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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 (nitrogen, N and phosphorus, P) to the marine envi-
ronment. The BONUS Soils2Sea project conducts research on a widely applicable concept 
for spatially differentiated regulation, exploiting the fact that the removal and retention of 
nutrients by biogeochemical 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 con-
ducts 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 (BSB) to the Baltic Sea. 
 
The objective of the present deliverable report is to describe how E-HYPE can be used to 
detect changes and trends in water quality data and whether the model is responsive to the 
changes in forcing data or in the catchment. Trends in water quality are often associated 
with for example small changes to land use or agriculture practices a year after year such 
as when more and more farmers are starting to use cover crops on their fields. Or, the de-
veloped urban area is increasing as its population grows. Statistically, trend is a gradual 
change in values that occurs over a longer time period.  
 
A change, on the other hand, is a difference in values. Statistical tests for change evaluate 
a presence of an abrupt shift in the data. The methods that test for a change can distin-
guish between variation due to natural variability and variation due to changing conditions 
for places with sufficient data. For example, an upgrade of a wastewater treatment plant to 
remove phosphorus can result in an abrupt change in phosphorus concentrations in the 
receiving stream when concentrations before and after the upgrade are compared. The 
impact of upgrading many smaller wastewater treatment plants in a larger watershed can 
however manifest itself as a trend due to the cumulative change over years.  
 
In this report we focus on evaluating trends. Water quality concentrations can vary signifi-
cantly even at one location due to many factors, e.g. varying precipitation and flows or tem-
perature and vegetation changes with seasons. High natural inter- and intra-annual variabil-
ity in nutrient concentrations means that long time series of observed concentrations would 
be required to detect a true change in concentrations with a sufficient degree of reliability, 
especially when observed data exist at a 4-week interval at best as the data needs to be 
split between two periods.  
 
The E-HYPE model, namely its portion simulating the BSB is used in this project to simu-
late impact of longterm climate changes, land use changes, and changes in management 
practices. Currently, climate forcing data are the only dynamic component in the E-HYPE 
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model. The analysis is thus focusing on the trends and whether they are driven by climate 
or other causes. It is important to know how the model behaves under the changing condi-
tions that have occurred in the past to assess how it responds to the changing conditions 
that may occur in the future.  
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2. Methods and Data Description 

2.1 Observed Water Quality Data 

Observed water quality data were collected during the E-HYPE development and used for 
the model calibration and validation. Data were collected from national agencies and data-
bases for Sweden, Finland, Denmark, Germany, and Estonia. Data from Poland, Latvia, 
Lithuania, and Russia were not available at the time of this study.  
 
Monitoring sites were first displayed in GIS. Sites located at or in a vicinity of an E-HYPE 
catchment outlet were selected and further processed. All monitoring data were reviewed 
for outliers and a presence of values at or below Method Detection Limit1 (MDL) where 
MDL was known. Quality assurance criteria with respect to the proportion of data points at 
or below MDL and the requirement for the number of sampling points and a length of the 
time series were set. Only sites with more than 15%, 30%, and 50% of values above the 
MDL for the low (up-to-date), medium, and high MDLs, respectively, were used. 
 
Data analyses were performed at two levels. First, the whole E-HYPE domain was consid-
ered to increase the number of sites available for investigation. Then, the analyses were 
repeated in a limited way for sites within BSB. Note that water quality data were not availa-
ble from a large portion of the BSB (Poland, Latvia, Lithuania, and Russia). 

2.2 Water Quality Simulated with E-HYPE Model  

Soils2Sea uses E-HYPE, a pan-European application (Donnelly et al. 2015, Hundecha 
2016) of the Hydrological Predictions for the Environment (HYPE) code (Lindström et al. 
2010) as the modelling tool for the Baltic Sea Basin. Knowledge from local scale models 
developed in Soils2Sea is transferred into E-HYPE and will be used later in simulating the 
impacts of spatially differentiated measures at the Baltic Sea Basin scale. E-HYPE v.3.1.4 
was developed within Soils2Sea. The model updates and calibration results are fully de-
scribed in D5.1 (Bartosova et al, 2017). The basic concepts, procedures, and results are 
described below for the reader’s benefit.  

