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1. Background and objectives 

The Baltic Sea Action Plan and the EU Water Framework Directive both require substantial 
additional reductions of nutrient loads (N and P) to the marine environment. The BONUS 
Soils2Sea project conducts research on a widely applicable concept for spatially differenti-
ated regulation, exploiting the fact that the removal and retention of nutrients by biogeo-
chemical processes or sedimentation in groundwater and surface water systems shows 
large spatial variations. By targeting measures towards areas where the local removal is 
low, spatially differentiated regulation can be much more cost-effective than the traditional 
uniform regulation.   
 
To design and evaluate the effectiveness of spatially differentiated regulation requires im-
proved knowledge on the nutrient transport and removal processes at local scale. 
Soils2Sea therefore conducts field studies with comprehensive data collection and model-
ling at four sites in Denmark, Sweden, Poland and Russia. Furthermore, Soils2Sea will 
conduct scenario analyses at the Baltic Sea Basin scale to assess how different regulatory 
measures as well as changes in land cover, agricultural practices and climate may affect 
the nutrient losses from the entire Baltic Sea basin to the Baltic Sea. 
 
Evaluating the impacts of local scale spatially differentiated measures at a scale such as 
the 1.8 million km2 Baltic Sea Basin poses a particular challenge. Multi-basin hydrological 
and nutrient models at this scale (e.g. Donnelly et al., 2013) are not able to simulate local 
scale spatially differentiated measures, because i) the models operate at a much coarser 
spatial resolution than the measures; ii) they often do not include local scale data but rather 
aggregated data which can vary in quality and resolution between countries; and iii) they 
often have simplified process descriptions adequate for the input data complexity and mod-
el scale, but sometimes inadequate for simulating specific local scale measures such as 
field scale crop rotations, Such measures can be simulated by comprehensive and data 
demanding local scale models (Hansen et al., 2014a; however, for computational and data 
access reasons these models are not operational at the Baltic Sea Basin scale. Therefore, 
other methods must be applied for upscaling the results from suitable local scale models to 
models operating at the Baltic Sea scale. Bronstert et al. (2007) provide one of the very few 
examples reported in literature of this type of upscaling based on dynamic combinations of 
small and large scale models. 
 
The objective of the present deliverable report is to describe the upscaling methodologies 
that have been developed for use in Soils2Sea. 
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2. Soils2Sea upscaling approach 

2.1 General 

Soils2Sea uses E-HYPE, a pan-European application (Donnelly et al., 2016) of the Hydro-
logical Predictions for the Environment (HYPE) code (Lindström et al., 2010) as the model-
ling tool for the Baltic Sea Basin. For the small scale studies in the case areas Soils2Sea 
uses different numerical and analytical modelling tools that can provide the necessary de-
tailed descriptions required for analyzing spatially differentiated regulations, but that at the 
same time are not applicable to the Baltic Sea Basin. Hence, the objective of the upscaling 
in Soils2Sea is to transfer knowledge from local scale models into HYPE for use in simulat-
ing the impacts of spatially differentiated measures at the Baltic Sea Basin scale. 
 
The basic hypothesis is that our small scale models, with their more advanced process 
descriptions and ability to utilize more of the existing system data, have sufficient predicta-
bility and that our case studies have sufficient representativeness to allow model outputs to 
be used for constraining the large scale model.  
 
The methodology applied comprises the following steps: 

 STEP 1 – Compare concepts. Check the consistency of the concepts used in the 
local model and in E-HYPE. Identify possible needs for refined process representa-
tion or calibration of E- HYPE. 

 STEP 2 – Identify additional data requirements. Assess whether additional data are 
required for E-HYPE at Baltic Sea Basin scale, for instance for new process de-
scriptions, recalibration or evaluation of simulation results. 

 STEP 3 – Recalibration of E-HYPE. Recalibrate HYPE if required. 

 STEP 4 – Upscaled E-HYPE parameters. This is the core of the upscaling proce-
dure. The local scale models are used to create relationsships for how E-HYPE pa-
rameters should be modified to enable E-HYPE to simulate the effects of local 
scale processes in the scenario analyses.  

 STEP 5 – Use E-HYPE for Baltic Sea Basin simulations.  
 

