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1. Details on the atmospheric modeling   
The Danish Eulerian Hemispheric Model (DEHM) is a chemistry-transport model 

describing the fate of air pollution in the atmosphere [1,2]. The model covers the Northern 
Hemisphere and includes several nests with higher resolution over specific regions. In the 
current setup the area of Denmark is covered by a horizontal grid with a resolution of 5.56 
km x 5.56 km. Thereby the long-range transported contribution to the nitrogen load over 
Denmark is included at the same time as the national contribution is described in more 
detail. The vertical grid spans over 29 levels, with the highest resolution closest to the 
ground. The meteorological forcing is obtained from the numerical prediction model 
MM5v3.7 model [3], setup with the same domains as DEHM. The applied version of 
DEHM includes 67 different chemical species (gases and aerosols) and is based on a chem-
ical scheme developed by [4]. The scheme has in DEHM been extended in order to include 
a better description of a number of nitrogen containing compounds. Dry deposition is 
based on the resistance method and is hence depending on e.g. the land-surface types and 
meteorology. Wet deposition is described as in-cloud and below-cloud scavenging. Emis-
sions are typically based on a combination of several global, regional and national inven-
tories. In the current setup the anthropogenic emissions for Denmark are based on a de-
tailed inventory on a 1 km x 1 km resolution grid based on the SPREAD (Spatial Distribu-
tion of Emissions to Air) model [5,6] . For the European area emissions are based on the 
EMEP inventory , while non-European emissions are taken from the ECLIPSE5.0 dataset 
(http://www.iiasa.ac.at/web/home/research/researchPrograms/air/ ECLIPSEv5.html).  

For Denmark, the temporal variation of the NH3 emissions from the agricultural area 
is based on a parameterization describing the impact of meteorology, regulation, produc-
tion methods etc. on the hourly emission [7-8] . The DEHM model has been extensively 
validated and used for a number of studies with focus on nitrogen deposition at the re-
gional scale [9,10,11] , national scale [12] and in combination with the OML-DEP model 
for studies at the more local scale [13,14,15,16]. The DEHM model is part of the Copernicus 
Atmospheric Service providing air quality forecast and analysis for Europe 
(https://www.regional.atmosphere.copernicus.eu/).  

In the current study two one-year simulations have been carried out:  
• The baseline with actual emissions for 2012. Here the total yearly agricultural NH3 

emission amounts to 59 kt NH3-N for Denmark (this includes the emissions from 
houses, storage and manure application as given in Table 3 as well as emissions from 
crops and fertilizer use).  

• The scenario with acidification and air cleaners. Here the total yearly agricultural 
amounts to NH3 35 kt NH3-N for Denmark 



The meteorological conditions have a significant impact on the overall deposition of 
N and also for the distribution between wet and dry deposition. Here we apply meteoro-
logical data for year 2009, which in Denmark can be considered close to an “average” 
meteorological year in terms of wind direction and precipitation, when compare to the 
previous 30-year period.       

2. Details on SWAT calculations   
The SWAT model (Soil and Water Assessment Tool, version 2009, [17] is set up for 

the Northern Jutland region including the Limfjord catchment (Fig. 2). The model is based 
on a 32 m resample of a 1.6 m LIDAR Digital elevation model and the CORINE land use 
map combined with a field block map containing information on agricultural fields. A 
national coverage 3-layer soil map on a 250 m grid is applied [18]. The soil map is param-
eterized for SWAT using the Hypress model [19] The SWAT model is set up with 182 sub-
basins of which 118 drains to the Limfjord. The sub-basins, match inlets and outflows of 
major lakes and monitoring stations. The SWAT model is driven by both gridded climate 
data (precipitation corrected for gauge under-catch [20] on a 10 km grid, solar radiation/20 
km grid, wind speed/20 km grid) and by data from climate stations (temperature and rel-
ative humidity), provided by the Danish meteorological institute. The agricultural prac-
tice is included as 14 five-year crop rotations representing different forms of agriculture 
(pig farms, dairy farms, and arable farms at different fertilization intensities). The repre-
sentation of agriculture in SWAT matches average regional statistics on crop use (area 
covered and relationship to farm type) and fertilizer application (chemical and/or manure 
applied to what crop at what time in accordance to farm type) for the year 2005 [21,22]. 