2.2.1 General Calibration Process 

E-HYPE v.3.1 was used as a starting point for the updates and subsequent recalibration. 
The set-up, calibration, and validation of the water part of the E-HYPE v.3.1 are described 
in Hundecha et al. (2016). Before the recalibration, selected parts of the model were updat-
ed. The updates included: (a) point sources, (b) crop data, and (c) deep soils with active 
aquifers (implemented as new soil-land use classes to make differentiation of model pa-
rameters possible).  

                                                  
1 Mimimum level in which analyte can be detected by the laboratory method used in analyses. 
This may vary with the method, laboratory, specific setup, or other conditions during the anal-
yses. 
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To calibrate the model we used the stepwise, representative gauged basin (RGB) approach 
described in Strömqvist et al. (2011) and Donnelly et al. (2015). This is the same process 
that was used to calibrate all versions of E-HYPE. However, for this project we combined 
this with the upscaling methodology that was developed and tested in D3.2 (Upscaling 
Methodologies). In addition to evaluating model performance based on comparing simulat-
ed and observed concentrations at observation points, the E-HYPE model performance 
was also reviewed with respect to 3 process-based data for which maps could be provided: 
baseflow fraction, nitrogen leaching, and reduction of nitrogen in groundwater. When there 
was a discrepancy between the simulated and observed values, the relevant model pro-
cesses were adjusted during a recalibration attempt through modifying selected model pa-
rameters (Table 1). Surface water retention was adjusted as needed in order to improve the 
match with the observed concentrations after calibrating for N leaching and N reduction in 
groundwater. The reader is referred to D5.1 (Bartosova et al, 2017) for more details about 
the procedure and the calibration results.  
 
Table 1. HYPE parameters adjusted during re-calibration* 

Parameter Dependence Description 
Denitrlu land use denitrification in soil 
Degradhn land use release of IN from slow-reacting N pool 
Dissolhn land use release of ON from slow-reacting N pool 
Minerfn land use release of IN from fast-reacting N pool 
Dissolhp land use release of PP from slow-reacting P pool 
Freuc soil adsorption to soil particles 
Soilcoh soil soil resistance to erosion due to overland flow 
Soilerod soil erosion caused by kinetic energy in rain 

Note: * full description of simulated processes and model parameters can be found in 
HYPE documentation: http://www.smhi.net/hype/wiki/doku.php?id=start  

2.2.2 Evaluation of the model calibration 

The model update to E-HYPE v.3.1.4 resulted in an improved model behaviour with respect 
to groundwater and soil processes. The simulated internal model processes affecting nitro-
gen concentrations were now compared against data estimated by other studies or derived 
from observed data. The model was recalibrated with a focus on matching these internal 
processes better while keeping or improving the goodness-of-fit statistics for observed wa-
ter quality data. While the recalibrated model matches the spatial patterns in the process-
based data, the model performance with respect to goodness-of-fit statistics was not im-
proved.  
 
The model calibration was evaluated using three different statistics calculated on daily ba-
sis during the calibration period (2000-2010): relative error (RE), Nash-Sutcliffe Efficiency 
(NSE), and Pearson correlation coefficient (CC): 
 = ∑ −∑ ∗ 100 
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= 1 − ∑ −∑ −  

= 1 ∑ ∗ − ∗∗ ∗ 100 

= 1
 

= 1 −  

 
where c is a computed value, r is a recorded value (observation), i is the observation num-
ber, mi is the number of values in a time series of a station, cm is the average of computed 
values, rm is the average of the recorded values, cd is the standard deviation of observed 
values, rd is the standard deviation of recorded values, and x is a general variable that can 
be c or r.  
 
Relative error (RE) in the recalibrated model varies among the monitoring sites, with 65% 
and 66% of sites having RE within 50% for total phosphorus (TP) and total nitrogen (TN), 
respectively (Figure 1). The average RE is 42% and 14% and the median RE is 8% and -
10% for TP and TN. Due to the presence of several extreme values, only the portion of the 
sites within 100% is shown for RE to preserve the readability of the chart. Note that this 
shows majority (over 85%) of the sites for either constituent. Correlation coefficient (CC) in 
the recalibrated model varies with 7% and 30% of sites having CC greater than 0,5 for TP 
and TN, respectively (Figure 2). The average CC is 0,28 and 0,10 and the median CC is 
0,08 and -0,28 for TP and TN. There is only a marginal difference between the model per-
formance for the calibration sites and validations sites. 
 