2.2 Groundwater 

The upscaling approach to assess reduction of nitrate in groundwater is described in Ap-
pendix A. The procedures and outcomes of the five steps can be summarized as follows: 
 
STEP 1- Compare concepts.  
Local scale models were established for two Danish catchments, Norsminde (101 km2) and 
Odense (486 km2) using two independent models for simulating nitrate leaching from the 
root zone (NLES) and for simulating flow and transport processes in surface water and 
groundwater (MIKE SHE). The NLES simulated N-leaching is aggregated to a grid corre-
sponding to the grid scale of the hydrological models i.e. a 100 m grid in Norsminde and a 
200 m grid in Odense. HYPE was setup using one subcatchment in Norsminde and two 
subcatchments in Odense. HYPE operates with three soil layers of which the upper two 
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should represent the tillage and rootzone layers and the lower one can be characterized as 
corresponding to the groundwater zone. 
 
In the local scale models all flow and solute transport is accounted for by MIKE SHE, while 
NLES is confined to providing a nitrate source to MIKE SHE at the bottom of the root zone. 
The concepts for simulating nutrient processes in the rootzone and nitrate reduction in 
groundwater are very different between the local scale models and E-HYPE. In the local 
models NLES accounts for denitrification in the root zone, while MIKE SHE calculates ni-
trate reduction in groundwater by introducing a redox interface somewhere in the saturated 
zone, above which nitrate is conservative and below which nitrate is reduced instantly. The 
E-HYPE model assumes that nitrate denitrification can take place in all three soil layers as 
a function of a decay parameter K, the pool of inorganic N, the concentration of inorganic 
N, soil moisture content and temperature. Furthermore, when the upper layers become 
saturated, inorganic N can also leach directly from the upper soil layers to streams.  
 
MIKE SHE is calibrated against both discharge and groundwater head data, while the E-
HYPE is only calibrated against discharge data. Hence, there is no guarantee that the two 
models have a comparable simulation of the split between surface near flows and ground-
water flows. Similarly, the split of reduction of nitrate between surface water and groundwa-
ter cannot be assumed identical in the two modelling approaches. To ensure some con-
sistency the following three analyses were made: 

 Use a baseflow filter on observed discharge data as well as on simulated flows 
from E-HYPE and MIKE SHE and check that the baseflow fractions are compara-
ble within a certain tolerance. 

 Ensure that the leaching of nitrate from the root zone in the two models are compa-
rable within a certain tolerance. 

 Ensure that the groundwater fraction of the total nitrate reduction that takes place 
between the bottom of the root zone and the outlet of the catchment are compara-
ble in the two models within a certain tolerance.  

 
STEP 2 – Identify additional data requirements.  
To make the analyses for the consistency checks there is a need for some data sets not 
presently used by E-HYPE: 

 A map of baseflow fraction based on analysis of observed discharge data. 

 A Baltic Sea Basin map with estimates of the nitrate leaching from the root zone for 
today’s situation. The map shown in Andersen et al. (2016) will be used. 

 A Baltic Sea Basin map with estimates of the fraction of nitrate reduction that oc-
curs in groundwater. Our assessment is that previous maps on this are so much off 
that they are useless. As shown in Appendix B Soils2Sea has moved state-of-the-
art forward on this issue by preparing a map that we believe is much better, albeit 
far from perfect. We will use this map. 

 Transport of water and solutes such as nitrate in porous media from the root zone 
to the river may take several years. It is therefore important to take this lag time of 
response into account when simulating the effects of remediation measures. For 
this purpose we have calculated lag times for Poland (Appendix D).  
 

STEP 3 – Recalibration of E-HYPE.  
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E-HYPE is recalibrated in order to meet the consistency checks described in step 1 on 
baseflow fraction, N-leaching and groundwater reduction using the additional data de-
scribed in step 2. If HYPE results are within the accepted tolerance, no recalibration is per-
formed. This is presently in process and will be reported in Deliverable 5.1. 
 
STEP 4 – Upscaled E-HYPE parameters.  
MIKE SHE was used to predict how much spatially differentiated regulation can increase 
nitrate reduction in groundwater for the two Danish catchments Norsminde and Odense. 
This resulted in a relationship, where the obtained increase in nitrate reduction in ground-
water can be derived from the percentage of arable land within the catchment. HYPE was 
subsequently used on 10 catchments to assess how the parameters in the denitrification 
rate description for soil layer 3 should be changed to match the increase in nitrate reduction 
in that layer caused by spatially differentiated regulation. This resulted in a relationship, 
where the change in the denitrication parameter is a function of the average N-leaching to 
layer 3 and the soil moisture in layer 3. 
 