The SWAT model is calibrated in three steps, firstly against statistical crop yields (for 
all major agricultural crops), secondly against measured daily river water discharges at 
10 monitoring stations and thirdly against observed daily (10 – 20 per year) river nitrogen 
and phosphorous loads (both mineral and organic fractions) at 8 stations. The calibration 
is performed using SUFI2 calibration procedure of the SWAT-CUP calibration program 
[23]. The calibration of river water discharge, is performed using the “sum of squared 
errors” objective function, while the nutrient loads are calibrated using the Nash-Sutcliffe 
efficiency objective function [24]. The period 2000-2005 is used for calibration, while 2006-
2009 is used for validation. 

The baseline and the emission scenario are simulated in the SWAT model by chang-
ing two different model inputs. The changes in atmospheric deposition as obtained from 
the DEHM model, are incorporated by the NO3 concentration in rainfall. The changes in 
nitrogen content in slurry (organic fertilizer) are incorporated by adjusting the nitrogen 
concentrations in the applied organic fertilizers in the scenario.  

3. Details on the calculations for the freshwater ecosystems 
Results of the SWAT model were used as input to the next model in the overall sys-

tem, where the effects on the freshwater ecosystems in two typical Danish lakes are quan-
tified. The GOTM-FABM-PCLake ecosystem model [25,26] was set up to represent a shal-
low (max depth 2.7 m) and a deep (max depth 17 m) Danish lake, represented by the lakes 
Klejtrup and Tjele Langsoe. Both lakes are located within the case study catchment area, 
which drains into the Limfjord. The GOTM-FABM-PCLake model is a coupled one di-
mensional hydrodynamic and ecosystem model, which represents state-of-the-art within 
process-based aquatic ecosystem modelling. The model simulates a wide range of ecosys-
tem state variables, which can help indicate the level of integrity of a freshwater ecosys-
tem, such a total chlorophyll a and coverage of submerged macrophytes. We used these 
as indicators, when estimating potential impacts of manure acidification on freshwater 
aquatic ecosystems. The baseline set up for the two lakes, included river and nutrient in-
flow boundary conditions, based on a National model complex (DK-QNP) by [27], and 
local meteorological forcing based on reanalyzed  ERA-Interim data [28] provided by the 
European Centre for Medium-Range Weather Forecasts (ECMWF).  



4. Details on the calculations for the marine ecosystems  
Effects on marine ecosystems as a response to the changed nutrient input following 

the scenario, were quantified using empirical models based on time series of marine data 
and nutrient loadings from the national marine monitoring program (NOVANA) as well 
as meteorological observations provided by the Danish Meteorological Institute. The em-
pirical models were Partial Least Squares (PLS) regression models, with summer chloro-
phyll a concentration and light attenuation as the dependent variables and eight inde-
pendent variables consisting of N-loading (ton year-1), P-loading (ton year-1), freshwater 
inflow (m3 month-1), wind power (m3 s-3), surface irradiance (µmol photons m-2 s-1), salinity 
(psu), water column stability (s-1) and sea surface temperature (⁰C). Data used for either 
independent or dependent variables, were linearly interpolated to obtain time weighted 
averages and thereafter normalized to a mean value of 1 and a standard deviation of 1, in 
order to minimize the effect of variation between stations. The model development pro-
cedure is described in [29] . Briefly, selection of independent variables for each model was 
done by an iterative process using cross-validated multiple linear regression (MLR), in 
combination with stepwise exclusion of the explanatory variable that gave the lowest 
model error in the form of "Root Mean Square Error of Cross Validation" (RMSECV). MLR 
regression was performed on a calibration dataset constructed as a random subset of the 
total dataset. The selected variables were used to produce a PLS regression and for each 
variables root mean squared error, RMSE, of both the calibration data and the validation 
data was quantified and parameters that increased the error in the prediction of the vali-
dation data were left out. The PLS regression analysis was done in MATLAB® using a 
PLS program package from Eigenvector® and the selection process was written for this 
purpose. 
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