 
Figure 1. Distribution of relative error for TP and TN in recalibrated E-HYPE 3.1.4 
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Figure 2. Distribution of correlation coefficient for TP and TN in recalibrated E-HYPE 3.1.4 

 
 
TN and TP data were available from 523 and 845 sites across Europe, respectively. Of the 
selected 89 calibration sites, 41 had sufficient data for TN and 78 for TP. Note that TP data 
are available for about 60% more sites than TN data. Figure 3 and Figure 4 show spatial 
distribution of available water quality monitoring sites and their corresponding relative error 
for TN and TP, respectively. While the observed data were significantly expanded during 
the Soils2Sea project, large gaps still exists especially in southern Baltic Region.  
 
It is common to many large-scale models that it is impossible to calibrate every single ob-
servation point in detail. The E-HYPE model regionalises parameters making them general, 
land use, soil-type, or region specific depending on the process represented by the param-
eterisation. Performance in single observations points is compromised to achieve the best 
possible performance across the model domain (Donnelly et al. 2016). The coarser spatial 
resolution also limits the number of monitoring sites that can be used for calibration and the 
overall resolution of the model input data. This means that for a single given catchment, 
large-scale models most likely use less calibration data and may be less fitted to the data 
that is available. 
 
 
 

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

Co
rr

el
at

io
n 

co
ef

fic
ie

nt

Cumulative Probability

cc TP

E-HYPE 3.1.4

E-HYPE 3.1.4. Calibration sites

E-HYPE 3.1.4. Validation sites

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

Co
rr

el
at

io
n 

co
ef

fic
ie

nt

Cumulative Probability

cc TN

E-HYPE 3.1.4

E-HYPE 3.1.4. Calibration sites

E-HYPE 3.1.4. Validation sites



BONUS Soils2Sea March 2018 D 5.3 

 

10 
 

 
Figure 3. Relative error (%) for TN in E-HYPE 3.1.4 

 

 
Figure 4. Relative error (%) for TP in E-HYPE 3.1.4 
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2.3 Determination of Trends 

Mann-Kendall (MK) tests for monotone trend (Libiseller and Grimvall 2002; Wahling and 
Grimvall 2010) were used to determine increases or decreases in observed and weather-
normalized annual average residual (i.e., the difference between the simulated and ob-
served concentrations) as well as their statistical significance. The test statistic in Mann-
Kendall tests depends only on the rank of the different observation and thus produces the 
same result for observations as well as residual.  
 
Grimvall et al (2014) compared trends of both monthly and annualized series and conclud-
ed that the temporal aggregation reduces the effects of both (a) random errors in the chem-
ical analyses and (b) poor timing of the peaks and troughts in the measured and modelled 
concentrations. Only annualized concentrations were used here in this study. Time-
weighted average annual concentrations x(j) were calculated from the observed and simu-
lated concentrations for each year j. The residuals were determined on these annual aver-
ages for two periods: 1990-2009 and 2000-2009. The observation time series was decom-
posed into an overall mean xm and a time series of anomalies with a time step of 1 year:  

ax(j) = x(j) – xm 
where x is a general variable that can be used for observed (recorded) concentrations (r) or 
simulated (calculated) concentrations (c) of any constituent of interest. Weather-driven fluc-
tuations of the observed concentrations were removed following the methods in Grimvall et 
al. (2014): 

d(j) = ar(j) – ac(j) 
 
Climate data are the only time input to the E-HYPE model v.3.1.4. All other inputs such as 
land use, point sources, atmospheric deposition, and agriculture practices are held con-
stant throughout the simulation period. Consequently, any trend detected in the simulated 
data must be a result of the trend in climate data. Inadequate initial conditions, the model 
warm-up period, or the model processes description can alternatively also lead to trends in 
the model output, although in that case the simulated trends would likely be similar across 
the model domain. Note that a 10 year warm up period (1980-1989) was used in our simu-
lations to reduce the possibility of this happening. Trend analyses were performed for two 
different time periods to evaluate the robustness of the trend. We also compared the overall 
pattern in changes in E-HYPE domain with the patterns in the BSR. 
 