In conclusion, this learning process involving both MIKE SHE and E-HYPE, now makes it 
possible to modify E-HYPE parameters to predict effects of spatially differentiated regula-
tion with respect to nitrate reduction in groundwater. 
 
STEP 5 – Use E-HYPE for Baltic Sea Basin simulations.  
This will be initiated soon and reported in Deliverable 5.4. 

2.3 Surface water 

The upscaling approach to assess N-reduction and P-retention in surface water is de-
scribed in Appendix C. The procedures and outcomes of the five steps can be summarized 
as follows: 
 
STEP 1- Compare concepts.  
An analytical model was derived to assess the N-reduction and the P-retention in the hy-
phorheic zone using detailed geometrical characterization of the stream system. This mod-
el was tested against the tracer tests conducted for the Tullstorp stream. The analytical tool 
includes some of the same key concepts as E-HYPE, such as stream length, slope (hy-
draulic head loss) and mean residence time.  
 
It was not considered necessary to make adjustments to E-HYPE to ensure consistency of 
concepts. 
 
STEP 2 – Identify additional data requirements.  
Not relevant in this case. 

 
STEP 3 – Recalibration of E-HYPE.  
This is presently in process and will be reported in Deliverable 5.1. 
 
STEP 4 – Upscaled E-HYPE parameters.  
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The detailed, analytical model is used to calculate the effect of specific remediation actions, 
such as replaced substrate in streams, construction of riffle-and-pool sequences or riparian 
zones. By mathematically requiring that the retention and decay of nutrients in such de-
tailed models are transferred (conserved) in the parameterization of HYPE (Riml and Wör-
man, 2011), we can assure that important effects of remediation actions are reflected in E-
HYPE. 
 
As a conclusion an equation was developed for estimating the change in a E-HYPE pa-
rameter required for simulating the impacts of specific remediation measures (see Appen-
dix C for details). 
 
STEP 5 – Use E-HYPE for Baltic Sea Basin simulations.  
This will be initiated soon and reported in Deliverable 5.4. 
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3. Discussion 

All models are scale dependent, and a model that is parameterised and calibrated to make 
predictions at a particular scale does often not have predictive capabilities at smaller scales 
(Beven, 1995; Refsgaard et al., 1999). To adequately analyse impacts of local scale spa-
tially differentiated measures at the Baltic Sea Basin scale it is therefore required to com-
bine small scale and large scale models.  
 
There are a variety of approaches to calibration in large-scale modelling, but common to all 
large-scale models is that it is impossible to calibrate in detail at every single observation 
point. The E-HYPE model regionalises parameters making them general, land use or soil-
type specific depending on the process represented by the parameterisation. Performance 
in single observations points is compromised to achieve the best possible performance 
across the model domain (Donnelly et al. 2016). This means that for a single given catch-
ment, large-scale models most likely use less calibration data and may be less fitted to the 
data that is available. On the other hand, the variation in performance can be used to esti-
mate the uncertainty in simulating ungauged basins within the domain. Nevertheless, per-
formance for a given catchment is generally considerably poorer than when compared to 
smaller scale models. Regarding nutrient calibration, there is also the potential for equifinal-
ity in nutrient reduction processes (Beven, 2006) because many combinations of parameter 
values with different splits between reduction in surface water and in groundwater can pro-
vide the same overall N-reduction. At the E-HYPE scale, there is not always enough obser-
vation data to separate out whether reduction occurs in surface or groundwater. To help 
solve this, we use simulation results from small scale models as proxy observational data in 
recalibrations of E-HYPE. This is possible, because E-HYPE is able to reach the same final 
calibration targets (water and nutrient fluxes at river gauging stations) via many different 
combinations of intermediate results (such as local scale flows, nutrient transport and re-
duction/retention). The recalibration in reality implies constraining E-HYPE to reproduce 
results at small scales that are comparable with those from detailed small scale models. In 
this way we expect that the equifinality level in E-HYPE will be reduced such that it to a 
greater extent will simulate the “right answers for the right reasons”. This improves the con-
fidence in model predictions, when E-HYPE is used in scenario analyses to assess impacts 
of future changes in climate, land use and agricultural practice. 
 
In both the groundwater and surface water cases the impact of spatially differentiated 
measures exploiting small scale heterogeneities in natural or modified systems is calculat-
ed explicitly by the small scale models and subsequently used to modify a parameter value 
in E-HYPE, so that E-HYPE can reproduce the same effect. In the groundwater case the 
small scale model is a numerical model (MIKE SHE/NLES), while for the surface water 
case it is an analytical model. However, the upscaling principle is the same: Use a small 
scale model to derive a relationship by which E-HYPE parameters can be modified to simu-
late the desired impact. 
 
