclusions
The Skuterud case study demonstrated the ability and limitations of the PERSiST –
INCA-P model network in simulating the runoff, the suspended sediment and TP
concentrations at the catchment outlet under various climate and land management
conditions. In the light of the results of the Vansjø-Hobøl case study (Part 1), the modelling
work for the flashy Skuterud catchment highlighted the strong scale effect on modelling
results. Thus, a strong impact of climate change on water quality at the Skuterud outlet was
projected, which seemingly contradicts the results, obtained in the Vansjø-Hobøl case study.
Skuterud, being a small, fast-reacting catchment, is believed to be more sensitive to extreme
events. Future climate scenarios show increase in the frequency of extreme events, and most
probably a Skuterud-size catchment will react strongly on those. Concerning the much
larger Vansjø-Hobøl watershed, the climate effects appear to be more smoothed and are not
that easy to catch.
Our results indicate that land use strategies can hardly compensate the possible harmful
consequences of climate change, and that strictly water quality focus land management has
to be introduced to be able to ensure moderate water quality in the future.
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