The sites can be categorized based on the presence or absence and a type of trends in the 
observed data and in the model residuals. Absence of a trend in the model residuals would 
indicate that no significant changes in the catchment nutrient sources and processes were 
detected in a tested location. This is true regardless of what trend analysis indicates in the 
observed data for the same location. Presence of a trend in the observed data for this loca-
tion would then indicate that the observed changes are driven by changes in weather or 
climate. 
 
Grimvall et al (2014) carried out the trend analyses only for sites that were very well cali-
brated. While well-calibrated model increases the trust in the detected trend slopes, it can 
be argued that it is not necessary to have a model perfectly calibrated at all observation 
sites to be able to extract the weather-driven trends from the overall trends in data, as long 
as the conceptual model represents the physical pathways adequately and overall relation-
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ships are preserved. A trend in climate should then result in a trend in the model outputs 
even if the actual simulated values of discharge or concentrations would differ from the 
observed values.  
 
Increase in precipitation should result in an increase in flow and an increase in erosion re-
gardless of the model performance although the nonlinearities or thresholds in the model 
formulations can affect the overall model trends if the model is developed poorly. The same 
may not hold true for the model residuals; detecting the same trend in the model residuals 
would require the model to have a consistent bias and replicate relative changes adequate-
ly. This could for example be a case where the model calibration performance is limited by 
the quality or accuracy of certain model input data such as point source discharges. For 
example, discharge of nutrients from point sources is held constant in E-HYPE v 3.1.4 over 
the simulation period although in reality there is a day-to-day variability as well as seasonal 
variability and year-to-year variability. This simplification can result in a lower model per-
formance at some sites but it does not significantly affect a simulation of longterm trends. 
 
This was a hypothesis that we tested with respect to model performance as expressed by 
relative error (RE). Under the assumption of no significant spatial bias in the model perfor-
mance, one would expect a comparable representation of sites with and without a signifi-
cant trend across the range of model performance. While the model performance varies 
significantly among the individual sites as described in Section 2.2, E-HYPE is a process-
based model that has been calibrated with respect to stream discharge, water quality con-
centrations, and other process related data such as baseflow proportion, snow observa-
tions, or actual evapotranspiration. The fact that the model code has been successfully 
applied in many catchments and basins in different parts of the world further attests to the 
suitability of the assumptions and formulas in the model code. The results of this test do not 
necessarily apply to other models and applications or even uncalibrated HYPE models. 
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3. Results and Discussion 

3.1  Overview of trends for all nutrients 

The trends were determined for all simulated nutrients (IN, ON, TN, SP, PP, and TP) for all 
sites in E-HYPE domain with sufficient water quality information. The tests focused on 
changes during 2000-2009. Another, longer period (1990-2009) was also tested for com-
parison. The tests were determined at a significance level of p=0,05 with a comparison 
carried out at p=0,01 for selected constituents. 
 
At each site, two annualized time series were analyzed: observed concentrations and re-
siduals between the observed and simulated concentrations. The sites were then catego-
rized based on the trends determined for these two data types. The number of sites within 
each trend category for observed concentrations and model residuals at a significance level 
of p=0,05 is shown in Figure 5 and Figure 6 for period 2000-2009 and 1990-2009, respec-
tively. Note that the number of sites where both trends were insignificant is not shown; this 
was by far the largest number and displaying it on the same chart made the scale not usa-
ble for other categories. 
 
There are significantly less sites where the observation and residual show a different trend 
in 1990-2009 than in 2000-2009. This shows that the changes in concentrations are more 
significant during 1990-2000. Also, during 1990-2009 some trends are reversed between 
the observations and residuals. 
 
Only a very small number of sites with SP measurements had an insignificant trend in ob-
servations and a decreasing trend in residuals in 2000-2009, comparing to other constitu-
ents. There is a large number of sites with a significant decreasing trend in both observed 
concentrations and residuals for SP, PP, TP, and IN. The decreasing trend in the residuals 
indicates a decrease in concentrations that cannot be explained by weather or climate 
changes. It can be speculated that this decreasing trend is associated with the advances in 
wastewater treatment and agriculture across Europe since the 1990s.  
 