Although use of different models in the same study are not uncommon, few other studies 
(e.g. Bronstert et al., 2007) have utilised this in an upscaling approach, where the local 
scale model is applied to train or develop a relationship for the large scale model. With the 
increased use of large scale models and the need to describe impacts of local scale inter-
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ventions at the large scale, we believe that this approach hold a large potential for further 
development and wide application. 
 
A critical assumption in this regard is that the calibration of E-HYPE made against data 
from small scale models will also be valid in other parts of the Baltic Sea Basin. The issue 
here is not whether the large scale model simulation can match the small scale model in all 
aspects, but rather to which extent the large scale model can reproduce the same sensitivi-
ties to changes in system properties (spatially differentiated measures). 
 
Another critical issue is whether the upscaling relationship, derived under present climate 
and land use will also be valid under future conditions with changes in both land use and 
climate. This can to some extent be tested by using both the local scale models and E-
HYPE for the scenario analyses on land use and climate changes in the case study areas.  
 
The analyses of lag time in Poland (Appendix D) illustrates a limitation of the overall model-
ling approach as lag time in the soil system in the order of years to decades, as assessed 
many places in Poland, cannot currently be taken into account explicitly by E-HYPE due to 
insufficient data availability. While E-HYPE can simulate aquifer interactions, accurate rep-
resentation of these processes in the model requires observations of both surface water 
discharge and nutrient as well as data on groundwater, and too less such data from Poland 
have been available for the Soils2Sea project. Hence, the scenario studies analysing the 
changes in nutrient loads due to changes in land use and climate will show the results 
when a new quasi steady state situation has been achieved, and the final effects can be 
assessed as the differences between the future steady state situation and today’s situation. 
Appendix D then provides information for Poland on the expected lag time for this effect to 
occur. We have not analysed the lag times for the entire Baltic Sea Basin. It is our assess-
ment, however, that the lag times in other parts of the region are generally smaller than in 
Poland. For instance, lag times in Denmark are typically in the order of a couple of years 
(Hansen et al., 2014b; Højberg et al., 2015). The reasons for this difference are that the 
unsaturated zone generally are not so deep in Denmark and that most of water flows in 
more shallow aquifer systems rather than through deep regional aquifers like in Poland. 
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Fig. 6 Lagtime of river systems to changes of pollutant load on the catchment (MRT+Tsat) 

calculated for entire territory of Poland (resolution 100m x 100m). 

Preliminary assessments of total lagtime (MRT + Tsat) based on GVMP methodology suggest 

that for the territory of Poland the mean values of total lagtime of conservative contaminant  

is in the order of 25 years, with the range of 10 to 60 years corresponding to one standard 

deviation (cf. figure below). 

 

Fig. 7 Log‐normal probability distribution of the total lagtime of conservative contaminant 
arriving in river systems of Poland. The lagtime consists of two components: (i) mean 
residence time of water in the unsaturated zone (MRT), and (ii) transit time of water 
through the saturated zone (Tsat). 
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As in the case of MRT and Tsat values, the total travel time of water through the subsurface 

was  first  calculated  for  each  pixel  on  the map.  Then,  the median  values were  derived  for 

each  HYPE  catchment.  An  example  of  this  upscaling  procedure  adopted  to  each  HYPE 

catchments in Poland is presented in Tab. 3 for Kocinka catchment (HYPE ID 9001322). The 

aggregated MRT + Tsat values calculated for all HYPE catchments in Poland are presented on 

the map in Fig. 8. 

Table 3 Aggregated MRT + Tsat values for Kocinka catchment (HYPE catchment ID 9001322) 

HYPE 
catchment ID 

Number 
of pixels 

Catchment 
area [km2] 

Min 
MRT+Tsat 
[years] 

Max  
MRT+Tsat 
[years] 

Range 
[years]

Mean of 
MRT+Tsat 
[years] 

STD* 
[years] 

Median 
[years]

9001322  26046  260.46  1  98  97  15.9  11.4  13 

* ‐ standard deviation of a normal distribution 

 

 

Fig 8. Classes of MRT + Tsat values (in years) for Poland entire territory of Poland and 

aggregated to HYPE catchments. 
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