Contribution from the municipal wastewater treatment plans was determined from the 2012 
data reported by countries within the Urban Waste Water Treatment Directive UWWTD 
Database. Crop management data represent the same decade, 2010. Gradual improve-
ment in the nutrient management in these two major sources in the catchments upstream 
of water quality observations over time would contribute to the trend together with other 
changes in the catchment related to general land management practices.  
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Figure 5, Number of sites in E-HYPE where trends in observed concentrations (obs) and residuals 
(res) were detected for all simulated nutrients during 2000-2009 (p=0.05) 

 
 
 

 
Figure 6. Number of sites in E-HYPE where trends in observed concentrations (obs) and residuals 
(res) were detected for all simulated nutrients during 1990-2009 (p=0.05) 

 

3.2 Trends in observed nitrogen concentrations 

Observed concentrations at the majority of the sites do not show any significant trend for 
TN or IN (Table 2) during the 2000-2009. Note that this is a relatively short period to detect 
longterm trends due to relatively low frequency of observations combined with the temporal 
variability and uncertainty in the observed data. There are 487 and 226 sites in the E-HYPE 
model domain with sufficient IN and TN data, respectively. From these, 412 and 192 do not 



BONUS Soils2Sea March 2018 D 5.3 

 

15 
 

show any significant trend for IN and TN, respectively. There are significantly more sites 
with a decreasing trend than with an increasing trend.  
 
Trends in observed TN and IN concentrations for sites within the BSB are shown in Figure 
7 and Figure 8, respectively. However, there are a few sites within the BSB that either show 
a significant increase (Estonia and Denmark) or a significant decrease (Sweden, Denmark, 
and Finland). Only one site within BSB showed an increasing trend significant at p=0.01. 
Four sites within BSB showed a decreasing trend significant at p=0.01. 
 
Table 2. Number of sites within the E-HYPE and BSB domains within detected trend categories for 
observed concentrations of IN and TN during 2000-2009. 

Trend 
E-HYPE BSB 

IN TN IN TN 

Decrease (p=0.01) 22 15 9 4 
Decrease (p=0.05)* 40 13 15 4 
No significant trend 412 192 162 117 
Increase (p=0.05)* 9 6 7 4 
Increase (p=0.01) 4 0 1 0 

Total number of sites 487 226 194 129 

Note: * shows sites with a trend identified at p=0.05 but not at p=0.01 

 
Figure 7. Trends in observed TN concentrations during 2000-2009 
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Figure 8. Trends in observed IN concentrations during 2000-2009 

 

3.3 Trends in weather-normalized nitrogen residuals 

Table 3 shows statistics for the weather-normalized IN and TN model residuals during 
2000-2009. Spatial distribution of the model residual trends is shown in Figure 9 and Figure 
10. If the trend in observed concentrations is purely driven by climate, it is expected that the 
residuals would show no significant trend. If the model residual shows a significant trend, 
other changes have occurred in the catchment that are contributing to the changes in con-
centrations. As stated in the methods section, this assumption is valid for the E-HYPE 
model where climate forcing data are the only input data changing in time and the model 
was calibrated to simulate the transport and transformation processes with sufficient accu-
racy. In some cases, the trend becomes more significant after removing the weather-driven 
trends. In others, the trend may become insignificant or reverse. Note that the model resid-
ual for one site in Finland now shows an increasing trend (p=0.01) for TN while observed 
data for the same site do not show any significant trend. 
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Table 3. Number of sites within the E-HYPE and BSB domains with detected trend categories for 
the IN and TN model residuals during 2000-2009. 

Trend 
E-HYPE BSB 

IN TN IN TN 

decrease (p=0.01) 17 13 10 6 

decrease (p=0.05) 39 29 12 10 

no significant trend 423 179 167 109 

increase (p=0.05) 6 4 3 3 

increase (p=0.01) 2 1 2 1 

Total number of sites 487 226 194 129 

 
 

 
Figure 9. Trends in weather-normalized TN model residuals during 2000-2009. 
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Figure 10. Trends in weather-normalized IN model residuals during 2000-2009. 

 

3.4 Comparison of trends in observed concentrations and mod-
el residuals for nitrogen 

 
Table 4 shows how sites are distributed based on the trends in both observations and 
model residuals for IN during 2000-2009. Most sites (423) show no trend in the model re-
siduals (p=0,05). 42 and 11 sites (highlighted in red in the table) in E-HYPE and BSB do-
mains, respectively, that show a trend in observed data do not show any trend in model 
residuals. For these sites, the trend is associated with a trend in climate data. However, 31 
and 6 sites (highlighted in green in the table) in E-HYPE and BSB domains, respectively, 
showed no trend in the observed concentrations but the trend in their model residuals sug-
gests that a change occurring in these catchments is being masked by variability in climate 
data. For the rest of the sites both observed concentrations and model residuals show the 
same trends and one would make the same conclusion about the direction of the changes 
from observations only, although not necessarily about the cause or the rate of change. 
 
The analyses carried out in this study do not determine what changes in the catchment 
might have caused or contributed to the trends detected in the residuals. Detailed analyses 
of changes during different seasons and different flow conditions would be needed to indi-
cate whether the change might be related to changes in point sources, diffuse sources, or 
both. Possible causes may include densification and urbanization, increasing connectivity 
to sewer system and wastewater treatment, changes in agriculture practices and manage-
ment, or implementation of mitigation measures. Note that in some cases a change in de-
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tection limits or analytical procedures can result in an apparent trend in observed concen-
trations that would not be reflected in the simulated data. Time series plots were reviewed 
for all sites used in this study, and any site that showed a significant presence of values at 
or below MDL was eliminated from analyses. 
 
Figure 11 shows spatial distribution of agreement in trends for observed IN concentration 
and IN model residuals during 2000-2009. The shape of a marker indicates the trend in 
residuals and the colour indicates whether both trends agree or not. Sites where observed 
IN concentration decreases but residuals show no significant trend are mostly located in 
southern and central Sweden generally in the same area where the residual shows de-
creasing trend that is not present in observations. Similar grouping can be found in Estonia 
for sites where observed values indicate an increase and residuals alternate between in-
significant trend and an increasing trend. Such groupings can be typically found in places 
where the significance of the trend is very close to the selected threshold (in this case 
p=0,05). Longer evaluation period or higher frequency monitoring would be needed to de-
termine the trends in such areas with a greater certainty. Higher frequency monitoring 
would provide better estimates of annual concentrations. The one site within BSB where 
the residuals show an increase despite of no significant trend in the observed IN concentra-
tion is located in Ukraine.  
 
Table 4. Number of sites within combined trend categories for observed IN and IN model residual 
during 2000-2009 (p=0.05): a) for E-HYPE and b) for BSB domains. 

a) E-HYPE Trend in observed IN concentrations  

Trend in IN residuals Decrease No significant trend Increase Total

Decrease 29 27 0 56

No significant trend 33 381 9 423

Increase 0 4 4 8

Total 62 412 13 487
   

b) BSB Trend in observed IN concentrations  

Trend in IN residuals Decrease No significant trend Increase Total

Decrease 17 5 0 22
No significant trend 7 156 4 167
Increase 0 1 4 5

Total 24 162 8 194
 
Notes: green indicates sites where the residual analyses show a trend hidden by trends in 
climate data; red indicates sites where the residual analyses show a trend in observed data 
is driven by trends in climate data. 
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Figure 11. Comparison of trends for observed IN concentration (obs) and IN model residuals (res) 
during 2000-2009 (p=0,05) 

3.5 Effect of time period 

The selected time period can play a significant role in the trend determination. Table 5 
compares number of sites with specified trends in IN model residuals for two evaluation 
periods: 2000-2009 and 1990-2009. 17 sites showed no significant trend during 1990-
2009 but a significant trend during 2000-2009. However, four times as many sites (68) 
showed a trend during 1990-2009 that was not detectable during 2000-2009. There are 
no sites where the trend would reverse in 2000-2009 when compared to the trends 
detected during 1990-2009. Similar pattern can be seen within the BSB domain. Only 6 
sites had no trend in 1990-2009 and a significant trend in 2000-2009 but the reverse 
was true for 21 sites. 
 
Sites, where the trend is detectable during 1990-2009 but not during 2000-2009, may 
be located in catchments where significant changes occurred around 1990. Longer 
time period typically allows for a more reliable detection of trends by providing greater 
sample size, more variability in climate data, and a longer time period during which any 
potential changes can be manifested. Improving wastewater treatment in a major 
source may result in almost immediate changes in water quality while urbanization may 
occur over several years and affect the water quality on a larger time scale. 
 
In some cases it may be desirable to avoid years when known changes have hap-
pened. For example, if the goal of trend analyses would be to detect impact of agricul-
ture best management practices, the time period when wastewater treatment facilities 
in the catchment were upgraded should be excluded if possible to separate the effects. 
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Table 5. Number of sites within combined trend categories for IN model residual during 2000-2009 
and during 1990-2009 (p=0.05): a) for E-HYPE and b) for BSB domains. 

a) E-HYPE Trend in IN residuals during 1990-2009  

Trend in IN residuals  
during 2000-2009 Decrease No significant trend Increase Total

Decrease 16 15 0 31
No significant trend 56 176 12 244
Increase 0 2 0 2

Total 72 193 12 277
 
 

b) BSB Trend in IN residuals during 1990-2009  

Trend in IN residuals  
during 2000-2009 Decrease No significant trend Increase Total

Decrease 6 5 0 11
No significant trend 17 66 4 87
Increase 0 1 0 1

Total 23 72 4 99
 
Notes: green indicates sites where the trend was detectable during 2000-2009 but not over 
the longer time period; red indicates sites where the trend was detectable over the longer 
time period but not during 2000-2009. 
 

3.6 Statistical significance level 

Decision on what statistical significance to use in trend analyses should be taken carefully. 
When high certainty is required, only the strongest trends will be detected. However, if a 
lower certainty is required, the risk of falsely detecting a trend increases. A threshold of 
0,05 was used in this study to identify statistically significant trends. The number of sites 
within each trend category is shown in Figure 12 for two different significance levels: for 
p=0,05 and p=0,01. For almost all categories, the analyses with a significance threshold 
specified at p=0,01 resulted in detecting trends at much lower number of sites. This is ex-
pected due to the nature of the test. However, this is a trade-off that should be understood 
not only by scientists and engineers but also by managers and stakeholders. 
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Figure 12. Number of sites where trends in IN and TN observed concentrations (obs) and residuals 
(res) were detected at two different statistical significance levels during 2000-2009. 

 

3.7  Effect of model calibration 

A well-calibrated water quality model is often trusted to simulate not only the concentrations 
for the calibrated state but to analyse alternative scenarios or management practices, often 
looking into the future or the past. When the agreement with the observed data is not satis-
factory, the results are often discarded. Here in this section we compare the detection of 
trends across sites with a wide range of goodness of fit as represented by relative error 
(RE). Calibration of nutrient concentrations within 25% is often considered a good calibra-
tion, within 35% would be fair (Table 6).  
 
Table 6 General calibration tolerances for hydrologic models with respect to RE (Donigian et al, 
1984) 

 |RE| (%) 

Modeled variable Very Good Good Fair 
Hydrology/Flow < 10 10 - 15 15 - 25 
Sediment < 20 20 - 30 30 - 45 
Water temperature < 7 8 - 12 13 - 18 
Water quality/Nutrients < 15 15 - 25 25 - 35 
Pesticides/Toxics < 20 20 - 30 30 - 40 

 
 
One might speculate that as calibration becomes worse, the ability to detect trends would 
be impacted. This may show as a smaller or larger proportion of sites with the same or dif-
ferent trend when using observed concentrations and residuals. Within a random sample of 
sites, the proportion would remain relatively the same. A simple comparison of how many 
sites were classified with the same trend in residuals for nitrogen and phosphorus during 
2000-2009 (p=0.05) is presented in Figure 13 and Figure 14, respectively. For the purpos-
es of this comparison, the sign of the RE is less relevant than the deviation from the ob-
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served data. Thus, sites with both positive and negative biases are combined to the same 
category and displayed with an absolute value of RE in Figure 13 and Figure 14. 
 
The proportion of sites with the same trend in residuals for IN and SP during 2000-2009 
(p=0.05) remains relatively constant across all REs, especially when considering differing 
number of sites within each RE category. For TN we see a higher proportion of sites with a 
decreasing trend for sites with RE within ±25% (30% of sites with TN data) but also for RE 
greater than 400% (2% of all sites with TN data, i.e. 4 sites). For TP, the proportion remains 
stable for sites with RE within ±75%. This represents 84% of the sites with TP data. It ap-
pears that the RE does not play a significant role for the dissolved nutrients (IN and SP) 
while total nutrients (TN and TP) may be more sensitive to the calibration. 
 
While this test is not a direct proof, it may serve as an indication of the effect of the method 
performance. We have also compared the trends detected with the previous version of the 
model. While there were several sites where a different trend was detected, no relationship 
to RE was found. These sites typically had a significance level close to the threshold and a 
small change in the test significance resulted in a different conclusion. Regardless of the 
model calibration, the trends present in the climate data will be reflected in the simulated 
data as long as the hydrological processes are described adequately. A systematic bias in 
the model would be reflected in similar trends across the whole model domain.  
 

  

   
Figure 13. Number (a) and proportion (b) of sites with the same type of trend detected in IN and TN 
residuals during 2000-2009 (p=0,05) 
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Figure 14. Number (a) and proportion (b) of sites with the same type of trend detected in SP and TP 
residuals during 2000-2009 (p=0,05) 
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4. Summary and Conclusions 

Nutrient observations in Europe and BSB were analysed to identify trends during two peri-
ods: 2000-2009 and 1990-2009. In addition, the calibrated model was used to provide fur-
ther information on whether the changes are driven by weather patterns. Weather-driven 
changes would be captured in the model output since the model uses daily values of pre-
cipitation and temperature to calculate the discharge and nutrient concentrations in the 
output stream. The trend in residual values is an indication of trends in observed concentra-
tions that are driven by other, non-climate related changes. It is defined by a relationship 
between the trend in the observed values and a trend in weather or climate.  
 
Nutrient concentrations are measured much less frequently then stream discharge, typically 
once every 4-6 weeks. Such frequency may be adequate to assess the nutrient status or 
the stream when long-term sampling is available but it represents a limitation when com-
pared to daily outputs produced by computer models such as HYPE. Trends in concentra-
tions may be evaluated under some assumptions. However, loads cannot be accurately 
calculated from these low frequency sampling programs where higher flows are typically 
underrepresented.  
 
Analyses did not detect any significant trend at most of the 194 sites in BSB with IN obser-
vations during 2000-2009. Decrease of IN concentrations related to changes other than 
climate was detected at 22 sites. Five of these sites did not show a decreasing trend in the 
observed concentrations. Increase of IN concentrations related to changes other than cli-
mate was detected at 5 sites, with 1 of these sites not showing any trend in the observed 
concentrations. A similar proportion of trends was also detected for TN and PP with 11-
15% and 0-3% sites showing a decrease or increase in the residual, respectively. For ON, 
the proportion of sites showing an increase in the residual was similar (2%) while the pro-
portion of sites showing a decrease was higher (23%). SP and TP concentrations de-
creased in a smaller proportion of sites (4-6%), while again they increased in a similar pro-
portion of sites (2-4%). 
 
This study illustrates how the E-HYPE model can be used to evaluate nutrient trends and 
their drivers and provide information beyond that contained in the observed data. It also 
illustrates how assumption and the study settings such as time period or trend significance 
can affect the detected trends. Contrary to expectations, the accuracy of the model calibra-
tion did not seem to play a significant role in the trend detection of residuals of dissolved 
constituents simulated with E-HYPE model that has been fitted to represent individual 
pathways and processes at a pan-European scale.  
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Appendix A: Spatial Distribution of Trends for Total 
Phosphorus 

 
Figure 15. Trends in observed TP concentrations during 2000-2009 

 
Figure 16. Trends in weather-normalized TP model residuals during 2000-2009. 
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